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ABSTRACT 

Galvanic cells of the form Na//~-alumina/Na20.11(Fe~A12-=O~) where x 
varied between 0.9 and 1.2 were operated at 120~ and currents  of 50 m A / c m  2 
could be drawn. The cells were electrochemically regenerative, and the cath- 
odes could be thermal ly  regenerated. Ini t ia l  open-circuit  voltages varied be-  
tween 2.37 and 2.45V. Cells were discharged at constant  current,  and two 
distinct voltage regions were observed. The reduction process was investigated 
by MSssbauer spectroscopy. The lower voltage region was shown to involve 
the reduction of Fe 3+ to Fe 2+. The higher voltage region is possibly explained 
by the filling of holes in the valence band  of the i ron-doped spinel- type struc- 
ture, created dur ing  the sintering process. 

Sodium E-alumina Na20.11 A1203 has become in-  
creasingly attractive as an electrolyte in recent  years 
due to its relat ively high conductivity and its applica- 
bi l i ty to alkali  metals (sodium in part icular)  as poten- 
tial anode materials.  Be ta -a lumina  single crystals have 
been shown to exhibit  rapid sodium ion diffusion in  the 
plane perpendicular  to the c-axis (1), and the sodium 
ions can be almost completely exchanged in  molten 
salts for Ag, K, Li, Rb, and to a lesser extent  Cs ions. 
This ion exchange property infers ion conduct ivi ty  and 
makes B-alumina an electrolyte also worthy of con- 
sideration in any  bat tery  systems that  incorporate K or 
Li as anode materials.  Sodium ions, however, exhibit  
the largest diffusion coefficient, the mechanism of 
which has been shown to be interstitial.  Interest  in  
E-alumina as a sodium ion conducting electrolyte has 
revolved around its use in the sodium/sul fur  bat tery  
first reported by K u m m e r  and Weber (2). This bat tery 
operates in  excess of 300~ due to the high mel t ing 
point of the sodium polysulfide cathode mater ia l  used. 
Many of the early investigations with B-alumina as a 
sintered polycrystal l ine mater ia l  were concerned not 
only with the achievement  of high conductivity but  
also with the deterioration of the electrolyte at such 
temperatures.  The development  of batteries operative 
st temperatures  considerably below 300~ has been 
l imited by low conductivities of the sintered electrolyte 
mater ia l  and the avai labi l i ty  of suitable cathode mate-  
rials. Recent investigations (3-5) have shown that  so- 
dium ion  conductivi ty in sintered B-alumina can be 
sufficiently increased by the incorporation of MgO to 
make E-a lumina  feasible as an electrolyte at tempera-  
tures considerably below 300~ 

Cathode materials  for E-alumina galvanic cells pre-  
sent more formidable problems. The subst i tut ion of 
M 3+ transi t ion metals for A13+ sites in E-alumina was 
first suggested for cathode mater ia l  by Hever (6) who 
synthesized cathode materials of the stoichiometry (a) 
Na20-5 (Fe0.95Ti0.0~A103), and (b) 1.3 K20-0.2Na20.10 
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(Fel.gTi0.103). Cell (a) used the electrolyte M-br ick 
(Harb ison-Carborundum)  which consists of an a -a lu-  
mina /B-a lumina  eutectic in which the presumed mobile 
species was Na § The electrolyte used in cell (b) was 
1.3 K20-0.2 Li20-10 AI~O~ in which K + was assumed to 
be the mobile species. In  these cells both of the elec- 
trodes consisted of the same material,  and the cell was 
charged after fabrication. The t ransi t ion metal  ions 
were considered to be immobile, and the electrochemi- 
cal process taking place in the cathode did not involve 
a phase change. It  was postulated that  the measured 
voltage came from the reduct ion of M 3+ to M 2+ ac- 
companied by the migrat ion of Na + through the elec- 
trolyte to main ta in  electroneutrali ty.  T i tan ium dioxide 
was added to the cathode mater ial  to increase the elec- 
tronic conductivi ty by providing F d § donor ions. 
These cells ran  at 300~176 under  vacuum (10 -4 
Torr)  and exhibited potentials of < 1V. The cells had 
identical electrodes in  which one acted as an anode 
while the other acted as a cathode. The charge capacity 
was l imited by the avai labi l i ty  of Na + in the electro- 
lyte material.  In  order to devise a cell using sodium 
B-alumina electrolyte which is not  l imited by the 
amount  of electrolyte material,  the anode must  supply 
the needed sodium ions. The na tura l  choice for such an 
anode is sodium metal. We report here electrochemical 
cells which were operated at temperatures  just  above 
the mel t ing point  of sodium and contained sintered 
cathodes in which some of the A1 ~+ sites were replaced 
by Fe d+ in  the B-alumina structure. 

Experimental 
Preparation of E-alumina cups prior to sintering.-- 

Beta-a lumina  (Alcoa 325 mesh) was ground to particle 
size 0.5-1~ in  an a lumina  grinding mil l  using a lumina  
balls. Ethylene glycoI was used as a gr inding aid, and 
the final particle size was determined with a Uni t ron  11 
microscope. The 2% MgO and 1.7% Na2CO3 of similar 
particle size were mixed with the ground B-alumina 
in a mechanical  Fisher a lumina  mor tar  and pestle. To 
this mater ia l  was then  added a b inder  (2% carbowax 
1000 as a 10% aqueous solution).  Thick pellets (0.85 
cm) were made in  a KBr- type  press using pressures of 
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80,000 psi, and the binder  was removed by slowly heat -  
ing to 400~ and leaving 24 hr. The pellets  were  then 
prefired at 1100~C for 1 hr  so that a cup could be dri l led 
with  a 11/32 in. flat bot tom drill  bit, whi le  holding the 
pellet  in a wooden jig. 

Sintering conditions.--The prefired fl-alumina cups 
were  sintered in an Astro u l t ra -h igh  t empera tu re  
graphi te  resistance furnace Model No. 1000A-2560 un-  
der oxidizing conditions wi th  the use of an alumina 
muffle tube assembly. The graphi te  heat ing elements  
surrounding the  alumina muffle tube were  protected 
by a ni t rogen atmosphere.  The cups were  placed face 
down and covered with  coarse 325 mesh E-alumina 
during the sintering so as to provide an alkal ine atmos-  
phere and hence reduce the loss of sodium. The cups 
together  with the E-alumina packing were  kept covered 
in an alumina crucible during the sintering. Heating 
rates of 250~ were  employed so as to prolong the 
muffle tube life. Tempera tures  of 1750~176 were  
controlled with a boron-graphi te  thermocouple  and 
maintained for extended periods of t ime up to 8 hr. 
Recorded tempera tures  were  measured direct ly  by use 
of a Micro-Optical  pyromete r  (Pyrometer  Ins t rument  
Company) through a v iewing port in the side of the 
furnace. 

Cathode materials and cell ]abrication.--In the/~-alu-  
mina care was given to the part icle size and homo-  
genei ty  of the 2% MgO added. Excess sodium was in- 
corporated by the addition of 1.7% Na2CO8 before sin- 
ter ing the electrolyte. The  thick pellets (ca. lg)  were  
made  at 80,000 psi and did not give laminat ions as have 
been found with th inner  pellets (ca. 0.3g, 0.25 cm 
thick) .  At tempts  to drill  the pellet  immedia te ly  af ter  
pressing were  unsuccessful, and a prefiring at l l00~ 
af ter  binder removal  gave the  pellet  sufficient cohesion 
to al low the use of a fiat bot tom dril l-bit .  

Cathode mater ia ls  were  synthesized by heat ing stoi- 
chiometric amounts of A1203, Fe203, TiO2, and Na2CO3 
at l l00~ for be tween 1 and 24 hr  unti l  an x - r a y  pat-  
tern  was observed, indicating the presence of the ~- 
structure. The cells were  fabricated by placing a sin- 
tered cup face down in E-alumina packing and resting 
a pressed pellet  of cathode mater ia l  on the  cup base. 
Care was taken that  the  packing was not in contact 
wi th  the cathode material .  This pair was then sintered 
at between 1520 ~ and 1620~ in a closed a lumina cru-  
cible for be tween 5 min  and 1 hr, af ter  which the 
cathode fused to the electrolyte.  

The sodium electrode.--All procedures wi th  molten 
sodium were  carr ied out in an Over ly  Model B-100 dry 
box equipped with  a ni t rogen recirculat ing system, 
consisting of heated catalysator-pel le ts  (BASF)  to re -  
duce O2 to H20. Molecular  sieves were  used to t rap 
water.  The mol ten  sodium was t ransferred rapidly 
f rom a heated beaker  by means of a small  dropping 
pipet te  into the recess of the heated cell. Af te r  the so- 
dium had been added to the cell, it was found neces- 
sary to press the sodium down into the cup to ensure 
contact  with the electrolyte. The cell was then  t rans-  
ferred rapidly  wi th  the mol ten sodium (the sodium was 
not al lowed to solidify) to the heated conduct ivi ty  jig. 

Cell measurements.--A Bisse t t -Berman Corporation 
E-cel l  digital coulometer  was used for constant current  
discharge and charge of cells. A Harr ison 6112A d-c 
power  supply across suitable resistances was used as a 
constant current  source when small  changes in current  
were  required.  

Application of thin films.--Gold evaporat ions were  
per formed in a Veeco 776 automatic high vacuum 
evaporator  and an Edwards  Model E12E3 thin  film 
evaporator.  

M6ssbauer spectroscopy.--A 256 mul t ichannel  ana-  
lyzer  (Northern Scientific Company) was used in the 
mult iscaler  mode. The constant acceleration mode was 
used with  a t r iangular  wave  form. For  detecting the 

14.4 keV MSssbauer line a proport ional  counter was 
used. The source was a 20 mcur ie  Co57/Pd. 

X-ray dil~raction.--X-ray diffraction of cathode ma-  
terials was per formed with Philips Electronics Ins t ru-  
ments x - r a y  diffraction equipment  using CuKa radia-  
tion, a Philips Type 52572 scinti l lation counter, and a 
chart recorder.  

Results 
Before the development  of cathode mater ia ls  could 

be pursued, the nature  of sodium as an anode mater ia l  
was investigated. A cell of the form Na/ t~-a lumina/Au 
was fabricated by using a pool of sodium in the cup and 
evaporated gold on the cup base. The 1 kHz resistance 
values were  measured at different temperatures  above 
and below the mel t ing point of sodium. Figure  1 shows 
that  at tempera tures  above the mel t ing point of sodium 
(98~ the resistance of the cell was about 20 ohms 
or less. When the high t empera tu re  line was ext rapo-  
lated back to 25~ the resis t ivi ty (300 ohm-cm)  was 
about the same as that  observed during our  previous 
conductivi ty studies for /9-A1203 compositions contain-  
ing 2% MgO and using two iner t  meta l  electrodes (4). 
Below 98~ the cell  resistance rose rapidly and was 
not stable with time. The two lines intersected at the 
melt ing point of sodium indicating that  mol ten  sodium 
formed a sat isfactory electrode~electrolyte interface 
while  solid sodium did not. It appeared that  the loss of 
contact between solid sodium and fl-alumina was prob-  
ably caused by a lack of wet t ing by mol ten  sodium al- 
lowing it to pull away when cooled. Wett ing could be 
improved by heat ing the cell to > 300~ for 16 hr  be- 
fore cooling, but the contact  was still  not satisfactory. 
Therefore,  all subsequent  investigations with cells con- 
taining pure sodium were  per formed at tempera tures  
above its mel t ing point. 

Cathode materials  were  synthesized direct ly from 
A1203, Fe203, Na2CO3, and TiO2, wi th  the initial stoi- 
chiometries Na20-5 (Fe0.95Ti0.05A103) and N a 2 0 " l l  
(FexA12-xO3) where  x ranged f rom 0.9 to 1.2. The in- 
corporation of TiO2 in some of the samples was in- 
tended to increase the electronic conductivi ty by giving 
rise to Fe donor ions as reported by Hever  (6). How-  
ever, we found no significant reduct ion in our cell re -  
sistances for mater ia l  containing TiO2. X - r a y  diffrac- 
tion data indicated the presence of a small amount  of 
a-A1203 in all samples. 

During sintering the cathode mater ia l  rested on top 
of the electrolyte and conditions had to be determined 
which would sinter the cathode both to itself and the 
electrolyte. Too high a t empera ture  al lowed the cath-  
ode mater ia l  to diffuse a l l  the way through the elec- 
trolyte, whereas  too low a t empera tu re  resulted in 22o  
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Fig. I. Variation of pellet resistance at 1 kHz with temperature 
for the cell Na//~-AleOJAu. 
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poor contact be tween  the electrolyte  and cathode and 
thus gave high cell resistances. Different sintering pro- 
cedures were  necessary for each cathode mater ia l  
used. General ly  tempera tures  in the range 1520~176 
for 5 min to 1 hr were  adequate. For  mater ia l  of stoi- 
chiometry Na20.11 (FexA12- xOa) all at tempts to sinter 
this cathode mater ia l  with x values of 0.3 and 0.6 to 
the electrolyte were  unsuccessful. With higher  iron 
content the cell fabrication became easier. Above  x 
values of 1.2 x - ray  pat terns  indicating the /~-structure 
were  not observed. All  the i ron-containing cathode 
materials  indicated the presence of some Fe203. MSss- 
bauer spectroscopy also showed the presence of Fe 2+ 
(even in the absence of TiO2). 

All  cells were  discharged and charged in a dry box. 
The exper imenta l  setup of the cells is shown in Fig. 2. 
The cells were  operated at 120~ to avoid the sodium/  
electrolyte  interface problem described above. Open- 
circuit vol tage for these cells was 2.37-2.45V, and cur- 
rents as high as 40-50 m A / c m  2 could be drawn from 
them. A typical load curve is shown in Fig. 3. Up to 
about 30 m A / c m  2 the slope indicated a d-c cell resist- 
ance of 40 ohms compared to the a-c value  of 26 ohms. 

('-'- STAINLESS STEEL 

Above  30 m A / c m  2 the vol tage dropped more rapidly 
indicating the presence of significant polarization ef- 
fects. Most cells were  discharged under constant cur-  
rent  conditions al though constant load was used in 
some cases. An open-circui t  potential  of 2.37V has been 
mainta ined by a cell for 12 months at 120~ without  
any apparent  var ia t ion due to electronic shorting or 
chemical  effects leading to self-discharge. 

Cells discharged ei ther  by constant current  (ca. 0.7 
m A / c m  2) or constant load (10 kohms) exhibi ted two 
distinct vol tage regions as shown in Fig. 4. Approxi -  
mate ly  one- th i rd  of the total discharge was in the 
high voltage region in which the cell vol tage fell  al- 
most l inearly wi th  depth of discharge. The second 
voltage region was observed around 0.9V and exhibited 
a slower voltage decay unti l  20-40% of the iron atoms 
had been reduced an average of one e lec t ron/ i ron  
atom. The total amount  of charge which could be 
drawn was dependent  on the current  density used in 
the discharge. Cells discharged at 350 uA del ivered ca. 
25% of theoret ical  for one e lec t ron/ i ron  atom, Fig. 4, 
whereas  cells discharged at 36 ~A del ivered  in excess 
of 40% of theoretical,  Fig. 5. In each case the cell 
could be recharged to the start ing potent ial  by the 
passage of an equivalent  amount  of charge at a similar 
current  density. The cell vol tage during charge at 350 
uA tracked the voltage during discharge quite closely, 
Fig. 6. Cells have undergone as many  as ten charge-  
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Fig. 2. Experimental set-up of cell. Electrode area: 0.45 cm ~ 
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Fig. 7. Charging voltage for Na/fl-AI203/Na20"11(Feo.~sT'~o.o~ 
AIO3) cell at 120~ Top curve: charging voltage at 0.75 mA/cm 2. 
Lower curve: cell open-circuit potential. 

discharge cycles with no apparent  damage and coulom- 
bic efficiency close to 100% (Table I) .  Cells could also 
be charged to a higher voltage than the original value 
up to 2.7V (Fig. 7). At this point the charging voltage 
at constant current  rose rapidly while the open-circuit  
voltage reached a plateau value. 

The possible thermal  regenerat ion of the cathode 
mater ia l  was investigated after the complete discharge 
of cell No. 18 (Fig. 8, curve B) containing the cathode 
mater ial  Na20"ll(Fe0.9Alz.IO3) on the second dis- 
charge. The sodium was carefully removed in  the dry 
box, the cell was heated to 1500~ for 10 rain in an 
oxidizing atmosphere, and a fresh gold thin film elec- 
trode was deposited on the cathode. Upon addition of 
a mol ten sodium anode at 120~ the cell again gave an 
open-circuit  potential  of 2.3V and was discharged at 
315 ~A as shown in Fig. 8, curve A. 

A MSssbauer spectrum (Fig. 9) was r u n  on a cell 
prior to its discharge to determine the electrochemical 
process taking place in the cathode mater ial  Na20"11 
(FeA103). A gold electrode was then evaporated onto 
the cathode, sodium was added to the cup in the dry 
box, and the cell was then discharged at 36 #A (Fig. 5) 
to zero voltage. I t  was necessary for a successful MSss- 
bauer  exper iment  to have approximately 0.05g of cath- 
ode mater ial  which contained about 0.02g of iron. This 
cell was discharged 43.5% of theoretical assuming one 
e lect ron/ i ron atom. After  complete discharge of the 
cell the sodium was removed from the cup by a pipette 
while still molten, any  residual sodium being scraped 
off in the dry box. A second MSssbauer spectrum 
shown in Fig. 10 was run  in an analogous manne r  to 
the init ial  one. From the spectra, four of the six mag- 
net ical ly split l ines due to Fe203 can be seen which 
did not go into the spinel block dur ing  the cathode 
synthesis. These lines occur at velocities of --0.805, 
--0.43, -k0.54, and -~0.87 cm/sec. The other two peaks 
of Fe203 occur at --0.08 and ~0.2 cm/sec and were not 
observable because of one of the Fe 2+ quadrupole  

Table I. Cell No. 4 discharge-charge cycles at 350 ~A, 120~ 

Cycle 

Discharge Charge 
Final F i n a l  

vo l t age ,  voltage, 
Coulombs V Cycle  C o u l o m b s  V 

No. 1 S t a r t  30.1 0.7 No. 1 27 2.35 
No.  2 31.2 0.65 No. 2 28.4 2.36 
No. 3 28.6 0.69 No. 3 26.5 2.34 
No. 4 26.6 0.67 No. 4 26.5 2.32 
No. 5 24.7 0.7 No. 5 24.7 2.42 
No. 6 29.2 0.62 No. 6 35.1 2.7 
No. 7 31.4 0.60 No. 7 32.9 2.6 
No. 8 32.9 0.53 No. 8 2"/.9 2.58 
No. 9 28,2 0.53 No. 9 26.8 2.45 
No. 10 36.5 0 

Total  discharge 262.9 cou lombs ,  To ta l  c h a r g e  255.8 c o u l o m b s  
No. 1-9 

Total d i s c h a r g e  299.4 coulombs 
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Fig. 8. Discharge curves for cell Na/$-AI2OJNa20"I 1 (Feo.gAll.l 
03) before (B) and after (A) thermal regeneration. Discharge cur- 
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Fig. 9. M~ssbauer spectrum of Na20" ! ! (FeA[O3) cathode material 
before discharge. 

splitt ings at --0.105 cm/sec and the intense Fe ~+ quad-  
rupole splittings at -~0.013 and W0.065 cm/sec. I t  is 
immediately clear from the spectra that there was an 
increase in the Fe 2+ peak at --0.105 cm/sec and a re-  
duction in the Fe ~+ lines at W0.013 and ~-0.065 cm/sec 
after discharge of the cell. The Fe 2+ peak at --0.105 
cm/sec had a contr ibut ion from the magnet ical ly split 
Fe203 line at --0.08 cm/sec. A reasonable estimate for 
this contr ibution would be one- th i rd  the area of the 
peak at --0.805 cm/sec since the magnet ical ly  split 
lines are in  the approximate area ratio of 3:2:1. The 
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Fig. 10. Miissbauer spectrum of Na20" l  1 (FeAI03) cathode mate- 
rial after discharge to zero volts at 0.077 mA/cm s. 

relat ive areas of the Fe203 peak at --0.805 cm/sec be-  
fore and after discharge were 5.55 and 6.8, respectively, 
(arb i t rary  uni ts  used) and therefore the areas of the 
Fe203 peak at --0.08 cm/sec were estimated at 1.85 
before and 2.27 after discharge. Different count  rates 
were used in each MSssbauer experiment.  

The area changes taking place in  the MSssbauer 
spectrum before and after discharge can be seen in 
Table II. These data give a qual i tat ive picture for the 
reduction process taking place in the cathode. Only  
70% of the iron is in  the spinel sites of the cathode 
before discharge. For 70% of the iron atoms active we 
would expect a m a x i m u m  charge capacity of 23.3 
coulombs assuming a one electron reduction per i ron 
atom. The 14.6 coulombs of charge actually delivered 
therefore represented 62.5% of theoretical. Over 70% 
of the total charge was in  the low voltage region below 
0.9V. 

The fact that the increase in the Fe 2+ peak (4% of 
31.6 coulombs = 1.3 coulombs) did not correspond to 
the expected change on the  basis of charge passed 
( 14.6 coulombs total charge of which 4.3 coulombs were 
in high voltage region and 10.3 coulombs in  low voltage 
region) can be explained by air oxidation of the cath- 
ode mater ia l  dur ing  recording of the MSssbauer spec- 
t rum. The cell voltage was found to be sensit ive to im- 
purit ies such as oxygen in the dry box and  when air 
was purposely introduced, the cell voltage was found 
to rise even while being discharged under  constant  
current.  This enhanced cathode performance was ob- 
served in  both the high and low voltage regions. 

Cell No. 16 was thermal ly  react ivated by heating to 
1500~ and a fur ther  MSssbauer spectrum was taken 
(Fig. 11). This indicated not only a reduct ion in the 
Fe 2+ peak at --0.105 cm/sec but  the incorporation of 
the major i ty  of the remaining  Fe203 into the Fez + 
spinel block sites. The cell was subsequent ly  discharged 

Table II. Cell No. 16 M~ssbauer spectra peak areas 

A r e a  ( a r b i t r a r y  A r e a  ( a r b i t r a r y  
un i t s )  b e f o r e  un i t s )  a f t e r  

L i n e  pos i t ion ,  c m / s e c  d i s c h a r g e  discharge  

Fe208 --0.805 5.55 6.8 
-- 0.43 3.55 5.22 
- -0 .08  1.85 (est .)  2.27 (est.)  
+0 .20  1.85 (est .)  2.27 (est.)  
+ 0.54 4.08 3.75 
+ 0.87 5.4 5.92 

F e  e+ ( s p i n e l b l o c k )  +0 .013  31 27.6 
+ 0.065 32.7 27.5 

F e ~  ( sp ine l  b lock )  - -0 .105 5.6 (est.)  9.9 (est .)  

A r e a  c h a n g e s  
B e f o r e  A f t e r  

Rel .  l~ei. 
F e  spec i e s  A r e a  a r ea ,  % A r e a  a r e a ,  % 

F e  8+ ( sp ine l  b lock)  63.7 70 55.1 61 
F e  =+ ( sp ine l  b lock )  5.6 6 9.9 10 
Fe2Os 22.3 24 26.2 29 
Total  area 91.6 90.2 

8C 
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Fig. 11. Miissbauer spectrum of Sa20" l l (FeAl03)  cathode ma- 
terial after thermal regeneration at 1500~ 

at 36 ~A to 1.0V so as to determine whether  the reduc-  
t ion of Fe z+ to Fe e+ occurred in the high or low volt-  
age region or both. The MSssbauer spectrum after dis- 
charge indicated that  no apparent  reduct ion of the 
Fe 3+ had taken place in  the high voltage region. The 
reduction of the Fez + must  therefore occur only in the 
low voltage region, and some other electrochemical 
process must  be responsible for the high voltage region. 

High electronic and ionic conduction are essential to 
any efficient cathode system. The presence of electronic 
conductivity in the cathode mater ial  Na20.11 (FeA103) 
was determined by fabricat ing the cell Au/Na20.11 
(FeA103) /Au and placing a constant  d-c voltage across 
it. Under  such conditions, the Au th in  film electrodes 
acted as blocking electrodes to the migrat ion of ionic 
current  through the cell. The current  measured through 
the circuit should therefore be due to the electronic 
conductivity wi th in  the cell. The d-c resistance was 
890 ohms at 120~ and did not vary  appreciably over a 
period of several days. From the d-c resistance and the 
pellet dimensions (1 cm diameter  • 0.45 cm thick) the 
electronic conductivi ty was estimated to be 6.7 X 10 -4 
( o h m - c m ) - l .  Whe~ a-c measurements  were made on 
the same cell f requency dependency was found indi-  
cating that  some ionic conduction was also present  in 
the cathode. 

Discussion 
In  this approach we have at tempted to substi tute 

Fez + ions for A1 ~ + ions in the spinel block and use this 
mater ial  as a cathode in which there would be no phy-  
sical phase boundary  between cathode and electrolyte 
and no phase change in the reduct ion process. The Fez + 
in the spinel block would be reduced to Fe a§ and a 
Na + ion would move into the layer - type  s tructure to 
main ta in  charge balance. From the MSssbauer spec- 
t rum of cell No. 16 it appeared that  70% of the iron 
resided in the A13+ sites of the spinel block after the 
synthesis s inter ing with the rest of the iron being in  the 
reduced Fe 2+ form or as unincorporated Fe203. From 
x- ray  diffraction analysis these cathode materials  had 
a spinel- type s tructure analogous to E-alumina, and the 
presence of unreacted Fe203 was detected. 

From the discharge curves two voltage regions were 
observed. The lower one around 0.TV can be explained 
on the basis of the reaction 

2Na + Fe203-> Na20 + 2FeO [1] 

for which the theoretical voltage is 0.71V based on free 
energies of formation. Fur ther  evidence for this process 
in the low voltage region comes from the MSssbauer 
spectra. The cell after discharge to zero volts showed 
a significant increase in the Fez + peak together wi th  a 
corresponding decrease in the Fez + peak, whereas after 
being thermal ly  regenerated and then discharged down 
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to 1.0V no apparent  reduct ion had taken place. The 
following oxidat ive  process is proposed to take place 
at the cathode in the presence of air s imultaneously 
wi th  the e lectrochemical  reduct ion process 

2Na + + �89 02 -k 2Fe 2 + --> Na~O + 2Fe 3 + 

with the Na20 being formed on the outer  surface of 
the cathode. A white film was observed to form on the 
surface of the cathode after  extensive discharge. Thus, 
the cell appeared to show some characteristics of a 
fuel cell in which the over -a l l  react ion is 

2Na -t- �89 02 ~ Na~O 

Here the reductant  is Na and the oxidant  is 02 f rom 
the a tmosphere  via the Fe3+/Fe  2+ couple. This would 
also explain the thermal  regenera t ive  capabil i ty of the 
cathode. The high vol tage region is more difficult to 
explain but  there  appear to be three possibilities, (a) 
t rapped O2 gas, (b) iron in oxidation states greater  
than plus three, and (c) vacancies in the valence band 
created by excess 02- .  The fact that the cells were  
sensit ive to 02 leads to the hypothesis that  the presence 
of O2 gas t~apped in the sintered cathode mater ia l  
would exhibi t  high voltages. This could be present  
from two sources. The first is the t rapping caused dur-  
ing the sintering process of the cathode. High porosity 
would  be expected since the part icle sizes before sin- 
ter ing were  much larger  ( >  50#) than those used in 
the sintering of the electrolyte  (1~) and shorter  sin- 
ter ing times were  used with  the cathode. The second 
source of O2 could come from Fe 2§ produced dur ing 
the s inter ing f rom the react ion 

2Fe~O~ --> 4FeO ~- O2 

The presence of O2 gas would give rise to the electro-  
chemical  process 

2Na--> 2Na + + 2 e -  

2 e -  -F" �89 02 "~ �89 022- 
over -a l l  react ion 

2Na + ~ 02 "-> Na20 

The theoret ical  vol tage for this process is 2.17V based 
on free energy of formation for Na20. With the cath-  
ode density of about 3.0 and from a consideration of 
the vo lume of 02 requi red  for this high vol tage region, 
we calculate an oxygen pressure in excess of 200 atm 
(assuming a 10% porosity) .  When we consider the 
conditions under  which the cathode was synthesized 
such pressures are not realistic. There  is also the re-  
lated mechanism of slow O2 migrat ion into the  cathode 
f rom the traces present  in the dry box. However ,  for 
this mechanism one would expect  the high voltage 
region charge capacity to be current  density dependent.  
Very little, if any, such dependence was found unl ike 
the low vol tage region which was discussed above. 

If  the oxygen were  chemisorbed its pressure need not 
be 200 atm. A monolayer  of chemisorbed oxygen on 
particles of 10~ radius would consti tute a charge of 
0.2 coulomb for the 400 mg cathodes used. This is only 
a fract ion of the 5 coulombs observed, but chemisorbed 
1.ayers are often thicker  than one monolayer.  On the 
other  hand, af ter  sintering, the particles are no longer 
10~ radius, and thus this es t imate  of charge is probably 
much too high. Also, if the high voltage region were  
due only to chemisorbed oxygen the discharge curve 
should be Nernst ian (not the near ly  l inear  decay ob- 
served) and should not be i ron-dependent  as was ob- 
served. Chemisorpt ion though may play a part  and be 
the first step in the third hypothesis discussed below. 

The possibility of iron in an oxidat ion state of 
greater  than three a l though reasonable in v iew of pos- 
sible ferrate  formation was not indicated in the nega-  
t ive veloci ty range of the MSssbauer spectra where  
such an oxidat ion state would be expected (7). Also, 
s intered fl-alumina cups with  no i ron-doped cathode 
and just  a thin film metal  e lect rode at the base ex-  
hibi ted potentials in the 2V range. Such cells however  

had li t t le charge capacity and the potent ial  quickly  
decayed during a resistance measurement .  This sug- 
gested that  the high vol tage region was not due direct ly 
to the doped iron but the charge capacity was an in- 
direct function of the iron content  or  the sintering 
characteristics of the cathode mater ia l  or both. The 
third hypothesis assumes that at the grain boundaries 
of the polycrystal l ine material ,  O 2-  ions are formed 
from reduction of chemisorbed O2 during the s inter-  
ing process creat ing s imultaneously electron holes in 
the valence band of the i ron-subst i tu ted spinel by the 
fol lowing process 

02 ~ 2evb-- "-'> 0 2 -  Jr- 2Vvb 

where  evb- is an electron in the valence band and Vvb 
is a vacancy in the valence band. That is, h ighly  elec- 
t ronegat ive  oxygen atoms draw electron density from 
the crystal. For  the passage of 4 coulombs in the high 
voltage region of cell 16, 4/1.6 • 10 -19 charge carriers, 
i.e., 1.25 • 10 +19 O 2- species, are requi red  which rep-  
resents 0.33 mg of O2 for 50 mg of cathode. The high 
voltage region can then be expla ined  on the basis of the 
reaction 

Na + Vvb-> evb-- -]- Na + 

A schematic energy level  is shown in Fig. 12. As the 
valence band becomes filled to point B reduct ion of 
Fe  z+ to Fe 2+ wil l  become the favored process in the 
low voltage region. 

Discharge curves showed almost l inear decreases in 
the higher  voltage region (Fig. 4-6, 8) which is con- 
sistent wi th  the proposed mechanism. In addition, there 
is no reason to expect  the density of states to be con- 
stant throughout  the voltage range of 2.5-0.7V. A low 
density of states above 2V and below 1.3V would result  
in a discharge curve  as exhibi ted by cell  No. 15 (Fig. 
4). The density of states could be slightly different for 
each cathode leading to the subtle differences observed 
for the various cells. On the other  hand, the plateau 
at  0.7V is much more Nernst ian in behavior  and is ex-  
plained more s imply by the reduct ion of iron +3.  Iron 
doping is necessary to create  the electron energy level  
proposed, but since no iron is reduced in the high vol t -  
age region, no changes in the MSssbauer spectrum 
were  observed for cells discharged to 1V. 

The regenerat ion of the cathode in the high vol tage 
region in the presence of O~ can be explained by the 
fol lowing process 

2Na + + 1/~ 02 "~ 2evb-- --> Na20 -b 2Vvb 

In this way, the cell is once again able to accept elec-  
trons from the anode wi th  potential  differences > 2V. 

The question now remains, can this type of cathode 
mater ia l  be incorporated into a practical  ba t te ry  sys- 
tem? The great advantage of this system is its re la-  
t ively low operating tempera ture  compared to the 
sodium/sul fur  bat tery  in which corrosion and insula-  
tion considerations are of major  concern. 

The current  densities that  can be drawn from the 
cell are encouraging, as well  as its thermal  regenera-  
t ive capability. The electrochemical  revers ibi l i ty  of the 
cell should be intrinsically long- l ived  because no phase 
change takes place in the cathode. 

The successful operation of these cells makes t~- 
alumina wor thy  of serious consideration not only as the 
electrolyte,  but, in the doped form, as the cathode 
mater ia l  in electrochemical  systems opera t ive  much 

A Na*  ... e-  --> Na 

T o:,v ~ B Fe 3 +* e-  --> Fe 2 .  

2.5 V 
l ' ": = < - ~  VALENCE BAND OF Fe DOPED SPINEL 

Fig. 12. Suggested electronic energy |evel diagram for iromdoped 
spinel. 
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closer to ambient  temperatures  than is possible in the 
sodium/sul fur  system. 
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Polarization Characteristics and Anodic Disintegration 
of Beryllium in Nonaqueous Solutions 

H. Vaidyanathan,* M. E. Straumanis,** and W. J. James* 
Graduate Center Jor Materials Research, University o~ Missouri-Rolla, Rolla, Missouri 65401 

ABSTRACT 

Anodic polarization of Be in both aqueous and nonaqueous media leads 
to a spalling or disintegration of the anode. The disintegrat ion product is 
composed of shiny, metallic, crystal l ine particles embedded in a white  bri t t le  
mass [BoO and/or  Be(OH)2] as viewed under  an optical microscope. Micro- 
s t ructural  studies using scanning electron microscopy provide fur ther  proof 
for the nature  and identi ty of the Be particles. Valency determinat ions from 
weight loss measurements  give values between 0.34 and 1.75. These anomalous 
values are a t t r ibuted to the production of Be by anodic disintegrat ion rather  
than to a disproportionation reaction of monovalent  Be. The "apparent" 
valency appears to be more a function of the na ture  of the anion than  of the 
solvent. The apparent  valency approaches 1.0 in LiC104/EtOH and KC1/aq 
and is fractional in LiC1/MeOH. Beryl l ium is passivated both in aqueous and 
nonaqueous media containing NO3- ions. Beryl l ium passivated in NaNOs/ 
MeOH has no electronic conduction; the surface when examined optically 
appears dark with shiny Be crystals on it. Thus anodic disintegrat ion occurs 
even at potentials where passive oxides predominate  on the surface. 

The seeming inapplicabil i ty of Faraday 's  law for the 
anodic dissolution of Be, Zn, Mg, A1, etc. has led to 
several inquiries into the fundamenta l  aspects of un -  
common valency (1-4). The formation of un iva len t  
cations as the first stage during anodic dissolution is 
par t ly  accepted in the case of A1, In, etc. (5, 6). How- 
ever, the un iva len t  cations react much faster accord- 
ing to 

M + "-> M ~+ + e [1] 

M + + H20 -> MOH + 4- Hads(M) [2] 

than they are formed and as such there is no evidence 
for the existence of Zn  +, Fe +, Be +, Mg +, etc. in solu- 
tion. The inapplicabi l i ty  of Faraday 's  law can also be 
accounted for without  considering the formation of 
stable un iva len t  cations. S t raumanis  (7) has proposed 
the phenomenon of anodic disintegrat ion as responsible 
for this deviation in several instances where anodic 
spall ing is known to occur. This proposition provides a 
reasonable rat ionale for the abnormal  valences of Be, 
Zn, Mg, Ag, etc. and the formation of metall ic par-  
ticles in the anolyte solutions. Anodic disintegration, 
however, is not l imited to aqueous solutions alone. 
This paper presents a case for Be dissolution and the 
mechanism of anodic disintegrat ion in such anhydrous  
media as MeOH, EtOH, and dimethyl  formamide 

* Electrochemical Society Active Member. 
** Electrochemical Society Active Member, deceased. 
Key words: anodie dissolution, anodie disintegration, anomalous 

valency, scanning electron microscopy, kinetics, nonaqueous elec- 
trolytes. 

(DMF). Anodic disintegrat ion studies in  this labora-  
tory were supplemented with microst ructural  studies 
using an optical microscope in the past. The preset%t 
study utilizes a scanning electron microscope also, 
which has a high resolution and  large depth of focus. 

Experimental 
The Be anodes had a pur i ty  greater  than  99.00%. 

Circular disks of Be were machined, polished with 
emery paper, cleansed in an ultrasonic cleaner, de- 
greased with CC14 and acetone, and dried in  a desic- 
cator. A specially constructed Teflon holder was used 
to hold these leak-proof Be disks in  the electrolyte. 
The nonaqueous solvents methanol,  ethanol, and di-  
methyl  formamide were 99.9% pure. They were pur i -  
fied fur ther  by using Davison Type 4A molecular  
sieves. Valency determinat ions were carried out as 
described earlier (8). Prepurif ied N2 provided an  iner t  
atmosphere in the electrolysis cell. The water  content  
of the electrolyte was determined at the end of each 
valency study by Kar l -F i sher  titrations. 

Several  potential  sweep exper iments  were carried 
out. Though a s teady-sta te  galvanostatic study is ex-  
t remely simple the potent ial  sweep method enables the 
evaluat ion of current  density at all  potentials wi th in  
the range of interest  and hence the pursui t  of passiva- 
tion stages in the reaction. A Wenking potentiostat  ex- 
ternal ly  modulated by an Elron funct ion generator was 
used. The cyclic current  (i) vs. potent ial  (E) curves 
obtained at different s w e e p  r a t e s  were recorded using 
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Table I. Apparent valency of beryllium in aqueous solutions* 

1,2 
S o l u t i o n  and  C u r r e n t  A p p a r e n t  

concen t r a t i on ,  dens i ty ,  va lency ,  
m o l e s / l i t e r  m A / c m  -~ Vi 1,1 

1M KCI 3.8 1.07 
15.4 1.19 J.,O 
38.5 1.22 

I M  K I  20 1.41 
0.33rr KsSO~ 20 1,82 
0.01M LiC1 + 0,9 

0.33M K2SO4 20 1,21 

* Da ta  f r o m  ref. (18). 
Note :  In  a l l  e l ec t ro ly te s  anod ic  d i s i n t e g r a t i o n  occurred .  

Table II. Apparent valency of polycrystalline Be in some 
nonaqueaus solutions 

S o l u t i o n  and  C u r r e n t  A p p a r e n t  
concen t r a t i on ,  dens i ty ,  va lency ,  

g - t o o l / l i t e r  m A / c m  ~ Vl 

0.2M LiCI  in  MeOH 1.71 0.35 
3.15 0.34 

17.1 0.44 
0.2M K I  in  D M F  3.06 1.75 
0.2M NaNO3 in  MeOH - -  �9 
0.2M L i C 1 0 ,  in  E t O H  0.613 0.91 

3.06 1,15 
7.66 1.09 

12.25 1.00 
18.40 0.94 
24.5 1,00 
30.6 0,98 

* Va lency  is inde terminable  s ince  the  e lec t rode  becomes  noncon-  
duct ing  due to the  f o r m a t i o n  of a b lack  f i lm on the  surface.  

Note:  A n o d i e  d i s i n t e g r a t i o n  occu r r ed  in  a l l  e lec t ro ly tes .  A v e r a g e  
w a t e r  con t en t  a t  the  e nd  of each  v a l e n c y  d e t e r m i n a t i o n  is in  L i C l /  
MeOH = 0.68%, K I / D M F  = 0.30%, N a N O s / M e O H  = 0.68%, and 
LiC104 /MeOH = 0.4%. 

a Mosley 135 AM X - Y  recorder.  The function genera-  
tor was adjusted to del iver  a single sweep start ing at 
the rest potential. The reference electrode was a freshly 
prepared Hg/Hg2SO4/methyl  alcohol electrode with a 
potential  of 0.56V vs. NHE in agreement  with the 
l i tera ture  value (9). 

Af ter  each valency study, the polarized electrodes 
were  washed with  methanol  and dried. These were  
then used for optical and scanning electron micro-  
scopic (SEM) studies. In certain cases the electrodes 
were  metal ized with Au and then used for the SEM 
studies. 

All  exper iments  were  performed at 24 ~ • I~ in an 
all  Py rex  "H" cell the two arms of the cell being used 
to contain the working Be and auxi l ia ry  Pt  electrodes. 

Resul ts  
Valency studies.--The apparent  va lency of Be is a 

function of several  variables. Tables I and II list the  
values obtained in different electrolytes. The apparent  
valency approaches one in LiC104/EtOH and KC1/aq. 
In K I / D M F  the value  is grea ter  than one and in LiC1/ 
MeOH it is much less than one. In NaNO3/MeOH the  
valency is indeterminable  since the electrode loses 
electronic conductance as the dissolution proceeds. 
F igure  1 shows the var ia t ion of the apparent  valency 
with  current  density (C.D.). There  is a level ing off of 
the valency at high C.D. Similar  behavior  was reported 
ear l ier  by Aida et al. (10). Anodic spall ing occurs in 
all cases. 

Current-potential relation.--Cyclic potential  sweep 
exper iments  were  performed to study the dissolution 
at varying sweep rates. Potent ia l  sweeps f rom 10-400 
mV/sec  made no difference in the over-a l l  na ture  of 
the i-E curves. Reproducibi l i ty  of the curves was best 
only at sweep rates of 100-200 mV/sec  in certain elec-  
trolytes. Figures 2-5 show the i-E behavior  in various 
electrolytes. There  is a hysteresis between the anodic 
(forward)  and cathodic (reverse)  sweeps in all the 
curves. Dissolution rates in terms of C.D. are  max i -  
m u m  in KC1/aq and least in N a N O J M e O H .  

I I I 

I I I 
10 20 33 

MA/cM 2 

Fig. i .  Apparent valency of Be dissolving anodically in 0.2M 
/ iCIO4/EtOH.  Water content 0 .4% by weight at the end of the 
experiment. 
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Fig. 2. Cyclic current-potential relations obtained for Be in 0.2M 
KCI/aq when scanned at 200 mV/sec. Curve a = 1st cycle, curve 
b = 30th cycle, curve c = 60th cycle. 
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Fig. 3. Cyclic current-potential relation obtained for Be in 0.2M 
N a N O J a q  when scanned at 200 mV/sec. Curve a = 1st cycle, 
curve b = 3rd cycle, curve c = 8th cycle. 

In KCl (aq )  and LiC1/MeOH the i-E relat ion is ve ry  
similar, C.D. values being grea te r  during the cathodic 
sweep and appreciable Be dissolution commencing at 
approximate ly  the same overvoltage.  In KCl (aq)  the 
general  shape of the i-E behavior  is unchanged even 
when scanned 60 t imes at 200 mV/sec  as shown by 
curves b and c in Fig. 2. 

In NaNO~/aq the i-E relat ion has two transi t ion 
points dividing the curve into three regions. The ra te  
of Be dissolution is ve ry  low up to 0.28V (first t ransi-  
tion point) beyond which the ra te  increases very  
rapidiy up to 0.98V (second transit ion point) .  Curves  
b and c show the effect of repet i t ive  cycling and the 
magni tude  of the C.D. decreases wi th  each subsequent 
scan. 
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Fig. 4. Cyclic current-potential curves obtained for Be in MeOH 
when scanned at  200 mV/sec. Curve a = 0 .2M N a N O ~ / M e O H ,  
curve b = 0.2M L i C I / M e O H .  H 2 0  ~ -  0 . 6 8 %  in N a N O 3 / M e O H  a n d  

0.76% in L iC I /MeOH.  

i L I I 

8,0 

6.a 

~ 4,0 

2.0 7 

o 
-0,5 0 0,5 1,0 

E, VOLTS (VS. NHE) 

Fig. S. i-E relation obtained for Be in 0 .2M K I /DMF at a sweep 
rate of 10 mV/sec. H20  --" 0.43%. 

In  NaNOJMeOI-I the rate of dissolution is very low 
even at a potential  of 2.0V. Methanol  oxidation con- 
tr ibutes to the C.D. values beyond 2.0V. The electrode 
surface tu rns  black on repetitive cycling just  as it does 
on prolonged galvanostatic polarization. 

The i-E curve in KI /DMF also shows a t ransi t ion 
point. Current  density values are very low up to ~0.7V, 
beyond which they increase at  a greater rate. The 
electrolyte in the immediate vicinity of the Be anode 
turns  reddish brown dur ing the course of a potential  
cycle beyond E > 0.6V. Since I -  ions are believed to 
be oxidized at these overvoltages, there is contr ibut ion 
to the total  C.D. from the anode oxidation of I -  to I2 
and I3-.  This is reflected in the C.D. values beyond 
0.7V. Anodic disintegration occurs regardless of the I2 
reaction. 

The i-E curves obtained in this study can be used for 
a comparison of the dissolution rates in the respective 
media. Current  density values at three  selected poten-  
tials were derived from the i-E curves obtained at a 
fixed sweep rate of 200 mV/sec and were used to com- 
pose Table III. The variat ions of C.D. with repetit ive 
potential  sweeps were also determined from the i-E 
curves. The variat ions are presented in Table IV. 

Surface studies.--In all electrolytes studied, large 
aggregates of black particles appeared in the anolyte. 
They were filtered, washed, dried, and used for the 
SEM study. The anode in  each experiment  was also used 
for the SEM study. The anodes were heavily pitted. 
In  several instances the anodes were covered with a 
slime which could be removed only by ultrasonic clean- 
ing. Figure 6 shows the surface structure of a Be anode 
which has been polarized for 6 hr in  0.2M N a N O J  
MeOH. Under  an optical microscope the surface appears 
dark  with shiny metallic particles on it. Some of the 
particles are crystal l ine when  viewed by SEM. 

Table II I .  Electrochemical rates of beryllium dissolution in 
passivating and nonpassivating media 

I-~o 
c o n t e n t  as  

a n a l y z e d  b y  
K F  t i t r a t i o n  R e a c t i o n  ( m A / c m  ~) 

S o l u t i o n  a n d  at  t h e  e n d  of  ra te ,  i a t  p o t e n t i a l s  
c o n c e n t r a t i o n  t h e  e x p t . ,  % 0.3OV 0 .68V 1 .28V 

0.2M N a N O s / M e O H  0.68 0,045 0.12 0.304 
0 .2M N a N O e / H 2 0  - -  0,131 0.360 1.1 
0 .2M K I / D M F  0.43 0.88 1.94" 5.3" 
O.2M L i C I / M e O H  0.76 8.7 10.3 14.8 
0 .2M KC1/H~O - -  23.8  33.6  

* T h e s e  t w o  d a t a  do not truly represent  the r a t e s  of  B e  d i s so lu -  
t ion ,  s ince  e l e c t r o c h e m i c a l  o x i d a t i o n  of  I -  o c c u r s  u n d e r  t h e s e  
potentials.  

Table IV. Effect of repetitive potential sweeps at 200 mV/sec on 
the rate of dissolution of Be at 1.0V (NHE) 

E l e c t r o l y t e  O r d i n a l  n u m b e r  C.D. ,  
(0.2M) of cyc les  r n A / e m  ~ 

K C l / a q  1 41.4 
15 42.1 
3O 45.9 
60 46.5 

NaNOa/aq  1 0.82 
3 0.31 
8 0.24 

Figures 7 and 8 show the Be electrode and the ano- 
lyte residue when Be is polarized in 0.2M KCI. At  the 
electrode surface, needle-shaped crystals of Be can 
be recognized readily. Several  of the black particles 
which are in  the anolyte appear as hexagonal  crystals 
by SEM. 

Figure 9 shows the SEM picture of a Be electrode 
which has been polarized in  0.2M LiC104/EtOH at 
24.5 m A / c m  2. The surface of the electrode is covered 
with black particles approximately hexagonal  in shape 
which can be removed only by ultrasonic cleaning. 

Figure  10 shows the SEM picture of the anolyte resi-  
due obtained when Be is polarized in 0.2M LiC1/MeOH. 
Some of the particles in  the residue have a distinct 
hexagonal  structure. 

Figure 11 shows a Be electrode polarized in  0.2M 
KI/DMF. The surface is covered with particles which 
have metallic luster. Gra in  boundaries  on the Be sur-  
face are also visible. 

Anodically disintegrated Be particles embedded in 
the oxide film can be clearly seen in Fig. 12, which 
shows a Be anode polarized in LiC1/MeOH. The oxide 
does not cover the surface totally. 

Fig. 6. Be electrode polarized in N a N O 3 / M e O H ,  H20 ~ 0.68%. 
Magnification 800X. 
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Fig. 7. Be electrode surface after polarization in 0.2M KCI/aq. 
Magnification 800X. 

Fig. 10. Anolyte residue obtained when Be is polarized in 0.2M 
LiCI/MeOH, H20 = 0.60%, Vi = 0.34. Magnification 2400X. 

Fig. 8. Anolyte residue obtained when Be is polarized in 0.2M 
KCI/aq. Magnification 2400X. 

Fig. 11. Be electrode surface after polarization in 0.2M KI/DMF, 
H20 = 0.3%, Vi = 1.75. Magnification 800X. 

Fig. 9. Be anode polarized in 0.2M LiCIO4/EtOH at 24.5 mA/cm 2, Fig. 12. Be anode polarized in 0.2M LiCI/MeOH, Vi = 0.34, 
H~O = 0.4%, Vi = 1.00. Magnification 2400X. H20 = 0.61%. Magnification 2400X. 
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Large black holes very often occur on the surface. 
These are not etch pits. They probably  arise as a re-  
sult of detachment  of metallic Be leaving a cavity. 

Discussion 
The exper imental  values for the valency of Be 

(Tables I and II) are interpreted by some as evidence 
for the formation and existence of both Be(I )  and 
Be(II )  in  solution (10). One indication of the possible 
formation of Be(I)  is the increased current  efficiency 
for the process as well  as the difference between the 
first and second ionization potentials (11). However, 
the concept of monovalent  ions cannot account for the 
formation of Be particles in the anolyte unless a dis- 
proport ionation reaction like 

2Be(I)  --> Be(II )  -t- Be [3] 

is postulated (10, 12, 13). The source of Be particles, 
however, in the  anolyte has been established clearly 
as arising from spalling of the electrode as evidenced 
by the presence of deformation twins on the anode as 
well  as in the anolyte residue (7, 14). In  nonaqueous 
solutions such as methyl  alcohol, ethyl  alcohol, and 
dimethyl  formamide, the existence of Be + is favored 
since reaction [2] is believed to take place at a neg- 
ligible rate. Reaction [2] cannot be totally el iminated 
since a water  content  of zero was never  obtained at the 
end of an experiment.  If a disproportionation of the 
type shown in react ion [3] occurs at  all, its probabi l i ty  
may be the same in aqueous as well  as in  nonaqueous 
solution. However, the existence of a long-l ived Be +, 
even in nonaqueous electrolytes, is questionable due 
to the following facts: 

1. Effective valency (Vi) as a ru le  should increase 
with increase of anodic potential  and a t ta in  the normal  
value (V) 2.0 (15). Ind ium and In (Hg)  show such 
behavior and the ,existence of In  + under  certain con- 
ditions is accepted (6) and in cer ta in  others not (16). 
In  the case of Be, however, the valency value levels 
off at 1.0 at high anodic currents  and a value of 2.0 is 
never  obtained. 

2. If Be + ions are formed at greater rates than  they 
are consumed by reactions [1] or [3] (considering re- 
actions in  nonaqueous solutions),  they should diffuse 
into the bulk  of the electrolyte. Thus detection of the 
univa lent  ion by polarography and /or  ESR should be 
possible as is the case of Bi (15) by the former method. 
In  the present study the cyclic vol tammograms ob- 
tained for Be in LiC1/MeOH and NaNOJMeOH do not 
show peaks corresponding to two oxidation states (Fig. 
4). 

3. An apparent  valency of less than  1.0, e.g., 0.34 ob- 
tained for Be in LiC1/MeOH in this study and 0.27 for 
Mg in NaI /pyr id ine-n i t robenzene  (17), can be ex- 
plained only by assuming a predominant  influence of 
anodic disintegrat ion and /or  local corrosion. In  no way 
can the unusua l  valency or t ransi tory  ion concept ac- 
count for valences less than  unity.  

4. The anions seem to have a greater  effect on Vi 
than the medium H20, EtOH, MeOH, or DMF. The C1- 
ions produce a lower value for Yi in both H~O and 
MeOH (Tables I and II) .  The I -  ions do not yield as 
low a value for Vz as C1- ions and their  values are 
comparable in  H20 and DMF. In  aqueous solutions a 
small anion, e.g., CI- ,  results in  a greater lowering of 
Vi than does a large anion, SO4 -2, PO4 -3, etc. (18). 
This t rend  is main ta ined  also in alcoholic solutions: 
C1- results in a much lower Vi, 0.34 compared to 1.0 for 
C104-. The extent  of deviation from V : 2, approxi-  
mately  corresponds to the degree of disintegration, the 
lower the Vi the  greater the extent  of disintegration. 
Then, the anion effect during dis integrat ion in increas- 
ing order is: I - ( D M F ) ,  I - / a q ,  ClO4-/EtOH, C1-/aq,  
C1-/MeOH. Exper imenta l  values (Table III)  for the 
rate of Be dissolution increase in the order of N O a - /  
MeOH ~ NO3- / aq  <: I - / D M F  <: C1- /MeOH ~ C1- /  
aq. This gradat ion in  the reactivi ty of anions for anodic 

dissolution and disintegrat ion follows the same order  
as the aggressiveness of the said anions in  rup tur ing  a 
protective film. The comparative effect of various 
anions on Vl has been discussed earlier (18). It  has 
been postulated (10) that a total e l iminat ion of water  
from the electrolysis system can stabilize Be(I )  thus 
accounting for values of Vi close to unity.  The results 
described above show that Vi ~ 1.0 can be obtained 
even in aqueous solutions where Be(I )  is supposedly 
unstable, by choosing the proper anion and C.D. Fur -  
thermore, in a nonaqueous media, where Be(I)  is be- 
l ieved to be more stable, an anion like I -  gives rise to 
a Vi close to two (Table II) .  

It  is clear from the potent ia l -current  profile shown 
in Fig. 3a and Fig. 5 that the anodic polarization of Be 
takes place in three stages in  NaNO3 (aq) and KI/DMF.  
Transi t ion regions in the polarization curve of a metal  
are general ly noticed in active-passive transit ions and 
electropolishing As is evident  from the curves, Be 
does not show active-passive behavior under  the pres- 
ent experimental  conditions. The i-E curve does not 
show the kind of polarization stages-anodic dissolu- 
t ion region at low overvoltages followed by a l imiting 
current  region at in termediate  overvoltages and an 02 
evolution region at high overvoltages corresponding to 
e]ectropolishing. This is fur ther  substantiated by visual 
observation of the polarized electrodes which did not 
show any polishing effect. The t ransi t ion point 0.28V, 
apparent ly  indicates a change in the mechanism of dis- 
solution of Be. Beryl l ium dissolution may occur with 
the part icipation of NO3- ion up to 0.28V, a type of 
reaction we proposed earlier for Zn (19), and beyond 
0.28V with formation of an oxide or hydroxylated 
species of Be. Normal ly  such oxide formations lead to 
a passive region in the i-E curve. This is not the case 
with Be, since Be salt solutions are known  to dissolve 
several molecules of oxide or hydroxide per mole of 
Be ion present in aqueous solutions (20). The t rans i -  
t ion point at 0.98 may denote the mass t ransfer  effects 
in oxide formation. 

The passivation of Be is accomplished more easily 
in NO3-/MeOH. The electrode turns  black and loses its 
conduction as a result  of a porous oxide film forma- 
tion. A microstructural  study using SEM (Fig. 6) re-  
veals particles of Be embedded in this film. This ob-  
servation of anodically disintegrated metall ic particles 
has some parallel ism to the occurrence of Zn and Mg 
particles in the passive film on a Zn or Mg anode (19, 
21, 22). 

Breaks in the i-E curves for Be in LiC104/EtOH 
have been reported by Aida et al. (23). They observed 
a change in the slope at 1.0V vs. Ag/Ag + (0.2M) and 
associated it with the border separating the potential  
range wi thin  which Vi ---- 1 and the surface is br ight  
from the range wi th in  which Vi differs from uni ty  and 
the surface is rough due to spalling and /or  local cor- 
rosion. Such a view is t an t amoun t  to stating that the 
i-E curve can be divided into regions where anodic 
disintegration occurs and where it does not occur. This 
is not the case as proved by  our exper imental  observa- 
t ion of spalling at all potentials. Local corrosion, 
faradaic dissolution, and anodic disintegrat ion occur 
s imultaneously for Be and an assessment of the degree 
of each process cannot be made from i-E curves. 

Data in Table III i l lustrate  the decrease in the rate 
of Be dissolution when NO~- ions are present  in  aque-  
ous and nonaqueous media. For the same concentrat ion 
of NO~- and CI- ,  the rate is much lower in MeOH than 
in water at all potentials. Thus water  molecules do not 
seem to have a predominant  influence in  the formation 
of a passive film on the metall ic surface. This is in con- 
trast to the behavior  of Ti in  MeOH/HC1 (24) bu t  
s imilar  to Fe and Cu in MeOH/H2SO4 (25). 

Another  aspect of the i-E behavior  (Fig. 2-5) is that  
the current  values are different for the anodic and 
cathodic sweeps. Such a behavior  is very  common for 
metals like Pt, Pb, etc. (26, 27), and could be due to a 
mass t ransfer  effect, a film formation reaction or 
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due to two different types of films, an adsorbed oxide 
or a hydroxylated species. Repetitive potential  scans 
between --0.62 to 1.56V in NO3- /aq  (Fig. 2) lead to 
deactivation of the electrode due to film growth. Re- 
petitive cycling in KCl /aq  has no deactivation effect, 
instead there is a slight acceleration effect (Fig. 2 and 
Table IV). Repetitive cycling is known to bring about 
changes in the electrode surface structure leading to 
greater reactivity (28, 29). In the present  case, the 
slight increase in C.D.'s may be due to removal of 
electro-oxidative impurit ies from the surface or to an 
area effect as a result of disintegration. 

Anodic disintegration has been associated at times 
with a grain boundary  type of attack (10, 30). How- 
ever, in the case of Be this is ruled out on the basis of 
previous studies using Be single crystals which showed 
spalling (31). It is also proposed (10) that a uniform 
and homogeneous dissolution occurs whenever  the 
measured valency is 1.0 and Be(I )  formation is 
favored. This is disputable since the na ture  of the at-  
tack and the appearance of the Be surface depend more 
on the na ture  and concentrat ion of the anions than on 
the measured valency. For example, when Be is polar-  
ized in NO3- /H20  or NO3-/MeOH, a smooth black 
surface is obtained. The black coloration is unmis tak-  
ably due to the presence of minute  Be particles. On 
repolishing it is found that  the region undernea th  has 
been severely pitted in the case of NOa- /MeOH and 
NO3-/aq.  In  KI /DMF the spalling is not as great as in 
KCl /aq  (compare the valency of 1.75 in DMF to 1.07 in 
KC1/aq). The surface is not as severely attacked 
though curiously grain boundaries are still visible. In 
both cases aggregates of Be particles sticking to the 
surface can be seen in a microscope (see Fig. 8 and 11). 
The na ture  and type of at tack of a Be electrode and the 
appearance of its surface have been reported for var i -  
ous electrolytes (18). 

In  summary,  the results of this study provide direct 
evidence (optical) for the existence of anodic disinte-  
gration dur ing polarization of Be in aqueous and non-  
aqueous media in accord with Aida et al. (10). Cyclic 
vol tammograms obtained for Be in LiC1/MeOH and 
NaNOJMeOH do not show peaks corresponding to two 
oxidation states, although this observation does not 
rule out the presence of a short- l ived univa lent  ion. 
Nevertheless while the findings of our study provide 
no direct evidence for or against the univa lent  ion 
mechanism, the apparent  valency of less than one ob- 
tained for anodic polarization of Be in LiC1/MeOH and 
the accompanying spalling of the electrode rule out the 
univa lent  ion concept in this instance. The work of 
Aida et al. (23) wherein  specific potential  regions are 
at t r ibuted to the occurrence of disintegratJon is not 
borne out by our exper imental  studies of i-E behavior 
as we observe disintegrat ion at all potentials. Fur the r -  
more the var iat ion of valency with potential  and the 
nona t ta inment  of the normal  value of two at any po- 
tential  or C.D. can only underscore our contention that 
the assumption of the t ransient  univalent  state in 
postulating a mechanism for the anodic dissolution of 
Be is superfluous. 

Manuscript  submit ted Jan. 23, 1973; revised manu-  
script received June  22, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 
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Some Aspects of Gas Recombination in Lead-Acid Systems 
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ABSTRACT 

It is shown that in a s t ructural ly  controlled lead-acid cell the electrodes, 
in  addition to their  electrochemical function, also provide evolved gas re-  
combinat ion sites. The reaction kinetics and  the t ransport  properties in the 
acid electrolyte solution are making the process possible at practical rates. 
Typical recombinat ion rates for oxygen are of the order of 15 m A / c m  2 (C/10). 
For hydrogen, the observed starting rate of recombinat ion exceeds self-dis- 
charge evolution in a lead-calcium system by a factor of at least 30. A review 
of various operational characteristics is given including half-cell  potentials, 
cell voltages, in terna l  pressures, and hydrogen part ial  pressures. 

Although hermetical ly sealed alkal ine bat tery sys- 
tems, such as the n icke l -oxide-cadmium variety, have 
been studied and used extensively (1, 2), the same 
does not hold true for lead-acid batteries. The l i tera-  
ture (mostly patents) deals with a variety of ap- 
proaches: catalytic recombinat ion of evolved hydrogen 
and oxygen inside the bat tery or ex terna l  to it; oxygen, 
voltage, or pressure sensors used as overcharge l imit ing 
devices; hydrogen permeable materials  for the bat tery 
case; "third electrodes" for oxygen recombination;  bi-  
functional  electrodes used as electrochemical and gas 
recombinat ion components. It  is this last approach 
which forms the subject of the present  paper. 

From a thermodynamic standpoint,  the in terna l  re- 
combinat ion of bat tery  ,evolved gases is possible (3). 
In  a lead-acid battery, oxygen could be reduced at the 
lead electrode and hydrogen oxidized at the lead di- 
oxide electrode. From a rate standpoint,  the chemical 
affinity of oxygen for lead in the presence of moisture 
is well  known (4) while the react ivi ty  of hydrogen 
with lead dioxide has been considered to be of no con- 
sequence. 

St ructural  factors will  play an important  role, par-  
t icularly:  the state of charge of the electrodes and the 
na ture  of the electrode-electrolyte solution and gas- 
electrolyte solution interfaces. If the recombinat ion 
rate, pr imar i ly  of oxygen, is diffusion-limited in  the 
liquid phase, which is very likely, the amount  of active 
nonflooded lead sites will  play a de termining role in 
the process. An init ial  study was reported in this gen- 
eral area, dealing with part ial ly exposed and electro- 
chemically active lead electrodes (5), but  Otherwise 
tbere is no significant l i terature on the subject. 

One notes that, compared to the alkal ine KOH sys- 
tems, the lead-acid bat tery  is at an advantage from the 
standpoint  of the per t inent  t ransport  properties. Table 
I summarizes some solubili ty and liquid diffusivity data 
of interest. 

On the other hand, there is a fundamenta l  difference 
between the opera.tion of an alkaline and a lead-acid 
bat tery and it affects their performance as sealed sys- 
tems. In  an  alkal ine system such as the sealed nickel 
oxide-cadmium bat tery the aqueous KOH electrolyte is 
essentially an ion transfer  medium, whereas in the 

* Electrochemical  Society A c t i v e  Member .  
K e y  words: bifunctional lead electrode,  gas recombination,  gas- 

tight lead-acid system. 

lead-acid bat tery  sulfuric acid participates directly in 
the anode and cathode reactions. In  the lat ter  case the 
mi n i mum amount  of electrolyte required for adequate 
operation, usual ly  results in flooded electrodes, i.e., a 
system exhibi t ing high resistance to any kind of dis- 
solved oxygen t ransfer  step. Furthermore,  hydrogen is 
spontaneously evolved in the lead-acid battery, even 
at open-circui t  conditions, and hydrogen and oxygen 
are evolved dur ing charge and overcharge in  non-  
stoichiometric ratios determined by the design charac- 
teristics of the system. This, in turn, makes the use of 
recombinat ion catalysts (8) and auxi l iary  recombina-  
tion electrodes (9) less than effective with the added 
disadvantage, in the case of catalyst use, of lead elec- 
trode contaminat ion followed by increased self-dis- 
charge and hydrogen evolution. 

Development of an Internal Recombination 
Lead-Acid System 

If the reactivity of lead with oxygen and, to a certain 
extent, of lead dioxide with hydrogen could be effec- 
t ively put to use, a rel iable and economic sealed lead- 
acid bat tery would result. The use of a high hydrogen 
overvoltage system such as electrodes with lead-cal-  
cium current  collectors is, of course, a step in  the r ight  
direction. If the oxygen recombinat ion cycle can be 
made to prevail  in such a battery, the only hydrogen 
recombinat ion capacity required would be that  corre- 
sponding to the existing rates of lead electrode self- 
discharge. 

Figure 1 is a schematic representat ion of the oxygen 
cycle in a lead-acid battery. The cycle is symbolized in 
the upper r igh t -hand  corner while the rest of the 
figure is a more detailed representat ion where each of 
the chemical species involved in the process appears 
as both a source and a sink at steady state. We note 
that, under  these conditions, the lead dioxide electrode 
is fully charged and evolving oxygen. The lead elec- 
trode, on the other hand, is at a constant state of par-  
tial discharge below the operating potential  corre- 
sponding to significant hydrogen evolution. 

Experimental 
In  order to evaluate the in,ternal gas recombinat ion 

capabili ty of a hermetical ly sealed lead-acid system, 
use was made of a leak-proof pressure chamber (Fig. 
2) containing a var ie ty  of test cells. Some hermetical ly 

Table I. Comparison of transport properties in KOH and H2S04 battery electrolyte solutions 

Transferring Solubility at 2S~ * 
component Diffusivity at 25~ cmS/sec 

(P.P. = 1 a tm)  -30 w / o  K O H  36.8 w / o  HsSO~ 30 w / o  K O H  36.8 w / o  H~SO, 

Os (6) 0.1 x 10 -s 0.65 x 10 ''= 0.6 x 15 "~ 
(7) 2.1 8.4 0.7 x 10 "~ 2.5 ~-10 "~ 

*O~ solubility data in g-moles/liter; H~ in cubic centimeters (STP) /liter. 
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Fig. 1. Schematic representation of the oxygen cycle in a lead- 
acid battery; chemical species appear as both sources and sinks at 
s t e a d y  s tate .  

Fig. 2. Photograph of the test vehicle; multiplate test element 
can be seen at lower left corner of the picture, adjacent to the 
exploded view of a pressure relief valve. 

sealed test cells were subsequent ly  evaluated outside 
the pressure chamber. The chamber  was equipped with 
pressure and voltage sensors and had ports for gas 
insert ion or evacuation and sampling. 

The test cells were normal ly  prepared from selected 
dry-charged electrodes uti l izing lead-calcium grids. 
Dimensions were general ly 3.5 X 3.0 X 0.10 cm for the 
lead electrodes and 3.5 • 3.0 X 0.15 cm for the lead 
dioxide electrodes and the total amounts  of correspond- 
ing lead and lead dioxide active material  were roughly 
equal. The electrolyte was approximately 37 w/o  
(weight per cent) sulfuric acid containing 22 g/ l i ter  of 
85 w/o phosphoric acid, and it was main ta ined  in  an 
immobilized state by additions of silica gel or by con- 
t a inment  in a porous matrix.  In  the lat ter  case the 
mat r ix  was electrolyte-saturated to the extent  of 85- 
90% as determined by established procedures (10) and 
the electrodes were covered with a l iquid film having a 
calculated average thickness of approximately 10~. In  
all cases the cell capacity was electrolyte-limited. 

Pressure measurements  were carried out with a com- 
pound pressure gauge having an accuracy of ~ 0.2 psi 
or • 0.2 in. Hg (for vacuum measurements) .  The pres-  
sure gauge was also used for control of the ini t ial  cell 
activation procedure which consisted of creating a re-  

serve of part ial ly discharged lead electrodes by the 
introduction of predetermined amounts  of oxygen. 

A precision differential  manometer ,  having an ac- 
curacy of • 0.05 mm Hg, was used for de termining  the 
hydrogen oxidation capacity of the system. For that 
purpose, the test cel l -containing chamber  was evacu- 
ated and then filled wi th  hydrogen at 1 atm absolute. 
Pressure changes, corresponding to hydrogen consump- 
tion at the par t ia l ly  wet lead dioxide electrodes, were 
then monitored and corrected for changes in the am- 
bient  conditions and for hydrogen permeation losses 
by comparison with a control pressure chamber  not 
containing electrode elements. 

Gas analyses were carried out with an F&M Re- 
search Chromatograph and half-cell  potential  measure-  
ments  were taken with a Keithley Electrometer No. 
610C with respect to a Hg/HgaSO4 reference electrode. 

Results and Discussion 
Oxygen recombination.--The in terna l  oxygen recom- 

binat ion in a fully charged cell, as reflected in the cor- 
responding pressure vs. t ime decay curve, is repre-  
sented in Fig. 3. The init ial  recombinat ion rate derived 
therefrom is about 3 cm 8 ( S T P ) / h r / c m  ~ of geometric 
lead electrode area. This is equivalent  to a current  
density of 15 m A / c m  2 which corresponded to approxi-  
mate ly  11 times the 20-hr (overcharge) rate for the 
test cell under  evaluation. 

Half-cell  potential  characteristics are represented in 
Fig. 4 as a function of the extent  of charge and dis- 
charge, with the rate of charge or discharge as the 
parameter.  So long as the rate is not high enough to 
cause gas evolution on overcharge also at the lead 
electrodes, a steady negative potential  is achievable. In 
the part icular  case under  examinat ion  the highest 
tolerable cur ren t  is somewhere between the 5- and the 
10-hr rate. 

OXYGEN RECOMBINATION PERFORMANCE 
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Fig. 3. Oxygen recombination in o hermetically sealed lead-acid 
cell. 
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Fig. 4. Half-cell potentials in a hermetically sealed lead-acid cell 
operating in an oxygen recombination mode. 
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Hydrogen recombinat ion.~Figure  5 is a representa-  
t ion of in terna l  hydrogen recombination,  or hydrogen 
pressure decay, as a function of t ime compared to a 
nonrecombining control test unit.  The start ing recom- 
binat ion rate amounts  in this case to 1.74 X 10 -2 cm 3 
of H2 ( S T P ) / h r / c m  2 of lead dioxide electrode geo- 
metric area. For the test cell under  evaluat ion this cor- 
responds to approximately 30 times the measured self- 
discharge rate. 

General ly  speaking, hydrogen recombinat ion in a 
sealed storage bat tery  has been of l imited practical 
significance. It proceeds to a negligible extent  in a lka-  
line systems, such as the nickel oxide-cadmium bat -  
tery (1, i i ) ,  but  should do better  in the lead-acid 
system owing to the higher equi l ibr ium hydrogen 
concentrat ion in the l iquid phase (Table I).  Hydrogen 
oxidation in a lead-acid cell has previously been re-  
ported as insignificant (12) but the cases under  study 
apparent ly  involved only flooded lead dioxide elec- 
trodes where the l iquid phase hydrogen diffusion path 
would be impractical ly long. 

The exponential  shape of the gas recombinat ion 
curves (Fig. 3 and 5) suggests the possibility of active 
site inhibi t ion by sulfate ion adsorption (12). Looking 
at the hydrogen data in particular,  the measured oxida- 
t ion rate would seem to be adequate to handle l imited 
self-discharge in a system such as one using lead- 
calcium alloys for the grids. Operation based on a hy-  
drogen cycle remains, for the t ime being, out of the 
question though it would be interest ing to determine 
the na ture  of the hydrogen oxidation mechanism (e.g., 
active oxygen in the PbO2-x structure) .  

Another  way to demonstrate  the capacity for l imited 
hydrogen recombinat ion is presented in Fig. 6 where 

HYDROGEN RECOMBINATION PERFORMANCE 
760 , . . . . . . .  

* Test Chamber 
�9 Control Chamber 

o= (without electrodes) 
o= 

r/cm 2 

7201 ~ , , L - -  , J 
0 200 400 600 800 1000 1200 1400 1600 

Decoy Time, rain. 

Fig. 5, Hydrogen recombination in a hermetically sealed lead-acid 
cell. 
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] I I I I 

S 10 15 20 25 
Activated Stand, days 

Fig. 6. Comparison between o hermetically sealed commercial 
and a hydrogen recombining lead-acid cell under conditions of self- 
discharge (hydrogen accumulation). 

the test cell is compared with a hermetical ly sealed 
commercial  uni t  of similar size and structure but  
operating in a "conventional"  mode, i.e., wi th a higher 
degree of electrode flooding (the electrolyte is of a 
paste-type consistency owing to Si02 additions).  

Operational results: cycling and extensive  over- 
charge.--Figure '7 represents the in ternal  pressure 
characteristics and hydrogen concentrat ion in the gas 
space of test units  dur ing ini t ial  cycling. Gradual  at- 
ta inment  of practical s teady-state operating conditions 
is apparent. The effect of overcharge and the subse- 
quent  equi l ibrat ion as the oxygen cycle takes effect are 
graphically represented in  Fig. 8 for two different 
operation modes. It  is to be noted that the 8-hr "dis- 
charge" period indicated in the figure always includes 
a certain t ime interval  of open-circuit  stand following 
a t ta inment  of the 1.7V cut-off point. As the system 
ages the open-circuit  intervals  become progressively 
longer. 

At the onset of overcharge the lead dioxide electrode 
attains a constant oxygen evolution potential. Thus 
the cell voltage excursions measured in this case are 
representat ive of changes occurring at the lead elec- 
trode. The cathodic shift is probably indicative of ad- 
sorbed hydrogen film formation preceding the condi- 
tions for hydrogen evolution. The subsequent  anodic 
shift would seem to represent  the depolarizing action, 
probably at least part ial ly electrochemical in na ture  
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Fig. 7. Gas-recombining lead-acid cell under charge-discharge 
cycling. 
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Fig. 9 (upper) and Fig. I0 (lower). Gas-recombining lead-acid cell 
under continuous constant current overcharge; pressure vs. time 
representation (50 mA corresponds to a current density of 2 mA/ 
cm 2 and the 20-hr rate). 

(5, 9), of the reacting oxygen. Since these voltage ex- 
cursions are not accompanied by noticeable changes in 
in ternal  cell pressure it would appear that  the net  
effects of hydrogen generat ion and subsequent  oxida- 
t ion are relat ively insignificant at the rates of charge 
used. 

Steady state at practical equi l ibr ium pressures is also 
possible under  conditions of continuous constant  cur-  
rent  overcharge applied over long periods of time. This 
is evident in Fig. 9 and 10, at various equi l ibr ium cell 
voltages as a function of the charge rate. The equi l ib-  
r ium pressures and voltages depend on such in te rna l  
s t ructure parameters  as the lead plate morphology, the 
electrolyte soaked separator-matr ix  assembly and its 
interface with the plates. No direct relationship be-  
tween the steady-state  pressure and the overcharge 
rate is evident. Indeed, at 5 mA a higher pressure has 
been measured than  at 25 mA. 

Conclusions 
The use of a bifunct ional  lead electrode in a her-  

metical ly sealed lead-acid bat tery operat ing in an oxy-  

gen cycle mode appears to be possible. The main ta in -  
ing of a controlled electrode-electrolyte solution in ter-  
face and a careful selection of the s t ructural  param-  
eters are yielding practical oxygen recombinatSon rates. 
Limited hydrogen recombinat ion at the lead dioxide 
electrode, at least to the extent  required by the self- 
discharge characteristics of a bat tery  using lead-cal-  
cium alloy grids, also appears feasible. 

Work in this area is needed for a thorough definition 
of the s t ruc ture-dependent  ra te - l imi t ing  steps for both 
oxygen and hydrogen recombination. An unders tanding  
of the chemical and electrochemical mechanisms re- 
sponsible for the observed behavior  of the gas-t ight 
lead-acid system at steady state (e.g., active oxygen 
sites, sulfate ion inhibi t ion)  is a desirable long-range 
objective. 

Acknowledgment 
The authors would like to express their thanks  to 

Globe-Union Inc. for permission to publish this paper. 

Manuscript  submit ted April  2, 1973; revised m a n u -  
script received Ju ly  23, 1973. This was Paper  33 pre-  
sented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in  the December 1974 
JOURNAL. 

REFERENCES 
1. P. C. Milner and U. B. Thomas, "Advances in Elec- 

trochemistry and Electrochemical Engineering," 
P. Delahay and C. W. Tobias, Editors, Vol. 5, pp. 
1-86, John Wiley & Sons, Inc., New York (1969). 

2. S. U. Falk  and A. J. Salkind, "Alkal ine Storage 
Batteries," John  Wiley & Sons, Inc., New York 
(1969). 

3. Heat of formation data in: "Handbook of Chemistry 
and Physics," 46th ed., pp. D22-D27, Chemical 
Rubber  Co., Cleveland, Ohio; Bullet in  542, U. S. 
Bureau of Mines (1954). 

4. G. W. Vinal, "Storage Batteries," 4th ed., p. 41, 
John  Wiley & Sons, Inc., New York (1966). 

5. S. Hills and D. K. L. Chu, This Journal, 116, 1155 
(1969). 

6. K. E. Gubbins  and R. D. Walker, ibid., 112, 469 
(1965). 

7. P. Ruetschi, ibid., 114, 301 (1967). 
8. S. Sekido, M. Yamashita, and M. Matsumoto, U.S. 

Pat. 3,622,398 (1971) (Note: This is just  an 
example of a variety of patents  in this field). 

9. P. Ruetschi and J. B. Ockerman, Electroche~n. 
Technol., 4, 383 (1966). 

10. S. U. Falk  and A. J. Salkind, "Alkal ine Storage 
Batteries," pp. 271-273, John  Wiley & Sons, Inc., 
New York (1969). 

11. A. Fleischer, Proceedings of the 13th Annua l  Power 
Sources Conference, p. 78 (1959). 

12. P. Ruetschi and R. T. Angstadt,  This Journal, 105, 
555 (1958). 



Oxidation of Silver Electrodes in CsOH Solutions 
Charles P. Wales*  

Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20375 

ABSTRACT 

Sintered Ag electrodes were  cycled under  several  conditions in aqueous 
CsOH or KOH solutions. Over  a wide range of charge rates the capacity ac- 
cepted at the Ag /Ag20  potent ia l  plateau increased as e lectrolyte  concen- 
t ra t ion decreased, but  charge acceptance at the Ag20 /AgO pla teau increased 
as concentrat ion increased and was larger in CsOH than in KOH. Polar izat ion 
was greater  in CsOH than in KOH of the same concen.tration. Cross sections 
through electrodes were  examined by optical microscopy. The structures that  
formed in CsOH tended to be similar to those  that  formed in a more con- 
centrated KOH. Af te r  several  cycles the average Ag particle size became 
larger  in KOH than was typical  in CsOH. Results indicated that  concentrat ion 
gradients  were  h igher  in. CsOH. 

The charge and discharge reactions are wel l  known 
for the Ag electrode in alkaline solutions. First, Ag is 
oxidized to Ag20 and then to AgO during charge. The 
opposite reactions take place dur ing discharge. The 
work  reported in the l i tera ture  has been done most 
often in aqueous KOH solutions and less often in NaOH 
solutions. The products of charge and discharge are 
the same in both electrolytes. Nevertheless,  electro-  
lyte concentrat ion has a definite effect on the charac-  
teristics of Ag electrodes (1-5). 

Variations be tween results in different KOH concen- 
trat ions may be effects of changes in ionic mobil i ty  or 
in the amount  of free water.  Dirkse has pointed out 
the impor tance  of the mobi l i ty  of O H -  ions and of 
hydrat ion of the various ions in the electrolyte  (2). 
Comparison of results in different KOH concentrat ions 
can indicate the influence of wa te r  concentration. 

Another  factor that  may have an influence on the 
characterist ics of Ag electrodes is the part icular  alka-  
l ine meta l  cation involved. The cation can have a 
noticeable effect even though it does not enter  into an 
electrode reaction. For  example,  the  capacity obtained 
when sheet Zn was oxidized in KOH was a l i t t le larger  
than in CsOH or RbOH, an effect probably re la ted to 
solubil i ty of Zn oxidat ion products (6). 

The use of CsOH instead of  KOH should indicate if 
the cat ion of the electrolyte  has a strong effect on the 
Ag electrode. The atomic weight  of Cs is 3.4 t imes that  
of K. CsOH and KOH solutions having the same molar  
concentrat ion of cation will  contain different amounts  
of water.  The ionic radius of Cs (as measured in crys- 
tals) is about 1.26 t imes as large as K, but  hydrat ion 
of the ions decreases this size difference. A recent  
rev iew points out the considerable disagreement  among 
various workers  as to the actual solvation numbers  of 
most ions (7). It  seems reasonable, however,  to con- 
sider t he  ionic radius of hydrated Cs to be approx~ 
imately  1.19 t imes as large as hydra ted  K. Thus, it is 
of interest  to de termine  some of the characterist ics of 
Ag electrodes in aqueous CsOH solutions because re-  
sults may  differ significantly f rom those obtained in 
KOH solutions of the same concentration. A bet ter  
unders tanding of the behavior  of Ag electrodes in 
alkal ine solutions can result  in improvements  in high 
energy batteries that  use this electrode. 

Na + or K +. Concentrat ions of Rb +, O H - ,  and CO32- 
were  determined by chemical analysis. Table  I gives the 
results calculated for the two CsOH solutions and in- 
cludes the magni tude of Na +, K +, and Li  + as est imated 
by spectroscopy. 

Cells.--Average dimensions of the sintered Ag elec- 
trodes were  43.7 _ 0.1 mm wide, 36.0 • 0.1 mm high, 
and 0.87 • 0.01 mm thick. Electrodes contained a grid 
of expanded sheet Ag. The average weight  of sintered 
Ag in an electrode corresponded to a theoret ical  ca- 
pacity of 2.8 A-hr .  Electrodes could be removed  f rom 
the cell in order to cut samples for microscopic exam-  
ination. Two other sintered Ag electrodes were  placed 
on each side of a test electrode, and served as counter-  
electrodes. All  three electrodes were  wrapped with  
five layers of separator material .  Two of the test elec- 
trodes that  were  cycled in CsOH used a cellulosic 
separator, while the o ther  12 in CsOH and all elec- 
trodes in KOH used a cross-l inked polyethylene.  Re-  
sults for the two separators are combined, because 
electrode characterist ics did not differ. Counterelec-  
trodes had the same separator  mater ia l  as the test 
electrodes. Cells contained an excess of electrolyte. 
Electrode potentials  were  measured  wi th  respect to a 
Ag /Ag20  reference electrode. 

Cycling procedure.--Test electrodes were  charged 
(anodic oxidation) at constant current  unti l  oxygen 
evolut ion occurred. Except  where  otherwise stated, 
charge rates were  chosen so that  a complete charge 
of a test electrode required 20 hr. Some electrodes 
were  always discharged (reduced) using the 20-hr rate 
of constant current,  and others were  always discharged 
at the 1-hr rate. Discharges at the 20-hr rate  were  
ended when potential  reached --300 mV vs. the re fe r -  
ence electrode. This potential  was about 250 mV below 
the observed A g / A g 2 0  potential  plateau during dis- 
charge. Discharges at the  1-hr rate took place at a 
lower  potential  and were  usual ly continued unt i l  po-  
tent ial  dropped 200 mV below the observed Ag /Ag20  
potential  plateau. (Results obtained dur ing  reduct ion 
of charged electrodes wil l  be repor ted  in a separate 
paper.) Tempera tu re  was 24 ~ _ I~ Samples were  

Table I. Analysis of CsOH solutions* 

C o n c e n t r a t i o n  
C o n s t i t u e n t  ( m o l e s / l i t e r )  

Experimental 
Electrolyte.--The aqueous CsOH solutions contained 

O H -  ion concentrat ions of about 8.4 and 3.6M. This 
gave solutions that  were  61 and 36.6% CsOH by weight.  
The value 8.4M was chosen for comparison with  earl ier  
work  in 8.4M (35%) KOH. Spectroscopy of the stock 
CsOH solution indicated that  concentrat ion of the main 
impurity,  Rb +, was on the order of ten  t imes that  of 

O H -  3.56 8.39 
C O ~ -  0.068 0.16 
Cs + 3.41 8.05 
R b  + 0.15 0.35 
N a  § < 0 . 0 5  < 0 . 1  
K+  < 0 . 0 5  < 0 . 1  
Li* <0 .0005  <0 .001  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s i l ver  o x i d e s ,  e l ec t ro ly t e ,  e l e c t r o d e  s t r u c t u r e ,  anocl~ 

izat ion.  
* A n a l y s i s  a n d  s p e c t r o s c o p y  w e r e  d o n e  b y  t h e  A n a l y t i c a l  C h e m i s -  

t r y  B r a n c h  of  N a v a l  R e s e a r c h  L a b o r a t o r y .  

17 
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cut from most of the electrodes and were prepared for 
optical microscopic examinat ion  as described earlier (8). 

When the effect of charge rate was being studied, a 
new electrode was first given about five charge-dis-  
charge cycles at the 20-hr charge rate, unt i l  electrode 
capacity became steady. After  these ini t ial  cycles an 
electrode was charged at another rate for three cycles, 
with each group of three cycles followed by two to 
four cycles at the 20-hr charge rate to check for shifts 
in capacity. The 20-hr discharge rate was always used 
when the effect of charge rate was being studied. 

Results 
EEect of charge rate on capacity.---Charge acceptance 

of the Ag electrodes decreased as charge current  in-  
creased. The capacity of slow discharges was a good 
measure of charge acceptance. Charge current  and cap- 
acity are plotted on relat ive scales in Fig. 1 taking the 
20-hr rate as the standard. Relative scales are pre-  
ferable to actual current  and capacity because the 
actual  cur ren t  that  required a part icular  length of 
time for a complete charge varied from electrode to 
electrode, and changed as an electrode was cycled or 
when a sample was cut from the electrodes�9 

The relationship between capacity and charge cur-  
rent  was l inear  on a log-log scale for Ag electrodes 
in KOH solutions over the current  range studied (bot- 
tom of Fig. 1). The l ine for 8.4M KOH is also given 
on the top section of Fig. 1 for comparison with re-  
sults in CsOH. A l inear relationship was only observed 
at the higher current  densities in CsOH solutions. In -  
dividual  measured values in  8.4M CsOH had no more 
than a 3% average deviation from the points shown 
in Fig. 1, but values in 3.6M CsOH varied by about 10%. 

EfIect o] charge rate on electrode potentials.--Poten- 
tials of the Ag electrodes during charges at three 
rates are given in Fig. 2. The charges lasting approxi-  
mately  0.8, 4, and 43 hr were done at currents  given 
in Fig. 1 as 16, 4, and 0.5 times the 20-hr rate, respec- 
tively. All potentials reported in this paper are given 
with respect to the Ag/Ag~O reference electrode in 
the same electrolyte as the test electrodes. 
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following discharge, which was done at the 20-hr rate. 

Effect of charge rate on charge acceptance at Ag/  
AgzO potential.---Silver is oxidized to Ag20 dur ing the 
first part  of a charge, before potential  becomes suffi- 
ciently high that AgO can also form. It can be seen 
in Fig. 2 that the first potent ial  plateau shortened as 
charge time decreased; that  is, as current  density in-  
creased. In addition, this ini t ial  potential  pla teau con- 
sti tuted a smaller proportion of the total charge at the 
higher current  densities. The proport ion of a charge 
that took place at this Ag/Ag20 potential  plateau de- 
creased l inear ly  as log of charge cur ren t  increased over 
the range of currents  studied (Fig. 3). The line fitted 
to the points in 8.4M KOH in the lower section of 
Fig. 3 is repeated in  the upper  section for ease in  com- 
paring KOH with CsOH. Although both Fig. 1 and 
3 show l inear relationships, note that  discharge cap- 
acity is plotted on a log scale (Fig. 1) but  proportion 
of charge at the Ag/Ag20 level is on a l inear  scale 
(Fig. 3). 
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plateau on the log of charge current. These straight lines were 
fitted by the least squares method. 
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E~ect ol discharge rate on charge potentials.--During 
the first charge at the 20-hr rate a new sintered Ag 
electrode always accepted more capacity in 3.6M CsOH 
solution than in 8.4M CsOH. Charge acceptance of new 
electrodes at cycle 1 ranged from 2.45 to 2.53 A-hr  for 
four electrodes in  3.6M CsOH, and from 2.10 to 2.44 
A-hr  for nine electrodes in 8.4N[ CsOH. Figure  4 in -  
cludes potentials for the first charges of four previously 
unused sintered Ag electrodes. 

The rate of discharge (reduction) had a strong 
effect on capacity and on potentials of the following 
charge. Discharge capacities at the 20-hr discharge rate 
(arrows in upper  section of Fig. 4) were equal to 
capacity given an electrode up to the point that  charge 
potentiaI became sufficiently high that  oxygen evoIu- 
tion occurred. Discharge capacity was smaller at cycle 
1 when Ag electrodes were discharged at the 1-hr rate 
(lower section of Fig. 4). Cycle 1 discharge at the 1-hr 
rate delivered only 85-90% of the capacity given to an 
electrode during the charge. Close to 100% capacity 
was obtained from subsequent  cycles at the 1-hr rate. 

Potential  of the Ag/Ag20 charge plateau was not 
affected by the part icular  electrolyte used. Potent ial  
of the Ag20/AgO plateau tended to rise during the 
first three to five cycles. The level rose 5-10 mV when 
the 20-hr discharge rate had been used in 8.4M CsOH, 
and twice as much when  the 1-hr discharge rate  had 
been used. This plateau was usual ly  an addit ional 5-20 
mV higher in 3.6M CsOH than in 8.4M CsOH. 

The amount  of charge accepted at the Ag20/AgO 
plateau decreased dur ing the first few cycles (Fig. 4). 
This decrease corresponded fairly closely to the de- 
crease in discharge capacity between cycle 1 and 3 ob- 
served at both rates of discharge. Capacity changes 
became more gradual  beginning  about cycle 3, and 
charge curves at cycle 15 were close to those shown 
for cycle 4. 

The rise to the oxygen evolution potential  was more 
rapid in 3.6M JCsOH than in 8.4M CsOH, with 8.4M KOH 
giving a rise intermediate  between the two CsOH con- 
centrations (Fig. 4). At the end of the first charge the 
potentials at the oxygen evolution plateau averaged 
80 mV higher in 3.6M CsOH than in the other electro- 
lytes. The difference between final charge potentials 
decreased greatly at cycle 2 and had disappeared by 
cycle 3 or 4. 

Effect of discharge rate on charge acceptance at 
Ag/AgzO potential.wit is evident from both sections 
of Fig. 4 that  cycle 1 charge in  8.4M CsOH gave the 
least charge acceptance at the first potential  plateau. 

The length of this Ag/Ag~O potential  plateau increased 
dur ing the first few cycles (Fig. 5). For any  part icular  
Ag electrode the charge acceptance at the Ag/Ag20 
plateau fluctuated from cycle to cycle, but  had the 
general  t rend shown in Fig. 5. When the 1-hr dis- 
charge rate was used, the length of the Ag/Ag20 charge 
plateau was usual ly  less following a s tand of two o r  
more days discharged than it was when recharge be-  
gan a few hours after ending a discharge. Each of the 
curves given in Fig. 5 is a smoothed composite of mea-  
surements  from two or three electrodes, except only 
one electrode was cycled at the 1-hr rate in 3.4M CsOH. 

Structural changes during a charge.--Typical changes 
as Ag was oxidized can be i l lustrated by a series of 
samples taken from an electrode during cycle 6 charge 
in 8.4M CsOH. Figure 6 shows a sample taken from an 
electrode that was 19% charged, judging by capacity 
accepted later  in the charge. All  photographs i n  this 
work are of cross sections through the electrode and, 
therefore, show cross sections through individual  par-  
ticles and crystals. During a discharge at the 1-hr 
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Fig. 4. Charge potentials at the 20-hr rate. Upper half of figure 
shows the initial charges in two CsOH concentrations, and cycle 4 
charges when all discharges had been done at the 20-hr rate. Cycle 
number is given beside the curves. Lower half shows the results when 
using the 1-hr discharge rate. Typical cycle 4 charges in 8.4M KOH 
are included for comparison. Arrows indicate capacity of the fol- 
lowing discharges. 

Fig. 6. Silver electrode charged halfway across the Ag/Ag20 
potential plateau at cycle 6 in 8.4M CsOH. In this cross section 
metallic Ag is white, Ag20 that formed during the charge is gray, 
and empty areas (formerly filled with electrolyte) are black. Charge 
was done at the 20-hr rate. All previous discharges were done at the 
1-hr rate. Marker indicates 15/~m. 
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rate, Ag formed as small particles, often with dendrit ic 
shapes and sometimes with planar  components. When 
these flat or p lanar  components were cut by a cross 
section they looked like skeleton crystals, or like par -  
t ially oriented needles. Oxidation of the electrode 
shown in Fig. 6 had not proceeded far enough to 
obscure the l inear  shapes of the Ag particles. Another  
common form of Ag was nonoriented granular  par-  
ticles. The interior  of an electrode tended to have more 
Ag20 present  than had formed near the surface of an 
electrode. 

A sample was also taken from this electrode when 
potential  rose to the peak that  separates the Ag/Ag20 
plateau from the Ag20/AgO plateau (Fig. 7). At this 
point the electrode was 38% charged. Comparison of 
Fig. 6 to Fig. 7 shows that Ag particles had become 
much smaller. Particles that appeared l inear were rare 
in electrodes charged to the end of the Ag/Ag~O 
potential  plateau, but  suggestions of these particles 
remained if one looked carfully. In  some places the 
region near  the surface of the electrode still had less 
Ag20 than the rest of the electrode. 

The electrode surface had an off-white color when 
charged as in Fig. 6, indicating Ag with small amounts  
of Ag20. When the electrode was charged to the end 
of the Ag/Ag20 potential  plateau the surface color 
was i rregular  shades of light gray, indicating Ag with 
varying amounts  of Ag20. The outline of the expanded 
Ag grid showed as black (Ag.~O) at the electrode sur-  
face closest to the grid, with only a few signs of the 
grid visible at the other surface. 

An  addit ional sample was cut from this electrode 
after the charge was 49% complete. Clumps of AgO 
crystals had formed at many  sites (Fig. 8). These AgO 
sites were usual ly located within 1 or 2 mm of the 
grid. Format ion of AgO had also taken place near most 
of the large Ag particles that were present in the 
active material.  Very little AgO had formed near the 
surface of the electrode. The appearance of the external  
surface of the electrode had not changed since the 
potential  peak. 

The clumps of AgO crystals grew in size as adjacent 
Ag20 and small Ag particles were oxidized to AgO. 
Small  Ag particles were much rarer  in the AgO clumps 
than in Ag20 (Fig. 8). In areas of this sample where 
AgO had not formed the s t ructure  was unchanged from 
that at the potential  peak (Fig 7). This indicated that  

Fig. 8. Typical formation of AgO when the electrode shown in Fig. 
6 and 7 was partly charged at Ag20/AgO potential. Metallic Ag is 
white, AgO is light gray, Ag~O is darker gray, and voids are black. 
Same magnification as Fig. 6 and 7. 

little or no oxidation of Ag had taken place after 
potential  reached the AgeO/AgO plateau, except in 
areas where AgO was forming. 

By the end of a charge to oxygen evolut ion many  
clumps of AgO had grown together into large masses 
(Fig. 9). All clumps of AgO were not  as large as those 
in Fig. 9. The active mater ia l  wi th in  approximately 
1.2 mm of a grid had mostly been oxidized to AgO 
but l i t t le AgO had formed at a distance greater than  
2 mm from the grid. The areas that  were largely com- 
posed of Ag20 and Ag were unchanged from their ap- 
pearance at the potential  peak (Fig. 7). A charged 
electrode contained large amounts  of Ag20 under  these 

Fig. 7. Another area of the electrode shown in Fig. 6 after being 
charged until potentlal rose at the end of the Ag/Ag20 potentlal 
plateau. Both Ag and Ag20 were present. Same magnification as 
Fig. 6. 

Fig. 9. Silver electrode charged at the 20-hr rate to oxygen evolu- 
tion in 8.4M CsOH at cycle 6. Most of the Ag had been oxidized to 
AgO. Remaining Ag was separated from AgO by a thin layer of 
Ag20. Earlier stages of this charge were shown in Fig. 6-8 at the 
same magnification. Electrode had always been discharged at the 
l-hr rate. Marker indicates 15 #m. 
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conditions. There  were  fewer  voids in the  AgO than  in 
areas  of Ag20 and Ag (compare  Fig. 9 wi th  Fig. 7). 
At  lower  magnification than  was used for Fig. 6-9 
it was evident  that  a progress ive filling of smal l  voids 
took place during a charge.  

E~ect of Ag particle size.--The above descr ipt ion of 
s t ruc tura l  changes refers  to an e lec t rode  a lways  dis-  
charged at  the  1-hr  rate,  a condit ion tha t  resu l ted  in 
format ion  of smal l  Ag part icles .  S i lver  formed into 
la rger  par t ic les  when an e lect rode was d ischarged at  
the  slow, 20-hr rate.  When  electrodes containing large 
Ag par t ic les  were  charged  unt i l  potent ia l  rose  at  the  
end of the Ag /Ag20  potent ia l  p la teau,  the  most com- 
mon s t ructure  had  the form shown in Fig. 10. Again  
it was found tha t  some regions closest to the  surface 
had th inner  Ag20 layers  than were  normal  for  the  res t  
of a p a r t l y  charged electrode.  Elec t rode  surface color 
was d a r k e r  when the s lower discharges  had been used, 
indica t ing  a grea ter  average  thickness  of Ag20. 

Al though most Ag had formed as large par t ic les  
dur ing  discharges at  the 20-hr rate,  groups of smal l  
A g  par t ic les  had  formed in some areas. A grea ter  
propor t ion  of the  active ma te r i a l  had  oxidized to Ag20 
in areas  where  Ag was in smal l  part icles .  This resul ted  
in s t ructure  be ing  i r regu la r  when  an e lec t rode  was 
charged  at the A g / A g 2 0  potent ia l  af ter  slow discharges 
had been used, wi th  some areas  l ike Fig. 7 but  most 
of the  e lect rode l ike  Fig. 10. 

The large  Ag par t ic les  that  fo rmed  dur ing  a slow 
discharge did  not  oxidize  comple te ly  dur ing  a charge  
(Fig. 11). Comparison of Fig. 11 to Fig. 9 (at  twice  the 
magnificat ion) gives an idea of the  sizes of Ag  par t ic les  
that  remained  at the  end of a charge  under  the two 
conditions. In  contras t  to resul ts  when  smal l  Ag 
par t ic les  had formed,  s t ruc ture  was  re la t ive ly  un i form 
in the  electrodes wi th  l a rge r  Ag part icles.  Most of the 
active ma te r i a l  had  oxidized to AgO at the end of a 
charge. The surface of these electrodes had  the g r ay  
color of AgO. 

Stvuctura~ change8 tha t  occur with cycling.--During 
the first charge of s in tered A g  electrodes the  pore  
d is t r ibut ion  was more  regu la r  than  in la te r  cycles. 
F igu re  12 shows an electrode a t  the end of cycle 1 

Fig. 11. Electrode charged at the 20-hr rate in 8.4M CsOH until 
oxygen evolution took place. This is the end of cycle 15 charge of 
the electrode always discharged at the 20-hr rate shown in Fig. 10. 
Same magnification as Fig. 10. 

Fig. 10. Electrode charged at the 20-hr rate until potential rose 
at the end of the Ag/Ag20 plateau. Both Ag and Ag20 were pres- 
ent. This sample was taken during cycle 15 charge in 8.4M CsOH 
of an electrode that always was discharged at the 20-hr rate. Com- 
pare this cross section with Fig. 7 (at twice the magnification) to 
see the effect of discharge rate on particle size. Marker indicates 
30 ~m. 

Fig. 12. Appearance of active material at cycle 1 when previously 
unused sintered Ag electrode was charged to oxygen evolution at 
the 20-hr rate in 8.4M CsOH. Comparison with Fig. 9 and 11 in- 
dicates that active material clumped during the cycling. Same mag- 
nification as Fig. 10 and 11. 

charge. At  cycle  1, AgO was re la t ive ly  porous bu t  
formed into l a rge r  masses wi th  fewer  pores  at l a te r  
cycles (Fig. 9, 11). Act ive  ma te r i a l  g radua l ly  c lumped 
into la rger  masses wi th  cycling.  Smal l  voids  became 
less common in these clumps, and large  voids g r a d u -  
a l ly  formed be tween  clumps. These changes were  best  
seen at low magnification. 

An  electrode contained a r andom dis t r ibut ion  of 
smal l  and  la rge  par t ic les  at  cycle 1, but  an uneven 
dis t r ibut ion  developed dur ing the nex t  few cycles in 
CsOH. Si lver  par t ic les  t ended  to increase in size dur ing  
the first few cycles when  an electrode was given slow 
discharges,  appa ren t ly  because ad jacent  par t ic les  had 
grown together.  The greates t  change took place in the 
first five cycles, wi th  l i t t le  addi t ional  change be tween 
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cycle 6 and 30. Large Ag particles formed in  most 
areas and small  particles in  a few areas, while in ter -  
mediate sizes became scarce. Most of the small  Ag 
particles were oxidized completely to AgO dur ing a 
charge. 

The structure of an electrode always discharged at 
the 1-hr rate changed considerably dur ing cycle 1 dis- 
charge, as Ag particles formed that were much smaller  
than  the Ag originally present. A lesser change oc- 
curred in  the next  few cycles. In  the first part  of a 
charge, Ag20 formed throughout  these electrodes, but  
oxidation to AgO was l imited to a distance extending 
1-2 mm from each grid member.  A low magnification 
view of the border between areas where  AgO pre-  
dominated and areas largely Ag20 and Ag is given in 
Fig. 13. The nearest  grid was about 1.5 m m  from this 
border. A higher magnification view of the same type 
of s t ructure in another  electrode is shown in Fig. 14. 
Approximate ly  half  of a charged electrode contained 
li t t le or no AgO under  these conditions, despite the 
fact that oxygen evolution had already taken  place. 
Note that the lower part  of Fig. 14 has the same struc-  
ture as Fig. 7, indicating that  oxidation had not taken 
place here after potential  reached the Ag20/AgO 
plateau. 

The pa t te rn  of the grid was visible as lines of AgO 
color that were 1.2-2 mm wide on the external  surface 
of these charged electrodes that  had formed a high 
proportion of small Ag particles. The rest of the sur-  
face had the colors of Ag20 and Ag mixtures. Thus, the 
surface appearance agreed with in ternal  structure. The 
two types of charged structure shown in  Fig. 13 and 14 
formed dur ing the first few cycles when using the 1-hr 
discharge rate. No additional major  changes were noted 
from cycle 6 to 30 except for c lumping of active mate-  
rial into larger masses. 

The Ag grid in an electrode was slowly attacked. 
Some pits developed on the surface of a grid dur ing the 
first charge. Grids in electrodes given fast discharges 
gradual ly became th inner  with cycling. The grids 
sometimes lost as much as 25-30% of their  original 
thickness after 30 cycles (Fig. 15). In  the charged 
electrode shown in Fig. 15 the grid was surrounded by 
a coating of small  AgO particles consisting main ly  of 

Fig. 14. Electrode charged to oxygen evolution at cycle 16 in 8.4M 
CsOH. All discharges were done at the 1-hr rate. High magnification 
view of the type of structure shown in Fig. 13. The AgO is at the top, 
and the Ag20 surrounds small Ag particles at the bottom. Marker 
indicates 15 #m. 

Fig. }3. Cross section through an electrode at the end of cycle 30 
charge to oxygen evolution in 8.4M CsOH. All discharges had been 
done at the i-hr rate. Areas near the grid were largely oxidized to 
AgO (top), while more distant areas consisted mainly of Ag20 and 
Ag (bottom). Electrode thickness (from left to right in photograph) 
was 0.87 ram. 

Fig. 15. Structure of AgO at the grid of a charged electrode at 
cycle 30 in 8.4M CsOH, when all discharges had been done at the 
|-hr rate. Cross section through part of the Ag grid shows as white, 
AgO is light gray, and empty spaces are black. Same charged 
electrode as Fig. 13. Marker indicates 60/~m. 

material  that  had originally been par t  of the grid. 
Coatings around a grid gradual ly  became thicker as 
cycling progressed. Grids of electrodes given slow dis- 
charges had more of a penetrating,  i r regular  attack, 
with pits gradual ly  reaching deeper into the grid as 
cycling proceeded. Grids of electrodes given 30 cycles 
with all discharges at the 20-hr ra te  had not lost as 
much of their original thickness as did the grid shown 
in Fig. 15, and had less of an oxide coating. 

El~ect of electrolyte on electrode structure.--Elec- 
trodes cycled in 3.6M CsOH differed from those in 8.4M 
CsOH in several ways. A cross section through a fully 
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charged electrode that had been cycled in 3.6M CsOH is 
shown in Fig. 16 in an area where much of the AgO 
had formed as elongated or thin shapes. Figure 16 can 
be compared to Fig. i1, an electrode cycled similarly 
except for CsOH concentration, but  note the higher 
magnification of Fig. 11. Elongated AgO crystals were 
less common in 8.4M CsOH but  were sometimes found, 
par t icular ly  at the surface of an electrode. Many areas 
of the electrode shown in Fig. 16 lacked elongated AgO. 
The AgO crystals were in smaller, more porous clumps 
in 3.6M CsOH. Limited weight measurements  indicated 
that  loss of active mater ial  was greatest in 3.6M CsOH. 

The grid was attacked a little less in 3.6M CsOH than 
in 8.4M CsOH, and oxide layers on the grid were quite 
a bit th inner  and more porous. Another  difference was 
that less Ag20 was present  in ful ly charged electrodes 
cycled in 3.6M CsOH. Regions that were largely Ag20 
did not remain  at the end of a charge in 3.6M CsOH 
when electrodes had always been discharged at the 
1-hr rate as they did in 8.6M CsOH. Larger Ag particles 
had formed at the surface of electrodes discharged at 
the 20-hr rate in 3.6M CsOH than elsewhere, and were 
still evident  at the end of a charge. 

The only difference noted between structures in 
8.4M CsOH and 8.4M KOH during cycle 1 charge of 
unused sintered Ag electrodes was that a small  amount  
of thin AgO crystals had formed at some places on the 
surface of the electrode charged in CsOH solution. 
These thin or elongated AgO crystals were much rarer  
in 8.4M KOH. Since thin AgO crystals were found more 
often in 5.5M KOH than  in 8.4M KOH and were also 
more common in 3.6M CsOH than in 8.4M CsOH, it was 
concluded that formation of th in  AgO was inhibi ted 
in concentrated hydroxides. 

The average particle size of Ag became at least 
twice as large in KOH as was typical in CsOH, when 
electrodes were cycled using the 20-hr discharge rate. 
The Ag particles had grown together in many  places. 
The fact that larger Ag particles had formed in KOH 
was evident  in all stages of a charge following the slow 
discharges. Differences between results in KOH and 
CsOH were less when  the 1-hr discharge rate had been 
used, but  in the first par t  of a charge the Ag particle 
size was noticeably larger in KOH. 

Fig. 16. Active material at the end of cycle 16 charge to oxygen 
evolution in 3.6M CsOH. All charges and discharges hod been done 
at the 20-hr rate. The AgO had a greater tendency to form as 
elongated crystals in 3.6M CsOH than in 8.4M CsOH. Market indi- 
cates 50 ~m. 
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Discussion 
Oxidation of Ag to Ag20.--During the ini t ial  par t  of 

a charge the Ag~O forms from a dissolved Ag(I )  
species. A KOH solution becomes supersaturated with 
dissolved Ag as Ag20 is forming (9, 10). The soluble 
species is usual ly considered to be Ag (OH)~- .  Dissolu- 
t ion is followed by the precipitat ion of Ag20. Equat ion 
[1] gives the over-al l  reaction for AgeO formation by 
either the dissolution-precipitat ion mechanism in  the 
init ial  part  of a charge, or the solid-solid t ransi t ion 
after Ag is coated with Ag20 

2Ag 8- 2 OH-.xH20--> Ag20 8- (2x 8- 1)H20 8- 2e [1] 

The solvation number  for the O H -  ion is given as x 
in this equation. The amount  of solvation decreases in 
concentrated solutions. According to Eq. [1] p H tended 
to increase in the interior of the electrode during a 
charge because of the consumption of O H -  ions and 
the formation of water. High rates of charge gave the 
greatest concentrat ion gradients. 

During the first charge in fresh electrolyte an un-  
usual ly large par t  of the A g ( O H ) ~ -  that formed near  
the surface of an electrode diffused into the bulk  of 
the electrolyte instead of precipitat ing wi thin  the elec- 
trode as Ag20, and thus less Ag20 formed near the 
surface. An  electrode charged at cycle 1 unt i l  potential  
rose to the peak that ends the Ag/Ag~O plateau had 
much th inner  Ag20 on Ag particles in the 50-100 ~m 
closest to the surface. The border was fairly sharp 
between this region where  Ag20 was thin and the rest 
of the electrode at cycle 1, bu t  less noticeable in later 
cycles. Less A g ( O H ) 2 -  diffused from the electrode in 
subsequent  cycles because the electrolyte in a cycled 
cell contained dissolved Ag. Even if A g ( O H ) 2 -  had 
been depleted dur ing a discharge, some oxide usual ly  
remained in the electrode to replenish dissolved Ag. 

Electrodes cycled in CsOH did not develop as large 
an average particle size of Ag as developed in KOH. 
Particle size will  be discussed in more detail in a 
separate paper on reduction of charged electrodes in 
CsOH. The smaller size of particles gave a larger sur-  
face area and this resulted in a larger quant i ty  of Ag20 
forming dur ing a charge in CsOH than  in KOH. 

The decrease in  charge acceptance at the Ag/Ag20 
plateau shown in  the upper  part  of Fig. 5 was the re-  
sult of a gradual  increase in particle size as electrodes 
were cycled. The largest average particle size had 
formed in KOH when discharges were always done at 
the 20-hr rate, and these condit ions gave the lowest 
Ag/Ag20 charge acceptance before potent ial  increased 
to the Ag20/AgO plateau. Under  a given set of condi- 
tions passivation occurred after Ag20 reached a par-  
t icular thickness, and then potential  increased unti l  
AgO began to form. The rise to the potential  peak that 
ends the Ag/Ag20 plateau was slower in 8.4M CsOH 
than in 8.4M KOH when other conditions were similar 
(Fig. 2, 4) indicat ing that  oxidation in KOH took place 
under  conditions that  were closer to equil ibrium. 

Oxidation of Ag20 to AgO.--The react ion for the 
formation of AgO 

Ag20 8- 2 O H - . x H 2 0 - ~  2AgO -t- (2x 8- 1)H20 + 2e [2] 

involves the same loss of hydrated O H -  ions and gain 
of water  as was given in Eq. [1]. Thus concentrat ion 
gradients cont inued to be present  in  the electrolyte, 
par t icular ly  at high rates of charge. An  indication of a 
concentrat ion difference between the surface and the 
interior of an electrode while charging at the Ag20/  
AgO potential  was the fact that  th in  or elongated AgO 
crystals formed on the surface of electrodes in 8.4M 
CsOH. As AgO formed from Ag20 in 8.4M CsOH (Fig. 
8) the active mater ial  as a whole looked identical to 
what  had been found earl ier  in  8.4M KOH (11). 

The capacity accepted at the Ag20/AgO potential  
pla teau was larger in  more concentrated solutions than 
in dilute solutions over the range of charge currents  
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that  were  used. This was opposite to the effect of elec- 
t rolyte concentrat ion on charge acceptance at the A g /  
Ag~O potential  plateau. The thick Ag20 coatings that  
formed in dilute solutions hindered oxidation of the 
remaining active material,  probably because Ag20 has 
a low conductivity. Total charge acceptance was larger  
in the more concentrated CsOH or KOH solutions, 
since the capacity increase at the AgO level  was larger  
than was needed to compensate for the decrease at the 
Ag/AgeO level. Both the capacity accepted at the 
Ag20 /AgO plateau and the total charge acceptance 
were  larger  in CsOH than in the same concentration of 
KOH. The smaller  part icle  size of Ag that was present 
in CsOH when slow discharges were  always used al- 
lowed a more complete  oxidation of Ag. 

Development  of one type of s t ructure wi th in  1-2 mm 
of the grid members  and another  type elsewhere, as 
shown in Fig. 13 and 14, was found when using the 
most concentrated solutions of CsOH or KOH, but only 
when the original  sintered Ag electrodes contained a 
low proport ion of large Ag particles. The development  
of two structures in these electrodes that  had re la-  
t ively  few large Ag part icles can be at t r ibuted to a 
lowered internal  conduct ivi ty  after  a discharge at the 
1-hr rate  had produced a decrease in average part icle 
size (5). Electrode s tructure was much more  uniform 
when the original  sintered Ag electrodes had a higher  
proportion of large Ag particles, or when  use of slow 
discharges had produced larger  Ag particles. 

An increasing internal  resistance in the active mate -  
rial can be the cause of higher  potentials whi le  charg-  
ing at the Ag20 /AgO plateau after using discharges at 
the 1-hr rate  ( lower part  of Fig. 4) and of a gradual  
potential  increase at the end of this plateau under  
these conditions. Although potentials were  high in the 
last part  of a charge at the Ag20 /AgO plateau, most 
of the current  was being used to form silver oxides 
and not in oxygen evolution. Charge-discharge effi- 
ciency was high, as indicated by the arrows in the 
lower  part  of Fig. 4, except  at cycle 1. A fair ly con- 
stant amount  of oxide remained in an electrode at the 
end of a discharge at the 1-hr rate, so efficiency was 
close to 100% after  the first charge-discharge cycle. 

Comparison of CsOH to KOH.--It  is of interest  to 
know the water  concentrat ion in the solutions used in 
this work  (Table II) since the amount  of water  pres-  
ent can be an important  factor in determining elec-  
t rode behavior  in concentrated electrolytes.  The con- 
centrated solutions used in this work  did not  contain 
sufficient water  to allow the full  amount  of hydrat ion 
found in dilute solutions. Measurements  of the prop-  
erties of concentrated CsOH, such as ionic mobi l i ty  and 
hydration, are  not available. For  more dilute solutions 
various measurements  given for the solvation number  
of the Cs + ion range f rom 0 to 6, and the solvation 
number  of K + is general ly  given as 0.5-2 more posit ive 
than Cs + (7). The solvation number  for the O H -  ion 
has been given values ranging from 0 to 8, wi th  3-6 
reported most often. Solvat ion numbers  tend to de- 
crease in concentrated solutions when the amount  of 
free water  becomes low, and were  l ikely near or equal  
to 0 in 8.4M CsOH. Concentrated KOH may exist 
main ly  in the form of wa te r -b r idged  ion pairs (12). 
If  Cs + is not hydrated,  as some reports  of the solvation 
number  indicate, then the Cs + ion may be associated 
direct ly  wi th  the hydroxyl  ion. Format ion of e i ther  

Table II. Water present in electrolyte 

Moles  Moles  H~O/rnole 
S o l u t i o n  H 2 0 / l i t e r  of  CsOH or  K O H  

3.6M CsOH 51.4 14.4 
8.4M CsOH 44.3 5,3 
5.5M K O H  51.4 9.3 
8,4M K O H  48.3 5.8 

I I . 6 M  K O H  44.3 3.8 

type of ion pair decreases ionic mobil i ty  and, therefore, 
decreases conductivi ty in concentrated solutions. 

The specific conductances of 3.7-6.5M CsOH and of 
3.2-10M KOH solutions were  measured by Rubin and 
Baboian ( i3) .  At 25~ the specific conductances 
reached a m ax im um  in approximate ly  5.5M CsOH and 
6.7M KOH. An extrapolat ion f rom 6.5 to 8.4M CsOH is 
very  uncertain, but conductance of 8.4M CsOH might  
only be two-thi rds  as much as conductance of 8.4M 
KOH, aIthough not as low as 8.4M NaOH. The vis-  
cosities of 3.7-6.2M CsOH and KOH solutions are close 
to each other (13). Extrapola t ion  of the values given 
in (13) suggests that  8.4M CsOH would have a viscosity 
higher than  that of KOH but much less than the vis-  
cosity of NaOH. 

The lower conductivi ty of 8.4M CsOH resulted in 
potentials increasing a greater  amount  in CsOH than 
in KOH when charge current  was increased (Fig. 2). 
The higher  viscosity of 8.4M CsOH may also be a factor 
in the higher  potentials. These higher  charge potentials 
did not affect capacity more adversely  in CsOH than 
in KOH (Fig. 1). If measurements  had been extended 
to lower charge currents  than were  used for Fig. 1, the 
l inear relat ionship on the log-log scale should even-  
tually fail in KOH as it had a l ready done in CsOH. 
Electrode capacity obviously could not increase in-  
definitely as charge current  decreased. 

When discharges were  always per formed at the 1-hr 
rate  the structures that developed in 8.4M CsOH (Fig. 
13 and 14) were l ike those found in l l .6M KOH (5). At 
the 20-hr rate  of discharge the average  size of Ag par-  
ticle that  formed in 8.4M CsOH was only half  the size 
of Ag in 8.4M KOH. Thus, the s tructures that  formed 
in CsOH tended to be l ike those found in a more con- 
centrated KOH, or that  would be expected in KOH at 
the same concentrat ion if a higher  C.D. had been used. 

The differences in potential  and structure indicate 
that  concentrat ion gradients were  higher  in CsOH than 
in KOH, when electrodes were  cycled under  the same 
conditions in electrolytes of the same molar  concen- 
tration. The different behaviors  probably result  f rom 
mobili t ies being lower in CsOH because Cs + ions are 
larger  than hydra ted  K + ions, and because O H -  ions 
are direct ly  associated wi th  the Cs + ions and somewhat  
less mobile than are O H -  ions in a KOH solution. It  is 
not known whether  there  is a difference be tween  the 
solubili ty of disoslved Ag in CsOH and KOH, or in the 
degree of supersaturat ion that forms. Appreciable  dif- 
ferences would be impor tant  because the formation of 
Ag  during discharge and part  of the Ag20 formation 
during charge take place by a dissolut ion-precipi tat ion 
mechanism. 

When high current  densities are used an electrolyte 
should be chosen that has high conductivity,  because 
ionic mobil i ty  can become l imit ing and polarization 
will  be high. Therefore  the most concentrated solutions 
should be avoided and KOH used if a cell containing 
Ag electrodes is to be cycled at high rates of charge or 
discharge. At  low currents, however ,  the somewhat  
l imited ionic mobil i ty  found in concentrated electro-  
lytes or in CsOH is desirable because it inhibits growth 
of large Ag particles during reduct ion and, therefore,  
slows or prevents  the loss of capaci ty  that  occurs with 
repeated cycling. At  decreased tempera tures  the elec-  
t rolyte  freezing point needs to be considered also, and 
the low eutectic of CsOH solutions is a desirable fea-  
ture. 

Conclusions 
The products of anodic oxidation were  the same in 

aqueous CsOH solutions as in aqueous KOH solutions. 
First  Ag was oxidized to Ag20 and then to AgO. Charge 
potentials increased a greater  amount  in 8.4M CsOH 
than in 8.4M KOH when  charge was done at a higher  
current,  because of the lower conductivi ty of the CsOH 
solution. Perhaps  the h igher  viscosity of CsOH was also 
a factor. Oxidat ion took place under  conditions far ther  
f rom equi l ibr ium in CsOH than  in KOH. 
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A concentrated CsOH solution was the preferred 
electrolyte for max imum capacity when  using slow dis- 
charges, because Ag particle size increased the least in 
this electrolyte. The rate of discharge (reduction) had 
a strong effect on electrode structure and, therefore, 
on capacity and potentials of the following charge in 
both electrolytes. The capacity decrease observed dur-  
ing the first few cycles corresponded fair ly closely to 
a decrease in charge acceptance at the Ag~O/AgO po- 
tential  plateau. 

The structures that  developed in CsOH resembled 
those found in a more concentrated KOH at the same 
current  density, or were like those expected in KOH 
of the same concentrat ion if a higher current  density 
had been used. These results  indicated that concentra-  
tion gradients were higher in CsOH than  in KOH of the 
same molar  concentration. The different behaviors 
probably resulted from ionic mobilit ies being lower in 
CsOH than in a KOH solution. Differences in ion hy-  
drat ion were more important  than differences in the 
total amount  of water  present. 

Sintered Ag electrodes should contain small  particles 
so that the electrodes can be charged to a large per cent 
of theoretical capacity. The electrodes should also 
contain some large Ag particles for conductivity if 
discharges are always to be done at a high current  
density in a concentrated electrolyte, since small  Ag 
particles develop under  these conditions and then con- 
ductivi ty becomes poor dur ing a charge. 

Manuscript  submit ted May 14, 1973; revised m a n u -  
script received Ju ly  31, 1973. This was Paper  30 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 
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The Standard Potential of the Single-Crystal Copper 
Electrode in Aqueous Solutions 

Finn Gr~nlund and S~ren Noer 

Chemical Laboratory IV, H. C. Crsted Institute, University o~ Copenhagen, 2100 Copenhagen ~, Denmark 

ABSTRACT 

A cell is described for measuring the equi l ibr ium potential  of the CuICu 2+, 
H20 electrode. The cell was vacuum-t ight  and the water  vacuum-dis t i l led  in 
order to el iminate oxygen; the solution was equi l ibrated with metallic copper 
before immersion of the electrodes. These were disk-shaped, oriented single 
crystals made from 99.999% copper and vacuum annealed before use. Pairs  
of differently oriented crystals showed potential  differences smaller than 0.02 
mV. The s tandard potential  of such electrodes was determined by measur ing 
the emf of cells of the type Ag, AgCl!CuC12(mo), I-{2OlCu with mo in the 
range  from 4.8-10 -4 to 2.5.10-3M. The resul t ing value, e o ---- 335.2 • 0.4 

CulCu~ - 

mV at 25~ is significantly lower than those general ly accepted, probably 
beause the accepted values were all obtained from measurements  in relat ively 
concentrated cupric sulfate solutions. 

Measurements of the CulCu2+ electrode potential  in 
aqueous solutions have led to a number  of values for 
the s tandard potential, some of which are listed in 
Table I. The scatter of these results is so large as to 
mask the differences between the various types of 
electrodes. It is probably due to the neglect of one or 
more of the following conditions, which we found 
essential in determining the copper single-crystal  elec- 
trode potential:  

1. The electrode should be made from high purity,  
s t ra in-free  copper single crystals, present ing an 
oriented, clean, and unper tu rbed  surface. 

2. Oxygen must  be rigorously excluded. 
3. The solution must  be equil ibrated with metallic 

copper before the electrode is immersed, and pH 
should be low enough to prevent  formation of Cu20. 

K ey  words:  equil ibrium, crystal lographic planes, v a c u u m  cells, 
chloride medium.  

4. The reference electrode should be sui tably chosen. 
In  all studies cited above, the reference electrode was 
Hg, Hg2SO41SO42-, and the electrolyte CuSO4. As 
Hg2SO4 is relat ively soluble, it is not feasible to work 
at concentrations below 5.10-~M. At this level, the 
Debye-Hfickel law is only beginning  to assume val id-  
ity; what  is more, an appreciable fraction of the cupric 

Table I. Standard potential measurements of Cu I Cu2+ electrode 

Standard  
Electrode potential ,  V 

Copper sponge, grown electrolyt icany (1) 
Copper sponge, grown electrolytically (2) 
Two-phase  copper ama lgam (3) 
Two-phase  copper ama lgam (4) 
Ama lg ama ted  polycrystall ine copper (5) 
A m a l g a m a t e d  copper single crystal  (6) 
Copper single crystal  (5) 

0.3469 
0.3457 
0.3502 
0.3454 
0.3498 
0.3419 
0.3475 
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ions is complexed as CuSO4 (7). This fact, which adds 
a considerable systematic error, has apparent ly  been 
overlooked by most investigators. 

The measurements  described below were made with 
an evacuated cell with movable electrodes and a solu- 
tion previously equil ibrated with metall ic copper. In  a 
pre l iminary  series, potential  differences were measured 
between copper single crystals; when these worked 
reproducibly, as indicated by values sufficiently close 
to zero, the potential  difference of the cell 

Ag,AgCll CuC12 (mo), H2OICu 

was measured as a funct ion of mo down to 5.10-*M. 

Experimental 
Electrodes.--The copper single-crystal  electrodes 

were made from cylindrical  (17 mm diameter)  single 
crystals, grown in  vacuum from 99.999% ASARCO cop- 
per by the standard Br idgman method (8) in a high 
pur i ty  graphite mold. The crystal was oriented to 
wi thin  1 ~ using the Laue back-reflection method, and 
disk-shaped slices 1 mm thick were cut with an acid 
saw to avoid introducing strains. The disks were elec- 
tropolished in a 50-60% phosphoric acid bath for at 
least 20 mn  at a current  density of about 0.05 A /cm 2. 
So prepared, they gave somewhat fluctuating values; 
satisfactory results were obtained only after a subse- 
quent  anneal  at 1000~ at 10 - s  Torr for at least 1 hr. 

Si lver-si lver  chloride reference electrodes were pre-  
pared as described by Ives and Janz (9): silver oxide 
deposited on p la t inum wire is decomposed thermally,  
and the silver formed is par t ly  chlorinated by elec- 
trolysis. To reduce diffusion, the wire was sealed into 
one end of a glass tube, the other end of which was a 
capillary 4 mm long and having an in terna l  diameter  
of 1 ram. More than twenty  such electrodes were made, 
most of which differed by less than 0.1 mV when im-  
mersed in cupric chloride solutions more concentrated 
than  5.10-4M, and remained constant for many  days. 

Auxi l iary  copper electrodes were adopted with the 
purpose of equil ibrat ing the solution before the single- 
crystal copper electrodes were immersed, as explained 
below. They were made from 99.999% pure, polycrys- 
tal l ine Johnson-Mat they  copper sheet, 0.5 mm thick, 
cyl indrical ly  shaped so as to fit the inside of the glass 
cell, and with an immersed area of 30-40 cm 2. They 
were electropolished and vacuum annealed before use 
as described above. 

Chemicals.--In all applications, water  was demin-  
eralized and twice distilled in  a quartz apparatus be-  
fore use. 

CuSO4.5H20 was Merck, analyt ical  puri ty;  the CuC12 
was Riedel-de Hahn, analyt ical  puri ty;  and the 
Cu(C104)2-6H20 was prepared from CuO (Riedel-de 
Hahn, pure) and HC104 (Riedel-de Hahn, analyt ical  
pur i ty) .  

All  salts were recrystall ized twice from aqueous 
solutions before use. 

Electrical equipment.--In all measurements  involv-  
ing new electrodes, a Kei th ley  Model 610 B electrom- 
eter ( input  resistance 1018 ohms, input  offset current  
10-14A) was used. Subsequent ly  a Solartron LM 1420.2 
digital vol tmeter  ( input  resistance 109 ohms, sensit iv- 
i ty 2.5 ~V) was connected. In  all instances the same 
reading was obtained, and the DVM with a logging 
uni t  was then used to measure and record potential  
differences. 

Cell.--Experiments with a simple cell, flushed with 
purified nitrogen, showed that the potential  difference 
varied with the bubbl ing  rate and time, and that  the 
copper tarnished. To reduce the amount  of oxygen pres-  
ent, a vacuum-t ight  cell (Fig. 1) was constructed which 
could be evacuated and which permit ted vacuum dis- 
t i l lation of the water. 

The cell, which is made from Pyrex  glass, may be 
evacuated through a large tap T by means  of a rotary  

J~ --To pumps 

'Ill I }J]' 

Fig. 1. Cell for emf measurements. E, electrode (only one of four 
is shown); C, measuring compartment; Th, thermostat; L, electrical 
lead-through; I, soft iron piece; F, cold finger; R, water reservoir; 
T and t, taps. 

pump or an oil diffusion pump. A liquid ni t rogen trap 
is inserted between the cell and the diffusion pump in 
order to prevent  oil contamination.  The l imit ing pres- 
sure is well below 10 -5 Torr, and the air leak rate is less 
than 10 - s  Torr . l i ter .sec  -1, or about 5.10 -~z moles of 
air per second. Water  vapor may  be admit ted from the 
reservoir R through tap t. A cold finger F which may 
be filled with l iquid ni t rogen is placed above the de- 
mountable  measuring cell C. A small water  thermostat  
Th, controlled to wi thin  0.01~ may be raised so as to 
surround C; both are equipped with magnetic stirrers. 
The cell accommodates a total of four electrodes, only 
one of which (E) is shown. Each is suspended from a 
guided copper rod, attached by a thin nylon thread 
to a piece of nickel-plated soft iron I inside the top 
part  of the apparatus; the i ron is main ta ined  in place 
by a strong external  magnet,  so tha t  the electrode may 
be raised or lowered independent ly  of the others. A 
thin, insulated copper wire connects it to one of the 
four electrical lead-throughs L. 

Procedure.--When the electrodes have been prepared, 
they are suspended in the apparatus, connected elec- 
trically, and raised to a high position. A suitable 
amount  of cupric salt is deposited in the bottom of C 
by pipett ing off a small  volume of solution of known 
concentrat ion in the salt; and roughly  25 ml of pure 
water  are introduced into R. The apparatus is assem- 
bled and evacuated with a rotary pump, both taps T 
and t being open in order to remove most of the resid- 
ual  gases, including those dissolved in the water. After 
a while, the contents of C and R are frozen by cooling 
from the outside. The diffusion pump is next  switched 
on, and when the pressure is about 10 -5 Torr, F is 
filled with liquid nitrogen, while  C and R are heated 
gently. This causes the water  frozen in C and R to 
sublime onto the cold surface of F, whereas residual 
air in the ice, l iberated in the subl imation process, is 
removed by the pump. When all the water  has been 
carried over, the cell is isolated by closing both taps; 
and as the l iquid ni t rogen in F boils off, the ice melts 
and drips down into C. St i r r ing and thermostat ing 
(to slightly below room temperature,  in order to keep 
all the water  down in C) is started, and the electrolyte 
is now ready to receive the electrodes which may be 
immersed when convenient.  At the end of the experi-  
ment, the liquid content  of C is determined by weigh- 
ing the electrolyte so as to permi t  calculation of the 
electrolyte concentrat ion with an accuracy of about 
0.3%. 

Results 
Preliminary experiments.--With the cell described, 

the potential  difference was measured between two 
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Fig. 2. Behavior of the poten- 
tial differences between each of 
two copper si,gle-crystal elec- 
trodes and one silver-silver chlor- 
ide electrode with time. t = 0 
at the moment of immersion of 
the former, and mo = 
1.747.10-3M. 

identical unannea led  copper single crystals in aqueous, 
oxygen-free solutions of CuSO~ or Cu(C104)2 in the 
range 5.10 -z to 5.10-2M. It fluctuated and often 
changed sign, with peak values decreasing from about 
10 to 1 mV over a period of 24 hr; fur thermore  it was 
sensitive to light. The electrode surfaces were visibly 
modified. As pointed out by Jenkins  and Bertocci (10), 
even in the absence of oxygen two reactions may be 
expected: dissolution of the electrode upon immersion 

Cu + Cu 2+ -> 2Cu + K, ~ 10-~M [1] 

unt i l  equil ibrium, and precipitat ion of Cu20 

2Cu + + H20--~ Cu20 + 2H + K2 ~ 1 [2] 

for pH values sufficiently high. 
Therefore, the auxi l iary  copper electrode described 

above was immersed into the solution in order to equil-  
ibrate it with respect to Cu + and H + prior to measure-  
ment.  After at least 10 hr it was withdrawn,  and only 
then were the single-crystal  electrodes lowered into 
the solution. Immediate ly  after, the potential  difference 
was about 1 mV, and in 4 hr it decreased to about 0.02 
mV where it stayed for days. The electrode surfaces 
remained perfectly bright  throughout  this period, and 
no photosensitivity was detected. 

When the copper single crystals were annealed be-  
fore use, the voltage was found to decrease from an 
ini t ial  value of 0.5 mV to 0.02 mV or less in 1 hr, where 
it remained for days or even weeks. 

The same low value was obtained both when the two 
single-crystal  electrodes were oriented alike and when 
different orientations were combined from the set of 
(100), (110), (111), and (311). This result  is in com- 
plete agreement  with the observations of Jenkins  and 
Bertocci (10). 

Invest igat ion of the electrode surface with reflection 
high energy electron diffraction after completion of 
the measurements  showed the presence of a few mono-  
layers of Cu20 on the copper crystals. Similar  pat terns 
were obtained after the experiments  described below. 
The oxide may, however, have formed dur ing t ransfer  
of the specimens from one apparatus to the other. 

Copper - s i l ver  chloride potent ia l  d i f f e r ence . - -A  sil- 
ver -s i lver  chloride electrode was chosen as a reference 
for several reasons. It  has been thoroughly invest i -  
gated and is reported to work satisfactorily. The low 
solubil i ty of silver chloride permits  electrolyte con- 
centrat ions down to 10-4M, a considerable improve-  
ment  with respect to the mercury-mercurous  sulfate 
electrode. Both Cu 2+ and Cu + form complexes with 
CI- ,  but  calculations based on the available complex 
formation constants (11) show that  the amount  of 
chloro-l igated copper is insignificant for CuC12 con-  
centrat ions below 3.10-3M. This value is, incidentally,  
a l imit  not to be exceeded if precipitation of CuC1 is 
to be avoided. 

The exper imental  procedure is as described above, 
with slight modifications: after 3-4 hr of equi l ibra t ion 
with the auxi l iary  electrode, the silver chloride elec- 
trode is lowered into the l iquid so as to be filled 

through the capil lary (the system is evacuated).  After  
another 6-7 hr of equilibration, the reference electrode 
is emptied and refilled with electrolyte; the auxil iary 
electrode is raised; and two copper single-crystal  elec- 
trodes are immersed. 

The cell may be summarized as follows 

I Cu' (V2') 
(V1) Ag,AgC1 [ CuC12(mo), H20 Cu" (V2") 

where mo is the original molal i ty in CuC12 of the solu- 
t ion before equil ibrat ion and the V's designate the 
potentials of the three electrodes relative to some 
common reference potential. 

The behavior of the potential  differences V2' -- V1 
and V2" -- V ,  with time from the moment  of immer-  
sion is shown for a typical experiment  in Fig. 2; mo = 
1.747.10-~M, and t = 20.30~ The ordinate difference 
between the curves V2" -- V2' gives the potential  dif- 
ference between the two single-crystal  electrodes. Its 
constancy and magnitude,  of the order of 0.2 mV, in-  
dicates that the copper electrodes work reliably. Both 
curves approach a l imit ing value which is main ta ined  
for many  days, and their average, (V2' + V2")/2 -- V1, 
is taken to be the emf of the cell, E. 

Nine experiments  were performed, in which E was 
measured at temperatures  close to 20~ The values of 
mo were chosen in the range from 4.8.10 -4 to 2.5. 
10-3M, the upper concentrat ion limit being imposed 
by the solubil i ty of CuC1 and complex formation, the 
lower l imit by reaction [1]. In  Table II, the first three 
columns list values of too, t, and E, respectively, while 
the fourth and fifth give the quanti t ies Eo'(t)  and 
Eo'(20~ to be defined below. 

Discussion 
The cell reaction is 

2Ag -b 2C1- -t- Cu 2+ --> 2AgC1 -t- Cu 

and the emf of the cell 

RT 
E : E ~ + -~-~ln(acu2+acl-  2) 

R T  
= eo2 -- eol ~- - ~  In (mcu2 + mcl-2]cu2 + fcl-  2) 

where e% is the s tandard potential  of the Cu 2+]Cu 
electrode, and e% that of the C1-]AgC1,Ag electrode. 

Table II. EMF values of the cell Ag, AgCI I CuCI2 (mo) J Cu 
for various values of mo 

104mo ,  E ,  m V  Eo, ( t ) ,  m V  E o '  ( 2 0 ~  m Y  
m o l  k g  - I  t ,  ~  m e a s .  calc.  calc.  

4 . 8 2 0  2 0 . 0 5  - -  1 6 7 . 0  1 0 8 . 7  1 0 8 . 7  
6 . 2 1 4  2 0 . 1 0  - -  1 5 7 . 3  1 0 9 . 2  1 0 9 . 3  
6 . 2 4 1  2 0 . 1 0  - -  157 .5  1 0 8 . 9  1 0 8 . 9  
7 . 0 2 9  2 0 . 1 0  - -  153 .1  1 0 9 . 0  1 0 9 . 1  
9 . 1 4 5  2 0 . 2 0  --  143 .9  1 0 8 . 9  1 0 9 . 0  
9.292 20.20 -- 144.0 108.2 108.3 

1 5 . 2 2  2 0 . 0 5  - -  1 2 7 . 0  1 0 7 . 7  1 0 7 . 7  
1 7 . 4 7  2 0 . 3 0  - -  1 2 2 . 5  1 0 7 . 6  1 0 7 . 8  
2 5 . 6 2  2 0 . 3 0  - -  1 1 0 . 2  106 .7  1 0 6 . 9  
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S o m e  of the  Cu 2+ ions o r ig ina l ly  p r e s e n t  a re  t r a n s -  
f o r m e d  into Cu + ions by reac t ion  [1] so tha t  mcu2+ 
mo(1 --  (* /2)~ /K1/mo)  w h e r e  K1 is t he  e q u i l i b r i u m  
cons tan t  of [1]. Reac t ion  [2] has  been  suppressed  by  
us ing  a 10-SM solu t ion  of  HC1 in w a t e r  for  f i l l ing the  
r e s e r v o i r  R. The  a m o u n t  of c o m p l e x e d  C1- is neg l ig ib ly  
smal l  in the  concen t r a t i on  r ange  inves t iga ted ,  as a l -  
r e a d y  men t ioned ,  so tha t  m c l -  ~ 2mo. 

The  ac t iv i ty  coefficients m a y  be a s sumed  to fo l low 
the  modif ied  D e b y e - H f i c k e l  express ion  logl0]i = 
A z i 2 k / T - -  BiI,  w h e r e  A = 2618T -3/2, I ~-- 3mo, and  Bi 
is an i nd iv idua l  constant .  W h e n  this  is in t roduced ,  the  
e m f  express ion  becomes  

- -  In 10 (6A~/3mo + 3Bmo) 
3 

-~ E ~ + In (4mo 3) 
2 

- -  6 ~ v / 3  I n  lOAN/m--o - -  3 I n  10 Bmo 

F o l l o w i n g  the  s t anda rd  p rocedure ,  a q u a n t i t y  Eo' ( t )  
m a y  be def ined by  

E~ =- E --  In (4mo 3) --  
2F 2 

loA  
3 

3 In 10 R T B  
E ~ (t) mo 

2F 

Values  of Eo ' ( t ) ,  ca l cu l a t ed  for  the  t e m p e r a t u r e  of 
each  e x p e r i m e n t ,  a re  g iven  in the  f o u r t h  c o l u m n  of 
T a b l e  II. The  co r re spond ing  va lues  of  E ~ at  20~ a re  
found  in t h e  f if th co lumn;  t h e y  w e r e  ob ta ined  by m e a n s  
of the  t e m p e r a t u r e  coefficient  of t he  s t anda rd  po ten t i a l  
of  t h e - c e l l  

dE o, dE o 
~ ---- 0.66 m V K  -1 at  25~ (12) 

dt  d t  

In  Fig. 3, E ~ (20~ is p lo t t ed  agains t  mo. A s s u m i n g  
a l inea r  r e l a t i onsh ip  to hold,  a s t ra igh t  l ine  was  d r a w n  
by  the  m e t h o d  of leas t  squares ,  w i t h  equa l  s ta t i s t ica l  
w e i g h t  to al l  points.  Its i n t e rcep t  w i t h  t he  o rd ina t e  axis  
was  ca lcu la ted  to be  

E o (20~ = (109.6 __ 0.2) m V  

At  20~ col = 225.6 m V  (11). The re fo re ,  the  s t an -  
d a r d  po ten t i a l  of the  Cu 2+lCu e l ec t rode  

e% = (335.2 +__ 0.2) m V  at  20~ 

The  co r re spond ing  va lues  at  25~ m a y  be  found  us ing  
the  t e m p e r a t u r e  coefficient of the  s t anda rd  Cu2+lCu 
e lec t rode ,  deo2/dT  = 8"10 -3  m V  K -1 at  25~ (12) 

co2 = (335.2 __ 0.4) m V  at  25~ 

A few r e m a r k s  m a y  be  in p lace  concern ing  possible  
er rors .  The  po ten t i a l  d i f fe rence  b e t w e e n  two  copper  
e lec t rodes  in solu t ions  of Cu2SO4 o r  Cu (C104)2 was  r e -  
p e a t e d l y  found to be 0.02 m V  or less i r r e spec t ive  of 
or ienta t ion ,  a fac to r  of 5 to 10 s m a l l e r  t h a n  the  va lues  
ob ta ined  by J e n k i n s  and  Ber tocc i  (10) in s imi la r  e x -  
pe r iments .  This  is p r o b a b l y  due  to d i f fe rences  in the  
t e c h n i q u e  of o x y g e n  exclusion,  s ince a n n e a l i n g  was  
shown  to h a v e  no effect  on the  res t  po ten t ia l ,  and  since 
the  solut ions  w e r e  e q u i l i b r a t e d  in bo th  cases. I n  so lu-  
t ions of CuC12 and in p re sence  of an  AgC1,Ag e lec t rode ,  
howeve r ,  t he  po ten t i a l  d i f fe rence  b e t w e e n  two  copper  
e lec t rodes  was  found  to a s sume  a cons tan t  v a l u e  of 
abou t  0.2 m V  (see Fig. 2). The  reason  for  this  increase  
is no t  clear .  Tests  h a v e  s h o w n  tha t  i t  is ne i t he r  caused  
by the  m e a s u r i n g  equ ipmen t ,  no r  by  t e m p e r a t u r e  nor  
concen t r a t i on  g rad i en t s  in the  cell. I t  could  be  due  to 
s i lve r  ions f rom the  r e f e r e n c e  e l ec t rode  or  impur i t i e s  
f r o m  the  e lec t ro ly te ,  r eac t ing  w i t h  or  adsorb ing  on the  
two  copper  c rys ta l s  to d i f fe ren t  ex tents ,  t h e r e b y  caus-  
ing  e i t he r  a c h a n g e  in the  e m f  v a l u e  or  an  inc rease  in 
t he  o v e r v o l t a g e  p roduced  by  some side reac t ion ,  e.g., 
ox ida t ion  f r o m  a r e s idua l  leak.  

T a k i n g  this  poss ib le  e r r o r  in  cons ide ra t ion  w e  h a v e  
s ta ted  t h e  accu racy  of t h e  v a l u e  found  to be  __+0.4 mY. 

The  va lue  of E ~ is based  on t h e  ef fec t ive  c o n c e n t r a -  
t ion  of f ree  Cu 2+ ions wh ich  equa l s  too, d e t e r m i n e d  as 
m e n t i o n e d  above,  and  co r r ec t ed  for  changes  due  to 
chemica l  react ions .  T h e  mos t  i m p o r t a n t  of these  is 
r eac t ion  [1], the  e q u i l i b r i u m  cons tan t  KI of w h i c h  is 
not  k n o w n  accura te ly .  I ts  v a l u e  was  t a k e n  to be 10 -6  , 
bu t  i t  is not  c r i t i ca l  as ca lcu la t ions  show t h a t  to 
~Kz = -----10 -6  co r r e spond  ~E ~ (20~ = •  m V  only.  
Fu r the r ,  the  Cu 2+ ion  concen t r a t i on  m i g h t  be changed  
s igni f icant ly  if  copper  c o m p o u n d s  prec ip i ta ted ,  bu t  
e l ec t ron  d i f f rac t ion  has s h o w n  tha t  this  does no t  h a p -  
pen  on the  electrodes,  poss ib ly  e x c e p t  for  ins igni f icant  
amoun t s  of Cu20.  F ina l ly ,  c o p p e r  ions m a y  c o m p l e x  
w i t h  ch lor ide  ions, in t he  solut ion,  bu t  a g lance  at  the  
r ec t i l i nea r  r e l a t i onsh ip  of  Fig.  3, w h i c h  cover s  a r a n g e  
of 1:5 in mo, conf i rms tha t  Cu 2 + ions a re  no t  bound  to 
any  m e a s u r a b l e  e x t e n t  in a c o n c e n t r a t i o n - d e p e n d e n t  
way.  

I t  w i l l  be no ted  tha t  t h e  v a l u e  of  the  c o p p e r  e lec -  
t rode  s t anda rd  po ten t i a l  f ound  is cons ide rab ly  l o w e r  
t h a n  those  d e t e r m i n e d  f r o m  p rev ious  e m f  m e a s u r e -  
ments .  In  o u r  op in ion  the  r eason  is tha t  in t h e  l a t t e r  
cases, Cu2SO4 solut ions  10 to 100 t imes  m o r e  concen -  
t r a t e d  t h a n  ours  w e r e  used  because  of the  choice  of 
r e f e r e n c e  e lec t rode .  I n  such  condit ions,  t he  D e b y e -  
Hf ickel  a p p r o x i m a t i o n  is no t  suff ic ient ly good, and  as-  
socia t ion b e t w e e n  cupr ic  and  su l fa t e  ions r educes  the  
con ten t  of  f ree  ( t h o u g h  of course  so lva ted)  cupr i c  ions 
qu i t e  cons iderab ly .  T h e  l a t t e r  effect  was  d iscussed  by  

Fig. 3. Plot of E ~ at 20~ 
against mo, the original concen- 
tration of CuCI2. The standard 
potential E~176 of the cell 
Ag,AgCI i CuCI2(mo) [ Cu is found 
by extrapolating to mo = 0. 

110 
mV 

108 

106 

E~  

I i i I i = 

0 5 10 15 20 25.10 -4 m o 
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Guggenheim years ago (13); we in tend  to publish in 
d u e  course a study examining its influence on results 
reported previously for the Hg,Hg2SO4[CuSO41Cu cell. 

Conclusions 
The present  study has shown that if all precautions 

listed at the beginning  of this paper are taken, it is 
possible to obtain potential  differences of 0.02 mV or 
less between two copper single crystals in the same 
electrolyte. 

Second, potential  differences between crystals ex- 
posing different faces are zero wi th in  the limits cited 
above. 

Third, by adopting the s i lver-si lver  chloride elec- 
trode as a reference, permi t t ing  concentrat ions 10-100 
times lower than those used previously, the s tandard 
potential  of the copper single crystallcupric ion elec- 
trode is found to be 335.2 _ 0.4 mV at 25~ 

Manuscript  submit ted Feb. 12, 1973; revised m a n u -  
script received Ju ly  6, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 
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The Undercutting of Organic Lacquers on Steel 
O. D. Gonzalez, 1 P. H. Josephic, and R. A. Oriani* 
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ABSTRACT 

A mechanism for the undercut t ing  of scratched lacquers on black plate 
(uncoated low-carbon steel sheet) is proposed. Exper imenta l  evidence leading 
to its postulat ion and some tests carried out to confirm it are summarized. It  is 
believed that the undercut t ing  at breaks in coatings on black plate is ini t iated 
by the electrochemical reduction of the a i r - formed iron oxide film between 
metal  and lacquer effectively to enlarge the break in  the film. The subsequent  
corrosion of exposed steel results in  the final undercut t ing.  The stabili ty to re-  
duction of the chromium oxide in the chrome coating of TFS and the ab- 
sence of i ron oxide therein, are  the reasons for the resistance of TFS to 
undercut t ing.  

One of the usual  performance tests for coating sys- 
tems on food and beverage containers  is the immersion 
of container mater ia l  with scratched coatings in  citric 
acid-sodium chloride solutions. After  some tens of 
hours of immersion at room temperature,  organic lac- 
quers deposited on black plate (uncoated, low-carbon 
steel sheet) exhibit  an undercut t ing which is char-  
acterized by extensive corrosion under  the lacquer film 
extending lateral ly from the scratch. A similar  immer-  
sion leaves lacquered TFS (i.e., steel plated with chro- 
mium-chromium oxide) unharmed.  The objective of 
the work reported here was to elucidate the mechanism 
of this undercut t ing,  or, from another  viewpoint, to 
unders tand  how the chrome plate  affords protection 
t o  TFS. 

It  is evident  from Fig. 1 that  of the several  layers 
and interfaces which a scratch exposes to the aqueous 
medium, any  one of them can represent  the weak l ink  
of the assembly, and thus several physical or chemical 
processes can be postulated as the pr imary  cause for 
t h e  undercut t ing.  However, for a mechanism to be ac- 
ceptable it must  take account of three aspects of the 
undercut t ing:  specifically, the extreme difference of 
behavior  of TFS and  black plate toward undercut t ing,  

* Electrochemical Society Active Member. 
Z Present address: Mercer County Community College, Trenton, 

New Jersey 08619. 
Key words: delamination, lacquer films, chrome coatings, auto- 

reduction. 

the fact that  undercu t t ing  always proceeds laterally 
from the scratch, and the observed rate of spreading. 
This paper  summarizes the experimental  evidence 
leading to the postulation of the autoreduction of iron 
oxide as the responsible mechanism and describes some 
tests carried out to check its validity. 

In practice a specimen is considered to pass the salt-  
citrate test when the undercut t ing  shown by the 
scratched coating after a 5-day immersion extends no 
more than 0,05 m m  from the scratch. Lacquered black 

A B 

Fig. 1. Schematic diagram of scratch morphology in black plate 
(A) and TFS (B). 
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plate in this t ime in terval  shows undercut t ing  of sev- 
eral millimeters.  However, the ini t ial  evidence of 
damage to the lacquer on black plate can be detected 
much earlier than this, in about 15 to 30 min  after im-  
mersion, as a faint uniform bleaching of the lacquer 
developing as a band  adjacent  and paral lel  to the 
scratch. This change in  color of the lacquer can be seen 
only under  moderate and oblique i l luminat ion and at 
magnifications less than 100X. Except for the slight 
change in color, the lacquer appears otherwise undam-  
aged. Figure  2, a photograph taken of a specimen after 
an immersion test, i l lustrates the effect. We have chosen 
to call this early change delamination,  to differentiate 
it from the final over-al l  undercut t ing which is as- 
sociated with extensive corrosion and a visible separa- 
tion of the lacquer from the metal. Detection of the 
delaminat ion reduces the t ime for assessment of a par-  
t icular specimen and /or  test solution, and allows for 
practical ra te  studies. In  this investigation we have 
limited ourselves to the observation of delamination.  

Exper imenta l  
The rout ine  salt-citric acid test consists of dipping 

a scratched lacquered specimen into an aqueous solu- 
tion of 15 g/ l i ter  each of citric acid and of sodium 
chloride, corresponding to 0.07M citric acid and 0.26M 
NaC]. The pH of this solution is 2.1. The lacquer is 
scratched at right angles to the roll ing direction of the 
under ly ing  metal  and sufficiently deeply to penetrate 
into the steel. The scratch is kept vertical dur ing im-  
mersion. We retained essentially the same methodology 
in this investigation except for variations in bath com- 
position. Where anaerobic conditions were desired, the 
test was performed in a cell provided with a fri t ted gas 
inlet  and a water  bubbler  outlet. Pure  argon gas, bub-  
bled first through a chromous sulfate-Zn amalgam solu- 
tion, and then through a water trap, was used as the 
gaseous medium. All solutions were s imilar ly deaerated 
for 1 hr prior to use in the anaerobic tests. The lacquer 
employed in most of our studies was a phenol formal-  
dehyde heat-cured resin, but  some studies were also 
carried out with two brush-on  or dip-type, a i r -dr ied 
lacquers. No significant difference in delaminat ion be-  
havior was observed among the three lacquers. 

Close to a hundred  delaminat ion tests were per-  
formed in different baths with different acids and in 
two principal  pH ranges. In  these tests the concentra-  
tion of the part icular  acid was kept at 0.07M and NaC1 
was always added to keep the ionic concentrat ion at 
0.26M. The tests were performed both aerobically (i.e., 
in the ambient  laboratory atmosphere) and anaerobi-  

Fig. 2. Photograph of delamination in scratched lacquered black 
plate after 2 hr in salt-citric acid bath (3.5X). The center white 
line of the vertical patterns represents the scratch. The contrast 
has been enhanced in the development of the photograph. 

Table I. Delamination of scratched black plate, stability constants 
of ferrous complexes, and ionization constants of the acids 

R e s u l t t  L o g  Ks 
A c i d  sys t em*  p H  2 p H  4 ( F e ( I I ) L )  pKa 

C i t r i c  + + 2.6, 4.4 3.0, 4.4, 5.7 
T a r t a r i c  + 2.2 2.8, 4 .0  
L a c t i c  + + [1.5] 3.9 
O x a l i c  -- 4.7, 3.0 1.2, 4 .2  
A c e t i c  + 1.4 4.6 
E D T A  + + (pH6)  14.4 2.8,  6.2, 10.3 
H C L  + -- 0,4 (2 M) - -  
H~SO4 + -- 0.2 (1 M) 1.4 
HNO~ . . . .  
HsPO~ + -- (pH 7) F o r m s  corn-  2.1, 7.2, 12.4 

p l e x e s  
H C I 0 8  + - -  

* Al l  ac id  c o n c e n t r a t i o n s  0 .07M; i o n i c  s t r e n g t h  k e p t  c o n s t a n t  a t  
0 .26M w i t h  NaC1 e x c e p t  f o r  i n o r g a n i c  a c i d s  w h e r e  t h e  s a l t  of  t h e  
c o m m o n  a n i o n  w a s  used .  A l l  v a l u e s  of  Ks  w e r e  t a k e n  f r o m  Ref .  (1) 
e x c e p t  fo r  t hose  f o r  c i t r i c  a n d  t a r t a r i c  ac ids ,  t a k e n  f r o m  Ref .  (8) .  
T h e  v a l u e  f o r  t h e  l a c t a t e  c o m p l e x  w a s  e s t i m a t e d  f r o m  t h e  v a l u e s  
f o r  o t h e r  d i v a l e n t  ca t ions .  

t + ind ica te s  o c c u r r e n c e  o f  d e l a m i n a t i o n ;  ~ i n d i c a t e s  n o  d e -  
laminat ion .  

cally as described above. The results obtained can be 
grouped together and summarized simply in tabular  
form, Table I. In this table a positive sign ( ~ )  indi-  
cates that  delaminat ion was observed for the part icular  
system; a negative resul t  ( - - )  indicates that  no de- 
laminat ion  was detected at 40X magnification after at 
least 24 hr (the detection l imit  in this case was 0.02 
ram). No significant differences were observed in be- 
havior under  aerobic or anaerobic conditions, except in 
one exper iment  with sodium citrate at pH 8 in which 
delaminat ion was obtained only under  aerobic condi- 
tions. The pH values used were 2.0 and 4.0 (correspond- 
ing to those of soft drinks and beer),  except where 
listed otherwise. The principal  informat ion to be drawn 
from Table I is the difference in delaminat ion behavior 
between systems containing organic acids and those 
with inorganic acids: delaminat ion was not observed 
in any inorganic system at or above pH 4.0. Column 3 
of Table I lists s tabi l i ty  constants, Ks, (or over-al l  
equi l ibr ium constants) for the complexes of ferrous 
ions 2 with the anions of the par t icular  acid; column 4 
lists the ionization constants for the acids. The values 
of the equi l ibr ium constants  for complexation indicate 
that a correlation can be made between appearance of 
delaminat ion and the complex-forming abil i ty of the 
part icular  system. The case of oxalic acid appears 
anomalous, but  an explanat ion for this will  be given 
later. 

The informat ion in Table I indicates only whether  a 
part icular  system resulted in delaminat ion or not. In  
Fig. 3a and b we characterize the delaminat ion fur ther  
by showing its magni tude  and t ime dependence and 
also the effect of organic acid concentrat ion and pH 
for a sal t-ci t rate  bath. ( In  these plots the delaminat ion 
has been measured from the center  of the scratch, so 
that the zero t ime value includes half the width of the 
scratch.) Rates of delaminat ion were measured quant i -  
tat ively only for the systems given in  Fig. 3a and b. 
However, the rates for the other systems producing 
delaminat ion were of the same order of magnitude.  

The effect of changing metal  substrate (apart  from 
the use of TFS) was studied by checking the per form-  
ance of lacquered specimens of stainless steel, low-Cr-  
Ni alloy (COR-TEN steel), and Cr-phosphated black 
plate. Of these, only the stainless-steel specimen did 
not exhibit  delamination.  The delaminat ion rate for 
Cr-phosphated steel is shown in Fig. 3b. The difference 
in  behavior  between stainless steel and the low-Cr 
alloy steel would seem to indicate that  a m i n imum 

T h e  v a l u e s  fo r  the  ferr ic  ion  c o m p l e x e s  are  not  i n c l u d e d  in  t h i s  
tab le  f or  the  sake  of  s impl ic i ty .  Ferr ic  ion  f o r m s  v e r y  s t r o n g  c o m -  
p l e x e s  w i t h  all these  o r g a n i c  an ions ,  w i t h  v a l u e s  of  s t a b i l i t y  con-  
s t a n t s  g r e a t  e n o u g h  to  c a u s e  l a r g e  c o m p l e x a t i o n  e v e n  a t  p H  2.0. 
F o r  i n o r g a n i c  a n i o n s  t h e  v a l u e s  of  t h e  s t a b i l i t y  c o n s t a n t s  f o r  the  
f e r r i c  c o m p l e x e s  a r e  a l so  l a r g e r  t h a n  f o r  t h e  f e r r o u s  c o m p l e x e s ,  and  
the  s a m e  g e n e r a l  d i f f e r e n c e  i n  m a g n i t u d e  b e t w e e n  the  v a l u e s  for  
o r g a n i c  and  inorgan ic  a n i o n s  is  a l so  d i s p l a y e d .  
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content  of Cr in  the alloy is necessary to afford pro- 
tection against delamination.  

The use of various etching solutions on black plate 
prior to lacquering did not significantly change sub-  
sequent delaminat ion behavior. 

Discussion 
The correlat ion found between the delaminat ion and 

the complex-forming abil i ty of the acids immediately 
suggests that delaminat ion could represent  the chemical 
dissolution of the iron oxide film between the lacquer 
and steel, but  enhanced in rate, since the formation of 
soluble complexes in the aqueous phase will reduce the 
activity of metal  ions and increase the driving force for 
dissolution, and consequently the rate. Since the rate 
of formation of Cr 8+ complexes is known 8 to be several 
orders of magni tude  smaller  than  for Fe~+, this would 
explain the lack of delaminat ion in TFS. However, a 
simple measurement  of dissolution rates of the ap- 
propriate oxides clearly negates the hypothesis of 
chemical dissolution. In  Table II we list the ini t ial  dis- 
solution rates of three forms of oxides determined by 
us in  a solution with and without  citric acid. The mea-  
surement  consisted simply of analyzing for Fe in the 
aqueous phase of a system of known volume and with 
a known weight of oxide at appropriate times, and con- 
ver t ing the iron concentrat ion to gram-atoms of Fe ions 
dissolved per square centimeter  of surface. (The spe- 
cific surface area was measured by the BET method.) 
Although the results show that  presence of complexing 
agents does increase the rate of dissolution by a large 

s See, for example,  Tab le  I of  Ref .  (2). 

Table II. Dissolution of massive oxides 
{Ini t ia l  p H  3.00, c o n c e n t r a t i o n  0.01M) 

Dissolution 
ra tes ,  

g - a t o m s /  Ra t io  of r a tes  
S u b s t r a t e  M e d i u m  cm2/day  c i t r a te :  n i t r a t e  

1. a. Cr (OH)s  ( amorphous )  C i t r a t e  4.4 • 10 -11 15 
b. Cr(OH)~ (amorphous )  N i t r a t e  3.0 • 10 -zs 

2. a. Fe (OH)3  {amorphous )  C i t r a t e  1.2 • 10 -9* 6000 
b. Fe(OH)3 ( amorphous )  N i t r a t e  2.1 • 10 -m 

3. a. a-FeeO8 (crys ta l l ine)  C i t r a t e  3.0 • 10 - ~  25 
b. a-Fe~Oa (c rys ta l l ine )  N i t r a t e  1.2 • 10 -zs 

* Co r r e sponds  to a b o u t  0.7 layer of Fe a t o m s  r e m o v e d  per  day,  
or  3 A / d a y .  

factor, when the results are converted to a l inear  basis, 
the n u m b e r  so obtained (viz., 0.7 atomic layer of Fe 
ions removed per day) cannot  explain the rate of de- 
laminat ion of black plate, which corresponds to about 
3 X 105 atomic layers of 50A-thick oxide removed per 
day. 

The simplest mechanism that  explains the delamina-  
tion and is consistent with all the facts is the following: 
when scratched lacquered black plate is immersed in 
acidified water, an electrochemical reaction between 
the metal  substrate  and the a i r - formed ferric oxide 
film occurs which may be wr i t ten  as 

Fe--> Fe 2+ -t- 2e (anodic reaction) [1] 

~-Fe20~ -t- 6H + -}- 2e--> 2Fe 2+ -}- 3HOH 

(cathodic reaction) [2] 

This process was first invoked by Evans (3), to expla in  
the rapid disappearance of interference colors of oxi- 
dized iron surface (a mat ter  of seconds) upon immer-  
sion in acid solutions of pH less than 4.0. In  contrast, a 
very slow dissolution occurs (a mat ter  of days) when 
the same oxide films (removed from the iron substrate 
by bromine-methanol )  are immersed in the same acid 
solutions. The validity of this mechanism was estab- 
lished by Pryor  and Evans in a series of papers (4-6). 
Pryor  and Evans named the reductive dissolution of 
the iron oxide in contact with iron "autoreduction" to 
distinguish it from cathodic reduction produced by an 
external  emf. Oswin and Cohen (7) later observed that 
autoreduction persists up to pH 7.6 if a buffer is pres- 
ent, that is, if an adequate supply of H + ions is ma in-  
ta ined to allow the cathodic reaction to continue. In 
delamination,  because of the near ly two-dimensional  
character of the air-formed film, being at most 50A 
thick, the consumption of hydrogen ions by the cath- 
odic reaction is not easily made up by diffusion, so that 
a rise of pH occurs. At the r ight  conditions the rise in 
pH produces the precipitation of ferrous hydroxide 
locally, strongly inhibi t ing the cathodic reaction and 
hal t ing the autoreduction. In  the presence of anions 
which can form soluble complexes with the ferrous 
ions, the formation of ferrous hydroxide is precluded 
and the autoreduction persists. It should be noted that 
in the special case of oxalic acid, the complexing of 
ferrous ion quickly leads to insoluble ferrous oxalate 
which also effectively inhibi ts  the cathodic reaction. In  
fact, ferrous oxalate can be seen deposited at the 
scratch when  scratched lacquered black plate is al-  
lowed to remain  in  contact with oxalic acid solution for 
periods of 24 hr. 

Insight into why delaminat ion in organic acid per-  
sists beyond a pH of 4 (whereas it does not in inorganic 
acids) may be obtained by a calculation of the var ia-  
t ion with pH of the fraction of total iron complexed by 
organic acids. This calculation is summarized in Fig. 4a 
for the Fe2+-citric acid system. The complexes formed 
by ferrous ion are (FeHCit +) and (FeCi t - )  (8); Fig. 
4a shows 

( [FeHCit + ] W [FeCi t - ]  ) / (  [Fe + +] 

-~ [FeHCit + ] ~ [FeCi t -  ] ) 
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against pH, and one sees that the amount  of complexa- 
tion, and hence of the solubilization of ferrous hydrox-  
ide, increases sharply about the pH of 4. In  Fig. 4b the 
fraction of the various anionic species in citric acid is 
plotted against pH, and the reason for the rapid rise of 
complexation around pH 4.0 seen in  Fig. 4a becomes 
evident. An inspection of the values for the ionization 
constants  [pKa -- (--log g a ) ]  for the organic acids 
listed in Table I, shows that the same behavior with 
pH can be expected for all these acids. It should also 
be noted that  for all these acids, the listed values of 
pKa also indicate that m a x i m u m  buffering action c a n  

be expected around pH 4.0, a fact which contr ibutes  to 
the persistence of delamination.  Moreover, the forma- 
tion of soluble ferrous complexes at the same t ime re-  
duces the activity of ferrous ion, and hence increases 
the driving force of both cathodic and anodic reactions, 
another contr ibut ing factor. 

On a thermodynamic  basis for the system considered, 
Cr20~ is not expected to reduce in the presence of H + 
ions at the existing potential.  The Nernst  potential  for 
the reduction of Cr203 to Cr + + at pH 4.0, and at an 
activity of Cr + + ion of 10 -6, is about 0.3V more nega-  
tive than for the reduction of H +. This may be checked 
by referr ing to the appropriate Pourbaix  diagram (9). 
Caplan and Cohen (10) have proved this to be t rue 
kinetical ly as well, by observing H2 evolution ra ther  
than the reduction of Cr203 dur ing cathodic reduction 
under  an impressed current  at pH 7.6. Thus, the pro- 
tection against delaminat ion provided by the chrome 

coating on TFS is imparted by the inherent  stabili ty 
of Cr203. 

The proposed mechanism has been examined by three 
very simple electrochemical techniques devised to an-  
swer three questions: 

1. Does the air-formed oxide film in black plate in 
fact dissolve through a cathodic reduction, and at what  
rate? This was answered by noting the current  ob- 
tained upon immersing a specimen of unlacquered 
black plate into a s tandard salt-ci trate bath electrically 
connected through a known resistance to a large-area 
specimen of unlacquered black plate placed in the bath 
some minutes  before. The exper imenta l  a r rangement  is 
shown schematically in  Fig. 5a. The currents  observed 
in this fashion are reproduced in  Fig. 6 for two speci- 
mens of black plate. The polari ty of the currents  ob- 
served indicated that  the electron flow was from the 
large-area black plate to the specimen, as required by 
the reduction process (Eq. [2]) of the oxide upon it. 
The results indicate that the oxide is reduced in about 
4 rain. The init ial  current  rise can be converted to the 
number  of Fe atoms dissolved per square centimeter  
per hour, thence to the number  of atomic Fe layers 
removed per hour from the iron oxide, assuming 1015 
Fe atoms per square centimeter. This number ,  applied 
to the lateral  dissolution of the 50A oxide film, gives 
for a calculated rate of delaminat ion a value of 0.03 
mm/hr ,  which is wi thin  the order of magni tude  of the 
delaminat ion actually observed, 0.1 mm/hr .  Figure 6 
indicates also the very small  t rans ient  current  observed 
when a specimen of TFS is immersed into the bath, 
confirming the fact that  the oxide film of TFS is not 
reduced by simple contact with Fe. 
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Fig. 5a. Schematic diagram of experimental arrangement for de- 

tection of current transients in reductive dissolutions of oxide films 
on steel. 
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The area figures refer to the centrally hung specimen (see Fig. Sa), 
which is much smaller in area than the surrounding large-area 
electrode. 

2. How will  the presence of a more efficient anode 
affect the delaminat ion? For this test (Fig. 5b) a large- 
area Zn sheet was short-circuited to a specimen of 
scratched lacquered black plate, and the two specimens 
positioned so that the scratch was only 1 mm away 
from the Zn; the assembly was then immersed in  a 
s tandard salt-ci trate bath. The delaminat ion measured 
after 2 hr was found to be twice that  given by Fig. 3b. 
(A standard sal t-ci trate test on a scratched black-plate  
specimen was s imultaneously performed as a control.) 
Since our exper imental  scatter in  measur ing de lamina-  
tion rates was always bet ter  than 10%, this result  is 
significant and indicates that  delaminat ion is anodically 
controlled. 

3. Can the application of a cur ren t  to a scratched 
black-pla te  specimen stop the delamination? In  other 
words, can the oxide film be made passive? The experi-  
mental  a r rangement  used here is shown in Fig. 5c. A 
current  density of 50 m A / c m  2 was used, this value hav-  
ing been selected from the conversion of the de lamina-  
tion rates observed (Fig. 3a) to a current  density, as- 
suming the delaminat ion to occur in a slab of thickness 
50A. (The density of the oxide was assumed to be 4.0 
g/cm~.) This large current  density, of course, leads to 
considerable anodic dissolution of the black plate, so 
that the t ime of exper iment  was confined to 1 hr. The 
current  had the effect of widening and deepening the 
scratch, as was expected, bu t  no evidence of de lamina-  

tion was observed. However, this test is not conclusive 
since all that  can be said is that  if delaminat ion oc- 
curred it did not stay ahead of the corrosive widening 
of the scratch. 

These tests leave no question as to the electrochemi- 
cal na ture  of the delaminat ion and indicate that the 
proposed mechanism is in te rna l ly  self-consistent. 

The proposed mechanism implies that  the absence of 
delaminat ion on TFS means that  a layer of iron oxide 
does not exist between lacquer and metal  in TFS. This 
is not unreasonable,  considering the electrochemical 
method of application of the chrome plate; however, 
this was independent ly  verified (11) by examining the 
surface of TFS for Fe + + and Fe + + + ions using soft 
x - ray  spectroscopy. Negligible amounts  of iron ions 
were detected on TFS. However, iron ions were found 
on the surface of Cr-phosphated steel which also ex- 
hibits delaminat ion al though its outer surface is also 
chromium oxide. 

Conclus ions  
The proposed undercut t ing  mechanism may be sum- 

marized as follows wi th  the aid of Fig. 7. 

1. a. Upon contact of i ron and iron oxide with the 
aqueous medium through a defect such as a scratch in 
the lacquer film, the oxide dissolves rapidly by the 
process of reduction (A), exposing more iron surface 
and, in effect, enlarging the original defect. 

b. The exposed iron surface will  corrode as usual  
(B), introducing i ron into the aqueous medium. We 
have found that  only a minor  fraction of the iron ions 
in the aqueous phase are a t t r ibutable  to the corrosion 
of the iron surface of the original scratch. 

2. In  the presence of complexing buffering agents, 
e.g., organic acids, the reduct ion of the oxide film con- 
t inues because of the formation of soluble ferrous ion 
complexes and the main tenance  of an adequate H + 
concentration. 

3. In  the absence of complexing buffering agents, the 
pH at the oxide cathode goes up rapidly because of the 
depletion of H + ions, and Fe (OH)2 precipitates locally, 
inhibi t ing the electrochemical process, and effectively 
stopping the dissolution of the oxide film. 

4. TFS resists undercut t ing  because a ferric oxide 
layer does not exist between the steel and the chromic 
oxide layer, and the lat ter  is too stable to be reduced 
by the oxidation of metall ic iron. 
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Composition of Pt Anode Surfaces 
by Auger Spectroscopy 

W. C. Johnson and L. A. Heldt 
Department of Metallurgical Engineering, Michigan Technological University, Houghton, Michigan 49931 

ABSTRACT 

Auger  spectroscopy was employed to s tudy p la t inum surfaces anodized 
either in 1N H2SO4 with evolution of oxygen, or in 2N NaC1 with evolution of 
chlorine. For the Pt  anodized in  H2SO4, Pt  and oxygen interact  to form a 
stable film of PtO stoichiometry. Anodization in NaC1 resulted in a less stable 
film; al though relat ively large concentrat ions of oxygen and chlorine are 
present after anodization, these are removed by electron beam bombardment  
in  the Auger apparatus. 

Numerous studies have been concerned with the 
na ture  of the surfaces of Pt  anodes in electrolytic cells, 
par t icular ly  the oxygen electrode (1). It  has been 
demonstrated conclusively that Pt  is not inert  but  does 
interact  with oxygen in some manne r  to produce an 
altered surface. Direct evidence concerning the state 
of the oxygen associated with the Pt  anode has been 
difficult to obtain because the affected layer on the Pt  
is no more than a few atomic layers thick. 

Indirect  evidence for this interact ion has been gained 
through detailed studies of the electrochemical be-  
havior of Pt  electrodes during anodizing and dur ing 
subsequent  cathodic str ipping of the resul tant  anodic 
films. For example, Thacker and Hoare (2) in a recent 
study concluded that for Pt  anodes in H2804 solutions, 
no sorption of oxygen occurred below a potential  of 
800 mV; from 800-1000 mV oxygen was adsorbed (rela- 
t ively weakly) on the P t  surface; and that above 1000 
mV oxygen was absorbed (dermasorbed) in the first 
one or two layers of Pt. Evidence for the existence of 
the dermasorbed oxygen is the difficulty with which 
this anodic layer is removed dur ing  cathodic stripping. 
At higher potentals (>2000 mV) the behavior of the 
anode is interpreted in terms of the formation of a 
PtO2 monolayer  which decomposes to a monolayer  of 
adsorbed oxygen (Pt-O) under  open-circuit  conditions 
or at potentials below 1.55V. Fur ther  evidence was 
also obtained for the absorption or dissolution of rela-  
t ively large quanti t ies of oxygen within  the bu lk  of 
the Pt; this oxygen is then available for replenishing 
any  adsorbed oxygen lost from the surface. 

Interpretat ions  of the several electrochemical studies 
have given rise to considerable controversy, par t icu-  
lar ly concerning the question of whether  bona fide 
oxides, P r o  and PtO2, form under  various conditions. 

It  is well known that chloride ions inhibi t  the forma- 
t ion of oxygen or oxide anodic films. K u h n  and Wright  
(3) studied the anodization of bright Pt  under  condi- 
tions s imulat ing those of a chlor-alkal i  electrolytic cell 
with concentrated NaC1 solutions of pH approximately 
3. The electrochemical characteristics of Pt  during 
anodization and cathodic str ipping in these envi ron-  

Key words: platinum, anode, Auger, oxygen, chlorine. 

ments  were interpreted in terms of the following 
phenomena occurring with increasing potential:  (i) 
adsorption of C1- ions on bare Pt, (ii) subsequent  ad- 
sorption of C1 atoms on adsorbed C1- ions, (iii) suc- 
cessive replacement  of chloride ions by adsorbed oxy- 
gen atoms, and (iv) full coverage achieved with two 
oxygen atoms per Pt  atom. 

In  view of the thin nature  of the anodic layers formed, 
an extremely sensitive technique is needed to study the 
surface chemistry. To date the only direct evidence 
concerning the state of oxygen on Pt  anode surfaces is 
an ESCA study by Kim, Winograd, and Davis (4) ; this 
study revealed an electron configuration for the Pt  
consistent with the formation of chemisorbed oxygen 
at a potential  of 1200 mV in 1M HC104. Above 1600 mV 
increasing amounts  of PtO~ are formed and it becomes 
the predominant  specie at 2000 mV. These results are 
in general  agreement  with the interpreta t ion of recent 
electrochemical results (2). Auger electron spectro- 
scopy (AES) is a relat ively new technique which has 
been proven effective for chemical determinat ion of 
small  amounts  of impurit ies on a solid surface (5-7). 
It was decided, therefore, that  a study of Pt  surfaces 
after anodizing, using AES for surface chemical ana ly-  
sis, could be used to determine directly if oxygen is 
present and if present  provide informat ion about its 
chemical state. Since AES is a relat ively new technique, 
a short description is given below. 

AES.--When an electron is removed from an inner  
level in an atom by an incident  electron (or photon),  
the atom can fill the vacancy with an outer shell (less 
t ightly bound) electron. The excess energy released 
can be carried away by an x - r ay  photon or by ejection 
from the atom of another outer shell electron, an Auger 
electron. 

Figure 1 gives a schematic example of an Auger 
emission from a hypothetical  solid. In  this example a 
K-level  electron is removed by the incident  electron 
beam. When an M-level  electron fills the vacancy, the 
excess energy is carried away by an N-level  electron. 
The kinetic energy of this Auger  electron is approxi-  
mately  EK -- EM -- EN and is characteristic of the 
electron levels that  took par t  in that  emission, hence 
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Fig. 1. Schematic energy diagram of an Auger electron emission 

of the atom that gives rise to the electron (6). The 
mechanisms of detection are discussed elsewhere (8- 
11), but  it is important  to note that  since 50-2000 eV 
Auger  electrons are used for chemical  analysis, only 
the first few atomic layers (3-10A) can contr ibute  
electrons which have not lost energy through scat ter-  
ing. Hence the chemical  information obtained using 
AES applies to the first 1-3 atomic layers of a surface. 
All  AES analysis is done in an u l t rahigh vacuum 
(UHV) system (10-9-10 -10 Torr ) .  

Exper imenta l  
Pla t inum was cut into 5 mm square foil electrodes 

for use in the anodizing study. Since analysis of the 
sample surfaces wi th  AES revealed  the presence of 
carbon, oxygen, sulfur, and other impur i ty  species, a 
fur ther  cleaning technique was requi red  to assure that  
the anodizing began on a microscopically clean Pt  sur-  
face. Iner t - ion  sputter ing was used to etch into the Pt  
samples unti l  the  clean Pt  surface was exposed. The 
samples were  then removed  from the vacuum system 
and given the anodizing t reatment .  A control speci- 
men was used to moni tor  atmospheric effects on the Pt  
surface chemistry.  No contamination due to the a tmos-  
phere was noticed on the control  specimens; only Pt  
peaks were  observed in the Auger  spectrum. 

Anodizing procedures.--Two different anodizing 
t rea tments  were  employed to determine the feasibil i ty 
of applying AES to advantage  in studying Pt  anode 
surfaces. Sufficient vol tage was provided in both cases 
to achieve gas evolution.  

1. Anodizat ion (16 hr) in 1N H2SO4 solution wi th  
evolut ion of oxygen. Current  density 500 m A / i n  2. T -- 
26~ 

2. Anodizat ion (12 hr) in 2N NaC1 solution, pH 3, 
with evolution of chlorine. Current  density 500 m A / i n  2. 
T ---- 26~ 

After  the Pt  anodes were  removed f rom the solutions, 
they were  dipped in distilled water  to r emove  any 
electrolyte  adhering to the surfaces and blasted wi th  
dry He gas to remove  the residual  water  film. The 
samples were  then t ransferred quickly to the  UHV 
system and examined with  AES af ter  a vacuum in the 
10 -9 Torr  range was obtained (10-12 hr) .  As a qual i ta-  

t ive indication of species stability, the electron beam 
was al lowed to bombard the same spot on the samples 
for various lengths of t ime and any change in Auger  
peak height  (corresponding to concentrat ion of the 
given species) noted. 

Results 
The results of Auger  analysis of a surface are usually 

presented in a spectrum similar  to Fig. 2. The peaks 
superimposed on the re la t ively  smooth background are 
due to different elements in the first 1-3 atom layers of 
the surface and are labeled as to species. To obtain a 
quant i ta t ive  es t imate  of the per cent coverage of a par-  
t icular  element, the observed peak is compared to a 
peak due to a known concentrat ion of that  e lement  on 
a calibrated standard specimen. The calibration for 
oxygen was obtained from an A1203 sample; this, in 
turn, was found to be consistent wi th  results f rom an 
MgO sample. In Fig. 2, which represents  the Auger  
spectrum from the surface of the P t  anodized in H2804, 
only pla t inum and oxygen peaks are present. The sur-  
face concentrat ion (i.e., atomic per cent coverage in the 
first few atomic layers) of oxygen on this specimen was 
approximate ly  45 a /o  (atomic per cent).  F igure  3 pre-  
sents the oxygen concentrat ion as a function of t ime 
under  electron beam bombardment .  It was observed 
that  the oxygen concentrat ion remained constant, wi th  
the slight var ia t ion due to error  in measurement  of the 
O peak. 

The spectrum of the Pt  anodized in NaC1 is presented 
in Fig. 4. In this case, C1 was observed as wel l  as Pt  and 
O. However ,  af ter  20 min of electron beam bombard-  
ment, both the O and C1 peaks had decayed to a small  
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Fig. 2. Auger spectrum of Pt surface anodized in H2SO4 
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Fig. 4. Auger spectrum of Pt surface anodized in NaCI 

fraction of their  original size. Since the oxygen and 
chlorine peaks decayed cont inuously wi th  time, the 
init ial  coverages could not be measured. 

Discussion 
H~S04 electrode.--Analyses of the Pt  anode surfaces 

by AES have revealed directly the presence of oxygen 
in an extremely stable state of combinat ion or sorption 
capable of persisting under  electron bombardment  at 
pressures of less than 10 -9 Torr. The surface contains 
about 50% oxygen, corresponding to a composition of 
PtO. The high stabil i ty is consistent with the fact that 
the anodic film is difficult to remove dur ing  cathodic 
str ipping (1). 

The stoichiometry of the anodic layer does corre- 
spond to the oxide, PtO, reported to be stable in vac- 
u u m  (13). This stoichiometry also corresponds with 
the in terpre ta t ion  of Thacker and Hoare (2) of their  
electrochemical data. It  is possible that  oxygen is ad- 
sorbed or dermasorbed strongly enough to be present  
in this concentrat ion and in  this stable a state; if this is 

the case, the characteristics (stoichiometry and sta- 
bility) would be difficult to distinguish from an oxide 
(3). 

NaCl electrode.--The AES results in this case indi-  
cate the presence of both chlorine and oxygen at the 
Pt  surface. Both persist in the hard vacuum but  are 
removed with t ime by the electron bombardment .  This 
appears to correspond with the third stage of polariza- 
tion described by K u h n  and Wright  (3), namely,  par-  
tial replacement  of a part  of the adsorbed chlorine by 
adsorbed oxygen. It is apparent  that  the oxygen is not 
bound as strongly under  these conditions as for the 
H2804 electrode. 

Conclusion 
In  summary,  AES is capable of detecting anodization 

products present in  th in  layers on anodized Ft. Addi-  
t ional studies are war ran ted  in  which adsorption and /  
or combination is measured in  conjunct ion with po- 
tentiostatic measurements  of potent ia l -current  charac- 
teristics over a range of potentials. 
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Anodic Deposition of Ferric Oxy-Hydroxide 
Films on Platinum from Perchlorate Solutions 

Koji Hashimoto 1 and Morris Cohen* 
Division of Chemistry, National Research Council, Ottawa, Ontario, Canada 

ABSTRACT 

The effect of pH and added anions such as phosphate, acetate, chloride, or 
sulfate in perchlorate  solutions on the anodic deposition of ferric oxy-hy -  
droxide films on pla t inum was studied. In all cases deposition took place by 
the oxidation of a ferrous species to a ferr ic film with  100% current  efficiency. 
The growth rate of the film was dependent  on the concentrat ion of FeOH + 
ion which was the depositing species in a ferrous perchlorate  solution and in 
the solutions containing acetate, chloride, or sulfate. In the solution contain- 
ing phosphate,  the  anodic deposit ion proceeded by the s imultaneous oxidation 
of FeOH + and FeH2PO4 + ions to v -FeO O H  and FePO4 �9 2H20. 

In previous investigations it was shown that  "pro-  
tective oxide films" could be formed on iron by ei ther 
direct  anodic oxidation of iron (1) or by deposition 
f rom aqueous solutions containing dissolved ferrous 
ion (2, 3). It  was also shown that  similar films could be 
deposited on pla t inum (4). The mechanism of deposi- 
tion is independent  of the substrate metal, but mea-  
surements  of cur ren t  efficiency and analysis of the films 
are less complex using a p la t inum substrate. 

The composition of the films was found to be par-  
tialIy dependent  on the anions present in the solution 
so that  films formed in borate (4) or sulfate (5) solu- 
tions contain boron or sulfur, respectively. This would 
indicate that  at least part  of the film is formed by 
anodic oxidation of ferrous ion complexes. 

In the study reported below the electrolyte  was 
mainly  ammonium perchlorate  solution containing fer -  
rous ion. The perchlorate  ion is usually considered not 
to form complexes wi th  cations. The effect of other  
anions on the anodic deposition mechanism and the 
composit ion of the film was studied by the addit ion of 
phosphate, acetate, chloride, and sulfate to the per -  
chlorate solution. The effect of these results on con- 
siderations of the format ion and propert ies  of passive 
film on iron is discussed. 

Experimental 
The apparatus for the anodic deposition was the same 

as that  reported e lsewhere  (4). Smooth pla t inum 
sheets 5 X 1 cm wi th  small  handles were  used as speci- 
mens. The purification of the p la t inum surface was 
carried out as follows. After  oxidation of p la t inum 
specimens at 900~ and 1 Torr  of oxygen for 24 hr, 
impurit ies on the surfaces were  dissolved in boiling 
1N-HC1. The specimens were  then annealed under  high 
vacuum (<10 -7 Torr)  at 800~ for 24 hr  and were  re -  
duced by hydrogen at 1 Torr  and 800~ for 8 hr. 

An aqueous solution of 0.15N-NH4C104 with  different 
concentrations of Fe(CIO4)2 was used as an electrolyte  
whose pH was adjusted by the addition of 0.15N- 
NH4OH solution. In some experiments,  NH~-I2PO4, 
CH~COONH4, NH4C1, or (NH4)2SO4 was added to the 
solution in the concentrat ion range of 0.2 to 20 X 10 -6 
mole/ l i ter .  The solution was deaerated by bubbling 
a s t ream of oxygen- f ree  argon for more  than 20 hr. The 
oxygen- f ree  argon was prepared by passing commer-  
cial argon (99.996%) through a column of finely dis- 
persed copper on Kieselguhr,  heated at 180~ 

The anodic deposition was car r ied  out by means  of a 
potentiostat  at a constant potential  of +300 mV (vs. 
SCE) and constant tempera ture  of 25 ~ _+ I~ The solu- 
tion was deaerated and st i rred by a s t ream of purified 
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argon at a constant flow. The l imit ing current  mea-  
surements  were  carried out by s t reaming purified 
argon over the solution instead of stirring. The  weight  
change of the specimen, Gw, was measured by weigh-  
ing before and after anodic deposition using a micro-  
balance with an accuracy of --+2 ;~g. The concentrat ion 
change of ferrous ion during deposition, Gc, was deter-  
mined by colorimetric analysis using the o-phenan-  
throl ine method (6). The quant i ty  of iron deposited, 
Va, was calculated f rom the total  amount  of charge 
determined by the graphic integrat ion of the exper i -  
menta l  curve  of current  densi ty vs, time. Af ter  the 
anodic deposition the film was dissolved, Gc', and the 
weight  loss of specimen, Gw' was determined.  The ini-  
t ial  concentrat ion of ferrous ion was colorimetr ical ly 
determined because it could not be obtained f rom the 
weight  of hygroscopic ferrous perchlorate.  The phos- 
phate content of the film was measured from the con- 
centrat ion change of phosphate during deposition by 
means of colorimetric de terminat ion  as molybdenum 
blue (7). 

The deposited film was identified by means of reflec- 
tion electron diffract ion.-In some cases the film was 
cathodically reduced in steps and reflection electron 
diffraction pat terns  were  taken to ident i fy  the com- 
position of the inside of t he  film. 

Results and Discussion 
Perchlorate solution.--Platinum specimens were  

anodically polarized at a constant potent ial  of +300 
mV with  various concentrations of ferrous ion at 
different pH's. Examples  of the change in the anodic 
current  density wi th  t ime are shown in Fig. 1. The 
shape of the curves is almost identical wi th  that ob- 
tained by the deposition on pla t inum in bora te  (4) and 
sulfate (5) solutions. The changes in quant i ty  of iron 
deposited as effected by concentrat ion of ferrous ion 
and pH are shown in Table I. Al l  parts of the film, 
f rom the outer  side to the inner, which were  examined 
after part ial  cathodic reduct ion of the film, corre-  
sponded to 7-FeOOH as determined by reflection elec- 
tron diffraction. In Table I, values of Gw and Gw' were  
obtained f rom weigh t  changes after anodic deposition 
and dissolution of the film, respectively,  assuming that  
the film consisted of 7-FeOOH. The value of Ga was 
calculated by the fol lowing Eq. [2] assuming that the 
total amount  of charge passed during deposition was 
used for react ion [1] 

Fe 2+ ---> Fe S+ + e -  [1] 

Ga = --~ iadt [2] 

where  i a is the  anodic cur ren t  density, t the t ime of 
deposition, and F the Faraday. The value  of Gc corre-  
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Fig. I. The change in current density during the anodic deposition 
in 0.15N-NH4CIO4 solutions. Curve I ,  pH 7.62-7.49, Fe 2+ 
82.4 x 10 - 5  mole/liter; curve 3, pH 7.12-6.87, Fe 2+ 79.6 x 10 - 5  
mole/liter; curve 6, pH 7.01-6.82, Fe 2+ 8.61 x 10 - 5  mole/liter; 
curve 13, pH 7.00-6.87, Fe 2+ 8,14 x 10 - 5  mole/liter, PO43- 
21 x 10 - 6  mole/liter; curve 18, pH 6.98-6.88, Fe 2+ 9.06 x 10 - 5  
mole/liter, CH3COO- 21 x i0 - 6  mole/liter. 

sponds to the concentrat ion change of ferrous ion dur-  
ing anodic deposition, and the value of Ge' was ob- 
tained by dissolving the film in dilute hydrochloric  
acid. The thickness of the film was calculated f rom the 
value  of Ga assuming a solid film of 7-FeOOH with  a 
density of 4.07 (8). 

As can be seen, the value of Ga is in good agreement  
wi th  that  of Go, which indicates that  the anodic deposi-  
tion proceeds by the oxidation of the ferrous state to 
~he ferr ic  state with a current  efficiency of near ly  100%. 
The quant i ty  of iron deposited and the thickness of the 
film should be proport ional  to the amount  of charge 
passed. Values of Gw and Gw" are always larger  than 
Ga or Gc and changed from day to day because Gw and 
Gw' were  calculated f rom the weight  of film assuming 
a -~-FeOOH film without  water  al though it did contain 
some adsorbed water.  The water  was loosely adsorbed 
and could be removed by evacuat ion to 10 -7 Torr, since 
vacuum x - r ay  microanalysis  of the film in 10 -7 Tor t  
showed the atomic ratio of iron and oxygen to be �89 
(9 ) .  

The concentrat ion of ferrous ion in the solution at 
any t ime during the anodic deposition could be cal- 
culated from the init ial  concentrat ion and the total  
number  of coulombs passed up to that  time. The re la-  
tionships be tween  anodic current  density and ferrous 
ion concentrat ion at various pH's are shown plotted on 
a log-log scale in Fig. 2. At all pH's there is a l inear  
relat ionship be tween [Fe + + ] and current.  At high pH's 
and in termedia te  or low concentrations of ferrous ion 
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Fig. 2. Relationship between anodic current density and concen- 
tration of ferrous ion in 0.15N-NH4CIO4 solution. 

all the results fit a single straight  line. At lower  pH's 
the deposition rate  (current  density) at the same fer-  
rous ion concentrat ion is lower. This would  indicate 
that  the depositing species is not simply ferrous ion 
but is a complex ion the concentrat ion of which is pH 
dependent  and increases wi th  increasing pH. At  suffi- 
ciently high pH (e.g., 7.5) all of the iron is probably 
in the complex form. 

In that  the depositing species is stable at high pH's 
it is probably FeOH + formed by the fol lowing reaction 

Fe 2+ + H20--> FeOH + + H + [3] 

and anodic deposition in the perchlorate  solutions oc- 
curs exclusively by the reaction 

FeOH + + H20--> 7-FeOOH -5 2H + -5 e [4] 

Line 1 in Fig. 6 has a slope of 45 ~ and the data would 
also give a l inear plot on l inear  coordinates. This in-  
dicates that  the ra te  of deposition is probably diffusion 
controlled and that  ei ther the iron in these solutions 
is mainly  present as FeOH + or that  the hydra t ion  re-  
action [3] is ve ry  rapid. The fact that  the slopes of the 
other curves shown in Fig. 2 deviate  marked ly  from 
that  of l ine 1 would  indicate that  the assumption of an 
init ial  high proport ion FeOH + is the more  acceptable 
assumption, a l though some hydrat ion must obviously 
take place during the run. However ,  the init ial  ra te  in 
the s teady-state  region of deposition (after  the sharp 
initial drop in current  due to the formation of the first 
30A of film) is lower at low pH's than high and this 
is due to a lower  FeOH + concentration. 

Table I. The quantity of iron deposited as effected by pH and [Fe + +] in 0.15N-NH4CIO4 solutions 

E x p e r i -  C o n c e n t r a t i o n  F i l m  
m e n t  of F e ~  Q u a n t i t y  of iron deposited (10-~ g - a t o m / c m  2) t h i c k -  
No. pH (10 -5 m o l e / l i t e r )  G,~ Ga Ge Gw '  Ge '  ne s s  (A) 

1 7.62-7.42 82.4 22.575 20.279 20.624 22.452 20.053 4427 
2 7.23-6.92 83.5 16.476 15.005 14.908 16.285 15.577 3270 
3 7.12-6.87 79.6 12.627 11.438 11.048 12.537 12.031 2497 
4 6.32-6.15 84.8 5.109 4.239 5.257 5.109 4.532 925 
5 7.50-7.38 8.05 2.386 2.001 2.001 2.386 2.005 437 
6 7.01-6.82 8.61 2.138 1.889 1.901 2.251 1.897 412 
7 6.37-6.12 8,61 0.687 0.599 0,670 0.687 0.615 131 
8 6.82-5.74 9.04 0.203 0.186 0.236 0.169 0.145 41 
9 7.50-7.49 0.675 0.248 0.192 0,195 0.293 0.144 42 

10" 7.05-6.90 0.678 0.338 0.211 0.214 0.236 0.233 46 
11 6.40-6.23 0,779 0.259 0,165 0.140 0,270 0.146 36 
12 5.80-5.80 0,792 0.136 0,062 0,035 0.158 0.050 14 

Gw, f r o m  the  f i lm w e i g h t  a f t e r  deposition, 
G~, f r o m  the  t o t a l  a m o u n t  of charge passed during deposition. 
Go, f r o m  the  c o n c e n t r a t i o n  c h a n g e  d u r i n g  depos i t ion .  
Gw',  f r o m  the  w e i g h t  loss of s p e c i m e n  by  d i s s o l u t i o n  of the  f i lm. 
G j ,  f r o m  the  concen t r a t i on  of  i r o n  in  the  s o l u t i o n  in  w h i c h  the  f i lm was  d i s so lved .  
T h i c k n e s s  o f  f i lm ca l cu l a t ed  f r o m  the  va lue  o f  Ga assuming t h a t  the  film consists of  -/-FeOOI-I w i t h  d e n s i t y  of  4.07, 
C o n c e n t r a t i o n  of f e r rous  ions  ca l cu l a t ed  f rom the  e o l o r i m e t r i c  a n a l y s i s  of  the  so lu t i on  be fore  anod ie  depos i t i on .  
p H  of so lu t ion ,  m e a s u r e d  be fore  a nd  a f t e r  anod ic  depos i t ion .  
* A l l  depos i t i ons  we re  ca r r i ed  ou t  fo r  60 ra in  e x c e p t  fo r  e x p e r i m e n t  No. 10 w h i c h  was  done for 90 rain.  
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Table II. Stability constant of FeOH + 

I n i t i a l  con-  
C o n c e n t r a t i o n  c e n t r a t i o n  A v e r a g e  

of  a n i o n  of  F e  e+ ion  In i t i a l  v a l u e  of  
( m o l e / l i t e r )  ( m o l e / l i t e r )  p H  log  K log  K 

- -  8.25 • 10 -4 7.62 --6.34 
- -  6,67 • 10 -4 7.23 --6.69 
- -  7.96 • 10-~ 7.12 --7.01 

8.48 • 10 -4 6.32 --6.94 --6.63 
- -  8.05 • 10 ~ 7.50 --6.27 
- -  8.59 • 10 -G 6.94 - -6 .35 
- -  8.61 x I 0 ~  6.37 - -6.79 

CH~COO- 
1 x 1 0 ~  8.53 X 10 ~ 6.97 - -6.14 
2 x 10 -~ 9.09 x 10`4 6.98 --6.21 --6.23 
2 x 10`4 8.75 x 10 ~ 7.00 --6.27 
2 x 10-~ 8.48 x 10 ~ 6.98 - -6.28 

C1- 
2 x 10-~ 8.38 x 10 ~ 7.02 --6.26 
2 x 10 ̀ 4 8.14 x 10 ~ 7.00 - -6.29 - 6 , 2 3  
2 x 10 -7 8.42 x 10 ~5 7.00 - -6.12 

S04~- 
2 x 10`4 8.25 x 10 ~ 7.02 --6.28 
2 x 10`4 8,14 • 10`4 7.00 --6.23 --6.28 
2 X 10-7 8.31 x 10`4 7.04 --6.23 

B o l z a n  a n d  A r v i a  (10) had an a v e r a g e  v a l u e  of  log  K of  --6.74. 

Assuming that  the current  density is direct ly pro-  
port ional  to the FeOH + concentrat ion and that  the 
Fe  + + ion in those solutions fol lowing line 1 is main ly  
present as FeOH +, one can calculate the FeOH + con- 
centrat ion in those solutions which do not give dep-  
osition lines on line 1. This gives the FeOH + concen-  
t rat ion for a range of pH and total Fe  + + and allows 
the calculat ion of a stabil i ty constant. The numbers  
are given in Table II. The  average va lue  in the per -  
chlorate solutions is --6.63, which is in good agree-  
ment  wi th  the  va lue  of --6.74 obtained by Bolzan and 
Arvis  (10) using a potent ia l - t i t ra t ion  technique. This 
indicates that  the assumption of almost complete hy-  
drat ion to FeOH + assumed for line 1 is essentially 
correct. If  one takes the value of 6.6 as correct for the 
stabil i ty constant the ratio of F e O H + / F e  ++ varies  
f rom 25 a t p H  8 to 0.25 at p H 6 .  

The deviat ion of the slopes of the curves at lower  
pH's or low Fe + + concentra t ion f rom the slope of line 
1 would indicate that  the concentrat ion of the deposit-  
ing species FeOH + decreases more  rapidly than the 
total  concentrat ion of i ron in the solution and would  
indicate that  the hydrat ion rate is less than  the deposi-  
t ion ra te  ~ at low pH's  and /or  Fe  + + ion concentration. 

Perchlorate solution wi th  phosphate . - -The pla t inum 
specimens were  anodically polarized at +300 mV at 
different pH's in perchlorate  solutions containing 8 X 
10 -5 mole / l i t e r  ferrous ion and different quant i t ies  of 
phosphate. An example  of the change in anodic current  
density wi th  t ime is shown in curve 13, Fig. 1. In  Table 
I I I  are shown the quanti t ies  of iron deposited and the 

phosphate content  of the film at various concentrations 
of phopshate ion and pH after  1 hr  deposition. The 
quant i ty  of iron deposited increased wi th  an increase 
of pH of the solution at the same concentrat ion of phos- 
phate ion. In solutions wi th  a high concentrat ion of 
phosphate ion (curve 13, Fig. 1) the quant i ty  of iron 
deposited was remarkab ly  lower in comparison wi th  
that obtained in solutions with a low concentrat ion of 
phosphate ion and a significantly larger  quant i ty  of 
phosphate ion was contained in the film. Clear electron 
diffraction pat terns corresponding to 7-FeOOH were  
obtained f rom the anodic deposition films except  for 
the film in the exper iment  por t rayed by curve 13. A 
very  diffuse diffraction pat tern  was obtained f rom the 
film formed in a solution with  21 • 10 -6 mole / l i t e r  
phosphate ion (curve 13) due to the formation of a fine 
crystall ine or amorphous film. The iron phosphate com- 
pound of fine crystal l ine or amorphous state has been 
reported to be FePO4 �9 2H20 (11). If the compound 
containing phosphate was FePO4 �9 2H20, the quant i ty  
of iron deposited, Ga, can be divided into two portions: 
one of them corresponds to 7-FeOOH, G a F e O O H ,  and 
the other to FePO4 �9 2H20, G a f e P O 4 .  The lat ter  was 
estimated from the phosphate content of the film. The 
thickness of the film was calculated f rom values of 
G a F e O O H  and G a F e P O 4  assuming the film to consist of a 
mix ture  of ~-FeOOH with a density of 4.07 (10) and of 
FePO4 �9 2H20 with a density of 2.87 (12). 

As shown in Fig. 3, there  were  l inear relationships 
between the logs of the anodic current  density and fer-  
rous i on  concentration. It is, therefore,  probable that  
the ra te  of deposition in perchlora te- fer rous  ion solu- 
t ion with  phosphate also depended on the concentra-  
t ion of depositing species. The anodic current  density, 
ia, can be divided into two parts, that  is, current  den-  
sity of 7-FeOOH formation, iaFeOOH, and that  of 
FePO~ . 2H~O formation, i a F e P 0 4 .  Because the phos- 
phate content of the film increased with decrease of pH 
(Table III) ,  we  assume that  the depositing species re-  
sponsible for the formation of F e P O 4 . 2 H 2 0  was 
FeH2PO4 + ion formed by the reaction 

Fe 2+ + H2PO4- -> FeH2PO4 + [5] 

and that  F e P O 4 . 2 H 2 0  was formed by the electrode 
react ion 

FeH2PO4 + + 2H20--> FePO4 �9 2H20 + 2H + + e -  [6] 

If we assume that  when the  concentrat ion of H2FO4- 
ion was lower than that  of ferrous ion, as in the present 
work, and that  the major i ty  of H2PO4- species had 
formed FeH2PO4 + ion before anodic deposition was 
carried out (i.e., that  the reaction [5] is re la t ively  
slow), then the concentrat ion of FeH2PO4 + ion during 
anodic deposition can be est imated by subtracting 
G a f e P O 4  f rom the initial concentrat ion of H2PO4- ion. 
The lat ter  can be est imated at a given pH and using 
the equi l ibr ium constant of the reaction 

Table III. The change in film composition with pH and concentration of phosphate in 0.15N-NH4CI04 solutions 

C o n c e n t r a -  C o n c e n t r a -  Q u a n t i t y  
t ion of  P o 4  a- t i on  of  F e  2+ of  PO4 s- Q u a n t i t y  of  iron depos i ted  

E x p e r i -  i o n  (10 -e i on  (10 ~ in  f i lm  (10-~ g - a t o m / c m  ~) 
merit No.  p H  m o l e / l l t e r )  m o l e / l l t e r )  (~g /cm2)  G w  G= GaFe00H GaFeP04 

F i l m  th ickness  
(A) 

TFeootI TFepo 4 

13 7.00-6.87 21 8.14 3.10 1,643 0.927 0.601 0,326 131 219 
14 7.49-7.38 2.1 7.9,0 0,271 2.465 1.959 1.930 0,029 418 19 
18 6.97-6.90 2.1 8.12 0.348 1.868 1.607 1.570 0,037 340 25 
18 6.36-6.23 2.1 8.33 0.497 0.754 0,637 0.585 0,052 128 35 
17 6.97-6.90 0.21 8.42 -- 2.228 1.810 . . . .  

Gw,  f r o m  t h e  f i lm  w e i g h t  a f t e r  depos i t i on .  
G , ,  f r o m  the total  a m o u n t  of  c h a r g e  p a s s e d  d u r i n g  deposi t ion.  
GaFeOOH, Ga -- GaFePO&. 
GaFePO&, f r o m  quant i ty  of  P O c  8 in fi lm as suming  t h a t  PO~ -~ i s  p r e s e n t  a s  FePO~ �9 2H~O. 
TFeOOH, e s t i m a t e d  f r o m  t h e  v a l u e  (~aFeOOH a s s u m i n g  a d e n s i t y  of  7 - F e O O H  of 4.07. 
TFePO$, e s t i m a t e d  f r o m  the  va lue  of GaFePO~ a s s u m i n g  a dens i ty  of  FePO4  - 2 H 2 0  of  2.87. 
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Fig. 3. Effect of phosphate ion concentration and pH on slope of 
curves of log anodic current density vs log ferrous ion concentration. 
Initial concentration of ferrous ion ~ 8 x 10 -.5 mole/l iter.  

pH Concentration of phosphate ion 

13 7.00-6.87 21 x 10 -6  mole/liter 
14 7.49-7.38 2.1 
15 6.97-6.90 2.1 
]6 6.36-6.23 2.! 
17 6.97-6.90 0.21 

H2PO4- -> HPO4 2- + H + [7] 

log K ---- --7.19 (13) 

In Fig. 4 is shown the change of anodic current  density 
of FePO4 formation, i aFeP04 ,  a s  a function of the con- 
centrat ion of H2PO~- ion. If  the ra te  of deposition of 
F e P O 4 . 2 H 2 0  depended only on the concentrat ion of 
FeH2PO4 + ion, the l inear  relat ionship should be seen 
on the figure of iaFePO4 VS. concentrat ion of H2PO4- ion. 
A fair ly good l inear relationship between anodic cur-  
ren t  of FePO4 formation and concentrat ion of H2PO4- 
ion was  obtained, 2 al though some slight deviat ion f rom 
the ~ ideal gradient  of 45 ~ can be seen. It is, therefore,  
probable that  the anodic deposition in perch]orate-  
ferrous ion solution with  phosphate formed the film of 
%,-FeOOH and FePO4 �9 2H20 by reactions [4] and [6], 
and that  the rate of deposition depended on the con- 
centrat ion of FeOH + and FeH2PO4 + ions. The lower  
thickness may be related to the phosphate containing 

"-This cu r r en t ,  iaFePO@ was  ca l cu l a t ed  by  s u b t r a c t i n g  t he  c u r r e n t  
due  to d e p o s i t i o n  f r o m  the  r e s i d u a l  i r on  p r e s e n t  as FeOH § f r o m  the  
t o t a l  depos i t i on  cur ren t .  
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Fig. 4. Change in anodic current density of FePO4"2H20 forma- 
tion, iaFePO 4, with concentration of H 2 P 0 4 -  ion. 

film having a much higher  resistance than ,y-FeOOH, 
thus causing a greater  initial current  decrease in the 
first few seconds. 

Perch~orate soZution with other anions.--The plat i -  
num specimens were  anodically polarized at +300 mV 
at pH 7 in perchlorate  solutions containing 8 • 10 -5 
mole / l i t e r  of ferrous ion plus various concentrations of 
acetate, chloride, or sulfate ion. An  example  of the 
change in current  density wi th  t ime is shown in Fig. 1 
(curve 18). The shape of other  curves was similar  to 
that  of curve 18 al though the current  density changed 
sl ightly with slight changes of initial pH and init ial  
concentrat ion of ferrous ion. All  films formed in these 
solutions were  identified as ~-FeOOH and compounds 
containing acetate, chloride, or sulfate ion were  not 
found in the film by means of electron diffraction or 
chemical  analysis. 

The relat ionship be tween  the quant i ty  of iron de- 
posited and concentrat ion of anions in solutions is 
shown in Table IV. The va lue  of Ga is again in good 
agreement  with that  of Go, so that  the Eq. [1] and [2] 
are applicable to the anodic deposition in these solu- 
tions. The quant i ty  of iron deposited is not remarkab ly  
affected by concentrat ion changes of these anions. All  
the exper imenta l  points are ve ry  close to one straight 
line in the relat ionship be tween anodic current  density 
and ferrous ion concentrat ion as shown in Fig. 5. The 
stabili ty constant of the FeOH + ion in these solutions 
was est imated as shown in Table  II assuming that  the 
anodic deposition proceeded exclusively by the reaction 
[4]. Al though the stabili ty constants showed some 
variat ions f rom those obtained in perchlora te- fer rous  

Table IV. The relationship between the quantity of iron deposited and concentration of anions on the anodic deposition for 1 hr in 
0.15N-NH4CIO4 solutions with CHsCOONH4, NH4CI, or (NH4)2SO4 

C o n c e n t r a t i o n  C o n c e n t r a t i o n  Q u a n t i t y  of i ron  depos i t ed  F i l m  
E x p e r i -  of Fe  2+ (10 -5 of an ion  (10 -~ (10-~ g - a t o m / c m  ~) T h i c k -  

m e n t  No. PH m o l e / l i t e r )  m o l e / l i t e r )  Gw G .  Go G w '  Ge '  ness  (A) 

C I ~ C O 0 -  
18 6.98-6.88 9.06 21 2.420 2.007 2.046 2.341 2.021 438 
19 7.00-6.90 8.75 2.1 2.206 1.901 1.882 2.195 1.892 415 
20 6.98-6.90 8.48 0.21 2.251 1.801 1.631 2.217 1.887 393 

C1- 
21 7.02-6.90 8.38 21 2.206 1.834 1.840 2.172 1.844 400 
22 7.03-6.93 8.42 2.1 2.138 1.872 1,885 2.127 1.871 409 
23 7.00-6.90 8.42 0.21 2.217 1.903 1.903 2.352 1.920 415 

S0.~-  
24 7.02-6.97 8.25 21 2.206 1.789 1.787 2.206 1.789 391 
25 6.99-6,89 8,14 2.1 2.239 1,785 1,764 2.149 1,783 396 
26 7.04-6.94 8.31 0.21 2,048 1.786 1.781 2,104 1,783 390 

M e t h o d s  by  w h i c h  v a l u e s  l i s t ed  a b o v e  w e r e  o b t a i n e d  are  d e s c r i b e d  i n  T a b l e  I. T h e  f i l m  t h i c k n e s s  was  c a l c u l a t e d  f r o m  t h e  v a l u e  o f  G .  
a s s u m i n g  t h a t  t he  f i lm c o n s i s t s  o f  ~-FeOOH.  
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Fig. 5. Relationship between anodic current density and concen- 
tration of ferrous ion in 0.15N-NH4CIO4 solution with CH3COO-, 
C I - ,  or SO42- ion. pH~.7.0-6.9. (Z), No addition of other anions; 
[ ] ,  CH3COO- 20-0.2 x 10 -6  mole/liter; -]-, C I -  20-0.2 x 10 -6  
mole/liter; A ,  SO42- 20-0.2 x 10 -6  mole/liter. 

ion solution without  other  anions, it can be said that  
the anodic deposition in perchlora te- fer rous  ion solu- 
tions wi th  the addition of acetate, chloride, or sulfate 
ion proceeded mostly by the reaction [4]. According to 
Leibenguth  and Cohen (5) sulfate was contained in 
the anodic deposition film formed f rom Fe + + in 0.15N- 
(NH4)2SO4 solution and the sulfate content  of the film 
increased with  decrease of pH. Thus FeHSO4 + ion 
may play a minor  role as one of the depositing species 
in sulfa te-ferrous ion solution. 

Dil~usion coel~cients of depositing species.--In order  
to obtain the l imit ing current  of oxidat ion of FeOH + 
ion the anodic deposition was carr ied out in deaerated 
stagnant perchlora te- fer rous  ion solutions wi thout  
other anions. The results are shown as l ine 1' in Fig. 6. 
In st irred solutions the l imit ing current  as a function 
of FeOH + ion concentrat ion was obtained as line 1 in 
Fig. 2. In solutions wi th  phosphate a l inear  relat ionship 
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Fig. 6. Effect of concentration of depositing species on the limit- 
ing diffusion current of anndic deposition. Curve 1, FeOH + in 
C104- solution with constant stirring; curve 1', FeOH + in C I04-  
solution without stirring; curve 2, FeH2P04 + in C104- solution 
with constant stirring; curve 3, in borate-boric acid solution 
(Nagayama and Cohen). 
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between anodic current  for FePO4" 2H20 format ion 
and concentrat ion of H2PO4- ion was obtained, as seen 
in Fig. 3, al though the gradient  of the line is sl ightly 
lower  than 45 ~ . This has arisen because no account of 
FeH2PO4 + ion formation by reactions [7] and [5] dur-  
ing anodic deposition was taken in calculating the 
FeH2PO4 + ion concentration. If  the correct ion is made 
to the concentrat ion of FeH2PO4 + ion, l ine 2 in Fig. 6 
may be drawn for the anodic current  density of FePO4 
�9 2H20 formation vs. FeH2PO4 + ion concentrat ion in 
s t i rred solution. Nagayama and Cohen (2) had ob- 
tained l ine 3 f rom neutra l  borate-bor ic  acid solution. 

F rom Fig. 6, diffusion coefficients of depositing spe- 
cies can be est imated by the simple diffusion equation 

~a ---- nFDC/d  [8] 

where  ia is the l imit ing cur ren t  ( A / c m  2) at a concen- 
t rat ion of depositing species of C (mole/cma) ,  F the 
Faraday,  and d the effective thickness of the diffusion 
layer  which was assumed to be 5 X 10 -2 cm in stag- 
nant solution. The diffusion coefficient of FeOH + ion 
was approximate ly  1.3 X 10 -5 cm 2 sec -1 f rom the l ine 
1' in Fig. 6. The effective thickness of the diffusion 
layer  in stirred solution was est imated to be 1 X 10 -2 
cm assuming the same diffusion coefficient for FeOH + 
ion in stagnant  solution (line 1') and st irred solution 
(line 1). The flow rate of argon for s t i r r ing was the 
same in solutions wi thout  phosphate (l ine 1) and with 
phosphate (line 2). Therefore,  using d : 1 X 10 -2 cm 
in st irred solutions, the diffusion coefficient of 
FeH2PO4 + ion was est imated f rom l ine 2 and was 
approximate ly  1.5 X 10 - s  cm 2 sec -1. The diffusion co- 
efficients seem to be reasonable. The diffusion co- 
efficient of the depositing species in neut ra l  bora te-  
boric acid solution had been reported as 5 X 10 -6 cm 2 
sec -1 (2). This confirms a previous observation (4) 
that  deposition in borate  solution is par t ly  via a fe r -  
rous borate  complex. 

S u m m a r y  
1. The anodic deposition of films on p la t inum from 

ferrous ion in perchlorate  solutions wi th  and without  
addit ion of phosphate, acetate, chloride, and sulfate 
was studied. 

2. In the ferrous solutions containing only per -  
chlorate ion the film was 7-FeOOH and was formed by 
anodic oxidation of FeOH + ion. The rate of deposition 
depended only on the concentrat ion of FeOH + ion. The 
stabil i ty constant K of the FeOH + was est imated as log 
K : --6.63. 

3. In fer rous-perchlora te  solutions containing phos- 
phate  ion the film was a mix tu re  of -t-FeOOH and 
FePO4 �9 H20 and was formed by the simultaneous oxi-  
dation of FeOH + and FeH2PO4 + ions. The resistance 
of the phosphate-containing film is probably  higher  
than that  of the other  films. 

4. In perchlora te- fer rous  ion solution wi th  acetate, 
chloride, or sulfate the anodic deposition proceeded 
mostly by oxidation of FeOH + ion to -~-FeOOH film. 

5. Diffusion coefficients of FeOH + and FeH2PO4 + 
ions were  est imated as DFeOH+ ---: 1.3 X 10 -5 cm 2 sec -1 
and DFeH2PO4+ = 1.5 X 10 -5 cm 2 sec -1. 

Manuscript  submit ted May 14, 1973; revised manu-  
script received Aug. 10, 1973. 

Any  discussion of this paper wil l  appear  in a Discus- 
sion Section to be published in the December  1974 
JOURNAL. 
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The Cathodic Reduction of Gamma-FeOOH, 
Gamma-Fe. O., and Oxide Films on Iron 

Morris Cohen* and Koji Hashimoto ~ 
National Research Council of Canada, Ottawa, Ontario, Canada 

ABSTRACT 
A comparison has been made of the galvanostatic reduct ion of i ron oxide 

films formed by deposition on p la t inum and by anodic or air oxidation of iron. 
The major  reduction process is that  of Fe + + + ion to Fe + + ion in solution. 
Some ferrous ion is adsorbed on the unreduced oxide. There is no evidence 
for reduct ion to an in termedia te  solid phase. The results indicate that  the two 
waves observed in the cathodic reduct ion of anodically formed (or a i r - formed)  
films are due to the presence of the two "phases" Fe304 and 7-Fe~O3 in the 
as- formed films. 

Thin iron oxide films of various compositions can be 
formed in a var ie ty  of ways, such as by dry oxidation 
of iron, direct anodic oxidation of iron, and deposition 
on ei ther iron or p la t inum from ferrous ion in solution. 
In previous work  it was shown that  films formed in 
iron by ei ther  anodic oxidation (1) or dry oxidation 
at low tempera tures  (2) have quite  similar  cathodic 
behavior.  Cathodic reduct ion curves in neutra l  borate 
solutions showed two waves, one corresponding to the 
reduct ion of ferr ic ion in the outer layer  of ~-Fe~20~ 
to give Fe + + in solution and the other  to the  reduct ion 
of under lying Fe304 to give a combinat ion of Fe  + + in 
solution and reduced iron. Al though two waves  are ob- 
served, it is not implied that  there  are two distinct 
phases wi th  a sharp grain boundary in be tween  in these 
thin films. The films have a composition vary ing  f rom 
Fe304 near  the meta l  to "~-Fe203 or  even  Fe~-xOs at 
the outer  surface. 

In the work  reported here this previous cathodic 
reduction behavior  is compared to the cathodic re-  
duction of films deposited on platinum. As was shown 
in the earl ier  work, the films deposited f rom Fe + + ion 
in borate solutions (3) are amorphous and contain 
borate, while those deposited from Fe + + in sulfate (4) 
or perchlora te  (5) solutions are crystal l ine and gave 
the electron diffraction pa t te rn  of ~-FeOOH. In both 
cases the iron in the films was almost completely  in 
the ferr ic state. It was also previously shown (4) that  
the -y-FeOOH films could be conver ted to "~-Fe208 by 
vacuum heat ing and exposure to air. This type of 
7-Fe203 was also cathodically reduced and the results  
compared to those obtained f rom reduct ion of both 
the deposited films and films on anodically oxidized 
iron. 

Experimental 
The anodic deposition on previously cleaned plat i -  

num was carr ied out in a borate  buffer solution of pH 
8.4 (made by mixing equal  volumes of 0.3 mole / l i t e r  
HsBO8 and 0.075 mole / l i t e r  Na2B4Or �9 l0 H20) or 0.15N- 
NH4C104, both containing FeSO4(NH4)2SO4 �9 6H20. 
The solution used for cathodic reduct ion was the 

�9 Elect rochemical  Society Act ive  M e m b e r .  
1 P r e s e n t  address :  The Research  Ins t i tu te  for  I ron,  Steel  a n d  

O t h e r  Metals, Tohoku Univers i ty ,  S e n d a l  Japan .  
K e y  words :  i ron oxide films, th in  films, passivi ty .  

slightly basic borate  solution (pH ---- 8.4) wi thout  
ferrous ion. A 1N-HC1-0.55N-I-~PO4 solution was used 
for the dissolution of residual films on p la t inum after 
cathodic reduction. I-~PO4 was added to stabilize the 
ratio of ferrous ion to ferr ic ion in solution (6). Solu-  
tions used for anodic deposition, cathodic reduction, 
and dissolution of films were  deaerated by bubbling 
oxygen- f ree  argon through the solution via  a s intered 
disk for over  40 hr. 

Anodic deposition was carr ied out on p la t inum speci- 
mens of a total area of 10 cm 2 at a constant potential  s 
of -t-300 mV and a constant t empera tu re  of 25 ~ __ I~ 
in a solution st i rred by bubbling argon at a constant  
flow. Immedia te ly  after  anodic deposition, the  cell wi th  
the specimen was rinsed 3 t imes by the  borate-bor ic  
acid solution and then cathodic reduct ion was carried 
out at a constant current  density of 10 ~A/cm ~ at a con- 
stant t empera ture  of 25 ~ ___ I~ in stagnant borate-bor ic  
acid solution under  argon flow. Af te r  an appropr ia te  
time, cathodic reduct ion was in te r rupted  and the solu- 
tion was stirred by bubbling the argon for 1 min  and 
was then drained f rom the cell to de termine  the weight  
of dissolved iron by the o-phenanthro l ine  method. The 
cell wi th  specimen was then  rinsed 3 t imes wi th  the 
borate-bor ic  acid solution and deaerated hydrochloric  
acid-o-phosphoric acid solution t ransferred into the cell 
to dissolve the residual film on the  platinum. The solu- 
tions formed by the dissolution of the residual  film 
were  analyzed using the o-phenanthrol ine  (7) for total  
iron and aa ' -d ipyr idyl  for ferrous ion. 

Anodic deposition takes place wi th  a cur ren t  efli- 
ciency of 100% (2) f rom ferrous ion to ferr ic  oxide 
film. Consequent ly the thickness of the deposited film 
can be obtained f rom the graphic integrat ion of current  
dens i ty- t ime curves of anodic deposition. The deposited 
film from the perchlorate  solution was identified as 
~-FeOOH by electron diffraction (5). The deposited 
film f rom the borate-boric  acid solution was est imated 
to be Fe-Bo.s2~0.8502.0.~.2"Hx using the technique of vac-  
uum x - r ay  microanalysis  (8). Some of the ~-FeOOH 
films were  annealed under  vacuum at about 10 .8  Torr  
at 180~ unti l  no release of wa te r  f rom the specimens 
was observed by a mass spectrometer.  Then the films 

All potent ials  in  the paper  are re la t ive  to the s a t u r a t e d  c a lo me l  
electrode. 
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were exposed to air for 5 days and electron diffraction 
patterns which corresponded to 7-Fe203 were  taken. 
These films were  used for cathodic reduction as speci- 
mens of 7-Fe203. 

Resul ts  
As had been observed previously wi th  films formed 

in sulfate solutions (4), the ~-FeOOH films on pla t inum 
could not be reduced by a single cathodic reduction 
step. In Fig. 1 are shown a series of cathodic reduct ion 
curves for a specimen originally covered wi th  a film 
containing 9.55 ~g F e / c m  2 (~-- 400A). Curve 1 is the 
initial cathodic reduct ion curve  and shows a long 
plateau during which iron is being reduced to give 
Fe + + in solution with  quite a high current  efficiency. 
However  at point A (Fig. 1), at which the second 
plateau is reached, there  is still about 15% of the origi-  
nal iron (1.0 ~g F e / c m  2) left on the platinum. Renew-  
ing the deaerated borate buffer solution and r e -app ly -  
ing the cathodic current  gives a potential  curve without  
a reduct ion plateau and no fur ther  iron is put into 
solution. If, however,  the specimen is first exposed to 
air before fur ther  cathodic t reatment ,  a second reduc-  
tion wave  is observed, as shown in curve 2, Fig. 1, and 
more  iron is put into solution. This can be continued 
until  at about the four th  cycle no fur ther  iron goes into 
solution al though a reduct ion wave  is observed, This 
may indicate that at that  point the meta l  is completely  
reduced to deposited metal l ic  iron, which oxidized on 
exposure to moist air. Af te r  each cathodic reduction 
and exposure to air the specimen gave an electron dif- 
fract ion pa t te rn  of v-FeOOH. No other oxide was iden-  
tified. 
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Fig. 1. Successive cathodic reduction curves for 7-FeOOH on 
platinum. Specimen exposed to air after each reduction cycle. At 
point A over 80% of the film was reduced. 

The cathodic reduction curves for the various films 
are shown in Fig. 2. Curves 1-4 are for various de- 
posited films while  curve 0 is for p la t inum and curve 5 
for anodically oxidized iron. Tables I - IV contain a 
summary  of the data for each of the deposited speci- 
mens with regard to both anodic and cathodic charges 
in coulombs and the weights of total, ferr ic and ferrous 
iron. Analyses of the films were  made for total iron and 
ferrous ion. Ferr ic  ion was obtained by difference. Only 
ferrous ion was found in solution after  cathodic reduc-  
tion. The weight  of residual ferr ic  ion in the deposited 

Table I. Results of cathodic reduction of thicker film formed in 
borate-boric acid solution 

Amount 
of charge, 

m c o u l o m b s /  WF~ ~* 
cm~ W e i g h t  of i ron,  ]Lg/cm 2 
~c Wd Wf ~W Wa WFe 2+ WFe 3+ WFe a+ 

0 0 6.96 6.96 6.97 0.28 6.68 0.04 
0.6 0.03 6.99 7.02 6.98 0.56 6.43 0.09 
1.8 0.26 6.72 6.98 6.98 0.71 6.01 0.12 
3.6 0.96 5.98 6.94 6.93 1.07 4.91 0.22 
6.0 2.19 4.77 6.96 6.97 1.13 3.64 0.31 
7.8 3.43 3.57 7.00 8.99 1.02 2.55 0.40 
9.8 4.56 2.43 6.99 6.98 0.76 1.67 0.46 

10.8 4.77 2.21 6.98 6~99 0.79 1.42 0.51 
12.0 4.63 2.48 7.11 7.11 0.99 1.49 0.87 

Wd, w e i g h t  d i s so lved .  
Wt,  w e i g h t  r e m a i n i n g  in  film. 
Wa, w e i g h t  deposited during anodic deposition. 

Table II. Results of cathodic reduction of thinner film formed in 
borate-boric acid solution 

A m o u n t  
of charge, 

m c o u l o m b s /  WF, ~* 
cm 2 Weight of  i ron ,  /zg/cm s 
Qc Wd Wf  ~W Wa WFe 2+ WFe 3+ WFe B+ 

0 0 3.73 3.73 3.73 0.14 3.59 0.04 
0.6 0.08 3.66 3.74 3.72 0.28 3.38 0.08 
1.2 0.20 3.53 3.73 3.69 0.42 3.11 0.14 
1.8 0.53 3.15 3.68 3.88 0.48 2.67 0.18 
3.0 1.05 2.67 3.72 3.73 0.54 2.13 0.27 
4.2 1.83 1.91 3.74 3.71 0.48 1.43 0.34 
4.8 2.21 1.52 3.73 3.72 0.42 1.10 0.38 
5.4 2.63 1.10 3.73 3.69 0.34 0.77 0.45 
7.2 2.62 1.12 3.74 3.71 0.37 0.75 0.48 
9.0 2.63 1.10 3.73 3.71 0.37 0.73 0.50 

12.0 2.63 1.10 3,73 3.73 0.37 0.73 0.50 

Table III. Results of cathodic reduction of ~'-FeOOH film 
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Fig. 2. Cathodic redaction curves for various films. O - - c l e a n  
platinum. 1. Thick f i lm deposited from borate. 2. Thinner f i lm 
( ~ 2 0 0 A )  from borate. 3. ~ - F e O O H  fi lm deposited from sutfate. 
4. "y-Fe~03 on platinum. 5. Anodical ly  formed oxide fi lm on iron. 

A m o u n t  
of charge, 

m c o u l o m b s /  WFe ~* 
cm s Weight  of  i ron ,  ~ g / c m  = 
Qc W6 Wt ZW Wa WFe ~§ WFe ~§ WFe ~§ 

O 0 3.50 3.50 3.51 0.09 3.41 0.03 
1.2 0.30 3.18 3.48 3.49 0.28 2.90 0.10 
2.4 0.77 2.74 3.51 3.50 0.44 2.30 0.19 
3.6 1.41 2.06 3.47 3.47 0.42 1.62 0.26 
4.8 2.17 1.31 3.48 3.56 0.34 0.97 0.35 
6.0 2.86 0.66 3.52 3.52 0.20 0.46 0.43 
7.2 3.00 0.55 3.55 3.55 0.20 0.35 0.56 
9.0 2.87 0.64 3.51 3.48 0.28 0.36 0.80 

Table IV. Results of cathodic reduction of 7-Fe208 film 

A m o u n t  
of charge, 

m c o u l o m b s /  WFe ~* 
cm2 Weight of  i ron ,  /~g/cm ~ 
Qc Wd W~ ~ W  Wa WFe ~+ WFe s~ WFe s§ 

0 O 3.48 3.48 3.49 0.03 3.45 0.01 
1.2 0.16 3.42 3.58 3.60 0.28 3.14 0.09 
2.4 0.56 3.09 3.65 3.68 0.44 2.85 0.17 
3.6 1.15 2.54 3.69 3.71 0.54 2.00 0.27 
4.2 1.50 2.15 3.65 3.68 0.51 1.64 0.31 
4.8 1.89 1.82 3.71 3.71 0.31 1.51 0.21 
6.0 2.41 1.31 3.72 3.75 0.23 1.08 0.21 
7.2 2.62 0.85 3.47 3.47 0.16 0.69 0.22 
9.0 3.22 0.59 3.81 3.78 0,11 0.48 0.23 

12.0 3.19 0.55 3.74 3.74 0.10 0.45 0.22 
38.0 3.87 O,O2 3.69 3.63 0.02 0 
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films decreased l inearly with time. The calculated cur-  
rent  efficiency, based on the current  going to the re-  
duction of ferric ion to ferrous ion, was 9 0 + %  for the 
7-FeOOH films and about 80% for the ~-Fe203 film on 
platinum. 

Plots of the Fe + + in solution after cathodic reduc-  
tion vs. coulombs for films of the same ferric ion con- 
tent  formed in three  different ways are shown in Fig. 3. 
The results for films deposited f rom borate  or per -  
chlorate are almost identical. The apparent  current  effi- 
ciency in the l inear port ion of the curve  is almost 100% 
for appearance of Fe + + in solution. The current  effi- 
ciency for the film conver ted to ~-Fe20~ is sl ightly less 
than 100%. However,  the 7-Fe203 can be completely 
reduced to Fe + + in solution by one long cathodic re-  
duction treatment .  The -~-FeOOH film stops reducing 
after  only about 80% of the Fe + + + ion is reduced. At 
that point the film also contains some ferrous ion, and 
as pointed out earlier, fur ther  reduct ion is only pos- 
sible if the specimen is first exposed to air. 

Discussion 
The cathodic reduction behavior  of the films on 

pla t inum are quite different depending on whether  
they are reduced as deposited or af ter  heating in vac-  
uum to convert  to 7-Fe20~. They also differ from anodi- 
cally formed or a i r - formed oxide films on iron. This 
over-a l l  difference in behavior  is related to both the 
initial film composition and to the disposition of the 
ferrous ion formed during the reduction of the ferr ic 
oxide film. A sensible in terpreta t ion of the cathodic 
behavior  is only possible by a comparison between the 
various films in relat ion to both their  method of forma-  
tion and their  reduct ion products. 

The basic cathodic reduction react ion is 

Fe + + +in  film + e--> Fe  + + [1] 

The ferrous iron can ei ther  go into solution or remain  
in the film as an adsorbed or occluded species. The 
solubility of Fe (OH)e in these solutions is sufficient to 
allow all the ferrous ion to go into solution. Sato et al. 
(9) have suggested that  the Fe203 or FeOOH might  
reduce to Fe304. In the exper iments  reported here some 
ferrous iron is found in the deposited films both as de- 
posited and as converted to 7-Fe203 after  various stages 
of cathodic reduction. The amount  first goes up and then 
decreases as the film is fur ther  thinned. At  the end of 
the cathodic reduct ion of the  pure 7-FeOOH films 
formed in perchlorate  solution, the Fe + + /Fe  + + + ratio 
(0.8) is quite far  from that  for Fe304 (0.5). An FesO4 
pat tern  is never  observed by diffraction after cathodic 
reduction. The 7-Fe203 film is completely reduced and  
the  F e + + + / F e  ++ ratio of FesO4 is never  observed. 
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Fig. 3. Amount of ferrous ion (~Vd) in solution at various stages 
(Qe) of cathodic reduction. The solid line is the theoretical at 
100% current efficiency. 

These facts indicate that  Fe304 is not formed as an 
intermediate  reduct ion product  for ei ther ~-Fe203 or 
FeOOH. 

The current  efficiency for the cathodic reduction of 
~-FeOOH is dependent  on how the calculation is made. 
If we use the amount  of Fe  + + + left in the film the 
current  efficiency based on Eq. [1] for about 80% of 
the reduction (to a potential  of --700 mV) is over  90%. 
The current  efficiency then drops and apparent ly  some 
of the current  is used in the production of both hydro-  
gen and metall ic iron. Based on previous work, which 
showed a very  low current  efficiency for the reduction 
of Fe304, the high current  efficiency suggests that Fe304 
is not a major  in termediate  product. The current  effi- 
ciency for the reduct ion of the ~-Fe208 over  the major  
portion of the curve is somewhat  less than this at about 
80% (again based on residual Fe + ++ ion in films), 
and may be due to the early part ial  baring of pla t inum 
and hence earl ier  evolut ion of hydrogen. 

If the current  efficiency is calculated on the basis 
of an analysis of Fe + + in solution, a different result  
is obtained. In all cases the current  efficiency is init ial ly 
small and then approaches 1 over  the in termediate  
range. In the case of the deposited films, both from 
borate and perchlorate,  at about --700 mV no fur ther  
increase of ferrous iron in solution is observed. With 
7-Fe203, al though the current  efficiency drops after 
about 80% if the film is dissolved, the Fe + + iron con- 
centrat ion continues to increase unti l  the whole  film is 
reduced. With the FeOOH type films fur ther  reduction 
is only possible if the specimen is first exposed to air. 
These results indicate that  the  major  port ion of the 
film is reduced direct ly  to Fe  + + in solution with  high 
current  efficiency. Some of the Fe + + remains in the 
film as an occluded or adsorbed species. The amount  
remaining in the film gradual ly  decreases as the  film 
thins, again suggesting an adsorbed species which de- 
creases in amount  as the film area and vo lume d e -  
crease.  The reduct ion of the -~-FeOOH ceases before 
it is completely reduced because it is shielded from the  
solution by the adsorbed Fe + + species, and the a l ter-  
nat ive  reactions to evolve  hydrogen and reduce the  
ferrous species to iron can take place. On exposure to 
air both the ferrous species and iron are oxidized and 
allow fur ther  cathodic reduction. 

The potentials at which the various processes take 
place are of some interest.  The potential  for the 
cathodic reduction of 7 -FeOOH on pla t inum appears 
to be a l i t t le higher  than  that  for ~-Fe208 on iron. This 
higher  potential  for the reduct ion of -y-FeOOH was 
also observed by Nagayama (10) for 7-FeOOH formed 
on top of passive iron. The waves  for the reduction of 
7-Fe203 on p la t inum or iron occur at essentially the 
same potential. The ~,-Fe208 on p la t inum shows only a 
single wave, i.e., a single stage reduction, and the final 
potential  is only slightly less than that  for hydrogen 
evolut ion on p la t inum (--710 mV).  In contrast  to this 
the final potential  for the reduct ion of ~-FeOOH is 
much lower than  this (--875 mV) and probably cor-  
responds to that  for hydrogen evolut ion on a con- 
taminated  (with film and possibly iron) p la t inum sur-  
face. The potentials for the cathodic reduct ion of mag-  
net i te  on iron and hydrogen evolut ion on iron both take 
place at lower potentials than  any of t h o s e  observed  
during cathodic reduct ion of the films on platinum. 

The two stage cathodic reduct ion of oxide films on 
iron has  also been observed with  films formed by dry  
oxidation at both low and medium tempera ture  and 
always corresponded to the  reduct ion of Fe~O8 and 
then FesO4. The potential  arrests for the reduct ion of 
the ~-Fe203 and Fe~O4 were  the s a m e  as  those ob- 
served during the reduct ion of the anodically formed 
o x i d e  film on iron. If  the iron is oxidized at a t em-  
pera ture  sufficiently high to form a film composed of 
a-Fe208 and FesO4, two reduct ion waves are again ob- 
Served. The wave  for the reduct ion of a-Fe2Oz takes 
place at a more  negat ive  potent ial  than  that  for 
~,-Fe~Os. 



Vol. 121, No. 1 CATHODIC REDUCTION ON IRON 45 

Conclusions 
The current  efficiencies for the reduction to Fe + + 

ion are high for the major  portion of all the films which 
were studied. 

Thick films of ~-FeOOH cannot be completely cath- 
odically reduced to Fe + + in  solution in a single step. 
This is due to a combinat ion of adsorption of the fer- 
rous species and some complete reduction to metallic 
iron. There is no evidence for the formation of Fe~O4 
as an intermediate reduction phase. 

Gamma-Fe203 film can be completely reduced to 
Fe + + ion in solution in a single step. 

The two waves observed in the cathodic-reduction 
of both a i r - formed and anodically formed films on 
iron correspond to layers of 7-Fe203 and Fe304 in the 
as-formed films. 

Manuscript  submit ted May 14, 1973; revised m a n u -  
script received Aug. 10, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
J O U R N A L .  
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Range Profiles for Ions Implanted 
into Anodic Tantalum Oxide 

J. P. S. Pringle* 
Chalk River Nuclear Laboratories, Atomic Energy oJ Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

Radioactive 2ANa*, 42K+, SSKr+, SSRb+, 125Xe+, 134Cs+, 2~ and 222Rn+ 
were implanted at 0.5, 1, 2, 5, 10, 20, 40, 80, and 160 keV into anodic t an ta lum 
oxide. A sectioning technique, based on slow dissolution of the oxide in con- 
centrated HF almost saturated wi th  Nt-hF, was used to obtain integrated range 
profiles, and these were analyzed for range parameters  by means of a least 
squares fitting procedure. Range profiles at 5 keV and above could be de- 
scribed, wi thin  experimental  error, as being normal ly  distributed; the modal 
ranges and s tandard deviations increased with energy, and with decreasing 
mass of the implant ing  ion. The ratio between modal range and s tandard de- 
viat ion was such that a portion of the normal  distr ibution extended beyond the 
oxide surface; evidence showing that a similar fraction of the ions would fail 
to implant  was discussed. Range profiles below 5 keV were much influenced 
by the na tu re  of the oxide surface, and could be distinguished exper imental ly  
in three parts. The first par t  was located in the contaminant  layer adsorbed 
on the oxide surface, the second in the immediate  surface layer itself, and the 
third at greater depths in the oxide; this last corresponds to the range profiles 
observed at higher energy. At 0.5 keV, the profile in the third par t  could be 
fitted with an  exponential ;  the change to a normal  distr ibution at 5 keV has 
been interpreted in  terms of Poisson statistics. 

In  the process of ion implantat ion,  a beam of ions 
accelerated to high energy impinges on the surface of 
a solid. Most come to rest a short distance into the 
solid, but  a few fail to implant  at all. Two concepts 
describe the  situation: the range profile, which mea-  
sures the concentrat ion as a funct ion of depth beneath 
the surface, and the sticking factor, which is that  frac- 
t ion of the incident  ions that  actual ly remains,  or 
sticks, in the solid. The present  paper describes the use 
of a highly precise sectioning technique (1, 2) to mea-  
sure range profiles in anodic t an ta lum oxide; some 
measurements  on the corresponding sticking factors are 
also reported. The results are used elsewhere (3, 4) in 
s tudying the migrat ion process dur ing the anodic oxi- 
dation itself. 

Range profiles were first reported from this labora-  
tory by Davies et al. (5) for radioactive 24Na+, 86Rb+, 
and 1~7Cs+ implanted in polycrystal l ine a luminum.  
These profiles were markedly  skew, for they consisted 
of a peak near  the surface, followed by an approxi-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words:  tantalum, anodic oxide,  ion implantation,  range pro -  

files. 

mately  exponential  tail extending deep into the metal. 
In  subsequent  work, Davies et al. (6) showed that  the 
exponential  tail  was due to channel ing of the implanted 
atoms along preferred directions in the crystal lattice. 
To el iminate the channel ing effect, I)omeij et al. (7) 
studied range profiles in  amorphous solids such as 
anodic A120~ and anodic WO3, and found that  the 
range profiles were "rather symmetric;" Jespersgard 
and Davies (8) subsequent ly  described them as being 
"Gaussian in form." Anodic Ta205 is also believed to be 
amorphous (9), and so the range profiles should be 
similar. 

These range profiles had all been measured with the 
aid of sectioning techniques developed by Davies and 
his co-workers. A luminum (10) or tungs ten  (11) was 
anodized to produce an oxide film, and the lat ter  dis- 
solved in a reagent  that  would not at tack the under -  
lying metal. By repeat ing this sequence of operations, 
thin uniform layers could be removed from the surface 
of the metal, and the range profile for an implanted 
species determined;  by al ter ing the procedure slightly, 
it was possible to measure range profiles in the anodic 
oxides as well  (7, 8). The resolution of a sectioning 
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technique depends on the l imit ing thinness with which 
the layers can be removed (1), and the lat ter  was about 
40A for both oxides. 

By contrast, the sectioning technique described in  a 
previous paper (1) of this series allowed the removal  
of layers as thin as 5A from the surface of anodic tan-  
ta lum oxide. The significance for range profile mea-  
surements  is that  whereas half the ions implanted at 
5 keV are removed with a 40A layer, half  the ions im-  
planted at 0.5 keV are removed with a 5A layer; range 
profiles can therefore be measured to much lower 
energies than  before. 

Exper imental  Measurements  
Method.--Tantalum coupons, 3.5 • 1.0 • 0.037 cm, 

were cut from 0.015 in. sheets supplied by the Fansteel  
Metallurgical  Corporation, and polished electrochemi- 
cally (1). All anodizations were performed at room 
tempera ture  and 1 m A / c m  2 with the apparatus devised 
by Walker  (12), using 0.1M H2SO4 as the electrolyte. 
The anodized coupons were wrapped in household a lu-  
m inum foil leaving the middle 2.0 • 0.4 cm of one face 
exposed; radioactive ions were implanted into the ex- 
posed area by means of the Chalk River isotope sepa- 
rator, whose use for this purpose has been described 
elsewhere (13). The implanta t ion  fluences ranged up to 
1015 ions/cm 2, but  were general ly less than  1013 ions/  
cm 2. Except for 85Kr, obtained from Oak Ridge, and  
222Rn, obtained from the Radium Chemical Company of 
New York, the radioactive species were all prepared in 
the NRX and NRU reactors at Chalk River by (n, 7) 
reactions on the stable precursors. 

Range profiles for the implanted ions were obtained 
by dissolving a series of thin uniform layers in suc- 
cession from the oxide surface (1) and counting the 
activity left after the removal  of each layer. The dis- 
solution was accomplished using concentrated HF al-  
most saturated with NH4F, and the thickness of the 
remaining  oxide was measured spectrophotometrically, 
with a s tandard error of 1.SA (1). All  counting was 
performed with a 2~ proportional methane counter, the 
222Rn being estimated from the E-activity of its decay 
products by the method of Bergstrom et aL (14). 
Counts and their statistical errors were corrected for 
counter  dead time, background, and radioactive decay 
by means of a program wri t ten  for a PDP-5 computer, 
and expressed as percentages of the ini t ial  count. The 
resul t ing exper imental  data, in the form of percentage 
counts remaining vs. oxide thickness remaining,  de- 
scribed the integrated range profile, from which the 
range parameters  could be extracted by means of the 
mathematical  analyses of the next  section. 

The implant ing  conditions were always adjusted so 
that the peak of the range profile occurred about 
1760A from the meta l /oxide  interface; the higher the 
energy, therefore, the thicker the oxide into which the 
ions were implanted.  This thickness was chosen as 
s tandard because it has an interference m i n i m u m  in 
third order near  350 rim, right in the middle of the 
favored 300-400 nm region for the operation of the 
spectrophotometer (1); thicknesses up to 350A on 
either side of 1760A could be measured without  chang-  
ing orders. Furthermore,  the interference color changes 
very rapidly about 1760A, from blue at slightly greater 
thicknesses to red at slightly smaller thicknesses; this 
feature was very useful for monitor ing the uni formi ty  
of the implanted area, and hence the uni formi ty  of the 
oxide dissolution (2). 

General description of results.--The characteristics 
of the integrated range profiles are i l lustrated in Fig. 1 
for 1 keV 134Cs+ and 40 keV 134Cs+. Each profile con- 
sisted of several parts, namely:  (i) A port ion of the 
activity that could be washed off the surface without  
any change in oxide thickness. At low energies, this 
portion could be substantial,  and this is why the 1 keV 
134Cs+ range profile does not start at 100% in Fig. 1. 
(ii) A range profile characteristic of ions implanted at 
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Fig. I. Integrated range profiles for 134Cs+ at 40 keY (o) and 1 
keV (c). The fraction of the activity that persists on continued 
stripping is labeled b, while d represents the neutral tail. Ovals 
drawn round each point at a radius of twice the standard error in- 
dicate the 95% confidence limits; these are ovals rather than 
ellipses because the plot is semi|ogarithmic. The absclssa is ex- 
pressed in terms of oxide thickness removed rather than film thick- 
ness remaining to allow comparison of the two samples on a single 
figure. 

the specified energy; these are labeled a and c in Fig. 1. 
(iii) At low energies, such as 1 keV, this profile was 
succeeded by another, labeled d in  Fig. 1. (iv) Finally,  
there was sometimes a very  small  portion of the activ- 
ity, labeled b in Fig. 1, that  could not be removed even 
on prolonged stripping. 

Removal of activity from the oxide surface.--The 
status of the  oxide surface after  implan ta t ion  wil l  be 
different from that  left after str ipping and washing, 
and so the first point  on the range  profile will  be 
anomalous. To reduce the anomaly, coupons implanted 
in the mass separator were washed for 30 sec in dis- 
tilled water  and 15 sec in acetone, according to the 
procedure described in a previous paper (1). This ini-  
tial washing had no detectable (0.5%) effect on the 
counting rate for any  noble gas implant,  but  it  did re-  
duce the counting rates for alkali  metal  implants,  as 
shown in Table I. 

Figure  2 shows the effect of repeated washings, 30 
sec in distilled water  followed by 15 sec in acetone, on 
foils containing 134Cs+ implanted  at 0.5 and 1 keV. The 
activity remaining decreases to the constant  values 
listed in the figure, and the decrease is approximately 
exponential .  To distinguish the effect of acetone from 
water, the exper iment  i l lustrated in  Fig. 3 was per-  
formed; foils containing 0.5 and 1 keV 86Rb+ were 

Table I. Fraction of initial activity left after washing with water 
(alkali metals) or 10% acetic acid (thallium). The standard error 

in the determination of each figure was 0.002-0.006, but 
reproducibility measurements (see text) suggest that the real 

variation could be perhaps ten times as much at the lowest energies. 

P r o j e c t i l e  
e n e r g y  
( k e V )  ~Na+  42K+ ~ R b  + ~ C s +  ~O~TI+ 

0.8 0.418 0.509 0.517 0,562 - -  
0.518 

1.0 0,765 0.566 0.740 0.714 0.837 
0.844 

2.0 0.877 0.881 0.844 0 .846 0 .950 
5.0 0.962 0.953 0.908 0.949 0.976 

10 0.9"/8 0.965 0.963 0.953 0.969 
0.969 

20 N.R. 0.980 0.987 0.982 0.985 
40 N.R. 0.983 1.005 0.987 0.998 

0.998 
80 N,R. 0.991 0.993 0.995 0.989 

N.tL = N o t  r e c o r d e d .  The  necess i ty  for w a s h i n g  had n o t  b e e n  ap- 
preciated a t  t h e  t i m e  t h e s e  s p e c i m e n s  w e r e  a n a l y z e d .  
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washed for several 30-sec periods in  acetone, and then 
for vary ing  periods in water  followed by 15 sec in ace- 
tone. It  is apparent  that  acetone behaves in  much the 
same way as water;  the activity decreases in an ap- 
proximately exponent ial  fashion as before, but  to a 
slowly decreasing rather  than  a constant  value. Wash- 
ing with water  after the acetone reduces the activity 
very quickly to a new and constant  value, characteris-  
tic of the water  wash alone (c.f. Fig. 2). 

The removal  of surface activity from the 204Tl+ 
specimens presented some difficulty. Less than  10% of 
the activity was removed on washing the 0.5 keV s a m -  
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ple with water, yet by comparison with 0.5 keY '34Cs§ 
a 50% loss was expected. The sample was therefore 
washed with saturated NH4HF2, which reduced the 
activity substantially,  but  also dissolved the t an ta lum 
oxide at the rate of about 1 A/min. In  consequence, the 
distinction between surface and bulk  activity was not 
well defined for this sample. All  the other ~04Tl+ sam- 
ples, except 1 keV, were washed for 1 rain in 10% acetic 
acid, as thal l ium acetate is very soluble (15); this re- 
agent did reduce the activity by  about the expected 
amount,  and, from thickness measurements,  did not 
dissolve the oxide. The 1 keV sample was washed for 
30 sec in saturated NH4HF2, which removed about 16% 
of the activity, followed by 30 sec in acetic acid, which 
removed another  2%. 

The results described so far were obtained in the 
course of the range profile measurements.  To establish 
the reproducibil i ty of the washing losses, eight ano- 
dized foils were implanted with 1 keV ~Na +, and on a 
second occasion, another  four were implanted similarly; 
all twelve were used for experiments  of the kind il- 
lustrated in Fig. 2 and 3. On washing first in a reagent 
grade organic liquid and then in  distilled water, both 
for 9 min, it was found that  2/3 to 5/6 of the total 
washing loss could be removed in acetone, methyl  alco- 
hol, or ethyl alcohol; in all cases the rate of loss was 
much as depicted in Fig. 3. Curiously enough, no de- 
tectable activity was lost in the course of 9-min wash- 
ing in benzene. After  the w a t e r  wash, the fraction of 
the activity remaining  on the first set of eight foils 
varied from 0.59 to 0.70, while on the second set it 
varied from 0.75 to 0.79. There thus appears to be a 
significant difference between the two sets, and be- 
tween both of them and the results quoted in Table I, 
even though the implanta t ion conditions were nomi-  
na l ly  the same in all cases. Subsequent  washing in 
aqua regia or 1N NaOH caused almost no additional 
loss of activity, 

Range profiles.--Range profiles were measured for a 
var ie ty  of atomic projectiles from 24Na+ to 222Rn+, and 
at energies from 0.5 to 160 keV. The exper imental  data 
have been analyzed as described in the next  section, 
with the results listed in Tables II-VI. 

Range profiles due to neutral atoms in the implanting 
beam.--As has long been know n  (13, 16), the second 
profile obtained at low energy is an artifact result ing 
from the operation of the mass separator. Ions gener-  
ated in the ion source are accelerated to 40 keV, and 
then separated into isotopic components by means of a 
magnetic field. The focusing requirements  after separa- 
tion are such that the ions travel  another meter or so 
before str iking the anodized t an ta lum coupons. Sepa- 
rat ion is best at energies near  40 keV; the other 
energies were obtained by applying accelerating or 
re tarding voltages to the coupons. Thus an implanta t ion 
energy of 1 keV was obtained by applying a 39 keV 
positive (retarding) potential. These accelerating or 
retarding potentials will only be effective, however, if 
the atoms are still ionized as they approach the coupons. 
If they have been neutral ized since leaving the mag-  
netic field, they wil l  implan t  with the ful l  40 keV. 

Figure 1 shows that  the range profile for 1 keV 
1~4Cs + is the sum of two separate range profiles. Analy-  
sis of the second profile, by the method described in 
the next  section, shows quite clearly that  it corresponds 
to implanta t ion  at 40 keV, and similar effects have 
been observed with all the other ions implanted.  This 
"neut ra l  tail" is distinct only for energies below about 
10 keV; at 20 keV it is reduced to a small  inflection. 
The fraction of the incident beam appearing as neut ra l  
tail could be substantial,  ranging from about 0.5 to 
10%; the 3% shown in Fig. 1 appears to be about aver-  
age. A liquid ni t rogen trap in  the target chamber 
would have reduced the neut ra l  tail  considerably (13). 

E9ect of impurities.--As demonstrated in Fig. 1, a 
very small  fraction of the ini t ial  activity would some- 
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t imes persist even on prolonged stripping. This feature  
was not always present in the range profiles, but was 
well  defined when it was. The detection limit, set by 
the ratio of initial to background counting rates, was 
normal ly  about 0.005%. Persist ing fractions were  rare ly  
observed in tan ta lum anodized for the first time, but 
the same specimens were  used repeatedly  in the pres- 
ent experiments ,  being reanodized af ter  each range 
measurement .  Af ter  three or four reanodizations, the 
persisting fraction had risen to about 0.05%, though 
individual  specimens fluctuated considerably about this 
value. The biggest fraction ever  observed was 0.36~. 

The effect can be a t t r ibuted to the presence of in-  
clusions in the oxide film. These could be Ta2C par-  
ticles originat ing in the parent  meta l  (17) or, more 
probably, f ragments  of crystal l ine Ta205 produced by 
field crystall ization during the anodic oxidation process 
itself (18, 19). Nei ther  is soluble in hydrofluoric acid, 
and so the inclusions are not removed by the str ipping 
process. Vermi lyea  (9) found that the inclusions would 
persist through several  cycles of anodizing and strip- 
ping; indeed, the amount  even tended to increase as 
more crystall ine oxide was formed in the successive 
anodizations. 

Radioact ive ions implant  at random on the oxide sur-  
face, and so some wil l  come to rest in the inclusions, 
f rom which they wil l  not readily be removed  by str ip-  
ping. The persisting fraction was found to increase on 
reanodization, and at tempts  to clean the foils showed 
that  the act ivi ty  could not be removed  by successive 
cycles of anodizing and stripping. In all respects, there-  
fore, the propert ies of the persisting fraction are con- 
sistent with the repor ted  behavior  of the crystal l ine 
oxide fragments.  

St ick ing fac tors . - -Rela t ive  sticking factors at ve ry  
low energies were  obtained using a method  of Brown 
and Davies (20). Anodized tan ta lum foils were im- 
planted to the same fluence at various energies, and the 
act ivi ty present  in each foil counted. By fixing the 
sticking factor for one energy at a par t icular  value, 
sticking factors for all the  other  energies could be cal- 
culated re la t ive  to this standard. The basis for choosing 
the standards and the presentat ion of the results are 
discussed later. 

Mathemat ica l  Analysis of the Profile Data 
Least  squares fitting procedure . - -The  purpose of the 

mathemat ica l  analysis was three-fold:  (a) to find a 
mathemat ica l  function that  would adequate ly  describe 
the exper imenta l  profiles, (b) to obtain best est imates 
for the parameters  of the function, and (c) to calculate  
standard errors in these estimates. 

A least squares fitting procedure was therefore  re-  
quired, but those available proved unsuitable. Their  
most important  defect was that  they would account for 
errors  in the dependent  var iable  only, ye t  exper imen-  
tal ly there were  errors in both dependent  and inde- 
pendent  variables;  that  is, in both the percentage 
counts remaining and the oxide thickness measure-  
ments. Since the errors were  of the same re la t ive  m a g -  
nitude, nei ther  could be ignored. The problem of m a k -  
ing least squares fits when there  are errors in both 
variables  has been l i t t le  studied, and so the mat te r  w a s  
invest igated further .  

The exper imenta l  data consisted of a series I = 1, 
2 . . .  N of percentage counts remaining, Y( I ) ,  vs. thick-  
ness remaining, X ( I ) ;  E X ( I )  and E Y ( I )  were  the ob- 
served s tandard errors in X (I) and Y (I) ,  respectively.  
A suitable function, F, defined by 

Y F I T ( I )  = F ( C ( J )  ; X F I T ( I )  ) [1] 

and containing M parameters  C ( J ) ,  J = 1, 2 . . .  M, was 
fitted to the X ( I ) ,  Y(I)  array, in such a way  tha t  the 
sum of the squares 

S 2 = z [ ( X  (I) -- X F I T  ( I ) ) / E X  (I) ]~ 
I 

-I- Z [ ( Y ( I )  -- Y F I T ( I ) ) / E Y ( I ) ] ~  [2] 
! 

was minimized;  this cri terion is due to Deming (21). 
The minimizat ion of S 2 was accomplished by modifying 
the standard Newton-Raphson  method in such a way 
that the quantit ies X F I T ( I )  are t reated as adjustable 
parameters  of the fit. The resul t ing program was run 
on a CDC G-20 computer  and provided best estimates 
for the parameters,  C (J) ,  together  with their  standard 
errors E C ( J )  thus meet ing requi rements  (b) and (c) 
above. To meet  (a), the x 2 goodness-of-fi t  test was ap- 
plied; S 2 was calculated from Eq [2] and compared 
with the probability, p (x 2) N-M, of obtaining a value  as 
large or larger  from a x 2 distr ibution wi th  N - M  degrees 
of freedom. A special routine was wr i t t en  to calculate 
these probabili t ies wi th  an accuracy of one part  in a 
thousand. 

Applicat ion to range profi les.--Following Jespers-  
gard and Davies (8), the range profiles were  assumed 
to be normal  distributions, so that  they could be de- 
scribed by a function of the form 

Yn = (C(1 ) /X / (2~ ) " C(3 ) )  

�9 e x p [ - - ( X  -- C ( 2 ) ) / ~ / 2 . C ( 3 ) )  2] [3] 

as i l lustrated in the bot tom port ion of Fig. 4. The ex-  
per imenta l  points, however,  re fer red  to the integral  of 
this function; that  is, to 

Y = (C(1) /2 )  �9 e r f c [ - -  (X -- C(2) ) / ~ / 2 . C ( 3 )  ] + C(4) 
[4] 

as i l lustrated in the top port ion of Fig. 4. Accordingly,  
the function actually fitted was 

Y F I T ( I )  = ( C ( 1 ) / 2 ) .  e r f c [ - - ( X F I T ( I )  

--C(2) )/~/2.C(3) ] ~- 0(4) [5] 

where  X F I T ( I )  is a best approximat ion to X ( I ) ,  the 
observed oxide thickness remaining after the removal  
of ( I -  1) layers, and Y F I T ( I )  is a best approximation 
to Y ( I ) ,  the percentage counts remaining af ter  the 
removal  of (I -- 1) layers. 

C(I) § C(4) ~ Y(I) I - -  
INTEGRATED 

0.84. C (I) § C(4] - - \  NORMAL 
<~ZZ~ Y~' ~ D I S T R I B U T I O N  

" '  I 
n'�9 0 50.C(11"eC(4', - -  C(I) 

W 

Z 0.16.C (I)+C (4: 
tu  
o ~ 

" '  C(41 

C(ll/(C (3J ,/'(2"tr ) ~" -- ' Q ~ f ' ~ ' ~  ,NORMAL 
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4f-" X X(O C(2) 

Fig. 4. Relationship between the normal distribution 

Y -~ (C(1) /~/ (2~) .C(3)) .exp [ - - ( - - (X - -C(2 ) ) /~ /2 .C(31  )~] 

and its integral 

Y - -  (C(i)/21 .erfc [ - - (X - -C(2 ) ) /~ /2 .C(3 ) ]  ~ C(4) 

to illustrate the significance of the various parameters used in the 
least squares fitting�9 A* represents the implanted radioactive spe- 
cies. 
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The signficance of the parameters  in Eq. [5] is i l lus- 
strated in Fig. 4, where: C(1) is a normalizing factor, 
expressed in per cent, proportional to the area under  
the complete normal  dis t r ibut ion fitted; C(2) is the 
mode of the normal  distribution, measured, like X(I) ,  
in terms of its distance in angstroms from the meta l /  
oxide interface; C(3) is the s tandard deviat ion of the 
normal  distribution, also measured in  angstroms; and 
C(4) is a constant  of integration, measured in per cent, 
which accounts for the fraction of the activity that  
persists on continued stripping. 

The parameter  C(3) was of direct interest, but  C(2) 
and C(1) had to be converted to more useful forms. 
To obtain the modal range, C(2) was subtracted from 
X(1) ;  the error in the range was then a combinat ion 
of the separate errors in C(2) and X(1),  as indicated 
in Table II. The proport ionali ty between range and 
s tandard deviat ion was such that  the normal  dis t r ibu-  

Table II. Fit of an integrated normal distribution to the 40 keV 
134Cs+ sample illustrated in Fig. 1 

A. The  E x p e r i m e n t a l  Data 

Oxide  t h i c k -  P e r c e n t a g e  Error 
P o i n t  ness  r e m a i n -  coun ts  re-  in  t h i c k -  E r r o r  i n  

n u m b e r  i n g  (A) m a i n i n g  (%) ness  (A) c o u n t s  (%) 
I X(I) Y(l )  EX(I) EY(1) 

1 1866.8 1O0.00 1.8 0,20 
2 1852.9 97.08 1.8 0.20 
3 1816.1 86.77 1.8 0.19 
4 1778.1 69.49 1.8 0.17 
5 1741.7 47.59 1.8 0.14 
6 1704.6 27.27 1.8 0.10 
7 1666.9 13.023 1.8 0.072 
8 1628.1 4.740 1.8 0.044 
9 1593.5 1.542 1.8 0.025 

10 1557.3 0.441 1.8 0,013 
11 1536.3 0.1582 1.8 0.0080 
12 1496.5 0.0637 1.8 0.0051 
13 1358,8 0.0425 1.8 0.0041 
14 1321.3 0.0456 1.8 0.0043 

N u m b e r  of p o i n t s  f i t ted,  N = 14. 

B. The  Fitted Data 

Oxide  t h i c k -  P e r c e n t a g e  R e l a t i v e  e r r o r  i n  f i ts  
P o i n t  ness  r e m a i n -  coun t s  re-  

n u m b e r  i n g  (A) m a i n i n g  (%) X(I)-XFIT(i) Y(I)-YFIT(1) 
I X(1) Y(I) EX(I) EY (I) 

1 1867.1 99.97 --0.18 0.13 
2 1851,8 97.14 0.58 -- 0,29 
3 1816.8 86.75 -- 0.42 O.ll 
4 1779.7 69.47 --0.85 0.15 
5 1741.4 47.59 0.17 --0.02 
6 1703.5 27.28 0.60 -- 0.07 
7 1666.7 13.025 0.13 -- 0.02 
8 1627.7 4.742 0.21 --0.04 
9 1592.4 1.546 0.63 0.18 

10 1557.6 0.440 -- 0.17 0.07 
11 1538.0 0.1519 -- 0.91 0.80 
12 1496.1 0.0663 0.21 -- 0.51 
13 1358.8 0.0440 0.00 -- 0.36 
14 1321,3 0.0440 0.00 0.39 

F u n c t i o n  fitted: 
YFIT(I) = [ C ( 1 ) / 2 ) ]  . e r f c [ - - ( X F I T ( 1 )  -- C ( 2 ) ) / X / 2 .  C ( 3 ) ]  + C{4) 

C. Fit ted  Parameters  and T h e i r  S t a n d a r d  Errors 

C(1) = 105.5% EC(1) = 0.4% 
C(2) = 1750.3A EC(2) = 0.8A 
C(3) = 72.1A EC(3) = 0.4A 
C(4) = 0.044%; v a l u e  f ixed  at the average  of the  last t w o  p o i n t s  
N u m b e r  of  parameters  fitted, M = 3. 

Z (Re la t ive  e r ro r  in  fits)2 
N u m b e r  of  deg rees  of  f r e e d o m  
Chi-square probabil i ty  
Moda l  range  
Standard error in range  
S t a n d a r d  d e v i a t i o n  
Standard error in standard de-  

v iat ion 
F i t t e d  s t i c k i n g  fac to r  

Error in fitted s t icking  f ac to r  

D. Res u l t s  

$2 = 4.37 
N-M = I I  
p(x~)n = 0.958 
X(1)  -- C(2) --= 116.5A 
[(EX(1)= + (EC(2))~]1/= = 2.0A 
C(3) = 72.1A 
EC(3) = 0.4A 

(Y(1) -- C(4) ) /C(1)  = 0.947 
[ ( Y ( 1 ) - - C ( 4 ) ~ "  (EC(1)~" 

C ( 1 ) ~ / j  = 0.004 

tion extended signficantly beyond the boundaries  of 
the oxide film, as i l lustrated in Fig. 4, so that  the ob- 
served range profile is more correctly described as a 
t runcated normal  distribution. To find out what  frac- 
tion of a normal  distr ibution was present, the param-  
eter C (1) was divided into the initial  percentage count, 
Y(1),  less the correction, C(4),  for the persisting 
fraction; the result  is described as the fitted sticking 
factor. 

The analysis was a l i t t le more complicated in the 
presence of a neut ra l  tail. An integrated normal  distri-  
but ion was first fitted through the points in the tail 
only, to establish that  this was due to a 40 keV 
implant.  Thus a fit to the tail portion, d, of the 1 keV 
134Cs+ profile in Fig. 1, excluding the last two points, 
gave a modal range of 114.2 ___ 2.8A, and a s tandard 
deviation of 70.7 +_ 1.2A, parameters  in  good agreement  
with those found for 40 keV 134Cs + in Table II. Once 
the neut ra l  tail  had been confirmed as a 40 keV im- 
plant, there was no need to reconfirm it in every range 
study; only enough points, therefore, were taken to 
establish its intensity,  C40(1). Three points sufficed, 
the fit being made with X(1)-C40(2) and C40(3) fixed 
at the appropriate 40 keV values, and C40(4) as 0.05%, 
which was a good average value for the intensi ty  of 
the persisting fraction of the activity. With the nature  
and intensi ty  of the neut ra l  tail  known, and the in-  
tensi ty of the persisting fraction defined, both effects 
could be subtracted from the low energy range profile, 
and a normal  distr ibution fitted to the remainder.  

Few range profiles were analyzed in  as great detail 
or as far as 40 keV 134Cs+ and so, for comparat ive 
purposes, the range profiles were analyzed in a slightly 
different fashion from that  i l lustrated in Table II. Pro-  
files without a neut ra l  tail  were analyzed with C(4) 
set at 0.05%, and all points with Y(I)  less than 2% 
were el iminated from the fitting, since m a n y  of the 
analyses were not  continued below this figure; the 
l imit was set at 1% after the removal of a neut ra l  tail. 
With these restrictions, the average number  of points 
fitted was approximately ten, ranging from a ma x imum 
of sixteen to a minimum,  in  several 0.5 keV profiles, 
of four. 

Adequacy of the fitting by the integrated normal 
distribution.--The prime requi rement  in the least 
squares fitting was that  the chosen dis t r ibut ion give 
an  adequate fit to the exper imental  points. An "ade- 
quate" fit must  therefore be defined, and this involves 
an a rb i t ra ry  decision as to the level of significance 
required. Application of the x 2 test at the 5% level 
means that fits with 0.975 > p(X~)N.M > 0.025 are 
considered adequate; those with 1.000 > p(X2)N.M 
0.975 are considered too good, and those with 0.025 
p(X2)N.M > 0.000 tOO bad. These remarks apply to 
individual  samples; when  fitting to a large number  of 
different samples, it is to be expected that, o n  the 
average, one in forty wil l  have p(X2)N.M > 0.975 and 
another  one in forty p(X~)N.M < 0.025. 

On applying the x 2 test to the n ine ty-s ix  samples 
listed in  Tables III, IV, and V, then, there should be 
two or three samples with p(X2)N.M > 0.975 and an-  
other two or three with p(X2)N.M < 0.025. In  fact, it 
was found that  I0 samples had p(X2)N-M ~ 0.975 and 
12 more had p (x z) N-M < 0.025. The addit ional var iat ion 
that  this expresses can almost certainly be at t r ibuted 
to EX(I) ,  for which an average value of 1.8A (1) has 
been assumed; EX(I) would va ry  from sample to 
sample, and even from point  to point. Accordingly, the 
general  nature  of these fitting probabil i t ies may be 
taken  as indicating that 1.8A is a good average for 
EX(I),  and that  an integrated normal  dis t r ibut ion 
does give an adequate fit to the range profiles. How- 
ever, it must  be noted that  the very good fits cluster 
at low energy, and the very poor fits at high energy; 
possibly, therefore, the range profiles depart  some- 
what  from a normal  dis t r ibut ion at the higher energies, 
but  no significant conclusion can be drawn. 
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Table Ill. Modal values of the range profiles as determined from the least squares fit of a normal distribution. All values can be corrected 
for the depletion depth by adding 5 ~ IA. Results, together with standard error in the fitting, quoted to nearest 0.5~ 

Ion 

energy 

( k e V )  ~ N a  + ~ K +  SSKr+ SeRb+ L~SXe+ ~ C s  + SO~Tl+ ~ R n  + 

0 . 5  - - 9  ~--- 5 . s  0.~ + 6 - -4 .5  - -  11  8 ~ 2 2 ~ 2 .s  4 • 5.~ 4.~ ~__ 10  lO . s  "~- 2 
5 •  5.5-----8 

1 .0  14.~ ~-  2~  8 ~ 3 11 __. 2.~ 6 ----- 10 9.~ ---- 3 11  • 2,~ 11.~ --+ 2~  14  +-- 2 
3 . ~ 4  7-----2 2 . ~ + 7  I I . ~ •  

2 .0  24.~ "~ 4.~ 15  _ 3 I0 -- 2 . s t  15 - -  2~ 9.~ _ 3.~ 15.~ + 2.~ 18  -4- 2~ 2 0  - -  2 
2 3  "~- 2 a 16.~ ~" 2 

5 . 0  5 7  - -  3 4 0  ~-  2,~ 2 9  - -  3 .s  35  +--- 2.~* 30 ~--- 2 b 33.~ "~- 2 3 3  + 2 36.~ - -  2 
41.~ • 2.~ ~ 36.~ ~ 2 t  

10  94 .5  "~- 4.~* 62.5 "~ 3 4 6  ~ 2 . s  58 . s  ~--- 2~  47.~ + 2 45.~ + 2 41  ~ 2 t  52  ~-  2 
57.~ + 2 .s  ~ 4 6  - -  2~  51  + 2 

2 0  2 0 4  - -  3 118.~ • 3.~* 8 3  ---- 3 86  + 2 72.~ • 2 75  ----- 2 73  ~ 2 82.~ ~ 2 
87.~ + 3 * , a  75.~ ~ 2 79  ~ 2 

40 383 - -  2.~ 222.~ -~- 4"  141.5 ~ 2.~ 151 ~ 2 129.~ <- 2 ~ 120 + 2 109.~ _ 2 129.~ ~" 3.s* 
157.5  - -  2.5 a 122.5  ~--- 2 1 2 8  ----. 2 

8 0  784.~ -~- 7.~* 424.~ + 3 258.~ +_ 3.~ 252 .~  --~-- 3 200 .5  - -  2 203 .~  - -  2 185.~ _ 2.~ 1 8 8  ~ 3 "  
266 .~  ____. 2..  a 2 0 3  "~- 2 .s* 

1 6 0  ~ -- 4 7 4  • 4.~* -- 3 5 1  + 3 -- -- 296.~  • 4 "  

U n u s u a l l y  g o o d  f i t ;  f i t t i n g  p r o b a b i l i t y  g r e a t e r  t h a n  0 . 9 7 5 .  
* U n u s u a l l y  b a d  f i t ;  f i t t i n g  p r o b a b i l i t y  l e s s  t h a n  0 , 0 2 5 .  
a H i g h  i n t e n s i t y  S~Kr b o m b a r d m e n t s .  

A v e r a g e  o f  t h e  s i x  p r o f i l e s  q u o t e d  i n  T a b l e  V I ,  o n e  o f  w h i c h  w a s  ~. 
A v e r a g e  o f  f i v e  p r o f i l e s ,  o n e  o f  w h i c h  w a s  *. 

Table IV. Standard deviation for range profiles as determined from the least squares fit to a normal distribution. Quoted with standard errors 
of fit to nearest 0.SA 

Ion 

e n e r g y  
( k e V )  ~ N a §  ~ K +  m K r +  m R b +  ~ S X e +  ~ C s  + SO~Tl+ ~ a l +  

0 .5  14 .s  - -  1.5 12 _+ 2 11  - -  3 7 - -  0 .s  7.s  "4- 0.5 10  - -  2 14.5 - -  3 . s  5 . ,  - -  0.1 
7 ~ 0 . s  10~---3 

1 .0  18.~ ~ O.~t 1 3  • 1 10  • I I 1  "+ 4 13.5 • 1 11  • 1 I 0  • 0 . s t  9.~ ~ O . s  
19.5 • 1.o 10.6 - -  0 .s  15  - -  2.5 10.5 • 1 

2 . 0  2 9  - -  2.5 2 0  • 1.~ 16  "~ 0 . s t  15  ----- 0 . s t  13.s  - -  1.s  15  - -  1 13  "4" 0,~? 11.~ ----- O.s 
17  ~ 0 .5  a 12 + 1 

5 .0  51.~ • 2 32 . s  • 1 2 5  ----- 2 2 3  ~ 1.~* 2 0  "~ O.s b 19.~ ~ 0.~ 19  • 1 18 + O.~ 
22.~ - -  I.~ a 18  • O.~t 

l 0  84  - -  2.~* 56.~ ~ 1.~ 3 5  _ 1 3 7  • O.~t 28.~ + 0 . s  27.~ + 0.~ 2 4  ___ 0 . ~  2 7 . .  ---- i 
3 4  - -  I a 31 ~ 0 . ~  27.~ ~ -  1 

2 0  1 4 5  " -  l . s  91.~ ~-  I*  57.5 -'- l . s  55 . s  ~ O.s 43.~ -t- I 43.~ ~-  O.s 4 0  - -  I 3 8  -t- I 
fi3.5 - -  l . s  " .~ 46  - -  1 3 7 . ,  ----- 1 

40  2 4 5  + i 147.~ • 2.~* 89.5 ----- 1 89 . s  • i 6 9  • I o  72  • O.~ 59,~ • I 54.~ + 2.~" 
89.~ -- 1 a 70 - -  1 55.~ • 1 

80 420 • 5.s* 247 _<-" 1.~ 160.~ __. 2 152.,  "4" 1.~ 114 • 1 112.,  "~- 1 89. ,  + 1  89 - -  2 *  
152  + I ~ 86  + i . , "  

160 -- -- 275.s _ 3*  -- 191.~ <- 2 -- -- 162 "+-3.,* 

t U n u s u a l l y  g o o d  f i t ;  f i t t i n g  p r o b a b i l i t y  g r e a t e r  t h a n  0 , 9 7 5 .  
* U n u s u a l l y  b a d  f i t ;  f i t t i n g  p r o b a b i l i t y  l e s s  t h a n  0 . 0 2 5 .  
a H i g h  i n t e n s i t y  SSKr+ b o m b a r d m e n t s .  
b A v e r a g e  o f  t h e  s i x  p r o f i l e s  q u o t e d  i n  T a b l e  I V ,  o n e  o f  w h i c h  w a s  L 

A v e r a g e  o f  f i v e  p r o f i l e s ,  o n e  o f  w h i c h  w a s  *. 

TaMe V. Fitted sticking factor; the fraction of a normal distribution present as the range profile. Quoted to first significant figure in 
standard error of fit. Same specimens as in Table I. 

I o n  
e n e r g y  
( k e V )  ~ N a *  ~aK+ m K r *  m R b §  u s X e +  ~ a s  + W4Tl+ t u r n +  

0 .5  0 . 2 7  ~ 0 . 0 9  0 .5  - -  0 .2  0 . 3  ~-  3 0 . 8 8  _ 0 . 0 4  0 .61  • 0 . 0 9  0 .7  • 0 . 2  0 .6  ~ -  0 . 4  0 . 9 7 3  ~ -  0 . 0 0 3  
0 . 7 6  ~ 0 .05  0 .7  __. 0 .3  

1 .0  0 .8  "~" O A t  0 .7  ~-  0 .1  0 . 8 6  _ 0 . 0 7  0 .7  _ 0 .4  0 . 7 5  - -  0 . 0 8  0 . 8 4  + 0 . 0 7  0 . 8 5  "+" O .04 t  0 . 9 3  ~ 0 . 0 3  
0 . 5 6  • 0 . 0 9  0 . 7 4  • 0 . 0 6  0 .6  + 0 . 2  0 . 8 7  _ 0 . 0 5  

2 .0  0 . 7 8  -'- 0 . 0 7  0 . 7 6  ~-- 0 . 0 7  0 .7 3  __. 0.04~" 0 . 8 3  ~ O . 0 4 t  0 .7  -'- 0 .1  0 . 8 5  - -  0 . 0 6  0 . 9 2  -~ O . 0 2 t  0 . 9 6  _ 0 . 0 2  
0 . 9 1  ~ 0 . 0 2 "  0 . 9 1  ~-_ 0 . 0 4  

5 .0  0 . 8 6  - -  0 . 0 2  0 . 8 8  + 0 . 0 2  0 . 8 6  _ 0 .6  0 . 9 3  ___ 0 . 0 3 "  0 . 9 3  - -  0 . 0 2  b 0 . 9 5 7  --. 0 . 0 0 9  0 . 9 4  ~ -  0 . 0 2  0 . 9 7 9  _ 0 . 0 0 7  
0 . 9 6  _ 0 .2  ~ 0 . 9 7 8  _ O.O03t  

I 0  0 . 8 6  - -  0 . 0 2 "  0 . 8 6  "+" 0 . 0 2  0 . 9 0  _ 0 . 0 2  0 . 9 4 5  "+" O.O06t  0 . 9 4 5  -~- 0 . 0 0 9  0 . 9 5 2  - -  0 . 0 0 8  0 . 9 5 6  - -  O.O07t  0 . 9 7  • 0 . 0 1  
0 . 9 4  _ .  0 . 0 2  ~ 0 . 9 2 9  ~ 0 . 0 0 6 ~  0 . 9 7  + 0 .01  

2 0  0 . 0 2 2  -4- 0 . 0 0 8  0 . 9 0  -+" O.Ol* 0 . 9 2  ~ 0 . 0 2  0 . 9 3 6  -"  0 . 0 0 7  0 . 9 5 2  • 0 . 0 0 8  0 . 9 5 9  - -  0 . 0 0 4  0 . 9 6 0  __- 0 . 0 0 8  0 . 9 8 3  _ 0 . 0 0 3  
0 . 9 4  _ 0 . 0 1 " ,  = 0 . 9 4 8  ~ 0 . 0 0 9  0 . 9 8 0  "*- 0 . 0 0 6  

40  0 . 9 4 1  - -  0 . 0 0 4  0 . 9 3  ~--O.Ol* 0 . 9 4 1  ___ 0 . 0 0 6  0 . 9 5 3  ~ 0.005 0 . 9 6 9  • 0 . 0 0 4  ~ 0 . 9 5 4  ~- 0 . 0 0 4  0 . 9 6 4  __ 0 . 0 0 6  0 . 9 8 6  + 0 . 0 0 8 "  
0 . 9 5 8  _ 0 . 0 0 6  a 0 . 9 6 9  ~-  0 . 0 0 4  0 . 9 8 8  __- 0 . 0 0 3  

80  0 . 9 7 4  +-- 0 . 0 0 8 *  0 . 9 4 4  + 0 . 0 0 9  0 . 9 4 4  _ 0 . 0 0 9  0 . 9 5 0  + 0 . 0 0 6  0 . 9 6 0  - -  0 . 0 0 4  0 . 9 6 7  ~ 0 . 0 0 4  0 . 9 7 4  ~-  0 . 0 0 7  0 . 9 8 0  _ 0 . 0 0 5 "  
0 . 9 5 8  • 0 . 0 0 4 ~  0 . 9 8 9  _ 0 . 0 0 3 *  

1 60  ~ ~ 0 . 9 4 8  _ 0 . 0 0 8 *  ~ 0 . 9 6 8  - -  0 . 0 0 8  - -  - -  0 . 9 4 6  -4- 0 . 0 0 7 *  

t U n u s u a l l y  g o o d  f i t ;  f i t t i n g  p r o b a b i l i t y  g r e a t e r  t h a n  0 , 9 7 5 .  
* U n u s u a l l y  b a d  f i t ;  f i t t i n g  p r o b a b i l i t y  l e s s  t h a n  0 . 0 2 5 .  
a H i g h  i n t e n s i t y  SSKr b o m b a r d m e n t s .  
b A v e r a g e  o f  t h e  s i x  p r o f i l e s  q u o t e d  i n  T a b l e  V I ,  o n e  o f  w h i c h  w a s  t .  
e A v e r a g e  o f  f i v e  p r o f i l e s ,  o n e  o f  w h i c h  w a s  *. 

Reproducibility of the results.--The six 5 keV 125Xe+ 
profiles in Table VI i l lustrate the reproducibil i ty ob- 
tained. The s tandard deviation, 2.4A, about the average 
modal range, 30.0A, agrees with the average error 

2.0A in the fitting wi thin  ~he combined statistical error 
of ~/(0.82 -t- 0.12)A, and indicates that the error of fit 
is a reasonable estimate for the var iabi l i ty  of individual  
measurements.  The same holds true for both the s tan-  
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Table VI. Reproducibility of 5 keV 125Xe+ profiles 

51 

Number of Modal 
experimental range (A) 

points X(1) -- C(2) 

F i t t e d  s t i ck -  
S t a n d a r d  e r r o r  i n g  factor 

of fit (A) S t a n d a r d  S t a n d a r d  e r ro r  Y(1) -- C(4) S t a n d a r d  
(EC(2j)'- '  + d e v i a t i o n  (A) of fit  (A) - -  e r ro r  of 
(EX(1))~)I/s C(3) EC(3) C(1)  fit  

10 27.0 
U 32.3 
10 28.4 
10 30.8 
10 32,8 
10 28.5 

A v e r a g e s  30.0 
Std.  dev .  a b o u t  2.4 

a v e r a g e  
Std. er ro r  in  std. 0.8 

dev.  

2.1 19.7 0.8 0.907 0.023 
2.2 21.6 1.0 0.927 0.023 
2,0 19.0 0.6 0.933 0,015 
1,9 19.5 0.4 0.944 0.010 
1.9 20.3 0.6 0.946 0.012 
2.1 21.0 0.8 0.907 0,023 
2.0 20.2 0.7 0,927 0.018 
0.1 0.9 0.2 0.014 0.006 

0,3 0,004 

dard deviation and the fitted sticking factor. Six sam- 
ples, however, do not provide a very  s t r ingent  test 
because the statistical errors are relat ively large, as 
indicated in the bottom line of Table VI. 

Fur ther  evidence on the reproducibil i ty is provided 
by the duplicate experiments  listed in  Tables III, IV, 
and V and by comparing the results for projectiles of 
similar atomic weight;  i.e., the S~Kr+, S6Rb+ and 
l~sXe+, 134Cs+ pairs. In  general, the agreement  is well 
wi th in  the combined exper imental  errors, par t icular ly  
for the s tandard deviations. There are, however, some 
notable discrepancies, such as the difference between 
the modal ranges for 40 keV 125Xe+ and 134Cs+. 

The 222Rn+ results were somewhat peculiar. The 
first set of 222Rn+ profiles, listed on the upper  l ine in 
the tables, showed that  while the standard deviations 
were, as expected, slightly less than  those for 125Xe§ 
at the same energy, the modal ranges were the same 
or even greater, whereas they should have been less. 
This observation was so surpris ing that  the measure-  
ments  were repeated, but  with exactly the same result. 
Subsequent  measurements  with ~04Tl+ gave values 
more in  keeping wi th  those expected, and so 222Rn+ 
appears to be anomalous. The reason for the anomaly 
is not  known, and this, coupled with the general ly 
poor fits at higher energy, means  that  the 222Rn+ re-  
sults must  be regarded as being less reliable than  the 
others. 

Implantation Phenomena at Energies above 5 keV 
An implant ing  ion loses energy by both electronic 

and nuclear  collisions with the target atoms, the lat ter  
predominat ing  at energies below about 100 keV. Nu-  
clear collisions can be arbi t rar i ly  divided into two 
types, according to the angular  deflection they impar t  
to the ion's trajectory. Small  angle nuclear  collisions 
occur every t ime the ion penetrates an atomic layer  in 
the solid, bu t  little energy is lost in each; large angle 
nuclear  collisions are much less frequent,  bu t  are 
responsible for most of the energy loss. Ions normal ly  
penetra te  several atom layers before undergoing their 
first large angle collision, and since the cross section 
for these collisions increases with decreasing energy, 
the mean  free path to the next  such collision decreases. 
Subsequent  large angle collisions follow the same pat-  
tern, the process ending either wi th  the  ion at rest in  
the solid ( implanted) ,  or recrossing the surface with 
sufficient energy to escape (reflected). 

Adequacy  of the normal distribution as a description 
o] the range prof i les .--The complexity of this energy 
loss process is such that  it is very difficult to predict 
the size and shape of the range profile. Detailed theo- 
retical calculations by Winterbon,  Sigmund, and San-  
ders (22) suggest that  range profiles in amorphous 
monatomic solids should be close to normal  dis tr ibu-  
tions, and very recent ly Winterbon  (23) has given 
reasons why range profiles in amorphous polyatomic 

solids should be even closer. Since the greatest de- 
partures from normal i ty  are expected in the profile 
tails, the satisfactory fit of the range profiles in Tables 
III, IV, a nd  V is readily explained. Both tails were cut 
off; one by the oxide surface, and the other by arbi-  
t rar i ly  l imit ing the fit to points with greater  than 2% 
of the ini t ial  c oun t  

Table II, however, shows that an excellent  fit can 
be obtained even wh.en this l imitat ion is lifted. The 
modal range of the 40 keV 134Cs+ was 120 __ 2A (Table 
III) with the 2% limit applied, and the standard de- 
viation 72 ___ 0.5A (Table IV) ; the corresponding figures 
from Table II are 116.5 +_ 2 and 72 ~ 0.5A, respectively, 
after rounding to the nearest  0.5A. Since the quoted 
errors are s tandard errors, they must  be doubled to 
obtain the 95% confidence limits about each value; it 
is then obvious that  the two sets of parameters  do not 
differ significantly. The present results, therefore, pro- 
vide no evidence against a normal  distribution. Indeed 
it  may  be impossible to obtain such evidence from 
range profile measurements  alone, for the thickness 
errors in the present  range measurements  are already 
of the order of one atom layer (1); it is hard to see 
how they could be reduced significantly in the interests 
of more exact fitting. 

Comparison w i th  previous studies on avnorphous ox-  
ides . - - I t  will  be shown elsewhere (24) that  these range 
profiles in anodic t an ta lum oxide are effectively iden-  
tical to those obtained by Domeij et al. (7) in anodic 
tungsten  oxide, as might  be anticipated from the simi- 
lar  mix of very  light and very heavy atoms present. 
Schi~tt (25) has compared both sets of experimental  
data with ranges calculated from the theory of atomic 
collisions and found that  the agreement  was wi thin  
about 10%. This is reasonable considering the difficulty 
of the calculations. He noted that  the experimental  
222Rn+ ranges obtained here seemed consistently higher 
than those calculated, but, as explained earlier, this 
appears to be due to some systematic bu t  unknown  
experimental  error. The calculated ranges for 2~ 
would be almost identical to those for 2tuRn+, and so 
the agreement  between theory and experiment  would 
be much better  with this ion. Baroody (26) has calcu- 
lated the straggling of 125Xe+ about its projected range 
in WO3 and obtained fair agreement  with the experi-  
menta l  results of Domeij et al. (7). 

Sticking factors.--To be reflected, an ion must  ac- 
quire a m o m e n t u m  component  normal  to and away 
from the oxide surface, and this can occur only after 
one or more large angle nuclear  collisions with target  
atoms. The probabil i ty  for reflection depends, therefore, 
on the angular  deflection in each collision; reflection is 
obviously much more probable if the deflections are 
l ikely to be large. From the conservation of momentum,  
the average angular  deflection of a heavy ion colliding 
with a light atom is less than that of a light ion collid- 
ing with a heavy atom, and so a smaller  fraction of 
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the former  should be reflected. The sticking factor 
will  therefore be larger. 

Brown and Davies (20) have i l lustrated this point 
experimental ly .  They implanted  different mater ia ls  
wi th  the same fluence of radioact ive noble gas ions, 
and then, by counting the act ivi ty present, deter-  
mined the re la t ive  fract ion of the ions that  "stuck" in 
each material.  To obtain absolute values, it was nec- 
essary to know the absolute sticking factor for one 
part icular  combination of ion, target, and energy;  
special measurement  showed that the absolute sticking 
factor for 40 keV SSKr+ (heavy ion) in 2~A1 (light 
atom) was "uni ty  within +_ 2%." With this as base, 
Brown and Davies were  able to measure absolute stick- 
ing factors for 40 keV 12~Xe+ and 183Xe+ (light ions) 
in lSlTa (heavy a tom);  five determinat ions gave 0.95 
+__ 0.02 (standard error) ,  which is significantly less 
than unity. 

The obvious correlat ion between a sticking factor 
and a range profile is that  the fraction of the ions 
fail ing to implant  corresponds to the fraction of the 
normal  distr ibution extending beyond the oxide sur-  
face; indeed, this correlat ion is implicit  in the name, 
fitted sticking factor, given to the quant i ty  listed in 
Table V. Absolute sticking factors have not been mea-  
sured for a luminum and tanta lum oxides, but  it seems 
reasonable to suppose that  the presence of the l ight 
oxygen atoms would tend to increase the values over  
those for the corresponding metals. Range measure-  
merits by Domeij et al. (7) in anodic 27A121603 have 
been reanalyzed by the least squares fitting procedure 
described here, and the fitted sticking factor for 40 
keV 8~Kr+ was found to be 0.998 in excel lent  agree-  
ment  with the 1.00 ~_ 0.01 (standard error)  actual ly 
observed for 2TA1 metal. Similarly,  the five 40 keV 
125Xe+ profiles measured here gave 0.969 +_ 0.004 (stan- 
dard error) ,  again in good agreement  wi th  the 0.95 ___ 
0.02 (s tandard error)  observed in lSlTa metal. 

Addit ional  support  for this correlation is provided 
by the exper iment  of B~tt iger  et al. (27). They mea-  
sured the fraction of the ions reflected when  42K + was 
implanted at 60 keV into anodic tungsten oxide and 
found it was approximate ly  0.04-0.05; the correspond- 
ing sticking factor was therefore  0.96-0.95. In terpola-  
tion from Table V will  show that  the fitted sticking 
factor for 60 keV 42K+ implant ing in anodic tan ta lum 
oxide would be about 0.94 __ 0.01, so that  the two re -  
sults are in excel lent  agreement.  All  in all, therefore,  
the normal  distribution provides an excel lent  descrip- 
tion for the range profiles at implanta t ion energies 
above 5 keV. 

Implantation Phenomena at Energies below 5 keV 
As the implantat ion energy decreases, the ions pene-  

t ra te  the oxide less and less, unti l  eventua l ly  they fail  
to penet ra te  even the first atomic layer. At  ve ry  low 
energies, then, the na ture  of the oxide surface is of 
great  importance. One quest ion that  immedia te ly  arises 
is: how far must  the ions penet ra te  before they stick? 
Presumably  there  must  be a min imum of one atom 
layer above the ions to hold them in place, and so 
they must penet ra te  a distance of at least 3A. A second 
question concerns the cleanliness of the oxide surface, 
and the possible presence of adsorbed gases. Since the 
adsorption process is of great  importance for subse- 
quent  arguments,  it is considered next.  

Adsorption at thermal  energies ( ~0.1 e V ) . - - A  gas- 
eous atom approaching the surface of a solid is accel-  
erated by the surface binding force in such a way  that  
its kinetic energy perpendicular  to the surface is in-  
creased, and its t ra jec tory  is bent toward the normal.  
On coll iding wi th  the surface, the atom loses energy 
and is reflected. As it leaves the surface, the binding 
force acts in reverse,  so that  the kinetic energy  per -  
pendicular  to the surface is reduced, and the t ra jec tory  
is bent away  from the normal  (28). If  the kinetic 
energy  is reduced to zero in the  course of this process, 

the atom will  not escape from the surface at all, but  
will  re turn  and be adsorbed. The min imum kinetic 
energy needed to overcome the binding force is known 
as the heat  of adsorption. 

The probabil i ty for adsorption therefore depends 
on the energy of the incoming atom, and on its heat 
of adsorption. If the incoming energy is small enough, 
as in the case of low tempera ture  gas, all the atoms 
must adsorb. When the heat  of adsorption is also 
small, however,  the adsorbed atoms may subsequently 
acquire sufficient thermal  energy to overcome it, and 
they then desorb. Noble gas atoms, for example,  are 
in fact mostly adsorbed on solid surfaces at room 
temperature,  but their  heats of adsorption are so low, 
at about 0.2 eV, that  they desorb again in less than a 
millisecond (29). By contrast, the heat of adsorption 
for alkali  metal  atoms is, at about 2 eV (30), so much 
higher  that  their  residence t ime on the surface is of 
the order of centuries (29). Most atomic and molecular  
species fall somewhere  be tween  these two extremes,  
but some hydrocarbons have very  high heats of ad- 
sorption (29) so that  they too remain  f irmly adsorbed. 

Surface contaminat ion.--This  phenomenon of ad- 
sorption applies to any gas on any surface, and so the 
residual gas in the vacuum system of the mass separa- 
tor will  tend to adsorb on the surface of the anodic 
oxide. The presence of such adsorbed layers can lead to 
significant effects, as McHugh and Sheffield (31) dis- 
covered in exper iments  very  similar to those reported 
here. 

These authors implanted noble gas ions into tanta-  
lum at energies from 0.3 to 14 keV and studied the 
posit ive ions ejected f rom the surface with  the aid of 
a mass spectrometer.  Posi t ive ions of measurable  in- 
tensity were  detected for "pract ical ly all masses 
through 100" when the tan ta lum was at room tem-  
perature,  but these ions were  "nonexis tent  at higher  
temperatures ."  Since the residence t ime for an ad- 
sorbed species decreases marked ly  with  tempera ture  
(29), this behavior  confirms the presence of contami-  
nants at room temperature .  The numerous mass peaks 
suggest the f ragmenta t ion  of large molecules such as 
hydrocarbons. The lat ter  would  certainly have been 
present, in the form of vapor  f rom the pump oils used 
to maintain  the vacuum. 

Conditions in the mass separator would be very  
similar, and the presence of adsorbed hydrocarbons is 
confirmed by the carbonaceous deposits formed during 
the implantat ion of hydrogen (2). All  implantat ions 
performed here, therefore,  were  implantat ions into 
contaminated surfaces, so that  the target  would consist 
of a thin layer  of ve ry  light atoms (mostly carbon and 
hydrogen) ,  superimposed on a much thicker  layer  of 
light atoms (oxygen) and very  heavy  atoms ( tanta-  
lum). 

St icking Jactors for alkali m e t a l s . ~ M o s t  of the mea-  
surements  reported at ve ry  low energies refer  to the 
reflection coefficient, which is the complement  of the 
sticking factor. These measurements  show that  the 
considerations de termining sticking factors at high en-  
ergy continue to apply at low energy also. Thus Ari fov 
and Khadzh imukhamedov  (32) measured the reflection 
coefficient for 1~3Cs+ (heavy ion) f rom a 59Ni surface 
(light ta rget  atom) and found it was pract ical ly zero 
at 0.2 keV; the corresponding sticking factor was there-  
fore unity. By contrast, Brunnee  (33) measured the 
reflection coefficient for 39K+ f rom a 96avMo surface and 
found that  it was about 0.23 at 0.6 keV; the sticking 
factor was therefore  considerably below unity, as ex-  
pected for a light ion implant ing into a heavy target. 
Both exper iments  were  per formed on surfaces which 
were  bel ieved to be clean. 

Brunnee,  however,  repeated his exper iment  wi th  a 
molybdenum surface that  had not been cleaned, and 
then found that  the 39K+ reflection coefficient dropped 
to ra ther  less than 0.01 at the same 0.6 keV energy. 
The obvious in terpre ta t ion is that  the uncleaned mo-  
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lybdenum was covered with light atom contaminants,  
so that the 39K + was then behaving as a heavy ion im-  
plant ing into a light target. Significantly enough, 
Brunnee  cleaned his surfaces by  flashing them to high 
temperature,  a process calculated to desorb any 
contaminants  that might  be present. 

The ~gK+ ions were implanted into the uncleaned 
surface at normal  incidence, so that  they would cross 
the contaminant  layer at right angles and at relat ively 
high energy. Upon reflection from the under ly ing  mo- 
lybdenum, they would traverse it at all angles and 
at much lower energy. Since the cross section for 
large angle nuclear  collisions increases with decreasing 
energy, the probabil i ty  for colliding with the contami-  
nant  atoms and losing still more energy is much in-  
creased when  the ions are on their way out; fur ther -  
more, the t rajectory bending discussed in connection 
with adsorption would tend to hold the Z9K+ ions 
wi thin  the contaminant  layer  as they slowed down. 
The lower the implanta t ion energy, therefore, the less 
l ikely are the reflected 39K+ ions to break back 
through the con taminan t  layer, and hence the reflec- 
tion coefficient should decrease. Brunnee  observed 
that the reflection coefficient did in fact decrease 
from about 0.02 at 2 keV to about 0.005 at 0.5 keV. 

The sticking factor for an alkali  metal  implant ing  
at very low energy into a contaminated surface is 
therefore expected to be almost unity.  Since the tan ta-  
lum oxide surfaces used here certainly were contami-  
nated, the sticking factor for 0.5 keV 24Na+ was taken 
as unity,  thus providing a s tandard against which the 
sticking factors at 1, 2, and 5 keV could be determined. 
Within  the exper imenta l  s tandard error of about 0.03, 
the lat ter  are un i ty  as well (Table VII),  a result  
anticipated from the preceding discussion. 

St~cking factors for noble gases.--Ions arr iving at 
the contaminated surface suffer one of four fates.(/) 
They can be reflected. If the ions do escape from the 
surface and its contaminants,  they are most unl ike ly  to 
return,  since their mean  free path at the pressure, 
10 -8 Torr, inside the mass separator is of the order of 
a meter. (ii) They can come to rest in the outermost 
layer  of the target, which is the contaminant  layer. 
(iii) They can come to rest at such shallow depth in 
the oxide that  they are not firmly trapped; i.e. within  
an atom layer  or so of the oxide surface. (iv) They can 
come to rest sufficiently far into the oxide that they 
are firmly trapped; that  is, they implant  in  the usual  
way. 

When the implant ing  species is an alkali  metal, ions 
suffering fate (ii) become strongly adsorbed on the 
oxide surface, while those suffering fate (iii) are ad-  
sorbed in the surface. The only ions lost to the system, 
then, are those suffering fate (i), and these form a 
very small  proportion. Noble gas ions are almost cer- 
ta inly neutral ized on coming to rest, and their  heats of 
adsorption are so low that  ions suffering fates (ii) and 
(iii) would rapidly desorb; the only ions that  would 
actually stick in  the oxide, then, would be those suffer- 
ing fate ( iv) .  As the implanta t ion  energy decreased, 
the proport ion of the ions that  penetrated far enough 

Table VII. The fraction of an alkali metal implant left after washing 
compared with the observed sticking factors. Data for 134Cs repeated 

from Table I; the two columns on ~ N a  describe results obtained 
with the same samples�9 The standard error in each figure is of the 

order of 0.03 

Observed rel-  Observed r e l -  
F r a c t i o n  of at ive s t ick-  ative st ick- Fraction of  

~ C s +  act ivi ty  ing factors ing factors ~ N a +  a c t i v i t y  
remaining for ~ X e +  for 2 4 H a +  remaining 

Energy after washing  (base 5 keY (base 0.5 after washing  
in k e y  wi th  H 2 0  = 0.93) k e Y  = 1.00) w i t h  H~O 

5 0.95 [0.93] 0.9'7 0.96 
2 0.85 0.79 1.02 0.89 
1 0.71 0.66 1.02 0.72 
0.5 0.56, 0.52 0.44 [ i .00]  0.69 

to suffer fate (iv) would also decrease, thus accounting 
for the observed d iminut ion  in the sticking factor 
(Table VII).  The xenon sticking factors were therefore 
standardized by assuming that  the fitted sticking factor 
at 5 keV (Table V) was a good approximation to the 
exper imental  value; justification for the equivalence of 
observed and fitted values at high energy has been 
given already. 

Washing losses.--The reason for the loss of activity 
on washing is now readily apparent.  Alkali  metal  ions 
adsorbed on the oxide surface (ii) are washed off with 
organic liquids, while those adsorbed in  the surface 
(iii) are washed out only with water  (Fig. 3). Noble 
gas ions coming to rest in or on the oxide surface have 
already been desorbed, and so no washing losses are 
observed with these elements. Since the range profile 
is determined only by the mass and energy of the 
incident  ions, the fraction of an alkali  metal  implant  
left after washing (iv) should be the same as the frac- 
t ion of the corresponding noble gas that  sticks (iv).  
The comparison between 134Cs+ and 125Xe+ in Table 
VII indicates that  this is indeed the case. 

The superior efficiency of the water  wash can be 
interpreted in several ways. Alkali  metal  ions are more 
soluble in polar solvents, and the oxide surface might 
well  hydrate  when  exposed to water. In this connec- 
tion, the exchange reaction between the oxygen of the 
water  molecules and that  in the immediate  surface 
layer of the oxide (34) is interesting; presumably  no 
such exchange occurs with organic liquids, since these 
do not act as oxygen sources during anodization (35). 
The variat ion in washing loss from exper iment  to ex- 
per iment  can then be accounted for as differences in 
the na ture  and thickness of the contaminant  layer. 

Form of the range observed profiles.--At low en-  
ergies, the implant ing  ions necessarily come to rest 
after very few collisions with the target  atoms. Because 
the number  of collisions is so few, Gaussian statistics 
cannot  apply; the range profiles should not, therefore, 
be normal ly  distributed. Nevertheless, the range pro- 
files have been adequately described by normal  distri-  
butions in Tables III  and IV, and the fitted sticking fac- 
tors in Table V are at least in rough agreement  with 
those observed in Table VII. This paradox can be re- 
solved by not ing that the least squares fitting pro- 
cedure lacks power at these low energies to distinguish 
between a l ternate  descriptions for the profiles; the lack 
of power is due to the small  number  of exper imental  
points, and the relat ively large error in each. 

In  view of the small  number  of collisions, a first 
assumption would be that some form of Poisson sta- 
tistics apply, and that  the range profiles should there-  
fore resemble a Poisson distribution. When the average 
number  of collisions is very small, the Poisson distri-  
but ion consists of a peak followed by an exponential  
tail; as the average number  increases, this t ransforms 
gradual ly to a normal  distribution, as shown sche- 
matical ly in Fig. 5. 

If the energy is low enough, therefore, the peak 
would occur either in the contaminant  layer  or in the 
surface layer of the oxide, so that  the measured profile 
would consist solely of the exponent ial  tail. This sug- 
gested that it might  be possible to fit an exponential  
function to the range data at 0.5 keV. If the range .pro-  
file is described by 

Ye ---- C(1) �9 exp [ln (1/~) . (X(1) -- X ) / C ( 2 ) ]  [6] 

the function that  must  actual ly be fitted through the 
exper imental  points is its integral,  namely  

Y F I T ( I )  = -- (C(1) �9 C ( 2 ) / l n  ( � 8 9  

�9 exp [In (l&) . (XFIT(1 )  - - X F I T ( I ) ) / C ( 2 ) ]  [7] 

where, apart  from C(2), the symbols have the same 
significance as in  Eq. [3], [4], and [5]. The parameter  
C(2) is now the distance in angstroms over which the 
concentrat ion of the implanted ions falls by half. Least 
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Fig. 5. Schematic diagram to show how the range profiles change 
from an exponential at 0.5 keV to a normal distribution at 5 keV. 
Scales arbitrary to emphasize the changes in form; for any particular 
energy, however, horizontal scales are the same for all three dia- 
grams. 

squares fit of the function [7] to the 0.5 keV samples 
listed in Table III, IV, and V resul ted in p(x2)N-2 
greater  than 0.025 for all except  2~Rn+; C(2) var ied 
f rom 5.4 • 0.3A for 24Na+ to 3.4 • 0.8A for ~2Rn+, 
wi th  an average  of about 4.5A. 

The fit of the exponent ia l  is therefore  just as good 
as that  of the normal  distribution, and ra ther  more 
convincing, since it involves only two adjustable pa- 
rameters  instead of three. At tempts  to fit the exponen-  
tial to the range data at 1 keV were  not successful; 
only one of the twe lve  samples listed in Tables III, 
IV, and V gave an acceptable fit, and that  one (SSKr+) 
was barely  acceptable (p(x2)~ = 0.057). Examinat ion  
showed that  the largest  discrepancy between observed 
and fitted values was almost invar iably  associated with  
the first point, the fitted values being too high; when 
the first points were  eliminated,  an exponent ia l  could 
be fitted satisfactorily through the remainder.  Range 
profiles at 1 keV are therefore  consistent wi th  a peak 
fol lowed by an exponential  tai l  (Fig. 5); compared to 
the 0.5 keV profile, therefore,  the peak has moved 
fur ther  into the oxide. As the implantat ion energy 
continues to increase, the peak moves still fur ther  into 
the oxide unti l  at 5 keV the range profile is unmis-  
takably  close to a normal  distribution. 

It follows f rom this analysis that  any s imilar i ty  be-  
tween the fitted sticking factors in Table V and the ob- 
served st icking factors in Table  VII is largely  for tui -  
tous. 

Resolution of the sectioning technique.--As discussed 
in a previous paper (1), the accuracy with  which the 
range profiles can be measured  is l imited by the pre-  
cision of the sectioning technique, and this depends on 
a number  of factors. In particular,  the resolution of 
the technique  is governed by the uni formi ty  with 
which the layers can be removed, since any nonuni-  
formity  will  tend to increase the width of the  observed 
profiles. This broadening can be interpreted as the fold-  
ing of a mathemat ica l  dis t r ibut ion describing the non-  
uniformit ies  into another  mathemat ica l  distr ibution 
describing the t rue  range profile. In terms of root 
mean  square deviations, a, about their  respect ive 
means, these distributions are re la ted by 

,~o ~ = o-c 2 + , , ~  [8]  

where  the subscripts refer  to the observed range pro-  
files, the correct  range profile, and the nonuniformit ies  
left  in the oxide thickness, h, remaining after  the re -  
moval  of each layer. The quant i ty  Ch is liable to va ry  

with  the removal  of each successive layer;  in what  
follows an average  value  wil l  be assumed. 

Because of the squared dependence, ~o wil l  be deter-  
mined mostly by the greater  of ~c or Oh. At high en- 
ergies, where  ~c > >  ~h, ~o wil l  be effectively equal  
to r162 as the implanta t ion energy is decreased, r will  
also decrease, unti l  eventual ly  it becomes less than  ah. 
The observed deviat ion then approximates  to ah and 
will  not decrease significantly wi th  fu r the r  decrease in 
the implantat ion energy. Since the root mean  square 
deviat ion for a normal  distr ibution is just  the standard 
deviation, reference to Table IV wil l  show that  ~o be- 
comes sensibly constant once the implanta t ion energy 
has fal len below 2 keV. Assuming that  the nonuni-  
formities are normal ly  distributed, therefore,  ~h is ap- 
proximate ly  10A, a figure in excel lent  agreement  with 
those, 8 and 9A, obtained previously  using the re-  
anodization technique (1). Fur thermore ,  all of these 
figures must  be regarded  as m a x i m u m  estimates. 

It is ra ther  unlikely, however ,  that  the nonuniformi-  
ties would be normal ly  distributed. Quant i ta t ive  anal-  
ysis (36) of the accelerated s tr ipping effect (2) sug- 
gests that  the oxide in the immedia te  vicini ty  of each 
implanted ion dissolves faster  than usual, and so the 
removal  of such atoms would  tend to leave depressions 
in the oxide surface. Such nonuniformit ies  would 
approximate  the s ingle- ta i led exponent ia l  be t ter  than 
the double- ta i led normal  distribution, and this may 
account for both the nature  and s imilar i ty  of the 
range profiles at 0.5 keV. Against  this, however,  it must  
be noted that  differences in mass become less impor tant  
as the implantat ion energy  decreases. Thus the ratio of 
the modal  ranges for 24Na+:~O4Tl+ decreases f rom 
about 4:1 at 80 keV to about 1.7:1 at 5 keV (Table 
III) .  The similar i ty of the profiles, and hence ranges, 
at 0.5 keV is then but a continuat ion of this trend. The 
exact nature  of the  profiles at 0.5 keV is therefore  
somewhat  uncertain.  

Magnitude of penetration.--The dissolution of a thin 
oxide layer  in the HF-NH4F reagent  gives rise to the 
format ion of a new oxide surface. Ions implanted suffi- 
cient ly close to this new surface wil l  be desorbed 
(noble gases), or washed out (alkali  metals) ,  or even 
dissolved out by the accelerated str ipping effect dis- 
cussed in the previous paragraph.  Wha teve r  the proc- 
ess, the oxide layer  immedia te ly  beneath  the new sur- 
face will  be depleted in implanted  ions, and the re-  
maining profile wi l l  therefore  begin, not at the oxide 
surface, but a short distance below it. This phenomenon 
will  not influence the measured  form of the range 
profiles, as long as the depletion distance remains  con- 
stant; the lat ter  seems probable, in v iew of the washing 
experiments.  It will, however ,  affect the measurements  
of range, since these should be corrected for the deple-  
tion distance. 

An  estimate for this distance m a y  be obtained by 
assuming that  the alkali  meta l  ions washed out only 
with water  are those located in the depletion zone, 
and that  the exponent ia l i ty  of the  range profile at 0.5 
keV extends back to the oxide surface. Reference to 
Fig. 3 wil l  show Chat 18% of the S6Rb+ implanted  at 
0.5 keV is washed out only wi th  water.  Taking the 
exponent ia l  half-dis tance as 4.5A, this corresponds 
to a depletion depth of 2.5A or about one atom layer  
(1). As noted earlier, it seems very  reasonable that  
there  should be at least one a tom layer  be tween  an 
implanted ion and the  surface. 

The half  distance of the exponent ia l  is a different 
parameter  from ei ther  the mode or s tandard deviat ion 
of a normal  distribution, and so an appropriate  quan-  
t i ty  wi th  which to compare different range profiles 
is the mean range. For  an exponent ia l  distribution, the  
mean range is s imply the mean  free path, given by 
C (2 ) / In  2. It  is therefore  about 6.5A for 0.5 keV z25Xe+. 
Mean ranges for 1 and 2 keV l~Xe+  can be est imated 
as being about 11 and 20A, respectively,  including cor- 
rections for the deplet ion distance. At  energies of 5 
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keV or more, where the range profiles can be regarded 
as normal  distr ibutions t runcated at the oxide surface, 
the mean  range is computed to be about 3A greater 
than the observed modal range. When the depletion 
distance is included as well, it is 5.5A greater. 

Best estimates for the observed mean ranges of the 
0.5, 1, 2, 5, 10, 20, 40, 80, and 160 keV 125Xe+ in anodic 
t an ta lum oxide are therefore about 6.5, 11, 20, 36, 53, 
78, 136, 206, and 357A, respectively. Strictly speaking, 
these ranges refer to implanta t ion  energies slightly 
lower than those indicated, since the xenon atoms lose 
energy in t raversing the contaminant  layer on the 
oxide surface. Nevertheless, the results can be sum- 
marized by noting that  when the implanta t ion  energy 
doubles, the mean range increases by a factor of ap- 
proximately  1.6. Other implants  behave similarly, but  
the factor increases with decreasing mass, becoming 
nearly 2.0 with ~Na  +. 

Conclusions 
At energies of 5 keV and above: 

1. The range profiles can be described wi th in  experi-  
menta l  error as normal  distr ibutions t runcated at the 
oxide surface. 

2. The observed sticking factor agrees wi th in  ex- 
per imenta l  error with the fraction of the normal  dis- 
t r ibut ion present as the range profile. 

3. The results are in accord with previous measure-  
ments  and wi th  theory, in so far as the la t ter  has been 
developed. 

At energies below 5 keV: 

4. The ranges are so short that the na ture  of the 
oxide surface becomes important.  In  particular,  a layer 
of adsorbed contaminants,  including hydrocarbons, is 
present  when  the surface is exposed to an oil pumped 
vacuum system. 

5. The range profiles have been divided, largely on 
the basis of washing experiments  with alkali  metal  
implants,  into three parts. The first part  is located in 
the con taminan t  layer, the second in the immediate 
surface layer of the oxide, and the third, equivalent  to 
normal  implantat ion,  at greater depth in the oxide. 

6. The range profile of an ion implanted at 0.5 keV 
can be fitted to an exponent ial  function, and the 
gradual  change to a normal  distr ibution at 5 keV has 
been interpreted in terms of Poisson statistics. 

Acknowledgments 
The author  would like to express his grat i tude to 

D. Hall, C. Sitter, J. Tole, and O. Westcott for implan ta -  
tions with the mass separator, to D. Phill ips for assist- 
ance with the experiments,  and to J. A. Davies and 
K. B. Winterbon for comments  on the manuscript .  

Manuscript  submit ted March 19, 1973; revised m a n u -  
script received Ju ly  23, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 

REFERENCES 
1. J. P. S. Pringle, This Journal, 119, 482 (1972). 
2. J. P. S. Pringle, ibid. To be published. 
3. J. P. S. Pringle, ibid., 128, 398 (1973). 
4. J. P. S. Pringle,  ibid., 120, 1391 (1973). 
5. J. A. Davies, J. D. McIntyre, R. L. Cushing, and 

M. Lounsbury,  Can. J. Chem. 38, 1535 (1960). 
6. G. R. Piercy, F. Brown, J. A. Davies, and M. 

McCargo, Phys. Rev. Letters, 18, 399 (1963). 
7. B. Domeij, F. Brown, J. A. Davies, and M. McCargo, 

Can. J. Phys., 42, 1624 (1964). 
8. P. Jespersgard and J. A. Davies, ibid., 45, 2983 

(1967). 
9. D. A. Vermilyea, This Journal, 104, 485 (1957). 

10. J A. Davies, J. Friesen, and J. D. McIn%yre, Can. 
J. Chem., 38, 1526 (1960). 

11. M. McCargo, J. A. Davies, and F. Brown, Can. J. 
Phys., 41, 1231 (1963). 

12. D. A. Walker, Atomic Energy of Canada Limited 
Report AECL-2502, Chalk River, 1965. 

13. J. A. Davies, F. Brown, and M. McCargo, Can. J. 
Phys. 41, 829 (1963). 

14. I. Bergstrom, J. A. Davies, B. Domeij, and J. Uhler, 
Arkiv Fysik, 24, 389 (1963). 

15. "Handbook of Chemistry and Physics," 40th edi- 
tion, Chemical Rubber  Publ ishing Co., Cleveland 
(1959). 

16. I. Bergstrom, F. Brown, J. A. Davies, J. S. Geiger, 
R. L. Graham, and R. Kelly, Nucl. Instr. Methods, 
21, 249 (1963). 

17. K. Huber,  This Journal, 110, 1286 (1963). 
18. D. A. Vermilyea, ibid., 102, 207 (1955). 
19. D. A. Vermilyea, ibid., 110, 250 (1963). 
20. F. Brown and J. A. Davies, Can. J. Phys., 41, 844 

(1963). 
21. W. E. Deming, "Statistical Adjus tment  of Data," 

John Wiley & Sons, Inc., New York (1943). 
22. K. B. Winterbon,  P. Sigmund, and J. B. Sanders, 

Mat. Fys. Medd. K. Dan, rid. Setsk., 37, No. 14 
(1970). 

23. K. B. Winterbon,  Radiation Egects, 13, 215 (1972). 
24. J. P. S. Pringle,  To be submitted. 
25. H. Schi~tt, Can. J. Phys., 46, 449 (1968). 
26. E. M. Baroody, J. Appl. Phys., 40, 2555 (1969). 
27. J. Bcttiger, H. Wolder J~brgensen, and K. B. Win-  

terbon, Radiation Effects, 11, 133 (1971). 
28. M. W. Thompson, Phil. Mag., viii, 18, 377 (1968). 
29. P. A. Redhead, J. P. Hobson, and E. V. Kornelsen, 

Advanc. Electron. Electron Phys. 17, 323 (1962). 
30. M. Kaminsky,  "Atomic and Ionic Impact  Phenom-  

ena on Metal Surfaces," Academic Press, New 
York (1965). 

31. J. A. McHugh and J. C. Sheffield, J. Appl. Phys., 
35, 512 (1964). 

32. U. A. Arifov and K. K. Khadzhimukhamedov,  Bull. 
Acad. Sci. USSR Physical Series, 26, 1450 (1962). 

33. C. Brunnee,  Z. Physik, 147, 161 (1957); English 
Translat ion ORNL-tr-467. 

34. J. Siejka, J. P. Nadai, and G. Amsel, This Journal, 
118, 727 (1971). 

35. M. Croset, E. Petreanu,  D. Samuel, G. Amsel, and 
J. P. Nadai, ibid., 118, 717 (1971). 

36. J. P. S. Pringle,  Submit ted to This Journal. 



Some Practical Aspects of Electroless Gold Plating 
Y. Okinaka,* R. Sard,** C. Wolowodiuk, W. H. Craft, and T. F. Retajczyk 
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ABSTRACT 

The electroless gold plating process using potassium borohydride as the 
reducing agent has been investigated for impur i ty  effects, material  com- 
patibili ty,  bath agitat ion effects, and thickness uni formi ty  and line resolution 
in selective plating of pat terned substrates. Impuri t ies  may cause a decrease in  
plat ing rate [Ni(II)  ], bath instabi l i ty  [Ni( I I ) ,  Co(II) ,  Fe ( I I )  ], thickness 
nonuni formi ty  (polyethylene, organics in deionized water) ,  and nodule for- 
mat ion (some surfactants) .  Bath agitat ion is beneficial: it increases plat ing 
rate, minimizes porosity of thin deposits, and eliminates nodule formation. 
Edge bui ld-up  general ly occurs in selective pat tern plating but, with proper 
selection of bath compositions and agitation conditions, it can be main ta ined  
below 10% in the thickness range of 1-12 ~m. The rate of lateral  growth of 
electroless gold deposits is about 60% of that  of perpendicular  growth under  
opt imum plating conditions. Also considered in this paper are certain aspects 
of the scale-up and waste disposal problems associated with electroless gold 
plating. 

Electroless gold plat ing has been found to be useful 
in a variety of applications, especially for selective 
plat ing on pat terned substrates for electronics appli-  
cations. Such applications general ly require pure soft 
gold with a thickness in the range of 1-15 ~m. A bath 
developed in this laboratory (1) has been found to 
be quite suitable for forming such deposits. Previous 
papers described the general  bath characteristics (1), 
physical properties of deposits (2), bath operation with 
replenishment  (3), reaction mechanism (4), and the 
nucleation and growth of deposits (5). The purpose 
of this paper is to describe several other aspects of the 
process which are important  from the practical view- 
point  and which have hitherto not been discussed. The 
topics covered include impur i ty  effects, mater ial  com- 
patibility, bath agitation effects, deposit thickness 
uniformity,  and line resolution in selective plat ing of 
fine line pat terned substrates. General  recommenda-  
tions are made as a guide for users of this process. 
Specific applications will be described in separate com- 
munications.  

Solution Preparation and Plating Procedure 
Compositions of three electroless gold plat ing baths 

used are listed in Table I. Bath A was used often in 
our earlier studies (1-3) including those of impur i ty  
effects and porosity described in this paper. More re-  
cently, baths B and C have been used exclusively. 
These two baths contain less KCN and KBH4 and, 
therefore, are more preferable than bath A for prac-  
tical reasons. Bath B gives the highest deposition rate 
(5-7 ~m/hr  at 70~176 with vigorous agitation),  but  
deposits with acceptable physical properties can be ob- 
tained only when plated with agitation. Bath C is 
slower plat ing (2 ~m/hr  at 70~ with agitation) but  
gives bet ter  thickness uni formi ty  on th in  deposits in 
fine l ine plating. Details wil l  be described in subse- 
quent  sections. It  is convenient  to prepare the baths by 
di lut ion of 5•  concentrated stock solutions. These 
solutions can be stored at room temperature  for at 
least three months without  noticeable decrease in  pla t -  
ing rate. Since a very  small  amount  of hydrogen gas 
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Table I. Composition of electroless gold plating baths used 

B a ~  A B a ~  B Bath C 

KAu(C"N)$ 0.02M 0.003M 0.02M 
KCN 0.2M 0.1M 0.1M 
KOH 0.2M 0.2M 0.2M 
KBH~ 0.4M 0.2M 0.2M 

continues to evolve from the solution due to the hy-  
drolysis of BH4-, it is suggested that  the cap of the 
storage bottle have a pressure vent  or be only loosely 
t ightened for safety purposes. 

Details of various plat ing procedures used will  be 
described in each section. Genera l ly  it  is necessary to 
carry out the plating with controlled agitation in  order 
to obtain deposits with uni form thickness at a fast rate. 
A plating temperature  of 70~176 is recommended. 

Impurity Effects and Material  Compatibil ity 
Inorganics.--As described earlier (1), the electroless 

gold deposition takes place on noble metals such as 
Pd, Pt, Rh, and Au itself as well  as on active metals  
such as Cu, Ni, Co, Fe, and their  alloys. The init ial  
reactions, however, are different on these two classes 
of metals. On noble metals the reaction is catalytic 
from the very beginning,  whereas the gold deposition 
on the other active metals is init iated by a galvanic 
displacement reaction. For example, it was found (6) 
that when a copper substrate is placed in bath A at 
70~ about 100A of copper dissolves into the solution 
before the surface is completely coated with pore-free 
gold deposits. Since such displacement reactions result  
in accumulat ion of ions of the substrate  metals, it is 
important  to know whether  such ions exert  any  dele- 
terious effects and, if they do, how much of them c a n  
be tolerated in the plat ing solution. 

Figure 1 i l lustrates the effects of Cu( I I ) ,  Ni ( I I ) ,  
Co(II) ,  and Fe ( I I )  ions on plat ing rate. These ions 
were added in the form of a sulfate salt. Substrates 

/ I I 
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Fig. 1. Effects of metallic ion impurities on plating rate and bath 
stability. (Bath A, 75~ no agitation.) 
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were �89 in. X 1 in. glass p la tes  wi th  evapora ted  
Ti(500A) and Au(1000A).  The p la t ing  was per formed  
in 25 ml  of ba th  A at 75~ wi thout  ex t e rna l  agi tat ion.  
I t  is seen in Fig. 1 tha t  the presence of Cu (II)  at  least  
up to 0.01M does not  affect the p la t ing  rate.  The ba th  
remained  stable, and there  was no effect on the  deposit  
appearance  as observed wi th  an opt ical  microscope. I t  
is be l ieved  tha t  the borohydr ide  reduces  Cu( I I )  to a 
Cu (I)  - cyan ide  complex,  which owing to its h igh s ta-  
b i l i ty  remains  unreac ted  in solution. On the o ther  hand,  
10-3M Co( I I )  or F e ( I I )  was found to decompose the 
bath, a l though at  lower  concentra t ions  the ba th  re -  
mained  stable and the  p la t ing ra te  was unaffected. I t  
was noted, however,  tha t  the presence of these  ions 
tended  to make  the  deposit  rough and nodular .  The 
effect of N i ( I I )  is different  in that  it  g rea t ly  decreases 
the  p la t ing  ra te  at  concentra t ions  lower  than  10-SM. 
The deposit  obta ined  in t he  presence of Ni (II)  is nodu-  
lar, and at  10-~M or grea te r  ba th  decomposi t ion takes  
place. I t  has been shown (4) tha t  the  cause of the  de -  
crease in p la t ing  r a t e  is the  poisoning effect of 
N i ( C N ) 4 - -  on the  e lec t roca ta ly t ic  ac t iv i ty  of gold, 
which is due to the inhibi t ion of the  anodic pa r t i a l  
react ion (oxidat ion  of B H a O H - ) I  by  adsorbed  
N i ( C N ) 4 - - .  The observed ba th  ins tabi l i ty  m a y  be due 
to the  format ion  and prec ip i ta t ion  of the  heavy  meta l  
borides (7) and subsequent  cata lyt ic  deposi t ion of gold 
on the precipi tates .  I t  is evident  f rom these resul ts  tha t  
substra%es wi th  nickel,  cobalt,  iron, or thei r  a l loys a re  
not  genera l ly  compat ib le  wi th  the  electroless gold 
system. Such subst ra tes  should be precoated  with  a 
th in  l ayer  of a sui table  noble me ta l  ca ta lys t  [e.g., dis-  
p lacement  (" immers ion")  gold] before  electroless  gold 
plat ing.  

Sil icon undergoes  a d i sp lacement  react ion in the  
bath,  which  deposits  loosely adheren t  gold wi th  s imul-  
taneous dissolution of silicon. Consequently,  in p la t ing  
on silicon wafers,  the backs  and edges must  be effec- 
t ive ly  pro tec ted  f rom exposure  to solution (8). 

A l u m i n u m  is v igorously  a t t acked  by  the solut ion be-  
cause of the  high a lkal in i ty .  

The fol lowing meta l s  are  s table in the  ba th  and do 
not  in i t ia te  gold deposit ion:  Cr, Mo, W, Ta, Ti, Zr. 

Organics.--Organic mate r i a l s  and  compounds  which  
are  s table  in the  ba th  include "Teflon," polypropylene ,  
negat ive  photoresis ts  such as KMER and KTFR (East -  
man  Kodak  Company) ,  and perfluoro surfactants .  

Po lye thy lene  is not s table in this sys tem because it is 
a t tacked  by  KOH at e levated  tempera tures .  I t  was 
found that  the  exposure  of a large area  of this ma te r i a l  
causes a suppression of p la t ing due to its inhibi t ing 
effect on the anodic oxida t ion  of B I ~ O H - .  The l a t t e r  
effect, which  is s imilar  to the effect of N i ( C N ) 4 - - ,  is 
i l lus t ra ted  by  the cu r r en t -po ten t i a l  curves shown in 
Fig. 2. These curves  were  ob ta ined  b y  a potent ia l  scan 
technique using a ro ta t ing  p l a t inum disk e lect rode 
(area  0.465 cm 2, 1600 rpm)  precoated  with  about  25 ;~m 
of e lec t ro ly t ica l ly  deposi ted gold f rom an a lka l ine  cy-  
anide bath.  Curve 1 is due  to the  anodic oxida t ion  of 
B I ~ O H -  at 75~ in a mix tu re  of 0.2M KOH, 0.1M KCN, 
and 0.1M KBH4 before  the addi t ion of polye thylene .  
Curves 2 and 3 were  obtained,  respect ively,  10 and  30 
min af ter  addi t ion of lg pulver ized  po lye thy lene  (Al -  
l ied Chemical  Company,  No. AC-680).  The re la t ive ly  
slow decrease in cur ren t  is a t t r ibu ted  to the slow dis-  
solut ion of po lye thy lene  powder .  Whi le  these  curves 
show the inhibi t ing  effect of po lye thy lene  (or  its 
degrada t ion  product)  on the  anodic pa r t i a l  reaction, the  
cathodic pa r t i a l  reac t ion  [ reduct ion of A u ( C N ) 2 - ]  is 
not affected by  po lye thy lene  (curve 4). The poisoning 
effect of po lye thy lene  manifests  i tself  in the anomalous  
thickness un i fo rmi ty  of deposits fo rmed on pa t t e rned  
substrates.  F igure  3 shows SEM views and profiles of 
port ions of gold deposits  [ formed on evapora ted  
T i (750A) /Pd(1000A)  pa t te rns  on oxidized silicon 

* BH~OH- is an intermediate  species formed during the hydrolysis  
of  BI-I4-, and has been  identified as the reducing agent  in the 
electroless  gold deposition reaction (4), 
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Fig. 2. Effect of polyethylene on anodic oxidation of BH3OH- and 
cathodic reduction of Au(CNh- at rotating platinum disk electrode 
precoated with gold. (75~ 1600 rpm, 5.56 mV/sec.) Dashed carve, 
Base electrolyte containing 0.1M KCN and 0.2M KOH. Curve 1, 
0.1M KBH4 plus base electrolyte before addition of polyethylene. 
Curves 2 and 3, 10 rain and 30 min after addition of Ig polyethyl- 
ene. Curve 4, 0.001M KAu(CN)~ plus base electrolyte (no KBH4) 
before and after addition of polyethylene. 

wafers]  in solutions uncontamina ted  ( top) and heavi ly  
contamina ted  wi th  po lye thy lene  (bot tom).  The plat ing 
was carr ied  out in ba th  B (Table  I) at  70~ for 110 
min using the agi ta t ion and rota t ion method  descr ibed 
in the  subsequent  section. The thickness profiles were  
obta ined using a s tylus ins t rument  (Dektak,  Sloan In-  
s t ruments  Corpora t ion) .  I t  is seen tha t  the  thickness  
un i formi ty  of the deposi t  fo rmed in the  uncontami-  
nated solut ion is excellent ,  whereas  e x t r e me  thickness  
nonuni formi ty  is apparen t  on the deposit  fo rmed in the  
contaminated  solution. The reason why  the  deposit ion 
is less inhibi ted at  edges than  at the  center  is not  ob-  
vious, but  this  phenomenon indicates  tha t  there  is a 
mechanism whereby  the adsorpt ion  of po lye thy lene  (or 
its degrada t ion  product)  occurs less at the  edges. 

Our  exper ience  in p la t ing a large  number  of pa t -  
t e rned  subst ra tes  shows tha t  a s imilar  center  suppres-  
sion effect occurs, though to a much lesser extent,  
when  wa te r  used to p repa re  the p la t ing  solut ion is 
con tamina ted  wi th  t races  of organics.  For  example ,  
deionized wa te r  not  t rea ted  wi th  act ive charcoal  was 
found to br ing about  cen te r  suppression amount ing to 
20-30%, whereas  dis t i l led wa te r  or charcoa l - t r ea ted  
deionized wa te r  inva r i ab ly  gave r ise to only -----10% 
thickness  nonuniformity .  

Posi t ive AZ photoresis ts  (Ship ley  Company)  are  un -  
s table in a lkal ine  media  and therefore  not  compat ible  
wi th  the  electroless  gold process. Other  organic com- 
pounds tested and found to be incompat ib le  are  Tri ton 
X-I00 (Rohm and Haas  Company,  a nonionic surfac-  
tant )  and n-dodecylamine .  The addi t ion of these com- 
pounds  formed nodular ,  discolored deposits.  

Agitat ion Effects 
In addi t ion to the  enhanced p la t ing  ra te  which has 

a l r eady  been descr ibed (1), ba th  agi ta t ion br ings  
about  two impor tan t  beneficial  effects: (i) it  en t i re ly  
e l iminates  the  tendency for nodule formation,  and (ii) 
it  faci l i ta tes  the  format ion  of deposits  wi th  l a te ra l  
g rowth  s t ruc ture  and uni form grain  size, which br ings  
about  a decrease  in porosity.  Three  typical  s t ructures  
of 2 ~m th ick  electroless gold deposits  a re  i l lus t ra ted  
in Fig. 4 by scanning e lect ron micrographs.  F igure  4a 
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Fig. 3. Scanning electron mi- 
crographs and thickness profiles 
showing effects of contamination 
with polyethylene. Top, uncon- 
taminated; bottom, heavily con- 
taminated. (Bath B, 70~ rota- 
tational plating.) 

shows the morphology of deposits formed without  agi- 
ta t ion in a solution similar in composition to bath A 
(Table I) except the concentrat ion of KAu(CN)2  was 
decreased to 0.0025M. The plating temperature  was 
75~ This deposit was brown in color, consisting of 
particles approximately micron size, and protruding 
outwards from the surface. Figure 4b shows the de- 
posit formed in bath A [0.021Yl KAu(CN)2]  also with 
no external  stirring. The deposit was smooth and yel-  
low, with a fine s t ructure  consisting of a network of 
web-l ike  features. Figure 4c shows a deposit obtained 
in the same bath but  with vigorous agitation. The 
dilute bath which yielded photograph (a) gave deposits 
similar to photograph (c) when operated with agita-  
tion. These deposits are characterized by wel l -devel-  
oped crystal l ine facets. 

As may be expected from the morphological observa- 
tions, the deposit formed in the dilute KAu(CN)2 bath 
without  agitation (Fig. 4a) was found to be most por-  
ous. The least porous deposit was formed in vigorously 
agitated baths (Fig. 4c) Porosities of deposits corres- 
ponding to Fig. 4b and c are compared in Fig. 5 as a 
funct ion of the average deposit thickness. The deposits 
for the porosity determinat ion were formed on ceramic 
a lumina  substrates precoated with evaporated t i t an ium 
and copper. The porosity was determined by the 
method described previously (2): namely,  each plated 
sample was immersed in  20% HNOa and ul trasonical ly 
agitated for 5 rain at 30~ and the dissolved copper 
was determined using atomic absorption spectroscopy. 
The ratio of the copper concentrat ion determined for 
each plated substrate to that  found with an unpla ted  
b lank  substrate  was taken to represent  per cent poros- 
ity. It is seen from Fig. 5 that the effect of agitation on 
porosity is especially significant for deposits th inner  
than 0.5 ~m. For thicker deposits the effect is insig- 
nificant, and essentially zero porosity is achieved at 
thicknesses greater than  1 ~m. 

The electrical resistivity and hardness of deposits 
were also investigated with and without  bath agitation. 
The results obtained with agitation were identical to 

those reported previously (2) for deposits obtained 
without agitation. 

From the known dependence of deposition rate on 
the speed of bath agitation (1), it is clear that the 
deposition rate is par t ly  controlled by the rate of 
t ransport  of reacting species from the bu lk  of solution 
to the substrate surface. Therefore, conditions of agita-  
tion play an important  role in determining the un i form-  
ity of deposit thickness on a given substrate. This 
subject is discussed in  the next  section. 

Uniformity of Deposit Thickness 
It was found that  the use of a simple magnetic  

stirrer or a st irring blade general ly  gives unsatisfactory 
results in regard to thickness uniformity  across the 
substrate surface. For example, when a glass substrate 
(2.54 • 1.75 cm) precoated with evaporated T i / A u  was 
plated for 1 hr wi th  motorized st i rr ing rod agitation, a 
thickness variat ion of •  was observed. Using either 
of the two methods described below, the thickness 
var iat ion can be main ta ined  wi th in  •  

The first method for providing uni form convection 
conditions uses a substrate holder of carousel type as 
shown in Fig. 6. The part icular  holder shown was con- 
structed for plat ing silicon wafer  substrates 11/4 in. to 
1 V2 in. in diameter. It consists of two Teflon wheels and 
a Teflon shaft with stainless steel core. Grooves  were 
cut in both wheels to hold the substrates vert ical ly as 
shown in the figure. Silicon wafers were mounted  on 
suitable support ing plates such as high density a lumina  
or quartz using polypropylene as the mount ing  mate-  
rial. Blank  supporting plates were placed in empty  posi- 
tions in the holder to obtain identical agitat ion con- 
ditions regardless of the number  of substrates being 
plated. The assembled holder was connected to a motor 
and rotated with periodic reversal  to obtain uni form 
thickness distribution. 

The second method is more suitable for plat ing a 
larger number  of substrates (up to 60) in one run.  In  
this method, substrates are placed vert ical ly in a holder 
in  a radial  array, and the holder is connected to a motor 
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Fig. 4. Morphology of 2 ~m thick electroless gold deposits. (Sub- 
strate, evaporated Au/Ti/glass.) a, Bath A except 0.0025M 
KAu(CN)2, no agitation, 75~ b, Bath A (0.02M KAu(CN)2), no 
agitation, 75~ c, Bath A (0.02M KAu(CN)~), vigorous agitation, 
75~ 

through a f lywheel in such a way  that  it moves  up and 
down during plating.~ A photograph of the equipment  
constructed for plat ing silicon wafers  wi th  d iameter  
up to 2 in. is shown in Fig.7. The substrate holder  used 
in this par t icular  apparatus was a commercia l ly  avai l -  
able F luoroware  wafe r  carr ier  fitted with  a specially 
constructed Teflon shaft wi th  steel core. 

s i t  s h o u l d  be  n o t e d  that  the  principle  of  v e r t i c a l  o sc i l l a t o ry  
plat ing  is  m o r e  readi ly  adaptable  to the  sca le -up  for p lat ing  large 
area substrates  such as ce ramics  (3~/4 in.  • 4~/s in.) .  

i 
i 

HI 

\ 

Fig. 6. "Teflon" rotating substrate holder for silicon wafer plat- 
ing. 

Both methods are  equal ly  satisfactory for obtaining 
thick deposits (i.e., >10 ~m thick) with no significant 
thickness var ia t ion at different locations on a substrate. 
However,  there  is a tendency for some thickness non-  
uni formity  to occur on fine l ine pat terned substrates 
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Fig. 8. Deposit thicknesses at edge and center of 75 #m wide 
lines vs. plating time. (Bath B, 70~ vertical oscillatory plating.) 

Fig. 7. Front view of vertical oscillatory plating apparatus for 
silicon wafer plating. 

when the plat ing is carried out to only a few microns 
in thickness. The substrates used to s tudy this effect 
were oxidized silicon wafers with suitable pat terns of 
evaporated Ti(750A)/Pd(1000A) which were formed 
either by deposition through a metal  shadow mask or 
by photoli thography and etching. The plating was per-  
formed in bath B (Table I) at 70~ Figure  8 shows a 
plot of deposit thicknesses at the edge and center of 
75 #m wide lines against plat ing t ime for the vertical  
oscillatory plating. It is seen that  deposits with a 
center thickness of 10.5-11.5 ~m with less than 1 ~m 
high edges are formed in 2 hr. Also noted in this 
figure is the fact that the edges form in the very early 
stages of plating, and their height increases only 
slightly with plat ing time. Therefore, the edge bu i ld -up  
is relat ively more significant for th inner  deposits. For 
example, the edge of 2 ~m deposits is 25% higher than 
the center, whereas this number  becomes only 7% for 
11 ~m deposits. Similar  results are obtained with the 
rotational equipment.  

It was found that the thickness uniformity  of thin 
deposits can be greatly improved by plat ing at a slower 
rate in a bath containing a larger concentrat ion of 
KAu (CN)2. The thickness uniformity  of deposits plated 
in bath C (Table I) at 70~ using the rotat ional  equip-  
ment  is i l lustrated in Fig. 9. It is seen that  at the 2 
#m level the edge nonuni formi ty  remains within 10%. 
It is quite clear also from this figure that  the edge 
bui ld-up to a certain height occurs in the very early 
stages of deposit growth, and that this height does not 
change much with plat ing time. The cause of this 
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Fig. 9. Deposit thicknesses at edge and center of 75 ~m wide 

lines vs. plating time. (Bath C, 70~ rotational plating.) 

phenomenon is not ful ly understood at the present 
time, but  conceivably it  may be related to the effect 
of geometry on the init ial  adsorption of reacting spe- 
cies or the recent ly discovered effect of crystallo- 
graphic orientation on plat ing rate (9). The fact that 
the edge height changes little as the plat ing proceeds 
indicates that the mass t ransport  condition is, on the 
average, quite uniform. 

Line Resolution 
Information on line resolution is essential in  plating 

substrates with fine l ine patterns. As long as deposits 
are not constrained to grow vertically, i.e., by photo- 
resist, they also grow la tera l ly  to widen the original 
lines and narrow the spacing between them. The line 
resolution was determined using oxidized silicon sub- 
strates with T i /Pd  Ealing high resolution test pat-  
terns. Bath B and the rotat ional  equipment  were used. 
Plat ing was carried out for various lengths of time, the 
deposit thickness was measured with a Dektak in-  
strument,  and the set of smallest lines resolved was 
determined by optical and scanning electron micros- 
copy. The results are tabulated in  Table II. A scanning 
electron micrograph showing the resolution at tained at 
25 min  is shown in Fig. 10. From the resolution data it 
can be calculated that the lateral  growth was only 
about 60% of the perpendicular  growth. 
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Table II. Line resolution 

W i d t h  a n d  s p a c i n g  
P l a t i n g  Thickness (a~  of  s m a l l e s t  s e t  of 

t i m e  (min )  (#m)  b a r s  r e s o l v e d  (/r 

100-110 11-13 12.6(b) 
50 5 .2 -5 .6  6.3( ~ 
25 1.8-2.2 2.5 

(a) M e a s u r e d  at  c e n t e r  of  25 /~m ba r s .  
(b) 10 /~m b a r s  r e s o l v e d  e x c e p t  at  e n d s .  
~ )  5 / ~ m  b a r s  r e s o l v e d  e x c e p t  a t  ends .  

The slower lateral  growth is beneficial in the ap- 
plication of the electroless gold process on substrates 
with pat terns containing narrow spacings. In  one ap- 
plication (10) a transistor s tructure with init ial  line 
spacing of 1.3 ~m was successfully plated with 7000A 
of electroless gold. It  should be emphasized, however, 
that the success of such critical applications is greatly 
dependent  on the cleanliness of substrate surface. For 
example, if the init ial  pat tern  of catalytic metal  is 
generated by photoli thography and etching, the areas 
where the metal  is etched off must  be completely free 
of metal  and organic residues. 

Some Considerations Relevant to Scale-Up and 
Waste  Disposal 

The vertical oscillatory plat ing apparatus described 
in a previous section (Fig. 7) is capable of handl ing 
th i r ty  2 in. silicon wafers in 2 liters of solution if one 
wafer is placed into each slot. This capacity can be 
doubled, of course, by placing two substrates back to 
back in a slot. With such a large number  of substrates 
a significant decrease in the concentrat ion of bath con- 
st~tuents occurs dur ing plating. For example, a typical 
2 in. silicon wafer plated in this laboratory had a plat-  
ing area of about 1 cm 2 and required a gold thickness 
of 12 ~m. Deposition onto 30 of these wafers requires 
a total  of 0.Tg of gold. On the other hand, 2 liters of 
plat ing solution (bath B) contains 1.18g gold. Thus, 
the amount  of gold depleted at the end of the plating 
run  is 59%. In  order to learn whether  such depletion 
causes any  significant change in  plat ing rate, experi-  
ments  were run  with a suitable number  of wafers 
b lanket  coated with T i /Pd  in addition to one pat terned 
wafer. The depletion percentage was calculated from 
the weight gain of the wafers and the init ial  quant i ty  

Fig. 10. Scanning electron micrograph showing line resolution 
after 25 min of plating. (Bath B, 75~ rotational plating, gold 
thickness 2 Fm.) 

of gold present in the solution. Figure 11 shows a plot 
of plating rate in ; ,m/hr calculated from the gold 
thickness achieved in 2 hr on 75 ~m wide lines, vs. the 
percentage depletion of gold at the end of the plating 
time. It is seen that the plat ing rate at 83% gold deple- 
tion is only about 10% less than that at 1.5% depletion. 
In a separate series of experiments  using copper sheet 
substrates, a sharp drop in plat ing rate was observed 
only after 95% of gold had been depleted. The dashed 
portion of the curve in Fig. 11 was drawn based on this 
information. The result  indicates that under  the condi- 
tions assumed for this evaluation, it would be possible 
to plate up to 45 wafers without  a Significant decrease 
in plat ing rate. For  plat ing a larger number  of sub- 
strates or a larger plat ing area, it would be neces- 
sary to increase the gold concentrat ion or solution 
volume in order to avoid the depletion effects. An al- 
ternat ive method would be to replenish the bath with 
KAu(CN)2 solution either continuously or periodi- 
cally during plating. 

As far as the depletion of borohydride is concerned, 
it has already been shown (3) that the amount  of boro- 
hydride consumed for the plat ing reaction is negligible 
as compared to the large excess borohydride present 
in the bath, and that the loss of borohydride can be 
regarded as being ent i rely due to hydrolysis (4). The 
possibility of operating the bath with periodic re- 
plenishment  of KBI-L~ has been discussed in the p r e -  
vious paper (3). 

Waste disposal of spent solutions must  be considered 
before the process is used on a large production scale. 
Gold can be recovered readily as metal  by one of the 
three methods: (i) precipitation of spongy gold powder 
by heating to a temperature  above 90~ followed by 
filtration; (//) cont inuing electroless deposition on a 
large area substrate unt i l  all gold is plated out; (ii i)  
electroplating gold. Addition of KBH4 may be required 
to carry out method (i) or ( i i ) .  Method (ii) is rec- 
ommended for treating solutions containing relatively 
small  concentrations of gold. Method (iii) (electrolytic 
method) is suitable for recovering gold from more 
concentrated solutions because the deposition rate can 
be increased to a much higher level. The solution left 
after gold recovery can be treated by the standard 
alkaline chlorination process for destruction of cyanide 
ions to  CO2 and N2. This process also oxidizes BH4- 
to borates. In order to keep the boron content of the 
final waste sufficiently low, dilution will  be necessary 
before disposal. 

Summary and Conclusions 
1. Two bath formulations are recommended for ob- 

ta ining deposits with optimal properties: bath B 
(Table I) for fast plat ing of thick (>5  gm) deposits, 
and bath C for forming thin (1-3 ~m), uni form de- 
posits. Both baths can be stored as 5X concentrated 
stock solutions at room temperature.  These baths yield 
pure gold deposits at rates of 5 and 2 ~,m/hr, respec- 
tively, at 70~ with agitation. 
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2. Nickel, cobalt, and ferrous ions cause bath in-  
stabili ty and/or  a decrease in plat ing rate; therefore, 
they should not be present. Copper does not show 
such effects. 

3. Polyetbylene  is not compatible with the bath due 
to a chemical instabil i ty and can impair  the qual i ty 
of the deposit, whereas polypropylene is stable. 

4. Water used to prepare the plating solution should 
be free of organic impurit ies when thickness un i -  
formity is important  on fine line patterns. 

5. Bath agitation is beneficial. It increases plat ing 
rate, decreases porosity of deposits ~1 ~m thick, and 
eliminates nodule formation. Hardness and electrical 
resistivity are not affected by agitation. 

6. Two methods of agitation suitable for obtaining 
uniform deposits are: rotat ional  method with periodic 
reversal and vertical oscillatory method. Both methods 
give equal ly uniform deposits at essentially the same 
rate, but the vertical oscillatory method is more suit-  
able for large scale operations. Under optimal condi- 
tions the thickness nonuni formi ty  across a substrate 
can be mainta ined within  3%. On pat terned substrates 
these conditions will main ta in  any edge bui ld-up  on 
fine lines within 10% over the thickness range of 1-12 
p m .  

7. The rate of lateral  growth of electroless gold de- 
posit is about 60% of the rate of perpendicular  growth. 

8. Gold recovery and disposal of spent solution are 
simple and straightforward. 

Various practical and fundamenta l  aspects of the 
electroless gold plating process are now believed to be 
sufficiently characterized and understood. The process 

has found a number  of applications in this laboratory, 
and they wiI1 be described elsewhere. 
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Electroless Gold Beam Lead Plating 
R. Sard,* Y. Okinaka,** and H. A. Waggener 

Bell Laboratories, Mum'ray Hill, New Jersey 07974 

ABSTRACT 

The electroless gold plat ing process developed in this laboratory has been 
successfully applied to the fabrication of beam leads on silicon integrated 
circuits. This un ique  plat ing process selectively plates gold onto discrete 
pat terned regions of a substrate at 6 ~m/hr  with ~10% thickness nonun i -  
formity for thicknesses of 10-12 ~m. Beam lead pat terns were formed either 
by vacuum evaporation of t i t an ium followed by pal ladium through a metal  
shadow mask or by photoli thography and etching. The compatibi l i ty of this 
processing with a number  of other materials  present  on Si devices has been 
established. Beam lead structures have been characterized with respect to 
mechanical  properties and found to meet  or exceed system requirements .  This 
process is shown to be capable of high yields and is an at t ract ive a l ternat ive  
to conventional  methods of fabricating beam leads. 

Gold beam leads (1) on silicon integrated circuits 
are convent ional ly  formed by electroplating through 
a photoresist pat tern  onto a base metal  such as T i /Pd  
or Ti/Pt .  As shown schematically in Fig. 1A, a min i -  
mum of six basic processing steps are involved: (i) 
t i t an ium and pal ladium (or p la t inum)  evaporation, 
(ii) photoresist application, exposure and development,  
(iii) gold plating, (iv) photoresist removal, (v) pal la-  
dium etching, and (vi) t i t an ium etching. Many var i -  
ations of this processing have evolved, such as etching 
the pal ladium before plat ing then using a second photo- 
resist application to define the beams, or by using back 
sput ter ing techniques in place of etching to remove the 
unwanted  metals. All such variat ions are inevi tably  
more complex than the scheme depicted in Fig. 1A, 
although they have in some instances (2) been shown 
to yield improved results. 

* Elect rochemical  Society Act ive  Member .  
** Electrochemical  Society Life  Member .  
K e y  words:  e lectroless  gold plat ing,  b e a m  lead, s i l icon i n t eg ra ted  

circuit. 

A program was under taken  to develop a simpler 
procedure based on the electroless gold process de- 
veloped in this laboratory (3). This process is known to 
produce gold deposits with satisfactory properties (4) 
(i.e., conductivity, hardness, s t ructure  and thermo-  
compression bondabi l i ty)  for device applications. 
Moreover, this process will  only deposit gold on cata- 
lytic regions of a substrate  and is therefore com- 
patible with al l -addit ive processing (i.e., no metal  
etching is required) .  In  its simplest form, such a beam 
lead process consists of the following steps (which are 
i l lustrated schematically in Fig. 1B): (i) a l ignment  
of a metal  shadow mask with apertures corresponding 
to the regions where beam leads are desired, (ii) Ti /Pd  
(or T i /P t )  evaporation, and (iii) electroless gold 
plating. 

In addition to the obvious reduct ion in  the number  
of processing steps, the electroless gold process ent i rely 
e!iminates the possibility of gold "underplat ing" or 
other complications associated with plat ing through a 



Vol .  121, No.  1 

A. CONVENTIONAL ELECTROPLATING 
1. EVAPORATE Ti /Pd 

2. RESIST PATTERN 

3. Au PLATE 

4. STRIP RESIST 

5. REMOVE Pd 

6. REMOVE Ti 

ELECTROLESS GOLD BEAM LEAD P L A T I N G  

K ELECTROLESS GOLD 

1. ALIGN SHADOW MASK 

2. EVAPORATE Ti/Pd 

3. ELECTROLESS Au PLATE 

Fig. 1. Schematic representation of beam lead processing se- 
quences. Regions M and D represent contact metallization and top 
dielectric, respectively. A, electrolytic gold plating; B, electroless 
gold plating. 

pat terned photoresist. I~t does, however, require that  
the regions of the substrate which are not to be plated, 
i.e., the intrachip area and the regions between the 
beams, be covered with a suitable mater ial  such as a 
dielectric. 1 

Fabr icat ion of electroless gold beam leads by this 
procedure is well suited to the structure shown sche- 
matical ly in Fig. 2. In a sealed structure of this type, 
the contact metallization, M, is covered by a top di- 
electric, D, and is accessed through via windows. Test 
structures of this type were fabricated using oxidized 
(4000A SiO2) wafers that  received two main  process- 
ing steps prior to beam leads: (i) contact metal  dep- 
osition (sputtered tungsten was used pr imari ly  in 
this work) and pat tern ing by photoli thography and 
etching and (if) dielectric deposition and pa t te rn  defi- 
ni t ion of contact windows. The choice of this fabrica- 
t ion method follows directly from the properties of the 
metals, tungsten  and gold. Tungsten  cannot  be gold 
plated directly and, from a corrosion standpoint,  this 
combinat ion is relat ively poor (5). Hence these metals 
are not exposed to the same envi ronment  (Fig. 2). 

After  a brief description of the plat ing method used, 
the compatibil i ty of various mater ia ls  (dielectrics and 
metals) with this processing will  be discussed. The 
final sections of this paper wil l  present  specific results 
relat ing to beam lead geometry and the physical and 
mechanical  properties of electroless gold beam leads, 
both for the test vehicle described above and  for ran-  

1 An alternat ive  to this  procedure ,  w h i c h  m o r e  c lose ly  resembles  
Fig .  1A, is  to  depos i t  T i / P d  e v e r y w h e r e  t h e n  p a t t e r n  and  e t ch  P d  
only ,  l e a v i n g  the  T i  as a m a s k  since it  is inert  in the  p l a t i n g  solu-  
t ion.  T w o  important  requ irements  for h i g h  y ie ld  process ing in this  
ease w i l l  be  (i) r e s i d u e - f r e e  P d  e tch ing  and (if) p i n h o l e  f ree  Ti. 
This approach is feas ible  but  wi l l  no t  be  discussed further  in  t h i s  
paper.  
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dom access memory  devices (6) to which this process- 
ing has been applied. 

Beam Lead Processing 
The first step of the beam lead processing scheme 

outl ined in Fig. 1B is the evaporation of t i t an ium and 
pal ladium through a metal  shadow mask which was 
previously mounted in a fixture (Fig. 3), aligned, and 
held in place against the wafer. 2 The mask mater ial  
used, most often, was molybdenum, fabricated from 
(].0005 in. or 0.001 in. thick material .  This assembly 
(Fig. 3) was placed in a conventional  vacuum station, 
either e-gun or filament, pumped <10 -6 Tort  and then 
coated with 750A Ti and 1000A Pd. After removing 
from the holders, the pat terned wafers were mounted 
on quartz carrier plates with polypropylene and placed 
in a carousel- type apparatus using the procedures out- 
lined in Ref. (7). 

The electroless gold solution formulat ion was as fol- 
lows: 

K A u  (CN) 2 0.003M 

KCN 0.1M 

KOH 0.2M 

KBH4 0.2M 

The plat ing rate of this solution is 6 ~m/hr  at 70~ with 
forced convection provided by rotating the carousel at 
150 rpm with a periodic reversal every 10 sec (7). All 
plat ing runs  were of the batch type. The amount  of 
gold which would be plated out due to beam lead proc- 
essing of eight wafers is estimated to be less than 40% 
of that in solution. Separate experiments  have shown 
that the plat ing rate and deposit s t ructure are un-  
affected by this amount  of depletion for the conditions 
reported. 

Compatibi l i ty of Mater ia ls  
A number  of materials, both metals and dielectrics, 

that might be used in SIC's were investigated from the 
standpoint  of their compatibil i ty with electroless gold 
processing. 

Meta l s . - -Prev ious  studies (3, 7) have reported on the 
three qual i ta t ively different types of behavior ex- 
hibited by metals in electroless gold solution: (i) the 
directly catalytic noble metals, (if) the margins1 t r an-  
sition metals which begin plat ing by displacement, and 
(iii) the inert  refractory metals. The reason for using 
a b inary  combinat ion (e.g., Ti/Pd)  is because the di- 
rectly catalytic noble metals have rather  poor ad- 
hesion to dielectric surfaces, whereas the iner~ metals 
in category (iii) adhere sfrongly to such substrates. 

D~electr ics . - -The stability of various dielectrics was 
determined by making thickness measurements  on 

A l t e r n a t i v e l y ,  b e a m  l ead  p a t t e r n s  we re  de f ined  b y  b l a n k e t  e v a p -  
o r a t i on  of T i / P d  fo l l owed  by  s t a n d a r d  p h o t o l i t h o g r a p h y  and  e tch-  
i n g  p rocedures .  This  approach g a v e  s i m i l a r  resu l t s ,  b u t  was  n o t  
u sed  as o f t en  because  of its g r e a t e r  c o m p l e x i t y .  

r . . . . . . . . . . . . . . . . . . . . .  

Au 
Pd 

S~ 

Fig. 2. Schematic representation of beam lead cross section Fig. 3. Photograph of shadow mask and ho|der 
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Table I. Stability of dielectrics 

D i s s o l u t i o n  
D i e l e c t r i c  r a t e ,  A / h r  

SizN4, d e p o s i t e d  a t  875~ < 3 0  
SigN4, d e p o s i t e d  a t  685~ I00  
SiO=, d e p o s i t e d  at  875~ 100 
SiO2, t h e r m a l  1050~ 250 
SiO,.,, s p u t t e r e d  R T  550 
SiO.~ + 4% P.~Os, 350~ 2000 
SiO~ + 4% P~O~, sint;ered a t  7 0 0 ~  900 
AbOa <50 

patterned wafers with a stylus ins t rument  (Dektak, 
Sloan Ins t rument  Company) before and after ex- 
posure to the electroless gold plat ing conditions. The 
films used and results obtained are listed in Table I. 
It is evident  from these data that the dissolution rate 
of the films investigated ranges from a negligible value 
of <50 A / h r  for Si3N4 deposited at 875~ and A1203, to 
a considerable value of 2000 A/h r  for a low tempera-  
ture P-glass (SiO2 + 4% P~O5 glass deposited at 
350~ 

The opt imum choice of dielectric depends main ly  
on the specific s t ructure being fabricated. Refractory 
contact metall izations such as tungsten can withstand 
high temperature  processing. Silicon nitride was used 
pr imari ly  in this work. The Si3N4 was patterned 
using the oxide etch mask technique (8), and, more 
often than not, the SiO2 cap was left in place during 
the subsequent beam lead plat ing operations. 

Silicon.--Exposure of bare Si to an alkal ine solution 
containing KAu(CN)2  is known (9) to result  in the 
deposition of gold by displacement 

Si + 2KAu(CN)2 + 4KOH 

--> 2Au + H2 + K2SiOa + 4KCN + H20 [i]  

This fact requires proper masking of Si on the backs 
of wafers by an appropriate mount ing  technique (7), 
otherwise, the high negative potential  of the displace- 
ment  reaction will cause an abnormal ly  fast deposition 
rate on those beams electrically connected to the silicon 
bulk. The effects of potential  on electroless gold plat ing 
are discussed in more detail below. 

Beam Lead Geometry  
Neither electroless gold nor any other autocatalytic 

system for metal  deposition has yet been used for a n  
application comparable to the present one which re-  
quires uniform plat ing (within +0.0001 in. or 2.5 #m) 
on all of the N6000 discrete regions which must  be 
plated on each substrate. Consequently, it was believed 
necessary to thoroughly evaluate  the final geometry of 
electroless gold beam leads. The techniques used in 
this evaluat ion were optical and scanning electron 
microscopy and thickness profile measurements.  

Lateral spreading.--The proper design of beam leads 
should make allowance for la teral  spreading in order 
to prevent  shorts between adjacent  beams. It was pre-  
viously shown with pat terned substrates formed by 
photoli thography that lateral  growth is about two- 
thirds of the thickness (7). This result  was confirmed 
in  the present  study. 

Thickness uniJormity.--The thickness uni formi ty  of 
electroless gold beam leads was found to be typically, 
wi thin  ~10% f~r all variations, i.e., for edge bui ld-up  on 
a given beam, beam- to -beam and wafer - to-wafer  var i -  
ations. To obta in  this degree of uniformity,  it is neces- 
sary to el iminate those organic impuri t ies  from the 
system which can adversely affect plat ing uni formi ty  
as discussed in Ref. (7). 

Potential e~eets.--If  sources of biasing potentials 
exist on a substrate  being plated, then the thickness 
uni formi ty  quoted above will not be obtained. The 
reason for this is that the electroless gold deposition 
reaction occurs at a mixed potent ial  governed by  the 

cathodic reduction of A u ( C N ) 2 -  and the anodic oxi- 
dation of BH3OH- (an in termediate  species formed 
during hydrolysis of KBH4) (10). Thus, anyth ing  that 
alters the potential  of the surface is expected to affect 
the rate of deposition. The dependence of deposition 
rate on potential  can be estimated from the current -  
potential curves shown in Fig. 4. These curves were 
obtained with a rotat ing p la t inum disk electrode p]ated 
with electroless gold using a solution of sl ightly differ- 
ent composition to the one described above. The result, 
however, is quite general. Curve 1 was obtained by 
slowly scanning the potential  (0.56 mV/sec) in the 
anodic direction while the current  was being recorded. 
The electrode was rotated at 1600 rpm. This speed was 
chosen because previous results indicated that under  
these plating conditions a deposition rate of about 6 
~m/hr  is observed which is equal  to the rate obtained 
for beam lead plat ing in the carousel apparatus. In  Fig. 
4 the electroless deposition occurs at the potential  
where curve 1 intersects the abscissa (--0.80V). The 
rate of electroless deposition corresponds to the current  
measured at this potential  on curve 2, which was ob- 
tained in the absence of borohydride (broken l ine).  
If the potential  of the surface at which gold deposition 
is taking place is altered for some reason, the deposi- 
tion rate should vary according to curve 2. The cur-  
rent -potent ia l  relationship in the range shown is es- 
sential ly l inear  with a slope 0.0258 mA �9 cm -2 �9 mV -1, 
which corresponds to a rate var iat ion of 0.97 ~m/hr  for 
a potential  change of 10 inV. 

As mentioned earlier, significant potential  shift can 
be brought about if bare silicon is exposed to the solu- 
tion and the region being plated is connected to the 
silicon bulk. A large thickness var iat ion a t t r ibutable  to 
this cause was observed in one instance. On this test 
wafer most of the beams were 10-11 ~m thick, but  there 
were several very thick (--25 ~m) beams. Such thick 
beams always occurred in pairs: namely,  they were 
interconnected by conductor metallization. An elec- 
trical probe test revealed that the thick beams were 
a l l  in direct electrical contact with the silicon, indi-  
cating that the dielectric material  had suffered break-  
down under  the thick beams or interconnect ing tung-  
sten films. It was fur ther  found that  portions of the 
back of this wafer were covered with loosely adherent  
gold deposits which appeared to have formed by the 
displacement reaction be tween exposed s i l i c o n  a n d  
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Fig. 4. Current-potential relationship for e|ectroless gold system, 
obtained at rotating disk erectrode. 
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A u ( C N ) 2 -  (reaction [1]). In  view of the high reac- 
t ivity of Si in alkali  [ S i O ~ - -  + 3H20 + 4e -  = Si + 
6 OH- ,  E ~ _-- --1.7V (11), H2 + S I O 3 - -  + H20 -k 2e-  
: Si + 4 OH- ,  E ~ _-- --2.6V] and the deposition po- 
tential  of eleetroless gold (--0.6 to --0.9V vs. NHE) 
(10), it follows that if beams are in direct contact with 
silicon and the back side of the wafer has silicon 
directly exposed to the solution, the deposition poten- 
tial of such beams must  be more negative than that  
on beams electrically isolated from the silicon. From 
Fig. 4 it can be deduced that a 72 mV negative shift is 
sufficient to cause the anomalously high deposition rate  
observed. It should be noted that beams in actual inte-  
grated circuits are not electrically isolated from sili- 
con; therefore, it is important  that  the back of the 
wafer be protected from the direct exposure of silicon 
to the plat ing solution. This also applies to edges of the 
silicon. As ment ioned previously, and discussed more 
fully in Ref. (7), the method used to mount  the wafers 
is adequate for this purpose. 

As another  source of potential, which is extremely 
important  on S.I.C.'s is the photovoltaic effect across a 
p -n  junction. The effect of photovoltage on gold depo- 
sition by displacement on silicon has already been de- 
scribed by Si lverman and Benn (12). The difference in 
plat ing rate of electroless nickel on p- and n- type  
surfaces of silicon at p - n  junct ions under  strong i l lumi-  
nat ion is also known (13). The magni tude of photo- 
voltage is, of course, dependent  upon the conversion 
efficiency of the part icular  p -n  junct ion  and l ighting 
conditions. The potential  across a p -n  junct ion dur ing 
plat ing can be much less than  the open-circui t  value 
because of the low impedance of the electrochemical 
process. On the basis of the current -potent ia l  curves ol 
Fig. 4, i.t can general ly  be stated that  if the photo- 
voltage causes a potential  shift at the T i /Pd  pads in 
solution of about 6 mV, the difference in plat ing rate 
across the p - n  junct ion  will  be about 10%. An  i l lustra-  
tion of how this effect can influence device results is 
shown in Fig. 5 where the white leads (No. 4, 5) make 
contact to regions of an IGFET test s t ructure that  were 
positively biased dur ing plat ing in ordinary room light. 
Addit ional  evidence for this effect is the fact that the 
negatively biased beam (No. 8) was plated at a rate 
of about 12 ~m/hr, which is twice as fast as the normal  
rate for beams not biased by the substrate (No. 1-3, 6, 
7). The effect can, of course, be el iminated should it 
occur for a part icular  device simply by plat ing in the 
dark. 

Process Yields 
A pilot l ine operation has been set up to implement  

the processing of electroless gold beam leads on silicon 
integrated circuits such as a random access memory 
(6). The factors discussed above which can affect proc- 
essing yield have been brought unde r  control. It can 
be stated that  this process gives reproducible results 

with essentially no yield loss except for that  due to the 
shadow mask which is near ly  zero. Experience with 
this process has shown that  typical mask defect densi- 
ties are about 0.1 cm -2. An example showing a portion 
of the beam leads on a finished memory  chip is shown 
in Fig. 6. 

Physical Characteristics of Electroless Gold Beam Leads 
Deposit appearance and morphology.---The appear-  

ance of electroless gold deposits has previously been 
shown (4, 13) to depend on the morphology of surface 
features on the scale of approximately 1 ~m. The na-  
ture of these features is determined by the deposition 
conditions and they have been classified on the basis of 
scanning electron microscopic studies as follows: (i) 
outward growth type; (ii) lateral  growth type with 
weblike features, or (iii) lateral  growth type with 
faceted structure. The beam leads plated under  the 
conditions described above have the characteristic 
faceted s tructure i l lustrated in Fig. 7. This scanning 
electron micrograph indicates that the deposit surface 
has a roughness of approximately 1 ~m due to the grain 
structure. This result  is in agreement  with the fine 
detail in the profile traces used to obtain thickness data. 

Thermocompression bonding, hardness, and related 
properties.--Thin electroless gold deposits are known 
to be highly suitable for thermocompression (T/C)  
bonding (4) and relat ively high in pur i ty  (3) (>99.9% 
Au).  Furthermore,  they exhibit  bu lk  conductivi ty and 
have been classified as being "soft gold" deposits (3, 4). 

Although none of these properties is expected to 
change under  the conditions used to plate beam leads, 

Fig. 6. Photomicrograph of electroless gold beam leads on random 
access memory chip. 

Fig. 5. Photomicrograph of electroless gold beam leads on one 
side of an IGFET test chip. Beams 4 and 5 are unplated due to posi- 
tive bias from light incident on p-n junctions. The thickness data 
shown were normalized based on the standard plating rate. Beam 
8 was negatively biased and plated twice as thick as unbiased 
beams. 

Fig. 7. Scanning electron micrograph showing surface topography 
of electroless gold beam lead. 
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it was possible to evaluate the most important  ones 
from a device standpoint  simply by processing the 
slices through a chip separation procedure consisting 
of mount ing  the wafer face down, th inn ing  the silicon, 
back al igning a photoresist pattern,  and Si etching to 
open up the grid areas between chips and expose the 
ends of the beam leads. Separated chips were T/C 
bonded to pat terned ceramics for electrical, mechani-  
cal, and envi ronmenta l  tests. To date, no bonding fail-  
ures have been observed for these chips. Furthermore,  
blow tests, which subject bonded chips to pulsed air 
blasts have shown that these chips can wi ths tand a 
large n u m b e r  of cycles, typically 50-100 without  fail- 
ure. Standard beam leaded devices are required to pass 
3 cycles without  failure in this test. 

Indenta t ion  hardness measurements  were carried out 
on the underside of beams (i.e., in the grid area) of 
etched apart  chips that were still supported by sap- 
phire and imbedded in mount ing  material.  Such mea-  
surements  approximate the techniques used previously 
for thinner ,  larger area deposits (4). Typical Knoop 
hardness values of 50-60 were obtained at 5g load, 
which agrees well  with earlier results and is consistent 
with the good ductil i ty implied by the T/C bonding 
and blow test results. 

Peel tests of electroless gold beam leads.--A detailed 
study is now underway (15) to characterize the me-  
chanical behavior of beam lead structures of the type 
shown in Fig. 2 using the 90 ~ peel test. In  this test the 
beams are bent  up and pulled, one at a time, at 90 ~ to 
the chip. It has been found that  beams which fail this 
test, i.e., those with fail values below 2-3g, may cause 
device failures during subsequent  packaging, life test-  
ing, or in service. Some pre l iminary  results with elec- 
troless gold beam leads on memory chips are shown 
in  Fig. 8. These data, which are plotted as a fail 
s t rength distribution, indicate that  the mechanical  
integri ty  of the structure is satisfactory for device 
purposes. A more comprehensive report  dealing with 
the effects of processing and design variables on the 
mechanical  properties of this s t ructure is present ly  
being completed. 

S u m m a r y  
Electroless gold plating can be used to selectively 

plate discrete geometries to any thickness required for 
device processing. This unique capabil i ty has led to 
the development of a new method for fabricat ing beam 
leads. The main  advantage of this method is its rela-  
tive simplicity which results from the el iminat ion of 
the photoresist and etching operations used in conven-  
tional processing. 
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Fig. 8. Fail strength distribution plot for electroless gold beam 
leads on memory chips subjected to 90 ~ peel tests. 

The vehicle used to demonstrate  this new approach 
was a dielectric encapsulated, tungs ten  metalized 
tester chip with beam lead pat terns  formed by vacuum 
evaporation of T i /Pd  through a shadow mask. These 
procedures have also been applied to the plat ing of 
beam leads on random access memory  chips in  a pilot 
l ine operation. 

Some specific results of this work are as follows: 

1. Beam leads are plated at 6 gm/hr  with a thickness 
uni formi ty  of _+1 gm at the 12 ~m level. 

2. The yield of the beam lead processing is mask 
l imited with typical defect densities ,~0.1 cm -2. T i /Pd  
metalization evaporated through a shadow mask 
proved to be a highly satisfactory technique for beam 
pat te rn  definition on S.I.C.'s. 

3. The compatibi l i ty of this processing wi th  a n u m -  
ber of metals and dielectrics has been established. 

4. The effect of biasing potential  on deposition rate 
is given. Two sources of potential  which can lead to 
nonuni form plat ing of beams, namely,  the photovoltaic 
effect and Si displacement are shown not  to cause 
problems provided plat ing is carried out in the dark 
and the substrate does not have Si exposed to the solu- 
tion. 

5. The mechanical  properties and T/C bonding of 
beam leaded chips are satisfactory for device applica- 
tions. 
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ABSTRACT 

A method for forming a pr inted circuit was carried out. The method 
comprises coating the surface of an insulat ing substrate with a solution of 
silver salts of organic acids in  a mixed solvent consisting of alcohol, water, and 
ammonia  to form a photosensitive layer thereon, exposing the layer to uv- l ight  
so as to deposit the metal  silver on a pa t te rn  of a desired circuit, and carrying 
out the electroless plat ing on the pattern, whereby the deposited metal  silver 
functions as the nuclei  for the plating. 

Pr in ted  circuit boards, heretofore, have been made 
by the so-called photoetching process which comprises 
forming a photoresist layer mainly  comprising photo- 
sensitive resin on the surface of an insulat ing substrate 
with a copper foil top, laying a negative of a desired 
circuit pat tern thereon, exposing the layer by the nega-  
tive to light, processing the photoresist layer to de- 
velop the pat tern  and to remove the unexposed regions, 
and etching the copper foil so as to remove the regions 
of the copper foil corresponding to the unexposed re-  
gions. For this, the mater ia l  loss is great since most of 
the copper foil is removed by dissolution, only required 
circuit regions being left. Also this method involves 
ext remely  complicated steps such as through-hole plat-  
ing which effects connection of the circuit pat terns on 
both surfaces, that  is, the sensitizing, activating, and 
plat ing t reatments  of the through-hole  wall  are re-  
quired for connecting. Therefore, this method requires 
much t ime and m a n y  processes and incurs low yield 
and high cost. 

We investigated an ent i rely new method for forming 
a pr in ted circuit uti l izing a photochemical reaction, 
which is in tended to el iminate the above-explained 
disadvantages of the prior ar t  method. 

Certain metal  salts of organic acids l iberate metal  
ions when irradiated with uv-light,  and l iberated metal  
ions tu rn  to metal  atoms as the result  of reduction, and 
the formed metal  atoms agglomerate (1-3). This result  
suggested to us a new method for forming the elec- 
tr ically conductive pa t te rn  on insulat ing substrates. 

We investigated the new method which comprises 
coating the surface of an insulat ing substrate with 
silver salts of organic acids, exposing the layer to uv-  
light so as to deposit silver metal  on a pa t te rn  of the 
desired circuit, and carrying out the electroless plat ing 
on the pattern,  whereby  the deposited silver metal  
functions as the nuclei for plating. 

Most of our experiments  have been made wi th  the 
compound silver glutamate.  In  addition, a more limited 
experiment  of the compound silver acrylate is dis- 
cussed. 

Experimental 
Materials and e~ect of uv-light exposure.--Silver 

glutamate and silver acrylate were prepared by the 
usual  procedures. Each solution containing 25 ml  of 
0.02M monosodium L-glu tamate  or sodium acrylate was 
mixed with 25 ml  of 0.02M AgNO3 solution. The pre-  
cipitates were filtered and air-dr ied at room tempera-  
ture  in the dark. Then 1.Sg of silver g lutamate  was 
dissolved in  30 ml  ammonia-e thanol  solt~tion (concen- 
trated ammonia  water:  ethanol: water  ---- 1:6:3 vol- 
ume) .  Similar ly lg of silver acrylate was dissolved in 
3(} ml  ammonia-e thanol  solution. These solutions were 
preserved in polyethylene bottles in a refrigerator. 

K e y  w o r d s :  Si lver  salt of organic acid, photolysis,  printed c i rcu i t  
pattern, eleetroless pla t ing ,  s i lver  glutamate. 

Coatings on quartz slides were made by  the follow- 
ing method. A few drops of the solution containing 
silver salt were placed on the quartz. After  drying at 
60~ the solid adhered to the quartz strongly enough 
for the quartz to be handled without loss of solid. The 
coatings contained about 3 mg/cm 2 of silver glutamate 
and 2 mg / c m 2 of silver acrylate. 

The uv spectra were obtained with a Hitachi spectro- 
photometer Type 124, and the Sakura densitometer 
Type PDA-60 was used for measuring transmission 
densities. The amount  of silver metal  was analyzed by 
the EDTA chelate t i t rat ion technique (4). One mil l i -  
liter of solution containing silver glutamate was pi-  
petted in a dish with flat bottom and dried at 60~ 
After  exposure to uv- l ight  with 251 nm wavelength,  
exposed silver glutamate was dissolved in  aqueous am- 
monia (about 3% solution) and filtered. Then  
K2Ni(CN)4 and MX indicator (Murexide) were added 
to the filtrate and t i t rated with 0.01M EDTA solution. 
Furthermore,  1 ml  of solution containing silver gluta-  
mate was t i trated without the procedures of drying, 
exposing, and dissolving. The ratio of both amounts  of 
EDTA solution is the proport ion of photolysis silver 
glutamate.  

The i r radiat ion source employed was the Nihon 
Bunko CRM-FA spectro irradiator. 

The dark reaction of silver g lutamate  was examined 
using a vacuum oven. 

Forming the printed circuit.--The steps in forming 
the printed circuit pa t te rn  are explained with reference 
to Fig. 1. 

(A) Substrate preparation:  The surface of an in-  
sulat ing substrate was cleaned and roughened as re- 
quired to produce a clean and wettable  surface. 

(B) Sensitization: A solution layer containing silver 
salt of organic acid was pa in ted  on the surface and the 
substra~e was dried at  60~ A photosensitive layer 
was formed on the insulat ing substrate. 

(C) Pr in t  (photo-image react ion):  A circuit pat tern  
negative was laid in  contact with the substrate and it 
was uv- l ight  exposed in  air. Exposed regions of the 
photosensitive layer  were blackened by photolysis, 
while the unexposed regions remained unchanged. 

(D) Fix: On immersion into a mixed solution of 
sodium hydroxide and ammonium hydroxide (NaOH 
40g. conc NH4OH 50 ml, water  950 ml) ,  the unexposed 
regions of the photosensitive layer were dissolved and 
in the exposed regions, agglomerate silver metal  re-  
mained insoluble. 

(E) Metalization: The exposed regions were metal -  
ized by immersion in an appropriate electroless plat ing 
bath. 

The irradiat ion source employed was a 250W high 
pressure mercury  lamp (Ushio Uniark  250D). The 
distance between the sensitive layer  and irradiation 
source was 15 cm. 
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Fig. 1. Steps of method for forming printed circuit 
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Fig. 2. UV-V spectra of L-glutamic acid and its silver salt 

Results and Discussion 
Materials.--In Fig. 2 is shown uv spectra of L-g lu-  

tamic acid and its silver salt (HOOCCH(NH2) (CH2)2 
COOAg). The L-glutamic acid shows peaking at about 
190 nm, while its silver salt shows the absorption band 
at about 220 nm. Further ,  the spectra of acrylic acid 
and its silver salt were similar to that  described above, 
that  is, the absorption bands of silver salts are shifted 
to long wavelength.  In  general  carboxylic acids show 
peaking at about 200 nm and it is considered that the 
absorption corresponds to carbonyl group. It  can there-  
fore be presumed that - -COOH turns  to --COOAg. 

In  Fig. 3 are shown the relations among exposure 
energy, t ransmission densities, and the amount  of silver 
metal  l iberated by photolysis. Liberated silver metal  
increases according to the increase of exposure energy 
and transmission density increases too. 

The sensit ivity curves of silver salts are shown in 
Fig. 4. When exposed with light of wavelength longer 
than 300 nm, transmission densities are small, and 
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Fig. 3 Relations among exposure energy, transmission density, 
and amount of silver metal liberated. 
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therefore, photolytic deposition of silver metal  is poor. 
The concentrations of silver salts in  each film are equal 
in mole per cent and therefore, in  comparison of t rans-  
mission densities, it is considered that  the sensit ivity 
of silver glutamate is greater than  that  of silver ac- 
rylate. 

In  Fig. 5 is shown the dark reaction of silver gluta-  
mate. The decomposition of silver glutamate scarcely 
proceeds below 80~ within  15 min. 

Forming a printed circuit.--The surface of the insu-  
lat ing substrates are cleaned and roughened. These 
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Fig. 5. Dark reaction of silver glutamate 



Vol. 121, No. 1 FORMING  P R I N TED  C I R C U I T  BY P H O T O L Y S I S  69 

When the substrates coated with silver salts are ex- 
posed to uv- l ight  in  air through a mask, exposed re- 
gions blacken and deposit colloidal silver atoms. A 
high pressure mercury  lamp is used as a uv- l ight  
source and silver glutamate is employed for its high 
sensitivity. The sensitive layers need to be exposed 
for 10 min to form stable nuclei  for electroless plating. 
In the fix step, the role of sodium hydroxide is to fix 
colloidal silver atoms. When sodium hydroxide is not 
contained in the fix solution, the colloidal silver atoms 
are liable to be dissolved. That  means the decrease of 
nuclei  for electroless plating, and adhesion for electro- 
less plat ing is labilized. The unexposed regions can be 
washed away easily with the NaOH + NH4OH solution. 

The substrate having the pat tern  of silver particles is 
then immersed in  an ordinary  electroless copper plat ing 
solution (5), comprising 14.6g copper sulfate (CuSO4 
�9 5H20), 7.5g sodium hydroxide, 7.5g Rochelle salt, and 
43.8g, 37% aqueous formaldehyde solution in water  to 
make 1 liter, without  employing any activating pre-  
t reatment .  In 15-20 min, a copper circuit pa t te rn  1-2# 
in thickness is formed. 

Examples of the obtained pat terns are shown in Fig. 
6. F rom this figure, it is observed that  fine pat terns 
can be obtained by deposition of metal  particles. 

Conclusion 
We have shown that  pr inted circuits can be formed 

on insulat ing substrates uti l izing the photolysis of sil- 
ver  salts of organic acids. This is a simple process to 
form printed circuits and the process can be applied 
to other fields such as photographic material ,  inlaid 
work, and photomask. 

At present, basic studies of the impor tant  process 
steps are being carried out and wil l  be reported in the 
near  future. 

Fig. 6. Examples of circuit patterns obtained 

procedures are required to obtain homogeneous sensi- 
tive layers and good adhesion between substrates and 
silver atoms l iberated by photolysis. In  order to obtain 
epoxy resin laminates  with an active surface, we per-  
formed liquid honing with a luminum oxide powder 
and chemical etching with a solution of potassium di- 
chromate and sulfuric acid (K2Cr207 150g, conc H2804 
1000 ml, water  500 ml)  at 60~ for 5 min. The surface 
of the ceramic substrates was polished with diamond 
powder, and the surface was roughened. As a flexible 
substrate, polyester tracing film was used. 

M a n u s c r i ~  submit ted Apri l  2, 1973; revised m a n u -  
script received Ju ly  9, 1973. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
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Mutual Effect of Current Density, pH, Temperature, and 
Hydrodynamic Factors on Current Efficiency in the 

Chlorate Cell Process 
Milan M. Jaksic* 
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ABSTRACT 

The simultaneous mutua l  effect of pH, temperature,  current  density, and 
hydrodynamic factors on current  efficiency in the chlorate cell process has been 
investigated and considered. Certain practical considerations of the process 
optimization are also given. Some contributions to the scale-up of chlorate 
cells have also been introduced. It has been pointed out  that by adjust ing all 
other parameters  at their optimal values (temperature,  pH, and the l inear  
velocity of flow), the current  density is then the main  factor providing high 
current  yields. 

The basic electrode process in electrochemical chlo- 
rate production is anodic chloride ion oxidation, ac- 
companied by immediate  hydrolysis of the resul t ing 
elemental  chlorine, that yields as a fur ther  intermediate  
product hypochlorous species or available chlorine. I 
Two simultaneous parallel  ways remain  for active 
chlorine to reach the final state of chlorate formation. 
The first and the useful one (tl) would be its direct 
chemical conversion 

2HC10 + C10-  + 2H20 

kr 
---> CIO3- + 2I~O + + 2Ci- [i] 

well known as the Foerster reaction of chemical chlo- 
rate formation (i). 

The second and unavoidable path represents another 
Foerster reaction of further anodic hypochlorite oxida- 
tion to the final state 

6e 
6 c i o -  -5 9H20 . > 2C1(h- 

-5 6H~O + + 4C1 - -5 3/2 O2 [2] 

also known as the reaction of electrochemical chlorate 
formation (1), which represents an unnecessary loss 
of current  (t~). 

For the sake of Faradaic balance treatment ,  it is 
much more convenient  to present the reaction of elec- 
trochemical chlorate formation in a form of total an-  
odic oxidation process from chloride ion to the final 
s p e c i e s  

1 8 e  
2C1- + 18 O H -  ) 2C10~- + 9H20 + 3/2 O3 [3] 

In  the chlorate cell process one pract ical ly neglects 
anodic chlorine evolution and defines as efficient (tl) 
the electrode path in which the electrochemical oxida- 
tion goes to the hypochlorous species only, with chlo- 
rate as fur ther  final product of the pure chemical con-  
version. Considering the total  anodic chloride oxida- 
tion to the final state (reaction [3]) as unavoidable  
anodic current  losses (t2), it can easily be shown that  
the over-al l  current  efficiency (t) of the whole elec- 
trolytic process is the same as that of ~he first stage 
chloride anion oxidation (t l) ,  or in another  words, 
tha t  tl  -5 t2 = 1. 

* Electrochemical Society Active Member. 
Key words: active chlorine, hypochlorous species, steady-state 

current yields,  back-mix - f low reactor,  p lug-f low reactor, instan- 
taneous current  efficiency. 

"Available chlorine" comprises  the sum of concentrations of 
hypoehlorous acid, hypochlorite  ion, and dissolved elemental chlo- 
rine. However, at the pH of usual e lectrolyt ic  chlorate production 
the latter can be neglected, so that the more convenient term act ive  
chlorine wi l l  be  used henceforth  for hypochlorous entit ies  only.  

Both reactions (Eq. [1J and [3]) are dependenr on 
each other and hence both depend on pH, temperature,  
current  density, electrolyte volume ratios, and their 
active chlorine contents, as well  as on the hydrody-  
namic conditions inside the cells. 

A chlorate production system main ly  consists of the 
cells and the holding volume usual ly  in a closed loop. 
The cell has often been considered pr imar i ly  as a gen- 
erator  of active chlorine, and the holding volume as 
a reactor for its fur ther  conversion to the final prod- 
uct. (2). 

Faradaic stoichiometry and mater ial  balance con- 
sideration have been leading to the derivat ion of an 
equation which relates the over-al l  current  efficiency 
(tl) of chlorate production to the operational param-  
eters of the process including all part ial  volume con- 
t r ibut ions of active chlorine conversion (see Appendix 
I) throughout  the system (2) 

2 2~c2"kr, c'Vc'F K'c" (aHao+)cZ'Csc 3 

t, : ~ -} I [K*c -~- (aH30+)c] 3 

+ - ~ - F  "i" " (Cse - -CsD- -~- ( t .+ tD  [4] 

or otherwise (2) 

2 25c 2. kr,c'Vc'F K'c" (all30 + ) c2"Cse 3 

tl = -~ -5 I [K*c -5 (aHao+)c] 3 

2fh2"kr,~'Vh'F K'h" (aH30+)U 2" Csh 3 
+ 

I [K*h "~- (aHao+)h] 3 

2 
- -  - -  ( t 3 + t ~ )  [ 5 ]  

3 

where I denotes ~he total  cur rent  or the cell load; kr 
is the rate constant  for the reaction [1]; q, the flow 
rate; V, the electrolyte volume; F, the Faraday con- 
stant;  y, the activity coefficient of hypochlorous acid; 
K*, the rearranged dissociation constant of hypochlo- 
rous acid (see below);  aH3o+, the  hydronium ion activ- 
ity; Ca, the active chlorine concentrat ion;  and t3 and t4, 
possible current  losses for chlorine evaporat ion and 
cathodic hypochl(~rite reduction, respectively. The last 
two terms could be neglected in common practice of the 
chlorate production, that  means tl -5 t2 + t~ -5 t4 ~ tl  
-5 t2 ---- 1. Subscripts c and h shall refer, throughout,  to 
the quanti t ies  corresponding to the cells and to the 
holding volume, respectively. In the above equations 
j2 approximately represents the BrSnsted's kinetic co- 
efficient (3, 4) for the reaction of chemical chlorate 
formation (Eq. [1]). 
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The first t e rm in Eq. [4] and [5] defines cur ren t  
yields  under  condit ions such tha t  al l  e lec t ro ly t ica l ly  
produced act ive chlorine s imul taneous ly  undergoes  Che 
fur ther  e lect rochemical  oxidat ion  to chlora te  according 
to Eq. [3]. The next  two te rms represen t  contr ibut ions  
to the ove r -a l l  cur ren t  efficiency of the  chemical  con-  
version of hypochlorous species tak ing  place inside the 
cells and  the holding volume, respect ively.  

The pH Effect of the Whole Chlorate System 
One could immedia t e ly  d raw some genera l  conclu-  

sions considering Eq. [4] and [5] by  qui te  a s imple 
analysis.  Firs t ly ,  in very  acid solutions, when hypo-  
chlorous species decompose and tend to negl igible  con-  
centrat ion,  chlorine evolut ion approaches  its ma x ima l  
cur ren t  yields  (ts --> 1), chlorate  cur ren t  efficiency 
takes  smal l  values,  and the  whole  cell  operates  as a 
chlorine producing  unit.  On the contrary ,  in a lkal ine  
solulions (aH30+) "-~ 0), hypochlorous  acid approaches  
zero concentrat ion,  and  all  act ive chlor ine  bui lds  up 
its concentra t ion and exists  in the  form of hypochlor i te  
ions. This reduces chemical  conversion of ava i lab le  
ch lor ine  to negl igible  rates,  so that  the final effect 
represents  chlorate  product ion tak ing  p lace  f rom total  
anodic oxidat ion  only (Eq. [3]) .  Therefore,  one has to 
seek an in te rmedia te  pH range provid ing  the opt imal  
opera t ing  condit ions and y ie ld ing  the max ima l  cur ren t  
efficiencies. In  the two l imit ing cases, just  discussed, 
ne i ther  the  t empera tu re s  and the cur ren t  densi ty,  nor  
any  other  opera t ing  var iab le  and pa rame te r  could 
b r ing  about  any  improvement  of the  chlorate  cell  effi- 
ciency. Hence, a cer ta in  mutua l  effect of var iab le  opt i -  
mizat ion mus t  exist  somewhere  in be tween  these two 
l imi t ing cases. 

The pH Effect of the Holding Volume 
Par t i a l  d i f ferent ia t ion wi th  respect  to (aH3o+) of 

both  te rms re la t ing  over -a l l  cur ren t  efficiency in Eq. 
[5] to the  contr ibut ions  of hypochlorous species con- 
version inside the  two volumes,  Vc and Vh, revea l s  the  
opt imal  pH region provid ing  m a x i m a l  cu r r en t  y ie lds  
to be 

priM m p K *  --  log 2 [6] 

The r ea r r anged  dissociation constant  (5), as wel l  as 
its corresponding the rmodynamic  value,  represents  
a quan t i ty  dependent  on tempera ture .  

I t  has prev ious ly  been shown e lsewhere  (5) tha t  the  
r e l evan t  equi l ib r ium constant  for  ca lcula t ing  the  ac tual  
hypochlorous  species contents  at  the  ionic s t rengths  of 
the  chlora te  cell  b r ine  and for eva lua t ing  the  over -a l l  
cu r ren t  efficiency according to Eq. [5], is 

a H 3 0 +  " CC10-- ~ " aH20 
K *  _ - " K a - - ~  10" Ka [7]  

CHclo fclo- 

where  Ka stands for its the rmodynamic  value,  and 
other  signs have the  usual  meaning.  

Caramazza  (6) revea led  the funct ional  t empera tu re  
dependence  of the  the rmodynamic  dissociat ion con- 
s tant  of the  hypochlorous  acid to obey the equat ion 

800 
p K a  - -  ~ -t- 4.892 [8]  

However ,  Morr is  (7) has  recen t ly  p resen ted  some-  
wha t  more  re l iab le  da ta  expressed  by  the  fol lowing 
re la t ion  

3000.00 
pKa -.~ - -  10.0686 -I- 0.0253 �9 T [9]  

T 

which  was asser ted  to be val id  up  to 45~ (7). 
Thus, combining Eq. [8] and [9] wi th  [6] and [7], 

one obtains the  t empera tu re  dependence  of the opt imal  
pH range (priM) for the  chlora te  cell process. Some 
exper imenta l  and calcula ted values  are  shown in Fig. 
1. One easily observes that  the h igher  the  tempera ture ,  
the lower  is the  opt imal  pH value  which  provides  
m a x i m a l  cur ren t  y ie lds  in the e lect rolyt ic  chlorate  
product ion [c]. (5)] .  This ma t t e r  has been  discussed in 
more  detai l  e l sewhere  (5). 

The pH Effect of the Chlorate Cell 
The pH effect of the chlora te  cell i tself  on the  over -  

al l  cur ren t  y ie ld  was inves t iga ted  as a funct ion of the 
holding vo lume t empe ra tu r e  at  constant  cur ren t  den-  
s i ty  (Fig. 2). I t  has again been expe r imen ta l ly  con-  
f irmed that  the  opt imal  pH range g iven  above p ro -  
vides ma x ima l  cur ren t  efficiencies. However ,  one could 
accept as much more impor t an t  the op t ima l  pH value  
to be main ta ined  inside the holding volume, whose con- 
tent  and re tent ion  t ime are  of incomparab ly  higher  
values.  Due to the  chemical  conversion of ava i lab le  
chlorine, as wel l  as the react ion proceeding (Eq. [1] ) 
the  e lec t ro ly te  tends  to be  more  acid. Hence, one needs 
a somewhat  h igher  pH va lue  of the br ine  leaving the  
cell and  en te r ing  the  holding volume, in o rder  to ma in -  
ta in  opt imal  ac idi ty  inside the  lat ter .  Of course, this  
also depends on the buffer content  (hydrochromic  acid) 
in the brine.  A t  the  same t ime one tends to reduce  and 
main ta in  an opt imal  d ichromate  concentra t ion for many  
impor tan t  reasons. Firs t ,  of all, the  l a t t e r  is pa r t i a l ly  
lost dur ing  the  crys ta l l iza t ion  of the  final product .  
Also, a l though d ichromate  enables  the cathodic hypo-  
chlor i te  reduct ion  to be effect ively suppressed, and 
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Fig. I. Theoretical ( O ,  ~7) 
and experimental (O) tempera- 
ture dependence of the optimal 
pH value (pHi) providing maxi- 
mal active chlorine conversion 
rates into chlorate inside the 
holding volume [ O  and ~ ac- 
cording to Caramazza (6) and 
Morris (7), respectively]. 
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Fig. 2. Mutual effect of the cell pH (pHc) and the holding vessel temperature (th) on the current efficiency (tl) in the electrolytic chlor- 

ate process. Q ,  experimental data (pHc: 1--6.0; 2--6.5; 3--7.0; 4--7.5, and 5--8.0); other operating parameters being maintained con- 
stant, I, i, q, Vc, Vh, and tc; Z~ and A ,  theoretical and experimental values, respectively, according to Claus (12) [cf. (33)]. 

enables useful buffering of the brine, chromate ions 
s imultaneously exhibit  an undue  effect on the anodic 
cell process (8). On the other hand, however, chro- 
mate ions represent  an efficient inhibi tor  of corrosion 
for precious metals deposited on t i tanium anodes and 
hence, one may need to increase their br ine  content  
(9) for this reason. 

T h e  O v e r - A l l  T e m p e r a t u r e  Ef fect  of  the 
Ch Iorate  System 

The temperature  effect of the chlorate producing 
system is confined by a certain number  of kinetic 
parameters  encompassed by the relationships for cur-  
rent  efficiency given above, i.e., kr, K* and, as will  be 
seen below, over the rate constant for chlorine hydrol-  
ysis. In addition the simultaneous effect of increasing 
temperature  on cell voltage decrease is well known, 
thus providing for power consumption to be efficiently 
decreased as well. One tends, therefore, to increase the 
tempera ture  throughout  the whole system. However, 
the temperature  exhibits a negative effect on anode 
consumption. Thus, economical considerations define 
a ra ther  l imited level of temperature  inside the chlorate 
cells. 

One of the most impor tant  temperature  effects for the 
process would be to increase the rate of the chemical 
conversion of active chlorine (Eq. [1]), which other-  
wise represents a slow reaction. Hence, an economical 
compromise is found for cells with graphite  anodes in 
tempera ture  range of about 40~ Nevertheless, to in -  
crease chemical chlorate formation inside the whole 
system, it has been suggested that the retent ion volume 
of the reactor should be elevated to a relat ively higher 
temperature  level (2). 

Due to p la t inum metal  coating corrosion, one also 
chooses, as well  suited from an economical point  of 
view, a ra ther  compromised temperature  range  of 
about 60~ for chlorate cells with t i t an ium (DSA) 
anodes (9). This higher temperature  increases current  
yield and reduces the over-al l  power consumption. 

There exists another  impor tant  reason for l imit ing 
the tempera ture  of the chlorate producing system. I t  
appears because of the thermal  decomposition of the 
hypochlorous species resul t ing in oxygen evolution and 
revert ing active chlorine to its init ial  state of chloride 
ions (10, 11). Therefore, ~n exact der ivat ion of the re- 
lationships given before the over-al l  current  effi- 
ciency (Eq. [4] and [5]) requires that the thermal  de- 
composition rate of active chlorine should also be in-  
cluded in the whole mater ial  balance t rea tment  of the 
system [cf. (12)]. 

All the above considered reasons have resulted in a 
temperature  range for actual chlorate systems of about 
60~ 

This region has also been confirmed exper imental ly  
and assessed as the optimal and efficient one (Fig. 2 
and 3). Namely, main ly  due to the relat ively low ac- 
tive chlorine concentrat ion inside the optimal pH re-  
gion for chlorate production, a ra ther  asymptotic level-  
ing effect of tempera ture  on the current  efficiency ap- 
pears above 60~ This is much more pronounced at 
lower current  densities as could be noted in Fig. 4. 
Therefore, it could be concluded that  the heat ing effect 
of the holding volume (2) is efficient enough indeed, 
and of practical importance only for chlorate cells r un -  
ning at low current  densities (unipolar  cells with 
graphite anodes). 

The over-al l  current  efficiency (tl) dependence on 
the holding vessel tempera ture  is evident ly  not a 
straightforward one. One should consider that, in addi- 
t ion to kinetic parameters  kr,h and K'h ,  the effect of 
active chlorine content  (Csh) in Eq. [4] and [5] is also 
temperature  dependent  in a quite complex manner .  
This could be comprehended as follows. Both relat ion-  
ships (Eq. [4] and [5]) reflect pr imar i ly  the Faradaic 
stoichiometry which states that, the larger the current  
efficiency, the higher should be the accumulat ion of the 
active chlorine inside the cell (Csc -- Csh) or the lower 
the hypochlorous species content  leaving the holding 
volume (Csh --> 0). However, a quite converse require-  
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Fig. 3. Mutual effect of the temperature (th) and the pH inside 
the holding volume (pHh) on the current efficiency (tl) in the 
chlorate cell process: �9 and �9 experimental data at PHh 6.0 and 
6.5, respectively; other operating parameters being maintained con- 
stant: I, i, q, Vc, Vh, and tc �9 C) and ~ denote calculated values 
according to Eq. [10] for experimental values of the Csc at the 
pH~ 6.0 and 6.5, respectively. 
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Fig. 4. Mutual effect of the current density (i) and the holding 
vessel temperature (th) on the current efficiency (tl) at a constant 
pH of the cell (pHe~.0) .  Q and V denote experimental data at 
current densities 6.67 and 1.8 A/sq. dm., respectively. Other operat- 
ing parameters of the system being maintained constant are q, Vc, 
V~, and tc. 

merit arises from hydrodynamic considerations (see 
below), because the increase of the C~r leads conse- 
quent ly  to proportional current  losses due to increased 
direct anodic oxidation. 

Therefore, al though the concentrat ion difference 
(Csc -- Csh) is needed as large as possible, one should 
at the same time also t ry  to ma in ta in  the Csr as low 
as possible. This fact is in itself a praotical reason 
causing the existence of an optimal holding vessel to 
cell volume ratio (Vc and Vh), previously often con- 
sidered in terms of current  concentration. This is also 
the reason why active chlorine concentrat ion (C~h) 
enter ing the cell is never  negligible compared to the 
one leaving it or why the former does not tend to zero 
or negligible values at all, as required by Eq. [4], to 
approach the maximal  current  efficiencies. Therefore, 
the increase in the rate of active chlorine conversion 
into chlorate with temperature  must  exhibi t  an 
asymptotic tendency to a certain maximal  value, in 
spite of the fact that the rate constant  is increasing, 
because the concentrat ion factor in the rate expression 
(Eq. [5]) decreases with the third power (Fig. 3). 
Hence, both values of active chlorine content, entering 
and leaving the cell, under  practical operating condi-  
tions of chlorate production are usual ly  of the same 
order. 

Considering Eq. [4], it could be easily found that  
the higher the flow rate (q), the smaller  the difference 
of the two active chlorine contents (Csc ---> Csh) and the 
whole term reflecting the holding volume contr ibut ion 
to the over-al l  current  efficiency of the system asymp- 
totically tends to its l imit ing value. 

Quite a simple analysis would lead to the conclusion 
that, just  due to the small  active chlorine contents 
throughour the system, the plug-flow type of reactor 
(Vh), for the same volume, provides higher degrees of 
conversion to chlorate and higher current  yields, than 
does the back-mix  flow one (26). 

The Contr ibut ions of Hydrodynamic Factors to 
Over -A l l  Current  Y ie ld  

There has been an old general  acceptance in the 
chlorate cell process that  the motion of the electrolyte 
inside the cell should be reduced in order to provide 
concentrat ion polarization for the anodic oxidation of 
the active chlorine. However, Ibl  and Landolt  (13) 
were the ones to show an interest ing and complex 
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na tu re  of its anodic diffusion layer. Namely,  due to the 
subsequent  chlorine hydrolysis, which prevalent ly  
takes place wi th in  the difl'usion layer, hypochlorous 
species diffuse in both directions from and toward the 
generat ing electrode, thus creating a certain concen- 
t rat ion ma x i mum inside the diffusion layer (13). 

Hence, in  order to really provide the concentrat ion 
polarization, the diffusion layer should be cut down 
from the solution side by  increasing the l inear  velocity 
of br ine  flow increasing thereby the fraction of hypo- 
chlorous species, which then avoids a fur ther  anodic 
oxidation. 

The concentrat ion profile, the resul t ing active chlo- 
r ine flux and the concentrat ion gradient  at the anode 
surface, were also analyt ical ly  given by Ibl  and Landolt  
(13). Equat ing the Ib l -Landol t  equat ion for the flux 
with the fraction of the current  used for fur ther  active 
chlorine anodic oxidation, Despic et al. (14) were able 
to derive a quant i ta t ive expression relat ing the over-al l  
current  efficiency to the hydrodynamic,  operational, 
and kinetic parameters  of the process 

D~ �9 F 
1 . . . .  f sc  " C , c  

i . 8  
tl = [10] 

3 1 - -  e x p  ( - - 5 ~  

2 28 �9 k ,A/'~'D~ 

where 8 is the anodic diffusion layer thickness; kl, the 
rate constant for the reaction of chlorine hydrolysis; i, 
the current  density; D1 and D2 are the diffusion co- 
efficients of the elemental  chlorine and the active 
chlorine, respectively; while fsc represents the formal 
activity coefficient of both hypochlorous species taken 
together as active chlorine. This relationship differs 
from the original flux equation [cf. (13)] by the cor- 
rection introduced to extend its application to concen- 
trated solutions. In other words, instead of the con- 
centration, one relates the flux and thereby the current  
efficiency to the activity of active chlorine (14). 
Namely, one could easily find it much more con- 
venient  to use the chemical potential  as the driving 
force of diffusion in concentrated solutions and, hence, 
to relate fluxes of the considered species to their in-  
dividual  activities in the first approximation. In  gen- 
eral this is a better  approximation anyway compared 
to the application of their  concentrat ions in the Fick's 
equat ion (18). Some ions, however (and par t icular ly  
the hydronium ion is usual ly  the most impor tant  among 
them in aqueous solutions) undergo considerable, but  
regular  activity changes in concentrated solutions of 
some neutra l  salts (19). The same conclusion is found 
to be valid for the hypochlorite ion, and in concen- 
trated solutions of neu t ra l  salts also for both hypo- 
chlorous species taken formally together in the form 
of active chlorine (18). 

Certain individual  activities have recent ly appeared 
as exper imenta l ly  a t ta inable  values in the first ap- 
proximat ion at least (19,20). It wil l  be shown at 
another  instance that these activities obey the diffu- 
sion relationships much bet ter  than  their corresponding 
concentrat ions (18). 

One should not overlook the fact that  the concentra-  
t ion of active chlorine, Csc, does not represent  an inde-  
pendent  value, but  a variable  of a very complex na -  
ture. Therefore, Eq. [10] is valid for its steady-state 
values only (2, 14). 

Of course, Eq. [10] could be combined with relations 
[4] and [5], as well  as with the one expressing mater ial  
balance of the holding vessel, in  order to el iminate or 
to introduce the steady-state Csc and Csu values in  re-  
sult ing relationship [cf. (14) and (21)]. 

According to Eq. [10], the over-al l  cur rent  efficiency 
exhibits a region of maximal  values as funct ion of the 
anode diffusion layer thickness (Fig. 5). This range is 
defined by the following t ranscendenta l  funct ion 
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at 25~ (see Appendix II). Cal- 
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or approximately by the relat ion 

D2 �9 F �9 Isc " C~e D1 
8~ ~ 2 �9 [12] 

It would be worthwhile to point out that  the current  
yields always reach their maximal  values for 5M ~ 0. 
Such a conclusion results from the consideration of 
Eq. [11]. Namely, its le f t -hand side represents a 
straight line, while its r igh t -hand  side defines an 
exponent ial  function of the diffusion layer thickness. 
Both lines, however, always cross each other for 5M 
0. Moreover, under  practical operating conditions this 
represents an easily a t ta inable  required condition. 

It is also worthwhile  to note that  the current  effi- 
ciency, according to Eq. [10] could reach values lower 
than 2/3 only for unsteady-s ta te  active chlorine con- 
tents. In  such a case, tl does not represent  the steady- 
state yield, but  the ins tantaneous one, which changes 
successively with t ime and with the active chlorine 
consumption. It  asymptotically approaches both Csc 
and tl, the final steady values. Moreover, the chlorate 
cell anode represents in itself a self-adjust ing system. 
That  means, the larger the diffusion layer  thickness the 
lower is the instantaneous current  efficiency (see Eq. 
[10]), bu t  it also means the more intensive is oxygen 
evolution. On the other hand, gas evolution represents 
an efficient short-circui t ing of the diffusion layer  [cf. 
(15, 16, and 31)] and hence, the lat ter  begins to de- 
crease in accordance with oxygen evolut ion rate, re-  
sult ing in a gradual  increase of the current  efficiency 
with time. 

As one could easily note, current  losses (1 -- tl) now 
do not represent  a direct, but  a very complex function 
of the active chlorine concentrat ion [cf. (3)].  This re-  
sults from quite an unusua l  diffusion layer s tructure 
and the very complex active chlorine profile, the la t ter  
being quite different from the Nernst  l inear  dis t r ibu-  
tion. 

Equat ion [10] has been exper imenta l ly  found well  
suited in the chlorate cell process (14) (Fig. 3). In  
conclusion, it could also be emphasized that  the hydro-  
dynamic operating parameters  and conditions of the 
cell represent  essential factors (Fig. 5) for the process 
inside the lat ter  because of the occurrence of quite un-  
usual  and specific events taking place inside the anode 
diffusion layer. 

T h e  Ef fect  of  Cur ren t  Density 
The main  characteristic of the two paral lel  anodic 

reactions taking place s imultaneously in  the chlorate 
cells represents the fact that, in common industr ia l  
practice at least, chloride oxidation abounds in  the ions 
present  (usually the steady-state  concentrat ion is 
about 2 moles/ l i ter) ,  while the  reaction of hypochlorous 
species, being ra ther  concentrat ion polarized, is sup- 
pressed (C8c is usual ly  of the order 3 -- 5 �9 10-~ moles/  
l i ter) .  Therefore, the most efficient and intrinsic pa- 
rameter  of the chlorate cell process providing higher 
current  efficiencies is the current  density itself (cf. 
below Fig. 9). However, in order to effectively use 
these common conclusions regarding concentrat ion 
polarization and to adjust  the anodic process, a suit-  
able anode mater ial  is needed. 

Figure 6 shows the current  efficiency dependence on 
the current  density. Exper imenta l  data are compared 
with data predicted by Eq. [10] as well  as with other 
values appearing from another  theory (12) for en-  
v i ronmenta l  (25~ temperatures  and common active 
chlorine concentrations. 

For more than eighty years graphite has been the 
unique  anode mater ia l  in  electrolytic chlorate produc- 
tion. Mainly due to its relat ively poor polarization 
characteristics for the anode reaction of chlorine evolu- 
tion, and also because of its re la t ively high resistance, 
one has had to reduce the current  densi ty to be- 
tween 2.5 and 5.0 A / d m  ~ for the industr ia l  cell process. 
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Fig. 6. The current efficiency (tz) of the chlorate cell as a func- 
tion of the current density (i). 0 ,  theoretical values according to 
Eq. [10] for the common active chlorine concentration (Csc = 
4.0 .. 10 - 9  reel/liter); 8, 8.2 �9 10-"  cm; fsc, 0.1; and to, 25~ [ ] ,  
experimental data; and A ,  values according to Claus (12). 
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At the same time, one had to reduce the cell tempera-  
ture to mainta in  the graphite wear to economical con- 
ditions of consumption. The graphite wear, however, 
also represents, besides other factors, an anodic prop- 
erty depending on its potential  and thereby on the 
current  density (22). Therefore, both the concentrat ion 
polarization for the active chlorine oxidation at the 
anode and its chemical conversion to the final state, 
have been inconvenient ly  restricted. The result ing cur-  
rent  efficiencies, for chlorate cells with unipolar  graph-  
ite electrodes, at least, are thereby in  practice usual ly  
ra ther  l imited to values of about 0.8 (see Fig. 6). In 
accordance with relationships [4] and [5], in  order to 
increase the current  efficiency, even in the case of cells 
using graphite anodes, some suggestions have been 
given (2) consisting of an independent  increase of the 
holding volume temperature,  while main ta in ing  the 
reasonably low temperature  of the cell. This provides 
fur ther  intensification of chemical conversion inside 
the former and, thereby its fur ther  contr ibut ion to the 
over-al l  current  yields (30). 

Recently, however, metall ic electrodes of d imen-  
sionally stable behavior  and with greatly advanced 
polarization characteristics (DSA-electrodes) (23) 
finally appeared. 

The higher the current  density, the more economical 
is the consumption of precious metals. However, the 
/R-drop severely increases l inear ly  with the current  
density and, moreover, very soon the l imit ing current  
is reached for the anode oxidation of chloride ions. 
Therefore, besides the quite advanced polarization 
properties of DSA-electrodes which results in a higher 
asymptotic effect of the current  density on the current  
efficiency (Fig. 6), a range of about 30 A / d m  2 has been 
chosen as a compromise and accepted as the most con- 
venient.  Of course, this requires an optimal pH region 
of the br ine  to be maintained,  too, because out of it, 
not only the current  density, but  also all other process 
parameters  are practically of no effect. The cell oper- 
ates either as a chlorine producer in the acid region, 
or produces chlorate as the final product of total elec- 
trochemical oxidation in the alkal ine region thus yield-  
ing the lower s teady-state  value of the current  effi- 
ciency (tl --> 2/3). 

Some Scale-Up Considerations of the Chlorate Cells 
Equation [10] relates the current  efficiency to the 

average value of the actual  s teady-state  active chlorine 
concentrat ion (Csc) for chlorate cells operating as 
back-mix-f low reactors. A different si tuation arises in 
the more f requent  case of plug-flow cells. In  the lat ter  
case one must  first integrate a mater ia l  balance equa-  
tion (2, 17, 24) for an element of the cell volume along 
the anode (Fig. 7) 

dCse i 
dl = 2Fq (3 t in )  -- 2) [13] 

where t in) denotes the local cur ren t  yield depending 
on the anode length (1). The tlr from Eq. [10] may be 
substi tuted in relationship [13], on the assumption that  
the former relates the local current  efficiency for any 
e lement  of the anode length to its par t icular  active 
chlorine concentrat ion (Cs(D). In tegrat ing from en te r -  
ing hypochlorous species content  of the cell (Csh, 1 = 

qCsc 

q Csh 

Fig. 7. Elemental cross section of the chlorate cell plug-flow 
running. 
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0), to the leaving one (Csr 1 = L), one easily comes to 
the distr ibution relat ion for the active chlorine concen- 
trat ion along the anode (17). Now, again, the over-al l  
current  efficiency of chlorate cells r unn i ng  in plug-  
flow is obtained as an average of the local current  
yields (17), i.e. 

or, finally 

2 2 
tl = - - + - - "  

3 3 

lg 
tl : -~  tm)dl  [14] 

Fq [ i(1-exp(-SX/kl/D1) ) ] 
irL 3D2FIsc ~ /k l - - '~  -- Csu 

3 irL 
1 - - e x p  - - -2-"  Fq 

D2Ffsc ) 
~8 [15] 

3 1 -- exp (--b~/kl---7-D-~D 

2 25k/kl/-~l 

where  r denotes the anode width. This relationship, as 
well as the intermediate  ones, have also been experi-  
menta l ly  tested in a r ibbon type of cell and found to 
well obey the process (17, 24). 

The final equation [15] was examined by analogue 
computer analysis in  order to relate the current  yields 
to the anode diffusion layer  thickness and cell d imen-  
sions (Fig. 8). It  could easily be found that  the rela-  
t ionship [15] reflects in essence the previous relat ion 
(Eq. [10]), which already has been discussed, and 
which is also implici t ly encompassed by the former. In  
other words, by increasing the l inear  br ine  velocity of 
flow along the anode, the cur ren t  yields first also in -  
crease, and after some maximum,  decrease again. At 
relat ively fast flow rates, the anode length exhibits 8 
more pronounced effect, but  in  its optimal range, the 
longi tudinal  cell dimension has practically no fur ther  
effect on the yields wi th in  very  wide limits. However, 
because of an intr insic effect of gas bubble  collection 
at the upper  part  of the cell (25), the anode length 
should be reduced. At the same t ime the flow rate 
along it optimized, thus providing the diffusion layer 
thickness main ta ined  within  the optimal range. The 
lat ter  requi rement  is, of course, easily at ta inable by 
the cell's own gas-l if t ing effect, known under  the term 
of the na tura l  br ine  recirculat ion (32). 

Equat ion [15] was tested exper imenta l ly  and found 
well  suited (17) (Fig. 9). As one could expect from 
the theory (cf. Eq. [10]), the current  efficiency exhibits 
its ma x i mum range as a funct ion of the diffusion layer  
thickness or of the l inear  flow velocity along the anode. 

It  should also be noted that  all the presented equa-  
tions relat ing the current  efficiency to the hydrody-  
namic parameters  (5) are based on the Ibl  and Landolt  
(13) relat ion for the active chlorine gradient  at the 
anode. However, the authors neglected the chemical 
conversion of hypochlorous species wi thin  the anode 
diffusion layer. This is correct only for their  operat ing 
conditions of high pH values and low temperatures.  
Hence, a more complete diffusion relat ion would be 
[cf. (13) and (24)] 

( d2as ) 
D~ ~ + Icx" acl~(x) - -  3fc 2" k,.,c 

K* (aHSO+)2(~) 
�9 C ~ s ~  : 0 [16] 

[K* -~- (aH30+)(z)] s 

The latter, however, could not be easily analyt ical ly  
solved. I t  would not lead to a simple analytic form of 
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equation, due to the third power of concentration de-  
pendence.  Also, the hydrogen ion distribution wi th in 
the diffusion layer is of rather a complex nature. Thus, 
it is necessary to solve s imultaneously several ra ther  
complicated differential equations, encompassing all 
equilibria, all diffusion fluxes, and also all the electrode 
reactions at the anode. This advanced and more com- 
plex mat ter  will  be reported at a lat ter  instance (27). 

It  should also be noted that, in  a view of the fact 
that  active chlorine exhibits the appearance of a maxi-  
m u m  concentrat ion wi th in  the diffusion layer, which 
exceeds that  in the bu lk  (13), its fur ther  chemical con- 
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_. L-- - -- - -- -- 
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0 10 20 30 40 50 
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Fig. 8. The current efficiency (tl) of the chlorate cell as a func- 
tion of the cell length (L) for various the anode diffusion layer 
thicknesses (6) (5 ---- l u I . 0  �9 10-5; 2--3.0 �9 10-5; 3--5.0 �9 10-5; 
4-~I.0 �9 10-4; 5---5.0 - 10-4;  6--1.0 �9 10-3; 7--5.0 " 10-3; 8 - -  
1.0" 10-2; and 9--5.0 �9 10-2 cm). (a) and (h), Theoretical data 
according to Eq. [15] for the current density 30.0 and 3.0 A/sq. dm., 
respectively. (c), The current efficiency (tl) as a function of the 
anode diffusion layer thickness (8). Theoretical data according to 
Eq. [15] for the anode length (L) 10 dm. and the current density 
( O ,  [ ] )  30.0 and 3.0 A/sq. din., respectively. Other parameters 
used in calculation were as follows: r, 4.0 dm.; q, 0.26 liter/sec; 
and Csh, 4.0 �9 10 -3  mol/liter. 

version must  not be neglected for higher operat ing 
temperatures  at least. However, such temperatures  just  
lately characterize up- to-da te  chlorate cell industr ia l  
practice. 

The above t rea tment  might  be usefully applied as 
the one leading to the l imit ing optimal conditions. This 
implies that, just  as the thermodynamic method usu-  
ally gives the lower limits for the considered processes 
to be able to proceed at all, the present t rea tment  also 
provides operational and dimensional  l imit ing condi- 
tions for optimal cell current  yields. Namely, providing 
the above-defined optimal cell parameters  and main-  
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Fig. 9. The effect of the linear velocity of the brine flow on the over-all current efficiency in the chlorate cell plug-flow running. Experi- 
mental data for the ribbon type of the cell. 0 ,  i-], and O ,  values for pHc---6.5, 7.6, and 8.1, respectively, and at the current density 
1.97 A/sq. din.; A ,  values for pHc~6.5 and i ~ 3.61 A/sq. din. 

ta ining their mutua l  effect, i.e., the l inear  velocity of 
the brine flow, current  density, pH, and tempera ture  
(just because of the effect of the lat ter  on the decrease 
of the C~c through its fur ther  chemical conversion to 
chlorate which was neglected in all the equations based 
on diffusion layer analysis) ;  one could doubtlessly ex-  
pect bet ter  results only, than those predicted by the 
above equations and considerat ion (cf. Fig. 5). It 
should also be noted that  both relations which com- 
prise the hydrodynamic factors (Eq. [10] and [15]), 
exhibit  a very pronounced sensit ivity on the active 
chlorine concentrat ion (Ca). Hence, the higher the tem- 
perature, the lower should be the active chlorine con- 
tent, and thereby the higher the cur ren t  efficiency. 

The above consideration represents a certain scale- 
up and optimization guide for the chlorate cell process 
based on the Faradaic efficiency. Another  side of the 
medal  is represented by its voltage and power optimi-  
zation. The lat ter  has recently been developed and 
thoroughly carried out by Rousar et aL (25), par t icu-  
larly in examinat ion  of the cell dimensions and the 
gas bubble  cell effects. Both methods, the ment ioned 
one (25) and the one presented here, of course, lead 
to the mutua l  optimal point  at which two independent  
schemes cross each other and thus define the most 
suitable operating conditions for the whole electrolytic 
process. 

Exper imenta l  G u i d e  
The exper imental  data presented in this paper were 

prevalent ly  obtained by means  of the same apparatus 
as that  described elsewhere (2). The setup consisted of 

an electrolytic cell 0.6 l i ter  in volume and a holding 
vessel of 2.2 liters connected in  a loop so as to provide 
a constant  recirculation of b r ine  at a given flow rate 
(q = 8.2 • 10-4 l i ters/sec).  The pH in  the cell was 
main ta ined  constant to wi th in  • 0.1 pH uni t  by means 
of a pH-stat.  The electrolyte was st irred both in the 
cell and in  the holding volume so tha t  they operated 
as back-mix-f low reactors. The st irr ing in  the cell was 
intensified by the cathodic evolution of hydrogen and 
homogenized by an appropriate positioning of both 
the p la t inum gauze anode and the wire cathode. 

The cell load was main ta ined  at 4.5A, and with the 
electrode surface area A - :  67.5 cm 2, this implied an 
anodic current  density of 6.67 A/dm~. 

The cell temperature  was main ta ined  at 25~ while 
that of the holding volume varied be tween 15 ~ and 
80~ 

In  the described setup and under  the given hydro-  
dynamic conditions, the diffusion layer  thickness was 
exper imenta l ly  estimated to be 8.2 X 10 -4 cm by mea-  
suring the steady-state l imit ing diffusion current  of the 
ferrous-cyanide oxidation from a usual  and  appropriate 
electrolyte composition [cf. (13) ]. 

Other details of the apparatus and of the de termina-  
t ion of the current  efficiency may be found elsewhere 
(2). 

The value of the rate constant  of chlorine hydrolysis 
(kl ----- 0.17 sec -1) was obtained by  extrapolat ion of 
Spalding's data (28) for the actually existing ionic 
s t rength of the chlorate cell br ine  [cf. (14) and (18)]. 

The diffusion constants of e lemental  (Di = 6.7 • 
10 -a  cm2/sec) and active chlorine (D2 ---~ 1.2 X 10-5 
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cm2/sec) represents Chao's data (29) corrected for 
viscosity of solution at the given ionic s trength of 
chlorate production [cf. (14)]. 

The activity coefficient of hypochlorous acid was 
taken from data of Imagawa (4) to be about 2.0. The 
corresponding value for hypochlorite ion, and for active 
chlorine as well, was estimated to be about 0.1 [cf. (14) 
and (18)]. Activi ty of water  was approximately taken 
to be 0.8 (3). The rate constants for the active chlorine 
chemical conversion to chlorate as function of tem- 
perature  were taken from data of De Valera (3). 

The electrolyte consisted of 300 g/ l i ter  of NaC1 and 
about 4.0 g / l i ter  of sodium dichromate. The electrolysis 
was carried out to 30 g/ l i ter  of sodium chlorate, where-  
upon the electrolyte was renewed. 

The apparatus with a r ibbon type of cell and the 
plug-flow circulation was also described elsewhere 
(17, 24). The entire setup was very similar to the one 
described elsewhere (2) and par t ly  here, the only dif- 
ference being that  all the dimensions of the apparatus 
were enlarged. The anode was DSA-electrode supplied 
by  Oronzio de Nora, Milano, I taly (L ---- 70 din, r ---- 
4.5 cm). The current  densities were i ---- 3.61 and 1.97 
A/sq.dm., and temperature  (to) was at 14~ 
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APPENDIX I 
It  should be noted that, in deriving Faradaic stoi- 

ehiometry and mass balance equations, one has been 
considering (2) both hypochlorous species as poten-  
t ial ly equal entit ies able to take part  in both Foerster 's  
reactions of the chemical conversion and the anode 
oxidation. Hence, both species are together summa-  
t ional ly expressed in a certain mutua l  and more suit-  
able un ique  form of the active chlorine (Cs). There-  
fore, for Eq. [1], it could be wr i t ten  

d[ClO-] 1 d[HC10] 

dt 2 dt dt 

or, otherwise 

dC, d([HC10] + [C10- ] )  

dt dt dt 

d[Cl03-] 
[A-l] 

d[ClO-] 

[A-2] 

Further ,  introducing Foerster 's kinetic law for the 
chemical conversion in concentrated solutions or, in 
other words, recognizing BrSnsted's kinetic theory 
(1, 4), it could be wr i t t en  

dC, 
-- ~ = 3 - f2. k~[HClO]S. [CIO-] [A-3] 

dt 

As it is a l ready descriptively said, one implies that  
the active chlorine represents  the sum of both hypo- 
chlorous species, or otherwise 

Cs - -  [HC10] + [C10-]  [A-4] 

Two last relations could finally be combined with 
Eq. [7] tha t  leads to the more suitable form of the 
kinetic law for the chemical chlorate formation (2, 5) 

�9 d e s  K* �9 (aH30+)2 
- -  - -  3 �9 f~ �9 k r  �9 C~ 3 [ A - 5 ]  

dt [K* ~- (aH30+)] 3 

Namely, considering that both species reversibly 
interchange their states between each other over an 
extremely fast reaction of proton exchange [cf. (13)], 
the active chlorine might  be imagined as an ins tanta-  
neous mutua l  hibride form similar to an active complex 
in the t ransi t ion state. Such a conclusion seems prob- 
able for the t ransi t ion pH range at least, where both 
hypochlorous species exist in comparable conten~s. 

APPENDIX II 

Explanation ot Fig. 5 
Equation [10] could be presented in a somewhat 

more convenient  form for Iur ther  computer analysis. 
Hence, one firstly introduces another  parameter  (A) 
being 

Csc 
A = D2 �9 F �9 fsc " ~ [B-l] 

or in combinat ion with Eq. [12] the lat ter  leads to the 
relat ion 

1 ~/ D2"F',sc'Csc ~ 
A : -  [B-2] 

2 i 

Finally,  one more parameter  (X) can be introduced 

5 
X = [B-3] 

6M 

Replacing Eq. [B-2] and [B-3] into Eq. [10], one 
obtains its other form 

1 -- A / X  
tl = [B-4] 

3 1 1 - -  exp (--4AX) 

2 2 4AX  

Thus, the parameter  X in Fig. 5 represents in essence 
the variable  6 in a somewhat different and more suit-  
able form. Hence, the various curves in Fig. 5 represent  
the basic relationship (Eq. [10]), expressed in a more 
convenient  form (Eq. [B-4]) ,  for different ratios Csc/i 
used as parameter.  This is reflected here over different 
A values (1-10 -4 , 2-3.3 �9 10 -4 , 3-10 -3 , 4-3.3 �9 10 -3, 
and 5-10-2).  
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Standard Electrode Potential Measurements of Pb/PbCIJHCI and 
TI/TICI/HCI Half Cells in Dimethylformamide at 30~ 

Frank Leslie Bates' and Yeu Tsang Nee ~ 
Department ol Chemistry, The University ol Detroit, Detroit, Michigan 48221 

ABSTRACT 

The potentials of electrodes consisting of metal, solid metal chloride, and a 
solution of a soluble chloride (anhydrous HCI) in dimethylformamide (DMF) 
have been measured vs. a hydrogen electrode as the reference electrode. Half 
cells Pb/PbCIs/HCI and TI/TICI/HCI were prepared by contacting pure metal 
with its associated chloride after forming the solid phase in a glass tube. 
Elaborate and scrupulous procedure is important for preparing the hydrogen 
electrode to attain reliable and reproducible measurements in DMF. Standard 
electrode potent ia ls  of --0.3368 and --0.5994V vs. SHE in DMF, at  30~ were  
a t ta ined  in DMF for the  lead  chlor ide  and tha l l i um chlor ide  electrodes,  respec-  
t ively,  at  30~ 

Measurements  of e lec t rode  potent ia ls  in nonaqueous  
solvents have shown complicat ions since 1909, even 
though some of them were  found to be a na tu ra l  and  
s t ra igh t fo rward  extension of the corresponding mea-  
surements  in aqueous solutions. Pavlopoulous  and 
S t reh low (1) measured  the s tandard  potent ia ls  of some 
heavy  meta ls  in the solvent  formamide,  but  were  un-  
successful in using the Ag/AgC1 electrode i n  the  same 
solvent.  The Ag/AgC1 e lec t rode  in fo rmamide  was used 
for measurements  wi thout  much  difficulty by  Mandel  
and  Decroly  (2). 

Since the  unsubs t i tu ted  amides (wi th  the  except ion 
of fo rmamide)  are  al l  c rys ta l l ine  solids at room t em-  
perature ,  N ,N-d ime thy l fo rmamide  was chosen, which 
is a power fu l  solvent  for both  po la r  and nonpolar  
compounds. I t  has not  been inves t iga ted  as a non-  
aqueous solvent  (3) for the  measurement  of e lectrode 
potentials .  I t  was employed  in this paper  for the mea -  
surement  of the  s t andard  potent ia l  of e lectrodes of the  
meta l - inso lub le  salt  type  vs. the  hydrogen  electrode.  

Discussion 
In  Pavlopoulous  and S t reh low's  paper  (1) the  h y -  

drogen electrode was used wi thout  adequa te  descr ip-  

1 Deceased. 
s Present address: No. 58, Tung Hal Road, Tung Hal University, 

Tal-Chung, Taiwan, The Republic of China. 
Key words: electrode potentials, metals in DMF. 

t ion of opera t ional  detail .  The l i t e r a tu re  indicates tha t  
the  level  of accuracy of most  potent iometr ic  measure -  
ments  in anhydrous  solutions has been insufficient to 
w a r r a n t  any dist inct  choice be tween  a l t e rna t ive  me th -  
ods of p repar ing  the hydrogen  electrode.  The a t t a in -  
ment  of a t ru ly  reproducib le  hydrogen  e lect rode ac-  
tua l ly  holds the key  to the successful per formance  in 
its role as the  reference e lec t rode  (4) in anhydrous  
DMF solutions. 

A typica l  l abo ra to ry  p rocedure  for  p repa r ing  the  
pla t in ized hydrogen  electrode in aqueous solutions in-  
cludes c leaning the Pt  p la te  wi th  aqua regia, test ing 
the cleanliness in a 10% solution of H2804, then elec-  
t ro lyzing i t  as the  cathode in di lute  NaOH and H2SO4 
solutions af ter  e lect rolyzing it as the cathode for 5 rain 
in a 3% solut ion of chloroplat inic  acid containing 0.5 
ml of 0.1N lead acetate  in 100 ml  solution. 

The por t ion of the procedure  most  l ike ly  to cause a 
difference in behavior  of the  hydrogen  electrode in 
aqueous and nonaqueous solutions is the  process of 
plat inizat ion.  Lead  acetate  is added to the pla t iniz ing 
solution as an impur i ty .  Purif ied chloroplat inic  acid 
solutions give only br ight  P t  deposi ts  upon the p la t i -  
num plate, which as an electrode can be in i t ia l ly  ac-  
t ive but  decays in ac t iv i ty  ra the r  rap id ly .  Hence the 
lead acetate  has to be re ta ined  in the pla t iniz ing solu- 
t ion (5). The second factor  wi th  p rominen t  impor tance  
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is the thickness of the coating of the Pt  black hiding 
the sheen of the metal  base. The actual  thickness of 
the Pt  black does not mat te r  at all in wa te r  solutions. 
The thicker  the film, the more l ikely wi l l  the electrode 
give constant results. In 1922, Clark (6) made use of a 
thin deposit of Pt  black to avoid reduct ion of the meta l  
ion upon the hydrogen electrode. Confirmed by Draves  
and Tar tar  (7) in 1925, the reduction on the surface of 
the Pt  plate was due to the use of a thickly coated 
electrode in nonaqueous solutions. Wal ter  (8) in 1926 
renewed platinized hydrogen electrodes after three or 
four measurements .  Kanning and Bowman (9) in 1946 
at tempted to lengthen the usual short life of hydrogen 
electrodes in methanol  beyond 60 min. Moore and 
Felsing (10) pointed out that  the electrodes which 
were  least platinized gave the highest potent ial  values 
and approached a near  steady state most rapidly. Then 
in 1956 Oiwa (11) ment ioned in a paper deal ing wi th  
act ivi ty  coefficients of HC1 in me thano l -wa te r  mix -  
tures that the hydrogen electrodes used were  plated 
with  Pt  black as thin as possible. It  is evident  that  Pt  
black is necessary, but only the min imum thickness 
required to obscure the surface luster  should be used. 

In view of all the difficulties with the hydrogen elec- 
t rode in anhydrous solvents, all of which indicating 
some i r revers ible  change in the condition of the elec- 
trode, the only hope of finding the revers ible  potential  
is to get it before the i r revers ible  change in the hydro-  
gen electrode occurs, namely  at zero time. The spon- 
taneous, i r revers ible  electrochemical  process reduces 
the potential  f rom the hypothet ical  reversible  value 
given by the cell as it  is ini t ial ly constituted. Mandel  
and Decroly (2) extrapola ted the dr if t ing potential  
back to zero time, that  is to the t ime the cell was as- 
sembled as a complete unit. By soaking the meta l  elec- 
trode in the cell solution for some t ime and washing 
the hydrogen electrode wi th  the cell solution before 
use, all the possible, purely  chemical  (as distinct f rom 
electrochemical)  changes are  al lowed to occur before 
the circuit is actual ly  completed. 

Experimental Preparation 
CelL--The cell is an H-cel l  with two limbs. The first 

l imb had a diameter  of about 1 cm. There was a neck 
(constriction) made  close to the lower end with  the 
purpose of keeping the meta l  chloride from being 
st irred up. The second l imb had a d iameter  of 4 cm. 
Into this l imb the hydrogen electrode was placed. Clean 
glass wool was used in the connecting arm to minimize 
the diffusion of metal  salt onto the p la t inum plate re-  
sulting in the poisoning of the hydrogen electrode. 

Metals electrodes.--Pure metal  in its mol ten state 
was sucked into a glass tube through a small nozzle 
(Fig. 1). The molten meta l  gradual ly  solidified f rom 
the side to the center  of the tube. 

Hydrogen electrode.--The Pt  plate was thinly pla t i -  
nized with Pt  black so as just  to hide the sheen. The 
electrodes were  cleaned before each plat inizat ion by 
electrolyzing in concentrated HC1 day and night; some- 
t imes a week or more was required.  The hydrogen gas 
was maintained at 1 atm pressure. 

Metal chlorides.--Metal chlorides were  dried for a 
sufficient period of t ime at an appropriate  t empera tu re  
to remove  the water  of crystallization. 

Hydrogen gas.--Commercial tank hydrogen purified 
by passing through a t ra in  consisting of basic pyro-  
gallol, sulfuric acid, and anhydrous calcium chloride 
was used. 

Formamide.--The formamide  used was prepared by 
Eastman Organic Chemicals, and had a ref rac t ive  in-  
dex 1.4457 at 26~ 

N,N-dimethylformamide.--The reagent  grade DMF 
purchased f rom Fischer  Scientific Company was pur i -  
fied by shaking it wi th  BaO powder  ( technical  grade, 
Code 1422), decanted, and distilled at 15-20 mm Hg 

--- Cu wire .... . 

1 
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Fig. I. Form of the electrodes 
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pressure and the middle  fract ion of the disti l late re-  
tained. The disti l late had a re f rac t ive  index of 1.4280 at 
26~ 

HCl-amide solution.--Dry gaseous tank  HC1 was 
passed into the amide one day before measuring. This 
process could be carried out in a 125 ml Er lenmeyer  
flask. Care must be exercised to keep the solution dry 
and away from gett ing contact wi th  the rubber  stopper. 
It would be much safer to use a glass stopper to fit the  
flask. The solution was then poured into the  cell in 
which the dry meta l  salt and clean glass wool were  
placed beforehand. Subsequently,  the meta l  electrode 
was introduced into the left  cell and al lowed to stand 
wi th  the salt in the HCl-amide  solution. Af te r  the 
metal  and the meta l  salt stood in contact with the 
solution for 10-12 hr  indicating that  the meta l  had 
become coated with  meta l  chloride, the half  cell was 
able to reach a steady and reproducible  voltage when 
coupled with  the hydrogen electrode. 

The sample of the HCl-amide  solution to be ana-  
lyzed for chloride ion concentrat ion was wi thdrawn 
from the bulk of the solution before it was poured into 
the cell. It  was not permissible  to prepare  a stock 
volume of HCl-amide  solution, enough to be used over 
a longer period of time, because of the suspected de- 
composition resul t ing f rom hydrolysis  of amide by very  
small  traces of water  and catalyzed by HC1. 

The determination of the HCI concentration in the 
solvent amide.--A 2 or 5 ml  sample was t rea ted  with  
enough NaOtI  to make  it basic plus a l i t t le excess and 
evaporated unti l  the  residue was only sl ightly damp. 
The amide in the form of a l ight ye l low residue was 
decomposed on the addition of about 1 ml  of 15N NaOH 
and a few mil l i l i ters  of 3% HsO2, just  enough to react 
wi th  all the amide. Af te r  the foaming ceased, w a t e r  
was then added to dissolve the reaction mix ture  and 
to make the total vo lume about 50 ml. The solution was 
acidified with  HC104 and t i t ra ted  with  0.1N AgNO~ 
using potassium chromate  as the indicator. Two por-  
celain crucibles were  used in order to catch the end 
point accurately, since the addition of chromate  would 
give the solution to be t i t ra ted a color be tween orange 
and light red in a presence of organic amine. As the 
end point was approached, which  can be easily de-  
tected in the process of ti tration, the precipi tate was 
al lowed to settle. The l iquid was decanted into the 
second crucible. The color of the precipi tate  would  
stay white  or near ly  so before the end point. At  the end 
point there would be a red precipi ta te  appearing in the 
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AgC1 precipitate like a mass of cottage cheese studded 
with red crystals. Once the end point was overpassed 
the whole body of precipitate would tu rn  to clearer red 
tint. Some of the results from t i t rat ion were fur ther  
tested by gravimetric precipitation of silver chloride. 

E M F  m e a s u r e m e n t s . - - A f t e r  the metal  electrode stood 
in the cell with the metal  chloride and HCl-amide solu- 
tion for about 10-20 hr, H2 gas was bubbled through 
the cell solution in the larger compar tment  for 2 hr. 
Simultaneously,  the temperature  of the thermostat  was 
adjusted to the desired value. The upper  part  of the 
tube containing the hydrogen electrode was dried by 
passing dry N2 or H2 gas through the tube for 2 hr. At 
the end of the 2 hr, the hydrogen electrode was rinsed 
several times with the cell solution before it was in-  
troduced into the cell. A Leeds and Northrup Type 
K-2 potentiometer  was used to measure the cell poten- 
tials at intervals  over a period of time. The potential  
values which changed slightly (not more than  a few 
mV) with t ime were extrapolated to zero time to ob- 
tain the ini t ial  value of the cell potential  E. 

T r e a t m e n t  o f  d a t a . r a T h e  cells studied were 

( -- ) Pb/PbC12 (c), HC1 ( in DMF),  H2 ( g, 1 a t m ) / P t  ( 4- ) 
[A] 

( -- ) T1/T1C1 (c), HC1 ( in DNIF ), H2 ( g, 1 atm ) / P t  ( 4- ) 
[B] 

at 30~ For the conventional  cell reactions 

Pb  4- 2H + 4- 2C1- : PbC12 W H2 [Al l  

2T1 4- 2H + 4- 2C1- -- 2T1C1 4- H2 [B1] 

the s tandard cell potential  E ~ is related to the actual 
cell potential  E and to the activity of the acid electro- 
lyte by the Nernst  equation 

E -" E ~ 4- ( R T / F ) l n ( a H  4- ac l - )  [1] 

At a given molar concentrat ion of acid, the approxi-  
mate value of E ~ indicated by E', can be calculated 
from the concentrat ion and the exper imental  E by the 
equations 

E'  = E - -  0.1183 log CHC], at 25~ [2a] 

E" 4- E - -  0.1203 log CHcl, at 30~ [2b] 

Equation [1] is valid at uni t  fugacity (1 atm) of hy-  
drogen gas. 

The measured potential  values were followed as a 
funct ion of time. The drift  from the "true" cell emf (at 
zero time) does not appear to exceed a few thousandths 
of a volt in any case after 30 min. 

The correct value of E ~ for cells [A] and [B] can be 
found by plotting the E'  values obtained with various 
concentrations of HC1 via Eq. [2b] against A/C. By the 
method of least squares, the s tandard potential  E ~ of 
cells [A] and [B] is obtained as the intercept of the 
E' -- ~/C curve, extrapolated to the l imit  ~/C -'> 0. 

The numerical  data for cells [A] and [B] with two 
different hydrogen electrodes are summarized in Tables 
I and II, respectively. These tables list the observed 
cell potentials E in volts, the values of E'  calculated via 
Eq. [2b], and the concentrations C in moles of HC1 per 
liter of solution in dimethylformamide.  The tables also 
give the least squares equations for E'  v s .  ~ / C  for two 
separate hydrogen electrodes with each cell, and give 
an estimate of E ~ with its s tandard deviation for each 
of the four sets of data. For each cell, the two values of 
E ~ are consistent wi thin  the exper imental  error, despite 
the discrepancy in the observed slopes for the two 
separate hydrogen electrodes (see below).  

The cell E ~ values reported in Tables I and II for 
cells [A] and [B] can be equated to what  Lat imer  (13) 
called the oxidation potentials of the Pb/PbC12 and 
T1/T1C1 redox couples in DMF at 30~ respectively. 
Following the conventions adopted by the In terna t ional  
Union of Pure and Applied Chemistry (12) at Stock- 
holm in 1953, cell potentials with the SHE at the r ight-  
hand te rminal  should not be called electrode potentials. 
Rather, the s tandard potentials of the Pb/PbC12 and 
T1/T1C1 electrodes in DMF may be equated to the cell 
E ~ values of the reversed forms of cells [A] and [B]. 
Therefore, the electrode potentials reported here are 
equal in value but  opposite in sign to the cell E ~ val-  
ues. The s tandard electrode potentials E ~ are negative 
for both electrodes, corresponding to the ( - - )  d-c po- 
lar i ty  exhibited exper imental ly  by both electrodes in 
cells [A] and [B] (Tables I and II, bottom line).  

Conclusion 
The procedure for the determinat ion of the s tandard 

potentials of anion responsive electrodes of the Ag/  
AgC1 type in nonaqueous solvents was checked by 
measuring the potential  of the cell 

Cd/CdC12 (c), HC1 ( in formamide, H2 (g, 1 atm) ) / P t  [C] 

at 25~ The equation for E'  was obtained as E'  - -  

--0.0308 A/C 4- 0.6153 giving the standard potential  of 
the electrode: Cd/CdC1UHCI(in formamide),  E ~ = 
--0.6158 --+-_ 0.0068V at 25~ [as compared to the value 
of --0.617 +_ 0.004 given by Pavlopoulous and Streh- 
low (1)].  

Table I. Potential data for cell [A] at 30~ 

Data observed wi th:  1st hydrogen electrode 2nd hydrogen e lectrode 

CeH potential  E, V (extrapo- 
lated to zero t ime)  0.3689 0.3630 0.3038 0.2365 

E ' , V  0.3748 0.3743 0.3595 0.3510 
C, m o l e s / H t e r  0.8926 0.9060 0.3437 0.1101 
Equation of  the E' vs.  ~/C l i ne  E '  = 0.03953 ~/C + 0.3370 
Standard potential  of  cell  [A] E ~ = 0.3378 -~ 0.0011 

0.2389 
0.3289 
0.1785 

0.2708 0.3075 0.1982 
0.3263 0.3271 0.3327 
0.4030 0.6765 0.0760 

E" = - -0 .01091~/C + 0.3358 
E ~ = 0.3358__.0.0020 

Standard potential  of  Pb/PbCI~/HCI e lectrode in  DMF,  vs.  SME in  DMF0 a t  30~ 
E ~  in  DMF)  ~ --0.3368 __. 0.0015V 

Table II. Potential data for cell [B] at 30~ 

Data observed with:  Is t  hydrogen electrode 

Cel l  p o t e n t i a l  E, V (extrapo-  
lated to zero t ime)  0.6019 0.7153 0.5900 0.7000 

E', V 0.6761 0.7323 0.6703 0.7230 
C, m o l e s / l i t e r  0.2410 0.7220 0.2146 0.6443 
E q u a t i o n  of the E" vs.  x/'C l i ne  E' ---- 0.1554 ~/C + 0.5994 
Standard p o t e n t i a l  of cel l  [B] E ~ ---- 0.5994 __. 0.0010 

2nd hydrogen electrode 

0.5674 
0.6617 
0.2410 

0.5776 0.6760 0.5430 
0.6579 0.6990 0.6467 
0.2148 0.6443 0.1374 

E" = 0 . 1 2 4 1 ~  + 0.5994 
E �9 = 0 .5994-~0.0012 

Standard potential  of  T1/T1CI/HCI e lectrode in  DMF0 vs.  SHE i n  DMF,  a t  30 ~ 
E~ in  DMF)  ~ --0.5994 _ 0.0011V 
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Upon consideration of the solubility of metal  chlo- 
rides in dimethylformamide,  the s tandard potentials of 
the Pb/PbC12/HC1 and T1/T1C1/HC1 electrodes have 
been determined in this study in DMF. The E' values 
revealed an interest ing point. From the two hydrogen 
electrodes, two sets of E' values for different concentra-  
tions of HC1 in the solvent DMF converge to an identi-  
cal s tandard potential  E ~ value. This phenomenon prob-  
ably results from the difference in thickness of the Pt  
black plated upon the two hydrogen electrodes. It  sup- 
ports the hypothesis that Pt  black made as thin as pos- 
sible is effective in improving the reproducibil i ty of 
voltages obtained in anhydrous DMF. 

The s tandard electrode potentials in DMF a~ 30~ are 
obtained from the present  study as follows 

HC1 (in DMF) /PbCl2 /Pb  
PbC12 + 2e -  = Pb  + 2C1- 

HCI (in DMF)/TICI/TI 
TIC1 + e- ---- T1 + CI- 

E ~ = --0.3368V 
_.+0.0015V [3] 

E ~ = --0.5994V 
_0.0011V [4] 

The individual  s tandard electrode potentials are re-  
ferred to that of the s tandard hydrogen electrode in the 
same solvent, and the algebraic sign conforms to that 
adopted by the In terna t ional  Union of Pure  and Ap-  
plied Chemistry (12) in expressing the electrode poten-  
tial. 

It appears that not only does the hydrogen electrode 
respond differently in nonaqueous solvents than it does 
in water, but  also problems are encountered peculiar to 
the part icular  solvent employed. The conception we 
have had for the electrochemical response of the hy-  
drogen electrode in water  is not equally applicable to 
anhydrous nonaqueous solvents. The prolonged usage 
of the platinized hydrogen electrode in nonaqueous 
solvents cont inual ly  for two or more hours is harmful  
to its proper functioning. Between measurements  a 
procedure of soaking the hydrogen electrode in concen- 
trated HNO3 for about 3 hr, followed by subsequent  
electrolysis in NaOH and H2SO4 is a satisfactory way 
to prevent  the deposition of metal  ions on the surface 
of the electrode and to prolong its life. Where the pos- 
sibili ty of reduction of metal  ion is negligible, the 
HNO3 t rea tment  could be omitted. The poisoning of 
the electrode is indicated by a decrease in potential  
which may even result  in a reversal  of polarity. It is 
conceivable that  there is a corresponding span of cata- 
lytic life for each thickness of Pt  black for its usage 

in a part icular  solvent, although it was not possible to 
determine any real difference between the two sol- 
vents used. 

The experimental  results indicate that the hydrogen 
electrodes were funct ioning satisfactorily dur ing most 
of the runs  general ly showing only slow drifts in po- 
tent ial  with no erratic behavior. The proper thickness 
of the p la t inum black proved to be the critical factor 
in the use of the platinized hydrogen electrode in the 
anhydrous nonaqueous solvents: formamide and di- 
methylformamide.  

Manuscript  submit ted Ju ly  24, 1972; revised m a n u -  
script received Ju ly  11, 1973. 

Any  discussion of this paper will  appear in  a Discus- 
sion Section to be published in  the December 1974 
JOURNAL. 

LIST OF SYMBOLS 
E cell potential  extrapolated at zero t ime from 

the measured potentials, V 
E ~ standard cell potential, V. Also, the electrode 

potential  (IUPAC) 
E' approximate value of E ~ at a given concentra-  

tion of acid electrolyte, V 
R ideal gas constant  
T absolute temperature,  Kelvins 
F Faraday  constant, 96487 coulombs/equiv 
C molar concentration, moles/ l i ter  of solution 
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On the Transference Number for Li § Ion in Propylene 
Carbonate Solutions from EMF Measurements 
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ABSTRACT 

The rest potential  of a L i / L i  + electrode was de termined  wi th  respect  to a 
L i / L i  +, 1M reference electrode in propylene carbonate  solutions of LiC104 as a 
function of the  Li + ion concentrat ion and of the H20 concentration. The t rans-  
ference number  for Li + ion was determined f rom these data and found to be 
0.32. This value is v i r tua l ly  independent  of the amount  of H20 present  in the 
PC solution. For low water  content,  the electrode is one of the  first kind and 
the potential  is determined by the L i /L i  + reaction. At  high water  content, the 
electrode becomes one of the  second kind and the  potent ial  is de te rmined  by 
the L i /L iOH reaction. The transi t ion f rom one reaction to the other  takes 
place where, on the  average, one H20 molecule  replaces one PC molecule  in 
the solvat ion sheath of each Li + ion. 

To invest igate  the electrochemical  properties of the 
light, highly react ive metal  electrode systems, it is de- 
sirable to use an aprotic nonaqueous electrolyte. In the 
search for a suitable reference electrode for the study 
of  such a system, the possibility of employing the 
L i /L i  § couple in propylene  carbonate (PC) was con- 
sidered since this couple has been reported (1) to be 
revers ible  and well  behaved. From chronopotentio-  
metr ic  and cyclic vol tammetr ic  studies (2,3),  it ap- 
pears that  the presence of water  in this system may 
play (3) a complex role. Kel ler  and associates (4) re-  
port  that  the mobil i ty  of the Li  + ion in PC is ve ry  low 
(t+ ~ 0.25) as de termined  from conductance measure-  
ments. Solvation of the Li + ion may account for the 
low value  of the t ransference number,  t+. 

Using a reference electrode composed of a Li rod 
in 1M LiC104 in PC, the potential  of a concentrat ion 
cell, Li/LiC104 (C = x) ,  PC 3 PC, LiC104 (1M)/Li ,  
was invest igated as a function ~)f the Li + ion and H20 
concentration. Some information about the effect of 
H20 on the ionic mobili t ies and on the potent ia l -de ter -  
mining reactions at the Li electrode can be obtained 
f rom these studies. This repor t  describes the results 
of such an invest igation since to these authors '  knowl-  
edge this informat ion is not avai lable  in the rev iewed 
l i terature.  

Experimental 
All  exper iments  were  carr ied out in a g love box in 

an argon atmosphere in which the oxygen, nitrogen, 
and water  content are mainta ined below 1 ppm. The 
PC was vacuum (2 Torr)  distilled in a still wi th  a 
Podbi lniak column and the first 30% of the  still pot 
charge was discarded. The next  60% of the pot charge 
was used in the experiments.  Ul t rapure  LiC104 cer t i -  
fied to contain less than 20 ppm H20 was used to make 
up a stock solution of 1M LiC104 in PC. Fur the r  
traces of H20 were  removed from these solutions by 
get ter ing with  scraped Li foil unti l  no water  was de- 
tected by a Kar l  Fischer t i t rat ion (<5  ppm H~O). Such 
t reated solutions will  be referred to as dry solutions. 

Af ter  invest igat ing a number  of designs for the en-  
velope of our reference electrode including cracked 
glass, wet ted  ground glass, and asbestos fiber junctions, 
the best per formance  was obtained with  glass frits. A 
glass tube (13.5 cm long sealed at one end by a glass 
frit  1 cm thick and 0.5 cm in diameter  wi th  a pore 
d iameter  of 4-8 ~m) was filled with  the dry 1M LiC104- 
PC reference solution. Af te r  a Li wi re  (0.3 cm in d iam-  
eter)  was placed in the solution, the top of the tube was 
sealed wi th  an epoxy plug so that  electr ical  connection 

* Electrochemical  Society Act ive  Member .  
Key  words:  l i thium, propylene carbonate,  transference number .  

to the protruding Li wire could be made. When not in 
use, these electrodes were immersed in the dry IM 
LiCIOd-PC solution in an auxiliary vessel. 

The test electrodes were made from pure Li wire 
(0.3 cm in diameter) and from a cast rod (1.5 cm in 
diameter). These electrodes were cast in an epoxy 
resin and the ends of the electrodes were polished flush 
with the epoxy cast. From long term compatibility 
studies, it was found that the epoxy resin did not inter- 
act with the electrolyte nor with the Li metal. These 
electrodes were clamped by a holder in the cell (a 
glass crystallizing dish 6 cm in diameter and 3 cm 
deep) filled with the electrolyte to be studied. The 
reference electrode was clamped in position in the cell 
only when measurements were being made. Before 
each run, the faces of the electrode were scraped with 
a stainless steel spatula. 

In a typical run the rest potential of the Li electrode 
was recorded with a Keithley 600A electrometer after 
the potential vs. the LilLi + (1M LiCIOd-PC) reference 
electrode had come to a steady value (usually within 
30 rain). The solution was stirred continuously with 
bubbling argon. Afterwards, a sample of the electrolyte 
was removed for the determination of its H20 content 
by a Karl Fischer titration. The temperature of these 
experiments was 24 ~ • 1~C. Water was added to the 
electrolyte with a microsyringe and the concentration 
of Li + ion was changed by dilution with pure dry PC. 

Results and Discussion 
In Fig. 1 is plotted the  rest pOtential of a L i /L i  + 

electrode vs. Li /L i  +, (1M) for six solutions of LiC1Oa 
ranging f rom 1 to 0.001M as a function of the water  con- 
tent  of the solution. Each point on these curves is the 
average value of nine independent  readings using three  
different reference electrodes and three different test 
electrodes wi th  two different areas (0.28 and 7.1 cm2). 
For those data points where  the potent ial  decreases 
wi th  increasing H20 content, the data were  reproduci-  
ble wi th in  •  mV (for low H~O content  and high Li  + 
ion content, wi thin  ___0.5 mV).  In  the cases where  the 
water  content is high and the Li + ion content is low, 
the rest potent ial  increases rapidly wi th  wate r  content  
and there  is a spread of potential  values be tween  elec- 
trodes of different areas ranging as much as 20 mV. At  
ve ry  high H20 content  (above 6000 ppm I-I~O in the 
0.01M LiC104-PC solution), this area effect disappears 
and the data can be reproduced wi th in  _ 1.5 mV. 

The test e lectrode and reference electrode consti- 
tute a concentrat ion cell  whose potential  is 

E : E 1 - - E s + E j = - -  in  - -  + E j  [1] 
nF  as 
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Fig. 2. A plot of the rest potential of a ki/Li + electrode with 
"~E -17c-- (f) respect to a ki/Li +, 1M reference electrode as a function of the / / 

/ / LiCI04 concentration for dry (C)) and wet (containing 3000 ppm 

~ -mo Hg.0) (A) PC solutions. Data from Meibuhr (6) is also plotted ( [ ] ) .  
Deviation from straight line at low LiCI04 concentrations is an ac- 

-19o __ ~ / ~  tivity coefficient effect. 

-2oc F r o m  t h e  s lope  of t h i s  l ine,  a v a l u e  of  t -  c a n  be  o b -  
~- - -  t a i n e d  a n d  a l ea s t  s q u a r e s  a n a l y s i s  of t he  d a t a  p r o v i d e s  
o a v a l u e  of 0.68 fo r  t h e  t r a n s p o r t  n u m b e r  of  C 1 0 4 -  ion, 

-2~o t -  f r o m  w h i c h  one  c a l c u l a t e s  fo r  L i  + ion  a v a l u e  of 
-22o- ~ I I ] 0.32 fo r  t+ .  K e l l e r  a n d  c o - w o r k e r s  (4)  r e p o r t  a v a l u e  of 

0.28 fo r  t+  in  P C  a t  25~ w h i c h  w a s  d e t e r m i n e d  f r o m  
ro l oo lOOO mooo 
LOG H20 CONC (ppm~ c o n d u c t i v i t y  m e a s u r e m e n t s .  I f  t h e  f ew  m e a s u r e m e n t s  

r e p o r t e d  b y  M e i b u h r  (6) on  a c o n c e n t r a t i o n  ce l l  a r e  
Fig. 1. Plots of the rest potential of a Li /L i  § electrode as a t r e a t e d  (7)  s i m i l a r l y  (see  s q u a r e s  in  Fig. 2) a t  t+  

function of the H20 content of the PC solutions of 1M (a), 0.hM v a l u e  o f  0.21 is  o b t a i n e d . 1  
(b), 0.1M (c), 0.05M (d), 0.01M (e), and 0.001M (f) LiCI04. The T h i s  low v a l u e  for  t h e  t+  of L i  + ion  can  be  a c c o u n t e d  
vertical dashed line appears at 3000 ppm H20 and the lines are for  b y  s o l v a t i o n  of t h e  L i  + ion. U s i n g  c o n d u c t i v i t y  da ta ,  
extrapolated to this point in (a-e) to obtain the data (triangles) in t h e  ion ic  r a d i u s  r of  t h e  Li  + ion  w a s  d e t e r m i n e d  b y  
Fig. 2. A line with a slope of 0.059 is given in (e, f) for the sake of Keller et al. (4) from Stokes law and was compared 
comparison, w i t h  t h e  c r y s t a l  ionic  r ad ius ,  rc. S i n c e  r > >  rc, t h e  

n u m b e r  of s o l v e n t  mo lecu le s ,  n, a s soc i a t ed  a t  a g i v e n  
i n s t a n t  w i t h  a L i  + ion  in  t h e  s o l v a t i o n  s h e a t h  c a n  be  

w h e r e  al  a n d  a2 a re  t h e  a c t i v i t i e s  of t h e  r e v e r s i b l e  ion  d e t e r m i n e d  f r o m  t h e  v o l u m e  of t h e  s h e a t h  a n d  t h e  
o n  e a c h  s ide  of  t h e  l i qu id  j u n c t i o n  a n d  E j  is t h e  j u n c -  v o l u m e  of t h e  s o l v e n t  m o l e c u l e s .  T h e y  r e c o r d  a v a l u e  
t i o n  p o t e n t i a l  w h i c h  is a f u n c t i o n  of t he  a c t i v i t i e s  a n d  of 2.8 P C  m o l e c u l e s  p e r  L i  + ion  for  n. F o r  L i  + ions  in  
t r a n s f e r e n c e  n u m b e r s  of  a l l  t h e  ions  p r e s e n t .  I t  c a n  b e  DMSO,  Yao a n d  B e n n i o n  (8) r e p o r t e d  a v a l u e  of 4.8 
s h o w n  [e.g., (5 ) ]  t h a t  fo r  a o n e - o n e  sa l t  for  n u s i n g  c o n d u c t i v i t y  d a t a  a n d  a n  e m p i r i c a l l y  m o d i -  

2RT (a+) 1 fled S t o k e s  e q u a t i o n  (9) w h i c h  i n  effect  t a k e s  in to  ac -  
E = ~ ( t - )  In  - -  [2] c o u n t  (10, 11) d i e l ec t r i c  r e l a x a t i o n  effects.  I t  is  g e n e r -  

F ( a + ) 2  a l l y  k n o w n  (12) t h a t  l i t h i u m  h a s  a c o o r d i n a t i o n  n u m -  
b e r  of 4. W i t h  t h e s e  r e s u l t s  in  m i n d ,  i t  is r e a s o n a b l e  to 

N o t e  t h a t  t h e  t r a n s f e r e n c e  n u m b e r ,  t - ,  i n v o l v e d  in  Eq.  a s s u m e  t h a t  e ach  Li  + ion  at  a n y  i n s t a n t  is c o o r d i n a t e d  
[2] r e f e r s  to  t h e  ion  ( i n  t h i s  case,  t h e  a n i o n )  w h i c h  is w i t h  f o u r  P C  molecu l e s .  B e c a u s e  of t h e  h i n d e r i n g  effect  
n o t  t h e  r e v e r s i b l e  ion ( in  t h i s  case  t h e  c a t i o n ) ,  of t h e s e  c o o r d i n a t e d  P C  molecu le s ,  t h e  s o l v a t e d  L i  + 

A p lo t  of t h e  r e s t  p o t e n t i a l  as  a f u n c t i o n  of  t h e  log  
of t h e  Li  + ion  c o n c e n t r a t i o n  is g i v e n  in  Fig. 2 (c i rc les )  1 One of the reviewers brought the work of Mukherjee et aL (14) 

to  o u r  a t t e n t i o n  w h e r e  t+ f o r  Li+ ion  in  P C  w a s  d e t e r m i n e d  in  a 
fo r  d r y  so lu t i ons  of LiC104 in  PC.  H e r e  a2 is a l w a y s  concentration cell using Li-amalgam electrodes. Their t+ values 
1M a n d  i t  is a s s u m e d  t h a t  t h e  a c t i v i t y  coeff ic ients  a r e  n o t  o n l y  v a r y  f r o m  0 .18  to  0.24 w i t h  t h e  Li+ ion  c o n c e n t r a t i o n  b u t  

a l so  do  n o t  a g r e e  w i t h  t h i s  w o r k  n o r  w i t h  t h e  c o n d u c t i v i t y  results 
t h e  s a m e  fo r  b o t h  t h e  t e s t  a n d  t h e  r e f e r e n c e  so lu t ion .  (4). 
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ions carry only about 30% of the current  while the 
C104- ions which are vi r tual ly  unsolvated (4, 8) carry 
about  70% of the current.  

When water  is added to a PC solution of LiC104, the 
rest potential  of the Li electrode (vs. Li/Li  +, 1M) de- 
creases slowly with the log of the H20 concentrat ion as 
noted in Fig. 1. If these straight lines are extrapolated 
to a water  concenrtat ion of 3000 ppm, a plot of the ex- 
trapolated potential  as a function of the log of the Li + 
ion concentrat ion for solutions containing 3000 ppm 
H~O is shown in Fig. 2 (tr iangles).  A least squares 
analysis of these data gives a value of 0.31 for t+. The 
data of Fig. 2 indicate that the presence of H20 in PC 
does not affect the mobil i ty of the Li + ion appreciably. 
Such an observation is unders tandable  if a water  mole- 
cule replaces only one PC in the solvation sheath 

[Li(PC)4] + + H20 ~=~ [Li(PC)3-H20] + q-PC [3] 

Because of the large size of the PC molecule, the mo- 
bil i ty of the [Li (PC)s .H20]  + ion would be about the 
same as the ILl(PC)4] + ion. 

Since the transference number  is not affected by the 
presence of H20 in the PC solution, the low slope of 
the E-log H20 concentrat ion plots in Fig. 1 may be ac- 
counted for by a small  change in the value of the junc-  
t ion potential, Ej, of Eq. [1]. The H20 concentrat ion of 
the reference electrode compartment  is main ta ined  at a 
very low level. It  is not possible to calculate the Ej for 
the different values of the H20 concentration across the 
junct ion because the H20 molecule is not an ion. The 
effect is not large, however, since the Ej in a 1M solu- 
t ion of LiC104 in PC containing 3000 ppm H20 is only 
2.5 mV less noble than  that  in the dry solution accord- 
ing to the data in Fig. 1. 

As noted in Fig. 1 when the concentrat ion ratio, K, in 
ppm of Li + ions to HaO molecules reaches a value of 
about 5 (0.01M Li ~ 1000 ppm),  the potential  no longer 
decreases with the log of the concentrat ion of H20 but  
rises rapidly to more noble potentials with fur ther  
additions of H20. In  the region where K < 1 the plot 
approaches a slope of 0.059. This behavior  indicates 
that the electrode reaction has changed from one in 
which H20 is not a potent ia l -de termining species to one 
in which it is. 

In  the range where K is large (>5) ,  water  is tied 
up in  the solvation sheath of the Li + ions as [Li (PC)4- 
H20] + ions. Here, the potent ia l -de termining reaction is 

Li + ~ e ~ Li [4] 

as noted in Fig. 2 where the straight l ine plot of E vs. 
the log of the Li + ion concentrat ion passes through 
zero for 1M Li + ion, and the presence of water  does 
not seriously affect the electrode potential. When K 
reaches a value of 5, the mole ratio of LiC104 to H~O 
is un i ty  (1000/106/200/18 ~ 1). At this point there is, 
on the average, one molecule of H20 associated in  the 
solvation sheath with each Li + ion present  in solution 
and the system may  be saturated with respect to its 
abil i ty for tying up water. 

When water  is first added to a dry solution of LiC104 
in PC, the water  molecules are quickly tied up in the 
solvation sheath of the Li + ions. In  this region where K 
is large, H20 does not  react with the Li metal  and the 
electrode surface remains  bright. After  enough water  
is added so that 5 > K > 2, H20 can react with Li 
metal  according to 

Li + H20--> LiOH + �89 [5] 

and one observes a slow tarnishing of the electrode 
surface as a film of LiOH is bui l t  up. It  is in  this re-  
gion that the Li electrode potential  becomes strongly 
dependent  on the H20 concentrat ion (Fig. 1) and large 
area effects are detected between electrodes of small 
and large areas. In  the presence of a large amount  of 
H~O where K < 1, the Li surface becomes dark with a 
thick film of LiOH, the area effects disappear, and 
OE/O log H~O = 0.059. The data in Fig. 1 indicate that  

the potent ia l -de termining  reaction must  be a one-elec-  
t ron process involving H20. A reaction consistent with 
these data is Eq. [6] since LiOH is very insoluble in 
PC (3) 

Li + H20--> LiOH W H + W e [6] 

If the activity of Li and LiOH is taken as unity,  then 

E = Eo -- 0.059 log CH+ -t- 0.059 log CH2O [7] 

From this viewpoint, the Li electrode immersed in a 
PC solution of LiC104 changes from an electrode of 
the first kind (Eq. [4]) to one of the  second kind 
(Eq. [6]) as the H20 content  of the solution increases. 
The transi t ion takes place where  the mole ratio of H20 
to LiC104 is unity.  

It  is known (13) that  PC is uns table  in  the presence 
of smal l .amounts  of acids or bases, and a discoloration 
of the PC takes place. When H20 or LiC104 or both are 
added to the distilled PC, the solution remains  clear 
and colorless; but  when  small  amounts  of HC104 are 
added (solution 10-4M in H+) ,  the solution becomes 
yellowish. This coloration deepens to a dark brown as 
the H + concentrat ion is increased. If Li metal  is placed 
in contact with wet  (K < 5) PC solutions of LiC10~, 
the solution also develops a light yellow coloration. 
This coloration develops more quickly and becomes 
deeper as the H20 content  of the solution is increased. 
According to Eq. [6], H + ions would be generated and 
some decomposition of PC could take place. It  has been 
reported by others that wet PC solutions become 
yellow when coming in contact with alkali  metals 
(13). 

When enough HC104 (72%) was added to a PC solu- 
tion of 0.01M LiC104 containing about 7400 ppm H20 
to make it 0.001M in H + ions, the potential  of the Li 
electrode (vs. Li/Li  +, 1M) became less noble ini t ia l ly  
as required by Eq. [7]. However, the potential  drifted 
to more noble values, as the solution became yellow 
with time. 

These data support  the conclusion that the potential  
of a Li electrode in wet PC solutions of LiC104 is de- 
termined by  the Li /LiOH reaction (Eq. [6]).  

It appears that  the presence of H + ions br ings about 
the decomposition of PC with a formation of CO3 = ions 
and propylene residues which probably polymerize to 
form the colored material.  This colored compound 
was not identified in the l i terature (13) nor in this 
work. In  the very wet PC solutions, the film on the Li 
electrode was copious and black. This film was scraped 
off for analysis and became white when dried. The 
presence of Li2CO3 was detected in  this mater ial  as 
determined from a wet chemical microanalysis of the 
film scrapings. 
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Electrochemical Studies of Uranium and Thorium in Molten 
LiF-NaF-KF at 500~ 
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and D. L. Manning 
Analytical Chemistry Division, Oak Ridge Nationa~ Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

Electrochemical studies of U(IV)  in  mol ten L i F - N a F - K F  (46.5-11.5-42.0 
mole per cent) at 500~ reveal a two-step reduct ion process at a p la t inum 
electrode. The first step is complicated by ciisproportionation of U (III) to re-  
generate  U( IV) ;  the second step involves formation of u ran ium metal. S tan-  
dard electrode potentials with respect to a uni t  mole fraction N i ( I I ) / N i  
electrode are estimated for the U ( I V ) / U ( I I I )  and U ( I I I ) / U  couples as --1.41 
and --1.81V, respectively. These values must  be considered tentat ive because 
of complications in the electrode processes. The voltammetric  oxidation of 
U(IV)  at p la t inum and pyrolytic graphite electrodes in L i F - N a F - K F  occurs 
at ~ + l . 3 V  vs. a Ni( I I )  ( sa tu ra ted) /Ni  reference electrode. The results point 
to the disproportionation of electrochemically generated U(V) .  In vol tam- 
metric studies of Th( IV)  in molten L i F - N a F - K F  at 500~ a reduct ion wave 
is obtained at nickel and tungsten electrodes, with a peak potential  of --2.02V 
(vs. a N i ( I I ) ( s a t u r a t e d ) / N i  reference electrode). Analysis  indicated that  

Th( IV)  is revers ibly reduced to the metal  with alloy formation between the 
deposited thor ium and the nickel. A standard electrode potential  for the 
T h ( I V ) / T h  couple in  this melt  is calculated to be --2.13V vs. a un i t  mole 
fraction Ni ( I I ) /N i  electrode. 

In  this paper we describe electrochemical studies of 
u r an ium( IV)  and thor ium(IV)  in a basic fluoride sol- 
ven t  L~F-NaF-KF [46.5-11.5-42.0 m/o  (mole per cent) ] 
at 500~ Electrochemical studies of u ran ium in other 
mol ten fluorides have been described (1-4) and the 
results of these investigations have been summarized 
by one of us (5). The U(IV)  reduction in the more 
acidic LiF-BeF~-ZrF4 (65.6-29.4-5.0 m/o)  at 500~ was 
shown (1, 2) to be a reversible, one-electron process 
occurring at -,, --1.5V (vs. the  uni t  mole fraction 
N i ( I I ) / N i  couple).  No vol tammetr ic  reduction wave 
for U( I I I )  was observed at p la t inum prior to the 
cathodic l imit of the melt. Electrochemical oxidation 
of U(IV) produced unstable  U(V) (4). 

The only emf data available for the T h ( I V ) / T h  
couple in mol ten fluorides are the values of s tandard 
electrode potential  calculated from thermodynamic 
data for pure thor ium fluoride (6) and for ThF4 solu- 
tions in molten LiF-BeF2 (67-33 m/o)  (7). The E ~ 
value (--2.332V vs. a un i t  mole fraction N i ( I I ) / N i  
electrode) in LiF-BeF2 at  500~ (7) is indicative of the 
great thermodynamic  stabili ty of the fluoro complexes 
of thor ium (IV).  

Experimental 
The eutectic mix ture  of L i F - N a F - K F  (46.5-11.5-42.0 

m/o)  used as the solvent and the solutes of LiF-UF4 

t Electrochemical Society Act ive  Member .  
]Key words: molten fluorides, uranium, thorium, linear sweep  

voitammetry,  chronopotentiometry. 

(73-27 m/o)  and LiF-ThF4 (73-27 m/o)  were obtained 
from the Reactor Chemistry Division of the Oak Ridge 
National Laboratory. They were prepared from ana-  
lytical reagent grade salts and purified by t reatment  
of the molten mixtures  with anhydrous  HF and hy-  
drogen (8). 

The electrolytic cell assembly and the ins t rumenta -  
tion employed for this work was the same as that  used 
in a previous s tudy (9). The N i ( I I ) / N i  reference elec- 
trode contained in a l a n t ha num trifluoride compart-  
ment  has been described (10, 11). The background 
vol tammograms for the melt  employed in this work 
have been reported previously (0). 

The details of the exper imental  procedures are pre-  
sented elsewhere (12). 

Results and Discussion 
Voltammetric and chronopotentiometric reduction ol 

U ( IV) . - -The  vol tammetr ic  reduct ion of U (IV) was in-  
vestigated in molten L i F - N a F - K F  contained in  a plat i-  
n u m  crucible at 500~ P l a t i num indicator and counter-  
electrodes were employed, and potentials were mea-  
sured with respect to a n ickel ( I I )  (saturated) /n ickel  
reference electrode (LaF3 membrane- type) .  The solute 
mater ial  was LiF-UF4. 

A typical l inear  sweep vol tammogram for the reduc-  
t ion of U(IV)  in  mol ten L i F - N a F - K F  at p la t inum is 
shown in  Fig. 1. The broken- l ine  curve in this figure is 
the reverse half-cycle obtained on switching the direc- 
tion of potential  scan at a given point  between the two 
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Fig. 1. Linear sweep voltammogram for the reduction of U(IV) in 
molten LiF-NoF-KF at 500~ at platinum electrode. Scan rate, 0.1 
V/sac; U(IV) concentration, 0.220M; electrode area, 0.10 cm% 

reduction waves. The first reduction wave  at ~ --1.3V 
vs. the  Ni ( I I )  ( s a tu ra t ed ) /Ni  reference electrode (LaFa 
membrane- type )  apparent ly  corresponds to U( IV)  + 
e --> U(III). Reduction of U(IV) to U(III) in LiF- 
BeFz-ZrF4 at 500~ occurs at about --1.5V vs. a unit  
mole fraction Ni ( I I ) / N i  reference electrode (2). On the 
basis of emf data relat ing the potential  of the satu- 
rated N i ( I I ) / N i  electrode in L i F - N a F - K F  to a unit 
mole fraction N i ( I I ) / N i  electrode (10), the  reduction 
of U (IV) in L i F - N a F - K F  occurs at ,~ --1.4V vs. a uni t  
mole fraction Ni ( I I ) / N i  reference electrode. 

In contrast  wi th  the behavior  of the U( IV)  -~ U ( I I I )  
reduction in LiF-BeF2-ZrF4, this first reduction wave  
for U( IV)  in L i F - N a F - K F  does not behave as a simple 
one-elect ron revers ible  wave. This is demonstrated by 
the data of Table  I. The ha l f -peak  to peak potential  
separation (13) for the wave  corresponds to noninteger  
n values of 1.5 to 1.6 and is re la t ive ly  independent  of 
scan ra te  up to 10 V/sac. In addition, plots of log 
(ip -- i ) / i  vs. potential  (14) resulted in slopes corre-  
sponding to n values be tween 1.4 and 1.7. The var ia t ion 
of ip/V 1/z with scan rate  for the reduct ion of U (IV) at 
a p la t inum electrode is shown in Fig. 2. This var ia t ion 
is not indicative of simple revers ible  charge t ransfer  
but  resembles that  predicted for a revers ible  charge 
t ransfer  fol lowed by a catalytic regenerat ion of the re-  
actant  (13). 

Table I. Peak potentials, half-peak to peak potential separation 
(theoretical values <a) in parentheses), and ip/C for the processes 
U(IV) -I- �9 ~ U(II I)  and U(III) + 3e --> U at platinum electrode 

in molten LiF-NaF-KF at 500~ scan rate: 1.0 V/sac 

U ( I V )  + e ~ u ( n I )  
U(IV) con- i~IC ratio 
centration AE = Epl= (mA. liter/ 
(moles/liter) Ep(b) (V) -- Ep (mV) mole) 

5.16 x I0  -2 - -1 .33  "+- 0.01 I 0 0  (147) 23.2 
I . I I  x 10-I  - -1 .36  ----- 0.01 90 (14"/) 23.0  
2 .20 X 10-* - -1 .25  ----. 0.01 90 (147) 23.6 

U ( I I I )  + 3e-~U 

Ev (V) AE = Ep/= ip/C ratio 
-- Ep (mY) (mA-liter/ 

mole) 

I . I I  x IO-2M - 1.74 _ 0.01 20 (17 (c), 49  <e)) 95,2 
2 .20 x I 0 4 M  --1,72.4- 0.01 25 (17 <r 49  (~)) 86.4  

(=) Theoretical values for a simple reversible electrode process. 
(b) V e r s u s  N i ( l l ) ( s a t u r a t e d ) / N i  r e f e r e n c e  e l e c t r o d e  (LaF~ m e m -  

b r a n e  type). 
(0) For reversible deposition of an insoluble product. 
(d) For reversible reduction yielding a soluble product,  
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Fig. 2. Variation of ip/V 1/• with scan rate v for the U(IV) 
U(III) reduction wave in molten LiF-NaF-KF at 500~ U(IV) con- 
centration, 0.111M; Pt electrode area, 0.10 cm 2. 

A possible reaction scheme which could explain the 
exper imenta l  observations is 

U( IV)  -{- e--> U( I I I )  [1] 

4U (III) ~ 3U (IV) + U [2] 

The disproport ionat ien of U ( I I I )  is at least  a srecond- 
order chemical  react ion which  should be favored by 
the removal  of one of the react ion products, uranium 
metal, by the ~eaction with  potassium ions of the sol- 
vent  in the fol lowing manner  

U + 4K + ~=~ U(IV)  + 4K t [3] 

The volat i l izat ion of potassium (vapor pressure ~- 40 
Torr  at 500~ (15) f rom the mel t  to the cooler region 
of the cell would  be a dr iving force shifting the above 
equi l ibr ium to the right even  though the reverse  re-  
action would  be slightly favored  on a thermochemica l  
basis (6). 

The theory  of l inear sweep vo l t ammet ry  for an 
electrochemical  react ion fol lowed by a second-order  
disproportionation react ion has been worked out for 
l inear (16) and spherical (17) diffusion. The theory  
provides certain diagnostic cr i ter ia  for testing an un-  
known system, such as the  effect of concentra t ion and 
scan rate  on peak current  and peak potential.  The in- 
fluence on peak current  is more  significant than on 
peak potential  in the case of disproport ionation of the 
e lec t ron- t ransfer  product (!6).  For  such a reaction, 
the peak cur ren t  is no longer  direct ly proport ional  to 
the concentrat ion;  instead, a marked ly  larger  increase 
occurs. Also the  paramete r  i v /v  1/2 is much larger  at 
slow scan rates than the value  corresponding to the 
t ransfer  of n e lectrons under  pure  diffusion control  but 
decreases wi th  increasing scan rate, approaching a con- 
stant value  at h igher  scan rates. This type of  var ia t ion 
of ip /v  l/z with scan ra te  was observed for the U ( I V )  
reduct ion in L i F - N a F - K F  (Fig. 2). The peak current  
var ia t ion with  concentrat ion of U( IV)  at the scan ra te  
of 0.1 V/sec is shown in Table II. It is seen that  the 
ip /C ratio increases wi th  concentra t ion of U(IV) ,  pro-  
viding additional evidence that  disproport ionation of 
U( I I I )  takes place under  our exper imenta l  conditions. 

Table II. Variation of peak current with concentration for the 
reduction of U(IV) to U(lll) in LiF-NaF-KF at 500~ platinum 

electrode area: 0.10 cm2; scan rate: 0.10 V/sec 

U(IV) con- Peak cur- Ip/C ratio 
eentration rent, ~.~ (mA �9 liter/ 

{moles/liter) (mA) mole) 

5.16 x 10 -2 0.49 9.5 
1.11 x 10-* 1.15 10.4 
2.20 • 10 4 2.50 11.4 
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Fur ther  support  for U ( I I I )  disproport ionat ion is 
provided by another  diagnostic criterion, namely, the 
var ia t ion of the peak potential  Ep with scan rate. For  
an uncomplicated charge t ransfer  process, Ep should be 
independent  of scan rate  but should shift in the cath-  
odic direct ion with  increasing scan rate  in the case of 
disproport ionation of the e lec t ron- t ransfer  product 
(16). For  the first U( IV)  reduct ion wave, Ep shifts in 
the cathodic direction by 100 mV as the scan ra te  is 
increased f rom 0.1 to 5 V/sec. 

It is also interest ing to note that  Ep for the first wave  
shifts in the  anodic direct ion by 110 mV when  the con- 
centrat ion of U( IV)  is increased f rom 0.11 to 0.22M; 
such a shift is to be expected f rom the theoret ical  
t rea tment  of  Saveant  and c o - w o r k e r s  [see Fig. 14 in 
Ref. (16)]. This shift is accompanied by a small  in- 
crease in the function ip /C (see Table I) .  

At tempts  were  made  to study the reduct ion of U (IV) 
by means of chronopotent iometry  and chronoamperom-  
etry. The chronopotent iograms at p la t inum for the re-  
duction of U( IV)  to U( I I I )  were  poorly defined, par -  
t icular ly  at lower  current  densities (long transit ion 
t imes).  Reasonably well-defined chronopotent iograms 
were  obtained at high current  densities ( t ransi t ion 
times of 0.08-0.26 sec) yielding i~ 1/2 values ranging 
f rom 2.00 to 2.16 m A . ( s e c )  1/2. Using the ave rage  
iT 1/2 value of 2.06 mA-(sec)1/2 and an ip/V 1/2 value of 
5.20 m A . ( s e c ) l / 2 . V  -1/2 obtained f rom vo l t ammet ry  
(v ---- 1.0 V/sec)  under  exact ly  the same exper imenta l  
conditions (A ---- 0.10 cm~; C = 0.220M), an n value of 
1.13 was determined f rom the  ratio of ip /v  1/2 to i~ 1/2. 
Theoretically,  this ratio is equiva len t  to 1.96 n 1/2 V -1/2 
at 500~ assuming a diffusion-controlled, reversible  
charge t ransfer  yielding a soluble product (18). 

Applicat ion of a potential  step that  corresponded to 
the peak potential  of the U(IV)  reduct ion to U( I I I )  
[ ~  --1.35V vs. the N i ( I I ) ( s a t u r a t e d ) / N i  reference 
electrode] resul ted in a current  that  decreased only 
ve ry  slowly wi th  time. The current  obtained af ter  a 
given t ime was errat ic f rom one expe r imen t  to an-  
other. 

The second reduction wave  corresponding to u ran ium 
metal  deposition was a steep, wel l-defined curve  show- 
ing far greater  reproducibi l i ty  than the  preceding 
wave. On reverse  scans, the str ipping curve  revea led  
no inflection upon passing through the point of zero 
current;  this behavior  suggests that  the deposited 
meta l  is revers ib ly  oxidized. 

Evidence for revers ible  meta l  deposition is provided 
by the ha l f -peak  to peak potent ial  separat ion for the 
wave  (see Table I) and by the results obtained f rom a 
log (ip -- i) vs. potential  plo~ (14) which is shown in 
Fig. 3. The data for Fig. 3 were  obtained f rom a 
vo l t ammogram at 0.1 V/sec  and a U( IV)  concentra-  
t ion of 0.220M. The theoret ical  slopes (2.2 n F / R T )  (14) 
for n ---- 3 and n ---- 4 differ by only about 33 V-1. Lines 
corresponding to both slopes were  drawn through the 
data points of Fig. 3. Since the theoret ical  slope (14) is 
applicable in the current  range 0.5-0.9 ip as indi-  
cated by the dashed lines of Fig. 3, an n value  of 3 is 
favored  f rom this type of log plot. A plot  of log (/p -- 
i ) / i  vs. potential  using the same data as in Fig. 3 gave 
an unrealist ic n ~ 6. The inapplicabil i ty of this type 
of log plot suggests that  a soluble product  is not in-  
volved in the uran ium deposition at platinum, in agree-  
ment  wi th  other  exper imenta l  observations. A small  
shift in the anodic direct ion for Ep of the second step 
was also observed as predicted for a diffusion-con- 
t rol led revers ible  deposition of an insoluble product  
( i8)  (see Table I). Al though U - P t  alloys are known 
(19), diffusion of u ran ium into the electrode may  be 
so slow that  u ran ium metal  at essential ly unit  act ivi ty  
remains as a monolayer  to be oxidized on the r e v e r s e  

scan. A plot of ip vs. v 1/~ for the uran ium deposition 
wave  is l inear  for the scan rates 0.1-2 V/sec. 

V o l t a m m e t r i c  s tudies  of  the ox ida t ion  of  ura-  
n i u m ( I V ) . - - A  vol tammetr ic  study was  made on the 
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Fig. 3. Plot of log (ip - -  i )  vS. potential for the reduction of 
U(III) to U at platinum electrode in molten LiF-NaF-KF at 500~ 
Solid line, theoretical slope corresponding to n ~ 3; dashed line, 
slope for n = 4. 

oxidat ion of U( IV)  at unsheathed p la t inum and PG 
electrodes in mol ten  L i F - N a F - K F  at 500~ A series 
of vo l tammograms at different scan rates for the oxi-  
dation of U( IV)  at p la t inum is shown in Fig. 4. Es- 
sential ly identical vo l tammograms were  obtained at a 
PG electrode. The oxidat ion of U( IV)  occurs at 

+ l . 3 V  vs. a N i ( l I ) ( s a t u r a t e d ) / N i  reference  elec- 
trode. The following points should be noted with  re-  
gard to these vol tammograms:  (i) no current  is ob- 
served for the re - reduct ion  process at the slower scan 
rates (0.2 V/sec and less), (ii)  the  current  for the 
oxidation of U( IV)  at high scan rates (--~ 1.0 V/sec)  
is about the same as that  for the reduct ion of U( IV)  
to U ( I I I )  ; the ip/C value of 25.0 at 1.0 V/sec  compares 
wel l  wi th  the ip /C values for U( IV)  reduct ion given 
in Table I, and (ii i)  ip /v  112 vs. v plot is ve ry  similar to 
that  shown in Fig. 2. These results are essentially the 
same as those obtained for the  oxidation of U( IV)  in 
mol ten LiF-BeF~-ZrF4 where  a catalytic regenerat ion 
of U(IV)  f rom U(V)  was suggested based on the fol-  
lowing reactions 

U( IV)  --> U ( V )  Jr- e [4J 

2U(V) -> U( IV)  + U(VI )  [5] 

Fig. 4. Linear sweep voltammograms for the oxidation of U(IV) 
at platinum electrode in molten LiF-NaF-KF at 500~ U(IV) con- 
c e n t r a t i o n ,  0.220M; electrode area, 0.10 cm 2. 
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The small wave  near  +0.2V in Fig. 4 is bel ieved to 
be due to the presence of adsorbed Hs produced elec-  
t rochemical ly  from traces of H20 or HF. 

In the previous work  (4) chronopotent iometr ic  and 
chronoamperometr ic  results were  obtained which also 
pointed to the disproport ionation of the e lect rochemi-  
cally produced U(V) .  An a t tempt  to study the  oxida-  
tion of U (IV) in L i F - N a F - K F  by chronopotent iometry  
proved futile due to very  poor definition and reproduci-  
bi l i ty of the  chronopotent iograms at both Pt  and PG 
electrodes. These adverse effects are presumably caused 
by the at tack of the working electrode by UF6 produced 
in the disproportionation reaction. The at tack might  
be expected to be more  severe in mol ten  L i F - N a F - K F  
than in LiF-BeF2-ZrF4 since the  highly volat i le  UF6 
can be more readi ly  complexed in the former  melt  and 
thus may be retained in that  mel t  longer. 

E l e c t r o d e  p o t e n t i a l s  o~ the u r a n i u m  ( I V ) / u r a -  
n i ~ m ( I I I )  a n d  u r a n i u m  ( I I I ) / u r a n i u m  c o u p l e s . - - T h e  
ha l f -wave  potential  Ell2 for the process U( IV)  -{- e ~--- 
U( I I I )  in L i F - N a F - K F  at 500~ was used to est imate 
the s tandard electrode potent ial  of the U ( I V ) / U ( I I I )  
coup}e in this melt. Assuming an uncomplicated charge 
transfer, the ha l f -wave  potential  for the U( IV)  -t- e 
U( I I I )  process was determined from the 0.85 ip point 
on the wave  (13). An  average  of EI/2 values obtained 
at three  different U( IV)  concentrations (scan ra te  = 
1.0 V/sec)  gave an E1/2 of --1.27V vs. a N i ( I I ) ( s a t u -  
r a t e d ) / N i  reference electrode. Since the potential  of 
the Ni ( I I )  ( s a tu ra t ed ) /Ni  reference electrode is about 
0.14V more cathodic than the potential  of the unit mole 
fraction N i ( I I ) / N i  coupte (10), E ~ for the U ( I V ) /  
U( I I I )  couple in L i F - N a F - K F  is est imated as --1.41V 
vs. a uni t  mole fract ion Ni ( I I ) / N i  reference electrode. 
This value  is less negat ive  than the value obtained in 
LiF-BeF2-ZrF4 (2). Since an opposite t rend  was ex-  
pected f rom qual i ta t ive  acid-base considerations (9), 
the E ~ va lue  obtained remains suspect. This is not sur-  
prising since the  es t imate  of E ~ was based on the  as- 
sumption that  the U(IV)  ~- e = U( I I I )  react ion is a 
simple revers ible  process, which is cer tainly not the 
case at lower  scan rates and higher  concentrat ions of 
U (IV).  

The electrode potential  of the U ( I I I ) / U  couple wi l l  
depend on the concentrat ion of U ( I I I ) .  Since the re-  
duction of U( I I I )  at p la t inum has been tenCativeiy 
shown to be a revers ib le  deposition of uran ium metal  
at essentially unit  activity,  the vo l tammetr ic  Ep wil l  
depend on concentrat ion as g iven by the fol lowing ex-  
pression (18) 

R T  R T  
gp = E ~ + ~ ln /C -- 0.854 ~ [6] 

nF  

An approximate  value  for E ~ was calculated f rom Eq. 
[6] using the exper imenta l  Ep of --1.74V at a concen- 
trat ion of 0.111M and assuming the act ivi ty  coefficient 
of U ( I I I )  to be unity. The value  for E ~ de termined  in 
this manner  is --1.67V vs. t h e  N i ( I I ) ( s a t u r a t e d ) / N i  
reference  electrode. Applying  the correct ion given 
above, the standard potent ial  for the U ( I I I ) / U  couple 
is est imated as --1.81V vs.  a unit  mole  fract ion N i ( I I ) /  
Ni re ference  electrode. This value  may  be compared 
wi th  the E ~ of --1.838V for the U ( I I I ) / U  couple de-  
te rmined by Baes (7) in LiF-BeF2 (67-33 m / o )  at 
500~ 

V o l t a m m e t r i c  s t u d i e s  o i  T h  ( I V )  in  m o l t e n  L i F - N a F -  
K F  at  5 0 0 ~  vol tammograms  obtained at plat i -  
num for Th( IV)  solutions in mol ten  L i F - N a F - K F  at 
500~ showed a barely  dist inguishable shoulder just  
preceding the onset of the cathodic mel t  l imit  at 
--2.00V vs.  a Ni (II) ( s a tu ra t ed ) /N i  reference  electrode. 
On the reverse  scan, only a single large str ipping wave  
was observed which was obviously due to reoxidat ion 
of deposited alkali  metal ;  no separate  str ipping peak 
for the thor ium meta l  was detected. A nickel work ing  
electrode was then employed in an effort to bet ter  re -  
solve the thor ium(IV)  wave. In this case, the  cathodic 

mel t  l imit  shifted in the cathodic direct ion by about 
50 mV, and a much bet ter  defined reduct ion w a v e  due 
to Th( IV)  was obtained. A typical vo l t ammogram for 
Th( IV)  at a nickel  electrode is shown in Fig. 5. The 
peak potential  was est imated as --2.02V. On the re-  
verse scan, the corresponding str ipping w a v e  displays 
a sharp peak at --1.83V. Upon scanning to --2.05V, 
the Th( IV)  reduct ion was fol lowed by the  onset of the 
cathodic limit, and two separate stripping peaks were  
observed on the  reverse  scan at --2.00 and --1.83V, 
corresponding to reoxidat ion of alkali  meta l  and tho-  
r ium metal, respectively.  Similar  vo l tammograms were  
obtained at a tungsten working electrode, but  the defi- 
ni t ion was bet ter  at the nickel  electrode. The differ- 
ences in behavior  be tween the  p la t inum and n,ickel 
electrodes (tungsten, as well)  are l ikely due to dif-  
ferent  tendencies toward alloy formation. The ready 
format ion of alkali  me ta l -p la t inum alloys near  500~ 
(19) is probably responsible for the occurrence of a 
less cathodic mel t  l imit  at p la t inum than at e i ther  
nickel or tungsten; nickel and tungsten are  more  re -  
sistant than p la t inum to alloy format ion with  the 
alkali  metals  at 500~ (19). 

A plot of peak current  vs.  the square root of the scan 
rate was l inear  for the rates studied; this is evidence 
for a simple diffusion-controlled process. A plot of 
log (ip --  i ) / i  vs .  potent ia l  for the Th( IV)  reduct ion 
wave  is shown in Fig. 6. The data points display a good 
fit to a s traight  line of theoret ical  slope (14) corre-  
sponding to an n of 4. In comparison, a log (ip --  i)  vs .  
potent ial  plot was l inear in the  region 0,5-0.9 /p but 
yielded a slope corresponding to an n of 1. The results 
obtained f rom the slopes of the log plots point to the 
formation of a soluble product in the case of Th( IV)  
reduct ion at nickel. This would require  the dissolution 
of thor ium metal  in the nickel  electrode; the existence 
of five compounds in the Ni-Th system has been shown 
(19). The behavior  of the anodic str ipping curve (Fig. 
5) also supports alloy format ion since the curve  shows 
an inflection on passing through zero current  not ex-  
pected for revers ible  str ipping of meta l  at uni t  activity;  
also the stripping peak is separated f rom the reduct ion 
peak by about 0.2V, which is grea ter  than that  expected 
for revers ible  deposition of meta l  at unit  activity.  

The ha l f -peak  to peak potent ial  separat ion hE for 
the Th( IV)  reduct ion w a v e  shown in Fig. 5 is 40 _+ 5 
mV, in good agreement  wi th  the  predicted value  (37 
mV) for a revers ible  charge  t ransfer  process yielding 
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Fig. 5. Linear sweep voltamrnogram for the reduction of Th(IV) at 
nickel electrode in LiF-NaF-KF at 500~ Scan rate, 0.20 V/see; 
electrode area, 0.10 cm2; Th(IV) concentration, 0.254M. 
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Fig. 6. Plot of log (ip - -  i )  v s .  potential for the reduction of 
Th( IV)  in molten LiF-NaF-KF at 5O0~ 

a soluble product  (13). A much lower  va lue  (13 mV) is 
expected  in the  case of revers ib le  deposi t ion of an in-  
soluble product  (14). A diffusion coefficient of 1.8 __ 
0.3 • 10 -~ cm2/sec was ca lcu la ted  f rom the Randles -  
Sevcik equat ion (18) using the slope of the  ip vs. v 1/2 
plot. 

Standard electrode potential of the thorium(IV)~ 
thorium couple in molten LiF-NaF-KF.--The s t andard  
e lec t rode  poten t ia l  for the  Th ( I V ) / T h  couple in mol ten  
L i F - N a F - K F  at 500~ can be es t imated  f rom the  ha l f -  
wave  potent ia l  E1/2 for the  Th (IV) reduct ion  wave  as-  
suming solubi l i ty  of tho r ium meta l  in the  n ickel  e lec-  
trode. In  this case, E1/2 for a revers ib le  process is equi-  
va len t  to the s t andard  e lec t rode  potent ia l  E ~ assuming 
tha t  the  ac t iv i ty  coefficients and diffusion coefficients 
for the  reac tan ts  and  products  a re  equal  (13). Also 
E1/2 is re la ted  to the  ha l f -peak  potent ia l  Ep/2 b y  the 
fol lowing equat ion (13) 

RT 
Ev/~ = E1/2 4- 1.09 [7] 

n F  

Using the  more  convenien t ly  measured  Ep/2 of 
--1.975V, E1/2 for the Th (IV) reduct ion  wave  was cal -  
cula ted  to be --1.993V vs. the  N i ( I I ) ( s a t u r a t e d ) / N i  
reference electrode.  This pa r t i cu la r  reference  was p re -  
v iously  shown to be 0.138V more  cathodic than  a uni t  
mole  fract ion N i ( I I ) / N i  couple (10). Thus, the  s tan-  
dard  e lec t rode  potent ia l  E ~ for  the  T h ( I V ) / T h  couple 

in mol ten  L i F - K F - N a F  at  500~ is es t imated as --2.13V 
vs. a unit  mole f ract ion N i ( I I ) / N i  reference electrode.  
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ABSTRACT 

Paul  and Sreenathan repor ted  abnormal ly  high values of l imit ing equiva-  
lent conductances for several  protonic and Lewis acids in DMF and suggested 
a p ro ton- jump mechanism (similar  to that  which is known to exist  in water )  
to explain these data. However ,  it has been found that  these abnormally  high 
values are  grossly in error.  The error, apparent ly  is made by a un i formly  con- 
stant factor and seems to have manifested itself in one set of the i r  measure-  
ments;  it cannot be a t t r ibuted to be due to a difference in the extrapola t ion of 
A vs. x/c plots. A careful  repet i t ion of their  work  has revealed values which 
support the ear l ier  work of Thomas and Rochow and Sears et al., and excludes 
abnormal  proton conductance in DMF. The conductance data have been 
t reated with  Shedlovsky's  equat ion and the values of K have  been calculated 
f rom the slopes of the plots of l /As vs. CAs]• 2. 

The conductances of a number  of organic and inor-  
ganic electrolytes have been determined in DMF (1-21). 
Contradictory and controvers ia l  conductometr ic  data 
exist in the l i tera ture  for acids in DMF. Dawson and co- 
workers  reported the  l imit ing equivalent  conductance 
(Ao) of hydrogen chloride to be 70 ohm -1 cm~eq -1 at 
25~ Thomas and Rochow (4) de termined  the  va lue  
in a highly purified solvent to be 79.3 ohm -1 cm 2 eq -1 
at 20~ The lower conductance value  reported by Daw-  
son was explained due to the presence of impuri t ies  
especially water  in his solvent. Since the t r i e thy lam-  
monium chloride was found to be more conducting 
than hydrogen chloride, it was presumed (18) that  
the abnormal  proton conductance was absent in this 
solvent. This was, fur ther  supported by the  work  of 
Sears et al. (5) who found hydrogen  bromide to be 
re la t ive ly  strong acid in D M F ( K H B r ' ~  ].7 X 10 -~ at 
25~ wi th  a ho va lue  of 88.7 ohm - I  cm 2 eq -1 at 25~ 
which excludes abnormal  proton conductance. In con- 
trast to these results, Paul  and co-workers  (14-16) 
have reported Ao values for hydrogen chloride of 290 
(14) and 280 (16) ohm-~ cm 2 eq -1 at 25~ and sim- 
i lar ly high values  for several  other  protonic and Lewis 
acids (Table I) .  Our exper imenta l  results repor ted  
here show that  the abnormal ly  high Ao values repor ted  
by Paul  and Sreenathan are grossly in error, and thus 
the major  conclusions drawn by them on the basis of 
these erroneous data need reconsideration. An a t tempt  
has been made  to ascertain the na ture  of the e r ror  in 
the repor ted  data of Paul  and Sreenathan.  

Experimenta I 
Puril~cation of solvent.--Dimethylformamide (BDH) 

was f ract ional ly  disti l led at reduced pressure, the 
disti l late was mixed  with  about 12% by volume of dry 
benzene (dried over  sodium wire)  and the benzene 
distilled at atmospheric pressure at about 80 ~ . Af ter  
removing  the benzene-wate r  azeotrope, the DMF was 
again disti l led at reduced pressure and benzene free 
DMF was obtained. The  benzene- f ree  DMF was then 
shaken wi th  pre-ignited,  anhydrous a lumina powder  
(BDH chromatographic  grade) .  The solvent  was de-  
canted off, distilled, and the  middle  fraction boiling at 
55 ~ ___ I~ and 35 Torr  pressure was collected and stored 
in blackened, stoppered Py rex  flasks. The specific con- 
duct ivi ty  of the solvent was found to be 0.5-1.5 • 10-~ 
ohm-1 cm-1  at 25~ 

Preparation and p~rification of protonic and Lewis 
acids.--One hundred per  cent sulfuric acid was pre-  
pared by adding the  calculated quant i ty  of sulfur t r i -  

Key words: acids, conductivity, dissociation, formamide, N,N-di~ 
methyl. 

oxide to sulfuric acid (AR). p -Toluene  sulfonic acid 
(Riedet) was crystal l ized f rom acetic acid and dried in 
vacuum desiccator. It  mel ted  at 159.5 ~ • 1 ~ Fluoro-  
sulfuric acid was prepared by adding required quant i ty  
of potassium bifluoride in small  lots at a time, into 
ice-cold, fuming sulfuric acid. It  was then distilled 
and the fract ion boiling at 160~ ~ was collected. The 
fract ion was redisti l led in an a tmosphere  of dry  ni t ro-  
gen. Hydrogen chloride was prepared  by dropping sul- 
furic acid (AR) on solid ammonium chloride (AR) 
and dried by passing through phosphorus pentoxide 
towers;  it was then immedia te ly  absorbed in the pur i -  
fied DMF. 

Anhydrous  acetic acid was obtained by the process 
described by Bruckenstein  (24). Monochloroacetic acid 
was purified by simple fractional distil lation (bp 
182.5~ Dichloroacetic acid was distil led under  re-  
duced pressure, and the fraction boiling at 102"/20 m m  
was collected (bp 193 ~ • 1~ Trichloroacetic acid w a s  
recrystal l ized from hot benzene and dried under  re-  
duced pressure. 

Tin te t rachlor ide  (BDH) was dist i l led in an at-  
mosphere  of dry nitrogen. The middle  fraction was 
collected which boiled at 113.5 o ___ 1 ~ Tin te t rabromide 
was prepared by slowly mixing l iquid bromine  wi th  t in  
meta l  (AR). It was purified by redistil lation. The 
middle  fract ion was collected which boiled at 201.5 ~ 
• 1 ~ Sulfur  t r ioxide was prepared  by disti l lation of a 
m ix tu r e  of phosphorus pentoxide  and sulfuric acid 
(AR) and was led direct ly  into the solvent  to avoid 

moisture. Ant imony  tr ichloride was purified by dis- 
t i l lat ion under  reduced pressure (bp 220~ Bismuth 
tr ichloride (Riedel) was purified by subl imat ion under  
reduced pressure. An t imony  pentachlor ide  (BDH) was 
used as received. Pyrosulfur ic  acid was prepared by 
adding one calculated quant i ty  of sulfur  t r ioxide to 
100% sulfuric acid. 

Solutions of protonic and Lew/s acids in DMF.-- 
Solutions of  protonic and Lewis acids in DMF were  
prepared by dissolving the requis i te  quant i ty  of the 
acids in DMF and made up to 50 ml. The  solutions of 
protonic acids w e r e  standardized by  t i t ra t ing with  
0.1M sodium methoxide  in benzene-methanol  mix ture  
using thymol  blue as indicator (26, 27). The solutions 
of Lewis acids were  standardized by gravimetr ica l  
est imation of the meta l  and the nonmeta l  in a known 
vo lume of the solution. Al lowance for the density of 
DMF (D ---- 0.944 g /ml )  was made for calculating the 
molari t ies  of the solutions. Solutions of the desired 
molari t ies were  then obtained by suitably diluting 
the above solutions wi th  DMF. Freshly  prepared solu- 
tions were  always used.  
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Table I. Conductances in DMF 

(A comparison of the v a l u e s  of  A m e a s u r e d  by  the present  authors w i th  those of P a u l  a n d  Sreenathan) 

(A)  

Compounds AM ( M o l a r  c o n d u c t a n c e s  a t  d i f f e r e n t  c o n c e n t r a t i o n s )  

Zero 
P r o t o n i c  ac ids  C o n c e n -  10.0 x 6.4 • 4 .9  x 3.6 X 2.5 x 1.S x 0.9 • 0.4 x 0.1 x c o n c e n -  

t r a t i o n s  lO-aM lO-aM IO-3M lO-aM 10 -3M IO-~M lO-SM IO-aM IO-SM tration 

F 1 u o r o s u l f u r i c  a c i d  (a) - -  i 0 0  111 114 121.5 120 141.5 - -  - -  287.0 
(b) 30.6 31.8 32.4  33.5 35.6 37,9 41.6 46.5 57.0 78.5 
( a / b )  - -  3.4 3.4 3.4 3.4 3.4 3.4 - -  - -  3.4 

p - T o l u e n e  s u l f o n i c  a c i d  (a) __ w 79 82 91 100 112 242.0 
(b) 20.6 22.1 22.7 24.4  26.5 29.5 32.9 3~-.1 5~.S 71.2 
(a/b) -- -- 3,5 3.4 3.4 3.4 3,4 -- -- 3.4 

Hydrochloric a c i d  (a) -- 45 52 S6 66 80 -- -- -- 290 .0  
(b) 12.9 14.1 15.6 17.1 19.7 23.3 28.8 43.0 60.3 84.0 
( a / b )  - -  3.3 3.3 3.3 3.3 3.4 - -  - -  - -  3.5 

P y r o s u l f u r i c  ac id  (a) 92 114 133 156 195 236 - -  490.0 
(b) 26.0 34.3 39.8  46.3 55.2 66.6 80.6 9 ~  118.3 142.6 
( a / b )  3.5 3.3 3.3 3.4 3.5 3.5 - -  - -  - -  3.4 

S u l f u r i c  ac id  (a) 30 40.5 47 56 66 78.5 465.0 
(b) 8.6 12.3 14.1 16.4 18.3 22.2  2"~.3 3~'.5 44-,4 137.0 
( a / b )  3 . 5  3.3 3.4 3 .4  3.6 3.5 - -  - -  - -  3.4 

(B)  

Zero 
L e w i s  a c i d s  C o n c e n -  2.5 • 1.6 • 1.23 x 0.9 • 0.63 x 0.4 • 0.23 x 0.1 x 0.25 • concen-  

trations 1 0 ~ M  10-3M 10-~M 10-sM I0  "~M 10-8M 10-SM 10-3M 10-~M t r a t i o n  

A n t i m o n y  p e n t a c h l o r i d e  (a) - -  52.5 5S 63 78 100 - -  - -  223.0 
(b) 13.8 15.3 16.7 18.5 23.2 29.4  3"~.8 46.5 55.7 65.6 
( a / b )  - -  3.4 3.3 3,4 3.4 3.4 - -  - -  ~ 3.4 

T i n  t e t r a b r o m i d e  (a) 70 83 100 133 180 - -  - -  - -  480.0 
(b) 1~'.2 20.2 23.7  28,5 38.6 5 2 . 0  70,3 88.1 116.2 148.1 

(a/b) -- 3.5 3.5 3.5 3.5 3.5 -- -- -- 3.3 

T i n  t e t r a c h l o r i d e  (a) - -  17 20 22 23 25 - -  - -  467.0 
(b) 3.0 6.0 5.7 6.3 6.8 7.4 1~.1 30.3 80.5 137.4 
(a/b) -- 3.4 3.5 3.5 3.4 3.4 -- -- -- 3.4 

S u l f u r i c - t r i o x i d e  (a) - -  - -  103 110 117.5 125 136 - -  - -  245.0 
(b) 26.0 28.0  30.2 32.6 34.4  36.5 40.4  44.5 58.0 71.2 
( a / b )  -- ~ 3.4 3,4 3.4 3.4 3.4 -- ~ 3.4 

(a) V a l u e s  of A d e d u c e d  f r o m  t h e  c u r v e s  of  A vs. %/c plots p u b l i s h e d  b y  P a u l  a n d  S r e e n a t h a n .  
(b) M e a s u r e d  v a l u e s  of  A b y  t h e  p r e s e n t  a u t h o r s .  

Conduct iv i ty  measurements . - -The  conductivi ty 
bridge and cell were the same as used in the earlier 
investigation (22). Conductivi ty measurements  were 
carried out at a constant tempera ture  of 25 ~ __ 0.5 ~ 
using an oil bath. Twenty  grams of DMF was taken 
in the conductance cell and then ins ta l lment  of the 
acid solution was added, stirred, and kept for 10 rain 
before measuring the conductance. About  10-12 read-  
ings were taken for each acid. 1 

Results and Discussion 
The molar  conductivities at infinite di lut ion ( A M o )  

at 25 ~ of a number  of protonic and Lewis acids in  DMF 
have been determined by the extrapolat ion of AM VS. 
X/ccu rves  (Fig. 1). Abnormal ly  high values of the 
conduetances of hydrogen chloride, fiuorosulfuric acid, 
p- toluene sulfonic acid, sulfuric and pyros~flfuric acids, 
and an t imony pentachloride, t in  tetrabromide,  t in  
tetrachloride, and sulfurtr ioxide in  DMF as reported 
by Paul  and Sreenathan  (14-16) could not be verified 
by us, even after repeated experiments  and utmost  
care and due precautions during exper imental  pro- 
cedures. Their  data of equivalent  conductances in t abu -  
lar form are not available, but  they have published the 
curves of A vs. A / c  We have deduced their  values of 
equivalent  conductances at some arbi t rar i ly  chosen 
concentrations, from the plots of A vs. ~/c published 
by them and compared them with those determined 
exper imenta l ly  by us (Table I).  Their  values of equi-  
valent  conductances (a) do not agree with those of 
ours (b), but  differ in  such a way that  the ratio (a /b)  
is almost a constant factor (a/b  ~- 3.4). Their  values of 
the l imit ing equivalent  conductances also differ with 
those of ours (determined by a common method, i.e., 

x A n  e s t i m a t e  of  t h e  e r r o r s  i n  o u r  d a t a  of  t h e  v a l u e s  of m o l a r  c o n -  
d u c t a n c e s  h a s  b e e n  m a d e  w i t h  t h e  h e l p  of f o u r  i n d e p e n d e n t  m e a -  
s u r e m e n t s  c a r r i e d  ou t  i n  s e v e r a l  r e p l i c a t e  sets .  T h e s e  m e a s u r e m e n t s  
w e r e  f o u n d  to a g r e e  w i t h i n  -4-1%. 

extrapolat ion of A vs. ~/~) by almost the same constant 
factor. This indicates that  the  variat ion in our  values 
from those of theirs is not due to the var iat ion in the 
extrapolat ion of the curves. Clearly, the error  in their 
data lies in  the determinat ion of the equivalent  con- 
ductances and the mistake is uniform by  a constant  
factor. This error  appears to be present in one set of 
their  measurements.  The values of Ao for various pro- 
tonic acids reported by them in  their  paper  (16) can 
be sharply divided into two sets viz. (i) high values 
125-490 and (ii) low values 2.5-42.0. The values in the 
first set are in error, whereas the values of the second 
set agree with our determined values wi th in  the range 
of the experimental  error. For instance they have 
quoted Ao values for monochloroacetic acid and acetic 
acid as 28.6 and 20.0 ohm -1 cm -1, respectively, which 
are in  agreement  with the values determined by  us, 
i.e., 28.0 and 20.0 ohm - t  cm2eq -1, respectively. 

The errors in the values determined by Paul  and 
Sreenathan are also reflected in the following: 

1. The l imiting equivalent  conductance data of acetic 
acid (Ao ---- 20.0) and monochloroacetic acid (he ---- 
28.6) and dichloroacetic acid (Ao ---- 125.0) at 25 ~ re -  
ported by them do not fit in  logically with the well-  
known principle of gradation. The difference between 
the values of Ao of acetic acid and monochloroacetic 
acid is only 8.6 ohm -1 cm 2 eq-1 whereas between 
mono-  and dichloroacetic acid it is 96.4. 

2. The pK (--lOgl0K) values of several organic and 
inorganic acids calculated from conductance data by 
Paul  and Sreenathan (16) do not correlate the l imit ing 
conductance data of these acids in  DMF d, e termined 
by the same workers. For example, it can be easily 
seen from their  data that  dichloroacetic acid is stronger 
acid (smaller pK) than  sulfuric acid bu t  the value of 
dichloroacetic acid is much smaller. Similarly, mono-  
chloroacetic acid is slightly stronger than  pyrosulfuric 
acid in DMF, whereas the l imit ing conductance of 
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Fig. 1. Plots of AM vs. ~/~. !, p-Toluene sulfonic acid; 2, fluoro- 
sulfuric acid; 3, hydrochloric acid; 4, trichloroacetic acid; 5, di- 
chloroacetic acid; 6, monochloroacetic acid; 7, acetic acid; 8, pyro- 
sulfuric acid; 9, sulfuric acid; 10, antimony pentachloride; 11, 
bismuth trichloride; 12, antimony trichloride; 13, tin tetrabromide; 
14, tin tetrachloride; and 15, sulfur trioxide. All in DMF. 
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Fig. 2. Plots of 1~As vs. cAsf• 2. 1, CH3COOH; 2, CH2CICOOH; 
3, CHChCOOH; 4, CCI3COOH. 

pyrosul fur ic  acid (Ao = 490.0) is ve ry  much la rger  
than  tha t  of monochloroacet ic  acid (Ao = 28.6). 

3. In  the i r  paper  (14) Pau l  et al. have ment ioned  
"The values  of equiva lent  conduct iv i ty  at infinite d i lu-  
t ion for  sulfuric  acid and pyrosul fur ic  acid respect ive ly  
are  much higher  t han  those of fluorosulfuric acid, 
p-toluerLe sulfonic acid, and hydrochlor ic  acid. Sul-  

furic acid and pyrosul fur ic  acid a re  dibasic acids and 
at  the  ve ry  low concentra t ions  involved capable  of re -  
leasing both the  protons  whi le  the  res t  of t he  acids 
a re  monobasic and can re lease  only one proton . . . .  " 

This exp lana t ion  would  be val id  if one considers 
molar  conduct iv i ty  r a the r  t han  equ iva len t  conduct iv i ty  
but  to analyze  the  da ta  of equiva len t  conduct ivi ty  in 
the above  l ight  is fundamen ta l ly  wrong.  

4. In  o rder  to expla in  the  abnorma l ly  high values  
of conductances  of protonic and Lewis  acids in DMF, 
they  suggested abnorma l  pro ton  conductance in DMF 
and "proton jump"  or "charge  t ransfer"  mechanism 
for t he  high mobi l i ty  of pro ton  s imi lar  to tha t  sug- 
gested for water .  However ,  a fundamenta l  difference 
exists in the  mechanisms suggested for wa te r  and DMF. 
In  the  case of wa te r  system, t he  ac tual  migra t ion  of 
proton does not occur  but  the  solvated proton may  be 
obtained on the o ther  side of the  chain  (see Fig. 3), 
when  an electr ic field is applied,  due  to the  in te rna l  
r ea r rangemen t  of electrons inside the  chain causing 
the hydrogen  bonds  to change into covalent  bonds 
and vice versa, i.e., through tunnel ing  effect. Dur ing 
this process, no change in the  s t ruc ture  of wa te r  mole-  
cules results.  But, in the  case of DMF system, if the  
in terna l  r ea r r angemen t  of e lect rons  be made  and the  
hydrogen  bonds be changed to covalent  bonds  and the 
requi red  covalent  bonds be changed to hydrogen  bonds, 
the s t ruc ture  of DMF molecules  are  dras t ica l ly  changed. 
If  on the  o ther  hand, the  so lva ted  p ro ton  be obta ined 
on the other  side of the  chain wi thout  caus ing  a change 
in the  s t ruc ture  of the DMF molecules, the  migra t ion  of 
proton f rom posi t ion (a) to (b) (see Fig. 3) becomes 
inevi tab le  which  would  amount  to ac tua l  migra t ion  
and not  th rough  the  tunnel ing effect. Consequently,  a 
normal  (non-Gro thus  type)  pro ton  conductance would 
be expected.  

5. In  o rder  to exp la in  t he  abnorma l ly  high values  
of the  conductances of Lewis  acids such as an t imony 
pentachlor ide,  t in  te t rachlor ide ,  and bromide,  in DMF 
they  suggested Che protonic  na tu re  of the  complexes 
of Lewis  acids and DMF. The mechanism suggested 
by  them involves the  fol lowing ionizat ion process 

| . CH3 
H - - C = N ~ , .  % ~ C H a :  ~ON (CH3) 2 

L@ \~,  {H2CON(CH~)2} + + \ 4  I �9 , /CH.~ I -  
C - - N \  
] CH3 

I ~ 

[1] 

The above ionizat ion process wi l l  occur only  when  the 
Lewis  ae id -DMF complex is dissolved in  DMF, but  this  
mechanism does not  afford any explana t ion  for the  
conductance of the  complexes in the  mol ten  s tate  where  
no ex t r a  DMF molecule  is ava i lab le  to faci l i ta te  the  
above ionization. 

Fur ther ,  according to t he  above mechanism,  an t i -  
mony  pentach lor ide  should form 1:2 complex  and t in  
te t raha l ides  1:4 complexes  wi th  DMF, bu t  the ac tual  
format ion  of 1:1 complex wi th  an t imony pentachlor ide  
and 1:2 complexes  wi th  t in  te t raha l ides  can ha rd ly  be 
explained.  

On the other  hand, the values  of conductances  de te r -  
mined  by us suppor t  the  ea r l i e r  work  of Thomas and 
Rochow (4) and Sears  et al. (5) and exclude abnormal  
proton conductance in DMF. Our  values  appear  to be 
coherent  and in corre la t ion  wi th  the  values  of K (Table  
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Fig. 3. Proton mobility in DMF 

IT) determined by the extrapolat ion of the Shedlov- 
sky plots (Fig. 2). The rat ional i ty  of our values is 
reflected in the gradat ion which exists among acetic, 
monochloroacetic, dichloroacetic, and trichloroacetic 
acids, i.e., 20.0, 28.0, 38.0, and 48.0, respectively. The 
polar na ture  of the Lewis acid-DMF complexes may be 
explained better  by the ideas suggested by Drago and 
Purcell  (28) who evolved a coordination model for the 
nonaqueous solvent behavior, ra ther  than the mechan-  
ism suggested by Paul  and Sreenathan  (15). In  a re-  
cent communicat ion (22) it was shown that b ismuth 
trichloride in  DMF ionizes in  the following way 

2[BiC13 �9 DMF] ~__ [BiC12 �9 2DMF] + + [BiC14]- [2] 

Analogous work on an t imony  trichloride and an t imony 
pentachloride (23) in DMF medium have supported 
the existence of the following equil ibria  

2[SbC13 �9 DMF] ~ [SbCh �9 2DMF] + + [ S b C h ] -  [3] 

2[SbC15 �9 DMF] ~ [SbC14 �9 2DMF] + + [SbC16]- [4] 

The plots of A M vs. x / c a r e  not l inear  and the experi-  
menta l  Onsager slopes calculated from the l imit ing 
slopes of the curves are found to be more negative than  
the theoretically calculated Onsager slopes computed 
from the following equation 

82 8.2 X 105 
= ( A  + SAo) : -~ % [5]  

rI(DT) ~/2 (DT)3 /s  

where D is the dielectric constant, ~1 is the viscosity of 
the solvent, T is the absolute temperature,  and A and 
B are Onsager constants. The exper imental  and theo- 
retical Onsager slopes are given in Table 1L The devi- 
ations of the exper imental  slopes from the theoretical 
slopes indicate incomplete dissociation or ion pair 
formation of the solutes in solution. (The value of A for 
D M F  is 98.5 at 25 ~ and, therefore, the computed value 
of ~ would always be greater  than 98.5. It  is, however, 
not understandable,  how Paul  and Sreenathan  (16) 
have mentioned the theoretical Onsager slopes of 
acetic, propionic, monochloroacetic, dichloroacetic, 
acids and phenol to be 24.05, 21.7, 30.17, 98.81, and 11.6, 
respectively, in  Table III  of their  paper.) 

The conductance data have been fur ther  treated by 
Shedlovsky'8 equat ion (25) which may be wr i t ten  as 

1 1 CAsf_+2 
- -  -- -~ [6]  

AS Ao KAo 2 

where A is equivalent  conduct ivi ty  at concentrat ion C, 2 
Ao is equivalent  conductivi ty at zero concentrar 2 
f• is mean activity coefficient, K is thermodynamic dis- 
sociation constant, and  s is a funct ion of z and is equal  
t o  [ ]2 

s -- z /2  + X/1 -{- (z/2) 2 [7] 

a n d  z is defined by 

z = , ~ . ~ o - 3 / ~ / c A  [8] 

where ~ is the Onsager coefficient d.e~ermined by the 
l imit ing slopes from the A~ vs. X/c plots. 

The mean  activity coefficient ]• is computed from 

- l og  f •  = #X/CsA/Ao [9] 

where # is the Debye Huckel 's  A constant wh,ose value 
for DMF is equal to 

1.812 • 10 e 
-- 1.573 

( D T )  3/2 

A plot of l / A s  vs. cA s]+_ 2 is a straight l ine at low con- 
centrat ions which on extrapolat ion gives an  intercept  of 
1/Ao and slope of 1/KAo 2 (Fig. 2) (only some samples 
are given).  With the help of such plots the values of 
Ao and K of monobasic protonic acids have been cal- 
culated. These are also described in  Table II. 

In  the equil ibria represented by Eq. [2], [3], and [4], 
two univa lent  ions are produced from two molecules 
of the Lewis acid-DMF complex and in this form, the 
Shedlovsky equat ion cannot be applied. Howewer, if 
the two molecules on the le f t -hand side in these equa-  
tions are reckoned as one molecule (this can be done 
by t reat ing the concentrat ion equal to half the molar  

~ F o r  1-1 e l ec t ro ly te  t he  e q u i v a l e n t  c o n d u c t i v i t y  is  the  same  as 
the  m o l a r  c o n d u c t i v i t y  and  s ince the  S h e d l o v s k y  e q u a t i o n  is ap-  
p l i cab le  in  t he  case of  1-1 e l ec t ro ly t e s  on ly ,  no  a t t e m p t  has  been  
m a d e  to  d i s t i n g u i s h  m o l a r  c o n d u c t i v i t y  f r o m  e q u i v a l e n t  conduc -  
t i v i t y  he re  a n d  s epa ra t e  s y m b o l s  f o r  r e p r e s e n t i n g  t he  two  conduc -  
t i v i t i e s  h a v e  no t  been  used.  

Table II. Conductance parameters of protonic and Lewis acids at 25~ 

Acids  (protonic 
and Lewis )  

AMo o h m  -1 cm-" mole--1 S lope  S lope  
e x t r a p o l a t i o n  of  a - r h e a -  a - e x p e r i -  

t h e  c u r v e  A vs. %/~ r e t i c a l  m e n t a l  

AMo o h m  -I cm 2 mole-~l 
i n t e r c e p t  of  c u r v e  
l / A s  v s .  c A s $ •  ~- 

K (dissociation 
constant)  

F l u o r o s u l f u r i c  acid 
p - T o l u e n e  suHonic  acid 
Hydrochlor ic  acid 
Tr i eh lo roace t i c  ac id  
D ieh lo roaee t i e  acid 
M o noeh lo roace t i c  acid 
Ace t i c  acid 
P y r o s u l f u r i e  acid 
S u l f u r i c  acid 
A n t i m o n y  p e n t a c h l o r i d e  
B i s m u t h  t r i e h l o r i d e  
A n t i m o n y  t r i c h l o r i d e  
Tin t e t r a b r o m i d e  
Tin tetrachloride 
S u l f u r  t r i o x i d e  

76.5 --155 --2313 77.0 7,51 X 10 -~ 
71.2 - -148 --1971 69.0 2.80 X 10 -~ 
64.0 --159 --2370 63.3 9.50 X 10-4 
48.0 -- 133 -- 1200 50.0 3.20 x 10 -4 
38.0 - -126 --1188 35,7 2.56 x 10-4 
28.0 -- 119 -- 1180 28.8 1.93 X 10 4 
20.0 --113 --1175 22.2 1.62 X 10-4 

142.5 . . . .  
137.0 

65.6 --145 --1970 6~.7 4.40 x 1O ~ 
57.0 -- 139 -- 1900 58.8 7.27 x 10 -6 
47.3 - -132 --1650 43.2 6,87 x 10 -e 

148.1 -- -- __ __ 

137.4 . . . .  
71.2 -- -- ~ __ 
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concentrat ion of Lewis acid-DMF adduct) ,  then  the 
Shedlovsky equat ion would be applicable to these 
systems. Such an assumption would make little differ- 
ence as the neut ra l  molecules of the Lewis acid-DMF 
complex do not contr ibute towards the conductance of 
the solution. The Shedlovsky equation has been ap-  
plied uti l izing the above assumption in these systems 
and the values of K have been calculated (Table II) .  
The values of K would correspond to the following 
mass law equation 

K = [ (BiCI~ �9 2DMF) +] [ (BiC14) -]/[Bi2C16 �9 2DMF] 
[10] 

The actual value of K (say K')  should correspond to 

K'  -- [ (BiC12 �9 2DMF) + ] [ (BiCI4)-]/[BiC13 �9 DMF]2 
[11] 

so that  

K '  
= K" = [Bi2C16 �9 2DMF]/[BiCl~ �9 DMF]2 [12] 

K 

However, it is difficult to calculate the exact value of 
K from the existing data. 
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Two-Dimensional Current Distribution Within a 
Packed-Bed Electrochemical Flow Reactor 

Richard Alkire* and Patrick K. Ng** 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

A n  analysis is presented for describing behavior of a packed-bed electrode 
confined within  a thin cylindrical  porous separator and surrounded by a con- 
centric counterelectrode. Electrolytic solution, containing reactive species, 
flows axial ly in plug flow through the packed-bed electrode while the 
peripheral  surface of the packed bed is held under  a constant applied potential.  
Results are obtained for two types of porous separators, (i) permeable to all 
solute species and (ii) impermeable  to the reactive solute species. For each 
case, the two-dimensional  (radial and axial) concentration, potential,  and 
current  distr ibutions are calculated by a finite difference method. The results 
clarify over-al l  reactor performance and, in particular,  predict  the relation 
between the volumetric  reaction rate and the residence t ime for a wide range 
of system parameters.  

The appealing advantage of electrochemical synthesis 
processes is that  electrical current  is inexpensive in  

* Elec trochemica l  Soc ie ty  Act ive  Member ,  
** Electrochemica l  Soc ie ty  S t u d e n t  Associa te .  
K e y  words:  current  distribution,  porous  e lectrode,  copper re-  

moval ,  reactor design.  

comparison with the price of chemical oxidizing or re-  
ducing agents. Carrying out electrochemical synthesis 
operations at high rates, however, can be difficult owing 
to the heterogeneous nature  of electrochemical reac- 
tions. The volumetric  reaction rates of typical elec- 
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trolysis cells are low in comparison with volumetric  
reaction rates of chemical reactors, especially those 
for homogeneous chemical reactions. In order to com- 
pete favorably, electrochemical reactors can often be 
designed with porous electrodes which exhibit  very 
large surface areas for reaction. 

The voltage applied to an electrolysis cell is con- 
sumed by various means which include ohmic resist-  
ance of the electrolyte, diffusional resistance, and 
hindrance associated with the reactions occurring at 
the electrode surface. Whereas porous electrodes c a n  

substant ia l ly  relieve charge- t ransfer  hindrances by 
their very large surface area, they in.troduce still addi-  
t ional ohmic and diffusional resistances in ~the electro- 
lyte wi thin  the porous region. One way to relieve 
diffusional resistance is to force electrolyte through the 
porous electrode. Although flow-through porous elec- 
trodes can exhibit  moderately high volumetric reaction 
rates, their design is complex because the potential, 
reaction rate, and concentrat ion of reacting species will 
vary  with position wi th in  the electrode. Knowledge of 
the reaction rate distribution, however, is exceedingly 
helpful for a rat ional  analysis, pre l iminary  design, and 
economic evaluat ion of the reactor. 

Among various possible reactor configurations, two 
offer part icular  advantages of simplicity as indicated 
in Fig. 1. In  Geometry A, the countereleetrode is posi- 
t ioned upstream or downstream of the porous reactor 
electrode. In  this configuration, flow of electrolyte 
and of electrical cur rent  take place essential ly along 
the same spatial direction. In  order to avoid appreciabm 
mixing of anolyte and catholyte, a porous separator 
is usually placed between the respective cell compart-  
ments. In Geometry B, the porous separator consists of 
a cylindrical  tube wi thin  which the porous electrode 
is placed. In Geometry B, the counterelectrode sur-  
rounds the packed-bed electrode with the result  that 
flow of electrolyte and of electrical current  take place 
in different directions. On the basis of a uni t  volume 
of packed bed, Geometry B exposes a larger surface 
area to the counterelectrode than Geometry A. 

No theoretical analyses are known to be available for 
Geometry B. A small number  of exper imental  studies 
of Geometry B are available; these employed the elec- 

N 
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POROUS ELECTRODE 

ELECTROLYTE FLOW 

I . . . . . . . . .  [ 

[ .... \ \  ..... I 
\ \ - O0.TERELE RODE 
\ '---- SEPARATOR 

\ POROUS ELECTRODE 

Fig. I. Schematic diagrams of two flow-through porous electrode 
configurations: (A) electrolyte flows essentially parallel to current 
flow, (B) electrolyte flows essentially perpendicular to current flow. 

trode as a patentiostatic chromatograph (1), for elu-  
tion voltammetry (2), and for removal  of heavy metal  
ions and radioisotope separation (3). On the other 
hand, a substantial  number  of experimental  investi-  
gations have also been conducted in Geometry A (4-6) 
owing, in part, to the relat ively simpler (one-d imen-  
sional) basis for theoretical calculations (4, 7-9). Based 
on model predictions, economic feasibility studies have 
been carried out for one reactor designed to remove 
copper from very dilute solutions (10). Other common 
industr ia l  problems include reclaiming of metals, t reat-  
ment  of chromic acid, cyanide, and acid-mine wastes, 
and detoxification of refractory organics (11). However, 
the large-scale usage of such electrochemical methods 
for waste t rea tment  and synthesis awaits the develop- 
ment  of carefully engineered cells. One impor tant  task 
is to predict how current-vol tage  behavior of a cell de- 
pends, for example, on conductivity, flow rates, concen- 
trations, cell geometry, and reaction rate constants. The 
following study has been under taken  in order to, on 
the one hand, clarify behavior of an important  class of 
reactors and, on the other hand, to i l lustrate how pre-  
dictions of behavior may be compiled for use in cell 
design. 

Theoretical  Aspects 
The packed-bed reactor under  consideration is of 

radius to, and is of uniform porosity and specific sur-  
face area throughout.  Electrolyte of uni form com- 
position enters at the upstream end of 'the reactor 
(z ---- 0) and proceeds axial ly downstream along its 
length. Several  restrictions have been adopted in order 
to simplify calculations: (i) isothermal operation oc- 
curs in the steady-state; (ii) a single, reversible elec- 
trode reaction occurs; (iii) the potential  along the ex- 
terior surface of the reactor (at r ----- to) is constant;  
(iv) the motion of solute species in the electrolyte is 
described by t ransport  equations for dilute solutions 
with constant coefficients; (v) electrolyte motion oc- 
curs wi thin  the reactor in plug flow, and the porous 
separa,tor is impermeable  to flow; al though diffusion 
may occur across it; and (vi) axial diffusion and m i -  
grat ion are negligible in comparison with radial  dif- 
fusion and migration. Some of the foregoing assump- 
tions are necessary for conduct of analysis by the 
methods employed, while other assumptions are chosen 
somewhat arbi t rar i ly  and could easily be replaced by 
other choices for par t icular  situations. 

The electrochemical reaction under  s tudy is repre-  
sented by the general  form 

~ v i M l  z, = h e -  [1] 
! 

The reaction rate expression for reacr [1] could 
have a wide variety of forms depending on the  system; 
t h e  present  study directs a t tent ion toward "reversi-  
ble" electrodeposition of a metal  ion in  accord with 
the But ler -Volmer  equat ion 

J = / o  e - ~T (~- r  ci - - ( r  - -  - -  e ~ r  [ 2 ]  
Ci b 

Movement  of solute species in  the electrolyte occurs 
by diffusion, migration, and convection; in addition, 
electroactive species are consumed or generated by 
reaction. Under  s teady-state  operating conditions, an 
equat ion for the conservation of species i therefore h a s  

the form 

ziDiF a~l . 
Di~2ci + ~ V �9 (eWe) -- V �9 (vci) : - - ~ -  3 [3] 

In  accord with the  assumptions listed previously, Eq. 
[3] may be wri t ten  in  circular cylindrical  coordinates 
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V o - -  
OCi -- 02Ci Di OCi 

oz = v i  ~ + --~r Or 

ziDiF / [c l  0~r + ei 04 04 0ci ~ ) 

+ ~  ~ r or ~- or or 

aviio - - ~  (r - r ei - -  (r - r 
e - c~-~e  ~ [4] 

Equat ion [4] has (i -5 1) unknowns:  the i concent ra-  
tions and the potent ial .  Relat ions having the form of 
Eq. [4] may  be wr i t t en  for each of the i solute species 
in solution; the  remain ing  re la t ionship  is provided  by  
the equat ion of e lectr ical  neu t ra l i ty  

~ giCi "-- 0 [5] 
i 

Two sets of bounda ry  and ini t ia l  condit ions have  
been chosen for s tudy which correspond to two differ-  
ent  types  of porous separa to r  membranes .  The first set 
character izes  s i eve- type  membranes  which obstruct  
passage of reac tan t  species but  which al low free pass-  
age of smal le r  species. For  the  acidified copper  sulfate 
system chosen for study, out l ined below, the  boundary  
condit ions a re  

z : 0 ci = ci b 

0cl 
r----0 - - 0  

Or 

04 
- - 0  

Or 

r - -  ro 4 = 4a 

CH+ = CH+ b 

0CCu + 2 
- -  = 0 IS ]  

Or 

The second set of  condit ions character izes  membranes  
which pe rmi t  free passage of a l l  solute  species 

z = 0 ci = ei b 

0ct 
r----O = 0  

Or 

04 
=0 

Or 

r = ro 4 = 4 a  

ei - -  Ci b [7] 

Equat ions  [4] and [5] along wi th  side condit ions [6] 
o r  [7] pe rmi t  ca lcula t ion of the concentra t ion and po -  
tent ia l  d is t r ibut ion  ~hroughout the  packed -bed  reactor .  
The local reac t ion  ra te  d is t r ibut ion  th roughout  the  re -  
actor  can subsequent ly  be de te rmined  from Eq. [2]. In  
turn,  the  cur ren t  dens i ty  d i s t r ibu t ion  along the porous 
separator ,  denoted i* (z ) ,  is found b y  in tegra t ion  of 
Eq. [2] 

~* = ,  j rdr  [8] 
ro 

Final ly ,  Eq. [8] m a y  be  in tegra ted  along the length  of 
the  reac tor  to y ie ld  the  volumetr ic  react ion rate,  iv, 
having  units  amperes  pe r  cubic cen t imeter  of reac tor  
vo lume 

i,, : i*dz [9] 
roz 

In  order  to reduce  the  number  of independent  p a -  
r ame te r s  which  influence the  system, it is convenient  to 
in t roduce  dimensionless  var iables  

r Drz cl 
R :  8 : - -  C j : - -  

To ro2Vo Cr 

F aro . 
= - -  ( 4 - -  4e) J : -j [10] 

~T  i* 

The equations and side condit ions which  conform to 
the  model  then  have  the form 

~r  : 0 [11] 
1 

and 

1 OCI O2Ci 1 OCt 
- - - 5  

ni Oo OR" R OR 

[0(  oo) 
+z~ - ~  c i - ~ -  + - - - -  Ci 0,I~ ] 

R OR 

with  e i ther  

0 = 0  

R = 0  

R = I  

~vi [ e - o n e  -- --Cie-(a-l)n~'] [12] 
~i 7i 

- - 0  

~ = 0  

Ci = 7i 

OCi 0r  

OR OR 

CH+ - -  ~'H+ 

0Ccu+~ 

OR 

d/, = d# a [13] 
o r  

# - -  0 C i  = 7i  

0C~ 
R = 0  = 

OR 

R = 1 Ci  : ~ i  

0~ 
=0 

OR 

[14] 

The dimensionless  pa rame te r s  which  appear  in the  
foregoing model  a re  

Dl ci b a r ~ i o  
= ~i = ~ = ~ [15] 

Dr  Cr n F c r D r  

The dimensionless  forms of Eq. [2] and  [8] which a re  
subsequent ly  employed  are, respec t ive ly  

, j : ,  [ e - a , ~ - -  Ci e ( 1 - a ) n r  [16] 

s ] p : ~ e - o a r - -  e (x-~)"r RdR [17] 
7i. 

where  
i*ro 

= [18] 
nFCrDr 

Equat ions  [16] and  [17] imply  tha t  

o'JRdR - -  1 [19] 

F ina l l y  Eq. [9] wi l l  be used to de te rmine  the  average  
volumetr ic  react ion ra te  be tween  reactor  inlet  and 
posi t ion e in accord wi th  the  in tegra l  

0 ,8d,8 

I = [203 
0 

Before passing to a discussion of the  model,  i t  would  
be useful  to pause  for a moment  to gain  a be t t e r  
physical  feeling for the dimensionless  groupings  which 
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have arisen. The quant i ty  o is a dimensionless distance 
and may also be interpreted as the dimensionless t ime 
period dur ing which a fluid packet has been in con- 
tact with the packed bed. That  is, since the fluid moves 
in plug flow, all  fluid packets having contact t ime 01, 
would be loca,ted at the same distance from the reactor 
entrance. The quant i ty  J is the local reaction rate 
which varies with both radial  and axial position wi th in  
the electrode. For a given value of e, the  current  den-  
sity flowing through the porous separator is/~, given by 
Eq. [17]. The current  distribution, embodied in  J and 
/~, is related to the potential  and concentrat ion dis t r ibu-  
tions by the parameter  4, as indicated by Eq. [16]. Ac- 
cording to its definition, ~ is a ratio of diffusion re- 
sistance to charge- t ransfer  resistance insofar as it con- 
rains the rar io/Dr. A detailed t rea tment  of these 
quanti t ies is given below. 

Method of Solution 
The solution of the set of equations and side con- 

ditions derived above was accomplished by a numerical  
procedure which employed finite difference equations. 
Equation [11] is parabolic in the sense that  the only 
e-dependence which enters into the equat ion is in the 
derivative on the left side. Therefore integrat ion over 
the two-dimensional  volume can proceed in a step-wise 
manne r  beginning ar the upstream end of the reactor, 
at 8 _-- 0. At each subsequent  step in the axial direc- 
tion, the e-derivat ive was placed into finite difference 
representat ion in accord with the Crank-Nicolson 
symmetric  form (12). Owing to the plug flow assump- 
tion, the quant i ty  e corresponds to the residence t ime of 
electrolyte wi th in  the reactor; the solution of the model 
is similar to the analysis of unsteady-s ta te  behavior in 
porous bat tery electrodes (13). 

At  each step along the e-direction, the radial de- 
pendence of potential  and concentrations was deter-  
mined by l inearizing Eq. [10] and [11] about a tr ial  
solution and then setting them into finite difference 
form. The trial  matr ix  was then inverted (14), and the 
solution of the nonl inear  equation was gained by i tera-  
tion with successive correction of the trial  solution. The 
criterion chosen for convergence was that  the potential  
anywhere  wi th in  the electrode should change by less 
than  0.01% upon successive iterations. A typical in -  
dividual  e-step calculation was found to take 2 sec 
and involved three iterations. 

The results presented below were calculated with use 
of 100 R-increments ;  the ini t ial  size of the e- increment  
was so chosen that  the max imum soluCe concentrat ion 
change was 2% of the bulk  value. Smaller  increments  
did not improve the numerica l  results to any appre-  
ciable degree. Between successive e-seeps, the e- incre-  
men t  was increased by a factor of 1.1 in order to con- 
serve computer time. 

Results and Discussion 
The theoretical model developed above was employed 

to predict behavior  dur ing electrodeposition of copper 
from acidified sulfate solution. This system has been 
chosen since it lends itself nicely to an exper imental  
program of investigation; values of the sysCem param-  
eters are given in Table I. The results chosen for 
presentat ion below are intended both to elucidate de- 
tails of electrode behavior and to provide a compila- 
t ion of results. Before proceeding to details of two- 

Table I. Properties of the acid copper sulfate system chosen for 
calculations 

Species z l  'yl  l r l  v l  

H +  + 1 4 .0  9 . 3 1 2  0 
SO~= - - 2  2 .1  1 , 0 6 5  0 
C u  ++ + 2  0 . I  0 . 7 1 8 8  - - I  

n ~ - - - 2 .  
a =  0 .5 .  

dimensional  behavior, the results for two l imiting 
cases are presented. 

B e h a v i o r  u p o n  in i t ia l  c o n t a c t . - - I f  electrolyte passes 
through the reactor without  appreciable mass t ransfer  
limitar then the solute concentrat ions will  be con-  
s tant  everywhere  and  the set of Eq. [10] and [11] may 
be simplified to a single ordinary differer~tial equation 

dee 1 de n$ 
- -  + - - -  _ [e - a n e  - -  e r [21] 

d R  2 R d R  ,...w~Zi2~i"(l 
i 

For a given applied potential, Eq. [21] can be used to 
determine the uppermost  current  which may be 
achieved for a system of known exchange cur ren t  den-  
sity, conductivity, and electrode geometry. The poten-  
tial dis t r ibut ion gained by solving Eq. [21] for a given 
applied potential  may  be subst i tuted into Eq. [17] to 
generate the corresponding total  current  flowing to 
the electrode. Figure  2A provides the current -potent ia l  
curves predicted for various values of the  parameter  
4. It  is reasonable to anticipate that the results depicted 
in Fig. 2A would also apply in  the upstream regions 
of the packed-bed reactor, dur ing ini t ia l  cor~tact, 
whether  or not concentrat ion variations eventual ly  
develop downstream. 

B e h a v i o r  f a r  d o w n s t r e a m . - - F a r  downstream from 
the reactor entrance, behavior  wil l  depend on which 
of the aforementioned boundary  conditions prevail. 
When the porous separator is impermeable  to reactive 
species (Eq. [ 13]), electrochemical reaction wil l  even-  
tu.ally deplete reactants insofar as the applied potential  
permits. In  this situation, the region far downstream is 
not reactive with the consequence that  an opr 
reactor length will exist which balances fabrication 
and maintenance  costs against  volumetric productivity.  

I 0  -?" I 0  ~ 1 I0 I00  I 0 0 0  I O 0 0 0  
~ TOTAL CURRENT 

t t,- o 

t 
I0 "= 10 =b I I01 I0  = 104 104 

- ~ s g ,  T O T A L  CURRENT 

Fig. 2. Current/potential diagrams for two limiting cases of 
reactor behavior: (A) initial contact, i.e.t uniform concentration, 
(B) well-developed region for downstream. 
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On the other hand, when  the porous separator is 
permeable to all species (Eq. [14]), the reacr will 
exhibit  quite different behavior  far downstream from 
the entrance. In  this case, after a sufficient distance 
downstream, the reactor will achieve a "wel l -de-  
veloped" configuration in which the concentrat ion and 
poten~tial distr ibutions wi thin  the packed-bed will vary 
with radial, but  not axial, position. Since there are 
no concentrat ion variet ions along the 0-direction in 
this well-developed region, the left side of Eq. [12] 
becomes zero and one obtains an  ord inary  differential 
equation for each solute species i. For  the copper sys- 
tem under  study, in tegrat ion of the set of equations 
provides the cur ren t /poten t ia l  curves shown in  Fig. 
2B. Comparison of Fig. 2A and B indicates that the 
concentrat ion overpotential  inherent  in the "well-  
developed" region serves to reduce the react ivi ty of 
the electrode in comparison with the init ial  contact 
value. For systems having low values of ~, differences 
in behavior  are noticeable only at larger values of 
applied poter~tial. For  systems of large 4, however, 
significant differences between ini t ial  contacr and far 
downstream are evident  even at low applied potentials. 
In  m a n y  instances, ir~terdiffusion of reactive anolyte 
and catholyte species can lower the current  efficiency 
and be disadvantageous. Therefore permeable  separator 
reactors of excessive length are not a,ttractive wi th  the 
result  that  an op t imum reactor length needs to be 
determined. 

Intermediate behavior.--Between the two l imit ing 
cases outl ined above lies the region in which reactor 
behavior is more complex to predict owing to the exist- 
ence of both axial and radial variat ions of concentra-  
tion and potential. Knowledge of this region, however, 
is of special value for the unders tanding  of reactor 
behavior. 

Figure 3a shows the dis tr ibut ion of copper ion con- 
centrat ion along the radial  direction for several loca- 
tions downstream from the reactor entrance when  the 
porous separator is impermeable  to reactants. It  is seen 
that the concentrat ion of cupric ions is ini t ia l ly uni form 
but  decreases with distance downstream. The rate of 
decrease is ini t ial ly most rapid near  the periphery 
where the reaction rate is highest. The radial concen- 
t rat ion gradient  at the periphery is zero throughout  the 
reactor in accord with the boundary  conditions [13]. 
Once reactants near  the per iphery become substan-  
t ial ly depleted, radial  diffusion of reactants takes place 
from regions of higher concentration, along the axis of 
the reactor, toward peripheral  regions. Eventually,  the 
reactants become depleted throughout  the reactor and 
the copper ion concentrat ion approaches the mi n i mum 
possible value given by the Nernst  equation. 

Cont inuing with the impermeable  separator case, 
Fig. 3b shows the radial  distr ibution of reaction rate 
for various axial positions downstream from the en-  
trance. I t  is seen that  the ini t ial  contact current  dis- 
t r ibut ion is nonuni fo rm owing to the large values of Ca 
and ~ chosen for the example. The reaction rate is high-  
est at the periphery, near  the counterelectrode. The 
react ivi ty  of the periphery, however, decreases rapidly 
with distance downst ream owing to the depletion of 
reactive species as already indicated in  Fig. 3a. At 
intermediate  positions along the reactor, the most re-  
active portion of the reactor is far enough from the 
per iphery that  reactants  are available, but  not so far 
that  the ohmic resistance of the electrolyte consumes 
the applied potential. With sufficient distance down- 
stream, even the central  portion of the packed-bed 
becomes reactive. 

In  contrast  to Fig. 3, Fig. 4 shows concentrat ion and 
reaction rate distr ibutions predicted for permeable 
porous separators. From Fig. 4a, it is seen that  the 
concentrat ion of cupric ions remains  constant at the 
periphery of the reactor along its entire length, in ac- 
cord with the boundary  conditions. For  large values 
of ~, for which the current  dis t r ibut ion upon init ial  

e=o.o 
g9 

Io'Jt ~ 

<I "++'o\\\I 
_ + + o . o  

0 0.5 1.0 

| e = 3 . s x l o  -+ / / ]  

idil , I ,\ '~ ~ [ 
O 0.5 I.O 

F~ = RADIAL DIMENSION 

Fig. 3. Dependence of radial distributions on residence time 
within plug-flow reactor with porous separator impermeable to copper 
ions (~a ~ 5, ~ ~ 30): (a, upper) copper ion concentration during 
cathodic deposition, (b, lower) local reaction rate. 

contact is highly nonuniform, the results shown in Fig. 
4 are typical. Reactants near  the central  region are not 
consumed near  the reactor entrance owing to low re-  
activity of these regions. Although the periphery is 
highly reactive, the copper ions are easily replenished 
by diffusion through the permeable separator. The de- 
pletion of reactants  therefore proceeds most rapidly at 
in termediate  locations, and a m i n i mum in the reactant  
concentrat ion appears. As the electrolyte flows through 
the reactor, the m i n i m u m  shifts toward the center of 
the reactor; when  the m i n i m u m  reaches the centerline,  
the reactor is said to be "well-developed." 

Figure 4b provides the radial  cur rent  distr ibutions at 
various axial distances downstream for the same con- 
ditions as in Fig. 4a. It is seen that the reactivi ty of 
the peripheral  region remains high along the length of 
the reactor, but  that a m i n i m u m  in react ivi ty may be 
located at the regions which are depleted of reactive 
species. The inter ior  of the reactor (near  R ---- 0) be-  
comes relat ively more and more reactive with dis- 
tance downstream unt i l  reactant  depletion near  the 
axis occurs to a sufficient extent. Far  downstream, a 
well-developed reaction distr ibution is found for which 
the peripheral  regions alone are reactive by vir tue of 
reactant  supply through the porous separator. 

Calculations have also been performed in order to 
determine the current  density passing through the 
porous separator. The radial  potential  distr ibution was 
integrated at each 0-increment  in accord with Eq. [17]. 
Because of depletion of reactive species, the current  
passing the separator decreases with distance down- 
stream from the inlet. For an impermeable  separator, 
Fig. 5 indicates the axial distr ibution of current  for 

---- 0.1 and several values of applied potential.  The 
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Fig. 4. Dependence of radial distributions on residence time within 
plug-flow reactor for a porous separator permeable to all solute 
species (Ca ~ 5, ~ -~- 30): (a, upper) copper ion concentration 
during cathodic deposition, (b, lower) local reaction rate. 

ordinate is normalized by the current  densi ty  which  
flows upon initial contact (see Fig. 2a). Al though the 
shapes of the curves are similar, the residence t imes for 
onset of depletion at Ca ~ 2.0 and 7.0 differ by a factor 
of 100. The  residence t ime at which the local current  
density has decreased to wi th in  5% of the init ial  con- 
tact value is denoted egs%. Figure  6 i l lustrates how 
~95% varies wi th  ~ for several  values of applied poten-  
tial. It  is seen that  the residence t ime for a t ta inment  
of 09~% decreases wi th  an increase in ei ther  ~ or Ca. For  
a given value of ~ and Ca, Fig. 6 indicates the m a x i m u m  
useful ratio of reactor length to flow velocity;  reactors  
having residence times in excess of 095% wil l  have 
downst ream regions which are essentially unreactive.  
The 95% cri terion is of course an a rb i t ra ry  choice 
which may not be well  suited for some applications. 

The axial  current  distr ibution depicted in Fig. 5 has 
been in tegrated in accord with  Eq. [20] to yield the 
average  current  density passing be tween  the packed-  
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Fig. 5. Axial variation of current flowing through porous separator 
for various applied potentials and ~ = 0.1 (separator impermeable 
to copper ions). 
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Fig. 6. Dependence of residence time (95% criteria) on system 
parameters (separator impermeable to copper ions). 

bed reactor  and counterelectrode,  shown in Fig. 7. It  is 
seen that  the average volumetr ic  react ion rate  increases 
wi th  both ~ and Ca. The results shown in Fig. 7 corre-  
spond to reaction rates averaged over  the reactor  be-  
tween the entrance and 0 = e95%. Since the 95% cri-  
ter ion may  be i l l -sui ted for certain applications, Table 
II provides addit ional  informat ion for other  cr i ter ia  
and for various values of ~ and Ca. Two numbers  appear  
for each row and column en t ry  in the table. The upper  
number  gives the average volumetr ic  react ion rate 
while  the lower  number  indicates the corresponding 
residence time, e=. The residence t ime 0x is defined as 
the residence t ime at which the local current  density, 
~(0), has decreased by x% of the initial contact cur-  
rent  density (Fig. 2a). It  is seen that  the average  re -  
action rate increases strongly upon an increase of ei ther  

or Ca, regardless of the value  of x chosen as criteria. 
For  given values of ~ and Ca, the average volumetr ic  
react ion ra te  can v a r y  by severalfold according to the 
choice of x. 

Similar  calculations have been conducted for the 
situation where  the porous separator  is permeable  to 
all solute species. The current  which passes through 
the separator varies wi th  axial  position and is largest  at 
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Fig. 7. Dependence of volumetric reaction rate (95% criteria) on 
system parameters (separator impermeable to copper ions). 

the reactor entrance region. Figure 8 indicates how the 
current  varies be tween the init ial  contact value and 
t h e  well-developed (or s teady-state)  value achieved 
far downstream for Ca = 5.0 and several values of ~. 
As was already seen from Fig. 2, small  values of 
lead to negligible concentrat ion differences so that  the 
init ial  contact and well-developed reaction rates are 
near ly  the same. Larger values of ~ indicate that  signi- 
ficant concentrat ion effects wil l  develop dur ing resi-  
dence so that  the reactivi ty of the reactor will  vary  a 
great deal along its length. Since the ini t ial  local 
react ivi ty is proport ional  to 4, the residence t ime (or 
reactor length) necessary for a t t a inment  of the wel l -  
developed configuration decreases with an increase of 

as shown in  Fig. 9. 
The residence t ime at which the local reactivi ty has 

decreased by  95% of the difference (Pi.c. -- Ps.s.) is de- 
noted e95% in Fig. 9. Comparison of Fig. 9 with Fig. 6 
indicates that  they are near ly  identical. That  is, even 
though the na ture  of the porous separator leads to sig- 
nificant differences in localized behavior, the over-a l l  
behavior  (as normalized on the basis of Fig. 6 and 9) 
is not appreciably different. 

The total  current  passing between reactor and  
counterelectrode is provided in Table III for various 
criteria. As in Table II, each row and column en t ry  
provides two numbers:  the upper  value gives the aver-  
age volumetr ic  reaction rate while the lower indicates 
the corresponding residence time, 0x. The quant i ty  ~x is 
defined as the residence t ime at which the local cur ren t  
density, $(0), has decreased by x% of the difference 
(~i.c. -- ~s.s.) as determined from Fig. 2. Comparison of 
Tables II and III  indicates that corresponding entries 
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Fig. 8. Axial variation of current flowing through porous separator 
for Ca -~ 5.0 and various values of ~ (separator permeable to all 
species). 
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Fig. 9. Dependence of residence time (95% criteria) on system 
parameters (separator permeable to all species). 

have very near ly  the same values throughout  most of 
the tables. I t  is impor tant  to recognize, however, that  
the informat ion contained in the two tables is normal-  
ized in very different ways owing to the influence of 
the porous separator. Figure 10 displays the volumetric 
reaction rate data for the 95% criterion. 

Table II. Reactor performance under boundary conditions (13), separator impermeable to copper ions 

# x  

- -  at@a = 1.0 - -  atr = 5.0 
~= 0= 

x ~ = 0.1 1.0 10.0 ~ = O.1 1.0 I0.0 

0 0.1171 1.156 10.21 6,870 48,56 212.0 
0.0000 0.000 0.00 O.OOO O,O0 0.0 

10 0.1118 1.102 9.79 6.583 46,79 210.5 
0.0489 0.0050 0.00056 0.000964 0,000136 0.0000246 

20 0.1060 1.045 9.33 6.259 43.92 199.7 
0.0902 0.0091 O.O610 0.00178 0.000285 0.0000488 

40 0.0927 0.910 8.13 5.470 38,72 174.3 
0.200 0.0200 0.0023 0.0040 0,000608 0.000114 

60 0.0766 0.770 6.74 4.530 33.50 142.5 
0,362 0.0344 0.0642 0.00714 0,00100 0.000223 

9,~ 0.0366 0.373 3.47 2.339 17,68 76.92 
1.175 0.113 0.0121 0.0208 0.0028 0.00065 
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Table III. Reactor performance under boundary conditions (14), separator permeable to all species 

9 x 

- - a t ~ a  = 1 . 0  - -  a t C a  = 5 . 0  
#, o= 

a :  ~ = u.1 1.0 10.o ~ = 0.1 1.0 10.0 

0 0.1171 1.155 10.21 6.871 48.6 212.0 
0.0000 O.OOO 0.00 O.OOO 0.00 0.0 

I 0  0.1157 1.121 9.86 6.622 46.3 210.8 
0.0140 0.0035 0.00050 0.00083 0.00016 0.000029"/ 

2 0  0.1135 1.084 9.28 6.268 43.9 198.0 
0.0327 0.0064 0 .00105 0 .00174 0 .00030 0 .0000548 

40 0.1100 0.984 8.26 5.606 39.0 175.2 
0.0675 0.0154 0.00224 0.00371 0.00063 0.000122 

00 O. 1053 0.881 7.07 4.939 33.7 148.8 
0.127 0.02"/4 0 .00398 0.0061' /  0 .00100 0.000220 

95 0.0943 0.606 4.13 2.938 19.6 82.7 
0.417 0.0923 0.0120 0.0200 0.0028 0.000676 

Let us conclude discussion with a numerica l  example 
to i l lustrate usage of the foregoing results. Consider 
cathodic deposition of copper from 0.1M CuSO4 and 
2.0M H2SO4 having the properties already listed in 
Table I. The reaction is assumed to proceed wi th /o  ---- 
10 -3, in a reactor 1 cm in diameter  packed with spheri-  
cal particles of diameter  0.5 mm; for closest packing 
of spheres, a -- 220 cm2/cm 3 void volume. For the fore- 
going values, ~ has the value 27.5. Operation at 130 mV 
corresponds to Ca ---- 5. To i l lustrate results with the 
permeable separator and the 95% criterion, one obtains 
f rom Fig. 9 and 10 the values 895% " - "  0.00044 and I : 
120, respectively. According to the definition of I, given 
in the notation, the average volumetric reaction rate 
is found to be iv ---- 2nFIcrDr/ro 2 = 1.92 A/cm 3. Accord- 
ing to the definition of o, the reactor length  is related 
to the fluid velocity by L = #ro2vo/Dr : 11 Vo. In  order 
to determine the reactor length, one may choose a flow 
velocity which will  avoid both high pumping  costs and 
excessive radial  flow through the porous separator 
membrane.  For the present  example, a pressure drop 
of 0.1 atm along the reactor length is chosen. The 
superficial velocity of fluid outside the reactor is ob- 
tained in the laminar  region from the Blake-Kozeny 
equat ion (15) 

~p Dp2 ,~ 
Vo  = - -  [22] 

L 150/~ ( l - - e )  ~ 

With a void fraction uf e = 0.3, D, ---- 0.05 cm, and ~ : 
0.01 g/cm-sec, one finds the relat ion voL = 9.2. By 
combining the above two relations between vo and L, 
one obtains the results L ---- 10.1 cm and Vo ----- 0.92 cm/  
sec. 
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Fig. 10. Dependence of volumetric reaction rate (95% criteria) 
on system parameters (separator permeable to aJl species). 

Conclus ions  
The steady-state operation of electrochemical re-  

actors at high volumetric  production rates is difficult to 
sustain owing, in  part, to competing requirements  of 
large surface area, rapid mass transfer, low ohmic re-  
sistance, and ready accessibility to the counterelectrode. 
Porous flow-through reactors can offer high volumetric  
rates, but  are difficult to design without  knowledge of 
the current  distribution. The foregoing simple theo- 
retical model may be used in conducting pre l iminary  
design steps for one type of flow reactor. The theoret i-  
cal analysis indicates how the relationship between 
volumetric reaction rate and residence t ime depends 
on the kinetic, mass transfer,  ohmic, and geometric 
parameters  of the system. On the basis of these results, 
economic design and operation of flow reactors with 
porous electrodes can be accomplished with added con- 
fidence. 

The predicted results of the model are based on 
several assumptions which ease computat ional  difficul- 
ties. Although extensive use of the plug flow simplifi- 
cation has been made in previous studies, the assump- 
t ion is known to be inval id in some flow systems having 
the geometry indicated by Fig. 1A; in the system under  
study, Fig. 1B, the fluid flows in a perpendicular  direc- 
tion to the electrical current  so that  the effect of dis- 
persion would be less pronounced. The assumption that  
axial diffusion and migrat ion are negligible in  com- 
parison with radial  diffusion and migrat ion may be 
evaluated by examining the computed results. In  
general, the assumption is very good near the per iphery 
of the reactor and in  the downst ream regions; for ex-  
ample, with ~ ---- 1.0 and Ca ---- 0.5, the radial  diffusion 
and migrat ion are 103 times larger than axial compo- 
nents  near  the periphery. At large values of ~, however, 
the assumption breaks down in  the upstream interior  
regions of the reactor; on the other hand, the upstream 
interior  region of the reactor does not contr ibute  to 
electrochemical conversion, as indicated clearly in  Fig. 
3 and 4, so that breakdown of the assumption is not 
expected to affect significantly the predicted results. 
The two assumptions indicated here are, as noted, of 
l imited validity;  on the other hand, they are essential 
for simplifying mathemat ical  t r ea tment  of reactor be- 
havior. A more correct two-dimensional  analysis would 
be exceedingly difficult. 

The other assumptions placed on the calculations 
could be relieved in  favor of equivalent  conditions. In  
particular, several aspects of the model could be ex- 
tended in order to investigate more complex systems. 
Analyses of mul t iple  electrode reactions, or of elec- 
trode reactions coupled with homogeneous chemical 
(scavenger) reactions would be of value. In  addition, 
study of double-porosity reactor structures would be 
profitable. 

Other boundary  conditions could be chosen for study. 
For example, Eq. [14] for the permeable separator in -  
dicates that the reactant  concentrat ion along the sepa- 
rator is the same as the reactant  concentrat ion in the 
catholyte flowing into the reactor. Ent i re ly  different 
behavior would be encountered if the concentrat ion 
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along the separator were zero. For  large values of ~, 
however, it may be expected that the proposed bound-  
ary conditions would lead to behavior  very similar to 
that encountered with reac tan t - impermeable  separa- 
tors. 

The foregoing results may be applied to nonflow por- 
ous electrode systems by interpret ing the residence 
time as the time following application of a constant  
applied potential.  The results may therefore be applied 
directly to the unsteady-s ta te  behavior  of cylindrical  
porous electrode systems as, for example, encountered 
in batteries. 

Even the simple model presented above, however, 
contains several parameters  so that  portraying results 
can be awkward.  Nevertheless, over-al l  reactor be-  
havior for one type of electrode reaction has been 
portrayed on the basis of a l imited number  of graphs 
which were based on a large number  of calculations. 
Behavior involving other reaction sequences may per-  
haps differ in detailed aspects, but  would be expected 
to exhibi t  similar over-a l l  t rends upon variat ion of 
system parameters.  
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SYMBOLS 
English characters 

a specific surface area of reactor, cm -1 
ci concentrat ion of solute species i, g -mole /cm 3 
ci b bulk  concentrat ion of species i, g -mole /cm 3 
Ci concentrat ion of species i, ci/cr, dimensionless 
Cr reference concentration, g-mole /cm 3 
Di diffusion coefficient of species i, cm2/sec 
Dp diameter of reactor packing material ,  cm 
Dr reference diffusion coefficient, cm2/sec 
F Faraday 's  constant, 96,500 coulombs/g-equiva-  

lent  
io exchange current  density, A /cm 2 
i* current  densi ty passing through porous separa- 

tor, A /cm 2 
iv volumetric  current  density, A/cm 3 
I volumetric  reaction rate, ivro2/2nFcrDr, dimen-  

sionless 
j local reaction rate density, A /cm 2 
J local reaction rate density, jaro/i*, dimension-  

less 

L reactor length, cm 
Mi chemical symbol for species i 
n number  of electrons taking part  in electrode re-  

action 
~p pressure drop across reactor, a tm 
r radial direction coordinate, cm 
ro radius of cylindrical  packed-bed reactor, cm 
R radial direction coordinate, r/ro, dimensionless 

gas constant, 8.31 joule /g-mole  ~ 
T temperature,  ~ 
Vo average hydrodynamic velocity in interstices, 

cm/see 
z axial direction coordinate, cm 
zi valence of species i 

Greek characters 
a transfer coefficient in reaction rate equation 

local current  density in porous separator, i*ro/ 
nFcrDr, dimensionless 

"Yi bu lk  concentrat ion of species, i, cib/Cr, d imen-  
sionless 
porosity of packed-bed reactor 

e residence time, zDr/voro 2, dimensionless 
viscosity of electrolyte, g/cm-sec 

vi stoichiometric coefficient for species i 
electrode kinetic factor, ioaro2/nFcrDr, dimen-  
sionless 

~i diffusion coefficient of species i, Di/Dr, dimen-  
sionless 

C potential  in solution, V 
Ca potential  applied to reactor, V 
Ce equi l ibr ium potential, V 
r potential, F(C -- Ce)/[qT, dimensionless 
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Technica  Notes O 
Thermodynamic Properties of Molten Mixtures of 

Nickel Chloride with Cesium Chloride 
at 700 ~ and 800~ 

Drannan C. Hamby and A. Roger Hohimer 
Linfield Research Institute, Linfield College, McMinnville, Oregon 97128 

Reversible emf's of the cell 

Ni l  NiC12 (N), CsC1 (1 -- N) I graphite, C12 [1] 

where N, the mole fraction of solute, is 

N ---- moles NiC12/(moles NiC12 + moles CsC1) [2] 

have been measured over a range of concentrat ion from 
N ~ 10 .8  to 4 • 10 -1 for temperatures  ranging from 
650~176 Supplementary  thermochemical  data from 
the l i terature have been utilized to calculate the activ- 
ity coefficient and the part ial  molar Gibbs energy, en-  
thalpy, and entropy of mixing for the solute NiC12 in 
the solvent CsCl. In  an earlier paper similar data and 
calculated functions were presented for NiC12 in the 
solvents KCI, NaC1, 1:1 NaC1-KC1, and LiC1 (1). 

Experimental 
Chem~cals.--Gases.--The chlorine, argon, and HC1 

gases were Matheson Company "high purity." The HC1 
and chlorine gases were passed over Mg(C104)~. and 
hot (500~ porous graphite (National Carbon Com- 
pany, grade 60) before enter ing the cell. The argon was 
passed over Mg(C104)2 and then over hot Cu at 500~ 
the Cu was in the form of pellets formed by reduction 
of CuO with H2. The gas delivery system was glass ex-  
cept for a few inches of rubber  tubing near  the cell top. 

Reagent grade NiC12"6H20 was dried under  flow- 
ing argon at reduced pressure in a vacuum oven at 
140~ for two days. The salt was then ground to a fine 
powder in a porcelain morter,  placed in a Pyrex tube, 
and dried at least 4 hr under  anhydrous HC1 at 400~ 
Transfer  of the salt to weighing bottles was carried 
out in a dry box under  argon and the bottles were 
then stored in a dessicator unt i l  used. Transfer  to the 
cell involved brief exposure to the atmosphere. 

CsCI, 99.90%, was obtained from Cooper Chemical 
Company. The salt was dried in the cell crucible un -  
der flowing argon at reduced pressure in a vacuum 
oven at 100~ for 24 hr. The crucible was then placed 
inside the cell envelope and  drying was cont inued u n -  
der flowing anhydrous HC1 over a 24 hr period while 
the cell temperature  was gradual ly  brought  to the 
melt ing point. After solvent fusion, the chlorine elec- 
trodes were inserted and chlorination of the melt  in 
the presence of carbon provided fur ther  guarantee  of 
melt  dehydrat ion (3). 

AgCl-CsC1 mixtures  for use in a Ag I AgC1, CsC1 II 
reference electrode were prepared from reagent  grade 
AgC1 and the Cooper Chemical Company CsC1. The 
salts were weighed out in the desired proportions, 
fused under  HC1, and chlorinated in the presence of 
carbon for 1 hr. The solutions were dilute in AgCI, 

Key words :  n ickel  chloride, ces ium chloride, mol ten  salts (fused 
salts),  fo rmat ion  cells, n ickel  electrode,  t he rmodynamics .  

approximately 10 -2 mole fraction, and were melted 
and chlorinated near  the mel t ing point of CsC1, 646~ 
After chlorination the salt was drawn into and sealed 
in clean, dry, Vycor tubes un t i l  used to make up the 
reference electrode. 

Apparatus and procedure.--Several exper imental  de- 
tails have been described previously (1, 2). These in -  
clude tempera ture  measurement ;  measurement  of ther -  
moelectric emf's developed by electrode pairs; analyt i -  
cal methods for nickel mole fraction determinat ion;  
polarization tests for es tabl ishment  of electrode re-  
versibil i ty;  methods of solute, NiC12, addition; pre t reat -  
ment  of chlorine electrodes; method of preparat ion of 
the Ag I AgC1, CsC1 II reference electrode; source and 
t rea tment  of metal  electrodes; meta l  electrode housing 
design; and  method of melt  sampling. The cell envelope 
was similar in design to that  described previously (2) 
but  was larger in diameter,  78 ram, which permit ted 
insert ion of an addit ional nickel electrode. Thus, when 
assembled, the cell contained two chlorine electrodes, 
one Ag I AgC1, CsC1 I I reference, two nickel electrodes, 
and a Vycor sheathed Chromel-Alumel  thermocouple; 
an addit ional  opening was available in the cell top for 
melt  sampling. Adequate salt was ini t ial ly placed in 
the cell crucible to insure a melt  depth of at least 4 cm. 

Chlorine electrode design is i l lustrated in Fig. 1. The 
graphite rod was 1/4 in. diameter  Ultra  Carbon Com- 
pany grade UF-4-S.  In  earlier studies several chlorine 
electrode designs were tested and found to perform 
equally well;  therefore, the simplest, most easily con- 
structed electrode was chosen for this work (1, 4). 
Chlorine gas pressure was ambient  atmospheric pres- 
sure. Uncer ta in ty  in cell emf's due to uncer ta in ty  in 
chlorine pressure have been discussed previously (2). 

The Ag I AgC1, CsC1 ]1 reference electrode was used 
in this work as before to provide a continuous record 
of chlorine electrode behavior with t ime (1, 2). 

The furnace was a noninduct ively  wound Marshall  
Company, Model 1057, tube furnace, 3-1/2 in. diame- 
ter, 24 in. long. Power and tempera ture  control for the 
furnace were furnished by a Marshall  Model 4042 cur-  
rent  proport ioning control. 

Emf measurements  were made with a Kei thley 660A 
differential voltmeter.  This ins t rument  was checked 
against  a laboratory s tandard Eppley cell. 

Cell emf's were measured as a funct ion of tempera-  
ture at eleven mole fractions of the solute, NiC12; usu-  
ally four or five emf measurements  and at least three 
melt  samples were taken at each mole fraction. 

Resu Its 
The data for cell [1] are i l lustrated in Fig. 2 where 

cell emf's E, are plotted as a funct ion of temperature.  
All  emf's have been corrected for thermoelectric ef- 
fects. At each mole fraction, the relationship of cell 

104 
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emf to temperature was assumed to be linear. From 
Fig. 2 cell emf's were read at 700 ~ and 800~ and plot- 
ted as functions of log NNic]2 in CsCl in Fig. 3. Also 
shown in Fig. 3 for comparison are emf vs. log N 
curves for other solvents as reported previously (1). 

Below N = 2 X 10 -2, E at constant tempera ture  for 
the solvent CsC1 may  be represented by 

E = d - -  b log N [3] 
where  

b = 2.303 RT/2F [4] 

The lines in Fig. 3 for CsC1 were  drawn wi th  the 
Nernst  slopes b below N = 2 • 10 -2. The intercept  d 
was chosen to give the best fit wi th  the data points 
for N < 2 X 10-~; at 700~ d : 1.094V, at 800~ d -- 

Fig. 1. Chlorine electrode design 
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Fig. 2. Primary cell data. CsCI solvent; NICI2 solute. Cell emf's, 
E, are plotted as a function of temperature for eleven concentra- 
tions. NiCI2 mole fractions are indicated beside the corresponding 
emf data. 
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1.045V. The calculated least-squares slopes for the five 
low concentrat ion data points are --0.096 at 700~ and 
--0.104 at 800~ which may  be compared with the cor- 
responding Nernst  values of b, 0.097 and 0.106. Aver -  
age deviations of the six low concentrat ion data points 
from the lines as drawn in  Fig. 3 are 2.3 mV and 3.5 
mV at 700 ~ and 800~ respectively. 

The thermodynamic  functions for the cell reaction 

Ni(c) + C12(g) --> NiCI~ (in liq soln at conc N) [5] 

have been calculated on the basis of the Nernst  equa-  
t ion and the following definitions and  equations 

l im a / N  = 1 [6] 
N-->I 

a = Nv [7] 

where a and At refer to the activity and activity coeffi- 
cient of the solute, NiC12. The s tandard and reference 
states of the solute are the pure l iquid with the prop- 
erties of the pure l iquid at the temperature  of the ex-  
periment.  The part ial  molar  Gibbs energy of mixing  
and the partial  molar  en tha lpy  and entropy of mixing  
are given by 

= -- riFE -- AG ~ [8] 

H = AH -- AH ~ [9] 

S = nF (aE/aT)p -- AS 0 [10] 

where AG ~ AH ~ and AS ~ are the standard changes for 

reaction [5]. The excess Gibbs energy of mixing, G E ,  i s  

given by 
G E : G - -  R T  In N : R T  in  7 [11] 

Equations describing the tempera ture  dependence of 
AG ~ AH ~ and AS ~ calculated from the tables of Wicks 
and  Block (6) and Kubaschewsky and Evans (7) were 
reported previously (1) and have been used here. 

The curves of Fig. 3 have been extrapolated to N ---- 
1, to give a value of E ~ by using the calculated values 
of AG ~ at 700 ~ and 800~ --33.6 kcal and --31.6 kcal, 
respectively, and by uti l izing Raoult 's  law to predict a 
l imit ing slope as N --* 1. Values for A S  = n F  (OE/OT)~  
for reaction [5] were calculated from the slopes of the 
l ines shown in Fig. 2 and, therefore, represent  average 
values over the tempera ture  range from 650 ~ to 850~ 
The uncer ta in ty  involved in the determinat ion of the 
slopes is estimated to be 5 X 10-~ V/K. 

Emf values were read at selected concentrat ions from 
the curves for CsC1 solvent, Fig. 3, and used to calcu- 
late the functions given in  Table I. Values of S and 
in  the table were calculated from smoothed values of 
AS based on graphs of AS vs .  log N and the values of 
AS ~ and AH ~ ment ioned above; scatter of the data for 
AS indicating an uncer ta in ty  of at least --+2 ca l /K in  
this quant i ty  is in agreement  with the estimated u n -  
cer ta inty in the values of the slopes (OE/OT)p  from 
Fig. 1. Values of S and H were not  included in the 
table for concentrat ions above N = 0.15 because the 

exper imental  values of AS as determined from the 
slopes of the lines of Fig. 2 were larger in magni tude  
than AS ~ 

Discussion 
Because -y is observed to be independent  of N at low 

N over a range of temperatures  it follows from the 
Nernst  equation that  the part ial  molar  entropy of mix-  
ing, S,, will  follow 

S : AS -- AS ~ = -- R In N + constant  [12] 

at low values of N. At higher values of N the variat ion 
of S with concentrat ion may  be predicted on the basis 
of various microstate models of the liquid (1, 2) ; how- 
ever, the present  data are insufficiently accurate to 
make useful  comparisons between observed and cal- 
culated values. 

Combining Eq. [8] and [11], one obtains 

G E : - - n F E  - -  A G  ~ - -  R T  In N [13] 

from which one may calculate ~E. Utilizing Eq. [13] 
one may deduce the order of var iat ion of the magni -  
tude of D E for NiCI2 with solvent cation at constant  N 
from Fig. 3. The observed order CsC1 > KC1 > NaCl 
-- KC1 > NaC1 > LiC1 follows the well-establ ished 
pat tern  which is commonly explained on the basis of 
competit ion for anions between solute and solvent ca- 
tions (8). However, the observed magni tude  of the 
change in ~E in going from KC1 to CsCl is smaller  
than one might have predicted on the basis of the 
l inear  relationship which exists in the Henry ' s  law 
region between G E and the hexicoordinate radii  (5) of 
solvent cations in LiC1, NaC1, and KC1. 

It is interest ing to note that  the color of the solid 
result ing from solidification of the CsC1-NiCI~ melt  is 
quite different from that  observed for NiC12 in the 
other alkali  halides. At N ----- 0.1 the solidified mixtures  
with LiC1, NaC1, and KCl are brown to reddish brown 
whereas with CsC1 the solid is a light blue. 
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LIST OF SYMBOLS 

N defined by Eq. [1] 
E electromotive force 
d defined by Eq. [3] 
b defined by Eq. ]4] 
R gas constant  
T tempera ture  in degrees Kelvin  
F Faraday 's  constant 
a activity of NiC12 
7 activity coefficient of NiC12 

Table I. Cell emf's and derived data for cell [1] 

Nmel s E (volts) --G (kcal) --G~ (kcal) I0-' 7 S"(eu) (kcal) 

700~ 800~ 700~ 800~ 700~ 800~ 700~ 800~ 800~ 800~ 

0.00100 1,383 1.363 30.2 31.3 16.8 16.6 1.66 4.16 + 13 -- l ' l  
0.00300 1,33"/ 1.313 26.1 29.0 16,9 16.6 1.66 4.16 + 11 -- 17 
0,00700 1.301 1.274 26.4 27.2 16.8 16.6 1.66 4.16 + 9 -- 1"/ 
0.0200 1.258 1.225 24.4 24.9 16.8 16.6 1.66 4.16 + 6 -- 18 
0.0500 1.215 1.174 22.4 22.6 16.6 16.2 1.86 5.01 + 4 --  18 
0.0700 1.193 1.153 21.4 21.6 16.3 15.9 2.18 5.75 + 4 -- 17 
0.1O0 1.166 1.125 20.2 20.3 15.7 15.4 2.95 7.24 + 2  - -18  
0.150 1.135 1.084 18.8 18.4 15.1 14.4 4.07 11.7 + 2 - -  16 
0.200 1.096 1.047 17.0 16.7 13.9 13.3 7.58 19.5 
0 .250  1.061 1.005 15.3 14.8 12.6 11.8 14.8 39.8 
0.300 1.020 0.966 13.5 13,0 11.2 10.4 30.2 75.8 
0.350 0.972 0.920 11.2 10.6 9.2 8.8 85.2 177 
0.400 0.905 0.860 8.1 8.1 6.3 6.2 880 549 
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n number  of Faradays passed per uni t  advance-  
men t  of cell reaction 

G Gibbs energy, Gibbs function, Gibbs free 
energy, free enthalpy (I.U.P.A.C.) 

S entropy 
H enthalpy 
G defined by  Eq. [8] 
H defined by Eq. [9] 
S defined by Eq. [10] 
~E defined by  Eq. [11] 
eu entropy unit,  ca l /K 
K Kelv in  
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Molten Alkali Treatment of Alumina Surfaces 
for Bonding to Electroless Copper 

G. V. Elmore* and R. F. Hershberger 
System Products Division, IBM Corporation, Endicott, New York  13760 

The plat ing of copper upon  a sintered Al~O3 ceramic 
substra~e is a process of considerable usefulness to 
the pr inted circuit  industry.  Copper plat ing can be ac '  
complished by covering the A1203 with electroless 
copper and electroplating to the desired thickness. 
However, the resul t ing bond of the copper to the  u n -  
treated A1208 is weak. The use of boil ing acids, such as 
orthophosphoric has been advocated by Stalnecker (1) 
to improve the bond. Hydrofluoric acid has also been 
used in ceramics containing silica for improved ad-  
hesion (2). This investigation was under taken  to de- 
velop a satisfactory method of achieving an improved 
bond over that  previously attained. A comparison of 
the molten alkali  t rea tment  with various other t reat -  
ments  has been made by  Ameen, McBride, and  Phil ips 
(3). 

Test Procedures 
A pull  test was used as a method of measuring ~he 

bond between the copper and alumina.  The treated 
a lumina  was sensitized with SnC12 solution, activated 
with PdC12 solution, plated w i t h  electroless copper, 
and plated to 1.3 mils of copper with copper pyro-  
phosphate plating solution. A 150 mi l -d iameter  copper 
dot was etched upon the surface using photoresist 
techniques. To this dot was soldered a 150 rai l -diameter  
brass stud. The stud was first immersed in  molten 
solder and placed upon the fluxed Cu dot while the 
A1203 substrate  was heated above the solder mel t ing 
point. After  cooling, this was then placed in a special 
fixture designed to assure a direct vertical  pull. The 
setup was plaeed in an Ins t ron  tester, and the stud was 
pulled un t i l  a fracture occurred. 

Experimental Procedure 
The a lumina  used for most of the experiments  was 

a 96% A12Os with 4% glass binder,  commercial ly ob- 
tained. The t rea tment  process consists of etching the 
A1203 surface with mol ten alkali which attacks the 
glass binder  and the A120.~. Of the three common alkali  
hydroxides (KOH, NaOH, and LiOH), NaOH has the 
lowest mel t ing point  (328~ and was chosen for in-  
vestigation. The A12Os modules were first cleaned by  
t rea tment  in an alkal ine solution, rinsed, and then 
dipped in a concentrated solution of NaOH in water. 
The modules were placed on a stainless steel screen, 
and dried. Then, the alkali  was melted by placing the 

�9 Electrochemical Society Act ive  Member .  
Key words: a l u m i n a ,  me t a l l i z a t i on ,  bond .  

modules, while on a stainless steel screen, in  an oven 
at 450~ for 15 min. After cooling, the modules were 
rinsed with water, dipped in sulfuric acid solution, 
rinsed, and dried. The modules were placed on a screen 
during mel t ing to prevent  modules f rom sr to- 
gether. The modules were then sensitized, activated, 
plated, and  a 150 rail diameter  dot etched on the sur-  
face. 

Results 
Pul l  tests were performed on 17 modules t rea ted  

according ~to the above procedure. The pull  on the 159 
mil  dots etched in the copper, varied from 43 to 88 lb 
with an average value of 68 lb. These results can be 
compared with pul l  values of 20 ~to 25 lb on an un -  
treated module. 

In  addition, other tests were performed at lower 
temperatures.  For  these experiments  a eutectic mixture  
of 60% KOH and 40% NaOH was used; this mix ture  
melts at 167~ Nine modules were preclean,ed then 
dipped in a solution consisting of 330g KOH, 200g 
NaOH, and 400 ml  of water. The modules were heated 
at 170~ for 15 rain, rinsed treated with sulfuric acid 
solution, rinsed, and dried. Pul l  test on 150 mil  dots 
varied from 23 to 57 lb, with an  average value of 38 lb. 

Fig. 1. Untreated surfQce of sintered AI203 (2400X) 
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Fig. 2. Treated surface of sintered AI~O.~ (2400X) Fig. 5. Untreated surface of polycrystalline AI203 (1200X) 

Fig. 3. Untreated surface of another sJntered AI20~ (1200X) 

Fig. 4. Treated surface of the sintered AI203 (1200X) 

Scanning electron microscope (SEM) photographs 
were taken of the A1203 surfaces before and after 
t rea tment  at 450~ Figure  1 shows the untreaCed sur-  
face at 2400X while Fig. 2 shows the treated surface 
at  2400X. The micropits caused by the mol ten NaOH 
are quite evident  in Fig. 2. Figure 3 shows the un -  
treated surface of 96% At203, 4% binder  from a dif- 

Fig. 6. Treated surface of: polycrystalline AI20~ (1200X) 

ferent  source at 1200X, and the treated surface at 
12O0X is shown in Fig. 4. A sample of polycrystal l ine 
A1203 is shown before t rea tment  in  Fig. 5 at 1200X 
and the treated surface at 1200X is shown in Fig. 6. 
The attack on the polycrystal l ine mater ial  indicates 
that the A1203 itself is the  mater ia l  whose etching 
causes the bondable surface formation. 

Conclusions 
All the  Al~O3 samples indicate the molten NaOH at 

450~ attacks the A12Os surface creating a pitted sur-  
face which greatly improves the mechanical  in ter -  
locking of the electroless copper to the A1208 surface. 
The t rea tment  at 450~ using NaOH proved to be bet-  
ter  than t rea tment  at lower temperatures  using a 
eutectic mix ture  of NaOH and  KOH. 
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ABSTRACT 

Green emission (500 nm) under d-c field excitation has been observed with 
lead-doped ZnS powder phosphor layers, about 100 microns thick, at external 
applied voltages of 100V and current densities up to i0 mAcm -2. The condi- 
tions found to favor this emission are a high residual lead concentration, pref- 
erably greater than 10 -4 g-atoms per mole ZnS, and absence of copper and 
chlorine from the bulk of the crystal. The maximum power efficiency obtained 
so far is about 10 -5 at room temperature, increasing to 10 -3 at 77~ the room 
temperature efficiency of ZnS:Mn,Cu phosphors. The origin of the green emis- 
sion was sought from the luminescent spectra of undoped, copDer-doped, and 
lead,doped zinc sulfide under d-c, a-c, and 365 nm (Hg) excitation at both 
room temperature and 77~ Although copper centers may be introduced dur- 
ing the "forming" process the spectral evidence suggests that the DCEL emis- 
sion at 500 nm is from divalent lead adjacent to substitutional oxygen in the 
ZnS lattice. 

The practical applications of direct current  electro- 
luminescence (DCEL) in  I I -VI powder phosphors are 
at present  restricted to the properties of ZnS:Mn,  Cu 
phosphors, which emit broad band yellow light with a 
power efficiency up to 10 -a (1,2). In  an at tempt to 
extend the range of emission colors substi tut ion for Mn 
by  various dopants is being investigated, and in con- 
nection with this program the effect of incorporating 
rare  ear th  ions has already been reported (2,3). It  was 
found that  blue, green, and orange emission could be 
obtained from the appropriate rare earth ion dopant  
but  with a low efficiency under  d-c excitation of 10 -6-  
10 -5 . This means that  under  practical operating con- 
ditions the brightness of each of these devices would be 
less than  5 ft-L. The lower efficiency of rare ear th-  
doped phosphors compared with manganese-doped 
phosphors may be par t ly  due to the l imited solubili ty 
of rare earth ions in zinc sulfide (4). Consequently 
other classes of dopants have been tested, including 
some elements which have been used in a-c e:ectro- 
luminescent  phosphors. In  part icular  we have re -ex-  
amined lead-doped phosphors, preparing d-c electro- 
luminescent  phosphors and devices by the methods 
previously established for manganese  and rare ear th-  
doped phosphors. 

Lead, with copper and chlorine, has been used in the 
preparat ion of blue and green a-c phosphors, where 
it  was added in  small  amounts  to improve the emission 
from the copper centers (5,6). However, the quant i ty  of 
lead remaining al ter  firing was reported to be less than 
10 -4 g-atoms per mole ZnS, and it does not seem to 
have been used as the principal  or sole activator in  
practical electroluminescent  systems although it is 
known to give green photoluminescence in zinc sulfide 
(7-11). The green emission is centered at 490-505 nm, 
dependent  on the crystal structure,  and has been in te r -  
preted by Uehara as due to a localized t ransi t ion be-  
tween excited and ground states of divalent  lead at 

* Electrochemical  Soc ie ty  A c t i v e  M e m b e r .  
K e y  words:  direct  current  e l ec tro luminescence ,  lead doped  Z n S ,  

powder  ce l l s .  

zinc lattice sites. By analogy with excitation processes 
in ZnS: Mn phosphors there is a possibility that  green-  
emit t ing DCEL phosphors can be made from lead- 
doped zinc sulfide since in the methods developed for 
Mn-doped phosphors deliberate addit ion of copper is 
not essential, unl ike  the case for a-c electrolumines-  
cence. 

Phosphors have therefore been prepared with a wide 
range of lead concentrations, and at the higher con- 
centrations, greater  than 10 -4 g-atoms per mole ZnS, 
green DCEL emission was found. Both the spectral dis- 
t r ibut ion and efficiency of the emission are dependent  
on the lead concentrat ion as will be shown below and 
the nature  of the emission process is discussed as far 
as the present results allow. 

Experimental 
Phosphor preparation.--Halogen free zinc sulfide 

was used to prepare the phosphors, which were doped 
with lead by firing with lead carbonate in air or ni t ro-  
gen at 850~176 Copper and chlorine were in-  
corporated where needed by s lurrying with cupric and 
sodium chloride solutions, respectively. After  firing 
surface oxides were removed by t rea tment  with hot, 
concentrated acetic acid. Table 1 indicates the formu-  

Table I. Formulation and firing conditions of lead-doped 
phosphors 

Phosphor Preparative conditions 

Lead con- 
centration 

( g - a t o m s  
per m o l e  
ZnS) 

Z n S : P b  (10 -~) 

Z n S : P b  (5 • 10 -s) 

Z n S : P b  (1.5 • 10 -~) 
Z n S : P b  (4 x 10 -2 ) 
Z n S : P b  (4 x 10 -~) 

ZnS:Pb (6 • 10 -~) 
ZnS:Pb (6 • 10 -2) 

Fired in N2 at 850~ 12%, w/w, 10 -~ 
NaC1 

Fired in Ns at 850~ 12%, w/w, 8 x 10 -~ 
NaCI 

F i r e d  in  N2 a t  850~ no f lux  1.3 • 10 -5 
F i r e d  in  N~ a t  850~ no f lux  4.7 • 10 -s 
Fired in Ns at 850~ 3%, w/w, 8 • 10 -4 

NaCI 
F i r e d  i n  N~ a t  900~ no  f l u x  2 • 10 -4 
Fired i n  a i r  a t  950~ no f l u x  10 -2 

109 
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lat ion and typical firing conditions used for the pr inci-  
pal  phosphors examined. 

The residual  lead concentrat ion of several phosphors 
with different init ial  lead levels was estimated by  dis- 
solving the powder in 6M HC1 and measuring the ab-  
sorbance of the chloro-lead complex at 270 nm (12). 
A reproducibil i ty general ly  better  than 5% was found 
with this simple method and although interference 
from cuprous ions is possible there was no spectro- 
scopic evidence for the presence of these ions (Table 
I).  

Preparation o~ eleetroluminescent panels.DThe phos- 
phors were made into electroluminescent  devices 
("panels") by the methods already evolved for Mn-  
doped phosphors. This procedure has already been de- 
scribed in detail (1,2) and involves the following 
stages. Firstly, the phosphor particles are coated with 
a conducting copper-rich phase, and then, with the aid 
of an organic binder, spread as a thin layer (approx-  
imate ly  100~ thick) on a conducting glass surface. This 
surface provides the positive electrode, while  the neg- 
ative electrode is obtained by evaporating an a lumin-  
um film onto the phosphor layer. The cells are then  
encapsulated with a desiccant. In  the final stage, the 
"forming" process, a gradual ly  increasing d-c field is 
applied. The current  through the cell rises with the 
voltage until ,  at about 20 to 30V, the current  drops 
sharply and light emission begins. Earl ier  work es- 
tablished that  diffusion of copper from the copper-rich 
surface to the bu lk  of the phosphor particle takes 
place dur ing forming and operation, and therefore 
copper centers may be present even in those phosphors 
prepared without  deliberate addition of copper (2). 

Copper-coated Z n S : P b  phosphors show a similiar 
forming behavior  to that of ZnS:Mn phosphors, but  
when  silver sulfide was tried as a surface coating no 
forming process and no light emission could be ob- 
tained. Consequently it was not possible to el iminate 
copper centers arising from the copper coating. 

Evaluation o~ spectra and brightness.DPhoto and 
electroluminescent  spectra were analyzed with a Hilger 
and Watts D330 monochromator,  equipped with a 
Bausch and Lomb 600 lines per mm grating operated in 
second order, and a EMI 9558 photomultiplier.  A sim- 
il iar photomult ipl ier  was used for the photometric 
determinations.  

Results and Discussion 
Visible emission was obtained from all the phosphors 

listed in  Table I but  with considerable variat ion in 
spectral distr ibution and brightness, a variat ion that  is 
related to the lead concentration. 

Spectra.--The spectra and brightness both show a 
definite, if irregular,  t rend towards increased green 
emission with increase in lead concentration.  This can 
be seen on comparing Fig. 1 and 2 and Tables I and IIL 

t *~ / II 

"-,~ 7 40 --  ' .. 2 , 1 . 

400 500 600 700 

Nanometres 
Fig. 2. DCEI. spectra at room temperature. Curve 1, ZnS:Pb 

(4 x 10-2);  curve 2, ZnS:Pb (4 x ]0 -2) ,  3%, w/w, NoCI flux; curve 
3, ZnS:Pb (6 x 10-2). 

The electroluminescent  spectra of phosphors with low 
concentrations of lead are i l lustrated in Fig. 1 and the 
spectra of heavily doped phosphors in Fig. 2. When the 
lead concentrat ion is low, the most prominent  emission 
band is at 575 nm with minor, indist inct  bands in the 
b lue-green  region. The over-al l  emission is weak and 
in several cases a voltage greater than  150V had to be 
applied to obtain spectra. It was noticed that  the b lue-  
green bands showed a greater  increase in in tensi ty  
with voltage than  did the band at 575 nm. Thus 
over the range 80-180V at least the spectral emis- 
sion is slightly voltage dependent.  Since the level of 
lead in these phosphors is very  low it is interest ing to 
compare the electroluminescent  spectra with those of 
undoped but  copper-coated zinc sulfide and zinc sul- 
fide doped with copper (Fig. 3 and 4). At room temper-  
ature the DCEL emission of undoped zinc sulfide 
(Fig. 3) is very similiar to the spectra in Fig. 1. This 
suggests that at low lead concentrations, below ap- 
proximate ly  10-4 g-atoms per  mole ZnS, the presence 
of lead does not affect the spectral distr ibution of the 
emission which may be associated with copper, oxygen, 
or defect centers (13) in the mater ia l  or may be due to 
Mn contamination.  If undoped ZnS is fired in an at-  
mosphere of H2S, the resul t ing DCEL spectrum is 
identical to that of ZnS fired in N2 or air, i.e., the 
major  emission band is at 575 nm, although one would 
expect either a difference in the relative intensit ies of 
the different bands or a change in total in tensi ty  if 
oxygen centers are involved. Doping zinc sulfide with 
copper (5 • 10 -4 to 10 -3 g-atoms per mole) or cop- 
per and chlorine yields phosphors with the main  DCEL 
emission bands in the b lue-green  region (Fig. 4), not 
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Fig. 1. DCEL spectro at room temperature. Curve 1, ZnS:Pb 

(10-3),  12%, w/w, NoCI flux; curve 2, ZnS:Pb (5 x 10-~), 12%, 
w/w, NaCI flux; curve 3, ZnS:Pb (1.5 x 10-2). 

2 4 ~1 
109 -- .--" ,, "/ ' /~ 

f 4',\ 
80 / 

@ 60 / , 

40 
4 ~  

/ I I """ 
400 500 ' 600 700 

Nanometres 
Fig. 3. ZnS, copper coated but undoped. Curve 1, DCEL spectra 

at roam temperature; curve 2, DCEL spectra at 77~ curve 3, 
ACEL spectra at room temperature; curve 4, ACEL spectra at 77~ 



Vol. 12I, No. 1 GREEN D-C CURRENT ELECTRO LU MI N ES CEN C E 111 

100 

e- / \ ,  

m 

400 500 600 700 

Nonometres 
Fig. 4. ZnS: Cu(10-3). Curve 1, DCEL spectra at room tem- 

perature; curve 2, DCEL spectra at 77~ curve 3, ACEL spectra at 
room temperature; curve 4, ACEL spectra at 77~ 
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Nanometres 
Fig. 5. ZnS:Pb (6 x 10-2) .  Curve I ,  DCEL spectra at room tem- 

perature; curve 2, OCEL spectra at 77~ curve 3, ACEL spectra at 
room temperature; curve 4, ACEL spectra at 77~ 

at 575 nm, suggesting that the b lue-green  bands s e e n  
in  Fig. 1 are due to copper diffusing from the copper 
coating or to that  copper del iberately added with lead. 
The 575 nm band appears consistently in phosphors 
with a low dopant level but  is reduced in absolute and 
relative in tensi ty  by the presence of copper and if Mn 
contaminat ion was responsible for this peak one would 
expect it even in the presence of copper. The band at 
575 nm cannot  therefore be readi ly explained on the 
present evidence but the origin may lie with a sugges- 
t ion made recent ly by one of us (13) that this band i s  
due to a t ransi t ion involving one or more defect 
centers. 

As the proport ion of lead is increased a band at 
about 500 nm becomes the major  feature in the elec- 
t ro luminescent  spectra, (Fig. 2). It  is reduced in in -  
tensi ty compared to the 575 nm band  by the addit ion of 
sodium chloride flux which was therefore avoided dur -  
ing the preparat ion of the more heavily doped phos- 
phors in  order to produce a predominant ly  green emis- 
sion. These phosphors, with an ini t ial  Pb concentrat ion 
of 6 X 10 -2 g-atoms per mole ZnS, gave relat ively 
bright green electroluminescence with only a minor  
band  at 575 rim, if at all. Fi r ing in air seemed to give 
better  results, i.e., higher brightness, than firing in N2 
and this was adopted as s tandard practice. 

There is an apparent  simi!ari ty between the elec- 
t roluminescent  spectra of the heavily doped lead-doped 
phosphors and those of ZnS:Cu  phosphors. At room 
temperature  the lat ter  have emission bands at 490-520 
nm and this obviously raises the possibility that the 
green emission from the Z n S : P b  phosphors is due to 
the copper centers introduced from the copper coating 
and that  this process is somehow facilitated by the 
presence of lead. However the addition of copper to 
green-emi t t ing  ZnS: Pb phosphors reduces the EL out-  
put and raises the current  density to the point where 
the panel  may b u r n  out, about 80-100 m A  cm -2. 
A fur ther  test of the similari ty between lead-  and 
copper-doped phosphors was made by obtaining DCEL 
spectra at 77~K and the ACEL and photoluminescent  
spectra at both room temperature  and 77~ (Fig. 3- 
6). The similari ty shown by the room temperature  
DCEL spectra of Z n S : P b  and ZnS:Cu  disappears at 
77~ For lead-doped phosphors the spectrum changes 
little between room temperature  and 77~ but  in the 
case of ZnS:Cu  phosphors the single peak seen at 510 
nm at 300~ is resolved into two bands, at 455 nm 
and 510 nm. For both types of phosphor the ACEL 
spectra resemble the DCEL spectra, showing similar 
changes with temperature  (Fig. 4 and 5). F ina l ly  the 
photoluminescent  spectra of Z n S : P b  phosphors have 
been obtained under  365 nm Hg excitation and can be 
compared to the DCEL spectra. The peak maxima un -  
der uv excitat ion are close to the range of those 
found under  d-c excitation and those found by  p r e -  

loo - .~;r/~ 

,o_ 
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400 500 600 700 

Fig. 6. 365 nm excitation. Curve 1, ZnS:Pb (6 x 10-2) ,  at 77~ 
curve 2, ZnS:Pb (6 x 10-2) ,  at roam temperature; curve 3, ZnS:Pb 
(S x 10-2) ,  at room temperature, Uehara (11). 

vious investigations of the Z n S : P b  system ( 7 - i i ) .  In  
Tab]e II the mean wavelengths of the peak maxima are 
listed for the various methods of excitation. 

Brightness and efficiency.--The brightness  of the 
band at 500 nm has been estimated for the lead-doped 
phosphors from the net  photometric response and the 
spectral distribution, and can be found in Table III. 
At room temperature  the brightness of the most effi- 
cient phosphor does not exceed 4 f t -L  and the power 
efficiency is less than 10 -5. This is Jess by two orders 
of magni tude  than the brightness of ZnS:Mn,Cu phos- 
phors. However while measurements  were being taken 
of the variat ion of brightness with voltage and current  
it was found that some of the lead-doped phosphors 
showed efficiencies at 77~ equal to that  of the 
ZnS: Mn, Cu system at room temperature.  

Variation of brightness with voltage and current . -  
The relationship be tween brightness and voltage for 
cells made as described above have been found to be of 
the following form for Mn-doped phosphors (2) 

Table II. Peak maxima of luminescence for ZnS:Pb (6 x 10 -2 )  
phosphors under various excitations 

E x c i t a t i o n  P e a k  m a x i m a ,  n m  

R o o m  t e m p e r a t u r e  77=K 

d -c  f ie ld  497 "~ 7 497 ----- 2 
a - c  f ie ld 497 ~ 13 507 ----- 3 
365 n m  (Hg)  501 ~ 2 504 ----- 6 

494 [ U e h a r a  (11) f o r  Z n S : P b  
(5 X i0 -~) p h o s p h o r ]  

490 [ F o n d a  (7) Z n S : P b , C 1 ]  
485 (8) 
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Table III. Table IV. Numerical values of brightness~voltage constants, b 

P h o s p h o r  

T o t a l  B r i g h t -  E n e r g y  
b r i g h t n e s s  nes s  of  e f f i c iency  

at 1OOV g r e e n  b a n d  f o r  g r e e n  
( f t -L )  ( f t -L )  emiss ion  

a. E n c a p s u l a t e d  p a n e l s  a t  r o o m  t e m p e r a t u r e  

for g reen-emi t t ing  Z n S : P b  phosphors where  the 
brightness is plotted on a logari thmic scale against 
V -1/2. A fair ly l inear  plot can be seen in the samples 
shown in Fig. 7 which were  all encapsulated panels 
operated at room temperature .  For  comparison man-  
ganese- and rare  ear th -doped  phosphors are also 
plotted. Linear  plots are also found for the 575 nm 
band of undoped zinc sulfide (not included on the 
figure).  The slope of such plots has, in the case of a-c 
electroluminescence,  been related to the energy of ex-  
citation of the center  responsible for the emission in 
various phosphors (14) and it is interest ing to note 
therefore  that  al though the slope is different for each 
type of phosphor in Fig. 7, it does not seem to be re -  
lated to the emission energy, Table IVa. In the case of 
Mn-doped phosphors two intersecting straight lines 
could be drawn, in agreement  with as yet  unpublished 
observations on many  examples  of this type of phos- 
phor (15). 

P h o s p h o r  b (Volts1/2) 

e V e o r r e -  
s p o n d i n g  

to  e m i s s i o n  
b a n d  

ZnS:Pb (i0 -s) 4 • I0 ~ 5 • 1O ~ 1O -a 
ZnS:Pb (5 • 1O --~) 5 • I0 -~ 1O ~ 2 • 10 -6 
Z n S : P b  (1.5 x i0-2)  1O -s 1O 3 10 -7 Z n S : M n , C u  ( I )*  145 + 5 (55V) 2.16 
Z n S : P b  (4 x 1O-~} 8 x 1O - i  7.5 x 1O - i  3 • 1O -e Z n S : M n  (2) 175 ~- 5 (6OV) 2.16 
Z n S : P b  (4 x 10 -=) 2.5 • 10 -I 6 • 10 -~ 4 • 10 -~ Z n S : C u  (5) 177 -~ 5 2.45 ~- 0.05 

3% w / w ,  N a C I  Z n S : P b  (6 • 10 ~ )  (3) 137 ~- 10 2.5 ~ 0 . i  
Z n S : P b  (6 x 10-~) 1.5 to 2 1.5 to  2 8 x 10 -e Z n S : E r , L i  (6) 134 • 10 2.32 

fired in Ns Z n S : N d , N a  (7) 130 ~- 10 2.0 
Z n S : P b  (6 x I0  -2) I t o 4  I t o 4  6 t o 8  • I0  -~ 

fired in air b. Unencapsu la ted  panels  
R a t i o  of 

P h o s p h o r  b (Volts1/2) e f f i c ienc ies  

B --- A exp ( -  bV-1/2) ,/,/o K 

300~ ' /O~ 3 0 0 ~  
where  B is the luminance, V is the applied voltage, ZnS:Mn,Cu 89 1 1 8 ~ 1 0 ~  
and A and b are constants. Z n S : M n  1 0 7 -  '/ 150--b 1OJ 1 to 10 

A similar relat ionship has been looked for in Fig. 7 zns:cu 182 177 4 - 1 0  1.5 
Z n S : P b  (6 • 10 -2) 104 4- 10 185 "~ 30 10 to 500 
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Fig. 7. Brightness vs, voltage of encapsulated panels at room 

tempe~ture. Curve 1, ZnS:Mn,Cu; curve 2, ZnS:Mn; curve 3, ZnS:Pb, 
(6 x 10-2),  fired in air; curve 4, ZnS:Pb, (6 x 10-2),  fired in N2; 
curve 5, ZnS:Cu; curve 6, ZnS:Er, Li; curve 7, ZnS:Nd, Na. 

* N u m b e r  in  p a r e n t h e s e s  r e f e r s  to  t h e  n u m b e r e d  p l o t  i n  F ig .  7. 

The brightness was also measured for unencapsu-  
lated panels before and af ter  immersion in Hquid ni-  
trogen, and b values are given in Table IVb. Unencap-  
sulated panels seem to have different b values from 
encapsulated panels but  the most significant feature  is 
the change in brightness and efficiency of the different 
phosphors with change in temperature .  Whilst the 
brightness was lower  at 77~ in the case of Mn- 
doped phosphors an increase was found for several 
lead panels made from ZnS :Pb  (6 • 10 -2) phosphors. 
The difference in behavior  of the two types of phosphor 
was even more marked  on measur ing the power effi- 
ciencies at room tempera ture  and 77~ The ratio of 
efficiencies at 77~ and room tempera tu re  (290 ~ 
300~ is given in Table IVb and al though a wide 
range of values was found, there  is a clear difference 
be tween manganese-  and lead-doped panels. The ef- 
ficiency of several  lead panels increased by two orders 
of magni tude  on reducing the ambient  t empera ture  to 
77~ and they became comparable  in efficiency and 
brightness to ZnS:Mn,Cu phosphors at that t empera-  
ture, and one sample of a ZnS :Pb  phosphor was as 
efficient at 77~ as the manganese-doped  phosphors at 
room tempera ture  (10-~). 

Current  densities at room tempera tu re  for the lead- 
doped panels are ve ry  similar  to those of Mn-doped 
panels made by the same technique, that  is of the order  
10 -1 to 10 m A c m  -2 at 100V. The current  density falls 
to the range 10 -4 to 10 -2 m A  cm -2 at 77~ and a 
similar  decrease was also noted for Mn-doped phos- 
phors. Thus the difference in the t empera tu re  depen-  
dence of the efficiencies of Mn-  and Pb-doped  phos- 
phors may be due to greater  the rmal  quenching of the 
act ive centers in the la t ter  case. 

Origin oi the green emission.--In order to improve  
the room tempera ture  efficiency of the green emission 
of the  lead phosphors it would be useful to ident i fy the 
act ive  radiat ing centers involved.  A connection be- 
tween  these centers and the amount  of lead present  is 
clear  from the dependence of the brightness on the 
level  of residual lead (Table I I I ) .  Fu r the rmore  the 
spectral  evidence suggests that  the centers responsible 
for both a-c and d-c  electroluminescence are also re -  
sponsible for the photoluminescence,  so that  the con- 
clusions of previous investigations on the photolumi-  
nescence of lead-doped zinc sulfide are pertinent.  

The most comprehensive  invest igat ion to date is that 
of Uehara  (11) which fol lowed the earl ier  work  of, 
part icularly,  Fonda (7), Smit  and Kroger  (8), and 
Voev (9). The re levant  conclusions are that:  (i) green 
emission is found for lead phosphors prepared in the 
presence of oxygen or halogen, (ii) the solubil i ty of Pb 
in ZnS is 5 X 10 -5 g-a toms per mole (9), and (iii) 
the  emission band is centered at 490 nm in wurtzi te  
and 500 nm in zinc blende and is a t t r ibuted by Uehara  
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to the t ransi t ion sP2-1S0 of Pb ~ at zinc sites with 
oxygen or chlorine subst i tut ing for sulfur  in  adjacent  
sites. 

Thus the EL brightness of Z n S : P b  phosphors should 
be increased by increasing the effective concentrat ion 
of these centers, but  a l imit may have been reached 
already with an ini t ial  lead concentrat ion of 6 • 
10 -2 g-atoms per mole ZnS since this was found to 
correspond to a residual  lead concentrat ion of about 
10 -2 under  the firing conditions used and this level is 
far greater than the l imit of dissolved Pb in ZnS as 
found by Voev (9). Separate PbS and PbO phases must  
therefore be present  and it was found that increasing 
the ini t ial  lead concentrat ion beyond the  level stated 
above results in a dark  colored and rather  s intered 
powder with low DCEL efficiency. 

In  ZnS:Mn,Cu phosphors an efficiency of 10 -3 has 
proved adequate for practical use in electroluminescent  
displays, and this level can be reached by Z n S : P b  
phosphors at 77~ Since the behavior  of the current  
density at low temperatures  is, qualitatively, similar in 
both types of phosphor then either the excitation effi- 
ciency of the Pb center is more temperature  sensitive 
or the radiationless transi t ions are greater in the case 
of the lead-doped phosphors. The evidence gathered 
does not yet  indicate which is the temperature  sensitive 
step or steps. 
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Oxidation of GaAs _  Surface by Oxygen Plasma 
and Properties of Oxide Film 
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ABSTRACT 

This paper  presents a new technology for oxidizing a GaAsl-~Px (x ---- 0 ,~ 1) 
surface by oxygen plasma, produced by high-frequency discharge in oxygen, 
whose pressure is of the order of about 0.1 -~ 1.0 Torr. Growth rate of the 
oxide film is remarkably  high, and can be controlled by the oxygen gas 
pressure and the h igh-f requency field over a range of 50 A/sec to 1 ~/sec. The 
plasma-oxidized films have complex composition, including polycrystal l ine 
~-Ga208, GaAsO4, and GaPO4. The refractive index of these films measured 
by ell ipsometry reveals a dependence on the substrate mater ial  and on film 
thickness, and also distr ibution in the film, so that  the refract ive index changes 
from a value, corresponding to /~-Ga203 at the top surface, to the value ap- 
proximately  equal to that of the substrate mater ial  at the oxide-substrate  in-  
terface. Such dis tr ibut ion of the refractive index is useful for a t ta ining ol~tical 
isolation in  monoli thic optical integrated circuits. Fur thermore,  this technique 
has various applications, such as the surface passivation of GaAsl-zPx devices 
and dielectric isolation in  GaAs integrated circuits, fabricated on a semi- 
insulat ing substrate. 

To a t ta in  surface passivation of compound semicon- 
ductor devices and fabrication of insulated gate field 
effect transistors using a compound semiconductor, 
insula tor -compound semiconductor systems offer prac- 
tical interest.  However I I I -V compound semiconductors 
such as GaAs have a high equi l ibr ium vapor pressure 
and are easily decomposed at high temperature,  which 
is common to thermal  oxidation or chemical vapor  dep- 

Key words: oxide, gallium arsenide phosphide, plasma, surface 
passivation. 

osition, render ing poor results (1-4) and recognizing 
the necessity for low-tempera ture  processes. Low- 
temperature  chemical vapor deposition, deposition by 
glow discharge, and sput ter ing are examples of antici-  
pated low-tempera ture  processes; however, successful 
results have not yet been obtained. This paper presents 
a new technique for forming an  insulat ing film on 
GaAs l -xPx(x  ---- 0 ,~ 1) wafers. That  is, oxidation by 
plasma, produced by h igh-f requency discharge in 
low-pressure  oxygen gas. Characteristics of this tech- 



114 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  

nique, properties of oxide films, and application are 
described herein. 

O x i d a t i o n  
Plasma oxidation apparatus.--Oxygen plasma was 

generated in the apparatus shown in Fig. 1, a commer-  
cial pumping station with slight modifications. A fused 
quartz cap (diameter  6.0 cm and length 30.0 cm) is 
placed on the top of a bell jar  (diameter  30.0 cm). 
Oxygen was supplied through a needle valve from a 
bottle. A 420 kHz, h igh-f requency field was applied 
through the 9- turn  coil, sur rounding the cap. 
GaAsl-xPx substrate,  supported by an a lumina  or fused 
quartz rod, was inserted into the middle of the plasma, 
electrically isolating the substrate from the earth. 

Oxidation rate.--The oxidation rate was strongly 
dependent  on the plasma condition. Figure 2 indicates 
the relat ion of output  of an Alumel-Chromel  thermo-  
couple inserted into the plasma at the pressure of 
oxygen gas, measured by a Pi rani  gauge and the anode 
voltage of the h igh-f requency oscillator, whose maxi -  
m u m  output  was rated at 15 kW. By raising the anode 
voltage, glow discharge (whose tempera ture  measured 
by the thermocouple was between 150 ~ and 200~ 
started initially. The glow discharge produced no 
appreciable oxide film on the substrates. However, 
in  the br ight  discharge which we called oxygen plasma, 
very rapid oxidation occurred. Examples of the oxida- 
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tion rate are shown in Fig. 3(a) ,  (b), and (c), showing 
the ini t ial  delay of oxidation, perhaps due to delay of 
the substrate temperature,  and the saturat ion tendency 
with time. In  rather  high-pressure plasma, the oxida- 
tion rate is extremely high, reaching 1 ~/sec, but  in 
low-pressure plasma, it is moderate, at 50 A/sec. It 
was determined from these results that the oxidation 
rate can be controlled by adjust ing the oxygen gas 
pressure and the anode voltage of the high-frequency 
oscillator. For dependence of the oxidation rate on 
surface orientat ion of the substrates, no appreciable 
difference is evident  except for an extremely thin film. 

Masking by Al  f i lm.--Evaporated A1 film thicker 
than 5000A was effective in prevent ing  oxidation, 
render ing it useful  as a mask for selective oxidation. 
Effect of the window opening of the A1 mask on oxide 
thickness is i l lustrated in  Fig. 4. For  a window whose 
opening is 10#, the oxide thickness is decreased by 
about 10%. 

Propert ies of O x i d e  Fi lms 
Chemical properties.--Oxide films grown on GaAs 

substrates are qui te  stable and practically insoluble in 
various acids and alkalis. Boiling in HC1 acid etched 
them at the rate of 50 ,-~ 80 A/min .  On the other hand, 
oxide films grown on GaAs0.6P0.4 and GaP were easily 
soluble in  acids and alkalis. The etch rate in 5% HF 
was 500 ,~ 1000 A/min. 

Electrical properties.--Electrical properties of oxide 
films were evaluated by the current-vol tage  charac- 
teristics of M OS structures. A typical I -V character-  
istic of a GaAs MOS diode possessing oxide film (3.5~ 
thick) and an A1 electrode (1 mm diameter)  is shown 
in  Fig. 5. Region (1) in Fig. 5 can be explained by the 
Poole-Frenkel mechanism, assuming the dielectric 
constant  of the oxide as 4; region (2) can be at t r ibuted 
to Schottky emission, assuming the dielectric constant  
as 5.2. 

Roughly speaking, resistivity of the oxides ranged 
from 108 to 101~ ohm-cm. 
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Optical properties.~The average refractive index 
of the oxide films was measured by spl i t -beam ellip- 
sometry, using a monochromatic light source of 5461A 
wavelength with the angle of incidence main ta ined  
constant  at 70 ~ Optical constants of GaAs, GaAs0.~Po.4, 
and GaP at k ~ 5461A, assumed for calculation of the 
ellipsometric chart, are (5) (6) 

7tGaAs = 3.923 , kOaAs = 0,304 
TI, GaAs0.6P0.4 ~ 3.840 , kGaAs0.6P0,4 = 0.100 
noaP = 3.565 , kGaP ---- 0.000069 

AS shown in Fig. 6, oxide films with different thick-  
nesses have a different average refractive index. Curve 
A in Fig. 6 shows the refractive index for the films on 
GaAs. Curve B shows that  of GaAso.6P0.4, and curve 
C shows that  of GaP. The average refractive index of 
oxide films on GaAs and GaAso.6Pu, indicated by the 
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thick, solid-line curve, has a peak value of about 2.5, 
whereas that  of GaP does not. 

These results imply that  the oxide films lack uniform 
composition, and the difference of these relations of 
the substrate mater ia l  seems to be due to the varying 
vapor pressure of arsenic and phosphor. To determine 
distr ibution of the refractive index perpendicular  to 
the surface of films on GaAs0.6P0.4 and on GaP, the 
oxide was step-etched by 5% HF acid. After each 
etching, the average refractive index of the remaining 
film was measured by ellipsometry. The results are 
indicated by  the b roken- l ine  curves in  Fig. 6. 

Based on the above results, dis tr ibution of refractive 
index through the oxide films on GaAso.sP0.4 and GaP 
can be estimated as shown in  Fig. 7. 

Structural properties.--Electron beam diffraction 
pat terns also reveal the complex s t ructure  of those 
oxide films. 

A few of the electron diffraction pat terns are shown 
in Fig. 8. 

Table I summarizes the results obtained for some of 
the oxide films, which can be related to the optical 
properties. 

In  the first stage of oxidation corresponding to a 
film thickness less than about 1000k, the oxide films 
on GaAs and GaAs0.6P0.4 are mostly composed of poly- 
crystall ine ~-Ga20~. This suggests that  arsenic is al- 
most completely vaporized from the GaAs and 
GaAs0.eFo.4 surface during oxidation. 

The thicker the oxide film becomes, the less the ar-  
senic becomes vaporized. This results in a n  increase of 
the average refractive index with the oxide thickness. 
The thin oxide film on GaP is mostly composed of poly- 
crystal l ine ~-Ga20~; however,  the 1000k-thick film 
on GaP includes more GaPO4 than  GaAsO4 included 
on GaAs. The refractive index decreases with oxide 
thickness. This implies tha t  ar~ accumulat ion of phos- 
phor occurs at the interface, even dur ing the early 
stage of oxidation, caused by  the vapor pressure of 
phosphor being lower than  that  of arsenic. 

For the second stage of oxidation, corresponding to 
a film thickness ranging from about  1000A to 1~, com- 
position of the oxide films on GaAs and GaAs0.6P0.4 
are a mixture  of polycrystal l ine p-Ga~Os and GaAsO4 
or GaPO4. The average refractive index becomes maxi -  
m u m  at a thickness in this region. This suggests that  
less arsenic is vaporized in  this oxidation stage, caused 
by a masking effect of the previously formed ~-Ga~O~ 
film. The oxide film on GaP thicker than  2000A is 
composed of polycrystal l ine GaPO4, and the average 
refractive irgiex also approaches the value of bu lk  
GaPO~. 

For the final stage of oxidation, corresponding to 
film thickness beyond 1#, composition of the oxide on 
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Fig. 8. Electron diffraction patterns of GaAso.6Po.4 

GaAs and GaAs0.eP0.4 is orientated polycrystal l ine 
GaAsO4 and a mixture  of GaAsO4 and GaPO4, respec- 
tively. In  the case of GaAs oxidation, a change of 
composition of the oxide as a function of time and a 
dis t r ibut ion of composition as a funct ion of depth is 
schematically indicated in Fig. 9. Chemical s tabil i ty 
of the oxide films on GaAs is much better  than that  of 
GaAs0.6P0.4 and GaP. This is also related to the struc-  
tu ra l  properties of each oxide film, based on the fact 
that  oxide on GaAs includes much ~-Ga203 which is 
chemically stable. 

In  any  case, anneal ing  at 300~ for 60 rain in oxygen 
renders  the oxide s tructure amorphous, decreases the 
film thickness by about 5%, and increases the average 
refractive index by about  0.1. 

Applications 
Dielectric isolation in GaAs monolithic integrated 

circuits.mCross-sectional views of the GaAs wafers 
in  each process of dielectric isolation in a GaAs mono-  
lithic integrated circuit are schematically shown in Fig. 
10. An active GaAs layer  is epitaxially grown on a 
semi- insula t ing GaAs substrate, and A1 film is evap-  
orated on it and photolithographically etched to form 
a mask for selective oxidation. Then the wafer is oxi- 
dized by oxygen plasma. The oxide penetrates through 
the epitaxial  layer, reaches the semi- insula t ing sub-  
strate, and forms islands of epitaxial  GaAs, isolated by 
the oxide and the semi- insula t ing  substrate. The A1 
mask is etched away by HF acid finally. 

The isolation property was evaluated by the cur ren t -  
voltage characteristics between two islands, as shown 
in  Fig. 11. In  much the same way as in  the above isola- 
tion process, prefabricated pn junct ions were isolated 
as shown in Fig. 12. The pn junct ion was slightly dam- 
aged dur ing the oxidation process as indicated by the 
broken curves in Fig. 12 in comparison with the solid- 
l ine curves, which indicated I -V characteristics of the 
pn junct ion  obtained by mesa-etching for monitoring.  
However, in both cases, the epitaxial  layer and pn  
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Fig. 9. Model of plasma oxidation process and profiles of GaAs 
substrate. 

junct ion  were not seriously damaged dur ing the oxi- 
dation process. 

Surface passivation of light-emitting diodes.--Sur- 
face passivation of l ight-emit t ing diodes by this tech- 
nique is accompanied by an improvement  of their ex- 
ternal  eff• of light emission. Extensive studies on 
the rel iabil i ty of passivated devices by this oxide film 
have not yet been completed, al though a small  degree 
of improvement  in the external  efficiency of GaAso.6Po.~ 
l ight-emit t ing diodes was evident. Distr ibution of the 
refractive index through the film can be conceived as 
that shown in Fig. 7; consequently, improved optical 
matching between the l ight-emit t ing medium and  the 
oxide film is expected. 

Optical isolation in optical integrate,d circuits.-- 
GaAso.6Po.4 with a pn junct ion on GaAs substrate was 
used as a wafer. The wafer was oxidized selectively 
unt i l  the oxide reached the GaAs substrate, forming a 
strip of GaAso.6Po.4 layer  that was isolated electrically. 

Table I. Structure of oxide films 

Film Refrac t ive  
Substrate thickness index Structure Composition 

Undoped GaAs (1OO) 590A 1.87 Polycrystal l ine •-Ga2Os 
llOOA 2.49 Polycrys tanine  ~-Ga~O8 + GaAsO~ 
1 ~lgsg0A 1.97 Oriented polycrystall ine GaAsO4 

Annealed,  2.60 Amorphous 

Te(l .45 • 10 z7 cm -~) 490Jk 1.65 Polycrystal l ine B-Ga2Oa 
doped GaAso.ePo.~ IISOA 1.62 Oriented polycrystalHne ~-Ga~Os 
(100) 2/z 2.325 Oriented polycrystal l ine GaPO4 + ~-Ga=O3 

Annealed,  970A 2.27 Amorphous 

Undoped GaP (100) 490A 1.57 Polycrystal l ine B-Ga2Oa 
1060A 1.76 Oriented polycrystall ine ~-Ga~Oa + GaPOt 
2710A 1.63 Polyerystal l ine GaPO6 

Annealed, 1180A 1.92 Amorphous 
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When light is emitted from a part  of the strip, the light 
passes through the GaAs0.sP0.4 layer, which possesses a 
self-focusing characteristic because of distr ibution of 
the refractive index in  the oxide film, as shown in Fig. 
7. A pre l iminary  exper iment  revealed a 3 db improve-  
men t  of the a t tenuat ion constant of a GaAs0.6P0.4 strip 
about 550~ wide in comparison with the air-isolated 
GaAso.eP0.4 strip. 

Conclusion 
It  has been found that  plasma oxidation has an ex-  

t remely high oxidation rate on the surface of 
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layer  

GaAsl-~Px substrate, and the rate can be controlled 
from 50 A/sec to 1 ~/sec by oxygen gas pressure and 
anode voltage of the oscillator. 0.5~ thick A1 film func-  
tions well as a mask for selective oxidation and assists 
this technique in becoming compatible with the photo- 
lithic process. 

St ructural  and optical properties of the oxides are 
not uniform throughout  the film. The oxides include 
fl-Ga2Os, GaAsO4, and GaPO~, and the composition 
ratio varies in depth. The average refractive index 
measured by  spl i t -beam ell ipsometry also changes wi th  
film thickness, and it is estimated that  the refractive 
index is distr ibuted from the oxide-substrate  interface 
(where it has a value very  close to that  of the sub- 

strate) to the surface of the oxide (where  it has the 
value corresvonding to that  of ~-Ga203). 

Such dis tr ibut ion of the refractive index is expected 
to be useful in the optical integrated circuits of l ight-  
emit t ing diodes, an improvement  of the optical char-  
acteristics of those devices, and for surface passivation. 
A flow of Schottky emission current  and Poole-Frenkel  
current  through the oxide film has been observed, 
whereby  resist ivity of the oxide ranged from 10 s ohm- 
cm to 1010 ohm-cm, sufficient to cause dielectric isola- 
t ion in GaAs monoli thic integrated circuits. Physical 
mechanisms of the rapid oxidation of GaASl-xPx by 
oxygen plasma are not yet  known,  nei ther  have exten-  
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sive studies on applications of this technique been con- 
ducted. Such problems will  be pursued subsequently.  
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Oxidation Characteristics 
of Some Nickel Alloy Films 

in Air and Water Vapor 
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ABSTRACT 

EIHpsometric techniques were used to study the oxidation of Ni, Ni-Cr, and 
Ni-P deposits. Oxidation was carried out at temperatures ranging from I00 ~ to 
500~ in different ambients including air, saturated water vapor, and gas mix- 
tures containing oxygen at 0.05 and 0.5 atm, respectively. The optical constants 
n and k of fresh deposits were found to undergo change on heating. Typically, 
n decreased and k increased, both saturating at longer times. The oxidation 
of Ni, Ni-Cr, and Ni-P was found to be a three stage process. At temperatures 
below 390~ mainly oxygen is absorbed; while above this temperature a sur- 
face oxide layer is formed. The third stage occurs at 400~ and for long 
times where the films become anisotropic or inhomogeneous. The optical 
constants of the oxide layers formed on all three metals were found to be 
nearly the same, and their values to be close to those of NiO. The oxidation in 
different oxygen pressures indicated that water vapor plays a role in the 
oxidation process. The oxidation in water vapor could not be accounted for by 
the oxygen normally present in water as a dissolved gas. 

The s t ructure  of freshly deposited Ni-P films has been 
reported (1) to be of a polycrystal l ine island type. On 
heating it undergoes a chemical phase transition, the 
final products (2) being Ni and Ni~P. Marton and Chan 
(3) have determined the optical constants of Ni -P  films 
annealed in hydrogen to be n -- 2.15, k --- 2.75. The 
oxidation of Ni -P  films has also been studied (3, 4). It  
w a s  found than  an oxide film grows only above 280~ 
and that  it is a two phase mixture  of NiO and PeOn. 
The optical constants of the oxide were found to de- 
pend on thickness of oxide film and the saturated val-  
ues were determined to be n ---- 1.3, k = 0.15. The effect 
of water  vapor on the oxidation process and on the 
oxide layer has not been studied before. 

The oxidation of bulk Ni (5-7) and Ni-Cr at high 
temperatures  (8-10) has been shown to follow Wag- 
net ' s  parabolic law. Very li t t le is known, however, 
about the behavior of films of these metals at tempera-  
tures below 500~ Oxidation of Ni in water  vapor 
has been studied by some investigators (11, 12). Al-  
though the mechanism of oxidation in water  vapor is 
not clearly understood, it is known (10) that the rate 
of oxidation in water  vapor is lower than that in air 
by a factor of three. Rhamel  (13) studied the oxida- 
tion of Ni at 100O~ in oxygen alone and with 43% 

Key words: ellipsometry, nickel alloy films, oxidation, effect of 
moisture. 

water  vapor. His results indicated that the presence of 
water  vapor does not alter the rate of oxidation. 
Roberts (14) and Meyerson (15) have determined the 
optical constants of bulk  Ni from reflectance studies to 
be n = 1.66, k = 3.39. Roberts (14) also found these 
constants to change with temperature.  Optical con- 
stants of Ni-Cr have not been reported in the l i tera-  
ture. 

In the present investigation, we have determined op- 
tical constants for films of Ni, Ni-Cr, and Ni -P  in the 
thickness range of 1000-1500A and studied their  var ia-  
tion with temperature.  We also studied the oxidation 
of these films in the tempera ture  range of 100~176 
in different ambients  including air, water  vapor, and 
gas mixtures  in which the part ial  pressure of oxygen 
was 0.05 and 0.5 atm, respectively. The thickness of the 
oxide film and its optical constants were calculated in 
each case. Finally,  we investigated the effect of water 
vapor on the oxide layer formed on Ni, Ni-Cr, and 
Ni-P films. The information found enabled us to con- 
struct working models of the oxidation process of these 
metals. The results also indicated that the oxide film 
on the three types of film studied consists main ly  of 
NiO. 

Experimental 
Sample preparation.--Nickel and nichrome films 

were made by thermal  evaporation of these metals in 
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vacuum ( ~ 4  • 10 -6 Torr)  on Pyrex  glass substrates, 
1 in. square and 1/4 in. thick. An NRC 3116 vacuum 
coater, with an a lumina-coated  tungsten boat as 
source, was used for evaporation. Deposition was car-  
ried out at room tempera ture  at the rate of about 
200A/min. The thickness of the deposit was cont inu-  
ously moni tored by a S loan-Omni  II deposit control 
master.  Films were  grown to 1200-1500A thickness. 
Nickel phosphorous films were  made by electroless 
deposition of the meta l  on Py rex  glass substrates. For  
cleaning and activation of the substrates and deposi- 
t ion of the metal, we followed accepted procedures (1). 
Thickness of the deposit as measured by the Angs t rom-  
mete r  was in the range of 1200-1500A and the com- 
position was maintained at 16 atomic per cent (a /o)  
phosphorous. The Ni-P  was removed from one side 
of the glass substrate by rubbing the surface wi th  aqua 
regia. This was necessary in order to enable ell ipso- 
metr ic  measurements  to be made at the glass meta l  
interface by second surface reflection. 

Therma~ o~idation of savnples.--The specimens were  
subjected to hea t - t r ea tmen t  at t empera tures  ranging 
from 100 ~ to 500~ for times ranging f rom 10 to 
1000 min. This was done in different ambients  includ-  
ing air, saturated water  vapor, and two oxygen-n i t ro -  
gen mix tures  containing oxygen  at 0.05 and 0.5 atm, 
respectively.  The exper imenta l  a r rangement  consisted 
of a quartz tube, 3 in. in diameter,  placed in a th ree-  
zone low- t empera tu re  furnace. A quar tz  boat was used 
to introduce the sample. The tempera ture  gradient  
along the length of the boat was de te rmined  to be 
less than 1 ~ After  the sample had been heated in the 
desired a tmosphere  for the required period, it was 
wi thdrawn from the furnace and al lowed to cool in 
air at room temperature .  

EllipsometTic ~neasurements.--Measurements were  
made on freshly deposited samples and after  each 
period of heating. All  measurements  were  carried out 
in air at room tempera tu re  using a Rudolph thin film 
el l ipsometer  Model 43603-200E in a convent ional  man-  
ner. The parameters  /k and ,I, were  measured at both 
the air and the glass surface of the metal. The lat ter  
were  used to calculate optical constants, n and k of the 
metal  by second surface reflection (16). Optical con- 
stants of the metal  were  also determined by the mul t i -  
p le-angle  of incidence method (17). The results  ob- 
tained from the two methods agreed only when the 
oxide was nonabsorbing or very  sl ightly absorbing 
(k ~ 0.05). When the oxide was more absorbing the 
results var ied by 20-25%. In such cases, the optical 
constants obtained from second surface measurements  
were  taken. 

The second surface el l ipsometric measurements  were  
carr ied out at two different angles of incidence be tween 
65 ~ and 75 ~ in all four zones. One of the cri ter ia  used 
for computer  i terat ion was that  the oxide film thick-  
ness be independent  of angle of incidence. The re-  
sults discussed below are  averages of 8 readings for 
each sample in each state of oxidation. In all  measure-  
ments  the el l ipsometer  was operated at ~ ---- 5461A 

A n a l y s i s  of  t h e  D a t a  
The in terpre ta t ion of el l ipsometric data in terms of 

the optical constants and thickness of the oxide film is 
based on the Fresne l  and Drude equations. An  i tera-  
t ive computer  program, similar  to McCrackin and Col- 
son (18) was used for the actual calculations. This 
program is designed to calculate optical constants of 
the oxide film and its thickness if the optical con- 
stants of the substrate  are known. An expected range 
is specified for the optical constants of the oxide film. 
The final values for optical constants  and film thick-  
ness are obtained by i terat ing the program for best 
possible convergence.  

In terpre ta t ion  of the el l ipsometric data in terms of 
a surface oxide film is possible only if the oxide film 
is of uni form thickness, isotropic, and homogeneous.  
I t  was found that  el l ipsometric data on samples heated 
at lower  temperatures ,  i.e., 100~176 did not  yield a 

sat isfactory and acceptable solution in terms of a sur-  
face oxide film. This could be due ei ther  to the absence 
of a surface oxide or to ex t reme inhomogeneit ies  in the 
initial stages of oxide growth. Since the measurements  
were  not made in situ under  ul tra  high vacuum con- 
ditions, it is also possible that  a thin oxide layer could 
have been masked by the adsorbed gas on the surface. 
As the oxide thickness would grow, the effect of the 
adsorbed gases would be less pronounced. Engell, 
Hauffe, and I lschner have repor ted  (19) oxide film 
thickness of the order of 700.& at 400~ for bulk 
nickel. They have measured volumetr ica l ly  the amount  
of oxygen consumed. However,  there is no direct mea-  
surement  of the thickness of the oxide layer  ei ther on 
bulk nickel or on deposited Ni film. 

Al though the data for low tempera tures  of heating 
could not be in terpre ted  in terms of a homogeneous 
oxide layer, meaningful  results were  obtained with  the 
help of Maxwel l -Garne t t  theory  (20). The changes in 
the optical propert ies of the surface were  in terpre ted  
as caused by absorption or desorption of gases. For  
tempera tures  of hea t - t r ea tmen t  at and above 300~ 
the observed • and ,I- could be in terpre ted  in terms of 
a surface oxide film. Again when nickel and nickel 
phosphorous were  heated in air at 400~ for longer  
periods (~200 min or more)  or at higher  temperatures ,  
the observed data failed to give a satisfactory solution 
in terms of thickness of oxide film. 

Resul ts  a n d  Discussion 
Ell ipsometer  readings A and ,I, measured at 70 ~ angle 

of incidence for some samples of Ni, Ni-Cr, and Ni -P  
are plotted in Fig. i. The samples were  heated in air 
at tempera tures  of 300 ~ and 400~ for various times. 
In the figure, the oxidation t ime progresses from right  
to left. Results of the various interpretat ions of the 
ell ipsometric data are presented below. 

Optical constants o] the metals.--Optical constants of 
f reshly deposited Ni films were  de termined  to be n 
1.9 • 0.1 and k ---- 3.5 • 0.1. When they were  heated 
in air and water  vapor, both n and k showed a de- 
crease, saturat ing at n ~ 1.7 and k ~ 3.4. For N i -P  
films, the optical constants were  found to be n = 2.6 • 
0.1, k ----- 2.6 • 0.1. On heating, n decreased and k in-  
creased, both saturat ing at long times. The saturat ion 
values of the optical constants (n _-- 2.15, k ---- 2.78) 
are also in close agreement  wi th  those repor ted  by 
Marton and Chan (3) for N i -P  films annealed in hy-  
drogen. 

Optical constants of Ni -Cr  (Ni 80%, Cr 20%) have  
not been repor ted  in the l i te ra ture  before. For  freshly 
deposited nichrome films (1000-1500A), we determined 
the optical constants to be n ---- 2.5 • 0.1, k : 3.4 • 0.1. 
The changes in the optical constants on heat ing were  
similar to those for Ni-P.  The saturat ion values of the 
optical constants were  found to be n ~ 2.25, k ~ 3.48, 

I I I I I I I , 
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75  80 85 90  95 I00 Ao105 

Fig. 1. Plot of A and ~ measured at 70 ~ ongle of incidence on 
Ni, Ni-Cr, and Ni-P samples oxidized in air at 300 ~ and 400~ 
Time progresses from right to left. 
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Fig. 2. Variations of n and k of metal films of Ni, Ni-Cr, and Ni-P with time of heating at 400~ (a, left) Changes of n, (b, right) 
changes of k. 

Figures 2a and 2b show the var ia t ion of n and k for 
Ni, Ni-Cr, and Ni -P  at 400~ 

Ni -P  films are known to undergo compositional and 
crystal l ine changes during heating. Pal  and Marton 
(4) have found that  ini t ia l ly  the Ni -P  film is a fine 
grain polycrystal l ine material .  Upon heating, the film 
is t ransformed into a two phase mix ture  of Ni and 
NisP. These changes may  also account for the observed 
var ia t ion in optical constants. Roberts  (14) and Nag 
(21) also have reported a t empera ture  dependence of 
optical propert ies  of nickel. Adams and Rao (22) have 
suggested that  part  of the changes in the optical con-  
stants of thin films on heat ing may be due to anneal ing 
of defects. It is reasonable to assume that  the changes 
in the optical constants of our films are caused by 
some of the above processes. 

Growth o~ oxide in air and water vapor. Parameters  
and -I, measured on samples that  were heated be tween 

300 ~ and 400~ were  in terpretable  in terms of a sur-  
face oxide film. Analysis of n and ,I, yielded the th ick-  
ness of the oxide film and optical constants of the 
oxide. The growth of oxide film appears to be mo-  
notonous for tempera tures  above 300~ When the 
samples were  heated in water  vapor, the rate of oxide 
growth was found to be considerably less than that  in 
air. The optical constants of the oxide are found to be 
thickness dependent  in all the three materials.  F igure  
3 i l lustrates the growth of oxide film on Ni, Ni-Cr, and 
Ni -P  in air and water  vapor  at 400~ Figures 4a and 
4b show the var ia t ion of optical constants of oxide 
films with thickness in these materials.  

On inspection of Fig. 3 and 4 we see that the rate  of 
oxidation in the t ime in terva l  observed, is highest for 
Ni and lowest for Ni-Cr,  and that  the saturat ion values 

900  I | i 
- -  AIR 

- - -  WATER VAPOUR 
6 0 0 -  D .i ~ o ~ ' ~  

o N~-~. ~ 
400- ~ Ni-c, ~ - - - - - - - n ~  

d(~.)  
/ "  . . . . . .  o - - - - - _ -  

200- / ____o- - _z~- - - 

100- - -~ . - ~- ~ o ~ O  ~ (  

70_~-" / o  . . . .  o . . . .  o - - -  

5 0 -  ~ /  ~ 0 ~  

I I ] 
I0 30  I 00  300  I000 

t (min)  

Fig. 3. The thickness of oxide films on Ni, Ni-Cr, and Ni-P at 
400~ with time, grown in air and water vapor. 

of n of the oxide formed in all three  cases are 
ve ry  close. The common value  is approximate ly  1.4. 
The k values do not show the same trend, but  for all 
three  oxides they have a low value. The comparison 
of these values wi th  those of bulk NiO (n ~ 2.36, k = 
0.05) reported by Powel l  and Spicer (23) is not favor-  
able. Recently, however,  Blondeau et aL (24) de ter -  
mined the optical constants of NiO in thin-f i lm form, 
which compare well  with our results. They used 
ell ipsometric techniques for an in situ study of anodic 
oxidation of nickel, and found the optical constants to 
be n = 1.34, k _-- 0.04. 

Oxidation at diEerent oxygen pressures.--It  is ap- 
parent  from Fig. 3 that  the rate  of oxidat ion for all 
three metals in water  vapor is less than that  in air. 
To gain a bet ter  unders tanding of the mechanism of 
oxidation in wate r  vapor, we  carried out oxidat ion of 
the three  metals  at two different oxygen pressures. We 
mixed oxygen and ni trogen at different pressures to 
achieve 0.05 and 0.5 atm pressures of oxygen. Samples 
of Ni, Ni-Cr,  and Ni -P  were  heated at 300 ~ and 
400~ in these two gas mixtures  separate ly  for various 
lengths of time. The thickness of the oxide film was 
calculated from ~ and ,t, for each period of heating. The 
result  of these measurements  for Ni are shown in Fig. 
5 where  the thickness of oxide film has been plotted 
vs. oxygen part ial  pressure. The oxide film thicknesses 
at 300~ are shown for 100 and 200 min  of heat ing 
time. Thickness values corresponding to 0.05, 0.21, and 
0.5 atm are found to lie on a straight line. The thick-  
ness of the oxide which forms in water  vapor does 
not lie on this line. This deviat ion cannot be accounted 
for by exper imenta l  errors. These results seem to in- 
dicate that  the observed rate  of oxidation in water  
vapor  is higher  than is to be expected on the basis of 
oxygen dissolved in water.  The mechanism of oxida-  
tion in wate r  vapor  is not c lear ly  understood. It  is 
possible that  water  vapor  might  act as a catalyst  in 
this process. Figure  6 shows the results of measure-  
ments for Ni, Ni-Cr,  and Ni-P.  The samples were  
heated at 400~ for 100 min at various oxygen pres-  
sures. F rom Fig. 6 we see that  the conclusions d rawn 
for nickel f rom Fig. 5 also apply to Ni -Cr  and Ni-P.  

EI~ect of water vapor on the oxide layer . - -We also 
studied the effect of water  vapor  on the oxide formed 
on the three metals. Samples of Ni, Ni-Cr,  and Ni -P  
with  a sufficiently thick oxide layer  (~500A) were  
subjected to heat ing in water  vapor at 100 ~ and 
200~ for periods up to 1000 min. In the case of the 
Ni -P  samples, we found the oxide thickness to de-  
crease by 13-15%. The decrease in the thickness of 
oxide film is of the same order  as the phosphorous 
content  of the Ni -P  film. This suggests that the de- 
crease is caused by removal  of phosphorous f rom the 
surface by the water  vapor. Pal  and Marton (4) have 
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of k. Note that n approaches the NiO value far large thicknesses. 

found that  NiO and P205 are present  in the oxide layer  
on Ni-P film, thus it may be P2Os that is dissolved and 
is removed from the surface. In the case of Ni and 
Ni-Cr, no significant change in the thickness of oxide 
film was observed. 

Maxwell-Garnett  interpretat~on.--It was ment ioned 
above that the ellipsometric data on samples heated 
below 300~ and the data on samples heated at 400~ 
for long periods could not be interpreted in terms of a 
surface oxide film. The failure to interpret  the low 
tempera ture  data may be understood if we adopt the 
ideas of Lederick and Bellina (25), Marton and Chan 
(3), and Pai  and Marton (4) who visualized the low 
tempera ture  oxidation process as a selective oxygen 
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Fig. 5. The thickness of oxide film on Ni, heated at 300 ~ and 
400~ as function of oxygen pressure. 
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Fig. 6. Thickness of oxide films on Ni, Ni-Cr, and Ni-P heated at 
4000C for 100 rain, as function of oxygen pressure. 

absorption on the surface, ra ther  than the formation of 
a uniform oxide layer. The optical properties would 
then be described in terms of the Maxwel l -Garne t t  
(20) theory. The theory gives a connection between 

the complex index of the metal  N and the effective, 

measured index J~e in  terms of the volume fraction q 
of the metal  in the surface as 

Ne 2 - -  1 ~2 ~ 1 

We at tempted to in terpret  the ellipsometric data ob- 

ta ined on the free surfaces in terms of ]Ve and those 
from the back surfaces (metal-glass interface) in terms 

of N. The value of q was calculated for each measure-  
ment  and was plotted as funct ion of heating time. An 
example for Ni-P is given in Fig. 7. An  increase in  
q is interpreted as gas desorption from the surface, and 
a decrease is in terpreted as gas absorption. Both t rends 
are apparent  from the figure. The increase at 100~ 
is thought to be clue to the desorption of H~ from the 
film (H is a by-product  in  the deposition of Ni -P  films) 
and the decreasing portion of the q curve at 300~ 
is thought to be due to oxygen absorption. 

The fai lure to in terpret  the h igh- tempera ture  data 
obtained at long times cannot be explained satisfac- 
torily. It  is possible that the oxide film develops anisot-  
ropies and inhomogeneities, in  the form of blemishes 
or cracks. In  such situations the assumptions of homo- 
geneity and isotropy of the surface, used in the der iva-  

q I I I I I I 
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1.01-- ? 

I I I I I I 
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Fig. 7. MaxwelI-Garnett interpretation of the optical data on Ni-P 
samples heated at low temperatures. The parameter q is a measure 
of gas absorption (decreasing q) in the surface of the metal. 
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t ion of the ell ipsometric equations would not apply. 
In terpre ta t ions  would yield film thicknesses with ei ther  
complex values, or angle of incidence dependent  real 
values, which are not accepted as solutions by our 
computer  program. 

Conclusions 
The oxidation of Ni, Ni-Cr, and Ni-P films appears 

to be a three stage process. First, at low temperatures  
gaseous impurit ies desorb and oxygen is absorbed in  
the surface. At temperatures  at and above 300~ a 
surface oxide forms, which at temperatures  above 
400~ develops optically anisotropic or inhomo- 
geneous features. Quant i ta t ive in terpre ta t ion  of ellipso- 
metric  data was found possible only in  the middle 
temperature  range. 

The optical properties of oxide films grown on all 
three metals in the middle  tempera ture  range were 
found to be similar to those of pure NiO films. This is 
an indication that  the product of oxidation in our case 
is p redominant ly  NiO. In  the case of Ni-P deposits, 
the experiments  also indicated that the oxide contained 
approximately the same P content  as the metal. The P 
may have been in the form of P205 as reported by 
others. 

The study of oxidation rates at various oxygen pres-  
sures, though interesting, turned out to be inconclu-  
sive. The measured rate of oxidation was found to be 
higher than  that which would be expected on the 
basis of part ial  pressure of oxygen in water  vapor. 
Water  vapor could be acting as a catalyst in  the proc- 
ess. 
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High-Temperature Dielectric Behavior of Ca-Doped CeO  
M. A. Seitz and T. B. Holliday 

Metallurgy and Materials Science, College oS Engineering, Marquette University, Milwaukee, Wisconsin 53233 

The electrical behavior  of CaO-doped nonstoichio- 
metric cer ium dioxide has been the topic of a number  
of investigations in recent  years (1-5). X- ray  diffrac- 
t ion studies indicate that  CeO2 has a cubic fluorite crys- 
tal  s t ructure and the solubil i ty of CaO in CeO2 ranges 
to 15 mole per cent (6). The calcium impur i ty  substi-  
tutes for cerium atoms in  the structure leading to the 
formation of oxygen ion vacancies. This results  in  a sig- 

ABSTRACT 

The dielectric behavior  of cer ium dioxide with calcium concentrat ions 
ranging up to 8 mole per cent (m/o)  were investigated as a function of fre-  
quency, from 50 Hz to 600 kHz, and temperature,  over the interval  from room 
temperature  to 1000~ At temperatures  less than 500~ and calcium con- 
eentrat ions less than 1.0 m/o, barr ier  layer polarization seemed responsible for 
the observed dielectric behavior. At larger calcium concentrat ions and higher 
temperatures,  where ionic conduction predominated,  the dielectric behavior  
was rationalized on the basis of a space charge polarization model involving 
mobile ionic point defects, which were blocked or part ial ly blocked at the 
specimen electrodes, and electronic carriers, which were able to freely pass 
through the electrodes. The effective dielectric constant was found to increase 
exponent ia l ly  with tempera ture  with an activation energy of approximately  
0.74 eV. 

nificant increase in the ionic conduction occurring in 
this material.  

Electrochemical cell exper iments  in the tempera ture  
range 600~176 have shown that  the ionic t ranspor t  
number  for CaO-doped CeO2 ranges between 0.8 and 
1.0 for calcium concentrat ions greater than about 
2 m/o  (7). For reducing atmospheres, Po2 < 10-5 atm, 
or tempera ture  less than  600~ the conduction was 
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predominately  electronic in nature. Tracer diffusion 
studies indicate that  the energy for motion of 0 TM in 
yt t r ia-doped CeO2 is 0.87 eV (8). Energies of motion 
for oxygen vacancies ranging between 0.71 and 0.76 
eV have been obtained by combining conductivi ty and 
transport  number  data (7). Lay and Whitmore, mea-  
suring dielectric and mechanical  losses in the tempera-  
ture range 25~176 have found an energy for reori-  
entat ion of an oxygen vacancy-Ca +2 dipole of 0.86 eV 
for calcium concentrat ions up to 2.5 m/o  (9). 

In  this study, dielectric measurements  were per-  
formed on CaO-doped CeO2 over the frequency in ter -  
val 50 Hz to 6 X 105 Hz and at temperatures  ranging 
from room temperature  to 1000~ using a previously 
developed technique (10). Specimens having calcium 
concentrations from 0.5 to 8.0 m/o  were investigated 
in order to determine the influence of calcium doping 
on the dielectric behavior of ceria. 

Experimental Procedure 
In  early at tempts to measure the h igh- tempera ture  

dielectric behavior of calcia-doped CeO2, it was noted 
that the specimen conductance, Gsp, was often greater 
than the capacitive susceptance, ~,Csp. This results in 
dissipation factors which were fairly large, 0.1 < tan  8 

102. Therefore, a special technique had to be used to 
perform dielectric measurements.  A subst i tut ion tech- 
nique, where corrections are made for parasitic capaci- 
tances and inductances associated with the system, was 
the subject of a previous paper (10). With this tech- 
nique the capacitance of specimen having a total  re-  
sistance of greater than  100 ohms and a dissipation 
factor less than 104 can be measured to wi thin  ___ 15%. 
For mid- range  frequencies (1-50 kHz) the error  is 
less than  __ 5%. 

Polycrystal l ine specimens were prepared using 
pressing and sintering techniques with 99.999% pure 
CeO2 obtained from American Potash and Chemical 
Company and "Specpure" CaCO3 obtained from John-  
son-Matthey Chemicals Limited. The final disk-shaped 
specimens had a thickness of 0.5 cm and plane paral lel  
surface areas of 2 cm 2. Doped polycrystal l ine specimens 
were produced by mixing the appropriate amounts  of 
CaCO3 with powdered CeO2. The powdered mater ia l  
was heated to 1000~ for 3 hr, to drive off the CO2 gas 
result ing from the decomposition of CaCO3. The mate-  
rial  was then homogenized at 1500~ for 3 hr. After  
these procedures the mater ia l  was ground and pressed 
in the form of a disk at 20,000 psi. Sintering, at 1500~ 
for 3-6 hr, resulted in specimens having a density ap-  
proximately  75-80% of the theoretical density. All  
lines on x - r ay  powder diffraction pat terns could be 
assigned to the fluorite crystal structure, confirming 
the completeness of the CaO-CeO2 reaction. Electrical 
contact to the specimens was made on their  p lane 
parallel  surfaces, using Engelhard No. 05 p la t inum 
paste. Thick p la t inum coatings were obtained by re-  
peated applications of p la t inum paste. 

The specimens were loaded into the measurement  
system. Before performing a measurement ,  the speci- 
mens were allowed to equil ibrate at tempera ture  and 
in  various part ial  presures of oxygen provided by  
oxygen-argon tank mixtures.  Equi l ibr ium was as- 
sumed when the capacitance and resistance changes 
over a several hour period were less than  those due to 
the variat ion in temperature.  Measurements of capaci- 
tance and resistance were made at selected frequencies 
in the range 50 Hz to 600 kHz. The specimen tempera-  
ture  was increased or decreased at approximately 
100~ intervals  and the above procedures repeated. The 
effective dielectric constants were calculated from the 
data using a paral lel  equivalent  circuit representat ion 
of the specimen. 

Results and Discussion 
The dielectric behavior  of calcium-doped cerium di-  

oxide has been investigated from 102 to 6 X 105 Hz and 
over the tempera ture  range from room tempera ture  to 

1O00~ In  these studies, inert  and impervious p la t inum 
electrodes were used. The variat ions of the apparent  
dielectric constant, K', with frequency; the a-c and d-c 
conductivities with temperature;  and tan  5 with fre-  
quency are shown in Fig. 1 for CeO2 doped with 0.5 
m/o  calcium. The variat ion of the effective dielectric 
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Fig. la. K' vs. frequency for Ce02 doped with 0.5 m/o Ca over 
the range 27~176 at Po2 ~ 1 atm. 
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constant, K',  with f requency for a specimen doped with 
8.0 m/o  calcium is shown in Fig. 2, while the tempera-  
ture  var iat ion at 1 kHz for specimens having 1.0, 2.0, 
and 8.0 m/o  calcium dopings is shown in Fig. 3. 

The low-frequency dielectric behavior of CeO~ doped 
with 0.5 m/o  calcium in the temperature  range from 
500~176 is best explained by a model involving a 
static space charge or barr ier  layer within the speci- 
men. These thin barr ier  layers have a resistivity 
greater than that  of the bulk  material.  In  this range 
of tempera ture  and composition pr incipal ly  electronic 
conduction has been shown to exist in CeO2 (7). Volger 
(11) has shown for such a situation where the conduc- 
tivity, ~1, of the barr ier  layer  or layers is much less 
than  that  of the bulk  material,  r the effective low fre-  
quency relat ive dielectric constant, K's, is given by 
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Fig. 2. K" vs. frequency for Ce02 doped with 8.0 m/o Ca over the 
range 27~176 at Po2 = 1 arm. 
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Fig. 3. The lagarithm of K" vs. I / T  for Ce02 doped with 1.0, 2.0, 

and 8.0 m/o Ca and at Po2 = 1 arm. 

d 2  
m .  = - ~ ,  K'. tl] 

Here, K'| is the high frequency value of the relat ive di- 
electric constant, while dl and d2 are the total thick- 
nesses of the barr ier  layer or layers and the bu lk  mate-  
rial, respectively. The effective low frequency conduc- 
tivity, ~rs, was shown to be 

dl 

while the high frequency value, ~| was given as 

~.  = ~2 [33 

Between the low- and high-frequency limits, K'  and 
�9 AC follow the relationships 

K's + K'| T2~ 2 
K'  = [4] 

1 + ~2~2 
and 

qAC = [51 
1 + T~ s 

In  these expressions, T is a dielectric re laxat ion t ime 
and a is the frequency in radians per second. The dissi- 
pat ion factor, tan  8, was also designated as 

tan  8 ---- V 
d2 
dl 1 + ~ 2 ~  [61 

The dielectric behavior  observed in Fig. 1 for CeO2 
doped with 0.5 m/o  calcium reasonably fulfills the pre-  
diction of Eq. [1]-[6] at temperatures  less than 500~ 
The values of K' follow a Debye type dispersion as 
predicted by Eq. [4]. From Eq. [1] the ratio of K's to 
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K% indicates that  the thickness of the barr ier  layer  is 
about 1% of the thickness of the specimen. This is 
fur ther  substant iated by the variat ion of tan  8 in Fig. 
lc which follows the prediction of Eq. [6] up to about 
500~ Equat ion [6] fur ther  predicts that the max imum 

1 / d2 
value of tan  5 is given by -~-~V / --~-1' which again indi-  

cates that  barr ier  layers occupy about 1% of the speci- 
men thickness. The na ture  of the barr ier  layers or 
where they exist, although not known at this time, 
might be the results of air gaps (12), or Schottky bar -  
riers (13, 14). 

At temperatures  greater than about 500~ the pre-  
dictions set forth by Eq. [1]-[6] for the aforementioned 
barrier  layer  model are not fulfilled as well as they 
were at lower temperatures.  The a-c and d-c conduc- 
tivities approach one another  and there appears to be 
a fur ther  anomalous increase of K' at low frequencies 
as the temperature  is increased. It is noted that  al- 
though the general  behavior observed for CeO2 with 
0.5 m/o  calcium was also observed for pure ceria, the 
anomalous increase of K" at low frequency and high 
tempera ture  (T > 500~ was not seen. This suggests 
that the calcium doping was in some way responsible 
for the low-frequency h igh- tempera ture  dielectric be- 
havior observed for calcium-doped CeO2. UFon increas- 
ing the concentrat ion of calcium, the anomalous in-  
crease of K" at high temperatures  also increased in  
magni tude  (see Fig. 2 and 3). 

It  is known that the addition of calcium to CeO2 
results in the formation of oxygen ion vacancies in 
the ceria lattice (1-9). These vacancies, which be-  
come mobile or semimobile at elevated temperatures,  
can lead to space charge polarization at elevated tem-  
peratures. The h igh- tempera ture  dielectric behavior  
of CeO2 doped with calcium is best rationalized on the 
basis of a two carrier space charge polarization model 
involving mobile oxygen vacancies, which are blocked 
at the specimen electrodes, and electrons, which are 
free to pass through the specimen electrodes (15-17). 

Several authors have dealt with two carrier space 
charge polarization models, where charge carriers of 
one polarity are completely blocked while those of the 
opposite polarity are able to freely pass through the 
electrodes (15-17). These authors, however, general ly  
assume that the positively and negatively charged 
species are in equal concentration, e.g., Schottky or 
Frenkel  defects. These models indicate that the ca- 
pacitance and /or  apparent  dielectric constant  would 
vary with frequency as ~ -n  and would show an ex- 
ponential  dependence on temperature.  The value of n 
is found to be about 3/2. The exponent ial  tempera ture  
dependence arises from the var iat ion of the concentra-  
tion and diffusion coefficient of the mobile species with 
temperature.  

For calcium-doped polycrystal l ine ceria the negative 
charge carrying species would be electrons, while the 
positive charge carrying species would be oxygen ion 
vacancies. It  should be noted that  these would not 
necessarily be of equal concentrations as is set forth 
by the aforementioned space charge polarization mod- 
els. An electroneutral i ty  condition of the type n + 
[Ca"ce] ~ 2[Vo"] ss -~- [Vo"] ca would exist for this 
mater ial  (18, 19). Here, electrons result  from the 
ionization of oxygen ion vacancies that  are due to non-  
stoichiometry, [Vo] Ns. The positive mobile ionic spe- 
cies would be oxygen ion vacancies, which predomi-  
nately arise from the calcium doping, i.e., [Vo"] ,~ 
[Ca"ce]. For Po2 -~ 1 a tm it would be expected that  
n < <  [Vo"]. 

If the p la t inum contacts were reasonably ohmic at 
elevated temperature,  the electrons would be free to 
pass through them. Thus, the electrons, which are 
highly mobile when compared to oxygen ion vacancies, 
would contribute significantly to the conduction cur-  
rent  (8, 20). The inert  and impervious p la t inum elec- 

trodes would not be expected to chemically react with 
oxygen ion vacancies or allow the t ransport  of oxygen 
through them (21, 22). Oxygen ion vacancies, which 
cannot be annihi la ted at the Pt/CeO2 interface, would 
be blocked at the Pt/CeO2 interface and  lead to a po- 
larization. 

The data of Fig. 2 and 3 follow many  of the qual i ta-  
tive predictions of the aforementioned two carrier 
space charge polarization models at temperatures  
greater than 400~ The value of K" at constant tem- 
perature decreases as ~,-n, al though the value of n is 
between 1.1 and 1.2 rather  than being equal to 1.5 as 
predicted by existing models. The temperature  de- 
pendence of K' at constant f requency should be mainly  
related to var iat ion in the concentrat ion and  diffusion 
coefficient of the blocked species. In  this study the 
concentrat ion of defects was set by the calcium doping 
and, thus, would not contr ibute to the temperature  
dependence of K'. 

The h igh- tempera ture  dielectric behavior of K', as 
shown in Fig. 3, should essentially contain information 
regarding the energy of motion of mobile ionic point  
defects in calcium-doped ceria. Blumenthal  and Pan-  
lener, combining electrical conductivi ty and thermo- 
gravimetric  data, have shown that the electron mobil-  
ity in ceria increases exponent ia l ly  with temperature  
with an activation energy of about 0.13 eV (19). Steele 
and Floyd (8) have reported an energy of motion of 
about 0.87 eV for O TM self-diffusion in yt t r ia-doped 
ceria in the temperature  range 850~176 Van Han-  
del (7), combining conductivity and transport  number  
data, in the tempera ture  range 700~176 has ob- 
served an activation energy for oxygen vacancy diffu- 
sion in calcium-doped ceria of 0.71 and 0.76 eV for 2 
and 5 m/o  calcium, respectively. The activation energy 
of approximately  0.74 eV observed for the exponent ia l  
increase of K'  with tempera ture  in  Fig. 3 seems to be 
consistent with the previously reported energies of 
motion for oxygen in Ca-doped CeO2. 

Several  other factors support a model involving 
space charge polarization due to the motion of oxygen 
ion vacancies in ceria. First, measurements  have indi -  
cated that  the ionic t ransport  number  is of the order of 
0.9 or greater in the tempera ture  range where space 
charge polarization is observed (7, 19). Where the 
ionic t ransport  number  was less than 0.5, the previ-  
ously discussed barr ier  layer polarization dominated 
the dielectric behavior. Secondly, the magni tude  of K' 
in this temperature  and f requency range is directly 
proportional to the calcium concentrat ion for concen- 
trations greater than about 1 m/o. Van Handel  found 
that  the ionic conductivi ty was directly proportional to 
the concentrat ion of calcium in CeO2 up to approxi-  
mate ly  8 m/o  (7). 

A more quant i ta t ive  interpreta t ion of the data must  
await  the development  of two carrier space charge po- 
larization models where the concentrat ion of oppositely 
charged species may differ. Macdonald (23) is pres- 
ent ly  involved in  setting up such a model which will be 
available at some future  date. Added complications 
arise in the interpreta t ion due to the porosity of the 
mater ia l  resul t ing from its polycrystal l ine nature,  and 
the fact that an oxygen ion vacancy has a charge of 
2]e] ra ther  than  lie] as assumed in  previous modeling. 

Conclusion 
In  summary  it would seem that  barr ier  layer  polar-  

ization was responsible for the observed dielectric be-  
havior of Ca-doped CeO2 at lower temperatures  and 
small  calcium concentrations, where electronic conduc- 
t ion was predominate.  At higher calcium concentra-  
tions and temperature,  where  ionic conduction is sig- 
nificant, space charge polarization was thought to re-  
sult. These data were rationalized on the basis of a 
space charge polarization model involving mobile ionic 
point defects, which were blocked or par t ia l ly  blocked 
at the specimen electrodes, and electronic carriers, 
which were able to pass through the electrodes. The 
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effective dielectric constant, K', increased exponent ia l ly  
with tempera ture  with an activation energy of approxi-  
mately  0.74 eV. This activation energy, which was 
pr incipal ly  associated with the motion of oxygen va-  
cancies, seemed to be consistent with previously re-  
ported energies of motion of oxygen in Ca-doped CeO2. 
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Electrical Conductivity of Nonstoichiometric Ce02  
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ABSTRACT 

The electrical conductivi ty of sintered specimens of nonstoichiometric 
CeOz-z was measured as a function of temperature  from 1000~176 and 
composition from 0.00424 ~ x ~ 0.178. These results are described in terms of 
a high tempera ture  and low temperature  region. In  both tempera ture  regions 
the conductivi ty for fixed values of x exhibits an exponent ial  dependence on 
temperature,  ~ : ~oe -Q/kr. 

The temperature  of the intersection between the high and low tempera-  
ture regions for each composition agrees closely with the composit ion-tem- 
pera ture  dependence of the miscibil i ty gap reported by Brauer  and Gingerich. 
The compositional and tempera ture  dependence of the conductivity in the high 
temperature  region, which corresponds to a single-phase region, may be rep- 
resented by the expression ~ cc xe-Q/kr where Q is a funct ion of x. This ex-  
pression is rationalized in terms of simple relations for the electron carrier 
concentration, [Ce'ce] oc x, and the electron mobility, ~ = ~oe--Q/kT, where #o 
is independent  of x. For log x between --3.0 and --1.8, Q is constant  at 0.22 eV, 
but  increases to 0.37 eV at log x = --0.7. In  the low tempera ture  region the 
activation energy, 0.61 ~ 0.03 eV, was found to be independent  of x. 

1~onstoichiometric cer ium dioxide, CeO2-~, has been 
the subject of several x - r ay  (1-3), thermodynamic  
(4-6), and electrical conductivi ty investigations (7-13). 
Based on these exper imental  observations, CeO2-x may  
be classified as a metal-excess, n - type  semiconductor. 

Brauer  and Gingerich (3, 4) studied the influence of 
tempera ture  on the phase relations in the cer ium-oxy-  
gen system by measur ing the oxygen dissociation pres-  
sure in the region CeO2-CeO1.5, from 600 ~ to 1000~ 
and by x - r ay  powder-diffraction analysis in the region 
CeO2-CeO1.TS over the tempera ture  range 20~176 
They reported a miscibil i ty gap which has the bound-  

Key words: electrical conductivity, cerium dioxide, electron mo- 
bility, nonstoichiometry. 

aries CeO2 and CeOl.s, at room temperature,  contracts 
with rising temperatures,  and closes with a composition 
of approximately CEO1.92 at 685~ Above 800~ they 
report  that a homogeneous single-phase region extends 
from CeO2 to about CeOx.67. 

Bevan and Kordis (6) also studied the oxygen dis- 
sociation pressures of the cer ium-oxygen system from 
636 ~ to 1169~ Based on their  results they constructed 
a cer ium-oxygen phase diagram at these temperatures  
between the composition CeO2 and CEO1.5. The results 
of their study were similar to those of Brauer  and 
Gingerich except that  they report  a two-phase region 
between CEO1.72 and CeOl.70. They also report  a mis-  
cibil i ty gap which appears to have a similar composi- 
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tional dependence on t empera tu re  as reported by 
Brauer  and Gingerich (3, 4). 

The defect s t ructure  responsible for the meta l  excess 
behavior  of CeO~-x has been inferred f rom the analysis 
of thermodynamic  electr ical  conductivity,  and oxygen  
self-diffusion studies (7-18). Al though defect models 
involving e i ther  oxygen vacancies or cer ium interst i t ials  
have been proposed, the recent  investigations of oxy-  
gen self-diffusion (15-17) in nonstoichiometric CeO2 
a n d  Cel-syY2yOs-y and the electr ical  conduct ivi ty  (18) 
of CaO-doped CeO~ over  a wide range of tempera ture ,  
oxygen pressures, and CoO content  appear to be con- 
sistent wi th  an oxygen vacancy model. 

The electron mobil i ty  in nonstoichiometric CeO~-x 
w a s  also calculated as a function of t empera tu re  by 
combining electr ical  conduct ivi ty  and the rmograv i -  
metr ic  data for the t empera tu re  and oxygen pressure 
region where  the atomic defect predominates  in one 
state of ionization (19). The mobil i ty  was character-  
ized by an expression of the form. 

=/Joe -E/kr [I] 

where  the act ivation energy,  E, was equal  to 0.14 eV. 
These results are  consistent wi th  a hopping- type  con- 
duction mechanism where  the electrons localized at 
normal  cer ium sites move to adjacent  cer ium sites. 

The purpose  of the present  study was to measure  the 
electrical  conduct ivi ty  of cer ium dioxide as a function 
of  t empera tu re  and nonstoichiometry and to re la te  
these data to the tempera ture  and compositional de- 
pendence of the electronic mobil i ty  in the s ingle-phase 
region above the miscibil i ty gap and to invest igate the 
behavior  of the conduct ivi ty  of the ce r ium-oxygen  
system below the miscibil i ty gap. 

Theory 
Informat ion about the defect s t ructure and electronic 

mobil i ty  of CeO2-~ can be obtained from measure-  
ments  of the electr ical  conduct ivi ty  as a function of 
t empera ture  at constant oxygen composition (i.e., fixed 
values of x in CeO2-x).  For example,  since x ---- 
$(T,Po2), the composition of a specimen may be con- 
t rol led by fixing the tempera ture  and oxygen part ial  
pressure. If a reduced specimen of CeO~-x is then 
placed in an inert  atmosphere,  which  allows the oxygen 
composition to be maintained, the observed tempera -  
ture dependence of the electrical  conductivi ty may  
then  be a t t r ibuted to changes in the  concentrat ion of 
charge carr iers  and /or  a change in the carr ier  mobil i ty  
with temperature .  

Electron t ransport  in nonstoichiometric CeO.2 has 
been interpreted in terms of a hopping- type  process, 
whereby  the electrons localized on a cerium ion, Ce'ce, 
may be exchanged wi th  adjacent  normal  cer ium ions 
CeXce (19). For  simple, l imiting, case defect models 
the concentrat ion of electron carriers, [Ce'ce], may be 
simply related to the depar ture  f rom stoichiometry in 
cer ium dioxide provided the concentrat ion of defects 
arising f rom impuri t ies  is negligibly small compared 
to those produced by the nonstoichiometric  defects. For  
example,  if each nonstoichiometric atomic defect con- 
tr ibutes the same number  of electronic carriers over  
the whole tempera ture  range, then 

x oc [Ce'ce] [2] 

and the tempera ture  dependence of �9 for conditions 
of constant x must  be the same as for the electronic 
mobil i ty  ~. 

However,  for the case where  the nonstoichiometric 
defects exhibi t  mult iple  states of ionization, [Ce'ce] is 
a more complicated nonlinear  function of ~c and ~ wil l  
exhibi t  a nonl inear  dependence on x, even  if # = $(T) 
only (13). 

Experimental 
The conductivi ty specimens were  prepared by cold 

pressing and sintering CeO2 powder  obtained f rom the 
Amer ican  Potash and Chemical  Company (12, 13). The 

Table I. Mass spectrographic analysis of - typical sintered specimen 
of Ce02 (ppmw) 

E l e m e n t  E l e m e n t  

L i  0.3 A g  --~0.2 
Be <0.01  Cd <0 .2  
B ---~7.0 In  <0 .1  
F 20.0 Sn  0.2 
Na  15.0 Sb  <0 .2  
M g  2.0 Te <0 .3  
A1 15.0 I <0.I 
Si  20.0 Cs <0.06 
P 2.0 Ba <I.0 
S 7,0 La <0.5 
C1 10.0 Ce - -  
K 15.0 P r  10.0 
Ca 300.0 N d  10.0 
Sc <0.I Sm <i.0 
Ti 2.0 Eu 10.0 
V -----0.03 Gd <5.0 
Cr 0.2 Tb 2.0 
Mn 0.2 Dy 1.0 
F e  6.0 H e  --'~--0.3 
Co 0.4 Er  -----0.5 
Ni  20.0 T m  <0 .1  
Cu 0.2 Yb  --I.0 
Zn 1.0 Lu ==0.3 
G a  ~ H /  2.0 
Ge <0 .2  Ta -----3.0 
As <0.02 W <0.2 
Se < 0 . 4  Re < 0 . 3  
Br  <0.3 Os < ! . 0  
R b  <1 .0  I r  <0 .2  
Sr  0.2 P t  <0 .4  
Y 0,5 Au <0.4 
Zr 10.0 HE <0.4 
Nb <0.02 T1 <0.2 
Mo <0.07 P b  1.0 
R u  <0 .1  Bi  <0 .1  
R h  <0 .02  Th  50.0 
P d  <0.2 U <0.06 

results of a mass spectrographic analysis of a sintered 
specimen are shown in Table I. 

A standard four-probe d-c technique was employed 
for the electrical  conductivi ty measurements .  An  Altair  
Model C2 constant current  source wi th  a continuously 
var iable  range from 1 ~A to 50 mA was used to supply 
the current.  The vol tage across the potent ia l  probes 
was recorded on a Sargent  Model DSR two-channe l  
recorder.  The second channel  was used to record the 
thermocouple  emf. Measurements  of the tempera ture  
dependence of the electrical  conduct ivi ty  under  condi- 
tions of constant oxygen composition were  made using 
the fol lowing procedure. A specimen of ceria was re -  
duced in a known CO-CO2 mix ture  at 1000~ The oxy-  
gen part ial  pressure was calculated as a function of 
tempera ture  f rom the w e l l - know n  react ion 

CO2 ~ CO + 1/203 [3] 

When equilibrium was obtained, the specimen had a 
fixed oxygen composition which was determined from 
data on the composition of CeOs-x as a function of Po2 
obtained in this laboratory (21). The CO-CO2 mixture 
was then purged with purified helium. As explained 
in the next section, this effectively prevents the loss or 
gain of oxygen from the specimen over the time in- 
tervals necessary to make the conductivity measure- 
ments. The helium was purified by passing it over a 
mixture of TiOs-Ti203 powder at approximately 950~ 
(20). This procedure reduced the oxygen partial pres- 
sure in the helium to approximately 10 -16 arm as mea- 
sured by an oxygen gauge. Usually I0 rain were used 
to purge the system of CO-CO2. The conductivity re- 
mained essentially constant during this time for the 
nonstoichiometric  compositions invest igated (i.e., 
0.00424 --~ x --~ 0.178). The tempera ture  was then low-  
ered to about 300~ at a rate  decreasing from about 
150 ~ to 50~ per  minute  and then reheated at a much  
lower heating rate  while  recording the tempera ture  and 
voltage across the potential  leads. 

Results and Discussion 
The electrical  conduct ivi ty  of sintered specimens of 

nonstoichiometric CeO2-z was measured as a function 
of t empera tu re  from 300 ~ to 1000~ as wel l  as a func- 
tion of composition over  the range 0.00424 --~ x ~-- 0.178. 
The upper  l imit  of x was fixed by the largest  CO/CO2 
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ratio, 97.3%, used in this investigation. As discussed 
below, the lower  l imit  of x was determined by the 
exper imenta l  technique since for compositions close to 
s toichiometry a fixed oxygen composition could not be 
maintained in the specimen. 

Typical  results of the electrical  conductivi ty mea-  
sured as a function of t empera tu re  for two different 
oxygen compositions, x = 0.00424 and x = 0.040, are 
shown in Fig. 1 as a plot of log ~ vs. 1/T. As i l lustrated 
in Fig. 1, the conduct ivi ty  for the cooling and heat ing 
curves are in good agreement  for the case where  
x = 0.040. However ,  for the case x = 0.00424 the con- 
duct ivi ty  for the heat ing cycle is sl ightly lower  than 
the cooling cycle. Thus in this composition range, and 
for the conditions of the exper iment ,  it is established 
that  any loss or gain of oxygen from the specimens is 
small  enough as to exer t  a negligible effect on the 
conductivity.  Str ic t ly  speaking, in order to mainta in  a 
constant value  of x under  equi l ibr ium conditions the 
chemical  potential  of oxygen in the gas phase would 
have to be e q u a l  to that  of the reduced ceria sample. 
Since x = J(T,Po2), (e.g., with  x ---- 10 -3, Po2 ~ 10 -8 
atm at 1000~ and Po2 ~ 10 -20 atm at 700~ (21) the 
composition of the gas phase would have to be al tered 
at every  tempera ture  in order  to maintain  a fixed 
t empera tu re - independen t  composition. From an ex-  
per imenta l  point of v iew these conditions would be 
pract ical ly impossible to obtain. As discussed above, 
the procedure  used in this study, however ,  was to 
minimize the exchange of oxygen between the con- 
duct ivi ty  sample and the ambient  gas phase by (i) em-  
ploying a purified hel ium atmosphere  and (ii) by 
l imit ing the amount  of t ime that  the sample is in con- 
tact wi th  the " iner t"  a tmosphere  during the conduc- 
t iv i ty  measurements .  The success of this technique 
can be understood on the basis of the fol lowing simple 
considerations. If the part ial  pressure of the impurit ies 
containing oxygen (such as CO2, H~O, etc.) are of the 
order  of 10-8 atn% then for a flow rate  of 400 cm3/min 
the max imum amount  of oxygen which can be fur -  
nished to the sample in a period of 1 hr  is about 32 ~g 
which for a lg  sample would correspond to a negligible 
decrease in x of about 3 X 10 -4. Similarly,  if the equi -  
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Fig. 1. A plot of log ~ vs. 1 / T  for cooling and heating under 

conditions designed to maintain constant values of x in C e 0 2 - = .  

l ibr ium Poe of the reduced ceria specimen is taken as 
10-8 arm, well  above the actual  equi l ibr ium pressure 
for the compositions studied, and the inert  gas is abso- 
lu te ly  pure, then the m a x i m u m  amount  of oxygen 
which could be lost f rom the specimen for the same 
flow rate and t ime as above would  result  in a negligible 
increase in the value of x of approximate ly  3 • 10 -4. 

Since the effective Po2 of the purified hel ium gas was 
approximate ly  10 -16 atm as de termined  by an oxygen 
gauge at 1000~ the Po2 of the gas is probably  con- 
trolled by the water  gas react ion and the amount  of 
CO, CO2, He, and H20 present  as impurities.  Because 
the concentrat ion of these impuri t ies  is of the order  of 
parts per millions the "buffering" capacity (i.e., the 
amount  of oxygen that  can be exchanged with  the gas 
without  changing Po2) is ex t remely  small. Thus the ac- 
tual amount  of oxygen exchanged wi th  the sample 
would be less than the amount  given in the above 
calculations because it would be l imited to a great  ex-  
tent  by the "buffering capacity" of the gas. On the basis 
of the above considerations it would be expected that  
the change in the oxygen composit ion of the specimen 
dur ing a conduct ivi ty  run wil l  be negligibly small  ex-  
cept for samples wi th  compositions near  stoichiom- 
e t ry  (i.e., x < 10-3). In this s tudy the conductivi ty 
data obtained on cooling was considered to be more 
accurate  because the amount  of t ime the specimen was 
in contact with the iner t  a tmosphere  at e leva ted  tem-  
peratures  (e.g., 1000~176 was much less than the 
corresponding t ime required for heating. 

The conduct ivi ty  data obtained on cooling f rom 
1000~ is shown in Fig. 2a and 2b as a composite plot 
of the log of the electr ical  conduct ivi ty  as a function of 
the reciprocal t empera tu re  for several  different values 
of x. The straight lines shown in Fig. 2a and 2b are 
obtained from a least  square curve fit of the conduc- 
t ivi ty data for sintered specimens which were  nor-  
malized for porosity using the expression (22) 

ptheor 
� 9  ---- ~ e a s  ~ [ 4 ]  

pmeas 

where  pmeas is the density of the s intered specimen. 
These results may be described convenient ly  in terms 
of a high t empera tu re  and a low tempera ture  region. 
Since in both of these t empera tu re  regions the conduc- 
t iv i ty  exhibits  an exponent ia l  dependence on tempera-  
ture, the conduct ivi ty  in each region may  be charac-  
terized by an Arrhenius  type expression 

�9 : ~oe -O/kT [5] 

The parameters  ~o and Q which characterize the lines 
shown in Fig. 2a and 2b and the corresponding com- 
positions are tabulated in Table II. In the high t em-  
pera ture  region the act ivation energy, Q, increases 
wi th  increasing depar ture  f rom stoichiometry. The 
magni tude  of the electrical  conduct ivi ty  is also very  
dependent  on the value  of x be tween x = 0.00424 and 
x = 0.0855. For  values of x > 0.0855 the conduct ivi ty  
is less dependent  on x. However ,  in the low tempera-  
ture  region, wi th  the exception of the largest  value of 
x, the act ivation energy  does not appear to be a func- 
tion of x and the magni tude  of r increases only sl ightly 
wi th  increasing x. Another  interest ing observation is 
that  the tempera ture  at which the lines in the high and 

Table II. The parameters ~o and Q from �9 : (roe - Q / k T  which 
characterize the high temperature and low temperature behavior 

of the electrical conductivity of C e O 2 - x  for fixed values of x 

H i g h  temperature L o w  temperature 
X 0"o ( o h m - e r a )  -1 ~ ( e V )  ao ( o h m - c m )  -1 Q ( e V )  

0.00424 2,4 0.22 ---~ 0,01 1400 0.59 ----- 0.05 
0.0121 6.4 0.23 ~ 0.01 3500 0.64 ----, 0.02 
0 . 0 4 0 0  3 2 . 1  0 . 2 8  --+ 0 . 0 2  2 8 1 0  0 . 6 2  ~ 0 . 0 4  
0 . 0 8 5 5  5 2 . 7  0 .31  _____ 0 .02  3 6 0 0  0 . 6 4  -~ 0 . 0 2  
0 . 1 3 9  8 1 . 0  0 . 3 5  ---- 0 .01  4 2 8 0  0 . 6 2  __.+ 0 . 0 7  
0 . 1 7 8  9 6 . 6  0 . 3 7  -+- 0 .01  4 6 2  0 . 4 7  --__. 0 . 0 4  
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Fig. 2a (left) A composite plot of the logarithm of electrical conductivity and 2b (right) of nonstoichiometric C e O 2 - x  as a function of the 
reciprocal temperature for several nonstoichiometric compositions. 

low tempera ture  region intersect, increases wi th  i n -  
creasing values of x up to about x __- 0.0855. For larger  
values of x the temperature  at which the intersection 
occurs decreases with increasing x. 

The tempera ture  of the intersection for each com- 
position and the composi t ion- temperature  dependence 
of the miscibili ty gap reported by Brauer  and Gin-  
gerich are shown in Fig. 3 for purposes of comparison. (~.0 
The error bars shown for the x - ray  study were esti- | 0 0  
mated on the basis of the precision of their lattice pa-  
rameter  measurements  and the dependence of the la t -  
tice parameter  on composition which they report. The 
error bars shown for the data determined in this s tudy 
were calculated from a least square analysis assuming 8 0 0  
a 95% confidence l imit  and from the reproducibi l i ty  of 
the data. With the exception of two points all  of the 
data from this study are wi thin  the exper imental  error 
of the results obtained by Brauer  and Gingerich (4). 
It  should be noted, however, that  most of the data 6 0 0  
points obtained in this study lie slightly below the re-  o 

t -  ported miscibili ty gap. = 
It thus appears that  the sharp break in the slope of 

log ~ as the tempera ture  is decreased is due to the ~, 
o.  4 0 0  t ransi t ion from a single phase to a low temperature,  I :  

two-phase mixture.  The conductivi ty in the low tem-  
perature  region is only weakly dependent,  and the ac- 
t ivation energy, Q, independent  of x. Thus one conduc- 
t ion mechanism appears to predominate  bu t  the con- 
ductivi ty cannot be accounted for on the basis of a 2 0 0  
simple phase mixture  rule. An  interest ing question 
that  cannot be explained from the conductivi ty data in 
this s tudy is the following. Why is the activation en-  
ergy for the low tempera ture  conductivity larger than  
for the high tempera ture  conductivity? Is it because the -'.0"~ 0 
mobil i ty exhibits a larger temperature  dependence or 
because the concentrat ion of charge carrier varies more 
rapidly, or both? Hall  mobil i ty measurements  in this 
tempera ture  region would help provide an explanat ion 
for this question. 

In  the high tempera ture  region of this study, the 
compositions of the CeO~-x specimens correspond to a 
single-phase region. As discussed in  the theory section, 
the nonstoichiometric atomic defects may be found 
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Fig. 3. Phase diagrom of the cerium oxide system in the composi- 
tion region C e O 2 - C e 0 1 . 8 .  
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predominant ly  in one state of ionization or they may  
exhibi t  mult iple  states of ionization. In order to test 
which of these cases is more l ikely to occur in CeO2-z, 
an isothermal plot of log a vs .  log x was made as shown 
by the solid line in Fig. 4. This plot was constructed 
using data from two recent  equi l ibr ium studies in this 
laboratory (21, 23). In one study log a vs .  log Po2 at 
1000~ was determined;  in the other thermograv imet r ic  
study log x vs .  log Po2 at 1000~ was determined.  
Smooth curves through the data points of each study 
were  used to obtain the desired log a-log x relationship. 
For  purposes of convenience, the dependence of a on x 
wil l  be described below in terms of two composition 
regions. 

In the composition region, --3.0 < log x < --1.8, the 
slope of log ~ vs .  log x is equal  to 1. Since r ~ x, it ap-  
pears that  the l imit ing case given by Eq. [2] is val id 
(i .e. ,  [Ce'ce] cr x) .  For  this case, (i) the nonstoichio- 
metr ic  atomic defect exists in one predominant  state 
of ionization and ( i i )  the tempera ture  dependence of 
a, for the fixed values of x is equal  to the t empera tu re  
dependence of the electron mobil i ty  (i.e.,  Q obtained 
f rom the relat ion a = aoe -Qzkw is equal  to E f rom the 
expression ~ = ~oe--E/kT). TO i l lustrate  how Q varies  
wi th  x, a plot of Q vs .  log x was made as shown in 
Fig. 5. From this plot  it appears that  Q is re la t ive ly  
insensit ive to x in this composition region. The fol low- 
ing expression 

I z -~- i ~ e  - 0 " 2 2 / k T  (--3.0 < log X < -- 1.8) [6] 

for the electron mobi l i ty  was calculated from Eq. [1], 
[2], and [5] and the above conduct ivi ty  data. The pre-  
viously reported act ivat ion energy for the electron mo-  
bi l i ty  was 0.14 eV (19). This value was obtained by 
combining composition (i.e.,  x = f ( T ,  Po2)  and conduc- 
t iv i ty  (i.e.,  a = f(T,Po2) data in the composition region 
near  s toichiometry (i.e.,  x ~_ 10 -3) where  the nonstoi-  
chiometric  defect was assumed to exist  in predomi-  
nately one state of ionization. It  is interest ing to note 
that  Panlener  (21) has recent ly  repeated this analysis 
using more  accurate  thermodynamic  data. He calcu-  
lated an activation energy of 0.23 eV for the composi- 
t ion CeOL99s and the tempera ture  range 700~176 
This value  is in excel lent  agreement  wi th  the results of 
this study. 
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from the relation a = ~o e -Q /kT ,  under conditions of constont 
composition, as o function of log x. 

At larger  departures  f rom stoichiometry, --1.8 < log 
x < --0.7, the exper imenta l  act ivat ion energy, Q, in- 
creases wi th  increasing x. In this composition region 
a is no longer  proport ional  to x. As shown in Fig. 4 the 
dependence of r on x decreases wi th  increasing x, unti l  
log x ~ --0.8 where  a m ax im um  in ~ is obtained. For 
larger  values of x, ~ decreases wi th  increasing x. The 
nonl inear  dependence of ~ on x in this composit ion 
region may be at t r ibuted to ei ther of the following 
l imit ing case situations: (i) the dependence of the 
electron mobil i ty  on x; or ( i i )  the dependence of the 
[Ce'ce] on x. In case (i) the electron carr ier  concentra-  
tion is assumed to be proport ional  to x, whereas,  in 
case ( i i )  the electron mobil i ty  is assumed to be inde- 
pendent  of x. 

Assuming case (i) predominates,  then the exper i -  
menta l  act ivation energy, Q, is equal to E and the 
electron mobil i ty may  be represented by the expression 

Iz .-: p o e  - Q / k T  [7] 
In addition, if ~o is assumed to be independent  of x, 
then the ratio of the mobility, ~, in the region where  
a is nonl inear  in x to the mobili ty,  ~', in the composi-  
t ion region acc  x, is given by the fol lowing expression 

In ~ ---- [ 8 ]  

The ratios of ~[~'  for different values of x were  calcu- 
lated from the corresponding values of Q given in Table 
II. The results of this calculat ion at 1000~ are shown 
in Fig. 6 where  log ~/~ '  is plot ted as a function of log x. 
The interest ing result  to observe from Fig. 6 is that  
the nonlinear  behavior  of log ~/#' wi th  log x is similar 
to the nonl inear  behavior  of log a vs .  log x. In order to 
de termine  if the nonlinear  behavior  in Fig. 4 and 6 is 
caused by the mobility, the calculated dependence of 
the mobil i ty  on x was adjusted for by adding the cor- 
responding value  of Ilog ~/~'!  to log ~ for a given value 
of x. These "normal ized"  values of a are shown in Fig. 
4. The most str iking observat ion in this figure is that  
a single line with a slope of one may  be d rawn through 
both the actual  values of ~ (i.e., --3.0 < log x < --1.8) 
and the "normalized" values of a (i.e.,  --1.8 < log x 
< --0.7). 

The following conclusions may  be d rawn  f rom the 
above results: 

1. The compositional and tempera tu re  dependence of 
the electrical  conductivi ty of nonstoichiometric CeO2-x 
may  be represented by the fol lowing expression 

r x e - - Q / k T  

where  Q is a function of x. 
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Fig. 6. An isothermal plot of log ~ /~ '  vs .  log x at 100O~ where 
is the electron mobility in the composition region, where ~ is 

nonlinear in x, and where ~' corresponds to the region where 
O" CC X.  

2. This expression may be rationalized in terms of 
the following simple relations for the electron carrier 
concentrat ion 

[Ce'ce] cc X 

and the electron mobil i ty  

~---poe--O/kT 

where/~o is independent  of x; Q is independent  of x in 
the region --3.0 ~ log x < --1.8; and Q is a funct ion of 
x be tween --1.8 ~ log x ~ --0.7. 

3. The relation [Ce'ce] c c x  implies the same non-  
stoichiometric atomic defect exists in predominately  
one state of ionization over the entire composition 
region (i.e. --3.0 ~ log x ~ --0.7). 

It  should be noted that  the results of an earlier 
study (13) of the electrical conductivity of CeO2-x 
as a function of Po2 and T were rationalized uti l izing 
the law of mass action in terms of a defect model 
involving cerium intersti t ials in two states of ioniza- 
tion. The relat ion [Ce'ce] ccx  obtained from the ana l -  
ysis of the conductivity data in this study is incon-  
sistent with the earlier in terpreta t ion (13) involving 
a nonstoichiometric atomic defect w i th  mult iple  states 
of ionization. The most l ikely explanat ion for this 
discrepancy is that the earlier analyses (13) are prob- 
ably incorrect because the law of mass action was 
used in regions where the departure from stoichiom- 
etry is large. 

It  should also be noted that although the analysis 
used in  this study circumvents the problem of consider- 
ation of the type of the nonstoichiometric defect and 
its distr ibution in the fluorite lattice, it does provide a 
very impor tant  characteristic of the nonstoichiometric 
defect (i.e., [Ce'ee] cc x) which should be considered 
in any detailed analysis of the defect s t ructure  of 
CeO2-x. The na ture  of the nonstoichiometric defect and 
its state of ionization will be discussed later in a pa~er 
based on a thermodynamic  study of CeO2-x (21, 24). 

The following question also arises from this study. 
Why is Q a function of x? A current  study in this lab-  
oratory (25) of the dependence of the lattice parameter  
as a function of nonstoichiometry at elevated tempera-  
tures (800~176 shows that  the lattice parameter  
increases with increasing x. Since the "hopping-type 
process" for electron conduction involves an  act ivat ion 

energy, it appears l ikely that  the increase in E with x 
is associated with the increase in the size of the un i t  
cell. 
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Low Phosphorus Concentrations in Si 
by Diffusion from Doped Oxide Layers 

J. Middelhoek and J. Holleman 

Twente University o~ Technology, Enschede, The Netherlands 

ABSTRACT 

The diffusion of phosphorus into silicon from doped oxide layers, deposited 
at low temperatures,  has been studied in  order to achieve reproducible im- 
pur i ty  distr ibutions with surface concentrat ions varying from 5 • 1015 to 1018 
a toms/cm 3. Special a t tent ion has been given to the differences arising from in-  
diffusion in an N2 or in  an O2 ambient.  The dependence on the tempera ture  of 
the diffusion coefficients of phosphorus in silicon and in  silicon dioxide is deter~ 
mined at  a surface concentrat ion of 5 • 1016 atoms/cm 3. 

Doped and undoped oxide layers, which are formed 
by the oxidation with O2 of the hydrides of Si, P, B, 
and other elements at the surface of a slice of mono-  
crystal l ine silicon at a characteristic tempera ture  of 
400~ have valuable applications in the manufac ture  of 
integrated circuits (1-4). 

The application as a diffusion source is par t icular ly  
interesting, because an independent  control of the sur-  
face concentrat ion over several orders of magni tude  
is made possible. 

The purpose of this research is to find the practical 
lower l imit  of the phosphorus concentration,  which can 
be obtained by indiffusion. Our research forms an ex-  
tension of the work of Barry et al. (5-7). He reported 
surface concentrat ions of phosphorus varying from 
6 X 101~ to 2 X 1030 a toms/cm 3. Moreover we also 
studied the differences which arise when  the indiffusion 
takes place either in an N2 or in an 02 ambient .  In  
part icular  the indiffusion in an O2 atmosphere has 
impor tant  applications in  integrated circuit  technology. 

Usually a thin layer of undoped oxide is already 
present  on the surface of the substrate before deposi- 
t ion of the oxide. This is caused by air oxidation or due 
to a cleaning step in nitr ic acid. The influence of this 
barrier  layer  on the result  of the diffusion has been 
carefully observed. 

The tempera ture  dependence of the diffusion coeffi- 
cients of P on Si and SiO~ has been studied in view of 
process control. Activation energy values of impor-  
tance from a theoretical point  of view might be ex-  
pected due to the method of diffusion and on account 
of the low concentrations. 

Theory 
Barry and Olofsen (5) have given a detailed mathe-  

matical  description of a model for the evaluat ion of the 
diffusion from a doped oxide layer. We shall use the 
same model and notation. Figure 1 shows a schematic 
representat ion of the different layers together with the 
diffusion parameters.  

The expected impur i ty  distr ibution after  indiffusion 
from an infinitely thick source layer and  without  a 
barr ier  layer  present, is 

C=(x,t) ---- Co[m~/Dz/(mx/D~+ ~/DI)] eric x/2~/D2t 
[1] 

The segregation constant  m is defined by the equat ion 
m = C2 (O,t)/Cl(O,t).Throughout this paper we wil l  
use the approximation 

§ = [2] 

because in the case of phosphorus, the data from l i tera-  
ture  (7, 9) indicate that  ~/D~ > >  x /DTand  m > >  1. 

When a first correction term for a finite thickness of 
the source layer  Xo is added we arr ive at 

Key words: i m p u r i t y  d i s t r ibu t ion ,  low sur face  concen t ra t ion ,  
chemical vapor deposition, MOS channels,  IC fab r i ca t ion .  

C2 (x,t) = Co~/D1/~/D2 [eric x/2~/Dat 

- -  2 eric (x/2~/D2t -}- Xo/2~/Dlt) ] [3] 

The decrease of the total amount  of indiffused atoms 
due to a finite thickness is less than 1% if Xo > 4~/Dlt. 
It is useful to express Xo in this inequal i ty  as a fraction 
of the desired junct ion depth xj. Using the approxima- 
tion xj ~ 4~/D2t, we fir~d as a general  rule  

~:~ > xj~/D1/D2 [4] 

Using Barry 's  results (7), we find that  in the case of 
phosphorus no decrease is apparent  when  

Xo > 0.05xj. [5] 

When a thin, undoped oxide layer  is present  between 
the silicon slice and the doped source layer, caused, 
for instance, by a cleaning procedure, the dis tr ibut ion 
in the silicon may still be described as a complementary 
error-funct ion.  

C2 (x,t) ---- C o~Dz/D2 eric (x + XB~/D2/D1) / (2~/D2t) 
[6] 

Contrary to expression [1] the surface concentrat ion is 
now t ime-dependent  

C2(O,t) = Co~/D1/D2 eric xs/2~/Dlt- [7] 

The distr ibution in the silicon is equal to the profile 
arr ived at when, from a pure complementary error-  
funct ion profile, a top layer  with a thickness of 
xB~/D2/Dl"has been removed by a sectioning technique. 
I rv in  (8) has composed a set of graphs which can be 
used for the evaluat ion of profiles obtained by section- 
ing. These graphs are also applicable in the case of the 
presence of an undoped barr ier  layer, provided that  
xB~/D2/D1 is known.  

Doped 
O x i d e  
C1,D1 

,,oUndope d 
x i d e  

cac 

-Xo -X B 0 
X >- 

Si l icon 
C2, D 2 

Fig. 1. Diffusion from a deposited doped oxide through n barrier 
oxide into a semiconductor substrate. 
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The above solutions are applicable for diffusion in  
the presence of constant  barr ier  thickness. However, in 
an  oxidizing ambient,  an  undoped oxide layer  grows 
between the deposited layer of doped oxide and the 
silicon slice. What occurs can be physically clarified 
without  a thorough mathematical  explanation. 

The rate of the barr ier  growth can be derived from 
the we l l -known parabolic law for thermal  oxidation 
(9) when the thickness Xo of the deposited layer is also 
taken into account 

(Xo -~- XB) 2 = B(ti ~ t), where (Xo -t- XBo) s ---- Bti 

The parabolic rate constant  B is proport ional  to the 
diffusion constant  of the oxidizing species. By approxi-  
mat ion 

XB - -  Xso -'I- Bt/2Xo [8] 

The progress of the diffusion in  the SiO2 barr ier  is 
difficult to characterize precisely. We take 2~/Dlt as the 
distance covered, which is a reasonable assumption as 
XB > ~/Dlt. In  Fig. 2 we plotted XB and 2~/Dlt in one 
graph as funct ion of the time. What occurs can be 
clearly seen. Ini t ia l ly  the diffusion progresses more 
quickly than  the barr ier  increases, but  after some t ime 
the barr ier  growth overtakes the diffusion of the 
dopant. At the moment  that the processes have the 
same velocity, the indiffusion into the silicon ceases. 
The total amount  of indiffused impur i ty  remains con- 
stant and by fur ther  high tempera ture  t rea tment  the 
di.stribution begins to approach a Gaussian profile. 

Experimental Details 
Standard Monsanto  silicon slices, doped with boron 

to a specific resist ivity of about 10 ohm-cm plane di-  
rection (100), with one side polished and the other 
side lapped, were used in this research. The specific re-  
sistivity of each slice was determined before the ex-  
periments  and the dopant concent ra t ion  was derived 
from l i terature data (9). 

The pre t rea tment  of the slices comprised t reatments  
in  fuming nitric acid and in  boiling nitric acid (65%), 
r insing and centrifuging unt i l  dry. Directly afterwards, 
the deposition in the reactor was carried out. 

The depositions were performed in a home-made,  
one-slice reactor at a slice tempera ture  of 325 ~ • 2~ 
The reactor was cylindrical  with a height of 20 cm and 
a diameter  of 8 cm. Before the deposition the reactor 
was purged with N2 and the slice preheated for 2 min. 
The gas flows were argon: 7 l i t e r /min ;  O2:35 m l / mi n ;  
Sill4 (net) : 7 ml /min .  The gas flow of PH3 varied. The 
dilution in the cylinder used was 6 ppm. The dilution of 
Sill4 in A was 1%. 

At first a uniform phosphorus-doped oxide layer  of 
4000A was deposited at a rate of 1000 A/min .  There-  
after a densification step (10) followed dur ing  10 rain 
at  650~ in N2, wetted by leading the gas flow through 

o< 
ol8 

~12 
I 1 0  I- ~ - - - ~  i n O ~  

/~ in N 2 
I I I I I I I 

1 2 3 4 5 6 7 
t,Hr 

Fig. 2. The increase of the barrier thickness a.d of the diffusion 
length of phosphorus in oxide vs. time. 

a washing-bot t le  containing water  at room tempera-  
ture. This step has been proved to be essential for 
achieving good diode characteristics in  the fabrication 
of MOS transistors. 

Finally,  the phosphorus-doped layer  was covered by 
another deposited layer of 4000A. This layer configura- 
t ion is also applied in the fabrication of MOS transis-  
tors. 

After diffusion the oxide was etched away and the 
sheet resistance was determined with a four point  
probe. The junct ion  was made visible (12) by gr ind-  
ing a circular groove with a steel ball  and by staining 
one of the layers with AgNOs or Ful ler  and Ditzen- 
berger 's  etching fluid (12). The junct ion depth was 
determined with the measuring ocular of a l ight-micro-  
scope. 

Evaluation Method 
The theoretical conditions for an evaluat ion of the 

indiffusion based on the combined measurement  of 
junct ion  depths and sheet conductivities, assuming an 
eric distribution, are excellent. The background as 
well as the diffusant concentrat ions are in this research 
always much smaller  than the intrinsic carrier con- 
centrat ions at the diffusion temperatures.  Complica- 
tions (14-16) due to an in terna l  field and  variat ion of 
the vacancy concentrat ion do not occur. 

For the justification of the diffusion model it is not 
only necessary to investigate the var iat ion of xj and 
Rs -1 with diffusion time, but  also the variat ion with the 
concentrat ion of dopant in the oxide. It  is essential that  
the surface concentrat ion is proport ional  to the ini-  
tial dopant concentrat ion in the source layer  (1). 

The expression for the junct ion  depth, as derived 
from [6], is 

xj = --xB~/D2/D1 ~- 2~/D2t argerfc CB~/D---2/Co~D---~ [9] 

The value, XB, of the thickness of the thin oxide bar-  
r ier  in  this research is not determined separately. It  has 
an estimated value (2, 5) between 15 and 50A. The ex-  
pected intercept with the ordinate of the curve xj vs. 
~,/t is, according to the diffusivity values reported by 
Barry (7), very small, about 1O00A. The determinat ion 
of this intercept  cannot be done accurately because 
systematic errors in the junc t ion  depth measurement  
are of the same order of magnitude.  However the de- 
te rminat ion  of XB~/D2/D1 is made possible by compar-  
ing the systematic difference of two series of mea-  
surements  of xj vs. Co. The wafers of one series were 
dipped in a SiO2 etchant  just  before the deposition of 
the doped oxide layer. The wafers of the other series 
are covered with the thin oxide layer normal ly  found 
after a cleaning step with HNOs. 

The total amount  (6, 9) of indiffused atoms Q is in  
the case of a complementary  error  function distr ibution 

Q(t, Co) -- 2rc-1/2Cs~/D2t 2~-I/2Co~/Dlt [10] 

For very low concentrat ions compared with the 
background concentration, three corrections have to be 
made. First  the integral  may not be extended to in-  
finity. For finite thickness of xj the expression for Q 
can be completed with a factor (11) (Fig. 3) 

F = (1 -- ~/~ ierfc xj/2~/Dzt) [11] 

Secondly an amount  xjCB must  be subtracted for the 
compensation of the background concentration.  Thirdly 
when  an undo ped barr ier  layer  is present, an amount  
XBCo must  also be subtracted because this thin undoped 
barr ier  layer acts to a first approximation as a source 
for a Gaussian distribution, but  then in  a negative 
sense. 

Thus, the amount  of indiffused atoms, which can be 
determined by sheet conductivity measurements  is 

Q = 2~-I/2CoF~/DIt -- xjCB -- xBCo [12] 
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Fig. 3. The factor F, which accounts for the indiffused atoms be- 
yond the metallurgical junction, vs. xj/2~/D2t.  

The ,sheet conductivi ty Rs-* would be a l inear  func-  
tion of Q, if the mobil i ty of the charge carriers, in  this 
case electrons, was independent  of the concentration. 
This problem is usual ly  c i rcumvented by using I rv in ' s  
graphs (8) for the evaluat ion in which this mobil i ty 
variat ion is taken into account. But it is however, in -  
teresting to check how this mobil i ty variat ion in-  
fluences the evaluation. The sheet conductivi ty as wel l  
as the surface concentrat ion determined with I rvin ' s  
graphs will therefore be plotted vs. the dopant  con- 
centrat ion in  the oxide. Thereby we shall assume that  
in our  reactor system the following relat ion is valid 
for small  PHJS iH4  ratios 

Co = (PHJSiH4)  K2 �9 3 • 10 ~ a toms/cm 3 [13] 

K is a reactor constant. Therefore we evaluate accord- 
ing to 

Rs -1 = K*x/Dlt  (PHs/SiHD [14] 

Results and Discussion 
In  Fig. 4 and 5 the exper imental ly  found junct ion  

depth xj and the sheet conductivity (Rs)-1 are both 
represented as functions of the square root of the time. 
The graphs show straight lines for diffusion in N2 as 
expected according to Eq. [9] and [14] for diffusions in  
an inert  atmosphere. 

The intercept  of the curve xj vs. ~/ t  is smaller  than  
1000A and can not be accurately de termined from these 
experiments.  

When the diffusion was performed in an oxygen am-  
bient, the junct ion  depths for longer t imes are some- 
what  smaller  than  the values found in  N2. This is ob-  
viously an  indication that  the amount  of indiffused 
phosphorus atoms is smaller. This is even more evident  
from the sheet conductivi ty plot (Fig. 5). By diffusion 
after a certain t ime in O2 the sheet conductivi ty re-  
mains constant. This is a result  of the cut-off of fur ther  
influx caused by the growth of an undoped barr ier  as 
explained in the theoretical section (Fig. 2). 

The sheet conductivi ty after indiffusion in N2 for 
longer times also remains  below the value predicted 

by theory. This may be due par t ly  to exhaustion of the 
source layer, because xo -= 4000.& and  xj = 10~ and, 
according to [5], exhaust ion should lead to a small  
decrease of the sheet conductivity. 

The average specific conductivi ty of the layers 
(Rsx~)-1 is equal to the quotient  of the slopes of the 
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Fig. 4. Junction depths resulting from P diffusion into Si from 
deposited oxides at 1200~ in an N2 or in an 02 ambient, v s .  time. 
PH3/SiH4 = 2.34 x I0 -4 .  Cs = 4.8 x 1017 atoms/era 3. 
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respect ive curves. It  is a constant for the layers dif-  
fused in N2 as would be expected for a complementary  
e r ror - func t ion  profile. With the help of I rvin 's  graphs 
(8) the surface concentrat ion for the diffusion exper i -  
ments  in N2, represented in Fig. 4 and 5, is found to 
be 4.8 X 1017 a toms /cm 3. The diffusivity of phos- 
phorus in silicon at 1200 ~ • I~ was calculated from 
the slope of the plot xj vs. t and the found surface 
concentration. ~/D2---- 0.60 ~/hr  1/2. 

Figures  6 and 7 show the result  of comparable  ex-  
periments,  but wi th  a much smaller  phosphorus con- 
centrat ion Co in the oxide. A pronounced difference 
occurs, when the slice before deposition, is e i ther  
dipped or not dipped in an SiO2 etchant. This was not 
the case wi th  the above discussed concentrat ion of 
4.8 X 101~ a toms/cm 3. Evaluat ion  of the surface con- 
centrat ion gives 3.0 X 1016 a toms/cm z when  dipping is 
included and 8.5 • 1015 a toms/cm 3 wi thout  dipping. 
The diffusivities were  respect ively  0.52 and 0.56 ~ /hr  1/2. 
The concentrat ion of PHa in the deposition gas was 6 
t imes smaller  for the exper iments  of Fig. 6 and 7, than 
for the exper iments  of Fig. 4 arid 5. The result ing sur-  
face concentrat ion was however  16 t imes smaller  wi th  
dipping and 57 t imes smal ler  without  dipping. This 
means that  for this low concentrat ion more than half  
of the amount  of phosphorus is lost during the opera-  
tion in the reactor  system. 

Diffusion in an oxygen ambient  leads to i r repro-  
ducible results at this low concentration. 

The results of the exper iments  concerning the t em-  
pera ture  dependence of the diffusivities are represented  
in Fig. 8 and Table I. F rom the slope of the curve  in 
D21/2 vs. T - 1  an act ivat ion energy of 5.00 • 0.10 eV 
was calculated at a surface concentrat ion of 5 X 1016 
a toms /cm 3. Compared wi th  other values f rom the 
l i tera ture  (7, 13) such as 2.45 eV(2 X 102~ 3.78 
eV(5 >< 2016/cm3); 2.4 eV(9.5 X 102~ and 3.4 
eV(3 X 10~S/cm 3) the value now found is much larger.  
The calculation of the act ivation energy depends 
mainly  on the values found for the junct ion depth. The 
assumption of a systematic error  in the junction depth 
of 0.45~ is necessary to bring the value  for the act i-  
vat ion energy into agreement  wi th  the values repor ted  
thus far in the l i tera ture  for phosphorus diffusion. 

The graph of In Rs -~ vs. T -1 makes  it possible, ac- 
cording to [14], to calculate the act ivat ion energy of 
the diffusion coefficient of phosphorus in the oxide. We 
found 2.04 • 0.20 eV. It was assumed that  the effective 
average  mobil i ty  at 5 • 1016 atoms/cm~ did not change 
very  much. Li te ra ture  data indicate a var ia t ion of less 
than 10% and the results, represented in Fig. 10, give 
reason to bel ieve that  the var ia t ion is even less. Bar ry  
(7) found 4 eV, but  this value is not ve ry  accurate, as 

~2 

dippe a 
~ w i t h  barrier 

I I I I 
1 2 3 4 ,/t, Hr 1/2 

Fig. 6. Junction depths resulting from P diffusion into Si from 
deposited oxides at 1200~ in an N2 ambient, vs. time. PHJSiH4 = 
3 x 10 -5 .  After a cleaning step in HNO3 the wafers of one series 
are dipped in an HF solution before the deposition of the doped 
oxide. 

he states in his article, because it is calculated with  the 
help of the barr ier  thickness XB. 

Barry  (7) also found by independent  measurements  

of Co and Cs that the rat io Co/Cs = ~ D 2 / D 1  is indepen-  
dent of the temperature,  but dependent  on the concen- 
t rat ion of the diffusant. This result  is incompatible 
wi th  his diffusion model. We found, however,  in Table I 
that  Cs decreases at a constant Co and an increasing 
temperature ,  because D2 has a greater  increase with a 
rise in t empera ture  than D1. 

Figures 9, 10, and 11 show the results of diffusion 
exper iments  at a constant diffusion t ime and tempera -  
ture wi th  varying concentrations of PH3 in the deposi-  
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Fig. 7. Sheet conductivities resulting from P diffusion into Si from 
deposited oxide at 1200~ in an N2 ambient, vs. time PH3/SiH4 = 
3 x 10 -5 .  After a cleaning step in HNO3 the wafers of one series 
are dipped in an HF solution before the deposition of the doped 
oxide, 
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Fig, 8. Temperature variation of the P diffusivity in Si and of the 
sheet conductivity resulting from P diffusion into Si from deposited 
oxides during 125 rain in an N2 ambient. PH3/SiH4 = 6.4 x 10 -5 .  
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Table I. Temperature variation of the diffusion quantities 
resulting from P diffusion into Si from deposited oxides in an 

N2 ambient. PH3/SiH4 = 0.64 x 10 -4.  Diffusion time is 125 min 

Temp, xj, R,-1, (R,xj)-*, C,, 10 le x/D2, 
~ /~ 10 -4 mho mho/cm atoms/cmS /z/hrl/= 

1100 0.71 2.57 3.48 9.0 0.137 
1152 1.35 4.00 2.96 6.8 0.272 E 
1200 2.40 4.65 1.94 3.6 0.562 ~ 3 
1250 4 .34 6.18 1.42 2 .5  1.037 o 

t i o n  gas. I t  w a s  s u p p o s e d  t h a t  t h e  c o n c e n t r a t i o n  Co w a s  T~ 
a l i n e a r  f u n c t i o n  of t h e  r a t i o  PH3/S iH4  in  t h e  depos i -  
t i on  gas  (13) .  T h a t  th i s  s u p p o s i t i o n  w a s  cor rec t ,  is d e m -  >- 
o n s t r a t e d  in  Fig.  10. A c c o r d i n g  to t h e  t h e o r y  a l i n e a r  ~" 
r e l a t i o n  is p r e d i c t e d  b e t w e e n  (Rs) -1  a n d  Co, a n d  a > - 2  
l i n e a r  r e l a t i o n  b e t w e e n  (Rs) -1 a n d  ( P H 3 / S i H 4 )  is 
found, o 

A t  t h e  h i g h e s t  c o n c e n t r a t i o n s  a d e v i a t i o n  occurs .  T h i s  o 
Z 

m a y  b e  due  to a s m a l l e r  m o b i l i t y  a t  t h e s e  c o n c e n t r a -  0 
t ions .  B u t  t h i s  is no t  p r o b a b l e ,  b e c a u s e  a s i m i l a r  d e v i -  0 
a t i o n  occu r s  b y  d i f fus ion  in  a n  o x y g e n  a m b i e n t ,  w h i l e  
t h e  c o n c e n t r a t i o n  is i n  a r a n g e ,  w h e r e  no  d e v i a t i o n  oc-  ,,, ! 
cu r s  in  t h e  r e s u l t s  o b t a i n e d  in  a n  N2 a t m o s p h e r e .  A n  
e r r o r  in  t h e  c o n t r o l  of t h e  PH3 flow is m o r e  p r o b a b l e .  
T h e  g r a p h  of t h e  s u r f a c e  c o n c e n t r a t i o n  vs. ( P H J S i I - ~ )  
(Fig.  11) is no t  as s t r a i g h t  as t h e  g r a p h  ( R s ) - I  vs.  
(PH3/S iH4)  (Fig.  10). I t  w o u l d  a p p e a r  t h a t  t h e  de -  
p e n d e n c e  of t h e  m o b i l i t y  on  t h e  c o n c e n t r a t i o n ,  s u c h  as  
t a k e n  i n to  a c c o u n t  b y  I r v i n  in  h i s  g r a p h s  (8) is e x -  
a g g e r a t e d  in  t h e  r a n g e  of 1017-10 TM a t o m s / c m  3. 0 

T h e  s y s t e m a t i c  d i f f e r e n c e  in  j u n c t i o n  d e p t h  b e t w e e n  
s l ices  w i t h  e t c h i n g  a n d  t h o s e  w i t h o u t  e t c h i n g  is o b -  
vious.  T h i s  d i f f e r ence  m u s t  c o r r e s p o n d  w i t h  xB~,/D2/D1 
(9) .  T h e  se r ies  in  N2 s h o w  a d i f f e r ence  of  a b o u t  800A 
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Fig. 10. Sheet conductivities, resulting from P diffusion into Si 
from deposited oxides during 43 rain at 1200~ vs. the PHJSiH4 
ratio in the deposition gas. For symbol definition see Fig. 9. 
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Fig. 9. Junction depths, resulting from P diffusion into Si from 
deposited oxides during 43 min at 1200~ vs. the PH3/SiH4 ratio 
in the deposited gas. N: diffusion in an N2 ambient. O: diffusion in 
an O2 ambient. D: dipped in an HF solution before deposition. 
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Fig. 11. Surface concentration, derived by means of Irvin's 
graphs from junction depth and sheet conductivity data, vs. the 
PHs/SiH4 ratio in the deposition gas. See Fig. 9 and 10. 
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and those in 02 of about 1700A. If we assume that the 
ratio P /S i  in the oxide is the same as in the deposition 
gas, then Co/Cs = ~/D2/D1 at 1200~ can be calculated. 
A value between 11 and 13 is found. Then in the case 
of N2, XB would be 67A. This value is fair ly large, as we 
expected (2, 5) a value of about 30A. It may therefore 
be concluded that at 325~ relat ively more P is de- 
posited than according to the ratio PHJSiH4.  

We expected to find a larger value of the effective xB 
in the case of an 0.2 ambient  dur ing the dr ive- in  bu t  
the theory is lacking for fur ther  analysis. 

The difference between (Rs) -1 in N2 with or without  
a barr ier  corresponds, according to the theory, with 
q~Cs:cB~/D2/D1. From this result  we also derived a 
value for XB~/D2/D1. It was 900A. This value agrees 
with the 800A derived from the junct ion depth mea-  
surements.  These values show that  the theory gives a 
consistent description of the diffusion process. An ap- 
plication of these diffusion sources with low dopant  
concentrat ion is shown in Fig. 12. To prevent  (13) para-  
sitic channels in p -channe l  MOS integrated circuits 
the active regions are surrounded by an area where 
the surface concentrat ion of the substrate is increased 
by a diffusion from a phosphorus-doped layer. 

100 

o > 
~GO 
~ 
< 

I I I I I I I I 
0 1 2 3 4 

104>: [ P H 3 / S i H  4 ]  

Fig. 12. Breakdown voltage of the drain of a MOS transistor and 
the parasitic turn-on voltage vs .  the PH3/SiH4 ratio in the deposi- 
tion gas for the doped oxide from which a diffusion takes place 
during the thermal growth of the gate oxide at 1200~ Field oxide 
thickness: 8000,~. 

The result  is that the parasitic t u r n - on  voltage in-  
creases. An adverse effect is that  the breakdown volt-  
age of the diffused areas decreases. A compromise is 
found when according to Fig. 12, the t u r n - o n  voltage 
and the breakdown voltage are both 40V. It is in ter-  
esting to note that measurements  of the t u r n - o n  voltage 
or C-V plots give an independent  method of deter-  
mining  the surface concentrations. The values may be 
compared with those obtained by means of Irvin 's  
graphs (8). In  our experience the agreement  is satis- 
factory but  we do not consider these methods more 
accurate than  I rvin ' s  evaluation.  

Manuscript  submit ted March 5, 1973; revised manu-  
script received Sept. 18, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
J O U R N A L .  
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The Synthesis and Photoluminescence of MnM:n(S, Se)  
P. C. Donohue and J. E. Hanlon 1 

Central Research Department, E. I. du Pont de Nemours and Company, 
Experimental Station, Wilmington, Delaware 19898 

ABSTRACT 

The compositions MnM2m(S,Se)4 where  M n ---- Eu, Yb, Ca, Sr, Ba and 
M nI ---- A1, Ga, In were prepared by reaction of the elements in evacuated 
silica tubes with iodine as a mineralizer.  All  members  except Ba(Ga,A1)2S4, 
which is cubic, exhibit  the pseudo-orthorhombic PbGa2Se4 type structure. 
They are high resistivity p- type  semiconductors; they exhibit  Eu+a-act ivated 
fluorescence which varies from red to blue as the electropositive character 
of the cations increase. Fluorescence activated by Yb +2 is seen at low tem- 
perature.  Studies were made of the fluorescence decay lifetimes, tempera ture  
dependence, excitat ion spectra, and optical adsorption of SrGa2S4:Eu in order 
to relate the Eu+~-activated fluorescence to the host bandgap. It is concluded 
that  the most efficient phosphors are those in which the Eu +2 excited states 
lie farthest from the fundamenta l  edge. 

Sulfides and selenides of general  formula MnM2 m 
(S,Se)4 where M n and M nI are divalent  and t r iva lent  

1 Deceased.  
Key  w o r d s :  Eu+~ a n d  yb*2 a c t i v a t e d  p h o t o l u m i n e s c e n c e  of M n  

(A1,Ga,In) 2 (S,Se) 4. 

cations, respectively, form a variety of structures (1,2). 
The most common are the Ag2I-IgI4 type, spinel type, 
ThaP4 type, and CaFe~O4 type. The spinel type is fa- 
vored by smaller  cations while the TI~P4 and CaFe20~ 
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types are favored by larger  electroposit ive cations such 
as  the rare earths. The Ag2HgI4 type, in which all 
cations are te t rahedra l ly  coordinated, is favored by 
the more covalent cations, e.g., the HgGa2S4-type 
series (3). 

Until  recently,  wi th  the exception of MgGa2S4 (4) 
and BaIn2S4 and SrIn2S4 (5), very  l i t t le work had 
been reported on compounds combining the larger  
ionic divalent  cations with the more covalent  t r iva lent  
cations. Eholie and co-workers  reported PbGa2Se4 (6) 
to exhibi t  a new orthorhombic structure. In a later  
paper  (7) they reported lattice constants and paramag-  
netism of EuM2Ill(S,Se)4, SrM2m(S,Se)4, and PbAl2 
(S,Se)4 where  M m = A1, Ga. The phases exhibit  an 
or thorhombic sublattice wi th  the simultaneous pres-  
ence of twinning and superlattice. 

The luminescence and structural  propert ies of Ce +3 
and Eu +2 act ivated MIIGa2S4 where  M I! : Ca, Sr, Ba, 
Pb, Eu (Na, La) ,  and (Na, Ce) were  repor ted  by Pe ter  
and Baglio (8). Their  s t ructural  data are in agreement  
wi th  Eholie et al., and they  report  BaGa2S4 to be cubic. 
The alkali  earth thiogallates were  shown to be efficient 
hosts for Eu +2 luminescence. The peak emission was 
shown to va ry  f rom the b lue-green  to yel low depending 
on the host. 

We here repor t  the extension of the series to include 
Yb (Ga,AI) 2 (S,Se)4, MIqn2 (S,Se) 4, BaAi2S4, and 
(Ca,Ba) Ga2Se4. We also measured the Eu +2 and Yb +2 
act ivated luminescence,  electr ical  resistivity, and op- 
tical absorption on several  compositions. 

Sample preparation.--Compositions were prepared 
by reactions in evacuated silica tubes using a small  
quant i ty  of iodine as a mineral iz ing agent. EuS and 
EuSe were  prepared by start ing with ingots of 99.9 pure 
Eu obtained f rom Ker r  McGee Company, and 99.999 
pure  S and Se obtained f rom ROC/RIC.  All other  
reactants  were  used in e lementa l  form; 99.9999 pure Ga 
obtained from Alcoa, 99.999-t- pure In obtained f rom 
Asarco, and 99.999 pure  A1 wire  obtained from ESPI.  
Ca, Sr, and Ba were  obtained 99.5% pure from R O C /  
RIC. Sr and Ba were  cut f rom bars and weighed in 
a N2-filled dry  box. The reactants, in stoichiometric 
proportions, were placed in dried silica tubes. About  
5 mg I2/cm 3 was added and the tubes were  evacuated 
and sealed at a length of about 6 in. 

Reactions were  carried out in natural  gradient  tube 
furnaces wi th  the ends of the tubes containing the 
metals  in the hot center  and the chalcogen at the cooler 
outer  edges of the furnaces. The t empera tu re  of the  
centers was raised to about 500~ and held for 24-48 hr. 
The cooler ends of the tubes were  at ~300~ to keep 
the vapor  pressure of the chalcogen low. During this 

t reatment ,  MIIS,Se formed without  react ion of the M II 
metal  with the silica. The t empera tu re  of the center  
was then raised to about 800~ and af ter  about 24 hr  
most of the chalcogen was taken up. The tubes were  
removed and shaken to bet ter  mix  the reagents  or 
opened, the products reground, resealed in silica. They 
were  reheated at be tween  800 ~ and 1000~ for 24-48 hr. 
When using A1 wire, several  shakings were  requi red  
since a hard sulfide crust forms prevent ing fu r ther  re-  
action. 

Solid solutions and doped compositions were  pre-  
pared by starting with the desired ratio of reactants  
and proceeding as described or grinding together  pre-  
prepared material ,  sealing in evacuated silica tubing, 
and heating at be tween 800 ~ and 1000~ 

The products general ly  formed in the hot ter  ends of 
the tubes as s intered crystal l ine masses. In some cases 
crystals were  t ransported to the cool zone. 

Boules of several  compositions were  grown in ei ther 
graphi te  or A1203 crucibles, sealed under  vacuum in 
silica tubes, and cooled f rom about 50~ above the 
melt ing point at 5~ The crystall ine habit  was 
typical ly  lamellar,  and bubbles were  seen in the sul- 
fides indicating a high S vapor pressure at the melt ing 
point. 

The melt ing points of EuGa2S4, EuGa2Se4, EuIn2Se4, 
BaGa2S4, and SrGa2S4 were  determined by DTA and 
are given in Table I. All appear  to mel t  congruent ly  
and freeze with supercooling of be tween 50 ~ and 1O0~ 
BaGa2S4 formed a g l a s s .  

Results and Discussion 
Crystal chemistry.--Table I summarizes the results 

of the syntheses, cell refinements, and resist ivi ty mea-  
surements.  Debye-Scher re r  x - r ay  powder  pat terns 
were  refined by a computer ized least squares technique 
and standard deviations in the cell parameters  are 
typical ly  0.003A. 

Two structure types are exhibi ted by this series, the 
PbGa2Se4 type and the cubic BaGa2S4 type. The or thor-  
hombic cell, a l though it could not account for all dif- 
fract ion lines, was used to compare  re la t ive  cell sizes 
of the PbGa2Se4 type compounds and for phase identi-  
fication. 

Several  crystals of various samples of the PbGa2S4 
type were  examined by Buerger  precession camera 
techniques and our results are consistent with those 
reported (7, 8). In all cases a large orthorhombic 
superlat t ice  was indicated; however ,  ext inct ions in-  
consistent wi th  any or thorhombic space group were  
observed suggesting the presence of twinning and that  
the t rue symmet ry  is lower than orthorhombic.  

Table I. X-ray data and properties of compounds in the system MIIM2III(S, Se)4 

Resist ivity 
Pseudo-orthorhombic  cel l  (A) M e l t i n g  2 9 8 ~  

Compound a b c Body color point  (~ (ohm-cm)  

EuAI2S4 10.193 6~060 10.374 L i g h t  ye l low 
EuGa~S4 10.223 6.108 10.354 Y e l l o w  1215 -~--108 

*EuIn2S4 10,490 6.497 10.360 Y e l l o w  --~10 xx 
EuGa~Set  10.666 6.375 10.795 Y e l l o w - o r a n g e  1093-1114 7 • 10 e 

*EuIn~Se~ 11.104 6.704 10.879 O r a n g e  1012 ---~10 ~ 
SrAI~S~ 10.227 6.065 10.429 W h i t e  
SrGa~St 10.255 6.107 10.424 W h i t e  1215 

"SrIn2S4 10.548 6.510 10,439 Pink 
SrGa2Se~ 10.711 6.385 10,864 W h i t e  7 • 10 ~ 

*SrIn2Set  10.938 6.728 11.017 O r a n g e  7 X 107 
CaGa2S4 ]0.026 6.06 10.053 W h i t e  ---~101~ 

"CaGa~Set 10.506 6.319 10.662 P i n k  ~ 1 0  ~~ 
*YbAI2S~ 10.045 6.020 10.029 Yel low 
*YbGa2S~ 10.041 6.066 10.056 Red-orange l0  s 
*YbGa2Se~ 10.185 6.338 10.501 Red  4 • 10 ~ 
"BaGa~Sej  10.605 6.408 11.321 L i g h t  o r a n g e  ---~101~ 
*BairnS4 10.840 6.556 10.885 P i n k  
*BaInsSe~ 11.262 6.785 11.335 L igh t  orange 3 x 109 

Cubic  cells a in  A 
BaGa2S~ 12.010 W h i t e  1055 ~---10 x~ 

*BaAI~S~ 12.588 W h i t e  

Cub ic  cei ls  a i n  A. 
* N e w  compositions.  
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Fig. I .  Size relationships of the orthorhombic PbGa2Se4 type cells 

In a s tudy of a crystal  of EuIn2Se4, a triclinic cell 
was der ived by sorting out untwinned reflections. The 
dimensions are a : 6.42A, b ---- 12.840A, c : 15.424A, 
a : 127 ~ , p  : 52.8 ~ , 7  : 116.6 ~ �9 

F i g u r e  1 shows  t he  size r e l a t i onsh ips .  I t  is a p l o t  o f  
t h e  r a d i i  cubed  ( r  3) o f  t he  d i v a l e n t  ca t ions  vs .  t he  
volume of the or thorhombic cells. The radii of the d iva-  
lent cations were  obtained by taking half  the cell edge 
of the rock salt sulfides MnS and subtract ing the ionic 
radius of S (1.84A). 

The figure suggests that  re lat ive cation size is an 
important  factor in the formation of the PbGa2Se4-type 
structure.  When M Il ---- Ca or Yb, only combinations 
wi th  M HI _-- A1, Ga show this structure.  When M H is 
Ba, the s t ructure  forms only in combination with  the 
large M m cation, In; with M IH = AI,Ga, a cubic struc- 
ture forms for the sulfides. 
BaGasSe4 exhibits the orthorhombic PbGa2Se4-type 

powder pattern but with an anomalous cell volume. A 
study of the system BaGa2S4-xSez showed the BaGa2S4 
type present for x : 3.6 but a rhombohedral distortion 
w a s  seen. 

Electrical properties.--Room t empera tu re  resistivities 
(Table I) and Seebeck coefficients measured on single 
crystals indicate high resistance, p - type  semiconduc- 
tion. Many at tempts  were  made to dope these mater ia ls  
but  resistivit ies could not be appreciably lowered. 

EuIn~Se~ exhibi ted photoconduct ivi ty  wi th  p dark 
> 1014 ohm-cm;  when  exposed to l ight  (4000-6000A), 
p = 2 X 109 ohm-cm. 

Photoluminescence: Eu+Z.--The Eu +2 photolumin- 
escence emission spectra of MlIM2m(S,Se)4 phos- 
phors excited by 253.7 nm Hg light were measured on 
powders between 300 and 750 nm using a I/2 meter 
Bausch and Lomb monochromator fitted with an EMI 
extended S-20 response photomultiplier tube detector. 

MIZM2 m (S ,Se)  4 139 

The monochromator -de tec tor  system was calibrated 
against  an Eppley quar tz- iodine  standard lamp. As a 
fur ther  check, the spectra obtained on NBS reference 
phosphors were  compared with those obtained by 
Shelton (9). 

Consistent wi th  the findings of Peters  and Baglio 
(8), we found the emission of Eu +2 in MHM2mSe4:Eu 
to consist of na r row bands which peaked, depending 
on the host, in the blue through red region of the 
spectrum. We extended studies of the fluorescent prop-  
erties of Eu +s in these mater ia ls  to include cases where  
M uI : Al, In, selenides and EuM2 III (S,Se)4. 

The emission band peak positions, peak half widths, 
and quantum efficiencies are given in Table If. 
The photoluminescence quantum efficiencies were 

estimated by comparing the integrated emission inten- 
sities of the MHM2n[(S,Se)4:Eu, Yb samples with the 
integrated intensities of the National Bureau of Stan- 
dards reference phosphors NBS 1026, 1027, and 1028. 
The 254 nm excited photoluminescent quantum effici- 
eneies of the reference phosphors were measured by 
Bril and Hoekstra (10), Kingsley and Ludwig (11), and 
Shelton (9). For most work, NBS 1026 was the com- 
parison phosphor and was assumed to have a quantum 
efficiency of 77% under 254 nm excitation. 
The MHIn2(S,Se)4:Eu compositions are not lumi- 

nescent at room tempera ture ;  80~ luminescence prop-  
erties are given in Table II. 

F rom Table II it can be seen that  the emission peak 
position is shifted to the blue region of the spectrum 
for Bao.s99A12S4:0.006 Eu. It  may be stated that, as 
the electroposi t ive character  of the cations of the host 
increases, the emission shifts in color from red to blue. 
In the same way the optical bandgap would  be ex -  
pected to increase since the ionic character  of the host 
would increase. 

It  can also be seen in Table II that  the emissions 
from EuGa2S4 and EuA12S~ are quite strong. 

In order to understand the fluorescences of Eu +~ in 
these mater ia ls  as a function of host bandgap, we 
studied the lifetimes, thermal  properties,  optical ab- 
sorption, and exci tat ion spectra of selected composi- 
tions. We hoped to gain an unders tanding of the re la-  
t ionship of the band levels  of the fluorescent levels 
for the possibility of achieving injection e lect rolumin-  
escence. 

Decay li]etimes.--The fluorescence decay l ifet imes 
of several  Eu +2 act ivated MIIM2Iu(S,Se)4 phosphors 
are listed in Table III. The decay l ifet imes fall into 
three  groups: (i) EuM21IlS4 ~ 0.2/zsec, (ii) MHM211IS4: 
(dilute Eu) ~- 0.3-0.5 ~sec, and (iii) MnM2IHSe4: (dilute 
Eu) ~ 1-2 ;,sec. The 0.3-0.5 ~sec range is believed to 
be representa t ive  of Eu +2 in the MIIM2IUS4 envi ron-  
ment.  The oscillator s t rength est imated from the 0.42 
;,sec l i fe t ime of SrGa2S4:Eu is 5 • 10 -3, consistent in 
order  of magni tude  with  previously repor ted  values 

Table II. Photoluminescence of Eu + 2  and Yb + 2  activated MIZM2In(S,Se)4 phosphors 

Composi t ion 

Wavelength 
of maximum Emiss ion  peak 

photoluminescence half-width 
emiss ion  (nm) (nm) 

Luminescence quantum efficiency 
(254 nm excitation) 

Temperature 
% (~ 

Bao.moAlsS4:0.006Eu 475 Blue 
Bao.DmGa~S. :0.005Eu 495 Blue-green 

"Bao.~Im~S. :0.01Eu 680 Red 
Sro.m~A~S,:0.0lEu 496 Blue-green 
SrGa~4:10 ppm Eu 538 Yellow-green 
Sro.gGa~S,:0.1Eu 540 Yellow-green 
Sro ~a~S.:  0. IEu 547 YeLlow- green 

*Sro.~In~S,:0.01Eu 640 Red 
Cao.sGa~S,:0.2Eu 560 Yellow 
Cao.~:~a~Se,:0.1Eu 562 Yellow 
EuAI~S, 508 Yellow-green 
EuGa2S~ 546 Y e l l o w  
EuGa2Se, 528 
"Cao.mGa>S,:0.01Yb 580 Orange 
"YbGaIS6 605 Orange 

57 6 300 
58 12 300 

100 - -0 .1  80 
42 4 300 
52 7 300 
45 11 300 
55 0.2 300 
60 0.05 80 
57 9 300 
53 - -0 .1  300 
32 2 300 
34 5 300 

65 3 80 
60 ,.,0.1 80 

" A t  80~ 
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Table III. Photoluminescence decay lifetimes 

D e c a y  l i f e -  
Composition t i m e  (/tsec~ 

EuOa=S4 0,16 
EuAI~S4 0.19 
Cao-~sGa2S4:0.05Eu 0.48 
Cao.sGa~S~:0.2Eu 0.49 
SrGa~-S~:10 p p m  E u  0.42 
BaGa2S4 :0 .005Eu  0.30 
Bao 05Ga~S~:0.05Eu 0.31 
BaAI~S~:0 :006Eu 0.35 
Bao,gAI~S~:0.05Eu 0.45 
Cao.eGa.~Se4:0.1Eu 1.8 
Sro.oGa~Se, :0 .1Eu 1.4 

(12). The shorter  l i fet imes of the EuM2mS4 sample is 
bel ieved to be a manifestat ion of concentrat ion quench-  
ing: the observed lifetimes are shortened by nonradia-  
rive depopulat ion of the Eu +2 excited states. 

The longer emission l ifet imes of the selenides com- 
pared to the sulfides may be caused by greater  mixing 
of the 4f65d or 4f66s Eu +2 exci ted states wi th  Se -2 
excited states than occurs wi th  the S -2 excited states. 
In other  words, the Eu + 2 excited states may  be delocal-  
ized in the selen~ides and lie within or above the con- 
duction band. This is consistent wi th  the emission data 
(Table II) which shows the selenides EuGa2Se4 and 
Ca0.9Ga2Se4:0.1 Eu to emit  at energies higher  than or 
near ly  the same as the analogous sulfides. Since the 
bandgaps of the selenides would be expected to be 
nar rower  than the sulfides, the Eu +2 excited states 
may  be wi th in  the conduction band. The selenides 
have ve ry  low photoluminescent  efficienr only 
slightly increased by cooling to 80~ 

Al though most of the photoluminescence of Eu-  
act ivated MUM21u(S,Se)4 decays very  rapidly, in a 
few ~sec or less, a small  amount  of the photolumin-  
escence, typical ly 1-5% of the total intensity, decays 
much more slowly, over  intervals  of 10 msec or longer. 
The long decay durat ion emission or phosphorescence 
is most prominent  in the BaM211184 compositions, for 
which as much as 10% of the photoluminescence is 
phosphorescence. Under  electron excitation, the phos- 
phorescence of the BaM2mS4 phosphors lasts several  
seconds for samples wi th  the lowest Eu concentrat ions 
(--100 ppm).  The phosphorescence and fluorescence 
emission spectra are the same. The more phosphores- 
cent MIZM2UI(S, Se)4:Eu compositions can also be ex-  
cited by IR l ight af ter  exposure to uv. We conclude 
that  the phosphorescence is caused by t rapped electrons 
which are thermal ly  ionized over  a period of time. 

Temperature dependence of the photoluminescence.~ 
The tempera tu re  dependence of MUM2mS4:Eu phos- 
phors is sensitive to Eu concentration. The t empera tu re  
dependence of EuGa2S4 and SrGa_gS4:Eu is shown in 
Fig. 2. The photoluminescence efficiency of Eu +2 in 
EuGa2S4 decreases wi th  tempera ture  and is a factor of 
100 greater  at 100~ than at 500~ On the other hand, 
the photoluminescence of SrGa2S4 doped with  100 ppm 
Eu or less is almost t empera tu re  independent.  

Excitation spectra and optical absorption.--The 
photoluminescence exci tat ion and emission spectra of 
EuGa2S4 are shown in Fig. 3 : 2 5 4  nm light is 60% as 
efficient in excit ing luminescence as is 450 nm light. 
However ,  according to the data of Peters  and Baglio 
(8), 254 nm light is only ,-,10% as efficient as 450 nm 
light in excit ing luminescence in Sr0.9sGa2S4:0.02 Eu. 
Thus as the Eu concentrat ion increases in the system 
SrGa2S4:Eu, the increased re la t ive  uti l i ty of 254 nm 
l ight  par t ia l ly  cancels the deleterious effect of concen- 
t ra t ion quenching. 

The optical absorption of SrGa2S4 and Sro.98Ga2S4: 
0.02 Eu crystals are shown in Fig. 4. The absorption was 
determined by measuring the transmission of ~2  • 
10 - s  cm thick samples in a Cary 14. SrGa2S~ has an 
absorption edge at 380 nm and l i t t le  or  no absorption 
be tween this edge and the infrared. Sro.9sC~a2S4:0.02 Eu 

has additional absorption be tween 360 and 510 nm 
which we associate with Eu +2 4f 7 --> 4f65d or 4f66s 
transitions. The oscillator s t rength determined by 
integrat ing the Eu +2 part  of the absorption in 
Sr0.9sGa2S4:0.02 Eu is 4 X 10 -3, in satisfactory agree-  
ment  wi th  the 5 • 10 -3 value  derived from fluores- 
cence decay l i fet ime data and quite reasonable for a 
par i ty  al lowed transi t ion in a mul t ie lect ron transit ion 
meta l  ion. The Eu +~ absorption has also been measured 
in Sro.99~A12S4:0.005 Eu. In this compound the Eu ab- 
sorption peaks at 380 nm compared with 393 nm in 
Sr0.98Ga2S4:0.02 Eu. 

Discussion.--The Eu luminescence is exci ted rela-  
t ively  efficiently in the wavelength  region where  Eu +2 
absorpt ion is dominant.  At exci tat ion wavelengths  
shorter  than the host fundamenta l  edge, the Eu +2 
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luminescence efficiency drops sharply in di lutely doped 
samples (compare Fig. 3 and 4). We conclude that  
the host absorption mechanism is able to excite the 
Eu 4~ luminescence only weakly or not at all. Con- 
sequent ly the relat ive Eu +2 photoluminescence effici- 
ency at any exciting wavelength scales with the ratio 
of the Eu absorption to the host absorption. 

The values of the efficiencies quoted in Table II are 
therefore insufficient measures of the true efficiencies 
because the 254 n m  excitat ion is very poor for s t imu-  
lat ing fluorescence. 

Many of the features noted in these studies may be 
correlated in terms of the observation that fluorescence 
is produced more efficiently by excitation directly 
into the Eu +2 excited states. 

When the bandgap or host absorption energy levels 
are only slightly higher than the Eu +2 excited states, 
energy may be lost f rom the Eu +2 excited states to 
the host where nonradia t ive  processes predominate by 
thermal  excitation. The much greater  efficiency of the 
luminescence of EuGa2S4 at low temperature  may be 
in terpre ted as due to less of this type of thermal  exci- 
tation. The more isolated Eu +2 levels in the very dilute 
SrGa2S~:Eu compositions may not receive thermal  
energy from the host in the same way as in the more 
concentrated composition. Their different behavior  
may be related to such an effect. 

The low fluorescence efficiency of the selenides and 
In  composition is probably also due to mixing of the 
Eu +2 levels with the fundamenta l  edge since the band-  
gaps of these compounds would be expected to be 
narrower  than  the sulfides and GaA1 compositions. 
The most efficient phosphors should then be those with 
the widest bandgaps where  interact ion be tween  the 
Eu +2 excited states and fundamenta l  edge is minimal,  
e.g., BaA12S4: Eu. 

Photoluminescence: Yb + Z.--The photoluminescence 
of Yb +2 has been observed and  measured in a few 
MnM~mS4 hosts, but  is bright  only at low temperatures  
(Table II) .  The color of the Yb +2 emission is yellow 
or orange. At 80~ the quan tum efficiencies of YbGa2S4 
and Ca0.9.qGa2S4:0.1 Yb are 0.1 and 3%, respectively. 
The Yb +~ emission intensi ty  is completely quenched at 
~200~ It is not known  why the Yb +2 emission is 
quenched at room temperature,  but  we speculate that  
the excitat ion energy may be degraded by the presence 
of a small  concentrat ion of u  +s. In  YbGa2S4, the 
in tens i ty  of the 0.97# Yb +3 absorption band suggests 
that  about 5% of the Yb in the sample is t r ivalent .  
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Optica~ absorption, Yb+2.--The optical absorption of 
MHM2mS4: Yb is qual i tat ively similar to MIIMamS4: Eu. 
There is a long wavelength Yb absorption band which 
overlaps the fundamenta l  edge of the host to some 
extent.  The overlap is smaller for Yb than  for Eu. 
For example in YbA12S4, there is a window between the 
Yb absorption band and the fundamenta l  edge. This 
may be seen in the optical t ransmission data for a 
2 X 10 -3 cm thick crystal i l lustrated in  Fig. 5. 
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Candoluminescence in Transition-Ion-Activated 
Oxide Phosphors 

John W. Hess, Jr., 1 John R. Sweet, and William B. White *'1 
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

Flame-excited luminescence (candoluminescence) has been measured for 
transition-ion-activated phosphors Zn2SiO4:Mn, LaAIO3:Cr, and Zn3(PO4)2: 
Mn. Willemite and the Cr-activated phosphors exhibit candoluminescent 
spectra similar to emission spectra obtained by other excitations. The emis- 
sion spectra of Zn3 (PO4)2 is profoundly different. Certain other common phos- 
phors Sr2P2OT:Sn, CaCO3:Mn, Pb, and CaWO4 do not luminesce under flame 
excitation. All emitting phosphors require a temperature of several hundred 
degrees centrigrade for most efficient emission. 

Candoluminescence is defined as a process of l ight 
emission from solids under  flame excitation, in excess 
of thermal  radiation. The phenomenon was once a 
subject of great interest  in connection with the opera- 
tion of gas mantles  and received extensive, al though 
main ly  qualitative, investigation in the first quar ter  of 
this century (1). There has been a minor  but  cont inu-  
ing interest  in the Russian l i terature,  for example a 
series of papers by Sokolov (2-5). There have been 
a number  of investigations of the radical recombinat ion 
mechanism that  excites the luminescence (6-9) and 
at least one at tempt  to apply candoluminescence to a 
practical device (10). A report by Mason (11) sum- 
marized an investigation of many  of the rare earth 
oxides and numerous  commercial phosphors. 

The candoluminescent  phosphors can be divided into 
two categories of materials:  low- and h igh- tempera ture  
emitters. The lat ter  type luminesce at or near  red heat, 
while  the former emit from room temperature  up to 
a few hundred  degrees C. The low- tempera ture  emit-  
ters can be fur ther  subdivided into ra re-ear th  doped 
phosphors which give a spectrum of many  narrow 
lines, and t rans i t ion- ion doped phosphors which show 
a very broad-band  spectral energy distribution. Our 
concern in this paper is with low- tempera ture  emit ters  
activated by t ransi t ion metal  ions. 

Experimental 
Rare-ear th  doped candoluminescent  phosphors have 

been investigated in some detail (12, 13), and the ex-  
per imenta l  apparatus and procedures used in the pres-  
ent work are identical with those described previously. 
Briefly, candoluminescence measurements  were made 
by  playing a hydrogen diffusion flame on a layer  of 
powder phosphor coated on a Kantha l  rod. Spectra 
were measured with a 3/4-meter  grat ing spectrograph 
and are shown here as densitometer traces from the 
photographic plates. Tempera ture-dependence  mea-  
surements  were made using a Cary 14 spectrophotome- 
ter held at a fixed wavelength,  while the sample tem-  
perature was cycled up and down. 

Some phosphors examined were commercial  prod-  
ucts contr ibuted by Sylvania  Electric Company, others 
were synthesized by dry firing the corresponding oxides 
or carbonates at 1200~ in an air atmosphere. Table I 
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K e y  wOrds: eandoluminescence, phosphors, wil lemite ,  zinc phos-  
phate, lanthanum aluminate .  

summarizes the phosphors examined and the activator 
concentration. The s t ructure  and phase pur i ty  of all 
synthetic phosphors were determined by x - r ay  dif- 
fraction. 

Spectral Measurements and Discussion 
MnZ +-activated phosphors.--Mn2 +-doped willemite, 

Zn2SiO4:Mn 2+, is a commercial  green-emi t t ing  photo- 
phosphor obtained in several Mn 2+ concentrat ions 
from Sylvania  Electric Products, Incorporated. Figure  
1 shows spectra typical of this material,  measured 
from Type 103-F plates wi thout  compensat ion for 
spectral sensitivity. Both the candoluminescence spec- 
t r um (solid l ine) and the 254 nm Hg-excited photo- 
luminescence spectrum (dashed line) were taken at 
about 170~ The emphasis in this figure is on the 
similarities, ra ther  than  the differences be tween the 
spectra. The candoluminescence spectrum was a 
slightly lower exposure, resul t ing in a lower peak 
height, and has a slightly denser background due to 
the flame. Note that  the bandwid th  and peak fre-  
quency are essentially the same for both excitations. 
The t rue bandwidth  at hal f -peak height cannot be di- 
rectly determined, since the in tensi ty  scale is non-  
linear.  The small  peak at 625 n m  is probably  not  sig- 
nificant. 

Candoluminescent  phosphors generalIy exhibi t  a 
temperature  dependence of ma x i mum emission in-  
tensi ty characteristic of the act ivator-host  combina-  
tion. For most of the ra re -ear th  phosphors, the in -  
tens i ty- tempera ture  curve is reproducible over several 
cycles of heating and cooling (13). A typical response 
for willemite is shown in Fig. 2. As long as the tem-  
perature was held below 200~176 the uppermost  
curve was reproduced. Once the tempera ture  was 
raised to 360~ the in tensi ty  followed the middle 
curve, which was again reproducible as long as the 
temperature  was held below 200~176 When the 
tempera ture  was again raised to 360~ and allowed to 
cool, the lowest curve was obtained. Once the intensi ty 
was degraded by the flame, it did not recover its 
former value. The phosphor was quite stable to flame 
heating at low tempera ture  but  is rapidly rendered  
nonemit t ing  by repeated heat ing at higher tempera-  
tures. 

The candoluminescence spectrum of willemite,  there-  
fore, is not measurably  different from the photo lumin-  
escence. Gorban '  et al. (5) reported different decay 
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Host A c t i v a t o r  254 n m  Photo- 
L u m i n e s c e n c e  

Cando-  Source 

Z n ~ i O ,  0.022 Mn 2. B r i g h t  g reen  B r i g h t  g r e e n  S y l v a n i a  161 
Zn.~SiOl 0.048 Mn ~+ B r i g h t  g reen  B r i g h t  g reen  S y l v a n i a  (?) 
Z n ~ i O a  0.093 Mn 2+ B r i g h t  g reen  B r i g h t  g reen  S y l v a n i a  2282 
Zn3(POD~ (?) M n  2+ Very  w e a k  red  B r i g h t  y e l l o w -  S y l v a n i a  151 

o r a n g e  
LaA1OI 0.0048 Cr  ~§ None  W e a k  red  N a t i o n a l  Lead 

Co. 
AlsOs 0.002 Cr  s* None  W e a k  red  S y n t h e s i z e d  

0.01 Cr s* None  W e a k  red  S y n t h e s i z e d  
0.02 Cr  s* None  W e a k  red  S y n t h e s i z e d  

MgAl=O4 0.01 Cr  a~ None  W e a k  red  S y n t h e s i z e d  
MgGa=O~ 0,01 Cr  3+ None  W e a k  red  S y n t h e s i z e d  
Sr~P20= (?} S n  ~+ B r i g h t  b l u e  None  S y l v a n i a  243 
CaCC~ O.Ol Mn ~§ B r i g h t  pink None S y n t h e s i z e d  

0.01 P b  =§ 
CaWO~ None  M e d i u m  b lue  None  R e a g e n t  grade 

times for the two excitation mechanisms. The critical 
tempera ture  for opt imum brightness in Fig. 2 ranges 
from 220 ~ to 190~ and is dist inctly lower than  the 
.~2600C reported by Thorington (10). 

Zn3 (PO4) 2: Mn 2 + Sylvania  Type 151, is listed as a red 
ca thode-ray- tube  phosphor with peak wavelength at 
639 nm and bandwidth  at half-peak height of 90 nm. 
It was found to weakly photoluminesce at the same 
wavelength under  254 nm excitation. Its flame-excited 
emission, however, was a very intense yellow-orange,  
which is shown in Fig. 3, as measured from a Type 
103-F plate. There appear to be two peaks which are 
barely resolved, one at ..-640 nm, the same as cathodo- 
and photoexcitation, and another at 600 nm which is 
not observed with other excitation mechanisms. The 
eandoluminescent  emission of Zn3(PO4)2 is different 
from cathodo-excited emission. X- r ay  diffraction shows 
this commercial phosphor to consist of fl-Zn3(PO4)2 
which emits in the red at 638 nm (14). One could 
imagine a phase change to the low temperature  a- 
Zns(PO4)2 in the hydrogen flame, but  a-Zn3(PO4)2 is 
known to emit in the green at 551 nm (14), in clear 
disagreement  with Fig. 3. This is an impor tant  result  
that  will  be discussed in more detail  later. 

The emission in tensi ty  of zinc phosphate exhibits a 
tempera ture  dependence similar to that  of willemite. 
The opt imum efficiency occurs at 225~ (Fig. 4). This 
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Fig. I .  Candoluminescence and photoluminescence of Mn ~+.  
doped willemite, Zn2SiO4:Mn 2 +. 

phosphor can be heated to at least 350~ and can be 
cycled up and down in temperature  indefinitely wi th-  
out loss of brightness. 

CrZ +-activated phosphors.--Phosphors activated by 
Cr3 + typically exhibit  an emission in the far red near  
690 nm from the 2E, 2T2 --> 4A2 transit ion.  It  is a nar row 
band emission at low temperatures,  gradual ly  broaden-  
ing as the temperature  is increased. Four  different 
oxide hosts activated by Cr3+ were examined for 
f lame-activated emission. 

A sample of LaA10.99~2Cr0.004sO3 obtained from Na- 
tional Lead Company was found to candoluminesce 
with a very broad band emission in the red (Fig. 5). 
The emission is quite weak relat ive to the other phos- 
phors such that very long exposures were needed to 
produce even the faintest usable images on a plate. 
The spectrum shown was taken from an ~8  hr ex-  
posure on a Type IV-N plate, the sensitivity of which 
extends to almost 900 nm. The temperature  of maxi-  
mum intensi ty  for this phosphor is higher than for 
others studied, being approximately 375~ on the first 
cooling-heating cycle, shown in Fig. 6. A behavior 
similar to that  for Zn2SiO4: Mn ~+ (Fig. 2) was observed 
with repeated cycles. These measurements  were made 
at 600 nm on the short wavelength shoulder of the 
emission peak, ra ther  than on the peak itself, due to 
the rapidly failing sensit ivity of the 1P28 photomult i -  
plier with increasing wavelength and the low intensi ty 
of the emission. This wavelength provided opt imum 
ins t rumenta l  parameters, The broad emission with 
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Fig. 2. Tempera ture  dependence of the candoluminescent inten-  
sity of Zn2Si04: Mn ~+ measured at 530 nm with a 2 mm slit width 
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Fig. 3. Candoluminescence spectrum of Zn3(PO4)2:Mn 2+, Sylvania 
phosphor Type 15]. The rapid plunge in intensity above 680 nm is 
attributable in part to the spectral sensitivity of the 103-F plate, 
which begins to fall sharply at this wavelength. 
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Fig. 4. Temperature dependence of the candoluminescent inten- 
sity of Zn3(PO4)2:Mn 2+ measured at 600 nm with a 3 mm slit 
width (spectral bandwidth ~ 1 0  nm). 

poorly resolved features obtained from LaAlOs:Cr 8+ 
is about as expected at the temperature  of measure-  
ment,  300~ Cr 8+ is a l ine-emi t te r  at low tempera-  
tures but  at higher temperatures  and moderate chro- 
mium concentrations phonon processes and Cr-pai r  
interactions generate a great complexity of spectral 
bands which gradual ly  fuse into a single broad emis- 
6ion (15). The spectrum shown in  Fig. 5, t aken  at 

I t 8,0 85o 40 #o 8~o ,~o ' 5 6 0  6 4 0  

wavelenqth, n m .  

Fig. 5. Candoluminescence spectrum of LaAIO3:CP + measured 
at roughly 300~ 
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Fig. 6. Temperature dependence of the candoluminescent inten- 
sity of LoAIO3:Cr 3+ measured at 600 nm with a 3 mm slit width 
(spectral bandwidth ~ , I0  am). 

roughly 570~ is similar to published A12Os:Cr s+ 
spectra obtained at similar temperatures  (15). 

Several  other chromium-doped materials  were in -  
vestigated, among them A12-xCrzOs with x = 0.002, 
0.01, 0.02; MgAll.99Cr0.0104; and MgGal.9gCro.olO4. All  
were observed to emit a faint  red candoluminescence 
at temperatures  of a few hundred  degrees C. In  addi-  
tion, a faint  yel lowish-green emission appears as a 
t rans ient  phenomenon at lower temperatures.  Neither 
emission was strong enough for satisfactory spectral 
measurements.  Visual observations seem to indicate a 
slightly higher efficiency for the All.99Cro.0~O8 than  for 
either the higher or lower chromium fraction. None of 
the samples was s t rongly photoluminescent  (254 n m  
excitat ion),  but  all  emit  in  the red under  cathodo- 
excitation. 

Other phosphors.--The commercial  phosphor 
Sr2P2OT:Sn ~+ is a strong blue  emit ter  under  254 n m  
excitation. This phosphor shows no fluorescence at all 
under  hydrogen flame excitation. The phosphor ex-  
posed to the flame retains its strong photo-emission 
so degradation of the phosphor by  reaction in  the flame 
does not seem to be the explanat ion for the absence of 
candoluminescence. 

CaWO4, the usual  example of a self-activated phos- 
phor wi th  a strong cathodo-emission in the blue, is 
inert  under  the hydrogen flame. No emission was ob- 
served at temperatures  up to red heat. 

CaCOs coactivated with 0.01 iYln 2+ and 0.01 Pb ~+ 
was prepared by coprecipitation from solution. The 
dried phosphor emits a br ight  p ink under  254 n m  ex- 
citation. This mater ial  likewise did not luminesce in 
the hydrogen flame. 

Exper imenta t ion  with several Mn4+-act ivated phos- 
phors, ~-A1208, SrAllzO19, and CaAllzO19 produced no 
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luminescence. No special significance can be assigned to 
this result  because Mn 4+ may have been reduced in  the 
hydrogen flame. 

General Discussion and Conclusions 
In  a recent summary  of the extensive Soviet effort 

on radical recombinat ion luminescence, Volkenstein 
et al. (16) make a very firm statement  that, "It should 
be observed that  the same centers give rise to both 
photo- and candoluminescence . . . the position of the 
luminescence bands in  the spectrum is independent  of 
the na ture  of the excitat ion of the crystallophosphor." 
In  spite of a very considerable effort on the par t  of 
workers  cited previously, relat ively few phosphor ac- 
t ivator :host  combinations have been examined in de- 
tail. As a result  of the brief survey reported here, we 
can show that  the candoluminescence process must  be 
more complicated than the s ta tement  quoted above 
would imply. 

The survey of the spectral emission characteristics of 
a set of t rans i t ion-meta l - ion-ac t iva ted  phosphors can 
be summarized as follows: (i) Two phosphors, wil le-  
mite, and Cr3+-activated oxides do indeed exhibit  the 
same spectrum under  flame excitation as under  u.v. or 
electron excitation. (ii) Three phosphors, Sr2P~OT: 
Sn 2+, CaWO4, and CaCO3:Mn, Pb are not candolumin-  
escent al though they emit  br ight ly under  u.v. excita- 
t ion and show no evidence for damage in the flame. 
(iii) One phosphor, ~-Zr~(PO4)~ exhibits a flame- 
excited emission spectrum of two overlapping broad 
bands giving a yel low-orange color, whereas the same 
phosphor under  u.v. or cathode-ray excitat ion emits 
only in the red band. 

Result  (iii) is deemed of most importance because it 
is a form of candoluminescent  behavior  apparent ly  not 
observed by  any of the previous workers. Since this 
work was completed, a second such case has been 
found in CaSO4: Mn in which the usual  green emission 
gives way to a deep yellow as the tempera ture  is in-  
creased (17). The crystal s t ructure  of ~-Zr~(PO4)2 con- 
tains three distinct cation sites on which the Mn ~+ 
activator could subst i tute (18). Zn ( I )  is four-fold co- 
ordinated and Zn( I I )  and Zn( I I I )  are five-fold coordi- 
nated with near ly  the same mean  Zn-O bond lengths. 
However, Zn(2)  has an addit ional long Zn-O distance 
which changes the local geometry and almost certainly 
the local crystal field. Although EPR results show that  
the Mn 2+ activator is distr ibuted over all three sites, 
it is no t  known which site is responsible for the char-  
acteristic red emission. It does not seem impossible, 
however, that  the flame may excite the activator on 
both 5-coordinated sites and the u.v. and electron in-  
duced red emission may be due to only one of them. A 
similar  si tuation seems to prevail  in the CaSO4:Mn 
phosphor noted above. 

Two addit ional  l ines of evidence have evolved from 
the examinat ion  of other phosphor systems (12, 13) 
that  indicate that candoluminescence is more compli- 
cated than  just  a novel method of excitation. The most 
characteristic feature of candoluminescence is the 
s trongly peaked response of the in tensi ty  to tempera-  
ture. The explanat ion offered by Hanle and Nie rmann  
(8) is that  the rising wing  represents the evaporat ion 
of adsorbed gases exposing more phosphor surface to 
the recombinat ion process. The decaying wing repre-  
sents the thermal  quenching of the luminescence. Al-  
though this explanat ion might  be appropriate  to the 
phosphors described in  this paper, the maxima for the 
rare  ear th-act ivated phosphors occur in  the range of 

50~176 over which range the thermal  quenching is 
not detectable. Secondly, the lack of much enthusiasm 
for possible application of candoluminescence in de- 
vices is due in large part  to Sommermeyer ' s  (6) esti- 
mat ion of the quan tum efficiency at 10 -5 . These calcu- 
lations were based on measurements  of the radical re-  
combination process in ni t rogen gas. However, experi-  
ments  with a microwave discharge cavity (12) showed 
that activated species from ni t rogen or hydrogen gas 
only, used by many  previous investigators, were very 
ineffective in exciting luminescence whereas radicals 
obtained from the microwave dissociation of water  
vapor produced bright  luminescence. The efficiency, it 
appears, is very sensitive to part icular  excited species 
and there is no reason to believe that  Sommermeyer ' s  
10 -5 quan tum efficiency represents any sort of upper  
limit. 

We conclude from this and our previous studies that 
the energy t ransfer  process in flame-excited lumines-  
cence is by no means ful ly elucidated and that  new 
mechanisms must  be devised. 
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ABSTRACT 

Material  contrasts which were  dependent  on the doping were  seen on 
integrated circuits during examinat ion with the photoemission electron micro-  
scope (PEEM).  Surface studies using the PEEM, Auger  electron spectroscopy 
(AES),  and secondary ion mass spectroscopy (SIMS) showed that  these ma-  
terial  contrasts can be traced to doping dependent  coverage of the silicon sur-  
face by hydrocarbons.  

Strong mater ia l  and rel ief  contrasts were  observed 
during photoemission electron microscopic (PEEM) 
examinat ions of integrated circuits f rom different man-  
ufacturers  af ter  removal  of a luminum and silicon di- 
oxide from the samples (Fig. 1). Af te r  a short  etch 
with argon ions the rel ief  contrasts only were  seen 
(Fig. 4). Wegmann (1) proposed that  such mater ia l  
contrasts were  at least part ly produced by contamina-  
tion layers. This paper is a study on this hypothesis 
and the possible correlations between mater ia l  con- 
trasts and the doping of diffused areas in integrated 
circuits. 

One of the possibilities for direct imaging of sur -  
faces is given by the use of photo electrons in an elec- 
t ron microscope (2). It can be assumed that  informa-  
tion is gathered up to a depth of a few monolayers  in a 
PEEM picture (3, 4). Ult raviolet  radiat ion (2968 _.+ 
10OA) is directed on the object to be observed from 
which the electrons, released by the photo effect, are 
accelerated by an electric field between sample and 
anode and guided via the anode diaphragm into a 
three stage electromagnetic  electron microscope. The 
magnified emission pa t te rn  can be viewed on a screen 
or can be used to expose a photo plate. 

The three  types of contrasts are: (i) rel ief  contrast, 
formed somewhat  s imilar ly  to contrasts in the scanning 
electron microscope (1); (ii) mater ia l  contrast, due to 
different values of the work  function for different sub- 
stances present  wi thin  the sample surface; and (iii) 
or ientat ional  contrast, due to different crystal lographic 
orientat ions of grains of one and the same substance. 

Since our invest igated integrated circuits are made 
using 111 single crystal  silicon wafers, no orientat ional  
contrasts can be expected. 

Surface analysis with auger  electron spectroscopy 
(AES) (5) reveals  which elements are present in sur-  
face layers by means of measuring the energies of 
Auger  electrons emit ted  from the sample during elec-  
t ron bombardment .  

Informat ion on the type of chemical  bonding can be 
gained by secondary ion mass spectrometry  (SIMS).  
In this method, argon ions bombard the sample and 
secondary ions emit ted from the uppermost  monolayer  
of the sample are analyzed by a mass spect rometer  (6). 

I Present  address: Balzers AG,  f i i r  H o c h v a k u u m t e c h n i k  und 
Dtinne  Sch ich ten ,  Balzers,  F i i r s t e n t u m  L iech t ens t e in .  

K e y  w o r d s :  surface contaminat ion,  invest igat ion techniques  of 
surface ,  in f luence  of d o p i n g  on surface  c o n t a m i n a t i o n ,  emi s s ion  
electron microscopy,  Auger  e lectron spectroscopy,  secondary  i on  
mass spectroscopy. 

Sai~ple Preparation 
The following is a description of the manufactur ing 

procedure of the integrated circuits studied in these 
investigations. 

Star t ing from dislocat ion-free silicon single crystal  
wafers which had surfaces on the 111 plane, 38 mm 
diameter,  250~ thickness and doping of 1015 atoms/era  3 
of boron, phosphorous-doped epitaxial  layers wi th  re-  
sistivities of 1-10 ohm-cm were  grown at 1200~ using 
SiCI~. Oxidations were  carried out at 1200~ using oxy-  
gen saturated with  water  at 90~ Boron was deposited 
at 975~ using a BBr3 source. Phosphorus was de-  
posited at 1000~ using a POC13 source. A luminum was 
deposited at 10 .6 Torr  using electron bombardment  
heating and 5N aluminum. 

Cleaning of the wafers  was done in a 1:1 mix ture  of 
sulfuric acid and nitric acid at 90~ The wafers  were  
then rinsed in deionized water  wi th  resist ivi ty greater  

Fig. 1. Picture of an integrated circuit after chemical etching off 
A] and Si02 as seen in the photoemisslon electron microscope 
(before argon etching). 
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Fig. 2. Characterization of the integrated circuit shown in Fig. ! 

Fig. 3, Picture of the same integrated circuit after a 5 sec 
argon ion etch (IBeam ~ 10 -1~  4 kV). 

Fig. 4. Picture of the same integrated circuit after a 10 second 
argon ion etch (IBes_m - -  10 - l ~  A, 4 kV). 
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Fig. 5. Auger electron spectroscopic analysis of a P-N junction. 

(a, upper) Repetitive carbon signal over the surface (b, lower) Cross 
section of the analyzed P-N junction. 

than 14 megohm and spun dry. Photoresist processing 
was done using negative resist from Hunt  or Kodak, 
the recommended developers, and isopropanol for 
rinsing. Chemical etching of oxides was done in HF 
buffered with NH4F except when oxides were removed 
just  before being studied. In this case concentrated HF 
was used. Etching of a luminum was done in a mixture  
of phosphoric, nitric, and acetic acids. Removal of 
photoresist was done in fuming nitric acid. 

All  of the above-ment ioned chemicals, with the ex- 
ception of the photoresists and resist developers, were 
electronic grade chemicals. 

Experimental Results 
Figure 1 shows the material  contrast of an inte-  

grated circuit observed in the PEEM. The diffused 
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regions and their  respect ive surface concentrat ions are 
specified in Fig. 2. As shown in Fig. 3 and 4, the mate -  
rial contrast  disappeared after short argon ion etching. 
(I beam : 10 -10 A, 4 kV, beam area at the target  _ 3 
mm 2, etching t ime 5 respect ive 10 sec.) During etching 
the argon ions not only cause mater ia l  to be sput tered 
away, but are also implanted into the silicon, thus de- 
s troying the crystal  s t ructure  in the surface region. 

In order to show that  the mater ia l  contrast  was due 
to some sort of contaminat ion layer, and that the etch-  
ing off of this layer  and not the creation of an amor-  
phous layer  was responsible for removing  the con- 
trast, an integrated circuit  was heated at 10 -6 Torr  
to 1000~ in the PEEM. A residual  gas analysis 
showed that  no significant amount  of hydrocarbons 
originat ing f rom the vacuum system was present  at 
this pressure. As a cross exper iment  another  circuit  
was heated in a furnace with  oxygen atmosphere to 
1000~ After  both treatments,  only rel ief  contrast  
could be observed during examinat ion in the PEEM. It  
can therefore  be assumed that  a volati le contaminat ion 
layer  was present  which could evaporate  at a t emper -  
a ture  below 1000~ or be etched off. 

A fur ther  circuit  was analyzed by AES. The only 
contaminants  that  were  found were  oxygen and car-  
bon, and the concentrat ion of these contaminants  w a s  
drast ical ly reduced af ter  a similar  short argon ion 
etch. 

Since the d iameter  of the p r imary  electron beam 
was 25~ it was not possible to analyze single homoge-  
neous areas of the circuit  which showed minimal  di-  
mensions of about 10#. For  this reason we manufac-  
tured a single junct ion in silicon wafer  which al lowed 
AES studies of each region separately wi thout  in te r -  
ference by the others. The p r imary  beam spot was 
continuously moved from the P to the N side. 

As shown in Fig. 5, the concentrat ion of carbon is 
h igher  on the N-doped than on the P-doped  surface. 
Measurements  showed no difference in oxygen content. 

The small  peak beside the carbon signal in Fig. 5 was 
never  observed in the complete  spectrum of the surface 
but  only in the repet i t ive  sweep mode. Therefore  we 
wil l  attach no importance to it. 

Simultaneous PEEM observations of separated P 
respect ively  N homogeneously  doped samples wi th  
widely  vary ing  doping levels were  made. 

No mater ia l  contrasts were  seen. Also the concen- 
t ra t ion of carbon de te rmined  by Auger  spectroscopy 
was the same in the two separated P-doped  and N-  
doped surfaces. 

In order to de termine  the forms of the carbon con- 
taminat ion on the surface we have used the SIMS 
method. 

Figure  6 shows the spectrum of the first monolayer  
of an in tegrated circuit. For  such an analysis we used 
a pr imary  ion beam of 10-10A under  a part ial  argon 
pressure of about 10 -7 Torr. This spectrum presents 
the characterist ic CnHm + groups. Af te r  removing  the 
first monolayer  all the  hydrocarbons disappeared. 

Table I shows, besides the previously  men-  
t ioned compounds, the other  e lements  present  on the 
surface. The presence of a luminum can be explained 
by the fact that  previously  the circuits had conducting 
paths, which were  etched off according to the described 
procedure.  

Discussion 
T h e  presence of a volat i le  contaminat ion layer  on the 

surface of silicon was also demonst ra ted  by Chang (7). 
He found that  adsorbed hydrocarbons are desorbed 
f rom the silicon surface at tempera tures  lower  than 
1000~ It has also been shown (8, 9) that  oxygen is 
removed from the surface as silicon monoxide  (SiO) 
at 900~176 while  hydrocarbons disappear f rom 
the surface in the same t empera tu re  range by oxidat ion 
through CO or CO2 or by diffusing into the silicon 
( > l l 0 0 ~  

As shown in the exper iments  the contaminat ion 
layer  on the surface consists of hydrocarbon com- 
pounds which are localized in one monolayer .  The 
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Fig. 6. Positive secondary ion mass spectrum of the first mona- 

layer of the integrated circuit. 

coverage of the surface with  adsorbates can be quan-  
t i ta t ively  described by a degree of coverage e, where  
e : 1 represents  the case when  all possible adsorption 
sites on the surface are filled, that  is to say a complete 
monolayer  is formed. An adsorbed impur i ty  atom gen-  
era l ly  changes the charge distr ibution on the surface. 

For  smaller  degrees of coverage, the change in the 
work  function AW is a l inear  funct ion of e. With larger  
degrees of coverage, the interact ion be tween  adsorbed 
particles causes a decrease in the var ia t ion of 5W 
(Fig. 7). The fact that  no contrast  difference and var ia -  
t ion of carbon concentrat ion in AES were  seen from the 
two separated N-doped and P-doped  silicon wafers  in- 
dicates that  the same degree of coverage is present  on 
their  surface, that  means ON -- ep. Hendersen et al. 
(11) observed that  the adsorbed carbon concentrat ion 
on the surface of homogeneous silicon wafers  was in- 
dependent  of the type and amount  of doping, crystal  
orientation, dislocation density, and method of crystal  

Table I. List of the characteristic energies, beside the typical 
Cn Hm groups, of the secondary ions emitted from the first 

monelayer of the integrated circuit analyzed in Fig. 6 

S e c o n d a r y  
m / e  i o n s  

14 Si++-CH= + 
23 Na+ 
27 AI+ 
28 Si* 
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(a) Cross section of a diffused integrated circuit. 
(b) Schematic presentation of the Fermi level. 
(c) Schematic presentation of the reflection density. 
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growth. These results are consistent with our observa-  
tions. 

The peak- to-peak  ampli tudes from the Auger  t r an -  
sition are a l inear  funct ion of the amounts  of mater ial  
present  in the first monolayer  (10). Since in Fig. 5 we 
observe a variat ion of the peak- to-peak ampli tude of 
the carbon, the degree of coverage of each diffused 
region must  be different. All  experiments  proved that 

oN> or 

Figure 8 demonstrates the found situation. 
This last inequat ion leads to the fact that  the work 

funct ion (W) of each diffused region must  also be 
different 

W~ > Wp 

This explains the observed contrast  of integrated 
circuits in the PEEM. 

From our experiments  we can therefore affirm that  
a diffused junc t ion  has an influence on the degree of 
coverage by hydrocarbons. Figure 9 shows a schematic 
cross section through an integrated circuit as well  as 
the position of the Fermi  level and the var iat ion of the 
reflection density based on the Kodak gray tones scale. 

By recording the reflection density as a function of 
the bu i l t - in  voltage of the junction,  a monotonous re-  
la t ion (Fig. 10) is obtained. This means that  the degree 
of the contaminat ion layer  direct ly depends on the 
surface potential.  The change of the potential  on the 
surface takes place only in the depletion layer. These 
have widths of 0.01-0.5~, so that, compared with the 
geometry of the diffused regions, sharp contrasts are 
shown in  a PEEM picture. 

After  removing the contaminat ion layer  (0 = 0), no 
contrast  remained and therefore we can conclude that  
the work funct ion is practically independent  of the 
doping of silicon. Different authors found the same 
(12). 

Conclusions 
I t  has been shown that  the mater ial  contrasts, as 

seen in  the PEEM, are dependent  on the bu i l t - i n  
voltages of the doped regions, and are produced by 
hydrocarbon contaminations.  The degree of coverage 
of hydrocarbons is practically constant  for regions 
which have the same doping, but  varies as a funct ion 
of the bu i l t - in  voltage when  regions with different 
doping are present. No dependence of the work func-  
t ion  on the doping was found after removal  of the 
contaminat ion layer. 



150 J. Electrochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  January  1974 

In the course of our exper iments  it was not possible 
to find the sources of contamination, but such con- 
taminat ion was also found on circuits made by other  
manufacturers .  It is probable that  they come from the 
manufac tur ing  and the cleaning processes. 
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The Influence of the Phase Shift on Thickness 
Measurements of Silicon Epitaxial Layers with 

a Fourier Transform Spectrometer 

P. J. Severin 
PhiZips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

The thickness of a silicon epi taxial  layer  can most easily be measured  with  
Four ier  t ransform spectroscopy. The influence of the phase shift at the sub- 
s t ra te-epi taxia l  layer interface has not been taken into account in earl ier  t r ea t -  
ments and in the avai lable instruments.  Under  simplified conditions the effect 
of the  phase shift on the in te r fe rogram is derived, yielding an ins t rumenta l  
correction to be applied to the position of the side burst maximum.  To this re-  
sult then also a physical correct ion should be applied as der ived ear l ier  f rom 
mul t ip le  in terference measurements  in order to finally yield the meta l lurgica l  
thickness. 

Recent ly  Flournoy et al. (1) described a th in - l aye r  
thickness measur ing ins t rument  based on the use of 
Four ier  t ransform spectroscopy. Referr ing to the th ick-  
ness d of a t ransparent  coating of ref rac t ive  index n 
on an opaque or t ransparent  substrate they state that  
the distance between two side bursts equals 2 dn, ignor-  
ing any phase shift. Such an ins t rument  is commercia l ly  
avai lable  and marke ted  for the main purpose of mea-  
suring silicon epi taxial  layer  thickness by Digilab, 
Incorporated.  z 

For  several  years the phase shift 5 at the substrate-  
epi taxial  layer  interface has been subject of discussion. 
Neglect ing this phase shift in the in terpre ta t ion  of the 
data would cause an er ror  and two different approaches 
have been fol lowed to obtain the correct  results. Schu-  
mann et al. (2, 3) calculated with  classical theory the 
phase shift 5 as a function of wave  number  k and sub- 
strate resist ivi ty p from a model based on an abrupt  
junction, both for dope and charge carriers, f ree of 
stress, characterized by bulk properties. It  was found 
that  5 (k) decreases with substrate resist ivi ty p, equals 

at k ~ 0 and vanishes at large k for all p. These 
data were  introduced into a standard procedure (4) 
for the analysis of an infrared mul t ip le  in terference 
(IMI) spectrum. The author  (5) fol lowed a different 
approach, based on exper imenta l  evidence. The phase 

K e y  words: silicon, epitaxial l aye r  th ickness ,  Fourier transform 
spectroscopy, interferogram, phase shift. 

1 Digilab,  Incorporated, subsidiary of Block Engineering Incorpo- 
rated, Cambridge, Massachusetts 02139. 

shift  5 was deduced direct ly f rom IMI data, and it was 
found that  the spectra could be described by a con- 
stant phase shift 80. It  was shown then (6) that  over  
the l imited wave  number  range used a funct ion 5(k)  
can be approximated by a l inear  expression in which 
8o only plays a formal  role. It  has no relat ion whatso-  
ever  to the part  of Schumann 's  curves where  8 is a 
constant. In Schumann 's  evaluat ion procedure  the 
orders  of the ex t rema are corrected with  the appro-  
priate 5(k)  and the ensuing values of the thickness 
are averaged.  In  our approach the uncorrected data 
yield ds and 50. Evers teyn  and van den Heuvel  (7) re-  
cently described a method by which from the thickness 
of the layer actually deposited, the metal lurgical  thick-  
ness din, can be determined.  Using these methods on 
a large number  of epi taxial  N on N + and N on N + + 
structures 50, ds, and dm were  determined and definite 
correlat ion was found (8) be tween  ~d :- ds -- dm and 
80 for both kinds of structures. Using these data as a 
calibration for a g iven  production process, 8o deter-  
mines the value of ~d to be subtracted f rom ds to 
obtain dm. The correction ~d is called a physical 
correction here because it should be applied whereve r  
2d nk  -- 6 (k )  occurs, i.e., both to the convent ional  
IMI spectrophotometer  results and to the data obtained 
with Four ie r  t ransform spectroscopy. 

In the fol lowing sections the Four ier  spectrum is 
calculated assuming a phase shift at the subs t ra te- layer  
interface, careful ly stating the assumptions wi thout  
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going into any technical  detail. It  wil l  be shown that  
w h e n  the phase shifts at the top layer  and at the in te r -  
face are neglected, the distance be tween  the two side 
burst  max ima  equals 2 dn, but that  due to the phase 
shift  the position and shape of the side bursts are 
modified. Because al l  samples show phase shifts in one 
way  or another,  the distance be tween the two side 
burst  max ima  which the ins t rument  reads s imply as 
2 dn, should be corrected. This correction, which should 
be applied in addit ion to the physical correction dis- 
cussed above, is typical  of the Four ier  spect rometer  and 
t h e r e f o r e  called an ins t rumenta l  correction. Dielectric 
s t ructures  should also be corrected in this way. 

Both corrections are indispensable for accurate re -  
sults and increasingly impor tant  wi th  decreasing thick-  
ness and increasing need for accuracy for advanced 
applications of epi taxia l  layers. With  an epi taxial  layer  
g rown on an N ++ substrate  the er ror  due to the 
neglect  of the physical phase shift  correct ion may  
amount  up to 0.5 ~m (8). The error  due to the neglect  
of  the ins t rumenta l  correct ion can be of the same order 
as wil l  be shown in the last section. 

Instrumental Correction Due to Top Layer and 
Interface Phase Shift 

The in te r fe romete r  layout  is shown in Fig. 1. The 
phase of  ray Y due to topside reflection equals ~ and 
that  of ray  X due to inter~ace reflection equals  6 Jr 
4nnd/t,  both apart  f rom an arb i t ra ry  but equal  con- 
stant, upon enter ing the interferometer .  

Call ing the posit ion of the movable  mi r ro r  at which  
the central  burst  occurs z ---- 0 and the depar ture  f rom 
that  position z, posit ive or negative, the signals im- 
pinging on the detector  are 

E~I -- E%1 cos(~t ~ ~) 

E ~  = E%2 cos(~t -- 2 kz Jr ~) 

Exl -- E%1 cos(~t -- 2 k dn Jr 6) 

E ~ - - E o ~ c o s ( ~ t - - 2 k z - - 2 k d n J r  6) 
[1] 

wi th  ~, the f requency and k : 2 ~/X, the wave  number.  
The detected signal V __- AE2 equals, wi th  A unity, 

after averaging over  t and dropping the constant terms 

Z 

x 

L 

Fig. 1. The principle of operation, with light source L, mirrors 
MI and M~, detector D, semitransparent plate S, epitaxial layer E, 
and substrate T. 

V = (E~176 E%lE~ cos 2 kz 

Jr EOylE%2 cos[2k(dn Jr z) Jr ~ -- 5] 

Jr E%1E%2cos[2k(dn--  z) Jr n - -  5] [2] 

Assuming a whi te  spectrum be tween  zero and kl, of 
unit  total intensity, these noncoherent  waves  should 
be added quadratically.  This, af ter  integration,  yields 
a k -dependent  part  

sin 2 klz  
V -- (E~176 -~ E%IE~ - -  

2z 

sin [k 1 2(dn  Jr z )  Jr ~ - -  6 ]  - -  s i n ( ~  - -  5 )  
Jr E%lE~ 

§ E%2E%l 

2 (dn + z) 

sin [ k 1 2 ( d n - -  z) Jr ~ - -  5] -- s i n ( ~ - -  6) 

2 (tin -- z) 
[3] 

provided  5, n, and the ampli tudes Eo do not depend 
on k. It is a key  point of this paper that  this condition 
can be re laxed with respect  to 5. Writ ing 5 in Eq. [2] 
as a l inear  re la t ion to k and the last t e rm as 

sin a 
EOxlEO~kl cos(a -{- ~ -- 5) [4] 

ot 

with  ~ -- k1(dn -- z),  i t  is c lear  that  5 can also be 
l inear ly  re la ted to k wi thout  complicatir~g the mathe-  
matics. This wil l  be discussed in the next  section. The 
second and th i rd  terms are re la ted by s imply changing 
the sign of z and Eq. [3] is funct ional ly  symmetr ic  
wi th  respect  to z ~ 0. The first te rm is called the  center  
burst, the second and th i rd  te rms  are the side bursts. 
In Fig. 2 the shape of the z > 0 side burst  is presented 
with 8/2~ as a parameter ,  vary ing  be tween  0 and 0.5. 
The shape of the center  burst  is identical to the curve  
labeled 8 : ~, that  is to say wi th  vanishing top layer  
and interface phase shifts, wi th  the z-axis  shifted by dn. 

It  is clear  f rom Fig. 2 that  the distance read between 
the two ex t reme values of  the two side bursts depends 
on the value of 6/2~. At 6/2~ ---- 0.25 the ex t reme  values 
of both side bursts change sign. In  Fig. 3 the posit ive 
and negat ive  deviat ions ap and ~n f rom the position 
a ---- 0 are  shown for the nearest  posit ive and negat ive 
ex t r ema  as a funct ion of 5/2n. The correct ion to be 
applied to the distance read be tween  the two peaks 
follows f rom this calculated error,  the details being 
dependent  on the peak determinat ion procedure chosen. 

In real  life, of course, 5 is not known and should be 
processed f rom the Four ier  spectrum. From Fig. 2 it 
is ev ident  that  the ratio r be tween the heights Vp and 
V, of the posit ive and negat ive  peak.s nearest  to ~ ---- 0 
could provide  a good criterion. This ratio r has also 
been shown in Fig. 3 as a function of 6/2n. The se- 
quence:  measu remen t  of r, de terminat ion  of 6/2~, and 
correct ion to side bursts  distance can easily be bui l t  
into the instruments.  The ampl i tude  of the  posit ive 
peak which is e i ther  the m a x i m u m  itself  of the side 
burst  or the posit ive m a x i m u m  most near  the negat ive 
m a x i m u m  can also serve  this purpose. 

Physical Correction Due to Interface Phase Shift 
It  has been shown ear l ier  (6) and repeated briefly 

in the in t roductory remarks  that  f rom IMI spectra 
follows a k -dependen t  phase shift, wi th  k --- 2~/1, ac- 
cording to 

6 = 5 o - - 2 n k A d  [5] 

Any  h igher  order  approximat ion to the 5(k)  curve  is 
beyond exper imenta l  precision for an infrared spec- 
t rophotometer .  Also the ASTM corrections (4) admit  
this approximat ion  in a l imi ted  wave  n u m b e r  range, 
but the author  did not find the correlat ion be tween the 
values of 5o, Ad, and p implied in these curves. An 
empir ical  re lat ion has been discovered (8) relat ing 
60 and Ad -- ds -- dm by comparing the thickness ds 
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Fig. 2. Interferogram of the side maximum due to interference of rays X and Y plotted with normalized V as a function of c~ and ~/2~ as 
a parameter. 

f~ p-1 

CZr) 
2 ~  2/7' 

0.5 

0 
0 50 0.5 

2/7" 
Fig. 3. The phase shift 6/2~ as a function of the ratio r of the 

heights of the positive and negative peaks nearest to c~ ~ 0 and 
the ensuing distances % and ~n of the positive and negative ex- 
trema from the point a ~ O. 

found from the IMI spectrum (5) and the metal lurgical  
thickness dr, measured otherwise (7). In t roducing Eq. 
[5] into Eq. [2] it is clear that  in Eq. [3] and  [4] 
d + ~d figures instead of d, and 50 instead of & This 
means that the ins t rumenta l  correction described pre-  
viously should be followed by a physical correction 
consisting of subtract ion of an amount  Ad, de termined 
by 8o/2~. The second, physical part  of the correction 
procedure is identical to the procedure to be followed 
with an IMI spectrum. 

When the ins t rument  is used in connection with a 
single production process of epitaxial  slices, the re-  
lations Ad(8o/2~), different for N + and N ++ sub-  
strates, can also be bui l t  into the instrument .  

Discussion 
The thickness of the epitaxial  layer  has been mea-  

sured on a Digilab FTGR-12 and the thickness dD found 
with two sets of th i r ty  slices satisfies the following 
relat ionships to din, measured as described by Ever-  
steyn and van  der Heuvel  (7) 

d D :  0.983 dm -- 0.06 #m for N + + substrates [6a] 
and 

dD --~ 0.983 d= + 0.52 ~m for N + substrates [6b] 

with correlation coefficients equal  to 0.99991 and 
0.99978, respectively. The data points are shown in  
Fig. 4 and the difference between the two sets is ob- 
vious. 

Neither the ins t rumenta l  nor  any physical correction 
has been made to these data. However, the manufac-  
turer (9) has indicated that a correction mechanism 
has been buil t  into the ins t rument ,  empirically deter-  
mined  to match the data obtained otherwise, that  is 
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Fig. 4. The Digilab measured thickness dD vs .  metallurgical 
thickness din. The layers with resistivities of about 1 ohm-cm were 
grown in silane at 1050~ corrected temperature, on Sb-doped N + 
substrates and on As-doped N + + substrates. 

to say the ASTM-corrected IMI spectra results. Hence 
no conclusions on the theory and necessary corrections 
can be drawn from the actual results. 

The description given above applied to an idealized 
version of the ins t rument  which may be realistic only 
to a l imited extent. The spectrum emitted from the 

light source is not white, and E o will  always be a 
function of k due to wavelength dependence of optical 
components. Furthermore,  the integral  (Eq. [3]) will 
have to be l imited between kl and k2 and the detector 
efficiency A (k) should be taken into account. This 
would imply performing the integrat ion Eq. [3] with 
a weight function for the k-dependent  light intensi ty  
and detector efficiency yielding curves different from 
those shown in Fig. 2 and 3. Then the correction ha 
can be read, if 5o/2= is known from r or from an IMI 
spectrum, and the correction • can be t ranslated into 
a correction Ad. At this stage, however, this cannot 
safely be done. 

In  summary,  the Digilab FTG produces precise and 
reproducible results rapidly in an easy way, but  the 
accuracy can be obtained only by calibration, as shown 
in Eq. [6a] and [6b]. 

Manuscript  submit ted Feb. 20, 1973; revised m a n u -  
script received Sept. 12, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 
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Determination of the Solidus and Gallium and 
Phosphorus Vacancy Concentrations in GaP 

A. S. Jord,n,  A. R. Von Neida,  R. Caruso, and C. K. Kim 

Bell Laboratories, M~rray Hill, New Jersey 07974 

ABSTRACT 

The Ga concentration in GaP crystals prepared by a variety of techniques 
(pulled by the liquid encapsulation Czochralski technique from stoiehiometric 
or nonstoichiometric melts, solution grown, and annealed) has been deter- 
mined by precision coulometric titration, yielding the experimental solidus 
boundary which exhibits an excess of Ga along the Ga-rich liquidus. Based 
on a thermodynamic model, assuming that neutral Ga and P vacancies are the 
predominant native defects, the analysis of the solidus data permitted the 
evaluation of the vacancy concentrations over a wide temperature range. At 
the melting point of GaP (1465~ there are 8 X 10 Is and 1.3 X 1019 cm -3 Ga 
and P vacancies, respectively, in the crystal. The calculated solidus curve 
well represents the totality of experimental data and shows retrograde tem- 
peratures at 1375 ~ and 1400~ on the Ga- and P-rich sides, respectively. The 
enthalpies and entropies associated with vacancy formation are given and 
discussed. It is shown that the data provide strong additional support to the 
previous identification of Ga vacancies with killer centers in GaP. 

The successful commercial realization of GaP red and 
green l ight-emit t ing diodes (LED's) is .based on the 
extensive scientific and technological accomplishments 
of the past decade. In  order to obtain device qual i ty  
material  of improved and controlled optical properties 
a considerable effort has been devoted to the study of 
the physicochemical aspects of the growth and charac- 

Key words: defect chemistry, crystal growth, light-emitting di- 
odes, thermodynamics. 

terization of undoped and doped GaP crystals. In  par-  
ticular, the thermodynamic properties, l iquidus curve, 
and pressure- temperature  boundary  of GaP have been 
critically evaluated (1). In  addition, by means of ex- 
per imental  and /or  theoretical investigations of the 
t e rna ry  l iquidus surface (2-5) and solid solubilities 
(6-10), a satisfactory unders tanding  of impur i ty  in-  
corporation in GaP has been achieved for such elec- 
tr ically impor tant  impurit ies as Zn (6, 7), Te (8), O 
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(5, 8, 9), and N (I0).  However, on account of experi-  
mental  difficulties, the depar ture  from stoichiometry of 
GaP  represented by the solidus curve and the closely 
related absolute phosphorus and gal l ium vacancy (Vp 
and VGa) concentrat ions have not yet been determined. 
Nevertheless, there is increasing interest  in a knowl-  
edge of absolute vacancy concentrations in GaP moti-  
vated by the accumulat ing evidence from optical mea-  
surements  that Ga vacancies or associated complexes 
may strongly influence the photoluminescence and 
electroluminescenee properties. 

A r ap id  increase in the red photoluminescent  effi- 
ciency (accompanied by a rise in the shunt  path or 
"killer center" lifetime, Tn) with decreasing growth 
temperature  has been observed in Zn, O-doped GaP 
pulled by the l iquid-encapsulat ion Czoehralski (LEC) 
technique from stoichiometric and nonstoichiometric 
melts and grown from solution (SG) ( l l ) .  At the same 
time, a l inear  correlation was shown to exist between 
I/Tn and the relative Vca concentrat ion for these dif- 
ferent crystals. Fur ther  studies have also shown that  
by anneal ing at 1280 ~ and 1350~ the original ly large 
Tn of SG platelets was drastically decreased to values 
in  good accord with this correlation (12). In  contrast, 
with anneal ing at 1200~ the small Tn of stoiehiometric 
LEC crystals was significantly increased (13). 

Very recent ly Ladany and Kressel (14) have sug- 
gested that VGa and /or  related complexes are impor tant  
centers in reducing the green luminescent  efficiency of 
n - type  GaP. Furthermore,  some evidence for the exist- 
ence of the VGa-Op complex (orange luminescence at 
2.125 eV) has been given by Dean (15) and Bhargava 
et al. (16). Obviously, a more complete unders tanding  
of nonradia t ive  or radiat ive processes a t t r ibuted to 
vacancies or associated complexes is impossible in the 
absence of absolute vacancy concentrations. 

The major  objective of this paper is to determine the 
solidus and Vp and VGa concentrations in GaP over a 
wide tempera ture  range. First, we describe the experi-  
mental  data obtained by high precision eoulometrie 
t i t rat ion of Ga in  undoped and doped GaP crystals pre-  
pared by a var ie ty  of techniques (pulled by LEC from 
stoichiometrie and nonstoichiometric melts, SG, an-  
nealed LEC). Second, the atom fraction of Ga, XSGa, in 
these samples is deduced to yield the exper imental  
solidus points. Third, by means of a thermodynamic  
model applied to the data on undoped seed-end crys- 
tals, assuming the presence of single neut ra l  vacancies 
only, the concentrat ions of Vp and VGa are evaluated. 
Finally,  the full solidus curve is calculated and the re-  
sults are discussed and compared with those for some 
other semiconducting compounds. 

Experimental Procedure and the Evaluation of the 
Solidus Points 

Thermodynamic  considerations for a b inary  system 
at a constant  temperature  and pressure lead to the con- 
clusion that in equil ibrium, the composition of the 
liquid (Ga ~ P liquid solution) and solid (crystall ine 

GaP) phases is fixed. Usual ly  the published phase 
diagrams for Group I I I -V and II -VI compounds (17) 
only present the variat ion of the liquid composition 
with temperature,  i.e., the l iquidus curve. Meanwhile, 
the corresponding solidus curve, describing the var ia-  
t ion of solid composition with temperature,  is given by 
a vertical  tempera ture  invar ian t  l ine at the stoichio- 
metric composition (XSGa ---- 0 . 5 0 )  because the depar-  
tures from stoichiometry for the solid phase, although 
general ly not known, are expected to be very much 
smaller than for the l iquid phase. Any exper imental  
de terminat ion of the solidus boundary  requires crys- 
tal l ine samples either grown or annealed in equil ib-  
r ium with the liquid phase at a set tempera ture  and a 
high precision analytical  technique to determine min-  
ute compositional variat ions in the solid. 

Crystal growth.--In Table I, the samples analyzed in 
this study are characterized with respect to origin, 
growth or preparatory technique, growth or heat-  
t rea tment  temperature,  and doping level. Most crystals 
were pulled by LEC from stoichiometric melts (atom 
fraction of phosphorus in  the melt ,  xlp = 0.5) at 1465~ 
or from nonstoichiometric melts (0.20 ~-- xlp --~ 0.42) at 
appropriate l iquidus temperatures  (1). As in previous 
work (11, 18), pulled crystals from nonstoichiometric 
melts provided the crucial bridge, intermediate  in  
growth temperatures  and solution compositions, be-  
tween crystals obtained by  s tandard stoichiometric 
LEC pull ing and SG. Both doped and undoped crystals 
were available and the net  carrier  concentrations, 
[ND -- NA[, were de termined either by the Schottky 
bar r ie r  capacitance technique (MH crystals) or by 
Hall measurements  (RD crystals).  

The SG platelets were prepared in the usual  manne r  
by the slow cooling from ,~1150 ~ to 900~ of a -,~ 6 
atomic per cent (a/o) P solution in  Ga. In  addition, the 
tail end of a stoichiometric LEC crystal was annealed 
for 19 hr  at 1300~ and held for 120 hr at 1200~ while  
immersed in B203 liquid. Minute  droplets of Ga were 
observed on the annealed slice assuring solid-liquid 
equil ibrium. 

Analytical procedure.--The GaP samples, weighing 
between ---0.3 and 2.0g, were analyzed for Ga by high 
precision coulometric ti tration, a technique described in  
detail elsewhere (19) and only briefly reviewed here. 
The samples were etched in HNO3 to remove traces of 
free Ga, weighed on a microbalance, dissolved in aqua 
regia and, after adjust ing the pH to 3, an exactly 
weighed amount  of EDTA (H4Y ---- e thylene diamine 
tetracetic acid) was added to the solution in excess to 
consume all the Ga by reacting stoichiometrically ac- 
cording to 

Ga +++ -t- I~Y-*  G a i l Y §  3H + [1] 

The excess EDTA was complexed with coulometrica!ly 
generated Hg + + and the end point  of this reaction (ap- 
pearance of free Hg + + ions) was accurately detected 
by  a potentiometric method. Al though EDTA of very  

Table I. Experime.tal data 

S a m p l e  Growth or Melt  comp. Growth  ] ND -- NA I x~oa (a tom 
designation prep. technique x lP  (a /o)  t e m p  (~ D o p a n t  ( c m ~ )  fraction) 

RD-238 LEC-seed 50 1465 Zn,Ga~08 5.7 x 1017 0.50005, 
RD-164 LEC-tail 50 ~1465 Zn,Ga~Os 8.5 • 10 I~ 0.500104 
MH-143 L E C - s e e d  (powdered)  50 1465 None  3 • i 0  le 0.500051 
MH-143 L E C - s e e d  50 1465 None  3 x 10 le 0.500070 
MH-143 LEC-tafl 50 ~1465 None 3 x I0 ~ 0.50008a 
MH-134 LEC-seed 42 1457 None 3 x 10 ~ 0.500139 
MH-51 LEC-seed 36 1438 Zn(POs)s 3.5 • 10 I~ 0.50016~ 
MH-1Ol LEC-seed 36 1438 Ga~Te8 4 X 10 I~ 0.500190 
MH-12O LEC-seed 30 1407 Ga~Te3,Ga2Os 7 x 1017 0.500264 
MH-TO L E e - s e e d  (powdered)  20 1327 None  3 X 10 ~ 0.500230 
RD-164 L E C - t a i l  ( annea led )  1200" 0.60016s 

S G  (powdered)  6 1160-900 None  0.50015s 
S G  (powdered)  6 1160-000 None  0.500155 

* A n n e a l i n g  temperature.  
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high nominal  purity= was used, several calibration ex-  
periments  were also performed on the basis of 
99.9999+% Ga metal  as the pr imary standard to es- 
tablish the actual puri ty  of EDTA and thus to obtain 
analytical  results independent  of contamination.  The 
high precision of the data is fur ther  assured by the fact 
that at the pH employed, the magni tude of the stabil i ty 
constant for Eq. [1] (20.3) allows only a completely 
negligible fraction of the Ga complexes to dissociate 
even in the presence of Hg + + ions. 

The analyt ical  data provided a direct measurement  
of the number  of moles of Ga, nG~, contained in each 
sample as the difference between the total number  of 
moles of EDTA added to the solution and the number  
of moles of Hg + + complexed with the excess EDTA. 
The total estimated uncer ta in ty  by this coulometric 
technique is 10 ppm, as found by the usual  combinat ion 
of errors. 

To remove Ga occlusions, crystals grown at lower 
temperatures  (xle < 0.3) were powdered to a maxi-  
mum particle size of about 100 mesh under  an argon 
atmosphere to avoid the formation of PHa from mois- 
ture in the air, and then treated as described above. 
The mesh size used was sufficient to obtain reproduc-  
ible results without  causing undue  handl ing problems. 

Powdering has only a minute  effect on the Ga ana ly-  
sis of crystals grown at a higher growth temperature  as 
shown by an exper iment  in which the seed end of a 
boule grown at 1465~ (MH-143) was divided and 
subsequent ly  processed as both a powder and a single 
piece. 

Evaluation o] the solidus points.---Since present ly  
there is no reliable technique to perform an independ-  
ent phosphorus analysis  of our samples, XSCa was cal- 
culated from riga and the weight of GaP, w. The defini- 
t ion of XSca gives 

XSGa - - "  nca/(nca + rip) [2] 

where np is the number  of moles of P. 
Assuming that  the sample is pure  GaP, we find 

W - -  n G a A G a  

np - -  [3] 
Ap 

where Al is the atomic weight of the subscripted 
species. Subst i tut ing Eq. [3] into Eq. [2] yields 3 

1 
XSGa = [4] 

1 + (w - ncaAca)/Apnca 

Since Aca is only known  to four significant figures, 
(69.72) and Al, to six (30.9738) (22), addit ional sig- 
nificant figures, consistent with the chemical analysis, 
were determined by the coulometric t i t rat ion of 
99.99999% Ga, yielding AGa : 69.7219. Values of X~Ga 
for each sample were calculated from Eq. [4] and are 
tabulated in Table I. In Fig. 1 we present  the experi-  
mental  solidus data plotted as growth 4 or anneal ing 
tempera ture  vs. XSGa. 

The exper imental  solidus data exhibit  the following 
impor tant  features: 

(i) There is a systematic functional  relationship 
between tempera ture  and XSca and all the crystals pre-  
pared along the Ga-r ich  l iquidus contain an excess of 
Ga. 

(ii) Different LEC growth systems (MH and RD 
crystals were grown using Ar thur  D. Little and Mate- 

�9 J.  T. Bake r ,  " U L T R E X "  grade ,  a l l  d e t e r m i n a t i o n s  f r o m  s a m e  
b a t c h  of 99.99 + % pu r i t y .  

a A comple t e  ana ly s i s  of  Eq. [2] t h r o u g h  [41, t a k i n g  i n to  a c c o u n t  
c o n t r i b u t i o n s  to w f r o m  i m p u r i t i e s ,  w o u l d  show a sma l l  con t r ibu*  
t i on  to  the  x~o=. As  ou r  s a mp le s  were  no t  ana lyzed  fo r  r e s i d u a l  
i m p u r i t i e s ,  t h e i r  in f luence  could  on ly  be i n d i r e c t l y  a sce r t a ined .  
H o w e v e r ,  for  t yp ica l  u n d o p e d  GaP ,  u s i n g  m e a s u r e d  i m p u r i t y  l e v e l s  
(20, 21) the  ca l cu l a t i on  y i e lds  a m a x i m u m  poss ib le  co r rec t ion  of  
+ 8  x 10 -'* (a tom f rac t ion)  to the  c o m p u t e d  v a l u e  of  x~c,a. Fo r  m i d  
--101~ cm ~ of Zn  or Te, the  co r rec t ions  are  l i kewi se  smal l ,  b e i n g  
--6 x I0  --e and  +20  x 10 -~, r e s p e c t i v e l y .  

A m i n o r  a d j u s t m e n t  of - -2~ was  a p p l i e d  to  the  g r o w t h  t e m p e r ~  
a t u r e  of the  ta i l  end  of LEC p u l l e d  crys ta ls ,  to take  i n to  accoun t  
t h e  d e c r e a s e  in m e l t i n g  p o i n t  a c c o m p a n y i n g  the  s l i gh t  p h o s p h o r u s  
l o s s  i n  the  m e l t  d u r i n g  t h e  g r o w t h  cycle.  
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Fig. 1. The solidus of GaP. The data represent the growth or an- 
nealing temperature of GaP crystals vs. the Ga concentration 
(Eq. [4])  found by coulometric analysis. Note that 1100~ was 
taken as the average growth temperature of SG crystals. 

rials Research Corporation pullers, respectively) lead 
to similar results. 

(iii) Near the mel t ing point of GaP the solidus is 
relat ively flat and the tail end of boules always shows a 
greater  departure  from stoichiometry than the seed 
end. 

(iv) The solidus is retrograde, as is the case for 
many  other semiconductor systems (23-25), with a 
max imum depar ture  from stoichiometry near  1400~ 

(v) There is no strong influence on the data re-  
sult ing from the variat ion in doping levels; indeed, no 
combinat ion of inadver tent  or in tent ional  impurit ies 
can be responsible for the large retrograde max imum 
in XSGa. 

(vi) By anneal ing an LEC ta i l -end crystal (RD-164), 
a change in the stoichiometry is induced. 

These observations support  the view that the values 
of XSGa directly evaluated from the chemical analysis 
accurately represent  the solidus boundary.  In  the next  
sections below we give a detailed thermodynamic 
analysis of the solidus data. 

T h e r m o d y n a m i c  Ana lys is  and  Discussion 
Relationship between the solidus and vacancy con- 

centrations.--We shall assume that the predominant  
point defects in  the pure GaP lattice are single neut ra l  
Ga and P vacancies and consider the concentrat ions 
of charged vacancies and vacancy clusters to be neg- 
ligible. It is convenient  to express the concentrat ions 
of VGa and Vp in terms of the site fractions, with 
Yea and vp, respectively, defined by 

and 

[VGa] 
VGa -- [5] 

[GaGa] + [VGa] 

[Vp] 
vp - [6] 

[Pp] + [Vp] 

where the bracket  JAil denotes the total number  of 
lattice const i tuent  A on i- type sites. 

Likewise, XSaa and XSl , can be expressed in terms of 
the atomic lattice const i tuent  P as 
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[GaGa] 
XSGa = [7 ]  

[ G a G a ]  + [ P p ]  
and 

[Pe] 
xse = [8] 

[Gaca] + [Pe] 

To express XSGa in terms of VCa and Vp let us add 
[Vca] -- [VGa] to the numera tor  and denominator  of 
Eq. [7] and divide both by [GaG~] + [ V c a ] .  Then, we 
find with  the aid of Eq. [5] that  

1 - -  VG a 
XSGa - -  [9] 

1 -  VGa "~ [PPJ/{[GaGa] + [VGa]} 

But by the equal i ty  of Ga and P sites, [Pp] = [Gaca] + 
[Vca] -- [VF] which in combination with  Eq. [6] 
t ransforms Eq. [9] into 

1 - -  VGa 
XSGa = [10] 

2 - -  VGa - -  Vp 

By a similar procedure we also have 

1 -- vp 
xSp = [11] 

2 -- VGa -- Vp 

For  fur ther  calculations the use of the difference, 6, 
be tween Eq. [10] and [11] is very convenient  because 
it reduces to 

Vp - -  VGa 
= XSGa - -  XSp :--- 2XSGa - -  1 = 

2 - -  Vp - -  VGa 

Since [Vp -- VGa[ < <  2, the expression sought to re la te  
the exper imenta l  XSGa o r  ~ t o  v p  and VGa becomes 

VF - -  VGa 
b = 2XSGa - -  1 = [12 ]  

2 

Thermodynamic  equations for the vacancy concen- 
t ra t ions . - -At  any temperature ,  T, where  solid GaP is in 
equi l ibr ium with  the Ga-P  liquid solution, vp and Vca 
are fixed. The incorporation of VGa and Vp at T along 
the l iquidus curve can be expressed by the fol lowing 
chemical  defect  equi l ibr ia  5 

G a ( 1 )  : G a G a  + V p  

Vp [ G a G a ]  
Kp : X [13] 

aGa [GaGa] + [VGa] 
and 

P(1) = Pp + VGa 

VGa [Pp] 
K G a  : X [14] 

a p  [ P p ]  -~- [ V p ]  

In Eq. [13] and [14] the site fractions of Ga and P 
atoms on their  own sites (~1)  can be incorporated in 
the respect ive equi l ibr ium constants Kp and KGa wi th-  
out error. The functions ap and aGa are the conven-  
tional thermodynamic  activities of the subscripted 
species along the l iquidus curve.6 

As usual, we resolve Kp and gca  in terms of the en-  
thalpies (AHp and AHca) and entropies (• and nSca) 
of incorporation, assuming that  these quanti t ies are 
independent  of T in the range of interest. Then, we find 
from Eq. [13] and [14] for vp and VGa that  

Vp = e&Sp/Re--AHe/RTaGa [15] 

and 
VGa : eASG~/Re--AHoJRTap [16] 

It  should be noted that  AHGa is re la ted to AHp through 
the heat  of formation of GaP, AH~ according to the 
reaction 

Ga(1) + P(1) : GaGa + Pp [17] 

Note that  the concentrat ions of the lattice constituents in subse- 
quent  equations appear  as site fractions. 

~By definition ai = x l i ' y l i ,  where  xls and ~A~ are the a tom frac-  
tion and act ivi ty coefficient of component  i in the liquid phase,  
respectively.  

and the Schot tky enthalpy, Hs, for the defect reaction 

0 : Vp + VGa [18] 

For it can be seen that  by adding Eq. [17] and [18] 
and subtracting Eq. [13], we obtain Eq. [14]. Hence 

AHGa = A H ~  + H s  - -  A H p  [ 1 9 ]  

Finally, substi tuting Eq. [19] into Eq. [16] and sub- 
sequent ly  introducing Eq. [15] and [16] into Eq. [12] 
yields 

28  = e A S p / R e -  ~Hp/RTaGa ~ e h S G a / R e -  (AH~ + Hs--&HI ' ) /RTap 

[20] 

Enthalpies and entropies o] vacancy format ion . - -Ac-  
cording to Eq. [20], at any T the exper imenta l  XS~a or 
5(=2XSca -- 1) is re la ted to well-defined the rmody-  
namic quantities. All  requi red  values in Eq. [20] ex-  
cept ASp, -~Sca, and AHp can be obtained f rom previous 
work. Therefore,  a knowledge of 5 at three t empera -  
tures is necessary to determine  these entropies and en-  
thalpy. These quanti t ies were  evaluated from a set of 
three simultaneous t ranscendental  equat ions which 
were  generated by wri t ing Eq. [20] for three different 
tempera tures  wi th  the appropr ia te  values of the act ivi-  
ties and exper imenta l  5. 

The exper imenta l  data selected for this calculation 
were  taken from the analysis of undoped seed-end 
crystals, grown at 1465 ~ (MH-143-powdered) ,  1457 ~ 
(MH-134), and 1327~ (MH-70-powdered) .  The act ivi-  
ties ap and aGa at these tempera tures  were  der ived 
from the published l iquidus and act ivi ty coefficient 
curves (1). A value of AH~ = --30.9 kcal at 1400~ 
(the average growth t empera tu re  of samples used in 
the calculation) was der ived from a combinat ion  of the 
heat  of formation of GaP from the solid elements  at 
25~ (1) with the enthalpy changes (including the 
heats of fusion of Ga and P) associated with  heating 
Ga (26), P (27), and GaP (1) to 1400~ The Schot tky 
enthalpy was previously est imated (7) to be 88.6 kcal 
(3.84 eV) which was based on Kroger 's  rule  (28) 
stating that  the ratios of the heat  of atomizat ion to Hs 
are re la t ively  constant values for covalent  semiconduc- 
tors. 

Due to the complexi ty  of solving the t ranscendental  
equations for ASp, ASca, and AHp, a brief  outl ine of the 
computat ional  procedure is in order. As the equations 
are l inear in e ~sP/R and e ~saa/R, these quanti t ies  were  
expressed expl ici t ly  in terms of AHp by applying 
Kramer ' s  rule  to a pair  of equations. Then, substi tut ing 
e asp/R and e aso,~/a as a function of AHp into the third 
equation, an implicit  t ranscendental  equat ion in one 
unknown was obtained which was solved for AHp by a 
numerical  method. Finally,  knowing AHp, e asP/R and 
e asGJR were  calculated by Kramer ' s  rule. 

The results can be summarized in the fol lowing man-  
ner. For  Eq. [13] 

AHp = 16.5 kcal  (0.71 eV),  ASp : --3.38 ea l /deg  

For Eq. [14] (using Eq. [19]) 

AHGa = 41.2 kcal  (1.79 eV),  ASca = 9.11 ca l /deg  

Calculations of the vacancy concentrations and of the 
solidus.--Using the above values of the entropies and 
enthalpies in combination wi th  aGa and ap, the site 
fractions vp and VGa were  readi ly  calculated over  a 
wide tempera ture  range f rom Eq. [15] and [16], re-  
spectively. Mult ipl icat ion of the fract ional  concent ra-  
tions by 2.47 • 10 '22 yields the absolute vacancy con- 
centrations in the customary vacancies /cm 3 units; these 
are presented in Fig. 2 as a fur~ction of reciprocal  t em-  
perature.  

It  follows f rom the observat ion that  XSca > 0.5 in 
Table I that  along the Ga- r ich  l iquidus vp is a lways 
greater  than VGa, as shown in Fig. 2. In  particular,  at 
the melt ing point of GaP there  are, respectively,  8 • 
10 TM and 1.3 X 1019 cm - s  Ga and P vacancies in the 
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Fig. 2. The calculated Ga and P vacancy concentrations for GaP 
crystals in equilibrium with liquid solutions along the Ga- and P- 
rich branches of the Iiquidus curve. 

crystal. However, along the P- r ich  liquidus, VGa is al-  
ways greater  than  vp. 

Having evaluated vp and VGa, the er~tire solidus 
boundary  was calculated from Eq. [12] and super-  
imposed over the exper imenta l  solidus data in Fig. 1. 
The calculated solidus is retrograde with a large excess 
of Ga in  equi l ibr ium with the Ga-r ich  liquid solution 
and with a much smaller  excess of P along the P-r ich  
liquidus. The retrograde maximums  are at ~1375 ~ (in 
the vicinity of the vp maximum)  and .~1400~ on the 
Ga and P- r ich  sides, respectively. 

Discussion.--It can be seen in Fig. 2 that  along the 
Ga-rich brar~ch of the l iquidus curve, VGa drops much 
more drastically with decreasing tempera ture  than vp. 
Consequently,  in view of the m a x i m u m  along the vp 
curve, vp is wi th in  a factor of 2 for crystal.s pulled by 
LEC at 1465~ and grown from solution (,assuming that  
the average growth temperature  of SG is ~1100~ 
whereas, Vca decreases by a factor of ..-1000. This ob- 
servation bears significantly on the in terpre ta t ion  of 
electrical and optical measurements.  If crystals are 
grown or heat- t reated at different temperatures  near  or 
at the Ga-r ich  liquidus, then subsequent  electrical or 
optical measurements  are much more l ikely to reveal 
effects associated with the changes in VGa ra ther  than 
Vp.  

Previously, a l inear  correlation was established be-  
tween 1/Tn and relat ive Ga vacancy concentrat ion for 
SG crystals and crystals pulled by LEC from stoichio- 
metric and nonstoichiometric melts (11). The relat ive 
insensi t ivi ty of vp to crystal growth or heat - t rea t ing 
tempera ture  provides addit ional  evidence support ing 
the interpreta t ion that  the dominant  n,onradiative cen- 
ters are related to Voa and not to Vp. Moreover, an in -  
dependent  value of hHGa was obtained by a reanalysis  

of the 1/~n data (11). If 1/Tn - -  C l V G a ,  where C1 is a 
constant  of proportionality,  then according to Eq. [16] 

log 1/Tn ---- logC1 -t- A S G a / R  - -  ~'Hoa/RT Jr 10gap 

Combining the t empera tu re - independen t  terms in a 
new constant, C2, we find that 

log 1/(Tnap) ---~ logC2 -- AHGa/RT 

Since this equat ion is l inear  in  1/T and  the le f t -hand 
side consists of known quantities, the method of least- 
squares yields 5HGa = 1.73 __ 0.36 eVY The good agree- 
ment  found between the above AHGa, derived from op- 
tical measurements,  and that  obtained from the thermo- 
dynamic analysis of the solidus data (1.79 eV) gives 
addit ional strong support  to the identification of Ga 
vacancies with ki l ler  centers. 

The effect of varying Hs on AHp and AHGa was de- 
termined by repeating the init ial  calculation based on 
Eq. [20]. It  was found that  AHp is relat ively insensit ive 
to changes in Hs. In  particular,  varying Hs, by __10%, s 
effects AHp by less than .~__0.5%, while AHGa changes 
by ~_+20% (as seen from Eq. [19]) which is com- 
parable in magni tude  to the error in the optical AHGa. 

The calculated solidus curve, shown in  Fig. 1, is in 
good accord with all the exper imental  solidus data. 
Indeed, the solidus data obtained for SG, doped LEC 
pulled, and annealed crystals, none of which were used 
in the calculations, by their  agreement  with the solidus 
curve, corroborates the consistency of the thermody-  
namic t reatment .  In  view of the relat ively large ob-  
served deviat ions from stoichiometry, precision x - r ay  
and density measurements  on nonstoichiometric LEC 
pulled crystals could provide fur ther  confirmation of 
the analysis. 

Recently, Logan and Hurle (23) estimated the solidus 
curve of GaAs by a detailed analysis of the anneal ing  
results of Potts and Pearson (29), Munoz e t a l .  (31), 
and others. The shape of the solidus curve for GaAs is 
similar to the one obtained for GaP. In  essence, the 
solidus is retrograde and the departures from stoichi- 
ometry are much more pronounced along the Ga-r ich 
branch of the solidus than along the As-rich one. 

In  addition, it is interest ing to compare the values of 
the Schottky entropy and enthalpy (Hs and Ss) for 
GaAs and GaP. According to Logan and Hurle (23), 
Hs ---- 4 eV for GaAs which should be compared with 
the value of 3.84 eV used in  this study. For GaP, Ss 
was found by adding the derived values of ASp and 
ASca for Eq. [13] and [14], respectively, and subtract-  
ing the 1400~ value of AS~ for Eq. [17]. An applica- 
tion of the third law method to the thermodynamic  
data for Ga(1) (26), P(1) (27), and GaP (1) yielded 
AS~ ---- 14.24 cal/deg. Thus Ss ~ 20 cal/deg for GaP 
which is similar in  magni tude to the value (18.6 cal /  
deg) determined by Logan and Hurle (23) for GaAs. 
The important  enthalpy and  entropy values for GaP 
are summarized in Table II. 

According to the principles of defect chemistry (28) 
Ss is a measurable  thermodynamic  property not ex- 

I n  the  p r e v i o u s  w o r k  (11) w h i c h  s h o w e d  t he  l i n e a r  cor re la t ion ,  
AHG~ = 1.71 eV was  e s t i m a t e d  fo r  Eq. [14] f r o m  the  sum of  Hs 
(3.84 eV) a n d  t he  e n t h a l p y  for  the  r eac t i on  P(1) + Vp = Pp, AHv, 
o b t a i n e d  (7) b y  a s i m p l e  gene ra l i z a t i on  of the  r e su l t s  of Po t t s  a n d  
Pea r son  fo r  G a A s  {29). H o w e v e r ,  s ince r e c e n t l y  L o g a n  and  Hurle  
(23) s h o w e d  t h a t  the  a n n e a l i n g  da t a  of  Po t t s  a n d  P e a r s o n  (29) we re  
no t  a l o n g  the  l i qu idus ,  the  e s t i m a t e d  AHv was  no t  used  here .  

s Note  t h a t  t he  se lec ted  u p p e r  l i m i t  for  Hs a p p r o a c h e s  the  s u m  of  
the  r e c e n t l y  e s t i m a t e d  v a l u e s  (30) fo r  the  v a c a n c y  f o r m a t i o n  ener-  
gies  of  Ge  (1.9 eV) and  Si  (2.38 eV). 

Table II. Defect entropies and enthalpies for GaP 

E n t r o p y  E n t h a l p y  
Reac t ion  (ca l /deg)  (eV) 

Ga(1) = GaGa + Vp --3.38 0.71 
P(1) = Pp  + VGa 9.11 1.79,t 1.73 ~ 0.36* 
Ga(1) + P(1) = GaGa + PP --14.24 --1.34 
0 = Vp + VG= 19.97 3.84 

t F r o m  so l idus  data. 
* F r o m  op t i ca l  data. 
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per imen ta l ly  separable  into the entropies  of ind iv idua l  
defects  s (Vp)  and s(Vaa) ,  in te r re la ted  by  Ss --  s (Vp)  
+ S(VGa). But a rough es t imate  of these v i r tua l  t he r -  
modynamic  quant i t ies  from the da ta  was possible. 
Wri t ing  out  in  detai l  the  en t ropy  changes impl ied  by  
Eq. [13] and [14], we find for s(Vp) and  S(VGa), r e -  
spect ive ly  

s(Vp) : ASp + S ~ (Ga(1) )  --  s(GaGa) [21] 
and 

8(VGa) ---~ ASGa ~- S ~ (P(1)) -- s(Pp) [22] 

Assuming that 

s(GaGa) : S~ 
and 

s(Pp) -- S ~ (Si(c)) 

and using tabulated thermodynamic data for crystal- 
line Ge (26), Si (27), Ga(1) (26), and P(1) (27), at 
1400~ in combination with ASp and ASGa from Table 
If, Eq. [21] and [22] yield the virtual vacancy entropies 
with respect to the atomic sublattice constituents Ga 
and P as s(Vp) ~ 4 cal/deg and S(VGa) ~ 16 cal/deg. 

Finally, we can estimate the effect of Vp on the local 
vibrational frequency of the adjacent Ga atoms and 
VGa on that of the P atoms. If the crystal as a whole 
has a frequency v and the number of nearest neighbors 
is 4 then (28) 

(#)' S(VGa) : k In [23] 

and 

s(Vv) = kin ~ [24] 

where  v'p and v'ca are  the  average  v ibra t iona l  f re -  
quencies near  VGa and Vp, respect ively.  Solving for 
,,/,,'p and v/v'Oa we find 

v/Y'Ga = 1.65, y / p ' p  = 7.48, and 7,"Ga/~"P ~-- 4.5 

Thus the wavelengths  of local  v ibra t iona l  modes  due to 
vacancies l ie above the la t t ice  modes. This suggests 
tha t  local mode identif icat ion in the  far  inf rared  m a y  
be a ided  by  these the rmodynamic  results.  
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ABSTRACT 

T h e  crystal growth of gal l ium nitr ide has been investigated by using the 
ammonolysis of gal l ium suboxide, the subl imat ion of gall ium nitr ide or gal- 
l ium oxide in an ammonia  atmosphere, and the ammonolysis of gal l ium mono-  
chloride at 1150 ~ • 20~ in gas flow systems. The first two techniques have 
produced only low resistivity gall ium nitr ide crystals of mil l imeter  size. The 
ammonolysis of gal l ium monochloride is most promising; single crystals of 
gal l ium ni t r ide as large as 25 • 15 • 5 mm, heretofore unknown,  have been 
obtained by using sapphire platelets with main  faces of (1102) orientat ion as 
substrates. The single crystal l ini ty of these crystals was verified by chemical 
etching and optical microscopy and x - r a y  diffraction techniques. These crystals, 
with an  electron concentrat ion of about 1029 cm -8 and Hall mobilities of 
about 150 cm 2 V - I  sec -~ at room temperature,  have been used as substrates 
for the growth of large gal l ium ni t r ide crystals of improved s t ructural  per-  
fection. 

Gal l ium ni t r ide crystallizes in the wurtzi te  s tructure 
a n d  has a direct  energy gap of about 3.5 eV at 2~ 
(1). It is, therefore, a potential ly impor tant  opto- 
electronic material.  However, gal l ium nitr ide has a 
high melt ing point, above 1600~ (2), and is thermal ly  
unstable  with respect to decomposition into its ele- 
ments. Early work has reported that  gall ium ni t r ide 
undergoes slow dissociation at temperatures  as low as 
60O~ (3). The available vapor pressure data on gal- 
l ium ni tr ide have recent ly been reviewed and found tc 
be consistent with the equi l ibr ium pressure of n i t rogen 
over gal l ium ni tr ide and l iquid gal l ium calculated from 
thermodynamic  functions (4). For example, the vapor 
pressure of ni t rogen is in the range of 1-100 atm at 
1000~ and 700-40,000 atm at 1600~ These results in-  
dicate the severe problems involved in the prepara-  
tion of large gal l ium ni tr ide crystals. Also, gal l ium 
ni tr ide is essentially insoluble in gal l ium at tempera-  
tures below ll00~ Thus, a vapor growth technique 
with a growth rate of gall ium nitr ide considerably 
higher than  its decomposition rate is best suited for 
the crystal growth of gal l ium nitride. 

Single crystals of gal l ium nitr ide have been prepared 
in the form of needles with hexagonal  symmet ry  by 
heating gal l ium nitr ide at 1150 ~ to 1200~ in an am-  
monia  flow (5). However, major  efforts have been di- 
rected to the epitaxial  growth of th in  layers of gal l ium 
ni tr ide on foreign substrates by physical and chemical 
vapor growth techniques. The former included the 
evaporation of gal l ium in a ni t rogen discharge (6) 
and  the rf sput ter ing of gal l ium nitr ide (7), and the 
lat ter  included the ammonolysis of gal l ium mono-  
chloride (8-10), the thermal  decomposition of a gal l ium 
tr ibromide-ammorfia complex (11), and the ammonoly-  
sis of t r imethylga l l ium (12). The ammonolysis  of gal-  
l ium monochloride on sapphire substrates has been most 
widely used. In  most cases, however, the grown layer  
exhibited high donor concentrations, due presumably  to 
a nat ive defect such as ni t rogen vacancies, and p- type  
layers have not been produced. Also, sapphire is s truc-  
tura l ly  not an ideal substrate for the epitaxial  growth 
of gal l ium nitr ide because of their differences in la t -  
tice parameters  (a ~ 4.76A and c ---- 12.99A for sap- 
ph~re; a = 3.18A and c = 5.16A for gal l ium nitr ide)  
and thermal  expansion coefficients (9.2 • 10 -o ~  
for sapphire in  the a and c directions, range 00-1200~ 
5.6 • 10 -6 ~ -1 and 7.75 • 10 -6 ~ -1 for gal l ium ni-  
tr ide in  the a and c directions, 700~176 Homoepi-  
taxial  growth of gall ium nitride, which is inheren t ly  
capable of yielding bet ter  qual i ty layers, has not been 
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investigated because of the lack of bu lk  crystals of 
gal l ium nitride. 

In  the present  work, three chemical vapor growth 
techniques were investigated for the growth of bu lk  
gal l ium nitr ide crystals. They included the ammonoly-  
sis of gal l ium suboxide, the subl imat ion of gal l ium 
nitr ide or gal l ium trioxide in an ammonia  atmosphere, 
and the ammonolysis of gal l ium monochloride in gas 
flow systems. The third technique has produced gal- 
l ium nitr ide single crystals up to 25 • 15 • 5 mm in 
size, heretofore unknown.  The exper imental  procedures 
of the vapor growth processes and the characteriza- 
tion of grown crystals are discussed in this paper. 

Ammonolysis of Gallium Suboxide 
Gall ium nitr ide can, in general, be prepared by the 

reaction between ammonia  and a gaseous gal l ium com- 
pound. Gal l ium suboxide, Ga20, with an appreciable 
vapor pressure at temperatures  near 1000~ is suit-  
able for the preparat ion of gal l ium nitr ide as indicated 
by  the thermochemistry  of the reaction 

Ga20(g)  -~ 2NH3(g) -> 2GaN(s) ~ H20(g)  ~ 2H2(g) 

Using the free energies of formation of gall ium sub-  
oxide (13), ammonia  (14), gal l ium ni tr ide (4), and 
water (14), the s tandard free energy changes of this 
reaction have been calculated to be --35.7, --35.2, 
--27.5, and --15.1 kcal /mole at 1100 ~ 1200 ~ 1300 ~ and 
1400~ respectively, indicating that the reaction is 
thermochemical ly feasible in the tempera ture  range 
under  consideration. Gal l ium suboxide can be readily 
prepared by the reaction of gall ium and gal l ium tr i -  
oxide according to the reaction 

4Ga(1) -~ Ga203(s) ~ 3Ga20(g) 

The equi l ibr ium vapor pressure of gal l ium suboxide 
over a 4:1 molar mixture  of gal l ium and gal l ium tr i -  
oxide has been reported to be approximately 0.2 Torr 
at 800~ and 10 Torr at 1000~ (15). 

The ammonolysis of gal l ium suboxide was carried out 
with the apparatus shown in Fig. 1. Gal l ium suboxide 
was produced in the quartz boat containing a mixture  
of gal l ium and gal l ium trioxide, and the ni t rogen flow 
was used to carry the suboxide vapor into the reaction 

FURNACE 

f f  

3~ ~:,n~ IU QUARTZ REACTION TUBE ~ALLIUM - GALLIUM TRIOXIDE 
MIXTURE IN QUARTZ BOAT 

Fig. 1. Schematic diagram of the apparatus for the growth of 
gallium nitride crystals by the reaction of gallium suboxide with 
ammonia. 
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tube. The suboxide then reacted with the ammonia  to 
produce gal l ium nitride. The experiments  were carried 
out with the quartz boat in the tempera ture  range 
900~176 and the reaction zone in the tempera ture  
range 1000~176 The flow rate of ammonia  w a s  
400 ml /min .  The suboxide formation tempera ture  was 
found to be not critical; however, gall ium nitr ide crys- 
tals were obtained only for a reaction zone tempera-  
ture  of 1150 ~ • 10~ Needle-l ike crystals, dark 
green in color and up to 1 mm in size, were found near  
the ammonia  outlet. Dendrit ic crystals with d imen-  
sions up to 3 mm were sometimes found also. X- ray  
techniques showed the crystals to be single crystal l ine 
gal l ium ni tr ide with the long axis in the c direction. 
The l imited success of this method for the crystal  
growth of gal l ium nitr ide may be due to the dispropor- 
t ionation of gal l ium suboxide in the reaction zone, a s  
indicated by the free gal l ium and powdery mater ial  
found near  the reaction zone. 

Sublimation of Gallium Nitride or Gallium Oxide in 
Ammonia 

It has been reported that small needle-l ike ni t r ide 
crystals were obtained by heating powdered gal l ium 
ni t r ide  in  ammonia  at 1150~176 (5). Attempts  
were made to improve upon this result  by using dif-  
ferent  source materials. The apparatus for the subl ima-  
t ion method consisted of a single-zone furnace with 
an a lumina  or a fused silica reaction tube. The source 
mater ial  was placed in an a lumina  boat in the maxi -  
m u m  temperature  region of the reaction tube, and am-  
monia or an ammonia-n i t rogen  mixture  was in t ro-  
duced at various flow rates. The reaction tube could 
be main ta ined  at pressures up to 5 atm. Six types of 
source mater ial  were used: (i) gal l ium trioxide pow- 
der, (ii) gal l ium nitride powder, (iii) a mixture  of 
gal l ium and gal l ium trioxide, (iv) a mixture  of gal-  
l ium and gal l ium nitride, (v) pressed pellets of gal-  
l ium and gal l ium trioxide, and (vi) pressed pellets o f  
gall ium and gal l ium nitride. The pellets weighed about 
lg and were made with a Pa r r  Model 2811 pellet press. 

The init ial  experiments  were carried out with loosely 
packed powder of gal l ium trioxide or gal l ium nitride. 
A source temperature  of 1170 ~ ~- 10~ was neces- 
sary to achieve growth of gal l ium nitr ide crystals. 
Typically, after three days of reaction time, very small  
crystals of gal l ium ni tr ide were found in the boat. With 
a fifteen day growth period, crystals were found at two 
locations. Dark green, sl ightly t ransparent ,  n- type,  
needle-shaped crystals up to 2 mm long by 0.2 mm 
thick were found on the wall  downstream from the 
source material ;  the dark color is due apparent ly  to 
the thermal  decomposition of gal l ium nitride. Light 
green t ransparent  crystals of about 0.4 • 0.04 mm 
dimensions were found in the boat. These results were 
not  affected by changing the flow rate of ammonia,  by 
di lut ing the ammonia  with nitrogen, or by using am-  
monia  pressures up to 5 atm. Similar  results were ob- 
ta ined by using loose mixtures  of ga l l ium-gal l ium t r i -  
oxide and ga l l ium-gal l ium nitr ide as the source ma -  
terial  except that  there was a tendency for larger gal-  
l ium nitr ide crystals to form in the boat. 

When the pressed pellets of ga l l ium-gal l ium trioxide 
and gal I ium-gal l ium ni t r ide were used as the source 
material,  source temperatures  in the range 1160 ~ 
1180~ and ammonia  flow rates in the range 50-500 
m l / m i n  were used. The experiments  were carried out 
for periods up to 20 days. Two types of needle- l ike  
crystals, both with dimensions up to 3 mm long by 
0.5 mm thick, were obtained. Light colored crystals 
were found growing inward  from what was the sur-  
face of the pellets, and dark green crystals were found 
on the wall  of the reaction tube downst ream from 
the pellets. Usual ly one type or the other predomi-  
nated in a part icular  experiments,  but  the exact rea-  
son for this was not established. Figure 2 shows ex-  
amples of the two types of gal l ium ni tr ide crystals; 
these crystals have a hexagonal cross section and were 
shown to be single crystall ine by the x - r ay  diffraction 

Fig. 2. Gallium nitride crystals grown on the wall of the silica tube 
(upper) and in the alumina boat (lower) by the sublimation tech- 
nique. 

technique. Chemical etching of these crystals with a 
40% sodium hydroxide solution for 30 rain revealed 
no significant s t ructural  defects. Using ind ium as ohmic 
contacts, the electrical resist ivity of these n- type  crys- 
tals were measured to be essentially independent  o f  
temperature  in the range 160 ~176 The darker  crys- 
tals have a resistivity of about 3 • 10 -a ohm-cm, and 
the l ighter  ones about 3 • 10 -2 ob_m-cm. 

Ammonolysis of Gallium Monochloride 
The ammonolysis of gal l ium monochloride has been 

used for the epitaxial growth of gal l ium ni tr ide on the 
basal plane of sapphire at 850~176 and the growth 
rates were up to about  1 ~m/min  (8-10). This process 
involves two steps: the formation of gal l ium mono-  
chloride by the reaction of gal l ium with hydrogen 
chloride, and the reaction of gal l ium monochloride 
with ammonia  to form gal l ium nitride. The chemical 
reactions are (16) 

2Ga(1) § 2HCI(g) --> 2C-aCl(g) -t- H2(g) 

GaCl(g)  + NHa(g) -> GaN(s)  ~ HCI(g)  ~- H~(g) 

The ammonolysis  of gal l ium monoehloride was also 
used in this work, and gal l ium ni tr ide was deposited 
on sapphire substrates of (1T02) orientat ion at high 
rates, 10 ~m/min  for example. The high deposition rate 
was achieved by the use of high hydrogen chloride 
concentrations in the reactant  mixture,  a part icular  
substrate orientation, and a closely spaced geometr i-  
cal a r rangement  in the reaction tube. Single crystals 
of gal l ium ni t r ide as large as 25 • 15 • 5 m m  have 
been obtained. 

The apparatus  used in  this work is shown schemati-  
cally in Fig. 3. It consists of a fused silica reaction 

32 m ID QUARTZ LINER TWO ZONE FURNACE 

\ I T I 
.": ~'r NH3 

,, CARRIER GAS 

SUBSTRATE GALLIUM IN 
WITH HOLDER ALUHINA BOAT 

45 ;~. ID QUARTZ REACTION TUBE 

Fig. 3. Schematic of the apparatus for the growth of bulk gallium 
nitride crystals by the ammonolysis of gallium monochloride. 
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Fig. 4. The as-grown surface of a gallium nitride crystal on a 
sapphire substrate of (1102) orientation. 

tube, 45 mm ID with a 32 mm ID l iner  and 90 cm long, 
situated in  a two-zone resistance-heated furnace. The 
ends of the reaction tube are provided with s tandard 
taper joints. The end cap on the gas inlet  side has 
provisions for introducing hydrogen chloride mixed 
with a diluent, hel ium or hydrogen, and for in t roduc-  
ing ammonia  to the reaction zone. Gal l ium was placed 
in an a lumina  boat and heated in one zone of the fur -  
nace, and sapphire substrates were located in the 
second zone of the furnace. The parameters  in this 
process include the composition and flow rate of the 
reactant  mixture,  the temperatures  of the gal l ium 
source and the substrate, and the position of the sub-  
strate with respect to the ammonia  outlet tube. A 
large NHJHC1 molar ratio is necessary to minimize 
the formation of free gallium. The concentrat ion and 
flow rate  of hydrogen chloride in the reactant  mix-  
ture  determine the rate  of formation of gal l ium mono-  
chloride and therefore that  of gal l ium nitride. Also, 
the reaction between gal l ium monochloride and am-  
monia  should take place predominate ly  on the sub- 
strate surface to minimize homogeneous nucleat ion 
through gas phase reactions. The gas phase reaction is 
more pronounced at high substrate temperatures  and 
can be minimized by using a small  separation be-  
tween the substrate and the ammonia  outlet tube. 

Both hydrogen and hel ium were used as the di luent  
gas. Under  opt imum tempera ture  and flow rate condi- 
tions, the use of hel ium was found to produce about a 
20% higher yield than  that  of hydrogen, qual i tat ively 
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in agreement  with a previous report (16). Typical flow 
rates of helium, hydrogen chloride, and ammonia  were 
2, 0.02, and 1 l i ter /min,  respectively. The gal l ium 
source was held at about 900~ and the substrate 
was main ta ined  at about 1050~ The substrate, 5 
m m •  25 mm in area, was located wi thin  1 cm from 
the ammonia  outlet and was tilted at about 30 ~ . After  
a 6 hr experiment,  the single crystal deposit on a 
(1]-02) oriented sapphire substrate was usual ly  2-5 mm 
thick, weighing up to 4g. The deposition of gal l ium 
nitr ide on the basal plane of sapphire yielded crystals 
more than one order of magni tude smaller in volume 
that the crystals on (1]-02) substrates. 

The grown crystals range from colorless to dark 
green in color, and their  surfaces always exhibit  many  
growth ridges, as shown in Fig. 4. The faces consist 
of three orientations at approximately 120 ~ angles to 
each other. Back-reflection Laue x - r ay  technique in-  
dicated that these faces, each of which has a twofold 
symmetry,  are of (2110), (12-10), and (112-0) orienta-  
tions. These orientat ions are symmetry  related, and the 
orientat ion relat ion (2110)GaN II (1102)A120~ is in 
agreement  with an early work (12). In  addition to a 
reasonable match in lattice parameters,  the develop- 
ment  of the {2110} faces presumably  arises from the 
fact that  the {~110) planes are the most densely 
packed, and therefore the lowest energy planes in gal-  
l ium nitride. Planes of other crystallographic oriel,ra- 
tions developed during the growth process will  even-  
tual ly  grow out. 

Ga l l ium nitr ide crystals grown on sapphire sub- 
strates have high concentrations of s t ructural  defects. 
Defects in gal l ium ni tr ide may be revealed by etch- 
ing with a 40% sodium hydroxide solution at about 
100~ for 30 min. Figure 5 shows typical defects ob- 
served in gal l ium nitride crystals. The etch figures on 
a mechanical ly  polished surface (Fig. 5a) consist of 
many  parallel  lines and are stacking fault  traces, i.e., 
the intersections of stacking fault  planes with the sur-  
face of the crystal. The transmission micrograph of the 
same area (Fig. 5b) shows the projection of stacking 
fault  planes on the surface of the crystal, mostly in 
the form of isosceles triangles of the same orientation, 
indicating that  all  faul t ing planes are paral lel  and 
make the same angle with the grown surface. The 
stacking fault  plane is presumably  a {2"110} plane, the 
most densely packed plane, which makes an angle of 
60 ~ with the grown surface, intersecting along a 
<0001> direction. Thus, the stacking faults usual ly 
commence at cer tain points and develop along a 
{2-110} plane with a rapid increase in area, similar to 
the formation of stacking faults in epitaxial silicon 
(17, 18). 

Fig. 5. Stacking faults in vapor-grown gallium nltride crystals. (a, left) Etch figures on a polished grown surface. (b, right) Transmission 
micrograph of the same area shown in (a). 
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The sapphire substrate on the grown crystal can be 
readily removed by mechanical  lapping. Hall measure-  
ments  were made on the bulk  gal l ium ni tr ide crystals 
at 77 ~ and 300~ by the van der Pauw technique 
(19). At room temperature,  the bulk crystals were n-  
type, and had an electron concentrat ion of approxi-  
mate ly  1019 cm -a and carrier mobili t ies in  the range of 
120-160 cm 2 V -1 sec -1. The carrier concentrat ion was 
essentially the same at 77~ however, the mobilities 
decreased by about 25%, due presumably to the ionized 
impur i ty  scattering. 

The large gal l ium nitr ide crystals have also been 
used as substrates for crystal growth. They were first 
mechanical ly polished with an a lumina  abrasive and 
etched in situ with a hydrogen-hydrogen chloride 
mix ture  at 850~ just  prior to the deposition process. 
Single crystals of gal l ium ni t r ide on gall ium nitr ide 
substrates with dimensions similar to those on sap- 
phire substrates were obtained. Figure 6 shows two 
typical gall ium nitr ide crystals grown on a sapphire 
substrate  of (11"02) orientat ion and a gal l ium ni t r ide 

Fig. 6. Gallium nitride crystals obtained by the ammonolysis of 
gallium monochloride. The upper crystal was grown on a sapphire 
substrate of (1102) orientation, and the lower crystal was grown on 
a gallium nitride substrate. 

Fig. 7. The angle-lapped and chemically etched surface of a gal- 
llum nitrlde crystal deposited on a galllum nitride substrate. Etchant: 
40% sodium hydroxide solution at 100~ fur 30 min. 
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substrate. Figure 7 shows the angle- lapped and chemi-  
cally etched surface of a gal l ium ni tr ide crystal de- 
posited on a gal l ium nitr ide substrate. As expected, 
the grown crystal has considerably better  s t ructural  
perfection than the substrate as indicated by the re la-  
t ively heavy attack of the substrate by the sodium hy-  
droxide solution. 

S u m m a r y  and Conc lus ions  
Three chemical vapor growth techniques have been 

used for the preparat ion of gal l ium ni tr ide crystals at 
1150 ~ _ 20~ The ammonolysis of gal l ium suboxide 
and the sublimation of gal l ium nitr ide or gall ium tr i-  
oxide in  an ammonia  atmosphere have produced only 
gal l ium nitr ide crystals of mi l l imeter  size. They were 
n - type  and had low electrical resistivities. The am- 
monolysis of gal l ium monochloride on  sapphire sub-  
strates of (1]-02) orientat ion at 1050~ has produced 
single crystals of gal l ium ni tr ide with dimensions up to 
25 X 15 X 5 ram. Gal l ium ni tr ide crystals grown in this 
manner  had electron concentrat ions on  the order of 1019 
cm -3 and electron mobili t ies of about 150 cm~ V -1 sec -1 
at room temperature.  Using these crystals as substrates, 
large gall ium ni tr ide crystals with bet ter  s tructural  
perfection have also been obtained. The growth of large 
gal l ium nitr ide crystals reported in  this work, due 
largely to the use of a relat ively high flow rate of hy-  
drogen chloride, the closely spaced reaction tube geom- 
etry, and the (1102) or iented substrates, represents a 
significant contr ibut ion to the state of the art  tech- 
nology. 
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ABSTRACT 

The dielectric behavior of undoped, l i thium-doped,  and sodium-doped 
polycrystal l ine ZnO was investigated as a function of frequency, from 100 
Hz to 600 kHz, and temperature,  over the in terval  from room temperature  
to 900~ Barrier  layer polarization seemed responsible for capacitance dis- 
persion for undoped polycrystal l ine ZnO. These barr ier  layers appeared to 
occur at the surfaces of the individual  polycrystal l ine grains and seemed to be 
the result  of the chemisorption of oxygen. The data for l i th ium-  and sodium- 
doped ZnO was rationalized on the basis of a space charge polarization model 
involving mobile ionic point  defects, which were blocked or part ial ly blocked 
at the specimen electrodes, and electronic carriers, which were able to freely 
pass through the electrodes. The effective dielectric constant  for the doped 
specimens varied exponent ia l ly  with temperature.  The activation energies 
of 0.6 eV for Li-doped ZnO and 1.1 eV for Na-doped ZnO were a t t r ibuted  to 
the energy of motion of the inters t i t ia l  defect. 

I n  the last two decades zinc oxide has been the sub-  
ject of numerous  investigations. Excellent reviews of 
much of this work have been presented by several 
authors (1-3). Zinc oxide has been found at tract ive 
for a diversity of applications which include dental  
cements, .catalyst,s, photoconductive devices, lumines-  
cent phosphors, ul trasonic amplifiers, varistors, and 
field-effect transistors. 

Zinc oxide crystallizes in the hexagonal  wurtzi te  
crystal s t ructure and has lattice constants a = 3.24A 
and c = 5.19A. Due to the great difference in  size of the 
zinc and oxygen ions, the atomic packing factor is only 
0.44. Relat ively large (0.95A radius) open spaces exist 
in the lattice and play a n  impor tant  role in the electri- 
cal, physical, and chemical behavior of this material.  
Azaroff has demonstrated the role of crystal s t ructure 
on atomistic diffusion in ZnO :(4, 5). The results of 
other diffusion studies on this mater ia l  are also to be 
found in  the l i terature (6-12). 

Optical absorption studies have shown that  the band-  
gap energy of ZnO ranges from 3.4 eV at l iquid hel ium 
tempera ture  to 2.4 eV at 1360~ The commonly ac- 
cepted room temperature  value is 3.2 eV. The electrical 
conductivi ty of ZnO has been found to be n - type  and 
to vary  from 10-1s to 10 s ( o h m - c m ) - I  depending on 
the tempera ture  of measurement  and the materials  
previous history (6-12). Hall  effect studies have con- 
firmed the n- type  behavior  of ZnO (13, 14). 

A number  of investigations of the dielectric behavior 
of ZnO have been conducted (15-23). These studies, 
however, have been conducted at relat ively low tem-  
peratures (room tempera ture  and bel.ow) and high 
frequencies (100 kHz and above).  The high frequency 
relat ive dielectric constant  in  the a direction was found 
to be 8.5 • 0.2, while that  in  the c direction was 
found to be 10.0 __ 0.2. 

Heretofore, the high conductivity of nonstoichio- 
metric ZnO has made it difi~cult to perform dielectric 
measurements  at lower frequencies and /or  higher tem-  
peratures. In  this s tudy,  measurements  were performed 
over the frequency interval  102 to 6 • 105 Hz and at 
temperatures  ranging from room tempera ture  to 900~ 
using a previously developed technique (24). 

Experimental Procedure 
In  our early at tempts to measure the h igh- tempera-  

ture  dielectric behavior  of ZnO, it was noted that  the 
specimen conductance, Gsp, was always greater  than  
the capacitive susceptance, wCsp. This results in dis- 
sipation factors which were quite large, 1.0 < t an  8 

K e y  werd~:  zinc oxide ,  chernisorption, dielectric, diffusion. 

< 105. Therefore, a special technique had to be used to 
perform dielectric measurements.  A subst i tut ion tech- 
nique, where corrections are made for parasitic capaci- 
tances and inductances associated with the system, was 
the subject of a previous paper (24). With this tech- 
nique the capacitance of specimens having a total re- 
sistance of greater  than  100 ohms and a dissipation 
factor less than  104 can be measured to ___15%. For mid-  
range frequencies (1-50 kHz) the error  is less than 
_+5%. 

Polycrystal l ine specimens were prepared using 
pressing and sintering techniques wi th  Johnson Mat-  
they "specpure" ZnO powder (99.999% pure),  which had 
an average grain size of about  5~. The final disk-shaped 
specimens had a thickness of 0.5 cm and plane parallel  
surface areas of 2 cm 2. Doped polycrystal l ine specimens 
were produced by mixing the appropriate amounts  of 
the hydroxides, LiOH or NaOH, wi th  powdered ZnO 
(8, 14). The powdered mater ial  was then heated to 
600~ for 12 hr, dur ing which t ime the hydroxides 
were converted to the oxide and homogenization oc- 
curred by interst i t ial  diffusion. The powdered mater ial  
was then pressed and sintered at 650~ for a second 
12 hr period of time. The relat ively low temperature  
hea t - t rea tments  were chosen in an a t tempt  to have 
most of the added impur i ty  remain  in interst i t ial  lattice 
positions. Electrical contact to the specimens were 
made, on their  plane parallel  surfaces, using either 
fluxed p la t inum paste (Engelhard No. 05), fluxed gold 
paste (Engelhard 601-FM), or silver paint  (GC Elec- 
tronics Silver Pr in t ) .  Approximately  three coatings 
were used in each case. Between each application the 
sample was baked at 600~ for about 6-8 hr. When 
the resistance between any pair  of points across the 
electrode contact had been reduced to less than  0.1 
ohm, the procedure was terminated.  In  all cases in-  
vestigated it was at tempted to have a slight amount  of 
diffusion of the electrode mater ial  into the sample sur-  
face to insure an int imate  contact with the specimen. 
Although in tergradular  diffusion, to a depth of approxi-  
mately 0.5-1 mil, could be observed ur~der microscopic 
examination,  no convenient  technique was available to 
determine the degree of penetra t ion into the grains 
themselves. 

The specimens were loaded into the measurement  
system. Before performing a measurement ,  the speci- 
mens were allowed to equil ibrate  at temperature  and 
in various partial  pressures of oxygen provided by 
oxygen-argon tank mixtures. Equi l ibr ium was as- 
suvned when the capacitance and resistance changes 
over a several hour  period were less than  those due to 
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the variat ion in temperature.  Measurements of capaci- 
tance and resistance were made at selected frequencies 
in the range 100 Hz to 500 kHz. The specimen tempera-  
ture  was increased or decreased at approximately 
10OcC intervals  and the above procedure repeated. Ex-  
periments  were carried out on pure, Li-doped, and 
Na-doped ZnO. 

Results and Discussion 
Dielectric behavior of undoped polycrystalline ZnO.-- 

The dielectric behavior of undoped (99.999% pure)  
polycrystal l ine ZnO with gold electrodes has been in-  
vestigated from 102 Hz to 6 • 105 Hz and over the 
temperature  range from room tempera ture  to 80O~ 
The variations of the apparent  dielectric constant, K', 
and a-c conductivity, ~ac, are shown as functions of 
frequency and reciprocal temperature  for an oxygen 
part ial  pressure of 1 atm in Fig. 1. The dispersion of K' 

and ~ac with frequency ,disappear as the temperature  is 
increased. Upon decreasing the part ial  pressure of 
oxygen to less than about 10 -5 atm it was found that  
the low frequency values of K" decreased and Cac in-  
creased unt i l  no dispersions with frequency were noted 
for ei ther K' or aac. This behavior was found to be rela-  
t ively independent  of the electrode materials used, i.e, 
Pt, Au, or Ag. 

The aforementioned behavior was dist inct ly different 
from that observed for undoped (99.999% pure) single 
crystal specimens of ZnO that were obtained from the 
3M Company. Here, the dispersions in  K' and  O'ac in -  
creased with increasing temperature.  This behavior 
was strongly dependent  on the electrode mater ia l  be- 
ing used and was relat ively independent  of the part ial  
pressure of oxygen surrounding the sample. This seems 
to suggest that  dielectric behavior observed for single 
crystal specimens was controlled by nonohmic be- 
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havior of the metal-semiconductor  contact, i.e., high- 
resistance space charge layers at the specimen-elec-  
trode interface (25-26). 

The low frequency- low temperature  behavior of K' 
observed for undeped polycrystal l ine ZnO also suggests 
the existence of space-charge layers wi th in  the sample. 
These data, however, were independent  of the electrode 
mater ial  used, which might  indicate that  these space- 
charge layers exist at the surfaces of the grains ra ther  
than  the electrode interface (27-32). This was fur ther  
evidenced by the fact that  little difference was tinted 
in  2 and 4 probe d-c conductivi ty of s imilar  samples. 
The large effective surface area of the meta l -semicon-  
ductor contact probably yielded a bet ter  ohmic contact 
than the single crystal specimens (33). The space- 
charge layers seemed to disappear with decreasing par-  
tial pressure of oxygen or increasing temperature.  
This suggests that  the space layers are the result  of the 
chemisorption of oxygen at the gra in  surfaces. 

A number  of investigations have suggested that  when  
oxygen is chemisorbed on the surface of ZnO it leads to 
surface acceptors (1,34-38). These acceptors, which 
capture conduction electrons from the surface region 
of ZnO, yield a space-charge or depleted layer  having 
a high resistance. A reduct ion of surface conductivi ty 
has been observed in single crystal and thin layer  
specimens of ZnO due to oxygen chemisorpt ion (34- 
86). Powdered samples of ZnO consisting of very  small  
particles have become excellent  insulators as the re-  
sult of the chemisorption of oxygen [~ ~ 10 -1T (ohm- 
c m ) - l ]  (37). The above observations are consistent 
with the adsorption studies of oxygen on  ZnO by Mor- 
rison and Miller (38). 

Volger has considered the influence of space charge 
or barr ier  layers on the dielectric behavior  of materials  
(27). The situations he considered of interest  here are 
those where the conductivi ty of the surface layer, r is 
much  less than  that  of the bulk  material,  a2. Two cases 
can result, in  the first case the thickness of the barr ier  
layer, dl, is of sufficient magni tude  compared to that  of 
the bulk  material ,  d~, such that  the resistance of the 
surface layer  is greater  than  that  of the bulk  material .  
The low frequency effective dielectric constant, Ks', 
would be given by 

dl K'| K' ,  = - -  [1] 
d2 

where K'~ is the h igh-f requency value of the die!ectric 
constant. The effective low-frequency conductivity, ~s, 
would be 

~, ~ ~j. [2]  
d, 

while the h igh-f requency values, ~| would be 

<,~ = c,z [3 ]  

In  the second case t h e  barr ier  layer thickness, dz, is 
sufficiently small  compared to that  of the bu lk  mate-  
rial, d2, such that  the resistance of the surface layer 
is less than  that  of the 
by 

at8  ~_ 

while 

bu lk  material .  Here, K'B is given 

d, 

d~ 

a, = ~| = ts [5]  

Be tween the h igh -  and l ow - f r equency  l imi ts ,  K '  and 
~ac f o l l o w  a Debye type  dispers ion,  i.e. 

K's -J- K'|  ~ 
K'  = [6] 

1 + ~ s  
a n d  

rs --]- o'| ~ 
~' = [7]  

1 + ~2,$ 

Here, T is a dielectric re laxat ion t ime and ~ the fre-  
quency in radians per  second. 

The var iat ion of the energy band picture across a 
grain of ZnO on which oxygen is chemisorbed can be 
depicted as shown in Fig. 2 (2, 38-40). Here, chemi- 
sorbed oxygen molecules take up an electron from the 
surface and lead to a space cha~ge double layer. The 
potential,  At, developed at the surface has been pro- 
posed to vary exponent ial ly  with distance from the 
surface with a characteristic length, LD, i.e., (39) 

Ar _-- ~ exp  [8] 

where ~ is a characteristic value for the diffuse double 
layer. The values of f and LD would decrease as the 
surface concentrat ion of chemisorbed species, Qs, de- 
creases and /or  as the density of free electrons in the 
bu lk  mater ial  increases. The space charge at the sur-  
face would lead to a bar r ie r  layer  which has an  effective 
thickness, dl, proportional to LD. The resistivity, which 
would vary  with distance from the surface, and  effective 
resistance of this barr ier  layer  would also vary  with 
the concentrat ion of chemisorbed species and free elec- 
t rons in the bulk  material .  

The competi t ive processes of adsorption-desorption 
should cause the concentrat ion of chemisorbed species, 
Qs, to decrease exponent ia l ly  with increasing tempera-  
ture  (39, 40). If the chemisorbed species were oxygen, 
then the concentration, Qs, would also be expected to 
decrease with decreasing partial  pressure of oxygen. 

The lowest tempera ture  data of Fig. 1 is best ex- 
plained on the basis of a th in  space-charge layer or 
barr ier  layer  whose resist ivity and resistance are 
greater than the bulk  material.  In  this case both K' and 

should show a dispersion with frequency (see Eq. 
[1]-[3] ). However, as the tempera ture  is increased the 
dispersions in ~ac disappear and K'  decreases exponen-  
t ial ly with increasing tempera ture  according to a re-  

( 0.34eV ) . . .  
lat ionship of the type: K'  = K'o exp + ~  . 

This behavior  best fulfills the predictions of a model 
based on  a space charge layer  which has a resist ivity 
greater  than, but  a resistance less than  the bulk  mate-  
rial  (see Eq. [4] and [5]). Here the value of dl cc LD 
would decrease exponent ia l ly  with tempera ture  as the 
surface charge, Qs, decreases and /or  as the concentra-  
tion of free electrons in  the bu lk  mater ia l  increases. 
The effective value of the conductivi ty of the surface 
layer, ~1, would also increase exponent ial ly  wi th  tem- 
perature more rapidly than  the cor~ductivity of the 
bulk material,  a2. Thus, the 0.34 eV act ivat ion energy 
observed for the decrease of K' with increasing tem- 
pera ture  would be related to both the decrease in  the 
surface concentrat ion of chemisorbed oxygen, Qs, and 
the increase in the concentrat ion of free electrons in 
the bulk material  of the ZnO grain. The change of crar 
with temperature,  similarly, contains informat ion re-  
lated to both the decrease of surface charge, Qs, and  the 
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Fig. 2. Band picture representation of a particle of ZnO with 
surface chemisorbed oxygen. 
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increase in the free electron concentrat ion wi thin  the 
bulk  of the grain. Fur ther  studies are required to 
quant i ta t ive ly  define the relat ive roles played by the 
chemisorption process as compared to the increase in  
free electron concentrat ion in determining the dielec- 
tric behavior of this material.  

Dielectric behavior of Li- and Na-doped ZnO. - - I t  
was observed for polycrystal l ine ZnO that  the influence 
of the barr ier  layer on the values of K'  disappeared as 
the tempera ture  increased. Therefore, if a polycrystal-  
l ine sample were doped with an appropriate impur i ty  
of small  atomic radius, one might  observe space-charge 
polarization due to interst i t ial  diffusion a n d / o r  gra in-  
boundary  diffusion of the impurity.  Interstices in  the 
lattice of ZnO are as large as 0.95A. Thus, Li +, which 
has an ionic radius of 0.6.%, and Na +, which has an ionic 
radius of 0.95A, where chosen as dopants in the hope 
that  they might  be able to diffuse inters t i t ia l ly  in  the 
ZnO lattice (41, 42). 

Samples of polycrystal l ine ZnO were prep,ared hav-  
ing Li concentrat ions of 0.1 and 0.3 mole per cent (m/o) ,  
and a Na concentrat ion of 0.3 m/oo In  each case the 
hydroxide of the alkali  metal  was converted to the 
oxide when mixed with ZnO powder. These impuri t ies  
were introduced by  low tempera ture  diffusion (T < 
950~ for relat ively long periods of t ime (,-~ 1 day) 
to keep the major i ty  of the impur i ty  atoms in in ter -  
sti t ial  sites. The dielectric behavior  observed for these 
specimens with iner t  gold electrodes is shown in  Fig. 
3-5. 

These data do not  seem to fulfill the conditions set 
forth by Volger for barr ier  layer  polarization, in that  
the major  dispersion in K' appears at a tempera ture  
above that for which the dispersion occurs in  ~. The 
value of K' increased with increasing temperature,  
which is also opposite from what  one would expect 
from Eq. [4] where, from the previously discussed be-  
havior, one would expect K's to decrease with increas- 
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ing tempera ture .  A space charge polar iza t ion  model, 
where  mobile  e lect rons  a re  able to f ree ly  pass th rough  
the electrodes,  whi le  mobi le  ions are  b locked at  the 
electrodes seems to best  fulfill  the condit ions observed  
at  e levated  t empe ra tu r e  (43-45). 

Severa l  authors  have  dea l t  w i th  t w o - c a r r i e r  space-  
charge polar izat ion models, whe re  charge  car r ie rs  of 
one sign are  comple te ly  blocked whi le  those of the  
opposite sign are  able  to f ree ly  pass th rough  the e lec-  
t rodes (43-45). These authors,  however ,  genera l ly  as-  
sume tha t  the  posi t ively  and nega t ive ly  charged  species 
a re  in equal  concentrat ion,  e.g., Schot tky  and  F r e n k e l  
defects. Exis t ing models  indicate  tha t  the  capaci tance 
or  effective dielectr ic  constant  would  va ry  wi th  f r e -  
quency as ~ -n  and would  show an exponent ia l  depend-  
ence on tempera ture .  The va lue  of n is found to be 
about  3/2. The exponent ia l  t e m p e r a t u r e  dependence  
arises f rom the var ia t ions  of the concentra t ion  and dif -  
fusion coefficient of the  mobi le  species wi th  t e m p e r a -  
tureo 

Fig. 4. (a, above left) K', and (b, above right) ~ac vs. frequency; 
and (c, left) K' and ~ac vs. I / T  for a polycrystalline specimen of 
ZnO, doped with 0.3 m/o Li, with Au electrodes at Po~ ~ 10 - 4  atm. 

F o r  l i t h ium-  or sod ium-doped  ZnO the negat ive  
charge ca r ry ing  species would  be electrov*s, whi le  the  
posit ive charge .carrying species would  be the  ionized 
in ters t i t ia l  dopant.  I t  is no ted  tha t  these  would  not  
necessar i ly  be of equal  concentra t ion as set for th  by  the  
a forement ioned  space charge polar iza t ion  models. 
E lec t roneu t ra l i ty  condit ions of the  type  [Zn+i] + 
[Li+i] ---- [L i s - ]  + n, or [Zn+i] -~- [Na+i] = [Nas - ]  
+ n would  be expected  for the  mate r i a l s  invest igated.  
Thus, electrons resul t  f rom the  ionizat ion of in te r -  
s t i t ia l  zinc and impur i ty  atoms. A por t ion  of these 
would, however,  be t r a ppe d  by  impur i t ies  occupying 
subst i tu t ional  ca t ion  posi t ions in the  latt ice.  

If  the gold contacts  were  reasonab ly  ohmic, the  elec-  
t rons would be free to pass th rough  the electrodes.  
Thus, electrons,  which  a r e  h igh ly  mobile  when  com- 
pared  to the  ionized in te rs t i t i a l  impur i ty ,  would  con- 
t r ibute  s ignif icant ly to the  conduct ion current .  The 
iner t  and imperv ious  gold electrodes would,  however,  
block impur i ty  ions f rom passing thrcmgh them and 
l ead  to a space charge  polar izat ion.  
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The effective dielectric constant  data of Fig. 3-5 
follow many  of the quali tat ive predictions of the afore- 
ment ioned two carrier space charge polarization models 
in the higher tempera ture  region. The values of K' at 
constant  tempera ture  decrease as ,~-n, al though the 
value of n is between 0.7 and 0.8 for the Li-doped 
mater ia l  and about 1.0 for the Na-doped material ,  
ra ther  than  being equal to 1.5 as predicted by existing 
models. The tempera ture  dependence of K', at  constant  
frequency, should be main ly  related to the var iat ion in  
the concentrat ion and diffusion coefficient of the 
blocked species. In  this study, the concentrat ion of 
interst i t ial  impuri t ies  was set by doping and, thus, 
concentrat ion variat ions would not be expected to con-  
t r ibute  to the tempera ture  dependence of K'. Thus, the 
activation energy of approximately 0.6 eV from Fig. 
3c and 4c, and 1.1 eV from Fig. 5, should essentially 
.contain informat ion regarding the energy of motion of 
the mobile ionic point defects. The higher value found 
for Na + as compared to Li + would seem reasonable in 
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Fig. 5. (a, above left) K', and (b, above right) a a c  vs. frequency; 
and (c, left) K' and ~ac vs. 1/T for a polycrystalline specimen of 
ZnO, doped with 0.3 m/o Ha, with Au electrodes at Po~ = 10 -4 
atm. 

l ight  of its larger ionic radius. Lander  (8) has found 
that the energy of motion of subst i tut ional  Li + was of 
the order of 0.98 eV, but  he states that  the energy of 
motion would be less for the interst i t ial  impuri ty.  The 
fact that  the dopir~g levels 0.1 and  0.3 m/o  Li +z lead to 
essentially the same magni tude  of K" and r suggests 
that some of the Li + 1 is going into subst i tut ional  posi- 
tions at the higher doping level. The experiment,  how- 
ever, would still  only be sensit ive to the motions of 
interst i t ial  Li + 1. 

At lower temperatures,  where  there is a dispersion 
in ~, a bar r ie r - l ayer  mechanism might  be responsible 
for the variat ions of K' with  frequency and tempera-  
ture. The above is fur ther  evidenced by the In ~ vs. 
1/T plots, where for both impur i ty  dopings, the act iva-  
tion energy for conduction is a lways about 1.2 eV at 
high tempera ture  where space-charge processes are 
operative, but  varies from sample to sample at lower 
temperatures  where bar r i e r - l ayer  processes are sus- 
pected. 
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A more  quant i ta t ive  in te rp re ta t ion  of the da ta  must  
awai t  the  deve lopment  of two car r ie r  space charge 
polar izat ion models  where  the concentra t ion  of op-  
posi te ly  charged species may  differ. Macdonald  is pres-  
en t ly  involved in set t ing up  such a model  which  wil l  be 
avail~able at  some fu ture  date  (46). Added  co~nplica- 
t ions arise in the  in te rp re ta t ion  due to the  poros i ty  of 
the  ma te r i a l  resu l t ing  f rom its po lycrys ta l l ine  nature .  

Conclusion 
In  s u m m a r y  it would  seem tha t  the single c rys ta l l ine  

samples  of  ZnO led to ba r r i e r  l aye r  polarization,  where  
the  ba r r i e r  l aye r  was formed at  the  e lec t rode-spec imen 
interface.  For  the undoped polycrys ta l l ine  samples,  
b a r r i e r - l a y e r  polar izat ion was again  observed.  How-  
ever,  in this  s i tuat ion the ba r r i e r  l aye r  was found to oc- 
cur  at  the  surface  of the  indiv idual  grains  and is thought  
to be the resu l t  of  the  surface  chemi~orption of oxy-  
gen. The influence of this  ba r r i e r  l aye r  on the  dielectr ic  
behavior  became negl igible  wi th  increasing t empera -  
ture.  

Upon d.oping po lycrys ta l l ine  samples  wi th  Li + or  
Na +, space-charge  polar izat ion was thought  to resul t  
due to the in ters t i t ia l  or  g r a i n - b o u n d a r y  mot ion of 
var ious  point  defects. These da ta  were  ra t ional ized on 
the basis of a space-charge  polar izat ion model  involv-  
ing mobile  ionic point  defects, which  were  blocked 
or  pa r t i a l l y  b locked at  the  electrodes,  and  electronic 
carr iers ,  which were  able  to pass th rough  the elec-  
trodes. The act ivat ion energies  for the  exponent ia l  
t empera tu re  dependence  of the  effective dielectr ic  con- 
s tant  were  be l ieved to be associated wi th  the  energy  of 
motion of the  in ters t i t ia l  impuri t ies .  An energy  of about  
0.6 eV was found for the  L i -doped  ZnO whi le  tha t  for 
the  Na-doped  mate r i a l  was about  1.1 eV. The re la t ive  
magni tudes  of the  act ivat ion energies  are  consistent  
wi th  the  size differences of the  Li  + and Na + ions. 

Acknowledgment 
The authors  g ra te fu l ly  acknowledge  the suppor t  of 

the Natiorml Science Foundat ion,  Gran t  No. GK-16284. 

Manuscr ip t  submi t ted  Jan.  31, 1973; revised m a n u -  
scr ipt  received Aug. 30, 1973. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the December  1974 
JOURNAL. 

REFERENCES 
1. G. Heiland,  E. Mollwo, and F. Stockmann,  Solid 

State Phys., 8, 191 (1959). 
2. H. E. Brown, "Zinc Oxide Rediscovered,"  The New 

J e r s e y  Zinc Co., New York (1957). 
3. F. A. Kroger ,  "Chemis t ry  of Imperfec t  Crystals ,"  

Nor th -Hol l and  Publ ishing Co., A m s t e r d a m  
(1964). 

4. L. V. Azaroff, J. Appl. Phys., 32, 1658 (1961). 
5. L. V. Azaroff, ibid., 32, 1663 (1961). 
6. D. G. Thomas, J. Phys. Chem. Solids, 3, 229 (1957). 
7. W. J. Moore and E. L. Will iams,  Discussions Fara- 

day Soe., 28, 86 (1959). 

8. J. J. Lander ,  J. Phys. Chem. Solids, 15, 324 (1960). 
9. E. A. Secco, Can. J. Chem., 39, 1544 (1961). 

10. R. Linder ,  Acta Chem. Scand., 6, 457 (1952). 
11. E. A. Secco and W. J. Moore, J. Chem. Phys., 26, 

942 (1957). 
12. D. G. Thomas, J. Phys. Chem. Solids, 9, 31 (1958). 
13. A. R. Hutson, Phys. Rev., 108, 222 (1957). 
14. M. A. Seitz and D. H. Whitmore,  J. Phys. Chem. 

Solids, 29, 1033 (1968). 
15. D. F. Crisler,  J. J. Cupal,  and A. R. Moore, IEEE 

Proc., 56, 225 (1968). 
16. O. Glemser,  Z. Elektrochem., 45, 865 (1959). 
17. A. N. Soos, Doklady Akad. Nauk. SSSRo 33, 210 

(1941). 
18. K. Kamiyoshi ,  Sci. Rept. Res. Inst. Tohoku Univ., 

42, 180 (1950). 
19. E. Hahn,  J. Appl. Phys., 22, 855 (1951). 
20. R. J. Collins and D. A. Kle inman,  J. Phys. Chem. 

Solids., 11, 190 (1959). 
21. D. C. Hoesterey,  J. Appl. Phys., 33, 992 (1962). 
22. E. D. Kolb  and R. A. Laudise,  J. Am. Ceram. Soc., 

48, 342 (1965). 
23. R. A. Delaney  and H. D. Kaiser ,  This Journal, 114, 

833 (1967). 
24. M. A. Seitz, R. T. McSweeney,  and W. M. Hir the.  

Rev. Sci. Instr., 40, 826 (1969). 
25. J. G. Simmons,  G. S. Nadkarni ,  and M. C. Lan-  

caster, J. Appl. Phys., 41, 538 (1970). 
26. J. Maser j i an  and C. A. Mead, J. Phys. Chem. Solids, 

28, 1971 (1967). 
27. J. Volger, in "Progress  in Semiconductors ,"  Vol. 4, 

A. F. Gibson, Editor,  pp. 206-263, John Wi ley  & 
Sons, New York  (1960). 

28. D. F. Gibbs and B. W. Jones, J. Phys. D: Appl. 
Phys., 3, 157 (1970). 

29. R. W. Sil lars,  J. Inst. Elec. Eng. (London), 80, 378 
(1937). 

30. C. G. Koop, Phys. Rev., 83, 121 (1951). 
31. E. M. Trukhan,  Soviet Phys.-Solid State, 4, 2560 

(1963). 
32. M. M. Z. K h a r a d l y  and W. Jackson,  Proc. Inst. 

Elec. Engrs., 10O, 199 (t953). 
33. R. H. Bube, "Photoconduct iv i ty  of Solids," John  

Wi ley  & Sons, New York  (1968). 
34. G. Heiland,  Z. Physik., 148, 15 (1957). 
35. H. Fri tzsch,  ibid., 133, 422 (1952). 
36. G. Heiland,  ibid., 142, 415 (1955). 
37. W. Ruppel,  H. J. Gerr i tsen,  and A. Rose, Helv. 

Phys. Acta, 30, 495 (1957). 
38. S. R. Morr ison and P. H. Miller,  J. Chem. Phys., 

25, 1064 (1956). 
39. K. J. Vetter,  "Elect rochemical  Kinet ics ,"  pp. 73- 

79, Academic  Press, New York  (1967). 
40. A. Clark,  "The Theory  of Adsorp t ion  and Ca ta ly -  

sis," Academic  Press,  New York  (1970). 
41. V. M. Goldschmidt ,  Chem. Berichte, 60, 1263 

(1927); L. Paul ing,  J. Am. Chem. Soc., 49, 765 
(1927). 

42. "Handbook of Chemis t ry  and Physics,"  49 ed., R. C. 
Weast, Editor,  The Chemical  Rubber  Co., Cleve-  
land, Ohio (1948); "Table  of Per iodic  Proper t ies  
of the  Elements ,"  Sargent  Welch Scientific Co., 
Chicago, Illinois. 

43. R. J. Fr iauf ,  J. Chem. Phys., 22, 1329 (1954). 
44. J. R. Macdonald,  Phys. Rev., 92, 4 (1953). 
45. J. R. Macdonald,  J. Chem. Phys., 54, 2026 (1971). 
46. J. R. Macdonald,  P r iva te  communicat ion.  



%chnica] Note 
, 

Crystallographic Assignment of the Domains in 
Single Crystals of Gadolinium Molybdate (GMO) 

A. S. Bhalla 1 
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802 

The s t ructure  of gadolinium molybdate  (GMO), 
which exhibits s t rongly coupled ferroelectr ic  and fer ro-  
elastic behavior  (1, 2) has been studied in detail  in re-  

E t c h i n g  cent papers (3, 4). In the ferroelectr ic  phase below Etchant time Remarks 
159r the point symmet ry  is 2 mm with the polar axis 

Table I. Chemical etchants, etching time and other features observed 
in the chemical etching of GMO 

paral lel  to c. The existence of a polar axis in a s t ructure  A. HNO3 40-60 see 
may  affect the etching behavior  of the surfaces per -  
pendicular  to the polar direction (5, 6). Also one should 
assign these surfaces crystal lographical ly  in relat ion to 
the nature  of the chemical  attack. In the present  paper 
the behavior  of some chemical  etchants is studied on 
the surfaces of the single domain crystals of GMO. Sub-  
sequent ly  the surfaces were  assigned crysta l lographi-  
cally by the pyroelectr ic  measurements  and the x - ray  B. HCi 10-20 sec 
studies. 

Crystals were  cut in the shape of a rec tangular  prism 
and with  the edges paral le l  to the or thorhombic a, b, c. HF 5-10 see 
C axes. The faces were  polished with 0.3~ alumina pow-  
der. The two c-faces (after  removing  the damaged D.H.~SO, 4-Train 
layer  by warm diluted NaOH) of this prism were  
coated with  evaporated si lver film (rectangular  shape 
wi th  edges paral le l  to [110]). Crystals were  poled by 
applying d-c  field along the c-axis. A number  of e tch-  
ants (Table I) were  tr ied (af ter  removing  Ag-f i lm) to 

i Present address: Space Sciences Laboratory, Marshall Space 
Flight Center, Huntsville, Alabama 35812. 

Key words: chemical etching, crystal defects, ferroelectric mate- 
rials. 

HNOz ( r eagen t  grade)  and  H20 so lu t i on  in  
2:3 p ropor t i on .  (001) face  e t ched  fas te r  
t h a n  (001). P i t s  we re  p r o d u c e d  on {100} 
(Fig.  5), {010}, and  {001} faces (Fig.  l a  

a n d  lbS.  P i t s  on (001) face we re  o r i e n t e d  
by  90 ~ a b o u t  the  c -ax is  f r o m  the  p i t s  on 
the  (00"~ face,  i.e., on (001--) the  l o n g e r  
edge  was  p a r a l l e l  to 'a '  w h e r e a s  on (0015 
i t  was  p a r a l l e l  to 'b '  d i rec t ion .  {010} and  
{100} d id  no t  show these  fea tu res .  

25% w a t e r  s o l u t i o n  of r e a g e n t  g rade  HCl.  
(5-30% s o l u t i o n  p r o d u c e d  t he  w e l l - d e -  
f ined pits .)  O the r  f e a t u r e s  we re  s i m i l a r  
as in  case A. (0~5  showed  the  p o i n t - b o t -  
t o m e d  p i t s  (Fig.  3). 

20% H F  (48%5 so lu t i on  in  wa te r .  (001) 
s h o w e d  the  conica l  p i t s  (Fig. 25. No s h a r p  
f e a t u r e s  on  (001) face. 

M i x t u r e  of r e a g e n t  g rade  H~SO4 a n d  H20 
(1:3). P i t s  on {001} faces we re  e l o n g a t e d  
a l o n g  t he  d o m a i n  d i rec t ion .  (00~) s h o w e d  
deep  and  s h a r p - b o t t o m e d  pi t s  (Fig.  4). 
The  p i t s  on  t he  two  oppos i t e  c- faces  we re  
ro t a t ed  f r o m  each  o t h e r  by  90 ~ a b o u t  t he  
c-axis, 

study the e tch-pi t  behavior  of the two surfaces at room 
temperature .  One surface showed the well-defined, 
poin t -bot tomed pits whereas  the other  showed the 

Fig. 1 (a). Etch pits produced on the (001) face of the Gd2 
(MOO4)3 by 40% HNO3 (45 sec of etching time). This face devel- 
oped the positive electrostatic charge on heating ( •  

Fig. 1 (b). Etch pits produced on the (001) face of the same crys- 
tal. Pits are oriented by 90 ~ from the pits in Fig. l(a). This face 
developed the negative electrostatic charge on heating ( •  

t70 
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Fig. 2. Conical pits produced by HF:H20 (1:3) on ( { ~ )  face; 
etching time 7 sec ( X 400). 

Fig. 4. Point-bottomed and deep pits produced along [110] 
direction on (00]-) face by mixture of H2SO4 and H20 (! :3); etched 
for 5 min. 

Fig. 3. Pits produced on (00~) c-face by 25% water solution of 
HC!, with 15 sec of etching time (X400).  

f ia t -bo t tomed pits. Var ious  di lut ions of the  e tchants  
were  t r ied  for obta in ing the wel l -def ined  features.  The 
p rope r  range  of concentrat ion,  the  etching time, and the 
other  fea tures  are  descr ibed  in Table  I. 

In  o rder  to ident i fy  the  (001) and (001) surfaces the  
pyroelec t r ic  measurements  were  made  on the  samples  
after chemical  etching. The set up used for the s tudy 
has been descr ibed ear l ie r  by Fab le  and Henisch (7). 
Two c-faces  of the  crys ta l  were  s i lver  electroded,  and 
the  sample  was hea ted  through 100~ (much below 
the Curie  t empe ra tu r e ) .  The pyroelec t r ic  vol tage  was 
measured.  I t  was not iced tha t  the surface wi th  the  
po in t -bo t tomed  pits  had  developed the posi t ive charge 
whereas  the  surface wi th  the  f ia t -bo t tomed pits  the  
negat ive  charge  in  a l l  the  cases. In  GMO the sense of 

Fig. 5. Pits produced on a-face of the same crystal of Fig. 1 
(X400). 

the  pyroelec t r ic  axis is jus t  opposi te  to the  posi t ive 
c rys ta l lographic  axis (3).  Thus the  surface which  
etched slower,  showed po in t -bo t tomed  pits  and de-  
veloped posi t ive charge on hea t ing  was assigned crys-  
ta l lographica l ly ,  in the  presen t  studies, as (005) and 
the one which  e tched faster,  showed f ia t -bo t tomed pits  
and deve loped  the negat ive  charge on hea t ing  as the  
(001). 

Unfor tunate ly ,  the  exact  na tu re  of the dislocations in 
GMO is not known, so tha t  the deta i led  mechanism of 
the  chemical  a t t ack  and etching is also quest ionable.  
The present  studies do, however,  reveal  the impor tance  
of changing anions in the sequence of acids used and 
ident i fy  the posi t ive and negat ive  ends of the  single 
domain  crystals.  
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High Sensitivity Detection of Solution Contaminants 
by MeV Ion Scattering 

Ronald L. Meek* 
Bell Laboratories, Murray Hil~, New Jersey 07974 

Rutherford  ion backscat ter ing (1-3) of MeV He ions 
has been established as a ve ry  sensitive technique for 
detecting surface impuri t ies  heavier  than the atoms of 
the substrate. A typical sensit ivi ty (3) for the in ter-  
mediate  to heavy mass surface atoms is 10 TM atoms 
cm -2. Suppose that  one places 0.1 cm 3 of a solution on 
an otherwise clean substrate,  allows it to spread to 
cover  ,~1 cm 2 of the substrate and evapora te  to dryness. 
Since one- tenth  cm 8 of water  contains about 10 ~2 atoms, 
the detect ion of 10 TM atoms cm -2 on the surface of the 
solid is equiva len t  to detecting impuri t ies  at levels of 
1 part  in 10 TM, atomic. It is emphasized that  the ion 
scattering technique both qual i ta t ively  identifies the 
species present, by the energy  of the backscat tered ions, 
and quant i ta t ive ly  determines  their  number,  through 
the number  of scat tered ions. Thus standards or re fe r -  
ences of known impur i ty  concentra t ion are not needed. 
Usually the detection solid angle is not actual ly mea-  
sured, but  ra ther  the sensi t ivi ty factor is de te rmined  
through the scattering yield from the substrate,  in this 
case silicon, of known atomic density, and of course the 
Rutherford  cross section. 

It has been shown e lsewhere  (3) that  it is possible to 
obtain silicon surfaces free of surface impuri t ies  
heavier  than chlorine. Such clean silicon substrates 
have  been used for the work  reported here. Clearly, 
clean carbon substrates would  allow for analysis of 
some interest ing lower  mass contaminants.  In order  to 
demonstra te  this method,  approximate ly  0.1 cm 3 of a 
number  of reagents  commonly  used in semiconductor  
device processing were  t ransfer red  direct ly  f rom a pre-  
viously un'opened bottle onto the surface of a clean 
silicon wafer.  The area of the wafer  over  which  the 
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solution spreads is about  1 cm 2. The volume was deter -  
mined by comparing the droplet  size to that  of a drop-  
let of a known volume of wa te r  t ransferred to the 
wafer  wi th  a micropipet.  Clear ly  more exact  proce- 
dures could be developed to de termine  the vo lume and 
area accurately, but  here  the p r imary  concern has been 
to avoid contaminat ion during the transferal.  Af te r  the 
reagent  had evaporated in a clean hood at  room tem-  
perature,  the surface was examined  by ion scattering. 
The details of the scattering exper iments  have been 
described e lsewhere  (3). It  is emphasized tha t  the pile- 
up system used, combined with  channeling, can reduce 
pile up counts to a point where  only ,~10 counts are 
found in the ~100 channels beyond the silicon edge 
after He ion fluence ~1016 cm -2. The energy  or mass 
resolution, however,  is limited. For  example  ~9K and 
40Ca are separated by 14 keV which is about the reso- 
lut ion of the detector so that  they can be distinguished; 
Br and Se, on the other  hand, are separated by only 
4 keV so that  they cannot be unambiguously  ident i -  
fied by this technique. 

Figure  1 is the spect rum (scat tered ion yield as 
counts per  channel  vs. scat tered ion energy)  from 
a surface on which concentrated HC1 had been placed. 
On the clean wafer  only a few isolated counts are 
present  at energies greater  than  that  corresponding to 
ions scattered f rom surface C1 a f te r  the same incident 
ion fluence. On the clean surface chlorine was present  
at 1013 cm-2;  here we see it has increased to 4(10) TM 

cm -2. Also Ca, Fe and Br or Se are present. Concentra-  
tions were  de termined  by scanning across the wafer  
area on which the reagent  had been placed. Typical  
variat ions of a factor  of two were  found and the 
area not contacted by l iquid was found to remain  free 
of contamination.  
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Fig. 1. Scattered ion spectrum from a Si surface on which HCI had 
been placed. 

The surface contaminants  found, converted to parts 
per bil l ion (10 s) atomic in the original  solution, for HC1 
and other  reagents examined are tabula ted  in Table I. 
I t  is interest ing to note that the HC1 is contaminated 
with Fe (2 ppba) which perhaps explains the previous 
observation (3) that  a HC1 dip of a wafer previously 
showing no Fe gave 1012 cm -2 (10 -~ monolayer)  of Fe. 
Others (4-6) have shown that for t ransi t ion metals in 
acid solutions n -- C where n is the adsorbed surface 
contaminat ion in monolayers  from a solution conta in-  

Table I. Principal contaminants in some semiconductor 
processing reagents 

C o n t a m i n a n t  
Reagen t s  C o n t a m i n a n t  l e v e l  (ppba) 

H C I  C a  4 
Fe  2 
B r  o r  Se 1 

HNOs Ca 30 
Ti 50 
Fe  5 
Z n  6 
I o r  T e  2 
P t  to  P b  1 

HAe  F e  2 0  
C u  20 

H F  None  de t ec t ed  
N H . O H  C a  10 

Z n  10 
S n  or S b  2 

M e t h a n o l  None de tec t ed  
A c e t o n e  N o n e  d e t e c t e d  
T r i c h l o r o e t h y l e n e  F e  2 

ing the species at concentrat ion C in parts per million. 
Thus, parts per bi l l ion in solution should lead to 
~10 -3 absorbed mormlayers as observed in  the previ-  
ous work (3). 

Nitric acid proved to be the most contaminated  re-  
agent containing Ca, Ti, Fe, Zn, I, or Te and some 
member  of the group Pt, Au, Hg, T1, or Pb. The ob- 
servation that  HNO3 is contaminated with a P t - Pb  spe- 
cies (1 ppba) is interest ing in light of previous work 
(3) which showed that  cleaning procedures using 
HNO3 and HF appeared to introduce a surface im-  
pur i ty  (10-3-10-4 monolayer)  in the P t - P b  mass 
range. Acetic acid was found to contain 20 ppba of the 
fast d~ffusing ( in silicon) t ransi t ion metals  Fe and Cu. 
Results for several other reagents are listed in  Table I. 
No impuri t ies  were detected in the commonly used 
organic solvents methanol  and acetone nor in HF, while 
a small  amount  of Fe was found in trichloroethylene. 

Manuscript  submit ted June  1, 1973; revised m a n u -  
script received Sept. 14, 1973. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
J O U R N A L .  

REFERENCES 
1. M. A. Nicolet, J. W. Mayer, and I. V. Mitchell, Sci- 

ence, 177, 841 (1972). 
2. T. M. Buck, J. M. Poate, K. A. Pickar, and C. M. 

Hsieh, Sur]ace Sci., 35, 362 (1973). 
3. R. L. Meek, T. M. Buck, and C. F. Gibbon, This 

Journal, 120, 1241 (1973). 
4. V. S. Sotnikov and A. S. Belanovskii, Russ. J. Ph~s. 

Chem., 34, 1001 (1960). 
5. G. B. Larrabee, This Journal, 100, 1130 (1961). 
6. D. A. Thompson, H. D. Barber, and W. D. Mackin- 

tosh, AppL Phys. Letters, 14, 102 (1969). 



J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

E L E C T R O C H E M I C A L  S C I E N C E  

A N D  T E C H N O L O G Y  
~ FEBRUARY 

I 

1974 

Computer-Controlled Battery Pulse Charging 
John P. Elder*'; 

ESB Incorporated, C. F. Norberg TechnoZogy Center, Yardley, Pennsylvania 19067 

ABSTRACT 

A Fortran language program system has been developed for computer- 
controlled, square wave, constant current battery pulse charging. It provides 
complete experimental control and rapid, accurate data acquisition for a set 
of test cells with or without in situ reference electrodes. It incorporates auto- 
matic charge termination and individual cell cut-out features, which may be 
brought into play for a variety of reasons. Multicell operational data is readily 
available for cell to cell comparison and interpretation. Examples of the use 
of the program for charging secondary alkaline battery systems are presented. 
Information regarding the charging behavior of the limiting mercury-silver 
substrate positive electrode in the secondary mercury-cadmium ce11, not 
readily available when using conventional pulse charging techniques, has been 
obtained. 

A varie ty  of techniques have been employed to 
charge secondary cells, par t icular ly  for the several 
alkal ine systems (1). Essentially, all a t tempt  by var i -  
ous means to maximize the charge acceptance effi- 
ciency. Many applications also require that the charg- 
ing t ime be minimized. In  a t tempt ing to achieve these 
purposes, certain hazards may be encountered. Some 
may lead to a potent ial ly physically dangerous situ- 
ation for the bat tery user, while others only deleteri-  
ously affect the subsequent  discharge characteristics of 
the cell, and the over-al l  cycle life of the system. For 
example, while cer ta in  bat tery systems are rout inely  
overcharged, excessive overcharging can be potent ial ly 
dangerous. Thus, the pressure bui ld-up,  observed when 
n icke l -cadmium cells are overcharged (2), can in -  
crease rapidly when the cells are charged at a high 
rate. Fur thermore,  the oxygen recombinat ion at the 
negative plate, which acts as an in te rna l  pressure re-  
lief valve, is dependent  upon the s tate-of-charge of 
this electrode (3). Heat generat ion can also be a 
problem in this system when undergoing high rate 
charging (2). This is an  even more appreciable prob- 
lem in nickel-zinc batteries (4). If zinc electrodes are 
too highly polarized on charge, dendrit ic growth can 
result  with subsequent  catastrophic failure, due to in-  
ternal  short circuiting, in  cells containing such elec- 
trodes. 

Secondary mercury  cells often incorporate a more 
noble metal, usual ly  silver, in the mercuric oxide 
positive, acting as an immobil izing substrate  for the 
discharged state of this electrode. Such electrodes can 
exhibit  large polarization on charge. When charged at 
moderate to low rates, the electrode potential  rises to 
a value indicative of si lver oxidation well  before all 
the available mercury  has been oxidized. Catherino 
and Carson (5) indicate that, in  order to achieve full 
charge acceptance in  mercury -cadmium cells, it is 
necessary to charge well  beyond the onset of silver 
substrate oxidation. If this is pursued on a cont inuing 
basis, it could prove det r imenta l  to the system, leading 
to mechanical  degradat ion of the positive plate and a 
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concomitant  deteriorat ion in  its charge acceptance effi- 
ciency and cycle life. It  has been found possible to 
approach 100% charge acceptance efficiency of the 
mercury-s i lver  electrode prior to the onset of silver 
oxidation by  constant  current  charging at very low 
rates (6). 

In  recent years, a l imited n u m b e r  of workers have 
investigated the use of pulse charging techniques to 
improve charging efficiency. Boyd (7) has recently 
indicated that  the cycle life of n ickel -cadmium bat -  
teries is increased when they are pulse charged. Wales 
(8) has found that  an a-c pulse superimposed on d-c 
charging marked ly  enhances the positive electrode 
change acceptance efficiency in si lver-zinc cells. Toni 
(9) has indicated that  the response of a mercury  elec- 
trode to a currer~t pulse is dependent  upon its state-of-  
charge, and has reported briefly on the possible effi- 
cacy of square wave, galvanostatic pulse charging in 
cell systems using this electrode. Recent work in this 
laboratory on mercury -cadmium cells has shown that  
charging times may be significantly reduced, without  
any large det r imenta l  effect on charge acceptance effi- 
ciency by using a millisecond regime, square wave, 
constant  current  pulse technique (10). 

Kordesch has long espoused the viewpoint  that  one 
should terminate  charging any cell when the equil ib-  
r ium voltage or potential  of the l imit ing electrode, 
with respect to a suitable reference, at tains a pre-  
scribed value. He and his co-workers have success- 
fully accomplished this end by using both square ( l l a )  
and sine ( l l b )  wave pulse techniques incorporat ing 
the in ter rupter  concept, whereby the IR-free cell volt-  
age or electrode potential  may  be monitored oscfilo- 
scopically dur ing the in ter rupt ion  period. 

If mult icel l  pulse charge testing of secondary cells 
is envisaged, one is limited, when using conventional  
laboratory ins t rumentat ion,  in the amount  of per t inent  
data which can be recorded. This is par t icular ly  so 
when  rapid per turbat ions  in  the millisecond range 
are employed, and if reference electrodes are incorpo- 
rated into the cells. Zinder (12) has discussed circuitry 
which allows the monitor ing of the cell response 
dur ing the off-current  phase in  a 60 Hz sine wave 
charger used for the sealed n icke l -cadmium system. If 
one is interested in  following variat ions in  both the 
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cell in terna l  resistance, and the open-circui t  voltage 
at the end of the off-current  phase, one should at tempt 
to monitor  responses as close as possible to the in ter -  
rupt ion points (13, 14). When the monitored parameter  
attains a prescribed value, it should be used to acti- 
vate the appropriate cell cut -out  relay. In the absence 
of a specific device to effect these purposes, oscillo- 
scopic monitor ing of the total  response of the system to 
the per turbat ion  serves as a valuable  guide. However, 
the test requires constant at tent ion and is very tedious. 
Furthermore,  the separation of the average voltage 
data for a group of cells over the entire charging 
period, monitored on a mul t ipoint  recorder, is a t ime- 
consuming task. 

The disadvantages and l imitations of the conven-  
tional method may be obviated by using an on- l ine  
digital computer. When used in conjunct ion with a 
programmable  galvanostat, high speed D/A and A/D 
converters, and the requisite relays, a completely auto- 
matic, real-t ime, exper imental  control and data ac- 
quisit ion system is possible. Frazer (15) has indicated 
that it is preferable to employ machine language pro- 
gramming for rea l - t ime control and data acquisition 
in closed loop experiments.  A n u m b e r  of computer-  
controlled electrochemical studies, pr imar i ly  in the 
analytical  field, have utilized this form of program- 
ming throughout  (16-19). However, there is no a priori 
reason why a higher level language should not be used, 
and in m a n y  instances it may prove the easier route. 

A program system has been developed which fulfils 
all the requirements  for rapid pulse charging of sec- 
ondary batteries, and the necessary data acquisition. 
With the exception of five assembly language coded 
subroutines, which control the operation of the D/A 
and A/D converters and the cell relays, and the re-  
cording of data on magnetic  tape, the entire system has 
been wr i t ten  in For t ran  IV. The operat ion of the pro- 
gram system is discussed in outline, with fur ther  de- 
tails in the Appendix, 2 and some examples of its use 
with n ickel -cadmium and mercury -cadmium cells are 
presented. 

System Hardware 
An E.A.I. 640 computer  (Electronics Associates, In -  

corporated, West Long Branch, New Jersey, 07764) 
was used in developing and runn ing  this program. It 
is a 16 bit machine with a 1.65 ~sec memory access 
cycle t ime and 16K words of core memory. The SRC 
Astroverter  3900, rated at 100 kHz, was used for both 
D/A and A/D converters (Moxon Incorporated, SRC 
Division, Newport Beach, California).  They utilize an 
eleven plus sign bit pattern,  and have a maximum 
voltage capabili ty of • A b inary  number  bit 
pa t te rn  is t ransferred from the central  processing uni t  
to the D/A converter, and converted into a voltage 
level, which is held continuously unt i l  another  bit 
pat tern  is transferred.  Transfer  and conversion is com- 
plete wi thin  less than 5 ~sec. The output  of the D/A 
converter  is connected to the programmable  galvano-  
stat. The A/D converter  together with a number  of 
preamplifiers and a mult iplexer  comprises the analog 
measur ing system, with a total input  impedance of 10 
megohm. The A/D converter  samples an incoming 
voltage signal and holds till conversion is complete. 
The sample and hold "window" is open for less than 1 
~sec, but  the total sampling and conversion time is 
10 ~sec. 

The programmable  galvanostat  employed was the 
LCT 16-365. 3 This module is powered bY a 36V regu-  
lated power supply. Up to sixteen cells may be con- 
nected in series to this unit.  Each cell connection is 
paralleled with a bypass relay, which may be actuated 
manua l ly  or remotely by computer  command. The re- 
lay switching time is 40 msec. The input  impedance of 
the galvanostat  is 167 kohm, and the operational loop 
rise time, no load to full load, is less than  10 ~sec. This 
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module produces a constant  current  output, range 15 
mA to 5A, proportional to the voltage level output  
of the D/A converter. The test cells, located in the lab- 
oratory, were connected to both the galvanostat  and 
the analog measuring system with shielded, twisted pair 
cabling. No effects, due to cable reactance, were ob- 
served. Continual  noise problems were not encountered 
while acquiring data. Occasionally, when the output 
level of the D/A converter  changed, a spike voltage 
passed through the narrow window in the A/D con- 
verter. The program recognizes the spurious voltage 
and takes appropriate action. 

Time was cont inual ly  monitored with an EECO 
915A digital clock (Electronics Engineer ing Company 
of California, Santa Ana, California).  It incorporates 
a 1 MHz crystal-control led oscillator t iming system, 
with a 3 • 10 - s  sec/day stability. Four output  pulses, 
of frequency 1 kHz, 100, 10, and 1 Hz, were cont inual ly  
counted in four memory locations in the central  proc- 
essing unit.  These " internal  clocks" were used for 
pulse and time synchronizat ion dur ing  program op- 
eration. Each could be independent ly  reset to zero at 
any time by the appropriate software command. 

All  per t inent  cell informat ion and data was recorded 
on magnetic tape in such a m a n n e r  (see below) that 
the amount  and rate of data acquisition was indepen-  
dent of the speed of the tape unit.  

Main Program 
The main, on-line,  rea l - t ime program controls the 

square wave, galvanostatic pulse charging of secondary 
bat tery  systems. It  provides an accurate and precise 
control of the pulse regime, irrespective of whether  
data is being acquired, modified, compared with pre-  
viously acquired data, or being recorded on tape. This 
control is main ta ined  even when a cell cut-out  relay 
is being actuated and its status checked. At prescribed 
charge input  level increments,  the cell voltage is moni-  
tored at certain t ime intervals  wi th in  the pulse period 
and, if desired, recorded permanent ly .  When reference 
electrodes are incorporated in the cells, the positive 
electrode potential  is also monitored. All  cells remain-  
ing on charge are monitored in sequence. Negative 
electrode potential data are computed by difference. 

Charge terminat ion  may be effected if: (i) The cell 
voltage or either electrode potential  at the end of the 
off-current  phase of the pulse regime attains or ex- 
ceeds a predefined limit. (ii) There is a continual  sig- 
nificant increase in either the in te rna l  resistance or the 
polarization exclusive of the resistive contr ibut ion;  or 
in the contr ibut ion of ei ther electrode system to the 
total parameter.  It has been arbi t rar i ly  st ipulated that 
if ten consecutive significant increases are observed 
in any of these parameters,  then this is sufficient 
cause to init iate the cell cut -out  command. A bu i ld -up  
in the in ternal  resistance wi th in  a cell could prove 
detr imental  to its cont inuing operation. An increase in 
polarization could indicate a possibly malfunct ioning  
electrode. (iii) The charge input  level attains a pre- 
scribed l imit ing value. 

When charge te rminat ion  for any cell is requested 
for reasons (i) or (ii), the appropriate relay is de- 
activated, causing current  flow to bypass the cell. 
When all celis have been cut out, or the charge input  
level l imit  is attained, an end-of-fi le mark  is recorded 
on the magnetic tape, the D / A  converter output  level 
set to zero, and the program stops. 

In Fig. 1. is shown a simplified flow diagram of the 
program system which, due to the functions it per-  
forms, is nonsequential .  A detailed outl ine of the op- 
erat ion of the program is given in the Appendix.  Dur -  
ing the runn ing  of the experiment,  the charge input  
level, Q, in  mA-hr ,  is cont inual ly  incremented by an 
amount  Qinc per pulse period, where Qine : PA • 
PL/3.6 mA-hr .  PA and PL are the pulse ampli tude 
(amperes) and length (seconds), respectively. Data is 
acquired at predefined m A - h r  increments of the charge 
input  level. Two types of data are monitored at speci- 
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main program. 

fled in te rva ls  th roughout  the  pulse regime, the  so- 
called "complete  response" and "par t ia l  response" data.  

Max imum and min imum levels.--It  is impossible  to 
main ta in  correct  pulse regime t ime synchronizat ion 
dur ing  the da ta  acquisi t ion sequences if one a t tempts  
to moni tor  the  ac tual  m a x i m u m  and m i n i m u m  da ta  
points immed ia t e ly  pr ior  to tu rn ing  the pulse off and 
on, respect ively.  The pulse regime is so chosen tha t  
the  cell vol tage and e lect rode potent ia l  values  1 msec 
pr io r  to tu rn ing  the pulse off and on show a min ima l  
devia t ion  f rom the ac tua l  m a x i m u m  and min imum 
values,  as v iewed oscil loscopically.  Data  t aken  at  these 
t ime in te rva ls  are  considered the m a x i m u m  and min i -  
mum values,  and are  used as such in al l  decision m a k -  
ing. 

Time profile.--This t e rm refers  to the  t ime intervals ,  
in mul t ip les  of 1 msec, dur ing  the ent i re  pulse regime,  
at which  cell vol tage  and posit ive e lec t rode  potent ia l  
da ta  a re  to be moni tored .  

Complete response.--A request  for a "complete  re -  
sponse" indicates  tha t  da ta  is to be moni tored  at  every  
in te rva l  specified in the t ime profile. When such a 
request  is made,  the da ta  are a lways  recorded p e r m a -  
nently.  

Partial response.--This t e rm indicates  tha t  da ta  is 
to be moni tored  only  at  the  m a x i m u m  and min imum 
levels, as defined above. When  "par t ia l  response" da ta  
is requested,  it  is recorded  pe rmanen t ly ,  only if a 
significant change f rom the  previous  sequence, whe the r  
"complete  or par t ia l ,"  is observed.  

The charge  input  levels,  at which  the two types  of 
"response" are  to be morfitored, are computed  in sec- 
t ion 2 of the  Append ix  f rom ini t ia l  and inc rementa l  
values given as test  p a r a m e t e r  information.  "Complete  
response" da ta  is usua l ly  reques ted  at  cer ta in  large  
increments  in the charge  input  level,  e.g., at levels  
corresponding to 10% increments  of the  theore t ica l  ca-  
pac i ty  of the cell. A t  much closer intervals ,  e.g., cor-  
responding to 1% increments ,  "par t ia l  response" da ta  
is requested.  

Information and data s torage.~Throughout  the r u n -  
ning of the  program,  informat ion re la t ing  to the  condi-  
t ion of each cell  is s tored in coded form in the  NCODE 
array,  the  s t ruc ture  of which is shown in Table  I. When  
cell  da ta  are  to be recorded pe rmanen t ly ,  it is a lways  
preceded  by  an u p - t o - d a t e  record  of this  ar ray .  The 

secondary  p rogram (see be low)  ut i l izes this  in forma-  
t ion in separa t ing  and decoding the succeeding block 
of data. Three  sets of da ta  are s tored in the  1DATA ar -  
r a y  in the fol lowing order:  (i) Cell  vol tage  or  posit ive 
e lec t rode  potent ia l  or ca lcula ted  negat ive  e lect rode 
potent ia l  da ta  for each in te rva l  reques ted  in  the  t ime 
profile. (if) The "IR drop" da ta  or contr ibut ion  f rom 
each e lec t rode-separa to r  interface.  (iii) The charac-  
ter is t ic  and mant issa  of the charge  input  level  a t  which 
da ta  was moni tored  for the  pa r t i cu la r  cell. 

For  each cell, N + 3 locations in the  I D A T A  a r r a y  
are  required.  For  "complete  response," N is given by  
the  number  of in te rva ls  in the  t ime profile. Fo r  "pa r -  
t ia l  response," N = 2. If  the  cells incorpora te  re fe r -  
ence electrodes,  t h r ee  blocks of the  appropr ia te  size a re  
r equ i red  to accommodate  all  the  data, i.e., the  moni -  
tored cell vol tage  and posi t ive e lec t rode  potential ,  and  
the calcula ted negat ive  electrode potent ia l  data. Al l  
pe r t inen t  da ta  for each cell  r emain ing  on charge  in 
sequence is the reby  packed  into one cont iguous block 
of the  IDATA array.  

Data processing t ime . - -A  measure  of the  to ta l  t ime  
requi red  to process the  numerous  p rogram instruct ions 

Table I. Cell condition cod~NCODE(M)  

NI I n f o r m a t i o n  V a l u e  

1 
2 
2 
2 
3 
4 

4 

4 

4 
4 
I 

I + l  

I + l  

I + 1  

I + l  

I + 1  

I + 2  

D a t a  r eco rd  n u m b e r  V a r i a b l e  
" C o m p l e t e  r e s p o n s e "  da ta  m o n i t o r e d  1 
" P a r t i a l  R e s p o n s e "  da t a  m o n i t o r e d  2 
F i n a l  i n f o r m a t i o n  0 
N u m b e r  of cel ls  r e m a i n i n g  on  charge  Va r i ab l e  
" P a r t i a l  r e s p o n s e "  da t a  no t  r eco rded  pe r -  1 

r n a n e n t l y  
" P a r t i a l  r e s p o n s e "  da t a  r eco rded  p e r m a -  2 

n e n t l y  
C h a r g e  i n p u t  l e v e l  l i m i t  a t t a i n e d ~ e n d  p ro -  3 

g r a m  
I n d i v i d u a l  cell  c u t - o u t  4 
AlE cel ls  c u t - o u t - - e n d  p r o g r a m  5 
Cel l  n u m b e r  [I = 3 x (Ce I INo .  -- 1) + 5] 1-16 
S ign i f i c an t  i nc rease  in  m i n i m u m  cel l  v o l t -  1 

age  
S ign i f i c an t  inc rease  in  m i n i m u m  p o s i t i v e  4 

e l ec t rode  p o t e n t i a l  
S ign i f i c an t  inc rease  in  m i n i m u m  n e g a t i v e  7 

e l ec t rode  p o t e n t i a l  
S ign i f i c an t  i nc rease  in  i n t e r n a l  res i s tance  

Tota l  cel l  2 
P o s i t i v e  e lec t rode  c o n t r i b u t i o n  5 
N e g a t i v e  e l ec t rode  c o n t r i b u t i o n  8 

S ign i f i can t  increase  in  IR - f r ee  p o l a r i z a t i o n  
To ta l  cell  3 
P o s i t i v e  e lec t rode  6 
N e g a t i v e  e lec t rode  9 

Cel l  NCODE (4) v a l u e  Va r i ab l e  
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in sections 2-6 of the Appendix  may  be obtained by 
monitor ing the difference in the charge input  levels at 
which the data acquisition sequence is init iated for the 
first and last cells in a series. By moni tor ing this value 
throughout  the ent i re  experiment,  an average value 
per cell may be calculated. For example, a number  of 
cells without  incorporated reference electrodes were 
subjected to a 240 mA ampli tude pulse of length 5 
msec and period 15 msec. "Complete response" data 
was taken  at 1 msec in tervals  throughout  the pulse 
regime. The average value for the charge input  level 
difference per cell was 1.6 ~,A-hr. At this current  level, 
this difference corresponds to a t ime of 72 msec, i.e., 
approximately 5 pulse periods. For pulse regimes of 
this order of magnitude,  for sixteen cells without ref-  
erence electrodes, the total data acquisition, processing, 
and recording time was between 1 and 2 sec. When ref- 
erence electrodes are incorporated into the cells, this 
t ime is approximately doubled. For the part icular  
pulse regime referred to above, 1 m A - h r  of charge 
is injected into each ceil in 45 sec. Thus, one can ac- 
quire data for each cell in a series at the desired charge 
input  levels with reasonable precision, and thus com- 
pare cell to cell and cycle to cycle behavior. 

Experimental  procedure.--The cells to be tested are 
connected in series to the galvanostat.  Following sec- 
t ion 1 initiation, the s tar t ing t ime of day is noted and 
pulse charging initiated. Immediately,  i.e., at zero 
charge input  level a "complete response" data acquisi- 
t ion sequence is initiated. The program flow then con- 
t inues as out l ined in the Appendix  unt i l  te rminat ion  is 
indicated. Throughout  the runn ing  of the program, the 
length of tape used to record permanent  informat ion 
and data is noted. At the conclusion of the test, the t ime 
of day is again monitored, and the total exper iment  
r un  t ime calculated. For convenience, since most of 
the tests were scheduled for overnight  running,  these 
two pieces of informat ion together with a record of the 
final open-circui t  cell voltages, and positive electrode 
potentials, if available, were typed out on the teletype. 
The cells are now disconnected from the galvanostat.  
They are then discharged at constant  current  with 
conventional  laboratory ins t rumenta t ion ,  in order to 
measure the charge acceptance efficiency, and in 
preparat ion for the next  pulse charging cycle. 

Secondary Program 
This program is r un  off-line at the conclusion of the 

pulse charging experiment,  using the main  program 
tape output  as input  information.  The program is 
much shorter and more simple than the ma in  program, 
and will not be discussed in any detail. The fixed length 
NCODE record is first scanned and decoded. The re-  
sult ing informat ion describes the type, "complete or 
part ial  response," and the amount  of data, and to which 
cells they pertain, in  the ensuing IDATA record. The 
requisite calculations are performed and the output, in 
suitable tabulated format, is pr inted on the l ine printer.  
This procedure is repeated unt i l  the final informat ion 
record is recognized. A copy of some typical records, 
in the original output  format, are shown in  Table IV. 

I. 08 

~o i.00 

0.% 

HG-CD CELL #7 CHARGE INPUT: 5OmA-Hr 

PULSE AMPLITUDE: ~50 mA (C/14) 

• OSCILLOSCOPE RECORD 
0 COMPUTER RECORD 

4 8 12 16 ZO 24 28 

TIME (msec) 

20 

0 

2O 

Fig. 2. Comparison of computer and oscilloscopic record of mer- 
cury-cadmium cell voltage response to pulse charging. 

For the most part  it should be self-explanatory.  Rec- 
ords 13 and 108 refer to "partial  response" data, and 
indicate that al though the data was recorded because 
of an observed significant change in the positive and 
negative electrode potentials, respectively, (see Table 
I) the cells still r emain  IN circuit. 

Results 
General program operation.--During the develop- 

ment  of the main  program, the accuracy of the pulse 
regime time synchronizat ion and rapid data acquisi- 
t ion was tested in the following manner .  A waveform 
generator  (Microdot, Incorporated, Model F23OB) 
was connected to the input  of the analog measur ing 
system. A 10 msec period, 0-2V t r iangular  voltage func- 
t ion was triggered by the change in level of the D/A 
converter. The resul t ing voltage was monitored at 1 
msec intervals and compared with the correct wave-  
form values. With the successful development  of the 
t ime synchronization, agreement  to wi thin  less than  1 
mV was obtained on cont inued cycling. In  Fig. 2 is 
shown a comparison of the oscilloscopic and computer 
record of the cell voltage of a 600 m A - h r  mercury-  
cadmium but ton  cell responding to a 150 mA pulse of 
30 msec period and 10 msec length at room tempera-  
ture. As can be seen, the agreement  is excellent. 

Application to a nickel-cadmium multicell  sys tem.- -  
As part  of a general  pacemaker bat tery  study operative 
at the Technology Center, six Varta 225 DKH nickel-  
cadmium but ton  cells were pulse charged at 37~ at 
the nominal  5 hr rate, viz., 144 mA amplitude, 30 msec 
period, and 10 msec length. Since these cells do not 
contain reference electrodes, it was arbi t rar i ly  decided 
to effect cell cut-out  when  the off-current  phase mini -  
mum cell voltage at tained the value 1.500V. In  Fig. 3A 
and 3B are shown cell No. 6 voltages at 1 msec intervals  
at charge input  levels of 20 and 220 mA-hr ,  respectively. 
These curves are typical  of the ent i re  set. As charging 
proceeds, the character of the curves changes gradual ly  
from that  shown in A to that  in B. The per t inent  pa- 
rameters, indicative of the over-al l  behavior of these 
cells, are summarized in Table II. Generally,  the maxi-  
mum polarization and the in te rna l  resistance remain  
fairly constant  dur ing charging, tending to increase 
when the cells a t ta in  the ful ly charged state. 

Table I I .  

V A R T A  225 DKH N i - C d  b u t t o n  eel ls  37~ P u l s e  ampl i tude ,  144 m A ;  per iod ,  30 msee ;  l eng th ,  10 msec  
CHG.  i n p u t  M i n i m u m  response  (V) M a x i m u m  p o l a r i z a t i o n  (mV) --1 I n t e r n a l  r e s i s t ance  (mohm)  •  

( m A - h r )  1 2 3 4 5 8 1 2 3 4 5 6 1 2 3 4 5 6 

2 1.426 1.429 1.427 1.426 1.427 1.421 20 23 22 20 19 22 256 250 270 229 256 277 
20 1.426 1.432 1.427 1.426 1.429 1.423 15 17 18 16 15 16 250 222 250 215 222 250 
40 1.433 1.438 1.434 1.430 1.433 1.427 15 15 16 18 14 13 243 215 236 222 222 256 
60 1.439 1.449 1.444 1.437 1.438 1.434 14 13 16 17 13 13 263 215 229 222 243 263 
80 1.451 1.459 1.453 1.448 1.448 1.444 16 15 14 16 15 14 236 222 243 201 222 250 

100 1.461 1.473 1.466 1.457 1.459 1.454 17 15 16 14 15 16 243 229 229 215 222 256 
120 1.476 1.486 1.477 1.469 1.469 1.486 13 13 18 14 14 13 250 236 222 208 222 270 
140 1.486 1.498 1.485 1.480 1.481 1.477 21 19 18 12 13 15 250 222 222 222 215 256 
180 1.496 1.493 1.489 1.490 1.485 19 20 13 20 18 256 222 222 215 263 
180 1.498 1.498 1.499 1.492 23 17 17 17 215 236 215 277 
200 1.495 15 298 
220 1.499 15 291 

Cut-out at  176 148 182 192 184 240 m A - h r  
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Operational behavior of the mercury - cadmium c e l l . -  
Previous exper imental  investigations in this laboratory 
(6) indicated that  efficient d-c charging of two-elec-  
trode mercury -cadmium but ton  cells can only be at-  
tained at very  low rates, in excess of the 100 hr rate, 
if oxidation of the positive electrode silver substrate 
is to be avoided. It  has also been shown that a 70% 
mercury-30% silver pressed powder positive may be 
pulse charged with high-charge acceptance efficiency 
at  effectively the 15 hr rate or less without  excessive 
silver oxidation (10). An optimization study indicated 
that, for this part icular  cell system and geometry, the 
preferred regime was a pulse of length in the range 
5-10 msec, with an on/off ratio of at least 1: 2. 

In  order to study the charging behavior  of this cell 
system more completely, a cell containing an in situ 
reference electrode was employed. It consisted of a 
70% mercury-30% silver pressed powder, rec tangular  
positive plate, 1.5 in. X 1.4 in. X 0.037 in., placed be-  
tween two pressed powder cadmium negat ive plates, 
1.5 in. • 1.4 in. X 0.047 in. A smaller  positive plate, 
acting as a mercury-mercur ic  oxide reference elec- 
trode, was positioned orthogonally to the sandwich. 
Both positive plates were wrapped in un t rea ted  Per-  
mion 2291, an irradiated, cross-l inked polyethylene 
with an acrylic graft (R.A.I. Research Corporation) 
acting as a barrier.  They were then contained in a 
sleeve of nonwoven polypropylene, F T  2140 (Pel lon 
Corporation),  acting as an electrolyte absorber. The 
electrodes were placed in a rectangular  Lucite con- 
tainer, and filled with 31% potassium hydroxide. The 
cell, of 1 A-hr  nomina l  capacity, was positive l imi ted 
on both charge and discharge. All  tests were per-  
formed at room temperature.  Following the init ial  dis- 
charge of the as-formed charged cell, and prior to per-  
forming pulse charge-d-c  discharge cycling, the posi- 
tive electrode was conditioned. The negative electrode 
behaved normal ly  throughout.  Condit ioning involved 
a sequence of short charge-overdischarge cycles, and 
was completed when, on charging, the positive elec- 
trode potential  ini t ia l ly did not  rise ~bove ca. 0.035V, 
i.e., for this system the cell voltage did not rise above 
1.0V. It should be noted that  for this type of cell, up to 
ten  condit ioning cycles may be required before normal  
cell operation ensues. 

The cell was subjected to a series of high rate, 33.3% 
duty cycle pulse charge tests, viz., 0.48A amplitude, 15 
msec period, and 5 msec length. Charge te rmina t ion  was 

B 

Fig. 3. Computer recorded cell 
response data to pulse charging. 

I I I (A, B) Ni-Cd cell, 37~ 0.144A, 
J0 20 30 30 msec period, 10 msec 

TIME (msec) length. (A) 20 mA-hr, (B) 220 
mA-hr. (C, D) Hg-Cd cell, room 
temperature, 0.480A, 15 msec 

D period, 5 msec length. (C) 70% 
2 Hg-30% Ag electrode potential 
I response. (D) Cd electrode po- 

tential response, curve 1, 0.1 A- 
hr; curve 2, 0.88 A-hr. 

1 ~ . 

5 I0 1.5 
TIME (msec) 

to be implemented if the m i n i m u m  potent ial  of the 
electrodes with respect to the reference at the end of 
the off-current  phase at tained or exceeded the values, 
indicative of the onset of silver oxidation at the positive 
and hydrogen evolution at the negative, viz., 0.244V 
(20) and --1.100V, respectively. "Complete and par-  
tial response" data was monitored at charge input  
level increments  of 20 and 2 mA-hr ,  respectively. 
"Part ia l  response" data was recorded pe rmanen t ly  if 
any of the following conditions were met: 

i. The minimum potential at the end of the off- 
current phase of the positive and negative electrodes 
changed by 5 and 10 mV, respectively, from any im- 
mediately prior value. 

2. The maximum polarization, exclusive of the re- 
sistive contribution, increased by 5 mV over the pre- 
viously monitored value. 

3. The contribution of either working electrode-elec- 
trolyte interface to the in te rna l  resistance changed by 
25 mill iohms or greater. 

Initially, the charging curve of the cell and the 
positive electrode exhibited two distinct regions, as 
indicated by Catherino and Carson (5). On cont inued 
cyc]ing the following effects were observed: 

1. The initial,  low plateau, positive electrode rest 
potential  and cell voltage (min imum at the end of the 
off-current  phase) tended to decrease, u l t imate ly  
level ing at the values 0.035 and 0.955V, respectively. 

2. The charge acceptance in this first plateau region 
increased, finally at ta ining a steady value of 43% of 
the total charge accepted, as shown in Table III. 

Table Ill. Charge acceptance behavior of the mercury-cadmium cell 

Charge input level (A-hr) 
L o w  p o t e n t i a l  

C y c l e  No.* p l a t e a u  To t a l**  

11 0.272 0 .544 
12 0.256 0 .544 
13 0.224 0 .448 
14 0.288 0 .624 
15 0.352 0.652 
16 0.336 0.880 
17 0.320 0.944 
1 8  0 . 3 7 0  0 . 9 4 s  
1 9  0 . 4 0 0  0 . 9 4 0  
20 0 . 4 0 5  0.942 
2 1  0.410 0 . 9 4 0  
22 0 .410 0.940 

* F i r s t  t e n  cyc le s  w e r e  f o r  p o s i t i v e  e l e c t r o d e  c o n d i t i o n i n g .  
** > 9 5 %  c h a r g e  d e l i v e r e d  a t  t h e  C / 6  d - c  d i s c h a r g e  r a t e .  
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Fig. 4. Mercury-cadmium cell, off-current phase minimum response 
vs. charge input, room temperature, 0.48A, 15 msec period, 5 msec 
length. Curve A, cell voltage; curve B, positive electrode potential; 
curve C, negative electrode potential. 

3. The positive electrode potential  and cell voltage 
in the second region commenced to develop a more 
definite four-step character. 

4. Total charge acceptance increased, finally level-  
ing at a value of 0.94 A-hr.  

The sequence of cycling tests was terminated  after 
cycle 22. The ful ly developed min imum data values at 
the end of the off-current  phase for cycle 21 are shown 
in Fig. 4. There is every reason to believe that  this 
system can exhibit  an extensive cycle life. The con- 
stancy of the charging data over the final six cycles 
(see Table III)  confirms that  it is possible to develop 
a well-behaved,  nondeter iorat ing mercury -cadmium 
cell capable of being ful ly charged without  the possi- 
ble debil i tat ing effect of silver substrate oxidation in 
the positive electrode. Furthermore,  Permion 2291 is 
seen to be an effective barr ier  to the t ransport  of 
mercury  to the cadmium cathode dur ing charging, a 
known cause of capacity losses in this cell system (21). 
The "complete response" potentials of the mercury-s i l -  
ver positive at a charge input  level of 100 mA- h r  are 
shown in Fig. 3C. The character of this curve remained 
the same throughout  the entire charging period. The 
indicated min imal  polarization is not in agreement  
with the findings of Toni (9). In Fig. 5 is shown an 
oscilloscopic record of the "complete response" voltage 
of the mercury -cadmium cell prior to and after the 
onset of silver substrate  oxidation. The curve slowly 
changes in character from the lower to the upper  
trace as the off-current  phase m i n i m u m  potential  of 
the positive commences to rise from the fourth plateau 
at 0.235V (see Fig. 4). In  Fig. 3D are shown the "com- 
plete response" potential  data for the cadmium nega-  
tive at charge input  levels of 100 and 880 mA-hr ,  
curves 1 and 2, respectively. Small  polarization effects 
are in evidence, the magni tude diminishing with in -  
crease in charge input.  Some examples of the computer  
output  of the secondary program are shown in Table 
IV. As can be seen, the resistive drop through the cell 
is equal ly divided between the positive and negative 
electrodes, remain ing  essentially constant at 256 __ 6 
mill iohms throughout  the entire experiment.  The "par-  
tial response" data shown indicating that  the cell is 
still in circuit, was recorded pe rmanen t ly  because a 
significant change in the positive and negative elec- 
trode potentials respectively at the end of the off- 
current  phase was observed. 

Although fur ther  extensive work is necessary to 
characterize the behavior  of the mercury-s i lver  elec- 
trode unequivocally,  a tentat ive explanat ion  is pro- 
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Fig. 5. Comparison of response of a mercury-cadmium cell to 
pulse prior to and after the onset of silver oxidation. Room tempera- 
ture, 0.15A, 15 msec period, 5 msec length. 

posed for the characteristic curve B in  Fig. 4. From a 
consideration of the phase diagram reported for the 
mercury-s i lver  system (22), in agreement  with Cath- 
erino and Carson (5), it appears that the low potential, 
init ial  plateau is characteristic of the oxidation of a 
solid solution of mercury  in silver. The fourth, wel l -  
defined wave at 0.235V appear to be indicative of the 
oxidation of mercury  from the s i lver-r ich a-phase. Re- 
garding the two shallow, but  distinct waves in the 
0.163-0.235V potential  region, it is hypothesized that 
these characterize the oxidation of small  quanti t ies of 
mercury  present in the #(D and "v intermediate  phases, 
which may develop on continued cycling. 

Summary 
Computer-controlled,  square wave, galvanostatic 

bat tery  pulse charging is a successful, viable technique, 
which affords many  advantages over the convent ional  
method, with its limitations, especially when  multicelt  
studies are required. It affords an accurate means of 
monitor ing the response of the cell or individual  
electrodes to the per turb ing  signal, and  separating 
the contributions due to polarization, the resistive drop 
and the equi l ibr ium voltage or potentials. Charge ter-  
minat ion may be effected for any individual  cell in a 
mult icel l  stack, for a variety of reasons, an ext remely  
difficult task with the convent ional  method. Multicell  
data is readily available for cell to cell, and cycle to 
cycle comparison and interpretat ion.  The application of 
the technique to the study of the operational behavior 
of the mercury -cadmium cell has proved very success- 
ful, resul t ing in informat ion not readily available 
when using conventional  charging techniques. Infor-  
mat ion gleaned in this manne r  can be of great ut i l i ty 
in formulat ing opt imum charging conditions, and as a 
guideline for designing simple, field operated pulse 
charging equipment.  
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APPENDIX 

Main program operation.--Time synchronizat ion was 
the governing factor in designing the program struc- 
ture. For the purpose of speed and efficiency, the de- 
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J .  P .  Elder 
P u l s e  regime 
Fi l e  No.  E L  
Ce l l  Time 

(msee )  

1 Cells Cycle 21 Date 11/16/71 Temp. 25~ 
0.480A amplitude 0.015 sec period 005 sec length 

1 Record No. 9 Complete response 1 Cells remain on charge 
Overvoltage Voltage Internal resistance 

(mY) (V) (milliohms) 
Cell  P - R .  N - R .  Cel l  P - R .  N - R .  Cel l  P - R .  N - R .  Cell 

C h a r g e i n p u t  
(mA-hr) 

P - R .  A v e r a g e  

1 1 5 1 --4 1.088 0.097 --0.991 
2 6 0 --6 1.089 0.096 --0.993 
3 7 1 --6 1.090 0.097 --0.993 
4 8 1 - -7  1.091 0.097 - - 0 . 9 9 4 M a x i m u m  
6 5 0 --5 0.962 0.035 --0.927 
7 4 0 --4 0.961 0.035 --0.926 
8 3 1 --2 0.960 0.036 --0.924 
9 3 0 --3 0.960 0.035 --0.925 

10 3 0 --3 0.960 0.035 --0.925 
11 2 --1 --3 0.959 0.034 --0,925 
12 0 - -1  - - I  0.957 0.034 --0 .923 
13 0 0 0 0.957 0.035 --0.922 
14 0 0 0 0.957 0.035 - - 0 . 9 2 2 M i n i m u m  

262 127 135 80.000 80.002 80.000 

File No. EL 1 Record No. 13 Max./min. response 
Cell Maximum overvoltage Minimum voltage 

( m Y )  (V) 
Cel l  P - R .  N - R .  Cel l  P - R .  N-R.  

1 8 0 --8 0.959 0.030 --0.929 
Fi le  No.  E L  1 R e c o r d  No.  69 C o m p l e t e  r e s p o n s e  
Cel l  T i m e  O v e r v o l t a g e  V o l t a g e  

( m s e c )  ( m Y )  (V) 
Cel l  P - R .  N - R .  Cel l  P - R .  

1 1 2 2 0 1.203 0.215 
2 3 0 - -3  1.204 0.213 
3 3 0 -- 3 1.204 0.213 
4 4 2 - -2  1.205 0.215 
5 2 1 -- 1 1.082 0.153 
7 2 1 - - I  1.082 0.153 
8 1 I 0 1.081 0.153 
9 0 0 0 1.080 0.152 

10 1 0 - -  1 1.081 0.152 
II 0 0 0 1.080 0.152 
12 0 0 0 1.080 0.152 
13 -- 1 0 1 1.079 0.152 
14 0 0 0 1.080 0.152 

F i l e  No.  E L  1 R e c o r d  No.  108 M a x . / m i n .  r e s p o n s e  
Cel l  M a x i m u m  o v e r v o l t a g e  M i n i m u m  v o l t a g e  

( m V )  (V) 
Cell P-R. N - R .  Cel l  P-R. 

1 6 3 --3 1179 0.240 

1 Cel l s  r e m a i n  on charge 
I n t e r n a l  r e s i s t a n c e  

( m i l l i o h m s )  
Cell P-R. N-R. 
256 129 127 

1 Cel l s  r e m a i n  on  c h a r g e  

N - R .  
-- 0.988 
--0.991 
--0.991 
-- 0.990 M a x i m u m  
-- 0,929 
--0.929 
-- 0.928 
--0.928 
-- 0.929 
- -0 .928 
-- 0.928 
--0.927 
-- 0.928 M i n i m u m  

1 Cel ls  r e m a i n  on charge 
I n t e r n a l  r e s i s t a n c e  

(milliohms) 
N-I~ Cell P-R. N-R. 
-- 0.939 252 127 125 

Charge input 
( m A - h r )  Code 

c e l l  P - R .  A v e r a g e  
98.000 98.001 98.000 i n  4 

I n t e r n a l  r e s i s t a n c e  C h a r g e  input 
( m i l l i o h m s )  ( m A - h r )  

Cell P-I~ N-R. Cell P-R. Average 
252 127 125 520.000 520.002 520.000 

C h a r g e  i n p u t  
( m A - h r }  C o d e  

Cel l  P - R .  Average 
852.000 852.001 852.000 i n  7 

sign adhered to the following rules: (i) Wherever  pos- 
sible, integer ari thmetic was used throughout.  (if) All 
cell condition information,  in coded format, and volt-  
age data were stored in  integer form in l inear  arrays. 
(iii) Wherever  possible, logical variables and logical 
decision making were used (i.e., the logical "if" was 
preferred over the ari thmetic "if"). (iv) All nonse- 
quent ial  rout ing through the various sections was 
under  the control of the "assigned go to" ra ther  than 
the slower operating "computed go to" statement. 

Sec t ion / . - -Th i s  section deals with program ini t iat ion 
and is separated into five subdivisions. 

(i) Reading of necessary input  information, which 
falls into four categories. 

A. General  exper imental  informat ion according to 
the requirements  of the investigator, e.g., cell 
description, charging cycle number ,  envi ron-  
menta l  test conditions, number  of cells on test, 
presence or absence of reference electrodes in 
test cells. 

B. Specific test information, i.e., pulse amplitude, 
period and length;  charge input  limit, if re-  
quired; off-current  phase cell voltage or elec- 
trode potential  cut -out  l imits;  magni tude of the 
increase which will  be considered significant 
in: (a) cell voltage or electrode potentials at 
the end of the off-current phase of the pulse 
regime. (b) in terna l  resistance. (c) polariza- 
t ion less resistive contribution. 

C. Time profile information.  
D. The increments  in the charge input  level at 

which "complete response" and "partial  re-  
sponse" data are to be monitored. 

(tD Sett ing the values of a n u m b e r  of permanent  
program parameters.  

(iii) Init ial ization of a number  of program counters, 
the NCODE array, and a number  of "significant in-  
crease" counting arrays used in section 6. 

(iv) Assignment  of the ini t ial  values of program 
route flags used in sections 2 and 3. 

(v) Activation and status checking of the cell relays, 
monitor ing of the ini t ial  open-circui t  cell voltages and 
positive electrode potentials as a final check on all 
hardware connections. 

Section 2. - - In  the program routing section, the de- 
cision is made as to the next  charge input  level at 
which a data acquisition sequence is to be initiated, and 
whether  "complete or part ial  response" data is to be 
monitored. In  order  to effect this decision, three 
charge input  level counters are employed. Two of the 
counters, QC per ta ining to "complete response" and 
QP, perta ining to "partial  response," whose ini t ial  
values are set in section 1, are increased by the incre-  
ments  given as input  information.  The third counter, 
QI, ini t ia l ly  set equal to --1, is cont inual ly  incremented  
by 1 mA-hr ,  and compared with both QC and QP unt i l  
an equali ty is observed. The equali ty indicates the type 
of response, and the value of QI sets the charge input  
level at which the next  data acquisit ion sequence will  
be initiated. (If QI : QC : QP, "complete response" 
data will  be monitored.)  The appropriate rout ing flags 
for the necessary program flow through sections 4-6 
are set. The specific locations in the IDATA array are 
selected. The n u m b e r  indicative of the type of response 
is placed in  NCODE(2) (see Table I),  and the en t ry  
point into the data acquisition section 4 is assigned. 

The exper imental  charge input  level, Q, is cont inu-  
ally compared with QI, with frequent  in te r rupt ive  ex- 
cursions to and re tu rn  from section 3 for the necessary 
pulse control. When equali ty is observed, the charac- 
teristic and mantissa of Q are inserted into the as- 
signed locations in the IDATA array, and the selected 
data acquisition sequence for those cells remaining  on 
charge will  commence after the ini t ia t ion of the next  
pulse regime. 

Section &--This  section is concerned with pulse con- 
trol, which is effected by means of the following t ime 
synchronizat ion sequence. The location in  core mem-  
ory, which is cont inual ly  counting the 1 kHz output  
pulses from the digital clock, is used as a millisecond 
clock. This count is cont inual ly  compared with the 
pulse on and off times, calculated in  section 1 from 
the desired pulse period and length. Approximately 
1 msec prior to the t ime at which the pulse is to be 
tu rned  on or off the count is set equal to zero. When 
this count is incremented by un i ty  by an incoming 
pulse from the digital clock, the count is again set 
equal to zero and immediate ly  the command to change 
the output  level of the D / A  converter is given. In  ap- 
proximately  10 ~sec the output  of the galvanostat  
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changes. The parameters  for the next  D /A  converter  
output  are set. Once per pulse regime, the charge in-  
put  level is incremented.  The program then proceeds 
to the assigned entry  point in the appropriate  section. 
Each of these sections is so designed that  there is a 
cont inual  re tu rn  to section 3 in order to check on the 
necessity to resynchronize the millisecond clock and 
process the next  pulse on or off command. In  this m a n -  
ner, it is possible to main ta in  sharply defined, constant  
current  pulse charging. 

Section 4. - - In  this the data acquisit ion section, the 
millisecond clock time is cont inual ly  compared with 
the selected data acquisit ion times accoraing to the 
type of response requested. The A/D converter moni-  
tors the data as an integer number  of millivolts at the 
appropriate intervals  throughout  the pulse regime, and 
stores them in the specific locations in the 1DATA ar-  
ray. Following the acquisit ion of the max imu m and 
m i n i m u m  data points, 1 msec prior to the pulse on and 
off times, the program re turns  to section 3 for pulse 
control. If the cells contain reference electrodes, a 
second pass through this section is required to moni-  
tor the positive electrode potential  data. Following the 
acquisition of data, whether  complete or partial,  the 
"IR-drop" in the cell or the contr ibut ion from the posi- 
tive plate-separator  interface, is monitored in  the fol- 
lowing manner .  One millisecond after acquiring the 
min imum voltage level data point in the off-current  
phase of the pulse regime, the pulse is tu rned  on. Im-  
mediately, the cell voltage or electrode potential  level 
is monitored. The difference between this value and the 
just  acquired min imum value is later used as a mea-  
sure of the "IR-drop." Theoretically, the "IR-drop" 
should be monitored as soon as the per turba t ion  is 
applied. Practically,  there is a finite interval,  whose 
value is governed by the operational  speed of the A/D 
converter, and the time required for the requisite pro- 
gram instructions to be processed. In  this system the 
interval  is about 80 ~sec. Although by no means cor- 
feet, it does give a meaure  of the "IR-drop" as exact 
as that obtained oscilloscopically. 

Section 5.--The purpose of this section is (i) to cal- 
culate and store in the appropriate locations in the 
IDATA array the negative electrode potential  data, if 
required;  (ii) to calculate the in ternal  resistance and 
max imum polarization less the resistive contribution,  
which, together with the m i n i m u m  data point, are 
stored in  comparison arrays for later use in section 6. 
When "complete response" data has been acquired, the 
program re turns  to that  part  of section 2 where the 
IDATA ar ray  locations are selected. The updated value 
of the exper imental  charge input  level is stored and 
the entire program flow through sections 3, 4, and 5 is 
repeated for the next  cell in the series. This continues 
unt i l  all the cells remaining  on charge have been 
scanned. The program now enters  section 7. When 
"partial  response" data has been acquired, the program 
first enters section 6 prior to r e tu rn ing  to section 2. 

Section 6.-- In  this section, which is only employed 
when "partial  response" data has been requested, the 
parameters  calculated in section 5 and stored in the 
comparison arrays are compared with those measured 
in the previous data acquisit ion sequence. If significant 
differences are encountered in any one of the three pa-  
rameters  listed in section 1, [see ( i ) - B - ( a ) ,  (b),  or 
(c) ], then the data just  acquired will  be permanent ly  
recorded. The reason is noted in the NCODE array by 
assigning the appropriate code number  (see Table I) .  
For  each cell, a count is made for each parameter  of 
the number  of times it has shown a consecutive sig- 
nificant increase. If any of the counts a t ta in  the value 
10 or if the m i n i m u m  cell voltage or either electrode 
potential  has at tained or exceeded the prescribed 
limit, the cell is cut out of the galvanostat  by actuat ing 
the appropriate relay. The status of the relay position 
is checked before continuing. The n u m b e r  of cells re-  
maining  on charge is decremented by unity. These 
facts are noted in the appropriate locations in the 
NCODE array. The program now re turns  to section 2 
and proceeds as described in section 5 above. 

Section 7.--This section is concerned with the per-  
manen t  recording of informat ion and data on magnetic 
tape. This is performed by means of a special core 
dump routine, which requires that  the size of the block 
of contiguous data to be t ransferred be specified ex- 
acLy. Although the size of the NCODE array  is fixed, 
that  of the IDATA array  varies according to the n u m -  
ber of cells remaining on charge, whether  electrode 
potential  as well as cell voltage data has been ac- 
quired, and whether  "complete or partial  response" 
data has been monitored. Fur thermore ,  the speed of the 
tape uni t  is limited. Thus, the total  data t ransfer  t ime 
can be relat ively long in comparison with the period 
and length of the pulse regimes which may be used. 
The data t ransfer  subrout ine incorporates a controll-  
able in te r rupt  and operates in the following manner .  
Upon being called, data t ransfer  commences. When an 
excursion to section 3 for pulse control is necessitated, 
the t ransfer  is interrupted.  It  continues at the point it 
left off when the program re turns  from section 3. This 
process of in terrupted data t ransfer  continues unt i l  the 
specified block of data has been dumped from core. 
The NCODE array is first recorded followed by the 
IDATA array. When  exper iment  te rminat ion  is indi-  
cated, either when all cells have been cut out or when 
the charge input  level l imit  has been attained, the 
necessary indicative information in the NCODE array 
is recorded in the final core dump. 
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Differential Aeration Corrosion of a Passivating Metal 
under a Moist Film of Locally Variable Thickness 
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ABSTRACT 

A theoretical model is developed to predict the current  dis t r ibut ion along 
a metal  surface which exhibits passivity dur ing differential aerat ion corro- 
sion. The process is modeled by assuming that  oxygen diffuses through a 
moist film of variable thickness to the corroding surface whereupon cathodic 
reaction proceeds in accordance with a Tafel rate expression which includes 
oxygen concentrat ion dependence. The anodic dissolution rate depends solely 
upon the potential  difference across the electrolyte-metal  interface, behavior 
characteristic of active-passive metals. The model consists of a second-order 
nonl inear  ordinary differential equation which was solved numerical ly.  The 
influence of the system parameters  upon the corrosion process was invest i -  
gated. The results  indicate that  mul t iple  s teady-state  solutions may exist for 
a single set of system parameters.  It is usual ly  found that current  is conducted 
along the moist film between net anodic and net cathodic regions of the cor- 
roding surface. It is shown that  in certain regions of parameter  space the 
anodic dissolution rate can became highly localized. 

Whereas electrochemical corrosion involves two dis- 
t inct reactions which occur simultaneously,  it is not 
necessary that  the two reactions proceed at identical 
rates everywhere  along the corroding surface. The 
problem of de termining the local rate of corrosion re-  
actions corresponds, in part, to de termining the de- 
tails of the current  flow between localized anodic and 
cathodic regions. That is, one needs to know the cur-  
rent  distribution. The present study il lustrates one 
method of calculating the current  distr ibution in a 
simple system which has many  features which are 
characteristic of an active-passive metal  undergoing 
differential aeration corrosion. 

Under  conditions of uniform attack, corrosion rates 
may be estimated with use of mixed-potent ia l  theory 
(1) as indicated in Fig. 1 for a si tuation of aerat ion 
corrosion (2). The anodic curve is typical of metals 
which undergo passivity, while the three cathodic 
curves correspond to three different oxygen l imit ing 
currents.  For high rates of oxygen transport  (curve A),  
passivity is attained. For lower rates of oxygen t rans-  
port  (curves B and C), active corrosion may occur to 
one extent  or another. 

When two corrodable metal  pieces of identical  com- 
position are placed in connected solutions of different 
oxygen concentration, the metals proceed to corrode at 
different rates. When the two metal  pieces are con- 
nected by a wire, it is observed that  electrons move 
toward the  corroding metal  in  the more oxygenated 
compar tment  (3). That is, the more oxygenated metal  
becomes cathodic with respect to the other piece. How- 
ever, mere ly  observing the direction of current  flow 
does not give any  informat ion about  which metal  
piece is corroding more rapidly. Kaesche showed (4) 
that if both metal  pieces corrode in the active region 
(curves B and C in Fig. 1), t hen  the "cathodic" metal  
corrodes more rapidly. On the other hand, if the 
"cathodic" compar tment  contains sufficient oxygen 
that  the metal  becomes passivated (curves A and  C in  
Fig. 1), then  the "anodic" metal  corrodes more rapidly. 

A similar  s i tuat ion arises dur ing differential aera-  
tion corrosion of a metal  surface. While one might  ex-  
pect the local corrosion rate  to be higher where the 
oxygen concentrat ion is higher, the possibility of metal  
passivation in the more aerated region makes the 
problem more complex since passivation of the entire 
surface may not  necessarily occur. For example, one 
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possible type of behavior  would be for the metal  to be 
passive in highly aerated regions, inactive in the oxy- 
gen deficient regions, and highly reactive in the in ter -  
mediate regions. Naturally,  the question arises as to 
the specific conditions under  which the anodic reac- 
t ion rate dis t r ibut ion might  be highly localized. The 
problem is complex because the oxygen concentrat ion 
along the surface, the anodic and cathodic reaction 
rates, the net current ,  and the potential  in the solution 
along the surface are all interdependent .  Fur the r -  
more, in contrast to uniform attack, these quanti t ies 
can all vary  with position along the corroding surface. 
As a consequence of differential aeration corrosion, one 
may thus expect certain conditions under  which some 
regions of the metal  surface will  be anodie while  ad- 
jacent  regions of the same surface will  be cathodic. In  
order to investigate the conditions unde r  which local 
current  flows lead to localized corrosion, it is therefore 
necessary to combine mixed-potent ia l  theory with the 
concepts of current  distr ibution phenomena.  

Electrochemical current  dis t r ibut ion problems origi- 
nated in at tempts to predict the over-a l l  cur ren t -  
voltage behavior of electrolysis cells (5). Several  such 
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Fig. 1. Corrosion of a passivatlng metal Jn the presence of oxygen 
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studies have also been conducted on corrosion-like 
configurations of fixed anode/cathode geometry. Waber  
et al. (6) calculated the p r imary  and secondary cur-  
rent  distr ibutions in "local cells" having two-d imen-  
sional adjacent  coplanar cathodic and anodic strips of 
fixed size. This method of calculation has been recently 
extended to other geometries including coplanar con- 
centric rectangles (7) and circular strips (8). Wagner  
(9) included the role of mass t ransport  l imitat ions on 

local cell action for cases where the cathodic reaction 
was diffusion limited. Along somewhat different lines, 
Levich (10) employed a convective diffusion model to 
predict  the rate of dissolution of inclusions of know n  
size in  both horizontal and vertical surfaces. A discus- 
sion of several of the foregoing aspects may be found 
in  the book by Vetter (11). All of the foregoing studies 
assumed, however, that  the anodic and /or  cathodic re-  
gions were of known  shape and size. One cannot  make 
such assumptions and, at the same time, ask for the 
conditions under  which the anodic corrosion region is 
extremely localized. Only a l imited number  of cur-  
rent  dis t r ibut ion studies have been conducted on sys- 
tems where localized anodic and cathodic regions co- 
exist on adjacent  regions of a single bipolar  conductive 
surface. These studies consider bipolar resistive wires 
(12), bipolar porous diaphragms (13), and corroding 
iron disks (14). The las t -ment ioned study is par-  
t icular ly noteworthy, since it examines the conse- 
quence of differential aerat ion caused by nonuni form 
rates of oxygen t ransport  to a corrodable surface. 

By expanding upon these studies of bipolar cur-  
rent  dis t r ibut ion phenomena,  the following invest iga-  
tion arrives at a simple model for elucidating corro- 
sion behavior of a passivating surface undergoing dif- 
ferential  aeration corrosion. To be sure, the theoretical  
model does not take sufficient account of many  com- 
plexities which may arise dur ing an actual  corrosion 
situation. For example, the effect of pH and of ac- 
celerator ions (such as C1-) upon the passivation 
kinetics has not been included. However, the model 
does contain many  of the most impor tant  salient fea- 
tures of differential aeration corrosion and can thereby 
serve as a basis both for developing more sophisticated 
studies, as well as for refining one's in tui t ive  grasp of 
a complex situation. 

Derivation of the Mathematical Model 
A metal  surface may experience differential aeration 

from a wide variety of causes. A stat ionary meniscus, 
or s tagnant  pools and droplets of l iquids in idle equip- 
ment,  for example, can lead to attack. Uneven  elec- 
trolyte agitation or local tempera ture  differences may 
be the cause. Uneven aerat ion may also arise owing to 
the presence of a scale deposit, a block of wood lying 
on a tank  bottom, a crevice formed by improper gasket 
fitting, or wi th in  a porous metal  such as used for bone 
implants.  The following theoretical model confines i t-  
self to a ra ther  simple moist film configuration which 
may be thought of as akin  to the region in the vicinity 
of a meniscus. Figure 2 i l lustrates the geometry of the 
system under  investigation. The metal  is covered by 
an electrolyte-moistened film of locally variable  thick- 
ness. Oxygen diffuses from the atmosphere through the 
moist film to the metal  surface where it is reduced. 
Simultaneously,  the metal  corrodes anodically. Elec- 
trical current  flows in the moist film between the 
anodic and cathodic regions along the metal  surface. 
The driving force behind the localized corrosion process 
under  study is the difference in oxygen concentra-  
tion at various positions along the metal  surface. The 
moist film, which leads to the onset of corrosion, may 
eventual ly  accumulate corrosion products and thereby 
change its form and nature.  The following model does 
not account for such t ransient  s t ructural  variations, 
either wi thin  the moist film or in the corroding metal  
surface. The applicabili ty of the model lies in  clarify- 
ing conditions under  which the onset of localized cor- 
rosion is l ikely to occur. 

Fig. 2. System configuration for differential aeration corrosion 
study. 

Because rigorous calculations are not necessary for 
a useful  pre l iminary  analysis, several simplifying as- 
sumptions have been introduced: (i) The corroding 
system is confined by two insulat ing planes as shown 
in Fig. 2. (ii) The potential  wi th in  the corroding metal 
is uniform owing to the high conductivi ty of the 
metal phase. (iii) Current  flows in the moist film 
parallel  to the corroding surface. (iv) Oxygen diffuses 
through the moist film along paths which are per-  
pendicular  to the surface. (v) The film thickness 
varies with position in  an exponent ial  manner .  (vi) 
The concentrat ion of ionic species is uniform. Although 
these assumptions restrict  somewhat  the range of 
val idi ty of the model, they do not obviate many  es- 
sential features of behavior which are of interest. 

The partial  reactions which occur dur ing corrosion 
proceed at rates which depend upon the local poten-  
tial difference across the metal-f i lm interface. Over 
the range of potential  of interest, the current -potent ia l  
behavior typical of many  active-passive metals can 
be modeled by the funct ion 

iM(~C) = a [~v - ~s(x)) - v ~  ~- ~ [1] 
ff 

e 

The quantity,  a, gives the ma x i mum current  density in 
the active region; ~ is the fraction of the max imum 
active current  density which is exhibited in the passive 
plateau; s is related to the width of the hump which 
appears in the active region. Other nomencla ture  are 
compiled at the end of the text. Oxygen reduction has 
been modeled by a Tafel equation which includes 
consideration of mass t ranspor t  l imitat ions 

} c(x)  . exp [I 7 -- ~bs(X)] [2] iof(X) = k . c---- U- 

The steady-state concentrat ion of oxygen along the 
metal  surface, c(x ) ,  can be el iminated from Eq. [2] 
with use of Fick's first law of diffusion wr i t ten  locally 
along the film 

4 F D [ c  ~ - -  c ( x )  ] 
ion(X) : - -  a,~(x) [3] 

The local thickness of the film through which oxygen 
must  diffuse, Am (x), has been chosen to have the form 

Am(X) = ~ e x p  ---~- [4] 
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Owing to local imbalances in anodic and cathodic 
rates, a net  current  may  flow along the film. The cur -  
rent  passing along the film obeys Ohm's law 

d ~  (x) 
i~(x)  ---- -- ~ - -  [5] 

dx 

The current  density flowing in the film, i s ( x ) ,  may 
vary  with position along the metal  surface for several 
reasons. Figure 2 i l lustrates a differential slice of film 
having width ~x. Within  this region, the current  den-  
sity flowing in the film changes owing to the change 
in cross-sectional area, as well  as to a local imbalance 
of anodic and cathodic reactions. In  differential form, 
the si tuat ion corresponds to a conservation of charge 
equation 

d[ i s (x )  �9 AR(X) ] 
---- i02(X) H- iM(X) [6] 

d x  

The function AR(X) represents the effective cross- 
sectional area through which current  flows. The one-  
dimensional  flow of current,  however, would not be a 
good approximation if the film is very thick in some 
regions. It  should be recognized that the two-d imen-  
sional current  lines, which might actually prevail, 
would be most dense near the corroding surface where 
the distance between anodic and cathodic regions is 
small. In  view of these considerations, the funct ion AR 
has been chosen to have the form 

[ AR(X)--SR 1 - - t a n h  T [7] 

That is, the choice of the  hyperbolic tangent  funct ion 
represents a way of confining the lines of current  flow 
to the region near the electrode surface, even when the 
film may be quite thick. An exponent ial  funct ion for 
AR would perhaps be more consistent with Eq. [4], but  
would be less realistic in view of the two-dimensional  
na ture  of current  flow which may occur under  thicker 
portions of the film. 

In order to reduce the number  of independent  pa-  
rameters, it is convenient  to introduce dimensionless 
variables 

X - - - -  
l 

F 
r : ( V - -  ~s) 

RT 
C 

C = - -  
c o 

F )~s  r : - - ~  

VRF 
�9 R = "  [8] 

RT 

The model may then be rendered highly compact by 
combining Eq. [1]-[8] to obtain the dimensionless 
relat ion 

- -  ( l ~ - t a n h X )  , - -  
d X  2 d X  (1 -- t anh  X) 

~re-Xe -~r  + 1 

e 

} [9] 

The dimensionless parameters  which thereby appear 
in Eq. [9] are 

aSm 
r -- 

4FDc o 

Flfa 

RTKSR 

k, 
= -  [10] 

a 

The term on the r ight  side of Eq. [9] is the net reaction 
rate which, for conditions of uniform corrosion, would 
have the value of zero everywhere along the surface. 
On physical grounds, Eq. [9] indicates that  cur rent  
flows into the film in the net anodic regions, flows 
along the moist film while suffering ohmic resistance 
and cross-sectional strictions, and flows out of the film 
into the net cathodic regions of the surface. A detailed 
t rea tment  of the physical significance of the impor tant  
parameters,  Eq. [10], will be provided in the Results 
and Discussion Section which follows. 

The only unknow n  quant i ty  in Eq. [9] is ~ (X) ,  the 
potential  dis t r ibut ion along the metal  surface. Since 
the differential equation is of second order, two bound-  
ary conditions must  be specified; in accord with the ar-  
rangement  depicted in Fig. 2, these are 

de 

d X  

de  

d X  

=0 at X=--k 

= 0  at X = - t - k  [11] 

Equat ion [11] also defines the parameter  K To be con- 
sistent with Eq. [8], the characteristic length  l must  
be defined as 

L 
I ---- - -  [ 1 2 ]  

where L is the dimensional  length of the corroding 
surface. Effectively, the value of )~ determines  how 
sharply the functions Am and AR vary  from one end of 
the interval  to the other. 

Once the potential  dis t r ibut ion is found from Eq. 
[9] and [11], one may re tu rn  to calculate the local re-  
action rates from Eq. [1] and [2], and the oxygen con- 
centrat ion dis tr ibut ion from Eq. [3]. In  dimension-  
less form, the quanti t ies are given by 

iM I -- 
-- ~- ~ [13] 

a (~ - ~a) 2 

r 

e 

los ~e-~r 
__-- [14] 

a ~re-Xe  -a r  -F 1 

c 1 
[15] 

c ~ ~re-Xe - ~  - I -  1 

The theoretical model outl ined above has extended 
previous current  dis t r ibut ion studies to include mul t i -  
ple reactions occurring at bipolar electrode surfaces. 
The model does not require a priori specification of 
where  the anodic and cathodic regions exist. I n  clear 
contrast  to previous current  dis t r ibut ion studies on 
corroding systems, the foregoing model allows the 
basic parameters  of the corroding system to define the 
location of anodic and cathodic regions along the metal  
surface. As a consequence, the model is capable of 
predicting the conditions under  which the anodic cor- 
rosion rate may be very localized. 

Method of Solution 
Equation [9], along with its boundary  conditions, 

was solved numerical ly  with use of an IBM 1800 digital 
computer. The equation was l inearized about a trial  
solution and then set into finite difference form. The 
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tr ial  dis t r ibut ion matr ix  was inverted (15), and the 
solution of the nonl inear  equation was gained by i tera-  
t ion with successive correction of the tr ial  distribution. 
The criterion for testing convergence was that values 
of the solution at the beginning,  middle, and end of the 
spatial in terval  should not change by more than  0.001% 
of their absolute values upon successive iterations. It  
was found that  the final solutions obtained were not 
noticeably affected by the mesh size when  between 80 
and 160 points were used, depending upon parameter  
values. Convergence was usual ly  achieved smoothly 
wi thin  about five iterations. 

In  certain regions of parameter  space, it was found 
that  the choice of the first tr ial  d is t r ibut ion was crucial 
in determining whether  successful convergence would 
be achieved. Also, as will be discussed below, mult iple  
solutions were obtained in certain regions of parameter  
space. The first t r ial  dis t r ibut ion usual ly  determined to 
which solution the program would converge for a 
given set of parameters.  Convergence wi th in  such deli-  
cate regions was achieved by first obtaining a con- 
verged solution with "nearby" values of the system 
parameters.  The values of the system parameters  were 
then changed slightly; the "nearby" converged solu- 
t ion was then used as a first trial in a t ta ining conver-  
gence at the newest set of parameters.  By making only 
slight changes in the parameter  values, and by ob- 
ta ining a converged solution with every change, it was 
possible to explore large regions of parameter  space. 

The method used in this s tudy for a t ta ining conver-  
gence enjoys both advantages and disadvantages. Dur-  
ing i terative steps, the tr ial  potential  distr ibution 
homes into a correct solution in a manne r  which, in 
some respects, is reminiscent  of the physical response 
the system might  have following an upset in operating 
conditions. As a consequence, the procedure used here 
usual ly  converges onto stable solutions (16). On the 
other hand, the method has the disadvantage that  one 
cannot know how many  such solutions exist, except by 
finding them. 

Results and Discussion 
Calculations based on the preceding theoretical model 

have been conducted in  order to evaluate the com- 
putat ional  method and in order to gain an unders tand-  
ing of characteristic features of differential aeration 
corrosion systems. Since the model contains a large 
number  of system properties, and because the invest i-  
gation is pre l iminary  in nature,  it would be cumbersome 
to report  detailed parameter  studies for every possi- 
ble case. Only  a few aspects which appear to be of spe- 
cial interest  have been chosen for discussion. Table I 
gives the values used for those dimensionless pa ram-  
eters which were not varied in this investigation. 

Under  conditions of uni form corrosion, the local 
anodic and cathodic currents  are in balance and the 
r igh t -hand  side of Eq. [9] equals zero everywhere  along 
the surface. Up to three roots of the algebraic equa-  
tion are possible, as i l lustrated qual i ta t ively  in Fig. 1 
by curves B or C. If three roots exist, then  the middle  
root, on the descending side of the polarization curve 
(i.e., having negative charge- t ransfer  resistance),  is 
uns table  and will  usual ly  not be observed in  actual 
systems. I t  is impor tant  to make a clear distinction 
between the n u m b e r  of algebraic roots of the r ight  side 
of Eq. [9], and the number  of solutions to the differen- 
tial equation. Although up to three algebraic roots may 
be found from the r ight  side, such informat ion bears no 
direct relat ion to the number  of solutions which the 
differential equation may exhibit. 

Table I. Values of dimensionless parameters kept constant in 
this study 
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Fig. 3. Distributions satisfying Eq. [9] found for a single set of 
parameters. (a) Potential of the metal relative to the solution, (b) 
anodic dissolution rate, (c) cathodic reduction rate, (d) oxygen con- 
centration at the surface. 
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The occurrence of multiple solutions.--In certain 
regions of parameter  space, as many  as four indepen-  
dent solutions of Eq. [9] have been found for a single 
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set of system parameters.  For  example, in Fig. 3, four 
sets of potential, current,  and concentrat ion dis t r ibu-  
tions are shown for the parameter  values ~ ---- 2.0, ~ = 
5.0, and r ---- 10.0. The quanti t ies  whch are plotted are 
given by Eq. [13], [14], and [15]. The right  side of 
Fig. 2 (X ---- ~-k) corresponds to the th inner  edge of 
the moist film, consistent with Fig. 1. The four poten-  
tial distr ibutions shown in Fig. 3a illusCrate, in accord 
with introductory remarks, that  the most cathodic re-  
gion of the metal  surface is at the more oxygenated 
end on the r ight  side. The range of the potential  dis- 
t r ibut ion over the metal  surface is seen to vary mark-  
edly from one solution to another.  As a consequence, it 
is to be expected that  the cur ren t  distr ibutions as- 
sociated with each solution may be very different from 
each other. Figure 3b shows the four different anodic 
dissolution rate distr ibutions which correspond to the 
four solutions. For solution A, the metal  is in  the 
active potential  range everywhere  and, accordingly, 
the local anodic dissolution rate increases with decreas- 
ing film thickness. Solution D corresponds to a fully 
passive si tuation at a very positive potential. Solutions 
B and C correspond to in termedia te  cases where one 
portion of the surface is passive while another  portion 
is reactive. Solution B lies ent i rely on the decreas- 
ing branch of the anodic polarization curve and so is 
monotonic with distance. For some metals, the de- 
creasing branch may be ill-defined so that a B-type 
solution may not exist. Solution C, on  the other hand, 
varies all the way from the mildly active region to the 
passive region and thereby exhibits a s trong maximum.  
Natural ly,  solution C is especially interest ing since it 
indicates an obvious possibility for highly localized 
corrosion at in termediate  positions under  the moist 
film. It  should be ment ioned that, for certain pa ram-  
eter values, solutions A and B can also exhibit  highly 
nonuni form dissolution rates, bu t  the location of the 
max imum rate is always at or very near the ext rem-  
ities of the film. The average corrosion rate is related 
to the area under  the anodic current  distribution. Con- 
t inuing to Fig. 3c, the cathodic reaction rate also varies 
with position owing in  part  to the potential  variat ion 
and, in part, to the oxygen concentrat ion along the 
surface. The cathodic current  distr ibutions given by 
solutions B and C are par t icular ly  noteworthy since 
they exhibit  maxima owing to the competing effects 
of oxygen accessibility and distance from the net anodic 
region. The oxygen concentrat ion distributions, shown 
in  Fig. 3d, are consistent with the aforementioned be-  
havior. Oxygen depletion does not occur to any large 
extent  for the passive solution (D), whereas marked 
depletion occurs for the active solution (A). Solu- 
tions B and C are characterized by intermediate  be-  
havior. 

The cur ren t  flowing along the moist film is sustained 
by a net  imbalance  of local anodic and cathodic rates. 
As may  be seen by subtract ing the respective distri-  
but ions in Fig. 3b and 3c, the net anodic region is al- 
ways under  the thick side of the film, where the oxy- 
gen concentrat ion is the lowest. The current  flowing 
through the film will be small  for both solutions A and 
D, whereas it will  be large for intermediate  solutions 
B and C. 

The role of oxygen difIusion.--Now let us t u rn  to the 
influence of variat ions of system parameters  upon the 
distr ibuted variables, beginning with the parameter  

aSm 
F - -  

4FDc o 

From its definition, it may be expected that very small  
values of r correspond to rapid diffusion of oxygen so 
that the surface concentrat ion would be essentially 
uniform, near  the saturated value. One may see the 
si tuat ion by referr ing to the r ightmost  bracketed term 
of Eq. [9] in which r appears in the denominator.  As 
the value of r approaches zero, the oxygen reaction 

rate depends solely upon the potential, not concentra-  
tion. In  this l imit ing case, only "uniform" corrosion 
would be found, since the raison d'etre for differential 
aerat ion no longer exists. For the value ~ ----- 0.5 used in 
this study, only the passive root exists when  r ~- 0, as 
shown schematically by curve A of Fig. 1. 

On the other hand, for very large values of r, the 
sluggish diffusion of oxygen renders  the surface con- 
centrat ion very low so that the surface may be ac- 
t ive everywhere, but  the corrosion rate would never-  
theless be low because of the l imited rate of supply of 
oxygen. Referring once again to the r ightmost  brack-  
eted term of Eq. [9] i l lustrates the point. As r in -  
creases, the average cathodic rate decreases since r ap- 
pears in the denominator.  In  the limit, the rightmost 
term behaves as 1/re  - x  so that  differential aeration 
exists, but  the average corrosion rate would be ex- 
ceedingly small owing to the paucity of oxygen. 

Only over in termediate  values of r will situations be 
found which correspond to .appreciable rates of lo- 
calized corrosion. Figure  4 i l lustrates the effect of r 
upon the anodic current  distr ibutions of solutions A, 
B, and C. By examining the areas under  the curves, it 
is observed that the act of increasing r has the effect of 
lowering the average corrosion rate since the surface 
concentrat ion of oxygen is also lowered. Solution A, 
which lies ent i re ly  in the active region of the metal  
polarization curve, responds by approaching the "rest 
potential" of the metal  and becoming very inactive. 
Solution B lies pr imari ly  on the descending branch and 
passive region of the metal  polarization curve. Solution 
B has the characteristic that  the ma x i mum anodic rate  
is always at or near  the left (thick) side of the film, 
while the max imum cathodic rate is at or near the 
r ight  (thin) side. Because the distance between anodic 
and cathodic regions thus remains  essentially constant, 
and because increasing the parameter  r has the effect 
of reducing the average anodic current,  then  the po- 
tent ial  gradients along the surface become smaller. As 
a consequence of increasing 1% the anodic current  dis- 
t r ibut ion becomes more un i form and the area under  
the distr ibution becomes less. One unusua l  charac- 
teristic of the B solution is that  when r is increased, 
the potential  in the solution shifts to more positive 
values under  the thick par t  of the film and to more 
negative values under  the thin part. This behavior is 
different from the other three solutions. Solution C has 
the characteristic of a very wide range of potential  
which passes through the potential  of m a x i m u m  anodic 
dissolution rate. Therefore solution C always exhibits 
a max imum in its anodic current  distribution. Thus, 
since an increase in r reduces the average corrosion 
current,  the effect on the anodic dis tr ibut ion is to ren-  
der it more and more highly localized. 

The role-o] film resistivity.--The parameter  ~ charac- 
terizes the resist ivity of the moist fiIm 

FL2a 

RT ~ ~ 

and thus is an indication of the ease with which cur-  
rent  flows between net anodic and net  cathodic regions. 
A very small  value of ~ corresponds to a film of very 
high conductivity. As a consequence, the potential  drop 
along the film tends to be very  small, and the metal  
thus corrodes "uniformly" at a local rate determined 
only by oxygen accessibility. That  is, the high con- 
duct ivi ty counteracts the potential  driving force made 
available by differential aeration. On the other hand, 
a very large value of ~ corresponds to a film of very 
low conductivity. In  this case, in spite of the possi- 
bil i ty of a large range of potential  along the film (ow- 
ing to differential aeration) the film is not capable of 
carrying appreciable current  between local anodic and 
cathodic sites. For intermediate  values of ~, the exist- 
ence of highly nonuni form anodic attack is possible, 
and the potential  dis t r ibut ion takes on values which 
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Fig. 5. The effect of 4 on the anodic dissolution rate distributions 
associated with solutions (a) A, (b) B, (c) C. 

are in termediate  between the potential  distr ibutions 
for 4-~ 0 and ~--> oo (11). 

Figure  5 i l lustrates the effect of parameter  ~ on the 
anodic current  distr ibution given by solutions A, B, 
and C. As ~ increases, current  flow in the film becomes 
more difficult so that the potential  gradients increase. 
Thus, smaller portions of the metal  surface remain  in 
the highly active anodic state. That is, for all three 
solutions the current  distr ibutions tend to be more 
localized for large values of ~ than for small values. 
In  addition large values of ~ correspond to a wide range 

of potential  from one end of the film to the other. In 
other words, an increase in  4 acts to impede the sys- 
tem's abil i ty to corrode at high rates, as evidenced by 
examining  the areas under  the anodic distr ibutions of 
Fig. 5. Because, for large 4, the system cannot pass 
current  along the film, the potential  energy made avail-  
able by differential aerat ion is stored wi thin  the sys- 
tem. For example, at large 4, solutions A and B both 
exhibit  more localized dissolution (large potential  gra-  
dients) as well as large ma x i mum dissolution rates 
(large potential  range) .  Solution C, on the other hand, 
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cannot increase its max imum dissolution rate any fur-  
ther, and so responds by increasing the distance be-  
tween anode and cathode. 

Because the corrosion model is highly nonlinear,  
changes in values of one parameter  affect the influence 
of the other parameters.  Figure 6a provides an example 
when  ~ is small;  "C" solutions are found only over a 
small range of r. However, for larger values of ~, as in 
Fig. 6b, solutions were found over a larger range  of 
r values. 

The role of dil~erential aeration.--A measure of the 
difference in oxygen availabi l i ty between one end of 
the electrode surface and the other end is embodied in 
the parameter  

L 
! 

which appears in the  boundary  conditions, Eq. [11]. A 
large value of k corresponds to a large differential 
aeration and thereby enhances tendencies toward local- 
ized corrosion. For the value k _-- 3 and ~ ---- 1.0, Fig. 7 
provides the anodic cur ren t  distr ibutions for solutions 
A and C for several values of r. These results may  be 
compared to the distr ibutions given in Fig. 4, for k = 
2, ~ ---- 1.0. The comparison il lustrates that when  k is 
increased, localized corrosion situations may be ex- 
pected to occur over wider ranges of the other system 
parameters.  

Conclusions 
The investigation has shown that  a relat ively simple 

model of differential aearation corrosion may be use-  
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Fig. 6. The effect of s on the anodic dissolution rate distributions 
associated with solution C at (a) low ~ (b) high ~. 
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Fig. 7. Anodic dissolution rate distributions for k = 3 associated 
with solutions (a) A, (b) C. 

ful  for elucidating conditions under  which localized 
attack may be expected; the model indicates both the 
location and the local rate of corrosive attack. The re-  
sponse of the model to changes in system parameters  is 
in agreement  wi th  intui t ive expectations. The reason- 
able behavior of the model supports the expectation 
that  the solutions reported above are stable solutions. 
Unstable  solutions general ly  behave opposite to one's 
in tui t ion owing, in essence, to the negative-resistance 
aspect which is the source of their instability. However, 
as noted above, solution B is perhaps suspect because 
of its potential  response upon variat ion of Y, and be-  
cause its potential  range lies pr imar i ly  on the descend- 
ing branch of the anodic polarization curve, a region of 
negative charge-transfer  resistance. 

The central  purpose of the foregoing study was to 
organize several important  aspects of differential aera- 
t ion corrosion systems in order to improve intui t ive 
unders tanding  of this complex phenomenon.  Therefore, 
it is impor tant  to emphasize the assumptions upon 
which the model rests. A considerable flexibility is 
available for adjust ing the specific details involved in 
the anodic rate equation, the cathodic rate equation, 
the shape, and cross-sectional area of the moist film. 
However, a major  omission of the model is tha t  it does 
not include consideration of concentrat ion variat ions of 
several important  constituents, par t icular ly  pH and 
C1- effects. It would be possible, in principle, to modify 
existing theoretical models of porous electrodes in 
order to investigate pH and C1- effects dur ing corro- 
sion of porous metals, flanges, and slotted regions. On 
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the other hand, such studies would involve eighth order 
systems of coupled nonl inear  differential equations 
having, perhaps, mul t iple  solutions. Another  significant 
omission is that  the model does not take account of the 
effect the substrate may have on passivation kinetics. 
For  example, grain boundary  regions may exhibit  a 
different passivation cur ren t  than  other regions of the 
surface. 

The foregoing analysis has arranged the corrosion 
system parameters  into a small n u m b e r  of dimension-  
less groups and has i l lustrated how over-al l  system 
behavior  is affected upon variat ion of these groups. 
Under  certain regions of parameter  space, at least four 
mult iple  solutions are possible. The characteristic be- 
havior of the solutions differ from each other because 
each solution exhibits a different range of potential  
along the surface. Solution A always has potentials 
which are on the active branch of the metal  polariza- 
t ion curve. The quali tat ive behavior of solution A is 
therefore expected to resemble that  of nonpassivat ing 
metals undergoing differential aerat ion corrosion. 

One of the four solutions (C) is par t icular ly  str iking 
since it exhibits a strong m a x i m u m  in the anodic cur-  
rent  distribution. In  a t tempt ing to avoid localized cor- 
rosion, one is not so much concerned with the over-al l  
corrosion rate as with the current  dis t r ibut ion over the 
surface. Therefore, it seems impor tant  to develop com- 
puta t ional  methods for ascertaining the regions of 
parameter  space over which highly nonuni form current  
distr ibutions are possible. The iterative method used in 
the present  study is not par t icular ly  convenient  since 
convergence upon the desired solution often depends 
upon one's skill in providing an init ial  guess of the 
desired solution; that  is, one is not assured that a cer- 
ta in  type of solution does not exist simply because one 
cannot converge upon it. Al ternat ive  solut ion-seeking 
methods are available, however, which general ly  find 
all possible solutions. Addit ional  methods are also 
available for invest igat ing the stabili ty of the solutions. 

One finds repeated comments throughout  the ex- 
per imental  l i tera ture  which emphasize the importance 
of establishing a definite order of operations for con- 
ducting corrosion experiments  in order to obtain re-  
producible and consistent results. On the basis of the 
present  investigation of one type of corroding system, 
it should be recognized that, if mult iple  steady-state 
situations exist, then the part icular  steady solution 
which is arr ived at depends upon the s tar t -up condi-  
tions which precede a t ta inment  of steady state. There-  
fore, with respect to differential aeration corrosion, 
ominous implications may exist for exper imenta l  pro- 
cedures aimed at corrosion testing and at scale-up of 
corrosion tests to field situations. Not only would the 
corrosive test envi ronment  need to be similar  to the 
field situation, but  the events leading to establ ishment  
of the corrosion conditions would also need to be s imu- 
lated. Once again, the conclusion seems clear that  a 
method should be developed for elucidating parameter  
regions where  highly localized attack is possible. With 
such informat ion at hand, a corrosion engineer  would 
have a bet ter  cri terion for evaluat ing prospective de- 
signs so as to avoid altogether those potential ly hazard-  
ous corrosion conditions. 

Acknowledgments 
The authors benefited great ly from discussions with 

Professor John Newman, Univers i ty  of California at 
Berkeley. The invest igat ion received part ial  support  
from the National Science Foundat ion  (Grant  GK-  
36623). 

Manuscript  submit ted Ju ly  5, 1973; revised m a n u -  
script received Sept. 19, 1973. This was Paper  101 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 

NOMENCLATURE 
a max imum anodic current  density, A /cm 2 
c oxygen concentrat ion at corroding surface, g- 

mole /cm 8 
c ~ oxygen concentrat ion at f i lm-atmosphere in -  

terface, g-mole /cm 3 
D oxygen diffusion coefficient, cm2/sec 
F Faraday constant, 96,500 coulombs/g-equiv  
io~ local cathodic current  density, A /cm 2 
iM local anodic current  density, A/cm 2 
is current  density in film, A/cm 2 
k oxygen reaction rate constant, A /cm 2 
l characteristic length, cm 
L length of corroding surface, cm 
R gas constant, 8.31 joules /g-mole  ~ 
s parameter  characteristic of anodic polarization 

curve width, V ~ 
T temperature,  ~ 
VR potential  of metal  where anodic dissolution 

rate is maximum, V 
V -- ~#s potential  of metal  relat ive to solution close to 

the metal  surface, V 
x distance along corroding surface, cm 

Greek Characters 
a transfer coefficient 

anodic current  density on passive plateau 
8m mass t ransport  layer  thickness at x ---- 0, cm 
am local mass t ransport  layer  thickness, cm 
b• effective cross-sectional area at x ~ 0, cm 
~R local effective cross-sectional area, cm 
K film electrolytic conductivity, ( o h m - c m ) - 1  
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ABSTRACT 

The IR-free anode potential  and the current  efficiency were studied for the 
electrochemical machining of mild steel in NaC103. The results show that  
an  electronically conductive oxide film is present  in  the low current  density 
region where the current  is consumed in oxygen generation. With increas- 
ing current  density, the film begins to break up with the formation of pits in 
the film. The film finally disappears in the high cur ren t  density region where 
the metal  dissolution takes place wi th  a current  efficiency greater than  100% 
and the metal  surface is polished due to the presence of a precipitated salt 
layer  with high ionic conductivity.  

In  order to compete with conventional  methods of 
metal  removal, it is impor tant  for an electrochemical 
machining (ECM) process to provide the workpiece 
with good dimensional  control and surface finish. For 
ECM of steels, NaC108 has been found to be superior 
to the commonly used NaC1 solution (1). I t  has been 
suggested that  the excellent  dimensional  control and 
surface finish obtained with steel in NaC103 are as- 
sociated with anodic passivation (2, 3). Recently, it 
also has been pointed out that dimensional  control in 
a passivating ECM electrolyte is related to the metal  
dissolution efficiency (4, 5). 

In  the present work, the anodic polarization and the 
current  efficiency for ECM of mild steel in  NaC103 were 
studied by carrying out the experiments  in flow- 
channel  cells. The results of this work should provide 
fur ther  informat ion for future improvement  of the 
ECM process. 

Experimental 
Anodic polarization measurements.--The experi-  

ments  for s tudying the anodic polarization of mild 
steep in  NaCIO3 were carried out in flow cell I previ-  
ously described (6). A current  in te r rupt ion  technique 
was employed to measure the /R-free  anode potential.  
The current  was in ter rupted  after machining 0.6-3 sec 
(at constant  current)  depending upon the current  den-  
sity. 2 The exper imental  techniques and procedures are 
identical to those previously described (6, 7). 

The NaC108 used had a NaC1 content  less than  0.04%. 
Distilled water  was used to prepare the electrolyte. 
Exper iments  were conducted at 26 ~ _ 2~ under  the 
following conditions: Re = 16,000 3 (flow velocity, 
U -- 2000 cm/sec) and 4000 (U -- 500 cm/sec) in 4M 
NaC10~; Re = 19,500 (U = 2000 cm/sec) and 4000 
(U - -  410 cm/sec) in  2.M NaC1Os. 

Anodic current e~ciency measurements.--The cur-  
ren t  efficiency measurements  were conducted in  flow 
cell II, previously described (5). The details of the 
exper imental  procedures and techniques have been 
given elsewhere (5, 7). 

Two kinds of mild steel were used for the study.4 
Mild Steel II was richer in carbon and phosphorus than 
Mild Steel I. The anodes were machined at a constant  
current  and the dissolution t ime was varied from 5 sec 
at 100 A / c m  2 to 120 sec at 2 A / c m  2. The electrolytes 

* Electrochemical  Society  Act ive  Member .  
Key words:  current interruption, potential  decay, current effi- 

ciency,  e lectrochemical  polishing. 
z Composit ion (other than  Fe) of the mild steel  anode: C, 0.07%; 

Mn, 0.4%; P, 0.008%; S, 0.018%; Ni, 0.005%; Si, 0.005%; Co, 0.003%. 
In  the present  system,  a s teady state was  reached in less than  0.5 

S e e ,  
a r e  represents  the r e y n o l d s  n u m b e r  which  is defined as h y -  

draulic d iamete r  • flow ve loc i ty /k inemat ic  viscosity. 
Composit ions other than Fe: Mild Steel I = C, 0.08%; Mn, 1.05%; 

P, 0.087%; S, 0.25%; Ni, 0.1%; Si, 0.004%; Co, 0.05%. Mild Steel I I  
= C, 0.12%; Mn, 1.10%; P, 0.082%; S, 0.27%; Ni, 0.1%; Si, 0.005%; 
Co, 0.05%. 

used were 1-4M NaC103; the flow rate  was kept at 
Re = 7000 (or U = 1000 cm/sec) .  All  the runs  were 
made at 21 ~ • I~ The anode was weighed before and 
after the dissolution test to determine the amount  of 
metal  removal, and the current  efficiency was calcu- 
lated on the basis of ferrous ion as the dissolution 
product. 

Results 
Anodic polarization.--The oscillogram of the anodic 

potential  decay was enlarged 10 times for the deter-  
mina t ion  of the ini t ial  slope of the decay trace. The 
init ial  slope was used for a l inear  extrapolat ion of the 
trace to zero t ime to determine the IR potential  drop. 

T h e / R - f r e e  anode potentials as a funct ion of current  
density are given in  Fig. 1. The data in  the figure rep-  
resent the average values of two or more runs. The 
difference between the results of replicate runs  is less 
than 5%. The results represented by open symbols 
were obtained in  4M NaC103 at Re = 16,000 and in  2M 
NaC103 at Re = 19,500. It was found that  the rate of 

I I 

2 M NaCI03, Re * ]95~0 

�9 2 M NaClOy Re - 4000 

0 4 M NaCJ03, Re. 1 ~  

�9 4 M NaClO 3, Re �9 4000 
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8 

< 

= 6 

CURRENT DENSITY (A/cm 2) 

Fig. 1./R-free anode potentia| vs. current density 
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Fig. 2. Anodic potential decays and machined surfaces obtained with 4M NaCIOs at Re - -  16,000. Current density: An--2.5 A/cm2; AI,  
A2~10 A/cm~; B1, B2--17.5 A/cm2; CI,  C2--25 A/cm 2. Time scale: Aa--0.2 sec/div.; A1, B1, CI - -20  ~sec/div. Trace a, anodic potential 
decay: Aa, A1--1 V/div.; B1, C1--2 V/div. Trace z--zero point. Trace O--open-circuit potential. Trace C--cell current. 

electrolyte  flow had no significant effect on polarization 
when  the current  density was lower  than 60 A / c m  2. 
However,  for current  densities greater  than 60 A / c m  2, 
the anodic potentials at Reynolds numbers  less than 
4000 became significantly lower  as shown by the filled 
symbols in Fig. 1. 

F igure  2 shows the anodic potential  decay traces and 
the machined surfaces obtained in 4NI NaC103 at 
Re ---- t6,000. In Fig. 2Aa and 2B1, the anodic potent ia l  
decay shows two arrests: the first arrest  starts at 1.6V 
vs. SCE, and the second arrest  starts at about 0.5V vs. 
SCE, corresponding to the reduct ion potential  of Fe203 
to Fe ++ (8). Such a wave  plateau was always ob- 
served at current  densities be tween 2.5-17.5 A / c m  2 
(the second arrest  is not shown in Fig. 2A1 because of 
the la rge  t ime scale used) .  At the present  time, there  
is no reasonable explanat ion why the first arrest  starts 
at 1.6V vs. SCE. Since this arrest  potent ial  was also 
observed in NaNOs (7) over  a range of current  densi-  
ties where  oxygen was generated on the electrode sur-  
face, it is probably  caused by absorbed oxygen on the 
anode surface. 

Figure  2A2 shows that  the machined surface obtained 
at 10 A / c m  2 was covered wi th  a layer  of oxide film 
with  localized pits occurring randomly  in the film. It  
should be noted that  pi t t ing in the film was not ob- 
served unti l  the  current  density reached about 5 A /  
cm 2. As the current  densi ty  was increased, more  pits 
appeared, and the film started to break  up as shown 
in Fig. 2B2. At this t ime the wave  plateau in the poten-  
tial decay curve became significantly shorter  (Fig. 
2B1). When the current  density was fur ther  increased 
to 25 A / c m  2, the oxide film was complete ly  broken up 
(Fig. 2C2) and no arrest  was observed (Fig. 2C1). The 
surface at this stage was polished and brightened.  

Current efficiency.--The current  efficiencies for ECM 
of Mild Steel I in 1, 2, and 4M NaC10~ solutions at dif-  

ferent  current  densities are given in Fig. 3. The results 
clearly show that  the current  efficiency increased with  
the concentrat ion and with  tim current  density. For  
each curve, iron was not dissolved unti l  the  current  
density reached a value indicated by point a in the 
figure. This value var ied  from 1.5 A / c m  2 for 4M NaC10~ 
to 3 A / c m  2 for 1M NaC1Os. Then, there  was a rapid 
increase in current  efficiency as the current  density 
was increased. As the current  density reached point  b 
on the curves (approximate ly  15 A / c m  2 for 4M and 
30 A / c m  2 for 1M solutions),  the efficiency became 
greater  than 100%. These results were  obtained at 
Re ~ 7000, with a l inear  flow veloci ty  of 1000 cm/sec.  
Exper iments  carried out at a lower  flow ra te  indicate 

I I I I I b J 
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I I I I I I 
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CURRENT DENSITY (A/cm 2) 

Fig. 3. Current efficiency vs. current density for Mild Steel I. 
Three reaction stages can be seen on each curve. The region to the 
left of point a is the oxygen generation stage; the region between 
points a and b is the transition region; and the region to the right 
of point b is the metal dissolution stage. 
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Fig. 4. Current efficiency vs. current density for Mild Steel Ih 
Three reaction stages can be seen on each curve. The region to the 
left of point a is the oxygen generation stage; the region between 
points a and b is the transition region; and the region to the right of 
point b is the metal dissolution stage. 

that the flow rate has l i t t le effect on the current  effi- 
ciency (5). 

Figure 4 presents the current  efficiency results ob- 
tained with Mild Steel II in 1M and 4M NaC103. These 
current  efficiencies tend to be lower than  those found 
for Mild Steel I (Fig. 3). The main  difference between 
the two steels employed is that Mild Steel II has higher 
contents of carbon and phosphorus (see footnote 4). 
This is in agreement  with the results of Freer  and his 
co-workers (9). They found that  in  NaC1 solution, the 

current  efficiency became lower as the carbon content  
increased. 

Photomicrographs of the machined surfaces obtained 
in the current  efficiency study are presented in Fig. 5; 
this shows that the surfaces obtained at equal current  
efficiencies are very much alike despite the differences 
in  the concentrat ion and the current  density. The sur-  
faces obtained at 70% current  efficiency are pitted 
(Fig. 5A, D).  As the efficiency increases the surfaces 
start  to become polished (Fig. 5B, E). Final ly,  the sur-  
faces are highly polished when the current  efficiency is 
greater  than  100% (Fig. 5C, F) .  

It is interest ing to note that in Fig. 5C and  F, flow 
streaks are observed on the anode surface. The ap- 
pearance of the flow streaks is due to recession of the 
anode surface from the electrically inert  f low-channel 
wall  during metal  dissolution (10). In  the case of low 
current  efficiencies, flow streaks are not observed be- 
cause of oxygen generat ion which provides the solution 
with "micro" agitation. 

Discussion 
Based on the results of this current  efficiency study, 

the transpassive region for mild steel dissolution in 
NaC103 can be divided into three stages: (i) oxygen 
generation;  (ii) t ransi t ion;  and (iii) metal  dissolution 
stages. 

Oxygen generation stage.--The oxygen generat ion 
stage for current  densities below point a on the current  
efficiency curves: According to Fig. 3, this stage oc- 
curred at current  densities lower than 2-3 A/cm 2, de- 
pending on the concentration. In  this stage the metal  is 
not dissolved and current  is expended for oxygen gen-  
eration (11) on the surface of a protective oxide film. 
This oxide film is probably a layer of 7-Fe203 (12). 
Since the current  is consumed by the discharge of HaO 

Fig. 5. ECM machined surfaces of Mild Steel I: the effect of current efficiency and NaCIO3 concentration. The current densities for the 
surfaces shown are: A, 4.6 A/cm2; B, 9.4 A/cm2; C, 54 A/cm2; D, 11 A/cm2; E, 21 A/cm2; and F, 80 A/cm 2. 
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to 02, the film has to be electronical ly conductive. In  
NAN02 an electronically conductive film was also 
found, which was thought to be FeaO4 (7, 13). 

Transition stage.--The t ransi t ion stage for current  
densities between points a and b on the current  effi- 
ciency curves: This stage corresponds to the region in 
Fig. 3 and 4 where  the current  efficiency increases from 
near ly  0 to 100% as the current  density increases. 

It  was found in a previous mass balance s tudy (11) 
that  the total current  efficiency for metal  dissolution 
plus oxygen generat ion is 100%. The increase in the 
metal  removal  efficiency results from the breakup of 
the oxide film which starts with the formation of 
localized pits in the porous film (14). 

At present, there are three models given in the l i t -  
erature to explain how the anodic oxide film is broken 
up in the transpassive region. They are the penetra t ion 
(15), the mechanical  mechanism (16), and the ion 
exchange (13) models. In  this report no at tempt is 
made to discuss these models. However, it is interest ing 
to note that  all three models suggest that  the breakup 
of the anodic oxide film has to be ini t iated by the proc- 
ess of anion adsorption. Thus, the degree of the b reak-  
down is proportional to the anion concentrat ion and 
the anode potential  (or current  densi ty) ,  in agreement  
with the results of this current  efficiency study. Here, 
due to breakdown of the film, the current  efficiency in-  
creases with not only the anode potential  (or current  
density) but  also with the NaC1Oa concentration. Simi- 
lar  phenomena were also observed dur ing  ECM of mild 
steel in NaNOa (7). 

Metal dissolution stage.--The metal  dissolution stage 
for current  densities above point b on the current  
efficiency curves: In  this stage, the anode surface is 
highly polished, the current  efficiency is greater than  
100%, and no oxygen is formed. The absence of oxygen 
formation in this stage is also supported by the absence 
of a potential  plateau at 1.6V (vs. SCE) (Fig. 2C1). At 
the present  t ime there is no evidence on which to base 
an explanat ion of why  the current  efficiency is greater 
than  100%. There are two possible reasons: one is due 
to severe grain boundary  attacks and the other is metal  
dissolution by chemical oxidation. However, grain 
boundary  attack may  be un l ike ly  since a bright, 
polished surface is obtained. 

For electropolishing, Hoar and his co-workers (15) 
have suggested that  brightness results from the pres- 
ence of a thin "contaminated" anodic layer which is 
ionically conductive and, thus, provides an even attack 
on differently oriented grains. Based on this electro- 
polishing theory, the bright surface obtained in the 
metal  dissolution stage of the transpassive region can 
be at t r ibuted to the presence of an anodic layer with 
high ionic conductivity. This layer, which is different 
from the previously ment ioned electronically conduc- 
tive oxide film, is probably formed by salt precipitat ion 
from a saturated solution (5, 14). 

The near ly  parallel  relationship between the polari-  
zation curves for 2 and 4M NaCIOa in the metal  dis- 
solution stage indicates that  the rate of iron dissolution 
is proport ional  to the chlorate concentration. The de- 
crease in anode potential  when  Re was reduced to 4000 

(Fig. 1) can be associated with an increase in  the 
acidity of the solution near the anode (17). The H + 
concentrat ion can influence the solubility of the salt 
and, thus, the layer  structure. However, such a change 
does not affect the ECM performance significantly be- 
cause there are no apparent  changes in the surface 
finish or in  the current  efficiency on reducing the flow 
rate. 

Conclusions 
From the results of this study, it may be concluded 

that the transpassive dissolution of mild steel in 
NaC103 takes place in three react ion stages depending 
on current  density (applied potential) .  In  the first 
stage, at low current  densities, the mild steel surface 
is covered with an electronically conductive oxide 
film, and the current  is consumed in oxygen evolution. 
In  the second stage, at higher current  densities, the 
oxide film is broken apart  and the metal  starts to dis- 
solve into the electrolyte. The breakdown of the oxide 
film is started by the formation of localized pits in the 
film. In  the third stage at still higher current  den-  
sities, the oxide film has completely disappeared, 
and the high-ra te  metal  dissolution takes place with a 
current  efficiency greater than  100%. The metal  sur-  
face after dissolution in this final stage is found to be 
highly polished probably  due to the presence of a pre-  
cipitated salt layer  on the anode. 

Manuscript  submit ted May 24, 1973; revised manu-  
script received Sept. 4, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 
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ABSTRACT 

A very  precise sectioning technique for measur ing concentrat ion profiles 
in anodic t an ta lum oxide is based on the slow dissolution of the oxide in  I-IF 
almost saturated with NH4F. Since many  of the profiles to be measured were 
for radioactive isotopes incorporated by ion implantat ion,  it was necessary 
to establish whether  ion implanta t ion  had any  effect on the technique. To this 
end, several stable isotopes were implanted at fluences up to 1017 ions/cm 2. I t  
was found that  heavy ions gave rise to sputter ing and accelerated the str ip- 
ping of the oxide; by contrast, hydrogen ions gave no sputter ing and deceler- 
ated the stripping. The accelerated str ipping was a t t r ibuted  to the physical 
presence of the implanted ions, while the decelerated str ipping may be due 
to the formation of hydrogen bonds between neighboring oxygen atoms in  
the oxide. When 1017 ions/cm 2 of hydrogen were implanted,  a carbonaceous 
deposit formed on the oxide surface due to the radiat ive polymerizat ion of 
adsorbed pump oil molecules; this deposit prevented the oxide from dissolving 
at all. Implanta t ions  involving radioactive species were usual ly much less than  
1015 ions/cm 2, and the accelerated str ipping was often negligible; when  present, 
it had no effect on the profile measurements .  

A fundamenta l  problem in  metal  oxidation is the 
na ture  of the atomic movements  leading to the forma- 
t ion of an oxide film. To study these movements,  tracer 
s p e c i e s  must  be incorporated, and their  concentrat ion 
profiles determined before and after the oxidation 
event. In  the present series of experiments,  the tracer 
species are usual ly  incorporated in anodic t an ta lum 
oxide by ion implantat ion,  and the profiles measured 
by means of the highly precise sectioning technique 
described previously (1). Range profiles for implanted 
ions have been surveyed elsewhere (2), and these con- 
sti tute the init ial  profiles for the tracers. By studying 
the changes that  occur on fur ther  anodization, infor-  
mat ion on the t an ta lum and oxygen movements  has 
been obtained (3, 4). 

The sectioning technique is based on slow dissolution 
of the oxide in HF almost saturated with NI-t4F and 
depends for its success on the uni formi ty  of the dis- 
solution (1). Etching processes are, however, notori-  
ously sensitive to the exper imenta l  conditions, as Ver- 
milyea (5) has demonstrated for the anodic oxide it- 
self. He annealed samples at different temperatures  for 
vary ing  times and found that the etching rate de- 
creased with both increasing tempera ture  and in-  
creased time at a par t icular  temperature.  These studies 
were performed with concentrated HF as etchant, but  
similar results have been obtained here using the HF-  
NH4F reagent.  Hill (6) has implanted 15 keV electrons 
and observed that  the dissolution rate in HF-NH4F 
decreased. Ion implanta t ion  was therefore very l ikely 
to have an effect, and because the extreme precision of 
the technique was important  for subsequent  work, it 
became necessary to find out what  it was. 

Effects due to implanta t ion  were readily apparent  in 
the course of the range profile measurements  reported 
elsewhere (2). These measurements  were made with 
radioactive isotopes, and so the implanta t ion  fluences 
were relat ively small  ( <  1015 ions/cm2). Nevertheless, 
an image of the implanted area would f requent ly  de- 
velop on sectioning, due to the formation of different 
interference colors on the implanted and nonimplanted  
a r e a s .  Since the interference color is determined by 
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film thickness, the oxide on the implanted area w a s  
dissolving at a different rate; from the character of 
the interference colors, this dissolution could be either 
faster or slower. 

To study the process under  more favorable condi- 
tions, the anodic oxide was implanted with stable 
isotopes to much higher fluences (1016-1017 ions/cm2). 
This greatly enhanced the effects and allowed their  
na ture  to be elucidated. At the same time, another  
phenomenon became apparent,  for an image of the 
implanted area would now appear solely as the result  
of implantat ion.  Comparison of the interference colors 
showed that  the apparent  thickness of the implanted 
oxide could again be either greater  or less than  that  
of the sur rounding  nonimplan ted  oxide. Several dif- 
ferent  effects therefore occurred as a result  of implan-  
tation. 

The present  paper  examines  these effects with par-  
t icular  reference to their influence on the sectioning 
procedure. 

Experimental Methods 
Preparation, anodization, and sectioning of experi- 

mental samples.--Tantalum coupons, 3.5 • 1.0 cm s, 
were cut from 0.015 in. (0.037 cm) sheet supplied by the 
Fansteel  Metallurgical Corporation, and chemically 
polished as described previously (1). Anodizations 
were normal ly  performed at a constant  current  density 
of 1 mA / c m 2 in  0.1M H2SO4 mainta ined  within  0.2~ 
of 25~ by means of a water  bath. When oxides thicker 
than 3500A were required, the electrolyte was changed 
to 0.01M butyr ic  acid. The anodic films were sectioned 
by dissolving successive layers in concentrated HF 
almost saturated with NH4F. Ful l  details have been 
presented elsewhere (1). 

Film thickness measurement . - -Oxide thicknesses 
were measured by means of the spectrophotometric 
method due to Young (7). The wavelength,  ~, for the 
n th  order interference m i n i m u m  was measured and 
related to the oxide thickness, h, by 

= 20 �9 cos~ �9 (h -- X ) / ( n  -- 1/2) [1] 

where  n is the refractive index of the oxide, ~ the 
angle of refraction in  the oxide, while X accounts 
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for the phase changes on reflection at the me ta l /ox ide  
and ox ide /a i r  interfaces. Both ~ and X are functions of 
~, and so the var ia t ion of h wi th  ~. had to be cal ibrated 
(7, 1). This meant,  in effect, that  the var ia t ion of ~] and 
X with  ~. had to be calibrated, and the success of the 
cal ibrat ion showed that  these variat ions were  effec- 
t ive ly  independent  of the oxide thickness. The cal ibra-  
tion could be strictly applied, of course, only to oxide 
films formed under  the same conditions; in this case, 1 
m A / c m  ~ in 0.1M H2SO4 at 25~ (1). It  was assumed, 
however,  that  the films formed in 0.01M butyric  acid 
would be similar, and indeed there  was no reason to 
th ink otherwise. 

Masing, Orme, and Young (8) have  shown tha t  the 
refract ive  index varies sl ightly with tempera ture  and 
current  density when the anodization is performed in 
0.1M H2SO4, and Dell 'Oca and Young (9) have shown 
that  it decreases when  phosphorus is incorporated from 
0.23N H3PO4 electrolyte. It  seemed ve ry  probable, 
therefore,  that  insert ion of the foreign atoms by ion 
implanta t ion would also change the optical propert ies 
of the oxide, and ell ipsometric measurements  wi th  
J. Ord at the Univers i ty  of Waterloo showed that  this 
was indeed so. 

Anodized tan ta lum coupons were  implanted wi th  
3.8 • 1016 to 2.5 • 1017 40Ar+/cm2 at 39 keV so that  
thicknesses measured spectrophotometr ical ly  could be 
compared wi th  those measured  ell ipsometrically.  The 
agreement  was within  exper imenta l  error  for the non- 
implanted  areas, but the el l ipsometric  measurements  
on the implanted  area were  abnormal;  this clearly 
showed that  the optical propert ies  of the oxide had 
been changed by the implantation. The abnormal i ty  
decreased with  decreasing implanta t ion fiuence, and 
extrapolat ion of the results suggested that  it would 
disappear at a fluence of about 10 TM A r + / c m  2. Since 
most of the implantat ions reported here were  made 
wi th  fluences at or below this figure, the use of the 
spectrophotometr ic  method to measure  oxide thick-  
nesses on the implanted areas should general ly  be sat- 
isfactory. When a specimen implanted to 5.6 X 10 TM 

4OAr+/cm2 was reanodized, however,  the abnormal i ty  
was much increased; considerations of t ime and dis- 
tance precluded a more detailed investigation. 

Thickness errors quoted in the present paper are 
standard errors, calculated according to the second 
procedure  described in the previous paper (1). 

Testing ~or the uniSozmity o] the el~ects due to ion 
implantation.--The in ter ference  color developed by an 
anodic film on tan ta lum is very  intense, and its hue is 
proport ional  to the film thickness. Near  420, 1760, and 
3180A, the hue changes very  rapidly  as the first, sec- 
ond, and third order interference minima t raverse  the 
middle  region of the visible spectrum. These rapid 
changes, f rom brown (420A) or red at thicknesses be-  
low the specified thicknesses to blue just  above, proved 
ve ry  useful for moni tor ing the uni formi ty  of the th ick-  
ness on the implanted area, and hence for moni tor ing 
the un i formi ty  of the effects associated wi th  ion im-  
plantation. Thickness differences as small  as 10A could 
readi ly  be detected in these favored regions; gross dif-  
ferences could of course be detected at any thickness. 

Implantation method.--Ion implantat ion by means of 
the mass separator  at Chalk River  has been discussed 
in previous papers f rom this laboratory (10, 11). Posi-  
t ive ions are  accelerated electrostat ical ly to 40 keV and 
then passed through a magnet ic  field which separates 
them into their  isotopic components. The lat ter  were  
focused into lines 4 cm high • 0.1 cm wide on a fluores- 
cent screen (12) in front  of the target;  a hole in this 
screen al lowed the desired isotope to strike the target.  

Since it was very  impor tant  that  the stable isotopes 
be implanted at uniform intensi ty over  the specified 
area, the fol lowing procedure  was adopted. Ruther ford  
scattering exper iments  by Bel lavance (13), using 2O9Bi 
implanted in Si, had shown that  the intensi ty of the 
isotopic beams var ied along their  4 cm height, reach-  

ing a p la teau- l ike  crest be tween 2 and 2.5 cm f rom the 
top. The hole in the fluorescent screen was therefore 
stopped down to this 0.5 cm in height, and to 0.8 cm 
in width. By modulat ing the magnet  current, it was 
possible to sweep the beam horizontal ly across this 
width  every  30 sec, thus obtaining a uniform dose over 
an area of 0.5 X 0.8 cm 2. This was just  enough for the 
spectrophotometric  method of measuring oxide thick- 
ness, which requires an area of 0.2 • 0.8 cm 2 (1). 
Except  as noted in the individual  experiments,  the 
in ter ference  colors on the implanted  areas were  just  
as uniform as those on the nonimplanted areas. 

The total charge deposited in the target  was used as 
a measure of the implantat ion fluence. For  this pur-  
pose, the targets were  mounted at the bottom of Fara -  
day cups, 2 cm deep, behind a grid made of 0.0005 in. 
tungsten wire;  the grid was maintained at --90V to 
suppress the emission of secondary electrons. Difficul- 
ties connected with  the measurement  of heavy ion 
beam currents are notorious; in est imating the fluence, 
it was necessary to assume that  the beam consisted en- 
t i rely of singly charged posit ive ions, and that  the 
Faraday cups were  100% efficient. The first assumption 
is approximate ly  correct, at least for radioact ive 
species, since the range profile measurements  in the 
next  paper  (2) show that  less than 10% of the nuclei 
implant  as neutral  atoms. The efficiency of the Faraday  
cups was, however,  in considerable doubt. 

The insulation of the cups was not sufficient to per-  
mit  re tarding potentials on the target  holder, and so 
real ly  low implantat ion energies were  unat ta inable  
(10). By varying the accelerat ing voltage, however,  
implantat ions were  per formed at 25, 40, and 55 keV. 
The m ax im um  fluence that could be implanted in an 
hour, using the most abundant  isotope, 99.6% 40Ar, was 
about 1017 ions/cm2; the min imum fluence obtained 
with a stable isotope was 1011 ions /cm 2, using the 
0.090% abundant  126Xe. 

The reproducibi l i ty  of the results was found to de- 
pend marked ly  on the way in which the implantat ions 
were  performed. Normally,  several  specimens at a t ime 
were  mounted in the m a s s  separator  and implanted in 
succession. Such specimens gave excel lent  reproduci-  
bil i ty amongst themselves,  but the results could differ 
by as much as 50% from similar  implantat ions on other 
occasions. This suggested a lack of consistency in mea-  
suring the beam currents,  but  its origin was uncertain.  
When making comparisons, therefore,  it is necessary 
to specify whether  the results were  obtained in the 
same series of implantat ions or in different series. 

Presentation o~ the results.--A special format  has 
been used to present the results. The independent  var i -  
able is the change in oxide thickness on the nonim-  
planted area as a consequence of fur ther  t rea tment ;  
thinning by dissolution in the HF-NH4F reagent  or 
thickening by anodizing. The dependent  var iable  is the 
implanta t ion differential, which is defined as the oxide 
thickness on the implanted area less that  on the non-  
implanted area. A posit ive implantation differential,  
therefore,  shows that  the implanted  area exists as a 
mesa in the surrounding nonimplanted  area, whi le  a 
negat ive differential  indicates that  it is present as a 
depression. 

In sectioning experiments,  this format  provides an 
integral  record of the difference between the str ipping 
rates on the implanted and nonimplanted areas, so that  
the difference itself is proport ional  to the slope of the 
record. Since the str ipping ra te  of the  nonimplanted 
oxide is constant (1), any changes in the slope are due 
to changes in the str ipping rate on the implanted area. 
A downward  slope shows that  the implanted oxide is 
dissolving faster; in what  follows, this si tuation is de- 
scribed as accelerated stripping. By analogy, an upward  
slope is described as decelerated stripping. Three other  
terms are used. The ini t ial  implantat ion differential  is 
the differential  observed as the result  of implanta t ion 
alone, while the final implanta t ion differential  refers 
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to the constant  value obtained at the end of an experi-  
ment. The magni tude of the accelerated or decelerated 
str ipping is then defined as the difference between 
these two differentials. 

Ellipses d rawn around each exper imental  point  de- 
fine the 95% confidence limits; the major  and minor  
radii  are equal to twice the appropriate s tandard errors. 
The lat ter  are somewhat larger than  those recorded 
elsewhere in  these experiments  (2-4), since they cor- 
respond to errors in the differences between two thick- 
ness measurements,  not to errors in the thickness mea-  
surements  themselves. 

Exper imenta l  Results 
Implantations with xenon.--The general  features of 

the results obtained with heavy ions are i l lustrated in 
Fig. 1. When l~6Xe+ ions were implanted at 40 keV to 
a total fluence of 1016/cm ~, the init ial  implanta t ion  dif- 
ferential  was found to be --68A. This thickness of oxide 
had therefore been removed, obviously by sputtering. 
On sectioning the oxide, the implanted area began by 
dissolving faster, so that accelerated str ipping (down- 
ward slope) was observed. After  a small  amount  of 
decelerated str ipping (upward slope), which may  not 
be a real effect since it was only observed on two oc- 
casions, the implanta t ion differential reached its con- 
stant  final value of --138A. 

The sputter ing and accelerated stripping are obvi-  
ously a funct ion of the implanta t ion  fluence, since no 
such effects were observed in the sample implanted 
with 1012 126Xe+/cm~ at 40 keV. Addit ional  experi-  
ments  showed that  accelerated stripping would only 
become noticeable (final implanta t ion  differential 

--10A) at 1014 ions/cm 2, and sput ter ing (init ial  im-  
planta t ion differential ~ --10A) only at 1015 ions/cm 2. 

Implantations with kryp ton . - -A more detailed ex- 
aminat ion of these effects was performed with krypton,  
since this could be labeled convenient ly  with the long- 
lived radioisotope, 85Kr. Samples of this fission product 
were obtained from Oak Ridge, and because the  vol- 
ume of gas was insufficient for the operat ion of the 
separator, they had to be diluted with stable gas. By 
di lut ing with xenon, the SSKr+ could be implanted in 
almost carr ier-free form, with an  implanta t ion  fluence 
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Fig. |. Implantation differentials observed with xenon to illustrate 
the form of the results obtained. The amount stripped is the thick- 
ness of oxide dissolved from the nonimplanted portion of the speci- 
men; the implantation differential is the thickness of oxide remain- 
ing on the implanted area less that remaining on the nonlmplanted 
area. Error ellipses have been drawn at twice the standard errors 
round each point to indicate the 95% confidence limits. Same series 
of implantations. 

of 1013 ions/cm 2 or less. To obtain higher fluences, the 
SSKr sample was diluted with stable krypton;  by 
sweeping the mass 84 and mass 85 beams over the 
surface of the target, S4Kr+ (na tura l  abundance 
56.90%) and 85Kr+ could be implanted together. Under  
these conditions, of course, the vast major i ty  of the 
implanted ions were 84Kr, the 85Kr mere ly  acting as a 
tracer. 

Figure 2 shows the results obtained when  1016 ions/  
cm 2 of 84Kr+ and S~Kr+ were implanted together at 
40 keV. The initial  implanta t ion  differential was --78A, 
very similar to that  observed with xenon at the same 
fluence. Like the latter, therefore, it was a t t r ibuted to 
sputtering. To show that  mater ial  real ly  had been re-  
moved from the specimen, an oxide film was implanted 
with 40 keV 85Kr+ only, and the activity counted; 10 TM 

84Kr+/era 2 were then  implanted  into exactly the same 
area, and the 85Kr activity recounted. Two such speci- 
mens gave identical  results; only 68% of the original 
85Kr activity remained after the 84Kr implantat ion.  

The experiment  in Fig. 2 also showed that  accel- 
erated stripping would cease when all the krypton 
had been removed, since the fraction of the 85Kr ac- 
t ivi ty remain ing  at the last two points in the  figure 
was 1.2 and 0.2%. A fraction of 1.2% is equivalent  
to approximately 1014 ions/cm 2, which is just  about the 
detection l imit  for accelerated str ipping as determined 
from the xenon experiments.  Once the krypton  had 
been removed, the oxide remaining  on the implanted 
area was oxide that  had not  been implanted at all, 
and so its str ipping rate should be the same as that  on 
the nonimplanted  area. The constancy of the final im-  
planta t ion differential, as i l lustrated in Fig. 1, showed 
that this was indeed the case. 

Accelerated str ipping is thus related to the presence 
of the implanted ions and can be in terpre ted in  two 
ways. It could be a radiat ion damage effect, in  which 
the breaking of the t an ta lum-oxygen  bonds leads to 
more rapid dissolution of the individual  atoms; effects 
of this type have been reported in  semiconductors 
(14). Alternat ively,  it could be due to the physical 
presence of the implanted atoms themselves. Three 
experiments  were performed to dist inguish between 
these possibilities. 

The first exper iment  was to reanodize a specimen 
implanted with krypton.  Both t an ta lum and oxygen 
migrate  dur ing the reanodization (3), and all the 
oxygen atoms take part  in  this process (4); it may 
reasonably be inferred that  all the t an t a lum atoms 
would behave likewise (3). On reanodization, then, all 
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the atoms in  the oxide rearrange to new positions, 
and so any  s tructural  damage should anneal  out. If, 
therefore, the accelerated stripping is due to radiat ion 
damage, it should quickly disappear on fur ther  anodi-  
zation. If, on the other hand, it is related to the 
physical presence of the implanted k ryp ton  atoms, it 
will  still be associated with them after reanodization. 

Another  specimen was implanted with 40 keV S4Kr + 
and 85Kr+ to 1016 ions/cm 2 and then reanodized so 
that the oxide was thickened by 2308A. On sectioning, 
most of the SSKr label was lost as be tween 600 and 
700A of oxide was being removed from the non im-  
planted area. Reference to Fig. 2 will  show that  this 
is just  the region in which accelerated str ipping was 
found. The la t ter  is therefore still present  after reano-  
dization, to much the same extent  as before, and still 
associated with the krypton atoms. 

This a rgument  is not quite conclusive, however, 
because it could be argued that  the radiat ion damage 
gives rise to "dead" oxide; that  is, oxide which does 
not  take part  in the rea r rangement  process. Such 
dead oxide would presumably  approximate ra ther  
well to an inert  immobile marker  on fur ther  anodi-  
zation, and since krypton behaves s imilar ly (3), they 
would both fortui tously finish up at the same place in  
the final oxide. To resolve this ambiguity,  the experi-  
men t  was repeated with an implan t  known  to migrate  
out of the oxide ent i rely on reanodization. 

Implantations with copper.--The element  chosen 
was copper, and two samples were implanted with 
40 keV e3Cu + and 84Cu+ by sweeping over both mass 
numbers  as before. The stable ~Cu  +, na tura l  a bun -  
dance 69.09%, provided the implanta t ion fluence of 
1016 ions/cm 2, while the radioactive e'CCu+, prepared 
by (n,7) reaction in the NRX reactor, acted as the 
tracer. One sample had an  init ial  implanta t ion dif-  
ferential  of --62A, and was sectioned to establish that 
accelerated str ipping would indeed occur with copper 
implants.  Figure 3 shows that  it did, the final implan-  
ta t ion  differential being --129A. The other sample, 
with an init ial  implanta t ion  differential of --63A, 
was then reanodized to thicken the oxide by 1360A. 
No copper remained after this t reatment ,  as demon-  
strated by the complete absence of s4Cu activity. On 
sectioning, no definite evidence for accelerated str ip- 
ping was obtained either (Fig. 3). The accelerated 
str ipping must  therefore be due to the physical pres- 
ence of the implanted ions. 

Implantations with argon.~The third exper iment  
was to implant  to the same fluence at different energies, 
and to different fluences at the same energy. If ac- 
celerated str ipping is due to radiat ion damage, its 
magni tude  should depend not only on the number  of 
atoms implanted,  but  also on their energy; if, how- 
ever, it is merely due to their  physical presence, it 
should depend on number  only. Since comparisons 
are involved, it is first necessary to establish the re-  
producibil i ty of the results obtained in the  same series 
of implantat ions  under  the same conditions. Three 
samples were implanted with 1016 4~ 2 at 39 
keV, whereupon the init ial  implanta t ion differentials 
were found to vary  from --14 to --18A, and the final 
differentials from --213 to --220A; these results are 
therefore identical wi th in  the exper imental  s tandard 
error of 3A. Figure 4 then indicates that the magni tude  
of the accelerated str ipping is independent  of energy, 
while Fig. 5 shows that there most certainly is a 
dependence on number .  The hypothesis that  the ac- 
celerated str ipping is due to the physical presence of 
the implanted atoms is therefore confirmed. 

One fur ther  test for the na ture  of the accelerated 
str ipping was to heat the oxide. Radiation damage 
f requent ly  anneals  on heating, and Kel ly  and Brown 
(15) have shown that no significant amounts  of im-  
planted noble gas are lost from the anodie oxide below 
600~ An oxide film implanted with 10 is 40Ar+/cm2 
at 39 keV was therefore heated to 250 ~ for one day, 
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with the results i l lustrated in Fig. 6. Accelerated 
stripping is present  and is even more pronounced 
than for an unheated  specimen; the final implan ta -  
tion differential is in  fact about twice as great and 
is reached after the removal  of only about half  the 
usual  amount  of oxide. As Vermilyea (5) has shown, 
heating to 250~ for one day causes the nonimplanted  
oxide to dissolve at half  its normal  rate. The observed 
results can then be interpreted by assuming that  the 
oxide on the implanted area continues to dissolve 
at the same rate as before, so that  heating has no 
effect on the acceleration in  the stripping. This is 
cer tainly consistent with the continued presence of 
the implanted atoms, but  not conclusive evidence 
against radiat ion damage because the rate at which 
the lat ter  would anneal  out is impossible to predict. 

If the accelerated str ipping is due to the physical 
presence of the implanted atoms, it should be possible 
to demonstra te  a relat ionship with their concentra-  
t ion profile. This is possible and will  be discussed in 
a later paper (16). 
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The ini t ia l  implanta t ion  differentials in  Fig. 5 were 
effectively 0, --10, and --195A for the 1015, 10 TM, and 
1017 4~ implantations,  respectively. Sput ter -  
ing was therefore negligible at 1015 40Ar+/cm S and 
barely detectable at 1016 40Ar+/cm2, in  marked con- 
%fast to the results with 88Cu+, 84Kr+. and  186Xe+ 
at the same fluence. This observation is much as ex- 
pected, since the sput ter ing efficiency is kndwn  to 
decrease with decreasing mass (17). At 1017 40Ar+/ 
cm 2, the effect of the sputter ing was clear and unmis -  
takable;  some pre l iminary  experiments  indicated that  
it was probably not proportional to fluence, at least 
between 1016 and 1017 ions/cm 2. 

Argon-40 ions were implanted at 39 keV rather  
than 40 keV for a t r ivial  reason connected with the 
operation of the  mass separator. 

Implantation with carbon.--Accelerated stripping 
has been observed thus far wi th  a metall ic implant,  
copper, and with several noble gases. The chemical 
na ture  of the implant  therefore appeared of small 
importance, and addit ional confirmation was obtained 
by implant ing  the nonmeta l  carbon. Accelerated str ip-  
ping of the usual  magni tude  was observed with this 
species also. 

Implantation with hydrogen.--Hydrogen implanta-  
tions were performed with 1H2+ instead of 1H+, ow- 
ing to its greater  beam current  in the mass separator. 
Unl ike  all the other species investigated, hydrogen 
implants  decelerated the stripping. 

When 101~ ~H2+/cm 2 were implanted at 40 keV, 
the init ial  implanta t ion differential was found to be 
+ 99A, as shown in  Fig. 7. On sectioning, the implanted 
area failed to dissolve at all, and so the implanta t ion 
differential increased by the rate at which oxide was 
being removed from the nonimplanted  area. The posi- 
tive differential at the start, coupled with this failure 
to dissolve, suggested that  the oxide surface was cov- 
ered with a layer  of contaminant ,  and that  this inh ib-  
ited the dissolution in the HF-NH4F reagent. As sec- 
t ioning proceeded, however, the oxide on the implanted 
area did eventua l ly  start  to dissolve, but  the dissolu- 
tion was slow and very nonuniform, as demonstrated 
by the interference colors of the remain ing  oxide. So 
nonuni form did these become, in fact, that  fur ther  
thickness measurements  were impossible. 

Very similar effects were observed in the reano-  
dization exper iment  depicted in Fig. 8. Though im-  
planted to the same nominal  1017 ions/cm 2 dose as 
before, the ini t ial  implanta t ion  differential was only 
+53A; this i l lustrates the reproducibi l i ty  between 
different series of implantations.  When the oxide thick-  
ness on the nonimplanted  area was reanodized by 
10A, the implanta t ion  differential jumped  to +143A; 
such a large increase must  be a t t r ibuted to a change 
in  the optical properties of the contaminant  layer. 
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Thereafter,  the implanta t ion differential decreased as 
fast as the oxide thickness on the nonimplanted  area 
increased, unt i l  it became strongly negative. As in 
the initial  stages of stripping, the oxide on the im-  
planted area had been protected against fur ther  ano- 
dization by the contaminant  layer;  its thickness there-  
fore remained constant, and its interference color 
unchanged. On continued anodizing, however, the pro- 
tection again broke down at certain places, so that  
the resul t ing thickness variat ions gave rise to a non-  
uniform interference color on the implanted area. 
As the breakdown became more general, these thick-  
ness variations disappeared owing to the self-healing 
properties of the anodization process (1); the in ter -  
ference color was then again uniform, and the same 
as that on the nonimplanted  area. 

Sewell k indly  verified the presence of carbon in the 
contaminant  by  detecting the characteristic K x- ray  
emitted dur ing  bombardment  with 1800 eV electrons 
(18). An anodized t an ta lum specimen was implanted 
with 5 X 10 TM, 1017, and 2 X 1017 ZH2+/cm2 on differ- 
ent  areas of the surface, and Sewell found the carbon 
deposited in  each area to be 0.40, 0.56, and 0.96 rag/  
cm 2, respectively; the s tandard error in  these figures 
is re la t ively large, at about 25%, owing to the difficulty 
of obtaining accurate standards for calibration. If the 
fractional density of the carbon in the contaminant  
layer  is assumed unity, the thickness of the layers 
will  be 40, 56, and 96A, respectively. The figure of 
56A for 1017 1H2+/cm2 agrees ra ther  well  with the 
99 and 53A recorded by the spectrophotometric tech- 
nique, but  the agreement  is fortuitous. 

Almost certainly, therefore, the contaminant  was a 
polymer produced by the radiat ion decomposition of 
adsorbed hydrocarbons (2); the la t ter  would be pres- 
ent in the atmosphere of the mass separator as vapor 
from the pump oils used to ma in ta in  the vacuum. 
The polymer would not  itself be attacked by  the hydro-  
fluoric acid, but  would probably contain weak spots 
through which the acid could penetrate  to dissolve 
the oxide, and through which the current  could start 
flowing on reanodization. Polymer  formation would 
also occur dur ing the implanta t ion  of heavy ions, but  
in this case, typified by the 1017 39 keV 40Ar+/cm 2 
sample of Fig. 5, the contaminant  layer  would be 
removed by  sput ter ing as fast as it was formed. 

At implanta t ion fluences of 10 is IH2+/cm2 or less, 
the situation was ent i rely different. The init ial  implan-  
tat ion differential was essentially zero, and no deceler- 
ated str ipping occurred immediately;  the effect devel-  
oped only as sectioning was pro:onged. Fur thermore,  
the interference color on the implanted area was al-  

ways uniform. This decelerated stripping cannot, there-  
fore be due to the presence of a contaminant  layer, but  
must  be related in some way to the presence of the hy-  
drogen itself. The mean range for 20 keV 1H+ (~  40 
keV 1H2+ ) can be estimated from data in the l i terature  
(19) as being about 3000A. Up to this point, therefore, 
the hydrogen concentrat ion will increase, and any 
effect associated with its presence should likewise in-  
crease, as observed in Fig. 7. 

When the implanta t ion energy was reduced to 25 
keV, the range of the hydrogen ions decreased, and a 
more complete record of the decelerated stripping 
effect could be obtained. The result  (Fig. 9) appears 
to be an S-shaped curve similar  to those observed 
with accelerated stripping. Fur thermore ,  comparison 
of Fig. 4 and 9 will show that  the effect of varying 
the implanta t ion  energy seems much the same for 
both types of stripping, always provided that due 
allowance is made for the much greater range of the 
hydrogen ions. Despite the incompleteness of the 
evidence, therefore, it seems reasonable to conclude 
that the magni tude of the decelerated stripping effect 
is independent  of the implanta t ion  energy, while Fig. 
7 shows that  there is once again a most definite de- 
pendence on the impTantation fluence. 

This form of decelerated str ipping can therefore be 
interpreted in the same two ways as accelerated 
stripping, and the same arguments  apply. The inde-  
pendence of implanta t ion energy suggests that it is 
the physical presence of the hydrogen ions rather  
than radiat ion damage that is responsible; confirma- 
tory evidence from reanodization or heating experi-  
ments  unfor tunate ly  cannot be obtained, because the 
behavior of the implanted hydrogen ions under  these 
conditions is not known. Since decelerated str ipping is 
not observed with any of the other species, it must  
be related to some special property of the hydrogen 
itself. Presumably  this is the abil i ty to form hydrogen 
bonds between nearest  neighbor oxygen atoms. 

Implantations with hydrogen and argon.--To find 
out whether  there was any  interact ion between accel- 
erated and decelerated stripping, 1016 1H2+/cm2 were 
implanted at 40 keV, followed by 10 is 4~ 2 at 
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39 keV into exactly the same area; in a second ex-  
per iment  the implanta t ion  order was reversed. The 
reproducibil i ty of the results in  Fig. 10 is ra ther  poor, 
but  characteristic of implanta t ions  made dur ing dif- 
ferent series; compare, for instance the 1016 39 keV 
4OAr+/cm~ samples in Fig. 4 and 5, and the 1016 
40 keV 1H2+/cm2 samples in Fig. 7 and 9. With in  the 
exper imental  uncer ta inty,  therefore, the effects are 
independent  of one another, a conclusion consistent 
with their  proposed natures.  

Implantat ion w i th  radioactive isotopes.--The range 
profile measurements  reported elsewhere (2) were 
performed with radioactive isotopes, and these were 
normal ly  prepared by (n,7) reactions on the stable 
precursors. The radioactive atoms had, therefore, to be 
separated from a very much larger number  of stable 
atoms. Previous experience with the mass separator 
had shown that the separation was by  no means com- 
plete (11) and that the vast major i ty  of the ions im-  
plant ing at the radioisotope focus were in fact de- 
focused stable isotopes (20). The fluences of these 
stable isotopes could be gauged from the measured 
beam currents, their  isotopic abundances,  and the 
known  beam profiles (11), and were on occasion as 
much as 1015 ion /cm 2. Accelerated str ipping effects 
could therefore be expected, and were indeed ob- 
served; their  incidence and magni tude  were in ex- 
cellent accord with the previous observations of this 
paper. Two exceptional results were however ob- 
tained, both with krypton.  

The first at tempt to measure  0.5-2.0 keV range 
profiles with radioactive 85Kr was performed with a 
total (stable 64Kr) fluence of about 1015 ions/cm 2. 
Implanta t ion  differentials of about -}- 7A were observed 
on receipt from the separator, and though accelerated 
str ipping was observed, it was so nonuni form that  no 
meaningful  profiles could be obtained; indeed, it ap-  
peared from the interference colors as though some 
portions of the implanted area had not stripped at all. 
These results can be interpreted as accelerated str ip- 
ping due to the presence of the krypton,  combined 
with the presence of a carbonaceous polymer protect-  
ing the oxide against dissolution; the latter might well  
be present at very  low energies only where the  sput-  
ter ing efficiency of the krypton markedly  decreases. 
When the total implanta t ion  fluence was reduced to 
about 1013 ions/cm 2, these effects disappeared, and 
satisfactory range profiles were obtained. 

The other exceptional result  was observed in the 
specimen implanted with 160 keV 8~Kr +. To obtain this 

energy, a --40 kV accelerating voltage was applied to 
the target holder, so that the total accelerating voltage 
was 80 kV; by using the 85Kr+ + beam, the implanta-  
t ion energy was doubled. The intensi ty  of the S5Kr+ + 
beams was, from the implanted activity, about an order 
of magni tude  less than that  for SSKr+ and no acceler- 
ated str ipping was observed. When some 1800A of 
oxide had been removed, however, an implanta t ion  dif- 
ferential  of + 20A was obtained. Since the interference 
color on the implanted area was uniform, this deceler- 
ated str ipping would appear to be similar to that  ob- 
served with hydrogen implants.  It  is in  fact quite pos- 
sible that  some hydrogen was present, for k rypton  
hydride beams have been observed in the mass sepa- 
rator;  the most common species, S4KrH++, would of 
course implant  at the mass 85 position. 

The most impor tant  question for the present  invest i-  
g~ ions  (2-4) was whether  these variat ions in stripping 
rate would affect the measurement  of range profiles. 
The exper imental  data for the lat ter  consisted of a 
series of counts remaining  vs. oxide thickness left on 
the implanted area, and so any variat ions in  the over-  
all magni tude  of the stripping rate were of no conse- 
quence; what  did mat ter  was that  the var iat ion should 
be the same all over the 2.0 X 0.4 cm area implanted.  
From the behavior of the interference colors, this was 
certainly not t rue  for the SSKr+ implanted at very low 
energy and high fluence, bu t  it did appear to be t rue 
for the accelerated stripping. This was confirmed by 
comparing range profiles for ls4Cs+, obtained in the 
presence of about 15A of accelerated stripping, with 
those for 125Xe+ obtained in its absence. Since xenon 
and cesium have almost the same atomic mass, the 
range profiles are expected to be almost identical; the 
results reported elsewhere (2) will  show that  they 
were. 

Comparison with Related Studies 
The sput ter ing of anodic t an ta lum oxide leads to a 

decrease in  the film thickness, and hence to a change 
in the interference color. This property can be used to 
establish the geometry of a sputter ing beam, as Nielsen 
and Shepherd (21) have suggested; the sensit ivi ty of 
the technique could be much enhanced by making use 
of the accelerated or decelerated str ipping effect as 
well. Nghi and Kelly (22) have investigated the sput-  
ter ing process by comparing changes in interference 
color with a s tandard color gauge; the magni tude  of 
the effect they observed is consistent with that re-  
ported here. 

Hill (6) bombarded anodic t an ta lum oxide with 15 
keV electrons, and observed decelerated str ipping in 
the HF-NH4F reagent. His irradiations were conducted 
in  an oi l -pumped vacuum system at 5 • 10 -6 Tort, 
with the sample sur rounded by  a cold finger at l iquid 
ni t rogen temperature;  the lat ter  was in tended to pre-  
vent  the adsorption of pump oil molecules on the speci- 
men surface. A similar  cold finger was present  in the 
target  chamber of the oi l -pumped mass separator used 
in the present exper iments  and the pressure ap- 
proached 1 X 10 -6 Torr; nevertheless, decelerated 
str ipping due to a carbonaceous polymer was still ob- 
served in the absence of sputtering. Since Hill noted 
that his etching was somewhat  uneven,  his decelerated 
str ipping can definitely be a t t r ibuted to the presence 
of a carbonaceous contaminant .  

Conclusions 
The effect of ion implanta t ion  on anodic t an ta lum 

oxide has been examined with .the following results. 
1. Implanta t ion  with heavy ions led to sputtering. 

The effect decreased with decreasing ion mass and im-  
planta t ion fluence, and was not observed wi th  hydro-  
gen. 

2. On sectioning a specimen implanted with heavy 
ions, the implanted area was found to dissolve more 
rapidly in the HF-NH4F reagent. This accelerated 
stripping has been at t r ibuted to the physical presence 
of the implanted ions. 



202 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  February 1974 

3. When 1H2+ was implanted to a fluence of 1017 
ions/cm 2, a carbonaceous contaminant ,  some 50-100A 
thick, was formed on the oxide surface, due to the 
radiat ive decomposition of adsorbed pump oil mole-  
cules. The result ing polymer protected the oxide 
against fur ther  anodization and  against  dissolution in 
HF-NH4F. 

4. When 1H2+ was implanted  to fluences between 
about 1013 and 1016 ions/cm 2, the implanted area dis- 
solved more slowly. This decelerated str ipping was 
at t r ibuted to the presence of the hydrogen itself, pos- 
sibly by forming hydrogen bonds be tween neighboring 
oxygen atoms. 

5. No accelerated or decelerated str ipping was ob- 
served with fluences of 1013 ions/cm 2 or less. 

6. Implanta t ions  with radioisotopes showed that  ac- 
celerated str ipping had no effect on the sectioning 
procedure, at least for implanta t ion  fluences below 1015 
ions/cm 2. 
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Nucleation of Copper Electrodeposits on Thin 
(111) Films of Evaporated Copper 
Yasusada Ueno, Nobuyuki Kidokoro, and Masayasu Tsuiki* 

DeparSment of Industrial Chemistry, Gifu University, Kagamihara, Gifu, Japan 

ABSTRACT 

Electrodeposited nuclei  and defect s tructures on thin (111) films of evapo- 
rated copper were studied by means of electron and optical microscopes and 
electron diffraction, as a part  of an investigation of copper nucleat ion from 
sulfate baths. The roles of noncoherent  twin  boundaries on the films were of 
l imited significance in the nucleation. Macroscopic defects such as notches and 
macrosteps on the surface with mir ror  luster were preferential  nucleat ion 
sites. The rate of nucleat ion in the initial  stage was evaluated under  various 
overpotentials. 

In  studies of nucleat ion of copper electrodeposits, 
it is necessary to determine whether  defect structureS 
on the cathode surface are responsible for nucleat ion 
or not. The single-crystal  film of evaporated copper 
would be sui table as cathode substrates for this pur -  
pose because the deposited nuclei  and defect s tructures 
on the film can be observed s imultaneously by t rans-  
mission electron microscope. Fundamenta l  studies on 
the preparat ion of the epitaxial film of evaporated 
copper under  high vacuum and on the electrodeposi- 
t ion of copper on the film have been carried out (1-3). 
Electrocrystall ization of copper from sulfate solution 
on the th in  (111) film of evaporated copper, which 
contains noncoherent  twin  boundaries  and macro-  
steps as well as mechanical  notches, is described in this 
paper. Distr ibution of nuclei  in the vicini ty of these 
defects were observed by electron and  optical micro- 

* Electrochemical Society Active Member .  
Key words: electrocrystalUzation, copper single-crystal film, nu-  

cleation. 

scopes. The number  of deposited nuclei  on the cathode, 
which did not contain macroscopic defects, was 
counted with t ime dur ing potentiostatic cathodic po- 
larization. Distr ibution of nuclei  near  twin boundaries  
and the effects of surface defects on nucleat ion and its 
rate are also discussed. 

Experimental 
The vacuum apparatus for the preparat ion of copper 

( i i i )  film was the same as the one in the previous 
report (1). Thin  film of 500-1O00A was prepared for 
t ransmission electron microscopy so as to facilitate 
penetra t ion of an electron beam. On the other hand, 
thick film was made use of in other experiments.  The 
surface of the epitaxial (111) films was optically 
mirror-smooth except for cleaved steps, when  the films 
were prepared on a freshly cleaved mica substrate 
held at about 200~ under  1 • 10 -5 Torr of residual 
gas pressure and with an evaporat ion rate of the 
order of about 10 A/sec. The (100) films were also pre-  
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pared on a cleaved surface of potassium bromide by 
the same procedure, if necessary. Presence of non- 
coherent  twin boundaries in the films was ascertained 
by transmission electron micrographs and diffraction 
pat terns of the sample removed from the substrate. 

Epi taxia l  copper films of about 1.5 X 1.5 cm 2 area 
were  cut wi th  a mica base and were  used as the cath-  
ode. Specimens were  cleaned with t r ichloroethylene 
under  ultrasonic vibrat ion for 2 rain, r insed in a s t ream 
of alcohol, and finally wi th  t r iply disti l led wate r  prior 
to experiment .  The  surface still kept  a mi r ro r  luster.  
The cathode assembly and the plat ing cell used are 
shown in Fig. 1. The specimen was placed at least 3 
mm from the cell bot tom so as to keep uniform current  
distribution. Observat ion of nucleation was also carried 
out simultaneously.  A potentiostat  (Hokuto Model 
P.S. 1000) was used as the power source. The cathode 
was polarized in the range of 20-90 mV vs. the static 
potential  of a pure copper electrode immersed  in a 
solution of the same composition as that  of the plat ing 
solution. The current  wi th  t ime was recorded during 
electrolysis (with a Rikendenshi  Model 42 X-Y re-  
corder) .  

In order  to avoid dissolution of electrodeposited 
nuclei and cathode films, a neutra l  solution contain-  
ing only 200 g / l i t e r  copper sulfate was prepared.  Then, 
the solution was t reated with  act ive carbon, and its 
pH was adjusted to about 2 by pre-elect rolysis  wi th  a 
p la t inum anode. The solution was stored in contact 
wi th  a piece of metal l ic  copper. Nevertheless,  Cu20 
deposition f rom this electrolyte  was hardly  possible 
at the initial stage of electrolysis. Color change of 
cathodic surface based on Cu20 deposition is easily 
detectable by in situ optical observation. The unex-  
pected results obtained f rom such oxidized specimens 
were  ent i re ly  excluded. But a t race amount  of non-  
detectable codeposition of Cu20 may  be ignored. 

The electrodeposited layer  for transmission elec- 
tron microscopy was washed immedia te ly  wi th  water,  
dried in air, and then coated with  an acetone solution 
of cellulose acetate. Since the copper layer  adhered 
s t rongly to the coated layer, it could be str ipped off 
the mica substrate by pull ing one end of the coated 
layer, Af te r  the dissolution of the coated layer  in 
acetone, the residual copper  film was held on a sheet 
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(a) (b) ~.JH 

Fig. 1. Cathode assembly and plating cell. (a) Projected view, (b) 
exploded view. A, Pt-lead; B, plastic cylinder; C, plastic cover; D, 
evaporated Cu(111) film; E, substrate; F, window; G, cover glass; H, 
objective lens; I, cell; J, anode. 

mesh and examined by electron microscope (Nihon- 
denshi Model JEM T-7).  

Results and Discussion 
Electrodeposited nuclei on ve1"y thin f i lms.--Nonco- 

herent  twin boundaries paral le l  to the <110> direc- 
tion on the (111) plane of the fcc lat t ice is observed 
only when the electron beam is perpendicular ly  in-  
cident on the film surface. Observat ion is not always 
possible due to nonuni formi ty  of the fine structure.  A 
typical  example  of the  th in  (111) film of evaporated 
copper, about 500A thick, is shown in Fig. 2. A selected 
area diffraction pa t te rn  in this region is shown in Fig. 
3. In this figure, ext ra  diffraction spots of n/3{422} 
type were  recognized in the positions not expected 
f rom the perfect  fcc lattice. Such ext ra  spots had al-  
ready been explained as an evidence of noncoherent  
twin  boundaries  in silver films by Allpress and Sanders 
(4). Similar  explanat ions in copper films are also pos- 
sible, and ext ra  spots found in Fig. 3 are at t r ibutable  
to the diffraction f rom the three  sets of the boundaries, 
which are paral le l  to the {211} plane; these planes are 
normal  to the film surface and mutua l ly  inclined by 
120 ~ It is, therefore  concluded that  noncoherent  twin  
boundaries  in Fig. 2 arise f rom the mutua l  contact of 
copper nuclei which occupied a double position (5) on 
a mica substrate during evaporation.  Since the atomic 
a r rangement  on such a disturbed region is different 
f rom that  of the perfect  fcc structure,  vacancies or 
intersti t ials must appear f rom mismatching between 
boundaries and bulk parts. This atomic configuration 
of boundaries is described by constructing a marble  
ball  model  as shown in Fig. 4. The dislocation den-  
sity in the vicini ty of such boundaries is much larger  
than that in other parts, and hence, the boundary re-  
gion would  become an active site of nucleat ion for 
electrocrystall ization.  An example  support ing this con- 
cept had been demonstra ted as a result  of preferent ia l  

Fig. 2. Transmission electron micrograph of noncoherent twin 
boundaries in a thin (111) film of copper. 

Fig. 3. Selected area diffraction pattern obtained from the speci- 
men of Fig. 2. 
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Fig. 4. Marble ball model of a noncoherent twin boundary. N, nor- 
mal position; T, boundary position. 

Fig. 6. Electrodeposited nuclei on the region containing nonco- 
herent twin boundaries. Overpotential: 25 mV, (111) surface. Charge 
passed, 0.033 caulamb/cm 2. 

nucleat ion of si lver deposits on twin or high angle 
grain boundaries  of annealed si lver surfaces by Kilner  
and P lumt ree  (6). On the electrodeposit ion of copper 
on a (100) film of evaporated copper, Sard and Weil  o 
(7) suggested correlat ion be tween the twin density of .c .~" v 

the substrate and the extended pyramidal  growth. 
Therefore,  electrocrystal l izat ion of copper was per -  u 
formed in our exper iment  to explore  the role  of a c -~ 
noncoherent  twin  boundary in the  nucleation of the ~ 
deposits. ~ 

Figure  5 shows an electron micrograph of nuclei  
electrodeposited at 25~ with  polarizat ion of 70 mV on E c 
a surface region containing noncoherent  twin bound-  ~ '~ 
aries. Some other exper iments  were  carried out under  ~ 
20-70 mV, and similar results were  obtained. The 
electrodeposited nuclei on the film surface were  widely  ~ ~ 

O 

Y distr ibuted in nature, and aggregat ion of deposits along 
the noncoherent  twin boundaries was not necessarily o ~ 

C observed in this case. 
When the cathodic overpotent ia l  decreases, nonco- ~ .~ 

herent  twin  boundaries  are expected to become more ~- 
sensitive nucleation sites. A typical  photomicrograph 
at 25 mV of polarization is shown in Fig. 6. The  per -  
centage of the number  of nuclei in contact with non-  
coherent  twin boundaries in the total number  of nuclei 
can be determined f rom Fig. 6 and other  photomicro-  
graphs obtained at the same overpotential .  In this in-  
stance, the nuclei  smaller  than 0.05 ~,m in diameter  are 
l iable to be confused with  faults, so such small  nuclei  
are not counted. The percentage is shown by open cir-  
cles in Fig. 7 as a function of twin  boundary density. It 
is noticed that  these values do not exceed 16%. 

On the other  hand if we assume that  nucleat ion sites 
are independent  of the presence of noncoherent  twin 
boundaries, then the percentage of the number  of nu-  
clei in contact with noncoherent  twin boundaries on 

Fig. 5. Electrodeposited nuclei on the region containing nonco- 
herent twin boundaries. Overpotentiah 70 mV, (111) surface. Charge 
passed, 0.06 caulomb/cm 2. 
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Fig. 7. Ratio of nuclei in contact with noncoherent twin boundaries 
to the total number of nuclei per unit area. Overpotential, 25 mV. 
Charge passed, 0.033 coulomb/cm 2. O ,  Observed value; (11, calcu- 
lated value. 

the electrodeposited surface can be evalua ted  by Eq. 
[1] 

Nc/Nt  = (L-D + n~D2/4)/cm ~ [1] 

where  the size of the nuclei is constant and the distri-  
bution of the nuclei is homogeneous. Nc and Nt are the 
number  of nuclei in contact with twin  boundaries and 
the total  number  of nuclei  per uni t  area, respectively.  
L and n are the total length and the number  of inter-  
section lines be tween  a twinning  plane and the film 
surface, respectively,  in the observed area. D is the 
average diameter  of deposited nuclei. Percentages  esti-  
mated f rom Eq. [1] are represented by the semifilled 
circles in Fig. 7. Al though these est imated values are 
somewhat  higher  than the values  de termined  f rom the 
photomicrographs,  the difference between the two sets 
of data is wi thin  35%. In addition, the observed num-  
ber of nuclei in contact wi th  twin boundaries was al-  
ways less than that  expected from Eq. [1]. Conse- 
quently,  it seems that  the noncoherent  twin boundary 
is less sensitive as a nucleation site than other  active 
sites such as a step wi th  screw dislocation. 

On the contrary, Sard and Weil  have shown that  
coherent  twin boundaries on thin (100) films of evapo-  
rated copper played important  roles for pyramidal  or 
rooftop growth under  galvanostat ic  conditions. A fur-  
ther  exper iment  was made on copper electrodeposit ion 
on the (100) films with coherent  twin boundaries 
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Fig. 8. Electrodeposited nuclei on (100) films 
of evaporated copper. Overpotential: a, 70 mV; 
b, 20 mY. 

under  potentiostatic conditions. The results obtained at 
70 and 20 mV are shown in Fig. 8a and b. It can be 
seen that  nucleat ion occurs on the coherent  twin 
boundaries in the ~110~  direction and in the vicini ty  
of canals, which arise during the evaporat ion of the 
film. Thus the contr ibution of twin boundaries is much 
more evident  on a (100) plane than on a (111) plane. 
Al though the comparison of roles as nucleat ion sites of 
twin boundaries on the (111) plane wi th  that  on the 
(100) plane is interesting, it is difficult to in terpre t  
the role  of twin boundaries themselves  in the above 
results because the film contains other  defect s t ruc-  
tures such as narrow canals betweer~ island structures, 
at the film thickness, which permi t ted  the observat ion 
of twin boundaries. It is, however  est imated that  
the nucleat ion ra te  on the (111) planes in a fcc latt ice 
is larger  than that  on the (100) planes (8) and the 
nucleat ion energy of a two dimensional  nucleus wi th  
(111) prefer red  orientat ion at lower overpotent ia l  is 
lower than that  of the (100) prefer red  orientat ion (9). 
Thus it is presumed that  the contribution of microscopic 
defects to preferent ia l  nucleation is of l imited signifi- 
cance on the (111) planes, where  nucleation occurs 
easily. 

E~ects of macroscopic defects on preferential nucle- 
ation.--Macroscopic defects on (111) films of evapo-  
rated copper, such as mechanical  notches and macro-  
steps which depend on cleavage steps of the mica sub- 
strate, wil l  also be regarded as preferent ia l  nuclea-  
tion sites for electrodeposition. For  this observation, 
highly perfect  films, more than 5000~k thick, were  used 
as substrates to avoid f racture  of the film due to 
notched lines or macrosteps. Electrodeposits  on such 
a surface consist of re la t ive ly  few nuclei  wi th  larger  
size than those on very  thin films, whereby  optical 
microscopy is avai lable for observation of deposits. 

F igure  9 shows an optical micrograph of deposits 
along mechanical  notches scratched by a knife  edge. 
It was found that preferent ia l  nucleat ion occurred in 
the distorted region on the notches. Similar  results 

were  obtained by the observation of electrodeposits on 
the specimen containing macrosteps, which conformed 
to the cleaved step of a substrate as shown in Fig. 10. 
F rom these photographs, it was revealed for prefer -  
ential  nucleation of electrodeposits that  the effect of 
macroscopic defects is larger  than that of microscopic 
defects such as twin  boundaries on (111) films of 
copper. 

Now, for the invest igat ion of nucleat ion rate, it is 
necessary to per form the electrodeposit ion on the sur-  
face, which is free from mechanical  notches or macro-  
steps. Noncoherent  twin boundaries presumably  do not 
affect the preferent ia l  nucleat ion in this case. But the 
forms of nuclei were  affected s t rongly by the topog- 
raphy of film surfaces. Isolated nuclei  wi th  geo- 
metr ical  forms emerged f rom the film with  a mi r ro r -  
smooth surface as shown in Fig. 11, but the number  
of nuclei on an uneven  film was no longer countable  in 
the photomicrograph.  On such a surface, layer growth 
developed after a long t ime deposition, as shown in 
Fig. 12. Therefore,  former  types of evaporated films 

Fig. 10. Nuclei electrodeposited along the macrosteps which 
conformed to a cleaved step of mica. Overpotential, 50 inV. 

Fig. 9. Nuclei electrodeposited along a mechanical notch scratched Fig. 11. Isolated nuclei on a mirror-smooth surface. Overpotential, 
by a knife edge. Overpotential, 70 mV. 30 mV. a, Surface topography; b, trigonal pyramids. 
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Fig. 12. Layer growth on a coarse surface. Overpotential, 30 mY. a, 
Surface topography; b, layer growth. 

were selected as cathode specimens in  the observation 
of the nucleat ion process. In  this case, electrodeposited 
nuclei  were distr ibuted un i formly  on the film surface. 

Nucleation process at the initial stage of electrodep- 
os/ t ion.--Figure 13 shows the density of electrode- 
posited nuclei  as a funct ion of deposition t ime in a 2 0 0  
g/ l i te r  (0.8M) copper sulfate solution. The data in a di-  
lute solution (0.27M) is shown in Fig. 14. The number  
of nuclei  rapidly  increased in  the ini t ia l  stage of dep-  
osition and then gradual ly  decreased via a ma x i mum 
value due to coalescence of growing nuclei. After  the 
nucleat ion was completed at the ini t ial  overpotential,  
increasing the overpotential  abrupt ly  caused nuclea-  
t ion of the second stage. Then the nucleat ion continued 
unt i l  nucleat ion sites were saturated at the higher po- 
tential.  It  is noticed that  the n u m b e r  of effective nu -  
cleation sites is held constant  at an applied potential. 
However, the max imum values of effective nucleat ion 
sites differ from one substrate to another  due to non-  
uniformity  of the fine structure, even at the same con- 
dition. Therefore, the data presented above were those 
obtained by the measurement  on a set of specimens 
which were cut off from the substrate  with an epitaxial 
copper piece of mirror-smooth  surface topography. If 
we assume that the nucleat ion process obeys the first 
order kinetics, the reaction rate is as follows 

dN 
= A ( N o  -- N) [ 2 ]  

dt 

N = No(1 -- e -a t  ) [3] 
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Fig. 13. Number of nuclei as a function of depositing time 
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Fig. 15. Current density and number of nuclei vs .  depositing time 
(overpotential was changed abruptly in the course of deposition). 

o r  

i No 
A = -- In - -  [4] 

t N o  -- N 

where N is the n u m b e r  of deposited nuclei at  t ime t, 
and No the ma x i mum number  of nuclei evaIuated 
from the figure. The rate constant, A, from Eq. [4] is 
summarized in Table I. These values are useful  for cal- 
culation of the number  of nuclei  over the rapid nuclea-  
tion processes. Therefore, it is roughly assumed that 
mult ip]ication of depositing nuclei  on the cathode fi]m 
with mirror-smooth surface obeys the first order proc- 
ess. From Table I, it is noted that  the nucleat ion proc- 
ess is enhanced by the increase of the overpotential  
and the decrease in the metal  ion concentrat ion in the 
electrolyte. Finally,  Fig. 15 shows an example  of var i -  

Table I. Rate constants of nucleation A (1/see) 

OverpOtential, 
m V  0.8M CuSO, 0.27M CuS04 

30 0.036 
40 0.~39 0.053 
50 0.020 0,065 
50" 0.021 0, i0  

* Values obtained after the applied overpotential  changed :from 30 
to 50 mV, 
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ation of current  density and number  of nuclei  with 
depositing time. Since the deposition current  is sensi- 
tive to the change in  the number  of nuclei, it is l ikely 
that  the step propagation process or layer growth 
scarcely occurred and the formation or the growth of 
nuclei was dominant .  

Summary 
1. Deposited nuclei  and noncoherent  twin  bound-  

aries on th in  (111) films of evaporated copper were si- 
mul taneously  observed by t ransmission electron mi-  
croscopy under  l imited conditions. 

2. Number  of nuclei in  contact with noncoherent  
twin  boundaries  was less than 16% of that of the total 
deposited nuclei at 25 mV of overpotential.  

3. Mechanical notches and macrosteps on the film 
provide the nucleat ion sites for preferential  deposi- 
tion. 

4. Nucleation rate obeys the first order kinetics in 
the init ial  stage. 
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Mechanism of Electrocrystallization 
T. Vitanov, A. Popov, and E. Budevski 

Division ol Electrochemical Power Sources, Bulgarian Academy of Sciences, Sofia, Bulgaria 

ABSTRACT 

The mechanism of silver deposition on electrodes represent ing a cubic plane 
of silver single crystal with known surface topography was investigated. The 
exchange current  densities on dislocation-free intact  planes and on stepped 
planes with exactly known step density were obtained by impedance mea-  
surements  at high frequencies. It has been found that  the exchange current  
density io,st of the charge t ransfer  reaction 

ion in solution ~ atom on a step 

is about  three orders of magni tude  higher than  the exchange current  density 
ie,ad of the reaction 

ion in  solution ~ adion on a close packed plane 

The comparison between exper imenta l  and calculated values of both the rate 
of propagation of monolayers and the slope of cur rent -square  overvoltage 
relat ion has shown that the direct t ransfer  mechanism plays a predominant  
role in  metal  deposition. The contr ibut ion of surface diffusion is negligible. 

Two possible ways of ion incorporat ion into the 
crystal lattice can be considered in the process of metal  
deposition: (i) ions are discharged at any site of the 
crystaI surface and are t ransported afterwards by sur -  
face diffusion to the sites of growth where they are 
incorporated, this is what  we call the surface diffusion 
mechanism; (ii) ions are directly discharged on a 
growth step or on a growth site with s imultaneous in-  
corporation, this we calt the direct t ransfer  mechanism. 

Although the question which of these two possible 
paths prevails in metal  deposition is of crucial interest  
for the unders tanding  of the  process, no answer to the 
problem can be considered adequate as yet. In  earlier 
theoretical t reatments  the second path has been shown 
to be connected with prohibi t ively high activation en-  
ergy (1) and was completely disregarded. Inspired by 
some exper imental  results  of the authors of this paper  
a new approach to the problem was recently made by 
Despic (2) who showed that the second path is by no 

K e y  w o r d s :  electrodeposition, silver, dislocation-free plane, c r y s -  
ta l  growth, exchange c u r r e n t .  

means negligible. Anyway,  the theoretical t rea tment  
appears to be ra ther  complicated and uncertain.  

The exper imental  investigation of the process also 
failed to give a clear answer to the problem. This is 
main ly  due to the fact that  the crystallographic char-  
acter of the electrode surface under  normal  experi-  
mental  conditions is completely u n k n o w n  not to men-  
t ion the detailed surface topography. 

Theoretical Background 
The idea that surface diffusion can be considered as 

rate controll ing in electrochemical metal  deposition 
was suggested by Brandes (3) as early as 1929. The 
first quant i ta t ive  t rea tment  was given by Lorenz (4) 
who adapted the theory of Burton, Cabrerra, and 
F rank  (5) to the case of metal  deposition, Later, the 
problem was treated by Vermilyea (6), F le ischmann 
and Thirsk (7), Damjanovic and Bockris (8), and 
Schnit t ler  (9), who brought  the theory of surface dif- 
fusion mechanism to its present  state. 

The equation which describes the overvoltage de- 
pendence of the current  at steady-state conditions has 



208 J .  E l e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  F e b r u a r y  1974 

general ly  the form 

azF zF ] ko Xo 
i ~ - i o , a d  e - - ~ - - e - ( 1 - ~ )  ..- ~ ~ t a n h ~  [1] 

RT RT Xo ~.o 
where  

~zF 
ko = (zF Ds C~ 1/2 e - - -  

2RT 

is the surface diffusion penetration, Ds is the surface 
diffusion coefficient, C~ the  equi l ibr ium concentra-  
tion of adions, io,ad the exchange current  density of ions 
in solution with  adions and 2xo the average  step dis- 
tance. The la t ter  can be expressed also by the step 
density (number  of steps per unit length in cm --1) or 
the equivalent  quant i ty  L, the total length of growth 
steps per unit area in cm/cm2: 2Xo ~- 1/L. 

Two l imit ing cases can be distinguished: 
(i) The surface diffusion penetrat ion is greater  than 

the average step distance (~o > >  Xo). For that case 
Eq. [1] gives the But le r -Volmer  relation, i.e., the 
charge t ransfer  dominates the process. 

(ii) The surface diffusion penetrat ion is smaller  than 
the average step distance ()~o << xo). For  that case 
we obtain f rom [1] 

. [ ~zF Z F ] } * O  
i : 7,o,ad e - - ,  -- e - tl - a) v - -  [2] 

RT RT Xo 

The surface diffusion has a predominant  role. The cur-  
rent  is s trongly influenced by the step density. 

The direct t ransfer  mechanism was suggested for the 
first t ime by Volmer  (10) and was discussed la ter  in 
the works of Lorenz (4), F le ischmann and Thirsk (7), 
Gerischer (11), Mott and Watts-Tobin (12), and 
others. A quant i ta t ive  expression for this case can be 
der ived in a very  simple way and can be found, e.g., in 
(13). Denoting with  io,st the exchange current  density 
of ions in solution with  atoms on a step (or kink) the 
current  density is g iven by 

i = i o , s t 2 % L  e - - ~ - - e - ~ l - a ~ - - n  [ 3 ]  
RT RT 

where  ro is the atomic radius in the crystal  lattice. 
It can be easily seen that  no clear distinction be- 

tween the two mechanisms can be obtained using 
s teady-state  measurements  only. In both cases the 
over-a l l  exchange current  density obtained from the 
slope of the cur ren t -overvo l tage  relat ion for small  
overvol tage  

io ---- ~ d~] [4] 

contains the step length L. In the case of surface dif- 
fusion 

io ~- io,ad 2L )~o tanh - -  

and in the case of direct t ransfer  

io ---- io,st 2roL 

1 
[5] 

2L ko 

[6] 

In the second case io is proport ional  to L regardless 
of step density. In the first case a proport ional i ty  exists 
only for small densities (2L ~o < 1). For  higher  step 
densities io becomes independent  of L and the process 
is pure ly  charge t ransfer  controlled. It is clear that  in 
the case where  the surface diffusion is manifested, no 
distinction be tween the two mechanisms can be made. 

Transient  and high f requency impedance measure-  
ments can give additional informat ion in that  respect. 
The f requency dependence of impedance in the case 
of electrocrystal l izat ion was treated first by Lorenz 
(4) a rd  later  by other authors (7, 14, 15). At high f re-  
quencies the equivalent  circuit  of the charge t ransfer  
reaction can be represented by a resistance paral le l  to 
the double layer  capacitance. It can readi ly  be shown 

[c.f. Vet ter  (13)] that  in the case of surface diffusion 
this resistance is g iven by 

R T  1 
---- - �9 [ 7 ]  

RF,SD (~--* ~r ) z F  io,ad 

At high frequencies the surface diffusion penetrat ion 
becomes negligible in comparison to the step distance 
and the contribution of the surface diffusion to the  im- 
pedance can be neglected; the exchange current  den-  
sity does not depend on step density. 

Contrary to this the paral le l  resistance RF in the 
case of direct t ransfer  will  be given by 

R T  1 
RF,DT = -- [8] 

z F  io,st.2roL (~-~ ~ ) 

and should depend on the step density. This gives a 
possibility to distinguish be tween the two mechanisms, 
and with a known value of L to obtain the exchange 
current  density io.st of ions on a step or kink site. 

Experimental Technique 
The exper imenta l  technique for the prepara t ion of 

electrodes represent ing a s ingle-crysta l  plane only (16- 
19) offers the possibility for a ve ry  detailed invest iga-  
tion of the mechanism of electrocrystall ization.  The 
most remarkab le  advantage  of these electrodes is that  
they can be prepared with an exact ly  known surface 
topography and number  of screw dislocations, or even 
without  screw dislocations. Three very  impor tant  sur-  
face configurations can be obtained: (i) Dislocation- 
free plane with a tomical ly  smooth surface (18, 19). 
(ii) Dislocation-free plane with  a monoatomic step of 
known length; on a dislocation-free plane a new mono- 
atomic step can be produced by nucleation and growth 
of a new lattice net (18-20). The propagation of the 
monolayer  can be stopped at any desired position by 
switching off the current.  (i i i)  Stepped plane with  a 
known uniform step density: a plane with few screw 
dislocations (low dislocation density) can be grown 
at a constant overvol tage  unti l  a regular  pyramidal  
growth pat tern  is obtained. 

According to Frank 's  theory the distance between 
successive turns of the spiral is inversely proport ional  
to the overvoltage.  For a polygonal  spiral g rowth  from 
simple geometr ical  reasoning one obtains the relat ion 
(5b, 21) 

1 7 e Vm 
2xo -- [9] 

L z F h  ~1 

where  Vm is the molar  volume, e the specific edge 
energy, 7 a coefficient depending on the spiral geom- 
etry, and h the step height. F rom the exper iments  de- 
scribed in (18, 19), it follows that  the current  is pro-  
portional to the length L of the growing step and the 
overpotent ia l  

i - -  K L ~ ]  [10] 

In the case of a spiral g rowth  the total step length  
per unit  area L,  i.e., the  step density, can be given by 

1 
- - ,  so that  for the current  densi ty f rom [9] and [10] 
2 x o  
we obtain 

z F h  
i ---- K ~I 2 [11] 

7 ' Vm 

This equation was experimentally verified in the 
case of silver deposition from aqueous solutions and 
melts of silver nitrate on cubic and octahedral planes 
of silver single crystals (22, 23). 

Mechanism of Metal Deposition 
I n f o r m a t i o n  o b t a i n e d  f r o m  d i s l o c a t i o n - f r e e  p l a n e s . - -  

A dislocation-free intact plane behaves as an ideally 
polarizable e"~ectrode in the region between 0 and 10 
mV cathodic overvoltage.  Double layer  capacity is 
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easily determined by impedance or galvanostat ic  t ran-  
sient measurements .  A typical  value of 

CDL --~ 30 ~F . cm-2  

was found for the cubic plane of si lver in 6N silver 
ni t ra te  solution. 

Impedance measurements  at high frequencies  allow 
one to est imate the resistance of the charge t ransfer  
react ion 

ion in solution ~ adion on a close packed plane 

For this resistance which is paral le l  to the double layer  
capacity a value of 0.45 ohm-cm 2 was found. From 
this value the corresponding exchange current  density 

/o,ad -~ 0.060 + 0.001 A cm -2 

of the charge t ransfer  react ion of adions on a perfect  
cubic plane of si lver in 6M si lver ni t ra te  solution was 
obtained (25, 26). 

The f requency  dependence of the impedance and 
galvanostat ic  t ransients  could be used to est imate the 
adsorption capacity and the adion concentrat ion,  r e -  
spectively. The f requency dependence of impedance 
and the transients  are however  far  too complex to 
permit  an easy in terpre ta t ion  (26). 

A ve ry  rough est imation of the  adion concentrat ion 
f rom galvanostat ic  transients  can be made as follows: 
the t ime constant for double layer charging calculated 
from double layer capacity and the resistance of the 
charge transfer  reaction is approximate ly  13 ~sec. The 
slope of the galvanostat ic  t ransient  (Fig. 1) at twice 
that  t ime gives a capacity of ca. 40-50 ~,F cm -2, leaving 
for the adsorption capacity a m a x i m u m  value  of 10- 
20 ~F cm -~. This corresponds to an adion concentrat ion 
C~ ---- (2-5) X 10 -12 mo1 cm -2. 

Information obtained ]ram stepped planes.--Imped- 
ance measurements  on stepped planes have shown that  
the charge transfer  resistance depends strongly on 
step density. It can be therefore  assumed that two 
paral le l  charge t ransfer  reactions are taking place 

(i) ion in solution ~ adion on a close packed plane 

(ii) ion in solution ~ atom on a step 
with exchange C.D. io,ad and io,st, respectively.  The 
over -a l l  exchange cur ren t  density is then the sum of 
both. 

The results  of two sets of measurements  performed 
on a cubic plane of a si lver single crystal  in 6M AgNO3 
at 45~ are shown in Table  I. The first two columns in 
Table I present  the preparat ion conditions of the plane. 

Fig. 1. Overvoltage transient on a dislocation-free cubic plane. 
i ~ 2.7 X 10 - 2  A cm-2; vertical sensitivity: 5 mV/cm; time base: 
2 ~secJcm. 

The third column gives the overvol tage  corrected for 
the ohmic drop and concentrat ion polarization. The 
correction is made on the assumption (22) that  for low 
~l values both terms depend l inear ly  on current  
density, while according to Eq. [11] the discharge 

~E 
overpotent ia l  t e rm is proport ional  to k / ~ P l o t t i n g  -=-- 

1 
as function of - -_ ,one  obtains a s traight  line, where  the 

( slope is equal  to K and the intercept  

contains the coefficients of the l inear terms. The addi- 
t ional terms connected with  the semicylindrical  con-  
figuration of the mass t ransport  to the steps is negligi-  
ble as can be calculated from equations given by 
Gerischer (11) having in mind the small step dis- 
tance (2xo ~ 10 -4 cm) in this case. The four th  column 
gives the over-a l l  exchange current  densities io mea-  
sured immedia te ly  after switching off the growth  cur-  
rent. 1 

1 I t  is a s s u m e d  t h a t  the  s tep d e n s i t y  does no t  c h a n g e  a f t e r  s w i t c h -  
i n g  off the  g r o w t h  c u r r e n t  and  d u r i n g  the  m e a s u r e m e n t s .  T h i s  as -  
s u m p t i o n  ~or (100) p l a n e  is b a c k e d  by  the  cons tancy  of the  su r face  
t o p o g r a p h y  and  the  i m p e d a n c e  v a l u e s  d u r i n g  30 ra in  a f t e r  s w i t c h i n g  
off t he  ca thod ic  cu r ren t .  S i m i l a r  o b s e r v a t i o n s  on the  (111) p l a n e  
show a v i s i b l e  f l a t t e n i n g  of the  p y r a m i d s '  tops  a c c o m p a n i e d  b y  a 
s t r o n g  change  of the  i m p e d a n c e  w i t h  t ime.  T h e r e f o r e  i t  w a s  n o t  
poss ib le  to m e a s u r e  the  d e p e n d e n c e  of  io o n  L o n  t h e  (111} p l a n e .  

Table I. Dependence of the exchange current density on the preparation conditions 

E l e c t r o d e  1 

E x c h a n g e  c u r r e n t  
P r e p a r a t i o n  c o n d i t i o n s  Over -a ] l  ex -  d e n s i t y  due  Aio 

C u r r e n t  O v e r v o l t a g e  Cor rec ted  change  c u r r e n t  to the  s teps  - -  
dens i ty ,  i as  m e a s u r e d ,  o v e r v o l t a g e ,  dens i ty ,  io Aio = io -- io,ad ~ ~o,  Bt 
(mA cm-2) hE (mY) 7/ (mV) (A em -2) (A em-o) (AV-:[ cm -z) (A em-~) 

1 2 3 4 5 6 7 

1.1 0,44 0,4 0,14 0.08 0,20 • 10 s 5.1 x 10 ~ 
4.4 1.06 0.8 0.19 0.13 0.16 4.2 
8.8 1.50 1.0 0.28 0.22 0.22 4.4 

17.6 2.60 1.6 0.37 0.31 0.19 5.0 
35.2 4.25 2.3 0.53 0.47 0.20 5.4 
52.9 5.74 2.8 0.64 0.58 0.21 5.4 

E l e c t r o d e  2 

1 2 3 4 5 6 7 

1.1 0.44 0.4 0.15 0.09 0.22 • 100 5.8 • 10 -6 
4.4 1.00 0.7 0.25 0.19 0.27 5.3 
8.8 1.50 1.0 0.28 0.22 0.22 4.4 

17.6 2.43 1.4 0.36 0.30 0.21 4.2 
35.2 4.13 2.2 0.60 0.54 0.25 5.9 
52.9 5.53 2.6 0.68 0.62 0.24 5.4 

D i s l o c a t i o n - f r e e  p l a n e  io,ad = 0.06 0 - -  - -  

Mean  v a l u e :  0.21 • 103 -~- 0.01 5.1 x 10 -0 ----. 0.7 
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Fig. 2. Dependence of the exchange current density on o stepped 
cubic plane on the preparation conditions. 

I t  is c l e a r l y  seen (Fig.  2) t ha t  t h e r e  is a l inear  de -  
pendence  b e t w e e n  the  o v e r - a l l  e x c h a n g e  cu r r en t  d e n -  
s i ty  and the  o v e r v o l t a g e  at wh ich  the  p l ane  was  p r e -  
pared.  T h e  l imi t ing  v a l u e  of io, d e t e r m i n e d  by  the  
in t e rcep t  of the  io/11 r e l a t ion  is n u m e r i c a l l y  equa l  to 
t h e  v a l u e  of io,ad, m e a s u r e d  on a d i s l o c a t i o n - f r e e  a t o m i -  
ca l ly  smooth  plane.  The  fif th c o l u m n  gives  t h e  d i f fer -  
ence  • b e t w e e n  the  o v e r - a l l  e x c h a n g e  c u r r e n t  dens i ty  

&io 
and io,ad and the  n e x t  one, the  ra t io  - - ,  wh ich  is 

cons tan t  o v e r  the  en t i re  r a n g e  of o v e r v o l t a g e s  s tudied.  
S ince  accord ing  to F r a n k ' s  t h e o r y  the  step dens i ty  L 

:~i o 
is p ropo r t i ona l  to 11 (Eq. [9]) ,  the  cons tancy  of - -  

11 
shows tha t  a m a g n i t u d e  cha rac te r i s t i c  for  the  steps has  
been  obta ined.  This  m a g n i t u d e  can be expres sed  as 
e x c h a n g e  c u r r e n t  pe r  un i t  s tep l eng th  

Aio 
i*o,st = [ A ' c m  -1] 

L 
F r o m  [9] 

~io Aio ~ e Vm 
/*o,st - -  - -  --  - -  [12] 

L ~1 zFh 

"YeVm 
The t e r m  ~ can  be  e l i m i n a t e d  us ing Eq. [11] so 

zFh 
tha t  i*o,st can  be d e t e r m i n e d  f r o m  

11 
i*o,st : -  K A i o - -  [13] 

i 

The  cons tan t  K in Eq. [13] was  ob ta ined  by  m e a -  
sur ing  the  d e p e n d e n c e  of t he  p ropaga t i on  r a t e  ~ of 
steps f r o m  o v e r v o l t a g e  accord ing  to (23) (Fig.  3),  
w h i l e  

Vm 
8 -- K [cm-sec  -1] [14] 

zFh 

A va lue  of 1.77 • 10-4 o h m - 1  c m - 1  was  found  for  K. 
The  va lues  of i*o,st at d i f fe ren t  p r e p a r a t i o n  condi t ions  

a re  r e p r e s e n t e d  in c o l u m n  6. I t  is c l ea r ly  seen tha t  
i*o,st is a cons tan t  w h i c h  does not  depend  on the  p r e p -  
a ra t ion  condit ions.  This  q u a n t i t y  is r e l a t ed  to the  e x -  
change  cu r r en t  dens i ty  io,st of the  d i rec t  t r ans fe r  r e -  
action. A s s u m i n g  tha t  the  ion e x c h a n g e  t akes  p l ace  at  
a d is tance  f r o m  the  step edge  not  exceed ing  the  t h i ck -  
ness  of one a tomic  row added to t he  step, the  c u r r e n t  
dens i ty  of the  d i rec t  cha rge  t r ans f e r  r eac t ion  can be 
ob ta ined  by  d iv id ing  i*o,st w i t h  this  th ickness ,  w h i c h  

o 

, ~ 

~ 2 0 -  t - o  

| 1 I 
f 2 3 

Corrected ove~vogtaye r/ , mV 

Fig. 3. Overvoltage dependence of the propagation rate of spiral 
steps on a cubic plane. 

for  the  cubic p l ane  is equa l  to t h e  d i a m e t e r  of the  
s i lve r  a t o m  in the  c rys ta l  l a t t i ce  2to = 2.88"10 - s  cm, 
i.e. 

io,st ---- 180 ___ 24 A c m  -2  

This  va lue  is about  th ree  o rde r s  of m a g n i t u d e  h ighe r  
t han  the  io,aa va lue  for  adions.  This  fact  m i g h t  be  con-  
s ide red  as con t r ad ic t ing  the  t heo re t i c a l  ca lcu la t ions  
of C o n w a y  and Bockr i s  (1).  H o w e v e r  cons ide r ing  the  
case of ion d i scharge  on the  edge  of a g r o w t h  step, 
Despic  (2) s h o w e d  r e c e n t l y  tha t  t he  d i scha rge  on a 
step can  p roceed  a lmos t  bar r ie r less .  

Steady-s tate  deposition m e c h a n i s m . - - W e  can n o w  
r e t u r n  to the  case of a s t eady  state,  to discuss w h i c h  
of the  two  m e c h a n i s m s  is p r e v a i l i n g  in m e t a l  depos i -  
t ion:  (i) the  su r f ace  diffusion m e c h a n i s m  or  (if) t he  
d i rec t  t r ans f e r  mechan i sm.  

The  e x p e r i m e n t a l  c u r r e n t - s q u a r e  o v e r v o l t a g e  de -  
p e n d e n c e  on a p l ane  w i t h  sc rew dis loca t ions  has  s h o w n  
tha t  the  cu r r en t  is p r o p o r t i o n a l  to the  step length .  This  
fact  is cons is tent  w i t h  m e c h a n i s m  (ii) ,  bu t  agrees  also 
w i t h  m e c h a n i s m  (i) u n d e r  t he  condi t ion  t h a t  the  su r -  
face  diffusion p e n e t r a t i o n  ko is sma l l e r  t han  the  m i n i -  
m u m  va lue  of the  ha l f  d i s tance  of t he  steps o v e r  t he  
en t i r e  r ange  of e x p e r i m e n t a l  condit ions,  w h e r e  t he  
va l i d i t y  of t h e  c u r r e n t - s q u a r e  o v e r v o l t a g e  l a w  was  
confi rmed,  i.e. 

"y eVm 
}~o < Xo,min -- [15] 

2zFh 11max 

In  o rde r  to d i s t i n g u i s h - b e t w e e n  t h e  two  mechan i sms ,  
it is necessa ry  to k n o w  not  on ly  the  va lue  of io,ad and 
io,st, but  also tha t  of ),o. T h e  e s t ima t ion  of the  l a t t e r  is 
h o w e v e r  imposs ib le  since t h e  v a l u e  of Ds is unacces -  
sible. An  eva lua t i on  of the  m a x i m a l  va lue  of ~-o n e v e r -  
the less  is f eas ib le  w i t h  the  a id  of the  r e l a t i on  

K 1 
Xo,min = [16] 

di 
w h i c h  is ob ta ined  f r o m  Eq. [9] and  [11]. W i t h  ---- 

dn 2 
7.2 X 103 A V - 2  c m - 2  (Fig. 4),  K ~ 1.77 • 10 -4  o h m  -1  
cm -1, and  ~max ---- 3 mV, one obta ins  ~,o < 4 • 10 - 6  c m .  

We can now c o m p a r e  the  con t r ibu t ions  of the  sur -  
face diffusion and tha t  of d i rec t  t r ans f e r  to t he  depos i -  
t ion process  us ing  e x p e r i m e n t a l  and ca lcu la ted  va lues  
of the  p ropaga t i on  r a t e  of monos teps .  F r o m  the  m e a -  
s u r e m e n t s  of the  k ine t ics  of a d v a n c e  of m o n o l a y e r s  
(24) and the  ra te  of p ropaga t i on  of sp i ra l  s teps (Fig. 3) 
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Fig. 4. Current-square ove~oltage plot obtained on a cubic plane 

a value #exp = (0,92 to 1.04) x~ cm �9 sec -1 (~ in  volts) 
was found. 2 

The rate of propagation can be calculated from the 
current  density i and step density L according to 

iVm 

zFhL 

in the case of direct t ransfer  and surface diffusion us- 
ing the theoretical i/~ relations [2] and [3]. 

For  small  ~ values in the case of surface diffusion 
we have 

io ,adVm2~.o 
eSD -- ~ [17a] 

RTh 

and in the case of direct t ransfer  

io,stVm2ro 
~DT = ~] [17b] 

RTh 

A comparison between calculated and exper imental  
results can also be made in terms of the cur rent -square  
overvoltage law 

= B~l 2 

The exper imental  value of B is 7.2 • 108 AV -2 cm -2 
(Fig. 4). The constant  B can be calculated for both 
mechanisms using the values of io,ad and 3io/~, deter-  
mined by impedance measurements.  

In  the case of surface diffusion after l inearizat ion for 
low n values and having in mind relat ion [15], Eq. [2] 
yields 

io ,ad zF 

i < ~ ~2 [18a] 
~]max RT 

For direct t ransfer  the constant B can be estimated 
from the relat ion 

hie zF 
i : - -  - -  q2 [18b] 

RT 

which is derived from Eq. [3] after l inearizat ion at 
low ~ values and taking into account that  io.st -= Aio/ 
2roL. 

Calculated and experimental  values of the propa- 
gation rate constant do/d~ and the current -square  
overvoltage relat ion constant  B _-- di/d~12 are given in 
Table II. 

It can readily be seen that the direct t ransfer  in our 
case plays a predominant  role and is sufficiently rapid 

The  s i m i l a r i t y  in the  p r o p a g a t i o n  ra tes  fo r  bo th  m o n o l a y e r s  a n d  
sp i ra l  s teps  g ives  r eason  to s ugges t  t h a t  the  l a t t e r  are also m a n e -  
a tomic .  

Table II. Calculated and experimental values of the propagation 
dO 

rate constant and the current-square over~oltage relation 
d~ 

constant B for the cubic plane of silver in 6M AgNO~ (45~ 

P r o p a g a t i o n  
ra te  cons tan t ,  

d0 C u r r e n t - s q u a r e  
o v e r v o l t a g e  

�9 d~ ' cons tan t ,  B 
(cm sec-* V-*) (AV-~ cm-~) 

C a l c u l a t e d  va lues*  
Acc. Eq.  [17] Acc. Eq. [18] 

S u r f a c e  d i f fus ion  m e c h a n i s m  <0.094  <0 .74  • 10 ~ 
Di rec t  t r a n s f e r  m e c h a n i s m  1.01 ~ 0.14 (7.8 --  0.5) • 10 a 

E x p e r i m e n t a l  v a l u e s  
Ra t e  of p r o p a g a t i o n  of m o n a -  

l a y e r s  (24) 1.04 
S p i r a l  g r o w t h  0,92 ~__ 0.01 (7.2 ~--- 0.9) X I0  a 

*io,ad = 0.060 • 0 . 0 0 1 A  em-~; i~,st = 180 "+- 24 A e m - ~ ;  :ko < 4 

x 10 -6 cm;  = (0.21 ~ 0.01) x l 0  s AV-~ em-2; ~max = 3 mY. 

to supply ions for the rate of advance as found ex-  
perimental ly.  

It appears that, at least in  the case of silver deposi- 
tion from concentrated silver ni t rate  solutions, the con- 
t r ibut ion of the surface diffusion mechanism is negli-  
gibly small. 

Manuscript  submit ted Dec. 19, 1972; revised manu-  
script received June  14, 1973. This was Paper  119 pre-  
sented at the Cleveland, Ohio, Meeting of the Society, 
Oct. 3-7, 1971. 

Any discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December 1974 
J O U R N A L .  
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Electrochemical Studies on Ag, Fe, and Cu 
Species in AICI -NaCI Melts 

L. G. Boxall,* H. L. Jones, and R. A. Osteryoung* 
Department oJ Chemistry, Colorado State University, Fort Collins, Colvrado 80521 

ABSTRACT 

The electrochemical  behavior  of the A g / A g  +, F e / F e  2+, Fe2+/Fe  3+, and 
Cu /Cu  +, C u + / C u  2+ systems in the equimo• region of AICI3-NaCI melts has 
been invest igated using potentiometry,  pulse polarography,  cyclic vol tammetry ,  
chronoamperometry ,  and chronopotent iometry.  In contrast to the A1 elec- 
trode, the emf of the Ag + /Ag  electrode was found to be v i r tua l ly  independent  
of the mel t  composition. The Ag + was found to undergo revers ible  deposition 
at a tungsten electrode. However ,  in cyclic vol tammetr ic  experiments,  the 
stripping process showed a marked  dependence on Ag + concentration, t em-  
perature,  and sweep rate. Possible explanat ions for this dependence are pre-  
sented. The diffusion coefficient for Ag + at 175~ was found to be 3.01 • 10 -0 
cm 2 sec- t .  The Fe 3 + / F e  e + couple was found to be revers ible  while  the Fe  2 + /Fe  
couple showed typical deposi t ion-str ipping behavior.  Above an init ial  FeCls 
concentrat ion of 5 mM the deposition process became concentrat ion indepen-  
dent while  the str ipping process was found to involve two different electrode 
reactions. This behavior  was consistent wi th  the low solubili ty of FeC12 in the 
equimolar  region. Nernst  plots for the anodization of Cu gave low n-va lues  in 
Cl-r ich  melts, while  n-va lues  of 1 were  obtained in A1C13-rich melts. These 
results are best explained by introducing the fol lowing equi l ibr ium react ion 

Cu + -b 2C1- ~ CuCI~- Kcu 

for which a value of 6.5 • 104 was calculated for KCa. The two Cu couples 
were  well  behaved electrochemical ly.  

Electrochemical  studies of me ta l /me ta l  ion systems 
in mol ten A1C13-a]kali halides have received consider-  
able at tention in recent  years (1-10). These studies 
have been carried out almost exclusively in A1Cls-rich 
melts where,  in several cases (11-14), unusual ly  low 
oxidat ion states are stabilized because of the high 
acidity of the solvent. To our knowledge studies of 
me ta l /me ta l  ion systems in NaCl- r ich  or equimolar  
chloroaluminate  melts, where  the greatest  change in 
acidity occurs, have  gone unreported.  

In the present  invest igat ion we have  studied the 
electrochemical  behavior  of the A g / A g  +, F e / F e  2+, 
Fe2+/Fe  3+, and Cu /Cu  +, Cu+/Cu2+ systems in the 
equimolar  region of A1C13-NaC1 melts. The recent ly  
devised a luminum t i t rat ion technique has al lowed us 
to adjust  the acidity of the melt  to any desired value  
(16). The marked  dependency of the A1 reference elec-  
t rode on the composition of the mel t  led us to look at 
the A g / A g  + and Cu /Cu  +, Cu+/Cu2+ systems while  
the possibility of iron impuri t ies  in these melts led us 
to study the F e / F e  2+, Fe2+/Fe  3+ system. The electro-  
chemis t ry  of these melts is characterized by the use 
of cyclic vol tammetry ,  pulse polarography, chrono- 
amperometry ,  and chronopotent iometry.  

Experimental 
All of the exper imenta l  work  was carr ied out in a 

ni trogen-fi l led d ry  box (Vacuum Atmosphere,  Inc.) 
to protect the melts  f rom moisture and oxygen. All  of 
the glassware was heated to 500~ for several  hours 
and then al lowed to cool in the evacuated an techam-  
ber  of the dry box. 

* Electrochemical Society A c t i v e  Member ,  
K e y  w o r d s :  fu sed  salts ,  A1C13-NaC1 mel t ,  m e t a l / m e t a l  ion  sys tems,  

pulse polarography, cyclic voltammetry. 

To facili tate the ease and rate at which an individual  
exper iment  could be carried out, a special e lectro-  
chemical  cell (Fig. 1) incorporat ing a glass bot tom and 
a tight fitting Teflon top was constructed. Severa l  holes 
were  dril led in the Teflon top and various sizes of 
ground joints were  press-fit ted in these holes. The 
typical cell top contained a 6 mm hole for a thermo-  
couple well, a T 10/18 joint  for a counterelectrode,  a 
T 14/20 joint  for the reference  electrode compartment ,  
and a 25 mm hole wi th  an O-r ing  groove around the 
top for the working electrode compartment .  Together  
with a standard tube furnace, small ring furnaces were  
buil t  to fit around the Teflon tops. By mainta ining the 
tempera ture  of the tops be tween  175 ~ and 200~ the 
bui ld-up of A1C13 in the cooler portions of the cell was 
eliminated. This feature  is of utmost  importance when  
measurements  are made in the A1C13-rich melts. 

Tempera ture  control lers  (Thermo Electric Model 
32422) were  used to control the tempera tures  of the 
melts to wi thin  •176 The tempera ture  was mea-  
sured using a Chromel -Alumel  Pyrex - shea thed  the r -  
mocouple and a Leeds & Nor thrup  Student  Potent iom-  
eter. The precision of the potent iometer  was bet ter  
than _0.1 mV compared to a precision voltage source. 

All  e lectrochemical  measurements  were  made with  a 
mul t ipurpose  ins t rument  (15) interfaced to a Digital 
Equipment  Corporation PDP-12 computer.  Read-out  
of the data was by ei ther  a Hewle t t -Packa rd  Model 
7004-B X-Y recorder,  a Hewle t t -Packa rd  Model 7030- 
AM X-Y recorder  wi th  point plott ing capabilities, or 
a Tektronics Model 564 oscilloscope with  a Type 3A3 
and Type 2A63 plug-ins. A Sargent  Model IV coulo- 
metr ic  current  source was used for all of the anodiza- 
tion of the metals in the  melt. The pur i ty  of all the 
metals  was better  than 99.99% 
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Fig. 1. Experimental electrochemical cell. A, Thermocouple well; 
B, ]9/22 ground joint for reference electrode; C, 25 mm hole for 
working electrode comportment; D, ]4/20 ground joint for counter- 
electrode; E, working electrode; F, Teflon adaptor; G, fritted work- 
ing electrode comportment; H, O-ring; I, Teflon cell top; J, ring 
furn-ce; K, Pyrex gloss cell; L, furnace; M, melt; N, reference elec- 
trode comportment end AI electrode; P, tungsten counterelectrode. 

Melt  puri f icat ion.--Chemical  analysis of the F luka  
(A.G., anhydrous iron free) a luminum chloride and 
the F luka  (A.G.) sodium chloride found their  pur i ty  to 
be bet ter  than 99.5%. The fusion of Fluka (A.G., an- 
hydrous, iron free) a luminum chloride and Fluka  
(A.G.) sodium chloride usual ly  produced a faint ly 
yel low-colored mel t  which would slowly tu rn  gray in 
color on standing for a period of several  days. Rather  
than use a pair  of P t  electrodes for purification elec- 
trolysis (where  C12 is produced at the anode during 
electrolysis),  a pair of a luminum electrodes was used. 
The net result  during the electrolysis, thus, is e i ther  
the replacement  of impuri t ies  in the mel t  wi th  the 
a luminum ion or the t ransfer  of At f rom one e lect rode 
to the other. The simple displacement  of the impuri t ies  
using A1 metal  failed due to the coating of t h e  metal  
surface by a film formed by the displaced metal  im-  
purit ies which effectively stopped fur ther  displace- 
ment. The t ransfer  of A1 metal  in the electrolysis pro-  
cedure continual ly replenishes the A1 surface and pre-  
vents the passivation of the aluminum. The normal  
procedure is to electrolyze the melt  in the t empera -  
ture range 225~176 for at least 24 hr  at a current  
density of 1.5 mA cm-~. 

In  carrying out the  work  described below, the  nor -  
mal procedure was to prepare a 150 mli ter  mel t  in a 
cell placed in a furnace containing a window so that  
the bot tom of the cell could be seen. After  purification, 
the 7 mm fine-porosity sintered-glass fr i t ted re fe r -  
ence electrode compar tment  was placed into the melt. 
The a luminum reference electrode consisted of a spiral 
of a luminum wire  connected to a short piece of tung-  
sten wire  sealed in the glass plug in the top of the 
reference compartment .  The  counterelectrode consisted 
of a large tungsten wi re  spiral sealed into a T 10/18 
glass plug. The working  electrode compar tment  con- 
sisted of a 20 mm medium-poros i ty  sintered glass fr i t  
at one end, a 25 mm piece of glass tubing in the middle, 
and a T 14/20 ground joint  at the top. A t ight ly  fit- 
t ing O-r ing around the 25 mm glass barrel  of the com- 
par tment  both supported and sealed it in the  Teflon 
top. Teflon adapters  were  used to seal the electrodes 
into the compar tment  as well  as adjust the level  of the 
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electrode in the compartment .  The working electrode 
compar tmnt  was filled to approximate ly  10 mli ters  
ei ther  by flow through the  fri t  f rom the bulk  of the 
melt, or by t ransferr ing mel t  f rom a second furnace 
by means of a preheated pipette. All of the compart-  
ments were  adjusted so that  all of the mel t  levels  
in the cell were  equal. It  was necessary to blow a small 
hole 5-7 cm above the mel t  level  in each of the cell 
compartments  to equalize any differences in the vapor  
pressures above the various melts. 

Pre t rea tment  oJ the micro tungsten indicator elec- 
t rodes . - - I f  the  tungsten wire  was found to be very  
spl intery due to longitudinal  holes in the wire, or to 
contain excessive amounts of gas, it was not used in the 
manufacture  of the electrodes. The wire  was sealed 
into 6 m m  Pyrex  glass tubing using a bead of uran ium 
glass. The but ton electrodes were  ground flat on an 
emery  wheel  and then polished with  600 grit  silicon 
carbide powder. All  the tungsten electrodes were  
then electrolyzed for :[5 sec at 4-5V a.c. in a 25% 
sodium hydroxide solution. After  rinsing with  water,  
the electrodes were  dried under  vacuum at l l0~  for 
several  hours. It was necessary to cycle the electrode 
f rom +0.5 to + l . 5 V  in the mel t  for several  minutes 
to remove  the final traces of the oxide film on the 
metal  electrode surface. This electrolysis procedure 
produced a reasonably reproducible indicator elec- 
trode. 

Re]erence e lectrode.--The potential  of the a luminum 
electrode in the fr i t ted reference compar tment  vs. A1 
in an equimolar  A1C13-NaC1 melt  was determined by 
the a luminum t i t ra t ion technique (16). The potential  
of this arbitrary,  but  stable, reference electrode system 
was normal ly  about 170 mV negat ive of the A1 elec- 
t rode in the 1:1 melt. z A var ia t ion  of less than +--2 mV 
was observed for a given reference electrode over a 
period of 2 months. 

A luminum anodization was used to adjust  the acidity 
of the melt  in the working electrode compar tment  to 
any desired value. This enabled us to determine the 
acid dependency of each electrode system being 
studied. 

Results and Discussion 
All  of the potentials are reported with  respect to an 

a luminum reference electrode in an equimolar  A1C13- 
NaC1 melt. 

Cyclic vo l t ammet ry  was used to de termine  the cur- 
ren t -vo l tage  characterist ics of the mel t  before (Fig. 
2a) and after (Fig. 2b) purification. The final mel t  was 
completely  colorless and exhibi ted no i r regular i t ies  in 
the cur ren t -vo l tage  curves using ei ther  a tungsten 
button or a hanging mercury  drop indicator electrode. 

:t T h r o u g h o u t  t h i s  p a p e r  the  e x p r e s s i o n  "1:1  m e l t "  r e fe r s  to a m e l t  
c o n s i s t i n g  of 50:50 m / o  (mole  pe r  cent} A1CI~:NaC1 w h i l e  a 2:1 m e l t  
r e f e r s  to  66.34 m / o  A1Cla:NaC1. 
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Fig. 2. Cyclic voltammetry of HaAICI4 background on tungsten, 
175~ v ---- 0.5 V/sec. 
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After  a week's  storage of the melt, open to the a tmo-  
sphere in the dry box, no detectable changes were  ob- 
served. Under  similar exper imenta l  conditions the 
background current  repor ted  by Torsi and Mamantov  
(13) is about ten t imes larger  than what  we have ob- 
served. Unfor tunately ,  most of the other workers  have 
not  published their  background currents;  hence, many 
of the discrepancies in the l i tera ture  may be due to 
impure melts. 

Most of the exper imenta l  measurements  were  made 
using ei ther  tungsten button or wire  indicator elec- 
trodes. The useful potential  range of these electrodes 
was from 0.3 to 1.5V. On carrying out vol tammetr ic  
exper iments  beyond this range, it appeared as if the 
electrode increased in area result ing in a background 
current  of about four to five times the magni tude of the 
original values. No significant changes were  observed 
in the shape of these enhanced vo l tammograms except  
for the increase in magni tude by a constant factor. 

An apparent  differential  capacity, Cd, for the indi-  
cator electrode in a pure melt  was determined from 
the slope of a plot of current  vs. sweep rate  at a given 
potential. The plots for the tungsten electrodes at 
sweep rates greater  than 1.0 V-sec -1 gave consistent 
Cd values wi th  respect to sweep rate; however,  the Cd 
values increased as the applied potential  decreased. 
The Cd values increased from 50-80 gF cm-2 at 0.8V 
to 160-200 gF cm -2 at 0.1V. Slow sweep rates (0.05-0.5 
V-sec -1) produced capacitances which were  abnor-  
mal ly  high and very dependent  on the preparat ion of 
the electrode. At slow sweep rates any faradaic reac-  
tion, such as filming or alloying, could make an ap- 
preciable contribution to the observed current. The 
degree of roughness of the solid electrode will  change 
the effective capacitance area of the tungsten electrodes 
and, hence, the calculated Cd value. 

The background cyclic vo i t ammogram using a plati-  
num button electrode exhibi ted two anodic and two 
cathodic waves between -t-0.3 and -t-l . lV; however,  
at potentials more anodic than ~-I.IV, the electrode 
appeared to be well  behaved. Continued cyclic sweeps 
caused the anodic and cathodic peaks for one couple to 
grow and the peaks for the other couple to decrease in 
height. As the sweep rate was increased, the growth 
phenomenon shifted from the couple at 0.9V to the one 
at 0.6V. The fact that  st irr ing had no effect on the 
vo l t ammogram and that  none of the other  electrode 
materials  exhibi ted peaks in this region suggested one 
of two things: (i) the peaks may arise from some sur-  
face reaction involving a p la t inum chloride film, or 
(it) some impur i ty  is strongly adsorbed and the re-  
action is catalyzed on the pla t inum surface. For these 
reasons the pla t inum electrode received only l imited 
use as an indicator electrode in the chloroaluminate  
melts. 

Cyclic vo l tammograms in which the sweep rate 
varied from 0.0"5 to 100 V-sec -1 exhibi ted a useful 
working range f rom +0.1 to + 1.0V for a hanging mer -  
cury drop electrode. Shif t ing the cathodic limit f rom 
+0.10 to +0.05V produced an anodic peak at +0.55V 
which disappeared as soon as the cathodic l imit  was re-  
turned to +0.10V. The shift in the useful working 
range for the mercury  electrode with increasing mel t  
acidity is identical to that  observed for the a luminum 
reference electrode. Plots of current,  measured at 
various potentials, vs. the  sweep ra te  (0.05-100 
V-sec -1) gave consistent capacitance values of ~14 
~,F cm -2 for the mercury  electrode in the NaA1C14 
mel t  at 175~ The main disadvantages of this elec- 
trode are the mechanical  problems and the fact that  
most of the metals  of interest  are electroact ive at po- 
tentials in excess of 1.0V. The advantages are the use 
of a nonsolid electrode and the fact that  observed ca- 
pacitance is about one- ten th  that  of the tungsten elec-  
trodes. 

S i l v e r . - - S i l v e r ( I )  was generated coulometr ical ly  in 
the chloroaluminate  melts with 100% current  effi- 

ciency at current  densities f rom 1 to 30 mA cm -2. All  
of the Ag* solutions were  clear and colorless under 
all exper imenta l  conditions. The polarization of the 
silver wire  never  exceeded 200 mV during any of 
the electrolysis. An average va lue  for n of 0.99 _ 0.02 
was obtained ei ther from Nernst  plots (Fig. 3) or 
chemical  analysis for si lver in the melt. The EoM 
(molari ty scale obtained by extrapolat ion of Nernst  
plots) values for si lver in the 1:1 and 2:1 melts at 
175~ vs. A1 in the 1:1 melt  are 1.086 • 0.010 and 
1.106 +_ 0.010V, respectively.  The major  portion of the 
10 mV uncer ta inty  in these values is due to the errors 
in determining the actual potential  of the exper i -  
mental  A1 reference electrode with  respect to an A1 
electrode in an exact  1:1 melt. A plot of E0M VS. t em-  
pera ture  (175~176 for s i lver  in a 1:1 melt  showed 
no hysteresis and gave a value for dEOM/dt of --0.63 
_ 0.05 mV deg -1. This value  is to be compared with 
the value of --0.44 mV deg -1 repor ted  for si lver in the 
ternary [66:20:14 m / o  (mole per cent) A1Cla:NaCI: 
KC1] melt  (6). 

Good agreement  was found between our E0M (1.106V) 
value for si lver in a 2:1 melt  at 175~ and the value 
of 1.132V derived from Plambeck  and co-workers  (6) 
who reported E%i values of 0.695 and 0.714V in the 
te rnary  melt  at 135 ~ and 150~ respectively. This con- 
version was accomplished using the authors '  dEOM/dt 
value, and the assumption that  the potential  of the A1 
electrode in te rnary  melt  is equivalent  to the A1 elec- 
trode in the 2.1 (A1C13:NaC1) melt  (i.e., 455 mV vs. 
A1 in the 1:1 mel t ) .  The 26 mV difference may be 
easily at t r ibuted to the effect of changing the cations 
in the melt  f rom just  sodium to a mix tu re  of sodium 
and potassium ions. This effect has been observed in 
other melts as well  (17). 

The response of the potential  of the si lver electrode 
to a change in the composition of the melt  at 175~ was 
determined using the cell 

A1/NaA]C1J / ( x )A1C13 ,  (100 -- x) NaC1, A g + / A g  [1] 

and is shown in Fig. 4. The response of an A1 electrode 
is included for comparison. The mole per cent A1CI8 
was varied from 66 to 49.7% by the addition of known 
aliquots of NaC1 to the 2:1 melt. The EOM values de- 
termined from Nernst  plots in which the A1CI3 content 
had been adjusted by the anodization of an a luminum 
wire are in accord with the values in Fig. 4. 

The difference of 20 mV in the E0M values for silver 
in the two melts: is almost negligible compared to the 
455 mV observed for the a luminum electrode. The in- 
difference of the silver electrode potential  to the 4.5 
orders of magni tude of change in the chloride ion con- 
centrat ion indicates that  the silver ion is a much weaker  
acid than the A1C13 in these chloroaluminate  melts. It 
is evident  that the silver electrode would be a much 
bet ter  reference electrode for these melts than is the 
a luminum electrode. 

Typical pulse polarograms and cyclic vo l tammo-  
grams for the deposition of Ag + at a tungsten electrode 

�9 Ag(I) IN NoAIzCI 7 / 
0 ,88  �9 Ag(I) IN NoAICI4 

. / "_ . /1  0.84 " = ' J ; 7  1 
E; I 

 o.8o ,., i o.Te " . 

-4.O -5.5 -3.O 
LOG fAg(I)} MOLAR 

Fig. 3. Nernst plot for silver in the |:] ond 2:] AICI3-NoCI melts 
ot 175~ An AI reference in NoAICI4 melt for both plots. 
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Fig. 4. Standard electrode potentials for aluminum and silver as a 
function of AICI3-NoCI ratio at 175~ 
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Fig. 7. Normal pulse diffusion current for Ag + vs. pulse width. 
Area of tungsten electrode =- 0.785 mm 2. 
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Fig. 5. Normal pulse polarogram of Ag + in NoAICId. Area of 
tungsten indicator electrode = 0.785 mm 2. A, Experimental curve; 
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Fig. 6. Cyclic voltammagram of Ag + in NaAICI4. Area of tungsten 
indicator electrode ----- 0.78,5 mm 2. v = 0.5 V/sec. 

are shown in Fig. 5 and 6, respectively. Plots of the 
observed currents  vs. pulse width (Fig. 7), and Ag + 
concentrat ion (Fig. 8) were l inear  (18). Values for 
ip/v 1/~ and Ep remained constant  when  the cyclic volt-  
ammetric  sweep rate was varied from 0.01 to 100 V- 
sec-~. The exper imental  pulse polarogram is most 
closely approximated by  the theoretical plot (Fig. 5) 
for the deposition of an insoluble product. A value for 
the diffusion coefficient of 3.01 • 10 -6 cme sec -1 was 
calculated from the pulse polarographic data using the 
Cottrell equation. 

Although the shape of the cathodic peak for Ag+ 
reduction in the observed cyclic vol tammograms was 
unaffected by changes in  tempera ture  and/or  concert- 

�9 50  m sec PULSE ~ e  
j -  

o 0.1 V/sec SWEEP / 
80" 175~ S ~ o  / e z  

60. . ~ /  / o  

o ib ~o 30 

lAg(I)] IN NaAICId, mM 

Fig. 8. Normal pulse diffusion current and cyclic voltammetry 
peak current vs. Ag + concentration in NaAICI4. Area of tungsten 
indicator electrode ~- 0.785 mm 2. 

tration, marked differences occurred in the anodic 
portion. A second sharp anodic stripping peak positive 
to the main  str ipping peak was observed as a result  of 
increased Ag + concentrations or lowered temperatures  
(Fig. 9). At 175~ this peak does not appear dur ing a 
single continuous cycle un t i l  the Ag + concentrat ion ex-  
ceeds ~ 1 raM. If the sweep is held momentar i ly  at 
0.5V, the second anodic peak can be observed at lower 
Ag + concentrations. Regardless of the Ag + concentra-  
tion, the second anodic peak could not be observed 
without  first sweeping through the region of silver 
deposition and dissolution. The position of this peak 
shifts anodically with a decrease in tempera ture  and to 
a lesser degree with an increase in the Ag + concen- 
tration. At temperatures  of 200~ and above, this peak 
collapses completely to form a single broad str ipping 

I t .~ mM Ag(1) 1.50 mM Ag(1) 
I 225~ 
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Fig. 9. Cyclic voltammograms of Ag + in NaAICI4. z, = 0.05 
V/sec. Area of tungsten indicator electrode = 0.785 mm 2. 
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peak. Cyclic vol tacoulograms show that  the area under  
the small anodic peak corresponds to the quant i ty  of 
si lver on the electrode surface ranging from less than 
half  a monolayer  to that  stripped off in the first peak. 
The size of the peak is direct ly proport ional  to the 
amount  of si lver being str ipped off the electrode. Cyclic 
vo l tammograms in the 2:1 melt  exhibi t  only the single 
large  anodic stripping peak regardless of the Ag + 
concentrat ions or switching potential.  The charge un-  
der  the small  anodic peak is di rect ly  proport ional  to 
the amount  of s i lver  being str ipped off the  electrode. 
Also, the ratio of the areas of the second peak to that  
of the first str ipping peak increases wi th  both Ag + 
concentrat ion and sweep rate. 

This anodic behavior  suggests that  there  may be two 
different electrode reactions by which the silver metal  
is stripped f rom the indicator electrode. The first reac-  
tion is not diffusion l imited when only small  amounts  
of si lver are anodized; however,  at a h igher  rate  of 
si lver anodization, the local concentrat ion of the anionic 
species is depleted and the electrode react ion shifts to 
the more anodic reaction. The product f rom the second 
react ion then reacts in the solution to form a single 
dominant  si lver species in solution, hence a single 
deposition peak. The Nernst  data indicates that  the Ag + 
ion is not complexed with  the C1- ion leaving only the 
A1C14- and /o r  the A12C17- anions to take part  in the 
electrode reaction. It does not appear l ikely that the 
A1C14- anion would be diffusion l imited due to its 
high concentrat ion in the melt. The A12C17- concentra-  
tion is low enough in the 1:1 mel t  to exhibi t  this dif-  
fusion-l imit ing effect. The increase in the A12C17- con- 
centrat ion in the A1Cla-rich melts  and the increase in 
its diffusion coefficient would produce changes in the 
stripping peak consistent wi th  the exper imenta l  data. 
A tempera ture  increase f rom 175 ~ to 250~ will  also 
trip]e the A12C17- concentrat ion in the mel t  (16). 

The second str ipping peak may be the formation of 
the uncomplexed Ag + ion or an Ag(A1C14), 1 - -  com- 
plex. The ratio of the area under  the second peak to 
that  under  the first str ipping peak increases with both 
sweep rate  and the silver concentration. This is con- 
sistent wi th  the premise that  the first peak may become 
diffusion limited. The small  cathodic wave  at about 
1.15V in Fig. 9 (175~ becomes more prevalent  at 
higher  sweep rates, h igher  Ag + concentrations, and 
when the anodic switching potential  is moved closer 
to that  of the second str ipping peak. If the anodic 
switching potent ial  is moved cathodic of the second 
peak, this small  cathodic wave  disappears completely.  

No explanat ion is avai lable  at the present which 
wil l  satisfy all of the exper imenta l  data. 

I r o n . - - A  number  of methods were  tr ied to introduce 
an iron species into a 1:1 melt. Ferrous  chloride was 
found to be v i r tua l ly  insoluble and anodization of an 
iron wire at current  densities as low as 2 mA cm -z  
polarized the  electrode to such an extent  ( ~  2V) that  
chlorine evolut ion occurred. However ,  ferric chloride 
was found to be readi ly  soluble. Also, a steady current  
of 500 gA could be realized by potentiostat ing the i ron 
wire at + l . 6 V  vs. the a luminum reference electrode. 
None of the above problems were  encountered when 
adding iron to a 2:1 melt.  The inabil i ty to anodize an 
iron wire appeared to be caused by filming of the elec-  
t rode (insoluble FeC12). The insolubil i ty of the lower  
oxidat ion states of other  metals  has been no~ed before 
when  the chloroaluminate  melts were  of low acidity 
(7). 

In a 2:1 mel t  a Nernst  plot for the Fe2+/Fe  system 
gave a value of 0.98V for E~ The slope was 0.042V 
compared to the theoret ical  value  of 0.044V for a two-  
electron process. A tempera tu re  coefficient of --0.77 mV 
deg -1 over  a range of 175~176 was found. Our E0M 
value  of 0.95V at 218~ is in good agreement  wi th  the 
published value (2) of 0.97V. 

A normal  pulse po]arogram for the reduction of 
FeC13 in a 1:1 mel t  is shown in Fig. 10. The height  of 
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Fig. 10. Normal pulse polarogram of Fe 3+ in NaAICI4. Area of 
tungsten indicator electrode ---- 1.79 mm 2. 

the wave  at t r ibuted to the Fe2+/Fe  couple (El/2 
0.509 _ 0.005V) is twice that  for the Fe3+/Fe  2+ couple 
(E1/2 ---- 1.406 • 0.005V). Linear  plots of diffusion cur-  
rent  vs. concentrat ion gave a slope for the Fe2+/Fe  
couple which was twice that  for the Fe 3 + / F e  2 + couple. 

The cathodic and reverse  anodic scans f rom double 
potential  step pulse polarography (19) for the Fe3+/  
Fe 2+ couple are presented in Fig. 11. In this technique 
a generat ing pulse is applied causing the in  s i tu  reduc-  
tion of Fe 3+ to Fe 2+. Each generat ing pulse is followed 
by a normal  pulse polarographic analysis pulse with a 
pulse width  of one- tenth  or less that  of the generat ing 
pulse, thus insuring that  the concentrat ion profile of 
the generated mater ia l  may be considered flat within 
the diffusion layer  region established by the analysis 
pulse. The cathodic and anodic E1/2's differ by only 
9 mV and the average ida/id a ratio over  a range of 
concentrations is 0.91 where  the theoret ical  values  for 
completely revers ible  systems are  0 and 0.962 mV, 
respectively. The good fit of the exper imenta l  polaro-  
gram to the theoret ical  po larogram in Fig. 11 fur ther  
indicates a high degree of  revers ibi l i ty  in the Fe~+/  
Fe 2 + couple. 

A typical cyclic vo l t ammogram (sweep rate  0.05 V- 
sec -1) of FeC13 in a 1:1 melt  is shown in Fig. 12. The 
Fe~+/Fe  2+ couple at E1/2 = 1.40V appears to be re-  
versible  while  Fe2+/Fe  couple wi th  E~ ~- 0.62V shows 
typical  deposi t ion-str ipping behavior.  The peak cur-  
rents for the Fe3+/Fe  2+ couple were  concentrat ion 
dependent  over  the range of 0.5-2.0 mM while  they 
were  not for the Fe~+/Fe  couple above an initial FeCla 
concenCration of 5 mM. The peak separation of 100 mV 
for the Fe ~+/Fe  ~+ couple is s l ightly greater  than the 

NORMAL PULSE CATHODIC 1 
544 ~u FoC~ . 

PULSE WIDTH=50 rnsec ,~/  i(A)=O I 
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zo / /  L41O v 

0 I(C) = 0 
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RT (id-i) -20 ~ .  " E = E l /2+-  #- In ~--~- 

I.~ I.~ d4 ,.~ ,:2 
EMF (V) V$ AI IN NoAICl 4 

Fig. 11, Normal pulse polarograms of Fe 3+ in NaAICI4. Anodlr 
polarogram using double pulse polarography. Area of tungsten indi- 
cator electrode ~ i.79 mm 2. 
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Fig. 12. Cyclic voitammogram of Fe d§ in NaAICI4, dashed curve- 
scale expanded by 10. Area of tungsten indicator electrode ~--- 
1.79 mm 2. 

theoretical  value of 84 mV for a one-e lec t ron  revers ible  
system at 175~ As the sweep rate  was increased, the  
anodic stripping peak split into two peaks (see Fig. 13) 
at 0.690 and 0.730V with  their  re la t ive  heights  be-  
coming reversed.  The second peak at 0.730V became 
more predominant  wi th  increasing FeC13 concentrat ion 
or more  cathodic switching potentials. At FeC1s con- 
centrations below 5 mM only a single anodic stripping 
peak was observed. This behavior  is similar  to that  
exhibi ted by silver. 

The above observations indicate that  the stripping 
process involves two different electrode reactions. The 
react ion occurring at 0.690V is well  behaved as long as 
the concentra t ion of iron on the electrode surface is 
not too high. We at t r ibute  this reaction to the oxidation 
of Fe  to FeC12. When the ra te  of production of Fe 2+ 
reaches a certain value, the reaction producing FeC12 
becomes l imited possibly due to the depletion of C1- 
in the vicini ty of the electrode. Consequently,  the sec- 
ond react ion at 0.730V takes place. We bel ieve that  
this process involves the oxidation of Fe  to Fe 2+ which 
diffuses out into solution. Fur thermore .  as only one 
deposition peak is observed, the two anodic processes 
must give rise to a single species in solution. It is very  
l ikely that  the predominant  Fe ( I I )  species in these 
melts are chloroaluminate  complexes (Fe(A1C14)m 2-m 
or Fe (A12C17)~:2-m) and when  FeC12 is added it must  
give a similar  complex. A l ikely  react ion for the proc- 
ess is 

FeC12 -t- 2A/2C17- ~ Fe (A1C14)~ -F 2A1C14- [2] 

-25 ~ /8 .38  mM FeCI 3 

-500' - -  ~ , 1 7 5 " C  

.~ -50 

-75, 
O, 

-25 0 . ~  v= 
-50 
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,:4 ,:o d e  d.z 
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Fig. 13. Partial cyclic voltammograms for the dissolution of Fe 
from o tungsten electrode. Area of tungsten electrode ---- 1.79 mm 2. 
Potential program 1.7 --> 0.3 --> i .7V vs.  AI. 
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which is also consistent wi th  the solubil i ty behavior  of 
FeC12 (in 1:1 melt  low concentrat ion of A12C17-, low 
solubili ty of FeC12; in 2:1 mel t  high concentrat ion of 
A12C17-, high solubil i ty of FeC12). 

The Fe 2+ species was found to be soluble in the 2:1 
mel t  at 175~ and an overpotent ia l  of only 150 mV re-  
sulted when  the iron wire  was anodized at a current  
density of 5 m A c m  -2. The separat ion be tween  the two 
anodic str ipping peaks (0.76 and 0.93V) is considerably 
grea ter  in the 2:1 mel t  than in the 1:1 mel t  (Fig. 14). 
No peaks corresponding to the Fe3+/Fe  2+ couple were  
observed for potentials cathodic of +2.2V. The small  
anodic peak at -?l.14V and the cathodic prewave at 

-t-1V are present in the background sweeps and are 
not due to the iron in the melt. The distortion of the 
reduct ion peak is due in par t  to other  small  p re -a lumi -  
hum deposition waves  which can be observed in the 
background. 

The Nernst plot for the Fe2+/Fe  couple had a slope 
of 0.0371V compared to the theoret ical  va lue  of 0.0444V 
for a two-e lec t ron  process. The E~ for Fe2+/Fe  at 
175~ in the 2:1 mel t  is 1.04V wi th  a tempera ture  co- 
efficient of --0.77 mV deg -1 over  a t empera tu re  range 
of 175~176 

Several  reverse  current  chronopotent iograms were  
recorded in an a t tempt  to confirm our results. The i t -  
reproducibi l i ty  of the  data obtained did not war ran t  
in terpre ta t ion  except  that  there  is an apparent  couple 
be tween 0.4 and 0.3V. This may be due to a codeposi- 
t ion of iron and a luminum on the electrode which is in 
keeping with the results of Yntema et al. (2). 

An average diffusion coefficient of 9.1 +_ 0.9 X 10 -6 
cm 2 sec -1 for Fe  3+ in a 1:1 mel t  at 175~ was calcu- 
lated f rom chronoamperometr ic  and pulse polaro-  
graphic data. This is in good agreement  wi th  a value 
of 2.2 • 10 -5 cm2 sec -1 at 250~ (10) (2% change in 
D per degree change in T). 

Copper . - -Copper ( I )  was most convenient ly  in t ro-  
duced into the 1:1 chloroaluminate  melts  by anodiza- 
tion of a copper wire. A current  density of 10 mA cm-2  
polarized the wire  about 200 mV anodic of its equil ib-  
r ium potential.  Al though CuC1 dissolved ve ry  slowly, 
electrochemical  results identical  to those for the coulo- 
metr ic  generat ion of Cu + were  obtained. While CuBr2 
was completely insoluble, CuCl2 was soluble to an ex-  
tent  of 5 mM in a 1:1 melt  at 175~ In A1Cla-rich 
melts no solubili ty problems were  encountered.  

The Nernst  plots for duplicate sets of C u + / C u  emf 
measurements  made in both a C1- - r i ch  mel t  (49.87 
m / o  A1CI3) and an A1C13-rich mel t  (50.25 m / o  A1C13) 
are shown in Fig. 15. While an n -va lue  of 0.98 _+ 0.02 
was obtained for the  couple in the A1C13-rich melt, 
an approximate  n-va lue  of only 0.8 was obtained in 
the C1- - r i ch  melt. The low n -va lue  in effect means 
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Fig. 14. Cyclic vohammogram of 0.98 mM FeCI2 in a 2:1 AICI3- 
NaCI melt. Area of tungsten indicator electrode ~ 1.79 mm 2. 
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Fig. 15. Nernst plots for Cu + in NoAICI4 melts at 175~ Refer- 
ence electrode is AI in a 1:1 AICI~-NaCI melt. 

that  the observed electrode potent ial  changed t o o  
rapidly, i.e., the apparent  concentrat ion of Cu + in the 
vicini ty  of the electrode is too high. An explanat ion for 
this is presented below. 

As Cu + is added to the melt, a cer ta in  amount  of 
chloride ion wil l  be tied up according to the fol lowing 
equat ion 

Cu + + m C1- r CuClm 1-"~ (Kcu) [3] 

As the C1- concentrat ion decreases, react ion [3] shifts 
to the left  producing more  Cu + wi th  respect to the 
amount  expected f rom anodization of the copper elec-  
trode and, therefore,  a h igher  potential.  Using an i tera-  
t ive  technique (where  Kcu and m are varied)  similar  
to that  previously developed for de termining  the acid 
base propert ies  of these melts  (16), we have  calculated 
the  shift in the over-a l l  mel t  composit ion and the con-  
centrat ion of the individual  species in the melt  af ter  
each addition of Cu +. At fixed values of m the va lue  
for Kcu was var ied unt i l  a min imum deviat ion be tween  
the calculated and exper imenta l  emf  values was ob- 
tained. The best fit was obtained for Kcu = 6.5 • 104 
with  a value for m equal to 2. A par t ia l  list of the 
calculated species concentrations and electrode poten-  
tials are g iven in Table I and plot ted in Fig. 16. 

The copper concentrat ion at which the  deviat ion oc- 
curs is dependent  on the init ial  composit ion of the melt. 
Above 49.99 m / o  A1C13 no deviat ion wil l  be observed 
as i l lustrated by the A1C13-rich Nernst  plot in Fig. 15. 
As the mel t  becomes r icher in NaCI, the greater  is the 
quant i ty  of copper requ i red  to change the composition 
of the mel t  into the range where  the Nernst  deviat ion 
occurs (49.89 to 49.99 m / o  A1Cls). The deviat ion f rom 
the Nernst  slope in this region is equivalent  to an in-  
crease of 42 mV in the calculated E0M for the C1- - r i ch  
region to that  for the A1C13-rich melts. The  computed 
E0M from the C1- - r i ch  region (n ----- 1) is 1.027 -t- 0.042 
---- 1.069V compared to the 1.077V calculated f rom the 
A1C13-rich Nernst  slope data. 

A cyclic vo l t ammogram for CuC1 in a chlor ide-r ich  
NaA1C14 mel t  at 175~ is shown in Fig. 17. At  low CuC1 
concentrat ions (<  2 raM) the Cu2+/Cu + couple is ob- 
scured by the evolut ion of chlorine. An increase in the 
CuC1 concentrat ion shifts the chlorine evolut ion to 

Table I. Structure of CuCI-NoAICI4 melt at 175~ 

M o l e  f r a c t i o n  O v e r - a l l  E M F ,  V 
[Cu+] [CuCls-] [CI-] m / o  K c ~  = 
X lO  t X l0 t • I 0  a A1C]~ Expt. 6.5 X 10 t Kc, = 0* 

0 O 5 .2  4 9 . 8 7  - -  - -  - -  
1 .2  1 .8  4 . 8  4 9 . 8 8  0 . 7 9 8  0 . 7 9 7  0 . 7 9 5  
1 .9  2 .6  4 .7  4 9 . 8 9  0 . 8 1 4  0 . 8 1 8  0 . 8 1 0  
4 .2  4 .9  4 .2  4 9 . 9 0  0 . 8 4 4  0 . 8 4 5  0 . 8 3 7  
9 .8  8 .2  3 .6  4 8 . 9 1  0 . 8 7 7  0 . 8 7 8  0 . 8 6 4  

16 .5  10 .5  3 .1  4 9 . 9 2  0 . 8 9 9  0 . 8 9 8  0 . 8 7 9  
1 31  18.9 1.5  49.97 - -  0 . 9 7 8  0 . 9 4 6  

2 9 7 6  2 5 . 5  0 . 4  4 9 . 9 9  ~ 1 . 0 9 8  1 . 0 8 1  

* K c u  = 0 e q u i v a l e n t  t o  n o r m a l  N e r n s t  c a l c u l a t i o n .  

-- NFRNST SLOPE / �9 CALCULATED VALUES ~ / -  
1.10- Cl" R|CH MELT "~49.99% 

~ MOLE ~. AIC,, 

O.O42 �9 " 4 9 . 9 0 %  

0.80- 

-i :~ 5 i 
LOG [Cu++CuCI;] MOLAR 

Fig, 16. Calculated Cu+/Cu electrode potentio]s vs .  total Cu + 
concentration in a CI--rich melt at 175~ 
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Fig, 17. Cyclic voltommogrom of Cu + in o NoAICI4 melt, Mole 
per cent AICI3 - -  49,87%. Area of tungsten indicator electrode = 
0.656 mm 2. 

more anodic potentials as a result  of the decrease in 
chloride ion concentration. The Cu2+/Cu+ redox 
couple appears to be a revers ib le  electrode process 
with no insoluble species. At CuC1 concentrat ions in 
excess of 5 mM, the peak for the reduct ion of the 
cupric species becomes enhanced and resembles  the 
shape of a str ipping peak. Integrat ion of the cyclic 
vo l t ammogram shows that the amount  of reduction 
products and oxidat ion products at the Cu + /Cu  couple 
are equal  while  the re  is about 6% excess of oxidation 
products at the Cu2+/Cu+ couple on each cycle. This 
is probably  the result  of the somewhat  i r revers ib le  
oxidation of C1-. 

The cathodic peak current  for the C u + / C u  couple is 
l inear  wi th  Cu + concentrat ion and the ip/v 1/2 at a given 
concentrat ion was found to be constant over  the sweep 
rate  range 0.05-1.0 V-sec -1. The shift in the Ep peak of 
copper deposition is 0.087V per  decade change in con- 
centrat ion compared to the theoret ical  va lue  of 0.089V 
for a one-e lec t ron process at 175~ 

Evolut ion of C12 distorts the anodic peak for the 
oxidation of Cu + and makes measurement  of the 
anodic peak potent ial  somewhat  arbi t rary;  however ,  
the peak separat ion of 100 mV is still in reasonable 
agreement  with the theoret ical  value  (20) of 84 mV for 
a revers ib le  one-e lec t ron  process. The cathodic peak 
potential  shifts f rom 1.75 to 1.67V when  the  solubili ty 
of the CuC12 is exceeded. At  Cu + concentrat ions less 
than 5 mM, the cathodic Ep for the Cuf+ /Cu+ couple 
is independent  of sweep rate  over  the range 0.05-1.0 V- 
sec -1. The peak currents  for the deposition of Cu + and 
for the oxidation of Cu + were  of equal  magnitude.  

The observed pulse polarograms for the reduct ion of 
Cu + in 1:1 melts gave  l inear  plots for ip vs. [Cu + ] and 
ip vs. (pulse width)-1/2 .  The shift in E1/2 for the Cu + 
reduct ion wave  with increasing copper concentrat ion 
obeyed the expected Nernst ian behavior  for a o n e -  
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Table II. Properties of metals in NaAICI~ melt 

P a r a m e t e r  M e l t  S y s t e m  V a l u e  

n ,  N e r n s t  p l o t  1:1 A g + / A g  0.98 ~ - 0 . 0 3  
2 :1  A g + / A g  0.99 - -  0.05 

EoM, V 1:1 A g + / A g  1.086 + 0.010 
2:1  A g + / A g  1.106 ~ 0.010 
3 :1  (a) A g + / A g  1.132 - -  0,010 

dE~ m Y / ~  1:1 A g + / A g  -- 0.63 - -  0.05 
2 :1  (a) A g + / A g  --0.44 "4- 0.03 

D x I0 o cm~Isec i:I Ag+ 3.01 
Ea, k c a l / m o l e  (b) 1 :1  Ag+ 3.5 
n ,  N e r n s t  p l o t  2 :1  FeS+/Fe  2.1 • 0.1 
EoM, V 1 :i Fe~+/Fe 0.63 _--. 0.03 

1:1 Fe~+/Fe 2+ 1.44 ----- 0.03 
2:1 FeZ+/Fe 0.95 ----. 0.02 
2 : 1 FeS+/Fe  s+ 1.89 _--_ 0.03 

dE~ m V / ~  2 :1  FeZ+/Fe - -0 .77  
D x 10 e cm2 / sec  1 :1  F e  e+ 8.8 
Ea, k c a l / m o l e  (b) I : I  F e  8+ 5 . I  
~z, N e r n s t  p l o t  2 :1  C u + / C u  1.01 ~- 0.03 
EOM, V 1:1 C u + / C u  1.073 - -  0.005 

2:1  (a) C u + / C u  1.134 
1:1 C u 2 + / C u  + 1.817 _ 0,005 
2:1(Q) Cu2+ /Cu  + 2.311 

dE~ mV/*C I : I  Cu+/Cu - -0 .73  ~ 0.01 
D x 10 e cm2 / sec  1:1(~) CuCI~- 6.93 

1:1 <~) Cu+ 7.34 
2:1( a} Cu+ 6.01 

Ea, k c a l / m o l e ( b )  I : I ( c )  CuC12- 4.35 
1:1(~) Cu+ 2.46 

K c .  (mole  s  1:1 Cu+ + 2 C I -  (6.5 • 0.1) x 10 ~ 
tions) = CuCl2- 

A l l  p o t e n t i a l s  i n  v o l t s  vs. AI in NaA1Ch.  
~a~ T e r n a r y  m e l t  re f .  (6) (135~  
(b) D = A e x p ( - - E a / R T ) .  
(c) 49,9 m / o  AlCl~. 
('~) 50.2 m / o  A1Cls.  

electron deposition process. Normal pulse polarograms 
for the oxidation of Cu + were ill defined; however, a 
double potential  step pulse polarogram for a Cu + solu- 
t ion clearly showed the reduct ion of both Cu 2+ and  
Cu + . 

Well-behaved chronopotentiograms containing a 
small  nucleat ion peak were observed for the reduct ion 
of Cu + in 1:1 melts, The nucleat ion peak was con- 
siderably smaller  than  the one observed for the depo- 
sition of silver on the tungsten  electrode. 

A summary  of the electrochemical data is given in 
Table II. 
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Effects of the Active Chlorine and the pH on Consumption 
of Graphite Anode in Chlor-Alkali Cells 

F. Hine,* M. Yasuda, I. Sugiura, ~ and T. Noda 

Nagoya Institute of Technology, Nagoya 466, Japan 

ABSTRACT 

Corrosion tests of graphite anodes in saturated NaC1 solution at 40~ have 
been carried out at 100 A / d m  2. The corrosion rate was a small  funct ion of the 
pH between 2 and 9, but  affected by the active chlorine. El_ectrochemical for- 
mat ion of chlorate is a side reaction and is l imited by slow diffusion of HC10 
and /or  C10- .  While chlorate does not affect degraclation of graphite anode 
either electrochemically or chemically, the carbon surface oxide, which forms 
during electrochemical formation of chlorate from hypochlorite, is the larg-  
est factor in consumption of graphite anode in chlor-alka~i cells. 

It  has been pointed out that  the graphite anode is 
largely consumed by chemical oxidation with physical 
degradation when it is electrolyzed in alkali  chloride 
solution containing hypochlorite ions (1, 2). A part  of 
the chlorine dissolved in the anolyte may convert  into 
HC10 and C10- ,  depending on the pH, due to the 
chemical equi l ibr ium shown by reactions [A] and [B] 

C12 (aq) -5 H20 ~ HC10 -5 H + -5 C1- [A] 

K1 = 4.66 X 10 -4 at 25~ (3) 
and 

HC10 ~ H + + C10-  [B] 

K2 ---- 3.2 X 10 - s  at 25~ (3) 

where KL and K2 are the dissociation constants for re-  
actions [A] and  [B], respectively. 

Since graphite  has many  micropores, the charge- 
t ransfer  reaction of C1- in the pore might be controlled 
by diffusion because of low concentrat ion of C1- in 
comparison with the bulk solution. It  causes formation 
of HC10 due to hydrolysis of C12, and oxidation of 
carbon or graphite occurs 

C + HC10 ---- CO -5 HC1 [C-1] 
and 

C -5 2HC10 ---- CO2 -5 2HC1 [C-2] 

Kokhanov et at. studied the electrochemical con- 
sumption of graphite  anodes of chlorine and chlorate 
cells (pH 3.3-7), and they considered that  the effect of 
the active chlorine (sum of C12 dissolved, HC10, and 
C10- )  was negligible (4, 5). They also found that  
corrosion of graphite in the br ine  without  electrolysis 
was affected by the active chlorine, but  was almost in -  
dependent  of the pH. Therefore, they concluded that  
the electrochemical consumption of graphite was 
caused by discharge of H20. 

Since the H + concentrat ion of solution in the graph-  
ite pore reached 0.1-0.12N in the chlorate cell (6), it 
was considered that  the graphite anode was oxidized 
by ClO2 instead of HC10 

C103- -5 2HC10 = C102 -5 �89 C12 + H20 + C1- [D] 

and 
C -5 C10~ = CO~ -5 ~/2 C12 [El 

Influence of the pH on degradation of g~aphite anodes 
has been studied by many  authors (7-11), but  they 
have not been at tent ive to the active chlorine. 

The active chlorine is being main ta ined  na tura l ly  in 
a chlorate cell as an impor tant  factor for cell reaction 
(12, 13). From these exper imental  works and practical 
experience, it is known that  the corrosion rate of 
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graphite anodes attains a m a x i m u m  in neut ra l  solu- 
tions, although the mechanism of consumption is still 
unclear. 

Laboratory testing of corrosion of the graphite 
anodes in concentrated NaC1 solutions has been carried 
out for many  years. The influence of pH and active 
chlorine are described. 

Experimental Procedure 
The flowsheet of the system used is shown in Fig. 1. 

The pH (controlled w i t h i n  • the temperature 
(usuaLly 40~ and the concentrat ion of active chlo- 
r ine are controlled in the br ine  reservoir  (50 liters) 
located at about l m  below the cell level, then the brine 
is pumped up to the level t ank  at about 1.5m above the 
cell. A part  of the br ine  is supplied to the anode com- 
par tment  of the test cell by gravity, then sent back to 
the reservoir with the chlorine, where chlorine gas is 
separated from the brine. The gas is carried away by 
vacuum. Since the flow rate is more than 1 l i te r /min ,  
change of the NaC1 concentrat ion by electrolysis is 
neg]igib]e (less than  1% decomposition).  A part  of the 
anolyte permeates to the cathode compar tment  through 
a porcelain diaphragm. The difference of the level of 
the anolyte- to-catholyte  was about 2 cm. The catholyte 
and hydrogen are swept out by vacuum. Back migra-  
t ion of alkali causes difficulty of control of the concen- 
t rat ion of active chlorine in  the anode compartment .  
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F;g. 1. Flowsheet for measurement of anode consumption 
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The pH was var ied between 2 and 9, and the con- 
centrat ion of act ive chlorine was f rom 10 -3 to 10-2M. 
The chlorine content  was t i t rated and controlled every  
30 min, whereas  the pH was recorded continuously. 
Addit ion of NaC10 solution and dechlorinat ion were  
carried out if necessary. 

There are some papers on the effects of oxyacid ions 
such as C103- on corrosion behavior  of graphi te  
anodes (14). However ,  results of our p re l iminary  ex-  
per iments  showed no effect of C103- on the corrosion 
rate. 

The test cell made  of t i tanium is i l lustrated in Fig. 2. 
A t i tan ium cathode is located at the center  wi th in  a 
porcelain diaphragm. Three anode assemblies are ar-  
ranged around the cathode. The anode lead rod, also 
of t i tanium, as shown in Fig. 3A, is able  to contact  
three to four  graphite specimens (Fig. 3C). A com- 
mercial  graphi te  (specific gravity,  1.71; resistivity, 55 
• 10 -5 ohm-cm;  vanadium content, 3 ppm; ash less 
than 0.1%) was machined:  12 mm outer  d iameter  and 
10 mm long, and it had a center  hole of 5 mm diam for 
fitting (Fig. 3B). 

The corrosion rate is evaluated f rom the slope of the 
weight  loss vs. t ime curve  such as Fig. 5. Generally,  
electrolysis was carried out for 50 hr, and the corrosion 
rate  was evaluated by the method of ]east squares. 
Desalt ing of a graphite specimen is the  most impor tant  
and t ime-consuming work  prior  to weighing. Immer -  
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ANOH~-DER / ' -  ~ ~ ~ I  ~/ 
REFERENCE ~ ~ ~:~ ~ . ~ / / ~ 1  ~ ~3RINE OUTLET 

ELECTRODL~ \, ~ "~_---_~.~ i /  _/_ CATHODE 
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HYDROGE~N OUT 

BRINE iNLET . ~ B R ~ O U T L E T  

I ]} II 5~H i! PORCELAIN 

I II II [! Ill If ~  

Fig. 2. Electrolytic cell for measurement of anode consumption 
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Fig. 4. Examples of the chlorine concentration vs .  time curve 
during electrolysis (pH ca. 6). 

sion and washing with  hot water  a t  about 80~ for 3-4 
days was needed for complete removal  of C1-. The 
sample was dried at l l 0~  for 2 hr  and cooled in a 
desiccator. Since some deviations of weight  loss were  
determined,  exper iments  under  the same conditions 
were  repeated at least  th ree  times. 

Most exper iments  were  carried out in saturated NaC1 
solutions at 40~ and the current  density was constant 
at 100 A /d in  2. Operat ing temperature ,  current  density, 
and br ine composition are all impor tant  factors affect- 
ing the graphi te  anode. 

The s teady-s ta te  polarizat ion curves of a graphi te  
anode have been obtained under  various conditions of 
the brine composition. The IR drop between the work-  
ing electrode and the Luggin  probe was cal ibrated by 
the current  in terrupt ion technique. To minimize the 
bubble effect, a small  rotat ing cyl inder  was used as 
the working anode (1 em 2 area) .  A saturated calomel 
electrode was used as reference.  

Resul ts  
Table I summarizes  the corrosion rate wi th  respect 

to operat ing conditions such as the concentrat ion of 
act ive chlorine and the pH. The standard deviat ion of 
the concentrat ion of active chlorine is also given. 

Figure  4 shows an example  of the var ia t ion of the 
concentrat ion of act ive chlorine during electrolysis. 
Control at the 10-2M level  is re la t ive ly  easy in com- 
parison with lower  levels such as 10-3M. Generally,  
deviat ion of the concentrat ion of active chlorine is 
large in a solution at high pH ranges containing dilute 
act ive  chlorine. An example  of the weight  loss vs. t ime 

Table I. Corrosion rate of a graphite anode in saturated NaCI at 
40~ and ]00 AJdm 2 

Exp. No. pH 

Average 
corrosion Average concen- Standard 

rate tration of active deviation 
(mg/A-hr) chlorine (raM} (mM) 

2.5 ~ d i a m  G E r M  NUT 

GRAPHITE TITANIUM COLLAR 

(B) GRAPHITE SPECIMEN (C) FABRICATION 

Fig. 3. Graphite specimen and center shaft for measurement of 
anode consumption. 

1 2 0.12 0.62 - -  
2 4 0.14 2.8 0.6 
3 4 0.14 2.6 0.55 
4 5 0.15 3.4 0.62 
fi fi 0.31 30 2,3 
6 6 0.17 16 
7 6 0.34 43 5.9 
8 6 0.23 29 5.3 
9 6 0.14 3.1 0.29 

10 6 0.26 31 - -  
11 8 0.34 30 2.8 
12 9 0.15 5.6 - -  
13 9 0.38 32 3.3 
14 9 0.35 31 3.9 
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Fig. 5. Weight loss vs. time curves in saturated NoCI at 40~ 
Current density, 100 A/dm2; surface area of specimen, 3.8 cm 2. 
Broken line shows the data without electrolysis. 

curve is shown in Fig. 5. The weight loss is almost 
linear with time except the first stage, probably due to 
physical loss of fine powders from the anode surface. 

The corrosion rate depends on the concentration of 
active chlorine and is a weak function of the pH. A 
broken line in the figure shows the data of consump- 
tion due to chemical oxidation in the brine containing 
30 mM of active chlorine at pH 8. 
Another experiment for chemical oxidation of graph- 

ite was carried out in which fine graphite powder 
(less than 60 mesh) was immersed in 0.1M NaCIO 
(pH 4.2 and 9.7) at 50~ for 5 hr. The weight loss was 
recorded to be only 0.4-0.6% or less. It was, therefore, 
concluded that the chemical oxidation is negligible 
compared to the electrochemical consumption. 

Figure 6 shows the corrosion rate vs. the CIOs- con- 
centration. The corrosion rate is almost independent of 
CIOs- but is affected by active chlorine. 

The corrosion rate as a function of the concentration 
of active chlorine is shown in Fig. 7. Most data have 
been obtained in the solution of pH 6. The corrosion 
rate is about linear with the concentration of chlorine. 
The data obtained in the solution containing a rela- 
tively high level of chlorine deviates because of the 
fluctuation of the chlorine concentration. 

Figure 8 shows the corrosion rate vs. pH curves. 
The labels in the figure show the concentration of 
active chlorine on the order of I0-2M (closed points) 
or 10-aM (open points). It is clear that the corrosion 
rate is almost independent of the pH over a relatively 
wide range. 

The steady-state polarization curves of the rotat- 
ing graphite cylinder anode after corrosion tests are 
shown in Fig. 9 and 10. There is no effect of CIOs- 
(Fig. 9), and hence CIOs- would not discharge on 
the graphite anode. On the other hand, the potential 
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Fig. 6. Corrosion rate vs. C103- concentration 
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is quite sensitive to addition of chlorine (Fig. 10) 
and also depends on the pH and the rotat ing speed. 

Discussion 
A part  of the chlorine generated from the graphite 

anode by electrolysis dissolves into the solution and 
forms HC10 and C10-  by hydrolysis as shown by 
reactions [A] and [B]. The distr ibutions of C12 dis- 
solved, HC10, and C10-  in the saturated NaC1 at 
25~ as functions of the pH are shown in Fig. 11. 
Since the ordinate is the mole fractions of these 
species, it is only a function of the br ine  pH, bu t  is 
independent  of the total concentrat ion of active chlo- 
rine. The exper iment  has been carried out under  
given concentrations of active chlorine over a wide 
range of pH, or wi th  much less than  1 a tm of C12 
pressure. It  is recognized the necessity of this at 
higher pH's but  at pH 1-3, as occurs in chlorine cells, 
it could have been possible to saturate the anolyte 
with chlorine. The dis t r ibut ion be tween C12 dissolved 
and HC10 under  1 atm of C12 part ial  pressure in the 
low pH range has been calculated by Barr  (31). The 
HC10 concentrat ion increases with the pH but  the 
Cb. concentrat ion remains  almost constant up to pH 
3. A careful study in  this pH range of 1-4 would have 
been most applicable to chlorine cells. The range 6-8 
would be applicable to chlorate cells but  the active 
chlorine is unstable  in this range, going either to 
chlorate or oxygen, or both. The condition at the 
electrode must  be different from the bulk  of electro- 
lyte under  these unstable  conditions. From Fig. 11, 
at about 2.5 of the pH, half  of the active chlorine 
converts into HC10. In  a range of pH 5-6, almost all 
chlorine dissolves as HC10, whereas C10-  is stable 
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Fig. 11. Concentration ratio of three components of active chlor- 
ine in the brine as a function of the pH at 25~ 

at high pH ranges. I t  agrees well  wi th  the results 
by Cowley et al. (32), who have obtained the polar-  
ization curves of a graphite  cathode in a solution 5M 
NaC1 + 10-2M HC1 saturated wi th  chlorine. The dif-  
fusion l imit ing current  density of C12 dissolved is 
about the same as that  of HC10. 

As shown in  Fig. 8, the corrosion rate is almost 
constant  across a wide range of pH if the  concentra-  
t ion of active chlorine is kept constant. Therefore, 
during electrolysis, the graphite anodes seem to be 
corroded by active chlorine in  the bu lk  solution, but  
the species in  the vicini ty of the anode are unknown.  
However, it is well  known that  the graphite anode 
is durable  in  concentrated HCI solution, also the cur -  
rent  efficiency for the C12 formation at the graphite 
anode in  concentrated and acidified (pH ca. 2) NaC1 
solution is more than 99% over wide ~anges of the 
current  density (16). The graphite anode must  be 
corroded by HC10 and/or  C10- ,  and not by C12. 

It  is well known that the graphite anode is oxidized 
into carbon surface oxide (as an intermediate)  wi th  
CO and CO2 in the electrolytic solution free from C1- 
The process is believed to be due to charge- t ransfer  
of H~O and O H -  in acidic and a lkal ine  solutions, 
respectively (17-22). Format ion  of CO and CO2 de- 
pends on the operating conditions of electrolysis (23- 
25). The oxygen electrode reaction is in  competi t ion 
with the chlorine formation depending on the C1- 
concentrat ion and is impor tant  for corrosion of the 
graphite anodes. The oxygen electrode process on the 
graphite  anodes and the carbon surface oxides wil l  
be discussed in  detail in the separate papers by the 
same authors (23-25). 

Vaaler has studied the effect of the pH on the con- 
sumption of graphite  anodes in the range  of pH 3-4.2 
(10). He pointed out that  the amount  of the COs 
formation increased with the pH. Wal len  studied the 
mixed solution of 50 g / l i t e r  NaC1 and 300 g/ l i ter  
NaC103 in the pH range of 2-10, but  he did not pay 
a t tent ion to the concentrat ion of active chlorine (11, 
26). 

Kokhanov et al. proposed the discharge of H20 
(to form CO and CO2 with the O2 formation) as a 
cause of graphite corrosion from the exper imental  
results, i.e., that the electrochemical weight loss minus  
the chemical loss was independent  of the pH in the 
range of 3.3-7 (5). Others showed the "critical po- 
tential," at which the graphite consumption was min i -  
mized (27-29). The critical potential  depends on the 
temperature:  1.63V vs. SHE at 25~ 1.57V at 40~ 
and 1.52V at 60~ It is impor tant  that it agrees well 
with the potential  at which the higher oxide, desig- 
nated as (C-OH) by the author  of this paper, would 
form on the graphite anode (23). 

Since C12 formation is the ma in  react ion in  con- 
centrated NaC1 at high current  densities, the rate 
of discharge of H20 is relat ively small. By projection 
of the l ine in  Fig. 7 to zero concentrat ion of active 
chlorine, the corrosion rate owing to discharge of 
H20 is estimated to be about  0.12 m g / A - h r  under  
the conditions of 100 A / d m  2 at 40~ 

Format ion  of chlorate from hypochlorite takes place 
both chemically and electrochemically depending on 
operating conditions such as temperature,  pH, and 
the electrode potential  (12, 13). 

The operating conditions of the  corrosion test under  
discussion here (also in practical chlorine cells) are 
feasible for chlorate formation as a side reaction. 
Deviation of the polarization curve at relat ively low 
current  densities wi th  addit ion of chlorine in the 
electrolyte is, therefore, reasonable as shown in Fig. 
10. The diffusion l imit ing current  density depends on 
the pH and the chlorine concentrat ion which agrees 
with the results of Fil ippov and Ibl  who have studied 
the anodic oxidation of hypochlorite with P t  and 
graphite (12, 13, 30). 

Because the electrode potential  was high enough 
dur ing  our corrosion tests, the formation of the car- 
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ban surface oxide as an intermediate  is quite possible 
with formation of chlorate and evolution of oxygen. 

Weight loss of graphite immersed in NaC1 solution 
saturated with chlorine is negligible. The weight loss 
of the graphite dur ing electrolysis at high current  
density (100 A / d m  2) depends on the chlorine con- 
centrat ion and is a relat ively small funct ion of the pH. 
The effect of chlorate on graphite corrosion is also 
negligible. It is, therefore, concluded that  the carbon 
oxide as an in termediate  for electrochemical forma- 
tion of chlorate from HC10 and /or  C10-  is the larg-  
est factor in consumption of a graphite anode, while 
some electrochemical oxidation of the graphite anode 
with discharge of H20 or O H -  may also take place. 

The corrosion rate described in this paper (e.g., 
Table I) is relat ively low (0.1-0.3 kg/ton-C12) in com- 
parison with in the practical cells (2-3 kg / ton) ,  be- 
cause the corrosion test was carried out in the satu-  
rated br ine  free from SO42- at  low tempera ture  
(40~ 

While chlorate does not affect degradat ion of graph-  
ite anode, the carbon surface oxide forms s imulta-  
neously with electrochemical formation of chlorate 
from hypochlorite and is the largest factor of con- 
sumption of graphite anode in chlor-alkal i  cells. 

Vaaler has reviewed the data in this paper and has 
worked out  a regression analysis by computer. With 
the data of Table I, he has obtained the results shown 
in  Table II and in Fig. 12 and 13. Although the re- 
gression coefficient b2 associated with pH is not de- 
fined very accurately, the F ratio shows that  pH has 
a definite effect on corrosion rate. The plots in Fig. 
12 show that scatter around the regression l ine is 
moderate and that the effect of pH, considered from 
a practical standpoint,  is not large (33). 

The authors  have no doubts about his conclusion. 
However, the polarization measurements  show that  
diffusion of HC10, C10- ,  and O H -  are l imited under  
operating conditions of the practical chlorine cells, 
and the main  reaction is formation of C12. The br ine  
pH also has an effect on the corrosion rate of graphite 
anodes, while the slope of the corrosion rate vs. pH 
curves (Fig. 8) is small. 

In  conclusion, the effect of the active chlorine on 
corrosion of graphite anodes has been emphasized in 
this paper because the effect is large in comparison 
with the pH effect both dur ing exper imental  work 
as well as in practical cells. 
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Table II. Regression analysis by L E. Vaaler (33) 

C o r r o s i o n  r a t e  = b l  + b2 x P H  + b3 X c o n c e n t r a t i o n  
of  a c t i v e  c h l o r i n e  

b l  = 0 . 0 7 5 3 ,  s t a n d a r d  d e v i a t i o n  = 0 .0308 .  
b2 = 0 . 0 0 9 2 6 ,  s t a n d a r d  d e v i a t i o n  = 0 . 0 0 5 5 1  
b3 = 5 .300 ,  s t a n d a r d  d e v i a t i o n  = 0 . 7 6 8 5  

S u m  o f  D e g r e s s  o f  M e a n  F 
s q u a r e s  ~ r e e d o m  s q u a r e  r a t i o  

D u e  t o  p H  r e g r e s s i o n  0 . 0 4 4 4 1  1 0 . 0 4 4 4 1  33 .6  
D u e  t o  a c t i v e  Cls  r e g r e s s i o n  0 . 0 6 2 3 5  1 0 . 0 6 2 3 5  4 7 . 5  
A b o u t  r e g r e s s i o n  0 . 0 1 4 4 3  11 0 . 0 0 1 3 1  - -  
T o t a l  0 . 1 2 1 2  13 - -  - -  
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Fig. 12. Regression analysis with the data of Table I by L. E. 
Vaaler. 
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Fig. 13. Calculated corrosion rate vs. pH and HCIO concentration 
by L. E. Vaoler. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
J O U R N A L .  
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Hydrogen Evolution Reaction on 
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and Ashok K. Vijh ~ 
Hydro-Quebec Institute of Research, Varennes, Province of Quebec, Canada 

ABSTRACT 

The electrolytic hydrogen evolution reaction (HER) has been studied on 
V, Cr, Mn, and Co in  sulfuric acid-sulfate solutions. The data consist of Tafel 
slopes, exchange current  densities, apparent  heats of activation, corrosion 
rates, corrosion potentials, and, in some cases, reaction order derivatives. At-  
tempts were also made to obtain informat ion on the electrode coverage by 
t ransient  techniques. The presence of corrosion, however, makes the possible 
electrode coverage by adsorbed hydrogen inaccessible. By combining these 
electrode kinetic data with the gas-phase hydrogen adsorption behavior  of 
these metals, it is suggested that the HER proceeds by means of the init ial  
discharge mechamsm on V and Mn whereas on Cr and Co, the radical- ion 
mechanism has been concluded. 

In a previous theoretical  s tudy (1) of the electro- 
catalysis of the hydrogen evolution reaction (HER) 
by the metals of the periodic table of elements, it was 
found that  rel iable electrode kinetic data for the hy-  
drogen evolution reaction on V, Cr, Mn, and Co were 
rather  scarce in the l i terature.  It  was decided to ob- 
tain these values and the results of these investigations 
are presented here. 

Experimental 
The HER was invest igated on V, Cr, Mn, and Co in a 

th ree-compar tment  a l l -Pyrex  cell containing suitable 
g a s  inlets and outlets. The hydrogen bubbled  in the 
working and reference compartments  and the hel ium 
in the counter  compar tment  were purified by the pur i -  
fication t ra ins  described previously (2) and were led 
into the cell by means of glass-to-glass connections. 
The gas outlets from the cell had water-fi l led bubblers  
in order to el iminate the diffusion of atmospheric oxy- 
gen into the cell. The stopcocks separating the three 
compartments  of the cell had long necks and were 
solution-sealed. The cell was thoroughly cleaned in 
chromic acid with subsequent  several washings and 
soakings in  conductivi ty water. The conduct ivi ty water  
w a s  obtained by e l iminat ing first the ionic and organic 
impuri t ies  of the tap water  by passage over suitable 

* Electrochemical  Society S tudent  Associate.  
** Elect rochemical  Society Act ive  Member .  
Key  words:  h y d r o g e n  evolut ion react ion,  t rans i t ion  meta ls ,  cor- 

rosion, act ive  dissolution. 

commercial  cartridges and then by disti l l ing twice 
over alkal ine KMnO4 in  two consecutive a l l -Pyrex  
stills. The electrolyte solutions were prepared, from 
H2SO4 (Ultrex, J. T. Baker Chemical Corporation) and 
Na2SO4 (Fischer A.C.S.), by adding various quanti t ies 
of H2SO4 (to fix the pH) to Na2SO4, the sodium sulfate 
acting as the support ing electrolyte to ma in ta in  a high 
conductivity. Buffers, which necessitate the use of 
weak acids such as acetic, formic, phosphoric, etc. for 
the preparat ion of acidic solutions, were avoided in 
order not to introduce traces of contaminants  (either 
in the acid to start  with, or produced in the counter  
compar tment  dur ing  electrolysis with the consequent 
migrat ion to the working compar tment  even if the 
compartments  are isolated by means of closed solu- 
t ion-sealed stopcock) or ions which might  undergo 
contact adsorption. Throughout  the experiments,  solu- 
tions were agitated by bubbl ing  hydrogen gas in the 
working compartment.  When l imit ing currents  were 
to be studied (e.g., proton discharge at low acidic con- 
centrat ions) ,  the agitat ion was however stopped in 
the corresponding region. Solutions were subjected to 
a cathodic pre-electrolysis on a sacrificial electrode 
(area ___ 1 cm 2) of the same material  as the working 
electrode. This pre-electrolysis was conducted first at 
a low cur ren t  density (ca. 0.1 mA cm -2) for 10-12 hr 
to remove any organics followed by  a second one 
at around 100 mA cm -2 for 2 hr. The electrode was 
then pulled out of the solution when still under  po- 
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larization. The second pre-electrolysis  at 100 m A c m  -2 
was first tr ied for 12-hr periods. It was noticed that  
it yielded Tafel  lines identical  wi th  those obtained by 
pre-electrolysis  for 2 hr. This longer  pre-elect rolysis  
was thus avoided because it resulted in change of pH 
in solutions of higher  ( f rom 1.9 ->4) pH values. The 
working electrodes were  fabricated f rom spectro-  
scopically pure  metals  obtained f rom A. D. Mackay, 
Inc., New York, and were  mounted  into hea t - shr ink-  
able Teflon as described previously (3). The working  
electrodes were  polished ei ther  mechanical ly  (Mn, Cr) 
or  chemical ly  (Co, V) and were  thoroughly  and re-  
peatedly  cleaned, the final cleaning being in boiling 
t r ichloroethylene.  Hydrogen reference electrodes and 
i r idium counterelectrodes were  employed. Routine po- 
tentiostatic and potent iodynamic procedures  (4) were  
used, and in some runs, an automatic s teady-sta te  po- 
larizat ion method was employed (5). The circuits used 
in the measurement  of charging curves and open- 
circuit  decays were  as described previously (2). 

The various potentiostatic plots have been corrected 
for the IR drop. This ohmic drop has been de termined  
by the oscillographic method (6, 7). Checks were  made 
to establish that  this IR drop was a l inear function of 
the current  density. 

Results  
The electrode kinetic parameters  for the HER ob- 

ta ined on the four metals,  together  wi th  some other  re -  
lated information, have been presented in Tables I-IV. 
Since the re levant  data are contained in these tables, i t  
is unnecessary to present  these results in details in va r i -  
ous figures. It would appear sufficient, therefore,  to 
show here some representa t ive  figures only, as follows: 

In Fig. 1, s teady-s ta te  potentiostatic Tafel  lines on 
vanadium at different tempera tures  are shown. An  ex-  
aminat ion of these data shows that  the Tafel  slope is 
genera l ly  around 2.3 • 2 R T / F  at  each temperature ,  
a l though showing some scatter  around this value. The 
curva ture  at h igher  current  densities, exhibi ted by 

Table h HER on vanadium: kinetic parameters and some other characteristics 

P a r a m e t e r  Value  C o m m e n t s  

i .  Tafe l  s lope (26~ 

2. E x c h a n g e  c u r r e n t  d e n s i t y  (25~ 
3. A p p a r e n t  hea t  of a c t i v a t i o n  

4. Reac t i on  o rde r  d e r i v a t i v e  

5. Cor ros ion  p o t e n t i a l  (25~ 
6. Cor ros ion  c u r r e n t  (25~ 
7. E lec t rode  cove rage  by  h y d r o g e n  
8. H y d r o g e n  a d s o r p t i o n  in  gas  phase  

Table IL 

P a r a m e t e r  

145 m V / d e c a d e  

5.3 • 10 V A . c m - 2  
11.6 kca l  - mole-1 

--~-pH/~=_o.~v = --0.84 

-- 130 m V  
2.8 X 10 4 A . c m - 2  
No p o s i t i v e  e v i d e n c e  
AHads.H ~ 52 kca l  �9 mo le  -1 

In  the  d e s c e n d i n g  d i r e c t i o n  of  p o t e n t i a l s  (more  ca thod ic  -> l e s s  
ca thodic )  p H  = 0.7 

E x t r a p o l a t i o n  of t he  Tafe l  p lo t  a t  25~ to  ~ = 0 
C a l c u l a t e d  f r o m  the  p lo t  of ( - - l o g  i) vs. 1 / T  a t  PH = 0.7 

= - 0 .  4V 

W h e r e  r r e fe r s  to the  e lec t rode  p o t e n t i a l  aga in s t  t h e  s t a n d a r d  h y -  
d r o g e n  e lec t rode  (SHE) 

Fo r  p H  = 0.7, in  1N H2SO; + 2N Na~SO4 
D e t e r m i n e d  by  S t e r n - G e a r y  ana ly s i s  (26) 
M a s k i n g  by  t he  assoc ia ted  d i s s o l u t i o n  r eac t ion  
Does no t  s p o n t a n e o u s l y  adso rb  h y d r o g e n  (25) 

HER on chromium: kinetic parameters and some other characteristics 

Value  C o m m e n t s  

1. Tafe l  s lope (25~ 120 m V / d e c a d e  

2. E x c h a n g e  c u r r e n t  d e n s i t y  (25~ 5.0 • 10 ~s A . cm-'-' 
3. A p p a r e n t  hea t  of a c t i v a t i o n  (a) 9.8 kca l  �9 mole-~ 

(b) 10.2 kca l  �9 mole-~ 

4. Reac t i on  o rde r  d e r i v a t i v e  

5. Cor ros ion  p o t e n t i a l  (26~ - 5 0 0  m V  
6. Cor ros ion  c u r r e n t  (25~ 1 m A  �9 cm-~ 
7. E l ec t rode  cove rage  by  h y d r o g e n  No c lear  e v i d e n c e  

8. H y d r o g e n  a d s o r p t i o n  i n  gas  p h a s e  hHads.n = 74 kca l  . mo le  -~ 

For  b o t h  a s c e n d i n g  a n d  d e s c e n d i n g  d i r e c t i o n s  of p o t e n t i a l s  in  so lu -  
t i on  of p H  = 0.7 

E x t r a p o l a t i o n  of t he  Ta fe l  p lo t  to  ~? = 0 
(a) O b t a i n e d  b e t w e e n  21 ~ a n d  70~ f r o m  the  p lo t  of ( - - l o g  i) 

~ = - 0 , 6 2 V  

vs. 1 / T  
( . . . .  ( 

(b) O b t a i n e d  f r o m  the  r e l a t i o n  \ ~ /  = \ ~ ]  

No r eac t ion  o rder  fo r  the  p r o t o n  d i s c h a r g e  is a v a i l a b l e  because  of 
c h r o m i u m  cor ros ion  

A t  p H  = 0.7, in  1N H2SO~ § 2N Na~SO4 so lu t i on  
As d e t e r m i n e d  by t h e  S t e r n - G e a r y  ana ly s i s  (26) 
G e n e r a l  m a s k i n g  of a n y  i n f o r m a t i o n  c o n c e r n i n g  t he  h y d r o g e n  ad-  

so rp t i on  
As  g i v e n  i n  ref .  (25). 

Table III. HER on manganese: kinetic parameters and some other characteristics 

P a r a m e t e r  Value  C o m m e n t s  

1. Ta / e l  s lope  (25~ 140 m V / d e c a d e  

2. E x c h a n g e  c u r r e n t  d e n s i t y  (25~ 3.98 • 10-~ A .era -~ 
3. A p p a r e n t  h e a t  of  a c t i v a t i o n  8.1 kca l  - mole-~ 

4. Reac t i on  o r d e r  d e r i v a t i v e  
5. Cor ros ion  p o t e n t i a l  (25~ -- 1.04V 
6. Cor ros ion  c u r r e n t  (25~ 17 m A  - em-~ 

7. E l ec t rode  cove rage  b y  h y d r o g e n  

8. H y d r o g e n  a d s o r p t i o n  in  gas  p h a s e  AHads.H <~ 52 kca l  - mole  -1 

Th is  v a l u e  is  o b t a i n e d  fo r  HsO d i scha rge  i n  0.1N H~SO~ + 2 N  
Na~SO4 so lu t i on  (pH = 1.9) 

Also  fo r  w a t e r  d i s c h a r g e  
C a l c u l a t e d  f r o m  the  p l o t  of  ( - - l o g  i) vs.  1 / T  

No reac t i on  o rde r  f o r  t he  p r o t o n  d i s c h a r g e  because  of co r ro s ion  
In  a s o l u t i o n  of 0.1N H~SO4 + 2N Na2SO4 (pH = 1.9) 
D e t e r m i n e d  by  the  c h e m i c a l  a n a l y s i s  of d i s so lved  M n  2+ in  t he  w o r k -  

ing  c o m p a r t m e n t  
The  cor ros ion  of M n  leads  to  a g e n e r a l  m a s k i n g  of any  i n f o r m a t i o n  

on  the  cove rage  by  H 
N o t  de tec t ab l e  by  c a l o r i m e t r i c  m e t h o d s  (25) 

Table IV. HER on cobalt: kinetic parameters and some other characteristics 

P a r a m e t e r  Va lue  C o m m e n t s  

1. Tafe l  s lope (25~ 115 m V / d e c a d e  

2. E x c h a n g e  c u r r e n t  de ns i t y  (25~ 6.25 • 10-7 A �9 cm -~ 

3. A p p a r e n t  hea t  of a c t i v a t i o n  14.8 kea l  - mole-1 
4. Reac t i on  o rde r  d e r i v a t i v e  

5. Cor ros ion  p o t e n t i a l  (25~ --114 m V  
6. Cor ros ion  c u r r e n t  (25~ 5.4 x 10-~ A �9 cm -2 
7. E l ec t rode  cove rage  by h y d r o g e n  No p o s i t i v e  e v i d e n c e  
8. H y d r o g e n  a d s o r p t i o n  i n  gas  phase  A H a d s . H  = 64 kea l  - mo le  -1 

I n  t he  d e s c e n d i n g  d i r e c t i o n  of p o t e n t i a l s  (h igh  ~ l ow  c u r r e n t  dens i -  
t ies) in  1N H~SO~ + 2N Na2SO~ (pH = 0.7) 

For  p r o t o n  d i s cha rge  f r o m  the  e x t r a p o l a t i o n  of the  Ta fe l  p lo t  a t  
~ = 0  

O b t a i n e d  f r o m  t h e  p lo t  of  ( - - l o g  io) vs. 1 / T  
No Tafe l  b e h a v i o r  in  ac id ic  so lu t ions .  Fo r  w a t e r  d i s cha rge  the  re -  

ac t ion  o rde r  is n e a r  0 (see tex t )  
O p e n - c i r c u i t  p o t e n t i a l  in  1N H~SO~ + 2N Na2SO~ (pH = 0.7) 
By  the  use of S t e r n - G e a r y  e q u a t i o n  (26) 
M a s k i n g  by  the  c o n c o m i t a n t  cor ros ion  r eac t i on  
Ref.  (25) 
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Fig. 1. Tafel relations for the HER on vanadium in 1N H2S04 + 
2 N  N a 2 S O 4  (pH = 0.70) at different temperatures. All Tafel plots 
taken in the descending direction of the potential. Ascending and 
descending lines shown for one typical temperature, however. 

some lines in Fig. 1, does not arise f rom the IR  effects 
nor does it appear  to be a l imi t ing current.  It is 
probably  associated with  the format ion of some surface 
hydride phase. This curvature  was also noticed by 
Kudryashov  (8) (at i > 10 -2 A . c m  -2) in a study in-  
tended to show the  influence of crystal  s t ruc ture  of 
vanad ium on Tafel  plots for the HER in 1N H2SO4. 
Our results, on the polycrystal l ine samples are  com- 
parable to those observed on the (1,1,0) face by 
Kudryashov,  i.e., b ---- 140 mV and io = 5.8 X 10 -8 
A .  c m  -2 .  

For  obtaining apparent  heat of act ivat ion for the 
HER on V, an a t tempt  has been made to plot the  log- 
a r i thm of the exchange current  density ( - - log  io) 
values against l / T ,  where  T is the absolute t empera -  
ture. These data showed an enormous scatter and the 
~H* va lue  corresponding to the l ine drawn is incredi-  
bly low, viz., 2 kcal �9 m o l e - L  The origin of this spuri-  
ous value for an ac t ivat ion-control led  react ion lies in 
the fact that  the Tafel  lines in Fig. 1 are not parallel,  
and the long extrapolat ions  involved in obtaining the io 
values yield a convergence at the revers ib le  potent ial  
owing to different b values  associated wi th  the  lines 
in Fig. 1. To c i rcumvent  this p roblem it was decided to 
extract  a representa t ive  hH* value f rom Fig. 1 by 
plott ing the logar i thm of the current  density at a 
typical potential  (actually at --0.4V, which corre-  
sponds, roughly, to the center  of the Tafel  lines) 
against the 1 /T  values (Fig. 2). The AH* thus ob- 
tained is 11.6 kcal �9 mole -1, which is quite  consistent 
with the values usually associated with the act ivat ion-  
controlled e lect rode reactions (9). 

F igure  3 contains s teady-sta te  potent ia l - log current  
density relationships on chromium at various t empera -  
tures. Linear  Tafel regions are obtained only at more 
cathodic potentials whereas  at less cathodic poten-  
tials, vanishingly small polarization values are ob- 
served, owing to appreciable part icipat ion of the cor-  
rosion (dissolution) reaction. The exper imenta l  Tafel  
slope decreases wi th  the increasing t empera tu re  con- 
tra'ry to theoret ical  expectat ions for the var ia t ion of 
2.3 • R T / ~ F  with the va lue  of ~ = 0.5. One possible 
way to explain this would be to suppose that  at low 
temperatures ,  high b values are  observed because of 
the presence of a surface oxide on Cr; at h igher  t em-  
peratures,  this oxide probably  becomes hydra ted  and 
thus "shor t -c i rcui ted"  as far  as its kinetic part icipat ion 
in the charge t ransfer  events is concerned, leading 
thereby to small slopes. This explanation,  however,  is 
highly speculative. The HER on chromium has also 
been studied previously (10-13). Our results shown in 
Table II may  be compared at room tempera ture  to the 
ones obtained by the fol lowing authors:  Slope of 107 
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of AH* thus obtained is 11.6 kcal-mole -z .  
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Fig. 3. Tafel relationships for the HER on chromium in 1N H2SO4 
+ 2N Nn2SO4 (pH = 0.7) solution at different temperatures. The 
curves shown represent the ascending and descending directions 
of both the potential and temperature. Data were recorded at 20 mV 
intervals in most cases. These curves are used to evaluate the ap- 
parent heat of activation of the reaction. Typical experimental 
points hove been shown at one curve. 

mV was observed in 1N H2SO4 wi th  io = 3.5 • 10 - s  
A . c m  -2 by Ha Nhok Ba et al. (11). De Becdeli~vre 
et at. (12) obtained a slope of 123 mV and io ----- 5.9 • 
10 -~ A-cm -2 for the face (1,0,0) of chromium in 1N 
H2SO4, and finally a slope of 126 mV and io -- 4 • 10 -7 
A . c m  -2 for active chromium in 1N H2SO4 by Wilde 
and Hodge (13). F rom the plot of log i (at ~ = 
--0.62V) vs. 1 / T  we obtained a value of 9.8 
kca l .mole  -1 for the apparent  heat  of act ivat ion (Table 
II) .  

It  is of interest  in the present  context  to examine  
the plot of the open-circui t  mixed corrosion poten-  
t ials vs. 1/T values as taken f rom Fig. 3. One may  
est imate the AH* value f rom this plot by assuming, as 
in a previous publication (14), that  the mixed  corro- 
sion potential  is de termined almost ent i re ly  by the 
cathodic conjugate part ial  react ion (i.e., the HER).  

/ c~Ecorr \ 

With this assumption, { ) va lue  is 129 mV 
\ 0 (1 /T )  / 

(and roughly  equal  to 120 mV at room temperature ,  
i.e., equal  to ca. 2.3 •  and that  this change in 
Ecor r corresponds roughly  to 1 decade change in the 
current  density, one may estimate a AH* va lue  f rom 
these data as equal to 10.2 kca l .mole  -1. This value 
agrees well  wi th  the one calculated f rom log i vs. 
1/T,  the plot as obtained above. On "act ive" chro- 
mium, Wilde and Hodge (13) got a much higher  value 
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from their Arrhenius  plot, i.e., 38.4 kcal .mole - I  in IN 
H2SO4 while they obtained 11 kcal .mole -1 for their  
passive chromium in the same solution. From the mag-  
ni tudes  of our corrosion potential  and the corrosion 
current  density and of those observed by Wilde and 
Hodge (13), it is clear that our data for the HER refer 
to a nonpassivated chromium surface. The values of 
• observed by Wilde and Hodge (13) for the active 
chromium are, however, enormously higher than those 
obtained by us; the magni tude  of their AH* values for 
this case (38.4 kcal .mole -1) appears much too high in 
comparison with the hH* values general ly  observed 
for the HER on various metals. 

In  Fig. 4, steady-state potentiostatic Tafel plots for 
the HER on Mn in  0.1N H2804 -Jr 1N Na2SO4 (pH = 
1.9), at the shown temperatures,  are presented. At the 
lower cathodic potentials, no Tafel plot is obtained 
because of the vigorous open-circuit  corrosion re- 
action. Around 10 -2 A .cm -2, a l imit ing current  den-  
sity for the discharge of H~O + is reached, as also 
noted in some previous work (15), folowed by a long 
Tafel region, at all temperatures,  associated with the 
evolution of hydrogen by the discharge of H20. The 
Tafel slopes for these lines are ca. 140 mV/decade 
and may hence be roughly assumed to be 2.3 X 2RT/F.  
An at tempt was made to obtain the apparent  heat of 
activation ~H*, from these Tafel lines by plott ing the 
current  density values at --1.4V vs. 1/T. It was ob- 

01ogi )~ is 8.1 kca l .mole -L  Mel- served the \ ~  =-l.4V 

endez and Brenet  (16) have reported a Tafel slope of 
152 mV in buffered phosphate solutions (pH =- 7.6) 
which also corresponds to water  discharge. Hur len  and 
Valand (17) obtained a slope of 117 mV in sulfuric 
acid-potassium sulfate solutions but  these experiments  
(17) were conducted in a single compar tment  cell 
which would make them of questionable val idi ty due 
to the possible contaminat ion by oxygen formed at the 
anode. In  O.IN H2SO4, Gamal i  and Stender  (18) ob- 
ta ined a slope of 120 mV with an exchange current  
density of 1.8 • 1 0 - ~  A-cm -2. 

In  Fig. 5 steady-state potentiostatic Tafel plots for 
the HER on Co are presented. They cover a range of 
temperatures  and were taken in 1N H2804 + 1N 
Na2SO4 (pH ---- 0.7) solutions. Reproducible Tafel l ines 
over several decades of current  densities are obtained 
only if one prepolarizes the electrode for about 30 rain 
at the highest cur rent  density and traces the Tafel 
slopes in the descending (more cathodic --> less cath- 
odic) direction of potentials. Even under  these condi- 
tions, the marginal  "second" Tafel region at higher 
cathodic potentials is not very  reproducible and will 
not be discussed fur ther  here. It  should be emphasized 
that  this lack of reproducibi l i ty  in  the upper  Tafel 

-1.6 
~ 2 1 ~ C  

25~C 

- 1 . 4  

4 . 3  

u J  - 1 . 2  

- I  .1 

- 1 . 0  
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I 0 "3 10 "~ 10 -I 
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Fig. 4. Tafel relationships for the HER on manganese in 0.1N 
H2S04 4- 2N Na2S04 (pH = 1.9) at different temperatures. These 
curves were used to calculate the apparent heat of activation. 
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Fig..5. Taler relationships for the HER on cobalt in 1N H2SO4 -~- 
2N Na2SO4 (pH ---- 0.70) at different temperatures. All Tafel plots 
are in the descending direction of the potential but a typical as- 
cending curve is shown (in dashes) for one temperature (40~ 
Data are: b2o ---- i17 mV; b2~ ---- 115 mV; b4o ---- 106 mV; bso = 
195 mV; b65 ---- 115 mV. 

region is not due to the impurit ies in the solution since 
good Tafel lines are obtained in the potential  range, 
--0.05 to --0.5V at all temperatures.  It appears that  
cathodic polarization leads to some profound change in  
the cobalt surface which results in their stability, and 
hence reproducibil i ty after the prepolarization. The 
hysteresis between the ascending and descending Tafel 
plots (on the conditioned electrodes, of course) is 
shown only for 40~ in Fig. 5; it is least pronounced 
for 65~ and assumes higher magnitudes for lower 
temperatures.  

An  at tempt has been made to deduce the apparent  
heat of activation, AH*, by plott ing -- log io values 
against the corresponding 1iT value. The parent  data 
for this plot are extracted from Fig. 5. The AH* ob- 
tained is 14.8 kcal .mole -1. All  the results presented 
here and summarized in Table IV may be compared 
with the following ones. Iofa et at. (19) obtained a 
slope of 147 mV and an io of 1.9 • 10-~ A .cm -2 in  
0.1N H2SO4; Mottern and Myers (21) give a value of 
125 mV for the cathodic Tafel slope and 1.3 • 10 -5 
A-cm -2 for the exchange curent  density wi th  Ecorr be- 
ing --0.31V (SCE) in 1N H2SO4. 

A typical determinat ion of the chemically significant 

reaction order d e r i v a t i v e , "  " (01og__._~/) is de- 
\ / 0  pH ~=-0.TV.V,v 

picted in Fig. 6, for the case of V; here ~ refers to the 
electrode potential  against s tandard hydrogen elec- 
trode (also see Table IV), and ,I, is the potential  drop 
across the diffuse double layer. 

Potent iodynamic and transient  s tud ies . - -A  complete 
study of the behavior of the four metals under  dy-  
namic variat ion of potential  was carried out. The tech- 
niques used were the following: (i) potent iodynamic 
profiles for various sweep rates, temperatures,  and pH 
values; (ii) open-circui t  decay of the electrode poten- 
tial; (iii) galvanostatic cathodic charging curves from 
the open-circuit  potential;  and ( iv)  galvanostatic 
forced decay (22) curves at high anodic or cathodic 
current  densities. These exper iments  were conducted 
with a view to obtain some information on the cov- 
erage of the electrodes by chemisorbed hydrogen. In 
general, very high pseudo-capacitance values charac- 
teristic of a significant corrosion reaction were ob- 
served in all cases. The studies could not br ing out, 
therefore, any evidence of the chemisorption (or lack 
of it) of atomic hydrogen on these electrodes dur ing 
the HER. 
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Fig. 6. Plot of --log i at ~ = --0.7V vs. pH for the vanadium 
electrode in xH2SO~ -t- 2N Na2SO4 solutions (1N~x~IO-4N);  
is the value of the electrode potential against standard hydrogen 
electrode (SHE). 

Discussion 
For V, Cr, and Co the corrosion rates in the highly 

acidic (pH ---- 0.7) solutions are not high enough to pro- 
hibit the measurement  of Tafel regions for the HER 
proceeding by the discharge of HaO + (Fig. 1, 3, and 5). 
For the case of Mn, however, the corrosion rate is of 
very high magni tude  so that  a Tafel l ine for the HER 
by proton discharge is not obtained even in solutions 
with pH = 1.9 (Fig. 4). In  this case, a l imit ing current  
for the H30 + discharge is obtained around 10 -2 
A .cm -2, which is followed by a Tafel region for the 
HER by water  discharge at higher cathodic potentials 
(Fig. 4). 

The evolution of hydrogen on V, Cr, and Co, from 
the acidic solutions can involve the following e lemen-  
tary steps (14, 23, 24) 

H30 + + e -  + M- ->M--  H + H20 [1] 

followed by  

H~O + q- e -  q- M -- H--~ M + H2 + H20 [2] 
o r  

2M -- H--> 2M q- H2 [3] 

The values of the Tafel slope for these three metals  
(Table I, II, and IV) exclude the possibility of step [3] 
as the ra te -de te rmin ing  step (rds).  The exper imental  
values observed (ca. 2.3 • 2RT/F) would indicate 
ei ther step [1] (with electrode coverage 0 *-> 0) or step 
[2] (with electrode coveeage e --> 1) as the rds. Since 
direct evidence on the electrode coverage by electro- 
chemical t rans ient  studies cannot  be obtained for t h e s e  
metals because of the interference by metal  dissolution 
and oxide formation (or reduction) etc., it is difficult to 
dist inguish between the choice of step [1] or step [2] 
as the rds. Some light may be th rown on this point, 
however, by the behavior  of these metals toward 
the adsorption of H2 in the gas phase (Tables I, II, 
and IV), as discussed previously in the theoretical 
considerations of the HER (1, 23, 24). Since Cr (Table 
II) and Co (Table IV) are good catalysts for adsorb- 
ing hydrogen (25), it is l ikely that  the HER proceeds 
on an electrode covered by adsorbed hydrogen. This 
fact would indicate step [2] as the rds for Co and Cr. 
It is found, however, that  vanad ium does not adsorb 
hydrogen from the gas phase (Table I) .  It  is l ikely 
that because of its ra ther  noncatalytic na ture  in the gas 
phase (25), the vanad ium electrode is not covered by 
chemisorbed hydrogen dur ing the HER; this would 
suggest step [1] as the rds for V. 

For the case of Mn, the Tafel l ine is observed only 
for the discharge of H20 for the solutions examined 
(Fig. 4). The steps involved in the HER on Mn would 
then be 

M + H 2 0  + e -  --> M --  H q- O H -  [4] 

f o l l o w e d  b y  

M - -  H q- H 2 0  q- e -  --> M --  H q- H2 q- O H -  [5] 
o r  

2M - -  H--> 2M q- H~ [3] 

The value of Tafel slope (Table III)  would exclude, 
again, step [3] as the rds. The direct knowledge on the 
electrode coverage by adsorbed H, dur ing  the HER, 
is again not accessible. However poor adsorbent  prop- 
erties of Mn for the H2 in the gas phase (Table III)  
would lead one to suggest that  the electrode coverage 
dur ing the HER is probably not significant. One would 
thus tend to conclude step [4] as the rds on Mn in  the 
Tafel region in  Fig. 4. 

The relevance of other exper imental  data (Tables I 
to IV) to the proposed mechanisms may now be ex- 
amined. The value of io for V is ra ther  high (9, 23) for 
the suggested ini t ial  discharge mechanism w h e r e a s  
the magni tudes  of reaction order and the heat of ac- 
t ivat ion are not incompatible  with it (Table I).  For the 
case of chromium, the io and a l l*  values are not incon-  
sistent with the proposed mechanism (14,23). The 
at tempts to measure react ion order on Cr by ex- 
amining  the current -potent ia l  relations at pH values of 
0.7, 1.9, 3, and 4 were not successful; this arises be-  
cause at higher pH values (1.9, 3, and 4), the Tafel 
l ine (obtained between the  open-circui t  corrosion po- 
tential  and the potential  for the change-over  to H20 
discharge) for the H30 + discharge is too small  to be 
significant. 

For  the case of Mn (Table III) the exchange current  
density value observed clearly confirms the suggested 
mechanism (14, 23, 24), al though the AH* is ra ther  l o w  
though not inconsistent (4) with the proposed mecha-  
nism. Here the reaction order could not be determined 
since the Tafel lines are obtained for the discharge of 
water  only (Fig. 4). 

The exchange current  densi ty for Co (Table IV) is 
of the same magni tude  as is general ly observed for 
metals proceeding with step [2] as the rds (1, 14, 23, 
24). The heat of activation is not so high as would 
mil i tate  against the proposed mechanism. The reaction 
order could not be determined owing to the reasons 
very similar to those ment ioned for chromium above. 

In  conclusion, it is suggested that  HER on V and 
Mn proceeds with steps [1] and [4] as the rds, respec- 
tively. For the case of Co and Cr, step [2] appears 
to be the l ikely rds. 
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Hydrogen and Nitrogen Evolution Reactions 
in Acid Liquid Ammonia 

M. H. Miles* and C. A. Yates 
Department o~ Chemistry, Middle Tennessee State University, Murireesboro, Tennessee 37130 

ABSTRACT 

The hydrogen and nitrogen evolution reactions were investigated on vari- 
ous electrode surfaces in acid (NH4NO~) liquid ammonia solutions at tem- 
peratures ranging from 20 ~ to --60~ Tafel slopes, t ransfer  coefficients, and 
exchange currents  were determined from the poten t ia l -cur ren t  measurements .  
The relat ive rates of the hydrogen evolut ion reaction on various surfaces in  
l iquid ammonia  is in  the order Pt, I r  > >  Ni2B, Au > Mo, Cr, W > >  Ta, simi- 
lar  to the relat ive reactivities found in  aqueous solutions. The Tafel slopes 
for the cathodic reaction are also similar  to Tafel slopes determined in  aque-  
ous solutions at comparable temperatures.  However, the apparent  cathodic 
t ransfer  coefficients tend to decrease significantly at low temperatures.  On 
p la t inum surfaces, the slow step appears to change from the chemical reccm- 
binat ion of adsorbed hydrogen atoms to an electrochemical process as the 
tempera ture  decreases. Studies of the ni t rogen evolution reaction are com- 
plicated by possible in terfer ing anodic reactions. However, the results indi -  
cate that there is an extremely high overvoltage associated with the ni t rogen 
evolution reaction, and that  electrochemical process rather  than  chemical re- 
combinat ion steps control the reaction rate. 

Investigations of the hydrogen evolution reaction 
(h.e.r.) in l iquid ammonia  solutions (1-3) have been 
surpris ingly few, especially when compared with the 
numerous  studies of the h.e.r, in aqueous solutions (4, 
5). The l i terature  indicates that  the Tafel parameters  
for the h.e.r, in l iquid ammonia  solutions have been 
determined only  for nickel and p la t inum electrodes 
(1, 3). The only detailed study reported of the ni t rogen 
evolution reaction (n.e.r.) in l iquid ammonia  was made 
using a p la t inum electrode in several  acid salt solu- 
tions at --50~ (6). In  our study, Tafel parameters  
were determined for the h.e.r, on various electrodes in 
NH4NOs solutions in l iquid ammonia  at temperatures  
of 20 ~ 0 ~ and --60~ The ni t rogen evolut ion reaction 
on several electrodes was also investigated at 0~ 

Experimental 
The liquid ammonia  solutions were prepared from 

anhydrous  ammonia  (99.99%) and vacuum-dried,  re-  
agent grade NI-I4NO3 using methods similar to those 
described previously (2, 7). At 0 ~ and 20~ the mole 
ratio of NI-I3 to NH4NO~ is about 1.5 in the ammoniate  
of this salt (8). At --60~ approximately 5M solu- 

* Elect rochemical  Society Ac t ive  Member .  
K e y  words: e x c h a n g e  current ,  Tafel  slopes, t r ans fe r  coefficients, 

overvol tage.  

tions of NH4NO3 were used. A dry  ice-chloroform bath 
was used for measurements  at --60~ to provide tem-  
perature control of _+I~ Recent work has verified 
that the lead-saturated lead ni t ra te  (SLN) reference 
electrode used works well in l iquid ammonia  solutions 
(9). 

All po ten t ia l -cur ren t  measurements  were made using 
a Beckman Electroscan 30 ins t rument .  Pr ior  to each 
run, the electrode received a pre t rea tment  by sweeping 
the potential  in the positive direction unt i l  ni t rogen 
evolution occurred, then in the negative direction unt i l  
hydrogen evolution appeared. This procedure was re- 
peated several times, always al lowing hydrogen to be 
evolved before the actual run  started. In each run,  the 
potential  was swept in  the direction of interest  at a 
rate of 0.5 mV/sec. 

Results 
The l inear  regions of the log i vs. potential  plots 

suggested by Tafel 's equation 

I']] ---- I E -- Eol ---- a + b log Ill [1] 

for all electrodes studied is shown in  Fig. 1 for the 
hydrogen evolution reaction 

NI-I4 + + e -  ~- NHa -? 1/~ H2 [2] 
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in NH4NOs solutions in l iquid ammonia  at  0~ The 
cur ren t  density,  i, was de te rmined  using the geomet r i -  
cal a rea  of the  electrode.  Except  for p la t inum and 
ir idium, the  slopes of these plots  are  about  the  same 
for each e lec t rode  mater ia l .  However ,  the overvol tage,  
~, r equ i red  for  a given Current dens i ty  var ies  g rea t ly  
wi th  the meta l  used. This indicates  tha t  the  rank ing  of 
these electrodes as e lec t rocata lys ts  for the above re -  
action is in the  order  P t  > I r  > >  Ni2B > A u  > Mo 
> Cr > W > >  Ta, wi th  Pt  being the  best  e lect ro-  
catalyst .  The Tafel  parameter ,  b, and the  appa ren t  
cathodic t ransfer  coefficient, 8, can be de te rmined  f rom 
Fig. 1 using the  re la t ionships  

dl,~l 2.303RT 
b = ~ = ~ C3] 

dZog [il 8F 
Knowledge  of the equ i l ib r ium potential ,  Eo, for reac-  
t ion [2] is requ i red  before  the de te rmina t ion  of the  
Tafel  parameter ,  a, can be made.  Due to indica ted  
difficulties wi th  the  hydrogen  re ference  e lec t rode  in 
l iquid  ammonia  (9) involving ra the r  long ini t ia l  set-  
t l ing down per iods  (10), no a t t empt  was made  to mea -  
sure the  equ i l ib r ium potent ia l  d i rec t ly  for our  solu-  
tions. However ,  the  equ i l ib r ium potent ia l  can be  est i-  
mated  to be about  --0.25V vs. SLN for the  solutions 
at  0~ based upon  the cu r ren t -po ten t i a l  measurements  
using the  p la t inum electrode.  Using this  es t imated 
value  for  Eo, both  the  Tafel  pa ramete r ,  a, and  the  ap -  
pa ren t  exchange  current ,  io, can be de te rmined  for  the  
h.e.r, in  l iquid  ammonia .  These resul ts  a re  g iven in 
Table  I for the  var ious  electrodes used. Using the ap-  
pa ren t  exchange  currents  gives a lmost  the  same r a n k -  
ing as above for  the  e lectrodes as e lec t rocata lys ts  for 
reac t ion  [2]. 

F igu re  2 shows Tafel  plots at  20 ~ 0 ~ and --60~ for 
the  hydrogen  evolut ion reac t ion  on mo lybdenum in 
acid l iquid  ammonia  solutions. S imi la r  studies at  these 
th ree  t empera tu re s  were  made using pla t inum,  gold, 
and tungs ten  electrodes.  Values  for the  apparen t  
cathodic t ransfe r  coefficients, 8, for the h.e.r, were  ca l -  

Table I. Tafel parameters for the hydrogen evolution reaction at 
various electrodes in NH3-NH4N03 solutions at O~ 

Electrode a b io 
m a t e r i a l  (Volts} (Volts) (A/cm=) 

P t  0,15 0.031 2 x 10 -~ 
I r  0.16 0.032 10 ~ 
Ni~B 0.59 0.10 10 -e 
A u  0.71 0.12 10 -6 
M e  0.71 0.11 4 x 10 -T 
W 0.81 0.12 2 X 10 -~ 
Cr  0.79 0.11 lO -'t 
Ta  1.21 0.10 10 -z~ 

Table II. Apparent cathodic transfer coefficients for the hydrogen 
evolution reaction in NH3-NH4NO3 solutions at 20 ~ 0 ~ and - -60~ 

Electrode ~ ~ 
material  (20~ (0~ ( - -  60~ 

P t  2,15 1.75 0.4'/ 
AU 0.58 0.48 0.26 
M e  0.45 0.52 0.32 
W 0.45 0.46 0.28 

cula ted  f rom the Tafel  slopes using Eq. [3]. The resul ts  
g iven in Table II  show tha t  the  values  for 8 va ry  wi th  
the  tempera ture .  Fo r  Au, Mo, and W electrodes,  the 
values  for  8 range  f rom about  0.5 at 20~ to about  0.3 
at  --60~ For  Pt, 8 ranges  f rom about  2 a t  20~ to 
about  0.5 at  --60~ 

F igure  3 shows Tafel  plots  at 0~ for the  anodic or  
n i t rogen evolu t ion  react ion on var ious  electrodes in 
acid l iquid ammonia  solutions. Al though format ion  of 
gas bubbles  is d i rec t ly  vis ible  on al l  the  electrodes at  
the  h igher  cur ren t  densit ies,  i t  is also possible tha t  the  
anodic cur ren t  includes components  due to direct  oxi-  
dat ion of the  e lectrode i tself  or due to format ion  of 
in ters t i t ia l  n i t r ides  of the  metal .  Gessler  and P leskov  
(6) have demons t ra ted  that  in acid salt  solutions in 
l iquid ammonia  at  --50~ about  6% of a constant  cur -  
ren t  dens i ty  of 10 -~ A / c m  2 is consumed by dissolution 
of the  p l a t inum anode, assuming p l a t i n u m  is t r ans -  
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ferred to the solution in the form of te t rava len t  ions. 
Such dissolution would l ikely  be larger  for the less- 
noble metals. The apparent  anodic t ransfer  coefficient 
calculated f rom the Tafel  slopes in Fig. 3 are 0.2 for 
Ni2B, 0.4 for Ir, 0.6 for Mo, W, and Cr, and 0.7 for Au 
and Pt. The Tafel  sloFes repor ted  by Gessler and Ples-  
kov (6) indicate an apparent  anodic t ransfer  coefficient 
of 0.5 for the n.e.r, on p la t inum at --50~ 

Discussion 
At normal  temperatures ,  the hydrogen evolut ion re-  

action in acid l iquid ammonia  appears to be kinet ical ly  
similar  to the h.e.r, in acid aqueous solutions. The re-  
action steps to be considered in the mechanism of re-  
action [2] are  l ikely 

NI-I4 + + e -  --> Hads + NH3 [4] 

NH4 + + Hads -}- e -  --> H2 --}- 1~]-1--I3 [5] 

Hads -~- Hads "-> H2 [6] 

For most t ransi t ion metals, the h.e.r, proceeds wi th  
significant s teady-s ta te  adsorption of hydrogen (11, 
12), hence e i ther  react ion [5] or [6] would probably be 
ra te-determining.  Judging f rom the Tafel slopes 
(Tables I and II) ,  react ion [6] appears to be ra te -  
determining on Pt  and Ir surfaces at t empera tures  0~ 
or above (/~ ~ 2), while  react ion [5] is l ikely ra te-  
determining on the other  surfaces. The unusual ly  large 
decrease in /3 wi th  decreasing t empera tu re  to a value 
of about 0.5 at --60~ suggests that  react ion [5] be-  
comes ra te -de te rmin ing  on Pt  at ex t r eme ly  low tem-  
peratures.  

The react iv i ty  scale for the h.e.r, on various metals  
appears to be about the same in acid ammonia  solu- 
tions as observed in acid aqueous solutions. Trasat t i  
(12) has indicated that  the solvent would not interfere  
substant ial ly wi th  the h.e.r., except for shifting the 
absolute scale of reactivity.  Studies of the results for 
the h.e.r, in aqueous solutions suggest that  there is a 
l inear  correlat ion be tween  log io and the  heat  of ad- 
sorption of hydrogen on the electrode, AHads (12, 13). 

Omitt ing Ta, the measured exchange currents  in acid 
l iquid ammonia show a l inear  relat ionship be tween 
log io and ~Hads with d log io /d  ~Hads ~ 0.3, whi le  a 
slope of 0.6 was found for aqueous solutions (13). Al -  
though the measured exchange currents  in acid am- 
monia solutions genera l ly  tend to increase wi th  in- 
creasing work function of the metal,  the relat ionship 
be tween log io and the work  function is not clearly 
l inear as suggested by Trasat t i  (12). The possibility of 
producing persistent interst i t ial  nitrides during the 
electrode pre t rea tment  might  account for the lack of 
linearity. It should also be noted, however,  that  Kuhn  
et  al. (13) question proposed correlat ions be tween  the 
rate  of the h.e.r, and the work  function. 

A tempera ture  dependence of/~ similar to that  shown 
in Table II has been observed in other studies of the 
h.e.r, at low tempera tures  (14-16). It has been pro-  
posed that  ei ther/~ is a function of temperature ,  or 

2.303RT 
b = C [7] 

~F 

where  C and /~ are constants, to account for observed 
increases in b wi th  decreasing t empera tu re  (16). This 
anomalous t empera tu re  dependence of b can be rat ion-  
alized in terms of specific adsorption of anions, presence 
of surface films, solvent s t ructure  effects in the double 
layer, or by proton tunnel ing  at low tempera tures  
(16, 17). It  is interest ing to note that  a proton tunnel -  
ing mechanism predicts a Tafel  slope corresFonding to 

~ 0.25 (17), which is close to the exper imenta l  values 
at --60~ (Table II) for the h.e.r, on W, Mo, and Au. 
Lamarre  and Vijh (3) observed a similar  Tafel  slope 
for the h.e.r, on Pt  at --73~ in l iquid ammonia  and 
suggested the possibility of a proton tunnel ing mech-  
anism. However,  detailed studies of the h.e.r, in meth-  
anolic and ethanolic acid solutions at low tempera tures  
give very  l i t t le evidence for a proton tunnel ing mech-  
anism (14-16). 

The calculated the rmodynamic  dissociation voltage of 
l iquid ammonia corresponding to evolut ion of hydro-  
gen at the cathode and ni t rogen at the anode is only 
0.04V at 25~ (2, 6). Using this to est imate an equi-  
l ibr ium potential  of --0.2V vs.  SLN for the n.e.r., the 
data in Fig. 3 indicate that  the kinetics are ve ry  slow 
for the ni trogen evolut ion react ion in liquid ammonia.  
The exchange current  density for the n.e.r, on pla t inum 
is calculated to be only about 10 -19 A / c m  2 at 0~ in 
acid l iquid ammonia  solutions. Gesster and Pleskov (6) 
have  also shown that  a high ni t rogen overvol tage  exists 
for the n.e.r, on p la t inum in l iquid ammonia.  

Possible steps in the reaction mechanism for the 
n.e.r, in l iquid ammonia  include 

NHxads -> NHy ads -}- (X -- y ) H  + + ( x  - -  y ) e -  [8] 

NH= ads -F NHy ads  --> NaHz ads [9] 

N2Hz ads "-> N2 -I- zH + -F z e -  [10] 

where  x and y are integers ranging from 0 to 3 with 
x ~ y and 0 ~ z ~ 4. Simple kinetic considerations 
predict  an anodic t ransfer  coefficient value  of ~ ---- 2 
when processes involving chemical  recombinat ion of 
adsorbed species are rate determining.  If in ter fer ing 
anodic reactions can be neglected, then the exper i -  
mental  values for a, which range f rom 0.2 to 0.7, sug- 
gest that  nei ther  react ion [9] nor the recombinat ion of 
adsorbed ni t rogen atoms is ra te  determining.  Since the 
electrochemical  oxidation of hydrazine occurs readi ly  
in l iquid ammonia  (7), it seems unl ikely that  reaction 
[10] would  be rate determining.  Therefore,  the ra te-  
determining step for the n.e.r, in l iquid ammonia  must 
be some electrochemical  process represented by Eq. 
[8]. Similar  conclusions were  reached by Gessler and 
Pleskov (6) in their  studies in l iquid ammonia, and by 
Gerischer and Mauerer (18) in their investigations in 
aqueous KOH solutions. In basic aqueous solutions, the 
participation of adsorbed OH-radicals promotes the 
electrochemical oxidation of ammonia. In both aque- 
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ous and l iquid ammonia  acid solutions, where O H -  
species are rare or absent, the electrochemical oxida- 
tion of ammonia  is extremely slow. 

Conclusions 
The Tafel slopes, reaction mechanisms, and relative 

reactivities for the h.e.r, on various electrodes in acid 
liquid ammonia  show expected similarities to the h.e.r. 
in acid aqueous solutions at comparable temperatures.  
However, the apparent  cathodic t ransfer  coefficients 
tend to decrease at low temperatures,  and on p la t inum 
there is evidence that a change in the ra te -de te rmin ing  
stop occurs at low temperatures.  

There is an extremely high overvoltage associated 
with the ni t rogen evolution reaction in acid l iquid am-  
monia solutions. The Tafel slopes suggest that an elec- 
trochemical step rather  than  a chemical recombinat ion 
step is rate de termining for the anodic reaction. 
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A Radiometric Study of Carbon Dioxide Adsorption 
on Platinum 

H. B. Urbach,* L. G. Adams, and R. E. Smith 
Naval Ship Research and Development Center, Annapolis, Maryland 21402 

ABSTRACT 

The adsorption of CO2 on platinum covered with adsorbed hydrogen atoms 
gives rise to an adsorbate called "reduced CO2," written (CO2)r. The steady- 
state adsorption of (CO2)r (the isocones) and its initial adsorption kinetics 
(Tafel plots) were studied by radiometric methods employing C14-1abeled 
CO2. Radiometric results and selected reported electrochemical results ap- 
pear to be compatible provided the adsorbate (CO2)r, is assumed to be a car- 
bonyl species that is bridged on two adjacent platinum sites. Isocones (cov- 
erage vs. potential relation) reveal a gaussian curve with a steady-state ad- 
sorption peak between 0.00 and 0.10V (RHE). Bo~h the steady-state adsorp- 
tion and kinetic rates increase with pH. No current is observed during the for- 
mation of (CO2) r. The character of the isoconcs and the initial kinetic rates 
are predicted by a reaction scheme based on cathodic reduction of carbon 
dioxide and anodic oxidation of adsorbed hydrogen atoms in equal amounts. 

The reaction of CO2 with chemisorbed hydrogen on 
p la t inum electrodes was first studied by Giner  (1). He 
concluded that  he was observing a redox reaction and 
called the final adsorbed product  "reduced CO2" 
[henceforth referred to as (CO2)r]. His studies, con- 
ducted at room tempera ture  in an acidic electrolyte, 
indicated that  CO2 adsorbs below 0.25V with the re-  
su l tant  adsorbate oxidizing above 0.5V dur ing l inear  
potent ial  sweeps. In  subsequent  studies of the adsorp- 
t ion of organic materials  and saturated hydrocarbons 
(3) he reported (CO2)r as part  of the par t ia l ly  oxi- 
dized residue of these reactants. 

Fur the r  studies by Niedrach et al. (4) indicated the 
presence of (CO2)r on p la t inum fuel-cel l  electrodes 
exposed to low molecular  weight hydrocarbons,  im-  

" Electrochemical Society Active Member. 
Key words: reduced carbon dioxide, carbonyl e l e c t r o s o r p t i o n ,  

bridged carbon adsorbates. 

plicating (COe)r as a de t r imenta l  factor (4) affecting 
fuel-cell  operation. Addit ional  exper iments  were sub-  
sequent ly under taken  by other researchers (5-27) to 
fur ther  the characterization of reactions producing 
CO2 and its adsorbate. Each of these experiments  has 
provided fur ther  insight into the basic properties of 
(CO2)r using pure ly  electrochemical means. 

Concern for the de t r imenta l  effects of (CrO2)r on  the 
behavior of fuel-cell  anodes using carbonaceous fuels 
(4, 7) has prompted this radiometric invest igat ion of 
the adsorption phenomenon to gain thereby fur ther  
unders tanding  of the conditions causing fuel-cell  im-  
pairment.  This report  describes and reinterprets  pre-  
viously reported data in the light of these independent  
nonelectrochemical  methods. The experiments  de- 
scribed herein are a cont inuat ion of radiometric studies 
involving C14-tagged formic acid (report in prepara-  
tion) under taken  at this laboratory. The radiometric 
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techniques are modifications of methods described by 
Bockris and co-workers (28, 29). 

Experimental 
The definition of the surface coverage parameter,  ~, 

employed herein is an exper imental  quant i ty  equal to 
the ratio of the charge obtained by oxidation of the 
organic adsorbate divided by the charge associated 
with the oxidation of a clean layer  (supposedly a 
saturated layer)  of adsorbed hydrogen on the surface 
in  question. The oxidation charge of the organic ad- 
sorbate is derived from measurement  of the radio-  
activity of radioactive molecules of the adsorbate. The 
definition is simplistic and, as discussed below, subject 
to much error. However, the critical feature of the 
computat ion of e in this paper is the radiometric 
method which as will  be seen, makes rigorous, clear- 
cut demands on the adsorbate model. 

Radiometric methods.---Details of the exper imenta l  
cell and the working (window) electrode were de- 
scribed previously (12). The exper imental  cell was a 
typical three-electrode cell of all glass and Teflon 
components. Both the counterelectrode and the refer-  
ence electrode [a dynamic hydrogen electrode (30)] 
consisted of isolated plat inized p la t inum grids. The 
working electrode was a thin, platinized, gold-poly-  
ester electrode, prepared by evaporative vacuum-  
deposition of a th in  layer of gold on a polyester film, 
and subsequent  electrodeposition of plat inum. (The 
reverse side also received a very thin gold layer  to 
el iminate static charge bu i ld -up) .  The resul tant  thin 
electrodes have a high t ransmission efficiency ( ~  5%) 
for the E-radiation emanat ing  from the radiolabeled 
adsorbate, providing the basis for the radiometric pro- 
cedure described below. The detection efficiency was 
established at the end of each exper iment  by using a 
s tandard radiat ion source (31). S tandard  electrolytes 
of 1.0N HC104 and 0.1N HC104 with 0.9N NaC104 were 
used with approximate pH values of 0 and 1, respec- 
tively. Sodium perchlorate was introduced in  the lat ter  
electrolyte to ma in ta in  constant ionic strength. When 
the plat inized side of the electrode was placed in con- 
tact with the  electrolyte, it performed the s imultaneous 
functions of an electrode and radiat ion counter "win-  
dow" to moni tor  radioisotope-tagged species adsorbed 
at the electrode-electrolyte interface. Prede te rmined  
quanti t ies of C14-tagged Na2CO3 were injected through 
an isolated septum into the electrolyte cell. The desired 
CO~ concentrat ion was varied from test to test from 
approximately 10 -7 to 10 -3 molar  in the s tandard elec- 
trolytes. However, a decrease in CO~ concentrat ion oc- 
curr, ed dur ing  each test due to a stow exchange between 
radiolabeled CO2 in the cell and inert  CO2 diffusing 
into the cell. Therefore the concentrat ion was evalu-  
ated and recorded at 15-60 min  intervals  dur ing the 
course of the exper iment  by assaying 100-~liter ali-  
quots of the electrolyte with a l iquid scinti l lat ion 
spectrometer. Implicit  in some previous studies and in 
this work is the assumption of v i r tua l ly  complete (al- 
though sometimes slow) conversion of the H2CO3 to 
CO2 (32, 33). 

The potential  of the working electrode was applied 
and main ta ined  at a constant  value by a fast-rise 
Wenking potentiostat, which was in t u r n  controlled 
by a programmable  potential  stepping device (PPSD).  
The working electrode potential  was measured with re-  
spect to the reversible hydrogen electrode (RHE). 

Inject ion of the Na2CO3 solution was executed at 
0.gv, a potential  determined from pre l iminary  work 
to be sufficiently high that  no adsorption occurs. The 
background count, E-radiation from the bu lk  solution, 
was thus established. Adsorption of the tagged CO2 
was then monitored at potentials and for periods of 
time programmed into the PPSD. 

Two different adsorption procedures were used for 
these experiments.  The first procedure involved step- 
ping sequent ia l ly  from 0.8 to --0.1V in  0.1V decrements.  

Adsorption at each potential  was independent  of that  
at any previous potential  because a "precleaning" po- 
tential  sequence was applied prior to establishing the 
adsorption potential. 

In  the second procedure no "precleaning" sequence 
was applied prior to adsorption at each potent ial  so 
that measurements  represented an accumula t ive  ad- 
sorption. 

The roughness factor of the electrode was determined 
before and after a part icular  exper iment  from analysis 
of galvanostatic charging curves (34) at 100 mA. A 
l inear  relat ion between roughness factor and t ime was 
assumed between these measurements  when  variat ion 
was observed. From a measurement  of the roughness 
factor and known geometric area the effective surface 
area of the electrode was calculated (12). 

Electrocher~ical methods.--Experiments were con- 
ducted to detect net  charge t ransfer  resul t ing from the 
introduction of CO2 into the electrolyte at the adsorp- 
t ion potential. The apparatus used for this measure-  
ment  was a typical three-electrode cell of glass and 
Teflon components. The working electrode was a per-  
forated platinized p la t inum electrode of large geo- 
metric surface area (N 20 cm2). A gas inlet  was con- 
nected to a CO2 and He manifold. A bubble-off  and 
valve served to regulate gas release from the cell. 

With the potential  of the cell main ta ined  at 0.8V 
where reactants are inactive, hel ium was bubbled 
through the electrolyte to remove CO2 and O2. When 
the ceil current  reached a low, steady-state value, the 
potential  was stepped to 0.1V where  the cell cur ren t  
was permitted, again, to approach a steady value. Then, 
after appropriate flushing of lines to remove impurities.  
CO2 was admit ted into the cell while  the cell cur rent  
was cont inual ly  recorded on a Speedomax s t r ip-char t  
recorder. 

Results 
As stated above, the adsorption of CO~ on precleaned 

p la t inum in acid media yields an adsorbate referred to 
as "reduced CO2." Coverage of this adsorbate, 0, is 
plotted in Fig. la  and b as a funct ion of electrode po- 
tent ia l  for different bulk  concentrat ions of CO2. The 
adsorption time at each potential  was 10 min. The 
electrolytes were the s tandard solutions 1.0N HC104 
and 0.1N HC104, 0.9N NaC104 ment ioned previously 
(henceforth referred to as 1.0N HC104 and 0.1N 
HC104). Gaussian-shaped curves are similar  at each 
pH with an apparent  peak of adsorption between 0.05 
and 0.10V. Coverage increases as the concentrat ion is 
increased, for the same adsorption t ime and potential.  
At corresponding values of potent ial  and concentration, 
a higher degree of coverage is observed at the higher 
pH. 

An at tempt was made to duplicate concentrat ions at 
several points. This was not possible because the con- 
centrat ion of CO2 was under  constant  flux due to gas 
evolut ion on the electrodes and loss of CO2 by diffusion 
through the l iquid seal. However, in one case (see Fig. 
lb)  the concentrat ions 8.5 and 8.0 • 10-4M CO2 were 
sufficiently approximate to permit  an estimate of the 
s tandard deviat ion from four sets of duplicate points. 
The relat ive s tandard  deviat ion is 25% for the experi -  
ments  in Fig. lb  and this va lue  is assumed for other 
measurements.  

Cumulat ive  adsorption behavior  (adsorbates were 
not removed by precleaning the electrode) is shown in 
Fig. 2a and b for 1.0 and  0.1N HC104 electrolytes, re-  
spectively. Adsorption t ime was again 10 rain. The di- 
rection of the voltage stepping sequence is indicated 
by the arrows. No adsorption was observed at 0.3V or 
higher in the cathodic port ion of the voltage sequence 
for ei ther pH. Coverage was first observed at 0.2V, but  
because of the restricted t ime allowed for adsorption 
at each potentia], full coverage was not  achieved at 
0.2V. The coverage continues to increase dur ing the 
remainder  of the cathodic port ion and  dur ing  the 
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Fig. 2. Cumulative coverage as a function of potential at constant C02 concentration. Adsorption time at each potential is 10 min with- 
out precleaning. Electrolytes are: (a, left) 1.0N HCIO4; (b, right) 0.1N HCIO4 with 0.9N NaCIO4. 



anodic port ion to 0.2V. The coverage remains  rela-  
t ively flat from 0.2 to 0.5V and then it decreases. 

The decrease in coverage increases exponent ia l ly  
with potential  so that  desorption is essentially com- 
plete after 10 min  at 0.8V in all observed cases. Thus, 
the curves exhibit  a "hysteresis" in the anodic and 
cathodic isoconcs. The cumulat ive anodic curves are 
similar  to cumulat ive  anodic isoconcs obtained with 
methanol  (11). Also, coverage increases with concen- 
trat ion as was observed above in Fig. l a  and b. In  this 
respect there is evidence of scatter in the 1.0N HC104 
data. 

The effect of adsorption t ime is shown in Fig. 3a 
and b for comparably high (-~ 10 -3 molar)  CO2 con- 
centrations. For 1.0 and 0.1N HC104, respectively, the 
coverage increases wi th  time approaching a steady- 
state coverage at each potential. The peak of adsorp- 
t ion may shift from the apparent  peak near  0.1V to a 
value which is closer to 0.0V. 

Figures 4a and b indicate more clearly how coverage 
varies with concentrat ion for the 1.0 and 0.1N HC104 
electrolytes, respectively. The semilogarithmic rela-  
tions (Langmuir  plots) are given for fixed potentials 
from --0.1 to 0.2V. The coverage increases slowly at 
first, but  increases rapidly  above a coverage of 0.02. 
Finally,  at the highest exper imental  concentrat ion (in 
the 0.1N HC10~) a negative curva ture  indicates pos- 
sible approach to saturat ion coverage. The Langmui r  
plots of Fig. 4b and 5 show the effect of different ad- 
sorption times of 10 and 40 min, respectively. Again, a 
slight negat ive curvature  indicates a t rend toward 
saturat ion for the 40-min case. However, in the 40-min 
case, a more pronounced negative curvature  is ex- 
pected but  not observed. 

Values of the calculated Tempkin  factor, 5, were ob- 
tained from the l inear  portions of the Langmui r  plots 
of Fig. 4b and 5. Values for the 10-min (Fig. 4b) and 

lO-i i 

40-min (Fig. 5) adsorption times, 1.9 and 2.2, respec- 
tively, show reasonable agreement  (considering ex- 
per imental  scatter).  

Figure 6 shows the bu i ld -up  of the adsorbate with 
t ime at 0.0 and 0.1V for 2.0 • 10-3M CO2. The coverage 
appears to approach a steady-state value. (Lack of 
reversibil i ty with respect to activity and potential  in-  
dicates a nonequi l ib r ium condition.) The existence of 
the steady-state coverage was verified by measur ing 
the increments  in coverage, ~e, for each two-fold in -  
crease in time. For  each doubling of adsorption t ime 
Ae decreased geometrically. Thus, series summat ion  for 
coverage at 0.0V yielded the asymptotic ~ value 0.62 
represented in Fig. 6 by the dashed line. 

Figure 7 shows the init ial  adsorption rate ( in mono-  
layers per second) as a function of the potential,  con- 
centration, and pH. These curves indicate an increasing 
rate from --0.1V to a ma x i mum below 0.1V and then a 
decrease above 0.1V. The rate appears to be higher in 
the 0.1N HC104 electrolyte, the less acid case, when  
other parameters  are comparable. The ascending and 
descending portions of the kinetic curves form l inear 
Tafel plots according to the electrochemical results 
(7). If these slopes are assumed to be Tafel slopes, the 
radiometric data yield ascending slopes of 400 __ 80 mV 
and descending slopes of 85 ___ 10 inV. 

An electrochemical exper iment  was performed to 
determine whether  the formation of (CO2)r obtained 
from the reaction of CO2 wi th  hydrogen adsorbed on 
p la t inum was associated with a cathodic current.  A 
very small  s teady-state  diffusion current,  probably 
caused by 02 reduction, did not change significantly 
(either cathodically or anodically) upon admission of 
CO~ to the p la t inum electrode. (It  is also possible that  
a small  hydrogen ion reduction current  may occur to 
replace adsorbed H.) Thus, it is evident  that formation 
of (C02)r involves no net faradaic charge transfer,  
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Fig. 3. Coverage-time dependence; electrode coverage as a function of potential at varying adsorption times. Bulk CO2 concentrations 
are: (a, left) 3.8 x 10-4M; (b, right) 3.1 x 10-4M. Electrolytes are: a, 1.0N HCIO4; b, 0.1N HCI04 with 0.9N NaCI04. 
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To ver i fy  adsorption of the CO2, a galvanostat ic  
charging curve  was obtained at a cur ren t  of 100 mA. 
The resul tant  curve, when compared with  that  of a 
"clean" electrode, displayed an arrest characteris t ic  of 
the oxidation of the adsorbate, (CO~)r. 
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Fig. 5. Langmuir plot for 40-min adsorption time at constant 
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Discussion 
A part icular ly  desirable objective of this study would  

be the achievement  of a theoretical and exper imenta l  
consistency between the radiometric and electrochemi- 
cal adsorption data and  kinetic interpretat ions.  A total 
ha rmony  between the methodologies has not existed in  
the past (35, 36). Fortunately ,  several correlations and 
anomalies of the exper imental  data of the two methods 
appear amenable  to analysis. The following discussion 
is concerned with significant generalizations involving 
controversial  aspects of adsorbed CO2. These include 
the na ture  of the adsorbate, a comparison of radio-  
metric and electrochemical data, and kinetic behavior. 
A plausible hypothesis on the s t ructure  of the adsorb-  
ate makes possible an evaluat ion of the coverage of 
the adsorbate species. Since this number  is essential to 
the radiometric determinat ion of the coverages, the 
na tu re  of the adsorbate is discussed first. 

Nature of the adsorbate.mPublished exper imental  
results on the characteristics and behavior  of reduced 
CO2 are voluminous.  They impose a highly restrictive 
set of conditions with which any hypothetical  adsorb- 
ate s t ructure  must  conform. For example, Breiter (6) 
has determined by  means of a chromatographic tech-  
nique employed in conjunct ion with anodic str ipping 
that  the average number  of electrons per carbon atom 
is 2.1 __ 0.2. Piersma, Warner ,  and Schuldiner  (5) re-  
ported the anodic charge associated with the str ipping 
of adsorbate to be 260 __ 35 /~C/cm 2 whi le  Brummer  
and Cahill (7) reported that  this charge is 220 +_ 10 
~C/cm~. B rummer  et al. (7) reported 1.05 electrons per 
site which is sensibly equal to un i ty  for the adsorbate 
and a saturat ion coverage of 0.68 (cathodic hydrogen 
coverage was 0.32, since eco2 ---- 1 -- 0H in  Brummer ' s  
calculations).  Such numbers  give rise to conclusions 
that  there are 2.0 sites per carbon. 

One may propose surface structures which incorpo- 
rate many  of the above constraints. These include 
several configurations employing the carbonyl  group 
which has been popular  wi th  several authors (6, 7, 17, 
22). The simple bridged carbonyl  form Pt2 m CO would 
normal ly  yield a plat inum-si te ,  carbon ratio of two. 
However, one logical difficulty arises. The saturat ion 
l imit  of 0.68 is difficult to explain since there is no fac- 
tor other than repulsive neighbor-neighbor  interactions 
restr ict ing total saturat ion of the surface with carbonyl  

groups. Such ne ighbor-neighbor  interactions are pos- 
sible though not evident  from the calculated $ factors. 
(The f factor may be a measure of this interact ion only 
if the adsorption data represents  equil ibrium.)  I t  is as- 
sumed here that  as far as (CO2)r is concerned there 
are no restricted sites and two sites per carbon are 
available. The resul tant  average valence state of each 
p la t inum site would, therefore, normal ly  be equivalent  
to 1.0 electron per  site even when summed over (CO2)r 
and hydrogen. A reduct ion in site occupancy pro- 
duced by  steric factors could result  in  a th i rd  of bare 
sites coverable by hydrogen atoms and would yield 1.0 
electron per site and a carbon-hydrogen  ratio of 1.5. 
Moreover, the hydrogen coverage would be 70 ~C/cm 2 
in good agreement  with the reported hydrogen cover- 
age of 0.32 and in agreement  with the conclusions of 
Brummer  [see footnote on p. 467 of ref. (7)].  Experi-  
menta l  results yielding a high total carbon and hydro-  
gen charge of 280 ~C/cm~ may  be explained on the 
basis of low values of area de terminat ion  (7, 27). 

The model suggested above is based on the empirical 
result  that the adsorption energy of (CO~)r is large in 
comparison with the adsorption energy of hydrogen. 
[This assumption appears well  supported by  the i r re-  
versibil i ty of the adsorption (12) and the high anodic 
potential  (>0.5V) required to oxidize (CO2)r.] A sec- 
ond assumption is that  the adsorption energy for hy-  
drogen atoms be relat ively small  in  the neighborhood 
of the (CO2)r adsorbate. Also the adsorption energy 
is overcome when steric factors make their  appearance 
at large (0 > 0.52) values of (CO2)r coverage (37-42). 

The na ture  of the potential  arrest  observed dur ing 
anodic galvanostatic s tr ipping of reduced CO2 would 
suggest that only one species is predominate ly  present  
[Brummer  and Cahill  consider only the predominant  
type I adsorbate (7)] or that  several  species of similar 
oxidation energy are present. The proposal that  hy-  
drated as well as unhydra ted  forms of the carbonyl  
species, i.e., Pt2 ---- CO and Pt2 = C(OH)2, occupy the 
surface s imultaneously might be in conflict with the 
above conclusion. This is par t icular ly  true if the  oxida- 
t ion energy of the ca rbon-p la t inum bonds were modi-  
fied in the hydrated form. The relat ive s tabi l i ty  of 
monomeric formaldehyde in dilute aqueous solution 
indicates that the hydrated formaldehyde species is 
formed without  appreciable energy change. A similar 
behavior  might be expected in  (CO2)r. 

A brief r emark  about the order of the adsorbed 
molecular  configurations is appropriate.  Several  models 
of a random nature  could be exhibited. They differ only 
in the choice of pairs of p la t inum atoms employed as 
substrate for the organic adsorbate. Since the more 
disordered array of pairs would have the greater  en-  
tropic energy contribution,  the disordered array should 
be preferred unless ordering forces are present. The 
appearance of Tempkin  effects in  the adsorption en-  
ergy of the carbon bond would suggest that  ordering 
forces are in fact absent. The disordered state of ad- 
sorption would account for the large surface fraction 
which apparent ly  remains  uncovered by (CO2)r. 

The ut i l i ty  of the radiometric method is s t rongly 
dependent  on a valid estimate of the n u m b e r  of car- 
bon-conta in ing  species formed from the reduct ion of 
CO2. Any estimate must  yield values of saturat ion 
and coverages consistent with those produced by elec- 
trochemical methods. The n u m b e r  of carbon species 
used in the radiometric calculations, 6.55 X 1014 a toms/  
cm 2, is consistent with the assumption of two sites 
per carbon-conta in ing adsorbate, one carbon per ad- 
sorbate, and 1.31 X 1015 effective si tes/cm 2 _--+20% 
(from 210 ~,C/cm 2 for hydrogen coverage). Having 
once assumed two sites per carbon, the requi rement  for 
a bridged molecular  adsorbate follows. 

Comparison with previous work.--Saturation eS- 
]ects.--The behavior  of the coverage-t ime curves in 
Fig. 6 suggests that  asymptotic s teady-state  values of 
coverage may be attained. [In the nonelectrochemical  
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sense that  u l t imate ly  mass and energy gradients van-  
ish, a quas i -equi l ib r ium between (CO2)r and CO2 is 
possible. Reversibi l i ty  with respect to electrode poten-  
tial does not exist of course.] Sta t ionary steady-state 
values imply  a s teady-state  oxidation of (CO2)r. That  
the asymptotic values (in Fig. 6) are indeed physical 
is deduced from the convergence of the sum of terms 
represent ing the coverage increment  with each dou- 
bl ing of adsorption time (the incrementa l  terms form 
a convergent  geometric series). An examinat ion  of the 
electrochemically observed t ime-dependent  coverages 
indicates that the react ion rates of Brummer  and Ca- 
hill (7) were favored with a small  boundary  layer 
(good st irr ing) as well  as a ten-fold  higher concentra-  
t ion of C(~2. Thus, the  electrochemically derived data 
(7) exhibited evidence of saturat ion in the form of 
well-defined adsorption plateaus after less than  10 rain. 

The radiochemically determined values of coverage 
based on 6.55 X 1014 carbon a toms/cm ~ (two sites per 
carbon) show little evidence of saturat ion at values in 
the neighborhood of 0.62. The coverage-t ime plots of 
Fig. 6 show at 0.0 and 0.1V a consistent difference of 
0.13 [compared with a total range of 0.063 in  the scat- 
ter  of coverage values in Fig. 2 of ref. (7)].  If, indeed, 
saturat ion coverage were established in the data of 
Fig. 6, the long- t ime values of coverage would ap- 
proximate each other. 

Evidence of saturat ion is positively provided by the 
appearance of a negative curva ture  in Langmui r  plots 
such as Fig. 4b and 5. The Langmuir  plot at 0.1V (see 
Fig. 4b) for adsorption times of 10 min  suggests, be-  
cause of the crossover of the plots, that a degree of 
negative curva ture  exists. However, Fig. 5, where ad- 
sorption t ime was 40 rain, shows no crossover in the 
plots with only a slight negative curvature  indicative 
of the fact that  saturat ion is far from complete even 
at a s value in  the neighborhood of 0.60. It  is evident  
that  the  a rb i t ra ry  use of a number  based on three 
sites per carbon atom would force the s values danger-  
ously close to un i ty  but  the negat ive curvatures  of 
Fig. 4b and 5 would not be enhanced. Such behavior in 
the radiometric model represents confirmation of the 
proposed two sites per carbon model of the adsorbate. 

Shape of the isoconcs.--Evidence of saturat ion may be 
inferred from the appearance of p la teau- l ike  isoconcs 
(7). In  Fig. 3b no evidence of a plateau is observed, 
although the s-value at 75 min  surpasses 0.5. The curves 
exhibit  peaks with the max imum lying between 0.0 
and 0.1V. Electrochemical data (7) for adsorption 
periods less than 25 sec show peaks between 0.10 and 
0.15V in  agreement  wtih the radiometric results  of 
Fig. 4b and 5. No such agreement  can be claimed for 
similar measurements  in  ref. (5). The data in  these 
figures indicate in  the crossover of the curves, that  the 
potential  of max imum adsorption shifts toward lower 
values as reaction t ime increases. However, the data 
are too scattered for certainty. 

Since no plateau is evident, s values of 0.62 do not 
appear to be representat ive  of saturat ion in the radio- 
metric results in contrast  with the  electrochemical re-  
sults. 

Kinetic data.--The electrochemical measurements  of 
Brummer  and Cahill (7) yield ini t ial  adsorption rates 
which are a max imum at about 0.1V. The radiometric 
data of Fig. 7 indicate kinetic maxima  between 0.04 and 
0.1V in  fair agreement  with the electrochemical data 
considering the smaller  n u m b e r  of radiometric mea-  
surements.  

Some electrochemical data (7) exhibit  well-defined 
Tafel slopes of 80 mV/decade above 0.1V. The radio-  
metric Tafel slopes between 0.1 and 0.2V are based on 
only two points one of which is located near  the peak 
so that the slopes must  be somewhat on the  low side. 
Moreover, some of the points show considerable scat- 
ter. Ignoring two CO2 concentrations, 9.4 • 10 -5 and 
2 X 10-3M, where  scatter is obvious, the slopes appear 
to lie between 75 and  95 mV (closer to the low end) in 

fair agreement  with the electrochemical slopes of 80 
mV (7). Corrected for var iat ion in  OH the Tafel slopes 
are 120 mV by both methods. 

There is considerable deviation, however, in the 
slopes of the le f t -hand  side of the peaks in  Fig. 7 which 
are of the order of 400 inV. The electrochemical slopes 
are of the order of 180 mV. Disagreement may be due 
to fai lure to correct ohmic errors in potential. 

Kinetic mechanism.--Hypothetical mechanisms in-  
voked to explain the observed kinetics must  be con- 
sistent with the exper imental  observat ion of this study 
that  net  charge transfer  does not  occur dur ing  the for- 
mat ion of (CO2)r. Based on the ad hoc-requi rement  
of 2.1 oxidation electrons per  carbon (6), it is essen- 
tial that two adsorbed hydrogen atoms per CO2 be con- 
sumed in the over-al l  reaction. According to Fig. 8, the 
reaction expression should be first order in  CO~. Fi -  
nally, it should be first order in adsorbed hydrogen 
(7). The following proposed reaction scheme fulfills 
these requirements  

kr 
PtH + COg -5 e -  ~=2 PtCO2H- [la, b] 

tr 

ka 
P tCO2H-  -5 PtH-> Pt2C (OH)2 -t- e -  [2] 

The adsorbed atomic hydrogen, PtH, is represented by 

OH, the activated ion-radical  complex, PtCO~r*I T, is 
represented by Sc, and the k's are the specific electro- 
chemical reaction rate constants associated with each 
reaction. Reaction [ la]  will  be recognized as the cath- 
odic reaction proposed previously by Brummer  and 
CahiI1 (7). Reaction [ lb]  indicates a degree of reversi-  
bi l i ty not indicated for reaction [2] which is highly 
irreversible. Under  some conditions the concentrat ion 
of the ion radical may  thus be described by a quasi- 
equil ibrium. According to the a rguments  above 
Pt2C (OH)2 is closely related to (CO2)r or is one of the 
hydrated forms of (CO2) r. 

The imposition of the condit ion of zero-charge t rans-  
fer is obeyed by reactions [1] and [2] provided the 
over-al l  sum of the anodic and cathodic rate proc- 
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esses vanishes. Imposing this condition there is ob- 
tained 

doc 
0 = ~ = kcOH(C02) exp ( - -acFE/RT) 

dt 

- -  k-cOc exp (fc0c) exp [(1 - - a c ) F E / R T ]  

- -  kaOHOc exp (aaFE/RT) [3] 

where t is the time, ac and aa are the t ransfer  coeffi- 
cients associated with the reactions indicated in the 
subscript, F is Faraday 's  constant, E is the potential  
at which adsorption occurs, R is the gas constant, T is 
the temperature,  and fc is the Temkin  f-factor for the 
activated ion-radical  complex. Equat ion [3] also repre-  
sents the condition that the concentrat ion of the ac- 
t ivated complex be invariant .  Tempkin f-factor terms 
are included only in the second term of the r igh t -hand  
member  because [ lb]  is nonactivated (43); i.e., the 
Tempkin  symmetry  factor, a, is uni ty  [see Conway 
(43) for discussion of activation].  The implication of 
the uni t  a-factor is that  the activation energy on the 
adsorption side of the reaction barr ier  is potential  in -  
dependent.  Only the desorption involves a large po- 
tential  and coverage dependent  energy. 

Equat ion [3] may be rearranged to facilitate deduc- 
t ion of the behavior  of the  activated complex, 0c, with 
respect to potential  

kcOH (CO2) exp ( - -acFE/RT)  
0c exp (lc0c) = 

do 
- - :  kaK(C.O2)OH s exp (--fc0c) exp [ ( a a -  1)FE/RT] 

dt 
[9] 

after subst i tut ion of Eq. [8] for 0c in [6]. Now for 
potentials less than 0.07V, 0.97 ~ OH ~ 0.91, OH ~ may be 
assumed constant (43) with respect to exponent ial  po- 
tential  terms below 0.07V. The exponential  l -factor  
becomes exp (--bfc 4- M'leE) whence taking the log- 
ar i thm of Eq. [9] there is obtained 

do 1 
log : K o 4 - ~  ( (~a - -  1 ) F / R T 4 - M ' f c ) E  [10] 

dt 2.303 

where Ko is log kag(CO2)OH s -- bfc. With M'fc equal 
to 25, the Tafel slope of [9] and [10] is 4-400 mV in 
agreement  with the exper imental  range of slopes. 

According to Fig. 7 and 8 the rates of reaction are a 
half-order  of magni tude  faster at high pH. The higher 
rate of reaction is reflected in the higher coverages in 
the isoconcs at high pH values. These facts explain in 
part  why better  performance of carbonaceous fuel 
electrodes is achieved in s t rongly acid media. It  is pos- 
sible to explain the effect of pH in  both the steady- 
state coverage and the kinetics by noting that Eq. [la] 
represents a complex reaction which could be wr i t ten  
more fundamenta l ly  as 

[4] 
k-c  exp ( ( 1 -  ac)FE/RT) 4- kaOH exp (aaFE/RT) exp (--fc0c) 

The dominant  t e rm in the denominator  will depend on 
the exponential  0c-factor. Whichever  term predomi- 
nates, 0c is seen to increase as E decreases. For qual i -  
tat ive reasoning we can approximate the 0c -- E re la-  
tion by the expression oc ~-- b -- ME, where b and M 
are constants and M is positive. Thus, at high poten-  
tial the factor exp (--fc0c) ----- exp (--fcb 4- MfcE) 
causes the second term in the denominator  to predomi-  
nate  if Mfc is large. Thus 

oc -~ (kc/ka) (COs) exp (-- (ac 4- aa)FE/RT) [5] 

and log 0c is seen to decrease exponent ia l ly  with E 
with slope of --59 mV [assuming that aa as well as ar 
(7) is 0.5]. The pat tern of behavior of 0c is thus quali-  
ta t ively  similar to the behavior of OH. 

The rate of product formation is given by 

do 
= ka0H0r exp (aaFE/RT) [6] 

dt 

Equat ion [6] does not contain the Tempkin  l-factor  in  
accordance with the above logic. Equat ion [5] may 
be used to el iminate the surface concentrat ion 0r 
whence 

do 
dt : kc0H(CO2) exp (--~cFE/RT) [7] 

Equat ion [7] is seen to be identical with the kinetic 
expression of Brummer  and Cahill (7) which may be 
regarded as a special ex t remum of the more general  
reactions [1] and [2]. The kinetic equation is first 
order in COs and in adsorbed hydrogen as required. 
That Eq. [7] is in excellent agreement  with the experi-  
mental  data has been adequately demonstrated (7) 
(provided correction is made for varying OH). 

At low potentials the first term in the denominator  
of [4] predominates  and the expressiorf for 0c becomes 

0c ~ KOH(C02) exp (--fc0c) exp ( - -FE/RT)  [8] 

where K is the equi l ibr ium constant for Eq. [1] so 
that  0c is approximated by a quas i -equi l ibr ium ex- 
pression. Thus, as the potential  decreases, the expo- 
nent ia l  rise in 0c becomes l inear  in E with some slope 
--M' (M' is not necessarily equal to M). At low po- 
tentials, the kinetic rate expression is given by 

Pt  4- CO2 4- e -  e~- PtCO~- [ l la ,  b] 

PtCO~- -}- PtH ~ PtCO2H- 4- P t  [12] 

Equations [11] and [12] give rise to the over-a l l  re- 
action indicated by [ la] .  

Format ion of the ion-radical  PtCO2H- could be pre-  
vented by  competing reactions, i.e. 

PtCO2- 4- H + -~ PtCOsH [13] 

Since the singly bonded species PtCO2H is apparent ly  
less stable, we expect decomposition to the reactants 

PtCOaH--> Pt  4- CO2 4- H + 4- e [14] 

In  essence it is proposed that  formation of the ion 
radical via reaction with adsorbed hydrogen in  [12] 
is contraverted by reaction with hydrogen ions accord- 
ing to [13]. Thus, hydrogen ions would be expected 
to exhibit  a kinetic stoichiometry which is dependent  
on the relative rates of reactions in  [12] and [13]. 
The dependence of the rate would therefore not be first 
order in the hydrogen ion concentrat ion as is con- 
firmed in Fig. 8. 

The close similari ty be tween the  shape of the iso- 
concs and the Tafel plots warrants  consideration. The 
obvious correlation between the steady-state adsorp- 
tion behavior in Fig. la  and b and the kinetic rates in 
Fig. 7 suggests that  the rate of oxidation or removal  
of (CO.z)r is roughly independent  of potential  below 
0.3V. Certainly above 0.4V the data of Piersma, War-  
ner, and Schuldiner  (5) demonstrate  a clear exponen-  
tial dependence of the adsorbate oxidation on potential. 
However, below 0.3V no informat ion on the oxidation 
(or removal)  rate of the adsorbate is known  except 
what  can be inferred from the a rgument  here. 

Summary 
The adsorption of COs on p la t inum covered with 

adsorbed hydrogen atoms gives rise to an adsorbate 
called "reduced CO2" or  (CO2)r.  The steady-state ad- 
sorption of (CO2)r (the isoconcs) and its init ial  ad- 
sorption kinetics (Tafel plots) were studied by radio-  
metric methods employing C14-1abeled CO~. The iso- 
concs of (CO2)r are roughly gaussian in form with a 
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peak be tween  0.05 and 0.10V. The ini t ia l  adsorpt ion 
kinetics a re  s imi lar  in form to the  isoconcs. Fo r  ex -  
ample,  the ini t ia l  adsorpt ion  ra te  is m a x i m u m  be tween  
0.05 and 0.10V. Both the  adsorpt ion  and rates  increase  
wi th  pH. 

The rad iomet r ic  isoconcs exhib i t  no evidence of sa tu-  
ra t ion  even at coverage values  of 0.62. The rad iomet r ic  
resul ts  and selected e lect rochemical  repor ts  appear  to 
be compat ib le  provided  the adsorbate ,  (CO2)r, is as-  
sumed to be a carbonyl  species tha t  is b r idged  to two 
adjacent  sites each of which is capable  of forming  an 
addi t ional  half  bond wi th  adsorbed hydrogen.  

No cur ren t  is observed dur ing  the conversion of CO~ 
to (CO2)r. The charac te r  is the isoconcs and the 
kinetics a re  pred ic ted  by  a reac t ion  scheme based on 
cathodic reduct ion of CO2 and anodic oxidat ion  of ad-  
sorbed hydrogen  a toms in equal  amounts.  

Manuscr ip t  submi t ted  Feb.  6, 1973; revised m a n u -  
scr ipt  rece ived  Ju ly  16, 1973. 

A n y  discussion of this  paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the  December  1974 
J O U R N A L .  
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Current Distribution on a Rotating Sphere 
below the Limiting Current 
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University of Cali]ornia, BerkeLey, CaLifornia 94720 

ABSTRACT 

The cur ren t  d is t r ibut ion  on a ro ta t ing  spher ica l  e lec t rode  is ca lcula ted  at 
apprec iab le  fract ions of the l imi t ing  current .  Numer ica l  resul ts  a re  given for  
TafeI kinet ics  and for high rota t ion speeds. The cur ren t  d is t r ibut ion  depends  
only  on the  specified cur ren t  level  and becomes un i fo rm when  this level  is 
set be low 68% of the l imi t ing  cur ren t  at  high rota t ion speeds. In  general ,  
the resul ts  disclose a number  of complemen ta ry  aspects of the  spher ica l  e lec-  
t rode  a longside  the  disk electrode in e lec t roanaly t ica l  applicat ions.  

The sphere  has been employed  in the past  as an im-  
por tan t  e lectrode geomet ry  in e lect rochemical  research  
such as the  inves t igat ion of the  doub le - l aye r  s t ruc ture  
on mercu ry  drops (1) and the s tudy of the  overpoten-  
t ia l  and react ion kinet ics  on copper e lectrodes by  t r a n -  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Me mber .  
** Electrochemical  Society  A c t i v e  Me mber .  
Key words:  current distribution, mass  transfer,  e lectrode kinetics .  

sient methods  (2). The effects of diffusion were  ei ther  
e l iminated  or ignored in that  work.  The ro ta t ing  sphere  
has been proposed anew as a potent ia l  tool in studies 
of mass t ransfe r  and react ion kinet ics  in e lec t rochemi-  
cal systems (3, 4). The convective diffusion equat ion 
for  a th in  diffusion l aye r  at  l imi t ing cur ren t  condit ions 
has been solved recen t ly  (3, 5, 6) and compared  suc-  
cessful ly wi th  expe r imen ta l  da ta  (7). 
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The presen~ interest  in the rotat ing sphere arises 
from the fact that  the mass t ransfer  and current  dis- 
t r ibut ion  characteristics of the disk and the sphere 
tu rn  out to be ra ther  complementary  in some respects. 
For instance, the rotat ing disk exhibits a uni form 
l imit ing current  dis t r ibut ion (8), which makes it a t-  
t ract ive for mass t ransfer  work. The disk electrode, 
however, has a highly nonuni form pr imary  dis t r ibu-  
t ion (9), and consequently serious errors may result  in 
the assessment of exchange current  densities in invest i-  
gations of reaction kinetics (10). The spherical elec- 
trode does not have the same drawback, owing to its 
uni form pr imary  distribution. The disk electrode can 
be polished very easily, but  the surface preparat ion 
for the spherical electrode does not seem to be just  as 
s traightforward without  deforming its shape. On the 
other hand, in high-ra te  metal  deposition or dissolution 
studies the spheriea] electrode main ta ins  its geometry, 
whereas the disk rapidly forms a step between the in -  
sulat ing surface and the metal, thereby  altering seri-  
ously the hydrodynamic conditions prevai l ing at its 
surface (3). Below the l imit ing current ,  the current  
distr ibution on a rotat ing disk is nonuni fo rm (11, 12). 
It  is possible, in  principle, to a t ta in  a un i form distri-  
but ion of current  on a rotat ing sphere below the l imi t -  
ing current  even in the presence of concentrat ion var i -  
ations at the surface as will  be shown in  this paper. 

The mathematical  t r ea tment  of th in  diffusion layers 
with the complicating effect of nonuni form current  dis- 
t r ibut ion has become possible in the last decade. The 
under ly ing  theory has been discussed in  detail (13-16) 
and applied to a n u m b e r  of electrode geometries (11, 
12, 17-20). The same theory and numerica l  techniques 
are employed here to investigate mass t ransfer  and 
current  dis t r ibut ion on a rotat ing spherical electrode 
at appreciable fractions of the l imit ing current.  The 
following assumptions are made: 

(i) The rotat ing sphere is suspended and allowed to 
rotate with respect to a fixed axis in an otherwise 
s tagnant  electrolyte. The analysis also applies to a 
hemispherical  cap on an insulat ing plane (3). 

(ii) Dilute solution theory is applicable with con- 
s tant  t ransport  and thermodynamic  properties. 

(i/i) For  simplicity, the analysis is restricted to 
metal  deposition from a single salt solution and elec- 
trode reactions with an excess of support ing electro- 
lyte. Migration is not accounted for explicitly. Results 
can be obtained for more complex systems, and cor- 
rections can be made for migrat ion effects, if neces- 
sary, with added numerica l  effort (15). 

(iv) The fluid flow around the sphere is laminar,  
and the hydrodynamic boundary  layer is th in  (high 
Reynolds numbers ) ,  so that the boundary  layer  solu- 
t ion of the Navier-Stokes equations (21) is an ade- 
quate description of the hydrodynamic conditions nea r  
the surface. The dimensionless shear-stress dis t r ibu-  
t ion is given by (5) 

B (0) = ~o~l/2/ronS/~ 
---- 0.51023 0 -- 0.1808819 ~ -- 0.040408 sin30 [1] 

where ~o is the velocity derivative Ovx/Oy at the sur-  
face. The boundary  layer approximation is known  to 
break down at a region near  the equator  (22) wi th  
the magni tude  0(1/Re) ,  but  the size of this region 
can be rendered small  by increasing the Reynolds 
number .  

(v) Diffusion in the direction parallel  to ~he elec- 
trode surface can be neglected whenever  the diffusion 
layer is th in  compared to the size of the sphere. It  is 
fur ther  assumed that the diffusion layer  is th in  com- 
pared to the hydrodynamic boundary  layer (high 
Schmidt numbers ) ,  so that  the fluid velocity inside the 
diffusion layer  can be approximated by 

1 1 d[q/~o 
Vx--floy,  V y :  -- - - y 2 - - ~  [2] 

2 ~ dx 

February 1974 

Fig. 1. The rotating sphere 

where x is the distance along the  electrode from its 
upstream end, y is the perpendicular  distance from the 
electrode surface, and ~ is the distance of the axisym- 
metric surface from the axis of symmetry  (see Fig. 1). 

Mathematical  Fomulation 
In  light of the above assumptions, the convective 

diffusion equation can be wr i t ten  in the form 

Oc 1 1 d ~ o  0c 02c 
Y~o y2 -- D [3] 

Ox 2 ~ dx OY Oy 2 

where c is the concentrat ion of the reactant.  The 
boundary  conditions are 

c = c o  as y-> oo ~ [4] 

Oc/Ox:O at x----0 J 
nFD Oc 

i - - - - - -  at y = 0  [5] 
1 - - t  Oy 

where i is the normal  current  density at the electrode 
surface, n is the number  of electrons produced when 
a reactant  ion or molecule reacts, and t is the t ransfer-  
ence number.  The solution satisfying the first set of 
boundary  conditions (Eq. [4]) can be expressed as an 
integral  equation for the concentrat ion at the surface 
(15, 16, 19) 

_-  w o(4) f0~ 
0%1 ~=o r -~ 

dca I dx' 

or equivalent ly  

co(x) -- c| = 
(D/3) 1/~ x 

Oc ~dx' 
[7] 

[r F Oy ~=o 9 ~ o  dx 
X~2C" X" 

The current  densi ty is assumed to be related to the 
surface overpotential  by the But ler-Volmer  expression 
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a z F  } 

( #ZF 
-- exp t 

where io is the exchange current  density at the bu lk  
concentration, and ~, #, and ~, are kinetic parameters.  
The surface overpotential  is in t u rn  related to the 
electrode potential  by 

~ls = V -- r -- ~]c [9] 

where Co is the potential in the solution just outside 
the diffusion layer, and ~lc is the concentration over- 
potential given by 

(oo) ( 
nc=~ In ~ +t i- [10] 

The parameter  Z is equal  to - - z + z - / ( z +  -- z - )  for 
a single salt and - - n  with support ing electrolyte. The 
t ransference n u m b e r  t is zero if excess support ing 
electrolyte is present. 

The potential  in  the solution satisfies Laplace's equa-  
t ion 

~7~r -- 0 [II] 

and the boundary conditions are 

@----0 as y - >  oo 

0r = 0 at 0 ---- 0, ~/2 ~ [12] 
--,<O'WOY--i at y = 0  

where K is the conduct ivi ty of the bulk  solution. At 
y = 0, the solution can be expressed as 

RT o o  

~_~ BmP2m (COSO) [13] ~I'o = ZF 
~n=0 

where P2m (cos0) is the Legendre polynomial of order 
2m. The coefficients Bm are given by 

ZFro 4m + i/': 
B m  - -  ~RT 2m -k 1-,)o i P2m (cos0) d (cos0) [14] 

Equations [5], [6], [8], [9], [10], [13], and [14] are 
solved numerica l ly  for the unkn.owns Co, (Oc/Oy) y=o, 
i, ~ls, ~c, r and Bin. One has the freedom to specify the 
electrode potential  V or the current  level i/(ilim)avg- 
Equivalently,  one can instead fix the concentrat ion or 
the current  density at a given point  on the sphere, such 
as the pole. This last choice avoids an addit ional  i tera-  
t ion loop in  the numerica l  procedure. 

Results for Tafel Kinetics 
A scaling of all parameters  which appear in  the 

problem suggests that the results can be best presented 
in terms of the dimensionless quant i t ies  

/oroZF 
J = [15] 

RTK 

nZF2Dc| ~/ ro~2 ( , ,~l/s 
N 

= RT----~-- i )  - - ~  -gS-~ [16] 

in  addition to the kinetic parameters  a, #, and % and the 
transference number  t. Since the pr imary  dis t r ibut ion 
is uniform, the secondary cur ren t  distribution, which 
is obtained by ignoring the concentrat ion polarization, 
is also uniform regardless of the reaction kinetics. 
Unless there are concentrat ion gradients, there is no 
reason for the current  density to be different at differ- 
ent  parts of the sphere�9 As a consequence, the results 
do not depend strongly upon the dimensionless ex-  
change current  densi ty J even when concentrat ion 
polarization is present. Our numerica l  calculations for 
different J values, al though not shown here, confirm 
this conclusion. Current  and  concentrat ion dis t r ibu-  

tions thus largely depend on N, which can be regarded 
as a dimensionless l imit ing current ,  and on the speci- 
fied current  level with respect to the average l imit ing 
current.  In  view of these observations, and because 
mass t ransfer  effects are important  at high current  
densities, we have chosen to report results for Tafel 
kinetics, thus, for the parameter  J tending toward 
zero. 

Figures 2 and 3 show the current  and concentrat ion 
distributions, respectively, for various cur ren t  levels 
at N ----- 10. All  other parameters  are arbi t rar i ly  set at 
0.5. The current  becomes more nonuni form as the 
l imit ing current  is approached whereas the concentra-  
tion shows marked deviations from its average value 
at in termediate  current  levels. Figures 4 and 5 show 
the effect of increasing N (or increasing rotation 
speed) on the current  and concentrat ion distr ibutions 
for a fixed concentrat ion (Co ---- 0.5 c| at the pole. The 
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current  densi ty exceeds the  l imit ing current  locally 
close to the equator. This can also be observed in Fig. 
2 for large enough current  levels. The same phenome-  
non  has been reported for other geometries under  simi- 
lar  conditions (11, 17, 18). With increasing N, the con- 
centrat ion distr ibution becomes slightly more nonun i -  
form and appears to be approaching an asymptotic 
profile. Meanwhile, the cur ren t  dis t r ibut ion becomes 
more uniform, and the current  level tends toward a 
l imit ing value different from the l imit ing current  dis- 
t r ibution.  This represents a contrast to what  has been 
observed for the disk (11) and plane electrodes (17, 
18), where the diffusion layer is completely depleted 
of the reactant  near  the t rai l ing edges for large enough 
fiow rates, thereby l imit ing the local current  density. 
The present results suggest the possibility of a t ta ining 
a uniform current  distr ibution for large N on a ro ta t -  
ing sphere in the presence of appreciable concentrat ion 
polarization. Fur ther  investigation is in order below. 

Conditions at High Rotation Speeds 
If a constant-f lux situation prevails on the surface 

of the sphere, the concentrat ion derivative inside the 
integral  in Eq. [7] is constant  and related to the  un i -  
form current  density by Eq. [5]. After  scaling the cur-  
rent  with respect to the average l imit ing current  den-  
sity (5), Eq. [7] reduces to 

1 -- Co~C| = 0.230825 F (e) i~ (ilim) avg [17] 
where 

y s  sin o'do' 

F(O) - - - -  [ f e e s i n ~ d o ] 2 / 8  [18] 

This funct ion F(0) increases from the value 3.14768 at 
0 = 0 (the pole) to the value 6.36850 at 0 = ~/2 (the 
equator) .  Since the surface concentrat ion is always 
positive or zero, Eq. [17] can be satisfied over the en- 
tire surface if and only if 

i/(ium) a v ~  "~ 0.680267 [19] 

It also follows from Eq. [17] that for currents  re- 
stricted by condition [19] the concentrat ion at the 
pole will be given by  

Co (0)/c| ~ 0.505742 [20] 

Equat ion [19] or [20] is the condition, therefore, for 
which a uni form distr ibution of current  is possible 
on the sphere. The corresponding concentrat ion dis- 
t r ibut ion is given by Eq. [17]. 

If  condition [19] or [20] is not met, the concen- 
t ra t ion becomes zero at a certain angle 8% which 
can be determined from Eq. [17] by setting Co = 0. 
The current  becomes l imited for e > 6* due to this zero 
concentrat ion dis tr ibut ion and is expected to be non-  
uniform. Hence Eq. [17] is no more applicable in this 
region. Under  these circumstances, the current  density 
can be calculated from Eq. [6]. After combining with 
Eq. [5] and [17] and some rearrangement ,  this be- 
comes 

i(o) 
- -  _ 0.379408 [1 - -  C o ( 0 ) / c |  
(ilim) a v g  

t o*  dF dO' 

X ,,o ~ o=o, [fOsmo~/Bsinodo]ll3 
O, 

( 0 >  0") [21] 

Numerical  calculations for various current  levels 
yield the interest ing results depicted in Fig. 6 and 7. 
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Fig. 6. Current distribution at high rotation speeds 
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Note that  Eq. [17] and [21] do not depend on any of 
the kinetic parameters  or the exchange current  density; 
the current  and concentrat ion distr ibutions are deter-  
mined only  by  the specified current  level for a gal-  
vanostatic process. The reaction parameters  are neces- 
sary, however, to calculate the overpotential,  or con- 
versely, to calculate the cur ren t  level if the electrode 
potential  is fixed (potentiostatic process). These re-  
marks  are also true for the secondary distribution. In  
fact, the results of this section map out  the t ransi t ion 
from the secondary current  distribution, which is un i -  
form, to the l imit ing current  distribution, which is 
nonuniform.  

At low current  levels (Ill < <  into), the secondary 
dis t r ibut ion prevails, and the surface concentrat ion is 
equal  to the bulk  concentration. As a result, the con- 
centrat ion overpotent ial  is negligible, and the elec- 
trode potent ial  is due to the surface overpotent ial  and 
the ohmic drop in the solution, the lat ter  being given 
by 

I 
r = ~ [22] 

4n~r 

where I is the total  applied current .  As the cur ren t  
level increases, the ohmic drop rises l inear ly  wi th  I 
according to Eq. [22], and the surface overpotential  in-  
creases as in  I according to the Tafel expression. If 
there are no mass t ransfer  l imitations,  the concentra-  
t ion overpotential  does not vary significantly. There-  
fore, the current  dis t r ibut ion is controlled by the 
large ohmic drop, which remains  un i form at the sur-  
face in  the absence of mass t ransfer  limitations, and 
the current  dis t r ibut ion is also uniform. The concen- 
t ra t ion becomes zero at the equator  once a critical 
cur rent  level  is reached as specified by Eq. [19]. With 
increasing current ,  the depleted port ion of the diffusion 
layer  grows from near  the equator toward the poles, 
and correspondingly the region of uni form current  
density shrinks in  the same direction. Finally~ the 
l imit ing current  d is t r ibut ion is attained. 

The present  results are significant, first of all, in  high 
rate dissolution or deposition studies because the 
spherical electrode main ta ins  its geometry, especially 
when  the current  level is kept below 0.68 (ilim)avg, and 
high rota t ion speeds are applied. Secondly, the place- 
men t  of the reference electrode is not as crucial as for 
the disk (9, 10) because the potential  dis t r ibut ion is 
uniform if constant flux prevails at the surface. If the 
reference electrode is close to the surface, a correction 
for radial  position is required. This consists of a sim- 
ple extrapolat ion to infinity since the p r imary  distr i-  
bution (Eq. [22]) is a funct ion of radial  displacement 

only. Under  these conditions, the assessment of the 
ohmic drop by the in ter rupter  technique, which mea-  
sures the value corresponding to the p r imary  distr i-  
but ion  (23), is also much more s traightforward (2) in 
comparison to the disk electrode (10, 24). 

Ohmic effects due to a nonuni form potential  dis- 
t r ibut ion near  the surface of an electrode may  become 
impor tant  in  electroanalytical  work. A nonuni form 
ohmic drop can result  in a loss of control of the elec- 
trode potential  in  potentiostatic applications (25, 26), 
cause waste of current  due to hydrogen evolution dur -  
ing the cathodic protection of metals  against corrosion, 
or render  difficult the anodic protection of metals with 
active-passive kinetics (27, 28). The potential  var ia-  
tions near  the surface of a sphere are at a max imum 
level at the l imit ing current  (Fig. 8). The max imum 
potential  difference between the pole and the equator 
is 

Ar = 0.546 roia~g/Ic [23] 

This formula should be helpful  in design calculations 
to determine the permissible values of to, iavg, and 
for a max imum allowable potential  var ia t ion near  a 
spherical electrode. Problems due to a nonuni form po- 
tent ia l  d is t r ibut ion can of course be e l iminated by 
operating close to the conditions which guarantee a 
uniform current  and at the same t ime a uniform po- 
tent ia l  dis t r ibut ion on the sphere as discussed in this 
section. 

Conclusions 
The current  and concentrat ion distr ibutions below 

the l imit ing current  have been  calculated for a rotat-  
ing spherical electrode employing a general  theoretical 
and numerical  approach applied earlier to the disk 
and plane electrodes. Mass t ransfer  is assumed to be 
restricted to a th in  diffusion layer  near  the electrode 
surface so that  the potential  d is t r ibut ion can be ob- 
tained by solution of Laplace's equat ion in the bulk 
and convective diffusion equation in the diffusion layer. 
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Fig. 8. Current and potential distributions at the limiting current 
on a spherical electrode. 
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The two solutions are  ma tched  according to the  con- 
dit ions at  the  e lec t rode  surface inc luding  complex 
e lec t rode  kinetics.  

Numer ica l  resul ts  indicate tha t  the  cur ren t  d i s t r ibu-  
t ion becomes more  nonun i fo rm wi th  increas ing mass  
t ransfe r  l imitat ions,  and that  the exchange cur ren t  
densi ty  is not an impor tan t  parameter ,  in contras t  to 
the  previous resul ts  obta ined  for the  disk and p lana r  
geometries.  Fur the rmore ,  the cur ren t  dens i ty  is shown 
to reach a un i form dis t r ibut ion  be low a cer ta in  cu r -  
ren t  level,  suggest ing the possibi l i ty  of opera t ing  at  
uni form flux below the l imi t ing cur ren t  even if the 
concentra t ion d is t r ibut ion  m a y  be  nonuniform.  
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LIST OF SYMBOLS 
B 

Bm 
C 
Co 

C~ 

D 
F 
F(~) 
i 
io 
I 
J 
n 

N 
P2m 
r 
To 
R 

Re 
t 
T 
Vx, Vy 
V 

dimensionless  veloci ty  der iva t ive  at  the  sur -  
face 
coefficients in  series for  the poten t ia l  
concentrat ion of reactant ,  mo le / cm 3 
concentra t ion of reac tan t  a t  the  e lect rode sur -  
face, mole/cm~ 
concentra t ion of reac tan t  in the  bulk, m o l e /  
cm 3 
diffusion coefficient of the  reactant ,  cm2/sec 
F a r a d a y ' s  constant,  96,487 coulomb/equiv .  
see Eq. [18] 
cur ren t  density,  A / c m  2 
exchange cur ren t  density, A / c m  2 
to ta l  appl ied  current ,  A 
dimensionless  exchange  cu r ren t  dens i ty  
number  of electrons t r ans fe r red  in the  elec-  
t rode react ion 
dimensionless  l imi t ing  cur ren t  dens i ty  
Legendre  po lynomia l  of o rder  2m 
rad ia l  coordinate,  cm 
radius  of sphere, cm 
universa l  gas constant,  8.3143 jou le /mole -deg .  
normal  dis tance of surface f rom axis of sym-  
metry ,  cm 
ro~12/v, ro ta t ional  Reynolds  number  
t ransference  number  of reac tan t  
absolute  t empera tu re ,  ~ 
veloci ty  components ,  cm/sec  
e lec t rode  potential ,  V 

x distance along e lec t rode  f rom its ups t ream 
end, cm 

y normal  dis tance f rom the e lect rode surface, 
cm 

Z see Eq. [10] 
~, ~, ~ pa ramete r s  in kinet ic  expression (see Eq. [8]) 
~o veloci ty  der iva t ive  at  the  surface, sec -1 
r (4/3) 0.89298, the  gamma function of 4/3 
nc concentra t ion overpotent ia l ,  V 
ns surface overpotent ia l ,  V 
K conduct iv i ty  of  the  bu lk  solution, o h m - l - c m  -1 
v k inemat ic  viscosity, cm2/sec 
r potent ia l  in the bu lk  solution, V 
r potent ia l  in t he  bu lk  ex t rapo la t ed  to the elec- 

t rode  surface, V 
angular  ro ta t ion  speed, r ad ians / sec  

0 angle  from the pole of the  sphere  
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Lithium-Bismuth Alloy Electrodes for Thermodynamic 
Investigation of Molten LiF-BeF, Mixtures 

D. D. Sood 1 and J. Braunstein 

Reactor Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

We wish to report  here Nernst  response of dilute 
Li-Bi alloy electrodes and their applicabil i ty for 
studies of thermodynamic  and t ranspor t  properties of 
molten LiF-BeF2 mixtures  employing emf cells with 
and without  t ransference (1-3). Such electrodes have 
the advantage that: by controll ing the alloy composi- 
tion, the electrode may be made more noble than, say, 
a Be electrode; they are simpler to employ than  gas 
electrodes such as H2, HF; they may avoid possible 
solubil i ty difficulties with recently developed LaF3 
membrane  electrodes (4). 

We wish also to report  a new calculation of the l imi t -  
ing excess chemical potential  of Li in Bi. Previous eval-  
uations of this thermodynamic  quant i ty  have been  
based on measurements  in chlorides or chloride-fluo- 
ride mixtures  where  Li metal  is soluble, and fur ther -  
more Nernst  behavior has not been previously experi-  
menta l ly  demonstrated for the dilute alloy electrodes. 
An independent  re -evalua t ion  was therefore desirable. 

We employed the cell 

Be I LiF-BeF~ I Li, Bi [A] 
1 - - x  x y 

in which the second electrode was metallic Be. 
It is almost an axiom of electrochemistry that  a 

cell with metal  electrodes reversible to two different 
ions cannot be stable, since the more active metal  will  
reduce the ion of the more noble one. For example, 
pure mol ten Li would reduce Be 2+ to Be and there 
could be no stable emf. However the activity coeffi- 
cient of Li in  di lute solutions in  mol ten  Bi is of the 
order of 10-5 (5), and the activity may  thus be reduced 
sufficiently by dissolution that  Li in  Bi is more noble 
than pure Be. Fur thermore  Be is insoluble in  Bi and 
remains  at un i t  activity. With the Li in Bi more  noble 
than Be, it is thermodynamica l ly  possible for Be to 
reduce Li + to Li in  Bi. (It  cannot  reduce IA + to l iquid 
Li, the la t ter  being more active.) If a pathway for this 
process existed, e.g., via  dissolution of Li ~ Be ~ or Be + 
in the salt, followed by diffusion to the Bi anode, it 
would act as a chemical short circuit of the cell, with 
the Li content  in Bi increasing unt i l  the cell emf ap-  
proached zero. We find, however, that  the emf of cell 
[A] is stable (for periods of observat ion up to 24 hr) ,  
which suggests that  the solubil i ty of reduced species 
in the melt  in  contact with metall ic Be must  be ex- 
t remely  low. 

Experimental 
The exper imental  a r r angement  of the cell is indicated 

in  Fig. 1. A stainless steel envelope which can be 
evacuated or provided with an iner t  gas b lanket  con- 
tains a Mo cup in  which the molten salt floats on a 
layer of mol ten Bi. Be electrodes are inserted through 
Teflon packed Swagelok ~ fittings in  the risers. The p u t -  

Guest scientist from the Bhabha Atomic Research Centre, Bom- 
bay, India. 

Key  words: alloys, bismuth, electrodes, lithium, molten salt. 
= C r a w f o r d  F i t t ing  C o m p a n y ,  Solon,  Ohio. 

pose of the Mo tubu la r  (reference) compar tment  is to 
trap salt of fixed composition; on subsequent ly  chang- 
ing the salt composition in the bulk  compartment,  con- 
stancy of the alloy composition can be ascertained by 
constancy of the emf measured be tween the Be elec- 
trode in  the reference compar tment  and the Mo tube  in 
contact with the Li-Bi  alloy. 

Bi of 69 grade from Cominco Amer ican  is employed 
(about 500g in a cell) wi thout  fur ther  purification. 
BeF2 is purified by  sublimation.  Single-crystal  LiF is 
fused and treated with HF in  a nickel vessel, sparged 
with H2 and then  He. Pur i ty  of the materials is es- 
sential to avoid corrosion of the Be electrodes. A typi-  
cal impur i ty  analysis is, in  ppm: Oe, 120; K, 7; Na, 70; 
A1, 70; Mg, 30; Cr, 10; Ti, 5; Fe < 1. 

After several at tempts to prepare  Li-Bi  alloys of 
known composition, or to analyze samples of the alloy 
after Li had been added, it was found that  only by 
forming the alloy electrolytically in situ and de te rmin-  
ing the concentrat ion by coulometry could sufficient 
precision be obtained to test adherence to the Nernst  
equat ion for cell [A] at a fixed salt composition. The 
electrolysis was carried out by connecting leads from 
the Be and Bi electrodes to the terminals  of a twenty  
ohm resistor, across which the potential  drop was re-  
corded as a funct ion of t ime and integrated to deter-  
mine  the quant i ty  of electricity passed and of Li de- 
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Fig. 1. Concentration cell without transference 
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posited in the Bi. Even wi thout  st irr ing the alloy, a 
steady emf was obtained wi th in  about a minute  and 
remained  constant (wi thin  several  tenths of a mil l i -  
volt) for periods of observation up to a day. Since Li 
has a ve ry  low act ivi ty  in dilute solution in Bi, the 
alloy pool apparent ly  provides an effective sink for 
the Li. 

Results and Discussion 
The emf of the alloy concentrat ion cell with fixed 
salt composition varies, wi th  changing alloy composi-  
tion, as 

R T  a u ( y )  
~E = in 

F aLi(y + Ay) 

Figure  2 shows the emf  of the cell in a typical  exper i -  
ment  as a function of mole fraction of Li in Bi, to-  
gether  wi th  the calculated Nernst  slope. (From mea-  
surements  of the emf at different salt compositions, a 
small correction was applied for the v i r tua l ly  negl i-  
gible change of salt composition resul t ing f rom the 
electrolysis.) 

The fit of the Nernst  equation in the Li mole frac-  
tion demonstrates  that  the act ivi ty coefficient of Li is 
constant in this concentrat ion range, and that  there-  
fore the solution of Li in Bi follows Henry ' s  law. Pre -  
viously reported values of the excess chemical po-  
tent ia l  of Li at infinite di lut ion in Bi were  based on 
extrapolat ion of measurements  of two separate cells 
wi th  higher concentrat ions of Li (5) (--~5%), and 
Nernst  behavior  of the electrode at low Li composition 
was not demonstra ted exper imenta l ly .  The present  
measurements ,  together  wi th  act ivi ty coefficients in 
LiF-BeF2 mixtures  (2), provide an independent  esti- 
mate  of the l imit ing excess chemical  potential  of Li in 
Bi with the aid of the cycle shown in Table I. In Table 
I ~ULi E is the excess chemical  potential  of Li in Bi, 7Li 
is the act ivi ty  coefficient, UL~ E = R T  in 7Li, the 7 being 
refer red  to pure  l iquid l i thium, x is the mole fract ion 
of BeF~ in the melt  used for the investigation. T is 
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Fig. 2. Electromotive force and Nernst slopes of the cel! 
Be [ LiF,BeF2 I Li, Bi at fixed salt composition, XBeF2 = 0.3275. 

Table I. Evaluation of the limiting excess chemical potential 
of Li in Bi at 819~ 

A G / k c a l  m o l e  -1 
I A B e ( c )  + L i F ( c )  ~ l / 2 B e F 2 ( c )  + L i ( 1 ) ;  

I /2AGS~ --  A G S ~  ; + 2 1 . 0  a 
L i d )  "-> L i ( y ,  B i ) ;  

R T l n y  + R T  i n  7 L l  = - - 1 1 . 2 4 1  + /~Li E (y  = 10-8,  B i )  
I A F ( x )  ~ L i F ( x ' ) ;  R T  i n  [(1 - -  X ' ) ' Y ' L i F / ( 1  --  X ) ' Y L i F ) ]  = + O . 6 1 2 b , a  
L i F ( x ' )  ~ L i F ( c ) ;  A G  = 0 
V ~ B e F 2 ( e )  -> 1/zBeF~-(x"); AG = 0 
I / a B e F 2 ( x " )  ~ */aBeF.~(x)  ; VzRT i n  X ' y B e F 2 / X ' ~ ' B e F  2 = - - 2 . 2 9 0  b 'c 

L i ( y ,  B i )  + ~ /2BeF2(x )  ~ L i F ( 1  - -  x )  + 1 / 2 B e ( c ) ;  F E  = + 8 . 7 1 6  
Z A G = 0  

X = 0 . 3 2 7 5  ( e x p e r i m e n t a l  c o m p o s i t i o n )  
x '  = 0 . 2 9 3 5  
z "  = 0 . 9 7 5  E ( y  = 10  -~) = 0 . 3 7 S V  

a F r e e  e n e r g i e s  o f  f o r m a t i o n  f r o m  R e f .  ( 6 ) .  
b P h a s e  d a t a  f r o m  R e f .  ( 3 ) .  
c A c t i v i t y  c o e f f i c i e n t s  f r o m  l~ef .  ( 2 ) .  

the  t empera tu re  at which the emf  is measured 
(819~ x '  is the mole fract ion of BeF2 at the LiF 
liquidus composition, and x" is the mole  fraction of 
BeF2 at the BeF2 liquidus composition at the same tem-  
perature.  At these compositions, the chemical  poten- 
tial of LiF in the mel t  is equal to that  of pure crystal-  
line LiF and the chemical  potential  of BeF2 in the melt  
is equal  to that  of crystal l ine BeF2. These relat ions are 
indicated in Fig. 3 for the par t icular  value x = 1/3. 

The result ing value  / ~ E L i ( B i )  = --16.82 kca l /mole  is 
in agreement  wi th  the value --16.96 kca l /mole  calcu- 
lated f rom the results of Foster, Wood, and Crouthamel  
(5). The difference of 0.14 kcal  corresponds to an emf 
discrepancy of only 3 mV, which is r emarkab ly  good 
since the uncer ta in ty  of 1 kca l /mole  in ~Gf ~ (BeF2) 
(6) would correspond to an emf  error  of 20 mV. 

F igure  4 shows an emf isotherm taken f rom mea-  
surements  at a series of LiF-BeF2 compositions and a 
fixed alloy composition, compared with  previously re-  
ported results of emf measurements  wi th  t ransference 
cells. 

The emf equation for the isotherm of cell  [A] is 

dE 1 -~- x d#BeF2 
2F = - - - -  

d x  1 - -  x d x  

whi le  that  for the t ransference cell is 

dE I + x d~BeF2 
2F -- t L i -  

dx 1 --  x d x  

The equivalence of the emf results f rom the two cells 
confirms that  the t ransference number  of Be 2 + is zero, 
and that  the Be electrode t ransference  concentrat ion 
cell may be used in this region to determine solution 
thermodynamic  properties. 

Conclusions 
The response of the Li-Bi  e lect rode suggests its po- 

tential  usefulness for a sensitive test of the unicationic 
(electrical) conduction mechanism in alkali  fluoride- 
bery l l ium fluoride mixtures.  A knowledge of the ex-  
tent  of the concentrat ion range in which this mechan-  
ism is valid is impor tant  for the in terpreta t ion of 
anodic chronopotent iometry at a Be microelectrode in 
alkali  f luor ide-beryl l ium fluoride melts  (7). The emf of 

LIF BeF 

~o,~ ~T~," ..... T ~ 
Fig. 3. Relations among free energies of formation and phase data 
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a transference cell with an M-Bi alloy electrode in 
melts of varying concentrations of BeF2 

M(Bi)  IMF-BeF2 ] MF-BeFalM(Bi ) [B] 
x" (reference) i x 

I 

would be given by 

dE 1 ~- x d ~ B e F 2  
- -  - -  t B e  - -  - -  
dx 1 -- x dx 

Thus the emf of such a cell should be zero, and hence 
tbe cell would provide a sensitive indication of devia- 
tions from unicationic conduction; a negative slope 
would indicate anionic t ransport  of bery l l ium ion rela-  
tive to fluoride. 

The Nernst  response of the dilute Li-Bi alloy elec- 
trode, agreement  with an independent  value of the ex- 
cess chemical potential  of Li in Bi at infinite dilution, 
and agreement  with t ransference cell measurements  
with Be electrodes, taken together, demonstrate  that  
this electrode may be used with confidence for thermo-  
dynamic measurements.  
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Potentiostatic Anodic Synthesis of Ferrate(VI) 
A. S. Venkatadri, 1 H. H. Bauer,* and W. F. Wagner 

Department of Chemistry, University of Kentucky, Lexington, Kentucky 40506 

Ferrate  (VI) production by electrolysis at iron 
anodes was observed as early as 1841 by Poggendorf  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  D e p a r t m e n t  of M e t a l l u r g i c a l  E n g i n e e r i n g ,  

B a n a r a s  H i n d u  U n i v e r s i t y ,  Va ranas i -5  (V.P.), Ind ia .  
K e y  w o r d s :  f e r r a t e  syn thes i s ,  i ron (VI )  syn thes i s ,  anod ie  d i s so lu -  

t ion ,  e l e c t r o c h e m i c a l  syn thes i s .  

(1). Since that  time, ferrate has been used as a strong 
oxidizing agent in certain situations (2, 3), and electro- 
chemical preparat ion has been a s tandard procedure. 
However, the preparat ion has been empirically de- 
veloped and the electrode potential  was not controlled 
(2, 4). It seemed worthwhile,  therefore, to s tudy the 
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yield of ferrate obtainable under  potentiostatic condi- 
tions. 

Comparat ively recently, the influence of a number  of 
experimental  variables was studied by Tousek (5) 
with controlled currents:  ferrate production was found 
to be greatest in 40% sodium hydroxide solution, at 
20~176 and at a current  density of about  5 m A / c m  2. 
At lower current  densities, i ron( I I I )  was the main  
product, while  at higher cur ren t  densities oxygen was 
increasingly produced. In  that  work, the electrode po- 
tent ial  varied appreciably over the course of the elec- 
trolysis. In  the present  communication,  results are re-  
ported concerning the current  efficiency for ferrate 
formation in relat ion to the electrode potential. 

Exper imenta l  
Control led-potent ial  electrolysis was carried out with 

a Pr inceton Applied Research Corporation (P.A.R.) 
Model 170 Electrochemistry System. The same ins t ru-  
ment  was used to determine ferrate concentrat ion by 
vo l tammet ry  at a rotat ing iron disk electrode (6). 

For ferrate synthesis, the anode consisted of four 
iron rods (99.7%, A. D. Mackay Inc.),  �89 in. diameter  
immersed to a depth of 2 in. For determinat ion of fer-  
rate, an iron disk electrode (1/4 in. diameter)  fitted to 
a Beckman Rotating Electrode Assembly was used. The 
counterelectrode in both cases was a p la t inum gauze, 
and the reference electrode was Hg/HgO/10.5M KOH. 

The electrolyte was 10.5M KOH; "Baker Analyzed" 
potassium hydroxide was treated to remove oxidizable 
impurit ies as previously described (6). Controlled po- 
tent ial  electrolysis was carried out in a water- jacketed  
cell for t empera ture  control, and the solution was 
st irred with a magnetic  stirrer. The amount  of ferrate 
formed was calculated from the volume of the solution 
and from the ferrate concentrat ion determined vol tam-  
metr ical ly as previously described (6). The total 
charge passed dur ing electrolysis was obtained directly 
with the P.A.R. ins t rument  in the integrated readout 
mode. 

Results 
Ferrate  decomposes spontaneously. Electrolyses car- 

ried out over periods of 10-15 hr showed a decrease 
with t ime in  the apparent  current  efficiency for ferrate 
production. This decrease is due at least in part  to de- 
composition of the synthesized ferrate; however, the 
results of Tousek (5) indicate that passivation of the 
anode may  also cont r ibute  to this effect under  cer ta in  
conditions. 

Some studies were made of the kinetics of decom- 
position of ferrate, but  the process is a complicated 
one; the decomposition is influenced by the presence of 
i ron( I I I ) ,  and it did not appear that corrections for 
decomposition of ferrate dur ing electrolysis could be 
made rel iably over lengthy electrolysis times. There-  
fore the data reported here refer only to ferrate synthe-  
sis at electrolysis times up to 1 hr; dur ing  that period, 
spontaneous decomposition of ferrate was not suffici- 
en t ly  great  as to influence the results appreciably ( in  
more dilute KOH, however, the rate  of decomposition 
of ferrate is greater, and corrections would have to be 
made) .  

Results are shown in Fig. 1. I t  is evident  that maxi -  
m u m  production of ferrate is observed in a quite na r -  
row range of potentials (<50 mV).  Moreover, the 
max imum coulombic efficiency (62 __. 4%) is signifi- 
cant ly  less than  100%, indicat ing that  competing elec- 
trode reactions are occurring throughout  the potent ial  
range where ferrate is formed. Tousek (5) had ob- 
served concurrent  formation of i ron( I I I )  and of oxy- 
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gen in his cons tan t -cur ren t  investigations;  the present 
studies show that  these processes cannot be effectively 
prevented by control of the electrode potential  to pro- 
duce exclusively ferrate. The formation of bubbles  of 
oxygen at the anode was seen in the present work at 
potentials about 70 mV less anodic than the potentials 
at which ferrate production was maximal.  

Figure 1 indicates that the potential  for maximal  
ferrate formation becomes less anodic as the tempera-  
ture  increases from 25 ~ to 40~ but  the ma x imum 
coulombic efficiency decreases above 30~ [These re-  
sults are in good agreement  with those of Tousek (5) 
who obtained a m a x i m u m  coulombic efficiency of 60- 
70%, at 20~176 
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Automatic, Sparkless Gas Pump for Gas Electrodes 
Leonard F. Silvester and Peter A. Rock 

Department of Chemistry, University of California, Davis, California 95616 

A var ie ty  of pumps suitable for use wi th  gas e lec-  
trodes, in which recirculat ion of the gas is necessary, 
have been described (1-5). Gas reci rcula t ion may  be 
required for several  reasons, among which are: (i) the 
gas is expensive (e.g., D2) and cannot be continuously 
discarded; (ii) the cell must  be operated under  strictly 
anhydrous, controlled a tmosphere  conditions; or (iii) 
the cell  is being studied on a vacuum line. 

A ve ry  brief  description of each of the gas pumps 
designed for use wi th  gas electrodes follows. 

The Bollen pump (1) is a c lever  st irr ing device 
based on the Bernoul l i  principle that  sucks gas into 
the solution f rom the vapor  space above the solution as 
the  s t i rrer  operates. The  pump can be used wi th  a 
small vo lume of gas, but it is not suited for use where  
vacuum operation is necessary or where  organic vapors  
are present, or where  high speed st irr ing is undesi r -  
able. 

The Harned-Scholes  pump (2) consists of two mer -  
cury-fi l led cylinders act ivated by a plunger  that  is 
dr iven by an electric motor  through a series of pulleys, 
gears, and cams in such a way  that  when  one cyl inder  
fills wi th  mercu ry  the other  cyl inder  is emptying.  In 
principle, the pump should circulate  gas at a constant 
pressure;  in practice, condensation of solvent  vapor  
usual ly  occurs because of the large volume change 
within  each cylinder. The  pump is not designed for 
vacuum- l ine  applications. 

The Cur ry -Hugus  gas pump (3) is a simple, inex-  
pensive device specifically designed for use wi th  the 
hydrogen electrode in aqueous solutions. The pump can 
be made quite small and placed in  a thermostat ,  except  
for the upper  gas loop which must be mainta ined at a 
higher  t empera tu re  than the pumping mechanism in 
order to prevent  solvent condensation. The hear t  (and 
weakness)  of the pump is a Bunsen va lve  made f rom a 
rubber  medicine dropper.  Adjus tments  to this va lve  
are made on a tr ial  and error  basis. Becaues of the 
numerous rubber  connections, the pump is not suited 
for vacuum applications, or for use wi th  most organic 
solvents. 

The Schuld iner -Hoare  gas pump (4) is a stainless 
steel, aquar ium- type  circulat ing pump. The pump is 
protected f rom acid spray on the outlet  and inlet  by 
fr i t ted glass disks. The design on this pump prevents  
its use on a vacuum line or wi th  organic vapors  that  
will  damage the diaphragms on the pump. 

The Johnson-Glover  pump (5) consists of two 
Toepler pumps connected in paral le l  and operat ing 
one-hal f  cycle apart  to provide  for continuous gas de- 
l ivery  at constant pressure. The pump employs electr i -  
cal contacts in the s t ream of circulat ing gas. The pump 
employs  eight check valves  and six electrical  contacts 
which must  all funct ion with  the proper  phasing to 
maintain  correct  pump operation. The pump may  be 
used for vacuum operation, but it is difficult to adjust  
and mainta in  in operat ion with the proper  phasing. 

The gas pump described in this work  is a Toepler-  
type pump in basic design that  incorporates several  
novel  and useful  features.  These features  are: auto-  
matic operation, small  dispIacement,  continuous de- 
l ive ry  of gas, wide- range  working  pressures, compact-  
ness, ease of adaptabili ty,  and the absence of an upper  
electrical  contact (this feature  reduces the chance of 
a spark- ini t ia ted explosion in a gas mix ture ) .  The 
pump is constructed f rom P y r e x  glass and Teflon-core 
valves (stopcocks) ; it can be used in conjunction wi th  
a vacuum line and its operat ion is unaffected by or-  
ganic vapors  and most inorganic vapors. 

K ey  words:  pump,  hydrogen, gas electrode. 

Figure  1 shows the pump layout. The parts and their  
functions are described below. 

A is the pump vessel; it consists of a 300 ml spherical 
flask that  serves as the mercury  reservoir.  The vessel 
has four openings. The bot tom one for mercury  de- 
l ivery  to the check valves (F) ; an opening (C) for the 
working gas used to pump the mercury;  and two open- 
ings (B and D) for electrical  contacts. 

B is the lower  contact, whose height  is adjustable  to 
compensate for various mercury  levels that  resul t  f rom 
varying pressures of the pumped gas. 

B is shown in an enlarged v iew as follows: a is an 
8-32 NFT brass screw; b is a ~/2 in. d iameter  hexagonal  
brass bar  tapped for an 8-32 thread and dri l led to 
receive a 7 mm glass tube at the other  end; c is an "O" 
ring seal to prevent  escape of working gas during a 
pump-up  cycle; d is a 7 m m  gas support  tube attached 
to the mercury  storage vessel and cemented with  Tor t -  

A \ 

a 

b 

C 

d 

T 

II i 
I 
I 

Fig. 1. Pump layout 
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Seal to B; and e is a ~/s in. d iameter  n ickel -p la te-brass  
tube soldered to the adjust ing screw with  a tungsten 
metal  contact to mercury  soldered in the lower end. 

C is the in le t -out le t  tube for the working gas. C is 
connected ei ther to vacuum for low gas pressure or to 
pressurized gas (e.g., t ank  nitrogen) for high gas pres-  
sure. 

D is the common contact;  it is a nonadjustable  con- 
tact made by sealing tungsten wire  in a 3 mm Pyrex  
tube and cementing the upper  end with  Tor r -Sea l  to 
the associated support  tube. (This connection could be 
placed near  the bot tom of the vessel excit ing with  a 
g lass - to-meta l  seal.) 

E is a Kontes 0-4 m m  Teflon valve.  This valve  may 
be used to control the rate  of rise and fall  of mercury  
in the valving part of the pump. It  has been used, 
however,  in the present  work  as an isolating va lve  so 
that  the entire gas recirculat ing system may be evacu-  
ated. 

F is the check va lve  assembly. These valves control 
the direction of gas flow, as indicated by the arrows in 
Fig. 1. On the present  pump the jackets  are approxi-  
mate ly  9 mm in diameter,  wi th  an orifice of approxi-  
mate ly  4 ram. The exhaust  valve  plungers  are one-hal f  
filled with  mercury  which acts as a weight  to seal the 
va lve  during the intake cycle. (The mercury  may be 
replaced with an iron bar so that  the va lve  may  be 
held open with  a magnet .)  The intake plungers  float 
free; they are not mercury  filled. The plunger  head 
and va lve  seat are ground one upon the other  to form 
a matched unit  that  provides an effective seal. 

For  automatic operat ion an electrical  switching cir-  
cuit is needed. This is outl ined along wi th  the working 
gas control system in Fig. 2. The parts  and their  func-  
tions are listed below. 

A is the control box. This is a separate  uni t  wi th  
banana-p lug- type  outlets for connection to the pump, 
and a Cinch-Jones  connector from the control box to 
the Timer, B. Power  is l15V, ~ 60 cps, a.c. The electr i -  
cal power  connection, P, for the control box plugs into 
an electr ical  junct ion box which plugs direct ly  into the 
t imer  unit, B. (Connection of the junct ion box is into 
the red outlet  on the timer. The control box and t imer  
could be convenient ly  placed in one unit.) a is a 1A 
fuse, connected to a double-pole,  s ingle- throw switch 
and a neon on-off indicator  lamp; b is a s ingle-pole 
s ingle- throw relay. 

B is the t imer  unit: a Time-Li te ,  Model M-59 auto-  
matic reset  darkroom t imer  modified to start  by remote  
signal, c is a so]enoid whose plunger  activates the 
t imer  start  switch via a lever ;  d is the t imer  motor  and 
automatic  switching and reset  mechanism of the t imer  
(not modified), where  the re  is a connection to the 
solenoid via a Cinch-Jones  two-prong  connector  f rom 
the control  box. 
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Fig. 2. Electrical switching circuit 

CT, CL are the working  gas control valves, Fisher-  
Por te r  0-4 mm Teflon needle valves, for control of the 
incoming and outgoing flow rates. CL connects to a 
source of working gas. 

SV is the electrical  va lve  for the  exhaust  of the 
working gas to the atmosphere,  and connection to plug 
P on t imer  unit  B via a junct ion box. 

For  operat ing a pressures grea ter  than  atmospheric 
no modifications are necessary. Only the va lve  CT con- 
troll ing the exhaust  flow of the working gas through 
the electric va lve  SV need be adjusted such that  the 
mercury  falls slowly. This wi l l  p revent  the gas from 
bubbling out of the pump through the mercury  de- 
l ivery  tube before the working  gas can come to the 
operat ing pressure. 

For operations less than atmospheric pressure, i.e., 
700 mm and less, solenoid SV is replaced with  a three 
way valve;  one to the pump, one to vacuum, the other 
to air or tank gas. The va lue  CL, as shown in Fig. 2, 
which connects to the working gas, is el iminated,  while 
the other valve, CT, is placed on the air inlet  of the 
electric valve to control  the  rate  of rise of mercury  
(another valve  may be placed on the vacuum outlet  
if the rate of fall of mercury  is to be control led) .  

The operat ion of the pump for automatic  cycling is 
as follows. Suppose the pump-exhaus t  cycle has been 
completed and that  the mercury  is falling. Mercury  
continues to fall; this causes the level  to rise in the 
vessel, A, unti l  contact is made  with  the lower  con- 
tact, B. Upon making contact, re lay  b is closed and 
this activates solenoid c, closing the t imer - s ta r t  switch. 
This deactivates the electric valve, SV, and the control 
unit, A, redirect ing the working  gas flow to vessel  A, 
causing mercury  to rise in the va lve  section, F. Mer-  
cury continues to rise at a ra te  set by the intake control 
va lve  and for a period of t ime that  is preset on the 
timer. Af ter  the preset  time, the t imer  action resets 
and in so doing activates the electric va lve  SV, and 
control unit  A, exhaust ing the working gas to the at-  
mosphere. Mercury falls unti l  contact wi th  B is again 
made to restar t  the cycle. Though the pump is pres- 
ent ly  used for recirculat ing gas, it may be used in the 
conventional  manner  for pumping gas into a collection 
flask by mere ly  at taching the assembly to the pump 
exhaust  port. 

As noted earlier, the pump has no upper  contact, and 
as such el iminates any possibility of electr ical  sparks 
result ing f rom mercu ry  making and breaking contact 
during a pumping cycle, as happens with  standard 
Toepler  pumps on automatic  mode employing the up- 
per contact. 

Because of this feature, explosive gaseous mixtures,  
or those subject to chemical  reactions ini t iated by elec- 
trical spark discharge, or possibly contaminated by 
some such reaction ini t iated by electr ical  spark dis- 
charge, may be safely handled. Also the pumping sys- 
tem, because of the re la t ive ly  simple design, is amen-  
able to custom fabricat ion for  the vo lume and ra te  of 
gas flow in question. 

On automatic control, because the ra te  of rise of 
mercury  in the pump (and its fall) and the period of 
durat ion of this rise are easily controlled, the  volume 
of gas per pump cycle and the pumping cycle with 
periods of 2 sec to 1 rain are easi ly selected (longer 
periods are possible by choice of a suitable t imer) .  

Continuous flow is obtained by short pump-cyc le  
t imes and because the vo lume of mercury  displaced is 
small, surging effects and pressure fluctuations are 
ve ry  low. This permits  gas-phase chemical  reactions to 
be studied using the pump to supply a continuous flow 
of one of the reactants. 

Two working models  of the  pump exist and have 
been in t rouble- f ree  operat ion for near ly  2 years. The 
pumps have run on automatic mode continuously for 
periods of up to 1 week  wi thout  any failures or missing 
of pumping cycles. 
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Variable Composition of Basic Lead Sulfates 
R. F. Dapo *.l 

Gould Incorporated, Gould Laboratories, Energy Technology, Mendota Heights, Minnesota 55118 

During the  study of the compounds in the cured 
pastes of the lead-acid battery,  procedures were  de-  
veloped for the prepara t ion of pure  basic lead sul-  
fates. These methods were  based on using the cal- 
culated stoichiometric ratio of sulfuric acid to lead 
monoxide for a g iven basic lead sulfate and obtaining 
a product having only the  x - r a y  diffraction lines re-  
ported for  that  basic sulfate. 

The method of prepar ing tetrabasic lead sulfate 
(PbSO4.4PbO) is as follows: 250g of Baker  Analyzed 
yel low lead monoxide  was suspended in 1.0 l i ter  of 
deionized wate r  by means of rapid stirring. To this was 
added 31.0 ml of 1.400 sulfuric acid from a buret te .  The 
suspension was st irred and heated at 80~ for 4 hr. The 
solid was separated by filtration, washed and dried at 
l l0~ This in termediate  solid, A, was ground and 
t ransferred to a nickel crucible. The solid was heated 
at 550~ for 4 hr  to obtain the product.  

The x - r a y  diffraction pa t te rn  of the resul t ing prod-  
uct showed only the lines of tetrabasic lead sulfate 
(1). Chemical analyses were  also performed:  total  lead 
as PbO, 92.94 weight  per  cent ( w / o ) ;  SO3, 6.58 w/o ;  
and H~O, 0.32 w/o.  Thus the total  weight  accounted for 
was 99.84 w/o .  A number  of preparat ions using this 
method were  made, the  product  was always found to 
be only tetrabasic lead sulfate. The t rue  density of the 
tetrabasic lead sulfate was measured by means of an 
air pycnometer .  A density of 8.04 _ 0.06 g / c m  3 was 
found. This compares to a l i tera ture  value  (2) of 8.15 
g / c m  ~. No peaks were  found on the differential  thermal  
analysis curve except  the melt ing point near  895~ 
This mel t ing point of 895~ agrees wi th  the l i te ra ture  
value of 897~ However,  this is claimed in Figure  1139 
of Phase Diagrams for Ceramist  to be the tribasic lead 
sulfate ra ther  than the tetrabasic lead sulfate. Thus 
Figure  1139 is in error. 

In the above method of preparat ion,  the quest ion was 
raised as to the purpose of the heat ing period at 550~ 
a s  no comparable  heat ing has been requi red  in re-  
ported preparat ions (3, 4). The in termedia te  solid, A, 
obtained after the digestion and before  the hea t - t r ea t -  
ment  at 550~ should be pure  tetrabasic lead sulfate. 
X - r a y  examinations showed that  the in termediate  solid 
was always a mix ture  of t r i -  and tetrabasic lead sul-  
fates. The amount  of tr ibasic lead sulfate was es t imated 
to be a s  much as 60 w / o  of the total sample. As tribasic 
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lead sulfate was present  in large amounts, lead monox-  
ide or monobasic lead sulfate should be present to 
satisfy the  sr As nei ther  lead monoxide 
nor monobasic lead sulfate could be identified in the 
in termediate  solid, the possibility of biased x - r a y  re-  
sults was considered. The x - r ay  results could be biased 
due to large part icle size of the sample along with  a 
poor x - r ay  penetration,  or the results could be biased 
due to an amorphous form of ei ther  lead monoxide or 
monobasic lead sulfate. 

In order to see if large particles having tr i -  or te t ra-  
basic lead sulfates covering lead monoxide or mono-  
basic lead sulfate might  be responsible for the x - r ay  
results, microscopic examinat ion was used. Average  
size of the particles was est imated as 3~. The x - r ay  
penetra t ion of the copper Ka radia t ion was calculated to 
be 20~ (99% critical depth) .  Thus the x - r ay  diffraction 
results were  not biased due to large part icle size. 

The possibility of an amorphous component  of ei ther 
lead monoxide or monobasic lead sulfate was con- 
sidered unl ikely  because of the low specific surface 
area of the in termedia te  solid, 0.48 m2/g. For  lead 
compounds, a specific surface area of greater  than 20 
m2/g appears necessary for the loss of intensity of 
x - r a y  diffraction lines. Thus the x - r ay  data  was con- 
sidered valid and a different explanat ion of the data 
was sought. 

It  was found that  when a weighed sample of the 
in termedia te  solid was heated at 550~ cooled, and 
reweighed, a weight  loss occurred. Such a weight  loss 
could be due to the loss of the water  of hydrat ion of 
the tribasic lead sulfate. However ,  chemical  analysis 
showed that  a large fraction of the weight  loss on heat -  
ing at 550~ consisted of carbon dioxide. Thus a rea-  
sonable explanat ion of the data was considered; the 
possibility existed that  carbonate  ion in the  in ter-  
mediate was obtained f rom atmospheric carbon diox- 
ide. This carbonate ion replaced, in part, the sulfate 
ions in the  basic lead sulfate latt ice structure.  As x - r ay  
diffraction indicates the crystal  lattice structure, car-  
bonate ion might  replace some sulfate ion in the lattice, 
hence causing the apparent  violat ion of the stoichio- 
metric calculations based only on the amount  of sul- 
fate. Such a substi tution of one ion by another  wi thout  
a change in the latt ice s t ructure  of a crystal  is not 
unknown, a classical case is that  of alums. 

This possible explanat ion was invest igated by the 
addit ion of ammonium carbonate to the usual pre-  
parat ion of tetrabasic lead sulfate, in an amount  such 
that  if carbonate replaced sulfate in the basic lead 
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sulfate lattice, only the tribasic lattice would be evi-  
dent  by x - r ay  diffraction. Thus upon decomposition of 
this mater ial  at 550~ water  and carbon dioxide would 
be lost leaving chemically pure tetrabasic lead sulfate. 
In  contrast to such behavior, chemically pure  tribasic 
lead sulfate forms a 1:2 mixture  of mono-  and te t ra-  
basic lead sulfates when  heated at 550~ 

The procedure used follows: 250g lead monoxide, 
Baker Analyzed reagent, yellow powder was sus- 
pended in  2 liters of deionized water. To this was 
added 31.0 ml of 1.400 sulfuric acid with rapid st irr ing 
to effect suspension. The mixture  was heated to 80~ 
Sixteen grams of ammonium carbonate were added and 
the mixture  allowed to digest at 80~ for 4 hr. The 
solid was separated by filtering, washed, and dried at 
l l0~ The following chemical analysis was found for 
this material :  

Weight per cent Mole Ratio 

PbO 88.4 4.00 
SO~ 6.27 0.791 
CO~ 2.76 0.632 
H~O 2.53 1.42 

The data indicate that  a sufficient amount  of CO2 is 
present for the formation of the tribasic lead sulfate 
crystal lattice. The x - r ay  diffraction pa t te rn  of this 
mater ia l  showed only the l ines of tribasic lead sulfate 
(5). 

When this mater ial  was heated at 550~ there was a 
weight loss of 5.29 w/o. This loss of weight corresponds 
to the loss of water  and CO2. The heated solid was 
analyzed. The amount  of CO~ remain ing  was deter-  
mined as 0.11 w/o. Neglecting this amount  of CO2, the 
mole ratio of PbO: SO3 wag calculated to be 5: 1. The 
resul t ing mater ia l  showed only the x - r ay  diffraction 
pa t te rn  of tetrabasic lead sulfate. This proves that  car- 
bonate ion substi tutes for sulfate ion in  the tribasic 
lead sulfate crystal  lattice. 

The possible role of carbonate ion in  the  tetrabasic 
lead sulfate crystal s t ructure  was next  considered. The 
same procedure as described above was used, but  dif- 
ferent  amounts;  20.0 ml 1.400 acid, 9.29g ammonium 
carbonate. These amounts  were calculated such that 
only a tetrabasic crystal s t ructure  in which about 40% 
subst i tut ion of carbonate  ion for sulfate ion could 
occur. 

The x - r ay  diffraction pa t te rn  of the product showed 
only the pa t te rn  of tetrabasic lead sulfate. For a syn-  
thetic mix ture  of pure tetrabasic lead sulfate and 15 
w /o  of basic lead carbonate, basic lead carbonate lines 
were present in the x - r ay  pattern.  The true density 
of the product was measured as 8.04 g /cm 3 by an air 
pycnometer.  This corresponds to the t rue  densi ty of 
pure tetrabasic lead sulfate, 8.04 ___ 0.06 g /cm a. This 
va lue  of the t rue density rules out the possibility of 
small  amounts  of basic lead carbonate (d ---- 7.55 g /  
cm z) as an impuri ty.  The chemical composition was 
determined and the results are listed below with the 
calculated mole ratios: 

Weight per cent Mole Ratio 

PbO 92.2 5.00 
SOs 4.21 0.637 
CO~ 1.44 0.395 
H20 0.595 0.400 

The composition indicated by these analyt ical  results 
and having the tetrabasic lead sulfate lattice s tructure 
might be wri t ten as 

(PbSO4) 1-x �9 (PbCO~ �9 H20)x �9 4PbO 

where x is the degree of substi tution, 0.4 in  this case. 
When this mater ial  was heated at 550~ 2.04 w/o 

was lost. The x - r a y  diffraction pa t te rn  of this heated 
mater ial  showed only tetrabasic lead sulfate and lead 
monoxide in the amounts  expected. The heated mate-  
rial, when  analyzed, contained only 0.20 w/o carbon 
dioxide. In  contrast to this behavior,  pure tetrabasic 
lead sulfate would be stable at 550~ Thus the car- 
bonate subst i tut ion for sulfate ion in the tetrabasic 
lead sulfate crystal latt ice was proven. 

Addit ional  preparat ions were performed to establish 
the possible range of carbonate subst i tut ion for sulfate 
(x, above) in the tetrabasic lead sulfate crystal lattice. 
Above x = 0.4, basic lead carbonate appears in the 
x - r a y  diffraction pat terns of the resul t ing products. 
Al though the ion sizes may  be close, enough stress is 
apparent ly  induced in the lattice with increasing 
amounts  of carbonate, such that the more stable basic 
lead carbonate is formed. P re l iminary  experiments  
have shown that  other anions, such as sulfite and 
oxalate, behave in the same fashion as carbonate in  
the basic lead sulfate lattice structures. 

Note that  the amounts  of carbon dioxide in  the anal-  
ysis of these compounds is small  when  in terms of 
weight per cent. However, when  the amounts  of ei ther 
carbon dioxide or water  is expressed in terms of mole 
per cent, the magni tude  assumes its appropriate  im-  
portance. As pointed out above, a 1.44 w/o  of carbon 
dioxide in a sample represented about 40 m/o  of the 
anionic material  other than  oxide in the sample. Small  
amounts  of carbon dioxide have been found in cured 
pastes. This is reasonable because a wet paste is basic, 
and may be flashed dried by an open flame. Vinal  (6) 
asserts that carbon dioxide may  be impor tant  to the 
hardness and s t rength of the cured pastes. What  role 
these compounds might  play in  terms of physical or 
electrochemical properties is yet  to be assessed. 
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ABSTRACT 

The electronic and ionic conductivities of ZrO2 were determined as a func-  
t ion of temperature,  oxygen part ial  pressure, and t r iva lent  dopant content. 
The exper imental  observations were in reasonable agreement  with the pro- 
posed defect s t ructure  model. Ionic conductivi ty for undoped zirconia was at-  
t r ibuted  to doubly ionized oxygen intersti t ials at high oxygen pressures and to 
doubly ionized oxygen vacancies at the lower extreme of the oxygen part ial  
pressure. Doped zireonia, contrary to the undoped sample, showed m a x i m u m  
ionic t ranspor t  at in termediate  oxygen pressures. The ionic conductivity,  due 
to extrinsic dopant  effects, increased by increasing the amount  of dopant and 
its range extended over a wider  oxygen part ial  pressure. The observed de- 
crease in  activation energy for ionic conductivi ty upon doping was a t t r ibuted 
to the formation of anion vacancies whose concentrat ion is directly propor-  
t ional to the dopant  content. The 1 mole per cent (m/o)  Y~O3 sample showed 
predominant  ionic transport .  

According to the Wagner-Schot tky-Hauffe  semicon- 
ductor valence approach (1), appropriate  additions of 
foreign ions 2 will al ter  the defect concentrat ion in  an  
oxide. The addit ion of higher valent  cations to an 
n - type  oxide causes a decrease in the ionic defect con- 
centrat ion whereas, the electron concentrat ion is in -  
creased. Similar  additions to a p- type oxide cause an 
increase in  the ionic defect concentrat ion and a de- 
crease in the electron hole concentration. The op- 
posite effect occurs in each oxide type for lower valent  
dopants. This approach may in principle be applied 
to the oxidation of metals  which form n-  or p - type  
o x i d e  scales. The theory involving this behavior was 
first given by Wagner  (2) and has been verified ex- 
per imenta l ly  for numerous  pure metals. 

Previous work on ZrO~ showed that its defect s truc-  
ture  varies across the scale depending on the oxygen 
pressure. Mallett  and Albrecht  (3) detected a nega-  
t ive thermoelectr ic  power on oxide films formed on 
Zr -Sn  alloys and suggested that zirconia is an n - type  
semiconductor. However, from electrical conductivi ty 
data as a funct ion of oxygen part ial  pressure, Rudolph 
(4) found a positive pressure dependence on the con- 
ductivi ty over the range 10 - s  to 10 ~ mm Hg. This 
p- type conductivi ty was also confirmed by  his thermo-  
electric power measurements.  Vest, Tallan, and Tripp 
(5) measured the electrical conductivi ty as a function 
of oxygen pressure from 1 to 10 -23 atm and concluded 
that  zirconia is an amphoteric oxide with the t ransi t ion 
from n- type  to p- type  conductivi ty occurring at about 
10-16 arm. They observed a 1/5 slope at high oxygen 
part ial  pressure and a t t r ibuted  it to completely ionized 
zirconium vacancies. Kofstad (6) stated that  the pres-  
ence of zirconium vacancies is inconsistent with the 
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phase diagram considerations and suggested an al ter-  
nat ive in terpre ta t ion in which the oxide predomi-  
nan t ly  contains oxygen vacancies which under  the ex- 
per imental  conditions are determined by subst i tut ion-  
al ly dissolved cations of lower valence. Kofstad and 
Ruzika (7) also observed p- and n - type  conductivity 
at different oxygen part ial  pressures and  suggested an 
ionic conduction mechanism in  which both anion va-  
cancies and interst i t ials  exist. 

From partial  electrical conductivi ty data, Poul ton 
and Smeltzer (8) reported that  at 990~ hot-pressed 
monoclinic zirconia is an n - type  electronic conductor 
at oxygen part ial  pressures below 10 -18 a tm and a 
p- type electronic conductor at pressures above 10 - l o  
atm oxygen. Oxygen ion t ransport  predominates at 
in termediate  pressures. K u m a r  et al. (9) measured the 
transference numbers  and electrical conductivity as a 
funct ion of oxygen pressure and temperature  and sug- 
gested that the defect s t ructure  of monoclinic zirconia 
in  the temperature  range  of 700~176 involves 
doubly ionized oxygen vacancies at pressures below 
10 -19 atm, and singly ionized oxygen i ntersti t lals at 
pressures above 10 .9 atm. 

KrSger (10) fur ther  discussed the results of Vest 
et al. (5) and suggested a Schot tky-type model in-  
volving both isolated oxygen vacancies and zirconium 
vacancies singly associated with oxygen vacancies. A 
detailed analysis was given by Douglass and Wagner  
(11) who proposed an an t i -F renke l  model based on the 
assumption that the ionic defect s t ructure  of zirconia 
is similar to that  of CaF2. These models (10, 11) have 
been found (12) to be mathemat ical ly  equivalent  if 
the doubly ionized oxygen interst i t ial  of the ant i -  
Frenkel  model is replaced by a doubly ionized pair of 
zirconium and oxygen vacancies. 

The fact that  ZrO2 is n - type  at low oxygen pres- 
sures and is p- type  at high oxygen pressures, means 
that a p - n  junct ion  exists wi th in  the scale, which junc-  
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t ion would obviously affect the t ransport  of electrons 
and ions across the scale. Therefore, Wagner 's  theory 
involving the change in defect concentrat ion with 
dopant cannot be applied to an amphoteric oxide as 
zirconia. The inconsistencies in  all these results can be 
accounted for if one considers the different materials, 
oxidant  purity,  methods of specimen preparation,  and 
the techniques involved by various investigators. The 
presence of foreign cations, ei ther  in the form of im-  
purities or in tent ional ly  added, may significantly al ter  
the concentrat ion of nat ive  defects. It was the objective 
of this work to determine the ionic and electronic con- 
ductivities of dense monoclinic zireonia containing 
small  additions of yttria. 

Proposed Defect Structure 
Assuming that an t i -F renke l  type disorder prevails 

in monoclinic zirconia, the predominant  type of defects 
at high oxygen partial  pressure will  be oxygen in ter -  
stitials and electron holes. Fur thermore,  for simplicity, 
only doubly ionized defects will  be considered, hence 

1 K1 
--O~=~Oi" + 2e + [1] 
2 

by applying the law of mass action and the electro- 
neut ra l i ty  condition that  [e +] = 21Oi"]. The concen- 
t ra t ion of doubly ionized oxygen interst i t ials  or elec- 
t ron holes will have a 1/6 power dependence on oxy- 
gen partial  pressure. 

If one assumes that, upon doping, the y+3 enters the 
ZrO2 lattice subst i tut ional ly  for Zr +4 according to the 
equation 

Y20~ ---- 2Y'zr + Vo" + 3 0 o  [2] 

The dopant cation wil l  have one effective negative 
charge. Thus, Y203  additions will cause an increase in 
the anion vacancy concentrat ion which, even  in the 
high oxygen part ial  pressure region, will be greater  
than the concentrat ion of oxygen interstitials.  Follow- 
ing Lasker 's and Rapp's (13) analysis on Y203-doped 
ThO2, expressions for the part ial  conductivities can 
be obtained, where 

Ke + = const Po21/4 [Y20~] 1/2 [3] 
and 

K~ _-- 2[e[~v[Y203] [4] 

From Eq. [3] and [4] the dependence of Y203 content  
and Po2 o n  the ionic t ransference number  is given by 

1 
�9 i -- [5] 

1 -p const Po21/4[Y203] -1/2 

Similarly, in the low oxygen partial  pressure region, 
the predominant  defects in undoped ZrO2 will be 
doubly ionized oxygen vacancies and free electrons 
according to 

K2 
Oo ~ Vo" -~ 2 e -  + 1/2 02 [6] 

the concentrat ion of defects wiI1 then have a --1/6 
power dependence on oxygen partial  pressure. Upon 
Y203 additions the free electron conductivi ty and ionic 
t ransference number  will  be expressed by 

~e- ---- const Po2 -1/4 [Y203]-1/2 [7] 
and 

1 
Ti --" 

1 + const Po2 -1/4 [Y203]-a/2 

This shows that  the addit ion of Y203 might affect the 
nat ive defect equi l ibr ium (extrinsic region),  hence the 
ionic conductivi ty will  be proportional to the dopant  
content  and is independent  of the oxygen part ial  
pressure, Eq. [4]. Whereas the electron hole and free 
electron conductivities will  have a -p 1/4 and --1/4 de- 
pendence on oxygen part ial  pressure according to Eq. 
[3] and [4], respectively. However, if the foreign ca- 

tions do not affect the nat ive defect equil ibrium, ( in-  
trinsic region),  the dependence of the concentrat ion of 
electronic and ionic defects on oxygen partial  pressure 
will be represented by Eq. [1] and [6]. 

Experimental Procedures 
Sample preparation.--The start ing materials  were 

Wah Chang Zirconia Powder [compositional analysis 
given in Ref. (9)] and Y203 99.99% pure. Batches 
of 100g of undoped zirconia and zirconia containing 
0.5 mole per cent (m/o)  Y2Oa and 1 m/o  Y2Oa were 
prepared. To insure homogeneity,  the doped powders 
were thoroughly mixed in a b lender  for 24 hr. Isostatic 
compaction of the powders was performed at 60,000 psi 
for 5 rain in glycerine. Slices, about 1.3 cm in  diameter  
and 0.5 cm thick, were cut off the pressed samples. The 
disks were vacuum-sintered,  in  an NRC vacuum resist- 
ance furnace, at 10 -.5 Torr  and 2300~ for 3 hr. Zirconia 
powder sintered at 2250~ was used as a spacer 
be tween the disks and the furnace base plate to pre-  
vent  contaminat ion and sticking of the disks to the 
tungsten  base plate. The furnace temperature  was mea- 
sured by a disappearing filament optical pyrometer.  
The sintered, black, oxygen-deficient disks were em- 
bedded in zirconia powder and oxidized in air at 
850~ for 3 days. The disks were polished on fine SiC 
paper. The density of the undoped zirconia sample 
was determined by measur ing dimensions and by  the 
water  displacement methods, values ranging from 5.53 
to 5.67 g/cm ~ were obtained. These values correspond 
to 96-98% of the theoretical x - r a y  computed density 
(5.77 g/cm3). 

X - r a y  diffraction (with filtered Cu-K~ radiation) 
and metallographic analyses were performed on all 
samples before and after conductivi ty measurements  
to check the s t ructure  and morphology of the samples. 
X- ray  analysis revealed the monoclinic s tructure 
whereas metallographic examinat ion  showed a single 
phase with no evidence of microcracks. 

Electron vapor-deposit ion techniques were used to 
apply th in  p la t inum film electrodes to the disk faces. 
The samples were heated dur ing  deposition at 850~ 
in vacuum (2 • 10 -5 Torr) .  High- tempera ture  vapor 
deposition was essential to obtain opt imum contact 
between the p la t inum film and the zirconia samples. 
Films deposited were 0.5 cm in  diameter  and about 
15~ thick. 

Electrical conductivity and transference number as- 
sembly.--The a-c electrical conduct ivi ty  vs. t empera-  
ture measurements  were performed at a test f requency 
of 1000 Hz using a General  Radio Model 1608A impe- 
dance bridge. The samples were main ta ined  in com- 
pression by means of spr ing-loaded p la t inum electrode 
assemblies which gave opt imum contact through the 
deposited p la t inum th in  films on the samples. 

Two-probe conductivi ty measurements  were em- 
ployed. As a check on the two-probe technique Strick- 
ler and Carlson (14) measured the conductivi ty of sev- 
eral M20~-ZrO2 systems using both the two- and four-  
probe techniques, their results for both techniques 
agreeing wi thin  exper imental  error. Similarly, Mit- 
toff (15) did not observe any substant ia l  difference 
between both techniques from his conduct ivi ty mea-  
surements  on MgO single crystal. 

The sample holder was designed to completely iso- 
late the two chambers on each face of the sample. 
By this setup it was possible to conduct both total 
electrical conductivi ty and galvanic cell t ransport  
measurements  at different oxygen pressures and tem- 
perature on the same sample in situ prior to its re-  
placement. In te r rup t ion  of measurements  might  give 
inconsistent results and rup ture  the p la t inum thin 
film. The resistance of the p la t inum leads was found 
to be negligible. The sample was isolated from the 
furnace heating elements by means of a quartz tube, 
the furnace was kept at low impedance to ground. A 
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schematic representat ion of the apparatus is shown 
in Fig. 1. 

Transference number  measurements  were performed 
by main ta in ing  a difference in oxygen pressure on 
both sides of the sample. This has been achieved by 
the use of gas trains which have been described else- 
where (9). Gas mixtures  and their corresponding oxy- 
gen part ial  pressure wi th in  the tempera ture  range of 
this invest igat ion have been previously reported (16). 
The emf generated was measured by an L&N K-3 
potentiometer.  The potent iometer  was also used to 
el iminate thermoelectric effects by reversing the polar-  
ity. The furnace had a 1.5 in. constant  tempera ture  
zone at the  center where the sample was located, the 
average tempera ture  gradient  wi th in  2 in. from each 
face of the sample was 2~ the tempera ture  was mea-  
sured by a P t -P t -10Rh thermocouple. A 0-100 mV 
chart recorder was connected from the output  of the 
potentiometer  and used to facilitate the prompt  de- 
tection of steady-state conditions. 

All samples were heated at 900~ for 48 hr  after 
insert ion into the apparatus  and prior to the mea-  
surements.  

The electrochemical cell is Po2 I, PtlZrO21Pt, Po2 n or 
Po2 I, PtlZrO2-Y20~IPt, Po2 u. Such cells may be em- 
ployed to discriminate be tween ionic and electronic 
conductivi ty in solids as described by Wagner  (1). 

The principle is to establish different oxygen activ- 
ities at opposite sides of the oxide. The potential  de- 
veloped is measured with a potent iometer  when no 
current  is supplied to or drawn from the cell. Pro-  
vided the electrodes are completely reversible and 
the two sides of the sample are in equi l ibr ium with 
the corresponding part ial  pressure of oxygen, then 
the measured potential  across the oxide, Ee, is given by 

kT  P02 I 
Ee : T~ l n - -  [9] 

4e Po2 n 

where ri represents the average ionic t ransport  n u m -  
ber  for the ionic conductivi ty between the limits II 
and I and is evaluated from the values of Ee, Po2 II, and 
Po2 I. When the oxide is an electronic conductor the 
cell is short-circuited and Ee = 0. By using Pt  elec- 
trodes, only the potential  difference due to separation 
of ionic charges is measured. The max imum value of 
ri = 1, in which case Eq. [9] becomes 

E = k..~T i n  P~ [I0] 
4e Po2 II 

The difference in  oxygen part ial  pressure (Po~ I and 
Po2 n) on both sides of the sample was main ta ined  at 
about one order of magnitude.  

By combining Eq. [9] and [10] 

Ee 
"ct = -- [II] 

E 

accordingly, the average ionic t ransference n u m b e r  
could be obtained from knowledge of the exper iment -  
ally determined potent ial  ,and that  theoretically calcu- 
lated for pure ly  ionic conductor. 

Fig. I. Conductivity and emf 
assembly 

From total electrical conductivi ty and transference 
number  data, the part ial  ionic and electronic conduc- 
tivities can be determined according to 

Ki ---- r~,~T [12] 
and 

Ke : O'T -- Ti [13] 

Conductivi ty and open circuit emf measurements  were 
conducted at various oxygen part ial  pressures ranging 
from 10 -2~ to 1 atm and at temperatures  between 
600 o-900oC. 

Results and Discussion 
The electronic and ionic conductivit ies for all three  

samples at both tempera ture  extremes of this invest i-  
gation are shown in Fig. 2, 3, and 4. With the excep- 
t ion of the high Po2 region (0.21-1 atm) and at 
lower temperatures,  the conduct ivi ty  of the undoped 
sample was main ly  due to electrons. This has been 
reported previously by Vest and Tal lan (5) and by 
K u m a r  et al. (9). The ionic, pressure- independent  re-  
gion for the undoped sample at 600~ is a t t r ibuted to 
equal concentrations of doubly ionized oxygen vacan-  
cies and interst i t ials  as predicted from Eq. [1] and 
[6]. The decrease in electronic conductivi ty with in-  
creasing oxygen pressure from 0.21-1 a tm at 600~ 
has been previously observed (9). This observation 
is difficult to rationalize. A possible explanat ion  is 
that  zirconium dioxide has a tendency to lose oxygen, 
as verified exper imenta l ly  from the volumetr ic  mea-  
surements  (16). Thus, an appreciable amount  of oxy- 
gen deficiency may occur ini t ia l ly  which results in 
the formation of anion vacancies or free electrons, 
bu t  long exposure times will be required at low tem-  
peratures before equi l ibr ium is attained. Furthermore,  
since the undoped sample was predominant ly  electron- 
ically conducting, it is expected that  this inheren t  
behavior  was at t r ibuted to the ini t ial  free-electron 
conductivi ty giving rise to the observed n - type  be-  
havior. This is fur ther  supported by the fact that the 
init ial  n - type  conductivi ty does not appear in the 
electronic plot at 900~ a t empera ture  that  is high 
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Fig. 2. Ionic and electronic conductivities of undoped ZrO2 
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Fig. 4. Ionic and electronic conductivities of ZrOs 4- 1 m/o Y203 

enough to at ta in  equi l ibr ium after short exposure 
times yielding the p- type effect directly. At 900~ 
the electronic conductivi ty decreases with decreasing 
Po2 with a 1/6 slope, the conductivi ty in this region 
is a t t r ibuted to electron holes as indicated in  Eq. [1], 
the plot achieves a m i n i m u m  at about 10 -14 atm fol- 
lowed by an increase in  electronic conductivi ty with 
fur ther  decrease in  Po2 which is a t t r ibuted to free 
electron conductivity according to Eq. [6]. The 0.5 
m/o  Y203 sample showed predominant  ionic conduc- 
t ivi ty  at 600~ and at oxygen partial  pressures above 
1O -2~ atm. At lower oxygen pressures, however, the 
reverse was observed; this predominant  electronic 
conductivi ty had been observed also at 900~ (Fig. 3). 
Apparen t ly  the amount  of t r ivalent  additive was in-  
sufficient at higher temperatures  to produce predom- 
inan t ly  ionic conductivity. Thus, inherent  electronic 
conductivi ty was observed. The 1 m/o  Y~O3 sample 
showed ma in ly  ionic conductivi ty at oxygen pressures 
down to 10 -24 atm at  600~ and at oxygen pressures 
between 10-20-10-4 atm at 900~ as shown in  Fig. 4. 
The predominant  ionic conductivi ty which prevailed 
upon doping was at t r ibuted to the extrinsic effect 
of t r ivalent  additives as predicted from the defect- 
s t ructure model. The pressure- independent  range for 
the electronic conductivi ty of doped zirconia at high 
tempera ture  was a t t r ibuted to equal concentrat ions 
of free electrons and electron holes. The 1/4 oxygen 
pressure dependence on electron-hole conduct ivi ty  for 
doped samples, as predicted from Eq. [3], is clearly 
shown for the 0.5 m/o  Y20~ sample (Fig. 3), whereas, 
this effect is not clearly identified for the 1 m/o  Y20~ 
sample. The increase in electronic conductivi ty with de- 
creasing oxygen part ial  pressure below 10 -16 atm 
for the doped samples was at t r ibuted to free electron 
conductivi ty and seems to be consistent with the theo- 
retical prediction at 600~ yet the exact de terminat ion 

of the slope was difficult to verify. At higher tempera-  
ture, the negative pressure dependency on the elec- 
tronic conductivi ty was not observed probably due to 
the extension of the Po2-independent  region beyond 
our exper imental  limits. 

The observed decrease in ionic conductivi ty with 
decreasing oxygen partial  pressure upon doping in 
the low-pressure  region and at  lower temperatures  is 
inconsistent with the theoretical predictions from 
which an increase in anion vacancy concentrat ion is 
expected upon the addition of Y2Oa. This behavior 
has been previously observed by Keneshea and Doug- 
lass for undoped ZrO2 (12). A possible explanat ion 
is that  the high concentrat ion of anion vacancies causes 
clustering (14) or vacancy- impur i ty  interact ion (17) 
which could cause an appreciable decrease in  the 
an ion-vacancy mobility. Al though the concentrat ion 
of interst i t ial  anions is expected to be low in  this 
region, their  mobi l i ty  may be higher than  that  for 
anion vacancies, resul t ing in  the observed inters t i t ia l -  
controlled oxygen ion conductivi ty at the lower  ex- 
t reme of oxygen pressure. 

This positive pressure dependence of ionic conduc- 
t ivi ty  on oxygen part ial  pressure can also be in ter -  
preted in terms of interst i t ial  y3+ cations in  the ZrC~ 
lattice at low oxygen part ial  pressures, the defect 
equat ion is given by  

Y2Os = 2 Yi '" 4- 6 e -  4- 3/2 02 

This equation predicts an  increase in  the free-electron 
concentrat ion and a decrease in the anion vacancy 
concentration. Accordingly, the  concentrat ion of oxy- 
gen intersti t ials will  be expected to increase giving 
rise to the observed behavior  at very low oxygen 
pressure. 

The oxygen pressure dependence of the ionic con- 
duct ivi ty of undoped monoclinic zirconia is shown for 
several temperatures  in  Fig. 5. Two pressure-depend-  
ent regions can be observed at high and low oxygen 
pressures, represent ing interst i t ial  and vacancy-con-  
trolled oxygen ion conductivity,  respectively. The ionic 
conductivi ty in the high-pressure  range (10-s-1 
atm) follows a 1/6 dependence to a good approxima-  
tion, par t icular ly at higher temperatures,  and may be 
a t t r ibuted to doubly ionized oxygen interstitials.  Sim- 
ilarly, in the very  low pressure range (Po2 ~ 10-23 
atm) the conduct ivi ty  seems to follow a --1/6 de- 
pendence on oxygen pressure at 600~ which might  
be due to doubly ionized oxygen vacancies; however, 
the lack of sufficient exper imental  points in the low- 
pressure range makes it difficult to determine exactly 
the type of pressure dependence. A pressure- independ-  
ent plateau is clearly identified at lower temperatures  
and gradual ly  disappears as the temperature  is in- 
creased. This plateau may be at t r ibuted to either 
equal concentrations of cationic and anionic defects 
or to al iovalent  impur i ty  effects. The disappearance 
of the pressure- independent  region at 900~ as op- 
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Fig. 5. Ionic conductivity for undoped zirconia 
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Fig. 6. Dependence of ionic conductivity on Po2 and temperature 
for Zr02 -I- 0.5 m/a Y~Oa. 

posed to earlier work (9), might  be due to the lower 
impur i ty  level achieved in this work dur ing  the sin-  
ter ing operation. 

The 0.5 m / o  Y2Oa sample showed an init ial  decrease 
in ionic conduct ivi ty  with decreasing oxygen pressure 
over the range  of 1 to about 10 -6 atm, indicating anion 
inters t i t ia l -control led conductivi ty as shown in Fig. 
6. The slope in  this region seems to fit a 1/4 depend-  
ence on oxygen pressure at lower temperatures  how- 
ever, as the tempera ture  is increased, the slope devi-  
ates from the 1/4 dependency and seems to follow 
1/6 dependency at 900~ The p- type  region is fol- 
lowed by a pressure- independent  region which seems 
to spread over a wider Po2 range as the t empera ture  
is increased from 600~176 A decrease in ionic 
conductivi ty was observed below 10 - ~  atm, indicative 
of p - type  conductivity. This behavior was not ob- 
served at temperatures  above 700~ probably due to 
the extension of the pressure- independent  region be- 
yond the lower Po2 l imit  of this work. Although the 
exper imental  points are insufficient to determine the 
slope exactly, it seems, however, that  the slope is 
approximated best by  a 1/4 dependence. 

Doping with 1 m/o  Y20~ caused a barely detectable, 
if any, change in ionic conductivi ty at temperatures  
be tween 700~176 and throughout  the ent i re  range 
of oxygen pressure, except in  the region be tween 10 -2 
and 1 atm, where a slight decrease in conductivi ty with 
increasing oxygen pressure was detected as shown in  
Fig. 7. At 600~ there was a slight increase in ionic 
conduct ivi ty  with increasing oxygen pressure from 
10 -7 to 1 atm, and at Po2 below 10 - ~  atm the ionic 
conductivi ty decreased with Po2- 

An Arrhenius  plot of log (K~T) vs. reciprocal tem- 
perature for the zirconia sample doped with 1 m/o  
Y203 is shown in Fig. 8. The isobar chosen is at an 
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Fig. 7. Dependence of ionic conductivity on Po 2 and temperature 
for Zr02 + 1 m/o Y2Os. 
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Fig. 8. Arrhenius plot for Zr02 -]- 1 m/o Y20~ at 10 -12 atm 

in termediate  oxygen pressure, because ionic conduc- 
t ivi ty values at both extremes of oxygen pressure 
cannot be derived with high accuracy from Fig. 7, 
and consequently, their corresponding Arrhenius  pl~ts 
might be misleading. From Fig. 8, a continuous in -  
crease in ionic conductivi ty with increasing tempera-  
ture  can be observed. The data fit a s t ra ight- l ine  re- 
lationship with an activation energy of 21.8 kcal/mole,  
which is lower than  most of the reported values for 
undoped ZrO2. Hussey and Smeltzer (21) reported 
an act ivat ion energy value of 31.9 kcal /mole  from 
their  Arrhenius  plot of log parabolic rate constant  
Kp vs. 1/T at temperatures  between 400 ~ and 850~ 
Gulbransen and Andrew (22) obtained a value of 28.6 
kcal/mole. This is attributed to the increase in ionic 
defects as predicted from Eq. [2]. 

By comparing Fig. 5, 6, and 7, one can observe 
the effect of dopant on the ionic conductivity of mono- 
clinic zirconi, a. The ionic conductivity increased with 
increasing dopant concentration which behavior is con- 
sistent with Eq. [4]. Doping with 0.5 m/o Y203 re- 
sulted in a change of slope from i/6 to 1/4 in the 
p-type region at high oxygen partial pressure and at 
lower temperatures. The undoped sample showed an 
increase in ionic conductivity with decreasing oxygen 
pressure below i0 -~3 atm, whereas, the Y203-con- 
taining samples exhibited a decrease in ionic conduc- 
tivity with decreasing oxygen pressure; this behavior 
has been discussed previously. 

Increasing temperature resulted in a decrease in the 
pressure-independent range for the undoped sample, 
whereas, the opposite was observed for the doped 
specimens. Furthermore, the pressure-independent re- 
gion extended over a wider range as the amount of 
dopant increased. This interesting observation identi- 
ties the role of trivalent additives. The low-tempera- 
ture behavior  at in termediate  oxygen part ial  pres-  
sures for undoped zirconia can  be a t t r ibuted to ei ther  
extrinsic factors or to equal concentrat ions of doubly 
ionized oxygen vacancies and interstitials. The dis- 
appearance of this plateau at high temperatures  sug- 
gests that the intrinsic, thermal ly  generated defects 
dominate as ~the tempera ture  is increased. 
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Fig. 9. Ionic conductivity as a function of dopant content and Po2 
at 900~ 

A cross plot for all three samples at 900~ is shown 
in Fig. 9. The ionic conductivi ty for undoped ZrO2 is 
due pr imar i ly  to intrinsic ionic equil ibria  for which 
oxygen interst i t ials  predominate  at high Po2 and to 
oxygen vacancies at low Po2, as shown by Eq. [1] 
and [6], respectively. The theoretical derivat ion pre-  
dicts that  the pressure- independent  plateau is due 
pr imar i ly  to dopant  effects. The stoichiometric compo- 
sition for undoped ZrO2 will  yield a pressure- independ-  
ent region; however, this plateau was not observed in 
the case of undoped ZrO2 at high temperatures  where 
a m in imum in the conductivi ty curve at about 10 -14 
atm, was observed indicating a t ransi t ion from pre-  
dominant  oxygen intersti t ials to oxygen vacancy con- 
ductivity as the Po2 is lowered. Alternatively,  Y203- 
containing samples had a pressure- independent  plateau 
for ionic conductivi ty as predicted from Eq. [4]. The 
shift of the pressure- independent  plateau towards 
higher oxygen pressures, and consequently the ex- 
tension of the pressure- independent  region over a 
wider  Po2-range, is in agreement  with Lasker 's  and 
Rapp's (13) results on Y203-doped ThO2. The addit ion 
of 1 m/o  Y20~ to ZrO2 is sufficienr to produce essen- 

t ial ly ionic conductivi ty over the pressure range stud-  
ied. Burke and co-workers (22) predicted that  the 
ionic conductivi ty for thoria doped with 10 m/ o  Y203, 
in the tempera ture  range of 900~176 should be 
independent  of oxygen pressure from 10-es-1 atm. 
Similar behavior was reported (23) for ZrO2 doped 
with 16.5 m/o  CaO at 1000=C. Pat terson et al. (24) 
found that the ionic conduction for Zr~.ssCao.15Ol.s5 
was pressure- independent  over the range of 10-2v-1 
atm oxygen at 800~176 

The change in  ionic t ransference number  wi th  t em-  
perature as a funct ion of dopant content  is represented 
in Fig. 10. Figure 10A shows the ionic t ransference 
number  data obtained at oxygen pressures between 
10 -3 and 0.21 atm. An increase in ionic t ransference 
number  with increasing dopant  content  was observed 
in agreement  with Eq. [5]. As the tempera ture  was 
increased, the ionic t ransference number  decreased, 
however, this became less pronounced as the amount  
of Y203 increased. Undoped ZrO= exhibited exclusive 
electronic conductivi ty at 900~ as reported earl ier  
by K u m a r  et al. (9); however, zirconia doped with 
1 m/o  Y20.~ was pr imar i ly  an ionic conductor at the 
same tempera ture  and at in termediate  oxygen part ial  
pressures. The change in  t ransference number  with 
tempera ture  in the pressure- independent  region (10 -12 
atm) is shown in  Fig. 10B. Generally,  the ionic t rans-  
ference number  values are lower than  those obtained 
in the higher pressure region for the undoped sample, 
whereas, the opposite effect was observed for the Y203- 
containing samples. The ionic t ransference n u m b e r  for 
the undoped zirconia was about 0.1 at 600~ with a 
slight decrease as the tempera ture  increased from 
600~176 Accordingly, electronic t ransport  prevails 
at intermediate  oxygen part ial  pressures, and ,the con- 
ductivi ty is pr imar i ly  due to equal concentrat ions of 
free electrons and electron holes. A wide var ia t ion  in 
t ransference number  was observed for the sample 
doped with 0.5 m/o  Y20~. The lat ter  had a value of 
0.5 at 600~ and decreased to about 0.2 at 900~ The 
observed mixed conductivi ty suggests that the amount  
of dopant was insufficient to produce the expected ionic 
t~ansport and that  tempera ture  was the ra te-control -  
ling factor. Doping with 1 m/o  Y~O3 increased the 
ionic transference n u m b e r  to about 0.92 at 600~ 
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This value remained v i r tua l ly  unchanged over the 
entire tempera ture  range of this investigation. 

The dependence of ionic t ransference number  on 
oxygen pressure at 600~ is shown in Fig. 11. The 
ionic t ransference number  for pure zirconia increased 
from 0.1 to 0.8 as the oxygen pressure increased from 
10-s-1 atm. The t ransference n u m b e r  remained 
almost unchanged at pressures between 10 -23 and 
I0 - I s  atm. Below I0 - ~  a tm a slight increase in  t rans-  
ference number  was observed wi~h decreasing oxygen 
pressure. The sample doped wi th  0.5 m/o  Y~Os showed 
,an increase in ionic t ransference n u m b e r  from about  
0.2 to 0.85 with decreasing oxygen pressure from 1- 
10 -~ atm. A fur ther  decrease in oxygen pressure re-  
sulted in a slight p la teau of constant  t ransference 
number  between 10-~-10 -~0 atm, followed by a rapid 
decrease in ionic t ransference number .  For the 1 m/o  
Y208 sample, the ionic t ransference number  ini t ia l ly 
increased from 0.6 to 0.9 between 1 and 10 -5 atm. 
This was followed by a pressure- independent  region 
be tween 10-5-10 -~9 atm. A fur ther  decrease in oxygen 
pressure resulted in a decrease in  the ionic t ransfer-  
ence number .  Figure 11 shows that  the range  of con- 
stant ionic t ransference number  in  the higher oxygen 
pressure region shifted towards higher oxygen pres-  
sure as the amount  of dopant  increased. The re la t ion-  
ship be tween ionic t ranspor t  and dopant concentrat ion 
is predicted from Eq. [5] and [8] at the higher and 
lower l imits of the oxygen part ial  pressure, respec- 
tively. In  the inCermediate pressure range, the ionic 
conductivi ty is due pr imar i ly  to anion vacancies whose 
concentrat ion is directly proport ional  to the amount  
of t r iva lent  dopant. This extrinsic effect should be 
pressure- independent  for a fixed dopant  content.  

The agreement  between the model and exper imental  
observations is visualized from Fig. 12 which shows 
the change in  ionic t ransference n u m b e r  as a funct ion 
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of oxygen pressure and temperature  for zirconia doped 
with 1 m/ o  Y20~. The figure clearly shows that dop- 
ing with 1 m / o  Y203 resul ts  in predominant  ionic 
t ransport  in  the intermediate  oxygen pressure range, 
which is independent  of both oxygen pressure and 
temperature.  A theoretical prediction, of an increase 
in ionic t ransport  with decreasing oxygen pressure at 
high Po2 and a decrease in  ionic t ranspor t  with fur ther  
decrease in Po2 at low oxygen pressure, was experi-  
menta l ly  verified in  Fig. 12. The figure also shows that  
the ionic t ranspor t  at both oxygen pressure extremes 
decreased with increasing temperature.  

From Eq. [3] it is predicted that  the electron hole 
conductivi ty should obey a 1/2 dependence on Y208 
content. A plot of log Ke + vs. log [Y203] for several 
isotherms of 0.5 and 1 m/o  Y2Os containing samples 
is shown in Fig. 13. Al though this work  was l imited 
to only two dopant  compositions, a verification of the 
above dependence was observed, and the electron hole 
conduction mechanism is in reasonable agreement  with 
the theoretical model. 

Conclusions 
A model of the defect structure of zirconia was 

proposed. The model predicts the dependence of ionic 
and electronic conductivities on oxygen pressure and 
dopant content. 

Undoped zirconia showed predominant  electronic 
t ranspor t  over the ent i re  tempera ture  range except 
at 600~ in the high P02 region. The ionic t ranspor t  
number  decreased with decreasing oxygen pressure, 
achieves a m i n i m u m  and then remains  essentially con- 
stant  upon fur ther  decrease in  P02, at the same tem- 
perature.  Conductivi ty at high oxygen pressure was 
a t t r ibuted to doubly ionized oxygen intersti t ials and 
electron holes, whereas, at low oxygen pressure, con- 
duct ivi ty was due to doubly ionized oxygen vacancies 
and free electrons. The stoichiometric composition, de- 
tected by a pressure- independent  plateau for undoped 
zirconia, occurred at in termediate  oxygen pressures. 



262 J, EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  February 1974 

The absence of a plateau at high temperatures  was 
at t r ibuted to the decrease in impur i ty  content  of the 
ZrO2 powder by the s inter ing operation. 

The Y20~-doped zirconia samples showed an increase 
in ionic t ransference number  with decreasing oxygen 
pressure in  the high oxygen pressure region and a de- 
crease in ionic t ransference with fur ther  decrease in 
oxygen pressure at the lower extreme of the oxygen 
pressure range. Increasing the dopant content  caused 
an increase in  ionic t ransference n u m b e r  and ex-  
tended its range over a wider oxygen pressure. The 
1 m/o  Y203 sample showed mostly ionic transport,  
i.e., 90%, which was independent  of tempera ture  at 
in termediate  oxygen pressures. These observations 
were in good agreement  with the proposed model. 

Ionic conductivity, due to the extrinsic dopant ef- 
fect, was found to be independent  of oxygen pressure, 
increased with increasing the amount  of dopant and 
extended over a wider oxygen pressure range as the 
amount  of dopant  increased. This was a t t r ibuted to 
anion vacancy formation and was in good agreement  
with the proposed model. 

The inters t i t ia l -control led oxygen ion conductivi ty 
for the Y203-doped specimens at low tempera tures  
and oxygen partial  pressures was at t r ibuted to either 
vacancy clustering and vacancy-dopant  interact ion or 
to the presence of dopant  cations in interst i t ial  sites. 
This behavior was not observed at higher temperatures  
probably due to the extension of Po2-independent  re- 
gion beyond the lower l imits  of this work. 

The observed activation energy for oxygen diffusion 
in the doped sample was lower than the published 
values for undoped ZrO2; this is in agreement  with the 
theoretical predictions. The theoretical model was 
qual i ta t ively verified for the ionic t ransport  at various 
oxygen part ial  pressures and dopant content, more-  
over, the model was in good agreement  with the ob- 
served relat ion between electron-hole conductivi ty 
and dopant content. 
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LIST OF SYMBOLS 
0o neutra l  oxygen on a normal  lattice site 
Oi" doubly ionized oxygen interst i t ial  
Vo'" doubly ionized oxygen vacancy 

e -  free electron 
e + electron hole 
K equi l ibr ium constant  
[ ] concentrat ion 
~i part ial  ionic conductivi ty 
~e- free electron conductivity 
Ke+ electron hole conduct ivi ty  
Cr total electrical conductivi ty 
z~ average ionic t ransference number  
Yzr' replacement of Zr 4+ by Y~+ on a normal  lattice 

site 
Yi"" interst i t ial  t r ivalent  cation in ZrC~ lattice 
Uv mobil i ty of vacancies 
k Boltzmann constant  

REFERENCES 
1. P. Kofstad, "High Tempera ture  Oxidation of Met- 

als," pp. 265-266, John Wiley & Sons, New York 
(1966). 

2. C. Wagner, Z. Physik. Chem., B21, 25 (1933). 
3. M. W. Mallett  and W. M. Albrecht,  This Journal, 

102, 407 (1955). 
4. J. Rudolph, Z. Naturforsch., 14a, 727 (1959). 
5. R. W. Vest, N. M. Tallan, and W. C. Tripp, J. Am. 

Ceram. Soc., 47, 635 (1964). 
6. P. Kofstad, "Non-Stoichiometry,  Diffusion and 

Electrical Conductivi ty in Binary Metal Oxides," 
pp. 153-158, John Wiley & Sons, New York 
(1972). 

7. P. Kofstad and D. J. Ruzika, This Journal, 110, 181 
(1963). 

8. D. J. Poulton and W. W. Smeltzer, ibid., 117, 378 
(1970). 

9. A. Kumar,  D. Rajdev, and D. L. Douglass, J. Am. 
Ceram. Soc., 55, 439 (1972). 

10. F. A. Krbger, ibid., 49, 215 (1966). 
11. D. L. Douglass and C. Wagner,  This Journal, 113, 

671 (1966). 
12. F. J. Keneshea and D. L. Douglass, Oxidation of 

Metals, 3, 1 (1971). 
13. M. F. Lasker, and R. A. Rapp, Z. Physik, Chimie, 

N.F., 49, 198 (1966). 
14. D. W. Stickler and W. G. Carlson, J. Am. Ceram. 

Soc., 48, 286 (1965). 
15. S. P. Mittoff, J. Chem. Phys., 31, 1261 (1959). 
16. M. M. Nasrallah, Ph.D. Dissertation, UCLA, School 

of Engineering, December 1972. 
17. F. A. Krbger, "The Chemistry of Imperfect  Solids," 

p. 275, North Holland Publ ish ing Company, Am-  
sterdam (1964). 

18. J. Debuigne, and P. Lehr, Mdm. Sci. Rev. Met., 60, 
911 (1963). 

19. T. Smith, This Journal, 112, 560 (1965). 
20. C. J. Rosa, and W. C. Hagel, J. Nucl. Mater., 27, 12 

(1968). 
21. J. Hussey and W. W. Smeltzer, This Journal, 111, 

564 (1964). 
22. E. A. Gulbransen  and K. F. Andrew, J. Metals, 9, 

394 (1957). 
23. L. D. Burke, H. Rickert, and R. Steirner,  Z. Physik. 

Chimie, N.F., 74, 146 (1971). 
24. J. Patterson, E. C. Bogren, and R. A. Rapp, This 

Journal, 114, 752 (1967). 



Ellipsometric Study of the Plasma Oxidation of Tantalum 
J. D. Leslie 1 

Centre de Recherches sur les Tr@s Basses Temp4ratures, Grenoble, France 

and K. Knorr 

Insti tut  Von Laue-Langevin,  Grenoble, France 

ABSTRACT 

We have shown that it is possible to grow a uniform Ta oxide film up %o 
a thickness of 1500A by plasma oxidation. The average speed of growth was 
0.1 A/sec, which is comparable to earlier studies. Our exper iments  show that  
there is no significant contaminat ion  of the oxide due to sput ter ing from the 
cathode and that  there is no evidence of sput ter  etching of the sample oxide 
due to the sample facin~g the cathode. These results are in  opposition to the 
reports of earlier investigators. We find that  our  ellipsometric measurements  
on the oxide growth indicate that the Ta oxide being formed is a single, 
uni form layer  with an index of refraction of 2.21. This result  is in  contrast  to 
the earl ier  work of Lee e ta l . ,  who fitted their  ellipsometric measurements  on 
p lasma-grown Ta oxide with a two- layer  model with layer indices of 1.89 
and 2.22. 

In  this paper we would like to report  on an ell ip- 
sometric s tudy of the plasma oxidation of tanta lum.  
Since the pioneering work of Miles and Smith (1) on 
the formation of oxides in an oxygen glow discharge 
there have been several studies of the plasma oxidation 
of t an t a lum (2-4). One of the ma in  problems with 
these earlier studies has been the technique used to 
measure the oxide thickness. Capacitance measure-  
ments  (2, 3) require  a va lue  of the dielectric constant  
to be assumed, and just  as for optical-step measure-  
ments  (2), the growth of the oxide has to be stopped at 
par t icular  points and the thickness of the oxide deter-  
mined in a separate measurement .  Ell ipsometry (5) 
allows in situ optical measurements  to be made dur ing 
the growth of the oxide, which can later  be analyzed 
to yield a thickness cal ibrat ion and a value of the 
index of refract ion of the oxide. However, the previ -  
ous in situ ellipsometric s tudy of the plasma oxidation 
of Ta by  Lee et al. (4) may have suffered from the fact 
that a manua l  ell ipsometer was used. Since it requires 
an appreciable time, perhaps 2-3 min, to take a reading 
on a manua l  ins t rument ,  it is necessary to stop the oxi- 
dation at par t icular  points in the growth so that  oxide 
thickness data can be taken. If ellipsometric measure-  
ments  are made while the film is growing, the long 
nul l ing  %ime of a manua l  ins t rument  will cause signifi- 
cant errors in the optical data, par t icular ly  in those re-  
gions where the optical data are changing rapidly  with 
time. 

The ins t rument  used in the present s tudy is an auto-  
mated ell ipsometer (6) that  is capable of taking a 
reading every second. This allowed optical data to be 
taken cont inual ly  dur ing  the growth of the oxide. Con- 
sequent ly this has led us to some observations on 
bet ter  ways %o grow these oxides which are at variance 
with the recommendat ions of previous experimenters ,  
and has allowed us to collect enough optical data 
during the growth of the oxide to be  able  to get a 
value of the index of refraction of the oxide that  fits 
the exper imental  data very  well. 

Experimental Procedures 
Figure 1 shows schematically the exper imental  ar -  

rangement .  The light source, L, is a He-Ne laser 
(k ---- 6328A) with Brewster windows. The first quar -  
t e r -wave  plate, Q1, is just  to convert  the l inear ly  po- 
larized laser light to circularly polarized. The polarizer, 
P, and the analyzer, A, are Glan-Thompson prisms 
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mounted  so that  they can be rotated around the optic 
axis by stepping motors. The output  signal from the 
photomultiplier,  PM, controls a special purpose digital 
computer  which drives the P and A stepping motors in  
a sequence which finds and displays digitally the 
angular  position of P and A for a nu l l  condition at 
PM. The optical a l ignment  is done via pinholes. The 
sample, S, is mounted  on a sample holder, SM, which 
can rotate from the vertical  position shown to a hori-  
zontal position. The lat ter  is used when it is desired to 
prepare a thin-f i lm sample by using a source that  
evaporates vert ical ly upward  through a hole in the 
baseplate .of the vacuum chamber,  C. The orientat ion 
of the sample with respect to the optic axis is defined 
by pressing the sample holder, SM, in the vertical 
position against  three a l ignment  screws. The angle of 
incidence, 0i, was measured to be 59.5% The laser l ight  
enters and leaves the vacuum chamber, C, via two glass 
windows mounted  on bellows so that  they can be 
aligned appropriately with respect to the  optic axis. 

(•• P PM 

QI K T IG A .,, .)~-/ 

: 4 FI v, i ] 
', X . d , / ; - .  ' 

Fig. 1. Schematic diagram of the experimental arrangement. The 
components are: laser (I.), two quarter-wave plates (Q1, Q2), 
polarizer (P), analyzer (A), photomultiplier (PM), sample (S), sam- 
ple mount (SM), windows (W), drive current wire (I), volta.go probe 
(P), vacuum chamber (C), valves (V), needle valve (N), gate valve 
(GV), sorption trap (ST), liquid nitrogen cold trap (CT), mechanical 
pump (MP), diffusion pump (DP), thermocouple gauge (T), ioniza- 
tion gauge (IG), and the glow discharge cathode (K). 
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The vacuum chamber,  C, can be evacuated to 10 -3 
Torr  by a mechanical  pump, MP, connected through a 
sorption trap, ST, to e l iminate  the possibility of hy-  
drocarbon contamination, and the valve, V3. To at tain 
pressures of 10 -7 Torr, e.g., for evaporat ion of a th in-  
film sample, the chamber, C, can be pumped by a dif-  
fusion pump, DP, through a l iquid ni t rogen cooled cold 
trap, CT, and a gate valve,  GV. Pressures higher  than 
10 -~ Torr  are measured  with  a thermocouple  gauge, T, 
and pressures lower  than 10 -3 Torr  are measured  wi th  
an ionization gauge, IG. Oxygen or argon gas can be 
leaked into the vacuum chamber  whi le  being pumped 
out through valve  V3 via the mechanical  pump so 
that  a constant pressure in the 10-~-10 -1 Torr  range 
can be main ta ined  dynamical ly  under  flow conditions. 

The cathode, K, for the glow discharge is mounted  
on a high vol tage feed- th rough  and consists of an 
a luminum plate, 10 by 4 by 0.5 cm covered with  a 0.1 
mm tanta lum foil, wi th  the 40 cm 2 face of the plate 
facing the sample which is 8 cm away. The cathode is 
normal ly  operated at be tween  --600 and --1000V dur-  
ing plasma oxidation. A wire, I, which is insulated 
throughout  its length as it passes through the vacuum 
space from a feed- th rough  to the sample where  it 
makes contact, is used to supply current  to the sample 
and to measure  its vol tage during plasma oxidation. 
A Au probe, P, located close to the sample was used 
to measure  the voltage of the plasma adjacent  to the 
sample. The intent  was to use the vol tage measured  
wi th  the wire  I and the voltage measured  wi th  the 
probe P to ar r ive  at the vol tage across the oxide, but  
this is not too rel iable a procedure,  since one cannot 
be sure that  the vol tage measured  with  the probe P is 
rea l ly  the voltage at the oxide-plasma interface. 

One of the main  differences in exper imenta l  tech-  
nique be tween  the present  measurements  and those of 
previous invest igators  besides the use of an auto-  
mated  ell ipsometer,  concerns the location of the glow 
discharge electrode, K, re la t ive  to the sample, S. In 
the pioneering work  of Miles and Smith  (1), the glow 
discharge electrode was an a luminum wire  circular  
loop located so that  the front face of the sample was 
facing away from the source of the plasma. Ini t ia l ly  
we t r ied an electrode a r rangement  s imilar  to that  of 
Miles and Smith. However ,  we found that  the resul t ing 
glow discharge was very  weak  and nonuniform, so that  
the growth of the oxide, which could be observed di- 
rec t ly  wi th  the ell ipsometer,  was very  slow. If the 
cathode voltage was increased sufficiently, the plasma 
density increased and the plasma oxidat ion process 
speeded up, but  the whole  vacuum system, and in par-  
t icular  the cathode, became hot and the glow discharge 
changed color suggesting that  impuri t ies  were  being 
released. The P,A readings of the oxide being grown, 
by comparison wi th  la ter  results, confirmed that  the 
oxide was being contaminated with  impurities.  We de-  
cided to t ry  a cathode wi th  a flat plate geometry  lo- 
cated direct ly in front  of the sample, and this cer ta inly  
produced a strong uniform plasma be tween  the cath-  
ode and the sample as was expected. Ini t ia l ly  we t r ied 
a cathode consisting of an a luminum plate 10 by 4 by 
0.5 cm thick. 

The objections in the l i te ra ture  to the sample seeing 
the source of the plasma are, first, that  mater ia l  sput-  
tered direct ly  or react ive ly  f rom the cathode will  con- 
taminate  the oxide being grown (7), and second, that  
ion bombardment  f rom the cathode will  sput ter  etch 
the anodic oxide being formed and l imit  the m a x i m u m  
oxide thickness at ta inable  (8). With in situ measure -  
ments  wi th  an automated el l ipsometer  it was possible 
to test for both these effects. 

To invest igate  the cathode sput ter ing proposal we 
evaporated a Au film onto a glass slide mounted  on 
the sample mount  and then t ipped it up into the ver t i -  
cal position to make  the optical measurements .  We 
took P,A readings of the freshly prepared  Au surface, 
and then we proceeded to observe the P,A readings 

of the Au surface in an oxygen  plasma produced by 
applying --1000V to the A1 cathode. If A1 was being 
sput tered off the cathode and reaching the gold film, 
then we would expect  to see a gradual  change in the 
P,A readings corresponding to a Au surface moving  
towards the P,A readings characterist ic of an A1 sur-  
face. If A1 from the cathode were  reaching the sample 
as an a luminum oxide layer  due to react ive sputtering,  
then we should see the P,A readings trace out a loop 
as an a luminum oxide layer  is deposited on the  Au 
substrate. The result  of this test was that, even  when 
the Au sample was left  in an oxygen  glow discharge 
for several  hours, we could detect  no change in the 
init ial  P,A readings wi thin  the exper imenta l  er ror  
of a few steps of 0.01 ~ in P and A. This corresponds to 
less than 1A of a luminum oxide on the Au surface in 
the 15,000 sec needed to grow 1500A of tan ta lum oxide 
in our actual exper iment .  We thus concluded that  
under  our exper imenta l  operat ing conditions, sput ter -  
ing from the cathode was not a problem as regards 
contaminat ion of the growing oxide film. 

In contrast, O 'Hanlon (7) states that, wi th  a sample 
a few cent imeters  from and facing the cathode he ob- 
served sput ter ing deposition rates of 2.5 A/ ra in  and 
higher  in the case of an A1 cathode. He does not give 
details of how these deposit ion rates were  measured  
or about the vol tage of the cathode. 

Al though the A1 cathode worked  quite  well,  oc- 
casionally we saw a l i t t le  fl ickering of the plasma at 
the surface of the cathode. We found that  covering 
the a luminum cathode with  a sheet of 0.1 mm Ta foil, 
so that  no A1 could be seen by the plasma, e l iminated 
this flickering. Since Ta has an even lower  sput ter ing 
rate  than Al (8), we were  reducing even fu r ther  the 
possibili ty of any problem from sputtering.  The el l ip-  
sometry  test for cathode sput ter ing onto a Au surface 
was repeated wi th  the A1 cathode covered wi th  the Ta 
foil, and the same results were  obtained as for the bare 
A1 cathode. The use of a th in  Ta foil as the active 
cathode over  the A1 plate a l lowed us to make  another  
check on the possibili ty of cathode sputtering.  

Af te r  operat ing the cathode for a total  running  t ime 
of more  than 2000 hr  over  a period of 9 months, during 
which the plasma oxidat ion of Ta and a number  of 
other  mater ia ls  were  studied, we measured  the th ick-  
ness of a part  of the Ta foil exposed to the plasma. We 
compared it wi th  the thickness of a part  of the same 
Ta foil that  was folded under  so that  it did not see the 
plasma, and with  the thickness of a piece of Ta foil 
f rom the same roll. Within exper imenta l  accuracy of 
1%, the thicknesses were  all the same. In contrast, if 
the Ta were  being removed  from the foil at the rate  
of 2.5 A/ ra in  as found by O'Hanlon for an A1 cathode, 
we would  have  expected to find a 30% change in the 
foil thickness in 2000 hr. Natural ly,  weighing the foil 
before and after  would  have been an even more  sensi- 
t ive  test, but  unfor tuna te ly  we did not weigh the foil 
before mount ing it. However ,  we feel that  this result  
together  wi th  the resul t  of our  e l l ipsometer  test 
s t rongly support  our conclusion that  cathode sput ter -  
ing and resul tant  oxide contaminat ion is negligible 
wi th  our exper imenta l  conditions. 

Subsequent  to the previously  described tests, a neu-  
t ron act ivat ion analysis has been carr ied out by R. 
Henkelmann,  Inst i tut  Max Von Laue-Pau l  Langevin,  
in order  to detect whe the r  any Ta is sput tered from 
the cathode and incorporated into the growing oxide 
in our  plasma oxidat ion experiments .  We produced a 
2000A a luminum oxide film on a piece of bulk A1 
(Johnson-Mat they,  99.999% pure)  in our exper imenta l  
apparatus using the A1 cathode covered wi th  the sheet 
of 0.1 mm Ta foil. The neut ron  act ivat ion analysis 
was carr ied out on this A1 + 2000A a luminum oxide 
sample and a pure  A1 sample for comparison. The re-  
sults indicate that  the Ta concentrat ion in the plasma 
grown a luminum oxide layer  is below the level  of de- 
tection, which is 0.1 atomic per  cent (a /o)  of the alu-  
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minum oxide, under  the special circumstances of this 
measurement .  

As ment ioned earlier,  the other  problem supposedly 
connected wi th  the  sample seeing the cathode is the 
sput ter  etching of the anodic oxide due to energet ic  
neutrals  and /o r  negat ive  ions emanat ing f rom the 
cathode str iking the sample surface (9). To test the 
importance of this effect in our exper imenta l  a r range-  
ment,  we applied a dr iving current  to a sample, e.g., a 
Ta foil, and grew an oxide up to some par t icular  
thickness, as measured  by the P,A readings of our 
ell ipsometer.  Then the dr iving current  was reduced to 
zero, but  the sample was left  exposed to the oxygen 
plasma, whi le  the e l l ipsometer  took readings. If the 
oxide were  being sput ter  etched, we would  have ex-  
pected to see the P,A readings head towards the bare 
surface values as oxide was being removed.  Al though 
the sample was left  for 1 hr  in this condition there  
w a s  no change in the P,A readings. Even when  the 
sample was biased positively, but  at a vol tage less 
than that  to which  it had been grown, there  was still  
no change in the P,A readings wi th  time. A change of 
0.01 ~ in the P reading would  have  indicated a change 
of 0.2A in the oxide thickness. The same type of ex-  
per iments  were  per formed on an a luminum oxide 
layer  grown on an evapora ted  A1 sample, wi th  the 
same negat ive  results. Of course, while  our  sample 
sees the cathode, the par t icular  geomet ry  may  have  
helped to minimize  this effect, since O'Hanlon (9) 
states that  the sput ter ing yield is greatest  for 
obl iquely incident particles, and most of the ions com- 
ing from the cathode would  be str iking the sample ap- 
p rox imate ly  vert ical ly.  While  this effect may  be im-  
portant  for mater ia ls  which are sput tered  easily, wi th  
our  geometry  we have  not observed the effect even  
for a luminum oxide in contrast  to what  has been re-  
ported in the l i t e ra ture  (10). 

The sample for the plasma oxidat ion study of Ta was 
a piece of 0.1 mm thick capacitor grade Ta sheet ob- 
ta ined f rom Meta l lwerke  Plansee, Austria.  The sam- 
ple, wi th  the dr ive  current  wire, I, spotwelded to it, 
was insulated from the sample holder  by one sheet of 
mica and held in place wi th  a cover ing sheet of mica. 
This top mica sheet has a rec tangular  hole, 9 by 18 
ram, which defined the active area of the sample on 
which the oxide was grown. The mica sheets also 
shielded the edges of the  sample f rom the plasma. 

With the el l ipsometer  it was possible to test various 
t rea tments  of the surface of the sample to find the one 
that  gave the cleanest surface possible prior  to growth  
of the plasma oxide. The cr i ter ion used was that  the 
best surface t rea tment  should produce the highest  P 
reading possible and a stable A reading, because if 
the init ial  surface is pictured as a perfect ly  clean sur-  
face covered by a th in  layer  of oxide or dirt, the  pres-  
ence of this thin layer  would  act pr imar i ly  to lower  
the P reading f rom its t rue  "clean" value and shift  
the A value by a much smaller  amount, e i ther  up or 
down depending on whe the r  the layer  was nonabsorb-  
ing or absorbing, respectively.  A number  of different 
surface t rea tments  were  tried, including mechanical  
polishing fol lowed by electropolishing, but  the best 
t r ea tment  was found to be heat ing the sample, wi thout  
any pr ior  surface t reatment ,  to a whi te  heat  in a 
10 -7 Torr  vacuum. This was done by mount ing  a 
piece of the Ta foil in the evapora tor  section of the 
apparatus and passing a large current  th rough the 
sample af ter  the chamber  had been pumped down to 
the low pressure. The sample was then cut out of 
this piece of cleaned Ta foil and mounted.  P,A read-  
ings were  taken  before  and af ter  the system was 
pumped down. Then argon gas was admit ted  to a 
pressure of 0.05 Torr  and a short  glow cleaning was 
employed by putt ing --600V on the glow discharge 
cathode K. This glow cleaning did not change the P,A 
readings much but was just  to ensure that  no wate r  
or dust particles were  on the sample. Typically, the 

initial hea t - t r ea tmen t  gave P,A readings of 24.0 ~ and 
31.0 ~ respectively,  and the final Ar  glow cleaning 
changed these values by a fu r the r  0.1% After  this clean- 
ing technique, we cer ta inly still  had a th in  oxide on the 
sample, because we saw no spontaneous oxidat ion when  
the oxygen was admit ted  to the cleaned sample (some- 
thing that  we saw in measurements  on freshly evapor-  
ated A1 films), but  this cleaning process was very  
reproducible  and we were  able to al low for the still 
present  thin oxide layer  (probably not more  than 20A) 
in our e l l ipsometer  fit. 

Once the surface had been cleaned, the argon was 
pumped out of the chamber.  The chamber  was then 
flushed several  t imes with  oxygen to ensure that  all 
the argon was removed.  Finally,  a dynamic equi-  
l ibr ium was established wi th  oxygen  flowing into the 
chamber  through the needle valve, N, and being 
pumped out wi th  the mechanical  pump, MP. The 
oxygen gas used was Air  Liquide Grade N 48. During 
all this process, the automatic  e l l ipsometer  was taking 
readings that  indicated that  the state of the surface 
was not changing. Once the state of dynamic equi-  
l ibr ium of pressure was reached, the vol tage was ap-  
pl ied to the cathode and the constant dr ive  current  
was injected into the sample to init iate the plasma 
oxidation. 

Severa l  runs were  made with  pressures in the range 
0.05-0.07 Torr, cathode voltages be tween  --800 and 
--1000V, and dr ive  currents  be tween  5 and 15 mA. 
The data that  we are present ing here  were  obtained 
with  a pressure of 0.055 Torr, a cathode voltage of 
--900V, and a dr ive  current  of 10 mA. The automatic 
e l l ipsometer  displayed the P,A readings digital ly and 
these digital  readings were  recorded. In addition, dig- 
ital to analog converters  were  used to convert  the 
digital P,A readings to voltages proport ional  to the 
digital readings so that  the curve  in the P,A plane 
could be plot ted direct ly  on an X - Y  recorder  during 
the exper imenta l  run. The voltage of the sample and 
the voltage of the nearby probe in the plasma were  
measured  and recorded during a run. The output  of 
a digital clock, together  wi th  the constant value of 
the dr ive current  being supplied to the sample, al-  
lowed the total charge, q, passed through the sample 
to be measured.  Normal ly  P,A readings were  taken 
for a period of 15,000 sec to grow 1500A of oxide, and 
with  a t ime of approximate ly  5 see to take a P and A 
reading we ended up wi th  3000 P ,A points to charac-  
terize a run. At the end of a run, af ter  the glow dis- 
charge and dr ive current  had been stopped, final 
P,A readings were  taken. Then the oxygen  pressure 
was brought  up to the atmospheric,  and P,A readings 
were  taken again and were  found to be identical 
wi th in  exper imenta l  error.  

Results and  Discussion 
Figure  2 shows typical  P,A data on the plasma oxida-  

tion of Ta as it appears on our X - Y  recorder.  The 
folding back of the P,A curve  at P ---- 0 is just  the 
result  of the fact that  our digital  to analog converters  
plot the absolute value  of P or A, and so when  P goes 
negative,  the posit ive value  - -P  is plotted. The steps 
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Fig. 2. Typical P,A data on the plasma oxidation of Ta as it ap- 
pears on the X-Y recorder. 
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i n  t h e  plot ,  w h i c h  a r e  m o s t  a p p a r e n t  a t  h i g h  A va lues ,  
a r e  j u s t  t h e  r e s u l t  of t h e  s e q u e n t i a l  w a y  i n  w h i c h  t h e  
P n u l l  v a l u e  is u p d a t e d  a n d  t h e n  t h e  A n u l l  v a l u e  is 
u p d a t e d ,  w i t h  t h e  X - Y  r e c o r d e r  p e n  a l w a y s  i n  c o n -  
t a c t  w i t h  t h e  p a p e r .  T h e  r e p r o d u c i b i l i t y  of  t h e  d a t a  is 
so good  t h a t  d a t a  f r o m  d i f f e r e n t  r u n s  c a n  b e  s u p e r -  
i m p o s e d  o n  e a c h  o t h e r  w i t h i n  t h e  e n v e l o p e  g i v e n  b y  
t h e  s t ep  s t r u c t u r e .  I n d e e d ,  i f  t h e  s t ep  s t r u c t u r e  is 
r e m o v e d  b y  d r a w i n g  a s m o o t h  c u r v e  t h r o u g h  t h e  
m i d p o i n t s  of  t h e  s teps ,  t h e  s m o o t h  c u r v e s  o b t a i n e d  
f r o m  d i f f e r e n t  r u n s  f a l l  a l m o s t  e x a c t l y  o n  t o p  of  e a c h  
o t h e r .  

To ge t  t h e  b e s t  fit  to  o u r  e x p e r i m e n t a l  P , A  d a t a  o n  
t h e  p l a s m a  o x i d a t i o n  of  T a  s h o w n  i n  Fig.  2, w e  h a d  
to sh i f t  o u r  b a r e  s u r f a c e  P v a l u e  f r o m  t h e  e x p e r i m e n -  
t a l l y  m e a s u r e d  v a l u e  of  24.0 ~ to 25.6 ~ w h i l e  l e a v i n g  
o u r  b a r e  s u r f a c e  A v a l u e  a t  t h e  e x p e r i m e n t a l l y  m e a -  
s u r e d  v a l u e  of  31.3 ~ Th i s  s h i f t  i n  t h e  b a r e  s u r f a c e  P 
v a l u e  b y  1.6 ~ c o r r e s p o n d s  to t h e  a s s u m p t i o n  t h a t  o u r  
s u r f a c e  t r e a t m e n t  of  t h e  T a  s a m p l e  l e f t  a 20A l a y e r  of 
T a  o x i d e  o n  t h e  su r f ace .  Th i s  is c e r t a i n l y  c o n s i s t e n t  
w i t h  o u r  o b s e r v a t i o n  t h a t  t h e r e  w a s  no  s p o n t a n e o u s  
o x i d a t i o n  of  t h e  T a  s u r f a c e  w h e n  t h e  o x y g e n  w a s  
f i rs t  a d m i t t e d  to  t h e  c h a m b e r  a f t e r  t h e  f ina l  c l e a n i n g  
s t age  w i t h  t h e  A r  g l o w  d i s c h a r g e .  U s i n g  i n i t i a l  P , A  
v a l u e s  of  25.6 ~ a n d  31.3 ~ , r e s p e c t i v e l y ,  t h e  i n d e x  of  
r e f r a c t i o n  of  Ta  a t  6328A is f o u n d  to b e  2.3 - i  2.6. 
T h e  a n g l e  of  i n c i d e n c e  w a s  59.5". 

T h e  P , A  d a t a  of  Fig.  2 c o u l d  b e  f i t t ed  w i t h  a n  
o x i d e  of  a c o n s t a n t ,  rea l ,  i n d e x  of  r e f r a c t i o n  of  2.21 
g r o w i n g  o n  t h e  b a r e  T a  s u r f a c e  w i t h  i n i t i a l  P , A  v a l u e s  
of  25.6 ~ a n d  31.3 ~ r e s p e c t i v e l y .  T h i s  fit w a s  o b t a i n e d  
i n i t i a l l y  b y  v a r y i n g  t h e  i n d e x  of  r e f r a c t i o n  of  t h e  
o x i d e  i n  a s t a n d a r d  e l l i p s o m e t e r  p r o g r a m  (5) w h i l e  
k e e p i n g  a l l  o t h e r  p a r a m e t e r s  f ixed,  a n d  d e t e r m i n i n g  
t h e  fit v i s u a l l y  b y  s u p e r i m p o s i n g  t h e  t h e o r e t i c a l  P ,A  
c u r v e  p l o t t e d  o n  one  s h e e t  of  p a p e r  o n  t h e  e x p e r i -  
m e n t a l  P , A  c u r v e  p l o t t e d  o n  a n o t h e r  s h e e t  of p a p e r .  
D o i n g  this ,  w e  d i s c o v e r e d  t h e  n e e d  to s h i f t  t h e  i n i t i a l  
v a l u e  of  P, r e p r e s e n t i n g  t h e  " t r u e  b a r e  s u r f a c e , "  b y  
1.6 ~ o t h e r w i s e  t h e  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  P , A  
c u r v e s  w e r e  a l w a y s  d i s p l a c e d  s l i g h t l y  f r o m  e a c h  o t h e r  
b y  a sma l l  a m o u n t  in  P. T h e  fit o b t a i n e d  v i s u a l l y  w a s  
c h e c k e d  l a t e r  b y  a n  a u t o m a t i c  n o n l i n e a r  l e a s t  s q u a r e s  
f i t t ing  e l l i p s o m e t e r  p r o g r a m  w h i c h  o b t a i n e d  t h e  b e s t  
fit  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  c u r v e s  
b y  a d j u s t i n g  t h e  r e a l  a n d  i m a g i n a r y  p a r t s  of  t h e  
i n d e x  of  r e f r a c t i o n  of  t h e  o x i d e  f i lm to m i n i m i z e  t h e  
l e a s t  s q u a r e s  d e v i a t i o n  b e t w e e n  t h e  e x p e r i m e n t a l  a n d  
t h e o r e t i c a l  v a l u e s  of  P a n d  A fo r  a s e l e c t e d  se t  of  
p o i n t s  o n  t h e  e x p e r i m e n t a l  cu rve .  U s i n g  t h i s  p r o g r a m ,  
w e  f o u n d  a l m o s t  t h e  s a m e  i n d e x  of  r e f r a c t i o n  fo r  t h e  
T a  o x i d e  film, i.e., n = nr  - -  ik, w i t h  n r  : 2.215 ___ 0.015 
a n d  k = 0.003 4- 0.003. S i n c e  t h e  e r r o r  i n  k is as l a r g e  
as i t s  va lue ,  w e  s u g g e s t  t h a t  i t  is as v a l i d  to  t a k e  k 
to  b e  ze ro  w i t h i n  e x p e r i m e n t a l  e r r o r .  

B e c a u s e  a n u m b e r  of  p e o p l e  p r e s e n t i n g  e l l i p s o m e t e r  
c u r v e s  do so o n l y  i n  t h e  f o r m  of  ~ a n d  r w e  h a v e  r e -  
p l o t t e d  o u r  e x p e r i m e n t a l  d a t a  a n d  t h e  t h e o r e t i c a l  fit  i n  
t h i s  f o r m  a n d  p r e s e n t e d  t h e m  in  Fig.  3. I n  t h i s  f o r m  
w e  c a n  c o m p a r e  o u r  r e s u l t s  m o r e  d i r e c t l y  w i t h  t h o s e  
of  Lee  et al. (4) ,  w h o  h a v e  m a d e  t h e  o n l y  o t h e r  e l l i p -  
s o m e t r i c  s t u d y  of  t h e  p l a s m a  o x i d a t i o n  of  Ta. O u r  Fig.  
3 s h o u l d  b e  c o m p a r e d  w i t h  Fig. 3 of  L ee  et al. T h e i r  
e x p e r i m e n t a l  d a t a  cons i s t  of  10 p o i n t s  t h a t  w e r e  t a k e n  
w i t h  a m a n u a l  e l l i p s o m e t e r ,  o p e r a t i n g  a t  5461A a n d  a t  
a n  a n g l e  of  i n c i d e n c e  of  65 ~ , a n d  t h e  e x p e r i m e n t a l  
p o i n t s  w e r e  p r o b a b l y  t a k e n  b y  s t o p p i n g  t h e  o x i d a t i o n  
p r oce s s  a t  p a r t i c u l a r  p o i n t s  to  m a k e  e l l i p s o m e t r i c  m e a -  
s u r e m e n t s ,  a l t h o u g h  t h i s  is no t  s t a t ed .  O u r  e x p e r i -  
m e n t a l  d a t a  w e r e  o b t a i n e d  w i t h  a n  a u t o m a t e d  e l l i p -  
s o m e t e r ,  o p e r a t i n g  a t  6328A a n d  a t  a n  a n g l e  o f  i n c i -  
d e n c e  of  59.5 ~ t h a t  t o o k  d a t a  p o i n t s  a t  l e a s t  e v e r y  5 
sec  w h i l e  t h e  o x i d a t i o n  p r oce s s  w a s  p r o c e e d i n g  a t  a 
c o n s t a n t  s a m p l e  d r i v i n g  c u r r e n t .  O u r  e x p e r i m e n t a l  
d a t a  a r e  p r e s e n t e d  as a so l id  l i n e  t h r o u g h  t h e  a p p r o x i -  
m a t e l y  3000 d a t a  p o i n t s  de f in ing  o u r  cu rve .  
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Fig. 3. Ellipsometric results for the plasma oxidation of Ta. The 
solid curve represents the experimental results and the open circles 
denote the theoretical fit obtained usin.g a refractive index of 2.21 
for the Ta oxide. Experimental conditions: sample area 162 mm 2, 
constant drive current 10 mA, oxygen pressure 0.055 Torr, cathode 
voltage --900V, wavelength 6328.~, and angle of incidence 59.5 ~ 

Lee  et al. f i t ted  t h e i r  d a t a  w i t h  a m o d e l  c o n s i s t i n g  
of t w o  l a y e r s :  a n  o u t e r  l a y e r  w i t h  a n  i n d e x  of  1.89 a n d  
a n  i n n e r  l a y e r  w i t h  a n  i n d e x  of  2.22, w i t h  t h e  o u t e r  
l a y e r  c o m p r i s i n g  43% of t h e  t o t a l  t h i c k n e s s  of  t h e  t w o  
l a y e r s  a t  a n y  s t a g e  of  t h e  g r o w t h .  T h e i r  fit  is  p r e s e n t e d  
as a so l id  c u r v e  w i t h  t h e  e x p e r i m e n t a l  d a t a  as  s u p e r -  
i m p o s e d  poin ts .  As  d i s c u s s e d  ea r l i e r ,  w e  h a v e  b e e n  
a b l e  to  fit o u r  e l l i p s o m e t e r  d a t a  b y  a s i n g l e  u n i f o r m  
Ta  o x i d e  l a y e r  of  i n d e x  2.21. F o r  c la r i ty ,  o u r  t h e o r e t i c a l  
fit is p r e s e n t e d  i n  Fig.  3 as a se r i e s  of t h e o r e t i c a l  
p o i n t s  s u p e r i m p o s e d  o n  o u r  so l id  e x p e r i m e n t a l  cu rve .  
I n  c o m p a r i n g  t h e  fit b e t w e e n  o u r  e x p e r i m e n t a l  c u r v e  
a n d  t h e o r e t i c a l  p o i n t s  w i t h  t h e  fit b e t w e e n  t h e  t h e o -  
r e t i c a l  c u r v e  a n d  e x p e r i m e n t a l  p o i n t s  of  Lee  et al., i t  
is p e r h a p s  m o s t  r e v e a l i n g  to  n o t e  t h a t  i n  t h e  r e g i o n s  
w h e r e  r is v a r y i n g  m o s t  r a p i d l y ,  i.e., 60 ~ ~ A ~ 0 ~ a n d  
360 ~ ~--- A ~ 280 ~ L e e  et al. i n  t h e i r  Fig.  3 h a v e  o n l y  
t h r e e  e x p e r i m e n t a l  p o i n t s  a n d  t h e i r  t h e o r e t i c a l  fit 
passes  t h r o u g h  o n l y  t w o  of  t h e m .  F r o m  t h e i r  t h e o -  
r e t i c a l  fit i t  w o u l d  a p p e a r  t h a t  Lee  et  al. h a d  a r e s i d -  
ua l  o x i d e  l a y e r  of  80A o n  t h e i r  T a  s a m p l e  a f t e r  e l ec -  
t r o p o l i s h i n g ,  w h i c h  is i n  a g r e e m e n t  w i t h  o u r  o b s e r v a -  
t i ons  t h a t  e l e c t r o p o l i s h i n g  d id  n o t  g ive  as c l e a n  a n  
i n i t i a l  s u r f a c e  as h e a t i n g  o u t  t h e  s a m p l e  i n  a v a c u u m  
w h i c h  l e f t  a r e s i d u a l  o x i d e  l a y e r  of  o n l y  20A. 

I n  Fig. 4 w e  p r e s e n t  o u r  e l e c t r i c a l  m e a s u r e m e n t s  
d u r i n g  t h e  g r o w t h  of  t h e  p l a s m a  o x i d e  o n  Ta  in  t h e  
f o r m  of  p lo t s  of  t ime ,  t o t a l  c h a r g e  passed,  q, a n d  s a m -  
p le  vo l t age ,  V, vs. o x i d e  t h i c k n e s s .  As  c a n  b e  s e e n  i n  
Fig.  4 t h e  t i m e  o r  q vs. o x i d e  t h i c k n e s s  p lo t  is w e l l  
r e p r e s e n t e d  b y  a s t r a i g h t  l i n e  p a s s i n g  a l m o s t  t h r o u g h  
t h e  s t a r t i n g  p o i n t  (20A of r e s i d u a l  o x i d e  a t  t = 0) .  
T h e  c u r r e n t  efficiency,  0, w a s  c a l c u l a t e d  f r o m  Eq.  [1] 
of  D e l l ' O c a  et al. (11) ,  a s s u m i n g  t h a t  t h e  o x i d e  b e i n g  
f o r m e d  is Ta205 w i t h  a m o l e c u l a r  w e i g h t  of  442 a n d  a 
d e n s i t y  of  8.7 g / c m  8. A v a l u e  of  ~ : 0.4% w a s  f o u n d  
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Fig. 4. Electrical measurements for the plasma oxidation of Ta. 
The open circles denote the total charge passed through the sample 
vs. the oxide thickness. The crosses denote the voltage of the sam- 
ple with respect to a Au probe nearby in the plasma vs. the oxide 
thickness. 

and this is consistent with the value of 0.5% found by 
Lee et al. The voltage V of the sample with respect to 
a Au probe nearby  in  the plasma can be seen in Fig. 4 
to increase fairly quickly to a certain value at low 
thicknesses and then increase l inear ly  with thickness 
thereafter.  The in terpre ta t ion  of these voltage readings 
is complicated by  the fact that  it is not certain exactly 
what  voltage is being measured by the probe in the 
plasma. Therefore it is difficult in Fig. 4 to separate the 
voltage across the oxide from the voltage drop in the 
plasma between the probe and  the oxide-plasma in te r -  
face. Since the voltage measured is so sensitive to the 
pressure, and this is apparent ly  the cause of the scat- 
ter  of the voltage readings in  Fig. 4, we feel that  the 
voltage drop in  the plasma is a significant effect, and 
consequently it is dangerous to at tempt to use such 
voltage measurements  to obtain the voltage across the 
oxide layer. 

We have not at tempted to fit a model of oxide 
growth to our  ellipsometric and electrical measure-  
ments. Since the current  efficiency is so low, the ionic 
current,  which is connected with oxide growth, is much 
smaller  than  the electron current,  whose effect on 
oxide growth is unknown.  The voltage measurements  
are affected by voltage drop in  the plasma and also the 
electron current  passing through the oxide, so it is 
difficult to determine what  is the effective electric field 
in  the oxide producing growth. We feel that at the 
present  t ime with so m a n y  impor tant  quanti t ies u n -  
known, it would be meaningless  to at tempt to fit a 
model of oxide growth to our data. Perhaps in  the 

future  it will  be possible to improve the present  tech- 
niques and supplement  them with some other types of 
experiments  to yield informat ion on the u n k n o w n  
quantities, and thus make it f rui t ful  to analyze plasma 
oxidation results in  terms of a growth model. 

In  conclusion, we have shown that  it is possible to 
grow a uni form Ta oxide layer, up to 1500A in thick- 
ness, on a Ta foil by plasma oxidation with the sample 
facing the cathode. Our exper imental  results show that  
there is no significant contaminat ion of the oxide due 
to sput ter ing from the cathode, as has been suggested 
by earl ier  investigators.  Also, we find that  there is no 
evidence for sput ter  etching of the oxide due to the 
cathode facing the sample. We have been able to fit 
our Ta oxide film with a single index of refraction 
of 2.21, in  contrast to the work of Lee et al. who fitted 
their  ellipsometric data with a double layer  model, con- 
sisting of an outer  layer  of index 1.89 and an inner  
layer  of index 2.22, with the outer  layer  comprising 
43% of the total  thickness of the two layers at any 
stage of the growth. Our electrical measurements,  in 
conjunct ion with our  ellipsometric results, show that  
the oxide grows at a constant  rate and with a constant 
current  efficiency of 0.4%. The sample voltage 9" also 
shows a l inear  dependence on thickness or time, after 
an ini t ial  jump.  
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ABSTRACT 

A1 was anodized in 2.4M H2SO4 at 5 m A / c m  2 and electronmicroscopic studies 
made of breakdown and format ion of pits beneath the film after  various sur-  
face t rea tments  or af ter  additions of up to 0.05M C l -  to the acid and selection 
of those specimens which had remained in the f i lm-growth stage before stable 
pits grew. An elect ron-opaci ty  technique was developed for studying film 
growth.  Even  in the absence of C l - ,  there  was a continued incidence of break-  
down and a substantial  t ime-dependent  direct-dissolut ion current.  With  CI - ,  
cell  vol tage tended to be lower. F i lm formation efficiency and geometr ical  
s t ructure were  correla ted direct ly with average cell vol tage and not direct ly 
wi th  C1- concentration. C l -  was in terpre ted  as having only an indirect  effect 
on film growth  by stabilizing concurrent  pit growth, wl~ch reduced the film- 
forming current.  Possible modes of pit t ing beneath  the film are discussed. 

In a recent  paper  (1), the authors presented elec-  
t ronmicroscopic evidence that  during galvanostat ic  a n -  
o d i z i n g  of a luminum in sulfuric acid many small b reak-  
down-repa i r  (B-R) or b reakdown-p i t t ing - repa i r  (B- 
P-R)  events occurred at the base of the film concur-  
rent ly  wi th  porous film growth and that  these events  
were  not general ly  associated with  substrate  latt ice 
defects or impur i ty  clusters. As part  of a program con- 
cerned with  the mechanism of pit initiation, this was 
fol lowed in the present  work  by studies of: (i) the 
possible influence of the surface preparat ion on the in-  
cidence of breakdown and (ii) the effects of C1- ad- 
ditions to the anodizing bath. The previous results and 
those of Par t  (i) directed at tention not to the produc-  
tion by C1- of breakdown, which occurred in its ab- 
sence, but to its reduct ion of the effectiveness of repair.  
This might  be due to an effect of C1- on film growth 
ra te  or structure. Conditions favorable  for examining  
this question were  obtained by adjust ing the C1- con- 
centrat ion in the bath to the highest level  at which film 
growth  would not be immedia te ly  short -c i rcui ted by 
growth  of optically visible stable pits. Observat ions had 
been made ident ifying the t ransi t ion in behavior  wi th  
increasing C1- concentrat ion (2). 

The surface t rea tment  before anodizing was of con- 
cern specifically because with  the perchloric acid- 
ethanoi  electropolishing bath employed a residual film 
was known to be present  after rinsing and this film 
presumably  contained C1, which has been detected by 
Auger  analysis on surfaces polished in this bath (3). 
Such surfaces have  been reported to yield films of low 
ionic resistance after  forming (4). 

The processes occurring in this system were  such 
that  the microtopographic features most accessible to 
observat ion were  not those of growing pits but  those 
of repair  zones in the film and of the pore s t ructure  at 
various stages of growth. Comparisons were  effectively 
made by examining the film after  anodizing t imes at 
which it contained evidence of the previous occurrence 
of a high density of small (~0 .1  ~m) B - P - R  or B-R 
"events," and the nature  of the geometry  deduced is 
i l lustrated schematical ly in Fig. 1 for one type of 
B - P - R  (no implication is intended concerning the 
mechanism of pit  ini t iat ion) .  The events  occurred at 
the base of the film and were  not evident  in ex te rna l -  
surface replicas. The project ing regions of repair  film 
seen in f i lm-underside replicas were  prominent  for 
recent  events, but the ones which had occurred sub- 
s tant ial ly before the t ime of observation had become 
shal lower in the course of continuing general  film 
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growth  al though tending to remain  visible in t ransmis-  
sion because of the al terat ion of the local pore struc- 
ture. In addition to these events, the film showed a 
much lower density of la rger  open repaired pits usual ly 
1/2-1 gm across. 

In the present work, the apparent  effect of C1- was 
not to al ter  the basic character  of the processes occur-  
r ing but to increase the port ion of the charge passed 
going to metal  dissolution ra ther  than film growth. The 
magni tude  of the direct dissolution current  associated 
with  pit t ing in B - P - R  events and growing pits could 
not be readily determined through microscopy, but  
over-a l l  formation efficiency was invest igated by mea-  
suring the electron opacities of the films, which give 
a measure of their  re la t ive  mass-thicknesses.  Opacity 
techniques have been employed effectively for s tudy- 
ing amorphous-f i lm growth  (4) as well  as for other 
purposes such as measurement  of gas pressure iia an 
envi ronmenta l  chamber  (5). 

Experimental 
As in a previous paper (1), coarse-grained sheet 

specimens of 99.999% A1 (Lot I I I -A)  were  anodized 
for 10-900 sec at 5 m A / c m  2 in 2.4M H2SO4 at 25.0 ~ _ 
0.2~ in a s t i rred bath wi th  a Pt  cathode. NaC1 was 
added up to 0.1M. 

SurSace preparation.--The reference procedure  as 
used previously (1) included etching off the oxide film 
from annealing in 10% HF, electropolishing at 0.1 A /  
cm 2 in 20 volume per cent (v /o )  70% HC104 in ethanol 
at - - I0  ~ to --15~ and rinsing wi th  a je t  of ethanol 
( t rea tment  A).  This provided a featureless or almost 
featureless surface which facil i tated observat ion of 
B-R, B-P-R,  or stable pit t ing events and of any possible 
associations wi th  s t ructural  features  of the substrate 
such as grain boundaries  (1, 2); it had been used 
earl ier  in examining the s t ruc ture- re la ted  f ree-cor ro-  
sion behavior  of this mater ia l  (6). HC104 electropol-  
ishing baths have also been used in several  major  stud- 
ies of the classical pore s t ructure  (7, 8). To invest igate 
whether  CIO4- or other  ions containing CI present  in 
the residual film influence subsequent film formation, 
two approaches were  made. The first was to remove  
the electropolishing film by ei ther  (t~) a 2 rain etch 
in 10% HF at 24~ or (C) use of the film stripping 
solution containing 35 ml 85% H3PO4 and 20g CrO3 
per l i ter  at 80~ for 4.5 min. The second was to avoid 
exposure to C104- or F -  by giving no t rea tment  other 
than (D) a chemical  polish at 85~ for 3 min in a 
solution containing 150 ml  of 96% H2SO4, 800 ml of 
85% I~PO4, and 50 ml  of 70% HNO8 or (E) an etch in 
1M NaOH for 35 min  at 25~ and a 1 sec dip in 50% 
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Fig. i. Schematic of type 2 pitting repair. (a) Small geometric 
pit grows rapidly, (b) film just after reanodizatiun of pit surface, 
(c) initiation of pores in the repair film and continuation of film 
growth at the other pores, (d) film growth now proceeding over the 
whole front. 

HNO3 at 70~ [ (E) is based on a recommended  a l te rn-  
at ive to electropolishing (4) but was modified to en-  
sure removal  of the anneal ing film]. The final step in 
each case was a distil led water  rinse. A change in 
surface t rea tment  necessarily introduces the possibility 
of surface contaminat ion by ions o ther  than C104-, 
even wi th  reagent  grade chemicals. (B) and (D) (and 
the distilled water  supply) had been evaluated and 
found acceptable earl ier  in corrosion studies sensitive 
to metal l ic  ion contaminat ion (6, 9). A recent  note on 
some Auger  studies did not report  contaminat ion f rom 
NaOH or HNO3 t rea tments  [as in (E)]  but  indicated 
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that  (C), while  removing  most or all of the C1, leaves 
detectable amounts  of P and Cr (3). 

Elec t ron  m ic roscopy . - -Seve ra l  samples were  taken 
from each specimen to permit  observations in different 
grains. Certain B - P - R  events  occurr ing in films formed 
for t > 25 sec were  displayed strongly in transmission 
of the detached film, which normal ly  remained thin 
enough up to approximate ly  150 sec, and this mode of 
observation was especially suited to making  compari-  
sons. Carbon replicas, preshadowed l ight ly wi th  Pt  at 
35~ ~ were  taken of film external  surface, of film 
underside, and of the meta l  surface exposed by r emov-  
ing the anodic film with  the H3PO4-CrO3 solution used 
in t rea tment  (C). Because even a slight attack on the 
metal  by this solution could have  produced significant 
extraneous features, the metal - f i lm interface was ex-  
amined main ly  on the film underside. High magnifica- 
tion transmission studies of pore s t ructure  were  made 
with  special at tention to defining focus (to avoid phase- 
contrast  effects) in a series of through-focus  photo- 
graphs. At the t ime of examination,  the films appeared 
"amorphous"  by electron diffraction. Thus any crystals 
of precipitate, such as AI~(SOD3, which were  still 
t rapped in a repaired pit at the terminat ion of anodiz- 
ing had been dissolved during the thorough washing. 

Elec t ron  opac i t y . - -Th i s  can be measured in the elec-  
tron microscope in several  ways, the empir ical  coeffi- 
cient which relates it to the mass-thickness of amor-  
phous film depending on the method and ins t rumenta l  
factors. The opacity a is ln ( Io / Ic ) ,  where  Io is the in-  
cident  current  and Ic is that  part  of the emergent  cur -  
rent  collected by the technique employed. One method 
makes use of a Faraday  cage below the specimen (4) 
and this collects the  undevia ted beam plus the beam 
scattered wi th in  the aper ture  of the cage. What  was 
measured in the present  work  was the current  ab- 
sorbed by the specimen, Iab. In this case Ic is obtained 
by difference as Io -- Iab and is the total  emergent  cur-  
rent. Measurements  were  made with  a HU-11A micro-  
scope at 100 kV by subst i tut ing in the specimen cham-  
ber a current  measur ing specimen holder  (CMSH) 
built  by R. J. Anderson. This was insulated from the 
column and grounded through an electrometer ,  which 
read Iab. The geomet ry  of the CMSH was such that  it 
effectively funct ioned as a Faraday  cage when  the 
beam was in tercepted by an opaque object, such as an 
anodized 500 ~m a luminum disk or  a crossbar of the 
grid on which the  specimen film was mounted.  Ei ther  
of these gave the same beam current  Io as was read 
when a convent ional  Faraday cage was substi tuted for 
the CMSH. It was essential to combine the measure-  
ments wi th  microscopy of the film to provide assurance 
that  the opacity was being determined in a region of 
the film free f rom folds, cracks, or other  defects. This 
was done as follows. A suitable area of film ( ~  7 ;~m 
diam) having been selected after  scanning the neigh-  
borhood, the object ive aper ture  was re t rac ted  (to 
avoid electron backscat ter  to the CMSH) and the sec- 
ond condenser current  adjusted to the sett ing giving 
the beam C.D. ( ~  50 m A / c m  2) used for opacity mea-  
surements.  Iab was then read, the CMSH immedia te ly  
displaced so that  the beam intercepted a grid bar, and 
Io read at several  positions. This al lowed the Io cor-  
responding to each reading of Iab to be determined 
wi thout  being influenced by drif t  in the ins t rument  and 
with  greater  precision than could be achieved mere ly  
f rom a prede te rmined  calibration of Io vs. second con- 
denser current.  The procedure  was then repeated in 
different regions of the film. The opacity technique re -  
veals variat ions in local mass- thickness  not indicated 
by other  methods of measur ing thickness, e.g., weigh-  
ing. The inst rument 's  ant icontaminat ion devices were  
found adequate  to prevent  buildup of significant con- 
taminat ion layers in the i r radiated area. 

With the opacity calculated f rom 

= ln[Io/ ( Io  -- Iab)] [1] 
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the fractional error is 

&~/a : [-- (41o/lo) + (MablI~b)] Iab / ( Io -  Iab)~ 
[2] 

and is lowest at low opacity. In the low opacity ap- 
proximation, a ~ Iab/Io ~ 1, Eq. [2] simplifies to 

ha/a ~ -  (41o/lo) 4- (hlab/Jab) [3] 

and  this expression can be used up to the highest opac- 
i ty measured, 0.28, at which it differs from the exact 
expression by only 15%. The short- t ime stabil i ty of 
Io and Iab was good and the Kei thley 610B electrometer 
(accuracy 2%) could be read to bet ter  than  1%, so that  

from Eq. [3] the measurement  of a had precision 2% 
and accuracy 4% independent  of a over the range cov- 
ered. 

In  the Appendix, the significance of the technique is 
discussed fur ther  and an  analysis presented for the 
opacity of a porous film. 

Results and Discussion 
Surface preparation.--Cell vol tage- t ime curves for 

specimens subjected to the different surface t reatments  
are given in Fig. 2a and b. Except for t rea tment  (C), 
most differences in  the curves fell wi th in  the range 
of variat ion of replicate runs  with the same t rea tment  
and systematic differences worthy of comment  were 
not apparent.  The s teady-state  voltages at t > 50 sec 
exhibited in >50 runs  with (A) ranged from 6.5 to 
7.6V, and the values for (B), (D), and (E) fell wi th in  
this range. In  the case of (C), there was more variat ion 
from run  to run.  The plateau voltage tended to be 
lower and ranged from 7.6 to 4.9V. The ini t ial  voltage 
rise was usual ly  dist inctly faster, as in  Fig. 2b, a l though 
sometimes the same. 

The thickness and the s tructure of the film varied 
with surface t rea tment  to a minor  degree at most, and 
these aspects are discussed later together with the ob- 
servations on films formed in acid containing C1-. In  
this section, consideration is given to the specific ques- 
t ion whether  B-P-R  events occur with the same fre-  
quency, intensity, and apparent  character after t reat -  
ments  ( B ) - ( E )  as after (A).  The evidence per t inent  
to this question is i l lustrated concisely in low magnifi-  
cation transmission micrographs, where recent  "events" 
appear as dark patches. Some examples for films 
formed in  2.4M H2SO4 after different surface t reat -  
ments  are given in Fig. 3a, c, d (25 sec anodizing),  Fig. 
4a, b, c (84 sec), and Fig. 5a, b (150 sec) (the average 
plateau voltage, V, has been given in these figures for 
la ter  reference).  These figures i l lustrate the result  that  
for all t reatments  the events began only after about 25 
sec and varied with t ime in a ra ther  similar manner .  
The widely scattered holes in  the film, as shown for 
(A) Jn Fig. 3a, represented the positions of some 

t rans ient  ~ 1/2 ~m pits formed dur ing  anodizing and 
were  found with all t reatments.  

The typical appearance of the events for the several 
surfaces may have been slightly different, to about  the 
degree i l lustrated in Fig. 3a, c, d; Fig. 4a, b, c; and Fig. 
5a, b. Any such differences were never  much greater 
than  those in any one specimen from one grain  to an-  

Fig. 3. Low density of events in transmission micrographs of 25 
sec films. (a) Treatment A: V = 7.0V. (b) Treatment A: 0.01M C I -  
added; V" = 6.4V. (c) Treatment B: V = &9V. (d) Treatment C: 
V ---- 5.8V. 
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Fig. 2. Cell voltage time in 2.4M H2SO4 for various surface treat- 
ments. 

Fig. 4. Similarity of events in transmission micrographs of 84 sec 
films formed at relatively high plateau voltages under various con- 
ditions. V was (a) 7.1V, (b) 6.7V, (c) 6.6V, (d) 5.9V, Co} 6.8V. 
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Fig. 5. Appearance of events in 150 sec films as a function of 
average plateau voltage, V. (a) and (b), 0 C I - ;  (c)-(f), 0.01M C I - .  
Treatment A was used except for (b) which was given treatment 
(B). 

other. In replica studies, no substant ial  differences were 
noted. It  was concluded that  events of the same general  
character occurred with roughly the same frequency 
for all surface t reatments  examined and thus that  the 
high incidence of breakdown originally noted with 
t rea tment  ( A )  (1) was not the result  of special condi- 
t ioning of the surface by this t rea tment  but  was an 
intrinsic characteristic of film growth under  the pres-  
ent conditions. 

Apart  from the events, the anodic film replicated 
the original  surface. The granular  or furrow structure  
(dimensions ~ 0.1 ~m) characteristically produced by 
HC104 electropolishing baths (10) was visible to a 
varying degree, e.g., Fig. 4a, and this was not altered 
by  str ipping the electropolishing film with t rea tment  
(C), Fig. 3d and 4b. This t rea tment  tended to produce 
some shallow pits < 0.3 ~m across, as replicated in Fig. 

3d. The granular  s t ructure  was no longer  visible after 
the HF etch employed in (B), Figs. 3c and 5b, because 
this etch removes < 1 #m of metal  (it also produces 

scattered shallow pTts which do not appear in these 
fields) (11). 

Trea tment  (E) was the only one yielding a surface 
with asperities sufficient to examine their  possible in -  
fluence on breakdown (12, 13). In  this surface, the 
NaOH etch had produced craters with large smooth 
a r e a s  on which some geometric etching was super im-  
posed, as replicated by  the anodic film in Fig. 4c. I t  
can be seen in this figure that  most of the events were 
associated with smooth areas of the surface, and that  
most of the asperities, such as edges or corners of in -  
tersecting facets, had not given rise to events. Thus any 
influence of asperities on breakdown here appeared 
small in  comparison with the breakdown tendencies 
intr insic to flat surfaces. 

El~ects of Cl-  additions.--Simple electropolishing, 
t r e a t m e n t  ( A ) ,  w a s  employed for fur ther  studies be-  
cause it yielded a surface with a m in imum of geometr i-  
cal features and facilitated the observation of pits 
formed dur ing anodizing. 

The effect of adding C1- to the 2.4M H2SO4 first be-  
came pronounced at 0.01M. At this level, pits did not 
grow to macroscopic size immediate ly  but  there was 
an  ini t ial  period of film growth varying in  durat ion 
from a few minutes  to almost an hour. In  this film- 
growth stage, the cell voltage varied considerably from 
one test to another and usual ly  showed severe short-  

and long-period fluctuations in  the course of the test. 
Several  examples are given in Fig. 6a. In  comparison 
wi th  the behavior  without  C1- additions (curve 1), the 
cell voltage often ran  for a t ime in a similar manne r  
at a slightly lower level (curve 2a) bu t  more fre-  
quent ly  ran  from the start  at a substant ia l ly  lower 
level in  a fluctuating fashion (curves 2b and 2c). Some- 
times, a curve such a s  2b would, after fluctuating 
severely in the 3-5V range dur ing the first few minutes,  
drift  upward  and r u n  with only mild fluctuations in 
the 5-6V range for a considerable period. A consider- 
able voltage drop below 2V, as at the end of curve 2c, 
marked the growth of stable pits. With 0.05M CI- ,  an 
occasional specimen ran  for a minute  or two with a 
curve l ike 2b or 2a, bu t  typical ly  at 0.05M and 0.1M 
there was li t t le or no f i lm-growth stage, curve 3. 

For s tudying the effect of C1- on film growth and 
structure, to obtain the highest concentrat ion at which 
film growth was not immediate ly  short-circuited by 
stable pitting, the C1- was set at 0.01M (to a l imited 
extent  0.03M), many  specimens were r un  various times, 
and from the V-t  curves a selection was made of 
those which had remained in the f i lm-growth stage 
throughout  the anodizing. This normal ly  included only 
curves which had not fallen, such as 2a and 2b in Fig. 
6a, but  two specimens with curves such as 2c, where 
the voltage had fal len at the very  end of the run,  w e r e  
included to provide films formed at lower average 
voltages than were otherwise obtained. 

An  appropriate parameter  for over-a l l  characteriza- 
t ion of the V-t  curve was the average plateau volt-  
age, V. This was determined start ing from the time of 
the voltage ma x i mum (which provided the only suit-  
able reference point near  the plateau level) as indi -  
cated in Fig. 6b. Averaging cell voltage from t --- 0 
would have given a misleading t ime-dependent  index 
having lower values for short times just  beyond the 
ma x i mum even when the plateau was relat ively flat. 
It  is to be noted that  although cell voltage eventua l ly  
became constant  for V > 6V, this was achieved only 

after 40-50 sec anodizing, well  beyond the voltage 
ma x i mum at 7-13 sec (curves 1 and 2a of Fig. 6a, also 
Fig. 2). 

Rate of film growth by electron opacity.--Large dif- 
ferences in opacity were found for films from different 
specimens formed for the same t ime wi th  0.01M C1- 
additions. Addit ional  sampling and checking showed 
differences in opacity to be related consistently to dif-  
ferences in average plateau voltage, V, dur ing  forming, 
and addit ional specimens anodized with various C1- 
concentrations or surface t reatments  were chosen to 
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Fig. 6. (a) Cell voltage time in 2.4M H2SO4 at 5 mA/cm 2 showing 
typical behavior without C I -  (curve 1) and at 0.0SM C I -  (curve 3) 
and range of behavior exhibited at 0.01M C I -  (curves 2a, 2b, 2c). 
(b) Schematic showin.g method of defining average plateau voltage, 
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permit  de terminat ion  of opaci ty- t ime curves  at va r i -  
ous V. 

In any opacity measurement ,  the region of film sam- 
pled never  included holes (as in Fig. 3a or b) or large 
( >  1/2 ~m) repaired pits, but the small  B - P - R  events 

(Fig. 4 and 5) were  closely spaced so that  the 7 #m 
diameter  beam necessari ly included many  of them, 
and the opacity was a measure  of mass- thickness  ave r -  
aged over  the main body of the film and the events in 
that  region. The average opacity was typical ly  deter -  
mined f rom readings in ten regions in two grids with 
film patches taken from different parts of the specimen. 
The range of values in one grid over lapped that  in 
others. The range in the sample of ten was as high as 
16% of the average, and it was considered l ikely  that  
the mean opacity de termined  here f rom a necessari ly 
l imited sample could deviate  f rom the ideal mean 
opacity averaged over  the whole  area of the film by 
10% or more. 

Opacity vs. V was studied pr imar i ly  at 150, 300, and 
900 see and the data are g iven in Fig. 7. This plot was 
populated by first taking at each t ime electropolished 
specimens [ t rea tment  (A)]  anodized ei ther in acid 
wi thout  C I -  additions at V near  7V (open circles) or 
in acid wi th  0.01M C1- (half-fi l led circles) at various 
lower  V, the range of which was covered by anodizing 
many  specimens and selecting appropriate  ones for 
opacity measurement .  For  anodizing at o ther  than 
0.01M CI- ,  it was not possible to check the  whole range 
of V effectively, but  individual  examples  could be run  
to find whe ther  or not the films showed the same de-  
pendence of opacity on V. These examples  included one 
for 0.003M C1- (one-quar te r  filled circle) ,  at which V 
was always > 6V, two for 0.O3M C1- (filled circles),  at 

w h i c h ~  var ied but specimens rare ly  remained  in the 
f i lm-growth stage for t imes of interest,  and several  
films formed in acid wi thout  C1- additions for 300 sec 
after  t rea tments  (B-E) (triangles, square, and dia- 
mond) and for 150 and 900 sec after t rea tment  (B) 
(erect t r iangle) .  It can be seen in Fig. 7 that  at each 
anodizing t ime the data for all conditions scatter  
around a single re la t ion between opacity and V. Thus, 
for example,  in the 300 sec data opacities obtained with 
t rea tment  (A) and 0.01M C1- at 3, 4-1/2, and 6-1/2V 
are  close to opacities obtained near  these V with  dif-  
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Fig. 7. Electron opacity vs. average plateau voltage for films 
formed 150, 300, and 900 sec under various conditions. 

ferent  surface t reatments  and /o r  different C1- levels. 
When all data were  averaged, the relat ion be tween  
opacity and V appeared to be l inear  and is so repre-  
sented in Fig. 7. For  V > 3V, the deviations of the 
points f rom the lines in Fig. 7 correspond to differences 
in opacity of less than 10% except  for one difference 
of 13% and one of 15%. Most of this scatter was at-  
t r ibuted to the sampling problem discussed above. This 
scatter completely  overshadowed any differences which 
might  have existed be tween  specimens given different 
surface t reatments  and thus ini t ial ly bear ing films of 
different thickness. In the case of the electropolishing 
film (which was too fragile for a direct measurement ) ,  
the opacity could be est imated f rom an extrapolat ion 
in Fig. A-1 of the Appendix  as only ~&002, so that  any 
ext ra  opacity in anodized t rea tment  (A) specimens 
due to the persistence of the electropolishing film 
would  not have been detectable  in Fig. 7. 

Opaci ty- t ime curves for various V were  constructed 
f rom values taken f rom the lines fitted to the data of 
Fig. 7 at 150, 300, and 900 sec and f rom some additional 
values at V near 6 or 7V measured in specimens ano- 
dized 25 and 84 sec, Fig. 8. The behavior  in unmodified 
H2SO4, which can be compared with other  studies, is 
shown in the 7V data, and the format ion efficiency vs. 
t ime was analyzed for these as discussed below. 

Film-formation eI~ciency.--Cherki and Siejka (14) 
have most recentIy considered how the current  (or 
charge) per unit  area passed through the cell, /tot (or 
Qtot), is parti t ioned, and their  notation is used here. 
If the quant i ty  of porous film present corresponds to 
charge Qox, then all losses are grouped as Qdiss ---- Qtot 
- Qox. The  electronic current  can be assumed negligi-  
ble in cases of interest  here [so that  Qdiss is de te rmin-  
able f rom the A1 ~ + in the acid and is the quant i ty  mea-  
sured by certain workers  (15, 16)]. Qdiss includes Qdec 
which formed the oxide previously in pores and which 
was e lectrochemical ly  decomposed ["field-assisted dis- 
solution" at pore bases (17)] in the course of pore 
growth, Qch from the oxide subsequent ly  lost by purely  
chemical dissolution from pore walls and film externa l  
surface, and QAI the charge associated wi th  direct t rans-  
port  of cations into solution (this never  went  to form 
oxide).  Cherki  and Siejka used nuclear  microanalysis  
techniques to study films formed on A1 at 10V in 1.5M 
H2SO4 at 15~ For  the constant current  stage of their  
anodizing, they found that  Idiss was  0.47 Itot and was 
not t ime-dependent .  Izh having been found to be negl i-  
gible for t ----- 600 sec, and Ide~ having been calculated 
f rom previous measurements  of pore dimensions, IA1 
was found by difference to be ~0.38 /tot. The presence 
of a substantial  direct-dissolut ion current  had been 
pointed out earl ier  by Nagayama, Tamura,  and Taka-  
hashi (16) under  the name, "extra-dissolut ion (elec-  
t rochemical)  at the pore base." 

An exact t rea tment  of these questions is not obtained 
f rom the opacity data, but certain conclusions of in-  
terest  can be d rawn  from the 7V data in Fig. 8 wi th  
the aid of the formal ism described in the Appendix  
relat ing opacity to the geometr ical  parameters  of a 
classical porous film. The calculations are described in 
the Appendix  and thei r  applications noted here. It was 
convenient  to use as a reference  the calculated a-t  
curve of a film which continued to thicken, at its initial 
rate, by  simple pore lengthening (al lowance for Qdec 
thus being buil t  into the model) .  The initial th ickening 
ra te  was der ived f rom the ear ly  part  of the exper i -  
menta l  7V curve and a hyFothet ical  a-t  curve  calcu- 
lated for continued pore lengthening at this rate. This 
curve was insensit ive to reasonable variat ions in the 
values  of the parameters  employed in the fit, and it is 
shown in Fig. 8. That  the exper imenta l  curve  fell in-  
increasingly below this calculated curve after  about 84 
sec indicated that  losses f rom Qch and /or  QA1 became 
re la t ive ly  impor tant  at longer  times. The uncertaint ies  
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of the present  t r ea tment  are regarded as insufficient to 
place this conclusion in doubt. In particular,  a non-  
classical distr ibution of pores should not have a major  
influence on the calculated opacity because in the low 
opacity range this depends only on mass-thickness,  i.e., 
on thickness and void volume fract ion but not on void 
distr ibution (see Appendix) .  

At  900 sec, the  measured 7V opacity in Fig. 8 was 
48% of the calculated cons tant - th ickening-ra te  value.  
The increasing difference between these curves may  
have been due to chemical  dissolution, which always 
has negligible influence ini t ial ly and becomes more  im-  
portant  wi th  time, and /o r  direct dissolution, which 
conceivably became more  impor tant  at longer  t imes in 
these experiments.  For  chemical  dissolution, recent  
measurements  have given l inear  dissolution rates f rom 
0.75 A / m i n  (1M H2SO4, 27~ (15) to 0.2 A / m i n  (1.5M, 
15~ (14) and 1 A / m i n  was taken as an upper  l imit  
for both pore -wal l  and ex terna l -sur face  dissolution. 
F rom the changes in film thickness and average  pore 
area produced by this dissolution rate, the hypothet ical  
7V constant g rowth- ra te  opacity curve  was recalcu-  
lated to include the effect of chemical  dissolution. Its 
effect was found to be small  at t imes of interest, the 
hypothet ical  opacity being reduced at most by 2..2% at 
300 sec and 8.4% at 900 sec. The major  part  of the 48% 
difference at 900 sec then had to be at t r ibuted to direct-  
dissolution processes, QAl(t), which became re la t ive ly  
more impor tant  wi th  time. 

For  films formed in solutions containing C1- at V 
6V, the lower  opacities cannot be a t t r ibuted to an in- 
creased chemical-dissolut ion rate  in v iew of results of 
Diggle et al. showing this rate  to be comparable  in 
SO42- and C1- solutions at low pH (18). That  the 
lower  opacities of such films did not include a substan- 
tial loss from oxygen evolut ion in pits was indicated 
qual i ta t ive ly  by optical microscope observations of 
bubble evolut ion during anodizing (these also ruled out 
any substantial  contr ibution to Qtot from the hydrogen  
evolut ion possible in a pit beneath  the film where  the 
potential  was momenta r i ly  low enough).  Thus the lower  
opacities could be a t t r ibuted only to a la rger  d i rect -  
dissolution loss, QA1/Qtot. 

The analysis cannot at present  be ex tended  wi th  
confidence f rom a re la t ive  to an absolute basis to yield 
values of the ratio QA1/Qtot at  various times. The early 
ra te  of porous film growth at 7V could be est imated 
from the data as 25 A/sec  by making use of the l inear  
scattering coefficient de termined for a compact film 
formed in borate solution, but  the film formed in sul-  
furic acid differs in incorporat ing substantial  quanti t ies 
of SO42- (14, 19) and may also differ in degree of 
hydration.  Calculated format ion rates for porous films 

7V 

6V 

1 . . . . i . - - - x  
4V 

3V 

I I I 
800 

Fig. 8. Opacity time at several 
mean plateau voltages. The opac- 
ity of any film present at t = 0 
would not be visible on this scale. 
The dashed curve is a calculated 
curve for a 7V film which con- 
tinued to grow at its initial rate. 

are subject  to uncertaint ies  re la ted to their  SO42- con- 
tent  as discussed by Cherki  and Siejka (14). It  is suffi- 
cient here  to point out that  if the film were  A1203 of 
densi ty 3.17 g / c m  3 forming at 5 m A / c m  2 at the highest  
possible efficiency (IA1 = Ich = 0) it would  th icken at 
27.2 A/sec,  so that  the est imated 25 A/sec  is of accept-  
able magnitude.  

The 7V opacity results indicated that  QA1/Qtot under -  
went  a transi t ion f rom some constant value  to larger  
values af ter  roughly  84 sec anodizing and that  this 
ratio had a substantial  value at 900 sec; the re  were  too 
few points for analysis of its t ime dependence af ter  
the transition. Other  evidence of a t ransi t ion near  this 
t ime was shown by the V- t  curves, in which the 
cell vol tage became constant af ter  40-50 sec, and by 
the electron microscopy, which revealed events occur-  
r ing wi th  high f requency  in the  period 25 < t < 65 sec 
and with  much lower  f requency thereafter .  This t ransi-  
t ion did not represent  pore initiation, which started as 
ear ly  as 5 sec and produced a wel l -deve loped  pore 
s t ructure  no later  than 15 sec. 

The reason Cherki  and Siejka  (14) did not observe 
a t ransi t ion in format ion efficiency may have  been that  
their  analysis started only after  30 sec when  the cur-  
rent  became constant. Extensive studies of format ion 
efficiency were  made some years ago over  ranges of 
C.D. (usually >5 m A / c m  2) t empera tu re  and H2804 
concentrat ion (usually 1.5M) from the changes in spec- 
imen weight  on forming and on str ipping the film, the 
efficiency usual ly  being given as the "coating rat io" 
(20-22). Because this ratio averages efficiency f rom 
the start  of anodizing and because the first ratios ob- 
tained in these studies represented t ~ 1 min, an ear ly  
t ransi t ion could not have been displayed dist inctly in 
their  plots. However ,  the plots did show coating ratios 
decreasing with  t ime at re la t ive ly  short t imes under  
conditions for which chemical-dissolut ion effects would 
be minimal  and thus were  broadly consistent with a 
t ime-dependen t  QA1/Qtot as found here. 

The previous workers  (14, 16) were  concerned to 
establish the existence of a substantial  IA1 but  did not 
examine  its nature.  Now IA1 conceivably originates in 
(i) a un i form direct-dissolut ion current,  IA,-u, across 
the intact bar r ie r  layer  at the base of every  pore (this 
current  coexists wi th  the currents  in this layer  pro-  
ducing growth)  and /or  (ii) a pit t ing current,  IAl-p. 
The la t ter  is the average over  the surface of the in-  
stantaneous ra te  of charge input  to scattered t ransient  
or stable pits growing beneath the film through indi-  
vidual  channels or cracks in the barr ie r  layer  providing 
paths of electrolyte  extending to the meta l  (e.g., as 
in Fig. 1). In principle, pit  size and density hence total  
pit vo lume can be examined by microscopy. However ,  
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pit dimensions and geometry in the present  specimens 
did not permit  de terminat ion of the extent  to which 
pit t ing was responsible for low film formation effi- 
ciencies, as discussed below. 

Microscopic evidence of pitting.--In the f i lm-growth 
stage of anodizing, evidence was found for three cate-  
gories of pits beneath  the ma in  film, as follows [the 
stable pits accompanying a fall in cell voltage in solu- 
tions containing C1- (2) are not dealt with here] " 

1. Repaired open par t ly  geometric pits main ly  1/2-1 
~m across, some of which were visible relat ively early 
in  the anodizing (25 sec). 

2. "Events" main ly  ~0.1 ~m across visible in  the 
t ransmission micrographs (Fig. 4 and 5) thought to 
represent  repaired shallow geometric and nongeo- 
metric pits beneath the film, many  of which formed 
between 25 and 65 sec for 9" ~ 6V. 

3. Smooth broad and shallow pits beneath  the film, 
apparent ly  triggered by type 1 or 2 pits, which did not 
soon repair  and which were general ly not visible in 
the film structure  or even prominent  in the meta l -  
surface topography. 

The pit t ing here was t ime-dependent  and complex 
and the processes in initiation, growth, and repair  have 
not been established. Only the type 3 pits appeared 
able to persist long enough to account for a substant ial  
direct-dissolution current,  IAl--p. The evidence dis- 
cussed below pertains ma in ly  to films formed at V 

6V, for which many  samples were available. Evidence 
per ta ining to the f i lm-substrate interface was pref-  
erably obtained from fi lm-underside replicas because 
the CrO3-H3PO4 solution used to expose the metal  sur-  
face for replication could introduce some shallow pits, 
as noted above and as has been ment ioned by previous 
workers (23). 

Type / . - -F igu re  9a shows an external-surface replica 
of a 900 sec film in which the geometrically etched pit 
surface was visible. Here a patch of the pre-exis t ing 
overlying film had been lost thus permit t ing direct 
replication of part  of the pit surface, and the remainder  
of the pre-exis t ing film had collapsed into the pit and 
conformed to the contours of the terraced pit surface 
thus permit t ing indirect  replication of these contours. 
That  the pit surface bore a repair  film could be deduced 
from evidence of the pore mouths on the uncovered 
part  of this surface similar to those on the main  area 
of the external  surface. Underside replicas, even for 
short anodizing times, showed the convex undersides 
of the repair  film over pits, as in the region of a 25 sec 
film containing several repaired 1/2 ~m pits shown in 
Fig. 9b, indicat ing that pit growth was of short dura -  
tion. The film overlying type 1 pits is thought general ly  
to have cracked dur ing  anodizing (as in Fig. 9a) leav-  
ing the pit at least par t ly  open. This is consistent with 
observations in transmission on detached films. In  
transmission, there was the possibility that addit ional 
damage to the film had occurred dur ing  detaching and 
washing. Thus, in 25 sec films usual ly only holes in the 
film were left, as in Fig. 3a and b. Apparen t ly  at this 
t ime the repair  film was still too th in  and fragile to 
survive the t reatments  used. 

Note that  Fig. 9a and b and 3a and b represent  fields 
i l lustrat ing type 1 pits and are not typical fields. The 
densi ty of these pits was perhaps ~102 per cm 2 for 
sulfuric acid anodizing and was not much greater when  
C1- had been added, and it is est imated that their  
formation had consumed a negligible fraction of Qtot. 
This type of repaired pit was at least in part strongly 
geometric (Fig. 9a and b),  which suggested an active 
dissolution mode. The low metal-surface potential  re-  
quired for this dissolution mode would not have been 
possible without  large IR drops in the electrolyte. Even 
with a high local t ransient  pit t ing current,  IR drops of 
the magni tude required would be possible only if the 
pit had been fed ini t ia l ly  through an ext remely  fine 

Fig. 9. Examples of type 1 pits ( N 1 / 2  ~m across) in specimens 
formed with 0.01M C I -  additions. (a) Externallsurface replica show- 
ing partly open repaired pit in 90• sec film. V ---- 6.2V. (b) Film- 
underside replica of a region in a 25 sec film (shadowed with Au- 
Pd). V" ---- 5.7V. 

channel  or crack in the barr ier  layer. This si tuation 
would be unl ike ly  to persist, the channel  becoming en-  
larged or the overlying film becoming grossly cracked 
by one of several processes possible as the pit grew. 
The size of the IR drop would then have fallen sharply, 
thus re turn ing  the metal  surface to a high potential  
and leading to repair  (dispersion of the electrolyte in 
the pit may also have been important) .  This scheme 
would account for the t ransient  nature  of this mode of 
pitting. 

Type 2.--The numerous  "events" prominent  in Fig. 4 
and 5 were part  of a sequence of phenomena which 
began after ~ 25 sec anodizing (for V ~ 6V), these 

N 

events themselves occurring with lower f requency for 
t > 65 sec. There were also much smaller events, as 
discussed in the previous pa*l~er (1) in relat ion to in -  
dividual pore appearance at high magnification in 25 
sec films and diagnosed as B-R, but  these are not dis- 
cernible in the present  micrographs and are not consid- 
ered fur ther  here. Distinction between forms of B-R 
and of B-P-R,  uncer ta in  in earlier observations (1), 
now appears possible and an interpreta t ion of the 
breakdown processes occurring and of the characteris-  
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tic a r rangement  of the events of Fig. 4 and 5 in s t r ing-  
ers or streamers will be at tempted in a later  paper. An 
interpreta t ion of the repaired geometric pit t ing aspect 
of these events is given in Fig. 1. This differs from type 
1 pit t ing in that  the pit was smaller  and shallower and 
the overlying film was apparent ly  intact  except for a 
nar row path in the bar r ie r  layer assumed to be present  
although it was not identifiable in the electron micro- 
graphs. For example the external  surface replica of a 
900 sec film in Fig. 1O shows the undu lan t  topography 
from the original electropolished surface and evidence 
of pore mouths but  no indication of the processes which 
had occurred at the base of the film except for occa- 
sional patches of slightly different appearance (as at 
the upper center  of Fig. 10), which may have repre-  
sented part  of the film overhanging a pit. At tent ion is 
directed below to the two kinds of evidence that  the 
events in  Fig. 4 and 5 were associated at least in  par t  
with pi t t ing-repair :  

1. The events as seen on the film underside tended 
to exhibit  some angular  or geometric character and 
no process appears capable of yielding this except re-  
pair  of small geometric pits somewhat as represented 
in Fig. 1. Some examples from 300 sec film underside 
replicas are given in  Fig. 11. For all conditions of 
anodizing ( including various surface treatments,  Fig. 
l l a  and b, or anodizing in  acid containing CI- ,  Fig. 
l l c )  certain events had considerable angular  or geo- 
metric character, and their outlines tended to lie in 
parallel  directions as though they formed in the same 
substrate grain and had geometries related to the same 
crystal orientation. It  is to be noted that  al though 
geometric character in an event  is taken as evidence of 
pit t ing preceding repair, its absence does not establish 
that  no pi t t ing was involved. 

2. The events were arranged in streaks runn ing  pref-  
erent ial ly  in certain directions, as in Fig. 4, and these 
were related to substrate orientat ion and changed di-  
rection at a grain boundary.  Studies in progress in 
single crystals indicate that more than one factor is 
involved in the streaking, but  one is a tendency for the 
streak to extend parallel  to the surface trace of a {100} 
plane. Trenches growing along the surface in these 
directions have been observed dur ing pit t ing of a lumi-  

Fig. 10. External surface replica of a 900 sec film formed with 
O.01M C I -  addition. V ---- 6.2V Cf. Fig. 5b of Ref. (1). 

num in HC1 solutions (24, 25). One also recalls the t un -  
nel pits, in chloride solutions or tap water, growing in 
~10O~ directions (26, 27). 

The period of pit growth in the active dissolution 
mode implied by the geometric aspects of the events 
would have tended to be short because the severe con- 
striction in the electrolyte path required for the large 
IR drop would be un l ike ly  to persist, as discussed 
above for type 1 pits. It  is also possible pit growth 
was in ter rupted  by the inabi l i ty  of the acid to flow 
through the constriction at a sufficient rate. The pit t ing 
may have ceased through repair, or it may have con- 
t inued in some other mode. There is evidence (for V 

6V) that  some of the events were followed by a type 
3 pit t ing not apparent  in these micrographs, as dis- 
cussed below. A feature of type 2 pits which may have 
been impor tant  was that  the overlying film did not 
crack and the strongly occluded pit geometry (which 
permits an electrolyte of different character to develop 
wi th in  the pit) was retained. The basic character of 
type 2 and type 1 pits shown by microscopy did not 
appear altered by the presence of C1-. 

Estimation of the charge consumed by type 2 pit t ing 
from the apparent  volume of the shallow events was 
subject to considerable uncertainty,  as seen from the 
interpreta t ion of p i t t ing-repair  geometry in Fig. 1. 
After  rapid growth to a certain size (Fig. la)  there is 
reanodization of the pit surface, this occurring by con- 
s tant-vol tage anodizing while the system is on the 
plateau of the V - t  curve. If this anodizing is t en ta -  
t ively idealized following Hoar and Yahalom (28), 
there is ini t ia l ly a rapid formation of a compact film 
of l imit ing thickness (Fig. lb)  followed by a stage of 
slow growth and pore formation associated with the 
mi n i mum in the cur ren t - t ime  curve (28). In  this stage, 
cont inuing film growth at the bases of the other pores 
tends to level the film underside profile (Fig. lc) .  A 
little later, film growth is again occurring over the 
whole front (Fig. ld) .  At this point the event  may not 
be prominent  as a l~erturbation in  the film underside 
or metal  surface profile but  may still be visible in 
t ransmission as a darker  patch because of the nona l ign-  
ment  of old and new pores, the local pores having 
smaller  apparent  sizes or showing lower contrast. Thus, 
while occurrence of the event was readily detected and 
its lateral  dimensions could be estimated, there was no 
way of establishing how much its depth had been re-  
duced by film growth around it (Fig. lb  vs. ld) .  

The most generous estimate possible of the total pit  
volume in visible events  (using ma x i mum depths ob- 
served in shadows on underside replicas) gave QA1 -~ 
0.1 Qtot at 84 sec (just after the frequency of events 
declined) and a smaller  fraction of Qtot at longer times, 
so that  the visible events themselves could not have 
been responsible for the substant ial  QA1/Qtot at 900 sec 
indicated by the analysis of the opacity data. 

Type  3 . - -A  simplified geometry for a type of possibly 
more persistent pi t t ing under  the anodic film labeled 
type 3 is shown schematically in Fig. 12. It  is assumed 
that this unrepai red  pit is stabilized by what  may be 
classified as an electropolishing film and that  this is 
lost dur ing film detaching or washing operations and is 

Fig. 11. Appearance of events in underside replicas of 300 sec 
films. (a) NaOH-HNO3 treatment (E), 0 C I - ,  6.5V. (b) Chemical 
palish (D), 0 C I - ,  6.7V. (c) Electropolish (A), 0.01M C I - ,  6.4V. 

~%-electropolishing 
film 

Fig. 12. Schematic geometry for a smooth pit spreading under the 
anodic film (type 3). 
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thus not detected in the electron micrographs.  The dis-  
t inct ive features envisioned here  are the smooth 
growth front  and the spreading re la t ive ly  slow growth. 
A shal low tapered depression is left  in the anodic film 
underside through the progressive cessation of film 
growth  as the pit spreads (this differs f rom Fig. la  
where  pit growth in the active geometr ic  mode is ideal-  
ized as occurring so rapidly that  there  is negligible film 
growth  in the  in te rva l ) .  An unrepaired pit of the shape 
shown in Fig. 12 would be difficult to identify and 
characterize through replicas of metal  surface and film 
underside because the topographic features are gent ly  
sloped, and the only fea ture  favorable for observat ion 
is the  tapering of the over ly ing film, which if sufficient 
could give rise to substantial  contrast  when the de- 
tached film was examined in transmission. Unambigu-  
ous evidence of this feature  was not found in films 
formed at 7V for 300 or 900 sec, but Fig. 13 shows, in 
a film formed at 2.5V, a ~ 5  #m diameter  area wi th  the 
contrast  expected. A number  of such areas were  visible 

in the films formed at lower  V, usually wi th  a weaker  
photographic density gradient  than the one in Fig. 13 
indicat ive of a more gradual  film thickness variation. 
In meta l  surface replicas some smooth craters consis- 
tent  with Fig. 12 were  noted but a posit ive character -  
ization of all shallow surface features was not achieved. 
Evidence for the presence of unrepai red  pits of signifi- 
cant extent  was provided by testing for film adherence 
with  replica tape, and it was found that  patches of film 
could be removed,  in accordance with  Fig. 12. Repaired 
shallow type 3 pits could have been present  incorpo-  
ra ted into the film s t ructure  (analogous to Fig. 1) and 
not have been identifiable because with  the pit shape 
visualized the patch of repair  film would not at any 
stage appear as a prominent  project ion on the film 
underside. The question to what  extent  the charge 
QAl-p consumed in such pit t ing processes could have  
been responsible for the lower  film format ion efficiency 
for longer anodizing t imes at 7V or all anodizing t imes 

at lower  V cannot be answered  direct ly f rom these 
observations. 

The proposed type 3 is visualized as a possibly per -  
sistent mode of pit t ing which can be t r iggered by in-  
completely  repaired type 1 or 2 pit t ing (not shown in 
Fig. 12) and which does not requi re  a severe ly  con- 
str icted electrolyte  path and large IR drop. This is con- 
sistent wi th  evidence such as that  in Fig. 13 where  the 
l ight area includes 1/2 ~m type 1 " repai red"  pit which 
has a 0.2 ~m gap in the repair  film at the bot tom of 
the pit (not visible in this pr int) .  A type 3 pit con- 
ceivably grows in a transpassive "br ight  pi t t ing" or 

e lectrobr ightening mode (29) [as occurs, for example,  
in electrochemical  machining of Fe (30, 31)], the elec- 
tropolishing film being stable in the special environ-  
ment  within the occluded pit. The change f rom crystal-  
lographic to br ightened pits wi th  increasing potential  
has been noted for A1 in KC1 solution (32). 

Effect of Cl -  on film growth and s tructure. - -The re-  
sults of adding 0.01M C1- to the anodizing bath were  
variable  in that cell voltage tended to fluctuate wi th  
t ime and that V and opacity var ied from one run  to 
another, and this behavior  cannot be plausibly at- 
t r ibuted to changes in a uni form direct-dissolut ion 
current.  Therefore,  the behavior  wi th  C1- is a t t r ibuted 
to a greater  persistence of the pit t ing processes con- 
current  wi th  film growth, which are inherent ly  var i -  
able, even though it was not possible to demonstra te  
this directly. It could not be concluded that  C1- caused 
more persistent pit t ing by affecting film growth so as 
to inhibit  repair, i.e., reanodization, of pits in v iew of 
the observation that  films could grow at V > 6V yield-  
ing opacities s imilar  to those of films grown at 0 C1- 
and geometr ical  structures which were  indist inguish- 
able, as noted in the fol lowing paragraph. The action 
of C1- was therefore  in terpreted as a tendency to 
stabilize pit growth (type 3). Its effect on film growth 
was then  an indirect  one resul t ing from an increased 
fraction of the total  current  consumed by pi t t ing l eav-  
ing less avai lable for film growth.  Thus in specimens 
anodized with 0.01M C1- at a nominal  5 m A / c m  z with  

V ~ 2.5V the effective f i lm-forming current  was much 
lower, <2 m A / c m  2 to judge f rom the relat ion observed 
between C.D. and plateau voltage for films formed 
wi thout  C1-. 

It  was possible to examine the question whe the r  C1- 
had a direct effect visible in the geometr ical  s t ructure  
of the film by selecting, for comparison with  previously 
described films formed without  C1- additions at 6.5 
to 7.6V (1), those which had grown in the presence 
of 0.01M C1- at V > 6V and thus had reached compar-  
able thickness at a g iven anodizing time. At higher  
magnification in transmission, the pore s t ructures  of 
84 and 150 sec films (Fig. 14) were  nonclassical and 
similar  to those previously described, i.e., the pores did 
not appear round, of uniform size and arranged in a 
hexagonal  pat tern but they had i r regular  shapes, a 
range of sizes and they sometimes ran in strings. Their  
appearance is a t t r ibuted to the numerous  B - P - R  (and 
B-R)  events  which had occurred a l i t t le earl ier  and 
had become incorporated into the film (e.g., as sug- 
gested in Fig. 1) wi th  the result  that  pores were  jogged 
and had sloping segments, the net appearance in t rans-  
mission at this t ime then varying f rom one pore to an- 
other  according to the details of its geometry.  S t ruc-  
tures visible at high magnification after 15 or 25 sec 

Fig. 13. Region of tapering film thickness in a film formed 900 
sec in acid containing O.01M C I - .  V ---- 2.5V. 

Fig. 14. Nonclassical appearance of pores in transmission micro- 
graphs of films formed with O.01M C I -  addition for (a) 84 sec 
(V' ~ 6.3V) and (b) 150 sec ( V ~  6.1V). Cf. Fig. 4c and d of Ref. 
(I). 
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anodizing (not shown) before the onset of the promi-  
nent  events were also much the same as those previ-  
ously described (1) as were the external  surface struc- 
tures (Fig. 10). In  addition to these 0.01M C1- films, 
a few samples grown at higher C1- levels were avai l -  
able such as the 0.05M CI- ,  6.8V film of Fig. 4e, which 
showed events and pores of appearance similar to those 
of the 0 CI- ,  7.1V film of Fig. 4a. 

These comparisons could be extended to films grown 
with 0.01M C1- at low V by making them not at the 
same anodizing t ime but  at the same electron opacity. 
On this basis, the scale of the pore s t ructure  decreased 
with decreasing V" as expected from the relationships 
established at higher cell voltages (7), but  the appear-  
ance and dis tr ibut ion of the events in film formed with 
and without  C1- was similar. Figure 5 shows events in 
150 sec films at various V. For V ~ 7V, the 150 sec films 
were similar to those in 7V films formed for shorter 
times. Thus for the 5.3V-150 sec film in Fig. 5d the 
opacity and events were close to those of the ~7V-84 
s e c  films in Fig. 4, the 3.6V-150 sec film in Fig. 5e was 
comparable with a 7V-45 sec film (not shown) where 
prominent  events had occurred over only part  of the 
surface, and the 2.2V-150 sec film in Fig. 5f had an 
opacity only slightly higher than that  of a 7V-25 sec 
film and was similar  in relative freedom from events 
to the 25 sec films of Fig. 3. The comparisons of this 
type suggested that the sequence of events contr ibut-  
ing to the evolution of film structure  was much the 
same whether  films were formed with or without  C1- 
additions. Thus none of the microscopic observations 
revealed evidence that  the C1- had a direct effect on 
film structure.  

Further Discussion 
These results represent initial steps in examining and 

in terpret ing questions of film stabili ty and pit ini t iat ion 
through observations of geometrical fine structure, and 
the resolution of many  of the questions raised awaits 
fur ther  study. There are nonetheless certain implica-  
tions of general  interest. One is that film growth and 
forms of pi t t ing on a fine scale may  be concurrent  and 
mutua l ly  interact ing processes which must  be consid- 
ered s imultaneously even if this involves a wide and 
unwieldy  range of phenomena,  as in this paper. The 
need for microscopy to accompany f i lm-growth studies 
is satisfied wi thin  one exper imental  technique when-  
ever the lat ter  can be followed by electron opacity. A 
few comments on the relat ion of the present  results to 
other studies are given below. 

Pore structure.--The classical model of a porous film 
proposed by Keller  et al. (33) was general ly  confirmed 
and fur ther  refined by Wood and O'Sul l ivan (7, 8) who 
showed among other observations, sections of thick 
films with arrays of long straight pores of roughly 
circular section, as for 45/~m films in Fig. 4 of Ref. (7). 
It  is not inconsistent with this that  the present  work, 
in t ransmission micrographs of much th inner  films, 
emphasized the events and consequent  nonclassical as- 
pects of apparent  pore shape, size, and dis tr ibut ion in  
7V 84 and 150 sec films (Fig. 14). After  longer anodiz- 
ing times, the layers of the film per turbed by the high 
density of events which had occurred at 25 < t ~ 65 
sec occupied a smaller  fraction of its total thickness 
and fur ther  events occurred at much lower frequency, 
s o  that  in 300 sec films, which could still be examined 
in  t ransmission despite fogging of the background, the 
g e n e r a l  pore appearance was much closer to that  ex- 
pected from the classical model. Fi lms formed at 25 
m A / c m  2 were also examined in t ransmission and the 
pore appearance was found to pass through similar  
stages although on a coarser scale corresponding to the 
higher cell voltage. A comparison could be made at the 
same Qtot, i.e., the progression from nonclassical to near  
classical appearance occurring at 17, 30, and 60 sec at 
25 m A / c m  2 corresponded to that  at 84, 150, and 300 sec 
at 5 m A / c m  ~. 

Thus previous workers (7, 34) invest igat ing the pore 
s t ructure  (of films formed at 20~ in H2SO4 of the 
same or slightly lower concentrat ion) at C.D. ----- 1O 
mA/cm~ would not have seen a dist inctly nonclassical 
pore appearance except at short anodizing times. Their 
30 or 45 sec transmission micrographs (prepared for 
making pore-densi ty  counts) actual ly did show some 
nonclassical pore appearance consistent with the pres-  
ent results, Fig. 7 of Ref. (7) and Fig. 6 of Ref. (34). 

Pit t ing.--The present  work was designed to examine 
f i lm-growth questions relat ing to pi t t ing phenomena.  
Although the exper imental  conditions differ from those 
in the main  body of A1 pi t t ing studies, which involve 
electrochemical measurements  and low-magnificat ion 
(by present standards) microscopy in  nea r -neu t ra l  
C1- solutions usual ly  at ~ - - 1 / 2 V  vs. S.H.E. [see the 
recent review by Kaesche (35)], some of the present  
conclusions are thought l ikely to have ra ther  general  
pert inence to pi t t ing of A1. That  "micropit t ing phe-  
nomena"  occurred concurrent  with film growth for 
various ini t ial  surfaces and in the absence of C1- 
indicates a t tent ion should be directed not to break-  
down but  to pit growth vs. repair. That  C1- did not 
exert  a detectable direct effect on film growth or s t ruc-  
ture  directs at tent ion to its role in stabilizing pit  
growth. These conclusions are consistent with those 
of Richardson and Wood (32) noted below, but  they 
are not reconcilable with notions involving degradation 
of the electrical or mechanical  properties of the film 
above the "breakthrough potential" from some form of 
C1- penetrat ion (29). 

The details of micropit t ing phenomena will  depend 
on the exper imental  conditions. The view given for the 
f i lm-growth stage in this paper is that at the cell volt-  
ages prevai l ing any low-potent ia l  pi t t ing in an  active 
mode was of very short dura t ion and any persistent  
pi t t ing had to be of a h igh-potent ia l  t ranspassive type. 
An at tempt to in terpret  the pit t ing and repair  processes 
in more detail is not made here, but  it may be pointed 
out that the very small  size and severely occluded 
geometry of the pits visualized in Fig. 1 and 12 give 
rise to certain constraints not  present  with larger pits. 

Richardson and Wood (32) studied by scanning mi-  
croscopy pit growth beneath  a pre-exis t ing film for A1 
in 1M KC1 at pH 6. They concluded that  the film was 
not destroyed by C1- but  was relat ively inert. Pits 
would grow without  delay from pre-exis t ing "mechani-  
cal-" ,or "residual-flaws" in  the film (conceived as re-  
sul t ing from film growth at scratches, impur i ty - r ich  
regions, bubbles, etc.) whenever  electrochemical con- 
ditions were favorable, so that  the basic question was 
not one of pit ini t iat ion but  of pit growth. The conclu- 
sions of the present  work are consistent with theirs but  
would argue fur ther  that  knowledge of film growth is 
also required for unders tanding  why pit growth occurs 
instead of repair  and the origin and na ture  of the flaws. 
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APPENDIX 

Significance af the Electron Opacity 
For a homogeneous compact amorphous film, the 

electron opacity is proportional to mass-thickness w if 
the single scattering t rea tment  may be used and the 
collected current  follows the exponential  law 

Ic : Io e x p ( - -  S~w) [A- l ]  
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Here Ic is the part  of the emergent  current  collected 
and Sc is the total  empir ical  cross section (cm2/g) for 
scattering out of the aper ture  of the collector. The elec- 
t ron opacity, a : ln(Io/Ic) ,  is then S~w or, in terms of 
film thickness h and l inear  scattering coefficient ~c, is 
~ch (~c being S~ times film mass-densi ty) .  A discussion 
of the exponent ia l  law and certain scat ter ing parame-  
ters was given by Hall  in connection with  image forma-  
t ion (36). 

The significance of the opacity is not different wi th  
the method of measurement  used here even  though Ic 
is obtained by difference f rom the current  Iab absorbed 
in the specimen and the opacity is calculated as in [Io/ 
( I o -  Iab)]. The method is dist inctive in that  the ef-  
fect ive collector aper ture  is large and I o -  Iab is the 
total  emergent  cur ren t  so that  only a small  fract ion of 
the scattering events in the film are sensed, Sc repre-  
senting the cross section for scattering above a mini-  
m u m  angle near 90 ~ . This should make the technique 
less sensitive to shor t - range  crystal l ini ty in "amor-  
phous" films. As a check on the val idi ty  of the expo-  
nential  law, Eq. [A- l ] ,  for these conditions, compact 
films were  formed on electropolished specimens by 
anodizing in a Na~B4OT solution at 2 m A / c m  2 to several  
voltages wi thout  current  decay. These films appeared 
compact  in transmission microscopy and a special ex-  
aminat ion of 60V films at high magnification did not 
revea l  incipient  pores or cell structure. The opacity was 
found to be l inear in cell vol tage (Fig. A - l )  wi th  a 
small  intercept  at the value corresponding to equi l ib-  
r ium at t r ibuted to the persistence of a residual (non- 
compact) layer  from the electropolishing. Figure  A-1 is 

ua l i ta t ive ly  s imilar  to the results of Beck et al. (4) 
r opacities of compact a lumina films measured at 75 

kV with  a Faraday  cage below the specimen, but  the i r  
Iine yields a l inear  scat ter ing coefficient two orders of 
magni tude  larger,  the difference reflecting the smal ler  
collector aper ture  of their  technique. 

Al though the l inear i ty  in Fig. A-1 represents  a check 
of the exponent ia l  law to the extent  compact film 
thickness may be taken as proport ional  to formation 
voltage, the scattering parameters  are not de terminable  
precisely because of uncertaint ies  in the values of one 
or more of the quantit ies required,  e.g., h / V  at a given 
C.D. or film density. The values of the parameters  in 
the growth law for compact films were  considered re-  
cent ly by Siejka, Nadai, and Amsel  (37) and f rom 
their  figures for polished A1 samples, the h / V  for the 
present film was taken to be approximate ly  12 A/V.  
F rom Fig. A- l ,  one then obtains ~c ~ 2.5 • l03 cm - I  
(4 ~m per unit  opacity) .  

Opacity of a Porous Amorphous Film 
The general  case of a void, assumed disk shaped, is 

rev iewed first. If the void occupies a fraction f~ of the 
area sampled by the beam and its height  is a fraction 
gi of the film thickness, h, the opacity will  depend on 
the shape or orientat ion of the void (al though not on 
its location in the film) in the general  case. However ,  
in the low opacity range, the opacity can be wr i t ten  

~ ~ch (1 - -  f i g i ) ,  ~ch < <  1 [A-2] 

and for a given film thickness it depends only on the 
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Fig. A- I .  Test of the exponential law for compact anodic films 
formed in ] % Na2B407 at 2 mA/cm 2. 

I I 

fp= AI/(AI+A 2) ~ O.12 

Fig. A-2. Idealization of the classical pore structure for calcula- 
tion of electron opacity vs. film thickness. 

void volume fraction, i.e., it is proport ional  to mass- 
thickness. 

In films growing through pores, the fract ional  poros-  
ity changes wi th  t ime and it  is convenient  to set the 
problem in the specific geometry  of the  classical pore 
s t ructure  as idealized in Fig. A-2. The l inear  scat ter ing 
coefficient of the film mater ia l  is assumed the same for 
cell walls and barr ier  layer. If  f ,  is the fraction of area 
presented to the beam as pores (region 1) and the 
barr ie r  layer  at the bases of pores has thickness h~, the 
contr ibution to the "collected" beam from electrons 
passing down the pores is Iof, e xp ( - -~ch~)  and from 
the electrons t ravers ing the main body of the film (re-  
gion 2) is I o ( 1 -  S v ) e x p ( - - ~ c h ) ,  and the opacity is 
then, for h ~ hp 

: In If ,  e x p ( - -  #chp) ~- (1 -- f , )  e x p ( - -  #ch)] 
[A-3] 

In the low opacity range, this becomes 

a ~ #c [~f,h, -t- (1 -- f , ) h i ,  ~ch < <  1 [A-3a] 

These expressions are  useful  for analysis of film 
thickening at constant vol tage (as on the plateau of the 
cell vo l tage- t ime  curve)  where  according to the classi- 
cal model h,, which is scaled to the vol tage (7, 8), re -  
mains constant. ] ,  is constant if pore tapering by chem-  
ical dissoiution of its walls is assumed, for the moment,  
negligible, so that  only h increases wi th  time. f ,  is 
tal{en as 0.12 f rom the recent  measurements  of Wood 
and O'Sul l ivan (7) and h J V  as 10 A / V  f rom their  data 
for films formed in H3PO4 (8), no microscopic mea-  
surement  being avai lable  for H2SO4. The form of the 
a-h relat ion given by Eq. [A-3] is shown in Fig. A-3 
by plott ing a vs. h / h ,  for ~ch~o : 1 • 10 -8, a level  ap- 
propriate  to the present exper iments ,  and for 1 • 
10 -~. The opaci ty-thickness re la t ion is ini t ial ly linear, 
as seen from Eq. [A-3a], and then curves slightly. The 
~-t curve  would have  the same shape for constant 
dh/dt .  

Application to 7V Opacity Data 
Although the microscopy emphasized that  the  pore 

s tructure had dist inctly nonclassical features during the 
ear ly  stages of anodizing, this did not prohibi t  appli-  
cation of the opacity analysis based on the classical 
model  because the measured opacities were  low and 
thus, as noted above, were  substantial ly uninfluenced 
by the distr ibution of porosity, the opacity being de-  
termined by film mass-thickness whether  pores were  
straight, sloped, or jogged. Because ~ has not been 
measured direct ly for the porous film, there  was mini-  
mum uncer ta in ty  in applying Eq. [A-3] when  a curve-  
fitting procedure was employed to show how film 
growth- ra te  changed with  time. 

In the 7V a-t data in Fig. 8, the ear ly  l inear  region 
extending up to about 84 sec can be fitted with  a theo- 
ret ical  curve  for thickening at a constant  ra te  by pore 
growth.  A period of nonporous growth for a few sec- 
onds at the start  of anodizing would not have  int ro-  
duced nonl inear i ty  detectable  here. From the micros-  
copy, it was known that  the pore s t ructure  requi red  
--~15 sec to become ful ly  developed and was present  
for the bulk of the l inear  period. It was also known 
that  many  "events"  involving in part  type 2 pi t t ing-  
repair  processes occurred at 25 < t < 65 sec. However ,  
despite their  prominence in transmission micrographs 
these were  shallow and could have consumed at most 
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a small  fraction of the charge passed (see text) ,  so that  
their  presence did not contradict the supposition of an 
approximately constant  rate of thickening by pore 
growth up to about 84 sec. 

The ini t ial  slope of the a- t  curve given by Eq. 
[A-3] is 

(d~/dt)~ -- ~c(1 -- I~) (dh/dt)i  [A-4] 

The init ial  slope of the exper imental  7V curve in Fig. 
8, was used to calculate the product ~c(dh/dt)i. For 
continued thickening at the init ial  rate, this was inte-  
grated to yield ~ch(t) (plus a constant  of integrat ion 
which could be neglected according to a fit of the data).  
For the other product, ~ch,, required in Eq. [A-3], the 
~c determined above for a compact a lumina  film was 
employed and h,  was taken from the cell voltage as 
70A. The a- t  curve for constant thickening rate at 
7V so calculated from Eq. [A-3] is shown dashed in 
Fig. 8. This curve is insensit ive to the choice of values 
of ~c or f,, e.g., doubling ~c would change the calculated 
opacity at 900 sec by 0.1%. The (dh/dt)i  derived in-  
cluded in principle the chemical dissolution effect on 
the external  surface, but  this was negligible here. 

In  the low opacity range, the effect of chemical dis- 
solution of film external  surface (at rate v2) and pore 
walls (at rate vl)  dur ing anodizing can be treated 
wi th in  the formalism of Eq. [A-3] by modifying the 
parameters  h and ],. The h( t )  calculated from the 
growth rate assumed is reduced by v2t. The effective 
]~ is increased by an enlargement  of pore diameter 
vary ing  l inear ly  from 2vlt at the external  surface to 
zero at the pore base, and the sectional area of the 
pore is averaged to yield 7v(t) as a product of the 
original value, 0.12, and a funct ion of vlt. 
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ABSTRACT 

Examining  transistors which were  anodical ly decorated in I-IF solution to 
reveal  pipes, we  found that  large differences in emit ter -col lec tor  leakage 
currents  are mainly  due to the different n u m b e r  of leakage paths in each 
transistor.  Resistance associated with  each leakage path was in the 12,000- 
20,000 ohm range;  different resistances were  detected both electr ical ly and by 
electrochemical  etching behavior  in the n + region. From their  behavior  during 
electrochemical  etching, it was de termined  that  the leakage paths seemed to 
c o n s i s t  of nar row regions of n + mater ia l  extending from the emi t te r  through 
t h e  base into the collector. The leakage paths occurred both in and at the 
edge of the emi t te r  (at the ver t ical  emit ter -baae junct ion) .  No direct re la t ion 
be tween pipes and crystal lographic defects could be made, but  it is shown that  
rmt all crystal lographic defects cause serious junct ion leakages. 

Several  techniques  have  recent ly been developed 
which use electrochemical  reactions to del ineate  de- 
vices wi th  electrical  defects (1). A silicon wafe r  is 
placed in an electrochemical  cell and anodically biased. 
Cell conditions are adjusted so that  a react ion prod-  
uct develops only on devices wi th  par t icular  electr ical  
characteristics. Thus, a wafe r  can be electr ical ly 
mapped  for an electr ical  defect by examining  the 
decorated wafe r  optically. This technique allows the 
test ing of ve ry  small devices which could not be 
probed electrically.  Considerable data can also be ob- 
ta ined in a re la t ive ly  short  t ime on the distr ibution of 
electrical  defects, both wi th in  a wafer  and on a wafe r -  
to -wafe r  basis. 

Our purpose was to invest igate  the s t ructure  of npn 
transistors which were  shown to contain col lector- to-  
emi t te r  electr ical  leakage by anodic decorat ion in HF 
electrolyte  (1). Af te r  removing  the react ion product,  
the surface features  of the decorated transistors were  
observed in the SEM; the defect s t ructure  wi th in  the 
transistors was studied using a h igh-vol tage  (1 MV) 
TEM. 

Experimental  Procedure 
Transistors of two different geometries  were  pro-  

duced in phosphorus-doped n -  epi taxial  silicon on p -  
substrates wi th  arsenic-doped subcollector diffusions. 
The base region was obtained through a boron dif-  
fusion; the phosphorus-diffused emit ters  were  em-  
bedded in the base regions. For  electr ical  measure-  
ments  and SEM observation,  emi t te r  diffusions ap-  
p rox imate ly  9 m i d  were  made in sl ightly larger  base 
areas. The TEM observations were  made main ly  on 
devices which had rows of 1 rail 2 emit ters  embedded 
in a common base. Contact  windows were  etched in 
the surface oxide to expose silicon in the emitter ,  base, 
and collector contact areas. Electr ical  contact was 
established by affixing a copper plate to the back sur-  
face of the silicon wafer.  Af te r  coating the wafer  wi th  
wax  (Fig. 1), it was made an anode in an electrolyt ic  
cell, using a 5% HF solution as the electrolyte.  In the 
case of an n - p - n  transistor  under  these conditions, the 
col lector-base junct ion is reverse  biased, so that  if the 
cell vol tage is lower  than the col lector-base b reak-  
down voltage, the current  density at the base and 
emi t t e r  regions is essential ly zero, and no react ion de-  
posits (brown amorphous Si) will  develop. However ,  
if  there  is an emi t te r -col lec tor  leakage.  (pipe),  or if  
the col lector-base junct ion has a p remature  b reak-  
down, current  will  flow across the junct ion and an 
electrochemical  react ion takes place at the device sur-  
face. Thus, a react ion product at the device surface 
will  ident i fy  those devices wi th  an electr ical  defect. 
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The voltage across the cell was adjusted well  below 
collector-base b reakdown so that  no react ion occurred 
within  the emit ter  and base contacts. Within the n + 
diffusion windows in the collector region, however ,  the 
current  density was sufficient to produce a react ion 
product wi thin  a few minutes.  Under  these conditions, 
it has been shown that  emit ters  wi th  emit ter -col lec tor  
leakages wil l  be decorated (1). 

Af ter  anodic decoration, the devices were  examined 
by optical microscopy to determine  the location of the 
decorated transistors. The dark brown product  de- 
posited on n + emi t te r  regions was removed  by dipping 
the sample momenta r i ly  in a 3:2:1 mix ture  of acetic, 
nitric, and hydrofluoric acids, and the t ransistor  sur-  
faces beneath  the deposits were  examined in the SEM 
for details. 

TEM samples were  prepared from these wafers  using 
an electrochemical  technique (2) to provide large 
thinned areas. The p -  substrate and the p+ isolation 
areas were  select ively removed  by anodic dissolution, 
leaving the n -  epi taxial  layer  containing the device 
junctions (Fig. 2). Final  sample thinning was per-  
formed by chemical ly etching the sample in a 3:3:5 
mix ture  of acetic, hydrofluoric, and nitric acids. The 
transistor  ar ray  was th inned from the substrate side 

WAX 
ISOLATION (p+) - -  

SUBSTRATE ( p ) -  

SILVER PAINT - -  

COPPER PLATE - -  

OXIDE 

EMITTER (n +) 

BASE (p+) 
COLLECTOR ( n -  epi) 

SUBCOLLECTOR (n +) 

BEAKER 

5% HF 

I 

Fig. 1. Anodic decoration of transistor array. Electrical contact is 
made to the substrate of the wafer using a copper plate. When the 
sample is anodically biased, the collector-base junction is reverse- 
biased and no reaction product develops on the emitter. If a pipe 
(emitter-collector leakage) is present, current flows to the emitter 
and a reaction product forms on the surface. 
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CATHODE 
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ELECTROLYTE 

Fig. 2. Electrochemical thinning of the transistors. The sample 
was lowered into the electrolyte at a controlled rate to produce 
uniform thinning. 

to  a p p r o x i m a t e l y  2-3 ~m a n d  e x a m i n e d  at  1 MV;  t h u s  
t h e  T E M  s a m p l e  c o n t a i n e d  t h e  e n t i r e  e m i t t e r  a n d  b a s e  
reg ions ,  a n d  p a r t  of  t h e  col lec tor .  D u r i n g  t h i n n i n g  t h e  
t op  s ide  w a s  p r o t e c t e d  to i n s u r e  no  f u r t h e r  e t c h i n g  of 
t h e  e m i t t e r  a reas .  

SEM Examination of Decorated Emitter Surfaces 
A f t e r  5 m i n  of  a n o d i c  deco ra t i on ,  t h e  e m i t t e r  a r e a s  

c o n t a i n i n g  a c o l l e c t o r - e m i t t e r  e l e c t r i c a l  l e a k a g e  ( p i p e )  
d e v e l o p e d  a b r o w n i s h  s u r f a c e  depos i t  (Fig.  3) ; t h e  co r -  
r e s p o n d e n c e  b e t w e e n  d e c o r a t e d  t r a n s i s t o r s  a n d  t r a n -  
s i s to r s  w i t h  c o l l e c t o r - e m i t t e r  e l e c t r i c a l  l e a k a g e  h a s  
b e e n  p r e v i o u s l y  d e m o n s t r a t e d  (1) .  I n  t h e  case  of  t r a n -  
s i s to r s  w i t h  co l l ec to r  to  e m i t t e r  l e akage ,  t h e  b r o w n  
de pos i t  is f o r m e d  as a r e s u l t  of  t h e  e l e c t r o c h e m i c a l  
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c o n v e r s i o n  of  n + e m i t t e r  s i l i con  to a m o r p h o u s  s i l icon.  
Th i s  depos i t  of  a m o r p h o u s  s i l i con  is t h e n  r e m o v e d  b y  
e t c h i n g  for  a f e w  s eco n d s  w i t h  3 : 2 : 1  ac id  m i x t u r e  d e -  
s c r i b e d  p r e v i o u s l y .  T h e  t r a n s i s t o r s  w i t h  no  e m i t t e r  to 
co l l ec to r  l e a k a g e  d i d  n o t  h a v e  a n y  a m o r p h o u s  s i l i con  
depos i t  o n  n + e m i t t e r s .  T h e  e t c h i n g  d i d  n o t  c a u s e  a n y  
s ign i f i can t  r e m o v a l  of  n + s i l i con  o n  t h e s e  u n d e c o r a t e d  
e m i t t e r s .  W i t h i n  t h e  d e c o r a t e d  e m i t t e r  a reas ,  a n o t i c e -  
ab l e  a m o u n t  of  m a t e r i a l  w a s  r e m o v e d  as a r e s u l t  of  
e l e c t r o c h e m i c a l  r e a c t i o n .  Of  61 e m i t t e r s  w i t h  p ipes ,  58 
e m i t t e r s  c o n t a i n e d  s m a l l  s q u a r e  e t c h e d  a r e a s  (Fig.  4) .  
T h e  ~ 4 ~m 2 e t c h e d  a r e a s  o c c u r r e d  b o t h  w i t h i n  t h e  

1 e m i t t e r s  a n d  a t  t h e  e m i t t e r - b a s e  j u n c t i o n .  I n  s o m e  
t r a n s i s t o r s ,  t w o  e t c h e d  a r e a s  w e r e  p r e s e n t  (Fig.  4b ) .  
No d e t a i l  i n  t h e  e t c h e d  a r e a s  cou ld  b e  r e s o l v e d  i n  t h e  
SEM. I n  t h e  t h r e e  o t h e r  e m i t t e r s  w i t h  p ipes  w h i c h  d id  
n o t  c o n t a i n  d i s t i n c t  e t c h e d  a r e a s  t h e r e  w a s  e v i d e n c e  of  
s u b s t a n t i a l  e t c h i n g  a r o u n d  t h e  e m i t t e r - b a s e  j u n c t i o n .  
N o n e  of t h e  e m i t t e r s  w i t h o u t  p ipes  c o n t a i n e d  e t c h e d  
a reas ,  n o r  w a s  t h e r e  a n y  v i s i b l e  e t c h i n g  a t  t h e  e m i t t e r -  
b a s e  j u n c t i o n  (Fig.  5) .  

B y  a n o d i c a l l y  d e c o r a t i n g  l a r g e  (9 mil2)  e m i t t e r  
t r a n s i s t o r s  i n  w h i c h  t h e  l e a k a g e  c u r r e n t s  w e r e  m e a -  

m s u r e d  e l ec t r i ca l ly ,  i t  w as  s h o w n  t h a t  e a c h  of  t h e  e t c h e d  
a r e a s  in  t h e  e m i t t e r  r e g i o n  w as  a s s o c i a t e d  w i t h  a l e a k -  
age  c u r r e n t  t h r o u g h  t h e  t r a n s i s t o r  (cf. T a b l e  I a n d  
Fig.  6) .  F o r  t r a n s i s t o r s  w i t h  e m i t t e r - c o l l e c t o r  l e a k a g e s  
in  t h e  0-10 ~A r a n g e ,  a t  3V r e v e r s e  b ias ,  no  d e c o r a t i o n  
w a s  o b s e r v e d  i n  t h e  e m i t t e r  a reas .  F r o m  10-43 ~A t h e  
e m i t t e r s  w e r e  d e c o r a t e d ,  b u t  no  loca l i zed  e t c h e d  a r e a s  
w e r e  p r e s e n t .  A b o v e  150 ~A, a p p r o x i m a t e l y  4 #m 2 
e t c h e d  a r e a s  w e r e  o b s e r v e d  o n  t h e  t r a n s i s t o r s ;  t h e  
n u m b e r  of  e t c h e d  a r e a s  i n c r e a s e d  w i t h  l e a k a g e  c u r -  
r en t .  F r o m  T a b l e  I i t  c a n  b e  s e e n  t h a t  m a n y  of  t h e  
e t c h e d  a r e a s  c o r r e s p o n d e d  to  a l e a k a g e  c u r r e n t  of  a p -  
p r o x i m a t e l y  150-250 ~A. I n  t h e  t r a n s i s t o r  w i t h  1650 #A 
l e a k a g e  c u r r e n t s  (Fig.  6),  s o m e  of  t h e  e t c h e d  a r e a s  
w e r e  s u b s t a n t i a l l y  s m a l l e r  t h a n  t h e  t y p i c a l  4 # m  2 a r e a  
(cf. Fig.  5) ,  i n d i c a t i n g  less  l e a k a g e  w a s  a s s o c i a t e d  
w i t h  t h o s e  p a r t i c u l a r  l e a k a g e  pa ths .  I n  gene ra l ,  h o w -  
ever ,  t h e  n u m b e r  of  p a r a l l e l  l e a k a g e  p a t h s  w i t h i n  a 
t r a n s i s t o r  is a m a j o r  i n f l u e n c e  o n  t h e  t o t a l  l e a k a g e  c u r -  
r en t ,  e s p e c i a l l y  in  t h e  h i g h  l e a k a g e  r a n g e .  

TEM Examination of Decorated Transistors 
A f t e r  t h i n n i n g  to a p p r o x i m a t e l y  3 ~m, t h e  t r a n s i s t o r  

a r r a y  w as  e x a m i n e d  a t  1 MV. A t  t h e  s u r f a c e  t h e  e t c h e d  
a r e a s  f o r m  s q u a r e s ,  w i t h  t h e  s ides  a l o n g  < 1 1 0 >  d i r e c -  
t i ons  (Fig .  7) .  S t e r e o m i c r o g r a p h s  s h o w  t h a t  t h e  e t c h e d  
a r e a s  a r e  s q u a r e  o n l y  n e a r  t h e  t o p  su r face ,  b e c o m i n g  
r o u g h l y  con ica l  w i t h  i n c r e a s i n g  d e p t h .  T h e  s h a p e  of 
t h e  e t c h e d  a r e a  c a n  also b e  o b t a i n e d  f r o m  t h e  t h i c k n e s s  
c o n t o u r s  v i s i b l e  in  t h e  l a r g e r  e t c h e d  a r e a  i n  Fig. 7. T h e  
a l t e r n a t i n g  l i g h t  a n d  d a r k  f r i n g e s  a r e  a r e s u l t  of t h i c k -  
ness  v a r i a t i o n s  in  t h e  s a m p l e ;  e a c h  f r i n g e  r e p r e s e n t s  
a n  a r e a  of  c o n s t a n t  t h i c k n e s s .  I f  a 1 sec S i r t l  e t c h  is 
u s e d  to  r e m o v e  a n o d i z a t i o n  p r o d u c t  r a t h e r  t h a n  t h e  
3: 2 :1  e t c h a n t  so lu t ion ,  t h e  e t c h e d  a r e a  is r o u g h l y  c i r -  
cu la r .  T h u s  no  co n c l u s i o n s  c a n  b e  d r a w n  a b o u t  t h e  

Fig. 3. Decorated transistor array. In each row the emitters are 
embedded in a common base. The dark emitters have been anodically 
decorated showing that they each contain a pipe. 

Table I. Relation between leakage current and number of etched 
areas in large-emitter transistors anodically decorated at 1V for 2 

rain in HF 

L e a k a g e  
c u r r e n t  N u m b e r  of  e t ched  

(#A) a t  3V spots  w i t h i n  deco-  
r eve r s e  b ias  r a t e d  e m i t t e r  a rea  C o m m e n t s  

10 N o n e  
13 None* 
21 None* 
40 None* 

150 1"* 
370 2** 

1650 6** 
3400 12"* 

Not  decora ted*  
R e d e c o r a t i o n  poss ib le ;  t he re fo re ,  

e m i t t e r  p a r t i a l l y  r e m o v e d .  

R e d e c o r a t i o n  no t  poss ib le ;  t h e r e -  
fore,  e n t i r e  e m i t t e r  r e m o v e d .  

* E x a m i n e d  o p t i c a l l y  a n d  i n  SEM. 
** Vis ib le  a t  500 • 
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Fig. 4a. Scanning electron micrograph of an emitter with a pipe. 
The reaction product has been removed revealing an etched area 
under the emitter. 

Fig. 4b. Scanning electron micrograph of an emitter with two 
etched areas. 

Fig. 5. Scanning electron mi- 
crograph of a device that did 
not contain a pipe. 

geometry  of the etch pits in the anodically decorated 
emitters.  

Two-dimensional  defects were  observed wi th in  sev-  
eral  emi t te r  areas (Fig. 8); s imilar  defects were  also 
observed outside the emi t te r  areas. These defects were  
identified by Booker and Tunstal l  (3) as extr insic 
stacking faults which g rew from the top surface into 
the silicon wafe r  during oxidation. A curved F rank  
par t ia l  dislocation forms the boundary  be tween  the 
stacking fault  and the nonfaul ted matr ix .  If the TEM 
sample is sufficiently thin, the stacking fault  wil l  in te r -  
sect the bot tom surface as in this case. Recognizing the 
flat shape of the stacking fault  at the bot tom surface 
( lower  r ight  edge),  the sample thickness can be cal- 
culated from the projected width  of the stacking fault.  

The amount  of mater ia l  r emoved  from an emi t te r  
wi th  a pipe can be est imated from the stacking fault  
shown in Fig. 7, which terminates  at the upper  r ight  
edge of the emitter.  Assuming the stacking fault  origi-  
nal ly ex tended la tera l ly  into the emi t te r  region, the 
thickness of mater ia l  r emoved  from the emi t te r  is at 
least as great  as the depth of penetra t ion of the stack- 
ing fault  into the wafer.  The distance f rom the top 
surface to the bot tom of the stacking fault  is 

d - - - - w t a n 0  

where  w is the projected width  and e is the angle be- 
tween  the surface plane and the fault  plane, which is 
always a (111) plane. For  a (100) surface and the 
(111) fault  plane, ~ ---- 54.7 ~ For  the stacking fault  in 
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Fig. 6. Scanning electron micrographs of Iorge-kerf transistors which had been electrically probed prior to anodic decoration. The number 
of etched areas within the emitter increases with increasing emitter-collector leakage. 

Fig. 7, w _-- 1.25 ~m, so d ----- 1.75 ~m. Since the emi t t e r -  
base junct ion depth is 1.7 ~m, it is reasonable to con- 
clude that  the n + silicon f rom the ent ire  emi t te r  region 
of the t ransis tor  was conver ted  to amorphous silicon 
dur ing anodic decoration. This explains why  transis-  
tors wi th  a leakage current  l a rger  than  150 ~A cannot 
be redecorated af ter  removing  the init ial  decorat ion 
with  an acid mix tu re  (Table I ) .  

The thickness contours at the edge of the etched 
area could be used to approximate  the depth to which 
the etched area extended into the device. Assuming a 
two-beam condition, the ext inct ion distance for the 
(220) reflection at 1 MV is approximate ly  0.13 #m (4). 
The ten thickness fr inges wi th in  the etched area show 
the etched area extends 1.3 ~m below the surface. We 
have  previously  shown that  during anodic decorat ion 
the amount  of n + mater ia l  conver ted  was at least as 
great  as the ent ire  depth of the emi t te r  region for t r an-  
sistors wi th  etch pits in the emitter .  We expect  that  
conversion of n + mater ia l  to amorphous silicon should 
stop when  the act ive donor  concentrat ion decreases 
below a certain level  (see next  paragraph) ,  so that  
none of the mater ia l  be low the junct ion is expected to 
be removed  during anodic decoration. Therefore,  the 
top of the etched area is at the emi t te r -base  junction,  

and the etched area extends th rough the base and wel l  
into the collector region. (The base width  is 0.4 ~m.) 

The fact that  the anodic decoration caused etching in 
the collector shows that  localized, high n + donor con- 
centrat ions extend into the n -  collector. M. J. J. 
Theunissen et al. (5) have shown that  in the range be-  
tween  3 X 10 is and 2 >< 10 TM donors /cm ~ (0.01-0.3 
ohm-cm) ,  only par t ia l  dissolution of the n -  silicon 
occurred at a cell vol tage of 10V and the rate  of anodic 
dissolution decreased at the lower  concentrations. The 
n -  epi taxial  silicon in the collector region of our de- 
vices had a donor concentrat ion of 1 >< 1017 donors /  
cm 3 (0.09 ohm-cm) .  As stated above, the electron 
microscope samples f rom these device wafers  were  
prepared  by select ive anodic etching of p mater ia l  at 
10V; the n -  epi taxy regions did not substant ial ly dis- 
solve even at cell voltages of 10V. In our present  work, 
we have also noticed that  the n -  collector regions did 
not etch when  exposed to the e lect rolyte  during the 
anodic decoration. However ,  the depth measurements  
of the etched areas have shown that  in the region of 
the pipe the collectors are e lectrochemical ly  etched. 
The presence of the etched areas in the n -  collector 
indicates dopant concentrat ions higher  than the epi-  
taxial  dopant concentration. Thus, the enhanced donor 
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Fig. 7. Transmission electron mlcrograph of the device in Fig. 4b. Thickness fringes are visible both within the etched areas and at the 
edge of the device. The emitter has been removed during anodic decoration. An oxidation-induced stacking fault terminates at the edge 
of the device. 

concentration, shown by Barson et aI. (6) to be as- 
sociated with  the pipe in the base region, is also pres-  
ent  in the n -  collector. 

The calculat ion of thickness using thickness fringes 
could contain substantial  errors due to uncer ta in ty  in 
deviat ion from the t rue  Bragg condition (4). However ,  
if  one used the thickness contours at the edge of the 
emi t te r  area to calculate the re la t ive  thickness of the 
base and emi t te r  regions, a difference in thickness of 
1.2 ~m is obtained, which is reasonably close to the 
value of 1.7 ~m obtained using the projected width  of 
the stacking fault. Thus, it is clear that  the above cal- 
culat ion on the depth of the etched area is sufficiently 
accurate  to conclude that  the etched area does extend 
f rom the emi t te r  to collector, and corresponds to the 
actual location of the pipe. 

The fact that  not all crystal lographic defects which 
cross junctions cause significant electr ical  problems is 
well  i l lustrated by the transistor  containing two oxida-  
t ion- induced stacking faults (Fig. 8). F rom the lack 
of anodic decoration it is known that  the emi t t e r -  
collector leakage current  is less than 10 ~A which is 
equivalent  to a pipe resistance ~ 330 kohvn. The offset 
of the top fr inge of the stacking fault  as it crosses the 
emi t te r -base  junct ion shows the emi t t e r  surface is 
0.54 ~m below the surface of the adjacent  base. Of this 
value, approximate ly  0.05 ~m of silicon was consumed 
during the format ion of phosphosilicate glass dur ing 
the emi t te r  diffusion cycle. Therefore,  the remaining 
0.5 ~m of n § silicon was removed  dur ing the anodic 
decoration, showing that  an electrochemical  react ion 

occurred at the emi t t e r  surface, but was not strong 
enough to produce visible decoration. 

F rom the projected width  of the stacking fault  wi th-  
in the emit ter  region, we calculated that  the larger  
stacking fault  extends at least  3 ~m into the device. 
Since the emi t te r -base  and col lector-base junctions are 
1.7 and 2.1 ~m deep, respectively,  the stacking fault  
and the bounding F rank  par t ia l  dislocation extend 
f rom the emit ter  region through the base and into the 
collector region wi thout  causing a significant leakage 
current.  Fur ther ,  f rom the shape of the etched areas 
in decorated transistors, it is reasonable to conclude 
that  they  were  not produced at the ends of oxidat ion-  
induced stacking faults. If  the etched areas had been 
produced at stacking faults, one would  expect  the 
etched areas to fol low the direct ion of the bounding 
Frank  part ial  dislocation, which, in the base and col- 
lector  region, tends to become paral lel  to the wafer  
surface. However ,  the etched area is roughly  conical 
wi th  the long axis approximate ly  normal  to the wafer  
surface and thus, does not seem to have been  generated 
by an oxidat ion- induced stacking fault. 

Thus, the oxidat ion- induced stacking faults in these 
devices caused no substantial  leakage currents  across 
the junctions. Obviously, no conclusions about the 
presence or absence of other  crystal lographic defects 
wi thin  the devices can be d rawn since the leakage path 
was removed during decoration. 

The presence of the stacking faults in devices with 
no appreciable leakage currents  is in agreement  with 
the hypothesis that  crystal l ine defects degrade device 
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Fig. 8. Transmission electron 
micrograph of a transistor with a 
leakage current less than 10 ~A. 
The dotted line delineates the 
emitter area. The upper oxida- 
tion-induced stacking fault ex- 
tends through the emitter and 
base regions and into the collec- 
tor; the smaller stacking fault is 
in the lower right corner of the 
emitter. 

propert ies  only when  there  is an impur i ty  present  at 
the defect. Studies by Barson (6) showed that  indi -  
vidual  pipes, identified by microsectioning and stain-  
ing, were  often associated with  stacking faults nucle-  
ated in the epi-substra te  interface. Since not all stack- 
ing faults caused pipes and since the number  of pipes 
increased if a gold diffusion was included, they  con- 
cluded that  a defec t - impur i ty  interact ion was respon- 
sible for pipe formation. Parekh  (7) also observed that  
increased densities of dislocations and stacking faults 
only caused increased pipe densities when  a gold dif-  
fusion step was included. 

Summary and Conclusions 
By examining  transistors which had been anodically 

decorated in I-IF solution to reveal  the presence of 
pipes, we found that  large differences in the magni tude  
of the emi t te r -col lec tor  leakage current  are main ly  
due to the different number  of leakage paths exist ing 
in each transistor.  The resistance associated wi th  each 
leakage path was in the 12,000-20,000 ohm range;  dif-  
ferences in resistance were  detected both by electr ical  
testing and by electrochemical  etching behavior  of the 
n + region. From their  behavior  dur ing electrochemical  
etching, the leakage paths have been shown to consist 
of nar row regions of n + mater ia l  extending f rom the 
emi t te r  th rough the base into the collector. The leak-  

age paths occurred both at the edge of the emi t te r  
region (at the vert ical  emi t te r -base  junct ion)  and 
within  the emi t te r  region. 

Since electrochemical  decorat ion removed  the mate-  
rial in the immedia te  area of a pipe, no direct re lat ion 
be tween  a pipe and crystal lographic defects could be 
made. Oxidat ion- induced stacking faults were  observed 
crossing the emi t te r -base  and col lector-base junctions 
of a transistor. The emi t te r -col lec tor  leakage current  of 
the transistor  was very  low, equivalent  to a pipe re-  
sistance --~ 330,000 ohms, i l lustrat ing that  not  all  crys-  
tal lographic defects cause serious junct ion leakages. 
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Diffusion in Thin Silicon Films Formed 
by Electrochemical Etching 

T. I. Kamins 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, Cali]ornia 94304 

ABSTRACT 

The diffusion of dopant  atoms into th in  silicon films formed by an electro- 
chemical-etching technique has been investigated. Dopant atoms have been 
diffused from boron-  and phosphorus-doped, vapor-deposi ted oxides into 
both thin-f i lm samples of the opposite conductivi ty type and into bu lk  con- 
trol wafers. The diffusion characteristics of the impur i ty  atoms are general ly  
similar  in  the th in  films and in bu lk  wafers. Second-order  effects include 
slightly higher sheet conductances in  the th in  films than  in  the bu lk  control 
wafers and slightly shallower diffusion of phosphorus into p- type  films than 
into bu lk  wafers. The oxidation rate of the th in  films is the same as that  of 
bu lk  silicon. 

Thin  silicon films on insulat ing substrates have re-  
ceived considerable a t tent ion recently because of the 
reduced d-c and a-c interact ions be tween adjacent  de- 
vices fabricated in  the films. Most interest  has been 
focused on silicon layers heteroepi taxial ly  deposited on 
sapphire or spinel (1, 2), a l though the low minor i ty -  
carrier lifetimes found in these films have l imited their  
application to major i ty-car r ie r  MOS transistors. One 
al ternat ive  to this approach is to form the thin silicon 
film from a thick, epitaxial, s ingle-crystal  silicon 
wafer by an electrochemical-etching process which 
terminates  at a well-defined, epi-substrate  interface 
(3). A thick, insulated layer of polycrystal l ine silicon, 
added by  chemical vapor deposition before the elec- 
t rochemical - th inning  process, serves as a mechanical  
support  for the single-crystal  silicon film (Fig. 1). 
Since this system is not  l imited by  the inheren t  mis-  
matches of a heteroepitaxial  deposition, the minor i ty -  
carrier l ifetime is significantly greater than  in the 
s i l icon-on-sapphire  system. Fi lms of a qual i ty suit-  
able for bipolar, as well  as MOS, integrated circuits 
can readily be fabricated (4). 

A series of exper iments  was conducted in order to 
determine if the diffusion of dopant impuri t ies  into 
the thin, s ingle-crystal  silicon films formed by the 
electrochemical-etching process differs from that  in 
bu lk  wafers. Diffusion of both boron and phosphorus 
was considered. The oxidation rate of the thin films 
was also examined. Unlike the cases of polycrys-  
tal l ine-si l icon films (5) or silicon on sapphire, no 
gross differences were expected between the thin-f i lm 
wafers and bulk  samples because of the high crystal  
qual i ty  of these th in  films. 

Experimental Method 
After  the appropriate conducting and insula t ing 

layers were added to the start ing wafers, the films 
were formed by electrochemical etching (8) so that  
the final s t ructure  appeared as shown in Fig. 1. Then  
approximately 2 ~m of silicon was removed from each 
sample by vapor etching in order to avoid possible 

Key words: silicon films, thin films, diffusion. 

effects of a surface region wi th  a different dopant  
concentrat ion than  the remainder  of the film. The 
final thickness of each silicon film was approximately 
6-7 #m. 

Impuri t ies  were diffused into the ( l l l ) - o r i e n t e d  
silicon films and into s imilar ly doped ( l l l ) - o r i e n t e d ,  
bulk  control wafers from doped, vapor-deposited, 
si l icon-dioxide films. The use of these doped oxides 
allowed direct comparison of diffusion into the thin 
films and into the bu lk  control wafers since the 
amount  of dopant  which entered the silicon from 
the doped oxide was pr imar i ly  controlled by diffusion 
in the oxide while the diffusion depth was controlled 
by the diffusivity of the dopant  in  the silicon (6). The 
doped oxide films were deposited by the oxidation 
of silane and either diborane or phosphine at a sub- 
strate tempera ture  of approximately  400~ and were 
about 1 ~m thick. The diffusions were performed in 
a dry ni trogen ambient,  with each thin-f i lm sample 
being placed in the diffusion furnace between two 
similar ly doped, bulk  control samples of approxi-  
mately  the same size. A diffusion tempera ture  of 
l l00~ was used since diffusion at this tempera ture  
is general ly  more reproducible than  diffusion at lower 
temperatures.  

Surface concentrat ions of the dopant  atoms were 
calculated by reference to previous work on diffusion 
from boron-doped oxides (6) and phosphorus-doped 
oxides (7). The boron-doped oxide contained about 
5% B2C~ or 2 • 1021 cm -3 boron atoms, which should 
produce a surface concentrat ion of about 5 • 1019 

Single- Crystal 
~ Silicon Film 

Insulator 

I ~'~ Polycrystalline Silicon 
Fig. 1. Cross section of composite substrate after electrochemical 

etching. 
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cm -3 boron atoms in the silicon. The phosphorus-  
doped oxide contained about 10% P20~ or 2 • 10 ~t 
cm -3 phosphorus atoms so that the surface concentra-  
tion in  the silicon was about 8 • 10 TM cm -~. 

The diffusion times were chosen so that the sheet 
conductance and the junct ion depth of the diffused 
layer could be plotted as functions of the square root 
of the diffusion t ime for both the s ingle-crystal  films 
and the control samples. As discussed by Barry  and 
Olofsen (6), this method of presentat ion allows ready 
calculation of the diffusivity of the dopant  impuri ty.  

After diffusion the sheet resistivity was measured 
with a four-point  probe in several spots on each 
sample. Junct ion  depths were measured by optical 
interferometr ic  techniques after del ineation by groov- 
ing and staining wi th  a nitr ic-hydrofluoric acid solu- 
t ion (70% HNO3:49% HF:H20  - -  1:500:500 by 
volume).  

Exper imenta l  Results 
The sheet conductances measured after the diffu- 

sions were approximately l inear ly  proportional to 
the square root of the diffusion times, al though the 
agreement  was bet ter  for phosphorus diffusion into 
p- type  samples than  for boron into n- type  samples. 
The deviat ion from a l inear  relat ionship seen in  the 
lat ter  case may be similar to that  observed by Barry 
and Olofsen at high boron surface concentrations 
(Ca > 102~ cm-3) .  Figures 2(a) and 2(b)  are plots 
of the sheet conductances in the th in  films as func-  
tions of the sheet conductances in the s imultaneously  
diffused bulk  samples. In  both cases the data points 
lie above a line with un i ty  slope, indicating a con- 
sistent tendency for somewhat  higher sheet con- 
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Fig. 2. Sheet conductance in thin films after diffusion as a func- 
tion of sheet conductance in corresponding bulk wafers: (a) boron 
diffusion into n-type samples; (b) phosphorus diffusion into p-type 
samples. 
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ductances in  the th in  films than  in the bu lk  samples. 
In  some cases the value in the th in  film was the same 
as that  in the bu lk  samples, but  in no case was the 
value in the th in  film less than  that  in  the correspond- 
ing bu lk  samples. The dashed lines in  Fig. 2 indicate 
that  the sheet conductances were approximately 10% 
higher in the th in  films for boron diffusion and about 
6% higher for phosphorus diffusion. 

The measured values of junct ion depth were also 
plotted as functions of the square root of the diffusion 
time with reasonable fit to a l inear  relationship. Clear, 
well-defined junct ions were obtained in  the case of 
phosphorus diffusion into p- type  films while difficulty 
was occasionally encountered obtaining clear stain 
lines on some of the n - type  films after boron diffusion. 

Figures 3(a)  and 3(b)  show the junct ion depths in 
the th in  films as functions of those in the bulk  sam- 
ples. In  both cases the junct ion depths were the same 
in  the thin films and in  the bu lk  samples for shallower 
diffusions (xi < 4 ~m). For the longer phosphorus 
diffusions, however, the junct ion  depths in the thin 
films became appreciably less than those in the bulk  
samples. This t rend was seen in  three separate series 
of diffusions and is probably not a statistical error. 
The dashed l ine in  Fig. 3(b) indicates that  the junc -  
t ion depths were approximately 8% less in  the th in  
films than in the bulk  control samples after prolonged 
phosphorus diffusion. 

In  order to find any difference in the oxidation rate 
of the thin films from that of bulk  silicon wafers, films 
were oxidized together with bu lk  control samples. 
The oxides were formed under  conditions controlled 
by the surface reaction rate ra ther  than  by the diffu- 
sion of oxygen through the already formed oxide, 
since any differences caused by the thin-f i lm structure 
would be most easily observed in the former case. 
Wafers were oxidized at 920~ in both dry  oxygen 
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and "stream"l ambients.  The oxide thicknesses were 
measured with an ell ipsometer at the center of each 
sample. Unoxidized thin-f i lm samples were also mea-  
sured with the ell ipsometer to confirm that  the light 
(~ ~ 6328A) did not penetrate  through the silicon 
film to the under ly ing  oxide layer  and inval idate  the 
results of the ell ipsometer measurements .  In  most 
cases the oxide thickness on the thin-f i lm sample was 
wi th in  1% of that  on the bu lk  samples, indicating that  
the oxidation rate of the th in  films does not differ 
to any significant degree from the oxidation rate of 
bulk  silicon wafers. 

Discussion 
The data obtained from these experiments  may be 

interpreted on the basis of the theory developed by 
Barry  and Olofsen (6), which relates the diffusivity 
D and the segregation coefficient m of the dopant in 
the silicon to the measured sheet conductances and 
junct ion depths. Figures 3(a) and 3(b)  indicate that 
the diffusivities of both phosphorus and boron are the 
same in the th in  films and in bulk  wafers, at least for 
the shallower diffusions. From the xj vs. ~v~ data, 
in the silicon film was calculated to be 0.22 ~m/hr'/2 
for boron diffusion and 0.30 ~m/hr~/2 for the shallower 
phosphorus diffusions, in  good agreement  with the 
values previously obtained under  similar  conditions in 
bulk  silicon (6, 7). 

Possible causes of the Shallower junct ion depths 
measured in the thin-f i lm samples than in bulk  wafers 
after the longer phosphorus diffusions should be 
briefly considered. Since the phosphorus atoms only 
have a finite thickness of silicon into which to diffuse, 
the boundary  condition of the diffusion equation will 
be different from that  usual ly encountered. As the 
junct ion depth approaches the film thickness, the 
impur i ty  atoms will start  to pile up near  the bottom 
surface. The solution to the diffusion equation for the 
case of a finite film thickness and a constant surface 
dopant concentrat ion is given by  (8) 

C ~ [ 2n x~ d- x 
_ _  ~ ( - - 1 ) ~  erfc 

C, L 2 ~ -  
n = 0  

2 ( n +  1) x I - x ]  
~- erfc 2 ~ 'DT- ~ [1] 

where x is the distance from the top surface of the 
silicon film and xf is the film thickness. As a worst 
case we find that the concentrat ion 1 ~m from the 
back of a 7 t ,m-thick film is approximately 0.1% 
higher than the value found for the semi-infini te case. 
Consequently,  the finite thickness of the silicon film 
cannot lead to the shallower junct ion depths observed 
in the th in  films. In fact, the pi le-up of impur i ty  atoms 
near  the back of the film should eventual ly  lead to 
deeper junct ion  depths in the th in  films since the 
concentrat ion at a given depth into the film will  be 
increased above its value for the semi-infini te  case. 
The shallower phosphorus junct ion  depths may be 
related to the properties of the silicon film near  the 
bottom surface, including the possibility of a stressed 
layer  near  the Si-SiO2 interface or the precipitat ion 
of impurities. Subtle differences in the staining be-  
havior may also influence the measured junct ion 
depth. 

The differences in sheet conductance between the 
th in  films and the bulk  samples (Fig. 2) must  arise 
from either a greater mobil i ty  or a larger  number  of 
charge carriers in the thin films. Consideration of 

O x y g e n  bubbled through 97~ wa te r .  

mobil i ty  changes expected from stress effects (9-11) 
indicates that the change should be in the opposite 
direction and markedly  less in n - type  diffused layers 
than in p- type diffused layers while the exper imental  
behavior shows that  the difference in sheet conduct-  
ance is about the same for n - type  and p- type  diffused 
layers. In addition, stress measurements  (12) indicate 
an upper  bound of about 5 • 10 s dynes /cm 2 on the 
stress in the films. The corresponding ma x imum 
change in  conductance should be less than  about 1.5% 
in the boron diffused layers and less than about  0.2% 
in the phosphorus diffused l aye r s - -much  less than the 
exper imental ly  observed differences. Consequently,  
the differences in sheet conductance between the thin 
films and the bulk  wafers cannot result  solely from 
straightforward stress effects. Since Eq. [1] indicates 
that the finite film thickness should not significantly 
affect the dopant dis t r ibut ion for any case considered, 
a larger number  of charge carriers in the thin film 
most l ikely results from a higher surface concentra-  
tion and, hence, a greater segregation coefficient. 
(Fur ther  measurements  on bulk  samples which were 
either vapor etched or mechanical ly polished before 
phosphorus diffusion from doped oxides did not indi-  
cate any  significant differences; therefore, any differ- 
ence in segregation coefficient between the thin films 
and the bulk  samples cannot be related solely to the 
vapor etch t rea tment  given the electrochemically 
etched films.) 

Conclusions 
From these measurements  we may conclude that, 

to first order, the diffusion characteristics of dopant 
impurit ies are similar in the electrochemically etched 
thin films and in bulk  wafers. Possible second-order 
effects include slightly higher sheet conductances in 
the thin films than in bulk  control wafers and slightly 
shallower diffusion of phosphorus into p- type thin 
films than into bulk  control wafers. The oxidation 
rate of the thin films is the same as that  of bulk  silicon. 
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Investigation of Imperfections in Silicon Substrates 
Using Copper Displacement Technique 

M .  J. Grieco *'1 

IBM Components Division, East Fishkill Facility, Hopewell Junction, New York  12533 

ABSTRACT 

A copper displacement etching system (1) has been used as an effective 
and sensitive technique for the del ineation and evaluat ion of crystal imper-  
fections in polished silicon substrates. X- ray  topographs of the substrate prior 
to and after epitaxial  deposition show a relationship between subsurface dam- 
age and /o r  contaminat ion and defects in the epitaxial  film. 

Clean surfaces are essential in  the fabricat ion of 
semiconductor devices. Any contaminants  in  the sur-  
face or subsurface could affect subsequent  processing 
steps and thus influence the performance, yield, re-  
liability, and qual i ty  of the semiconductor devices. Epi- 
taxial  spikes and /or  mounds,  for instance, on the sur-  
face would impact the subsequent  photolithographic 
and masking operations resul t ing in device yield loss. 

A technique is described to reveal damaged semi- 
conductor mater ia l  and to remove embedded mater ia l  
and surface contaminants  to produce a clean surface. 

Exper imental  
For all experiments,  vendor  mater ia l  and IBM Chem- 

Mech polished p-type, <111> 10-20 ohm-cm were used 
(2). Prior  to del ineat ion of subsurface damage with the 
copper displacement reaction,2 the wafers were de- 
greased in tr ichloroethylene,  r insed in  acetone, de- 
ionized water, and heated in  nitr ic acid (HNO~). The 
wafers were then r insed in  distilled water, r insed in  
methanol ,  and b lown dry with filtered N2. The copper 
displacement process is performed at room tempera ture  
in a Teflon or polyethylene beaker.  All photomicro- 
graphs were taken using Nomarski interference con- 
trast. 

In  order to minimize artifacts produced dur ing  the 
copper displacement process and to remove controlled 
amounts  of silicon, a 10 or 20 times di lut ion of the 
stock solution with distil led water  is used. A 10:1 and 

* Electrochemical  Society  Act ive  M e m b e r .  
1 Present  address: Bel l  L a b o r a t o r i e s ,  M u r r a y  Hil l ,  N e w  J e r s e y  

07974. 
K e y  w o r d s :  imperfect ions ,  si l icon s u b s t r a t e s ,  c o p p e r  d i s p l a c e m e n t ,  

x - r a y  t o p o g r a p h y .  
T h e  copper displacement  stock solution has a c o m p o s i t i o n  of :  

55g C u S O 4 - 5  H~O; 50 m l  H F  (49%);  950 m l  H~O. A p p r o x i m a t e l y  
1500 A/rain of  si l icon is r emoved  w i t h  th i s  composition.  

Fig. 1. Schematic representation af the mechanism involved in the 
copper displacement of silicon surfaces for determining crystal 
quality. 

Fig. 2. Photomicrograph of silicon substrate containing embedded material, a, Original surface; b, embedded material revealed after 1 
min copper displacement. 
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Fig. 3. Photomicrograph of silicon substrate containing crystallo- 
graphic imperfections, a, Original surface; b, imperfections de- 
lineated after I rain copper displacement; c, twinning delineated 
after I min copper displacement. 

Fig. 4. Photomicrograph of silicon substrate containing work 
damage, a, Original surface; b, work damage delineated after ! min 
copper displa:ement; c, work damage delineated after 5 min cop~ 
per displacement. 

20:1 dilution removes  approximate ly  800 and 400 A /  
min  of silicon, respectively.  Unless otherwise  noted, 
all wafers  were  copper displaced for 1 rain using the 
10:1 dilution system. The copper plat ing is stopped by 
quenching the wafers  wi th  water.  The copper film is 
then removed by dissolving in concentrated nitric acid 
(HNO~) and rinsing in distil led water .  Adequate  care 

must be taken to insure that  all copper plat ing solu- 
tion is removed prior  to removal  of the copper film 
with HNO~. I f  this is not  done, continued etching of 
the surface will  occur due to the HNO3-HF mixture .  
This will  cause anomalous results and in terpre ta t ion  of 
data will  be difficult due to a level ing of imperfect ion 
sites revealed by the copper displacement reaction. 
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The dissolution of silicon and the s imultaneous pla t -  
ing of copper takes place according to the following 
reactions 

2Cu +2 -5 Si0--> 2Cu ~ -5 Si +4 [1] 

Si +4 -5 6 F - ~  SiF6= [2] 

The displacement process involves an oxidat ion-reduc-  
t ion reaction, in which the copper ions are reduced 
to copper and the silicon is oxidized (Eq. [1]). The 
oxidized silicon is brought  into solution by a suitable 
complexing agent such as fluoride ions (Eq. [2] ). 

Results and Discussion 
Figure 1 shows a schematic representa t ion of the 

mechanism involved in  the copper displacement of 
silicon surfaces for the del ineat ion of subsurface dam- 
age, crystallographic imperfections, and removal  of 
surface contaminants .  Figure  1 (a) represents  a wafer  
containing subsurface damage, embedded material ,  and 
surface contamination. During the copper displacement 
process [Fig. l ( b ) ] ,  copper plates the ent i re  platable 
silicon surface. However, there is an enhanced dis- 
placement of silicon under  and around the nonpla table  
mater ial  and a copper layer  is formed between the 
silicon surface and the subsurface or surface contami-  
nants. There is also an enhanced displacement of sili- 
con at crystallographic imperfections and regions 
where there is surface damage. This enhanced dis- 
placement is caused by small  changes in surface energy 
and subsequent  higher etch rates in  these regions. 
When the copper layer  is removed by a suitable re-  
agent, the surface contaminants  are removed and sur-  
face imperfections are delineated [Fig. l ( c ) ] .  In  the 
regions where part iculate mat ter  was present, small  
craters were revealed. 

After  del ineat ion with the copper displacement 
technique, the types of surfaces obtained can be 
grouped into three types: (i) embedded or occluded 
material,  (ii) crystallographic defects such as imper-  
fections and twinning,  and (iii) work damage caused 
by the sawing or lapping operation prior to polishing 
the silicon substrate.  Figure  2 shows a photomicro- 
graph of a silicon surface prior to and  after copper 
displacement in  which the embedded mater ia l  in  the 
subsurface has been delineated. These particles are 
10-12 ~m in diameter. An at tempt  was made to identify 
these embedded particles with an electron microprobe. 
A luminum well  above the background level was found 
in these areas. The embedded particles were also ob- 
served in  the scanning electron microscope (SEM), to 
"pop out" of the surface due to electrostatic charge up 
of the dielectric. This evidence indicates that  the par-  
ticles in  question are most probably Al~O3 (5), a 
mater ia l  used in  the wafer  shaping operat ion having a 
typical size of 10-12 #m in  diameter. 

Figure  3 shows a photomicrograph of a silicon sur-  
face which contains crystallographic defects. Imper-  
fections and twinn ing  can be seen in  Fig. 3(b) and 
3(c),  respectively, after copper displacement of the 
original silicon surface. 

During the wafer shaping operation, if sufficient 
mater ia l  is not removed dur ing the lapping or polish- 
ing operation, work damage will  still be present  in the 
silicon crystal [Fig. 4(b, c)] .  Figure 4(b)  shows a 
photomicrograph of a silicon surface containing work 
damage after copper displacement. After  removing a 
total  of 1 ~rn from this surface [Fig. 4 (c ) ] ,  addit ional 
work damage is del ineated that  was present  in the 
silicon crystal and not  removed dur ing  the polishing 
operation. 

As a final step in  the silicon wafer shaping opera- 
tion, some silicon wafer  vendors "buff" their  wafers 
on a polishing cloth. Although this removes any sur-  

Fig. 5. Evaluation of different surface cleaning techniques and 
their effect on surface quality, a, Solvent clean after 1 min copper 
displacement; b, solvent and acid clean after 1 min copper dis- 
placement; c, solvent, acid, and HF clean after 1 min copper dis~ 
placement. 

Fig. 6. X-ray topographs of: a, as-received silicon substrate; and 
b, after deposition of 7 #m epitaxial film. 
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Fig. 7. Photomicrograph of film quality obtained after deposition of 7 ~m epitaxial film shown in Fig. 6 

face part iculate  contamination, this process produces 
"wipe marks." It is felt  that  the "wipe marks"  are 
caused by a smearing of a chemical ly removable  resi-  
due that  is present  in the polishing cloth. This is evi-  
denced by the fact that  wafers  from the same vendor  
not receiving the "buffing" step did not exhibi t  "wipe 
marks."  The copper displacement technique was used 
to evaluate  different surface cleaning techniques and 
thei r  effect on surface qual i ty  and the removal  of 
"wipe marks." Wafers known to contain "wipe marks"  
each received a different cleaning technique. Af ter  a 
copper displacement,  the surface qual i ty  was eva lu-  
ated. 

Wafers  received a solvent  clean of t r ich loroe thylene  
for 10 min  at 60~ Also used was the t r ich loroe thy-  
l ene /ace tone /a lcohol  sequence (this sequence for wa te r  
miscibi l i ty) ,  and in all cases "wipe marks"  were  pres-  
ent  af ter  copper displacement [Fig. 5 (a ) ] .  When t r i -  
chloroethylene (60~ 10 min)  plus su l fur ic /n i t r ic  acid 
(sul fur ic /n i t r ic  was used for the removal  of organic 
contaminants)  (100~ 10 min)  was used, the surface 
produced after  copper displacement had a substantial  
reduct ion in the amount  of "wipe marks"  [Fig. 5 (b)] .  
A combination cleaning of t r ichloroethylene  (60~ 10 
rain),  sulfuric acid (100~ 10 min) ,  plus concentrated 
hydrofluoric acid (RT, 10 min)  produced a featureless 
surface as seen in Fig. 5(c) ,  

X - r a y  topographs [scanning oscillating technique, 
(SOT)]  (3, 4) were  per formed on silicon wafers  to 
de termine  by another  technique if there  was any crys-  
tal imperfections,  subsurface damage, and embedded 
mater ia l  in the silicon substrates. This x - r a y  technique 
scans across the wafer  and reveals  local variat ions in 
crystal  perfect ion and orientation. The beam size used 
in this s tudy was ~ 0.5 mm in diameter.  

F igure  6(a) shows an x - r a y  topograph of an as re-  
ceived wafer  in which subsurface damage and c o n -  

Fig. 8. X-ray topograph of a wafer prior to and after copper dis- 
placement technique, a, As-received silicon substrate; b, after 2 
#m materia| removed. 

taminants  present in the wafe r  are revealed.  A 7 ~m 
epitaxial  film was deposited and Fig. 6(b) shows a 
SOT in which the damage and contaminat ion from 
Fig. 6 (a) have propagated and are revea led  in greater  
detail. 

F igure  7 is a photomicrograph of the wafe r  shown 
in Fig. 6 after deposition of a 7 ~m epi taxial  film. 
Stacking faults and imperfect ions were  revealed  in the 
epi taxial  film and most defects in the epi taxial  film 
could be correlated to defects /contaminants  seen in 
the x - r ay  topograph prior  to epi taxial  deposition. 

Contaminants  on wafe r  surfaces were  plot ted prior  
to epi taxial  growth.  Af ter  epi taxial  growth,  the same 
regions were  replot ted and, in 65% of the cases, sp ikes /  
mounds were  found. 

X - r a y  topographs were  also used to de termine  the 
extent  of removal  of embedded particles and surface 
contaminants when  using the copper displacement 
technique. X- r ay  topographs were  taken of the sub- 
strate prior to copper displacement.  The contaminants 
revea led  by the x - r ay  topograph can be seen in Fig. 
8(a) .  Approx imate ly  2 ~ n  of mater ia l  was then  re-  
moved from this surface by the copper displacement 
technique and x - r a y  topographs were  taken  of the 
resul t ing surface. As can be seen in Fig. 8 (b),  there  is 
f reedom from contaminants  as seen in the silicon sub- 
s t rate  prior  to copper displacement.  

Conclusions 
The copper displacement technique is a sensit ive and 

suitable method for the del ineat ion of subsurface dam- 
age and crystal lographic imperfect ions in polished 
silicon substrates. This technique can also be used as 
a rapid method for evaluat ing and determining the 
crystal l ine qual i ty  of silicon substrates. X - r a y  topo- 
graphs of the substrates prior  to and after  the copper 
displacement technique have shown that  this tech-  
nique does remove  unwanted  contaminants  and that  
these contaminants  do affect the qual i ty  of epi taxial  
films. 
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Gas-Phase Etching of Sapphire 
III. Chlorotrifluoromethane 

H. M. Manasevit* 
Rockwell International Electronics Group, Electronics Research Division, Anaheim, California 92803 

ABSTRACT 

The ever increasing interest  in  the use of sapphire (~-A120~) as a substrate 
for the heteroepitaxial  growth of various materials  has prompted a re -exami-  
nat ion of gas-phase etching as an effective means for improvin.g the surface of 
A1203. Based on a previous investigation (1) in which several fluorinated hy-  
drocarbons were found effective as etchants for A1203, chlorotrifluoromethane 
was selected for fur ther  study for several A1203 orientations. It was found to 
be a good etch-polish agent for (01~2), (0001), and ~(l120)A12Oa. 

The ever increasing interest  in the use of sapphire 
(a-A1203) for the heteroepitaxial  growth of various 

materials  has prompted a re -examina t ion  of gas-phase 
etching as a means for removal  of work damage from 
the surfaces of several  A1203 orientations that  show 
promise for the epitaxial  growth of Si. Several  years 
ago we described the use of sulfur  fluorides (2) and 
fluorinated hydrocarbons (3) for the etch-polishing 
of ~-A1203. Since then several other reports have ap- 
peared which have described chemical polishing meth-  
ods involving mol ten salt (4-6) and liquid phase 
etchants (7-8). Reisman and co-workers (8) recently 
described their success in using air anneal ing com- 
bined wi th  chemical polishing with H2SO4-H~PO4 

* Electrochemical Society Active Member. 
Key words: substrates, sapphire, etching, etch rate~ 
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Fig. 1. Rate of etching of AI203 by Freon at 1400~ 

mixtures  to effect scratch-free AI2Oz and MgA1 spinel 
surfaces. Their results are encouraging; yet, the s i m -  
plicity afforded by a gas-phase method which is 
compatible with the epitaxial  growth system should 
not be overlooked. 

We chose to investigate more in depth the effect of 
etching mechanical ly polished Verneui l  and Czochral- 
ski -grown ~-A120~ with chlorotrifluoromethane, CC1F~ 
(Freon-13),  which from our previous studies (3) 
seemed to be less orientat ion dependent  in its etch- 
polishing abil i ty than most of the other fluorinated 
hydrocarbons superficially examined. In  the studies 
to be described, part icular  a t tent ion was given to 
the etching characteristics of (01]-2)A1203, which con- 
trols (100)Si growth, and (1014), (0001), and 
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Fig. 3. Rate of etching of AI203 by Freon at 1500~ 

Fig. 4. Defects in Verneuil (011"2)AI203 revealed by etch-polishing 
wlth Freon,13 (about 8 ~m removed). 

Fig. 5. The surface of Czochralski-grown (011~2)A1~O3 after etching at 1500~ with Freon at a flow rate of 13 ccpm for (a) 25 min, 
(b) 50 min, (c) 75 min, and (d) 100 rain. (All 110X). 
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--(1120) A1203, which control  (111)Si growth. Cuts 
were  made several  degrees off of the (1150) plane in 
order  to provide a surface or ientat ion which would  as- 
sure the growth  of approximate ly  ( l l l ) S i  ra ther  than 
( l lO)S i  (9). The other  A1203 orientat ions were  
wi thin  2 degrees of their  designated planes. 

E x p e r i m e n t a l  
Studies were  per formed in a ver t ical  reactor  sys- 

tem similar  to that  previously  used (3). It includes a 
tank of iner t  carr ier  gas, such as helium, ups t ream 
from a tank  of the "etchant"  to be studied. These are 
connected via Matheson No. 607 and No. 600 flow- 
meters,  respectively,  to a stainless steel manifold 
joined to the quartz  reactor  by a Teflon connector. 
Carr ier  gas flow rates were  set at 6 l i te rs /min .  The 
gases were  passed over  substrates rest ing on an A120~ 
spacer covering a carbon pedestal  induct ively  heated 
to the etching temperature .  The spacer seemed to 
help provide  a more  even t empera tu re  distr ibution and 
to reduce react ion be tween  the Freon-13 and the car-  
bon pedestal.  Pedestal  t empera tures  were  measured  
with  an optical pyrometer ,  and uncorrected values 
are reported.  The actual substrate t empera tu re  is 
es t imated to be 50-100 ~ lower  than the observed 1400 ~ 
1550~ etching tempera tu re  used to establish the 
etch-pol ishing abil i ty of Freon-13. The photomicro-  
graphs shown in the figures were  made using a 
Nomarski  in terference object ive on the microscope. 

E tch- ra te  data for ~-J~203 as a function of the flow 
rate  of Freon-13 gas are recorded in Fig. 1-3 for 
uncorrected pedestal  t empera tures  of 1400 ~ , 1450 ~ , and 
1500~ These pre l iminary  data indicate that  

(01~2) A12Oz, etches at a grea ter  rate  than  
(1014)A1203, the rate  ratio being N 4 : l  at 1400~ 
and 1450~ but -- 2:1 at 1500~ The spread in the 
data points is most ly due to the fact that  the etch 
rate  was calculated f rom the weight  loss of a 15 mil  
thick slice, and 0.1 mg error  can represent  a consid- 
erable error  in the etch rate, par t icular ly  when  the 
measured weight  loss was normal ly  less than 2 mg 
for a sample weighing about 225 mg. (No correct ion 
was made for the weight  loss f rom the edges and 
sides of the substrate or f rom the outer  edge of the 
underside of the wafer,  which normal ly  is reached 
by the gas s t ream).  

Etch temperature ,  substrate orientation, and etch 
rate  were  found to have an effect on surface quality,  
par t icular ly  on (01]-2)AleO~. The condition of the 
etched surface indicated that  15O0~ is prefer red  to 
ei ther  1400 ~ or 1450~ for e tch-pol ishing (0112)A1203 
at F reon  flows of --13 ml /min ,  even though the etch 
ra te  is approximate ly  the same for the three  t empera -  
tures. S t ruc tura l  defects appeared on the samples 
etched at 1400 ~ and 1450~ but only faint  scratches 
were  evident  on the substrate etched at --~1500~ If 
these scratches were  not propagated by the etching, 
then work  damage was present  even af ter  9 ~m of 
the thickness had been removed.  Greater  Freon flows, 
such as 20 m l / m i n  and 40 ml /min ,  caused selective 
etching ra ther  than polishing of the (01~2)-oriented 
surface. 

Etching was also sensitive to the qual i ty  of the 
crystals. Different etch pat terns were  often obtained 
on opposite sides of grain boundaries,  as revealed 

Fig. 6. The surface of different substrates of Verneuil-grown ~,(11"20)A1~203 after etching at 1500~ with Freon at a flow rate of 13 ccpm 
for (a) 25 min, (b) 50 min, (c) 75 min, and (d) 100 min. 
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in Fig. 4 for a (011"2)-oriented slice of Verneui l  A1203 
from which ~ 8  ~m of thickness has been removed. 
The etch rate of Czochralski-grown A120~ also ap- 
peared to be somewhat slower than that  of Verneui l -  
grown A120~, for the same substrate orientation. 

Figure 5 shows that  gas-phase etching of Czochral- 
ski -grown (0112)A1203 can also produce considerable 
etching of the crystal planes, ,but the etch pat tern  is 
relat ively uni formly  distributed. Etching to a ~20 ~m 
depth led to a smoother surface, which may have 
resulted either from the removal  of surface work 
damage or the exposure of a plane of A1203, oriented 
slightly different from the original plane, that  is more 
susceptible to gas-phase polishing than to etching. 

Etching of good qual i ty Verneui l  A1203 oriented to 
~(1120) (Fig. 6) seems to reveal pr imar i ly  the work 
damage produced by mechanical  polishing; however, 
some areas of the Verneui l -grown substrate did 
possess a relat ively high density of diamond-shaped 
etch pits (not shown in the figure). Czochralski- 
grown A1203 oriented near  (112-0) seemed to polish 
well with Freon-13 except when the work damage 
in the vendor-pol ished slices was very deep. In  some 
cases the removal  of ,~5 ~m of surface seemed suffi- 
cient; for other substrates, the removal  of at least 12 
~m was still insufficient to remove obvious work dam-  
age. These results suggest that close control of the 
sawing and mechanical  polishing processes used in 
earlier stages of substrate preparat ion is necessary. 

St films, 2 um-thick, were grown simultaneously on 
the various substrate surfaces shown in Fig. 5 and 6 
and on unetched (01-12)A1203. Essential ly identical 

carrier mobilities were found, suggesting that  the Si 
overgrowth is able to "overcome" much of the sub- 
strafe imperfection during its growth, with the actual 
mobi l i ty- l imi t ing factor being the stress-producing 
thermal  contraction and /or  lattice mismatch ,between 
the two substrates. 

The same set of etch-polish conditions proved to be 
helpful in preparing smooth surfaces on (0001)A120~, 
shown in Fig. 7. After 25 min  of etching, scratches 
were still visible. After 50 mi n  the scratches were 
essentially gone, and the surface remained smooth 
after 75 and 100 min  of etching. However, a number  
of hexagonal  etch pits are evident. These may be 
characteristic of defects in the substrate or caused 
by reaction with the substrate of impurit ies in the 
etchant and/or  those that  may have been introduced 
into the etching atmosphere by reaction of the Freon 
with the carbon pedestal. Figure 7c is included to 
show the selectivity of the gas-phase process to certain 
types of defect s tructure present  in these substrates 
cut from Verneui l -grown A1203. 

As was the experience of Reisman et al. (8), 
(10~4)A1203 did not lend itself readily to gas-phase 
polishing, for a pi t-free surface was not obtained 
under  any of the exper imental  conditions used. Figure 
8 indicates the effect of tempera ture  on (10]-4)-ori- 
ented surfaces after removal  of ~3  ~m of material.  
The substrate as received from the vendor  appeared 
to be essentially featureless but, after removal  of 2-3 
~m or less of material,  the scratch density was re- 
vealed. A major i ty  of these scratches can be removed; 
light scratches seem to be removable,  but  major  ones 
are either propagated by the etching or are so deep 

Fig. 7. The surface of (0001)AI203 after etching at 1500~ with Freon at a flow rote of 13 ccpm for (a) 25 min, (b) 50 m[n, (c) 75 min, 
and (d) 100 rain. 
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Fig. 8. (1014)AI203 surface after etch-pollshing with Freon at flow rate of 13 ml/min at various temperatures. Approximately 3 Fm of 
surface removed from each substrate. 

as to requi re  remova l  of ma jo r  quant i t ies  of the  sub-  
s t ra te  surface. This, in t u r n ,  usua l ly  causes deep 
pi t t ing  of the  surfaces. However ,  even though Freon-13 
has not been effective in providing an etch p i t - f r ee  
surface on (10~4)A1203, i t  has been useful  as a means  
for helping eva lua te  mechanical  pol ishing techniques 
for this or ienta t ion  and others. The low etch rates  
possible wi th  Freon-13 pe rmi t  ve ry  good control  of 
surface remova l  in order  to corre la te  studies of pol i sh-  
ing wi th  the format ion  and presence of work  damage.  

Conclusion 
Freon-13 appears  to be  a good e tch-pol i sh  agent  

for (01~2), ~ (1120) ,  and (0001)A12Oa and useful  for 
removing work  damage  f rom (1014)A120~. A com- 
binat ion of slow etch ra te  and high etch t e m p e r a t u r e  
seems to provide  the  best  surfaces for the above A12Os 
orientat ions.  A w o r k - d a m a g e  free surface, however ,  
does not  necessar i ly  lead to Si films wi th  improved  
mobili t ies.  
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Chemically Vapor Deposited Tungsten for 
Semiconductor Metallizations 

C. M. Melliar-Smith, A. C. Adams,* R. H. Kaiser, and R. A. Kushner 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The properties of CVD tungsten  films, produced by the hydrogen reduc- 
tion of WF6 or WCl6, have been investigated to determine the suitabil i ty of 
the films for use as silicon integrated circuit metallization.s. Both low pres- 
sure and atmospheric pressure flow system have been investigated. 

The tur~gsten films show excellent adhesion to silicon substrates, have re-  
sistivities between 6 and 15 #ohm-cm depending on thickness, and are easily 
etched into submicron patterns. In  addition, data on the contact resistance to 
silicon and MOS properties of tungsten  films from both deposition reactions 
have been measured. 

The use of chemical vapor deposition (CVD) to d e -  
posi t  thin tungs ten  films for integrated circuit meta l -  
lizations has been investigated for several years (1, 2). 
Usually the tungs ten  is deposited using the hydrogen 
reduct ion of tungsten hexafluoride at temperatures  be- 
tween 600 ~ and 800~ The process is easily controlled 
and produces excellent  tungs ten  films which are suit-  
able for some integrated circuit  applications (2). 

However, the corrosive na ture  of the reactants and 
products tends to degrade the thermal ly  oxidized sili- 
con wafers used for the integrated circuits. This fact 
has generated addit ional interest  in  the use of tungsten  
hexachloride, which is less corrosive toward SIO2, and 
has been used to deposit tungsten  films in a similar 
manner  to the hexafluoride (3, 4) al though less in -  
formation is avai lable on their  subsequent  use for in -  
tegrated circuit metallizations. 

Consequently we have compared the two reactions 
for application to silicon integrated circuits, extending 
previous studies to include the use of CVD tungsten  
as a gate metal l izat ion for unipolar  devices. 

Experimental 
Tungsten films were deposited in  both atmospheric 

and low pressure (1-10 Torr) flow systems from the 
hexafluoride and at atmospheric pressure from the 
hexachloride. Schematic diagrams of the deposition 
systems are shown in Fig. 1 and 2. The systems were rf 
heated using graphite or molybdenum susceptors. The 
tempera ture  was controlled by a thermocouple embed-  
ded in the susceptor. The low pressure system proved 
somewhat unsatisfactory for two reasons. Firstly,  at 
low pressure good thermal  contact between the suscep- 
tor and the substrate is difficult to achieve and an in -  
evitable uncer ta in ty  exists as to the substrate surface 
tempera ture  in a fast flow system. Secondly, the use of 
rf heating at low pressure resulted in a plasma in the 
deposition chamber, the effect of which could result  in 
ion bombardment  damage to sensitive substrates. 

The tungsten  hexachloride saturator  and the gas 
lines leading from the saturator  to the reaction cham- 
ber were heated to 150 ~ 4- 5oC. Chemicals used were: 
hydrogen, purified using a pal ladium diffuser; argon, 
purified using a t i tan ium chip furnace;  hel ium (99.- 
9999%); hydrogen chloride (99.99%); tungs ten  hexa-  
fluoride (99.5%); and tungs ten  hexachloride (c9%). 
The major  impur i ty  in  the tungs ten  hexachloride was 
tungs ten  oxychloride (WOC14) which was removed 
by sub]imation at 100~ The thickness of the deposited 
tungs ten  was measured by the #-backscatter  technique. 

Results and Discussion 
Deposition.--Typical deposition conditions are shown 

in  Table I. The deposition tempera ture  was varied from 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  m e t a l l i z a t i o n ,  t u n g s t e n ,  s e m i c o n d u c t o r s ,  CVD.  
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Fig. 1. Apparatus used for the chemical vapor deposition of 

tungsten from tungsten hexafluoride. 

420 ~ to 800~ for the hexafluoride reaction, and from 
550 ~ to 950~ for the hexachloride process. The effect 
of substrata tempera ture  on the deposition rate is 
shown in Fig. 3 for the hexach!oride reaction. At  dep- 
osition temperatures  below 600~ the rate falls off 
rapidly, rises to a ma x i mum between 700 ~ and 900~ 
and subsequent ly  falls off again above 900~ The re-  
sults are similar to those published by Mehalchick and 
MacInnis (4) who found a ma x i mum deposition rate 
at 600~ The tempera ture  dependence of the deposition 

Table I. Conditions for depositing tungsten 

P r e s s u r e  1 T o r r  1 a t m .  1 a t m .  
T e m p e r a t u r e  700~ 700~ 700~ 
A r  0.2 l i t e r / r a i n  - -  30 l i t e r / r a i n  
H e  3 l i t e r / r a i n  
H2 0.1 l i t e r / r a i n  1 l i t e r / r a i n  5 l i t e r / r a i n  
WF6 0.009 l i t e r / m i n  0.004 l i t e r / r a i n  - -  
W C I s  - -  0.5 l i t e r / r a i n "  
Dep.  r a t e  3000 A / r a i n  ~000 A / r a i n  1000 A / r a i n  

a A n  A r  f low of  0.5 l i t e r / r a i n  t h r o u g h  t h e  WCI6 s a t u r a t o r  a t  150~ 

298 
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~o. . ,oE / RPG0'E Fig. 2. Apparatus used for the 
chemical vapor deposition af 
tungsten from tungsten hexa- 
chloride. 

rate  can be rationalized as follows: at low tempera-  
tures the reaction behaves as a normal,  thermal ly  de- 
pendent,  surface reaction. As the substrate tempera-  
ture  is raised, the deposition rate becomes more and 
more l imited by gas-phase diffusion of the reactants  
to the surface, and consequently approaches a region 
of tempera ture  independence. A fur ther  increase in 
temperature  results in a drop in the deposition rate as 
measured by the thickness of the substrate. This is a 
result  of the combined effects of the onset of a homo- 
geneous gas-phase reaction and deposition on the walls 
of the reaction chamber. 

For both chemical reactions, the deposition rate could 
be varied between 200 and 3000 A / m i n  by changing the 
concentrat ion of the tungsten  hexafluoride or tungs ten  
hexachloride. The thickness of the tungsten  films 
ranged up to 3 ~m. 

Tungsten  films can be deposited selectively at a 
silicon surface by reducing tungs ten  hexafluoride with 
silicon in an iner t  atmosphere (1, 2). The reaction pro- 
ceeds unt i l  a l imit ing tungs ten  thickness of 300 to 400A 
is reached. The selective deposition of tungsten  onto 
silicon from hexachloride proved very slow, and useful  
films cannot be produced unless hydrogen is used as 
the reducing agent. 

Film structure and analysis.--CVD tungs ten  from 
the  hydrogen reduct ion of tungsten  hexachloride de- 
posits on SiO2 with a bcc structure and a slight <110> 
orientat ion as shown by pole figure x - ray  measure-  
ments. The preferred orientat ion is enhanced if the 

250 

200 - -  

F- 

z 

I V- 100 

o 

Q 

5 0 - -  

samples are annealed in vacuum at 900~ for 60 rain. 
The <100> texture  is observed in films deposited by  
the tungsten  hexafluoride reaction. X - r a y  diffraction 
and transmission electron diffraction show no evidence 
for the presence of the #-phase in tungsten  produced 
by either reaction. 

The grain size of the films has been  measured by 
transmission and replica electron microscopy. The sur-  
face grain size increases with increasing thickness as 
shown in Fig. 4. In  addition, thicker films appear to 
have much larger individual  crystals growing on the 
surface, some as large as 1~ in a 3200A film. 

Stress measurements  in films of CVD tungsten  de- 
posited on SiO~ have been made by both x - r ay  and 
substrate bending techniques. All films have low re-  
sidual stress levels, less than 1 X 101~ dynes /cm 2. Fi lms 
deposited from tungs ten  hexafluoride tended to be in 
compression, while films from tungs ten  hexachloride 
had tensile stress. Gra in  size and stress data are sum- 
marized in Table II. 

No impurit ies were detected in the tungsten  films 
by electron microprobe analysis, but  spark mass spec- 
t rometry  showed the presence of a n u m b e r  of trace 
elements, the major  impur i ty  being fluorine or chlorine 
(0.05-0.1%) from the fluoride and chloride reduction 
reactions, respectively. 

Film adhesion.--Adherent tungs ten  films, 160- 
30,000A thick, have been deposited on silicon, silicon 
dioxide, and sapphire. More than  300 films were de- 
posited from tungs ten  hexachloride and none showed 
evidence of poor adherence. Eleven samples were sub-  
jected to a 5 rain boil ing water  t rea tment  and to rapid 
thermal  cycling from boiling water  to l iquid nitrogen. 
None of the samples failed these tests. Samples an-  
nealed in vacuum at 1000~ for 60 min showed no loss 
in adherence to silicon dioxide or sapphire; however, 
adhesion to silicon was lost due to tungs ten  silicide 
formation. 

Tungsten  films deposited on silicon from tungsten  
hexafluoride at atmospheric pressure were ini t ia l ly 
found to be nonadheren t  due to the formation of a th in  
(~20A) black film. The film was analyzed by electron 
diffraction and found to be polycrystal l ine silicon 
which is produced when the hydrogen fluoride by-  
product reacts wi th  the nat ive  oxide film on the silicon 
surface 

Table II. Grain size and stress in CVD tungsten 

Dep .  T h i c k -  
t e m p .  h e s s  G r a i n  S t r e s s  
(~ (A) s ize  (A) ( d y n e s / c m  2) 

W ~  
6O0 

I l I I 700 
8OO 

500 600 7 0 0  800 900 t 000  

SUBSTRATE TEMPERATURE (~ WCI6 
550 

Fig. 3. Deposition rate as a function of substrate temperature 600 
650 

using tungsten hexachloride. 700 

2300 500=1000 8 • lOg compressive 
2300 500=1000 2 X 109 compressive 
2500 500-1000 < 1  x lOg 

2300 500-1000 3 • 10 ~ tensile 
2600 200-2000 4 • 10 ~ tensile 
2400 500-1000 6 • 109 tensile 
2000 500-1000 10 • 109 compressive 
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Fig. 4. Carbon replica electron micrographs of tungsten films on oxidized silicon substrates, produced by the hydrogen reduction of 
tungsten hexachloride. A, B, and C show rapid in:rease in surface grain size with increasing thickness (tungsten thickness: A, 400~,; B, 
1700•; C, 3200A). D showing surface crystallite growth and fine particle nucleation on surface defects (tungsten thickness, 3200~). 

Si ~- SiO2 -{- 4HF-~ 2SiF2 ~- 2H20 [i] 

2SiF~-* Si -I- SiF4 [2] 

This reaction scheme is supported by several ob- 
servations. The polycrystalline silicon forms only at 
the Si-W interface and not at the SiO2-W interface. 
This indicates that the silicon is required in the reac- 
tions. The polycrystalline silicon does not form when 
WF8 in helium reacts with silicon; however, it does 
form when the WF6 is reduced by hydrogen. The 
polycrystaIline silicon has also been produced by pass- 
ing dilute (0.01%) hydrogen fluoride in helium over 
a tungsten-coated silicon sample at 700~ These ob- 
servations indicate that the hydrogen fluoride diffuses 
through the tungsten to react at the Si-W interface. 
Finally, where silicon samples are coated with sput- 
tered tungsten after removal of the nat ive  oxide by 
backsput ter ing and the samples exposed to WF6 in hy-  
drogen at 750~ the polycrystal l ine silicon is not 
formed. However, the polycrystal l ine silicon is formed 
when the exper iment  is repeated using silicon samples 
coated by atmospheric pressure CVD or E-gun  evap- 
oration techniques, where the na t ive  oxide film is not 
removed. These observations are consistent with reac- 
tions [1] and [2] in which silicon reacts with an oxi- 

dizing agent in the presence of hydrogen fluoride to 
form SiF2 which disproportionates to form SiF4 and 
polycrystal l ine silicon. 

The formation of the polycrystal l ine silicon can be 
prevented by using high flow rates where the hydrogen 
fluoride is removed before it can react at the interface, 
or by using an in situ HC1 etch which removes the 
native oxide. 

The polycrystal l ine silicon does not form when 
tungsten  hexachloride is used as the source of tung-  
sten. 

Etching and step coverage.--CVD tungsten  may  be 
delineated into high resolution pat terns  by standard 
l i thography and etching techniques. Submicron lines 
have been produced using electron beam li thography 
and a buffered KOH/KsFe(CN)6  etch. The finest lines 
otained were 2500A wide. Figure 5a shows a grid pat-  
t e rn  of 5000A wide tungsten  lines. 

Step coverage was measured by  del~ositing 2000A of 
tungsten over 10 ~m wide stripes etched into a 6000A 
thick thermal  oxide. The tungsten  was delineated into 
5 ~m wide stripes perpendicular  to the oxide bars. Step 
coverage was checked by measur ing electrical con- 
t inui ty  or by viewing with a scanning electron micro- 
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Fig. 5. A, Scanning electron micrographs of 5000• wide grid pattern in 1400A of CVD tungsten; B, scanning electron micrograph of 5/~m 
wide tungsten line passing over a 6000A high oxide step. 

scope (Fig. 5b). No failures in step coverage were 
observed. 

Resistivity.--The resistivity of the tungsten  films was 
found to be dependent  on the thickness of the film, as 
shown in Fig. 6. The resistivity ranged from about 
three times the bu lk  value for films less than 1000A 
thick to the bulk  value (5.4 ohm-cm) for film thick-  
nesses greater  than 1 ~,m. No difference in resist ivity 
was observed between films deposited from tungs ten  
hexafluoride and from tungs ten  hexachloride. Annea l -  
ing tungs ten  films on SiO2 at 1000~ in vacuum for 60 
min  produced no detectable change in the resistivity. 

A very similar dependence of resistivity on film 
thickness for polycrystal l ine CVD tungs ten  has been 
observed by  Mayadas et al. (5) which they a t t r ibute  
to grain size effects. The work of Sheng et al. (6) on 
sputtered tungsten  films (2500A thick),  however, sug- 
gests that  the presence of vacancies and interst i t ial  im-  
purities is an addit ional cause of the residual resist ivity 
above the bu lk  value. 

Contact resistance.--The contact resistance of W-Si  
s tructures has been investigated by deposit~:ng tungs ten  
on highly doped silicon through 11 • 14 /~m holes in 
a 2000A thick oxide film. The tungsten  is then del ine-  
ated into pads around each contact window and the 
I -V characteristics obtained from pad to pad measure-  
ments. The values for the contact resistance are de- 
pendent  on the silicon doping concentrat ion as shown 
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Fig. 6. Sheet and film resistivity curves as a function of film 
thickness for CVD tungsten. (Film resistivity points: C), WCI6; I-1, 
WFe. Sheet resistivity points: e, WCI6; III, WF6.) 

in Table III. In this table, the contribution from the 
spreading resistance has not been subtracted from the 
experimental values, so the true contact resistance is 
smaller than the values reported. 

The contact resistance is independent of deposition 
temperature  for films deposited from tungsten  hexa-  
fluoride; however, the contact resistance is s trongly de- 
pendent  on deposition tempera ture  when  tungsten 
hexachloride is used as the source material .  Samples 
deposited from tungsten  hexachloride be tween 600 ~ and 
800~ are characterized by  a high, nonohmic contact 
resistance; as the deposition tempera ture  increases in  
this range, the I -V characteristics of the contacts be- 
come more near ly  ohmic and the contact resistance 
decreases. Samples deposited at 850~ are ohmic with 
a low contact resistance (Tab:e III) .  The tempera ture  
dependence suggests the presence of a detr imental  in -  
terfacial layer between the tungsten  and the silicon. 
This layer may be a nat ive oxide film present  on the 
silicon surface before deposition, or an oxide layer may 
be formed in the deposition chamber by the reaction 
of silicon with impurit ies in the tungsten  hexachloride 
or in the carrier gas. Where tungs ten  is deposited at 
850~ the oxide layer may not prevent  contact forma-  
tion due to rapid diffusion of tungsten  and /or  silicon 
through the th in  oxide. However, at 850~ the forma- 
t ion of tungsten  silicide is rapid which may result  in  
nonadheren t  films. 

The contact resistance is markedly  affected by subse- 
quent  heat- t reatment .  Tungsten  as deposited on silicon 
shows evidence for only a very small  amount  of tung-  
sten silicide and li t t le change is observed in the contact 
resistance on anneal ing up to 800~ Annea l ing  above 
800~ however, causes silicide formation to proceed 
rapidly (7, 8) and 30 min  at 900~ is sufficient to cause 
considerable deteriorat ion in the contact resistance. The 
fai lure mechanism appears to be due to excessive tung-  
sten silicide formation in the contact region. This com- 
pound formation results in a volume change in the 
contact metall ization leading to severe mechanical  
stresses which can cause cracks to develop at the base 
of the contact window. 

Forward  bias measurements  on n-type,  1-10 ohm-cm 
Schottky diode structures using tungsten  deposited 
from tungs ten  hexafluoride give values of 0.66 eV for 

Table III. Contact resistance for CVD tungsten 

Re experimental Re theoretical 
S u b s t r a t e  (ohm-crn~) (9) (ohm-cm s) 

W F 8  a t  7 0 0 ~  
2 x 1019 p - t y p e  3 x 10  -~ 1 x 10  -6 
6 x I01~p-type 2 X 10- e I x i0-~ 
1 X 10 a0n-type 3 x 10- e 6 x 10 -7 

W C I 8  a t  8 6 0 ~  
5 X 1019 p - t y p e  1 X 10  -a 2 X 1 0  -7 
6 • 10  ~o p - t y p e  7 • 1 0  -~ 1 • 10  -T 
9 • I0 z9 p-type 7 x 10- 6 8 x I0 -s 
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Fig. 7. Forward current as a function of applied voltage for CVD 
tungsten-silicon diode. O :  WF6 at 575~ 3 rail diode, N = i.02, 
r --- 0.66 eV. [~: WCI6 at 700~ 10 mil diode, N = 1.07, r - -  
0.59 eV. A :  WCI6 at 600~ 3 rail diode. 

the barrier height and 1.02 for n (Fig. 7). Both values 
are in good agreement with data in the literature (1). 
If the tungsten is deposited from tungsten hexachloride, 
the forward bias measurement depends on the deposi- 
tion temperature. Structures deposited at 850~ have 
I-V characteristics identical to those for the hexafluor- 
ide films (n = 1.03, r -- 0.65 eV); for deposition at 
700~ n = 1.07 and ~ -- 0.59 eV. For depositions at 
600~ the I-V characteristics become too nonlinear 
for n and ~ to be determined (Fig. 7). 

MOS properties.~The MOS characteristics of W/ 
SiO2/Si structures have been established by (i) 1 MHz 
C-V measurements; (ii) quasistatic C-V measurements 
with a 50 mV/sec sweep rate and _ 10V sweep range; 
(i~i) triangular voltage ramp ionic drift measurements 
with a 45 mV/sec sweep rate and • 6V sweep range at 
a tempera ture  of 300~ and (iv) bias- tempera ture  
stressing at 300~ for 5-15 min, with • 10V on the field 
plate and cooling the sample under  bias. The samples 
had i200A of dry oxide grown in  oxygen containing 
1% hydrogen chloride on <100>, 0.5 ohm-cm, n - type  
substrates. Prior  to tungs ten  deposition, 200A of oxide 
was removed by etching in dilute hydrofluoric acid. 
The MOS capacitors were 20 or 25 mils in diameter  and 
were formed by s tandard photoli thography and etching 
techniques. Evaporated a luminum was used as the back 
contact. None of the samples were annealed.  

The MOS characteristics are summarized in Table IV. 
MOS dots formed from tungsten  hexafluoride were 
usual ly  shorted or very  leaky. This resulted from at-  
tack of the oxide by the tungsten  hexafluoride dur ing 
the metal  deposition. Decoration of the MOS oxide after 
removing the tungsten showed pinhole densities as 
great as 10~/cm ~. Because of the large number  of p in-  
holes, the tungs ten  hexafluoride reaction is not  suitable 
for gate metall izations over SiO2. 

Shorted and leaky dots do not form when tungsten  
is deposited from tungsten  hexachloride, and the MOS 

Table iV. MOS properties of CVD tungsten 

Source rnaterla] 

P r o p e r t y  WFs  WCI8 

% s h o r t s  50 -75% 0 
F l a t b a n d  v o l t a g e ,  VFB - -0 .5  to  + 0 . 1 V  + 0 . 2  to  + 0 . S V  
AVFB a f t e r  B - T  s t r e s s  - -  - - 0 . 1V  
Fixed charge, Qss 2-3 x 101o crn -2 i-3 x 10 ~~ crn-~ 
Mobile charge, Na 2-3 x 1011 cm -~ 1-5 • 10 I~ crn -= 
Fast-state density, Nss 8-10 • 10 9 crn-S eV -I 2-4 x 101~ crn-2 eV-1 

(Midgap) 

properties of the W/SiO2/Si  structures are near ly  ideal. 
The flatband voltage is 0.2-0.5V; this implies that  the 
fixed charge, Qss, is very  low (1-3 • 101~ cm-2) .  The 
fast-state density distribution, shown in Fig. 8, is i n -  
dependent  of the deposition temperature.  There are no 
unusua l  or i r regular  peaks across the bandgap, and at 
midgap the fast-state density is 2-4 X I0 t~ cm -2 eV - I  
for all the samples. The mobile charge, which ranged 
from 1 X 10 l~ to 5 X 10 TM cm -2, is very  dependent  on 
deposition conditions. However, consistent values of 1- 
5 X 1010 cm -2 were obtained by adding 0.1% hydrogen 
chloride to the carrier gas dur ing  deposition. The ad- 
dition of hydrogen chloride had no effect on the other 
properties of the tungsten  films. 

S u m m a r y  
Tungs ten  films have been deposited by hydrogen re-  

duction of tungs ten  hexafluoride or tungs ten  hexachlo- 
ride, and the two systems have been compared for 
applications for silicon integrated circuits. Fi lms with 
thicknesses as great as 30,000A have been deposited 
from both chemical sources at rates up to 3000 A/rain.  
The films from both sources have low residual  stress, 
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good step coverage, are easily etched into fine resolu-  
t ion patterns, and have resistivities between one and 
three times the bulk value. Fi lms deposited from tung-  
sten hexafluoride have excellent W-Si  contacts; how- 
ever, tungsten  hexafluoride attacks SiO2 which results 
in shorted or leaky MOS structures. Consequently, 
tungsten  hexafluoride cannot  be used for a gate meta l -  
lization on SiO2. In  contrast, films deposited from tung-  
sten hexachloride have near ly  ideal MOS properties; 
however, the W-Si  contacts are poor unless the metal  
is deposited at high temperatures  (850~ At  high 
temperatures,  the formation of tungsten  silicide is 
rapid and the films f requent ly  develop cracks due to 
the volume change associated with the silicide forma-  
tion. Consequently, tungsten  hexachloride has not been 
used in  metall izations that  require the formation of a 
W-Si  contact. 
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Technica] Notes 

Luminescence of Mn" in Alpha-LiAISiO  
K. R. Laud, T. Y. Tien, 1 E. F. Gibbons, and H. L. Stadler 

Scientific Research Staff, Ford Motor Company, Dearborn, Michigan 48121 

Synthetic l i th ium a luminum orthosilicate, LiA1SiO4, 
exists in two crystallographic forms (1, 2). The high 
temperature  fl-form has a ~-quartz  type s tructure and 
transforms to the low tempera ture  a-form under  
hydrothermal  conditions. The a-form is found in 
na ture  as a-eucrypt i te  and has a phenacite (Be2SiO4) 
s tructure (2, 3). The a ~=~ fl inversion tempera ture  at 
atmospheric pressure is reported as 848~ (2). 

The objective of the work reported here is to syn-  
thesize a-LiA1SiO4:Mn2+ phosphor. Since this phos- 
phor can be prepared only under  hydrothermal  con- 
ditions, a wide var iat ion of pressure and tempera ture  
is possible in the phosphor preparation.  

Experimental 
Chemically pure l i th ium carbonate, a luminum 

hydroxide, silicic acid, and manganous carbonate were 
used as start ing materials.  The batch was formulated 
as LiAlSiO4:Mn 2+ where the Mn 2+ concentrat ion was 
mainta ined at as low as 0.005 atom per cent (a/o) 
(i.e., 2 Mn replacing 'Li -5 AI') .  

The weighted batch was wet mixed in acetone, 
dried, and slowly calcined to 800~ for 18 hr. The 
calcined mix ture  was melted in a p la t inum crucible 
at 1400~ for 20 min  and was eventual ly  quenched 
to obtain glass for use in hydrothermal  experiments.  
The glass was crushed and passed through a 325 mesh 

1 Present  address: Univers i ty  of Michigan, Materials and Metal- 
lurgical Engineer ing Depar tment ,  Ann  Arbor,  Michigan 48104. 

Key  words:  orth0silicate phosphor,  phenaci te  s tructure,  lumines-  
cence, Mn 2+ activator,  hydro thermal .  

screen. Approximately  1.5g of glass powder was 
packed in a gold tube (3/8 in. I.D., 1 in. long) which 
was placed in a hydrothermal  pressure vessel. The 
hydrothermal  apparatus is described elsewhere (4). 
The phosphor specimens were prepared in the entire 
~-eucrypti te region of the P -T  diagram shown in 
Fig. 1. Holding times at 14,000, 7,500, and 2,000 psi 
pressure were 48, 84, and 120 hr, respectively. 

The cathodoluminescence (C.L.) data were ob- 
tained in a demountable  e]ectron beam gun system 
operated at 3 kV. Samples were mounted  at the focal 
point of an optical system which then refocused the 
emitted light on the entrance slit of a 3/4m Czerny- 
Turne r  spectrometer. The output  from a photomult i -  
plier (P.M.) tube, located at the exit slit of the spec- 
trometer,  was amplified by means of a synchronous 
detector and displayed on an x -y  recorder. The re-  
quired periodic signal for the P.M. tube was obtained 
by applying a 13 Hz square wave to the horizontal 
deflection plates of the electron beam gun, thus pro-  
viding a 50% excitation duty cycle on the sample. 
The same square-wave generator  provided the refer-  
ence signal for the synchronous detector. 

The excitation and emission spectra were taken in 
a system using a xenon light source focused through 
a monochrometer  with a mechanical  l ight chopper 
after the exit slit. The phosphor emission was focused 
on the entrance slit of a ~/4m Czerny-Turner  spec- 
t rometer  and again the output  of a P.M. tube located 
at the exit slit was amplified by means of a syn-  
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Fig. I .  Pressure-temperature diagram for the reaction ~- 
LiAISiO4 ~ fl-LiAISiO4 [after Isaacs and Roy (2)] .  Solid circles 
represent the hydrothermal pressure and temperature of the phos- 
phors prepared in this work. 

chronous detector and displayed on an  x -y  recorder. 
For  excitat ion spectra, the spectrometer was set at 
the desired emission peak and the monochrometer  was 
scanned over the appropriate range, while for emis- 
sion spectra, the desired excitation wavelength  was 
chosen by the monochrometer  and the spectrometer 
was scanned over the emission band. Appropriate 
filters were used in  f ront  of and behind the phosphor 
sample. 

Results 
In  all, ten phosphors were prepared in the =- 

LiA1SiO4 area of the P -T  diagram (Fig. 1). The x - r ay  
diffraction pat terns indicated all the phosphors to be 
composed ent i rely of a-LiA1SiO4: Mn. 

Figure 2 shows the C.L. emission spectra for three 
phosphors prepared under  different hydrothermal  
conditions. In  n ine  phosphors, two C.L. emission bands 
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Fig. 2. C.L emission spectra for =-LiAISiO4:Mn 2+ phosphors pre- 
pared under hydrothermal conditions. A, 14,000 psi, 700~ 48 hr; 
B, 7,500 psi, 800~ 84 hr; and C, 2,000 psi, 850~ 120 hr. 

appear with peak positions at 5230A in the green 
region and 6900A in the red region of the spectrum. 
In  only one phosphor, prepared at 2000 psi and 850~ 
a 5230A band predominates.  The ratio of the peak 
intensities of green to red bands decreases with in -  
creasing pressure but  increases with increase in tem- 
perature.  This indicates that  low pressure and high 
tempera ture  conditions favor the green band  but  high 
pressure and low tempera ture  are suitable for the 
red band to appear. 

For a phosphor, prepared at low pressure and high 
temperature,  the excitation and photoluminescence 
spectra are shown in Fig. 3 and 4, respectively. The 
excitat ion peak positions are at 2750A and 3750A for 
the 6900A and 5230A emission settings of the spec- 
trometer,  respectively. In  the photoluminescence spec- 
t rum two bands appear. For the 3750A excitation 
wavelength,  an emission peak appears at 5230A and 
for the 2750A excitation wavelength,  an emission peak 
is located at 6900A. The excitat ion and photolumin-  
escence spectra for a phosphor prepared at high pres-  
sure and low tempera ture  were identical to those 
shown in Fig. 3 and 4 except in peak intensities. 

The excitation and photoluminescence spectra (Fig. 
3 and 4) suggest that the emission occurs from two 
separate systems. In  one system, the excitation is at 
the 3750A level and emission occurs in a band whose 
peak is at 5230A. In  the other system, the excitation 
is at the 2750A level and emission is from the 6900A 
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Fig. 3. Excitation spectra for 5230 and 6900.~, emission of a- 
LiAISiO4:Mn 2+ phosphor (prepared at 2000 psi, 8500C, 120 hr). 
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Fig. 4. Photoluminescence spectra for a-LiAISiO4:Mn 2+ phosphor 
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level. However ,  there  is no evidence of energy t rans-  
fer  occurring be tween these two systems. 

Manuscript  submit ted Ju ly  2, 1973; revised manu-  
script received Sept. 28, 1973. This was Paper  80 pre-  
sented at the Houston, Texas, Meeting of the Society, 
May 7-11, 1972. 

Any discussion of this paper will  appear  in a Discus- 
sion Section to be published in the December  1974 
JOURNAL. 
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YVO :Eu,Tb--An Efficient High Pressure 
Mercury Vapor Lamp Phosphor 

S. Faria* and E. J. Mehalchick 
GTE Sylvania Incorporated, Chemical and Metallurgical Division, Towanda, Pennsylvania 18848 

Enhancement  of Eu 3+ emission by re la t ive ly  high 
concentrations of Tb 3+ was repor ted  by Van Uiter t  
et al. (I)  in the alkali  rare  ear th  tungstates and by 
Ropp (2) in y t t r ium oxide. The increase in Eu 3+ 
emission was described as a resonance t ransfer  of en-  
ergy absorbed by the Tb 3 + center. Using re la t ive ly  low 1 
concentrations of Tb 3+ Mehalchick et al. (3) showed a 2 
significant increase in the cathode ray  brightness of 3 4 
YVO4:Eu. This work  shows that  modera te  amounts  of 5 
Tb 3+ are also effective in enhancing the Eu ~+ emis-  6 
sion of YVO4:Eu, when  the phosphor is used as a 
color corrector  in high pressure mercury  vapor  
(HPMV) lamps (4). The improvement  is most readi ly  
observed at the high operat ing t empera tu re  of the 
HPMV lamps, thus indicating that  the energy t ransfer  
from Tb ~+ to Eu 8+ is the rmal ly  act ivated (5). 

Experiments a n d  R e s u l t s  

Series of YVO4:Eu and YVO4:Eu,Tb phosphors 
were  prepared by the usual solid-state reaction de- 
scribed in a previous paper  (6). All  the phosphors 
were  evaluated in HPMV lamps operat ing at 400W. 
The red emission was measured using a Corning red 
filter number  2418 (CS-2-62) and is expressed in 
per cent re la t ive  to the control  sample. Unless o ther-  
wise stated, the Eu concentrat ion was mainta ined at 
5 mole per cent (m/o ) ,  al though other  concentrat ions 
were  also evaluated (4). 

Tb 3+ Concentration 
In Table I we repor t  the lumens per  wat t  (LPW) 

and the per  cent red for 0 and 100 hr  of lamp opera-  
t ion as a function of Tb 8+ concentration.  Note that  in-  
creasing the Tb ~+ appreciably affects the per  cent  
red as wel l  as the LPW. The opt imum Tb ~+ concen-  
t ra t ion var ied  be tween  50 and 750 ppm by weight  
and depended on the pur i ty  of the y t t r i um oxide lots. ~, 
The spectral  energy distr ibution at 0 hours of samples ,~  
1 and 2 are shown in Fig. 1. " 

Fur the r  invest igat ion on the effect of Tb 3+ on Eu ~+ __w 
was evaluated  by using a high pur i ty  lot of y t t r ium 
oxide. The results shown in Table II were  obtained ._  
by adding 250 ppm and 300 ppm Tb 3+ to a 99.999% ""  ,w 
pure y t t r ium oxide lot. 

The increase in the red output  was again observed 
in a y t t r ium oxide lot containing 25 ppm Tb as an 
impurity.  When we added 250 ppm Tb, an increase 
f rom 112% to 150% was obtained. The large differ- 
ences in per  cent red output  shown in Tables I, II, 
and III are mainly  due to the var ia t ion  in Y20~ lots 
and their  impur i ty  contents. 

* Electrochemical  Society  A c t i v e  Member .  
Key words:  energy  transfer,  rare earth phosphors. 

Table  I. Terbium variation 

S a m p l e  0 h r  100 hr 
No. Tb, p p m  LPW % Red LPW % Red 

0 i00 I00 I00 I00 
50 104 115 103 107 

250 105 119 102 103 
SO0 105 119.5 99 108 
750 105 119.5 102 109 

I000 105 115.0 I00 103 

Table II .  Terbium addit ion to high purity Y203 

Con t ro l  No Tb  100% Red  at  0 hr 
Test  A 250 p p m  Tb  140% Red  at  0 hr 
Tes t  B 300 p p m  Tb  153% Red  at  0 hr 

E f f e c t  o f  Dysprosium 
Many of the tested y t t r ium oxide lots contain Dy 

as well  as other  rare  ear th  impurities.  In many  in-  
stances, the Dy content  was determined to be as high 
as 400 ppm. To establish the effect of Dy on the over-  
all per formance  of the HPMV lamps, various Dy con- 
centrations were  evaluated with  or wi thout  Tb. 

Table I l l  shows the results obtained wi thout  Tb, 
wi th  Tb, wi th  Dy, and wi th  Tb + Dy. The results 
indicate that  levels  of Dy equal  to or lower  than Tb 
do not appreciably affect the total lumen output or 
the per cent red. 

YV04: Eu,Tb phosphor prepared from lots containing 
relatively high Dy as an impurity were almost as effi- 
cient as those prepared from low Dy. 

1. lfV04: h 
2. YV04: Eu, Tb 

2 

i i i i , , i I i, i i ~ ~ i, , i , . I ,  , , 
4 0 0  SO0 6 0 0  7 0 0  

Wavelength, nm 

Fig. 1. Spectral energy distribution of YVO4:Eu, (1)  and Y V 0 4 :  
Eu,Tb(2) in 4 0 0 W  H P M V  lamps. 
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Table III. Effect of Dy and Dy + Tb on % red and LPW 

D e s c r i p t i o n  L P W  % R e d  

Co n t ro l  t e s t  100 100 
Tes t  + 150 p p m  Tb  108 138 
Tes t  + 300 p p m  Tb  104 149 
Tes t  + 150 p p m  ELy 100 100 
Tes t  + 150 p p m  D y  + 150 pprn Tb  105 128 
Tes t  + 150 pprn  Dy  + 300 p p m  Tb  106 143 
Tes t  + 300 p p m  Dy 100 97.0 

The particle size was also taken into consideration 
when optimizing the system for HPMV lamp applica- 
tion. Best output  in lumens  and per cent red were 
obtained when the particle size ranged between 6 and 
1O~ as measured by the Fisher Sub-Sieve-Sizer  
(FSSS).  In  general, the small  particle size phosphor 
always showed a slight gain in red output, but  at a 
slight loss in  LPW. 

Discussion 
Blasse (7) and Pali l la  (8) have described the very  

strong optical absorption of YVO4 for both short and 
long ul traviolet  radiation. Incorporat ion of Eu 8+ in 
this matr ix  results in luminescence through a ra ther  
efficient host t ransfer  mechanism. The efficient Eu 
emission arises from the large overlap between the 
visible mat r ix  emission band  and Eu visible absorp- 
t ion levels. These Eu absorption lines are clearly 
shown in Fig. 2. 

Although we do not  know the actual  mechanism for 
the Eu enhancement ,  it would appear that when  Tb 
is also incorporated in the matrix, a similar energy 
interact ion between Tb emission and Eu absorption 
levels could exist. In  Fig. 3, we show the visible emis- 
sion lines of Tb in YPO4 since Tb emission does not 
occur in YVO4 (9), even though both YVO4 and 
YPO4 have similar structures (both matrices being 
te t ragonal-xenot ime) .  Figure 4 shows the possible 
energy overlap that would exist for Eu absorption 
in  YVO4 and Tb emission as it appears in  YPO4. 

l 
3i 

& 

400 

1 i | I I I 

soo 
I I ! I I 

600 

Wavelenfth, nm 

Inq 
,4.J 
i m m  

an 
eD 
au 

i m  

Z 
i n  
, 4 d  

4OO SO0 600 

Wavelength, nm 
Fig. 3. Spectral energy distribution of YPO4:Tb showing character- 

istic Tb emission. 

J 

E1 

,! Tb 

' 1 I I FI 
I I i I 
I I i I  
I I  i I 
I I  i I 

H 
I 

, Ea i 

'fi I 
I . Tb ?ll 

i~ It, lj II I IIg 

l I I I I I I I I I I 

400 SO0 600 
Wavelength, nm 

Fig. 4. Combined excitation spectrum of Eu in YV04 and the 
emission spectrum of Tb in YP04. 

The enhancement  of Eu 3 + emission in YVO4 by Tb 8 + 
Fig. 2. Excitation spectrum of Eu in YV04 has been described. We believe that the same energy 
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transfer  mechanism may apply here as suggested by 
Ropp for Tb 3 + and Eu 3 + in Y203. 

Manuscript  submit ted Ju ly  2, 1973; revised m a n u -  
script received Oct. 5, 1973. This was Paper  59 pre-  
sented at the Los Angeles, California, Meetin~ of the 
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A Scanning Electron Microscope Investigation of 
Glass Flow in MOS Integrated Circuit Fabrication 

W. E. Armstrong and D. L. Tolliver* 
Motorola Semiconductor Products Division, Phoenix, Arizona 85008 

A formidable problem in the fabrication of mul t i -  
layer metal  bipolar integrated circuits and MOS cir- 
cuits has been the discontinui ty in metal  in tercon-  
nections over steep or even retrograde steps (l-B).  
These steps result  from three pr imary  sources: (i) 
m e t a l  or poly silicon interconnects  which lie under  
an insulat ing oxide; (ii) thick oxide steps; and (iii) 
oxide windows or contact holes which have been 
etched open to allow connection be tween metal  and 
an under ly ing  surface. In  a study of mul t i layer  meta l -  
lization problems, Santoro and Tolliver (4) outl ined 
techniques for reducing step problems associated with 
deposited oxides over a luminum metal  layers. One 
of the points presented in that  work was "step pro- 
filing can result  in ideal (metal)  coverage even with 
non- ideal  (oxide) deposition control." When profiles 
involve deposited oxides over steps other than  etched 
a l u m i n u m  metall ization, new degrees of profiling 
steps are attainable.  A method for controll ing the 
profile steps resul t ing from deposition of oxide on 
MOS poly silicon interconnections was discussed in a 
recent work by C. T. Nabor (5). The profile control 
of oxide over poly silicon steps or etched oxide steps 
is achieved by doping the oxide to lower its softening 
point and anneal ing  at a temperature  above that  point. 
This work reports on a study of related conditions 
that  can be used to control oxide profiles in MOS 
integrated circuits. The effects of impur i ty  concentra-  
t ion in the glass, t ime and tempera ture  of the anneal,  
and anneal ing  ambient  on the step profile are invest i -  
gated. The application of the technique to "contact 
window" steps as w e l l  as  poly silicon steps is dis- 
cussed. 

Effects of Impurity Concentration 
It has long been known  that  phosphorous oxide 

doping of vapor deposited glass films changes im-  
portant  chemical and physical properties. Among 
these properties are etch rate, thermal  coefficient of 
expansion, and viscosi ty- temperature  characteristics. 
The measurement  of phosphorous concentrat ion in this 
work is referenced to a diffusion technique, and 
utilizes a typical 10 TM background p- type  wafer. A 
m i n i m u m  6000A phosphorous doped glass film is de- 
posited on the surface. The wafer is then diffused for 
a sufficient t ime at 1100~176 to achieve an easily 
measured junct ion  depth in  the order of 3-4~. Using 
I rvin ' s  curves (6), the surface concentrat ion of the 
wafer is then ealculated. Figure 1 is a set of scanning 
electron micrographs of the step formed when an 

* Electrochemical Society Active Member. 
Key words: glass, flow. MOS integrated circuit. 

8000A phosphosilicate glass film (6 • 1020 a tom/cm 3) 
which corresponds to approximately 7 weight per 
cent (w/o)  phosphorus is deposited over a 5000A 
poly silicon step and subsequent ly  annealed in n i t ro-  
gen at 1050~ for times from 0 to 120 rain. The flow 
becomes apparent  first as a smoothing and res t ruc tur-  
ing of the oxide surface and eventual ly  creates a new 
profile of the oxide step. In  Fig. 2-5, the 8000A phos- 
phosilicate glass was deposited on a steep, recessed, 
1~ oxide step. Note that very high phosphorous con- 
centrat ion (2.2 • 1021) has such a low viscosity that  
it loses physical stability. In  the last micrograph of 
each anneal  time, the heavi ly  phosphorous enriched 
layers have vigorously boiled off, so as to completely 
al ter  the pa t te rn  and par t ly  vaporize it along with 
the highly volatile phosphorous oxide. There are, of 
course, many  other problems with the use of such a 
film. These include: (i) The formation of strong 
acid due to the hydroscopic na ture  of heavily doped 
phosphosilicate glass. This phosphoric acid formed 
from low level moisture in  room ambient  with high 
glass phosphorous concentrat ions can attack alu-  
m i n u m  metal l izat ion or cause photoresist layers to 
lift and make subsequent  processing impossible. 
(ii) Solubil i ty or corrosion in "cleaning acids" (e.g., 
chromic or ni tr ic  acid) or even in water. The 
phosphorous concentrat ion must  be properly con- 
trol led to avoid attack by  f requent  immersions in  
integrated circuit cleaning and r insing agents. (iii) 
Polarization under  tempera ture-b ias  stress. Polariza-  
t ion of high concentrat ion films under  temperature  
bias stress can result  in circuit failures caused by 
changing characteristics of parasitic devices. For tu-  
nately, with proper stoichiometric control good step 
profiles can still be obtained by  anneal ing  lower con- 
centrat ion glass films. 

Effects of Ambient and Temperature 
The effects of different ambients  are demonstrated in 

Fig. 6 and 7. Glass was deposited on a steep, 1~ oxide 
step and annealed at 1050~ A comparison of these 
figures with Fig. 1 shows that for the given tempera-  
ture, the viscosity is lowest for a steam ambient  
("highest flow") and greatest for a ni t rogen ambient  
("lowest flow") with oxygen falling somewhere be- 
tween  the two. In  Fig. 8, the same glass/step system 
was used to demonstrate  the effect of anneal ing at 
lower tempera ture  (1000~ A comparison of Fig. 8 
(1000~ with Fig. 6 (1050~ shows that  the same 
profile can be achieved at lower temperature,  but  
at the expense of a longer anneal  time. 
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Fig. h 1050~ N~ anneal of an 8000~ phosphosilicate glass film deposited over a 5000./~ poly silicon step 

Discussion 
Figure  9 is a photomicrograph of a "contact 

window" etched in a 8000A, phosphosilicate glass. 
With conventional  metal  evaporation,  this step is 
typical ly steep enough to cause the microcracks shown 
in Fig. 9b. If the oxide window is annealed after  the 
window is opened as in Fig. 9c, the step will  be 
reprofiled and the microcracks will  not appear. There  
are, of course, photoresist  or deposition techniques 
which wil l  cause the profile of the oxide to be im-  
proved as it is etched; but  the profile is genera l ly  not 
as reproducible.  However ,  these less reproducible  
techniques may  still be more  effective in cases where  

the anneal  may  cause other  problems. For  example,  
if the contact window opens into a P+ diffused area, 
the area may be converted by phosphorous autodoping 
during the anneal. 

Figure 9d shows the meta l  coverage achieveable  
when the glass film which isolates poly silicon f rom 
metal  is profiled wi th  a steam anneal. If  this anneal 
were  done after  the contact windows were  opened 
as just discussed, the steam anneal  would grow an 
oxide in the windows. This oxide would then have 
to be etched out before meta l  could be evaporated.  
Even if the anneal  is per formed before the contact 
windows are opened, there  are still several  other 

Fig. 2. 8000,~ phosphosilicate glass deposited for 10 min at Fig. 3. 8000A phosphosillcate glass deposited for 20 min at 
1050~ (N~) on a steep, recessed, ]~ oxide step. 1050~ (N2) on a steep, recessed, 1~ oxide step. 
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Fig. 4. 8000A phosphosilicate glass deposited for 40 min at 
1050~ (N2) on a steep, recessed, lp. oxide step. Fig. 6. 1050~ anneal of an 8000A phosphosilicate glass film 

deposited over a steep, 1~ oxide step. 

Fig. 5. 8000A phosphosilicate glass deposited for 60 min at 
1050~ (N2) on a steep, recessed, 1~ oxide step. 

problems which must  be considered: (i) the addi- 
t ional diffusion t ime (regardless of the ambient)  will 
change the effective source-drain space as well  as the 
space be tween unre la ted  diffusions; (ii) ambients  such 
as steam or oxygen will  change surface conditions 
and affect device or even parasitic thresholds; (iii) if 
the t ime required to achieve a given profile is short-  
ened by increasing the phosphorous content  of the 
glass, photoresist adhesion or film stabili ty may suffer; 
and (iv) steara annea l ing  of p -channe l  devices will 
result  in hydrogen-aided boron diffusion through the 
gate oxide (thus reducing the threshold below desir- 
able l imits) .  In  spite of these disadvantages, the tech- 
nique is probably more widely used than might  be 
expected from the amount  of re levant  informat ion 
available in the l i terature.  In  many  cases the authors 
believe advantageous profiles will be obtained dur ing 

Fig. 7. 10S0~ steam anneal of an 8000~ phosphosilicate gloss 
film deposited over a steep, 1~ oxide step. 

processing without  direct in ten t  to create them, by 
using deposited oxide films in convent ional  processing 
sequences. 

Conclus ions  
It  has been  shown that  an increase in the concentra-  

tion of phosphorous in a vapor-deposited oxide cau 
change the viscosi ty- temperature  characteristics of 
the film to cause "flow" at temperatures  as low as 
1000~ In  addition, this oxide flow can be fur ther  en-  
hanced by anneal ing  the glass in oxygen or steam am-  
bients  ra ther  than  in  iner t  gases. Final ly,  the tech- 
nique was shown to improve step profiles as it was 
applied to (i) steps from poly silicon lying under  the 
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Fig. 8. 1000~ 02 anneal of $000A phosphosilicate glass film 
deposited over a steep, i~ oxide step. 

phosphosilicate glass film, (ii) thick oxide steps, and 
(iii) "contact window" openings. 

Manuscript  submit ted May 23 1973; revised m a n u -  
script received Sept. 27, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. 

Fig. 9. Applications to MOS integrated circuit fabrication 
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Germanium Surface Cleaning--An Auger Analysis 
D. A. Kiewit, *,l I. J. D'Haenens, and J. A. Roth 

Hughes Research Laboratories, Malibu, California 90265 

A variety of methods have been used to clean ger-  
man ium surfaces in order to insure the removal  of life- 
t ime kil l ing impurit ies (e.g., Cu) prior to high temper-  
ature processing. Much of the older l i terature recom- 
mends the use of cyanide solutions or chelating agents 
in the cleaning process, while more recent studies have 
suggested the use of basic and acidic peroxide solutions 
(I) .  We have used Auger electron spectroscopy to 
s tudy several methods embodying both approaches, and 
have also measured the etch rates assoCiated with some 
of these cleaning agents in  order to assess their  sui t -  
abil i ty for use with part ial ly processed wafers contain-  
ing th in  doped regions For all the experiments  re-  
ported here we used chemically polished, (111) ori-  
ented, 10 ohm-cm n- type  germanium wafers. 

Etch rates were measured on ge rmanium wafers that 
were par t ia l ly  masked with Apiezon W wax, exposed 
to the cleaning solution for 10 min, stripped of the 
mask, and examined interferometr ical ly  to measure 
the etch step, if any. The results of these measurements  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  G o u l d  E l ec t r i c a l  a n d  E l e c t r o n i c s  L a b o r a t o r y ,  

R o l l i n g  M e a d o w s ,  I l l ino is  60008. 
K e y  w o r d s :  g e r m a n i u m ,  s u r f a c e  p r e p a r a t i o n ,  c l e a n i n g ,  Auger e lec -  

tron spectroscopy.  

appear in Table I and indicate a substant ial  etch rate 
for many  of these cleaners. The data for the acidic 
peroxide solutions in particular,  are in good agreement  
with etch rate studies made by Pr imak  et aL (2) on 
germanium surfaces exposed to peroxide solutions of 
varying pH. 

Most of the samples that  were used in the subsequent  
cleaning studies were given an  ini t ial  s tandard preclean 
consisting of boiling in xylene; washing in trichloro- 
ethylene, acetone, methanol,  and deionized water;  and 
cleaning first in NH4OH:H202:H20 (1:1:5) and then 
in HCI:H20~:H~O (1:1:5) ,  for 1 min  at 24~ These 
samples were then rinsed in deionized water  and b lown 
dry with nitrogen. Following the preclean, each of 
these samples was subjected, for 1 min, to a variable 
cleaning step which is listed in  Table I. With the excep- 
t ion of the sample cleaned with acetone (MA) which 
was blown dry immediately,  all of these samples were 
subsequent ly  rinsed in ten changes of deionized water  
and then  blown dry with nitrogen. One other sample 
(FL) was not subjected to the s tandard preclean se- 
quence, but  was cleaned with trichloroethylene, ace- 
tone, methanol,  and deionized water, soaked in HF, 
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Table I. 

Species 
Sample o b s e r v e d  
|dent. Variable cleaning step Etch ra te  b y  AES* 

S T D  HCI:HsO=:H=O (1:1:5)  200 A / r a i n  Ca 
It] 

S C  HChH=O=:H=O (1:1:60)  50 Ca, l o w  , 
+ 1% Na2 E D T A  [O] 

[C] 
E D  1% Na= E D T A  O l o w  

[O] 
CN 10% NaCN '75 - -  

[c] 
A S  A u r o s t r i p ~ t  5 -10  l o w  - -  

[O]  
M A  M e t h a n o l ,  a c e t o n e  0 P 
FL HF 0 F 

* In  addition to Ge,  O, N, and  C. 
? Sel-Rex Chemical Company. 

rinsed in deionized water, and then b lown dry. No in-  
tent ional ly  contaminated samples were employed. 

The organic solvents, HF, and disodium ethylene-  
diamine-tetracet ic  acid (Na2EDTA) were either re-  
agent or electronic grade. The deionized water  used for 
r insing had a resist ivity of at least 18 Mohm and was 
passed through both activated carbon and 0.22 #m 
particle filters prior to use. Pyrex  labware, which has 
been previously noted as a source of boron contamina-  
t ion on silicon wafers (3), was used in all wet steps 
n o t  employing HIL HF rinses, were done in polyprop- 
ylene beakers. 

Within  2 hr after cleaning, the samples were loaded 
into a Physical Electronics Industr ies  LEED/Auger  
system and pumped down to 10-s Torr  without  bake-  
out. Auger  derivat ive spectra were taken from each 
sample and plotted out automatically.  These data are 
summarized in Table I, and representat ive Auger  de- 
r ivat ive spectra for samples STD, SC, and MA are 
shown in the figure. 

The total list of elements present  at detectable levels 
(i.e., in  excess of 1011-10 TM cm-~)  2 were: Ge, O, N, C, 
Ca, F, and P, al though the last three named were seen 
only on some of the samples, as indicated in Table I. 
It should be noted that  none of the common lifetime 
killers, such as copper, were found. 

A fluorine contaminat ion on the order of 1011-10 TM 

cm -2 was seen only on the samples that  were washed 
in HF prior to water  rinses. Kern  (4), who used radio-  
chemical tracer methods to study semiconductor clean- 
ing methods, reported a fluorine contaminant  level on 
ge rmanium of about 1017 cm -2 immediate ly  after  HF 
immersion and about 1015 after a water  rinse. The dis- 
crepancy of three orders of magni tude  between our re-  
sults and his may be due to differences in the final 
washing procedures, faster desorption of the residual  
fluorine in vac~o, or to electron desorption of the fluo- 
r ine by the Auger  p r imary  beam. [Chou et al. (5), for 
example, have recent ly reported electron desorption 
of halides dur ing Auger  studies.] Sample  MA, which 
w a s  washed with methanol  and acetone after an im-  
mersion in HF, did not show a detectable level of 
fluorine contamination.  This agrees with Kern 's  obser- 
vat ion that  acetone is very  effective in desorbing fluo- 
rine. 

Calcium was noted only on samples STD and SC for 
which the var iable  cleaning step employed an acidic 
peroxide solution, and phosphorus was found only on 
sample MA which had a final acetone rinse. The Auger  
spectra from these three samples are given in  Fig. 1. 
Both the phosphorous and calcium impuri t ies  are be-  
lieved to be due to reagent  contamination.  

The use of chelating agents and cyanide leads to 
changes in  the amounts  of carbon and oxygen that  

2Estimated on the basis of  an  Auger sensitivity of  ~ 1 %  of a 
monolayer.  
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Fig. !. Auger derivative spectra for Ge samples STD, SC, and MA 

were observed on the surfaces. These t reatments  de-  
creased the carbon level by about  1/2 and /o r  increased 
the oxygen concentrat ion to about 3 or 4 times the 
value otherwise observed, as may be seen from Fig. 
1 by comparing the sueetrum from sample SC with 
those from samples STD and MA. These effects could 
be due to the formation of an oxide film, to increased 
water  adsorption, or to decreased hydrocarbon con- 
tamination.  

We conclude that  for many  applications, such as 
the in-process cleaning of ge rmanium devices conta in-  
ing thin doped regions, ge rman ium cleaning methods 
that employ either concentrated cyanide solutions or 
acidic peroxides are of l imited ut i l i ty  due to con- 
comitant  etching. The recommended procedure, when  
etching is to be avoided, is to employ organic solvents 
to remove gross contaminat ions such as wax residues, 
and to then use a chelat ing agent such as EDTA. 
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Comments on the Article 
"On the Theory of Thermal Quenching of Luminescence" 

by H. Payen de la Garanderie and D. Curie 

R. Pappalardo 
G T E  L a b o r a t o r i e s  I n c o r p o r a t e d ,  W a l t h a m ,  M a s s a c h u s e t t s  02154 

Fluorescence, as the radia t ive  deact ivat ion of an ex-  
cited species (atom or molecule)  is one of several  de-  
act ivation paths. Other  decay processes involve  instead 
of a tom-photon  interactions the coupling of the exci ted 
species wi th  the phonon field (nonradiat ive  deact iva-  
t ion).  The increase in system temperature ,  by enhanc-  
ing the phonon field favors in general  the nonradia t ive  
re laxat ion to the expense of the radia t ive  process. This 
adverse  effect of t empera tu re  on the fluorescence 
propert ies  of an emit t ing species can be quite  impor-  
tant  to the design of new gas lasers (1) and h igh-  
t empera tu re  phosphors. 

In the case of vapors of "complex"  aromatic  mole-  
cules, the operat ing t empera tu re  (150~176 of the 
envelope of the discharge tube is expected to favor  
intersystem crossing (2), by comparison wi th  the si tu- 
ation exist ing at room tempera tu re  in dye-solut ion 
lasers. For  longer  l ived emit t ing species in solid 
matrices,  the t empera tu re  increase raises the prob-  
abil i ty of mul t iphonon re laxat ion  and of potent ia l -  
curve crossing. 

In  v iew of the commonly adverse effect of t empera -  
ture  on fluorescence, it was of considerable interest  to 
find in the l i t e ra ture  s tatements  to the effect that  the 
fluorescence intensi ty can be enhanced by tempera tu re  
increases. 

Payen  de la Garander ie  and Curie (3) consider a 
common, simplified model  of an act ivator  center  as 
character ized by potential  curves for the ground and 
exci ted electronic state and conclude, wi th in  the 
f ramework  of the model  used, that  the radia t ive  in-  
tensi ty Ir is not a constant quanti ty,  but  that  on the 
contrary "it increases wi th  increasing tempera ture ."  
The physical reason for this effect is identified as fol- 
lows: " the effective number  of states leading to a l ight  
t ransi t ion increases wi th  tempera ture ."  

The conclusion that  Ir increases wi th  t empera tu re  
would  be qui te  per t inent  to the area of h igh - t empera -  
ture  phosphors. Our contention is that  the conclusions 
reached by the two authors are erroneous, as it wil l  be 
shown in what  follows. 

The model  for the act ivator  center  used by Payen  de 
la Garanderie  and Curie is now briefly summarized.  
The ground and exci ted electronic states are described 
by potential  curves wi th  vibrat ional  levels  character -  
ized in the exci ted electronic state by a regular  energy 
s p a c i n g  h~e. Excitat ion f rom the ground state is as- 
sumed to lead to the 3o vibrat ional  leve l  of the exci ted 
state, located at Ejo = johv e above the corresponding 
potential  minimum. The over -a l l  pumping intensi ty  
to jo is character ized by a constant te rm q. 

S ingle-phonon processes in the exci ted electronic 
state are responsible for a fast redis t r ibut ion of the 
populat ion among the vibrat ional  levels, in t imes that  

Key words: luminescence, temperature dependence, theory. 
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are much shorter  than the radia t ive  deactivation. A 
quas i -Bol tzmann distr ibution of populat ion over  the 
vibrat ional  levels  ensues. The radia t ive  t ransi t ion 
probabil i ty  p is assumed constant for all  v ibrat ional  
levels  j. A very  fast radiationless deact ivat ion occurs 
at energy jlhve > >  johve. 

The authors then proceed to calculate the over -a l l  
intensi ty of radia t ive  emission It, assuming a Boltz-  
mann  distr ibution for the v ibra t ional  levels  of the ex-  
cited state, and they find 

1 - -  e - j l h v e / k T  1 
Ir = pno ~ pno [1] 

1 - -  e - h v e / k T  1 - -  e - h v e / k T  

no being the populat ion of the lowest  vibrat ional  level  
of the exci ted electronic state. The factor mul t ip l ied  by 
pno reflects a populat ion summat ion  carr ied over  the 
levels not affected by radiationless deactivation, using 
the condition that  j lhve  ~ k T .  The authors point out 
that  on increasing T the value of Ir increases, in par-  
t icular  at the Debye t empera tu re  k T  = hve one has 
Ir = 1.58 pno. 

Our criticism is as follows. Given a constant pump 
intensi ty q and a radia t ive  t ransi t ion probabi l i ty  p 
which is constant over  the vibrat ional  levels  consid- 
ered, Iv should not be affected by the vibrat ional  dis- 
t r ibut ion of the population. The only conceivable effect 
resul t ing from a t empera tu re  increase is an enhanced 
contr ibution of the radiationless deactivation, resul t ing 
in a decrease of Ir. 

The authors assume implici t ly  in the expression for 
Ir shown above, that  no will  remain  constant wi th  
variations of the temperature .  This is of course physi-  
cally meaningless. Equat ion [1] cannot be used be-  
cause its der ivat ion is based on a wrong normal iza-  
t ion constant. The v ibra t iona l - leve l  populations nj have 
in effect been expressed in terms of no, the populat ion 
of the lowest v ibrat ional  level  in the exci ted manifold. 
An expression of this type is only appropriate  when  
ratios of populat ion are considered. As soon as absolute 
values of populat ion come into play, the normal izat ion 
constant should contain the total population, which in 
this case is expressed by the constant pump term q. If 
the vibrat ional  level  populations are expressed as 

q 
nj  _ e-~Uve/lcT [2] 

h 

X e--Jhve/kT 
j=O 

instead of Eq. [1], one finds 

Ir = pq  [3] 

as in tu i t ively  anticipated. The conclusion that  Ir in-  
creases wi th  t empera tu re  is unacceptable.  
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A Flux Step Boundary Condition Solution to the 
Diffusion Equation Corresponding to the Error 

Function Complement Profile 
M.  A. Fullenwider *'1 

B-B Laboratory, Carlisle, Pennsylvania 17013 

One of the solutions of the diffusion equat ion 

OC 02C 
i t  - -  D [1] Ox 2 

which is basic to semiconductor diffusion is the error 
funct ion complement  profile (1) 

C(x,  t) x 
- -  _ erfc ~ [2] 

Co 2 (Dr) ~/2 

where x is the distance into a semi-in.~inite specimen, 
t is the t ime of diffusion, C (x, t) is the concentrat ion 
at x and t, Co is the max imum concentrat ion wi th in  
the specimen, constant  in Eq. [2], and D is the diffu- 
sion coefficient. This solution is based on the simple or 
boundary  conditions for the diffusion equation 

C ( x , t )  = 0, x -*  oo [3] 

C (x,  t)  = O, t = 0 [4] 

C(O, t)  = Co, t > 0 [5] 

Now Eq. [5] which corresponds to a step funct ion in  
concentrat ion at ~c = 0 and for times greater than zero 
is a car ry-over  f rom the theory of heat conduction 
where no other condit ion would be reasonable under  
these circumstances. 

In  the flux of mat ter  (diffusion), however, there is 
the possibility of another  condition which will  replace 
Eq. [5]. It  is that  of a flux step at x = 0 

- -D -~x/==o = j' t > 0  [63 

where j is the t ime constant flux at the surface due 
to kinetic control of a chemical nature,  and where it 
has been assumed that  the quant i ty  of diffusing sub-  
stance available to the surface is constant. 

I t  is the purpose of this paper  to show that  this 
boundary  condition and solutions resul t ing from it, 1.o 
different from Eq. [2], will  produce concentrat ion pro-  
files which, with the exception of the value of the 
diffusion coefficient and behavior  as a funct ion of time, 4 .e 
are very similar to Eq. [2]. / 

Recent work (2) with the hydrogen-pa l lad ium sys- .6 
tern has shown that  Eq. [6] obtains for diffusion C/co 
through thin membranes  as according to the analysis 
of Schmidt and Siegenthaler  (3). This was a new and .4 
previously unsuspected result  for the system. Rate 
l imited diffusion of impuri t ies  into semiconductors .2 
has been reported previously (4-6) for the case of rate 
l imitat ion due to a physical barr ier  at the surface. 
Of the two cases, physical and chemical rate l imi ta-  o 

* Electrochemical  Society Act ive  M ember .  
1 Present  address: 2970 MacArthur  Road, Whitehall,  Pennsy lvan ia  

18052. 
K ey  words:  e r ror  function complement  profile, flux step boundary  

condition, concentrat ion dependent  diffusion, semiconductor  diffu- 
sion. 

tion, the first is probably the more general  since it may 
be applied to such nonchemical  situations as, for ex- 
ample, diffusion through an impeding film into a sub-  
strate. However, expressions derived from considera- 
tions on the second case (where it applies) are simpler 
and involve fewer parameters,  and where both might  
apply, it can be difficult to dist inguish between them 
experimental ly.  

From Eq. [1], [3], [4], and [6] with the method of 
the Laplace t ransformat ion we obtain 

C (x, t) = 2j e-X~/4Dt _ j D 

and since 

2 (Dt) y2 
[7] 

( t ~ 1/2 x 
i erfc m ~  [8] C ( x , t )  = 2j \ ~ /  2(Dt) ~/2 

C(0, t) = C o = 2 j ( - ~ - - D  ) V2 [9] 

we have 

C ( x , t )  - - e  -x~/4Dt x ( ~ y/ ,  e r f c ~ X  
2 (Dr) 1/2 

[101 

Figures 1 and 2 show plots of Eq. [2] and [10], re-  
spectively, for identical t imes and diffusion coeffi- 
cients. The curves of Fig. 2 can be seen to lie well  
below those of Fig. 1. However, s imply dividing the 
diffusion coefficient of Eq. [2] by a factor of 1.7 re-  
sults in curves which are very  similar (see Fig. 3). 
Thus the mis taken use of Eq. [2] where Eq. [10] ap-  
plies will result  in an error in the est imation of the 
diffusion coefficient of a factor of 1.7. 

~ =  2 t 2 

0 4 8 12 16 20 24 28 

X (cm x 105 ) P X 
Fig. 1. C(x, t) = Co erfc 

2(Dr) �89 
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B, C(x, t) = 

Expe r imen ta l l y  the  two cases can be dis t inguished 
s imply  by  compar ing  profiles for the  same sys tem at 
different  values  of t, since the Co of Eq. [10] should 
have the t ime func t iona l i ty  of Eq. [9], if  i t  applies.  

A diffusion coefficient should never  be assigned to a 
system from analysis  of a s ingle profile. 

Another  point  is that  even tua l ly  equ i l ib r ium must  
be es tabl ished at  the  interface,  since Co of Eq. [9] 
cannot, of course, go to infinity. At  equi l ibr ium,  Eq. 
[5] wi l l  apply.  At  smal l  t imes for a sys tem Eq. [6] 
wil l  a lways  apply,  and  the ra te  at  which equi l ib r ium 
is es tabl ished wil l  depend upon the magni tude  of j. If  
the t ime to equ i l ib r ium is finite, however ,  the  sys tem 
wil l  have  obeyed Eq. [10] dur ing  this t ime in terval ,  
and the final resu l t  wil l  not  be Eq. [2], but  a com- 
b ina t ion  of Eq. [10] and [2]. This behav ior  could 
eas i ly  be mis taken  for concentra t ion  dependent  diffu- 
sion, i.e., if Eq. [2] were  to be used for  al l  t imes D 
would  appear  to increase  wi th  t ime af ter  equ i l ib r ium 
had been established.  

I t  is of in teres t  to compare  these express ions  wi th  
those for phys ica l  ra te  l imitat ion.  The expression 
s imi lar  to Eq. [9] is (5) 

Co -- 1 e K~t/D erfc K [11] 
Ce 

where  Ce is the equ i l ib r ium concentra t ion  wi th in  the  
substrate,  a constant,  and K is a ra te  constant  defined 
in te rms of t r anspor t  across a physical  bar r ie r .  Also 
for the  concentra t ion profile (5) 

C (x, t) x 
= erfc - -  

Ce 2 (Dr) I/a 

[ - -  e (/~r+/~t)/D erfc - -  -b K [12] 
2 (Dr) 

Manuscr ip t  submi t t ed  June  5, 1973; rev i sed  m a n u -  
script  received Oct. 5, 1973. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  December  1974 
JOURNAL. 

REFERENCES 
1. J. Crank,  "The Mathemat ics  of Diffusion," p. 12, 

Oxford  (1956). 
2. To be published.  
3. E. Schmidt  and H. Siegenthaler ,  Helv. Chim. Acta,  

53, 321 (1970). 
4. F. M. Smits, Proc. IRE, 46, 1049 (1958). 
5. F. M. Smits  and R. C. Miller ,  Phys.  Rev. ,  104, 1242 

(1956). 
6. R. N. Ghoshtagore,  Sol id-State  Electron., 15, 1118 

(1972). 



JOURNAL OF THE ELECTROCHEMICAL SOCIETY 

E L E C T R O C H E M I C A L  S C I E N C E  

�9 "---- A N D  T E C H N O L O G Y  MARCH 

1974 

Nonaqueous Lithium-Bromine Secondary Galvanic Cell 

J. L. Weininger* and F. W. Secor 

G e n e r a l  ELectric C o r p o r a t e  R e s e a r c h  a n d  D e v e l o p m e n t ,  S c h e n e c t a d y ,  N e w  Y o r k  12301 

ABSTRACT 

A nonaqueous secondary cell consists of a negative l i th ium electrode and 
a positive bromine electrode. This combinat ion is made possible by the use 
of an ultrafine, porous polyethylene separator. It reduces the diffusion of 
bromine  to the l i th ium electrode to tolerable levels. The cell was tested with 
90 rain charge-discharge cycles. Based on the ut i l izat ion of l i th ium deposited 
on the anode, the current  efficiency was 90% for the first 100 cycles, 70% up 
to cycle 300~ and above 30% for the durat ion of the cell life of 1785 cycles. 
Self-discharge was sufficiently slow so that  an open-circui t  s tand up to 2 hr 
did not show appreciable loss of charge. The over-al l  cell mechanism is com- 
plex. It consists of the interact ion of the electrode reactions, the propylene 
carbonate solution properties, and the effect of the porous separator. Within  
this f ramework a bromine shutt le  mechanism has been identified which ex- 
plains the long life of the cell in  spite of a small  but  measurable  self-dis- 
charge. 

In recent years m a n y  attempts have been made to 
extend ba t te ry  technology to nonaqueous solvents in  
order to take advantage of the h igh-energy  density in -  
herent  in the use of alkali  and alkal ine earth metals 
(1). Li thium is general ly  recognized as the most sat-  
isfactory mater ia l  for the negative electrode (anode on 
discharge) in a nonaqueous cell. Al though there re-  
main  some problems in  its use, the phenomenotogy, if 
not the s tate-of- the-ar t ,  of a l i th ium electrode is 
equivalent  to that of other metal  electrodes in aqueous 
systems; for example, zinc in  alkal ine solution. Unt i l  
now, however, there has not been a satisfactory ma-  
terial for the positive electrode (cathode on discharge) 
which is to be paired with the l i th ium electrode in  a 
rechargeable cell. 

The difficulties encountered with cathode materials  
are lack of complete and repeated uti l ization of con- 
vent ional  electrodes as well  as lack of chemical com- 
pat ibi l i ty and their  increased electrical resist ivi ty in  
the organic environment .  

Halogens have been f requent ly  proposed as cathode 
materials  in  fuel cells and galvanic cells. Their  appli-  
cation failed because of their  chemical react ivi ty with 
materials  of construction (for example, the separator)  
and with the counterelectrode, resul t ing in  self-dis-  
charge. Homogeneous ion-exchange membranes  can be 
used, but  failed in nonaqueous solvents because of 
their  greatly increased resistivity. 

We have set as our goal the application of a halogen 
electrode to the l i th ium nonaqueous system, and we 
now describe below the mechanism, design, and per-  
formance of a l i th ium-bromine  cell. 

Mechanism of the Cell 
Figure 1 is a schematic diagram of the cell. The 

negative electrode is an iner t  nickel substrate on which 
l i thium is a l ternate ly  deposited and discharged while 
bromine  undergoes the electrode reactions at a positive 

* Electrochemical  Society  Act ive  Member.  
Key words:  e lectrochemistry ,  nonaqueous batteries, l i thium an- 

odes, halogen electrodes,  propylene carbonate  solvent. 

porous carbon electrode. The t r ibromide ion is much 
more stable in the organic solvent, propylene carbon-  
ate (PC), than  in water. Li thium bromide and l i th ium 
perchlorate are added as solutes, as shown in  the dia- 
gram. 

During operat ion of the cell, the l i th ium couple Li /  
Li + undergoes reversible electrode reactions with 
fairly high exchange currents.  The four reactions in 
which the bromide species participate involve only 
relat ively small  overvoltages so that  very  large cell 
voltages can be obtained from the electrode reactions 

Li + ~- e ~ L i  
E ~ (vs.  Ag/AgBr)  = - - 2 . 6 7 V  [1] 

Br2- + 2e ~ 3 B r -  
E ~ (vs.  Ag/AgBr)  = ~-l.15V (approx.) [2] 

3/2Br2 + e ~ 2Bra- 
E ~ (vs.  Ag/AgBr)  = ~-1.38V [3] 

Combinat ion of reactions [1] and [2] gives a cell vol t-  
age of 3.82V and a theoretical energy density of 820 
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Fig. 1. Schemotic of lithium-bromine cell 
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Whr/ lb ;  combinat ion of reactions [1] and [3] increases 
the initial open-circui t  vol tage to 4.05V and the theo-  
ret ical  energy  density to 504 Whr/ lb .  In practical  use, 
voltages close to the theoret ical  values are obtained 
on open circuit  and during discharge. As for the energy  
density, only a small  f ract ion of the theoret ical  value 
is realized in the present  cell which is designed for 
developmenta l  purposes and not for maximizing 
energy density. 

The use of bromine  at the posit ive electrode takes 
advantage  of favorable  electrode potentials and ki-  
netics. The control of the rate  of the electrode react ion 
is changed from ionic diffusion in a solid, as in AgC1/ 
Ag or CuF2/Cu electrodes, to diffusion control in the 
solution. The grea ter  solubil i ty of bromine  in the or-  
ganic solvent is impor tant  in two respects: it increases 
the avai lable e lectroact ive mater ia l  in dissolved form, 
and it also reduces the chemical  at tack of bromine on 
the mater ia ls  of cell construction. The single, most im-  
por tant  disadvantage in the use of bromine  is its re -  
action wi th  l i thium. As indicated in Fig. 1, the self-  
discharge of the cell by the tarnishing react ion must  
be avoided; the oxidized bromine species, Br2 and 
Br3- ,  may  not enter  the negat ive  electrode chamber.  

The ear ly  part  of this s tudy was therefore  concerned 
with  a search for a ba r r i e r  for dissolved and solvated 
bromine  molecules. When a porous Vycor  glass disk 
with  pore diameters  of 60A was used as a separator  in 
a l i th ium-bromine  cell (2) diffusion of Br2 or Br3-  was 
prevented.  This was a t t r ibuted to the re la t ive ly  large 
size of the solvated complexes of Br2 and Br~- wi th  
propylene  carbonate. The l i te ra ture  contains informa-  
tion on a var ie ty  of stable molecular  complexes of the 
alkali  meta l  salts of polyhal ide anions,  e.g., in benzo- 
ni tr i le  KI3"2C6H~CN and LiI3"4C6HsCN (3). The bro-  
mine species were  therefore  expected to complex in 
propylene  carbonate, but  the extent  to which this 
would  re tard  bromine diffusion remained to be seen. 

The present  cell has an ultrafine, porous polyethyl -  
ene membrane  (4) which prevents  most of the bro-  
mine  diffusion. It has about 50% porosity and an 
average pore size of 40-120A. The l imited migra t ion  of 
Br2 and Br3-  can be tolerated, provided the cell is not 
requi red  to stand on open charge for more  than a few 
hours. This is predicated on a shutt le mechanism simi-  
lar  to those occurr ing in aqueous ba t te ry  systems. The 
tarnishing of the l i th ium electrode is control led by the 
diffusion of the bromine species to the l i thium. This 
results in self-discharge with  LiBr as the product, 
identical  to the product  of the galvanic cell reaction. 
Therefore,  as the LiBr  concentrat ion increases in the 
solution contained in the negat ive  electrode compar t -  
ment,  it saturates that  solution. The chemical concen- 
t ra t ion gradient  wi th  respect to the posit ive compar t -  
ment  (bromine electrode) produces the back diffusion 
of bromide ions. This completes the shuttle. In the 
present  cell, the process is slow enough so as not to 
decrease unduly  the current  efficiency of the cell. 

Cell Composition 
Different cell designs and variat ions in the concen- 

t rat ion of the cell components have been tested. P re -  
l iminary  exper iments  were  per formed wi th  small cells 
having 2.54 cm diameter  electrodes. Life tests were  
per formed on larger  cells, for which only one of twe lve  
tests is repor ted  here. The following cell was used 
G Li (Ni  foam)/0 .2M LiBr + 0.8M LiC104 in P C / U F  
polyethylene  membrane/1 .5M Br2 + 1.6M LiBr in P C /  
porous C @ 

Electrodes.--Figure 2 is a sketch of the ex te rna l  v iew 
and cross section of the cell. Nickel and carbon were  
used as iner t  electrodes. The anode was Foametal |  
nickel, a 95% porous meta l  structure, prepared  by the 
Metal lurgical  Products  Department ,  Genera l  Electr ic  
Company. The porous carbon cathode was made of 
mater ia l  supplied by the Pure  Carbon Company. It was 
a fuel cell grade (FC-22) carbon wi th  60% porosity, a 
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Fig. 2. External and cross-sectional view of lithium-bromine cell. 
1, Porous carbon cathode; 2, PTFE cathode frame; 3, PTFE syringes 
for filling and venting; 4, UF polymer separator bag; 5, anode; 
6, Ag/AgBr reference electrode. 

surface area of 600 m2/g, and a median  pore diameter  
of 11 #m. 

A brominated s i lver  wire  was immersed  in the anode 
chamber  as a reference  electrode. This gives a poten-  
tial sufficiently stable to determine  the polarizat ion of 
the respect ive electrodes. However ,  the A g / A g B r  
couple is not stable in the solution containing bromine 
(cathode chamber)  because AgBr  is s l ightly soluble 
due to the format ion of the AgBr2-  complex. 

Solvent.--The disti l lation of propylene  carbonate is 
run  continuously for about 80 hr  in a glass column 
packed with  1 in. d iameter  stainless steel helices at a 
pressure of 26.5 mm and boiling point of 12O~ During 
the first stage the column is on total  reflux for 1 hr. 
Then the first 10% cut, approximate ly  306 cm 3, is dis- 
carded. This is fol lowed by the sample collection. Af te r  
each cut the mater ia l  is poured direct ly f rom the still 
into a molecular  sieve (Linde 5A) column. It is then 
al lowed to stay for more  than 16 hr  over  the molecular  
sieve unti l  it is placed in the oven-dr ied  rece iver  at 50 
drops. Before use, the molecular  sieve is heated  to 
220~ for 36 hr  under  n i t rogen flow and cooled with  
nitrogen. It is used for two consecutive distil lations 
before it is discarded. This procedure  yielded solvent  
free of water  at the l imit  of detection of vapor  phase 
chromatography (less than 10 ppm).  

Solute.--Lithium bromide and l i th ium perchlorate  
were  recrystal l ized and vacuum dried. The act ive cath-  
ode material ,  bromine,  was used as-received.  The con- 
centrations were  chosen for convenience and not for 
m ax im um  conductivity.  In the anode chamber, LiC104 
was added to the solution to br ing the Li + ion concen- 
t rat ion up to 1M. In the cathode chamber  the bromine  
concentrat ion was less than that  of LiBr so as to have 
almost all of Br2 complexed as the tr ibromide.  This in-  
creased the chemical s tabil i ty of the system. 

The conductivi ty could be increased, first of all, by 
addit ion of other  solutes such as LiBF4. For  the given 
system LiBr  -~ Br2 in PC the conduct ivi ty  and solu- 



Vol. 121, No. 3 

bil i ty of the electrolyte  are i l lustrated in Fig. 3. One 
curve  represents  the conduct ivi ty  of the solution, satu-  
ra ted  with  LiBr, as a funct ion of Br2 concentration. 
The numbers  of  the data points of  the curve  repre-  
sent the molar i ty  of saturated LiBr  corresponding to 
the g iven Br2 concentration. Thus at the max im um  
conduct ivi ty  of 0.0083 m h o / c m  the concentrat ions are 
2.23N (1.115M) Br2 and 1.17M LiBr. For  the solution 
used in the cathode compar tment  the conduct ivi ty  is 
0.0067 mho/cm.  In the absence of bromine  the solu- 
bi l i ty of LiBr in PC is l imi ted to 0.203M. Other  and 
la rger  values repor ted  in the l i t e ra ture  can be a t t r ib-  
u ted to the probable presence of wa te r  in those sys- 
tems. If  bromine  is added to the 0.2M LiBr solution 
wi thout  fu r the r  addit ion of LiBr the lower  conduct iv-  
i ty curve  of  Fig. 3 is obtained. 

During the l i fe t ime of the cell, the init ial  concen- 
trat ions wil l  undergo substantial  changes in the two 
compartments .  Except  for the presence of bromine  in 
the cathode chamber  and the existence of the b romine-  
bromide shuttle, described above, the support ing elec-  
t ro lyte  wil l  tend to equalize in the two compartments .  
Because of the shuttle, the anode chamber  wil l  be 
sa turated with  LiBr  and provisions must  be made to 
accommodate  some precipi ta ted LiBr  in that  compar t -  
ment.  

Separator.--The porous 0.01 cm thick polyethylene  
was heat -sea led  to form a bag containing the l i th ium 
electrode. This membrane  mater ia l  was character ized 
by a porosity of 43%, a flow rate  of n i t rogen per  cm 2 
at 5.6 and 65.6 psi of 1.2 and 4.0 m l / m i n / c m  2, and a 
conduct ivi ty  of 0.76 • 10 -3 m h o / c m  when  filled with  
1M KC1 in water .  

Cel l  Pe r fo rmance  
The cell was tested in 90 min  cycles wi th  charge-  

discharge t imes divided into 60:30, 42:48, and 48:42 
min  half  cycles. Constant current  levels  of 30-100 mA 
were  used, which corresponded to charge t ransfer  of 
252-360 coulombs on charge and 108-324 coulombs on 
discharge (the electrode dimensions were  10.4 • 4.2 
cm, resul t ing in a current  density of 1.15 m A / c m  2 
equiva len t  to 100 m A ) .  Occasionally s teady-s ta te  cur-  
rent  vol tage measurements  were  made. These were  
carr ied out at different points in the cycle and re -  
flected the re la t ive  state of charge of the cell. S imul-  
taneous measurements  of the individual  electrode po- 
tentials wi th  respect to a A g / A g B r  reference  electrode 
indicated the sources of overpotent ial .  

F igure  4 shows several  cu r ren t -vo l t age  curves. 
Symbols C and D indicate whe the r  these s teady-s ta te  
measurements ,  which include both charging and dis- 
charging conditions, were  actual ly  made  at a t ime 
when  the cell was near ly  ful ly  charged or discharged. 
Curves C53 and D67 are typical  polarizat ion curves 
for  about the first hundred  cycles when  there  was l i t t le  
polarizat ion due to act ivat ion and diffusion control. 
The slope of about 5 ohms was indicat ive of the elec-  
t ro lyte  and membrane  impedance. This is also reflected 
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Fig. 4. Current-voltage curves for lithium-bromine cell. C53 at 
end of charge, cycle 53; D67 at end of discharge, cycle 67; C806 
and D806 at end of charge and discharge of cycle 806. 

in the constant -current  cycling discussed below. At 
cycle 806, curve  C806 indicates an equal ly  good cell 
capabil i ty at end of charge (start  of discharge) .  The 
reason for the change in slope (to 3 ohms) for the 
charging part  of the i-E curve is not known. It may  be 
due to the presence of nickel  ions in solution, lower -  
ing the potential  of the l i th ium electrode, or to a 
change in the electrolyte  concentrat ion in ei ther  the 
anode compar tment  or in the membrane  due to the 
operat ion of the bromine  shuttle. On the o ther  hand, 
D806 shows considerable polarizat ion during discharge 
of a near ly  discharged cell. Here  both electrodes are 
under  diffusion and act ivat ion control, resul t ing in a 
slope for the i-E curve  of  about 12 ohms. This is 
brought  out more  clear ly  in Fig. 5 where  the indi-  
vidual  cell potentials  are shown for comparable  condi- 
tions during cycle 1017. 

Cons tan t -cur ren t  cycling of the cell was fol lowed by 
observing the cell vol tage as a function of t ime at 
various stages in the life of the cell, dur ing charge and 
discharge cycles, and with  different current  levels  and 
ratios of t ime at charge and discharge. Consequently,  
the depths of discharge were  also varied. 

Original ly  there  was no bulk l i th ium present  and all  
of the l i th ium deposited in one cycle on the iner t  nickel  
foam substrate could be discharged in the same cycle, 
subject  only to aging and deter iorat ion of the cell. 
With incomplete  discharge, the act ive electrode mate -  
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Fig. 5. Current-voltage curves for individual electrodes vs. Ag/  
AgBr reference electrode. Cycle 1017: C), end of charge; /k, after 
partial discharge. 
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Table I. Utilization (current efficiency) of lithium-bromine 
cell on continuous cycling 

Cycle No. 0-100 100-300 300-1785 
Approx. % 

utilization 90 70 30 

rials, l i th ium and bromine, are not completely  used up 
and create act ivat ion and diffusion barr iers  in subse- 
quent  charge. The actual  ut i l izat ion of li thium, which  
was in l imi ted ,supply, g iven as the percentage of 
charge recovered  on discharge, was a funct ion of cycle 
life. Approximate  values which depend on the l i th ium 
electrode, are shown in Table I. 

Deep discharge cycles, or even current  reversal ,  
had no deleterious effects on the cell. Cycle 917 showed 
complete discharge of the l i thium electrode. Cycle 918 
even reversed  polarity. Significantly, this improved  the 
charge acceptance and discharge of the fol lowing 
cycle. 

The effect of open-ci rcui t  stand on the  cell was also 
tested. The cycling regime was changed for cycles 222- 
230 to a 60 min, 90 m A  charge hal f -cycle  and a 30 min 
90 mA discharge half-cycle.  The discharge was 
in te r rupted  af ter  15 min  and the cell was left  on open 
circuit  for  various t imes: 10, 30, 60 min, 2 hr, and over -  
night  (8 h r  and 40 min) .  Only in the  last  case was 
there  a noticeable effect due to open-ci rcui t  stand. On 
other  occasions the cell was lef t  on open circuit  for  
several  days, in which case the cell self -discharged 
but  readily accepted a fresh charge and showed good 
subsequent  performance.  

Af te r  a final open-ci rcui t  stand of 6 days after  cycle 
1785 the cell failed to accept reasonable charge. Its life, 
therefore,  was 1785 cycles, in almost continuous opera-  
t ion over  a period of 4 months. 

Conclusions 
A l i th ium-bromine  cell can be repeatedly  charged 

when  an ultrafine, porous separator  is used. The sepa- 
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ra tor  retards the diffusion of bromine  to the l i thium 
electrode, thereby  al lowing a short  open-ci rcui t  stand 
in the charge condition. 

The mechanism of the cell  is unders tood in general  
terms. The long cell l ife could only be achieved be-  
cause of the bromine  shuttle. However ,  the individual  
electrode reactions have  not yet  been elucidated nor 
is the cell mechanism completely  understood in terms 
of the present ly  found cell polarization. 

The cell design is convenient  for test ing l i th ium 
anodes wi th  nickel  metal  foam substrates, UF m e m -  
branes as separators, and porous carbon cathodes. It  
made no pretent ion at achieving h igh-energy  density. 
The la t ter  will  requi re  a careful  balance of act ive ma-  
terials and inert  electrode substrates. In the present  
case bromine was kept in excess so that  the ut i l izat ion 
or current  efficiency repor ted  above refers to the l i th-  
ium electrode. This is justified by the smaller  chemical  
stabil i ty of the l i th ium electrode in spite of its h igher  
rates of electrode reactions, as compared wi th  the 
lower  rates and less revers ib le  kinetics of the bromine  
electrode. In fact, af ter  4 months  of operation, the 
bromine electrode was still completely  serviceable,  
whereas  the l i th ium electrode in the form of a deposit 
on the nickel meta l  foam had par t ly  disintegrated. 

Manuscript  submit ted Aug. 24, 1973; revised manu- 
script received Nov. 5, 1973. 

Any  discussion of this paper wil l  appear in a Discus- 
sion Section to be published in the December  1974 
JOURNAL. All discussions for the December  1974 Discus- 
sion Section should be submit ted by Aug. 1, 1974. 

REFERENCES 

1. R. J. Jasinski, Electrochem. Technol., 6, 28 (1968). 
2. J. L. Weininger  and R. J. Charles, Unpublished. 
3. J. H. Martin, J. Chem. Soc., 1932, 2640 (1932). 
4. J. L. Weininger  and F. F. Holub, This Journal, 117, 

340 (1970). 

Redox Couple Behavior on Lithiated Nickel Oxide Electrodes 
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ABSTRACT 

The rotat ing electrode technique has been used to study the kinetics of 
various redox couples [ F e ( C N ) 6 4 - / F e ( C N ) 6 3 - ,  Fe2+/Fe  3+, Cr2+/Cr  3+, and 
qu inone /hydroquinone]  on mosaic l i thiated nickel  oxide electrodes in sulfate 
solutions. At potentials cathodic to the flatband potential, the redox reactions 
are very  inhibited. At potentials anodic to the flatband potential,  the oxidat ion 
of the ferrocyanide ion exhibits  a t ransfer  coefficient of ~ : 1/2 wi th  an ap- 
parent  s tandard rate  constant approximate ly  two orders of magni tude  smaller  
than on Pt. The other  couples exhibi t  abnormal  t ransfer  coefficients under  
these conditions, probably  because of specific adsorption on the oxide elec-  
t rode surface. 

The kinetics of various redox reactions have been 
examined  on l i thiated mosaic nickel oxide electrodes 
wi th  the object ive of comparing the behavior  of these 
couples on this compound semiconductor  wi th  that  on 
metals. With NiO(Li )  electrodes, the heterogeneous  
electron t ransfer  is expected to involve ra ther  localized 
valency states wi th in  the electrode phase [i.e., 
Ni 2+ (3d s) and Ni ~+ (3d 7) ] ra ther  than the wide bands 
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schaft ,  D-1 West  Berlin-33, G e r m a n y .  
K e y  words :  nickel  oxide electrodes,  semiconductor  e lec t rochem- 

istry,  redox  couples, electrode kinet ics .  

involved  with  meta l  and some other  semiconductor  
el ectrodes. 

The electronic propert ies  of NiO (Li) have  been dis- 
cussed by various authors [see, e.g., Ref. (1) and (2)]. 
Al though the conduction process appears to involve a 
na r row valence band carr ier  mechanism, the band 
width  may  still  be sufficiently nar row that  the e lectron 
t ransfer  across the interface can be reasonably wel l  
approximated as involving localized va lency states 
wi th in  the electrode phase. 

Informat ion concerning the potential  dis tr ibut ion at 
the semiconductor-e lect rolyt ic  solution interface is a 
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prerequisi te  to redox kinetic studies at such interfaces. 
In  earl ier  work (3) the charge and potent ia l  d is t r ibu-  
tions at the NiO (Li) -sul fa te  electrolyte interface were 
examined using a-c impedance measurements .  At po- 
tentials more than  ~0.SV cathodic to the vol tammetry  
peak at 1.00-0.059 pH volts re SHE [designated as 
peak I in Ref. (3)], l inear  Mott-Schottky plots (see 
Appendix)  were obtained, indicating that  v i r tua l ly  all 
of any change in  electrode potential  occurs across the 
space charge region wi th in  the semiconductor. Peak 
I is a t t r ibuted  to the Ni 2+-Ni~ + surface reaction and 
hence is at tended by a large change in  surface charge. 
As the potential  becomes more anodic, an increasing 
fraction of any electrode potential  change occurs across 
the Helmholtz region. At potentials anodic to peak I 
v i r tua l ly  all of the potential  change occurs across this 
region. Under  these circumstances the redox kinetics 
would be expected to approach those on metal  elec- 
trodes except for possible differences in  the free ener -  
gies of activation arising from the involvement  of 
localized valency states in  the electrode phase. 

Earl ier  workers (4, 5) have examined the kinetic 
behavior  of redox couples on NiO(Li) .  Rouse and 
Weininger  (4), using chronopotentiometry,  reported 
apparent  Tafel slopes for the ferro-ferr icyanide couple 
on mosaic NiO(Li)  which varied be tween 69 and 153 
mV/decade for Li concentrations of 0.21-2.74 cation % 
Li in  sulfate solutions of pH ~- 3 even at potentials 
where electrode potential  changes should be almost 
ent i re ly  across the Helmholtz region. Yohe et at. (5), 
using the rotat ing disk technique, found values of the 
Tafel slope for this couple which increased with rota-  
t ion rate (e.g., for 5 �9 10-SM Fe(CN)6~--5  �9 10-~M 
Fe(CN)64-  in  0.5M K2SO4, the anodic Tafel slope in -  
creased from 90 mV/decade at 64 rpm to 220 m V /  
decade at 6400 rpm) .  This effect was a t t r ibuted by 
Yohe et al. to the series contr ibut ion of the potential  
drop associated with the back electrical contact to the 
NiO(Li) .  As the rotat ion rate increased and the cur-  
rent  becames higher, more of the potential  drop oc- 
curred at the back junc t ion  of the crystal, ra ther  than  
just  at the semiconductor-solut ion interface, and the 
Tafel slope increased. The electrical contacts used in  
the earl ier  work of Yohe et al. and also that of Rouse 
and Weininger  (cured Ag epoxy resin) appear to be 
unsatisfactory for measurements  of this k ind with 
NiO (Li) electrodes. 

The fused Ag electrical contact used in the present  
work has el iminated this problem. With this contact 
the Tafel slopes did not vary  with rotat ion rate, when  
ohmic losses wi thin  the NiO (Li) electrodes were negli-  
gible and the kinetics were pr incipal ly  under  charge 
t ransfer  control at potentials anodic to vol tammetry  
peak I. 

For a redox reaction involving surface p carriers 
(Ps) 

A~-  p s ~ C  

the kinetics may be represented as follows (6) 

i = io �9 [ ia -- i exp f ( ~ A ~  ~ ~ s )  
" ~a  

i c + i  ] 
i - - - ~  exp -- f~ACH [1] 

where a and ~ are the anodic and cathodic t ransfer  co- 
efficients, ~ H  and ACs are the contr ibutions to the over-  
potential  from the potential  drops across the Helmholtz 
layer  and semiconductor space charge region, respec- 
t ively; ia and ic are the anodic and cathodic diffusion 
l imit ing current  densities; io is the exchange current  
density (uncorrected for ionic double layer  effects); 
and ~f ---- F/RT.  Equation [1] involves the assumption 
that  only  p-carr iers  are involved in  the redox reactions 
and that  the p-carr ier  surface concentrat ions can be 
described by a simple Bol tzmann distribution. Equa-  
t ion [1] can also be expressed in the form 

R T / F  �9 In - -  1 : 
~]-- 1 - -  ( 1 - - ~ ) , ~  io la 

_ (1+ /~ .~c  ) e x p _ i n ] }  [2] 

where ~l is the overpotential,  (n = ACH + ACS), V ---- 
ACH/~, and a + ~ = 1. At potentials cathodic to volt-  
ammetry  peak I, ~ --> 0 and the Tafel slope approaches 
R T / F ;  at potentials in  the vicini ty of this peak and 
anodic to it, 7 ~ 1 and the Tale1 slope is R T / ( a F ) .  

Very high carrier concentrat ion are involved with 
the NiO(Li)  electrodes used in  the present  study 
(,--1020 carriers/cm3). This, together with the high 
concentrat ion of surface states expected as vol tam- 
met ry  peak I is approached, makes it unl ike ly  that  
Eq. [1] will be followed except when  ~ ~ 1. 

Experimental Procedures 
Procedures used in prepar ing the mosaic NiO(Li)  

electrodes and the electrolytes (except alkal ine solu- 
tion) have been described previously (3). The redox 
couple solutions were prepared using recrystallized re-  
agent grade chemicals. The alkal ine electrolyte 
(0.497M K2SO4 + 0.01M NaOH) was purified by in si tu 

pre-electrolysis of 100 ml of solution for 16 hr using 
passivated Ni electrodes having areas of ~4  cm 2 each 
at potentials of about --0.40 and 0.83V re SHE. Pla t i -  
num pre-electrolysis electrodes are not acceptable be-  
cause of possible Pt  contaminat ion of the NiO(Li)  
electrode surface. All electrolytes were sa turated with 
hel ium which was passed through hot copper tu rn ings  
to remove O,2 and traps containing Linde molecular  
sieves (3A and 13X) at l iquid N2 temperatures  to 
remove other contaminants.  

The NiO(Li)  electrodes were prepared as described 
previously (3) and compression molded into Ke l -F  
cylindrical  holders for use with the rotat ing disk 
method. The exposed NiO (Li) surface was near  square 
shaped (~0.1 cm 2) ra ther  than circular because of 
fabrication problems. Earl ier  studies (5) with metal  
electrodes have shown that  the use of square ra ther  
than  circular electrodes does not lead to appreciable 
errors in  kinetic studies with the rotat ing disk method. 
The l i th ium concentrations in  the NiO(Li)  electrodes 
listed in this paper were obtained from the slopes of 
the Mott-Schottky plots. These values have been 
shown to be essentially the same as those from flame 
photometric analyses (3). 

The Pyrex cell (Fig. 1) consisted of a main  com- 
par tment  containing the NiO(Li)  working electrode 
and separate compartments  for the reference and 
p la t inum counterelectrode. Tempera ture  control was 
achieved through the circulation of thermostated water  
through a jacket sur rounding  the bottom of the main  
compartment.  A Teflon gasket was used between the 
ground surfaces of the lid and body of the cell with a 
screw clamp to apply pressure. 

The potential  of the NiO(Li)  electrode was con- 
trolled with a Wenking  potentiostat  in conjunct ion 
with a slow l inear  potential  sweep scanner  and a Hew- 
lett  Packard/Moseley 7030A x-y  plotter to record the 
cur ren t -poten t ia l  data. 

The reference electrode was HglHgSO4 in acid and 
neut ra l  solutions and Hg]HgO in basic solutions with 
the same electrolyte as used for the support ing elec- 
trolyte in the ma in  compartment,  with the exception of 
the measurements  in  neut ra l  solution. For the 0.50M 
K2SO4 redox solutions the reference compartment  con- 
ta ined 0.495M K2804 ~- 0.005M H2SO4. All potentials 
reported have been converted to the s tandard hydro-  
gen electrode (SHE) scale. 

Results and Discussion 
The results presented in  this paper are representa-  

tive of those found for electrodes containing 0.2-0.5 
cation % Li. Electrodes which were less highly doped 
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Fig. I .  Electrochemical cell for use with rotating electrode 

assembly, a, NiO(Li) electrode (WE); b, Pt foil (external CE); 
r helium gas inlets; d, spring-cap electrical conta:t; e, rotating 
shaft (Teflon sleeve); f, sintered gloss plugs; g, standard toper 
gloss joints; h, Teflon plug fittings to standard toper joints; 
i, Teflon plugs (press-fit); j, Teflon-gloss stopcocks; k, ground 
glass lips or rims; I, Teflon gasket; m, brass ring; n, water jacket; 
o, electrolyte level; p, spring. 

(<0.1 cation % Li) genera l ly  exhibi ted Tafel  slopes 
which were  considerably higher  and dependent  on ro-  
tat ion rate and at high current  densities also on poten-  
tial. These effects are a t t r ibuted to errors in the mea-  
sured electrode potential  due to ohmic losses wi th in  
the bulk of the electrode. This conclusion is in accord 
wi th  the a-c  impedance results which yie lded values 
for the bulk electrode resistance as high as 1000 ohms 
at 1 kHz corresponding to a resist ivi ty of ~104 ohm-cm 
for 0.05 cation % Li. While results are presented only 
for ra ther  highly doped electrodes, the Tafel  slopes ob- 
ta ined for the less highly doped samples genera l ly  
agree wi th  those for the more  heavi ly  doped electrodes 
wi th in  10-20% if a correct ion is applied for bulk re -  
sist ivity as an adjustable  parameter .  

The dissolution rates of mosaic NiO(Li )  are v e r y  
slow even in concentrated acid solutions. For  a po-  
tent ial  of 1.0V re SHE in 1N H2SO4 at 95~ Lee and 
Yeager  (7) repor t  the dissolution rate  of NiO (0.88 
cation % Li) to be ~10 -5 g/cm2-hr.  On the basis of 
the t empera tu re  dependence found in this work, the 
dissolution rates would  be expected to be several  
orders of magni tude  s lower  at room tempera tu re  (i.e., 
--10 - s  g /cm2-hr ) .  Taking into account the  potent ia l  
dependence of the dissolution ra te  observed by Lee 
and Yeager, the amount  of NiO lost through dissolution 
even in the most acid solution involved  in the present  
work  (1N H2SO4) would  not be expected to exceed 
10-~ g/cm2 (the equiva len t  of approximate ly  1 mono-  
layer)  over  the t imes (5-10 rain) requi red  to record 
the cur ren t -poten t ia l  curves, scanning in any one di- 
rection. 

Ferro-ferricyanide couple.--This couple was chosen 
for the ma jo r i ty  of the study because the reactants  are 
modera te ly  stable over  a wide pH range, the salts are 
easily recrystal l ized for purification purposes, and the 
couple has a revers ible  potent ial  near  the flatband po- 
tent ial  for NiO(Li ) ,  thus affording an oppor tuni ty  to 
examine  the effects of changes in the space charge 
wi th in  the semiconductor  on the kinetics. This couple 
has been found to be re la t ive ly  fast on various metals  
in sulfate solutions at various pH (8), wi th  the ra te  
increasing as the hydrogen  ion is replaced by alkali  
meta l  cations such as Na + or  K +. 

The cur ren t -potent ia l  behavior  of the f e r ro - f e r r i -  
cyanide reaction on NiO(Li )  electrodes at various ro-  
tat ion rates is i l lustrated in Fig. 2-5 for sulfate solu- 
tions at pH from 0.5 to 12.0. Appreciable  hysteresis was 
observed in the vo l t ammet ry  curves for the fe r ro-  
ferr icyanide react ion only in neutra l  solution (see 
Fig. 4) and this may  be due to pH changes at the in te r -  
face and /o r  the specific adsorpt ion of some solution 
species. Unless otherwise  indicated, only the cur rent -  
potential  curves obtained wi th  sweeps in the cathodic 
direction are shown in the graphs. 

For  the strongly acidic medium, the cathodic branch 
is ve ry  inhibi ted but becomes progress ively  less in-  
hibited at h igher  pH. The anodic branch also is some- 
what  inhibited at low overpotent ia ls  in acidic solutions 
but  this effect becomes less pronounced at h igher  pH. 
The inhibi t ion of the cathodic react ion arises because 
the deplet ion of charge carr iers  in the vicini ty  of the 
electrode surface leads to a small  va lue  of 7 in Eq. [2], 
i.e., a large potent ial  drop across the space charge 
region. Studies on a-c  impedance have  shown that  pro-  
tons on the electrode surface s t rongly affect the poten-  
t ial  dis tr ibut ion [see Ref. (3)]  and that  the deplet ion 
of charge carr iers  becomes less severe as the pH is 
increased. At more  anodic potentials, protons are de- 
sorbed from the surface and hence the deplet ion of 
charge carriers is less wi th  the result  that  the anodie 
react ion proceeds faster. 

In acid solutions the cathodic currents  are inde-  
pendent  of the rotat ion rate  (Fig. 2 and 3) but  this is 
not the case at h igher  pH values (Fig. 4 and 5). Even  
at pH 12.0, however ,  the cathodic l imit ing currents  at 
0.264V re SHE are not complete ly  diffusion control led 
as is evident  from the plot of 1~in vs. 1/(~) 1/2 in Fig. 6. 
For  a diffusion control led react ion this curve should 
pass through the origin. 

The l imit ing currents  for the anodic branches are 
not ve ry  clearly defined, especial ly at the h igher  ro-  
tat ion rates and lower  pH values. A possible cause for 
this effect may  be that, wi th  the near  square ra ther  
than circular  exposed electrode surfaces used in this 
work, the current  distr ibution on the rotat ing electrode 
may  not be uni form even at the diffusion l imit ing 
current.  Yohe et al. (5), however ,  have shown exper i -  
menta l ly  that  rotat ing near - square  electrodes yield 
electrochemical  results for redox reactions which do 
not differ significantly from those obtained on rotat ing 
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Fig. 2. Current-potential curves at various rotation rates for 
mosaic NIO(0.36 cation % Li) in He-saturated 1.0N H2504 [2.5 
mM K4Fe(CN)6 and 2.5 mM K3Fe(CN)6] at 25~ Electrode area, 
0.128 cm2; sweep rate, 2 V/mln; ER ~ 0.672V re SHE. 
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Fig. 3. Current-potential curves at various rotation rates for 
mosaic NIO(0.36 cation % Li) in He-saturated 0.495M K2504 -~- 
O.O05M H~SO4 [2,5 mM K4Fe(CN)6 and 2.5 mM K3Fe(CN)6] 
at 25~ Electrode area, 0.128 cm2; sweep rote, 1 V/mini ER = 
0.470V re SHE. 
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Fig. 4. Current-potential curves at various rotation rates for 
mosaic NIO(0.36 cation % Li) in He-saturated 0.50M K2504 [2.5 
mM IqFe(CN)B and 2.5 mM K3Fe(CN)6] at 25~ Electrode area, 
0.128 cm:Z; sweep rate, 4 V/rain; ER = 0,460V re SHE. 

disk electrodes. Fur thermore ,  there  is no reason to 
bel ieve that  current  distr ibut ion effects at the diffusion 
l imit ing current  density should be marked ly  depen-  
dent on the pH of the solution. A more  l ikely  explana-  
t ion for the i l l -defined anodic l imit ing currents  is 
in ter ference  f rom the surface react ion associated wi th  
vo l t ammet ry  peak I [see Fig. 1 in Ref. (1)].  The po- 
tent ia l  of peak I lies near  that  for the anodic l imit ing 

3.0 

2.0 

N 
E 

<[ ha E 

F- 

Z 
uJ 

~" O 
t -  
Z 
uJ  
or 
0r 

r  

- h a  

- 2 . 0  

I I I I I I 

5625 

m 

16OO 

_  j 22% o 

5 6 2 5  

I , 
0 . 2  

I I 
0.4 O,6 

321 

0.7- I A / p ~ ~ ~ o  

O.6-- 

0.5-- 2 ~  z 

0 . 4 ~  - 

�9 / / / ' 1  

- / /  

o.z / /  

/ /  

O.I 

I I 
o O.Ol o.o2 

-1/2 , (rpm) -Vz 

Fig. 6. Plots o f  ] / iL VS. u -1/2 for the ferro-ferricyonide couple 
on mosaic NIO(0.36 cation % Li) in He-saturated sulfate solutions 
[2.5 mM K3Fe(CN)6 and 2.5 mM K3Fe(CN)6] for various pH at 
25~ /% �9 ---- ].0N H2504; oxidation at 1.22 and ].07V re SHE, 
respectively; pH:0.5. Q : 0.495M K2504 + 0,005M H2504; 
oxidation at 0.92V; pH:2.9. �9 _-- 0.50M K2$O4; oxidation at 
0.70V. [~, [] --~ 0.497M K2504 -}- 0.0]M NoaH; oxidation at 
0.664V and reduction at 0.264V, respectively; pH:12.0. 

POTENTIAL, V re SHE 

Fig. 5. Current-potential curves at various rotation rates for 
mosaic NIO(0.48 cation % Li) in He-saturated, pre-electrolyzed 
0.497M K2504 -I- 0.0]M NaOH [2.5 mM K4Fe(CN)6 and 2.5 mM 
K3Fe(CN)6] at 25~ Electrode area, 0.0416 era2; sweep rate, 
] V/mini ER • 0.461V re SHE. 
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currents  (see Table I) in acid but  not neutra l  and 
alkal ine solutions. 

In spite of difficulties encountered in determining 
the anodic l imit ing current  densities exactly, Fig. 6 
verifies that  the exper imenta l  values chosen for each 
rotat ion rate  at a given potential  for each solution are 
essential ly the diffusion l imit ing current  densities. 2 
The potentials at which the diffusion l imit ing currents  
were  de te rmined  are g iven in the legend to this figure. 
For  comparison, a plot for the solution of pH = 0.5 is 
also given in Fig. 6 at a fixed potential  of 1.07V re SHE, 
corresponding to a region well  below the l imit ing cur-  
rent. 

Anodic plots of In [ i / ( ia  - -  i) ] vs .  potential  are shown 
in Fig. 7 for various rotat ion rates for the 1.0N H2SO4 
solution. Linear i ty  is to be expected when  the back 
react ion is negligible and 7 is constant or negl igible  
(see Eq. [2]). Above 0.8V the plots of l n [ i / ( i a  - -  i ) ]  vs.  
E are l inear  wi th  a constant slope of 120 mV/decade  at 
all rotat ion rates. The slope of these plots indicates that  
in this potential  region all of the change in electrode 
potential  is across the Helmhol tz  region wi th  no appre-  
ciable space charge effects wi th in  the semiconductor  
and also no appreciable ionic double layer  effects de-  
spite the re la t ive ly  high charge of the species under -  
going oxidation. This is the kind of behavior  usual ly  
observed for a redox couple on a meta l  electrode wi th  
the react ion under  combined kinet ic  and diffusion 
control wi th  ~ ~ Vz. 

At potentials cathodic to 0.8V, the anodic Tafel  plots 
deviate  from linearity.  These deviat ions are almost 
cer ta inly re la ted to a change in the potent ia l  dis tr ibu-  
tion at the interface wi th  an appreciable fract ion of the 
change in electrode potential  occurr ing across the 
space charge region wi th in  the semiconductor.  The 
intercept  of the Mot t -Schot tky  plot for this electrode 
at 1 kHz in 1.0N H2SO4 is at ~-I.IV wi th  1/Csc 2 becom- 

2 T h e  p o i n t s  on  t h i s  a n d  s u b s e q u e n t  g r a p h s  in  t h i s  p a p e r  cor -  
r e s p o n d  to t h e  p a r t i c u l a r  v a l u e s  c a l c u l a t e d  u s i n g  a r b i t r a r i l y  c h o s e n  
speci f ic  p o i n t s  f r o m  t h e  c o n t i n u o u s l y  r e c o r d e d  c u r r e n t - p o t e n t i a l  
curves, 

m 
B 
m 

B 

B 

I ( : ] ~  

J 

O J ~  

0.01 

I I I I 
r p.__~.m 

0 5625 
�9 3 6 0 0  

& 2 5 0 0  

�9 1600 

/ 

i I I I I I 
0 . 8  0 . 9  1.0 I . I  

P O T E N T I A L ,  V re S H E  

Fig. 7. Tafel plots for oxidation of ferrocyanide on mosaic 
NIO(0.36 cation % Li) in He-saturated 1.0N H2SO4 [2.5 mM 
K4Fe(CN)6 and 2.5 mM K3Fe(CN)6] at 25~ ER --~ 0.672V re 
SHE; b = 120 mV/decade (all rotation rates). 
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ing appreciable at ,~0.8V (Cse : space charge capaci- 
tance; see Appendix,  Fig. A - I ) .  

Extrapola t ion  of the l inear  portions of the Tafel  
plots to the revers ible  potential  (ER = 0.672V re SHE) 
yields a value for the apparent  exchange current  den-  
sity of 6.6 _ 0.1 ~A/cm 2. If all of the potent ial  drop 
occurs in the space charge region of a p - type  semi- 
conductor, the cathodic current  should reach a l imit ing 
value  which corresponds to io, the exchange current  
density. Al though the cathodic current  actual ly  in-  
creases slowly at more  cathodic potentials, there  is a 
sharp " level ing off" which should yield an approxi -  
mate  value for the exchange current  density. For  com- 
parison, the value of io de termined  in this way  is about 
8.6 ~A/cm 2. 

In solutions of h igher  pH, the back react ion t e rm in 
Eq. [2] cannot be neglected. In Fig. 8, a typical  plot  
according to Eq. [2] is shown for the oxidat ion of 
ferrocyanide on NiO(Li)  in 0.495M K2SO4 -~ 0.005M 
H2SO4. The cathodic diffusion l imit ing current  den-  
sity ic has been assumed to be equal  to the anodic 
value ia in making this plot. At potentials cathodic to 
0.75V, the points on the graph for different rotat ion 
rates superimpose. The slight divergence at more 
anodic potentials is probably due to the inaccuracy 
inherent  in this type of plot at current  densities 
approaching ia, coupled with  the uncer ta in ty  involved  
in determining the ia value. The l inear  port ion of this 
plot has a slope of 120 mV/decade  which indicates 
that  a _-- 0.5 and that  all of the potential  change 
occurs across the Helmhol tz  layer.  At potentials cath-  
odic to about 0.6V, the points deviate f rom lineari ty.  
This is probably because an appreciable potent ial  
change occurs across the space charge region. 

Extrapola t ion of the l inear  port ion of the Tafel  plot 
to the revers ible  potential  [ER ~ 0.470V re SHE] for 
the 0.495M K2SO4 -Jr 0.O05M H2SO4 solution yields a 
value for the exchange current  density of 64 ~A/cm 2. 
This is considerably larger  than  the value  observed in 
1.0N H2SO4 (6.6 ~A/cm2). The rate  of react ion would 
be expected to be faster  at h igher  pH because the 
electrode surface is less protonated  and the deplet ion 
of p-carr iers  near  the surface does not become pro-  
nounced unti l  more  cathodic potentials. The kinetics 
of the fe r ro- fe r r icyanide  couple also are highly de- 
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Fig. 8. Tafel plots for oxidation of ferrocyanide on mosaic 
NIO(0.36 cation % Li) in He-saturated 0.495M K2SO4 ~ 0.005M 
H2504 [2.5 mM K4Fe(CN)6 and 2.5 mM K3Fe(CN)6] at 25~ 
Ep, = 0.470V re SHE; b ~ 120 mV/decade. 
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pendent  on the pH and the cations. The rates are ve ry  
fast wi th  polarizable cations such as Cs + and re la t ive ly  
slow with  less polarizable cations such as Li + or H + 
as the principal  cations on meta l  electrodes such as 
gold (9). A similar  cation effect has also been observed 
on the homogeneous rate  constants for this couple 
(10). Both effects are probably a consequence of the 
association of the cations wi th  the anions of the couple, 
par t icular ly  the ferrocyanide ion wi th  its charge o ther-  
wise of --4 (11, 12). Polar izable cations may facil i tate 
the electron t ransfer  through some type of outer  
sphere, br idged act ivat ion complex be tween  couples 
or to the surface. The replacement  of the H + or Li + 
ions associated with the Fe (CN)64-  by more  polariz-  
able cations may  also reduce the outer  sphere con- 
t r ibut ion to the free energy of act ivat ion wi th in  the 
f ramework  of the Marcus-Hush (13) and Levich-  
Dogonadze (14) theories of electron transfer.  In the 
present work, ion association alone, however ,  cannot 
expla in  the pH dependence of the exchange current  
density since the dependence of the apparent  rate con- 
stant continues to be great  outside the range where  
proton association wi th  the ferrocyanide is predomi-  
nant  (see Table I) .  

In Fig. 9 are plots based on Eq. [2] for near  neutra l  
solutions (pH = 6.5) wi th  0.5M K2SO4 as the support-  
ing electrolyte.  The cathodic diffusion l imit ing current  
densities have been taken  as equal  to the anodic values 
since the space charge effects in ter fere  wi th  the direct 
de terminat ion  of the cathodic values from Fig. 4. F rom 
Fig. 9, it is evident  that  the plots are no longer  l inear  
and the slopes are dependent  on the concentrat ion of 
the redox couple as wel l  as the rotat ion rate  at h igher  
anodic current  densities. Thus at the h igher  fer ro-  and 
ferr icyanide concentrations (5 • 10-~M) and the 
highest  rotat ion rate  (5625 rpm) in Fig. 9, the slope 
is 105 mV/decade  whereas  at 2.5 • 1O-3M and 1600 
rpm, the slope is ~70 mV/decade  at h igher  anodic 
potentials. 

Theoret ical ly,  Eq. [2] is applicable regardless  of 
whe the r  the electrochemical  react ion rate  is controlled 
by electron transfer,  diffusion, or both. When the re-  
action rate  approaches pure diffusion control (io > is 
or ic) however ,  practical  application of Eq. [2] be-  
comes tenuous. Because of the magni tude  of io, small 
errors  in the  value  of ia or  ic become very  significant 
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and deviations can occur in plots of the type given in 
Fig. 9. This is the probable explanat ion for the devia-  
tions at more anodic potentials in this figure. In the 
near  neu t r a l  solutions, even the minute  amount  of NiO 
which dissolves under  these conditions may  result  in 
an appreciable pH change adjacent  to the electrode 
surface. Such changes in pH could change the state of 
protonat ion of the electrode surface and hence also 
change the exchange current  density for the redox 
couple, thus disturbing the apparent  Tafel  slope in 
Fig. 9. 

Only at the higher  redox couple concentrat ions (5 • 
10-3M) and highest rotat ion rate  (5625 rpm)  is the 
plot in Fig. 9 sufficiently l inear  to permit  ext rapola-  
t ion to the revers ible  potential  (ER ---- 0.461V) to ob- 
ta in an est imated exchange density of io --~ 0.9 m A / c m  2. 

In more  alkaline solutions (i.e., pH ---- 12) the k i -  
netics have become sufficiently fast that  the oxidation 
and reduct ion are under  almost pure diffusion control 
and quant i ta t ive  values for the exchange current  den-  
sities and Tafel slopes could not be obtained with  the 
rotat ing disk technique.  

The apparent  exchange current  densities, Tafel  
slopes, and diffusion coefficients evaluated  from the 
present study are listed in Table I. The diffusion co- 
efficient de termined from the anodic l imit ing current  
density for the ferrocyanide is in reasonably good 
agreement  wi th  the value of 7.2 • 10 -6 cm2/sec re-  
ported by J a h n  and Vielstich (16) on Pt  in 0.5M K2SO4 
at 25~ The rest potentials were  always the same 
(--+2 mV) as the values observed on pla t inum and 
agree quite well  with the l i te ra ture  (15). 

The apparent  s tandard rate  constants for the fer ro-  
ferr icyanide couple on NiO (Li) are considerably 
slower than on metals  such as p la t inum and gold even 
at low pH values where  protonat ion of the fe r rocy-  
anide leads to less revers ibi l i ty  [see e.g., (17-23)]. 
Using a-c methods, Randles and Sommer ton  (20) ob- 
ta ined an apparent  s tandard rate  constant of 1.3 • 
10 -1 cm/sec  in 0.5M K2SO4 at 20~ The apparent  ko 
value for this reaction on NiO(Li )  at 25~ is 1.9 • 
10 -3 cm/sec or approximate ly  two orders of magni -  
tude less. 

FeZ+-Fe ~+ couple . - -Typical  vol t ammet ry  curves at 
various rotat ion rates are shown in Fig. 10 for the 
Fe2+-Fe 3+ couple on NiO(Li )  in 0.495M K2SO4 -t- 
O.005M t-I2SO4 (pH = 2.9). Pronounced inhibit ion is 
evident  for the cathodic branch and also for the anodic 
branch at low overvoltages.  At more anodic poten-  
tials the current  increases to a l imit ing value, which is 
rota t ion dependent.  At about 1.6V re SHE, the current  
again increases, due to the onset of oxygen evolution. 
Values of iL determined at 1.50V are diffusion limited, 
as shown in Fig. 11. For  comparison, current  densities 
at 1.27V are also plotted in this figure. Tafel  plots wi th  
corrections for diffusion of reactants  using iL evaluated 
at 1.50V are shown in Fig. 12. These plots are l inear  
over  at least two decades of current  wi th  a slope of 

Table I. Summary of data for the ferro-ferricyanlde couple at 25~ 
on NiO(Li) electrodes in aqueous solution 

C(a) b ( a ) ( c m V /  ko(e) D X 10 6(f) 
p H  (mM)  E~(b) (V) Ep(o) (V) d e c a d e )  ( c m / s e c )  (cm2/sec)  

0.5 2.5 0.672 0.95 120 2.8 • 10 -5 6.7 
2.9 2.5 0.470 0.83 120 2.7 x 10 -~ 6.4 
6.5 2.5 0,460 0.62 - -  - -  7,1 
6.5 5.0 0,461 0.62 105 1,9 • lO -s 

12.0 2.5 0.461 0.29 - -  - -  7~-3 
, , 

0 . 5  0 . 6  0 . 7  

P O T E N T I A L ,  V re S H E  

Fig. 9. Tofel plots for oxidation of ferrocyanide on mosaic 
NIO(0.36 cation % Li) in He-saturated 0 59M K2SO4 [2.5 and 
5.0 mM K4Fe(CN)6 and K3Fe(CN)6] at 25~ pH : 6.5; ER 
0.460V re SHE. 

(a) C = c o n c e n t r a t i o n  of  K 4 F e ( C N ) e  a n d  K 3 F e ( C N ) 6  (bo th  e q u a l ) .  
(b) E a  = m e a s u r e d  r e s t  p o t e n t i a l  ( c o r r e s p o n d i n g  to  r e v e r s i b l e  

v a l u e )  r e  SHE,  
(c) Ep = pOten t i a l  of  t h e  v o l t a m m e t r y  p e a k  I r e  SHE.  
(~) b = T a f e l  s lope  o r  s l o p e  f o r  p lo t s  according to Eq,  (2).  
(e) ko = a p p a r e n t  s t a n d a r d  r a t e  c o n s t a n t  (no d o u b l e  l a y e r  c o r r e c -  

t i on ) .  
(r)D = d i f fus ion  coef f i c i en t  of  f e r r o c y a n i d e  c a l c u l a t e d  f r o m  s lope  

of 1~in vs.  oJ-1/2 plots ,  u s i n g  0.0095 f o r  t h e  k i n e m a t i c  v i s c o s i t y  (15).  



324 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  March 1974 

4.0 

3.0 

E 

<( 
E 

>: 
I -  

2.0 
z 
w 
r 

k- 
z 
LU 
(Z: 
0r 

r 
I.O 

I I I I I I 

5 6 2 5  �9 

3 6 0 0  

1 6 0 0  

9 0 0  r p m  

0 . 4  0 . 6  O.B 1,O 1 . 2  1 . 4  1 . 6  

P O T E N T I A L ,  V re SHE 

Fig. 10. Current-potential curves at various rotation rates for 
mosaic NIO(0.36 cation % Li) in He-saturated 0.495M K2SO4 +t- 
0.005M H2SO4 [2.5 mM FeSO4 and 2.5 mM Fe2(SO4)3] at 25~ 
Electrode area, 0.128 cm2; sweep rate, 1 V/min; ER - -  0.706V 
re SHE. 
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Fig. 11. Plots of 1/iL v s .  ~--i/2 for oxidation of ferrous ion on 
mosaic NIO(0.36 cation % Li) in He-saturated 0.495M K2SO4 + 
0.005M H2SO4 [2.5 mM FeSO4 and 2.5 mM Fe2(SO4)s] at 25~ 
Electrode area, 0.128 cm 2. 

200 mV/decade ,  independent  of rota t ion rate.  The de-  
pendence of the in tercept  on rotat ion ra te  is that  an-  
t ic ipated for this type of plot according to Eq. [2]. 

The Tafel  slope of 200 mV/decade  is considerably 
h igher  than found for this couple on metals  such as 
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Fig. 12. Tafel plots for oxidation of ferrous ion on mosaic 
NIO(0.36 cation % Li) in He-saturated 0.495M K2SO4 -I- 0.005M 
H2SO4 [2.5 mM FeSO4 and 2.5 mM Fe2(SO4)3] at 25~ ER 
0.706V re SHE; b = 200 mV/decade (all rotation rates). 

platinum. Gerischer  (24) has repor ted  an apparent  
anodic t ransfer  coefficient of 0.42 corresponding to a 
Tafel  slope of 143 mV/decade  and an apparent  s tan-  
dard ra te  constant of 3 • 10 -8 cm/sec  for this couple 
in 1M H2SO4 on platinum. Other  workers  have  con- 
firmed these results (8). The apparent  s tandard rate  
constant evaluated  f rom the plots in Fig. 12 is 8.3 • 
10-~ cm/sec  or approximate ly  two orders of magni tude  
smaller  than the value on platinum. Note, however ,  
that  the support ing electrolytes and pH are not the 
s a m e .  

The lack of any appreciable current  for the reduc-  
t ion of ferr ic ion on NiO(Li )  and evidence of in-  
hibi t ion at low anodic over~otent ials  are somewhat  
surprising since the revers ib le  potent ial  for the fer-  
rous-ferr ic  couple is 0.706V re SHE and more  anodic 
than that  for the  fe r ro - fe r r i cyan ide  couple. On the 
basis of the a-c  impedance studies in the same sup- 
port ing electrolyte  (3), the onset of the exhaust ive  
deplet ion region would  not have  been expected at po- 
tentials less cathodic than 0.5V re  SHE. 

Both the slope of 200 mV/decade  and the pronounced 
cathodic inhibi t ion for this system may  be explained 
by considering specific adsorption of Fe ions. The in ter -  
action of Fe ions wi th  the electrode surface may  in- 
volve  sharing of an H20 from the inner  coordination 
sphere of Fe wi th  a Ni ion on the surface or replace-  
ment  of an H20 in the inner  coordination sphere of 
iron by surface O = or O H -  ions. The adsorpt ion of 
e i ther  Fe  +2 or  Fe  +3 ions wil l  modify  the potent ia l  dis- 
t r ibut ion and Ni ~+ concentrat ion at the surface. The 
deplet ion of p-carr iers  produced by the adsorption of 
Fe  2+ or Fe  3+ ions wil l  lead to a re la t ive ly  large poten-  
tial drop across the space charge region at e lectrode 
potent ial  considerably less cathodic than  otherwise 
would  be necessary for such a deplet ion effect. 

Much of the anodic branch occurs at potentials more 
posit ive than the vo l t ammet ry  peak I where  a sub- 
stantial  fraction of the surface nickel  ions appear  to be 
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conver ted  to the -4-3 va lency state. In the anodic 
branch, therefore,  most of the potential  drop should be 
across the Helmholtz  region and hence available to 
dr ive the electrochemical  oxidation. Consequent ly  the 
p-car r ie r  surface concentrat ion would  not be expected 
to depend s trongly on the electrode potential  in this 
region. Under  these circumstances the behavior  of the 
Fe+2-Fe +3 couple should approach that  on a metal.  
The higher  than usual anodic slope of 200 mV/decade  
may reflect the specific adsorption of Fe +2 and /o r  Fe +3 
ions (even at potentials  anodic to vo l t ammet ry  peak I) .  

Hydroquinone-quinone couple.--The cur ren t -po ten-  
tial curves for 1.0 • 10ZM quinhydrone  were  examined  
in He-sa tura ted  1.0N H2SO4 on an NiO (0.48 cation % 
Li) electrode at various rotat ion rates (1600-5625 rpm) .  
The rest potential  was unsteady, a l though the expected 
value of 0.67V re SHE was obtained on Pt  electrodes 
in these solutions. The cathodic branch on the NiO (Li) 
electrode was very  inhibited. No current  was evident  
from --0.7 to 0.9V re SHE but at more  anodic poten-  
tials the current  increased reproducibly  to a we l l -  
defined diffusion l imi ted va lue  at 1.6V. Plots of log 
i /( ia -- i) vs. E were  l inear  over  two decades of cur-  
rent  wi th  a slope of 170 mV/decade,  independent  of 
rotat ion rate. 

Assuming that  all of the potential  drop occurs in the 
Helmhol tz  region at anodic potentials, the correspond- 
ing anodic t ransfer  coefficient is 0.35 for a r a t e -de te r -  
mining step involving only one electron change. The 
values agree quite  wel l  wi th  the l imit ing value for a 
of 0.37 obtained by Vet ter  (8) above pH 5 for this elec-  
t rode react ion on plat inum. 

Crz+-CrS+ couple . - -The behavior  of the Cr2+-Cr3+ 
couple was examined on the NiO(Li )  electrodes in 
perchlorate  solutions using slow l inear  sweep vol tam-  
merry. The revers ible  potential  (E ~ = --0.41V re 
SHE) of this couple is ve ry  cathodic compared to the 
flatband potential  or potentials where  the capacitance 
contr ibut ion from the space charge region in the semi-  
conductor first becomes appreciable. In a 0.5M NaCIO4 
solution containing 0.02M Cr 2+ and 0.02M Cr 3+ plus 
sufficient HC104 to adjust  the pH to 1.2, the stow sweep 
vo l t ammet ry  curves (4 V/ra in)  were  the same as in 
the absence of the Cr2+-Cr3+ couple over  the voltage 
range --0.8 to nal.5V re SHE. Oxidat ion or reduct ion 
current  densities of even  a few ~A/cm 2 would  have  
been detectable. 

In the absence of halide ions the Cr2+-Cr 3+ couple 
is quite  i r revers ib le  even  on metals  such as Hg and Pt. 
None the less at overpotent ials  of several  tenths of a 
volt, currents  in the m A / c m  2 range are observed [see 
e.g. Ref. (25)]. The much  more pronounced i r revers i -  
bi l i ty  of  the Cr2+-Cr  3+ couple in NiO(Li ) ,  therefore,  
must  be a t t r ibuted to the electrode. 

The introduct ion of halide anions into the perchlo-  
rate  solution great ly  increases the revers ib i l i ty  of the 
oxidat ion of Cr 2+ and also the reduct ion of Cr 3+ on 
meta l  electrodes if the halide anion is present  in the 
inner  coordination sphere of the Cr 3+ (25). The halide 
is bel ieved to facil i tate the charge t ransfer  th rough 
anion bridging. With the NiO (Li) electrode, the in t ro-  
duction of 10-3M NaC1 into the NaC104-HC104 solu- 
t ion resul ted in a substantial  oxidat ion current,  for  the 
Cr2+-Cr 3+ couple at potentials  anodic to 0.75V re SHE 
where  the deplet ion layer  is not involved.  Quant i ta t ive  
s teady-s ta te  data for the kinetics of the oxidat ion are 
not avai lable  in the presence of the C1- but  the be-  
havior  appears similar  to that  on meta l  electrodes at 
anodic potentials. 

Comparison of Redox Behavior on NiO(li) 
and Metal Electrodes 

The rates of the various redox couples examined  in 
this work  are substant ia l ly  s lower  on the NiO(Li )  
electrode than on metals  such as Pt  and Au. Factors 
which may  be responsible for the difference in rates 
include: (a) semiconductor  effects, (b) ionic double 

layer  effects, (c) differences in surface roughness, and 
(d) contr ibut ion of the electrode phase direct ly  to the 
free energy of act ivat ion for the charge transfer.  

At potentials appreciably cathodic to the ftatband 
potential,  most of the potent ial  drop is across a deple-  
tion layer  wi th in  the NiO(Li ) .  Under  such c i rcum- 
stances, pronounced inhibi t ion of cathodic and anodic 
processes is to be expected. This has been observed not 
only for the couples a l ready cited, but  also a number  
of other  processes including the oxidat ion of CO and 
organic acids (26). At potentials  anodic to the fiatband 
potential,  all the  couples studied in the present  work  
were  still s lower even  in the anodic branch than on 
metals  such as Pt. For  the fe r ro- fe r r icyan ide  couple, 
the ratio of the s tandard rate  constants on NiO(Li )  
and Pt  electrodes in 0.5M K2SO4 is 1.5 X 10 -2. For  the 
Fe2+-Fe 3+ couple this ratio is 2.7 • 10 .-2 a l though the 
comparison is not ful ly val id since the electrolyte  used 
wi th  the NiO (Li) electrode was 0.5M K2SO4 -P 0.005M 
H2SO4, whereas  that  for the Pt  was 1M H2SO4 (24). 

Differences in the ionic double layers  on the two 
electrodes would be expected to cause some difference 
in the apparent  ra te  constants but it is doubtful  
whe the r  ionic double layer  effects would  cause differ- 
ences of ~ 2 orders of magnitude.  Fu r the r  the double 
layer  effects would  act in opposite directions for the 
fe r ro- fe r r icyanide  and fer rous- fer r ic  couples because 
of the differences in the charge of the react ing ions. 
The constancy of the Tafel  slopes and in the instance 
of the fe r ro- fer r icyanide  couple the finding of a t rans-  
fer  coefficient of 0.5 are fur ther  arguments  against 
large ionic double layer  effects. 

For  surface roughness to be the ma jo r  factor respon-  
sible for the two orders of magni tude  difference in 
rate  constants on NiO(Li )  and Pt  would requi re  a 
roughness factor of ,~ 102 for the Pt  used by such 
workers  as Randles and Sommer ton  (20) and Gerischer  
(24). This seems unl ikely  wi th  br ight  p la t inum elec-  
trodes of the type used by these authors. 

The most probable explanat ion for the two orders of 
magni tude  difference in ra te  constants at potentials 
anodic to the flatband potential  is that  the electrode 
phase contr ibutes significantly to the f ree  energy of 
act ivation for the charge t ransfer  process. According 
to the Marcus-Hush theory  (13) of heterogeneous elec- 
t ron t ransfer  the t rue  s tandard first order  rate  constant 
(ko)t (corrected for double layer  effects) is g iven by 

~F* AF* 
( k o )  t : A exp -- ~ = ~Z exp -- - -  [3] 

R T  R T  

where  K is the transmission coefficient ( taken as uni ty  
by Marcus) ,  ~F* is the free energy  of activation, and 
Z is the collision f requency factor. Assuming all  sites 
on the electrode surface equal ly  accessible, Z is given 3 
by Marcus as 

Z = [kT/(2zcm*) ]1/2 [4] 

where  m* is the effective mass of the reactant.  For  a 
species such as Fe(CN)64- ,  Z ~ 4 • 104 cm/sec.  

The act ivat ion free energy for a redox couple on a 
metal  is as follows 

~ F *  = ~ F * i  -~- A F * o  "4- ~ F * e  [ 5 ]  

where  AF*i is the contr ibut ion from rea r rangement  
(prestressing) of the inner  sphere ligands, hF*o is the 
contr ibution from the outer  sphere and more  remote  
ion-solvent  environment ,  and AF*e is any electronic 
quan tum mechanical  contribution. For  a metal,  ~F*e is 
usual ly taken to be zero but wi th  a semiconductor,  
par t icular ly  involving ra ther  localized electronic states 
AF*e may  not be zero because of possible spin inversion 
at tending the electron transfer.  

3 The val id i ty  of this  express ion g iven  by  Marcus  for  Z has  been 
chal lenged by Bockr is  (27). At  the  best, the t e r m  is probably  not 
more  accurate  than  to an order  of magni tude .  In  the present  dis- 
cussion, only the rat io  of the va lues  be tween  the NiO(Li)  electrode 
and meta l  electrodes such as P t  is impor tant .  
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With semiconductor  electrodes, the pre -exponent ia l  
te rm A in Eq. [3] (or a l te rna t ive ly  the exponent ia l  
te rm hF*) must  be modified to take into account the 
carr ier  concentrat ion in the  electrode surface. At  po-  
tentials anodic to peak I in the vo l t ammet ry  curve (3, 
5), however ,  the surface concentrat ion of Ni 8 + is est i-  
mated  to be ~ 1/4 of that  of the atoms on the surface 
of a meta l  such as Pt. This est imate is based on the 
number  of coulombs/square  cent imeter  associated wi th  
vo l t ammet ry  peak I. Since the rate  constants on the 
NiO(Li )  electrodes are pr incipal ly  based on kinet ic  
data at potentials anodic to this peak, the p re - expo-  
nential  te rm A in Eq. [3] would  not be expected to 
differ f rom that  on Pt  by more  than  four-fold,  assum- 
ing that  ~ is still  ,`1 for the NiO (Li) electrode. Redox 
species such as the ferrocyanide anions are expected to 
undergo electron t ransfer  wi th  distances of 7-10A be-  
tween  thei r  centers and those of the Ni 3 + on the elec-  
t rode surface. Consequent ly  the electron t ransfer  prob-  
ably should not requi re  the al igning of the redox 
species wi th  sites on the electrode surface and hence 
the difference in A may  be much smal ler  than a factor 
of 4. 

If  the pre -exponent ia l  terms A for NiO(Li )  and Pt  
are assumed to be the same, ~F* must  be ,-3 kca l /mole  
larger  for the NiO(Li )  electrodes than  for the pla t i -  
num electrodes. Possible sources for such an addit ional  
act ivat ion free energy are (i) contributions to ~F*i 
and ~F*o for the electrode phase and (ii) spin prob-  
lems resul t ing in an appreciable value for AF*e. The 
la t ter  seems unl ikely  since spin invers ion would  prob-  
ably produce a much larger  contr ibution to AF*e than 
just a few kcal /mole .  Significant contr ibutions to ~F*~ 
and nF*o from the prestressing of the envi roment  of 
the Ni ~+ states at the electrode surface appear  more  
likely. 

On the other  hand, dielectric loss measurements  in 
NiO (Li) as wel l  as resistivity, Hall, and Seebeck co- 
efficient measurements  have indicated that  any act iva-  
tion energy for Ni 3+ hole mobi l i ty  in NiO(Li )  is less 
than 200 ca l /mole  [see Ref. (2) for a summary  of the 
evidence].  The conduct ivi ty  has an act ivat ion energy  
which is much  la rger  but  this act ivat ion energy  corre-  
sponds to the dissociation of L i+ -Ni  3+ or Ni3+-cation 
vacancy pairs to yield highly mobile  p-carriers.  The 
lack of any appreciable act ivat ion energy for the free 
p-carr iers  in NiO is probably the result  of Ni ~+-O -9-- 
Ni ~+ interactions which facil i tate e lectron t ransfer  
from a Ni ~+ eg orbital  to an Ni ~+ eg orbital  of paral le l  
spin (2) ; i.e., the equivalent  of the anion bridge mech-  
anism for redox species in solution. For  charge t ransfer  
across the interface be tween  Ni ~+ in the electrode 
phase and a redox species, the si tuation would be sub-  
s tant ial ly different and such strong interactions be-  
tween  orbitals of Ni a+ and those of the redox species 
would  not be expected, par t icular ly  wi th  redox species 
such as fe r ro- fe r r icyanide  which have stable inner  co- 
ordinat ion spheres and which are probably not specifi- 
cally adsorbed. Thus a contr ibut ion of several  kca l /  
mole to hF* from prestressing of the envi ronment  of 
the surface Ni3+ ions is quite  possible. 

If  such is the situation, then  the charge t ransfer  be-  
tween  the Ni 3+ states in NiO(Li )  and a redox species 
in the electrolyte  is ra ther  analogous to charge t ransfer  
be tween  two different redox couples in solution. Such 
a model  has been considered for this system by the 
authors (28) using the Marcus theory  (13) for homo-  
geneous rates of redox reaction. Calculations wi th  this 
model, however ,  are l imited by the lack of adequate  
data for use in calculating -%F*i and ~F*o for the sur-  
face Ni 3+ ions as wel l  as difficulties in evaluat ing  the 
coulombic interactions.  
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A P P E N D I X  

Helmholtz Capacitance Correction in A-C Impedance Studies at 
NiO(Li) 

In the a-c impedance measurements  repor ted  ear l ier  
(1), no correction was made for the Helmhol tz  layer  
capacitance in the calculat ion of the space charge 
capacitance for the NiO (Li) electrodes. Unfor tuna te ly  
informat ion is lacking as to the value of the Helmhol tz  
capacitance. Since the observed capacitance was much 
smaller  than the normal  Helmhottz  capacitance, the 
assumption was made that  the series Helmhol tz  capaci- 
tance could be neglected for purposes of prepar ing 
Mot t -Schot tky  plots wi th  only a minor  error.  

The omission of the correct ion for the Helmhol tz  
layer  capacitance, however ,  may  lead to a substantial  
er ror  in the intercepts  in the Mot t -Schot tky  plot for 
highly doped NiO (Li) electrodes. If the value of this 
capacitance Js taken to be , `  20 ;d /cm 2 at potentials 
cathodic to the apparent  flatband potential,  the  in ter -  
cept is shifted to more  cathodic Fotentials by ,~ 0.35V 
for the 0.36 and 0.48 cation % Li electrodes in both the 
acid and near  neutra l  sulfate electrolytes used in the 
ear l ier  work (3), see Fig. A-1. The slopes also are 
sl ightly decreased numer ica l ly  by ,`  15% and the 
l inear  region sl ightly extended.  

With this correction, the intercepts  coincide approxi-  
mate ly  with the potentials of the first peak in the 
vo l t ammet ry  curves corresponding to the Ni2+-Ni 8+ 
potential.  
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Cell Dimensions and Electrical Properties of the Solid Solutions: 

1-xZnS/xCuAIS  and 1-xZnSe/xCuAISe  where x = 0 to 0.33 

P. C. Donohue and P. E. Bierstedt 
Central Research Department ,  E. I. du Pont de Nemours  and Company,  Wilmington,  Delaware 19898 

ABSTRACT 

Sphaler i te- type solid solutions were prepared in the systems I -- x Z n S /  
xCuA1S2 and 1 -- xZnSe/xCuA1Se2 for x : 0 to 0.33. The cell dimensions 
ini t ia l ly  increase with x be tween  x _-- 0 and ,~x ---- 0.01 followed by a decrease 
with fur ther  increase in  x. The resistivities are high at low values of x and 
decrease with increasing x. Seebeck coefficients indicate that  p- type  con- 
duct ion occurs wi th  x as low as 0.05 for the sulfides and 0.1 for the selenides. 

Attempts to prepare l ight -emit t ing  diodes from the 
sphaler i te- type I I -VI compounds have been frustrated 
by the inabi l i ty  to achieve good p- type  conductivity.  
It has recent ly been reported that  chalcopyri te- type 
CuA1S~ and CuA1Se~ are p- type  conductors (1, 2). 
Since the chalcopyrite and sphaleri te structures are 
similar, we decided to investigate the properties of 
solid solutions in these systems. Of special interest  was 
the amount  of chalcopyrite needed to impar t  p - type  
conduction to the usual ly  n - type  sphaleri te compounds. 
Solid solutions in the 1 -- xZnS/xCuA1S2 system have 
been recent ly reported (3);  however, their  electrical 
properties were not reported, and the region between 
x ---- 0 and 0.2 was not investigated. 

Experimental 
Compositions were prepared s tar t ing with h igh-  

pur i ty  ZnS or ZnSe, Cu, A1, and S or Se which were 
weighed in stoichiometric proportions and sealed in  
evacuated silica tubes with about 5 mg I2/cm ~. 

The tubes were heated in  a na tura l  gradient  tube  
furnace, and the tempera ture  was increased gradual ly  
over a period of several days unt i l  all the chalcogen 
reacted. The tubes were then  cooled and opened; the 
products were reground and then sealed in evacuated 
silica tubes. These products were reheated for several  

K e y  w o r d s :  p - t y p e  so l id  so lu t ions ,  1 -- x Z n S / x C u A 1 S 2 ,  1 - -  
~CZnSe/xCuA1Se~. 

days in a gradient  of about 1000~176 and in most 
cases, mi l l imeter  size crystals were t ransported to the 
cooler region. To obtain single compositions, the prod- 
ucts were reground, sealed in  silica, and heated at 
1000~ with no gradient.  

The products were characterized by Debye-Scherrer  
x - ray  powder diffraction, and the cell dimensions were 
refined by a computerized least squares analysis of the 
data. The s tandard deviations are 0.001A or less. 

Electrical resistivities (p) and Seebeck coefficients 
(~) were measured on individual  crystals using a two- 
probe method. Small  copper probes attached to two 
micromanipulators  were positioned at opl~osite ends of 
the crystal being investigated. A heating element  was 
wound around one of these probes and both probes 
were attached by a differential copper-constantan 
thermocouple (electrically isolated bu t  thermal ly  
l inked to the probes).  Passing a current  through the 
heating element  resul ted in  thermal  voltages being 
developed by both the sample and the thermocouple, 
and these voltages were displayed on the axes of an X- 
Y recorder. The Seebeck coefficients were calculated 
from the slope of the resul t ing Seebeck voltage vs. 
tempera ture  difference plot. This technique is similar 
to that described by Berglund and Beairsto (4). 

The electrical resistivities were measured using a 
Keithley 610A electrometer, operating in  the resistance 
mode, with the copper probes used in the Seebeck co- 
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Fig. I .  Lattice parameter a vs. x for I - -  xZnS/xCuAIS2 and 
1 - -  xZnSe/xCuAISe2 

efficient serving as the  cur ren t  probes. Air  dry s i lver  
paint  was used to improve  and s t rengthen  the contact 
wi th  the copper probes. All  manipulat ions  were  per -  
formed with  the aid of a microscope, and wi th  i r regu-  
lar  shaped crystals the use of s i lver  paint  was neces-  
sary to insure stability. 

Results  a n d  Discussion 
The cell dimensions and some per t inent  electr ical  

parameters  for compositions in the systems 1 -- x Z n S /  
xCuA1S2 and 1 -- xZnSe/xCuA1Se2 are g iven in Table 
I. Graphs of a vs. x for both systems are shown in Fig. 
1. The compositions marked  wi th  an asterisk in Table 
I were  used to construct  the graph for the sulfides and 
were  those heated at constant t empera tu re  to obtain 
s ingle-phase material ,  In spite of the lack of a gradient  
in these cases, the products  tended to t ranspor t  and 
form a range of compositions. Thus the points on the 
graph are not precisely defined in x. Crystals used for 
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electr ical  character izat ion were  picked f rom trans-  
ported crystal l ine aggregates. The compositions of the 
sulfide crystals were  der ived  f rom the graph and not 
from the ratio of  s tar t ing materials .  In the case of the 
selenides, the compositions were  assumed to be the 
same as the start ing ratio. The general  t rends  and con- 
clusions, however ,  are not influenced by this assump- 
tion. 

The cell dimensions in both systems show a small  
rise wi th  increasing x for values of x ~-- 0.01. This is 
fol lowed by the expected decrease in a wi th  fu r the r  
increase in x. At x : 0.33, a symmet ry  change to te-  
t ragonal  was observed in the sulfide system. 

The sample impedances at low values of x were  too 
high to obtain Seebeck coefficients wi th  our  present  
apparatus. Above  x ~ 0.05 in the sulfides and _~ 0.1 in 
the selenides, the resist ivit ies were  low enough to 
measure  Seebeck coefficients and posit ive a values 
were  obtained. With fur ther  increase in x, the resis- 
t ivi t ies  became progress ively  lower  and the  a values 
became more  positive. In our experience,  two-probe  
resis t ivi ty  measurements  indicate values about an or -  
der  of magni tude  h igher  than  four -probe  measure -  
ments  made  on crystals wi th  soldered indium contacts. 

The sulfides were  black, probably  because of iron 
impuri t ies  since the black color of CuA1S2 has been 
found to be due to iron (5). As we found wi th  CuA1S2 
(5), the color of these compositions can be removed  by 
anneal ing in the presence of excess Al or prepar ing 
the phases wi th  excess A1 (see Table I ) .  

Thus we have found that  small  quanti t ies  of CuA1S2 
in ZnS and CuAISe2 in ZnSe can yield re la t ive ly  low 
resis t ivi ty p- type  compositions. Because of the simi- 
la r i ty  in lat t ice constants, these p - type  solid solutions 
may be used in combinat ion wi th  the n - type  end  m e m -  
bers for the prepara t ion  of pn junctions. 
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Table I. Electrical properties and cell dimensions in the systems 1 - -  xZnS/xCuAIS2 and 1 - -  xZnSe/xCuAISe2 

~ ( 2 5 ~  
(2 p r o b e )  a 

x a in A Color ( o h m - c m )  ( ~ V / ~  

I - -  x Z n S / x C u A I S ~  

0 .0  5 . 4 0 9 3  W h i t e  - -  n t y p e  
0 . 0 0 5  5 . 4 1 1  B l a c k  > 1 0  e - -  
0 , 0 1  5 . 4 1 2  B l a c k  > 1 0  e - -  
0 . 0 5 "  5 . 4 0 2  B l a c k  
0 . 0 4 5  5 . 4 0 6  B l a c k  6 .0  ~ "  10 ~ +-~2 
0 . 1 0 "  5 . 3 9 6  B l a c k  - -  
0 .12  5 . 3 8 6  B l a c k  1 .4  ~ "  10 ~ + 2 4  
0 . 2 0 "  5 . 3 7 4  Y e l l o w ,  m a d e  - -  - -  

w i t h  e x c e s s  
A1 

,--,0.32 5.347 - -  1,5 X l 0  s + 34 
0 , 3 3  T e t r a g o n a l  a = - -  - -  - -  

5 . 3 3 2 A ,  c ---- 
1 0 . 4 2 9 A  

1 - -  xZnSe/xCuAlSe~ 
0 .0  5 . 6 6 7 6  Y e l l o w  m n t y p e  
0.01 5 . 6 7 0  D a r k  r e d  > 1 0  ~ - -  
0,05 5.668 Red  >106  - -  
0.1 5.650 B e d  2.1 • 108 + 5 
0.2  5 . 6 3 6  R e d  6 .7  • 10  s + 93  

�9 N o  c r y s t a l s  o b t a i n e d .  
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Critical Overpotential and Induction Time of Dendritic Growth 
A. R. Despi~ and M. M. Purenovi~ 

Faculty oy Technology and Metallurgy, University of Beograd 
and Institute ]or Chemistry, Technology and Metallurgy, Beograd, Yugoslavia 

ABSTRACT 

Relationships developed earl ier  (1) for the dependence of the rate of ap- 
pearance and propagation of dendrites on the properties of the system and 
overpotential,  have been used to develop a quant i ta t ive  theory of induct ion 
period and critical overpotent ial  of dendri t ic  growth. It  has been shown that  
the thermodynamic  concept of critical overpotential  is applicable to metals 
of high exchange current  density only. The l imitat ions in  the appearance of 
dendri tes in  metals of low exchange current  density are of kinetic character 
and can be represented by a kinet ical ly defined critical overpotential .  The 
theory has been verified exper imenta l ly  by following the yield of dendrit ic 
deposit of zinc from alkal ine zincate solutions as a funct ion of concentrat ion 
of depositing ions, of overpotential,  and of t ime of deposition. 

For some time now it has been known that  metall ic 
dendrites appear in electrochemical deposition of met -  
als only if a certain current  density and overpotential  
of deposition are surpassed. Even then, some time is 
known to pass from the beginning of deposition till  the 
first dendrites can be observed. Wranglen  (2) in t ro-  
duced the concept of critical current  density. On the 
other side, Barton and Bockris (3) in  a comprehensive 
theory of dendri t ic  growth introduced the concept of 
critical overpotential  main ta in ing  this to be the basic 
factor governing the appearance of dendrites, because 
of being associated with the energy needed to start the 
dendrit ic growth (nucleate the crystal or start tu rn ing  
a screw-dislocation).  They found this to be of the 
order of 3 mV for the deposition of silver from ni t ra te  
melts. They also noted the increase in dendri te  length  
to be l inear  with t ime over the period in which it could 
be observed and defined the induct ion period as the 
t ime at which the dendri te  length extrapolates to zero. 

More recently, Despid, Diggle, and Bockris (1, 4) as 
well as Diggle and Damjanovid (5) investigated den-  
dritic growth of zinc from alkal ine zincate solution and 
found the critical overl~otential in that  system to be 
about 60-80 mV, while Taj ima and Ogata (6) invest i -  
gating the appearance of dendrites in deposition of 
nickel, cobalt, and iron found the necessary cell volt-  
age to be of the order of several volts. 

The thermodynamic  concept of critical overpotent ial  
could be criticized on two grounds. First, energy is 
needed to start  any crystal growth other than that  
occurring by cont inuat ion of already established crys- 
tal layers (layer growth).  Hence, growth of compact 
deposits should as well  require a certain m i n i m u m  
overpotential  under  the same conditions. 

One could main ta in  here that  nuclei  required for the 
development  of dendrit ic crystal are different than  
those for compact growth and requir ing increased 
overpotential  to raise the probabi l i ty  of their  appear-  
ance. Indeed, Just ini janovid and Despid (7) have found 
zinc dendri tes to grow always along the <11"20> axis 
while compact zinc exhibited close to the substrate 
always <0001> oriented texture.  The work of Pan -  
garov et al. (8) has shown that two-dimensional  nu -  

Key  words :  k inet ic  definit ion of cri t ical  overpotent ial ,  theory  of 
(equations for) induct ion t ime, yield of dendr i t ic  deposit  of zinc, 
funct ion  of zincate concentrat ion,  func t ion  of overpotent ia l ,  over-  
potent ia l  of z e r o  d e n d r i t e  yield. 

cleation of the (1130) nuclei  requires a higher degree 
of supersaturat ion by  adatoms than  the (0001) nuclei, 
i.e., higher crystall ization overpotential.  Hence, in such 
cases the thermodynamic  concept of critical overpo- 
tent ial  seems to be fully justified. 

The second criticism, however, seemed more diffi- 
cult to counteract:  no difference in  crystal prop- 
erties (lattice energies etc.) between, e.g., silver, zinc, 
and nickel, could account for the large differences in  
critical overpotent ial  as observed in  experiments.  
Moreover, the fact that  those are in the same sequence 
as the exchange current  densities for the deposition of 
those metals, indicated that  some kinetic factors may 
also be resFonsible for the phenomenon of critical 
overpotential.  Indeed, one of us (A.D.) has presented 
(9) a quant i ta t ive  kinetic concept of that property 
based on the theory of dendrit ic growth of metals with 
relat ively slow electron exchange reaction of Despid, 
Diggle, and Bockris outl ined in their  work on den-  
dritic growth of zinc (1, 4) [cf. also Despid and Popov 
(10)]. 

It is the purpose of this communicat ion to give the 
details of the derivat ion of the kinetic definition of the 
critical overpotential,  to show how it superimposes on 
the thermodynamic  one, and to report  about its verifi- 
cation by the results of a s tudy of the yield of den-  
dritic zinc in  the electrochemical deposition from alka-  
l ine zincate soltuions. 

Experimental 
Zinc has been deposited onto a stainless steel circular 

electrode which was a base of a cyl inder imbedded in 
Teflon, 0.2 am 2 in surface area. The cell used is shown 
in Fig. 1. Vertical position of the cathode allowed a 
free escape of codeposited hydrogen, provided a fairly 
reproducible diffusion layer  thickness and also made it 
possible to shave off any disperse deposit into a mer -  
cury pool at the bottom of the cell by a Teflon blade. 
The yield of dendri t ic  deposit has been determined 
much in the same way as in the exper iments  of Ro- 
manov  (11). The amount  of zinc in the pool as well as 
that  of compact zinc remaining  on the steel cathode 
have been determined coulometrically by  anodic str ip-  
ping, and the yield obtained as the ratio of the former 
to the sum of both. 
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Fig. 1. Cell for determining the yield of disperse deposit. C, 
cathode; A.E., auxiliary electrode; CE, counterelectrode; RE, refer- 
ence electrode; T.K., Teflon knife. 

Solution of KOH (5N) has been used as the elec-  
trolyte, and varying amounts of zinc oxide have been 
dissolved in it to make  solutions range from 0.025 to 
0.5M in zincate. Analyt ical  grade reagents  have been 
used and no addit ional  purification has been carr ied 
out af ter  Diggle and Damjanovi6 (5) have shown this 
to have no effect on the deposition in the invest igated 
system. It was then confirmed in our experiments ,  as 
well, that  the morphology of the deposit remains the 
same, whe the r  it is obtained from a fresh electrolyte  
or f rom one which has been subjected to prolonged 
electrolysis. 

The exper iments  consisted of sett ing the electrode at 
a constant potential  negat ive  to the revers ible  potential  
of zinc, by means of a Wenking potentiostat ,  for  a 
chosen period of time. The development  of a disperse 
deposit could be observed visually. The electrode has 
then been disconnected for a br ief  period of t ime to 
shave the deposit  off, and then submit ted to an anodic 
potential  render ing  suitable anodic dissolution cur-  
rent  which has been fol lowed as a function of t ime til l  
fall ing to zero. The same has been done then wi th  the 
mercury  pool at the bot tom of the cell. 

Results 
Current-time relationships.--As already noted and 

discussed by some authors (1, 5, 12) cu r ren t - t ime  re-  
lat ionships are known to reflect the establ ishment  of a 
fixed diffusion layer  and the development  of a disperse 
deposit. A typical  relat ionship is shown in Fig. 2. The 
initial fall  in current  indicated that  the selected poten-  
tial provided for the appearance of appreciable diffi- 
culties in t ransport  of depositing ions, while  the 
ascending part  is due to the contr ibution of the 
growing crystals penet ra t ing  through the diffusion 
layer.  The  ra ther  i r regular  na ture  of the increase in 
current  past the min imum reflects the propert ies  of 
the dendri te  growth function: for each individual  
dendri te  the la t te r  consists of an init ial  exponent ia l  
part  and a subsequent  l inear  one (10). Since, the cur-  
rent  is de te rmined  by the sum of growth  rates of all 
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Fig. 2. Typical current-time relationship during the deposition 
of dendritic deposit at a constant overpotential (100 mV). ti-indue- 
tion time recorded at the 10% increase in current. 

the  dendri tes at different stages of growth  and the 
appearance of each one is an accidental  event, the 
fluctuations in the increase in the value  of the cur-  
rent  are not unexpected.  Also, it is quite  possible 
that  hydrogen evolut ion (bubble format ion and de- 
par ture)  makes its own contr ibution to such i r regu-  
larity. For  all these reasons the curves are not amen-  
able to quant i ta t ive  theoret ical  in terpre ta t ion  for 
obtaining the t ime constants of dendri t ic  growth.  In-  
stead, they were  used to note the t ime at which the 
amount  of dendri tes at the surface becomes so large 
as to make  a noticeable contr ibut ion to the current  
over  that  used for compact deposition. A 10% in-  
crease in current  is used as a cr i ter ion for recording 
this type of ini t iat ion time. The result  is shown in 
Fig. 7 as a function of overpotential .  

Current-potential relationships.--These have  been 
ext rac ted  from the cur ren t - t ime  curves by plot t ing 
the current  min ima  as functions of potential  for dif- 
ferent  concentrations of  zincate ions. A plot is shown 
in Fig. 3. The dispersion of points is indicat ive of a 
fair  degree of reproducibi l i ty  of the diffusion layer  
thickness. 

The absence of l imit ing currents  indicates that  all 
the invest igated potentials remained  in the region of 
mixed  activation and diffusion control. 

Dendrite yield as a function of t ime.--This is shown 
in Fig. 4 for different constant overpotent ia ls  at a con- 
stant zincate concentrat ion of 0.5M, and in Fig. 5 for 
different zincate concentrat ions at a constant cathodic 
overpotent ia l  of 100 mV. Linear  extraFolat ion of these 
functions to zero yield rendered  the ini t iat ion t ime of 
dendri t ic  growth. This ext rapola t ion  rests on the as- 
sumption that  even  at the shortest  t ime of observa-  
tions the major i ty  of dendri tes is a l ready in the phase 
of constant rate of growth. 

Dendrite yield as a function of overpotential.--For 
a given t ime of observat ion the yield of dendri tes was 
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Fig. 3. Current density overpotential relationship for the dep- 
osition of zinc from 0.5M alkaline zincate solution. Dashed line- 
expected relationship in the absence of concentration polarization. 

t raced as a function of overpotential .  The resul t ing de- 
pendence is shown in Fig. 6 for the zincate concentra-  
t ion of 0.5M. The decrease of the functions to zero 
yield defines the overpotent ials  of zero yield below 
which compact deposition should be taking place. 

Induction times and overpotentials of zero y i e l d . -  
The induction t imes ext rac ted  from the results of 

Fig. 4 and 5 are shown in Fig. 7 and 8 as functions of 

-I00 
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Fig. 4. Yield of dendrites as a function of time at different con- 
stant averpotentials at a zincate concentration of 0.SM. 
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Fig. 5. Yield of dendrites as a function of time at different 
alkaline zincate concentrations at a constant overpotential of 
100 mV. 

overpotent ia l  (at zincate ion concentrat ion of 0.6M) 
and of zincate ion concentrat ion (at ~ : 100 mV),  re-  
spectively. 

F igure  7 shows also the overpotent ia l  of zero yield 
as obtained from Fig. 6 as a function of the t ime of 
observation, as wel l  as the  induction t imes obtained 
f rom current  min ima  (cf. Fig. 2). 

Discuss ion  
The plot of Fig. 7 justifies once more the con~ention 

that  the current  increase is indicat ive of the appear-  
ance of dendri t ic  deposit, for the t imes of 10% cur-  
rent  increase pract ical ly coincide with  the induction 
t imes obtained from the zero yield. 

More significant, however ,  is the finding indicated 
by the same plot, that  the induction period function of 
overpotent ia l  coincides wi th  the zero yield overpo-  
tent ial  as a funct ion of the t ime of observation. It  
seems justified to ident i fy the zero yield overpotent ia l  
wi th  the known crit ical  overpotent ia l  of  dendri t ic  
g rowth  for it is the overpotent ia l  below which den-  
drites do not appear  wi th in  the t ime of exper iment .  
However ,  the fact that  the critical overpotent ia l  should 
depend on the t ime of observation,  does not seem to 
be in accordance with  the concept of the cri t ical  over -  
potent ial  used so far  and obviously calls for a more  
detai led analysis of the problem. 

This can be made in terms of the theory  of den-  
dritic g rowth  as set by Barton and Bockris (3) and de- 
veloped by Despid, Diggle, and Bockris (1 4). 

That theory  has rendered  equations for the rate  of 
growth of dendri tes  (tip current  density) under  mixed  
act ivat ion and diffusion control  as a function of con- 
centrat ion of deposit ing ions, Co, diffusion layer  th ick-  
ness, 6, and overpoteni tal ,  o, [cf. Despid and Popov 
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Fig. 6. Yield of dendrites as a 
function of overpotential for dif- 
ferent times of observation (zinc- 
ate concentration 0.SM). 
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Fig. 7. The induction time as a function of overpotential at a 
zincate concentration of 0.SM x, from current minima; O, from 
plots of yield vs. time; C), from zero yield overpotentials. 
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Fig. 8. Induction time as a function of zincate concentration 
at a constant overpotential of 100 mV. 

(10)]. F rom those, taking the case of d ivalent  meta l  
ion discharge one could der ive  a complete  equat ion 
(without  some simplifying assumptions made in the 
or iginal  work)  for the relat ionship be tween  den-  
dri te  h e i g h t ,  h, and time, t. 

n F  r 
- - - - ( 1 + ~ )  

V ic 

[ ( 1  - -  f . c )  + (1 - -  y=K(r))# + fo~(1  - -  K ( r ) ) ]  

where  

and 

[(1 -- faeK(r))fl 4- fat(1 -- K(r))]2 

{ h - -he  h - -ho  
In ho_h-------~cq- --t [1] 

idc (0) 
# _ [2] 

iL 

f .  (n) 
f~ (n) 

r#(1 - -  far 
hc = [4] 

(1 -- YacK(r))# q- ]oc(1 -- K(r)) 

F ~c  F 

re(o) = exp  L- -~ -  o ] [5] 

too ] 
fa(n) = exp L-~-- -O [6] 

2~V I 
KCr) = exp l_~J [7] 

Here ho is the height of the dendrite precursor, while 
r is a quantity reflecting the tip radius. If one approxi- 
mated the situation by a paraboloidal diffusion law, 
this would be 

M2 
r = [8 ]  

V f  

where  p is the radius of curva ture  of the paraboloid at 
the tip of V]' is a function [cf. !Ref. (10), Fig. 19] of 

depositing ion concentration. In fact, V]' is not too sen- 
si t ive to the la t te r  and in the concentrat ion range 
which may  be encountered in practice, taking a con- 
stant value of 0.1 would  be a fair ly good approxi -  
mation, io is the exchange current  density and ac and 
aa the t ransfer  coefficients of the electrochemical  re-  
action; ic is the diffusion l imit ing current  densi ty for 
l inear  diffusion through l imi ted diffusion layer  thick-  
ness, 8; K(r) is the Kelv in-ef fec t  te rm where  r is the 
surface tension of the metal.  

A typical  dependence arising from this relat ionship 
is shown in Fig. 9. This demonstrates  the physical  
meaning of the fol lowing quantit ies,  which may  be de- 
te rmined by exper iment :  

(i) The t ime constant of growth, % is the constant 
of the exponent ia l  part  of the growth  and could be ob- 
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Fig. 9. Time dependence of a dendrite height, ha, initial height; 
�9 s, time constant of the exponential growth; ti, induction time; 
ta, time of appearance. 
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ta ined in principle f rom the slope of the plot of log 
height  vs. t ime if that  phase of growth  could be found 
exper imental ly .  

(ii) The induction period, ti, is obtained by ex t rapo-  
lation of the l inear  phase of growth to zero height. 

(iii) The t ime of appearance, ta, is the t ime in which 
a dendri te  reaches a height, ha, detectable by the 
method used. 

Simple relationships exist be tween  the three quant i -  
ties. 

Equat ion [1] reveals  direct ly  the factors de te rmin-  
ing �9 ~, i.e. 

nF  r 
�9 s = - - - -  ( 1  + ~) 

V iL 

[(1 -- fa t )+  (1 -- facK(r) )~  + ]ac(1 -- K ( r ) ) ]  
[9] 

[(1 -- facK(r) )~  + ] ac (1  -- K ( r ) ) ] 2  

The ini t iat ion time, ti, can be obtained f rom the fol-  
lowing reasoning. It was shown ear l ier  (2) that, as an 
exper imenta l  quantity,  it is found by extrapolat ion of 
the l inear  growth function to zero dendri te  height. 
This funct ion could be der ived theoret ical ly  for the 
growth  of dendri te  outside the diffusion layer  bound-  
ary on the basis of the tip current  density [cf. Ref. 
(10) ] as 

V 
h = - - i  (tip) (t -- tO 

nF 
V iLio[fcG1)-- K ( r ) f a ( n ) ]  

(t -- ti) [10] 
n l  ~ r 

iL + -~ iJc (n) 

At the very  exit  f rom the l inear  diffusion layer  (h = 
8) this function must  coincide wi th  the function pre-  
sented above (Eq. [1]) for the growth  of the dendri te  
f rom the start  up to the diffusion layer  boundary.  
Equat ing the two, one can el iminate t and solve the 
equat ion for t~. The resul t  is 

8 - -  hc ho 
t~=~s  in  ~o Z ~- c h c + r ~  

8 14- 
+ he + rE hc 

I+T  
( l  + r [11] 

The t ime of appearance, ta, is direct ly  g iven by Eq. [1] 
when  h is replaced by ha. 

It is of interest  now to analyze any one of these 
quanti t ies  for its dependence on the operat ional  pa-  
ramete r  rl, for different values of the basic propert ies  
of the system as are the io and the concentrat ion of 
depositing ions. One could assume certain values of the 
diffusion coefficient of depositing ions (D = 10 -5 cm 2 
sec -1) and the diffusion layer  thickness (8 = 10 - s  cm) 
determining the diffusion l imit ing current  density iL 
as wel l  as of the height  of the dendri te  precursor  (ho 
= 10 -4 cm) and the radius of the dendri te  tip (r ----- 
10 -5 cm).  The cathodic t ransfer  coefficient ~c is known 
to be about 0.5 and the anodic one ~a about 1.5 for most 
divalent  meta l  deposition reactions. With  the r value 
taken, the  Kelv in  effect, as given by Eq. [7] is 
negligible, i.e., the factor K ( r )  sufficiently close to 
unity. This simplifies considerably Eq. [11] for compu- 
tat ional  purposes. Hence, the dependence of the induc-  
t ion t ime on overpotent ia l  was obtained using the s im- 
plified Eq. [11] wi th  the above set of parameters .  This 
is shown in Fig. 10 on a log- log scale, for  a number  of 
different io values ranging f rom 1 to 10 - s  A / c m  2 and 
in Fig. 11 for concentrat ions ranging f rom 1 to 10-4M. 
In Fig. 12 two values of the tip radius have  been  taken 
differing by a power  of ten. 

Severa l  characterist ics features  should be noted: 

(i) In the high overpotent ia l  region all the curves 
for different io values and the same concentrat ion of 
depositing ions converge to a single one, wi th  an as- 
ymptot ic  tendency to a level  inverse ly  dependent  on 
concentration. This is obviously the region of prevai l -  
ing diffusion control. 

The l imit ing value of the induction t ime is obtained 
f rom [11] as 

nF  r l n { '  6--v t i a = - - ' - -  \ - - - - - - /  
V gg ffo -- r l  

(ii) In the low overpotent ia l  region l inear  functions 
with the slope of --1 are obtained, indicating the first 
order  relat ionship be tween  inverse induct ion t ime and 
overpotential .  This is the region of prevai l ing  act iva-  
t ion control. 
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a function of overpotential (theo- 
retical relationship, Eq. [11])  
for different constant io and 
zincate concentrations. 

I I J I I I I I I 

1 10 100 DO0 rL(mV) 



334 J. E lec trochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  March  1974 

1013 

Fig. 11. The induction time as ~ 101c 
a function of overpotential (theo- 
retical relationship, Eq. [11]),  ~-  
for different constant zincate 
ion concentrations and io values 10 7 
of 10 -2  A/cm ~ (full line) and 
10-6A/cm ~ (dashed line). 
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Fig. 12. The induction time as 
a function of overpotential for 
two different values of the den- 
drite tip radius (Co ---- 10-1M).  
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(iii) The tip radius has no effect in the act ivat ion 
controlled region, while  the l imit ing induction t ime 
level  at high potentials is direct ly proport ional  to it. 

(iv) There  is a t ransi t ion region in which the change 
in the induct ion t ime wi th  overpotent ia l  can be very  
sharp. It is sharper  the lower  the io value  and the 
higher  the concentration. 

(v) In the t ransi t ion region, in systems of low io 
value and at high concentrat ion of depositing ions, de- 
creasing the overpotent ia l  in a re la t ive ly  nar row range 
can result  in a change of the induct ion t ime by so 
many  powers of ten as to br ing it to values unat ta in-  
able under  normal  exper imenta l  conditions (10s to 10 l~ 
see). 

In v iew of these findings one should consider the 
problem of the critical overpotential .  In systems of 
high io values and at high concentrat ions of depositing 
ions the induct ion t ime does not increase much wi th  

decreasing overpotent ia l  and it should always be pos- 
sible to extend the exper imenta l  observat ion to t imes 
far outside the possible induct ion t ime limits. Hence, 
if no dendrites appear  in such t ime intervals  one could 
mainta in  to have c a r r i e d  out the deposition at the 
overpotent ia l  be low the true, i.e., the rmodynamic  cri t i -  
cal overpotent ia l  value. The proper  way  to ascertain 
the la t ter  would be to establish the dependence of the 
inverse of induction t ime on overpotential .  In the ab- 
sence of critical overpotent ia l  wi th  decreasing over -  
potential  this should ext rapola te  to zero. Any crit ical  
overpotent ia l  should show as a non-zero intersect ion 
with  the abscissa. 

In the case of systems wi th  high io values, however ,  
when  operat ing at ever  decreasing overpotent ia ls  one 
is l ikely  to enter  the region of sharp change in induc-  
t ion time. At still  lower  overpotent ia ls  one would  re-  
cord no dendrites wi th in  reasonable t ime and the over -  
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Fig. 13. The induction time as a function of overpotential- 
experimental relationship based on data of Fig. 7. 

potential  at which that  t ransi t ion takes place would 
have the character of a critical overpotential.  Obvi-  
ously, extending the exist ing definition of the critical 
overpotential  is indicated. Beside the t rue  thermody-  
namic critical overpotential,  one should define also an 
apparent  or kinetic critical overpotent ial  as the over-  
potential  at which the induct ion t ime sharply rises to 
high values unattainable under  normal conditions of 
experiment.  

If one takes as the kinetic critical overpotential  that  
overpotent ial  at which the induct ion t ime becomes x-  
fold (e.g., 1O0 times) larger than the l imit ing induct ion 
t ime value, q.L, one can derive by contrasting Eq. [ l l ]  
and [12], that  for reasonably high r values 

2.3 RT nFD 2.3 RT log C o  [13] 
--~]c,k-- ~ c ~  l~ 6 ( x  1 / 2 -  1) + ~c~ io 

In  view of these conclusions one should consider the 
results of the present exper imental  investigations. The 
data of Fig. 7 are replotted in  Fig. 13, to match the 
presentat ion of the theoretically derived functions. The 
similari ty is evident. This plot indicates that  the crit i-  
cal overpotential  of dendrit ic growth of zinc from 
zincate solution reported in the l i terature  to be be-  
tween 60 and 80 mV, is a kinetic critical overpotential.  
It is interest ing to note that  this system is on the l imit  
at which the thermodynamic  critical overpotent ial  
couId also be determined from the same plot but  from 
the low overpotent ial  region. It is seen that  the last 
few points indicate a l inear  dependence with the theo- 
retically predicted slope of --1. Hence, a graph of l / t ,  
vs. ~ is constructed, as shown in Fig. 14, and the ex- 
t rapolat ion to 1/t~ _-- 0 is made. The precision of such 
an extrapolat ion is necessarily ra ther  poor. Never the-  
less, one could main ta in  wi th  a fair degree of cer ta inty  
that the thermodynamic  critical overpotential,  if any, 
is not larger than  10 mV. 

At the end one should note that  the above theory 
should also be applicable to other t ransport  controlled 
phenomena in metal  deposition and in part icular  to 
the phenomenon of the amplification of surface rough-  
ness (13). 

In  that  context it was possible to show that  the 
above analysis could be carried out with respect to 
current  density of deposition rather  than  to overpoten-  
tial, which for m a n y  a practical purpose is a more 
easily controllable operational  parameter.  It was shown 
that  the concept of critical current  density can also be 
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Fig. 14. Inverse induction time as a function of overpotentiah 
~1c,~, thermodynamic critical overpotential; ~c,k, kinetic critical 
overpotential. 

given a kinetic background similar  to that  derived 
above for the critical overpotential .  
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Amalgam Decomposition 
I. Theoretical Relations for Decomposition Kinetics of Sodium Amalgam in Tower Decomposer 

I. Rou~ar,* S. Rajasekaran, I and V. Cezner 
Department of Inorganic Technology, Institute o] Chemical Technology, Prague, Czechoslovakia 

ABSTRACT 

Relationships be tween  the amalgam decomposit ion rate  in a tower  decom- 
poser, concentrat ion of sodium in the amalgam, and mass flow of the amalgam 
through the tower  were  derived. The dependence of the react ion ra te  on the 
rate of flow exhibits  a maximum.  

Problems of the kinetics of amalgam decomposit ion 
in tower  decomposers were  studied by Hine and co- 
workers  (1-7) who der ived equations for calculat ion 
of the local and average  decomposit ion rate  in a tower  
wi th  the use of several  s implifying assumptions. Their  
equations are in good agreement  wi th  exper imenta l  
data only at low or medium rates of flow of the amal -  
gam (8). Hine 's  exper imenta l  data (7) indicate that  
the amalgam decomposit ion rate decreases when  a 
certain "opt imum" flow rate  is exceeded. However ,  
Hine's theory  (7) ceases to be satisfactory at amalgam 
flow rates beyond optimum, because it still would pre-  
dict an increase of amalgam decomposit ion rates. We 
therefore  a t tempted to describe the amalgam decom- 
position in a tower  completely  and to der ive  theo-  
re t ical ly  the  dependence of the decomposit ion rate  on 
the rate of flow, which would satisfy the exper imenta l  
data in a broader  range of flow rates than Hine's 
theory. Nevertheless ,  the presented theory  is res t r ic ted 
to systems where  amalgam drops are formed and 
therefore  is not val id for flooded systems (with wate r  
in the dispersed phase).  

Basic Assumptions 
During decomposition, the amalgam is brought  into 

contact wi th  graphi te  and a sodium hydroxide  solution. 
Thus, a local hydrogen-amalgam cell is formed, where  
the  amalgam functions as anode and graphi te  as 
cathode. A posit ive electric current  flows f rom the 
amalgam to the electrolyte,  passes through the latter,  
enters into the graphi te  and through the graphi te -  
amalgam interface returns  into the amalgam. Along 
every  closed line of current,  the revers ib le  voltage of 
the amalgam-hydrogen  cell (rU) is compensated by 
anodic and cathodic overvol tages  and by ohmic losses in 
the electrolyte,  amalgam, graphite,  and contact re -  
sistance be tween  the amalgam and graphite.  

The anodic overvol tage  (~A) during dissolution of 
the sodium amalgam is due to an insufficiently rapid 
t ransport  of sodium from the bulk  to the amalgam-  
electrolyte  interface (9-11) 

~lA : (RT/F) In (aNa~ s) [1] 

Here  aNa ~ and aNa s denote activities of sodium in the 
bulk of the amalgam and at the interface, respec-  
t ively.  The flux of sodium to the interface is given by 
undirect ional  diffusion 

-(/F : --NNaDNad I n  asa/dZ [2] 

where  "i denotes average current  density on the  drop 
surface (A/cm2) ,  NNa bulk  concentrat ion of sodium 
(mol/cm3),  DNa its diffusion coefficient (cm2/sec), and 

z distance perpendicular  to the amalgam surface (cm).  
In fur ther  calculations, we  shall express NNa and aNa 
by molar  fract ion of sodium in the amalgam, XNa; be-  
cause ~IA reaches significant values if XNa ~ "-> 0 we 
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shall  use the assumption XNa ~ 0. Then 

NNa : XNa/VAMMHg [3] 

where  MHg iS the molecular  weight  of mercu ry  and 
VAM denotes specific vo lume of the amalgam (cm3/ 
mol) ,  which can be expressed (12) as a function of 
XNa; f o r  XNa ~ 0 

VAM : VHg [4] 

Here VHg denotes specific vo lume of mercury  (cm~/ 
tool) at the given tempera ture .  On introducing Eq. 
[4] into [3], we obtain 

NNa : XNa/VHgMHg [5] 

The act ivi ty of sodium in the amalgam is g iven by 
(13) 

aNa = XNa exp (A + BXNa -~- CXNa 2) [6] 

and for XNa ~ 0 we obtain f rom Eq. [6] 

aNa = XNa exp (A) [7] 

where  A = 9505.4 In 10/T 1.16, B = 214.3 in 10/T ~ and 
C : (14.7 -- 0.027T) In 10. On introducing Eq. [5] 
and [7] into [2] and rear ranging  we obtain 

(T /F)  dz : -- (DNa/VHgMHg) dXNa [8] 

In tegra t ion of this equat ion f rom XN~ s (Z ---- 0) to XNa ~ 
(Z ---- 5) yields 

(z/F) (SVHgMHg/DNa) : - -  (XNa s - -  XNa ~ [9] 

(XNa s denotes mean molar  fract ion of sodium in amal-  
gam on the drop surface and 5 thickness of Nernst  
layer  for sodium diffusion to the interface) .  Rear rang-  
ing Eq. [9] and using Eq. [7] we obtain 

aNas/aNa ~ : 1 - -  (iSVHgMHg/DNaFXNa e) [10] 

The value  of (aNaS/aNa ~ thus found enables one to 
calculate nA (Eq. [1]). The overvol tage  during hydro-  
gen evolution, nK, on a graphi te  cathode is g iven by 
the Tafel  equat ion 

'IlK : aK -- bK In i, TIK < 0 [11] 

where  i denotes current  density, aK and bK Tale1 con- 
stants (V) to be de termined  exper imenta l ly  (14) for 
the given sort of graphite,  concentration, and tempera -  
ture  of electrolyte.  

The ohmic vol tage drop in the electrolyte  be tween  
the anode and cathode is g iven  by the specific re-  
sistance of the mix tu re  of hydrogen  bubbles and elec-  
t ro lyte  in the space be tween  the electrodes and by the 
geometry  of this space. If the specific resistance is 
constant the Laplace equat ion applies 

V2~b : 0 [12] 

with suitable boundary conditions on the interfaces. 
However ,  the solution of this equat ion is rendered  im-  
possible by insufficient knowledge  of the distr ibution 
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of amalgam flow in the bed. We therefore  used for a 
quant i ta t ive  description of the processes during amal-  
gam decomposit ion the drop model  described below. 

Drop Model for Amalgam Decomposition 
We assume that  the amalgam flows down through 

the graphi te  bed in the form of ha l f - sphere -shaped  
droplets  of radius ro independent  of the rate  of flow. 
The droplets are dis tr ibuted evenly  in the bed at a 
density of N1 droplets per  unit  height  of the bed; a cir-  
cular  area of graphi te  of radius r~ corresponds to 
every  drop. The si tuation during decomposit ion of an 
amalgam drop in contact wi th  graphi te  is i l lustrated in 
Fig. 1 showing a closed l ine of current  which passes 
the ohmic resistances and interfaces�9 The voltage bal-  
ance for this l ine of current  is 

(~ILEpE -{- ~2LELpE -}- LGPG ~- LAMpAM)i 

-1- 2 p s L L s ~  -}- eA - -  eK = 0 [13]  

Here LE, LEL, LG, LAM, and LSL (cm) denote lengths of 
the current  l ine in the bulk of electrolyte,  in the layer  
of e lec t ro ly te-bubble  mix tu re  at the graphi te  surface, 
in the graphite,  in the amalgam, and in the amalgam-  
graphi te  interface, respect ively;  pE, pG, PAM, and pSL 
(Ohm �9 cm) specific resistances of the pure e lect rolyte  
(without  bubbles) ,  graphite,  amalgam, and amalgam-  
graphi te  interface, respect ively;  i (A/cm2),  anodic 
current  density on the g iven point of the amalgam sur-  
face; CA, eK (V), local anodic and cathodic potentials;  
$1, ratio of the specific resistance of the e lec t ro ly te-  
bubble  mix tu re  in the bulk  of e lec t ro lyte  to that  of the 
pure  electrolyte;  and ]2 the same ratio for the elec-  
t ro ly te -bubble  mix tu re  at the graphi te  surface�9 The 

te rm 2LsLPsLi represents  the voltage loss on the contact 
resistance be tween  amalgam and graphite.  The factor 
of 2 follows from the assumption that  the amalgam 
drops have  a hemispher ical  shape during contact wi th  
graphite;  the contact area is then nro 2 whereas  the sur-  
face area to which the anodic current  is r e fe r red  is 
2nro 2. As i l lustrated in Fig. 1. and Eq. [13], we assume 
that  the only surface on which the evolut ion of hy-  
drogen can occur is the free surface area of graphite�9 
In fact a small  fract ion of hydrogen also evolves under  
the amalgam drop because the graphi te  surface is 
covered wi th  a thin layer  of caustic�9 Hydrogen  evolu-  
tion in this contact area leads to an increase of re -  
sistance under  the amalgam drop�9 Therefore  it is 
necessary that  the vol tage balance be extended by a 
t e rm taking account of this effect, i.e., the  t e rm 
2LsLPSL~. 

The voltage balance can be rewr i t t en  wi th  the use 
of the equations 

rU : reA - -  reK [14] 

~]A : ~.4 - -  ~-eA [15] 

nK = ~K -- r~K [16] 

where  the index r refers to the equi l ibr ium state; ~A, 
~]K (V) local anodic and cathodic overpotent ials ;  and 
,U revers ible  voltage of the ama lgam-hydrogen  cell. 
Thus, Eq. [13] gives 

H2 O ~ CAUSTIC 

o ~ - f -  o 
O O O/AMALGAM LAM ~ O 

l- 5 

Fig. | .  Drop model (course of a current line) 
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- - rU = flLEpEi ~- f2LELPEi ~- Lcpc i  q- 2LsLpSL~ 

~- LAMpAMi q- nA --  nK [17] 

Here we can neglect  the terms corresponding to the 
vol tage drop in the graphi te  and amalgam since pa 
and pAM are by about three  orders of magni tude  
smal ler  than pE- We assume that  the length  of the lines 
of current  in the electrolyte  is g iven as 

LE = r - - t o  [18] 

where  r denotes distance f rom the center  of the drop 
measured  along the graphi te  surface�9 This s implify-  
ing assumption is important  since the t rue  value of LE 
can be computed only after  solving Eq. [12] for a 
given geometry  and boundary  conditions. Thus, the 
assumption that  LE is known implies that  the solution 
of the Laplace equat ion for the g iven system is also 
known. Equat ion [17] can be rear ranged  as follows 

--,.U + aK --  ( R T / F )  in (aNa~ s) - -  2psLLsLi 

= ~ lpE( r  - -  ro) i  ~- ]2pELLELi "~- b k l n i  [19] 

The terms that  are independent  of coordinates are on 
the left  side, those which depend on position (on the 
drop surface and its proximi ty)  are on the r ight  side. 

The current  density on the graphi te  surface attains 
its m a x i m u m  value, i = /max, for r = to, which can be 
found from Eq. [19] 

- - rU  Jr aK --  ( R T / F )  in (aNa~ s) -- 2psLLsLi 

= ~2pELELimax 4- bK i n / m a x  [202 

By subtract ing Eq. [20] f rom [19] we obtain 

]IpE ( r  - -  r o ) i  -~- ~2pELEL(i - -  /max) -{- bK l n  ( i / imax)  = 0 
[21] 

We now define the fol lowing dimensionless cri ter ia  
and simplexes 

K D  = f lpEroimax/bK [22] 

KSL = ~2pELELimax/bK [23] 

ia = i/imax [24] 

ra  = r / r o  [25] 

The te rm in (i/imax) in Eq. [21] can be expanded in 
series for i ~ /max and the terms of h igher  order  can 
be neglected 

in (i/imax) = In (1 + (i - -  imax) /imax) 

"-- ( (4  - -  imax) / imax)  - -  1/2 ( ( i - -  imax) / imax)  2 [26J 

On introducing Eq. [22]-[26] into [21] we obtain 

K D ( r R  --  1)iR -{- KSL(iR --  1) -{- (iR --  1) 

- -  (1/a)(iR 2 - 2 i a - t -  1) = 0  [27] 

and after  rear ranging  the dependence of ia on ra  is 
found as 

iR = 2 + KD(rR -- 1) ~- KSL 

- -  [(2 ~- K D ( r R  - -  1) + KSL) 2 -- 3 -- 2KsLJ 1/2 [28] 

This equat ion gives the local current  density on the 
graphi te  surface�9 The average  current  densi ty on the 
amalgam surface, T, and that  on the graphi te  surface, 
ip, is found by integrat ing over  the free graphi te  sur-  
face as 

~rtlvo 
i2nro 2 = ipx (rt2 -- ro 2) = 2~ro2imax ~ l  iRr~dra  [29] 

whence  follows the re la t ion 
rt/ro 

�9 iRrRdrR  = imaxP1 -- 0.5i~[ (rl /ro) ~ -- 1] = ~max,,1 

[30] 
where  
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f rr/ro 
Px = iaradrR [31] 

A f t e r  i n t r o d u c i n g  iR f r o m  Eq.  [28] in to  [31] w e  ob t a in  

y rt/ro 
P1 = (2 q- KDra - -  KD q- K s L ) r a d r a  

1 

f rt/ro 
-- o l  (ara2 + bra + c)1/2 radrR [32] 

w h e r e  
a = KD 2 [33a] 

b = 4KD --  2KD 2 q- 2KDKsL [33b] 

c = KD 2 - -  2KDKsL + KSL 2 - -  4KD --I- 2KsL -q- 1 [33C] 

a q- b --~ c = ( g s L  -~ 1) 2 [33d] 

T h e  in t eg ra l s  in  Eq. [32] can  be  e v a l u a t e d  as 

y rt/ro 

1 

f 
. / ~ .  

1 

(2 q- KDrR --  KD -{- KSL)rRdrR 

= 0.5(KsL --  KD -~ 2) [(rl /ro)  :2 -- 1] 

-[- (KD/3)  [ ( r t / ro )  z -- 1] [34] 

( a ra  2 -F bra -F c) 1/2 r a d r a  = (1 /3a)  (a(rl /ro)2-F b 

- -  (b /8a  2) {[ (2a(r l /ro)  -F b) a(r t / ro)  2 -F 

(b (4ac  -- b 2) ) / ( 1 6 a  5/2) �9 in  

The  final e q u a t i o n  for  P1 is 

P l = a l - - b l + c l - - d l  [36] 

w h e r e  al  denotes  r igh t  s ide of  Eq. [34], bl, c1, and  dl 
t he  t h r e e  t e r m s  in  Eq. [35]; t he  a v e r a g e  c u r r e n t  d e n -  
s i ty  on the  f r ee  g r a p h i t e  su r f ace  (not  c o v e r e d  w i t h  
a m a l g a m  drops)  is 

ip = 2Plimax/[ ( r l / ro)  2 _ 1] [37] 

The  c u r r e n t  r e f e r r e d  to un i t  h e i g h t  of  tower ,  I ( A / c m )  
depends  on  ip as fo l lows  

I = ip:~ (r/2 --  re 2) Nt  [38] 

w h e r e  NI deno tes  n u m b e r  of  a m a l g a m  drops  in un i t  
t o w e r  h e i g h t  ( c m - i ) .  The  l a t t e r  v a l u e  can  be  ca lcu -  
l a t ed  f r o m  the  ba l ance  of  t he  su r f ace  on w h i c h  the  
a m a l g a m  decompos i t i on  p roceeds  

N l n r l  2 = S T ( S G / V T )  ~S [ 3 9 ]  

w h e r e  Sv denotes  i n n e r  cross sec t ion  of  t o w e r  (cm2),  
SG/VT to ta l  su r face  a r e a  of  t he  g r a p h i t e  bed  in  un i t  
v o l u m e  of t o w e r  (cm2/cma) ,  fs a fac to r  p r o p o r t i o n a l  
to u t i l i za t ion  of  t he  g r a p h i t e  su r face  in t he  a m a l g a m  
decompos i t i on  (supposing,  t ha t  the  l o w e r  par t  of  t he  
g r a p h i t e  spheres  is ine f fec t ive  Is ~ 0.6). 

The  r a t e  of  a m a l g a m  decompos i t ion ,  rNa [mol  N a /  
(cmz �9 sec ) ]  at  a g i v e n  h e i g h t  of  t o w e r  is g i v e n  by  

rNa - - - - / / (F  �9 ST) [40] 

w h e r e  F is 96,496 coulombs .  
A f t e r  i n t r o d u c i n g  I f r o m  Eq. [38] and  N1 f r o m  [39] 
w e  ob ta in  

rNa -" (imax/F) (ro/r f )2(SG/Vw)~s2P1 [41] 

This  e q u a t i o n  can  be  d i r ec t l y  used  in ca l cu la t ing  the  
t o w e r  he ight ,  H (cm)  ( a s suming  homogeneous ,  p i s ton  
f low of a m a l g a m  t h r o u g h  the  t o w e r )  

H �9 S T / M  = -- dY / rNa  [42] 
1 

H e r e  M denotes  ra te  of  f low of m e r c u r y  (mol  H g / s e c ) ,  
Y c o n c e n t r a t i o n  of  sod ium in  t h e  a m a l g a m  (reel  N a /  
m o l  H g ) ,  Y1 and  Y2 va lues  of  Y at t he  in l e t  and  out le t ,  
r e spec t ive ly .  

To ca lcu la te  t he  ra t io  ri/ro in  Eq.  [41], t h e  v o l u m e  
ba l ance  fo r  t h e  a m a l g a m  is e x p r e s s e d  as 

N1 (2/3)  T o 3 W H g  = M ( V H g  "q- Y V N a )  [43] 

w h e r e  WHg ( c m / s e c )  denotes  a p p a r e n t  ve loc i t y  of  fa l l  
of a m a l g a m  drops  t h r o u g h  the  t o w e r  r e f e r r e d  to t he  

m o t i o n  a long  z axis ;  VHg and  VNa pa r t i a l  m o l a r  v o l -  
u m e s  of  m e r c u r y  and  sod ium in  t he  a m a l g a m  (cruZ/ 
r ee l ) .  The  ve loc i ty  WHg i n v o l v e s  also t h e  e x c h a n g e  
effect  of  a m a l g a m  b e t w e e n  drops  f lowing d o w n  t h r o u g h  
the  bed  and  those  f o r m i n g  a s t a t i ona ry  po r t i on  h e l d  up  
in t he  bed;  WHg is, t he re fo re ,  s m a l l e r  t h a n  the  m e a -  
s u r e d  ve loc i ty  of  a m a l g a m  drops  in t h e  t ower .  By  
e l i m i n a t i n g  N1 f r o m  Eq. [39] and  [43] we  ob t a in  

rt/re = [ (2/3)  reWHg ( S d V T )  f s ] /  

[ ( M / S T )  (VHg -~-YVNa) ]1/2 [44] 

W i t h  inc reas ing  r a t e  of  f low of t h e  ama lgam,  t he  f ree  
su r face  a rea  of  g r a p h i t e  on  w h i c h  the  a m a l g a m  de -  
compos i t ion  can  p roceed  decreases  g r a d u a l l y  un t i l  a 
ce r t a in  r a t e  of  f low (wh ich  can  be  deno t ed  as m a x i -  

( r l / ro)  q- c) a/2 - -  KSL -[- 1) 3 

b(r f / re )  q- c] 1 / 2 -  (2a -F  b ) ( K s L - I -  1)} 

2al/2(a(r l /ro)2 + b(r t / ro)  + c) 1/2 -~ 2a(rJro )  + b 
k 

2 a l / U ( K s L +  1) + 2 a W b  J [35] 

m u m  f r o m  the  po in t  of  v i e w  of a m a l g a m  decompos i -  
t ion)  t he  to ta l  ava i l ab l e  su r f ace  of  t he  g r a p h i t e  is 
f looded w i t h  t he  ama lgam.  2 We  deno te  th is  r a t e  of  f low 
as (M/ST)max; for  this  case is re = rf and  Eq. [44] 
g ives  

( M / S T )  m a x  = [ ( 2 / 3 )  ?'oWHg ( S G / V T )  f S ]  2 / ( V H g  -~- Y V N a )  
[45] 

We  i n t r o d u c e  r e l a t i v e  r a t e  of  flow, (M/Sw) rel, def ined 
a s  

( M / S T )  t e l  = ( M / S T )  / ( M / S T )  m a x  [ 4 6 ]  

and  f r o m  Eq. [44]-[46]  fo l lows  the  exp re s s ion  

rf/ro = 1 / ( M / S T )  rel 1/2 = [ ( M / S T )  m a x / ( M / S T )  ] 1/2 [47] 

w h i c h  can  be i n t r o d u c e d  into  Eq. [41] to g ive  the  e x -  
p ress ion  for  the  r e a c t i o n  r a t e  in  t he  f o r m  su i t ab le  for  
ca l cu l a t i on  

r N a  = ( / m a x / F )  ( M / S T )  rel ( S G / V T )  ~fs2P1 [48] 

E q u a t i o n  [48] was  ver i f i ed  by  m e a s u r e m e n t  of  the  
d e p e n d e n c e  of t he  decompos i t i on  ra te  on a m a l g a m  
concen t r a t i on  at cons tan t  r a t e  of  f low of t he  a m a l g a m  
t h r o u g h  the  t o w e r  as w e l l  as by  m e a s u r e m e n t  of t he  
decompos i t i on  r a t e  on  t h e  r a t e  of f low at cons tan t  
a m a l g a m  c o n c e n t r a t i o n  (15). 

Discussion of Results 
We shal l  use t he  f o l l o w i n g  va lues  of  t he  cons tan ts  

in ca l cu la t ing  the  r a t e  of  a m a l g a m  decompos i t ion :  
I S  = 0 . 6 ;  ( M / S T ) m a x  = 0.025 mol  H g / ( c m  2" sec ) ;  ]ire 
= 0.4 cm; 5 = 4.23 • 10 -4  cm. F o r  a r e ac to r  con ta in ing  
40% N a O H  at 80~ w e  ca l cu l a t ed  the  dependences  
s h o w n  in Fig. 2 and  3 w i t h  aK = --0.604V, a = 0.411, 
f2LEL = 0.35 cm, psLLsL = 0.35 o h m  �9 cm 2 (bK = R T /  
( 1  - -  ~ ) F  and  ~ = 1 --  a) .  

2 T h e  r e a c t i o n  r a t e  c a l c u l a t i o n  o u g h t  to  i n c l u d e  a t e r m  r e p r e s e n t -  
i n g  a m a l g a m  d e c o m p o s i t i o n  a t  t he  a m a l g a m - g r a p h i t e  c o n t a c t  a r ea .  
T h i s  t e r m  i s  s m a l l  f o r  s y s t e m s  w h e r e  t h e  f r e e  s u r f a c e  a r e a  of g r a p h -  
i t e  is c o m p a r a b l e  w i t h  t h e  con t ac t  a rea .  F o r  s y s t e m s  w i t h  s m a l l  f r e e  
s u r f a c e  a r e a  of  g r a p h i t e  ( the  so -ca l l ed  f looded s y s t e m s )  t h i s  n e w  
t e r m  p r e d o m i n a t e s  a n d  r e p r e s e n t s  p r a c t i c a l l y  the  w h o l e  r e a c t i o n  
r a t e  of a m a l g a m  d e c o m p o s i t i o n .  S ince  o u r  a n a l y s i s  is r e s t r i c t e d  to 
t h e  f o r m e r  s y s t e m s ,  w e  n e g l e c t e d  t h i s  a d d i t i o n a l  t e r m  in c a l c u l a t -  
i n g  t h e  r e a c t i o n  ra te .  N e v e r t h e l e s s ,  w e  s t i l l  u s e  t h e  e x p r e s s i o n  " r e -  
ac t ion  r a t e  fo r  f looded s y s t e m , "  m e a n i n g  on ly  t h a t  f r a c t i o n  of  t he  
r e a c t i o n  r a t e  due  to h y d r o g e n  e v o l u t i o n  on  t h e  f r e e  s u r f a c e  a r e a  
of g r a p h i t e ,  r a t h e r  t h a n  t h e  w h o l e  r e a c t i o n  ra t e .  
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T h e  d e p e n d e n c e  of  t h e  r a t e  of a m a l g a m  d e c o m p o s i -  
t i o n  o n  t h e  c o n c e n t r a t i o n  of  s o d i u m  fo r  M/ST ~- 0.01 
r ea l  H g / ( c m ~ .  sac)  is s h o w n  in  Fig.  2. I t s  s lope  in  
b i l o g a r i t h m i c  c o o r d i n a t e s  a t  h i g h e r  s o d i u m  c o n c e n t r a -  
t ions  is c lose to  0.2; a t  c o n c e n t r a t i o n s  <0.05  w e i g h t  p e r  
c en t  ( w / o )  N a  t h e  s lope  i n c r e a s e s  a n d  a p p r o a c h e s  1.0 
a t  0.001%. T h e  v a l u e  of  0.2 c a n  b e  a t t r i b u t e d  to  t h e  
i n f l uence  of  t h e  r e s i s t a n c e s  of  t h e  b u b b l e  l a y e r  a n d  
i n t e r e l e c t r o d e  s p a c e - - w i t h o u t  t h e s e  effects  t h e  s lope  
s h o u l d  b e  a b o u t  0.5 ( fo r  ~ ---- 0.5). A t  l ow  s o d i u m  c o n -  
c e n t r a t i o n s  in  t h e  a m a l g a m  t h e  r a t e  d e t e r m i n i n g  s t ep  
is d i f fus ion  of  s o d i u m  t o w a r d  t h e  d r o p  su r face ,  h e n c e  
t h e  r e a c t i o n  r a t e  b e c o m e s  l i n e a r l y  d e p e n d e n t  o n  t h e  
s o d i u m  c o n c e n t r a t i o n .  

T h e  d e p e n d e n c e  of t h e  r a t e  of  a m a l g a m  d e c o m p o s i -  
t i o n  o n  t h e  m a s s  f low of  t h e  a m a l g a m  (M/ST) at  a 
s o d i u m  c o n c e n t r a t i o n  of  0.1915 w / o  is s h o w n  in  Fig. 3. 
I t  e x e r t s  a f lat  m a x i m u m  at  a b o u t  0.012 rea l  H g / ( c m  2 �9 
sac) ,  w h i c h  c a n  b e  a t t r i b u t e d  to t h e  f ac t  t h a t  w i t h  i n -  
c r e a s i n g  n u m b e r  of  d r o p s  p e r  v o l u m e  u n i t  of t o w e r  
( w i t h  i n c r e a s i n g  w e t t i n g )  t h e  s u r f a c e  a r e a  of  t h e  b e d  
a v a i l a b l e  fo r  h y d r o g e n  e v o l u t i o n  d i m i n i s h e s .  F o r  h i g h  
v a l u e s  of  M/ST t h e  d r o p  m o d e l  fa i ls ;  t h e  r e a c t i o n  r a t e  
in  t h i s  r e g i o n  is t h e r e f o r e  r e p r e s e n t e d  b y  t h e  d a s h e d  
p o r t i o n  of t h e  c u r v e  in  Fig.  3. 

T h e  i n f l u e n c e  of  a c h a n g e  of  h y d r o g e n  o v e r v o l t a g e ,  
aT, f r o m  --0 .604V to - -0 .469V a n d  a s i m u l t a n e o u s  
c h a n g e  of  ~ f r o m  0.411 to 0.517 is i l l u s t r a t e d  in  Fig. 4. 
As  a resu l t ,  t h e  r e a c t i o n  r a t e  i n c r e a s e s  b y  a b o u t  40% 
( in  t h e  m a x i m u m ) .  Thus ,  m a t e r i a l s  w i t h  a l o w e r  h y -  
d r o g e n  o v e r v o l t a g e  e n a b l e  one  to o b t a i n  h i g h e r  r e a c -  
t i o n  ra t e s .  

F i g u r e  5 s h o w s  t h e  i n f l uence  of  a c h a n g e  of  t h e  
quantity psLLsL f r o m  0.35 to 0.01 o h m - c m  2 ( c u r v e s  1 
a n d  2) a n d  ~2LEL f r o m  0.35 to  0.01 cm ( c u r v e s  1 a n d  3) .  
I t  is s e e n  t h a t  t h e  d e c r e a s e  of t h e  r e s i s t a n c e  a t  t h e  
i n t e r f a c e  (i.e., t h e  c o n t a c t  r e s i s t a n c e  o n  t h e  g r a p h i t e  
s u r f a c e  a n d  t h e  s u r f a c e  c o v e r a g e  w i t h  e v o l v e d  gas)  
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Fig. 2. Dependence of the rate of amalgam decomposition on 

concentration of sodium for MIST -~ 0.01 mol cm - 2  sec -z .  
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Fig. 3. Dependence of the rate of amalgam decomposition an 
specific wetting of the bed with amalgam at 0.1915 weight per 
cent Na. 
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Fig. 4. Influence of hydrogen overvoltage on graphite changing 
from aT = --0.604V (curve 1) to aT ~ --0.469V (curve 2). 
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Fig. 5. Influence of psLLsL changing from 0.35 to 0.01 ohm-cm 2 
(curves 1 and 2) and f.~LEL changing from 0.35 to 0.01 cm (curves 
1 and 3) for aT ~ --0.469V, ~ ---- 0.517. 

causes  a m a r k e d  i n c r e a s e  of  t h e  r e a c t i o n  ra te .  A good  
m a t e r i a l  of  t h e  b e d  s h o u l d  h a v e  a l o w  r e s i s t a n c e  in  
c o n t a c t  w i t h  t h e  a m a l g a m  a n d  t h e  gas  b u b b l e s  s h o u l d  
b e  ea s i ly  r e m o v a b l e  f r o m  it. 

Use of the Theory in Calculating the Tower Height 
I t  is a d v a n t a g e o u s  t h a t  t h e  d e p e n d e n c e  of log  r~a on  

log CNa c a n  b e  i n  t h e  t e c h n i c a l l y  i n t e r e s t i n g  r e g i o n  r e -  
p l a c e d  b y  t w o  s t r a i g h t  l ines .  T h e  r e s u l t i n g  d e p e n d e n c e  
ha s  t h e r e f o r e  t h e  f o r m  

T N a  __-- kCNa n or  r N a  : k t Y  n [49a, b]  

B o t h  k a n d  n d e p e n d  on  t h e  r a t e  of  f low of  t h e  a m a l -  
g a m  a n d  o t h e r  f a c to r s  u s e d  in  t h e  ca l cu l a t i on .  T h e i r  
v a l u e s  w e r e  f o u n d  f r o m  t h e  d e p e n d e n c e  i n  Fig.  2 to  b e  

k = 3.452 • 10 -6,  n = 0.21308 fo r  0.02 - -  CN a ~ 0.2 
[50a] 

k _-- 1.479 X 10 -5,  n ---- 0.58496 fo r  0.01 ---- CNa ~ 0.02 
[50b] 

T h e  r e l a t i o n  b e t w e e n  CNa a n d  Y is 

Y ~ (CNa/100) (MHg/MNa) ---~ CNa " 0.087251 [51] 
h e n c e  

dY : 0.087251 �9 dCNa [52] 

w h e r e  CNa d e n o t e s  w e i g h t  c o n c e n t r a t i o n  of  s o d i u m  i n  
t h e  a m a l g a m .  I f  Eq. [52] is i n t r o d u c e d  i n  [42] t h e  
f o l l o w i n g  e x p r e s s i o n  fo r  t h e  t o w e r  h e i g h t  r e s u l t s  

M f ] ]  dCNa 
H --  - -  - 0.087251 - -  

ST k �9 C N a  n 

M 0.087251 1 
= _ _  - -  - -  [ c l t - ~  --  c2 t - , , ]  [53] 

ST k 1 --  n 
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Hence, the tower  height  for the given parameters  
(cNa,i ~ 0.2; cNa,2 ~ 0.01) is equal  to 82.2 cm in good 
accord with  the exper iment  (15). It follows that  the 
parameters  used in the calculation will  be close to 
those obtained f rom exper imenta l  data. 

Manuscript  submit ted June  1, 1973; revised manu-  
script received Sept. 17, 1973.. This was Paper  232 pre-  
sented at the Chicago, Illinois, Meeting of the Society, 
May 13-18, 1973. 

Any discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the December  1974 
JOURNAL. All  discussions for the December  1974 Discus- 
sion Section should be submit ted by Aug. 1, 1974. 
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Amalgam Decomposition 
II. Measurement of Amalgam Decomposition Rate in Tower Decomposer 

S. Rajasekaran, 1 I. Rou~ar,* and V. Cezner 
Department of Inorganic Technology, Institute of Chemical Technology, Prague, Czechoslovakia 

ABSTRACT 

The rate  of amalgam decomposit ion in a laboratory  tower  decomposer  wi th  
40To NaOH was measured  at 80~ in dependence on concentrat ion and rate  of 
flow of the amalgam. The dependence of the react ion rate  on the ra te  of flow 
shows a maximum,  which was explained theoret ica l ly  and the constants in the 
equat ion for the rate  of decomposit ion were  evaluated.  The bed mater ia l  con- 
sists of graphi te  balls. 

The object of present work  was to ver i fy  the theo-  
ret ical  relat ions for the rate  of decomposit ion der ived 
previously  (4). The independent  var iables  are t em-  
perature,  concentrat ions of amalgam and of the alkali  
hydroxide,  and rate  of flow of the amalgam. We pre -  
fer red  the measurement  of the dependence of the de-  
composit ion rate  on concentrat ion and rate  of flow of 
the amalgam. The tower  was filled wi th  graphi te  balls 
(Tohoku Kyowa  Carbon Corporation, Japan)  of a 
d iameter  of 1.1 cm and composition: carbon 97-98%, 
ash 1.2-2.5%, volat i le  compounds 0.5%, vanadium 20- 
50 ppm, manganese 20-50 ppm. The graphi te  was 
act ivated wi th  FeC13 by the manufacturer .  

Experimental 
Apparatus.--The apparatus used in measur ing the 

decomposit ion rate  is shown schematical ly in Fig. 1. It 
consists of two circuits, one for the amalgam, the o ther  
for alkali  hydroxide.  The amalgam was pumped from 
reservoir ,  1, by centr i fugal  pump, 2, into overflow 
vessel, 3. A part  of the amalgam from this vessel was 
re turned  into the reservoi r  th rough conduit, 4, filled 
with  Raschig rings, which re tarded  the flowing amal-  
gam and thus funct ioned as a shock absorber. The main 
port ion of the amalgam was led from vessel, 3, through 
heat  exchanger,  5, (a steel tube heated electr ical ly)  
and thermometer ,  8, to the inlet  of decomposit ion 
tower,  10. The flow of the amalgam was control led by 
stopcock, 6, and measured  so that  the amalgam was for 
a given t ime led through t h r e e - w a y  stopcock, 7, into a 
cal ibrated vessel. Samples of the amalgam were  taken 
at the inlet  and outlet  of the tower  in places 9 and 14. 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
1 P r e s e n t  addres s :  C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  I n d i a n  I n -  

s t i t u t e  of Techno logy ,  K a n p u r - 1 6 ,  Ind ia .  
K e y  w o r d s :  a m a l g a m  decomposition rate, tower decomposer. 

The tempera tu re  of the amalgam at the outlet  was 
measured  by thermometer ,  13. 

The cylindrical  part  of the decomposit ion tower  
(10.2 cm ID) was made of organic glass and its ends 
were  closed wi th  steel fittings. A Teflon disk provided 
wi th  holes was placed at the bot tom to support  the 
bed. The height  of the act ive graphi te  bed was only 
4.1 cm so that  the decomposer  funct ioned as a differ- 
ential  one. The remaining vo lume of the tower  was 
filled up with  glass balls. The amalgam was distr ibuted 
over  the bed by means  of a steel dish provided  wi th  
104 openings 1.5 mm in diameter  and 9 mm in distance 
from one another.  The amalgam flowed from the tower  
to electrolyzer,  12, in the form of a horizontal  Plexiglas  
channel  of dimensions 60 • 6 • 3 cm. The amalgam 
funct ioned as a cathode, the anode was a p la t inum 
sheet. Thus, the amalgam which had been par t ly  de- 
composed in the tower  was enr iched again. The current  
lead to the amalgam was a sheet of steel fastened in 
the bot tom of the e lec t ro lyzer  so as to be whol ly  
covered by the flowing amalgam. The passage of the 
steel th rough the e lectrolyzer  wal l  was cemented with  
a solution of Plexiglas  in chloroform. The current  
source was a rectifier of the type CKD 30 V/600 A. The 
m ax im um  possible current  that  could be safely used 
was 300A. 

The alkali  hydroxide  solution was circulated by 
means of air lift, 16, (Fig. 1) where  the support ing gas 
was electrolyt ic  hydrogen which passed through water  
cooler, 18, into the atmosphere.  The e lect rolyte  was 
pumped from reservoir ,  15, into overflow vessel, 17, 
and flowed through regula t ion stopcock, 19, ro tam-  
eter, 20, and heat  exchanger ,  21 (of same type as 5), 
into the decomposer. The t empera tu re  of the electro-  
lyte  at the inlet was measured  by thermometer ,  22, and 
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Fig. 1. Scheme of the apparatus for measuring decomposition 
rates. 1, Amalgam reservoir; 2, centrifugal pump; 3, overflow of 
amalgam; 4, bed of Raschig rings (shock absorber); 5 and 21, 
electric heating; 6, stopcock to regulate amalgam flow; 7, three- 
way stopcock to enable measurement of amalgam flaw; 8, 13, 22, 
and 25, thermometers; 9, 11, 14, and 23, outlets for taking samples 
of amalgam and electrolyte; 10, decomposition tower; 12, electro- 
lyzer; 15, electrolyte reservoir; 16, air lift; 17, overflow of electro- 
lyte; 18, 26, cooling of hydrogen; 19, electrolyte flow controller; 
20, rotameter; 24, hydrogen separator; 27, gasmeter. 

electrolyte samples were taken at 23. The alkali  hy-  
droxide solution passed through the tower counter-  
cur rent ly  with respect to the amalgam; its outlet tem-  
perature  was measured by thermometer ,  25, and outlet 
solution samples were taken at 11. The hydrogen 
formed dur ing decomposition of the amalgam was col- 
lected in  separator, 24, and  the electrolyte was led into 
the electrolyzer. The level heights of the amalgam and 
electrolyte in  the electrolyzer and decomposer were 
controlled by means of the overflow vessels, 3 and 17. 
The rate of amalgam decomposition was determined 
from the rate of hydrogen evolution in the tower. The 
hydrogen was led from the separator, 24, through 
water  cooler, 26, into gasmeter, 27. 

Method of m e a s u r e m e n t . - - T h e  apparatus was filled 
with distilled mercury  and 38-42% NaOH from an 
electrolysis plant  (Spolana, Neratovice, Czechoslo- 
vakia: the solution was taken from a conduit leading 
from the decomposer to the reservoir)  ; the same solu- 
t ion was used also in measur ing the hydrogen over-  
voltage. After  the circulation of the mercury  and elec- 
trolyte started, the amalgam was electrolytically pre-  
pared and the tempera ture  in the apparatus  was raised 
gradual ly  to 80~ When a chosen concentrat ion of the 
amalgam was attained, the current  in the electrolyzer 
was controlled so as to ma in ta in  the amalgam concen- 
t ra t ion constant, i.e., to compensate for the decomposi- 
t ion of the amalgam in  the tower as well  as for its 
spontaneous decomposition elsewhere. The flow rate 
and tempera ture  of the caustic were also main ta ined  
constant (3.26 ml/sec  and 80~ The measurement  
proper concerned the rate of hydrogen evolut ion in  the 
decomposer (gasmeter, 27, Fig. 1). When this rate at-  
ta ined a constant  value, samples of the amalgam and  
electrolyte at the inlet  and outlet were taken. The con- 
centrat ion of the amalgam was determined by mea-  
suring the voltage of the cell NaHg I NaOH 40% I HgO~ 
Hg on the one hand  and by dissolving in  0.1N HCI and 
re t i t ra t ing with 0.1N NaOH with use of methyl  orange 
on the other hand. The concentrat ion of NaOH was 
determined (after the carbonate had been precipitated 
with 0.5N BaC12) by t i t ra t ion of a di luted sample wi th  
0.1N HC1 with the use of phenolphthale in  as indicator. 
The molar  rate of flow of mercury  (mol /cm 2 sec) was 
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Table I. Comparison of theoretical reaction rates (Eq. [48],  Part I) 
with experimental data 

T e m p e r a t u r e  79.5 ~ 4- l o c ,  caus t ic  c o n c e n t r a t i o n  37.4 ~ 1 w / o  

F l o w  A m a l g a m  R e l a t i v e  
ra te  • 108 conc vNa • 108 E x p e r i m e n t  d e v i a t i o n  

( m o l / c m  2 sec) (%) T h e o r y  ( m o ] / c m  3 sec) (%) 

6.26 

0.323 2.518 2,649 --4.9 
0,169 2.237 2,178 2.7 
0.092 1.999 1.954 2.3 
0.078 1.938 1.838 5.4 
0.064 1.865 1,735 7.5 

7.63 

0.266 2.633 2.627 0.3 
0.230 2.593 2.591 0,1 
0.057 2.007 1.970 1.9 
0.036 1,817 1.836 -- 1.0 
0.015 1.197 1.576 --24.0 

10.84 

0.151 2.563 2.252 13.8 
0.172 2.555 2.386 7.1 
0.091 2.274 2.224 2.2 
0.031 1.819 1.735 4.8 
0.624 1.743 1.506 15.7 
0.015 1.445 1.162 24.3 

14.05 

0.176 2.497 2.465 1.3 
0.106 2.249 2.146 4.8 
0.048 1,941 1.922 1,0 
0.021 1.609 1,566 2.8 
0.016 1.435 1.481 --3.1 

16.45 

0.299 2.496 2.686 --7.1 
0.190 2.250 2.494 --9.8 
0.120 2,103 2.336 -- 10.0 
0.067 1.855 2.111 --12.2 
0,042 1.686 1.970 -- 14.4 

calculated as 

M/ST = 13.15 Qam/200.47 ST [1] 

where  Qam means measured rate of flow of the amal-  
gam (cmZ/sec). We assumed that  the density of the 
amalgam is constant  (13.15 g/cm a) since it was dilute. 
The rate of decomposition, rNa (mol/cm 3 sec), was cal- 
culated from the rate of hydrogen evolut ion in the 
tower, QH2 (cm~/sec) 

?'Na • Q H 2  273.16 ( P t o t  - -  Pn2o)/(11,214 THST) [2] 

Here H denotes height of active layer  of the bed (cm), 
Ptot total pressure in the gasmeter, and PH2O tension of 
water  vapor over the NaOH solution (atm) calculated 
from the equations used previously (4). 

Resul ts  and discuss ion. - -Experimental  data and some 
calculated values (using Eq. [48], Par t  I, p. 338 )are  
shown in  Table I and in diagrams, Fig. 2 and 3. The 
dependence of the rate of decomposition on amalgam 
concentrat ion CNa (weight per cent) for CNa ~ 0.05% 
a n d  M / S T  --~ const, can be also expressed by the em- 
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Fig. 2. Dependence of decomposition rate on amalgam concen- 
tration. Temperature 79.5 ~ • 1~ caustic conc. 37.4 • 1 w/o, 
rate of amalgam flow 12.68 X 10 -3  mol/cm 2 sec; ,% theory; 
Q ,  experiments. 
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pi r ica l  e q u a t i o n  
r N a  ~-~ kCNa n [3] 

The  v a l u e  of  n is in t he  r ange  0.18-0.23. The  va lues  of  
rN~ for  less  t h a n  0.05% w e r e  m e a s u r e d  on ly  in  s e v e r a l  
cases. I t  is s een  f r o m  Fig.  2 tha t  in th is  c o n c e n t r a t i o n  
r eg ion  the  v a l u e  of  n increases  w i t h  dec reas ing  a m a l -  
gam c o n c e n t r a t i o n  un t i l  i t  r eaches  t he  v a l u e  of  1.0, i.e., 
t he  t r a n s p o r t  of sod ium f r o m  the  b u l k  of  t he  a m a l g a m  
to t he  i n t e r f a c e  becomes  r a t e - con t ro l l i ng .  

F i g u r e  3 shows  t h e  d e p e n d e n c e  of  t he  decompos i -  
t ion  r a t e  on  t h e  r a t e  of  f low of t h e  a m a l g a m  at an  a v e r -  
age  c o n c e n t r a t i o n  of  0.22% Na. The  r a t e  of  decompos i -  
t ion  shows a m a x i m u m  at a ce r t a in  ra te  of  flow, w h i c h  
is o p t i m u m  w i t h  r e spec t  to t he  a m a l g a m  decompos i -  
t ion. 

The  e x p e r i m e n t a l  da ta  w e r e  used  in e v a l u a t i n g  the  
f o l l o w i n g  u n k n o w n  p a r a m e t e r s  o c c u r r i n g  in t h e  t h e o -  
r e t i ca l  equa t ions  for  t he  r a t e  of  decompos i t i on  d e -  
r i v e d  p r e v i o u s l y  (4) :  r a te  of  f low of t he  a m a l g a m  at 
w h i c h  the  t o w e r  becomes  flooded, (M/ST)max; t he  fac -  
to r  of u t i l i za t ion  of  t he  g r a p h i t e  surface,  fs;  co r r ec t i on  
for  t he  inf luence  of bubb le s  in  t he  e lec t ro ly te ,  flro, 
and  at  t h e  g r a p h i t e  surface ,  f 2 L E L ;  con tac t  r e s i s t ance  
b e t w e e n  the  a m a l g a m  and  graphi te ,  p s L L s L ;  t h i ckness  
of  the  di f fus ion l a y e r  for  t r a n s p o r t  of  sod ium in  t he  
ama lgam,  5. 

The  bes t  a g r e e m e n t  b e t w e e n  e x p e r i m e n t a l  and  t h e o -  
r e t i ca l  decompos i t i on  ra tes  (w i th  an  a v e r a g e  dev i a t i on  
of  8.7%) was  o b t a i n e d  for  t he  f o l l o w i n g  va lues  of  t he  
p a r a m e t e r s :  ( M / S T )  max : 0.025 m o l / c m  2 sec, fs ---- 0.6, 
~ l r  o : 0 . 4  c m ,  f 2 L E L  ~ 0 . 3 5  c m ,  p s L L s L  ~ 0 . 3 5  o h m  cm 2, 
5 : 4.23 • 10 -4  cm. The  va lues  of  t he  ra tes  of  d e c o m -  
pos i t ion  ca lcu la ted  on  the  basis  of  these  cons tan ts  a r e  
in Tab le  I t o g e t h e r  w i t h  o the r  quan t i t i e s  (see also 
Fig.  2 and  3).  The  ca lcu la t ions  i n v o l v e d  the  e x p e r i -  
m e n t a l l y  (5) f ound  d e p e n d e n c e  of  h y d r o g e n  o v e r -  
vo l t age  on cu r r en t  densi ty ,  concen t r a t i on  of  NaOH,  and  
t e m p e r a t u r e ;  t h e  a v e r a g e  v a l u e  of  fl was  set equa l  to 
0.589. 

The  c o n d u c t i v i t y  of N a O H  so lu t ion  as a f u n c t i o n  of  
t e m p e r a t u r e  and  c o n c e n t r a t i o n  was  ca lcu la ted  f r o m  
da ta  in  Ref.  (1).  

3 U~ I I I i 
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0 0.5 1.0 1.5 2.0 2.5 

M/ST.11~mo{e Hg/crn 2. s 

Fig. ].  Dependence of decomposition rate on amalgam flow. 
Temperature 79.5 ~ -4- 1~ caustic conc. 37.4 + 1 w/o, amalgam 
concentration 0.22% Na; L~, theory; O ,  experiments. 

The  a g r e e m e n t  b e t w e e n  e x p e r i m e n t a l  and  t h e o r e t i -  
cal va lues  was  espec ia l ly  good  for  t he  d e p e n d e n c e  of  
t h e  decompos i t i on  r a t e  on  the  r a t e  of  a m a l g a m  flow 
( a v e r a g e  dev i a t i on  1.69%) (Fig.  3) .  

The  ind ica ted  p a r a m e t e r  v a l u e s  a r e  p l aus ib l e  f r o m  
the  phys ica l  po in t  of v i e w  or  c o m p a r a b l e  w i t h  l i t e r a -  
t u r e  data. The  v a l u e  of ( M / S T ) m a x  : 0.025 m o l / c m  2 
sec was  t a k e n  f r o m  H i n e  (2) and  at t he  same  t i m e  was  
found  by  e x t r a p o l a t i o n  of  t h e  decompos i t i on  r a t e  func -  
t ion  of  M / S T  to zero.  Also t h e  v a l u e  of  ]s ---- 0.6 is ac-  
c ep t ab l e  since t h e  l o w e r  par t s  of  t he  g r a p h i t e  ba l l s  a re  
p r o b a b l y  not  u t i l i zed  in t h e  reac t ion .  The  v a l u e  of  
flro = 0.4 cm can be  accep ted  s ince the  r ad ius  of  t he  
a m a l g a m  drops was  in t h e  r a n g e  0.1-0.3 cm, and  the  
ra t io  of  t he  gas e m u l s i o n  res i s t ance  to t he  e l e c t r o l y t e  
res i s tance  could  be  about  2 (e.g., i f  t he  r e l a t i v e  v o l u m e  
of gas  in the  m i x t u r e  g _--_ 0.4, t h e n  acco rd ing  to t he  
M e r e d i t h - T o b i a s  e q u a t i o n  

pM/PE : (4 --k g) (4 - -  g ) / 8 ( 2  -- g) (1 - -  g) [4] 

t he  specific r e s i s t ance  of t he  m i x t u r e  PM ~-~ 1.93 p E ) .  

Fur the r ,  if  we  as sume  tha t  t h e  l e n g t h  of  t he  l ine  cu r -  
r en t  in  the  b u b b l e  l a y e r  at t h e  g r aph i t e  su r f ace  LEL 
0.02-0.05 cm ( a p p r o x i m a t e l y  e q u a l  to t he  b u b b l e  d i a m -  
e t e r ) ,  t h e n  f r o m  the  found  v a l u e  of  f2LEL ---- 0.35 cm it  
fo l lows  tha t  f2 ~ 7-15.5, i.e., a f t e r  Eq. [6] t h e  r e l a t i v e  
v o l u m e  of t he  gas in t he  l a y e r  g : 0.75-0.90. The  va lue  
of PsLLsL g ives  t he  con tac t  r e s i s t ance  b e t w e e n  the  
a m a l g a m  and g r a p h i t e  r e f e r r e d  to uni t  con tac t  su r face  
a r e a  and  is not  k n o w n  as yet .  F ina l ly ,  t h e  th i ckness  of 
t h e  diffusion l a y e r  5 = 4.23 X 10 -4  cm cor responds  to 
c o m m o n  va lues  of  5 u n d e r  t h e  condi t ions  of  a t u r b u -  
l en t  f low (3).  

The  va lues  of  r eac t ion  ra tes  in  Tab l e  I w e r e  ob -  
t a ined  a f t e r  one  and  a h a l f - y e a r  o p e r a t i o n  of  the  de-  
compose r  and w e r e  on  t h e  a v e r a g e  b y  15-20% l o w e r  
t h a n  those  ob t a ined  a f t e r  a o n e - m o n t h  opera t ion .  

Fitt ing of measured data by an empirical e q u a t i o n . -  
F o r  p rac t i ca l  purposes ,  the  d e p e n d e n c e  of  t he  r eac t ion  
r a t e  of a m a l g a m  c o n c e n t r a t i o n  is c o n v e n i e n t l y  e x -  
p ressed  by Eq. [3] w h e r e  k a n d  n a r e  e m p i r i c a l  
pa ramete r s .  The  m e a s u r e d  da t a  for  d i f fe ren t  ra tes  of  
f low w e r e  e v a l u a t e d  b y  the  leas t  squa res  m e t h o d  e x -  
cep t  for  t he  po in ts  fo r  concen t r a t i ons  b e l o w  0.05 w / o  
Na, w h i c h  w e r e  dropped .  The  resu l t s  a r e  s h o w n  in 
Tab le  II. I t  is seen  tha t  t h e  v a l u e  n for  concen t r a t i ons  
above  0.05 w / o  Na  does not  d e p e n d  s ign i f ican t ly  on the  
ra te  of  flow, t he  dev ia t ions  f r o m  the  a v e r a g e  be ing  
r a n d o m  in  charac te r .  

F r o m  the  da ta  also used  in  Fig.  3, va lues  of  t he  r a t e  
cons tan t  k w e r e  ca l cu la t ed  a s suming  n ---- 0.2 (see 
Tab le  I I I ) .  The  v a l u e  of  k depends  o b v i o u s l y  on t h e  

Table II. The dependence of n (Eq. [3])  on amalgam flow rate 

M/ST  x 10~ 
(mol  cm -2 see-D n 

0,4817 0.2434 
0.6262 0.2569 
0.6422 0.2047 
0.7626 0.1852 
0.8429 0.2127 
1.084 0.1656 
1.268 0.2242 
1.405 0.1876 
1.485 0.1985 
1.646 0.1590 

a v e r a g e :  n = 0.2006 

Table III. The dependence of K (Eq. [3])  on amalgam flow rate 

n = 0 . 2  
M / S T  X 102 k X 10 ~ M/ST  • 102 k • l 0  o 

(mol  cm -2 see -1) (mol  cm -2 see -1) (mol  cm -2 sec -1) (mol  cm-~ sec -1) 

0.462 2.550 1,124 3.675 
0.642 3.011 1.284 3.761 
0.603 3,365 1.485 3.447 
0.963 3.592 1.605 3.139 
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rate  of flow of the amalgam and attains its m a x i m u m  
at 0.01284 m o l / c m  2 sec. The empir ical  Eq. [3] is 
more  suitable in calculat ing the height  of the tower  
than the exact  equations given in the preceding paper  
(4). 

Manuscript  submit ted June  1, 1973; revised manu-  
script received Sept. 17, 1973. 
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Amalgam Decomposition 
III. Comparison of Different Sorts of Graphite Bed for Decomposition of Amalgam 
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ABSTRACT 

Four  sorts of graphi te  bed in a labora tory  tower  reactor  for amalgam de- 
composition were  compared. Measurements  were  per formed at 80~ concen- 
t ra t ion of NaOH 40%, ra te  of flow of amalgam 0.0125 m o l / c m  2 sec, and con- 
centrat ion of sodium in amalgam 0.03-0.7 weight  per  cent; decomposition of 
the amalgam was max imum with  crushed graphi te  of the finn Sigri  (West 
Germany) .  

In preceding communicat ions (1, 2), the problem of 
calculat ing the decomposit ion rate of sodium amalgam 
in a tower  reactor  filled wi th  graphi te  balls was 
treated. It fol lowed that  the react ion rate  is direct ly  
proport ional  to the specific surface area of the bed 
(in cm2/cm 8 of bed).  The object of the present  work  
was to substantiate this dependence exper imenta l ly  by 
measurements  on beds wi th  different specific surface 
areas. 

Theoretical 
The dependence of the rate  of amalgam decomposi-  

t ion on the concentrat ion of sodium in the amalgam 
was evalua ted  f rom the fol lowing empir ical  equat ion 

r N a  = k CNa n [ 1 ]  

where  k and n are empir ical  parameters ;  CNa, concen- 
t rat ion of sodium in weight  per cent w /o ;  and rNa, rate 
of decomposition. The values of k and n were  calcu- 
lated by the least squares method for every  sort of 
graphi te  and Eq. [1] was used in calculat ing the tower  
height  according to 

H = - -  ( M / S T )  rNa - I  dY [2] 
1 

where  M / S T  denotes flow of amalgam in tool Hg /cm 2 
sec and Y its concentrat ion in mol Na /mol  Hg, which 
can be expressed as 

Y = 0.08725 CN a [3] 

By introducing Eq. [1] and [3] into [2] and in tegra t -  
ing we obtain the final re la t ion 

0.08725 M 
H = (C.Na,11-" -- CNa,~ 1-")  [4] 

k(1 -- n)Sw 

where  Cia,1 and e~a,2 denote inlet  and outlet  concentra-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  p 
~ l P r e s e n t  addres s :  S p o l e k  pro  c h e m i c k o u  a h u t n i  v y r o b u  n.p.,  
U s t i  had  L a b e m ,  Czechos lovak ia .  

Key  w o r d s :  a m a l g a m  decompos i t i on ,  g r a p h i t e  bed,  t o w e r  decom-  
poser.  

t ion of the amalgam flowing into or out from the 
tower.  

Experimental 
The apparatus and measurement  of parameters  were  

described in the preceding work  (2). All  measure -  
ments  were  made after  14 days of operat ion of ap- 
paratus. Three sorts of graphi te  were  used: Sigri 
(West Germany) ,  ZEW Raciborz (Poland) ,  and To- 
hoku Kyowa (Japan) ,  the specifications of which are 
as follows: 

1. Crushed Sigri  graphite,  marked  EHK, part icle 
size 9-16 mm, vanadium content  less than 2.5 ppm, 
porosity 14%, apparent  density 1.73 g / c m  3 (given 
by the manufac tu re r ) ,  specific surface area  about 
5-6 cm2/cm 3 of bed. 

2. ZEW Raciborz graphi te  cylinders (a) hollow, 
10.2 mm in height, 9.6 mm outer  diameter,  diam- 
eter  of hole  of i r regular  shape 3.6-4.6 ram, bulk 
density 0.814 g / cm ~, specific surface area 4.41 cm2/ 
cm~ of bed; (b) solid, 10 mm in height,  9.8 mm in 
diameter,  bulk  densi ty 1.042 g / c m  3, specific sur-  
face area 3.695 cm2/cm ~ of bed. 

3. Tohoku Kyowa  Carbon balls containing C 98-99%, 
ash 0.5-1%, V 10-20 ppm, Mn 20-30 ppm; diameter  
10.7 ram, bulk density 0.916 g / c m  8, specific surface 
area 2.876 cm2/cm ~ of bed. 

The diameter  of the bed in the decomposit ion tower  
was 102 mm and its height  40 mm; its l id was provided 
with  104 openings of a d iameter  of 1.5 ram. The amal-  
gam was circulated by a centr i fugal  pump. The elec-  
t ro lyte  was electrolyt ic  40% sodium hydroxide  solu- 
t ion (Spolana Neratovice,  CSSR).  Mercury  was pur i -  
fied by dist i l lat ion before  use. The t empera tu re  of the  
tower  was 80~ unless otherwise  indicated. 

Results of Measurements 
Exper imenta l ly  found values are presented in Fig. 1 

and 2 for the different graphi te  sorts along wi th  theo-  
ret ical  values corresponding to Eq. [1]. The values of 
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Fig. 1. The dependence of reaction rate an amalgam concentra- 
tion for ZEW Raciborz graphite for 80~ and 40 w/o NaOH. Curve 
I,  hollow cylinders, amalgam flow rate 1.25 • 10 - 2  mol Hg/cm 2 
sec; curve 2, solid cylinders, amalgam flow rate 1.25 • 10 - 2  mol 
Hg/cm 2 sec; curve 3, hollow cylinders, amalgam flow rate 1.5 • 
10 - 2  mol Hg/cm 2 sec. 
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Fig. 2. The dependence of reaction rate on amalgam concentra- 
tion for 80~ and 40 w/o NaOH. Amalgam flow rate 1.25 • 10 - 2  
mol Hg/cm 2 sec. Curve 1, crushed Sigri graphite; curve 2, graphite 
balls of Tohoku Kyowa Carbon. 

k and n are given in Table I and were  used in calculat-  
ing the tower  height  on the assumption that  the inlet  
and outlet  concentrat ions of sodium in the amalgam 
were  0.2 or 0.4 and 0.01%, respectively.  The results 
given in Table II indicate that  the specific surface area 
(for different sorts of graphite)  is not inverse ly  pro-  
port ional  to the tower  height,  as it should be according 

Table I. Values of k and n for different beds 

102M/ST 1 0  e k 
( m o l / c m  ~ ( m o l / c m  s 

G r a p h i t e  sor t  sec) sec) n 

Raciborz ,  so l id  cy l i nde r s  1.25 2.683 0.2219 
Sigr i ,  c ru shed  1.25 5.613 0.3017 
T o h o k u  K y o w a ,  ba l l s  1.25 5.213 0.3211 
Raciborz ,  h o l l o w  c y l i n d e r s  1.25 4.380 0.2321 
Raciborz,  h o l l o w  c y l i n d e r s  1.50 4.866 0.1632 

Table II. Height of tower decomposer for different graphite sorts 
and outlet concentration of amalgam 0.01% Na, temperature 80~ 

caustic concentration 40 w/a 

T o w e r  h e i g h t  (cm) 
102 M/ST fo r  i n l e t  a m a l g a m  conc 

G r a p h i t e  so r t  ( m o l / c m  2see)  (0.2 w / o )  (0.4 w / o )  

Raciborz ,  so l id  cy l i nde r s  1.25 134 240 
Sigr i ,  c ru shed  1.25 79 135 
T o h o k u  Kyowa ,  ba l l s  1.25 90 151 
Raciborz ,  h o l l o w  c y l i n d e r s  1.25 85 150 
Raciborz ,  h o l l o w  cy l inde r s  1.50 77 142 
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Fig. 3. The dependence of reaction rate on amalgam flow for 
Tohoku Kyowa graphite for 0.2 w/o Na, 80~ and 40 w/o NaOH. 

to the theory  (1). It means that  also the content  of 
heavy  metals, such as Mo, V, Co, Fe, etc., in graphi te  
exerts  an impor tant  effect on the rate  of decomposition. 
Nevertheless,  for one sort of graphi te  (see Fig. 2, 
curves 1 and 2) the measured  dependence is not far  
f rom theoret ical  predictions. Indeed, Table  II  shows 
that  for ZEW Raciborz graphite,  the ratio of tower  
heights for solid and hol low cylinders is 1.35/0.85 = 
1.58 and the ratio of specific surfaces is 4.41/3.7 = 1.19. 
The difference be tween  these values can be explained 
by the fact that  the amalgam hold-up  is h igher  for 
hol low than for solid cylinders. 

The dependence of the react ion rate  on amalgam flow 
through the tower  was measured  on the Tohoku 
Kyowa  graphi te  ball  bed. The dependence TJa = 

f (M/ST) is shown in Fig. 3. 

Conclusions 
It follows f rom the  comparison of the tower  heights 

at a rate  of flow of 1.25 • 10 -2 mol  H g / c m  2 sec that  the 
most suitable mater ia l  for the bed is crushed graphi te  
of the Sigri  firm, then  comes the ZEW Raciborz graph-  
ite (hollow cyl inders) ,  and finally Tohoku Kyowa 
graphi te  (balls) .  The least suitable were  the solid 
graphi te  cylinders of ZEW Raciborz. A comparison of 
graphites of the same sort but  wi th  different geometry  
(ZEW Raciborz) suggests that  the react ion rate  in-  
creases wi th  increasing specific surface area of the bed 
(SG/VT).  
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Nicotinamide and N'-Methylnicotinamide: 
Electrochemical Redox Pattern 

Behavior of Free Radical ,  Dimeric,  and Dihydropyridine Species 
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ABSTRACT 

The mechanisms for the electrochemical reduction of nicotinamide (3-car- 
bamoylpyridine) and N'-methylnicotins_mide [3-(N-methylcarbamoyl)-pyri- 
dine] in aqueous media, as well as those for reduction and oxidation of inter- 
mediate and final products, have been investigated. Both compounds involve 
the same redox pattern of two successive one-electron additions. The initial 
step involves simultaneous addition of an electron and a proton to form a free 
radical (only an electron in the pH range where the compound is protonated), 
which rapidly dimerizes to an apparent 6,6' species; oxidation of the free 
radical can be seen at pH 9. At more negative potential, the nicotinamide is 
reduced to an apparent 1,6-dihydroDyridine species (the dimer is stable to 
reduction in the available potential range); the two polarographie waves 
begin to merge above pH 8 and are completely merged by pH 12. El~2 for both 
electron-transfer processes becomes more negative with increasing pH between 
pH 4 and 9. The rate constants for dimerization of the initially produced free 
r a d i c a l s  a r e  1.8 X l0 s a n d  4.9 X 106 l i t e r  m o l - 1  s ec -Z  fo r  n i c o t i n a m i d e  a n d  
N ' - m e t h y l n i c o t i n a m i d e ,  r e s p e c t i v e l y ,  a t  30 ~ a n d  p H  9. A d s o r p t i o n  of  b o t h  
c o m u o u n d s  a n d  t h e i r  r e d u c t i o n  p r o d u c t s  a t  t h e  m e r c u r y - s o l u t i o n  i n t e r f a c e  is 
neg l i g i b l e .  B o t h  d i m e r  a n d  d i h y d r o u y r i d i n e  spec ies  a r e  o x i d i z e d  to  t h e  o r i g -  
i n a l  n i c o t i n a m i d e  b u t  a t  c o n s i d e r a b l y  m o r e  p o s i t i v e  p o t e n t i a l s  t h a n  t h o s e  
n e c e s s a r y  fo r  t h e i r  f o r m a t i o n .  

N i c o t i n a m i d e  ( 3 - c a r b a m o y l p y r i d i n e )  (Fig.  1) is 
w i d e l y  d i s t r i b u t e d  i n  p l a n t  a n d  a n i m a l  t i s sues  a n d  is 
a n  e s s e n t i a l  d i e t a r y  f a c t o r  fo r  n e a r l y  a l l  m a m m a l i a n  
sys t ems .  I t s  absence ,  a l o n g  w i t h  t h a t  of  n i c o t i n i c  ac id  
a n d  o t h e r  m e m b e r s  of  t h e  B complex ,  r e s u l t s  in  p e l -  
l eg ra .  T h e  e s s e n t i a l  r o l e  of  n i c o t i n a m i d e  u n d o u b t e d l y  
s t e m s  f r o m  i ts  i m p o r t a n c e  i n  t h e  p r o d u c t i o n  of c e r t a i n  
t y p e s  of  p y r i d i n e  nuc leo t ides ,3  e.g., N A D +  a n d  N M N  +, 
u n d e r  p h y s i o l o g i c a l  cond i t ions .  T h e  f u n c t i o n  of  s u c h  
n u c l e o t i d e s  in  b io log i ca l  sys tems ,  e.g., t h e  ro l e  of 
N A D +  as a c o e n z y m e ,  g e n e r a l l y  i n v o l v e s  o x i d a t i o n -  
r e d u c t i o n  of  t h e  p y r i d i n e  r ing .  F o r  t h i s  r ea son ,  r e d o x  
p roces se s  i n v o l v i n g  n i c o t i n a m i d e  a n d  i ts  d e r i v a t i v e s  
a r e  of  o b v i o u s  i n t e r e s t .  

N i c o t i n a m i d e  i t se l f  d i f fe r s  f r o m  t h e  p y r i d i n e  n u c l e o -  
t i de s  i n  h a v i n g  a r i n g  n i t r o g e n ,  w h i c h  is bas ic  d u e  to 
t h e  p r e s e n c e  of  t h e  l o n e  e l e c t r o n  pa i r .  C o n s e q u e n t l y ,  
i t s  r e d o x  b e h a v i o r  w o u l d  b e  e x p e c t e d  to s h o w  a p H -  
d e p e n d e n c e  d i f f e r i n g  f r o m  t h o s e  of  t h e  p y r i d i n e  n u -  
c l eo t ides  e x c e p t  in  t h e  p H  r e g i o n  w h e r e  t h e  r i n g  n i t r o -  
g e n  is p r o t o n a t e d .  

T h e  p o l a r o g r a p h y  of  n i c o t i n a m i d e  h a s  b e e n  p r e v i -  
o u s l y  s t u d i e d  (1 -4 ) .  E s s e n t i a l l y ,  n i c o t i n a m i d e  is r e -  
p o r t e d  to y i e l d  in  ac id ic  m e d i a  t w o  r a t h e r  i l l - d e f i n e d  
p o l a r o g r a p h i c  w a v e s  h a v i n g  h a l f - w a v e  po t en t i a l s ,  E1/2, 
close to o n e  a n o t h e r ,  w h i c h  h a v e  b e e n  a s c r i b e d  (5, 6) 
to  t h e  p r o t o n a t e d  a n d  n e u t r a I  species ,  p r e s u m a b l y  i n  
a n  a c i d - b a s e  e q u i l i b r i u m  of  a t y p e  f r e q u e n t l y  s e e n  in  
p o l a r o g r a p h y .  O t h e r s  (7) o b s e r v e d  n e a r l y  t h e  s a m e  
b e h a v i o r  e x c e p t  t h a t  t h e  d o u b l e  w a v e  w a s  n o t  n o t e d .  
A b o v e  p H  8, a s i n g l e  w e l l - d e f i n e d  w a v e  w a s  r e p o r t e d  
(5 -7 ) ,  w h o s e  EI/2 b e c a m e  40 m V  m o r e  n e g a t i v e  p e r  p H  

un i t .  T h e s e  a n d  r e l a t e d  r e s u l t s  w e r e  c o n s i d e r e d  to  
i n d i c a t e  t h a t  t h e  w a v e  w a s  a n  i r r e v e r s i b l e  t w o - e l e c -  
t r o n  (2e)  p roces s  ( n u m b e r  of  e l e c t r o n s  a p p a r e n t l y  
e s t i m a t e d  f r o m  d i f fus ion  c u r r e n t  c o n s t a n t ,  I )  w i t h  a t  

�9 E l e c t r o c h e m i c a l  S o c i e t y  Active Member. 
1 P r e s e n t  addres s :  A b b o t t  L a b o r a t o r i e s ,  Scientific Divisions. N o r t h  

Chicago, Illinois 60064. 
= On l e a v e  o f  a b s e n c e  f r o m  the Tata Institute of Fundamental Re- 

search,  Bombay 5, India. 
8 NA_D+ represents nicotinamide-adenine-dinucleotide, which is  

also referred to as diphosphopyridine nucleotide (DPN+) or  co -  
e n z y m e  I; NMN* represents nicotinamide mononucleotide. 

Key words: dihydropyridines, dimerization, f ree  radica ls ,  N'- 
methylnicotinamide, n i c o t i n a m i d e .  

l e a s t  o n e  p r o t o n  t a k i n g  p a r t  i n  t h e  e l e c t r o d e  r e a c t i o n  
( t w o  in  t h e  t o t a l  r e d u c t i o n ) .  T h e  p r o d u c t  h a s  b e e n  
p o s t u l a t e d  to b e  e i t h e r  a 2,3- o r  3 , 4 - d i h y d r o p y r i d i n e  
spec ies  (5 -8 ) .  T h e  p o l a r o g r a p h i c  a s s a y  of  n i c o t i n a m i d e  
( n i a c i n a m i d e )  i n  p h a r m a c e u t i c a l  p r e p a r a t i o n s  h a s  

b e e n  d e s c r i b e d  (9) .  
I n  g e n e r a l ,  t h e  p o l a r o g r a p h y  of  n i c o t i n a m i d e  w a s  

p r i m a r i l y  i n v e s t i g a t e d  (5, 6, 10-13) f r o m  t h e  v i e w p o i n t  
of  t h e  c a t a l y t i c  h y d r o g e n  c u r r e n t  4 w h i c h  i t  p r o d u c e s ;  
i ts  f u n d a m e n t a l  b e h a v i o r  h a s  b e e n  o n l y  m e a g e r l y  i n -  
t e r p r e t e d  a n d  t h e  r e d u c t i o n  m e c h a n i s m  h a s  no t  b e e n  
f u l l y  u n d e r s t o o d .  C o n s e q u e n t l y ,  t h e  e l e c t r o c h e m i c a l  
r e d u c t i o n  of n i c o t i n a m i d e  a n d  N ' - m e t h y l n i c o t i n a m i d e  
[ 3 - ( N - m e t h y l c a r b a m o y l ) p y r i d i n e ]  in  a q u e o u s  m e -  
d ium,  as w e l l  as t h e  n a t u r e ,  r e d u c t i o n ,  a n d  o x i d a t i o n  of 
i n t e r m e d i a t e  a n d  f inal  p r o d u c t s ,  e.g., f r e e  rad ica l ,  

4 A catalytic hydrogen evolution reaction occurs when a com- 
pound is present whose protonated adduct under the experimental 
conditions is more easily reducible, i.e., has a lower activation en- 
ergy in respect to net addition of an electron to the proton, than  
the uncomplexed proton itself. 
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Fig. 1. Reaction paths for the electrochemical behavior of nicotin- 
amide and its reduction products. 
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dimer, and dihydropyr id ine  species, has been inves t i -  
gated by a var ie ty  of electrochemical  techniques.  
These included control led-potent ia l  electrolysis to pro-  
vide solutions of products suitable for chemical, elec-  
trochemical,  and spectrophotometr ic  examination,  and 
rapid per turbat ion  techniques such as cyclic vo l tam-  
me t ry  and phase-select ive a-c polarography to inves t i -  
gate chemical  steps in te rvening  in the redox process, 
e.g., free radical format ion and dimerization. 

The choice of N ' -methyln ico t inamide  is based par-  
t ial ly on the expectat ion that  its basic pKa would be 
similar  to that  of nicot inamide and par t ia l ly  on the be-  
havior  of NAD + and NADP + (1, 4). If  a nicot inamide 
free radical produced in the init ial  one-e lec t ron  ( le )  
process dJmerizes s imilar ly  to NAD +, the site for di- 
mer izat ion would  be expected to be at the 4 or 6 posi- 
tion. Molecular  models  of the f ree  radicals indicate 
dimerizat ion at the 4 position in N ' -methyln ico t inamide  
to be sterical ly h indered due to free rotat ion of the 
methy l  group. 

Experimental Procedure 
Chemicals.--The repor ted  analyt ical  data and spec- 

t rophotometr ic  assay indicated sufficient pur i ty  of the 
nicot inamide and N ' -methyln ico t inamide  (Sigma) for 
polarographic study. Nei ther  spect rophotometry  nor 
polarography revealed  any impurities.  

Buffer solutions (Table I) were  prepared  from ana-  
lytical  reagent  grade chemicals. Ni t rogen used for de- 
oxygenat ing was purified and equi l ibra ted by bubbl ing 
it successively through acidic (HC1) V(I I )  kept  over  
heavi ly  amalgamated  zinc, saturated Ca(9, and dis- 
t i l led water .  

Apparatus.--Current-voltage and cur ren t - t ime  curves 
were  recorded with  th ree-e lec t rode  potentiostats and 
Moseley Model 700IA(S) and 7005B X - Y  recorders.  

The potentiostats were  mul t ipurpose  instruments  
(14-16), based on solid-state operat ional  amplifiers, 
wi th  only certain functions being used in any given 
mode; details of construction, operation, and pe r fo rm-  
ance are given e lsewhere  (17). A convent ional  a r -  
rangement  was employed for d-c polarography;  for 
phase-select ive a-c polarography,  a Pr inceton Applied 
Research Model 122 lock- in  amplifier was incorporated. 
Automat ic  compensat ion for series resistance was 
achieved by posit ive feedback (18, 19). Rapidly occur-  
r ing events were  recorded with  a Tekt ronix  Type 502 
oscilloscope and C-12 camera system; the oscilloscope 
was also uti l ized as a general  purpose moni tor ing de-  
vice. Potentials  were  accurately moni tored  wi th  a 
Hewle t t -Packa rd  Model 3430A digital vol tmeter .  

Vol tammetr ic  measurements  were  made in a wa te r -  
jacketed  th ree -compar tmen t  cell (20), kept  at 25.0 ~ _ 
0.1~ unless otherwise  stated. Agar salt bridges were  
inser ted on the counter  and reference  sides of the 
medium porosity glass frits separat ing the compar t -  
ments.  The reference compar tment  contained a satu-  
ra ted  calomel reference electrode (SCE);  the counter  
compar tment  contained a pla t inum mesh electrode im-  
mersed in saturated KC1 solution. The DME capillaries 
(marine barometer  tubing) had drop-t imes,  measured  

Table I. Buffer and background electrolyte solutions <a) 

B u f f e r  No. p H  r a n g e  C o m p o s i t i o n  

1 0 .0-1 .0  HC1 + K C l  
2 2 .0-8 .0  Na_-HPO~. 7H20 + c i t r i c  ac id  

m o n o h y d r a t e  + K C l  
3 3.3-6.0 KHCsH~O4 + HC1 o r  N a O H  
4 3 .9-5 .9  H O A c  + N a O A c  
5 7 .8-10.0 H3BOs + N a O H  + K C l  
6 9 .0-10.0  K2CO~ + K H C O s  
7 9 .0-10.0  K~CO3 + KHCO3 + KC1 (b) 
8 9 .0-10 .0  K.~CO3 + KHCO3 + Et~NCl(~) 
9 9 .0-10.0  NHs + NH4C1 

10 11.0-12.0 K O H  + K C l  

(~) The f ina l  t o n i c  s t r e n g t h  o f  t e s t  s o l u t i o n s  w a s  0.52// u n l e s s  
o t h e r w i s e  s t a t ed ,  

(bj KC1 c o n c e n t r a t i o n .  0.4/1'/. 
(o  Et~NC1 c o n c e n t r a t i o n :  0 .4M. 

at potentials of interest,  be tween  3 and 6 sec, and m 
values of 1.2 to 2.4 mg/sec  (open circuit) .  Sargent  
S-2931-30 and home-made  hanging mercury  drop elec- 
trodes (HMDE) were  employed in the s tat ionary elec- 
t rode studies. 

Coulometry  and macroscale electrolysis used a mer -  
cury pool electrode (3 or 5 cm 2) at 25.0 ~ _+ 0.1~ in a 
wa te r - j acke ted  cell (25 ml i te r  capacity) ,  fitted with  a 
Teflon cap, which al lowed introduct ion of sample, salt 
bridges, and deaerat ion tubing. Reference and counter-  
eiectrodes were  thermosta ted  and identical  to those 
used for vo l t ammet ry  except  that  they were  connected 
to the cell via saturated KC1 salt bridges prepared 
from polyethylene tubes (2.5 mm ID) fitted at the cell 
end with  5-mm lengths of Vycor glass rod (Corning 
Code 7930 porous glass). The number  of coulombs 
passed during electrolysis was found by measur ing the 
area of the cur ren t - t ime  curve with  a Gelman Model 
39231 compensating polar planimeter .  

Ul t raviole t  spectra were  obtained wi th  Beckman 
Model DB and DU spectrophotometers.  All  pH mea-  
surements  were  made wi th  a Beckman Model G pH 
meter .  

Voltammetric procedures.--Test solutions were  pre-  
pared by diluting known volumes of stock solutions in 
volumetr ic  flasks wi th  the desired buffer. About  10 
mli ters  of test solution were  t ransfer red  to the cell, 
purged with  N2 for 15 min, and then  examined electro-  
chemical ly wi th  N2 passing over  the solution. The test 
solution pH was measured  after  vol tammetry .  Except  
where  indicated, the background current,  obtained on 
an identical ly t reated buffer solution, was subtracted 
algebraical ly from the total  current.  

A natural  d rop- t ime  was employed for d-c polarog-  
raphy;  E1/2 and id were  de te rmined  graphically,  ut i l iz-  
ing the average recorder  trace. For  a-c  polarography,  
the instantaneous a-c current  ampli tude at the end of 
a controlled 3-sec drop- l i fe  was recorded;  in the f re-  
quency var ia t ion studies, a natura l  d rop- t ime  and a 
10 mV peak ampli tude were  used. For  single sweep 
and cyclic runs at the HMDE, one or two drops of Hg 
were  collected from the DME and hung on the hanging 
drop assembly; the HMDE (0.030 cm 2) was al lowed to 
equi l ibrate  for 15 sec before the vol tammetr ic  scan was 
begun. Scan rates ranged f rom 0.1 to 32 V/sec. 

Macroscale electrolysis procedures.--Twenty mil l i -  
l i ters of buffer solution were  added to the cell and de- 
oxygenated  for 20 min;  Hg was then in t roduced and 
the s t i rred solution electrolyzed at a potential  identical 
to that  at which the electrolysis was to be run, unti l  
the current  fell to a min imum value (0.01-0.03 mA) .  
The potential  was then shifted to --0.6V and a 5-ml 
aliquot of stock solutions containing only the electro-  
active species added; N2 was again vigorously bubbled 
through the solution unti l  the  current  level  dropped to 
zero (5 min)  ; the electrolysis was then switched to the 
desired potential. Ni t rogen was continuously passed 
through the cell dur ing electrolysis. Current  was auto-  
mat ical ly  recorded as a function of t ime;  suitable cor- 
rection was made for background current.  

Immedia te ly  before  and after  each electrolysis, an 
al iquot of the electrolysis solution was examined  
spectrophotometr ical ly  after  dilution with  the buffer 
used for electrolysis; Et4NC1/carbonate solutions were  
di luted with carbonate buffer. An identical  concentra-  
t ion of buffer was used in the reference cell. 

Results 
Since the observed electrochemical  behavior  pat-  

terns of nicot inamide and N ' -methy ln ico t inamide  are 
genera l ly  similar, the discussion is focused on nicotin- 
amide with  reference being made to N ' -methy ln ico t in -  
amide only where  significant factors are involved.  

D-C poIarography.--In acidic media, nicot inamide 
yields two closely adjacent  waves  (Table II; Fig. 2); 
wave  II, which is less wel l -def ined than wave  I, occurs 
just  prior  to a catalytic wave. 4 In pH 5.0 acetate buffer, 
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Table II. Variation in polarogrophlc behavior of nicotinamide 
and N'-methylnicotinamide with pH 

B u f f e r  W a v e  
No .  p H  --  E:j~. V s l o p e ,  (a) m V  1 (b) 

N i c o t i n a m i d e  (c) 
2 3.2 (b) I 1.10 - -  4.2 

I I  1.20 4.0 
2 3.6 (b) I 1.11 - -  3.0 

I I  1.22 4.3 
2 3.7 (b) I 1.13 - -  3.3 

II 1.25 5.1 
2 4.4(b) I 1.15 - -  2.3 

I I  1.27 5.6 
4 5,0 (~') I 1.20 - -  2 .2  

II 1.31 4.8 
2 7 . 0 ( b )  I 1 . 3 9  - -  2.0 

I I  1.51 2.5 
2 8.0 (~) 1,57 120 3.7 
6 9.2 1.59 55 3.9 
6 9.4 1.60 55 3.8 
8 9.6 (~) 1.61 76 3.4 
6 9.7 1.60 43 3.7 

10 12.0 1.70 34 3.8 

N ' - M e t h y l n i c o t i n a m i d e  (e) 

1 1.8 I 1.08 -- -- 
1 2.2 I 1.08 - -  
3 3.3 I 1.08 40  1.1 

4.3 I 1.08 47 1.4 
4 5.0 I 1.21 4 4 . 4 4  1.7. 1.9 

I I  1.38 
3 6.0 I 1.23 44  2,0 

I I  1,40 
5 7.5 I 1.43 43 1.5 

I I  1.51 
7 9.0 I 1,60 - -  2.1 

10 10.5 I 1.62 - -  - -  

(-) W a v e  s l o p e  c a l c u l a t e d  as  (E1/4 --  E a l D .  
(b) B o t h  n i c o t i n a m i d e  w a v e s  a r e  i l l - d e f i n e d  a n d  a r e  n o t  n e c e s s a r i l y  

d i f f u s i o n  c o n t r o l l e d  d u e  t o  t h e  p r e s e n c e  of  a c a t a l y t i c  h y d r o g e n  w a v e  
a t  s l i g h t l y  m o r e  n e g a t i v e  p o t e n t i a l ;  d i f f u s i o n  c u r r e n t  c o n s t a n t  (I = 
i l / C m 2 / a  t l /o)  v a l u e s  h a v e  b e e n  c a l c u l a t e d  f o r  c o m p a r i s o n  w i t h  t h e  
w a v e  i n  a l k a l i n e  s o l u t i o n .  I t  i s  e s p e c i a l l y  d i f f i cu l t  t o  m e a s u r e  
w a v e  I I .  

(c) N i c o t i n a m t d e  c o n c e n t r a t i o n :  0.35 m M .  R o m a n  n u m e r a l s  r e f e r  
t o  t h e  t w o  w a v e s .  

(~) W a v e  i s  t r e a t e d  as  a s i n g l e  w a v e ;  a c t u a l l y  t w o  c l o s e l y  a d -  
j a c e n t  e l e c t r o n - t r a n s f e r  s t e p s  a r e  i n v o l v e d ,  

(e) N ' - m e t h y l n i c o U n a m i d e  c o n c e n t r a t i o n :  0.49 to  2.58; c o n c e n t r a -  
t i o n s  u s e d  a t  p H  5 . 0 : 1 , 6 3  a n d  0.58 m M .  W a v e  I i s  g e n e r a l l y  w e l l -  
d e f i n e d ;  w a v e  I I  i s  a l w a y s  p o o r l y  d e f i n e d .  

background discharge (at the 2-~A level)  occurs 0.26V 
more posit ive than for background electrolyte  alone, 
i.e., the rising port ion of the catalytic wave  serves as 
discharge. All three  waves have been noted previous ly  
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Fig. 2. D-C polarogram of nicatinamide (5.3 mM) in pH 5.0 
acetate buffer. 

(5, 6), but  only the catalytic wave  has been  adequate ly  
studied; consequently,  it wi l l  not be fu r the r  considered 
in the present study. 

El/2 for wave  I (Table II; Fig. 3) is near ly  pH- inde-  
pendent  below pH 4 and above pH 9, and varies l in-  
ear ly  wi th  pH be tween  pH 4 and 9 (fol lowing is based 
on Table II, pH 3.7 and 7.0) 

E1/2 --~ --0.73 -- 0.079 pH [1] 

N ' -methyln ico t inamide  shows an identical  pa t te rn  
(Fig. 3). 

Be tween  pH 3 and 7, the height  of wave  II varies 
be tween  1 and 2.5 t imes the height  of wave  I (this 
var ia t ion  may  result  f rom uncer ta in  knowledge  of the 
base current  due to the close proximi ty  of the catalytic 
wave  to wave  I I ) ;  E1/2 for both waves becomes more 
negat ive  wi th  a constant separat ion of about 0.1-0.2V. 
The catalytic wave  disappears be tween  pH 7 and 8. 
The apparent ly  single 2e wave  observed at pH 8.0 at 
low nicot inamide concentrat ion shows an inflection 
about half  way  up the wave, i.e., it appears to consist 
of two merging  le  waves;  the wave  height  is sl ightly 
less than the sum of the two waves at pH 7. With in-  
creasing pH (pH 8-12 in the absence of t e t rae thy l -  
ammonium salts),  the  inflection disappears, E1/2 be-  
comes sl ightly more  negative,  the wave  slope ( E l / 4  - -  

Es/4) approaches a more  revers ib le  value, and the dif- 
fusion current  constant (I) remains constant. 

The near ly  merged  wave  (Fig. 4) is marked ly  al-  
te red  on addition of a t e t r aa lky lammonium cation 
(Fig. 5) ; addit ion of Et4NC1 to pH 9.4 carbonate buffer 
shifts E1/4 (E1/2 of wave  I) more posit ive (--1.57 to 
--1.55V) and E3/4 (El~2 of wave  II) more  negat ive 
(--1.64 to 1.68V) so that  two waves of equal  height  
are formed. The wave  split is much more  pronounced 
at 1.27 than at 0.13 raM. The total  current  in Et~NC1 
solution is diffusion control led (il proport ional  to h ~/u) 
and proport ional  to concentrat ion (0.13-1.25 raM);  the 
sl ightly lower  I of 3.44 is due to a viscosity effect. 
Despite some uncer ta in ty  due to the small  potential  
separation, the slopes of both waves at 1.27 mM nico- 
t inamide are the same as that  expected for revers ib le  
e lec t ron- t ransfer  steps. 

Cyclic voltammetry.--The behavior  of nicot inamide 
is consistent wi th  the DME pattern.  In acidic media, 
the init ial  sweep to more  negat ive  potent ial  produces 
peaks Ic and IIc (Table III;  Fig. 6); these are i l l -de-  
fined, appearing as shoulders or inflections on the 
side of background discharge which occurs at more  
posit ive potent ial  than  for background e lec t ro lyte  
alone. Small  differences in Ep be tween  Table III  and 
Fig. 6 are due to differences in nicot inamide concentra-  
tion; the wave  separat ion seems to increase wi th  con- 
centrat ion (cf. previous paragraph) .  

The magni tude  of the peak IIc current  compared to 
that  of peak Ic suggests that  the over -a l l  wave  Ic 
product is not fur ther  reduced, i.e., most of the nicotin-  
amide in the vic ini ty  of the electrode has been con- 
ver ted  to the le  product  by the t ime the potential  for 
format ion of the 2e product  is reached, and that  peak 
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Fig. 3. Variation with pH of the half-wave potential, Ell2, for 
the first cathodic polarographic wave of nicotinamide (cir:les) and 
N'-methy[nicotinamide (triangles). 
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Table III. Cyclic voltammetry of nicotinamide and 

N'-methylnicotinamide: cathodic peaks (a) 

Sweep Peak I 
rate, v, 

12 V/sec -- Ep, V ip,/ . tA i p / v  112 - -  E p  

1.0 

N i c o t i n a m i d e  ~ b) 
< O.lO 1.30 5.5 17.4 

0 .15 1.32 7.0 18.1 
0.21 1.32 8.0 17.5 

~-~ 0 .48  1.32 12.0 17.4 
Z 1.00 1.32 14.7  14.7 
LU 2 .50  1.32 26.0  10.4 rv 

N'-methylnicotinamide <~) 
0 0.10  1.29 7.8 24 .4  
0 0.15 1.29 9.5 24 .5  
--  0 .20  1.29 10.8 24 .4  I 
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Fig. 4. D-C and a-c polarograms of nicotinamide (1.27 mM) in 
carbonate buffer (pH 9.4). The upper pair of curves result from 
d-c polarography (test and background solutions). The intermediate 
pair of curves represent the quadrature a-c component; the lowest 
pair of curves the in-phase a-c component; dashed lines are for 
background solution alone. 
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Fig. 5. D-C and a-c polarograms of nicotinamide (1.27 raM) 
in Et4NCI/carbanate buffer (pH 9.4) (see Fig. 4 caption for curve 
identification). 

IIc then  results f rom two successive le  reductions of 
nicot inamide in the par t ia l ly  depleted layer  at the 
interface. 

Both peak potentials become more  negat ive wi th  
increasing pH. Since the pH-dependence  of peak Ic 
is grea ter  than  that  of IIc (Eq. [2]), the  two peaks 

P e a k  I f  

1.43 7.0 
1.43 8.8 
1.43 12.0 
1.43 14.0 
1.40 16.8 
1.40 34.0 

(a) D a t a  a r e  fo r  p H  5.0 a c e t a t e  b u f f e r  so lu t ions ,  w h e r e  n i c o t i n a m i d c  
w a v e  I I  c o n t a i n s  a c o n t r i b u t i o n  f r o m  c a t a l y t i c  h y d r o g e n  e v o l u t i o n  
a n d  N ' - m e t h y l n i c o t i n a m i d e  w a v e  I I  is  v e r y  p o o r l y  def ined .  

(b) C o n c e n t r a t i o n :  1.18 raM.  
(c~ C o n c e n t r a t i o n :  1,63 m M .  

begin to merge  at ca. pH 7, a l though the merging into 
a single peak is not complete  unti l  pH 12. Above pH 8, 
the cathodic peak current  increases to a m a x i m u m  at 
pH 12, where  it is about  twice that  of peak Ic in acid 
solution. 

Peak IIc: Ep = -- 1.02 -- 0.065 pH [2] 

The pat tern  obtained on the reverse  sweep too more  
posit ive potential  depends on the pH. If the sweep 
at pH 12 is reversed  after  the single cathodic peak 
(Ep : --1.72V), a single anodic peak IIa occurs at 
--0.21V, which is due to oxidat ion of the 2e reduct ion 
product. At pH 9.4, sweep reversa l  immedia te ly  fol-  
lowing the apparent ly  single cathodic peak produces 
two anodic peaks (Fig. 7). Peak  IIa represents  the 2e 
oxidat ion just discussed; peak Ia represents  oxidat ion 
of the le  reduct ion product;  both oxidat ion steps pro-  
duce nicotinamide. Repet i t ive  scanning (12 V/sec)  
around the single cathodic peak and e i ther  peak Ia at 
pH 9.4 or peak IIa at pH 12 establishes a re la t ive ly  
high s teady-s ta te  nicot inamide concentrat ion at the 
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Fig. 6. Variation of peak potentials with pH for nicotlnamide 
(0.35 mM) on cyclic valtammetry at the HMDE. Raman numerals 
refer to waves, a to anodic, and c to cathodic. Scan rate is 100 
mV/sec. 
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Fig. 7. Cyclic voltammogram of nicotinamide (!.27 raM) in pH 
9.4 carbonate buffer at the HMDE. Roman numerals refer to waves; 
Arabic numerals to sweep. Scan rate is 100 mV/sec. 

interface;  however, the cathodic peak decreases if the 
anodic peak is excluded from the repet i t ive cycle. 

The formation of two anodic peaks from an ap-  
parent ly  single cathodic peak process is obviously due 
to the la t ter  actually being the fusion of two processes. 
The fact that  the first wave ( le)  reduct ion product is 
main ly  formed at potentials on the rising port ion of 
the cathodic peak and the second wave (2e) reduct ion 
products at more negative potential, is i l lustrated in 
Fig. 7. If the first sweep to more negative potential  is 
reversed before the peak potential  is reached, only 
peak Ia appears; if the second sweep is reversed past 
the cathodic peak, both Ia and IIa are seen. Consistent 
with the DME results, the two processes separate in 
the presence of Et4NC1 to yield two closely spaced 
cathodic peaks (Fig. 8). 

The oxidation processes producing peaks Ia and 
IIa yield a proton or protons dur ing electron transfer,  
since the peak potentials become more positive with 
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Fig. 8. Cyclic voltammogram of nicotinamide (1.27 mM) in pH 
9.4 Et4NCI/carbonate buffer at the HMDE. Roman numerals refer to 
waves; Arabic numerals to sweep. Scan rate is 100 mV/sec. 

decreasing pH (Fig. 6). The pH-dependence of peak 
potential  Ia is nonl inear  and much less pronounced 
than  that  for IIa 

Peak IIa: Ep = 0.62 -- 0.07 pH [3] 

In  neut ra l  or acidic solution, reversing the potential  
sweep after ei ther peak Ic or IIc yields only  peak Ia; 
peak IIa is masked by mercury  discharge, e.g., Eq. [3] 
predicts Ep for the IIa process to be 0.13V at pH 7.1, 
but  mercury  discharge occurs at 0.10V at pH 7.1. 

Magnitudes of the two anodic peak currents  depend 
to some extent  on the potential  of sweep reversal and 
are poorly reproducible. However, definite t rends are 
established with change in pH. The peak IIa current  
increases with increasing pH, since the 2e reduct ion 
process is then favored. The peak Ia current  reaches 
a ma x i mum at pH 7-8; the decrease at higher pH is 
due to the decreased le reduct ion process and at lower 
pH to instabi l i ty  of the le reduction product. 

A similar pa t te rn  involving two cathodic peaks is 
observed for N ' -methylnicot inamide;  peak II is ob- 
scured by background discharge below pH 5 (Table 
III) .  

Detection of radical intermediate . - - In order to con- 
firm formation of the radical in termediate  during the 
first le step, repeti t ive fast-scan cyclic vol tammetry  
was employed. 

In  pH 9.0 carbonate buffer, an anodic peak (Ep~ = 
--1.65V) (Fig. 9) was seen for nicot inamide at v be-  
tween 14 and 32 V/sec, which was complementary  to 
the cathodic peak (Epc = --1.71V) in  involving for- 
mat ion  of a free radical on reduct ion and oxidation of 
the la t ter  back to the original species; the 60-mV dif- 
ference in the cathodic-anodic peak potentials is char-  
acteristic of a le reversible redox couple. A similar 
redox couple was observed for N ' -methylnicot inamide  
between 8 and 25 V/sec (Epc ---- --1.66V; Epa ---- 
--1.60V) (Fig. 9). 

The dimerization rate of the free radical was deter-  
mined from Nicholson's (21) curves relat ing the ipc/ipa 
ratio to the kinetic term kdC~ where kd is the rate 
constant for a dimerization reaction following an elec- 
t ron- t ransfer  process, C ~ is the bu lk  concentrat ion of 
the original electroactive species, and �9 is the switching 
time, i.e., the t ime necessary to scan from E ~ for the 
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Fig. 9. Cyclic voltammograms of (A) nicotinamide (scan rate ---- 
23 V/sec) and (B) N'-methylnicotinamide (scan rate ---- 18 V/sec) 
in pH 9.0 carbonate buffer, showing the reversible cathodic-anodic 
peak couple for the first electron-transfer process present at high 
sweep rotes. 
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init ial  e lectrode process to the switching potent ial  
(E ~ is assumed to be close to El/2). 

At 30 ~ kd is (1.8 • 1.1) • 106 l i ter  mo1-1 sec -~ 
(mean and s tandard deviat ion for five measurements)  
for nicotinamide, and (4.9 • 1.2) • l0 t l i ter  mo1-1 
sec -~ (six measurements)  for N ' -methytnicot inamide.  
Measurement  of kd be tween  15 ~ and 50 ~ gave A r -  
rhenius plots of log kd VS. T -1,  whose slopes corre-  
sponded to act ivat ion energies of 24 kcal mo1-1 for 
nicot inamide and 14 kcal tool -1 for N ' -methy ln ico t in -  
amide. 

Controlled potential electrolysis and coulometry.-- 
Electrolyses were  pr imar i ly  carr ied out on pH 10 solu- 
tions (1.25 mM nicotinamide;  0.4M Et4NC1; 0.1M car- 
bonate buffer) .  

Wave I process.--In accord with  the indication that  
the over -a l l  wave  I process would be irreversible,  
electrolysis at a potent ial  (--1.60V) sl ightly more  
negat ive than Eu2 of wave  I in order  to minimize for-  
mat ion of wave  II product, went  to complet ion for a 
faradaic n of 1.09. A greenish-ye l low color appeared 
and reached max imum intensi ty when  the electrolysis 
was about two- th i rds  complete;  the completely  elec-  
t rolyzed solution was clear and only faint ly yellow. 
The t ransient  color is not due to the free radical 
(based on indication of a ra ther  short  ha l f - l i f e ) ;  it 
may  be due to format ion of an unstable b y - p r o d u c t  
When electrolysis was complete, shift of the potential  
to --1.8V produced no addit ional  current  flow other  
than background, confirming that  the final wave  I 
product  is not an in termedia te  in the format ion of wave  
II. 

A polarogram of the electrolyzed solution revealed  
the absence of the two nicot inamide cathodic waves  
and the presence of two anodic waves, one of which 
(El/2 --~ --0.45V) had a l imit ing current  about three  
times that  of the other  (El /2  : --0.11V); these corre-  
spond to the cyclic vol tammetr ic  anodic peaks. Thus, 
due to the small  potent ial  separat ion of the two re-  
duction processes, some 2e reduct ion product  is ob- 
tained; this is consistent wi th  the n value. 

The init ial  solution had a single absorption max i -  
mum at 261 nm (e = 2980). The completely  electro-  
lyzed solution had max ima  at 266 and 346 nm (Fig. 
10); on dilution wi th  McIlvaine buffer (final pH = 
7.4), the two max ima  slowly disappeared and a new 
band appeared at 280 nm. 

On exposure  of the e lectrolyzed solution to air, the  
346-nm band decreased by 11% after  1 hr. Af ter  24 hr, 
the 261-nm nicotinamide band reappeared;  a small  
shoulder at about 280 nm suggested presence of some 
decomposit ion product similar  to that  formed in Mc- 
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Fig. 10. Absorption spectra obtained on electrolysis of nicotina- 
mide (1.25 mM) in pH 10 Et4NCI/carbonate buffer. Spectra 
obtained by a 1/25 dilution of electrolysis solutions with pH 10 
carbonate buffer: A, before electrolysis; B, after electrolysis at 
- -  1.60V; C, after electrolysis at - -  1.80V. 

I lvaine buffer. Polarographic  examinat ion  of the 24-hr 
solution revealed  disappearance of the two anodic 
waves, regenera t ion  of nicot inamide at about 91% of 
its original  height, and presence of a broad wave  char-  
acteristic of hydrogen peroxide.  

Wave II process.--Electrolysis at --1.80V (l imit ing 
port ion of wave  II) gave an n of 1.82; no t ransient  color 
was observed. The colorless electrolyzed solution had 
absorption max ima  at 265 and 346 nm (Fig. 10) and 
exhibi ted the two anodic waves seen after  electrolysis 
at the wave  I El/2; however ,  since the first wave  
height  was only about 6% that  of the second, mostly 
the 2e reduct ion product  was obtained. 

Exposure  of the electrolyzed solution to air (room 
tempera ture ;  24 hr)  caused a 95% decrease in 346-nm 
absorption and appearance of a 272-nm band; this can 
best be explained by assuming disappearance of the 
2e reduct ion product via two paths, s imilar  to the le  
reduct ion product, i.e., the 272-nm band is a combina- 
tion of bands due to nicot inamide (kmax = 261 nm) and 
a decomposition product  (~max ~ 280 nm) .  Polarog-  
raphy revealed absence of the anodic waves, 51% re-  
generat ion of nicotinamide, and a broad H202 wave. 

Reoxidation of the freshly electrolyzed solution at 
0.0V, which corresponds to the 2e anodic wave  l imit ing 
portion, gave a faradaic n of 1.69 based on the original  
nicot inamide content;  the nicot inamide wave  reap-  
peared at 91% of its original  height.  

Electrolysis at pH 9.--Electrolysis  of 1.80 mM nicotin- 
amide in pH 9.0 carbonate buffer gave results com- 
parable to those obtained at pH 10.0. 

Electrolysis at --1.60 gave a faradaic n of one. Elec-  
trolysis at --1.72V gave an n of 1.80 and a solution 
with  absorption max ima  at 260 and 340 ran, and an 
anodic wave  at --0.06V, whose height  was 91% of the 
combined cathodic wave  I and II heights before elec- 
trolysis. Oxidat ion of the la t te r  solution gave an n of 
1.90 and a solution with  the characterist ic nicot inamide 
polarographic and spectrophotometr ic  patterns. 

Electrolysis of N'-methylnicotinamide.--Electrolysis of 
0.58 mM N' -methyln ico t inamide  in pH 5.0 acetate 
buffer at --1.35V gave an n of one and a solution 
with  absorption max ima  at 270 and 350 nm, and a 
polarographic pa t te rn  which lacked the features of 
the original  compound but had an anodic wave  at 
--0.01V. Oxidat ion of the la t te r  solution regenera ted  
the orginal  compound; coulometry indicated that  about 
half  of the reduct ion product had decomposed chemi-  
cally. 

Electrolysis of 0.91 mM N' -methy ln ico t inamide  in pH 
9.0 carbonate buffer at a wave  I potential  (--1.63V) 
gave an n of 1.10; a ye l low color appeared and reached 
m ax im um  intensi ty when electrolysis was about th ree -  
fourths complete. Shif t ing of the potent ial  to --1.8V on 
complet ion of electrolysis gave only background cur-  
rent  flow. A polarogram of the electrolyzed solution 
revealed  the absence of both cathodic waves  and the 
presence of two anodic waves, one of which (El /2  : 
--0.57V) was about three  t imes as large as the other  
(Eu2 = --0.15V). The original  solution had an ab- 
sorption m ax im um  at 260 nm; the electrolyzed solu- 
tions had max ima  at 265 and 346 rim. 

Oxidation of the reduced solution at --0.40V gave 
an n of 0.92 per original  N ' -methyln ico t inamide  mole-  
cule and a solution with  the polarographic and spec- 
t rophotometr ic  pat terns  characteris t ic  of N ' - m e t h y l -  
nicotinamide. 

A-C polarography.--The in-phase  and quadra ture  
components of the a l ternat ing current  in the presence 
and absence of nicot inamide and of Et4NC1 at pH 9.4 
are shown in Fig. 4 and 5; the presence of Et4NC1 has 
only minor  effect. A single faradaic peak ( in-phase 
component)  occurs at --1.62V (at --1.59V in presence 
of Et.~NC1) ; the corresponding quadra ture  components 
occur at --1.66V. 
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Table IV. A-C polarography of nicotinamlde and 
N'-methylnicotinamide: faradaic peaks (a) 

Compound 
P e a k I  P e a k  I I  

Frequency, 
Hz - -Es ,  V Ai,,  ~ A  - -Es ,  V Ai,,  /LA 

N i c o t i n a m i d e  
(5.32 m M )  

N ' - m e t h y l n i c -  
o t i n a m i d e  
(1.63 m M )  

50 1.25 1.05 1.40 1.05 
lO0 1.25 1.22 1.40 1.05 
200 1.25 1.20 1.40 1.05 
500 1.25 0.85 1.42 0.70 

5 0  1.25 0 . 4 3  - -  - -  

I 0 0  1 . 2 5  0 . 3 1  - -  - -  

(a) I n - p h a s e  c u r r e n t  c o m p o n e n t  r e s p o n s e  for pH 5.0 a c e t a t e  b u f f e r  
so lu t ions .  

Nicotinamide is only sl ightly surface-act ive even 
at re la t ively high concentrat ion (1.27 raM), i.e., the 
differential double layer  (DL) capacity in  the ~oten- 
tial region immediate ly  prior to the first reduct ion 
wave is identical in both systems to that  for the 
corresponding background electrolyte alone, showing 
an absence of adsorption phenomena involving nico- 
tinamide.~ The absence or presence of adsorption phe- 
nomena  involving its reduct ion products cannot be as- 
certained with certainty due, for example, to the close 
proximity of the waves to background discharge in  
carbonate buffer. The quadra ture  current  component  
in  this potential  region shows no capacitance depres- 
sions or anomalous peaks which might  be a t t r ibuted  to 
adsorption-desorption ( tensammetr ic)  phenomena.  

In  Et4NC1/carbonate buffer (Fig. 5), both compo- 
nents  of the a-c faradaic response are l ikely to be pr i -  
mar i ly  due to the first le  step, al though a small  in -  
flection or shoulder on the more negative potential  side 
of the in-phase  component  is probably  due to the sec- 
ond le faradaic process. This in terpre ta t ion  is con- 
sistent with the fact that  Et4NC1 addit ion shifts both 
El/2 and Es (peak potential  of the total a l te rnat ing  
faradaic current)  of wave I to more positive potential  
and Ell2 of wave II to more negative potential, and 
that the total a-c faradaic response occurs in  a poten-  
tial region more clearly associated wi th  wave I than  
wave II, e.g., the absolute difference Es -- E1/2 is only 
34 mV for wave I, but  95 mV for wave II. [ Interest-  
ingly, Ep for wave I is not markedly  shifted on Et4NC1 
addit ion (Fig. 7 and 8).] 

The a-c polarographic results for nicot inamide are 
in  contrast to the reported positive shift of the elec- 
t rocapil lary max imum (ecm) in  pH 6 solutions of nic- 
ot inamide (5, 6). 

The a-c polarographic behavior  of N ' -methyln ico t in-  
amide is essentially similar  to that  of nicotinamide, 
e.g., in showing only  slight surface activity. Thus, at 
pH 5.0, both compounds show faradaic peak I at 
--1.25V (Table IV).  The faradaic current  for nicot in-  
amide at first increases with increasing a-c f requency 
and then decreases, reflecting behavior  common to 
systems where the ini t ia l  electrochemical product is 
involved in  a rapid chemical reaction. That of 
N ' -methylnicot inamide  starts to decrease at a lower 
frequency, reflecting the difference in rates of the 
fol low-up chemical reaction at pH 5. 

Nicotinamide shows a second faradaic peak at 
--1.40V at pH 5.0; that  for N ' -methyln icot inamide  is 
obscured by background discharge. 

Discussion 
Redox pattern.--The potential  separat ion of the two 

elect ron- t ransfer  reactions for the electrochemical re -  
duct ion of 3-carbamoylpyr id ine  (nicotinamide) in  
aqueous media never  exceeds ca. 0.12V; that  for 3 - ( N -  
methylcarbamoyl )pyr id ine  (N' -methylnicot inamide)  is 
difficult to evaluate due to obscuring of its wave II 
by background discharge but  it may be as large as 
0.2V in  alkal ine solution. The two nicot inamide polaro- 

I n  p o t e n t i a l  r e g i o n s  w h e r e  t h e r e  is  no  a -c  faradaic process,  t h e  
q u a d r a t u r e  a -c  c u r r e n t  c o m p o n e n t  is  p r o p o r t i o n a l  to t h e  d i f f e r e n t i a l  
d o u b l e  l a y e r  capaci ty  at t h e  s o l u t i o n - e l e c t r o d e  i n t e r f a c e ,  w h i c h  
w o u l d  re f l ec t  adsorption of n i c o t i n a m i d e  a t  t h e  i n t e r f a c e .  

graphic waves evident  in acidic solution shift to more 
negative potential  with increasing pH and start  to 
merge above pH 8; however, the merging process is 
not ent i re ly  complete un t i l  pH 12 or 13. Thus, while 
an apparent ly  single 2e wave is observed at pH 9.4 
(Fig. 4), the process occurring on the ini t ia l  rising 
port ion of the wave leads to the dimeric le reduct ion 
product;  Et.iNC1 addit ion separates the two processes 
and two waves of equal height are seen (Fig. 5). The 
reason for the separation, which results from a shift 
in potential  of both waves, is unclear.  The surface- 
activity of Et4N + is probably  a factor, bu t  its role 
does not appear to be related to adsorption phenomena 
involving any of the electrode reaction participants.  
The waves may  be shifted by  Et4N + through its effect 
on the rate of the dimerizat ion reaction. 

Redox mechanism.--The reaction scheme outl ined in 
Fig. 1 seems to fit best the electrochemical, chemical, 
and spectral data for nicot inamide (I) and N ' -methy l -  
nicotinamide. 

At pH above the pKa of nicot inamide [3.3 at 20 ~ 
(22) ], the ini t ial  reduct ion can be regarded as uptake 
of an electron and a proton to form a neut ra l  free radi-  
cal (II) (source of polarographic wave I) .  This is fol- 
lowed by i rreversible  dimerization to an apparent  6,6' 
dimer (III) .  At the potential  of wave II, nicot inamide 
is reduced to an apparent  1,6-dihydropyridine species 
(IV), which is equivalent  to a fur ther  le reduct ion of 
the free radical; the dimer  is not  fur ther  reduced at 
this potential. At a potential  considerably more posi- 
t ive than  that  of reduct ion wave I, the dimer is oxi- 
dized to nicotinamide. At still more positive potential, 
the dihydropyridine  species is also oxidized to nicotin-  
amide. 

The pH-dependencies  of the two electrochemical re-  
ductions and the two electrochemical oxidations are 
compatible with the proposed mechanistic scheme. Be- 
low pH 4 (Fig. 3), the wave I reduct ion process should 
show only slight pH-dependence because most of the 
nicot inamide will  be protonated at N (1) and the u n -  
protonated compound will rapidly protonate as the 
protonated form is reduced. Under  the conditions of 
cyclic vol tammetry  (Fig. 6), peak potential  Ic does 
not become less pH-dependent  as the pH is lowered. 
The essential reactions in the wave I process are, con- 
sequently, as follows, where R represents nicot inamide 

R d- H + ~ RH + [4] 

RH + -{- e ~:~ RH [5] 

2RH-~ (RH)2 [6] 

The assumption that protonat ion is essential ly com- 
plete before electron t ransfer  is supported by  the rela-  
t ively slight pH-dependence of E1/2 and by the close- 
ness of Ell2 for nicot inamide (--1.11V) and N ' -methy l -  
nicot inamide (--1.fl8V) to that  for 1 -methyl -3-carbam-  
oylpyr idium ion (--1.03V) (23), where the ni t rogen 
lone pair is not available and the electroactive species 
exists as a cation. 

The wave II process involves the previous reactions 
plus reduct ion of the free radical  (the following may 
proceed stepwise) 

RH d- H + -b e ~ RH2 [7] 

Above pH 4, the energy-control l ing step in  the re-  
duction involves s imultaneous addit ion of an electron 
enter ing the r ing electronic system and of a proton 
localizing itself on N (I) 

0 

II 
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The distr ibution of electron density in the nicotinamide 
ring based on resonance structures supports this model  
(24). In the sl ightly acidic to sl ightly alkal ine region 
(Fig. 3), the protonat ion is sufficiently rapid that  it is 
not a l imit ing factor. The essential steps in the wave  I 
process are, accordingly 

R 4 - H  + + e ~ R H  [9] 

2 R H ~  (RH)2 [10] 

The pH-dependence  of 79 m V / p H  unit for E1/2 of 
wave  I be tween  pH 4 and 9 (60 mV expected for an 
uncoupled revers ible  le  reaction) probably results 
f rom the rapid fo l low-up react ion as wel l  as possible 
protonat ion subsequent  to electron t ransfer  (cf. re -  
vers ibi l i ty) .  

Dimerizat ion of the neutra l  free radical produced in 
acidic to sl ightly alkal ine media  must  be exceedingly 
rapid since an anodic peak corresponding to its oxida-  
tion is not seen even at high scan rates on cyclic 
vol tammetry .  

Since oxidat ion of the free radical is seen at pH 9 
and above (Fig. 9), the la t ter  process probably in- 
volves the negat ive ly  charged radical  anion, whose 
dimerizat ion would  be slowed down due to e lectro-  
static repulsion. Protonat ion would be expected to be a 
slow process. However ,  the radical, once formed, is 
essential ly more easily reduced than the original  elec-  
t roact ive species as indicated by the behavior  at pH 12 
where  the two electrons add almost simultaneously,  
producing a polarographic  wave  which has a slope 
only sl ightly less than that  expected for a revers ible  
2e wave. The fol lowing reactions are, accordingly, in-  
vo lved  

R + e ~ R -  [11] 

2R-~ (R~) = [12] 

(R2) = + 2H + --> R2H2 [13] 

R -  + e --> (R:)  = [14] 

(R: )  = ~ 2H + ~ RH2 [15] 

The rate  constants for the dimerizat ion of the radi-  
cal anions in aqueous alkal ine solution (1.8 • 106 and 
4.9 • 106 l i ter  mo1-1 sec -1 for nicot inamide and N'-  
methylnicot inamide,  respectively,  at 30 ~ are com- 
parable to that  observed for the pyr imidine  radical  
anion in acetonitr i le  [8 • 10~ l i ter  mo1-1 sec -1 at 25 ~ 
(25)]. 

R e v e r s i b i l i t y . - - E v a l u a t i o n  of the revers ibi l i ty  of the 
e lec t ron- t ransfer  processes involved  in the nicotin-  
amide redox patterns is complicated by rapid fol low- 
up chemical  reactions, which result  in the over -a l l  Jr- 
revers ib i l i ty  of the electrode process. A claim of re -  
vers ibi l i ty  can be made for the first le  addit ion to 
nicotinamide, based on wave  slope and revers ible  oxi-  
dation of the radical  intermediate .  Observat ion for the 
first faradaic process of less than 3% of the a l ternat ing 
current  theoret ica l ly  expected for a revers ib le  le  proc-  
ess, is accounted for by the period of the a l ternat ing 
voltage used (20 msec) being much grea ter  than the 
hal f - l i fe  of the nicot inamide radical, which is consid- 
erably  less than  1 msec; thus, most of the radicals 
dimerize before they can be reoxidized. 

Similar  claims can be made for the first N ' -me thy l -  
nicot inamide wave. For  example,  cyclic vol tammetr ic  
peak I shows a difference of 42-44 mV in peak to half-  
peak  potentials, compared to the 39 mV theoret ical ly  
expected for a dimerizat ion react ion following r eve r -  
sible le  t ransfer  (21). Similarly,  polarographic wave  I 
has a slope (E1/4 -- E3/4) of ca. 44 mV compared to the 
theoret ical ly  expected 46 mV for revers ible  le  t ransfer  
fol lowed by dimerizat ion (26). 

The fact that, at any pH, nicot inamide wave  I be-  
comes increasingly more  evident  wi th  increasing con- 
centrat ion is in agreement  wi th  theory  for an i r r eve r -  
sible chemical  react ion fol lowing a revers ib le  charge 

transfer,  i.e., as the nicot inamide concentrat ion is in-  
creased, the rate of the dimerizat ion react ion increases, 
a l ter ing the ratio of concentrat ions of oxidized and re-  
duced species at the electrode surface and thus causing 
the wave  to shift to more  posit ive potential.  

Character iza t ion  of  the  reduc t ion  produc t s . - - Iden t i -  
fication of the stable products of the le  and 2e proc-  
esses is based on ul t raviole t  absorption spectra, chemi-  
cal behavior,  and electrochemical  oxidation, as prev i -  
ously described, e.g., postulat ion of the 6,6' d imer  and 
the 1,6-dihydropyridine species is based on the absorp- 
tion bands observed in the 240-400 nm region. Before 
reduction, 1-substituted 3-carbamoylpyr id in ium species 
genera l ly  show a single absorption band at about 265 
nm; the d ihydropyr id ine  reduct ion products show 
single bands at about 410 nrn for the 1,2 species and 
350 for the 1,4 species, and two bands at about 265 and 
360 nm for the 1,6 product;  similarly,  the 4,4' dimers 
absorb at about 350 nm and the 6,6' dimers at about 
265 and 360 nm (27-33). These pat terns have also been 
theoret ical ly  predicted (30). 

Al though the 1,6 isomers appear  to be the major  
products, it is not inconceivable  that  other  isomers 
might  also be present, since the  final e lectrolyzed solu- 
tions were  not examined  for product  homogeneity.  In 
the case of the 2e product, for  example,  the 1,4 isomer 
cannot be readily excluded because it would  be ex-  
pected to exhibi t  a single absorption band at about the 
same wave leng th  as the long wave leng th  band of the 
1,6 isomer. The 1,2 isomer can probably be excluded, 
because the electrolyzed solution was colorless. In the 
case of the le  product, at least six different dimeric 
s tructures are possible but, because of the two asym- 
metr ic  carbons at the point of dimerization, as many  as 
21 stereoisomers may  exist (3 meso  forms and 9 dl- 
pairs) .  Fur thermore ,  the val id i ty  of using the same 
spectral  arguments  for assigning the position of dim- 
erizat ion in par t ia l ly  reduced pyridines has not been 
thoroughly  tested. Using the above criteria, s t ructures 
have been readily assigned (32) to dimers of nicot in-  
amide model  compounds prepared  by zinc reduction, 
but  others have  suggested caution (34). Neve r the -  
less, in v iew of the avai lable  evidence, it is fel t  that  
the 1,6 isomers are the major  products of the electro-  
chemical  reduct ion of nicotinamide. 

The two reduct ion products of each compound 
undergo acid-catalyzed decomposit ion even in solutions 
as alkal ine as pH 10. With decreasing pH, the rate  of 
decomposit ion increases; at any given pH, the d imer  is 
less stable than the d ihydropyr id ine  species. The de- 
composition involves hydrolysis  of the 4,5 double bond 
and can be regarded as an instance of enamine nucleo-  
phil ici ty (35, 36) 

H 0 H ~ H 0H 0 

~"NH 2 H H2 H2 0 

H H 

Thus, the two nicot inamide products decompose in 
the presence of a proton donor such as H2PO4- at pH 
7.4 to give a single absorption band at 280 nm; the 
same reaction occurs more s lowly in pH 10 Et4NC1/ 
carbonate buffers. The hydrolyt ic  react ion of Eq. [16] 
accounts for loss of the 266- and 346-nm bands and 
for the concomitant  increase in 280-nm absorption due 

r I I I 
to the H N - - C : C - - C : O  chromophore  (37). 

Hydrolysis  of the 5,6 double bond of a 1,4 reduced 
pyridine species would  also be expected to lead to the 
same chromophore  (28, 35), but  hydrolysis  of a 1,2 re-  
duced pyridine species produces no new increase in 
absorption (28). 

During decomposition, the anodic vol tammetr ic  
waves characterist ic of each reduct ion product are losto 
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Since in a lka l ine  solut ion the two reduct ion  p rod -  
ucts of each compound are  d i rec t ly  oxidized by  mo-  
lecular  oxygen  to the  or ig inal  species, two decomposi -  
t ion pa thways  are  possible on exposure  to air. Fo r  the  
species de r ived  f rom nicot inamide,  both  pa thways  ap -  
pear  to be equa l ly  impor tan t  for  the  d ihydropyr id ine  
species since only ha l f  of the  or ig inal  n icot inamide  is 
recovered;  the  dimer,  on the  o ther  hand, is more  eas i ly  
oxidized by  oxygen  than  the d ihydropyr id ine  species, 
which is consistent  wi th  the i r  e lec t rochemical  ox ida -  
t ion potent ials ,  and most  of the  or ig inal  n ico t inamide  
is recovered.  
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ABSTRACT 

High-temperature electrochemical cells based on stabilized zirconia as a 
solid electrolyte with porous platinum electrodes may be used either to 
monitor oxygen activities by open-circuit measurements or else to pump oxygen 
into or out of s ta t ionary or s t reaming gas mixtures.  In this work, a feed-back 
control uni t  (potentiostat)  in combinat ion with  a zirconia-base solid e lec t ro-  
lyte  tube was used to s imultaneously control and measure  the oxygen par t ia l  
pressure in a flowing iner t  carr ier  gas (argon).  The oxygen  act ivi ty  of 
" tank"  argon was controlled to desired levels  be tween 2 • 10 -2 and 10 -16 
atm oxygen. A four -e lec t rode  double cell a r rangement  is shown to be superior  
to a th ree-e lec t rode  arrangement .  

The ZrO2-base electrolytes exhibi t  a Po2-independ- 
ent predominant  oxygen ion conduction over  a range 
of oxygen  pressures f rom above 1 atm to about 10 -25 
atm (depending on t empera tu re ) .  The oxygen ion con- 
ducting electrolytes may  be used in combinat ion with  
two separated metal l ic  (general ly  plat inum) elec-  
trodes, which  are at equi l ibr ium wi th  different oxygen  
par t ia l  pressures to form a h igh- t empera tu re  galvanic  
cell as follows 

solid j 
P02', P t  oxygen ion conducting Pt, P02" 

e lect rolyte  [I] 

where  P02' and P02" represent  the oxygen  part ial  pres-  
sures at the cathode and anode, respectively,  wi th  
Po2' < Po2". 

At open circuit, the voltage of this eel1 indicates the 
ratio in oxygen chemical  potentials at the electrodes 
according to the equat ion 

RT Po2" 
Eo.c. ---- In [1] 

4F Po2' 

if  the e lect rolyte  exhibits  exclusive ionic conduction 
(tion > 0.99) over  the oxygen  pressure range be tween  
the two electrodes. If Po2" is considered to be a t ime-  
independent  and known reference electrode (e.g., air 
with P o 2  : 0.21 atm),  then the galvanic cell can indi-  
cate the unknown or var iable  Po2' with  high accuracy. 

Within the Po2-range of predominant  ionic conduc- 
tion, essentially all of the current  passed through cell 
[I] should correspond to the t ransport  of oxygen ions 
th rough the solid e lectrolyte  from the cathode (at 
negat ive polar i ty)  to the anode. At the anode and 
cathode, respectively,  the loss or gain of electrons f rom 
the ex te rna l  circuit  accomplishes the format ion or  dis-  
sociation of oxygen  molecules  according to the re -  
action 1 

1 cathode. 
- -O2  (g) + 2e' + Vo'" 0o 
2 ~anode 

If a voltage (V) is ex te rna l ly  superimposed onto the 
open-circuit ,  "chemical"  voltage of Eq. [1], then oxy-  
gen may be passed from the revers ible  reference elec-  
t rode at Po2" into the phase of var iab le  P o 2 ' ,  or, al-  
t e rna t ive ly  in the opposite direction, depending on the 
sign and magni tude  of the net vol tage across the elec-  

* Electrochemical  Society Act ive  Member .  
K e y  words :  oxygen  control, zirconia, potentiostat ,  eoulometr ie  

t i t rat ion,  solid-state e lec t rochemis t ry .  
1 T h e  d e f e c t  n o t a t i o n  of K r b g e r  and  Vink  (1) h a s  b e e n  u s e d .  

trolyte.  The rate  at which oxygen  is locally t ransfer red  
would depend on the ionic conduct ivi ty  and geometry  
or cell constant ( l eng th /a rea)  of the electrolyte,  the 
local open-circui t  cell voltage, the vol tage applied 
across the electrolyte,  and any voltage losses through 
polarization (n) 

V -- Eo.c. -- Yl : lion'ion [2] 

in which equation the polarity of the applied voltage 
is denoted as positive when it opposes Eo.c.; ~ion is the 
ionic resistance of the electrolyte and /ion the ionic 
current. 

At temperatures between 530 ~ and 800~ Yuan and 
KrSger (2) have used a stabilized zirconia tube to 
pump residual oxygen from a streaming mixture of 
nitrogen plus oxygen. Downstream open-circuit gauges 
on the same tube indicated the extent of the pumping. 
In some cases, pumping voltages (V) far in excess of 
the decomposition voltage of zirconia were used; the 
buffering effects of H20 and CO2 molecules were 
studied. In the current study, a different electrode ar- 
rangement is used and subsequent ly  compared to that  
of Yuan and KrSger. 

Klei tz et al. (3, 4) have previous ly  repor ted  on the 
use of a series combination of an oxygen pump and an 
oxygen mete r  whereby  each of these  elements  con- 
sisted of separate closed-end stabilized zirconia tubes. 
The application of a voltage to the upst ream pump ef-  
fected a change in the oxygen content  of an iner t  car-  
r ier  gas which was measured  by the downstream 
oxygen gauge. However ,  the pump and mete r  were  not 
otherwise connected by a device to effect automatic  
control. 

Beekmans and Heyne (5, 6) have  introduced a feed- 
back control circuit  be tween  an oxygen pump and 
me te r  on a single zirconia e lect rolyte  tube to effect the 
automatic  control of oxygen in flowing gas streams. 
Except  for work  at ve ry  low Po2, the authors used a 
th ree-e lec t rode  a r rangement  whereby  the elctrodes for 
the pump and the mete r  wi th in  the tube were  common. 
The control of the t empera tu re  of the system was ac- 
complished by an auxi l ia ry  moni tor ing of the electr ical  
resistance of a section of the electrolyte  tube. The 
direct cur ren t -vo l tage  characterist ics of the device 
were  not described. 

Spacil et al. (7, 8) have  also introduced a feed-back 
control unit  be tween  an oxygen  pump and gauge on a 
single zirconia tube. Their  specific application for this 
device was the determinat ion  of the composition of the 
gaseous products of combustion reactions. 

354 
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Hickam and Witkowski  (9) have recent ly  described 
an apparatus for the control of oxygen  in flowing 
fluids. Some pumping characterist ics of thei r  system 
were  presented. 

Many authors (10-14) have previously  repor ted  on 
the direct cur ren t -vo l tage  characterist ics and the as- 
sociated polarization behavior  of stabilized zirconia 
cells wi th  porous p la t inum electrodes. These previous 
mechanist ic  studies have employed electrode a r range-  
ments and exper imenta l  procedures which were  bet ter  
suited to fundamenta l  in terpre ta t ion  than the re la -  
t ively  long pumping cells used here. While the elec-  
t rode polarizat ion behavior  observed in this work  is 
qual i ta t ive ly  similar  to that  previously  reported, we 
have not a t tempted to in terpre t  these results in terms 
of the fundamenta l  mechanisms involved.  

Based on the previously  described characterist ics of 
zirconia e lectrolyte  cells to funct ion as an oxygen  
pump and gauge, we have in this work  buil t  and tested 
an electrochemical  system and an associated feed-back 
control device for the s imultaneous measurement  and 
control of oxygen activities (part ial  pressures) in stag- 
nant and flowing gaseous envi ronments  at high t em-  
peratures  (600~176 (15). This electrochemical  
system is based on the calcia-doped zirconia electro-  
lyte  wi th  two sets of porous Pt  electrodes, together  
wi th  electronic c i rcui t ry  in closed loop, which was used 
to regulate  the oxygen  part ial  pressures in flowing 
Ar-O~ gas mixtures.  A special component  was int ro-  
duced to allow the control of oxygen  act ivi ty  inde-  
pendent  of t empera tu re  fluctuations in the electro-  
chemical  system. 

Experimental Apparatus and Procedure 
Oxide electrolyte cells.FFully stabilized [7Y2 w / o  

(weight  per cent) calcia] and par t ia l ly  stabilized (3-4 
w / o  calcia) zirconia e lectrolyte  tubes purchased f rom 
Zircoa (Solon, Ohio) were  used. The composite cell 
system is shown schematical ly in Fig. 1. A pair  of 
short (1 cm) porous Pt  electrodes (III and IV) formed 
a downstream, open-ci rcui t  cell to moni tor  cont inu-  
ously the oxygen act ivi ty  of the exi t ing gas mixture .  
A pair of longer  (22 cm) porous Pt  electrodes (I and 
II) served as an upst ream pumping cell. This electrode 
configuration is different f rom that  of Yuan and Kr5ger  
(2) who used three  electrodes (a common inner  elec-  
trode) instead of four  while  working with  N~-02 m i x -  
tures at lower  temperatures .  

The open-circui t  measur ing cell of electrodes II I  and 
IV was used as a sensor for the control system. P la t i -  
num wires were  wrapped  around electrodes I and III, 
and pla t inum wires were  laid loosely inside the tube 
to form the electr ical  leads for electrodes II and IV. 
The zirconia tube was sealed to soft glass at both ends 
and fur ther  to Py rex  through graded glass seals. A 
P t /P t -10% Rh thermocouple  was placed inside the 
tube to measure  the gas t empera tu re  at the measur ing 
cell. The thermocouple  and the Pt  leads to the inner 
electrodes were  sealed through the soft glass tubes at 
the t w o  ends. 

To insure that  the oxygen  act ivi ty  measured  by the 
inner  electrode of the downst ream sensor cell was in-  
deed the average  Po2' of the gas mixture ,  and not some 
s teady-sta te  Po2' resul t ing from laminar  flow in the 
tube and the presence of a s tagnant  gas film at the 

r- . . . .  --~---- Furn-~ 7 

'u , 
V n  m n 

~ ~ V / ~ J / / / / / / / / / / / / / / Y / I  i~ 
G A S  > i - P(~a ~ C o n s t r i c t i o n  ( M i x e r )  

[ .U. 
, ~I - - ~ c .  

v/, / / / / / / / / / / / / /_// /A 
i I i ~ So l id  Oxide 
L _  _ J E l e c t r o l y t e  T u b e  

Fig. 1. Four-electrode zirconia electrolyte system for control of 
oxygen activity in flowing gases. 
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wall, a constriction was placed inside the tube be tween 
the pumping and the measur ing or reference  cell. This 
ceramic constriction (mixer)  was a hol low cyl inder  
approximate ly  10 m m  long and 3 mm ID, which fitted 
snugly into the 12 mm ID CaO-stabi l ized zirconia 
e lectrolyte  tube and was positioned be tween  electrodes 
II and IV as indicated in Fig. 1. This constriction was 
assumed to create sufficient tu rbulence  in the gas 
s t ream so that  the downst ream cell indicated the aver -  
age Po2' of the gas phase af ter  coulometric  pumping by 
the upst ream cell. In fact, during the course of the 
work, the use of this constriction was found to be un-  
necessary because of the rapid interdiffusion in the 
flowing gas. This result  agrees wi th  the calculation 
provided by Yuan and Kr6ger  (2). 

Closed-loop control system.--The detai led circuit 
d iagrams of different blocks of the system as rep-  
resented in Fig. 2 are shown in Fig. 3-5. F igure  3 indi-  
cates the cell amplifier and the thermocouple  amplifier. 
F igure  4 consists of the divider  circuit, set points, 
summing junction, and ampl i f ie r / in tegra tor  circuit. 
F igure  5 shows the power  amplifier and l imi ter  cir-  
cuitry. 

As is clear from Eq. [1], the open-ci rcui t  emf  Eo.c. 
is proport ional  to the absolute temperature ,  T (~  as 
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Fig. 2. Block diagram of closed-loop, feed-back control unit for 
oxygen activity in-gases. 
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well as log Po2'. To remove the undesirable  effect of 
var iat ion in  furnace temperature,  the parameter  E/T,  
which is only dependent  o n  Po2', was chosen as the 
control variable. The thermocouple output  was used to 
compensate for incrementa l  variat ions in furnace tem-  
perature dur ing operation. The signal to the thermo-  
couple amplifier includes a room tempera ture  cold- 
junc t ion  correction by  means of a "sensistor" as shown 
in Fig. 3. Also, since T of Eq. [1] is the absolute tern- 

perature  in degrees Kelvin, an addit ional  emf correc- 
t ion corresponding to an additive 273 ~ was bui l t  into 
the thermocouple amplifier such that  the output  was 
proport ional  to T(~  The two compensations to the 
thermocouple signal were accomplished by assuming 
l inear  E vs. T behavior  for the thermocouple about the 
tempera ture  of expected use (850~ and the extrapo-  
lat ion of this behavior  to zero ~ The high gain of the 
thermocouple amplifier (500X) makes the system quite 
sensitive to var iat ion in the furnace temperature.  

As is seen in  Fig. 2, the open-circui t  emf be tween 
electrodes III and IV is amplified and subsequent ly  
divided by the compensated and amplified thermo-  
couple emf. The divider circuit has a bu i l t - i n  gain of 
10. The output  of the divider circuit is compared with 
the set value of E/ T  to produce an error signal, which 
in turn,  is amplified and applied to the pumping cell 
(electrodes I and II) .  The amplification of a steady- 
state error  classifies this device as a "type zero" con- 
trol system. The polari ty of the voltage applied to the 
pumping cell is automatical ly  selected and the gain in 
the amplification of the error signal is manua l ly  chosen 
so that  the error signal is minimized,  i.e., so tha t  the 
desired Po2' is essentially achieved downstream. By 
controll ing the quant i ty  E / T  = R/4F in  Po2"/Po2' of 
Eq. [1], the desired oxygen activity Pou' is achieved 
and the dependence on cell tempera ture  is removed 
over a wide tempera ture  range (as long as the thermo-  
couple output  is essentially l inear  with T).  

As used in our  work, the l imiter  circuit (Fig. 5) al-  
lowed a max imum of only _ 2.0V to be applied to the 
electrolyte tube, which, however, could be changed to 
_ 5V by adjust ing potentiometers shown by  "Limit" 
in  Fig. 5. This l imiter  was introduced to restrict  the 
voltage applied to the pumping cell to a value beyond 
which the tube would be expected to pass excessive 
electronic current  and perhaps otherwise degrade by 
part ial  reduction or electrolysis. 

Argon-D2 mixtures  were dried of water  vapor with 
magnesium perchlorate and passed through the elec- 
trolyte tube. Because of the tempera ture  gradient  in  the 
furnace, the middle  of the pump was at a tempera ture  
of 910~ and the measur ing cell at 800~ This tem- 
perature  difference represented a s teady-state  condi- 
t ion with gas flowing at a rate of 2 cm3/sec. Only a few 
centimeters past the measur ing  cell, the electrolyte 
tube was cooled through a steep gradient  to ambient  
temperature.  The results for our  four-electrode sys- 
tem were compared with that  of a three-electrode cell 
by shorting the inner  electrodes II and IV externally.  

Results 
The Ar-O2 mixture  was passed through the electro- 

lyte tube at a flow rate of 2 cm3/sec and a s teady-state  
open-circui t  emf at the measur ing cell was measured. 
From this emf and Eq. [1] the oxygen content  in  the 
gas mix ture  was calculated. Pr ior  to the testing of the 
control unit ,  the characteristics ( in terre la t ion of Vpump, 
Eo.e., and I) of the four-electrode a r rangement  were 
established for a given flow rate of Ar-O2 mix ture  and 
a given temperature.  From a constant  voltage supply, 
different voltages were applied at the pump electrodes, 
and the current  passing through the pump, as well  as 
the open-circui t  emf resul t ing at the measur ing cell, 
were measured. Thus, by in i t ia l ly  using the pumping 
voltage, Vpump, as the independent  variable, values for 
/pump and Eo.c. were determined experimental ly.  Plots 
of /pump and Eo.c. (or -- log Po2') vs. Vpump are pre-  
sented as Fig. 6-8. 

Exper iments  were conducted to demonstrate  that  
the pumping and measur ing cells were electrically in -  
dependent,  i.e., that  the application of a voltage to the 
pumping cell did not result  in  an electrical (voltage) 
input  to the measur ing  cell. Upon the application of 
one volt to the downstream (measuring)  cell, no 
change in  the open-circui t  voltage of the upstream cell 
was observed. The flow of gas was also reversed and 
the same observation was made. Thus, the two cells 
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were electrically independent.  Furthermore, upon 
shorting the inner electrodes to form a three-electrode 
cell, the electrical characterization tests resulted in 
significant voltage changes in the open-circuit  cell. 
Upon shorting the inner electrodes II and IV, the emf 
of the measuring cell rose almost instantaneously.  Ex-  
amples of this effect are shown in Fig. 6 and 8. 

After the electrical characteristics of the system had 
been established using Vpump as the independent vari-  
able, the previously  described feed-back control de- 
vice was inserted between the measuring and pumping 
cells. This "potentiostat for gases" automatical ly  ap- 
plied a variable voltage to the upstream pumping cell 
in proportion to an error signal corresponding to the 
difference between the actual signal (E/T) of the 
downstream open-circuit  measuring cell  and a desired 
value  which is selected and read into the device. This 
type-zero control unit  was used to reproduce the ceil  
characteristics previously  obtained and already pre- 
sented as Fig. 6-8. In contrast to the characterization 
experiments,  the use of the control unit  involves  the 
use of Eo.c. as the independent  variable wi th  Vpump 
and /pump as the dependent variables. A n  example  of 
the exce l lent  agreement found is shown in Fig. 9 
where the data points resulting from the use of the 
control unit  are compared with  the results from Fig. 8 
which  are g iven as dotted lines. In Fig. 9, values for 
/pump are shown by brackets because some fluctuation 
in these values was observed. The agreement of the 
two sets of data of Fig. 8 and 9, and similar agreement 
for the test conditions of Fig. 6 and 7, demonstrates 
that the potentiostat operated effectively. Thus, in  the 
closed-loop, type-zero,  mode of operation, the system 
effected the automatic control of oxygen  activity in 
flowing argon. 

To check further the accuracy of the  Po2 achieved by 
the potentiostat as indicated by the measuring cell, 
the Po2 was independent ly  measured by  another ZrO2- 
CaO probe far downstream in another furnace. For 
10 -9  < Po2 < 10-3 the values observed at this probe 
were essential ly  the same as those indicated at the 
measuring cell. Hence, the gas composition as indicated 
by the emf of the measuring cell  is real and there is 
no electrical coupling between the electrodes of the 
pumping cell  and those of the measuring cell. 

In a few experiments  involv ing  the "potentiostat," 
the inner electrodes II and IV were again shorted to 
s imulate a three-electrode cell. As shown in Fig. 9, 
anomalous results, equivalent  to those previously  ob- 
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served in the character izat ion experiments ,  were  again 
observed. 

Discussion 
The polarizat ion behavior  indicated in Fig. 6-8 is 

similar  to that  repor ted  previously (3, 10-14). How-  
ever,  the values of /pump repor ted  here  (as a function 
of Vpump) are " in tegra ted"  values over  a long elec- 
trode, along which there  exists a gradient  in Po2. Such 
data (2) are not ideal ly  suited for an in terpre ta t ion  
of the electrochemical  mechanisms. Moreover,  in this 
work, fluxed pla t inum electrodes were  used (because 
of thei r  superior  tenaci ty to the e lect rolyte) ,  and such 
electrodes are known to exhibi t  h igher  polarization 
than nonfluxed porous plat inum or sput tered Pt films 
(13). As previously observed, in a t tempt ing to pump 
residual oxygen out of the inert  gas, plateaus in both 
pumping current  and Eo.c. are exper ienced unti l  sub- 
stantial  ex terna l  vol tage (Vpump ~-- 1 volt  at our t em-  
pera tures  of study) has been  applied to the pumping 
cell. As shown in Fig. 6-8, the real izat ion of log Po2 
< --6 is achieved only upon the int roduct ion of signifi- 
cant electronic conduction (rapid rise in /pump wi th  
Vpump) into the electrolyte.  The accepted "h igh-vo l t -  
age model,"  that  oxygen is reduced and inserted di- 
rect ly  into highly reduced zirconia at points adjacent  
to the otherwise  effective t r ip le-points  of P t -z i rconia-  
gas, seems to be a consistent explanat ion (11, 12). 

The ul t imate  real izat ion of very  low Po2 o n  the 
order  of 10 -20 atm is only possible th rough the pres-  
ence of a small  content  of a buffering gaseous con- 
st i tuent l ike H2 or CO. In fact, to improve  the buffer 
capacity of the gas at ve ry  low Po2, a few parts per 
mil l ion or more  of residual hydrogen or wa te r  vapor  
could be admit ted to the pump in the iner t  carr ier  gas 
(2). Obviously, the high proport ion of electronic con- 
duction in the "h igh-vol tage"  range provides a low 
Faradaic  pumping efficiency. 

In h igh- t empera tu re  service, many  elect rolyte  tubes, 
especially those "par t ia l ly  stabilized" by 3-4 w / o  CaD, 
have  been found to leak molecular  oxygen at repro-  
ducible rates which are quite  t empera tu re  dependent.  

In our system, the e lect rolyte  tube was cooled im- 
media te ly  downstream from the measur ing cell, 
thereby  el iminat ing any oxygen leak after  the meter.  

Upon the addit ion of oxygen  to the argon gas, some 
polarization is exhibi ted for small net voltages, O > 
(Vpump -- Eo.c.) > --50 mV. However ,  for grea ter  net 
voltages, the oxygen pump exhibi ted  ohmic behavior.  
By the use of large negat ive values of V, h igher  than 
those shown in Fig. 6-8, the oxygen content  in the 
argon was dr iven up to as high as Po2 : 0.02 atm. 

For  the tube geometry  and tempera tures  of our 
study, the necessity to use separate internal  electrodes 
for the pump and gauge was proven. The electrical  
"crosstalk" be tween  the pump and gauge should become 
less important  for cells at lower  t empera tu re  and for 
gases wi th  oxygen O2 contents exceeding ,~10 -5 atm. 
Nevertheless,  the use of four  electrodes is general ly  
advisable. We bel ieve that  the in ter ference  in the per -  
formance of the gauge when  it shares an electrode 
common to the pump is a resul t  of polarization. When 
these electrodes are common, the pumping voltage 
draws a small current  (oxygen flux) from or to the 
gauge electrode, despite a ve ry  disadvantageous cell 
geometry.  For measurements  in the range of Po2 
10 -6, polarization can result  in a large e r ror  in the 
value of oxygen act ivi ty  repor ted  by the gauge cell. 
For  this reason, the ex t remely  low values of Po2 re-  
ported by Yuan and KrSger (2) for a three-e lec t rode  
ar rangement  must  be considered suspect. 

The closed-loop system of Fig. 2 could be sche- 
mat ical ly  represented as in Fig. 10(A). The t ransfer  
function for the solid e lectrolyte  tube was determined 
to f irs t-order approximat ion to be 

e= 0.167 (40s + 1) 
G ( s )  - - - - =  = 0.167 Gl(s )  

ep (160s + 1) (2.5s 4- 1) 

where  s is the Laplace Transform operator  d/dt ,  ep the 
input  signal (input to pump),  ec is the output  signal 
( reference cell output) ,  and in Fig. 10A., &s is the 
s teady-s ta te  er ror  signal. 

The system of Fig. 10 (A) can be more simply repre-  
sented as a uni ty  feed-back system as in Fig. 10(B), 
where  G'(s )  -~ K G I ( s )  and K is the gain including 
that  of amplifier, power  amplifier, tube, and divider  
circuit. Thus 

C G'(s) 
; C - - A e c  

Rset --~ 1 + G'(s)  

where  the gain of the amplifier is ten, the equivalent  
gain of the divider  circuit is A, the gain of the l imi ter  is 
unity, and the gain of the tube is 0.167. In general  
G' (s) has the form as below 

K(Zl8  -[- 1) (z2s -}- 1) 
G'(s )  = 

s~(pls 4- 1) (p2s 4- 1) (p3s 4- 1) 

where  z's and p's are constants, and j = 0, 1, 2, and so 
on, and the system is re fe r red  to as type zero, type one, 
type two, and so on, respectively.  The s teady-sta te  

Rset) ~ e r  ~er__ Limiter - Tube 

T " :  ..... " ~176 I 
I l Atl;',:':=, I I 

Divider etc. 

xA  = 8 4 5  

R~el (~I, Q s ~  C=Ae c 

(B) 
Fig. 10. (A) Schematic representation of closed-loop, type-zero 

contro[ system. (B) Simplified schematic diagram of control system. 
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error,  ~ss, for  an input  of Rset, defined as a step function 
of magni tude  R, is given by the fol lowing for a uni ty  
feedback system as shown in Fig. 10 (B) 

R 
j ---- 0 type zero ~ss -- - -  

I + K  
j = 1 type one ~ss ---- 0 
j : 2 type two ~ss = 0 

~s -- 0 for higher  order  systems. 
Potent iostat  c i rcui t ry  can provide a factor 1/s which 

is s imply an in tegrator  in the forward  path so that  

G1 (s) 
G' (s) = K -  

s 

which is a type-one  system and, therefore  ~s~ ---- 0 for 
step inputs. 

In general,  it is desirable to use a control system 
having a type-one  mode of operation, but  the possi- 
bi l i ty of  instabili t ies (overshoot, undamped oscil la- 
tions, unbound output  for a bounded input)  in the 
ne twork  increases marked ly  with  an increase in the 
value of j, the mode designation number.  In our re-  
search, we have invest igated both type-zero  and type-  
one control systems. The fol lowing example  calcula-  
tion computes the s teady-s ta te  er ror  in the measur ing 
cell for type-zero  operation. 

At 800~ the thermocouple  emf  is 7.328 mV and 
4.513 m V  is added for the correction to Kelv in  degrees. 
Hence, the thermocouple  amplifier output  is 5.9205V 
(7.328 § 4.513) • 500. For  incrementa l  variat ions 
around the quiescent point in the inputs to the divider,  
the equiva len t  amplifier of the cell, as shown in Fig. 
3 and 4, has a gain of 10 • 5/5.92 : 8.45. With a gain 
of 10 in the amplifier of the forward  path, the loop gain 
K is 8.45 • 10 • 0.167 : 14.1. For  Rset : (lOEc/Et) 
of 2.392V the emf of the open-ci rcui t  cell should be 
0.2832V for Po2' -~ 10 -6 atm. However  ~ss : R s e t /  
(1 + K) : 2.392/15.10 _ 0.1584V and therefore,  the 
cell vol tage : 0.1584 • 10 X 0.167 : 0.2645V. The 
corresponding s teady-sta te  er ror  of the measur ing cell 
is therefore  18.6 inV. However ,  wi th  a previous knowl-  
edge of the expected s teady-sta te  error, it is a s imple 
ma t t e r  to adjust  the  set point to compensate for the 
small  e r ro r  in Eo.c. 

In an a t tempt  to e l iminate  the ~ss, a type-one  system 
was also investigated.  This system featured an in te-  
grator  instead of an amplifier in the forward  path. 
However ,  the closed-loop, type-one  system was found 
to be unstable;  it could perhaps be made stable by cir-  
cuit compensat ion but  this fur ther  work  was not 
thought  to be worthwhile .  For  a given electrolyte  tube 
the type-zero  potentiostat  could be cal ibrated wi th  
l i t t le  difficulty and then be used for controlling the 
oxygen activities. 

While the electr ical  characterist ics and polarizat ion 
behavior  of zirconia-Pt-O2 cells are of fundamenta l  
interest, in fact, the effective use of the feed-back con- 
t rol  uni t  described here  to establish oxygen  activi t ies 
in flowing argon does not  depend on the details of the 
electr ical  characterist ics of the pump, nor on the cur-  
rent  efficiency of the pumping. If the flowing gas ar-  
r iv ing at the downst ream mete r  should deviate  in oxy-  
gen act ivi ty  from the desired level, a vol tage as high 
as that  al lowed by the l imi ter  is automat ical ly  applied 
to the pump unti l  the  e r ror  signal is minimized. Obvi-  
ously, it is possible by the use of high flow rates, low 
cell temperatures ,  and highly  buffered gas mix tures  
(CO/CO2 and H J H 2 0 )  to exceed the operat ional  range 
of the system, i.e., the combinat ion of e lect rolyte  re-  
sistance and polarizat ion can be too great  to accom- 
plish a desired oxygen  act ivi ty  from a given start ing 
activity. Therefore,  the ut i l i ty  of the ins t rument  and 
the system wil l  be real ized only wi th in  a cer ta in  range 
of operat ing conditions. However,  because the system 
is specific to oxygen activity, in principle, the unit  
could be used a l te rna te ly  for establishing the oxygen 
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act ivi ty  in any sort of inert  gas, or in buffered gas 
mix tures  l ike CO/CO2 or H J H 2 0 ,  etc., so long as ex-  
cessively large pumping currents  are not requi red  to 
accomplish the desired activities. 

In our laboratory,  we have used the described sys- 
tem in several  geometr ies  to support  several  sorts of 
h igh - t empera tu re  investigations. In a s tudy of t racer  
diffusion in oxides, the specimens were  enclosed in a 
closed-end zirconia tube which was ini t ia l ly  filled wi th  
a part ial  a tmosphere  of argon. The oxygen act ivi ty  
wi th in  the closed tube was control led over  many  days 
at e i ther  10 -2 or 10 -5 arm by use of the four-e lec t rode  
system. A similar  "enclosure" a r rangement  was used 
to control the oxygen  act ivi ty  and prevent  oxidat ion in 
a h igh - t empera tu re  study of the creep of nickel wires. 
In an "open" flowing system, the evapora t ion  of ZnO 
crystals was studied as a funct ion of P02 in an iner t  
carr ier  gas whose oxygen act ivi ty  was established in 
the manner  described here. 

Potential ly,  the kinetics of oxygen addit ion or re-  
moval  f rom an enclosed system at known and fixed 
oxygen act ivi ty  could be measured  by the recording 
of the current  passed through the pumping cell. How-  
ever,  for this application, ex t reme care must  be exer -  
cised that  the pumping abil i ty of the system is ade-  
quate, and that  the Faradaic  current  efficiency is unity. 
Fur thermore ,  the unavoidable  molecular  leakage of 
oxygen through the tube and the seals may  contr ibute 
in only a minor  way compared to the current  passed 
in the pumping cell. The electrochemical  semiperme-  
abi l i ty of oxygen  ions resul t ing f rom electronic con- 
duction in the electrolyte  should not lead to inaccurate 
gauge readings. Finally, rapid desorption of oxygen 
from the pump and adequate  mix ing  of gas in the en-  
closure are requi red  to e l iminate  gradients wi th in  the 
chamber.  The development  of "perfec t"  h igh - t empera -  
ture  seals has proven  difficult, and the use of a low-  
t empera tu re  seal for the enclosure requires  the com- 
plication of a nonisothermal  system. In short, the use 
of the control uni t  to measure  kinetics wil l  requi re  a 
react ion of the proper  rate, the careful  design of a 
t ight  h igh - t empera tu re  enclosure, and an exper imenta l  
demonstra t ion that  only oxygen  ions are passed 
through the electrolyte.  
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A Dissolution-Redeposition Mechanism for 
the Roughening of Platinum Electrodes by Cyclic 

Potential Programs 
D. F. Untereker *,~ and S. Bruckenstein* 

Chemistry Department, State University of New York at Buffalo, Bu~alo, New York 14214 

ABSTRACT 

Rotating p la t inum disk-gold r ing and p la t inum disk-p la t inum r ing elec- 
trodes were used to s tudy the roughening of p la t inum produced by a t r i -  
angular  wave potential  program. The rate of roughening was found to de- 
crease with increasing rotat ion speed and /o r  decreasing potential  scan rate. 
The amount  of soluble p la t inum collected on the gold r ing electrode dur ing 
the roughening  process increased with angular  velocity. The data obtained 
are consistent with a mechanism in which soluble p la t inum produced dur ing 
both the anodic and cathodic disk potential  scans is redeposited on the elec- 
trode surface at cathodic potentials. 

Much has recent ly been published about the 
roughening of p la t inum electrodes caused by potential  
cycling (1-7). Although this phenomenon has been 
known for a number  of years [see (1)], its mechanism 
has never  been conclusively established. Gi lman (4) 
assumed that  the roughening mechanism involves the 
making and breaking of Pt -O bonds because both the 
oxidation and reduction of p la t inum had been reported 
in near ly  all experiments  that  increase the electrode 
roughness. The roughening process was thought  to be 
related to the migrat ion of p la t inum species on the 
electrode surface. The activation energy for this migra-  
t ion process was said to arise as a result  of the s imul-  
taneous reduction of a large amount  of p la t inum oxide. 
Hoare (3), however, reported that  roughening of plat i-  
n u m  electrodes occurs only when the electrode poten-  
t ial  went  into the hydrogen evolution region and at-  
t r ibuted  this result  to a mechanism involving hy-  
drogen embri t t lement .  

Biegler (7) gave a very  complete discussion of plat i-  
num electrode roughening and characterized the proc- 
ess in  considerable detail. He concluded that  (a) the 
roughening rate increased with the anodic l imit  of the 
potential  scan; (b) hydrogen adsorption had little, or a 
negative, effect on the electrode roughening rate; (c) 
only potential  programs which involved rapid reduc- 
t ion of p la t inum oxide caused roughening, and, in fact, 
those which did not caused smoothing; (d) the 
roughening rate decreased when the solution was 
stirred; and (e) dissolved p la t inum was observed in 
the solution after prolonged roughening of a p la t inum 
electrode. The last two observations are not explained 
by the previously proposed roughening mechanisms. 

Since soluble p la t inum species have been detected 
along with electrode roughening (7), it seemed prob-  
able to us that a l ink between the two existed. Biegler 
rejected dissolution and redeposition of p la t inum as a 
possible mechanism because he found that p la t inum 
particles were not  removed from the electrode when  
he made electron micrograph replicas of the surface. 
He reasoned that  a mechanism involving deposition of 
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redeposition, r ing disk.  

soluble p la t inum would form an epitaxial  layer, which 
would be readily removed from the electrode surface. 
Evidence, presented below, however, shows conclu- 
sively that the roughening mechanism does involve the 
soluble p la t inum species via a solut ion/redeposi t ion 
mechanism. 

Rotating disk and r ing-disk  electrodes seemed to be 
excellent exper imental  tools to study the details of the 
roughening of p la t inum and were used in the experi-  
ments  described below. 

Experimental 
Equipment.--A conventional  four electrode poten- 

tiostat, cell, and rotator were used. The electrode rota-  
tor was supplied by the Pine Ins t rumen t  Company, 
of Grove City, Pennsylvania .  An EAI XYY' Variplotter  
was used to record the exper imental  data. 

A p la t inum disk-gold ring electrode (PDGRE) and 
p la t inum disk-p la t inum r ing electrode (PDPRE),  both 
made in our laboratory, were used in the experiments  
reported below. 

All  potentials are reported vs. the saturated calomel 
electrode (SCE). 

Solutions.raThe support ing electrolyte was 1M 
H2804. 

Solutions were deoxygenated by  bubbl ing  N2 gas 
through them for 20 min  preceding the start of experi-  
ments. The support ing electrolyte was also bubbled 
with N2 dur ing cyclic potential  scanning and anodic 
potential  halt experiments  in order to remove oxygen 
generated at anodic potentials. Data were recorded 
with N2 passing over, not through, the solution. 

Solutions were prepared from tr iply distilled water  
and Baker reagent  grade sulfuric acid. 

Electrode pretreatment.--The electrode pre t rea tment  
consisted of polishing the electrode with a s lur ry  of 
0.05~ a lumina  and water  before int roducing it into the 
cell, then potential  cycling it several  times between 
--0.2 and 1.6V at 2500 rpm. This procedure yielded re-  
producible i-E curves, and was used between each ex- 
per imenta l  determinat ion of disk electrode roughness. 

Measurement of surface area.--The roughness fac- 
tor of the p la t inum disk of the PDGRE, pretreated as 
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described above, was always about 1.8 as measured by 
the hydrogen desorption charge. 

The data reported in Fig. 1 were calculated as fol- 
lows. After  the cyclic potential  program had been ap- 
plied for the required time, the total disk electrode 
anodic charge, obtained on a l inear  potential  sweep 
between --0.27 and 0.4V, was determined. This value 
was then divided by the analogous charge obtained at 
the start  of the experiment.  This calculated ratio, the 
"roughness ratio," is an accurate measure of any  change 
in the surface area of the disk electrode produced by 
potential  cycling it. 

Results and Discussion 
Effect of angular velocity on electrode roughening.-- 

A p la t inum disk electrode was roughened in  1M H2SO4 
by applying a repeti t ive t r iangular  sweep voltage 
program for various times at four selected rotation 
speeds. The electrode was cycled between 0.0 and LSV 
vs. SCE at 25 Hz, i.e., at 90 V/sec. 

Figure 1 shows the plot of the roughness ratio, R/Ro, 
as a funct ion of cycling t ime for angular  velocities of 
400, 900, 1600, and 2500 rpm. (The roughness ratio of 
the electrode is defined in Experimental . )  The maxi -  
mum absolute roughness shown in Fig. I is about 3.2 

The rate of roughening increases with decreasing 
angular  velocity. Although not shown in Fig. 1, the 
rate  of roughening also increases with cycling rate and 
anodic disk potent ial  limit. 

Our polished electrode, with its init ial  roughness 
factor of 1.8 was mirror- l ike.  However, after the elec- 
trode roughened about  50 %, its surface became slightly 
dull. This dul l ing increased until ,  at values of R/Ro 
greater  than 2, the surface had a hazy appearance. The 
haze was easily removed from the electrode surface by 
hand polishing with 0.05;~ alumina,  provided the elec- 
trode was still wet, but  it required considerable effort 
to remove the haze after the electrode surface had 
dried. This observation may explain why Biegler (7) 
found no p la t inum particles on his electron micrograph 
replicas. 

Biegler also ment ions  that  his data were not very 
reproducible (7), not only for different electrodes, but  
also for repetit ive experiments  using the same elec- 
trode. Similar  behavior  was also found by us. When 
data were obtained dur ing an experiment,  such as re-  
ported in  Fig. 1, the roughness ratio sometimes changed 
randomly.  This phenomenom was usual ly  observed for 
R/Ro values larger than  those shown in Fig. 1. In  such 
situations, if a mir ror  was placed under  the cell in 
order to observe the rotat ing electrode surface while 
the roughening process was occurring, the surface 
would become hazy and dark, and then golden in ap- 
pearance. The golden color slowly intensified, provided 
electrode potential  cycling was continued, but  quickly 

400 rpm 

~30~ 900 rpm 

1600 rpm 

~ ~ ~ ~" 
Roughening Time in minutes 

Fig. 1. Relative rates of roughening of platinum disk electrode as 
a function of time at selected angular velocities. 1M H2S04. Po- 
tential cycled between 0.0 and 1.8V at 25 Hz. Ro ~ 1.8 at t ---- 0 
for each angular velocity. 
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(in about 1 sec) changed to a gray deposit when the 
cycling was stopped at 0.0V. If the electrode potential  
was cycled for a long period of time, the golden deposit 
became orange and had the electrochemical properties 
a t t r ibuted to phase p la t inum oxide (8). Data resul t ing 
from experiments  where  phase p la t inum oxide was 
formed were not used, since the roughening phenomena 
of concern to us did not involve phase oxide forma- 
tion. 

Proposed mechanism o~ roughening.--The rate of 
roughening, as determined from Fig. 1, depends on 
angular  velocity. Therefore, a soluble species must  be 
involved in  the ra te -de te rmin ing  step for the roughen-  
ing process. If only surface rear rangements  of plati-  
num atoms occurred, as had been previously postu- 
lated, no such angula r  velocity dependence would be 
observed. 

Since the only soluble species produced dur ing cyclic 
potential  scans in IM H2804 at p la t inum electrodes are 
hydrogen, oxygen, P t ( I I )  (9), and P t ( IV)  (10), the 
angular  velocity dependence would have to be asso- 
ciated with the production of one or more of these 
species. 

From Gilman's  ( 4 ) a n d  Biegler's (7) results, and 
confirmed by our data, hydrogen evolution need not 
occur to roughen a p la t inum electrode, contrary to 
Hoare's views (3). 

I t  also seems unl ike ly  that  oxygen is involved in  the 
actual roughening process since evolving oxygen at a 
p la t inum electrode for long periods of t ime caused no 
appreciable roughening.  Also, there would seem to be 
little connection between oxygen evolution and the 
observation that  the rate of roughening depends on the 
cathodic potential  scan program (4, 7). 

Finally,  al though hydrogen need not be evolved to 
roughen a p la t inum electrode, the cathodic potential  
l imit  must  reach about  0.3V, or no roughening occurs. 

These observations can only be rationalized if at 
least one soluble p la t inum species is taking part  in the 
roughening process. 

Two different processes, involving soluble plat inum, 
could lead to roughening. Either p la t inum dissolves 
from the electrode surface (forming pits),  or it dis- 
solves and redeposits on the electrode surface (form- 
ing hills and pits).  Figure 1 is not consistent with the 
first possibility since more soluble p la t inum would be 
carried away  from the disk electrode surface at higher 
angular  velocities than at low ones, and thus, Fig. 1 
would show higher roughening rates at higher, not 
lower angular  velocities. Also, the previously reported 
dependence of roughening on the potential  scan pro- 
gram (4,7) is not consistent with a mechanism solely 
involving dissolution. Exper imental  results (4, 7), in 
fact, show that  under  conditions where only dissolution 
of p la t inum would occur (slow cathodic scans), 
smoothing of the p la t inum surface results. Finally,  the 
roughened surface could not be wiped off an electrode 
if only pits were formed. 

A mechanism involving both p la t inum dissolution 
and redeposition at cathodic potentials is consistent 
with Fig. 1 and the other data. This mechanism also 
predicts that  the increased rate of roughening found 
by Biegler (7), as the anodic potential  scan limit is 
made more anodic, must  resul t  from a larger quant i ty  
of soluble p la t inum species being produced. 

Probably  both P t ( I I )  and Pt  (IV) species are in -  
volved in the roughening process. The relative con- 
t r ibut ion  from each species is dependent  on convec- 
t ive-diffusion and the potential  cycling program, i.e., 
the amount  of p la t inum that can be redeposited at the 
electrode depends on the amount  of soluble p la t inum 
species in the diffusion layer when  the electrode po- 
tential  becomes sufficiently negative to reduce the 
p la t inum to P t (0 ) .  The contr ibut ion of the P t ( I I )  
species to roughening should be somewhat larger  than  
that from the P t ( IV)  species since the P t ( I I )  is pro- 
duced on the cathodic potent ial  scan (9), much nearer  
to the redeposition potential.  
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For this reason, the quant i ty  of soluble Pt  (II) pro-  
duced during reduct ion of the p la t inum oxide (9) that  
w a s  formed at increasing anodic potentials was de- 
termined.  

E~ect  05 anodic scan potential  l imit on Pt ( I I )  forma-  
t ion . - -The  disk of a p la t inum disk-p la t inum ring elec- 
trode was oxidized for 60 sec at several anodic poten-  
tials, Ea, in 1M H2SO4. After  the oxidation, the disk 
potential  was l inear ly  scanned at 100 mV/sec from Ea 
to 0.0V at 2500 rpm, while the r ing electrode was held 
at 1.2V. At this r ing potential  any Pt (II) produced by 
the disk electrode will  be oxidized to Pt  (IV) (9). The 
r ing electrode cur rent -d isk  potential  curves recorded 
dur ing the l inear  cathodic voltage sweep of the disk 
electrode were integrated and the resul t ing charge 
plotted vs. Ea. Figure 2 shows the exper imental  results 
obtained on the two consecutive days. The data in this 
figure support  a dissolut ion-redeposit ion mechanism 
since, as predicted, the amount  of soluble P t ( I I )  pro-  
duced increases with increasing anodic potential  scan 
limit. 

Rate of electrode area increase.---Further evidence 
support ing the dissolution-redeposit ion mechanism was 
obtained by quant i ta t ive ly  correlat ing the amount  of 
soluble p la t inum produced dur ing the roughening with 
the increase in electrode surface area. In  this experi-  
ment  the amount  of p la t inum dissolved was deter-  
mined using the gold r ing of a gold r ing -p la t inum disk 
electrode (PDGRE).  The gold r ing electrode was held 
at  0.0V while the disk electrode was potential  cycled 
under  the conditions in Fig. 1. The amount  of p la t inum 
dissolved from the disk electrode at each rotat ion 
speed was calculated from the collection efficiency of 
the r ing-d isk  electrode and the amount  of p la t inum 
oxide formed by oxidizing the gold r ing electrode at 
1.3V (12). It was assumed that  all p la t inum deposited 
on the gold was available for oxidation. 

At 3600 rpm, 8 • 10 -7 mg/cycle  of p la t inum dis- 
solved. A negligible change in the area of disk elec- 
trode was observed. 

At 400 rpm much less soluble p la t inum was collected 
on the gold ring, i.e., only about 1.2 • 10 -7 mg /  
cycle dissolved from the disk. However, the rate of 
surface area increase of the disk was significant, i.e., 
9.2 • 10 -5 cm2/cycle. 

The difference between the amount  of soluble plat i -  
n u m  leaving the disk electrode at 3600 and at 400 rpm 
corresponds to the extra amount  of soluble p la t inum 
redeposited at 400 rpm as compared to 3600 rpm. This 
difference, 6.8 • 10 -7 mg Pt/cycle, divided into the 
difference in  rates of area change be tween  400 and 
3600 rpm, 9.2 • 10 -5 cm2/cycle, gives the surface area 
increase per mil l igram of p la t inum involved in rough-  
ening, ~1.4 • 102 cm2/mg. 

Fel tham and Spiro (12) recently investigated the 
deposition of p la t inum under  a variety of electrochemi- 
cal conditions. Their  Table I indicates that a surface 
area increase of about 100 _ 25 cm2/mg of p la t inum 
deposited would be typical. Our result  of N1.4 • 102 
cm2/mg, based on the dissolution-redeposit ion hypo- 

�9 ~" 
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Fig. 2. Amount of soluble Pt(ll) collected at ring electrode during 
reduction of platinum oxide formed at various anodic potentials 
(Ea). Fil(ed and unfilled circles represent data obtained on two 
consecutive days. Oxidation time is 60 sec at each Ea. Supporting 
electrolyte is 1M H2S04. 

thesis for roughening of plat inum, agrees well  with 
their values. 

Thus, not only does the dissolution-redeposit ion 
mechanism for roughening qual i ta t ively describe all 
aspects of roughening of p la t inum electrodes by po- 
tential  cycling, but  it also gives quant i ta t ive  agreement  
with other l i terature concerned with p la t inum deposi- 
tion. 
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ABSTRACT 

Electrodes formed from the chalcogenide glass, Cu-As2S3, are select ive to 
cupric copper in concentrated solutions of chloride, bromide, nitrate,  and 
acetate over  the concentrat ion range of 10 -~ to at least 10-6M copper. Nern-  
stian slopes of approximate ly  30 mV/decade  concentrat ion changes were  ob- 
served in ni trate  and acetate solutions; slopes of 50 mV/decade  were  observed 
in 1M chloride and bromide electrolytes.  A slope of 40 mV/decade  was ob- 
served in 0.1M chloride solution. The act ive phase in the electrode mater ia l  
appears to be "s inneri te"  (Cu6As4Sg); data on the sensing mechanism are 
presented. 

The development  of ion-select ive  electrodes is an 
active area of analyt ical  e lec t rochemis t ry  (1-3). One 
of the more  technological ly impor tant  measurements  
amenable  to this technique is that  for copper in process 
streams and waste waters.  A var ie ty  of sensor elec-  
trodes have been suggested (4-9);  a few are avai lable  
commercia l ly  (10). All  are based on cuprous or cupric 
sulfide and differ p r imar i ly  according to the specific 
technique used to achieve a reasonable electronic con- 
duct ivi ty  wi th in  the sensor e lement  and the technique 
used to form the act ive element.  

The present  paper  discusses the preparation,  pe r -  
formance, and propert ies  of a copper sensitive chalco- 
genide glass e lectrode prepared  f rom copper and 
arsenic trisulfide. Informat ion will  also be presented 
re la t ive  to the cupric ion sensing mechanism for this 
electrode. 

Experimental 
Arsenic trisulfide was prepared  by heat ing the ele-  

ments  (99.9999 pure)  in a sealed quartz  ampul  at 
525~ for about 90 hr. The resul t ing glass was deep 
red and, in 50 mil  slices, was t ransparent .  The infrared 
spectrum of the mater ia l  prepared as described agreed 
wi th  that  published for arsenic trisulfide. Glasses p re -  
pared f rom commercial  arsenic trisulfide were  of ten 
opaque to the inf rared  and led to errat ic  copper sen-  
sors. Both effects were  ascribed to residual  impuri t ies  
in the start ing chemicals. 

To prepare  the sensor material ,  the  crushed glass 
was mixed  wi th  the appropriate  amount  of copper 
metal,  cupric oxide, or  cupric sulfide, placed in a quar tz  
ampul  which was evacuated,  sealed, and placed in a 
furnace for 70 hr  at 700~ The t empera tu re  was then 
reduced to 400~ for 1 hr  and the ampul  was air  
quenched to room temperature .  

Electrodes were  formed in the manne r  described 
previously  (11). The major i ty  of the Cu +2 concentra-  
t ion measurements  were  taken wi th  an ohmic contact 
made direct ly  to the sensor glass slice. Ent i re ly  equ iv-  
alent data were  obtained when  the membrane  con- 
figuration was used, i.e., when the glass slice was used 
to separate  the solution being studied from an internal  
solution of constant composition; electr ical  contact was 
then made via a commercial  re ference  electrode placed 
in the in ternal  solution. 

Potent ials  were  also measured  as previous ly  de- 
scribed (11). An  Orion Ag/AgC1 reference electrode 
was used in the double junct ion mode to minimize  con- 
taminat ion of some test solutions; 10% KNO3, was used 
as the outer  filling solution. S tandard  copper solutions 
w e r e  prepared  by dissolving the appropriate  copper 
salt in the fol lowing support ing electrolytes:  

(i) 1M KC1, pH 2 
(ii) 3M KC1, pH 2 

* Elect rochemical  Society Act ive  Member .  
K e y  words:  arsenic tr isulfide,  s inner i te ,  copper  sulfide, potentio-  

static activation,  e lectrodes,  ion select ive.  

(iii) 1M KC1 W 1M HC1 
(iv) 1M NaBr, pH 2 
(v) 0.1M KNO3, pH 2 
(vi) 1M sodium acetate, pH 4 
(vii) 0.1M sodium acetate ~- O.9M NaNOs, pH 4 

No a t tempt  was made  to remove  residual  copper con- 
taminat ion from the support ing electrolytes;  it was not 
necessary to deaerate  the solutions. 

Three  test electrodes were  moni tored  s imultaneously 
in order  to sort out  spurious electrode effects and spur-  
ious solution effects; for simplici ty of presentation,  the 
data from only one electrode in each set wil l  be pre-  
sented here. 

Unless otherwise  indicated, all measurements  were  
taken in s t i rred solutions, which was accomplished 
wi th  a paddle s t i r rer  (275 rpm) .  The consequences of 
s t i r r ing wil l  be discussed. 

In order  to obtain a reproducible  surface before each 
series of measurements ,  the electrodes were  etched 
with  10% KOH, r insed with  the appropr ia te  e lectro-  
lyte, re-etched,  and rerinsed. The electrode was then 
equi l ibra ted  before use in 10-1M cupric ion solution 
for 1 hr. The chemist ry  involved  in this impor tant  
act ivat ion step wil l  be discussed. 

Measurements  were  also taken  wi th  two commer-  
cially avai lable copper sensit ive electrodes, the Cole- 
man  "Copper Ion-Sens i t ive  Electrode,"  No. 3-804, and 
the Orion Model 94-29A. The purpose here  was not to 
criticize or evaluate  commercial  electrodes per se, 
but  to de termine  if significant differences in pe r fo rm-  
ance existed re la t ive  to the copper-arsenic  trisulfide 
electrodes. 

Results and Discussion 
Electrode composition.--Visual observat ion of the 

glasses indicated a heterogeneous mul t iphase  system 
with  crystal l ine mater ia l  distr ibuted randomly  
throughout  an amorphous matr ix .  

The strongest  lines in all x - r a y  diffraction pat terns  
were  those ascribable to "sinneri te,"  a recent ly  re-  
ported minera l  (12, 14~. In no case was it possible 
to confirm the presence of copper metal,  cupric sul-  
fide, cuprous sulfide, or the oxides, even  when  the 
init ial  source of copper was cupric sulfide or cupric 
oxide. 

Sinner i te  is repor ted  to exist in two crystal l ine 
modifications, cubic Cu6As4S9 (3Cu2S.As2S3) and t r i -  
clinic Cu6.~As~S9. Both modifications were  found in 
the mel t  containing 0.25 mole fract ion added copper. 
At lower  concentrat ions of copper, the phase found 
depended on the  age of the sample. This was corre la t -  
able wi th  the prepara t ive  conditions, according to the 
fol lowing argument .  The init ial  precipi tate  which 
formed on quenching the mel t  was the cubic phase, and 
was metas table  at room temperature .  On standing, 
copper s lowly diffused through the glass forming the 
more  stable tr icl inic distorted mater ia l  near  the 
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Cu6.sAs4S9 composition. Indeed the tr icl inic lines were  
visible pr imar i ly  in the diffraction pat terns of the 
oldest samples and in the s low-cooled samples. The 
optical micrographs were  consistent wi th  such a crys-  
tal g rowth  mechanism, in that  a long ( >  18 hr) reac-  
tion t ime at 550~ gave needle- l ike  dendri t ic  growth 
whi le  the s low-cooled sample gave large crystals. 

Resist ivi ty measurements  (d-c) were  taken as des- 
cribed previously  (11), i.e., with 1 to 2 mm thick 
slices onto which gold had been evaporated.  As shown 
in Table I, resist ivi ty decreased wi th  increasing addi-  
tions of copper;  the same effect was obtained regard-  
less of the form of the ini t ia l ly  added copper. This is 
consistent wi th  the x - r a y  data in that  the conductive 
crystal l ine mater ia l  formed in the mel t  was independ-  
ent  of the s tar t ing copper compound. 

The  p r imary  conclusion to be d rawn from the data 
of Table I is that  the conduct ivi ty  of the high copper-  
content  glasses is sufficient in itself for stable e lectro-  
chemical  operat ion and that  the addit ion of conductive 
binders  such as Ag2S or graphi te  is not necessary. 

The spread in the data represent  the spread in 
resistivit ies measured  for different slices taken f rom 
the  same melt.  Obviously the slices are also he tero-  
geneous along the length of the mel t  as wel l  as along 
the surface of a slice. Howeve r  this var ia t ion in re-  
sist ivity decreased as the copper content  of the mel t  
was increased above mole fraction 0.2, as would be 
expected if the conduct ivi ty  were  due pr imar i ly  to 
the crystal l ine phase, 

A rigorous correlat ion of electrode performance  with  
electrode composition, crystal l ine phase, or physical 
propert ies was not at tempted.  It was genera l ly  ob- 
served however  that  electrodes containing a mole  frac-  
tion of copper at or less than 0.2 were  less sensit ive 
to changes in Cu + + concentrat ion be low 10-4M than 
electrodes containing larger  amounts of copper. Unless 
otherwise noted, all data presented in this paper  were  
taken with  electrodes containing 0.25 mole per  cent 
(m/o)  copper. 

Since electrode performance  depended significantly 
upon the type of support ing e lect rolyte  the  exper i -  
mental  results will  be grouped according to this pa ram-  
eter. 

Performance in nitrate and acetate so lu t ions . -  
The first series of e lectrochemical  measurements  to 
be described are those taken  with  0.1M KNO3 as the 
support ing electrolyte;  complex ion format ion is min i -  
mal  (13), and soluble cuprous species are unstable. 

Shown in Fig. 1 are the potent ia l -concentra t ion  re-  
lationships for an electrode operated in the fol lowing 
manner.  The electrode was first etched and then placed 
direct ly  into 10-6M cupric nitrate, fol lowed by solu- 
tions of increasing copper  ion concentration. Data 
were  recorded when potent ial  drift  was less than  2 
mV/min .  Af ter  exposure  to 10-2M Cu + +, the electrode 
was exposed to decreasing concentrat ions of copper 
(in order  of magni tude  changes) to 10-6M, and then 
to concentrat ions increasing to 10-~M. Af ter  30 rain 
at this concentration, the copper content  was de-  
creased incrementa l ly  to 10-6M and increased incre-  
menta l ly  to 10-1M. 

The slope of the first of these potent ia l -concent ra-  
t ion curves is "super-Nernst ian ,"  i.e., with  a slope 
grea ter  than 30 mV/decade ;  the re tu rn  to lower  con- 
centrat ions gave a slope of less than  30 mV/decade .  
On subsequent ly  increasing concentration, Nerst ian 

Table I. Resistivities of copper-arsenic trisulfide glasses 

M o l e  
f r a c t i o n  
c o p p e r  

R e s i s t i v i t y  (ohm-cm) 

CuO added Cu added 

0 . 0 5  3 X 108 t o  6 X 10  TM 2 X 107 t o  4 . 3  • 107 
0 . 1 0  3 • 106 t o  3 X 10 s 4 .1  X 10 t o  4 X 10~ 
0 . 1 5  4 X 103 t o 1  X 106 4 X 10 e t o 3  X 103 
0 . 2 0  1 • l 0  s t o 8  • 103 4 • 152 t o 3  • 103 
0 . 2 5  4 6  tO 5 0  6 4  t o  6 9  
0 . 3 0  - -  3 6  t o  37  

- i I i I i ] I I l 
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i100 '  
START 

I I I I I I I ~ I I 
10 -6 l d  4 15 2 

M__Cu(N03) z in 0.I MKNO 3 pH2 

Fig. 1. Performance of a freshly etched, not activated copper- 
arsenic trisulfide electrode. 

behavior  was observed from 10 -4 to 10-2M; the po- 
tent ial  at 10-2M showed a slow but real  drift  to 
more  posit ive values;  the potent ia l  change be tween  
10-2 and 10 -1 was 60 mV. The next  cycle be tween  
10 -1 and 10-6M Cu ++ showed no hysteresis  of the 
type described and showed Nernst ian behavior  from 
10 -2 and 10-~M copper. Such measurements  formed 
the basis for the act ivat ion procedure  described, i.e., 
to obtain a stable, reproducible,  and revers ib le  sensor, 
the f reshly etched electrode first had to be exposed to 
high concentrations of cupric ion. 

The t ime for act ivat ion in 10-1M cupric ni trate  
(in 0.1M KNO3) was eva lua ted  by measur ing  the 
potent ia l -concentra t ion dependencies after  the elec- 
trodes were  etched and exposed to the solution for 
periods of 45 rain, I hr, 2.5 hr, and overnight .  There 
was l i t t le  difference in the slopes of the response 
curves and the sensi t ivi ty to low Cu +2 concentrations, 
although, as exposure t ime was increased, the curves 
were  always displaced to higher  potentials. There  was 
also considerable hysteresis, af ter  the electrode had 
been equi l ibra ted in 10 -1 cupric ni t ra te  for more  than 
2.5 hr, be tween  the first exposures of the electrode 
from 10 -1 to 10-6M cupric n i t ra te  re la t ive  to sub- 
sequent  cycles in concentrat ion be tween  these limits. 

Shown in Fig. 2 are the concentra t ion-potent ia l  re-  
lationships determined in ni t ra te  solutions for a prop- 
er ly  act ivated electrode;  included for comparison are 
the performances of the commercial  electrodes. Below 
10-2N[ copper, the Orion electrode and the copper-  
arsenic sulfide electrodes were  essential ly identical  
in performance,  wi th  Nernst ian slopes of 31 and 27 
mV/decade,  respectively.  Above 10-2M copper, the 
copper-arsenic  trisulfide electrode showed a slight 
super -Nerns t ian  response. Below 10-4M copper, this 
par t icular  Coleman electrode showed l i t t le  sensi t ivi ty 

350 | I I I I 1_| 
~ 2 5 0  I_ ~-TI (NO. S2-B-12) / = /  _ 

_~ ! ~CO~E~.. ELECTROOE / / 

* -  k--ORION ELECTRODE / 
/ 

I I I / 
I0-6 10 .5 10 .4 10-3 ~0 "z i0 -~ 

M Cu(N%) z in O.I M_ KNO 3 

Fig. 2. Steady-state responses of a copper arsenic trisulfide elec- 
trode, and two commercial electrodes, to varying copper ion concen- 
trations in a supporting electrolyte of O. ]M KNOB. 
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to changing copper ion concentrat ion;  above 10-4M 
copper the two commercial  electrodes were  essential ly 
identical  in response. 

Response t imes for all electrodes were  good, e.g., 
at 10-4M copper, s teady state was achieved wi th in  
1-3 min;  here  steady state is defined as a potent ial  
stable to less than 1 mV drift  in 3 min. 

The  th ree  electrodes showed l i t t le  dependence on 
stirring. For  example,  2 rain af ter  s t i rr ing of the  
10-2M copper solution was terminated,  the potentials  
of the Cu-As2Sa, Orion, and the Coleman electrodes 
decreased by 1.9, 1.8, and 0.2 mV, respectively.  

The effect of pH on sensor response in ni t ra te  solu-  
tion is shown in Fig. 3. In the absence of Cu + +, the 
electrode is pH sensitive, probably due to some ab- 
sorption or react ion of the surface with  hydroxy l  ion. 
However  in the presence of cupric ion, the electrode 
response is independent  of pH unti l  cupric hydroxide  
begins to precipitate.  Even  as this takes place, the 
electrode potential  fol lowed the remaining copper in 
solution unti l  the  detection l imit  of the electrode was 
reached. The data shown were  for an electrode p re -  
pared f rom C u e ;  identical  results were  obtained for 
an electrode prepared  from copper metal, as would 
be expected in v iew of the x - r a y  studies described 
above. 

Responses of the Cu-As2S~ electrodes in the acetate 
solutions are summarized in Fig. 4; included for com- 
parison is a response curve  for the electrode in 0.1 
ni t ra te  solution. Pr ior  to each run  the electrode was 
etched and act ivated to remove  possible complications 
from prior  history. 

At and below 10-sM added copper, the slopes of the 
curves were  basically identical,  wi th  slopes of approxi -  
mate ly  30 mV/decade .  The curves did shift to lower  
potentials wi th  increasing acetate concentrat ion at a 
fixed added concentrat ion of copper. Qual i ta t ively  this 
is consistent wi th  the a rgument  that  the electrode 
responds to uncomplexed  cupric ion which decreases 
in concentrat ion as acetate increases (13). A rigorous 
calculation of the shifts in potent ial  wi th  changing 
acetate concentrat ion was not done due to shifts in Eo 
of the electrodes by v i r tue  of the re -e tch ing  procedure  
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Fig. 3. Response of a (CuO)o.15(As2S3)o.s5 electrode, in the 
membrane configuration, to varying cupric ion concentration as a 
function of pH. All solutions were 0.1M KN03. 
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Fig. 4. Responses of a copper arsenic trisulfide electrode in nitrate 
solution, in 0.1M sodium acetate solution and in 1.0M sodium ace- 
tate solution. 

fol lowed be tween  each series of concentrat ion mea-  
surements.  

Performance in chloride and bromide s o l u t i o n s . -  
Copper-arsenic  trisulfide electrodes opera ted  in these 
solutions also requi red  the act ivat ion step before  stable 
Nernst ian response could be obtained. There was l i t t le  
difference be tween  electrodes equi l ibra ted in 10-1M 
cupric chloride solutions (1M KC1, pH 2) for 1 hr  and 
those equi l ibra ted  for 5 hr. Electrodes equi l ibra ted 
overnight  were  tess sensit ive to changes in cupric ion 
concentrat ion at and below 10-sM. Af ter  a 40 hr  ex-  
posure to 10-1M CuC12, all electrodes showed a signifi- 
cant loss in act ivi ty  below 10-4M copper, i.e., a lower-  
ing in sensi t ivi ty  to changes in cupric ion concentra-  
tion. 

Shown in Fig. 5 are the s teady-state  responses to 
varying cupric ion concentrat ions in 1M KC1 for a 
copper-arsenic  trisulfide electrode and, for comparison, 
an Orion and a Coleman electrode. The copper-arsenic  
trisulfide electrode showed Nernst ian behavior  over  
the range of 10 -5 to 10-2M copper, but  wi th  a slope of 
49 _ 2 m V /  decade, ra ther  than ~30 mV/decade.  The 
Nernst ian slope for the Coleman electrode was 55 m V /  
decade from 10 -4 to 10-1M cupric ion; the potentials 
oscillated __+2 mV at s teady state. The Orion electrode 
demonstra ted a saturat ion effect at high copper con- 
centrat ions in this high chloride containing solution. 
This was predicted by the operat ions manual  supplied 
wi th  the electrode and is apparent ly  due to the re-  
action (17) 

Ag2S + Cu + + + 2C1- = 2AgC1 + CuS 

The film of AgC1 would  cover  t h e a c t i v e  surface of the 
electrode, giving sensi t ivi ty to C1- ra ther  than Cu +2. 
Be tween  10 -6 and 10-4M copper, the potential  change 
of the Orion electrode gave slopes in the 35-50 mV 
range. Thus the performance  of these electrodes at 
high chloride ion and low Cu +2 concentrat ions are 
more  complicated than predicted f rom the standard 
solubil i ty product  mechanism. 

All copper-arsenic  sulfide electrodes showed a s t i r -  
r ing dependence when  operated in 1M KC1 and 1M 
NaBr solutions. The most sensit ive copper arsenic t r i -  
sulfide electrodes genera l ly  showed a drop in potential  
of 30 mV 2 min  after  s t i rr ing was stopped in the 10-1M 
copper chloride solution; smaller  changes were  ob- 
served at the lower  copper containing solutions, e.g., 
15 mV at 10 -4 cupric ion. This s t i r r ing dependence 
also var ied  from electrode to electrode, in the best case 
being only 10 mV/2  rain at 10-1M cupric and 3.3 mV/2 
min  at 10-aM. However  these electrodes were  less sen- 
si t ive to changes in cupric ion concentrat ion at low 
levels  of copper (e.g., 10-5M). A tenta t ive  explanat ion 
for this s t i r r ing dependence wil l  be given below. A 
correlat ion of potent ial  wi th  st i rr ing rate  was not 
made. 
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Fig. 5. Steady-state potential- 
concentration responses of a cop- 
per arsenic trisulfide electrode, 
and two commercial electrodes, 
in 1M KCI, pH 2. The arrows in- 
dicate the appropriate potential 
scales. 
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The Coleman electrode showed a stLrring effect of 
the same magni tude  but in the opposite direction, i.e., 
the potential  increased after  the s t i r r ing was shut-off. 
For  one Orion electrode a potent ial  increase of 2 mV 
was observed 2 min  af ter  s t i rr ing was te rminated  in 
10-sM cupric chloride. However ,  two other  electrodes 
showed st i r r ing dependencies similar  to those found 
with  the Coleman electrode. 

Since the slopes observed in 1M chloride were  higher  
than those observed in ni t ra te  and in acetate, a study 
was made on the effect of chloride ion concentrat ion 
on electrode response. Accordingly,  electrodes were  
exposed to vary ing  copper concentrat ions in support-  
ing electrolytes of 3M KC1, 1M KC1, 0.1M KC1 + 0.9M 
KNO3, and 0.1M NaC1; pH was main ta ined  at 2 in all 
cases. 

Within the accuracy of the exper iments  the Nern-  
stian slopes in the 3M and the 1M KC1 were  identical. 
In all cases the slopes for the 0.1M KC1 solution was 
lower,  approximate ly  40 mV/decade.  The actual po- 
tentials measured  in the 3M KC1 were  about 50 mV 
higher  than those measured  in 1M KC1. Some of 
these data, together  wi th  the performance  in zero chlo- 
r ide ion concentrat ion (0.1N KNO3) are shown in 
Fig. 6. 

An  evaluat ion was made of the electrode propert ies  
in bromide solution, which has a different distr ibution 
of complex ions wi th  cupric ion (13) and in which 
cuprous ions are still stable (15). The electrodes were  
etched, s tored overnight  in 10-1M cupric ni t ra te  
solution, and exposed to vary ing  cupric ion concentra-  
tions in 1M NaBr  and in 1M KC1. In all cases the slope 
of the potent ia l -concentra t ion dependence appeared to 
be h igher  in bromide than in chloride by about 2 mV, 
however  this is well  wi th in  the accuracy of the data. 
St i r r ing dependencies were  also observed in bromide 
electrolytes, and these were  sl ightly greater  than in 
chloride solutions of the  same added copper concen- 
tration. In all cases the actual potentials of the bromide 
solutions were  h igher  than those in the chloride solu- 
tions. According to Ref. (13) the copper-bromide  com- 
plexes are weaker  than the copper-chlor ide  complexes 
so that  at any given total added copper the avai lable  
cupric ion concentrat ion wil l  be grea ter  in bromide  
and could, at least in part, account for the differences 
observed in the actual potentials (assuming that  the 
electrode responds only to uncomplexed cupric ion).  

Electrode selectivity.--The response of the copper-  
arsenic trisulfide electrode to other  soluble ionic spe- 

cies was evaluated.  Univa len t  ions such as Na +, K +, 
and H + do not give a response in the presence of 
cupric ion other  than  via ionic s t rength effects. Some 
interference does result  when  excessive amounts of 
ferr ic ion are present. This is i l lustrated in Fig. 7. 
Each plot represents  the response of a Cu-As2S3 elec- 
t rode immersed in solutions of constant ferr ic  ion con- 
centrat ion but wi th  varying cupric ion concentrations. 
These curves indicate that  the ferr ic ion must  be at 
least ten t imes greater  than the cupric ion concentra-  
t ion before significant in ter ference  is observed. 

The response of the sensor to other  ions is shown 
in Fig. 8. Varying amounts of calcium, nickel, and 
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Fig. 6. Potential-log copper concentration relationships shown by 
a CuO-As2S3 electrode in 3M KCI, 0.1M NaCI, and zero molar 
chloride (0.1M KNOB). 
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Fig. 8. Response on a copper-arsenic trisulfide electrode to vary- 
ing concentrations on the indicated inns, in millimolar cupric nitrate, 

ferrous ion were  added to a 10-aM cupric n i t ra te  solu- 
tion. The results indicate no in ter ference  due to e i ther  
calcium or nickel. The effect of ferrous ion suggests a 
t i t ra t ion curve, whe reby  cupric ion is reduced and 
ferr ic  ion is generated.  There  are also no interferences 
from Pb +2, Mn +2, or Zn +2. In te r fe rence  was found 
with  s i lver  ion. 

Sensing mechanism. - - I t  is apparent  that  the be-  
havior  characterist ics of these electrodes are not con- 
sistent wi th  the usual solubil i ty product  type of ion 
sensing formalism. A series of exper iments  were  car-  
ried out in the hope of clar ifying the mechanism 
operat ing for the copper-arsenic  trisulfide electrodes. 

The first fea ture  considered then was the electrode 
act ivat ing mechanism, i.e., whereby  a f reshly etched 
electrode surface must  first be exposed to high con- 
centrations of cupric ion before  stable Nerns t ian  re-  
sponses can be obtained. Exposures of the electrode to 
10-1M Cu ++ solutions obviously present  the elec-  
t rode with  a high concentrat ion of cupric ion, but this 
also presents the electrode wi th  a high posit ive po- 
tential,  which can possibly oxidize the electrode sur-  
face. 

In order  to sort out the re la t ive  importance of these 
two factors, the fol lowing exper iment  was carr ied out. 
Electrodes were  freshly etched and then potentiostated 
at the potent iai  of 10 -1 CuC12, but  in the absence of 
cupric ion; all o ther  components of the solution were  
identical  to those used in the chemical  act ivat ion 
procedure, i.e., 1M KC1, pH 2. An anodic current,  in-  
dependent  of stirring, was observed, so that  chemical  
oxidat ion of the electrode surface must  take place 
during the act ivat ion procedure.  After  the anodic cur-  
rent  had decreased to less than 1 #A, the electrode 
was exposed to 10-6M cupric chloride and to incre-  
menta l ly  increasing copper concentrat ions in the usual 
manner  used to test the electrodes. The nature  of the 
response was s imilar  to that  shown in Fig. 1, i.e., 
super -Nerns t ian  responses unti l  high cupric ion con- 
centrat ions were  reached. Thus a high potential  alone 
is not sufficient to act ivate the electrode surface. 

It is not difficult to unders tand a chemical  oxidat ion-  
act ivat ion mechanism occurr ing in chloride solution 
where  cuprous ion, the necessary soluble product  of 
the surface oxidat ion reaction, is chemical ly  stable. 
However  the same chemical act ivat ion process takes 
place in ni t ra te  solution where  cuprous ion is unstable 
according to the react ion 

2Cu + -- Cu + Cu + + 

However, according to the equilibrium constant for 
the above disproportionation reaction the concentra- 
tion of cuprous ion is 2.5 X 10-4iV[ in the solutions 
used. Approximately 2.5 Asec of charge would pass 
before this concentration was exceeded and copper 
metal was formed. Since this is in excess of the total 
charge passed during the potentiostatic oxidation of 
the electrode, it is possible, even in nitrate solution, for 
the cupric ion to oxidize the electrode and produce 
a small amount of cuprous ion in solution. 

The potentiostatically oxidized surface still demon- 
strated super-Nernstian behavior which is indicative 
of more than a one or two electron process, i.e., indic- 
ative of further interaction of the copper sensing sur- 
face. This interaction between cupric ion and the elec- 
trode surface could take a variety of forms, such as 
compound formation to generate the active sites, or ir- 
reversible reaction with strongly adsorbing sites, or 
both. In any event, this final surface then comes into 
reversible equilibrium with the cupric ion content of 
the electrolytes, providing stable Nernstian slopes to 
changing Cu +2 concentration. 

A fundamental difference in this sensing mechanism 
must exist between halide solutions, and nitrate solu- 
tions, since the Nernstian slopes in halide are a nomi- 
nal 50 mV/decade  and are a nominal  30 mV/decade  in 
nitrate.  Fu r the rmore  there  is some dependence of 
slope on the halide concentration. A major  difference 
in the chemistry of these solutions is the increased sta- 
bi l i ty of cuprous ion in halide electrolytes.  

The response of the electrode to cuprous ion was 
therefore  considered. Electrodes were  etched and ac- 
t iva ted  as described. Act iv i ty  was confirmed by ex-  
posure to solutions of vary ing  cupric ion concentrat ion 
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in 1M KC1. The electrodes were  then  washed wi th  
support ing electrolyte  and exposed to solutions of 
cuprous chloride in the same electrolyte.  Electrode po-  
tential  readings were  somewhat  errat ic  but  always 
less than that  expected f rom 10-6M cupric chloride. It 
must  therefore  be concluded, par t icular ly  when  con- 
sidering the difficulties in prevent ing  cuprous chloride 
f rom air oxidizing to cupric chloride, that  the re-  
sponse of the electrode to Cu +1 species is minor.  

This then  precludes any "solubil i ty product"  sensing 
mechanism involving the part icipat ion of sulfide ion 
in solution. Cuprous sulfide, l ike s i lver  sulfide is h ighly 
insoluble and should have given rise to a potent ial  
shift  equiva len t  to a high cupric ion concentrat ion 
(low sulfide ion).  

The electrode was then  washed wi th  support ing 
e lect rolyte  and exposed to 10-4M CuC12 in 1M KC1. 
Increments  of cuprous chloride were  added to de te r -  
mine whe ther  the electrode does respond to the cupr ic /  
cuprous couple. As potentials  were  recorded there  was 
some drift  upwards  as, apparently,  the cuprous ion 
was slowly oxidized by air. The data obtained are 
shown in Table II; s imilar  results were  obtained when 
the start ing cupric ion concentrat ion was 10-SM. 

Obviously cuprous ion suppressed the potent ial  nor-  
mal ly  genera ted  by a fixed amount  of cupric ion; the 
depression increased as cuprous ion concentrat ion in- 
creased, but  not in a wel l -def ined manner  and not to 
the extent  expected f rom the cuprous /cupr ic  couple 
(60 mV/decade ) .  

This depression may afford a pragmat ic  explanat ion 
for the s t i r r ing dependencies observed wi th  the cop- 
per -arsenic  trisulfide electrodes in halide solution. It 
can be argued that  a reduced material ,  presumably 
cuprous ion, dissolves s lowly off the electrode surface 
and reacts wi th  cupric ion, thus depressing the amount  
of cupric ion in the vicini ty  of the electrode and hence 
depressing the electrode potential.  (If cupric ion dis- 
solved off the electrode potential  would  have in- 
creased.) On stirring, the cuprous copper is swept 
away from the electrode vicini ty  and the potent ial  
takes on a value more  characteris t ic  of the cupric ion 
in solution. The amounts of cuprous ion are suffi- 
ciently small  however  to prevent  any easily detectable 
increase in total  copper ion concentrat ion in the test 
solution. Consistent wi th  this dissolution mechanism 
then  is the observat ion that  those electrodes demon-  
strat ing the most pronounced st irr ing dependence were  
also the most pit ted after  prolonged use. 

It is necessary, in using this explanation,  to account 
for the chemist ry  of a react ion be tween  cuprous and 
cupric copper in solution. It has been shown by optical 
absorption spectroscopy (16) that  a weak but we l l -  
defined complex exists in solution be tween  cuprous 
and cupric chlorides in the range of chloride concen- 
t ra t ion used in the electrode studies. Thus cuprous ion 
may  wel l  dissolve off the electrode, complex the cupric 
copper in the vicini ty of the electrode, and thus lower  
the avai lable concentrat ion of cupric copper at the 
electrode surface. As a result, potential  falls. 

More direct evidence for dissolution of a reduced 
species f rom electrodes in hal ide  solution was obtained 
as follows. A copper arsenic trisulfide electrode was 
etched, act ivated in 10-1M cupric ni t ra te  and t rans-  
fer red  to a deaerated solution of 10-3M cupric chlo- 
ride; a p la t inum screen electrode was placed about 
the copper electrode. In the absence of the copper 

Table II. Potential response vs. cuprous chloride concentration 
(Original solution: 100 ml CuCI2 + 1M KCI) 

Mola r  ra t io  E l ec t rode  
(Cu++/Cu § p o t e n t i a l  (mV) 

287.8 
10011 278.9 

10/1 248.1 
0.9/1 230.8 

Table III. Arsenic contents of equilibration solutions 

Arsenic coneen- 
Solution tration (ppb) 

10-~M KNO3 < l O  
10-1M KNO3 + 10-eM Cu++ < 1 0  
1M KCI 35 
1M KC1 + 1O-4M Cu ++ 35 
1M KC1 + 10-~M Cu++ 65 

electrode the potent ial  of the p la t inum electrode was 
re la t ive ly  stable at about +430 mV. Af ter  insert ion 
of the copper electrode the potentials of the p la t inum 
electrode were  wel l  poised, i.e., showing no oscillations, 
and continuously dr i f ted to more  negat ive  values. The 
drift  rate  at s teady state (after  60 rain) was 4.3 mV/hr .  
Thus, a reduced species, p resumably  cuprous ion, is 
indeed dissolving off the electrode surface. The solu- 
tion was then changed to 10-hM cupric chloride; the 
final drift  rate  of the p la t inum electrode was 1.8 m V /  
hr. Thus, the cuprous ion dissolution rate is inverse ly  
proport ional  to the cupric ion concentration. ( Ident i -  
fying the "reduced species" as cuprous ion is based on 
the difference in electrode performance  be tween  halide 
and ni t ra te  solutions, and the stabil i ty of Cu + 1 in ha-  
lide solutions.) 

This proport ional i ty  was checked by direct chemical  
analysis of the solution. Since the copper concentra-  
tions involved  are small  and hence difficult to detect 
in the presence of the higher  ambient  concentrations, 
analysis was made for arsenic. The results are shown 
in Table III. 

Thus there  can be l i t t le  doubt that  the electrodes are 
more  soluble in chloride than in nitrate,  and that  the 
solubil i ty is h igher  in the presence of high cupric ion 
concentrations. All  of this is consistent wi th  the st ir-  
r ing dependences discussed above. 

The next  quest ion is whe the r  this soluble reduced 
mater ia l  (presumably  cuprous ion) is involved  in the 
cupric ion sensing mechanism, or whe the r  this disso- 
lut ion react ion is mere ly  incidental.  Accordingly,  
f reshly etched electrodes were  potent iostated at in- 
creasingly posit ive potentials (in 1M NaBr, pH 2) to 
more completely oxidize the electrodes surface, then 
equi l ibra ted in 10-1M cupric n i t ra te  (0.1M NaNOe), 
and exposed to solutions of 1M NaBr, pH 2 vary ing  in 
cupric ion content. The results  are shown in Fig. 9; 
included for comparison are the responses of a chemi-  
cally act ivated electrode. 

The behavior  of the chemical ly  act ivated electrode 
and the electrode potent iostated at +600 mV are es- 
sential ly identical. The effect of h igher  potentials  is 
obvious, i.e., as potential  is made more  positive, the 
subsequent  sensi t ivi ty of the electrode to change in 
copper concentrat ion below 1O-4M decreases. It was 

5OO I I I I 
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Fig. 9. Steady-state responses of a copper arsenic trlsulfide elec- 
trode to varying concentrations of cupric bromide after chemical 
activation and after potentiostatic treatment at the potentials 
shown. 
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also observed that  electrodes exposed to +1200 mV 
would oscillate +--4 mV when  subsequent ly  equi l i -  
bra ted with  copper halide solutions. The st i rr ing de-  
pendences decreased wi th  increasing potent ial  applied 
to the electrode. Note however  that  sensi t ivi ty to low 
levels  of copper concentrat ion decreases at the same 
time. This is similar  to observations made  ear l ier  that  
electrodes which had the lower  s t i r r ing dependencies 
also had the lower  sensitivities. Applicat ion of high 
potential  to such electrodes completely deact ivated the 
electrode. It is thus apparent  that  the "reduced ma-  
ter ial"  is indeed involved  in the potent ial  sensing 
mechanism. 

As indicated previously,  the electrode is at least  a 
two-phase  system, i.e., crystal l ine sinneri te  imbedded 
in an amorphous phase. The part icipat ion of the amor-  
phous phase in the sensing process was evaluated  by 
comparing the performances  of pure s inneri te  elec-  
trodes wi th  those of Cu0.25(As2S~) electrodes. 

Accordingly samples of s inneri te  mater ia l  were  com- 
pounded by mixing  Cu2S and AS2S3 in a mole ratio of 
3:2. The mix tu re  was placed in ampul, evacuated,  
sealed, and heated to 700C for 1 hr. The t empera tu re  
was then lowered  to 500 ~ for 1 hr  and finally raised 
to 550~ and mainta ined at this la t te r  t empera tu re  
for 90 hr. The resul t ing sample was then  air quenched 
to room temperature .  Resist ivi ty as measured  on two 
slices was 3.04 and 3.22 ohm-cm indicating that  the 
sinneri te  is indeed a conducting material .  Three  
sinneri te  electrodes were  prepared  f rom this ma te -  
rial. The electrodes were  etched, s tored overnight  in 
10-3NI cupric nitrate,  and exposed first to cupric ni-  
t ra te  solutions over  the range of 10-~ to 10-6M. A 
Nernst ian slope of 30 mV/decade  was obtained. The 
exper iment  was repeated in 1M KC1 over  the range 
10 -1 to 10-6M CuC12. A Nernst ian slope of approxi -  
mate ly  55 mV/decade  was obtained be tween  10 -1 and 
10-~M cupric chloride. However  be tween  10-4M and 
10-6M CuC12, the response was super -Nerns t ian  of 
the order  of 100 mV/decade.  The electrodes also 
showed a grea ter  s t i rr ing dependence at and below 
10-4M. 

These responses in ni t ra te  (be tween 10 -3 and 
10-6M) and in chloride solutions (at and above 10-3M 
CuC12) are equivalent  to those for the two phase 
system so that  it can be concluded that  e i ther  the 
amorphous phase is not involved in the potential  sens- 
ing per  se or that  its role is ent i re ly  equivalent  to that  
of the sinnerite.  This is consistent wi th  the observa-  
tions that  all the copper-arsenic  trisulfide electrodes 
behaved  in an equivalent  manner,  regardless of the 
init ial  chemical  form of the copper put  into the melt. 
Since the crystal l ine phase was always sinnerite, the 
amorphous phase must  have differed in composition. 
If it were  involved then it would  have  been expected 
that  the electrode behavior  would  also have var ied 
with  the form of the initial copper. 

The abnormal  behavior  of the sinneri te  electrodes 
at low concentrations of cupric chloride was similar  
in form to that  obtained for Cu0.25(AS2S~)0.~5 elec-  
trodes exposed to vary ing  Cu + + /Cu  + ratios. This per -  
formance then can be rat ional ized in terms of the sin- 
neri te  electrode depositing abnormal ly  high concen tra-  
tions of cuprous ion in the vicini ty  of the electrode 
and reaching concentrat ion ratios where  the cuprous 
ion exerts  a significant effect on observed electrode po-  
tential.  Fur thermore ,  the pronounced higher  s t i rr ing 
dependence for the s inneri te  electrodes is what  would  
be expected from the dissolution of greater  quanti t ies  
of cuprous ion. 

The  conclusions of these semiquant i ta t ive  mecha-  
nistic studies can be summarized by the fol lowing 
formalism. The active electrode mater ia l  (Cu6As4S9) 
is first oxidized by cuuric ions (potentiostated s inneri te  
developed a high init ial  anodic current ) ,  i.e. 

Cu6AS4S9 -5 Cu + + --> (OxS) -5 Cu + [1] 

This oxidized surface, (OxS),  then reacts wi th  cupric 
ion to form the act ive sites (ActS) which come into 
equi l ibr ium wi th  the cupric ion concentrat ion of the 
test solutions, i.e. 

(OxS) + Cu + + -~ (ActS) [2] 
and 

(ActS) -5 Cu + + ~ (ActS) (CU)ads -5 2e -  [3] 

A second and i r revers ib le  process such as react ion 
[2] is requi red  to account for the super -Nerns t ian  
slope observed only ini t ial ly wi th  oxidized electrodes. 
It is envisioned that  as the sites are formed they  then 
interact  wi th  cupric ion according to react ion [3]. It 
is postulated that  this active copper site wi th  adsorbed 
copper dissolves in halide solution to inject  cuprous ion 
(or some other  reduced specie which can remove  Cu +? 
ions) into the electrolyte.  Par t ic ipat ion of this site is 
indicated by v i r tue  of the proport ional i ty  be tween  
cupric ion concentrat ion and electrode solubility. Also 
formed during this dissolution process is a soluble 
arsenic species, a sulfur-arsenic  residue and some fresh 
s inneri te  surface 

(ActS) (Cu) ads W C1- --> (CuC1) sol + (As2S3) residue 

-5 Cu6As4S9 -5 soluble arsenic [4] 

The involvement  of chloride ion in this reaction, due 
to its stabilizing influence on cuprous ion, accounts for 
the dependence of the Nernst ian slope on the chloride 
ion concentration. The s inneri te  so exposed can then 
proceed through the reactions i l lustrated by Eq. [1] 
and [2]. Since at least one of these involves electron 
transfer,  a slope greater  than 30 mV/decade  is obtained. 
The extent  of this react ion is dependent  upon cupric 
ion concentrat ion via the part icipat ion of the adsorbed 
copper sites in react ion [4], so that  the over -a l l  re -  
sponse of the electrode is dependent  upon cupric ion 
concentrat ion of the solution. Reaction [4] should lead 
to an eventual  deact ivat ion of the electrode in chloride 
solutions via the accumulat ion of the residue, and a 
deact ivat ion is observed. Fu r the rmore  this deact ivat ion 
should be less impor tant  in ni t ra te  solution due to the 
lower  solubili ty;  this is also observed. By the law of 
mass action it would  be expected, f rom Eq. [3], that  
deact ivat ion should take the form of lower ing sensit iv-  
i ty to low concentrat ions of cupric ion, and this is also 
observed. 

Summary 
Fusing arsenic trisulfide wi th  copper, cupric oxide, 

or cupric sulfide generates  an electronical ly  conductive 
glass which is sensitive to changes in cupric ion con- 
centrat ion over  the ranges of at least 10 -1 to 10-6M 
copper in molar  solutions of chloride, bromide, nitrate, 
and acetate. The electrochemical ly  active component  of 
the glass is apparent ly  "s inneri te"  (Cu6As4S9). Stable, 
Nernst ian responses were  obtained only after  the elec- 
t rode surface was etched in caustic and equi l ibra ted 
with  high (>10-3M) concentrations of cupric ion; ex-  
cessive oxidat ion of the surface (>  -5600 mV vs. A g /  
AgC1) decreased electrode sensi tvi ty to low levels  of 
copper ion concentration. 

In the presence of cupric ions, the electrode response 
was independent  of hydrogen  ion concentrat ion from 
ptI  2 to a value at which copper hydroxide  precipi ta-  
t ion takes place. Even  as copper precipi ta ted the elec- 
t rode Fotential  fol lowed the remaining copper in solu- 
tion unti l  the l imit  of detection of the electrode was 
reached. 

In ni t ra te  and acetate solutions the slopes of the 
potent ia l - log concentrat ion plots were  27 mV/decade ;  
for the 1,2, and 3M chloride and bromide solutions the 
slopes were  50 mV/decade ;  the slope in 0.1M KC1 was 
40 mV/decade.  The commercial  electrodes studied also 
showed differences in slope be tween  the ni t ra te  and 
chloride solutions. 

The response of the copper-arsenic  trisulfide elec- 
trodes were  independent  of s t i rr ing in the ni t ra te  and 
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acetate electrolytes. However  in chloride and in bro-  
mide solutions, s t i rr ing led to an increase in electrode 
potential.  St i r r ing dependencies were  also found for 
the commercial  electrodes studied but  in the opposite 
direction. 

The copper-arsenic  trisulfide electrodes did not re-  
spond to cuprous ion per se, or to the Cu + + / C u  + 
couple. No interference was found from Ca + +, Pb + +, 
Zn + +, Ni + +, or  Mn + +. Ferr ic  ion, when  present  in a 
ten fold excess, interferes;  Ag + also interferes.  

Qual i ta t ive studies of the electrode act ivat ion proc-  
ess indicated that  direct oxidation of the surface by 
cupric ion takes place fol lowed by two or more chemi-  
cal reactions be tween  cupric ion in solution and this 
oxidized surface. It is this final surface configuration 
which is involved  in cupric ion sensing. 
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ABSTRACT 

The Laplace transform solution of the unsteady state diffusion equation 
which describes the concentration gradients in a convectionless system has 
been compared to experimentally obtained values. The experimental values 
were obtained as multiple beam Fizeau-type fringes from an electrolysis cell 
which was also a Fabry-Perot interferometer using a laser as the light source. 
The electrochemical system was Zn/ZnSO4/Zn, at 0.5-0.05M concentration at 
room temperature at constant currents ranging from 1.0 to 0.i mA cm -2. 
At the middle ranges of times and current densities quite good agreement is 
found. In general the calculated and experimental values differed more than 
the expected experimental error. A "passivated" set of electrodes was used 
and gave much lower concentration changes for similar current densities than 
the normal electrodes. 

In Par t  I the effect of natura l  convection on concen- 
t ra t ion gradients and the potential  requi red  for a con- 
stant current  density was evaluated  (1). It was shown 
that  for ver t ical  electrodes natural  convection l imi ted 
the diffusion layer  to values of about 0.01-0.03 cm. In 
the anode over  cathode horizontal  e lectrode configura- 
t ion convection was evident  wi th in  15 sec for the low-  
est current  densities (0.37 mA/cm2) .  Again wi th  hor i -  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  Z n  a n o d e ,  Z n  c a t h o d e ,  c o n v e c t i o n l e s s  t r a n s p o r t ,  i n t e r -  

f e r o m e t r y .  

zontal electrodes the diffusion layer  constantly in-  
creased in depth wi th  t ime since no l imit ing process 
was present. In te r fe romet ry  was demonstra ted to be 
efficacious in detecting concentrat ion gradients and the 
effect of convection. In this par t  the convectionless 
system is considered. 

Measurements  of concentrat ion gradients at work ing  
electrodes have become reasonably common (2-4). In 
general, quite  good agreement  has been found be tween  
the concentrat ion calculated f rom the solution of the 
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differential  equat ion of Fick's second law due to Rose- 
brugh and Miller  (5) or variat ions of it (2) and the 
exper imenta l ly  determined values. Some anomalous 
results have been repor ted  (6): in par t icular  there  
seemed to be an abrupt  discontinuity at 0.07 cm elec- 
t rode separat ion of a plot of vol tage to main ta in  a 
constant current  density at a given electrode separa-  
tion for all electrode ar rangements  wi th  and wi thout  
convection. The first complete calculation of a concen- 
t ra t ion gradient  under  convectionless conditions (3) 
was for the system Cu/CuSO~/Cu and the agreement  
be tween  calculated and observed values was good at 
short t imes (i.e., ~15 sec). At longer  t imes (~150 sec) 
the order  of magni tude  was correct but  use of the ac- 
cepted t ransport  number  for the sulfate ion requi red  
that  a diffusion constant lower  than the accepted one 
be used. The diffusion constant der ived from old elec-  
t rochemical  methods (Sand's data) wi thout  al lowance 
made for ion-pai r  formation gave the best agreement .  

In the present work  on the Zn/ZnSO4/Zn system 
some anomalies were  anticipated because of the ex-  
pected pH changes [as calculated by Wagner  (7) and 
observed by Polukarpov  (8) ] at the electrodes and the 
amphoter ic  behavior  of zinc ion on e i ther  side of pH 7. 

In Par t  III anomalous results obtained for low Zn + + 
(metal  ion) concentrat ion will  be presented. In this 
part  exper imenta l  results for both anode and cathode 
are presented, but  only calculations for the cathode are 
discussed. The exper imenta l  concentrat ion changes are 
found not to be symmetr ica l  at the two electrodes, 
whereas  calculated results based on constant t ransport  
parameters  are. The differences be tween  the two elec-  
trodes are more marked  at lower  concentrat ion and 
hence will  be discussed more ful ly in Par t  III. In Par t  
III  anomalous results obtained for low ZnSO4 concen- 
t rat ion will  be presented. 

Experimental Arrangements 
The ZnSO4 stock solution was made from Analar  

grade mater ia l  and wate r  (four t imes dist i l led),  then 
tJtrated with  EDTA and diluted to the requi red  con- 
centration, and used at its natura l  pH. Concentrat ions 
were  checked once per  week for several  weeks unti l  it 
became obvious that  no change occurs in s toppered 
volumetr ic  flasks kept in the dark. Zinc 99.99% pure  
was donated by Cominco, Trail, Bri t ish Columbia. The 
t empera tu re  was 25 ~ _ 0.3~ 

The cell used was a modification (4, 9) of that  used 
in Par t  I, the distance be tween  electrodes, 2/, being 
0.3 cm which was the same as the thickness of elec-  
trode. The cell represented  a modified Fab ry -Pe ro t  
in te r fe romete r  which contained the solid Zn electrodes 
and the electrolyte.  The cathode was in horizontal  po- 
sition above the horizontal  anode. The l ight source was 
a He-Ne  1 mW laser, of 632.8 nm wavelength .  Refrac-  
t ive indices of the solutions at o ther  wavelengths  and 
pH's have  been published (10). Those at 632.8 nm were  
obtained using the laser and a precision Abb6 ref rac-  
tometer  (Table I) by a technique recent ly  publ ished 
(11). 

A constant current  was provided by a 6V lead acid 
ba t te ry  at 5/8th charge with  an externa l  var iable  re-  
sistance in series wi th  the cell whose resistance was 
always less than 200 ohms. The current  was moni tored  

Table I. Aqueous ZnSO4 refractive indices at 25~ and 632.8 nm 

On 
R e f r a c t i v e  S l o p e  , M -1 

Concentration, M i n d e x ,  n 0c 

0.000 1.33128 
0,0352 

0 .0125 1.33172 
0 .0297 

0.03 1.33224 
0 .0273 

0.2 1.33688 
0.0271 

0.25 1.33824 
0.0258 

0.50 1.34465 

by a vo l tmeter  wi th  i0 r ohms /V  input  resistance across 
a cal ibrated s tandard resistance of 100 ohms also in 
series in the circuit. Current  densities f rom 0.1 to 1 
m A / c m  2 in steps of 0.1 m A  were  invest igated at both 
0.5 and 0.05M. In ter ferograms were  recorded with  a 
35 mm camera. These were  then projected onto a plot-  
t ing table and hand drawn on large-size mi l l imeter  
graph paper at 50 and 100 t imes magnification. Fr inge 
per turbat ions were  conver ted to concentrat ion con- 
tours by the method previously outl ined (4). 

Theory 
The theory of e lectrolyte  concentrat ion near  working 

electrodes was worked  out by Rosebrugh and Mil ler  
in 1910 (5) using Four ie r  analysis methods. O'Brien 
published data on the Cu/CuSO4/Cu system obtained 
in ter ferometr ica l ly  (3) and compared these wi th  the 
values obtained using an expression based on a Laplace 
t ransform solution. 

A modified form of the solution which  is easier to 
analyze by inspection and is more  complete  wil l  now 
be presented. 

Fol lowing the rev iew of Tobias, Eisenberg, and 
Wilke (12), the rate of t ransfer  of ions in the x direc-  
tion taken perpendicular  to the working surface of a 
planar, horizontal  electrode is 

CU O~ OC + Nt ---- -- -- D -  VC [I] 
Ox Ox 

where  Nt is the total  rate of transfer,  gram ions cm -2 
sec-1;  C is gram ions cm-Z; U is mobili ty,  cm 2 sec -1 
V - l ;  ,I, _-- potential,  V; x is distance in direction of 
transfer,  cm; D is the diffusion constant for the salt 
der ived f rom conduct ivi ty  measurement ,  cm 2 sec-1;  
and V ---- veloci ty  for the s teady-sta te  conditions, cm 
sec -1. We el iminate  the th i rd  te rm by ensuring ex-  
per imenta l ly  that  V ---- 0 (exact ly horizontal  electrodes, 
cathode above) and the first t e rm by mul t ip ly ing  the 
second te rm by the t ransport  number  of the anion fol-  
lowing Newman  (13), resul t ing in a single te rm ex-  
pression corresponding to Fick's first law, or the 
s teady-s ta te  concentrat ion gradient.  For  semi-infini te 
diffusion (as contrasted to l imited diffusion) the 
achievement  of the steady state requires  ve ry  long 
times. Accordingly,  all exper iments  can be regarded  as 
being t ransient  (or unsteady state and Fick's second 
law applies) thus the solution of the equat ion 

OC O2C 
- -  = D [ 2 ]  
Ot Ox 2 

is sought wi th  the init ial  condition that  at t = 0, C --- 
Co at all x from 0 to 1 where  2 / i s  the distance be tween  
the two electrodes and the boundary  conditions that  
~C ---- 0, x = l, t > 0, and O~C/Ot = constant at x ----- 0, 
t > 0 .  

The electrochemical  form of the solution by Laplace 
t ransform method is for cathode concentrat ion changes 

2 I t -  
AC(x,t, = n F v ~  N/~[  ierfc ( (2l--x)~._k/~ ) 

X 
-- ierfc < ~ )  ] [3a] 

which for short  t imes (>  180 sec) reduces to 

- -2 I t -  z 
ACcx, t) = x / ~ i e r f c  ~ [3b] 

nF  2X/zD'~ 

in which I is the current  density, A / c m - 2 ;  n the charge 
on the ion; F the Faraday, coulombs; t the t ime in 
seconds; t -  the t ransport  number  of the anion; At the 
change in concentrat ion (M cm -3) ; and ierfc the com- 
p lement  of the in tegra ted  er ror  funct ion tabulated by 
Carslaw and Yaeger  as 2 ierfc. The previously pub-  
l ished equat ion had typographical  errors  and should 



372 J. E l e c t r o c h e m .  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  M a r c h  1974 

have  been ident ical  to [3b] after  algebraic simplifica- 
tion. 

For  a g iven s tar t ing or  bulk  concentrat ion Co, p ro-  
viding the current  density is not too high or the t ime 
of electrolysis not too long, both D and t -  will  be ef-  
fect ively  constant. These are real ly  the initial assump- 
tions made in the solution of Eq. [2]. At constant 
times, the expression then becomes the difference of 
the two ierfc terms. Under  the exper imenta l  conditions 
used, the first ierfc te rm is negligible at all t imes [the 
four  place table in Carslaw and Yaeger  (14) gives 
zero] while  for the second te rm it varies f rom 0.5643 to 
zero. The value of ! is 0.15 cm and obviously must  be 
at least an order  of magni tude  smaller  to affect terms 
containing it and hence change the results significantly 
(D is of the order  of 10 -6 and t ~ 180 and x is a lways 
small  re la t ive  to 1 under  these conditions).  

In the previous calculat ion of concentrat ion gradients  
in the Cu/CuSO4/Cu system it was shown that  if the 
accepted t ransport  numbers  were  used, a value of the 
diffusion constant der ived f rom electrochemical  mea -  
surements  wi thout  the usual al lowances for act ivi ty  
gave the best fit. Accordingly the values der ived from 
conductivit ies measured  by Harned and Hudson (15) 
using the we l l - known  expression 

R T k  
D = [5] 

F 2 

ra ther  than the values calculated by them a l low ing  for 
ion -pa i r  (15) forrnat ion were used. A test of the fit 
with  the larger  values obtained when  ion-pairs  are  
a l lowed for confirmed the sui tabi l i ty  of the choice a s  
would be expected. 

Since the var ia t ion in t empera tu re  be tween  runs was 
only -+-0.3~ (except  for the passivated run  and the 
one in Fig. 4) no al lowance was made in the diffusion 
constant, t ransport  number,  or ref rac t ive  index. 

Results and Discussion 
A very  large number  of runs were  done. A selection 

of results only is presented. Obviously wi th  a mot ion 
picture camera running at 16 fps vast ly more  data than 
are presented were  obtained, in fact about 10 f r am es /  
100 ft or one in 4000 was analyzed. Most of the results 
presented are those in which the electrodes were  as- 
sembled quickly  into the cell and the electrolysis  be -  
gun immediately.  If  this was not done a type of passi- 
vat ion occurred which wil l  be dealt  wi th  later.  

Data were  or iginal ly  taken  f rom in ter ferograms of 
the type shown in Fig. 1-3 and compared in tables 
against calculated values. Both sets of values were  
then plotted as log hC vs. x in Fig. 4. F igure  1 is for 
0.5M ZnSO4 pH 5.6 electrolyzed at 25.3~ at a current  
density of 0.5 m A / c m  -2, 21 = 0.3 cm. The optical anom-  
alies repor ted  by Ibl (16) and t rea ted  in detail  by 
Beach (17) resul t ing f rom unequal  refract ion of the 
l ight  in a concentrat ion gradient  would  cause only 
about 1% error  for the most severe  exper imenta l  con- 
ditions used or for most cases they  are smal ler  than 
other  exper imenta l  errors. F igure  2 is taken  from Fig. 
1 and shows the 120-sec concentrat ion contour. The 
calculated points are also plot ted to show that  the 
agreement  is quite  good. F igure  3 is the 90-sec concen- 
t ra t ion contour at 0.5M and 1 m A / c m  -2 current  den-  
sity and calculated points showing poor agreement,  the 
point at x = 0.01 cm being only about one-ha l f  the 
exper imenta l  value, and the x • 0.04 cm value  is also 
about one-ha l f  the exper imenta l ly  observed one. 

In  Fig. 4-8, the calculated values appear  as a curve  
since the e r ror  function is only par t ly  exponent ia l  in 
nature.  F igure  4 in which the exper imenta l  results at 
27~ 0.1 m A / c m  2, 5 • 10-2M at 30, 90, and 120 sec are 
compared wi th  the calculated values, the best fit of 
exper imenta l  points is two straight  lines, which also 
appears to be the case in Fig. 5, but  not in Fig. 6-8 
where  the concentrat ion is higher.  At 0.1 m A / c m  2 the  
long t ime va lue  is always above the calculated, at 90 
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Fig. 4. The logarithm of the concentration change at the cathode 
in 0.05M ZnS04 at  27~ and 0.1 mA/cm 2 at  various times. 

sec they are almost equal and at 30 sec the exper imen-  
tal values are considerably less. At the larger current  
density (0.5 mA/cm 2, Fig. 5) the 30-sec values are 
near ly  equal, the 90-sec values cross at about one-hal f  
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Fig. 5. The logarithm of the concentration change at the cathode 
in O.05M ZnS04 at 24.7~ and 0.5 mA/cm 2 at various times. 

way through the diffusion layer  (calculated being 
higher at the electrode), and at 150 sec the calculated 
values are everywhere  higher. 

In  Fig. 6-8, the higher concentrat ion solution (0.5M), 
the results have a more general  pattern.  At all short 
times (10 and 15 sec) the agreement  be tween calcu- 
lated and exper imental  values is quite good. At the 
longer times (30 and 90 sec) and higher current  densi-  
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in 0.5M ZnSO4 at 24.7~ and 0.1 mA/cm 2 at various times. 
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t ies  t he  a g r e e m e n t  de te r io ra tes ,  bu t  u s u a l l y  t h e r e  is 
a g r e e m e n t  at some dis tance,  t he  plots  e i t h e r  c ross ing  
(0.5 and  1.0 m A / c m  2) or  a p p r o a c h i n g  c lose ly  (0.1 m A /  
cm2). At  t he  longes t  t imes  s h o w n  (120 and  240 sec) 
th is  cond i t ion  st i l l  holds  for  t h e  l o w e r  C.D.'s e v e n  up  to 
240 sec fo r  0.1 m A / c m 2  bu t  t he  120-sec e x p e r i m e n t a l  
v a l u e  at x ---- 0 was  u n m e a s u r e a b l e  and  > 10-2M and  

shows  tha t  the  dep l e t i on  of t h e  i n n e r m o s t  l a y e r  is n o w  
p roceed ing  at a h i g h e r  r a t e  (and  w e l l  above  t h e  ca l -  
cu l a t ed  ra te )  t h a n  in  t he  o u t e r  par t s  of  t h e  diffusion 
layer .  

In  g e n e r a l  at l o w e r  concent ra t ions ,  at l o w  c u r r e n t  
densi t ies ,  and at  shor t  t imes  of  e lec t ro lys i s  n e a r  t he  
e lec t rode ,  the  a g r e e m e n t  is good, i.e., in t he  r a n g e  of  
5-10%. This  is g r e a t e r  t h a n  the  e x p e r i m e n t a l  e r r o r  e x -  
pec t ed  w h i c h  is e s t i m a t e d  to be  less t h a n  3% at the  
e l ec t rode  in al l  bu t  t he  l owes t  c u r r e n t  dens i t ies  at  the  
shor tes t  t imes  w h e r e  it  m a y  r e a c h  10% at  0.1 m A / c m  -2  
at less t h a n  30 sec. L a r g e  pe r  cent  dev ia t ions  at g r e a t e r  
d is tances  ar ise  because  the  l im i t  of  de t ec t ion  e x p e r i -  
m e n t a l l y  is of ten  r e a c h e d  b e f o r e  i e r fc  goes to zero  in 
t he  f o u r  p lace  table.  The  l imi t s  of  de t ec t ion  a re  t yp i -  
ca l ly  in  t he  r a n g e  of  10-SM, v a r y i n g  w i t h  t he  f r inge  
spac ing  w h i c h  is con t ro l l ed  b y  t h e  w e d g e  ang le  b e -  
t w e e n  the  i n t e r f e r o m e t e r ' s  flats. 

F i g u r e  9 shows the  concen t r a t i ons  o b s e r v e d  w h e n  an  
e l ec t rode  and  t h e  e l e c t r o l y t e  w e r e  in con tac t  fo r  about  
2 h r  b e f o r e  t h e  r u n  began.  T h e  so lu t ion  was  0.05M, 
p H  5.6 e l ec t ro lyzed  at 0.8 m A / c m  -2  at  26~ The  con-  
c en t r a t i on  g rad ien t s  a re  m u c h  less s teep  and  m u c h  less 
in tens ive .  I f  t he  a s sumpt ion  is m a d e  tha t  Zn (OH)2  was  
depos i t ed  on b o t h  e lec t rodes  by  the  r eac t ion  

Zn  -+- 2H20 --> Zn (OH).2 + H2 

and  tha t  t he  anode  r eac t i on  d u r i n g  e lec t ro lys i s  was  

7,n ~- 2 O H -  -> 2e + Z n ( O H ) 2 ,  and  the  ca thode  r e -  
o 

act ion  was  Z n ( O H ) 2  -I- 2e -> Zn ~ 2 O H - ,  and  if  one 
f u r t h e r  assumes  on ly  O H -  diffuses, tha t  its t r a n s p o r t  
n u m b e r  is about  0.80, and tha t  its diffusion cons tan t  is 
abou t  2.6 • 10 -5  cm 2 sec -1 ( O H -  s ing le  ion r e f r a c t i v e  
i n d e x  is about  5.15 c o m p a r e d  to 1/2Zn2+ at 0.305 w h i c h  
w o u l d  decrease  t he  r e f r a c t i v e  i n d e x  s l igh t ly  at t he  
pH 's  e x p e c t e d ) ,  t h e n  at x = 0, t ---- 90 sec, ACca]c : 
1.72 X 10 -3, and ACex, ---- 1.66 • 10-3M in r e a s o n a b l e  
ag r eemen t .  The  anode  a r m  of t he  c o n c e n t r a t i o n  g rad i -  
en t  beg ins  to increase  m a r k e d l y  b e t w e e n  600 and  1200 
sec of  e lect rolys is .  The  p H  w o u l d  be  e x p e c t e d  to in -  
c rease  at t he  anode  and  the  Z n ( O H ) 2  go into  so lu t ion  
as t he  h y d r o x i d e  c o m p l e x  as p r e v i o u s l y  o b s e r v e d  (18). 
The  ca thode  m e a n w h i l e  st i l l  shows  a l o w  c o n c e n t r a t i o n  
change.  I f  t he  sugges t ed  r eac t i on  is cor rec t  t h e n  for  
t h e r e  to be  s t i l l  some  Z n ( O H ) 2  on the  su r f ace  the  
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Fig. 9. The "passivation" of electrodes left in contact with the 
solution for 2 hr before electrolysis began, 0.05M at 26~ and 
0.8 mA/cm 2. 
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thickness at the beginning  of electrolysis must  have 
been at least 1000 molecular  diameters thick. 

Conclusions 
Even in a system exhibi t ing amphoterism the La- 

place t ransform (and Fourier  t ransform) solution ob- 
viously fits the exper imenta l ly  observed concentrat ion 
gradients. An unexpla ined  but  previously observed 
(19, 20) sudden change in agreement  with predicted 
values occurs often at about 0.03 cm distant from the 
electrode at longer times. An electrode, assumed pas- 
sivated by  long times of immersion (by for example a 
slow, film producing, corrosion reaction) in  the elec- 
trolyte before electrolysis began has much lower con- 
centrat ion gradients and gives reasonable agreement  
with calculated values if Zn (OH)2 is assumed to be one 
of the react ing substances at each electrode. 
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The Use of D-C Resistance and A-C Impedance 
Measurements on Discharged and Undischarged 

Cathodes as a Measure of the Relative Electronic 
and Ionic Conductance 

M. L. Kronenberg* 
Union Carbide Corporation, Battery Products Division, Cleveland, Ohio 44101 

Dry cell cathodes are normal ly  compacted mixes 
containing electronically conducting powders (i.e., 
acetylene black and graphite plus MnO~) and ioni-  
cally conducting solutions (i.e., solutions of NH4C1- 
ZnC12 or KOH).  In  a t tempting to unders tand  the mode 
of discharge of cathodes, it is helpful  to know how 
the conductivi ty of this mixture  is shared by the elec- 
t ronical ly and ionically conducting phases in  fresh and 
in  discharged cells. In  this invest igat ion a method was 
devised to dist inguish between ionic and electronic 
conductivity. The system was regarded as an electron- 
ically conducting mat r ix  (MnO2 + acetylene black 
and /or  graphite) permeated by an ionically conduct-  

* Electrochemical  Society Active Member.  
K ey  words:  electronic conductivi ty,  ionic conductance,  Leclanch6 

cells, alkaline m a n g a n e s e  d i o x i d e  cells, mercur ic  oxide cells. 

ing phase (solutions of ZnC12 + NH4C1 or KOH).  The 
two types of conductivi ty were considered to be in 
parallel. A simple, electrical model of a cathode, there-  
fore, could be approximated by a p la t inum wire im- 
mersed in a conducting solution. The d-c resistance 
of the wire would be independent  of whether  or not 
the wire was immersed in  electrolyte as long as no 
Faradaie reaction takes place. Total resistance (ionic 
~- electronic),  as measured by an a-c bridge, depends 
on whether  an ionic path is in parallel  with the elec- 
tronic one, i.e., whether  the wire is immersed or not. 
In  the work reported here, measurements  were made 
on fresh and discharged cathodes, not on complete 
cells. These were obtained from commercial "D" size 
Leclanch6, a lkal ine  MnOs, and mercuric  oxide cells. 
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Fig. 1. Experimental arrangement for resistance measurements for Leclanch~ cell cathodes. A, Bobbin; B, graphite cloth; C, platinum 
foil; D, adjustable clamps. 

Exper imental  
Cathode resistance was always measured  across the 

thickness of the cathode. For  a Leclanch~ cell bobbin 
(see Fig. 1, point A),  this was be tween  the center  
carbon rod and graphite cloth (point B) held under  
pressure by plat inum foil (point C). The plat inum 
foil was clamped with  adjustable  r ing clamp (point 
D).  This procedure was evolved af ter  t rying many  
others that  were  not sat isfactory because too much 
contact resistance was included in the measurement .  

The components used for electrical  measurements  
on alkaline MnO2 and mercur ic  oxide cells are i l lus- 
t ra ted in Fig. 2. For  these cells, graphi te  cloth (Fig. 
2, point C) was pressed into the inside cathode sur-  
face (point D) by a un i formly  expanding sleeve (point 
B) and tapered mandre l  (point A).  The s leeve had 
to be gold plated because steel wool and platinum, 
which were  t r ied first, showed a large f requencey  de- 
pendence when  resistance was measured  with  an a-c  
bridge. Vir tua l ly  no f requency  dependence is noted 
with  this present  procedure.  

Cells re fe r red  to as discharged Leclanch6 and alka-  
l ine MnO~ were  discharged at a high rate  in excess 
of their  ra ted capacities to below 0.7V. Leclanch~ 
cathodes were  discharged continuously through a 20 

Fig. 2. Experimental arrangement for resistance measurements on 
alkaline MnO2 and mercuric oxide cell cathodes. A, Tapered man- 
drel; B, expanding sleeve; C, graphite cloth; D, inside cathode sur- 
face. 

ohm resistor for 73 hr  (231 A -m in ) .  Alkal ine MnO~ 
cells were  discharged through a 10 ohm resistor for 
115 hr  (680 A-min ) .  Mercuric oxide cells were  dis- 
charged through a 2 ohm resistor to about 1.08V for 
51/4 hr  which corresponds to about 25-30% of their  
rated capacity (120 A-rain) .  Mercuric  oxide cells were  
not completely  discharged because excessive m e r -  
cury product would be lost f rom the discharge site, and 
anode removal  becomes difficult wi th  complete dis- 
charge. 

The total  resistance (RT) was measured  using a 
Wheatstone resistance bridge. A schematic of this 
bridge is shown in Fig. 3. The a-c signal input  to the 
bridge was normal ly  100 mV or lower  and resistance 

J ~ l  H. P. Model 200 CD 
Audio Oscillator 

G. R. Type 578-B 

Ratio A r r e s t .  ~ " Cathode 

/ 

• ~2-fl p' 
JJ~ 

Cathode-ray Oscilloscope 
Tck/roni• 535A 

Fig. 3. Bridge circuit used for measurement of total resistance 
(RT). 
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measurements  were  obtained at f requencies  ranging 
f rom 1 to 10 kHz. Frequency  independence was used to 
reassure the exper imente r  that  no unexpected  changes 
had taken place along the collector-cathode interface, 
such as openings developing in the gold-pla ted  plat i -  
num which would  have  led to f requency  dependence 
as was previously noted. 

Electronic resistance (Re) was obtained f rom the 
vo l tage-cur ren t  slope (Eli) in a potent ial  sweep below 
the Faradaic  range (no appreciable reaction, 0-100 
mV).  The slope was constant, re t raceable  up and 
down, and independent  of sweep rate  over  the range 
1-50 mV/sec.  A Physical  Dynamics Corporat ion po- 
tentiostat  and auxi l iary  voltage scanning unit  were  
used for the potential  sweep. The results were  re-  
corded on a Honeywel l  520 XY recorder.  A typical  
sweep used to obtain Re on a Leclanch6 cathode is 
shown in Fig. 4. 

Ionic resistance, Ri, was calculated f rom RT and Re 
using a paral le l  circuit  analysis as follows 

1 1 1 
= [1] 

R i  R T  R e  

o r  

Ri ~- ReRT/(Re -- RT) 

The ratio of electronic conductance to ionic con- 
ductance (Ke/~i) is equal  to Ri/Re. 

Experimental Results 
Pre l iminary  exper iments  were  conducted wi th  a 

pla t inum wire  immersed  in 9N KOH and in ZnC12- 
NH~C1 solutions to test the model.  The electr ical  
equivalent  of an MnO2 bobbin was approximated  by 
this technique before beginning work  on cathodes 
from the three  different types of cells. 

To provide an example  of the way in which the 
data were  tabulated, results of resistance measure -  
ments  on fresh and discharged alkal ine MnO~ cathodes 
are summarized in Tables I and II, respectively.  In 
Table III, the average values for Re, Ri, and Ke/Ki ex-  
pressed to the 95% confidence l imit  are summarized 
for six different categories of fresh and discharged 
cathodes. 

Fresh Leclanch6 cathodes have an e lec t ronic- to-  
ionic conductance ratio of 3.37; whereas, discharged 
Leclanch6 cathodes have a value close to uni ty  for 
this same ratio. Electronic resistance increased by a 
factor  of 3-4 upon heavy  discharge, whi le  ionic re-  
sistance did not change significantly. 

0 .28  
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0 .24  
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O. ZO 

O. la _ 

0 .16  

~ 0 .14  -- 

O. IZ ~D 
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.06  
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.02  

I I I I I I 
.01 .0Z .03 .04  .05 .06  

P o t e n t i a l  Across  Bobbin {Volts) 

Fig. 4. Example of electronic resistance determination (Re) on a 
Leclanch~ cathode from potential sweep data. 

Table h Resistance measurements on ten undischarged alkaline 
Mn02 cathodes 

Cel l  No. R r  R~ 

ReRT 
Ri 

Re -- RT 

123 0.05 O.lOO 0.100 
126 0.07 0.123 0.162 
129 0.05 0.085 0.121 
131 0 .04 0.082 0.112 
133 0.05 0.076 0.146 
134 0.06 0.104 0.142 
135 0.05 0.081 0.131 
136 0.04 0.063 0.110 
137 0.05 0.075 0.150 
138 0.04 0.076 0.084 

Table II. Resistance measurements on ten discharged alkaline 
Mn02 cathodes 

Cel l  No. RT Re R |  

159 0.22 0.828 0.300 
160 0.25 1.123 0.322 
161 0.26 1.639 0.338 
162 0.22 1.175 0.271 
163 0.28 1.127 0.372 
164 0.24 1.189 0.301 
165 0.24 2.140 0.270 
166 0.29 1.757 0.347 
167 0.25 2.095 0.284 
168 0.24 1.640 0.281 

Table IIh Electronic and ionic conductance measurements on 
LecMnch~, alkaline Mn02, and mercuric oxide cathodes 

D e s c r i p t i o n  Re, o h m s  R i ,  o h m s  R i / R e  = Ke/Ki 

L e e l a n c h 6 ,  f r e s h  0.233 - -  0.014 0.786 +-- 0.141 3.37 ~ 0.85 
L e c l a n c h 6 ,  c o m p I e t e l y  

d i s c h a r g e d  0.890 • 0.151 0.830 ----- 0.165 0.932 -+- 0.317 
A l k a l i n e  MnO_o, f r e s h  0.0845 • 0 .014 0.126 +--- 0.019 1.49 ~- 0.14 
A l k a l i n e  MnO2, c o m -  

p l e t e l y  d i s c h a r g e d  1.471 ~+ 0.319 0.309 - -  0.025 0.210 +__ 0.056 
M e r c u r i c  ox ide ,  f r e s h  0.138 _+ 0.019 0.069 • 0.010 0.527 _ 0.119 
M e r c u r i c  ox ide ,  p a r -  

t i a l l y  d i s c h a r g e d  0.087 ~ 0.023 0.119 --+ 0 .026 1.367 + 0.052 

Alkal ine MnO~ cathodes have an electronic- to-  
ionic conductance ratio of 1.49 before discharge and a 
ratio of 0.2 af ter  heavy  discharge. While there  was 
some change in ionic conductance, it is seen that  the 
electronic resistance increases by more  than  one order  
of magni tude  upon heavy discharge. 

Fresh mercur ic  oxide cells had an e lect ronic- to-  
ionic conductance ratio of 0.527. With par t ia l ly  dis- 
charged cells this ratio increased to 1.367. 

Discussion of Results 
The sharp increase in electronic resistance upon dis- 

charge for both alkal ine MnO2 and Leclanch6 cells is 
in agreement  with the we l l -known  fact that  the re-  
sistivity of manganese oxides increases as reduct ion 
proceeds. Results in this current  work  suggest that  
e lectronical ly conducting powder  (i.e., acetylene black 
and graphite)  in the cathode mix  do not form contin- 
uous paths across the width  of the cathode in paral lel  
wi th  MnO2 but  that  most of thei r  conductance occurs 
in series wi th  MnO2 particles. Otherwise the increase 
in manganese oxide resistance upon discharge would 
not change the over -a l l  electronic resistance. 

The decrease in electronic resistance for mercur ic  
oxide cathodes upon discharge is due to formation of a 
higher  conduct ivi ty  reduct ion product (Hg).  Similar  
results would  probably be characterist ic of s i lver  oxide 
cathodes but  these have not yet  been tried. 
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Electrochemical Oxidation of Secondary Amines 
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The s imilar i ty  in in termediates  [I] postulated in the 
electrolyt ic  oxidation of aliphatic amines (1) and in 
the Hofmann-Loeff ier  react ion of N-haloamines  (2, 3) 
suggested the present invest igat ion of the electrolytic 
oxidat ion of d ibutylamine  and methyl i sohexylamine  as 
a possible method  of prepar ing intermediates  which 
could be conver ted into pyrrol idines 

+ 
(C4Hg)2NH + --> C4H9NH2CH2CH2CH~CH2 

[ I ]  [ I I ]  
4- 

C4H9NH2CH2CH2CH2CH2X 
[II1] 

Differences be tween  the electrolytic method  and the 
Hofmann-Loeff ler  reaction would occur in the th i rd  
step of the reactions; the radical formed by rea r range-  
ment  of [I] would  requi re  an external  reagent  in the 
electrolysis to produce a species [III] which could be 
converted to a pyrrol idine by base. Electrolyses were  
therefore  studied in methanol  at a carbon anode and 
in the presence of bromotr ichloromethane.  The former  
conditions were  invest igated to determine  whe the r  the 
radical [II], if formed, would be conver ted  to a car-  
bonium ion that  would  react wi th  methanol  and form 
a methyl  ether. Cleavage of this product  wi th  hydro-  
gen bromide would give [III] (X ~ Br) .  Electrolysis 
in the presence of bromotr ich loromethane  would  lead 
to this product ([III] ,  X ---- Br) direct ly  by an ab- 
straction of a bromine atom from this compound by 
[ I I ] .  

Secondary amines (1) studied electrolyt ical ly  thus 
far  contained alkyl groups which were  unsui table  
sterical ly (4) for the hydrogen abstraction step neces- 
sary for this series of reactions. 

Experimental 
Voltammetr ic  studies were  carr ied out wi th  a Beck-  

man Electroscan 30 using a rotat ing micropla t inum 
electrode or a s ta t ionary 10H pencil. The cathode was 
a pla t inum wire  mesh cyl inder  and the reference elec-  
t rode was a si lver wire  in a 0.1M solution of si lver 
ni t ra te  in 90% methanol.  I r revers ib le  oxidat ion waves 
were  found for d ibutylamine  at 0.70V (AglAg+)  at 
p la t inum and 0.72V (AglAg +) at graphite,  and for 
methyl i sohexylamine  at 0.62V (AglAg +) at graphite.  

Large scale electrolyses were  carr ied out in two 
types of cells. A 600 ml Berzelius beaker  was fitted 
with  a stirrer, p la t inum cathode (foil cylinder, 1.5 in. 
high and 1 in. in d iameter) ,  p la t inum wire  screen (2 
in. high, 0.5 in. in diameter)  anode, or graphi te  rod 
(5.5 in. high and 1 in. in diameter)  anode, and a 
AglAg+ (0.1M) reference  cell in the appropriate  sol- 
vent. The reference  cell was separated from the cell by 
a s intered glass disk. No diaphragm was employed be-  
tween  the anode and cathode. 

The second cell was s imilar  to the f low-through cell 
used by Rfietschi and Trf impler  (5) wi th  the fol lowing 
modification. A graphi te  fiber cylindrical  anode (0.8 in. 
high, 1.2 in. in diameter)  was placed on the s intered 
glass disk and the p la t inum cathode (disk, 0.8 in. in 
diameter)  was positioned above the anode. 

Electrolytic Oxidation of Dibutylamine 
(i) A solution of d ibutylamine (10 ml, 0.059 mole)  

in me thano l -wa te r  (90: 10) (400 ml) containing benzyl -  

* Electrochemical  Society A c t i v e  Member .  
Key  words: cation radicals, Hofmann-Loef i~er  reac t ion ,  d i s p r o p o r -  

t i ona t ion .  

t r ime thy lammonium tetraf luoroborate (19.0g, 0.08 
mole)  was electrolyzed in the first cell at a p la t inum 
anode and at a constant potent ial  of +0.9V using a 
PAR Model 173 automatic potentiostat.  The initial 
current  of 0.9A decreased to 0.75A after  5 hr  of elec- 
trolysis. A plot of current  v s .  t ime corresponded to the 
uti l ization of 2.5 electrons per molecule  of dibutyl-  
amine. The resul t ing solution was acidified with  dilute 
hydrobromic acid and the methanol  was removed.  The 
residue was refluxed with  concentrated hydrobromic  
acid for 6 hr and then made basic wi th  concentrated 
sodium hydroxide.  The resul t ing solution was steam 
distil led until  the distil late was neutral .  The distil late 
was acidified with  12N hydrochlor ic  acid, evaporated 
to dryness, and the amines were  l iberated wi th  10% 
sodium hydroxide  and t rea ted  with  p- toluenesulfonyl  
chloride, and then dilute acid. Ext rac t ion  of the sul-  
fonamides wi th  ether  was fol lowed by removal  of the 
e ther  and chromatography on silica gel using benzene 
and benzene-e thy l  acetate mix tures  as eluants. The 
fol lowing p- to luenesulfonamides  were  isolated and 
characterized by thin layer  chromatography (tlc) mi-  
gration times and comparison of infrared spectra wi th  
authent ic  samples: N-bu ty l (b i s )p - to luenesu l fonamide  
(0.25g, 1.7 %), N,N-d ibu ty l -p- to luenesu l fonamide  (8.8g, 
52.5%), N-bu ty l -p - to luenesu l fonamide  (2.88g, 22.6%), 
N-methy l -p - to luenesu l fonamide  (0.29g, 3.4%), p- to l -  
uenesulfonamide (0.44g, 5.1.%). 

The hydrochloric  acid solution upon basification and 
extract ion with  pentane gave a mix ture  of te r t ia ry  
amines (0.27g). Examinat ion  by vapor  phase chroma-  
tography (vpc) using a 6 ft X Ys in. column packed 
with  15% Carbowax 4000 on 100-120 mesh Chromosorb 
P indicated the presence of only trace amounts  of 
benzyld imethylamine  and dibutylmethylamine.  Ident i -  
fication was made by comparison of migra t ion  t imes 
with  those of known samples. No 1-butylpyrrol id ine  
was present. 

The residue from the steam disti l lation was ex-  
t racted with ether  and gave a b rown oil (0.04g) which 
by vpc and tlc analyses was shown to be a mix tu re  and 
was not invest igated fur ther  because of the small 
amount  present. 

Electrolysis  of a s imilar  solution at a carbon anode 
gave identical  products. The te r t ia ry  amine mix tu re  
(0.38g) contained d ibu ty lmethy lamine  and benzyldi-  
methy lamine  in a ratio of 60: 40. 

( i i )  A solution of d ibutylamine  (10 ml, 0.059 mole)  
and bromotr ich loromethane  (10 ml) in 90% methanol  
(100 ml) containing t e t r abu ty lammonium tetraf luoro-  
borate (6.58g, 0.02 mole) was passed through a flow- 
through cell at uncontrol led potential.  The current  ob- 
served was 0.6A at an ex te rna l ly  applied potent ial  of 
30V. The products obtained were  similar  to those given 
in (i) above. The te r t ia ry  amines (0.2g) contained 
traces of d ibuty lmethylamine  and t r ibutylamine.  

The use of methy lene  chloride as a solvent  in this 
electrolysis gave similar  products. This electrolysis had 
to be in ter rupted  twice to r emove  a black substance 
which coated the cathode. 

Electrolytic Oxidation of N-IsohexyI-N-methylamine 
I sohexylmethylamine  (6) (7.4g) was oxidized at a 

carbon anode in 90 % me thano l -wa te r  (400 ml) contain-  
ing 0.2M benzyl t r Jmethylammonium tetraf luoroborate 
at a constant potential  of ~-0.80V in a cell s imilar  to 
that  used in part  (i) above for dibutylamine.  The ini-  
tial current  of 0.66A decreased to 0.05A after  21 hr. A 
plot of current  v s .  t imes corresponded to the use of 

378 
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slightly more than  one electron for each molecule of 
amine. The resul t ing solution was t reated in a similar  
fashion to that  given in  part  (i) above for d ibut ly-  
amine. The mix ture  of amines obtained was extracted 
with pentane. Removal of the pentane gave a yellow 
liquid (5.10g), which, when  examined by gas chroma- 
tography, did not contain any  of the desired pyrroI-  
idine. Disti l lation of the oil gave 2.5g of a clear l iquid 
which was subjected to a Hinsberg separation; no 
ter t iary  amines were present. Two toluenesulfonamides 
were isolated and identified as isohexyl(bis)toluene- 
sulfonamide (0.95g) and N-methy l -N- i sohexyl to luene-  
sulfonamide (3.22 g). 

Isohexyl(bis)toluenesulfonamide was a white solid 
which mel ted at 91.5~176 after crystall ization from 
hexane;  in f ra red(Nujo l )  8.60~ (SO2) ; nmr(CDCl~) 5 
0.80(d, 6H, C(CHs).2, J ~ 6 cps), 0.90-1.90(m, 5H, 
CHCH~CH2), 2.42 (s, 6H, ARCH3), 3.68 (t, 2H, NCHf, J -- 
8 cps), 7.33(d, 4H, C6H2, J ---- 8 cps), 7.94(d, 4H, C6H2, 
J _-- 8 cps);  mass spectrum m/e  338 (M-CsHll) ;  254 
(M-CH3C6H4SO~). 

Analysis.--Calculated for C20H27NS204: C, 58.65; H, 
6.65; N, 3.42. Found:  C, 58.68; H, 6.66; N, 3.44. 

N-Methyl-N-isohexyltoluenesulfonamide was a col- 
orless viscous oil; in f ra red(nea t )  8.72~(SO2); nmr  
(CDC13)8 0.86(d, 6H, C(CH3)2, J ---- 6 cps), 1.00-1.70 (m, 
5H, CHCHfCH2), 2.40(s, 3H, ARCH3), 2.70(s, 3H, 
NCH3), 2.97(t, 2H, NCHf, J - :  6 cps), 7.34 (d, 2H, 
C6H2, J ~ 8 cps), 7.70(d, 2H, C6H2, J -~ 8 cps); mass 
spectrum m/e  269(M). 

Analysis.--Calculated for C14HfaNSO2: C, 62.41; H, 
8.60; N, 5.20. Found:  C, 62.66; H, 8.52; N, 5.25. 

Benzyltrimethyiammonium tetraflueroborate.--A so- 
lut ion of 40% benzy l t r ime thy lammonium hydroxide in 
methanol  (208g) was t reated with 48% fluoroboric 
acid (92g) and the resul t ing solution was evaporated 
to dryness using reduced pressure. The addit ion of 400 
ml of benzene followed by disti l lat ion to remove water  
gave a solution which upon cooling gave yellowish 
crystals (120g). Recrystall ization from 1:1 e thanol-  
ethyl  acetate gave white needles mel t ing  at 132~176 

Anatysis.--Calculated for C10H16NBF4: C, 50.66; H, 
6.80; N, 5.91. Found:  50.53; H, 6.70; N, 5.95. 

Results and Discussion 
Electrolysis of d ibuty lamine  in  90% methanol  at 

p la t inum and graphite at controlled and uncontrol led 
potentials in an undivided conventional  cell using 
benzy l t r ime thy lammonium tetrafluoroborate as the 
support ing electrolyte gave butylamine,  methylamine,  
and ammonia  with traces of methy ld ibu ty lamine  and 
benzyld imethylamine  as products. The oxidation of 
methyl isohexylamine,  which would form a cation 
radical more susceptible to rear rangement  because of 
the ter t iary  hydrogen present, gave main ly  isohexyl-  
amine at a graphite anode. 

These results indicated that  the cation radical [l] 
was reacting with the parent  amine, or with the meth-  
anol before it could rearrange,  and forming the di- 
buty lamino free radical  [IV] 

2 (C4H9) 2N' "~ (C4H9)2NH T CH3CH2CH~CH--NC4H9 
[IV] [V] 

This radical [IV] undergoes a bimolecular  dispropor- 
t ionat ion to d ibuty lamine  and the Schiff's base IV] 
(7). Hydrolysis of the Schiff's base IV] would form 

bu ty lamine  which by  a s imilar  sequence of reactions 
would form ammonia.  This type of disproportionation 
occurs only to a slight extent  in the Hofmann-Loeffler 
reaction because of the strong acids used as solvents. 

The use of an undivided cell did not complicate the 
products obtained at the anode. Reduction of the sup- 
port ing electrolyte at the cathode would produce t r i -  
methylamine  and toluene as the ma in  products with 
benzyldimethy]amine  and methane  as side products. 
The oxidation of these ter t iary  amines occurs at ap-  
proximately the same point as that of d ibuty lamine  
and at more positive potentials than  that  of isohexyl- 
methylamine.  The coulometric analysis for the oxida- 
t ion of d ibuty lamine  was therefore high and that  for 
i sohexylmethylamine corresponded to the use of one 
electron per molecule of amine. 

The source of the trace amounts  of methy lamine  and 
methyld ibu ty lamine  isolated is not actual ly known;  
part icipation of methanol  or its conjugated acid as a 
methyla t ing agent is implied. 

In  order to minimize the effect of the amine on the 
oxidation product [I], the electrolysis was carried out 
in a modified f low-through cell (5) us ing a graphite 
fiber anode and a p la t inum cathode placed above the 
anode. The t)roducts from dibuty lamine  in this cell 
were again butylamine ,  ammonia, and traces of di-  
bu ty lmethy lamine  indicating that the methanol  was 
basic enough to convert  [I] to [IV]. Subst i tut ion of 
methylene  chloride for the methanol  did not aid in the 
stabilization of the cation radical [I] and bu ty lamine  
was again the ma in  product. 
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ABSTRACT 

Oscillatory interface instabi l i ty  associated wi th  const i tut ional  supercooling 
was  established dur ing growth of germanium single crystals from gal l ium- 
doped melts by the Czochralski technique. The wavelength and phase velocity 
of the instabi l i ty  were de termined and found to be consistent with theory. The 
effects of pul l ing and rotat ion rates on oscillatory instabi l i ty  were quan t i t a -  
t ively correlated with the interface stabil i ty theory. It was shown that  dur ing 
rotat ional  pul l ing under  conditions leading to consti tut ional  supercooling, the 
destabilizing effects of rotat ion dominate its stabilizing effects for moderate  
rates of rotat ion in  the presence of thermal  asymmetry.  

During crystal pul l ing from a doped melt, the region 
ahead of the growth interface may become consti tu-  
t ional ly supercooled if the dis tr ibut ion coefficient of 
the solute differs from one. The original  cri terion for 
consti tut ional  supercooling of Rut ter  and Chalmers 
(1) and Til ler  et al. (2) was derived from static con- 
siderations. Consti tut ional  supercooling dur ing crystal 
growth from stirred melts  was first investigated by 
Hurle  (3). Dynamic theories for small per turbat ions  
were subsequent ly  developed in the l inear  approxima-  
t ion by Mullins and Sekerka (4) and by Voronkov 
(5). Calculations of the conditions leading to insta-  
bi l i ty of solid-l iquid interfaces have recent ly received 
considerable a t tent ion (6-13). t n  these investigations 
the melt  was considered to be s tat ionary wi th  diffusion 
being the only means of mass t ransport ;  convection 
effects were excluded. Hurle  (13) considered the ef- 
fects of convective mixing  of solute in  the melt  (ex- 
pressed in terms of boundary  layer  thickness) and 
concluded that  the spatial f requency of the first ap- 
pearing instabi l i ty  is a funct ion of convective mixing. 
Delves (14, 15), in a recent analysis of interface sta- 
bi l i ty  dur ing  growth from st irred melts, has predicted 
oscillatory behavior  of the growth interface for con- 
vection controlled solute t ransport  encountered in 
Czochralski growth. Some exper imental  results con- 
sistent with this theoretical  t rea tment  have been re-  
ported (16). 

In  the present  paper a detailed analysis of an ex- 
per imenta l  invest igat ion on interface instabi l i ty  dur ing 
Czochralski growth is reported and discussed in the 
l ight of the prevai l ing theoretical models. 

Experimental Procedure 
Single crystals of germanium were grown in  the 

<111> direction by the Czochralski technique from 
gal l ium-doped melts. The pul l ing rate, the rotat ion 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
1 P r e s e n t  addres s :  A l l i e d  C h e m i c a l  C o m p a n y ,  P.O. Box  1021R, 

M o r r i s t o w n ,  New J e r s e y  07960. 
Key  words :  i n t e r f ace  i n s t a b i l i t y ,  g e r m a n i u m ,  c o n s t i t u t i o n a l  supe r -  

cool ing ,  c rys ta l  g rowth .  

rate, and the dopant concentrat ion in  the melt  were 
adjusted so that the growth interface came to the 
verge of instabi l i ty  at some point  dur ing growth. The 
diameter  of the crystals was main ta ined  be tween  1.5 
and 2 cm over a length  of 4-6 cm. The effects of pul l ing 
rate and rotat ion rate were studied in  the range of 
2.9-6 cm/h r  and 13-70 rpm, respectively. The crystals 
were cut along the growth axis; the sections were 
polished (0.06 ~m particle size a lumina)  and chemi- 
cally etched (1.5 min  in 1 part  HF, 1 part  H202, and 
2.5 parts water, by volume) to reveal  impur i ty  hetero- 
geneities which were studied with interference contrast 
microscopy. 

Theory 
The theory of interface ins tabi l i ty  for a two-com- 

ponent  system solidfying with p lanar  front under  con- 
ditions of consti tut ional  supercooling has been devel- 
oped by a number  of investigators. If r (x, t) describes 
the shape of the per turbed  interface, it can be ex-  
pressed by a Four ier  integral  (12) 

and 

1 I ~  ebx #o(~.,) r = - e tf(~) d~ [1] 
2~ 

- -  =_ v - - f ( ~ )  [2] 
r 

where r is the Fourier  t ransform of the ini t ia l ly  
per turbed  shape of the interface, 4~ is the Four ier  
t ransform of r and ~ is the spatial f requency associ- 
ated with the per turbat ion;  f(~) is not s t rongly t ime 
dependent,  provided the system is just  on the verge of 
instabi l i ty  (12). 

A stabil i ty cri terion can be established based on the 
values of f(~) ; it can be positive, negative, or complex 
corresponding to enhancement ,  decay, or oscillation of 
a perturbation,  respectively. On the basis of this anal -  
ysis the stabil i ty cri ter ion derived for systems with 
rotat ional  s t i rr ing takes the form (15) 

380 
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K1G1 Jr KsG8 D 
> S ( - -  - - )  1/30.75 [3] 

(K1 Jr Ks)Gl  v 

where K1 and Ks are the thermal  conductivities of the 
l iquid and the solid, respectively; G1 and Gs are the 
thermal  gradients near  the interface in  the l iquid and 
the solid; v is the kinematic  viscosity of the melt ;  D 
is the diffusion coefficient of the solute in the melt ;  
and S is the const i tut ional  supercooling parameter  
defined as 

Cl--Cs I dT I mGc 
s -  -D- ==- 

- -  C-n 
V 

- - ,n (1  - -  k)VCo 
= [4] 

G1D[k Jr (1 -- k )exp  -- 5V/D] 

where C1 and Cs are the impur i ty  concentrat ions in  
the l iquid and the solid, respectively, near  the in te r -  
face; V is the ins tantaneous microscopic growth rate;  
m is the slope of the l iquidus in the phase diagram; k 
is the equi l ibr ium distr ibut ion coefficient; Co is the 
impur i ty  concentrat ion in  the bu lk  of the melt ;  and 

is the thickness of the boundary  layer. Gc is the 
concentrat ion gradient  in  the l iquid just  ahead of the 
advancing interface given by  

--  (1 -- k)VCo 
Gc - [5] 

D[k Jr (1 -- k) exp --SV/D] 

Thus, the stabil i ty cri terion becomes 

--m(l--k)VC~ t D I 1 / 3 - -  0.75< K1G1jrKsGs 
D[k Jr (1  - -  k )e  -~v/D] v (K1 J r  K s )  

[6] 

If the pul l ing rate Vo, and the impur i ty  concentra-  
tion, Co, in  the melt  are adjusted so that  the system is 
at the verge of instabi l i ty  (i.e., l e f t -hand  side of in-  
equali ty (Eq. [6]) just  exceeds the r igh-hand  side), 
then during rotat ional  pul l ing the instantaneous micro- 
scopic growth velocity (17), V, is given by 

de 
9" = Vo(1 -- a cos 2~Rt) Jr ~ [7] 

dt 

where a = 2~RST/G1Vo; hT is the tempera ture  var ia-  
t ion for a given point  at the growth interface over 
the rotat ional  cycle; and R is the rotat ional  rate. The 
first term (Eq. [7]) represents the growth rate fluctua- 
tions associated with the rotat ional  pul l ing in a ther-  
mal ly  asymmetric  system; 2 the second term is the 
derivative of the per turbat ion  (Eq. [ 1 ] ) w h i c h  arises 
from the instabi l i ty  due to consti tut ional  supercooling. 
This second term is relat ively small and associated 
with a spatial frequency. 

Growth interlace shape in time and space.--For a 
per turba t ion  of constant spatial frequency, by  in te -  
grat ing Eq. [1] and employing a delta function, one 
obtains 

1 
~b ( x , t )  : r  ( ~ )  e i ~  f (~) t  [8 ]  

2~ 

If 1(~) is complex, say, J(~) = pj(~) = Re[pj(w)] Jr 
iIm[pj(~)], then the shape of the growth interface is 
given by either the real or imaginary  parts of Eq. [9] 

r : ~o(~)eRe[p/~ {~X + Im[pj(w)]t) [9] 

where r : r  [The notat ion adopted here 
is used by Delves (15).] If the growth rate is constant 
and the system is on the verge of instabi l i ty  (i.e., in-  
equality, Eq. [6], is just  reversed and Re[pj(~)] is 
small or zero) the general  equation represent ing the 
one-dimensional  growth interface moving in  the z 

The effect of s inusoidal  t empera tu re  fluctuations on the mi-  
croscopic growth  rate  has  b e e n  independent ly  der ived by  Hurle  
r al. (18). 

direction can be found by integrat ing Eq. [7] with re- 
spect to t 

z = Vot Jr r (~) sin {~x Jr Im[pj (~)it} [10] 

This equation describes the dynamics of the growth 
interface with oscillatory instabili t ies of a wavelength 
2~/~ and phase velocity Im[pj(~)]/~. On the basis of 
Delves's theory (15), the onset of oscillatory insta-  
b i l i ty  in Ge for the present  exper imenta l  conditions 
should be associated with k = 80-90 ~an and Im[pj (w)] 
= 0.5-1.0 s e c - k  If the growth interface, dur ing  rota-  
t ional pulling, advances with periodically varying 
velocity, V, the general  equation represent ing a one- 
dimensional  growth interface moving in the z direction 
assumes the form 

~Vo 
z=Vot  -- sin 2~Rt Jr r  Re[pj(~)lt 

2nR 
s in{~x Jr Im[pj(~)]t} [11] 

Results 
During crystal pul l ing by the Czochralski technique 

the onset of consti tut ional  supercooling in  melts with 
moderately high doping levels can be delayed by seed 
rotat ion since boundary  layer  thickness is decreased. 
In  the absence of const i tut ional  supercooling, the 
growth interface remains stable and the microscopic 
growth rate in  the z direction varies in  a quasis inu-  
soidal mode wi th in  each rotat ional  cycle because of 
unavoidable  thermal  asymmetry  (first te rm of Eq. 
[7]). In  the presence of pronounced thermal  asym- 
metry,  part ial  remelt ing takes place dur ing passage of 
the interface through the hottest region in  the system 
and "remelt" rotat ional  striations are formed which 
appear as "smooth" parallel  lines del ineating the shape 
of the growth interface at the moment  of their  forma- 
tion. During crystal pul l ing from melts doped to very 
high levels, consti tut ional  supercooling cannot  be 
suppressed by  rotation, for any appreciable growth 
period, and the interface becomes unstable.  

Based on the preceding theoretical considerations, 
consti tutional supercooling depends s t rongly on the 
microscopic growth rate (Eq. [4]);  thus, sinusoidal 
growth rate variat ions associated with rotat ion may 
br ing  the system, wi th in  each rotation, periodically to 
the verge of consti tut ional  supercooling; as a result, 
oscillatory instabi l i ty  can be brought  about and be sus- 
ta ined for prolonged periods of growth. 

Oscillatory instability.--The behavior  discussed 
above was exper imenta l ly  observed as seen in Fig. 1, 
which depicts an outer region of the grown crystals. 
The rotat ional  striations, normal ly  "smooth" parallel  
lines, appear here as "wavy" lines, indicat ing oscilla- 
tory instabi l i ty  without  interface breakdown.  Since 
the rotat ional  striations are of the remelt  type, the 
observed ampli tude of the elevations and depressions 
is, of course, less than  the ma x i mum ampli tude en-  
countered dur ing growth. As is seen in  Fig. 1, pro-  
trusions of the interface into the melt  (maxima) on 
one str iat ion develop (during growth associated with 
a 360 ~ rotation) into depressions (minima)  on the next  
striation, while the min ima  develop into maxima. 

This behavior  might  be interpreted as a "stationary" 
oscillatory instabi l i ty  with the sinusoidal growth rate 
variat ions (resul t ing from seed rotation) being modu-  
lated by an oscillatory instabi l i ty  component. How- 
ever, examinat ion  of the ins tabi l i ty  as observed in 
Fig. 2-4 indicates that  the behavior  observed in Fig. 1 
is not typical. The growth direction being normal  to 
the striations, these figures show that the maxima on 
one str iat ion are displaced la teral ly  on the subsequent  
striation; the extent  of such displacement varies de- 
pending on the growth conditions. Such lateral  dis- 
placement  of the oscillatory instabi l i ty  is also con- 
sistent with the nonperpendicular  a l ignment  of the 
segregation inhomogeneit ies wi th in  successive str ia-  
tions (see, for example, Fig. 2). These periodic segrega- 

q 
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Fig. 2. Oscillatory instability and associated segregation inhomo- 
geneities (inclined dark bands between successive rotational stria- 
tions). Note lateral displacement of inhomogeneities indicating the 
traveling wave nature of instability (3.5 cm/hr; 25 rpm). Arrow (a) 
indicates growth direction and arrow (b) indicates the direction of 
lateral phase displacement of the oscillation. 

Fig. 1. Rotational remelt striations in a Ga-doped germanium 
single crystal pulled in the < 1 1 1 >  direction (3.15 cm/hr; 26 rpm). 
The depicted segment is from an outer region of the crystal and 
shows oscillatory instability of the growth interface. The arrows 
indicate the direction of growth. 

t ion inhomogeneit ies  reflect the periodic development  
and decay of the instabil i ty resul t ing f rom the sinu- 
soidal growth rate  variat ions wi th in  each rotat ional  
cycle. Accordingly, it is concluded that  the observed 
oscil latory instabil i ty is of a " t ravel ing  wave"  nature  
wi th  a characterist ic phase veloci ty  (15) and not sta- 
t ionary as could be assumed from Fig. 1. 

Using the cylindrical  coordinates system, the oscil- 
la tory per turbat ion  can be resolved into two oscil la- 
tory  components, in the radial  and tangent ia l  direc-  
tions, wi th  wavelengths  ~r and ~0, respectively.  The 
wavelengths  of the oscillations in the radial  direct ion 
(kr) were  de termined  on planes exposed by cutt ing 
the crystal  along the rotat ional  axis. The wavelengths  
in the tangent ia l  direct ion (k0) were  obtained f rom 
cuts perpendicular  to the above; since there  is an in-  
herent  uncer ta in ty  in obtaining cuts precisely through 
the axis of rotation, the measured  kr and t~0 values do 
not necessari ly represent  the pure radial  and tangen-  
t ial  components.  The phase velocity of the oscillations 
was de termined  from the horizontal  displacements 
of the segregation inhomogeneit ies  be tween  successive 
striations (see Fig. 2) and the rotat ional  rates. It can 
a l te rna t ive ly  be obtained from the displacement of 
the maxima or min ima be tween  successive striations. 
The values of the exper imenta l  data are summarized in 
Table I. 

A direct  application of the theory  to the present  ex-  
per iments  could not be made because not all exper i -  
menta l  variables  controll ing the consti tut ional  super-  
cooling parameter ,  S, Eq. [4] could be determined.  
However ,  since the numerica l  values assumed in Ref. 

Fig. 3. Effect of rotational rate on interface instability. Depicted 
segment was pulled at 3.38 cm/hr; the upper and lower regions 
were rotated at 15 and 20 rpm, respectively (see text). 

(15) are sufficiently close to those encountered in the 
present  exper iments  a comparison be tween  theory  and 
the exper imenta l  results is considered reasonable. 
Thus, the theoret ical ly  predicted values of )~0 given in 
Table I were  obtained from Fig. 3 in Ref. (15), assum- 
ing that  the fluid veloci ty in the tangent ial  direct ion is 
approximate ly  equal to the macroscopic fluid veloci ty 
2:rrR (19) (a reasonable approximat ion  for the dis- 
tances f rom the rotat ional  axis at which ~ was mea-  
sured).  It is seen that  the exper imenta l ly  de termined  
values of ~0 are in reasonable agreement  wi th  those 
predicted from theory  for the onset of oscil latory in- 
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Fig. 4. Effect of pulling rate on interface instability. Depicted 
segment was rotated at 25 rpm. The upper region was pulled at 
2.9 cm/hr (see text). 

stability. A similar comparison of ~r could not be made 
since a parabolic velocity dis t r ibut ion (assumed in  
theory) is not applicable for the radial  fluid flow. 

E~ects  of pulling rate and seed rotation on oscilla- 
tory  ins tabi l i ty . - -The  effects of the pul l ing rate were 
investigated in crystals grown at fixed seed rotat ion 
(25 rpm) with pul l ing rates ranging from 2.9 to 6.0 
cm/hr.  The effects of seed rotat ion were studied in  
crystals pulled at rates of 2.9 and 3.38 cm/hr  with seed 
rotat ion ranging from 20-41 and 13-70 rpm, respec- 
tively. Since the exper imenta l  conditions necessary for 
the onset of oscillatory instabi l i ty  cannot be arr ived 
at directly from theoretical considerations, the gal-  
l ium dopant levels were adjusted by  tr ial  and error  so 
that the system reached the verge of instabi l i ty  at 
some time dur ing growth. Amounts  of melt  several 
times larger than  those corresponding to the size of the 
crystals pul led were used to insure the occurrence of 
sustained instabil i ty.  

The effect of increasing the rate of rotat ion on the 
growth process is clearly seen in Fig. 3. Here the de- 
picted upper  and lower segments were rotated at 15 
and 20 rpm, respectively. While oscillatory instabi l i ty  
prevails throughout  both segments, the complexity of 
the segregation inhomogeneities (reflecting the degree 
of instabi l i ty)  is not iceably reduced in  the region 
grown at the higher rate of rotation. This stabilizing 

effect reflects a decrease of the average value of the 
consti tut ional  supercooling parameter,  S, due to en-  
hanced stirring. The characteristics of the instabil i ty 
dur ing  rotat ional  and nonrota t ional  pul l ing are com- 
pared below. 

The effect of the pul l ing rate on interface instabi l i ty  
is shown in Fig. 4. From the spacing of the rotational 
striations it can be seen that  the pul l ing rate was in-  
creased by a factor of about two in the segment of the 
crystal depicted in the lower part  of the figure. This 
increase in  pul l ing rate clearly resul ted in  fur ther  de- 
veloped dopant inhomogeneities. It should be noted 
that the rate of development  of the inhomogeneities 
following each rotat ional  str iat ion is the same in the 
upper  and lower segments of the crystal. The relat ion-  
ship be tween the observed inhomogeneit ies and the 
ampli tude of the per turbat ion  is not known  in the 
present  case. In  view of the pronounced dependence 
of interface stabil i ty on the microscopic growth rate, 
the behavior  observed in Fig. 4 implies that  the in-  
crease in the pul l ing rate by a factor of two did not 
result  in a corresponding increase in the microscopic 
rate of growth dur ing the ini t ial  stages of growth fol- 
lowing remelting.  

Discussion 
Theoretical considerat ions.--The applicabil i ty of the 

interface stabil i ty theory to the present ly  observed 
oscillatory instabi l i ty  is tested on the basis of typical 
exper imental  data employing Eq. [11]. The effects of 
thermal  asymmetry  are examined taking ~ ---- 0 (no 
thermal  asymmet ry) ;  ~ ----- 0.9 ( thermal asymmetry,  
no backmel t ing) ;  and ~ ---- 1.1 (backmelt ing) .  The 
growth interface behavior  is graphically presented 
and discussed on the basis of exper imental  observa- 
tions. The exper imental  values employed are: pul l ing 
rate, Vo ---- 12.5 ~m/sec; rate of rotation, R : 25 rpm; 
distance of instabi l i ty  from rotat ional  axis ---- 0.6 cm. 

When growth takes place in a thermal ly  symmetric 
environment ,  ~ : 0, then Eq. [11] reduces to 

} z :  1 2 . 5 t + 5 s i n  ~ ~- 1.2t [12] 

A graphic representat ion of Eq. [12] depicting the 
dynamics of the growth interface, at t ime intervals  of 
0.28 sec, is shown in Fig. 5. It  is seen that  the t ravel -  
ing wave na ture  of the oscillation (lateral  displace- 
ment  component)  modulates the microscopic growth 
rates thus resul t ing in periodic regions of decreased 
and increased growth rates which appear as nar row 
and wide bands incl ined to the advancing growth in-  
terface (z direction).  The angle of incl inat ion is con- 
trolled by the phase velocity of the perturbat ion.  The 
growth behavior, as shown in Fig. 5, corresponding to 

Table I. Wavelengths and phase velocities associated with interface oscillations during 
Czochralski-type growth of gallium-doped germanium 

R a d i a l  
R a d i u s  d i s t a n c e  of 

P u l l i n g  I n i t i a l  of  t h e  o s c i l l a t o r y  
Crystal  R o t a t i o n  r a t e ,  Vo a m o u n t  of  c r y s t a l ,  i n s t a b i l i t y  
n u m b e r  rate ( r p m )  ( c m / h r )  m e l t  (g) r (cm) (cm) 

Macroscopic 
f lu id  v e l o c i t y ,  T h e o r e t i c a l  E x p e r i m e n t a l  

V = 27rrR E x p e r i m e n t a l  k (~m) Xs (15) p h a s e  v e l o c i t y  
( c m / s e c )  kr  ko (~m) ( /zm/sec)  

1 25 2.92 312 0.80 0,5 +--- 0.1 1,31 "4- 0.15 48 ~- 3 80 9.6 ----- 0.3 
2 25 2.93 290 0.75 0.0 ~ 0.1 1.51 ----- 0.20 49 ~- 3 68 I0.6 __ 0.3 
3 25 3.38 350 0.80 0.7 ~ 0.1 1.90 "4- 0.20 50 "q- 3 65 "4- 3 63 14.0 "r 0.4 
4 25 3.50 516 0.95 0.5 "q- 0.2 1.37 -4- 0.15 59 "-  3 70 -4- 3 79 11.0 _+ 0.5 
5* 25 3.50 400 0.95 0.85 -+" 0.1 2.36 ~ 0.10 41 • 3 58 ~- 3 56 8.9 ___ 0.4 
6 25 4.50 346  0.75 0.6 - -  0.1 1.51 - -  0.25 62 - -  3 70 ~ 3 69 13.9 - -  0.4 
7 25  5.50 336 0.75 0.7 -!--- 0.1 1.76 "4- 0.25 64 ----- 3 64 13.6 -4- 0.4 
8 25 5.80 825 0,75 0.6 ----- 0.1 1.51 • 0.25 61 ----- 4 09 13.8 • 0.4 
9 20 2.93 310 0.75 0.6 ---+ 0.I 1.26 --+ 0.20 52 --+ 3 75 --~- 3 85 8,7 _~ 0,3 
2 25 2.93 290 0.75 0.6 ----- 0.1 1.64 ----- 0.20 49 ~ 3 68 10.6 • 0.3 

10 33 2.93 270 0.75 0.6 -- 0.1 2.10 -- 0.30 40 ~--- 3 58 II.0 • 0.3 
11 41 2.93 250 0.75 0.6 -~ 0.1 2.67 ----- 0.30 41 "4- 3 55 14.0 • 0.4 
12"* 13 3.38 504 0.85 0.6 - -  0.1 0.84 - -  0.15 75 • 3 82 ~ 3 112 13.4 - -  0.6 
3 25 3.38 350 0.80 0.7 • 0.1 1.90 • 0.20 50 "q- 3 65 ~ 3 63 14.0 • 0.4 

13 55 3.38 429  0.85 0.6 - -  0 . I  3.47 - -  0,35 34 ----- 3 45 ~ 3 39 15.6 • 0.4 
14 70 3.38 4 3 2  0.85 0.6 -4- 0.1 4 .40 +-- 0.50 27 • 3 40 ~--- 3 30 22.4  ~ 0.5 

* G a  c o n c e n t r a t i o n  in  t h e  m e l t  i n  a t o m s  p e r  c e n t :  Ci  1 ( s t a r t ) ,  2 .56  • 0.1; Cl 2 ( end ) ,  3.30 ----- 0.12. 

*" G a  c o n c e n t r a t i o n  in  t h e  m e l t  i n  a t o m s  per cent:  e l  1 ( s t a r t ) ,  1 .53;  Cl s ( e n d ) ,  1.77 -~ 0.01. 
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Fig. 5. Graphic presentation of oscillatory growth interface 
instability (Eq. [12]) in the absence of thermal asymmetry; c~ = 0. Fig. 6. Graphic presentation of oscillatory growth interface in- 
The time interval between successive lines is 0.28 sec. (For numerical stability in the presence of thermal asymmetry (~ = 0.9). The 
values used in Eq. i-12] see text), interval between successive lines is 0.24 sec (see text). 

rotat ional  pul l ing in the absence of thermal  asym- 
metry,  is never  encountered in real  systems. 

In  the presence of thermal  asymmetry  (a > 0) the 
exact solution of Eq. [11] requires the knowledge of 
the const i tut ional  supercooling parameter  (which 
changes cont inuously dur ing  rotation) since Re[pj(w)] 
is a funct ion of S. 

This behavior  is a result  of the growth rate depen-  
dence of the const i tut ional  supercooling parameter,  S; 
changes in  S lead to corresponding changes in 
Re[pj (w)] be tween positive and negative values aver-  
aging about zero. Depending on whether  Re[pj(~)] 
assumes positive or negative values for extended 
periods of time, the system will "break down" or re-  
vert  to stability, respectively. In  the present ly  con- 
sidered si tuat ion characterized by  oscillatory insta-  
bility, the values of Re[pj(~)] remain  close to zero. 
The ampli tude of the interface instabil i ty,  in contrast  
to that in Fig. 5, is not constant  but  increases and de- 
creases periodically with the var iat ion of the micro-  
scopic growth rate wi th in  each rotat ional  cycle. Con- 
current  with the var iat ion Re [pj (o,) ], the phase veloc- 
i ty Im[pj(~)] varies periodically; these variations, 
however,  are small. Since S and its variations, dur -  
ing rotation, could not be determined, a graphic rep-  
resentat ion of a realistic s i tuat ion (Vo = 4.5 cm/hr,  
R = 25 rpm, and kr = 70 ~m) was obtained by  select- 
ing reasonable values of the phase velocity ( ranging 
from 0 to 30 ~m/sec) and ampli tude of per turba t ion  
(ranging from 4 to 8 ~m) for a = 0.9 (Fig. 6). The in-  

dividual  lines represent  the dynamics of the growth 
interface morphology at t ime intervals  of 0.24 sec. In  
this case the microscopic growth rate, dz/dt (which is 
constant in  the absence of thermal  asymmetry  and 
oscillatory instabi l i ty)  is modulated s imultaneously  
by: (i) the sinusoidal growth rate variat ion along 
the z direction ( independent  of x) resul t ing from ther-  
mal  asymmetry  and (ii) the periodic growth rate var i -  
at ion along both the x and z directions resul t ing from 
the t ravel ing wave na ture  of the oscillatory instabil i ty.  

When the average value of Re[pi (~)] becomes posi- 
tive, oscillatory instabi l i ty  can no longer be sustained 
and the ampli tude of the per turba t ion  increases con- 
t inuously  as shown in  Fig. 7 and u l t imate ly  leads to 
interface breakdown. 

The dynamic behavior  of the growth interface under  
conditions leading to remel t ing (~ = 1.1) is presented 
in  Fig. 8. Since in this case the variat ion of the micro-  
scopic growth rate wi th in  each rotat ional  cycle is 
larger  than  in the case ~ = 0.9, the corresponding var i -  
ations in phase velocity and ampli tude of the per-  

Fig. 7. Interface instability in Ga-doped Ge for growth conditions 
where the average value of Re[pj(~)] is positive. Oscillatory in- 
stability is not sustained; note progressive increase (from top to 
bottom) of the amplitude of the perturbation. 

tu rba t ion  are expected to be larger. Accordingly, the 
values for the phase velocity were selected to range 
from 0 to 35 ~m/sec and those of the ampli tude ranged 
from 4 to 10 ~m. The dotted lines wi th in  each rota-  
t ional cycle represent  the grown regions which were 
remelted during rotat ion through the hot region of 
the me]t (17). The onset of growth following remel t ing 
is indicated in Fig. 8 by heavy lines which correspond 
to remelt  striations (see for example Fig. 2). These 
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x -d i rec t ion  (/.Lm) -~ 
I kr = 70Fro I 

A 0 

Fig. 8. Graphic presentation of oscillatory growth interface in- 
stability under partial remelt conditions (c~ ~ 1). The dotted lines, 
within each rotational cycle, represent the grown regions which 
were remelted. The heavy lines represent the remelt rotational 
striations. (For comparison with the experimental findings of Fig. 2, 
see text.) 

remelt  striations have the wavelength of the oscilla- 
tory ins tabi l i ty  but  not its ampl i tude (the resul t ing 
ampli tude is significantly reduced).  

Comparison with experimental results.--All results 
in this invest igat ion were obtained on crystals grown 
in  the presence of thermal  asymmetry  leading to re-  
melt ing;  thus, comparison with theory will  be focused 
on conditions as depicted in Fig. 8. This comparison 
is based on the premise that  the exper imenta l ly  ob- 
served segregation behavior  is controlled by the mi-  
croscopic growth rate. 

Consistent with the theoretical considerations out-  
l ined above, sustained oscillatory interface ins tabi l i ty  
("wavy" remelt  striations) is observed in all crystals 
invest igated (Fig. 1-4). The t ravel ing wave na ture  of 
the oscillation, as predicted from theory, is confirmed 
by  the lateral  displacement of the maxima  (and the 
min ima)  in  successive rotat ional  striations, as seen 
in  Fig. 2; the direction of the phase displacement is 
in agreement  with that  predicted from theory. The 
"inclined" segregation inhomogeneit ies wi th in  rota-  
t ional cycles (between successive rotat ional  str iations) 
seen in  Fig. 2 are readi ly explained on the basis of the 
preceding analysis; as seen in Fig. 8, the microscopic 
growth rate, dz/dt, varies along the x direction dur -  
ing each rotat ional  cycle; thus, the t ravel ing wave 
na ture  of the oscillations results in  the formation of 
"cells" (between successive remelt  striations) bounded 
la teral ly  by regions of decreased growth rate ( incl ined 
bands) .  The complex segregation inhomogeneit ies be-  
tween rotat ional  striations in Fig. 3 cannot be ex- 
plained exclusively on the basis of growth rate con- 
trolled segregation, as discussed below. 

Theoretical assumptions and experimental condi- 
tions.--The preceding comparison must  be viewed in 
the l ight of the following basic assumptions under ly ing  
the theoretical model (14) : (i) the growth system is at 
steady state; (ii) the per turbat ions  at the growth in-  
terface are small, so that  the l inearized theory is ap- 
plicable; (iii) fluid flow at the momen tum boundary  
layer  is l aminar  with a parabolic velocity dis t r ibut ion 
wi th in  the boundary  layer  (diffusion of heat and con- 
vective solute t ransport  are dominan t ) ;  (iv) kinetic 
supercooling is absent;  (v) there are no radial  tem- 
pera ture  and concentrat ion gradients. 

During rotat ional  crystal growth by the Czochralski 
technique "steady state" [assumption ( i ) ]  prevails on 
a macroscopic level for conditions of constant  pul l ing 
rate and constant crystal diameter  (constant macro- 
scopic growth rate) .  However, since thermal  asym- 
met ry  is inheren t  in  Czochralski growth, the micro- 
scopic growth rate is not constant  bu t  varies periodi- 
cally wi th in  each rotat ional  cycle. 

When a < 1 the effects of vary ing  microscopic 
growth rates on interface instabi l i ty  can in  principle 
be quant i ta t ive ly  accounted for through correspond- 
ing variat ions of the const i tut ional  supercooling pa-  
rameter,  S. The growth and segregation behavior  
under  such conditions has been discussed in the pre-  
vious section. When a > 1, as in  the present ly  dis- 
cussed experiments,  part ial  remel t ing takes place 
wi th in  each rotat ional  cycle. Since the solute redis- 
t r ibu t ion  wi th in  the boundary  layer  associated with 
the remelt  process cannot be assessed, the magni tude  
of the const i tut ional  supercooling parameter  cannot be 
determined and the applicabil i ty of the instabi l i ty  
theory cannot be quant i ta t ive ly  tested. The good 
agreement  be tween theory and exper iment  in  the case 
of Fig. 2 is a t t r ibuted to margina l  remel t  conditions 
(~ very  close to 1). 

The exact ampli tude of the per turbat ions  at the 
growth interface [assumption (ii)] could not be ex-  
per imenta l ly  determined.  However, the fact that  the 
oscillatory per turbat ions  were sustained over a con- 
siderable period of growth, without  leading to in ter -  
face breakdown, is direct evidence that, even dur ing 
max imum microscopic growth rate (within each rota-  
t ion),  the ampli tude of the per turba t ion  was small  
enough to keep the system on the verge of insta-  
bility. 

The condition of l aminar  flow and parabolic velocity 
dis t r ibut ion in  the momen tum boundary  layer  [assump- 
t ion (iii)] was met, in the present  system, at the pul l -  
ing rates (2.0-5.8 cm/hr )  and the rotat ional  rates (13- 
40 rpm) employed. Apparently,  under  these conditions 
diffusion of heat and convection controlled solute 
t ransport  were dominant  (15). 

The presence of oscillatory instabi l i ty  in all crys- 
tals investigated was l imited to their  outer  regions 
where kinetic supercooling [assumption ( iv)]  ap- 
proaches zero; oscillatory instabi l i ty  was never  en-  
countered in "facet" regions. 

Radial tempera ture  and concentrat ion gradients do 
exist in Czochralski growth; however, their  magni tude  
is small  over the regions invest igated and can be ne-  
glected [assumption (v)] .  

The theoretical t reatments  of interface instabi l i ty  
indicate that  crystal rotat ion dur ing Czochralski pul l -  
ing has a stabilizing effect through changes in the 
characteristics of the boundary  layer. This conclusion 
is based on the assumption that  rotat ion takes place 
in a thermal ly  symmetr ic  env i ronment  in which ro- 
tat ion does not affect the microscopic growth rate. 
Since, however, thermal  asymmetry  is inheren t  in 
Czochralski growth, this assumption is valid only at 
high rates of rotat ion since increased st i rr ing tends to 
minimize thermal  asymmetry.  At moderate  rates of 
rotat ion (say, up to 50 rpm) the microscopic growth 
rate does not remain  constant, par t icular ly  under  re-  
melt  conditions where  the actual growth rate ranges 
from negative values (remelt ing)  to positive values 
which may exceed the pul l ing rate by  more than  a 
factor of ten. It is, thus, clear that in  this range of 
rotat ional  rates, the modula t ion  of the microscopic 
growth rate can have pronounced destabilizing effects 
on the growth system. These effects can dominate the 
concurrent  stabilizing effects of stirring. In  fact, at 
moderate  rates, seed rotat ion will  induce interface in -  
s tabil i ty ra ther  than  have the expected stabilizing 
effects. 
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A Diffusion Model for Oxidation of Nickel-Iron 
Alloys at 1000~ 

A. D. Dalvi *,1 and W. W.  Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

A generalized diffusion model involving t e rna ry  oxides is used to formulate  
the oxidation mechanism of Ni-Fe alloys containing 2 and 4 weight per cent 
Fe. A defect structure, adopted for the inner  nickel oxide layer  containing 
iron, yields the var ia t ion  of its cation diffusion coefficients which, when  sub-  
st i tuted in the diffusion equations, yield the cation concentrat ion and the oxy- 
gen activity profiles in  the oxide and the oxidation constants for the re-  
spective alloy. Thermodynamic  considerations are used in deriving the oxygen 
activity profile in the outer two-phase nickel oxide-spinel  layer  of an external  
scale. A solution to the diffusion problem in  the alloy is considered. The ex- 
per imenta l ly  derived composition path in an alloy and the scale is super im-  
posed on the Fe-Ni-O phase diagram. This path is shown to be consistent with 
the s t ructural  observations and composition determinations,  and  it is also 
consistent with thermodynamic  and kinetic considerations. 

In  an earl ier  work (1) the present  authors discussed 
the kinetics and morphological development  of the 
oxide scales formed at 1000~ on Ni-Fe alloys contain-  
ing 0-25 weight per cent (w/o)  Fe. It was demon-  
strated that  continuous and reproducible long- t ime 
kinetic curves could be obtained in  dry oxygen. Since 
the over-al l  reaction kinetics and growth of indiv idual  
layers followed a parabolic t ime dependence, it is rea-  
sonable to assume that conditions of ambipolar  diffu- 
sion and local equi l ibr ium at interfaces would occur at 
this high temperature.  Accordingly one may  postulate 
a mechanism based on diffusion through the different 
phases. The purpose of this paper is to present experi -  
menta l  results for the i ron and nickel distr ibutions in  
the various phases present  dur ing the oxidation of 
these alloys and to rat ionalize the oxidation kinetics 
for these alloys on the basis of a t e rna ry  diffusion 
model. 

Experimental Procedures and Results 
The alloys oxidized contained 0-25 w/o  Fe. The 

samples, which were in  the form of 1 • 2 • 0.1 cm 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
i P r e s e n t  a d d r e s s :  J .  R o y  G o r d o n  R e s e a r c h  L a b o r a t o r y ,  T h e  I n t e r -  

n a t i o n a l  N i c k e l  C o m p a n y  of  C a n a d a  L i m i t e d ,  M i s s i s s a u g a ,  O n t a r i o ,  
C a n a d a .  

K e y  w o r d s :  Ni-Fe alloys, NiO,  (Ni,Fe)~O4, alloy oxidation, d i f f u -  
s i o n  m o d e l .  

plates, were sectioned after oxidation and mounted  
and polished for metal lographic examinat ion  and elec- 
t ron-probe  microanalyses. Oxidation was carried out 
at 1000~ in pure oxygen contained in  a volumetric  
apparatus at 400 Torr pressure. Details of the experi-  
menta l  procedures are given in Ref. (1). The nominal  
and actual compositions of the  alloys of interest  here 
are reproduced in Table I. 

Concentrat ion profiles of nickel and iron across the 
samples were determined from samples oxidized for 
various periods up to 55 hr. The ins t rument  used was 
a CAMECA MS-24 Model electron microprobe. Counts 
on Ni and Fe K~ x-rays  were taken at regular  intervals  
across the samples and the concentrat ions were ob- 
ta ined using the pure metals as standards and a pro- 
cedure described in  Ref. (2). 

Table I. Compositions of the investigated alloys based upon wet 
chemical analyses for nickel and iron 

A c t u a l  c o m p o s i t i o n  
N o m i n a l  

c o m p o s i t i o n  w / o  Fe  w / o  N i  

N i - 2 %  F e  1.85 98.15 
N i - 4 %  F e  4.5 95.5 
N i - 6 %  F e  6.6 95.4 
N i - 8 %  F e  8.3 91.7 
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In a diffusion control led process, the solutions to the 
equations are parametr ic  such that  all concentrat ions 
can be described by an expression of the type 

C~ = C~(X) ; ~ = X(x, t) [1] 

where  x is the distance coordinate and t is the t ime 
coordinate. For  parabolic kinetics, the parametr ic  
funct ion k is g iven by 

X = xI~/T [2] 

Hence all concentrat ion profiles are invar iant  with re -  
spect to X. Accordingly, the exper imenta l  results for 
the meta l  concentrat ions across an oxidized sample are 
plot ted against this parameter .  

For  the scale, a dimensionless parameter ,  y, is used 
instead of ?~ where  

y = X/Xs [3] 

Here  x is the distance from the me ta l /ox ide  interface 
and xs is the total  thickness of the ex te rna l  scale. Since 
the scaling of the alloys follows parabolic kinetics 

x~ = k~/t', y = xlk~/- t  [4] 

Thus y has the same parametr ic  form as ~ except  for 
the constant k which is the parabolic rate  constant for 
thickening of the scale. 

Concentrat ion profiles for i ron across the sample are 
i l lustrated in  Fig. 1-4 for alloys containing 2, 4, 6, and 
8 w / o  iron, respectively.  The nickel profile is essen- 
t ial ly compl imentary  to that  of iron. This is shown for 
the Ni-6 w / o  Fe alloy (Fig. 3). It is seen f rom these 
plots that  the meta l  concentration profiles are  indeed 
invar iant  in k-space. Profiles at t imes significantly 
lower  than 50 hr  could not be obtained for the Ni-8 
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Fig. 4. Concentration profile for iron in alloy and external scale 
plotted in the X-space for the Ni-8 w/o Fe alloy. 

w / o  Fe alloy due to spalling of the scale upon quench-  
ing. 

Four  distinct zones could be observed in all samples: 
the unoxidized alloy matrix,  a zone of in ternal  oxida-  
tion near  the meta l / sca le  interface, an inner  single-  
phase nickel  oxide layer,  and an outer  two-phase  
spinel -nickel  oxide layer.  This typical  s t ructure  is i l-  
lus t ra ted by the micrograph in Fig. 5 of an oxidized 
Ni-8 w / o  Fe alloy. As can be seen from Fig. 1-4, iron 
is severe ly  depleted from the alloy in the zone of in-  
ternal  oxidation. Its concentrat ion at the alloy surface 
was below 1 w/o;  this concentration is low enough to 
stabilize nickel  oxide in the externa l  scale (2). The 
concentrat ion of i ron increases toward the outer  sur-  
face in the nickel  oxide layer  and it then decreases 
wi th in  the nickel  oxide ma t r ix  of the outer  spinel-  
nickel oxide layer.  Thus i ron diffuses against its con- 
centrat ion gradient  in the innermost  nickel oxide layer  
and down the concentrat ion gradient  wi th in  nickel 
oxide ma t r ix  in the outer  two-phase  layer.  This pecu- 
l iar  behavior  of i ron is discussed in the fol lowing sec- 
tions. 

Theory and Analysis 
Wagner  (3) has published a theory  for b inary  alloy 

oxidat ion which applies to situations in which  an alloy 
of metals  A and B forms a scale consisting of a solid 
solution of the corresFonding oxides, A(O)  and B (O). 
Coates and Dalvi  (4) have  rev iewed  and, to some 
extent,  generalized, Wagner 's  analysis. The model  dis- 
cussed by these authors can be applied to the present  
results as it has been done previously  for Ni-Co and 
Fe -Mn  alloys (5, 6) wi th  some modification of the 
boundary  conditions for diffusion. 

Oxide defect structure modek- -Be fore  considering 
the diffusion model,  it is necessary to establish the 
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Fig, 5. A cross section of a Ni-8% Fe alloy oxidized for 48.5 ht 
at 1000~ illustrating the zone of internal oxidation, the inner single 
phase nickel oxide layer, and the outer spinel-nickel oxide scale 
layer. 

effect of solute cations on the defect s t ructure and con- 
sequent ly on the diffusivities of cations in mixed oxides 
when  the solute cations exhibit  variable valence. 
Zintl  (7) has considered the general  case for an oxide 
solid solution containing two t ransi t ion metals. 

If association of positive holes and vacancies may be 
neglected, the defect equat ion for a pure p- type  oxide 
AO may be wr i t ten  as 

~O2 (gas) + 2A 2+ (cation sublattice) 

0 2- (anion sublatt ice) + [] 

+ 2A a+ (cat ionsublat t ice)  [5] 

where [] represents a cation vacancy. Subst i tu t ion of 
a divalent  cation B 2+ for /%.2+ would sustain electrical 
neutral i ty .  If the energy required for the formation of 
t r ivalent  B 3+ from its divalent  cation is much less 
compared to the corresponding energy for an A cation, 
then reaction [5] will  shift to the right and lead to a 
higher vacancy concentration. The corresponding re-  
action for B ion is 

1/202 gas -5 2B e+ (cation sublattice) 

-~ 0 2 -  (anion sublattice) -5 [] 

+ 2B a+ (cation sublattice) [6] 

For  electrical neu t ra l i ty  in  the mixed AO-BO oxide 

2X = X -" XAS+ -5 XB3+ [7] 
[] | 

where X's are atom fractions. If ideal solution be- 
havior is assumed, the variation of vacancy concentra- 
tion with the composition and oxygen pressure is given 
by 

X = (Ke/4)I/a(Po2)l/%2/3 [8] [] 

In  Eq. [8] ~ is the mole fraction of the solute oxide BO 
and K0 is the equi l ibr ium constant for reaction [6]. It 
is assumed here that the tendency of the cation A 2+ 
to go into the t r iva lent  state is much smaller  than  the 
corresponding tendency for the solute cation B 2+. 

The diffusion coefficient DM for a cation M2 + is given 
by  

DM -" DE] (M 2+) X[]  [91 

where D (M 2+) is the vacancy mobi l i ty  in  the sub-  
[] 

lattice of M 2+ ions. From Eq. [8] and [9] we obtain 

expressions for the self-diffusion coefficients of A and 
B in the oxide solid solution. Thus 

DA = D~ [10] 

DB = D~ (P02) 1/6~2/3 [11] 
where 

D ~  (M2+)(K6/4) t/3 M = A , B  [12] 
[] 

The proport ionali ty constants D~ and D~ thus con- 
ta in  the mobil i ty  terms for the respective cations. 
Equations [10]-[12] are used for the i ron and nickel 
self-diffusion coefficients in (Ni, Fe)O. In  this case ~ is 
the FeO mole fraction. 

Diffusion model . - -We may give a theoretical basis 
to our results uti l izing the diffusion theory and  the 
thermodynamics  of the Fe-Ni-O system. Although the 
quali tat ive aspects of the diffusion model are valid for 
all the alloys, quant i ta t ive  analysis is a t tempted only 
for the dilute alloys. For  the under ly ing  assumptions 
and the mathemat ical  formalism the reader  is referred 
to Ref. (3-5). 

As noted earlier, a scale consists of two layers. The 
outer layer  consists of spinel precipitates in  a nickel 
oxide matr ix  and the inner  layer  is composed only of 
nickel oxide. For the purpose of s implifying the mass 
balance to obtain a t ractable mathemat ical  solution, 
we assume that  the amount  of spinel in  the outer 
layers of the scales formed on the 2 and 4 w/o  Fe 
alloys is negligible. We also assume that  the mat r ix  
composition in  the outer  layer  is near ly  constant. 
These assumptions are justified for the dilute alloys 
from the exper imental  observations, notwi ths tanding 
the observed compositional variat ions as explained in 
the following discussion; this is because the observed 
variat ions do not affect the mass balance seriously. The 
proposed diffusion model and the metal  concentrat ion 
profiles are i l lustrated in  Fig. 6. 

Although the metal  concentrat ions in the outer  layer  
are assumed constant  for the solution of the equations 
describing diffusion in  the inner  layer, they can be 
qual i ta t ively predicted from thermodynamic  consider- 
ations. There is only one degree of freedom in this 
two-phase layer  from the Gibb's  phase rule. Hence 
specification of the local oxygen activity automatical ly 
specifies the corresponding meta l  concentrat ion from 
the following reaction 

3FeO(N) + 1/20'2 ~ FesO4(S) [13] 

ALLOY PHASE (Ni-Fe) II OXIDE PHASE ('Nid) I GAS PHASE 
111 inner l aw  r Tr I outer layer T 

- l onoo, f " ; 
I internal | u - ' ~  

o I oxidation ~ x  I / I 
Cre " 2~176 . I -3Z ___o , / I 

u=up u=u S u=O 
x=O X=XI X@X$ 
y=O Y=Yt y=l 

BULK ALLOY/OXIDE ORIGINAL OxIOE/GAS 
ALLOY INTERFACE ALLOY INTERFACE 

SURFACE 

Fig. 6. Diffusion model for the oxidation of a Ni-2 w/o Fe alloy 
in oxygen at 1000~ u = 0 is the original alloy surface. 
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where  N and S denote the (Fe, Ni) O solid solution and 
spinel, respectively.  The equi l ibr ium constant for re-  
action [13], Ki3, is 

aFe304 
Ki3 -- - -  [14] 

a3FeO.aO 

where  a's denote activities; ao = Po21/2. Equat ion [14] 
c o u l d  be r ewr i t t en  as 

(NFeo) s K 
[i5] 

NFe304 - -  a o  
where  

"YFe304 
K - -  - [16] 

(TFeO) ~Klz 

7fezO4 and 7feO are act ivi ty  coefficients of Fe304 and 
FeO in the coexisting (Ni, Fe)304 and (Ni, F e ) O  solid 
solution phases, respectively.  

Thermodynamical ly ,  wi th  decreasing value  of NFeO, 
the value of Nfe304 also decreases (2, 8). It  can be 
shown that  the decrease in the values of N f e o  in NiO 
a n d  N f e 3 0 4  in the spinel phase are similar, i.e. NFeO ~'~ 
const. Nfe304 .  Hence, Eq. [15] may  be wr i t t en  as 

( N F e O )  2 ~'~ K"/ao [17] 

NFeO is thus inverse ly  proport ional  to (Po2) 1/4 in the 
outer  two-phase  layer.  Since the values of NFeo and ao 
are known in the three-phase  spinel-nickel  ox ide-a l loy  
region (2, 8), the value of K" could be estimated. For  
ao = 5 X 10 -6 and N F e O  = 0.15, K" ~ 10 -7. Hence 

3.2 • 10 -4 3.2 X 10 -4 
NFeO -- ----" [18] 

(Po2) 1/4 aolJ2 

The observed boundary  compositional values for the 
alloys containing 2-8 w / o  Fe are given in Table II. The 
oxygen activities at y = 0 and y : Yl may  then  be 
calculated from Eq. [14] and [18], respectively.  

Di~usion equations for the nickel  oxide layer.--One 
arr ives at Eq. [19] and [20] by an analysis s imilar  to 
that  in Ref. (3-6) using the funct ional  values of DNi 
a n d  DFe as given in Eq. [10]-[12] where  Ni ~ A and 
Fe -- B in the flux equations for these species in the 
oxide, and applying the mass balance condition at the 
interface given by y = Yl (see Fig. 6). These expres-  
sions are differential  equations describing the var ia t ion 
of the mole fraction of FeO, }, and oxygen activity, ao, 
in the inner  nickel oxide layer  of the scale 

d l n a o _ [  k' d~ ] / 
dy ~2/;~aoi/------~ ~- (p -- 1) ~ [1 -p (p -- 1)~] 

[19] 

Table II. Interfacial compositions for Ni-Fe alloys containing 
2-8 w/o Fe, oxidized at 1000~ 

a n d  

Interfacial  compositions 
Bulk alloy 

c o m p o s i t i o n  Alloy phase Oxide p h a s e  
(microprobe 

analyses) C(k = ki) C ( y  = O) ~(y = O) ~(Y = Yl)  

Ni-2 w / o  Fe 1.9 w / o  Fe 0.2 w /o  Fe 0.0068 0.034 
~150 ppm O 

Ni-4.3 w / o  Fe 4.2 w / o  ]Be 0.35 w /o  Fe 0.0069 0.066 
~150 ppm O 

Ni-6.6 w / o  Fe 6.4 w / o  Fe 0.65 w / o  Fe 0.017 0.075 
~150 ppm O 

Ni-8.5 w / o  Fe 8.4 w / o  Fe 0.g w /o  Fe 0.026 0.090 
~150 ppm O 

= Al, p o s i t i o n  of  the boundary  be tween  unoxidized alloy a n d  
the zone of internal  oxidation. 

y = 0, alloy-oxide interface. 
Y = Yl, position of the boundary  be tween  inner single-phase zone 

a n d  outer  two-phase  zone. 
C, alloy composition. 
(, mole f r a c t i o n  of  F e O  in  F e O - N i O  so l id  s o l u t i o n .  
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[1Jc ( P - -  1)~]~ dy 2 - ~ - ~  dy / 

-t- --~ a"~ (p -- 1) (1 -- ~") 

where  Yi is the value  of y, a dimensionless parameter  
defined in Eq. [3] at the boundary  be tween  the inner  
and outer  layers  in the scales (see Fig. 6), ~" = 
~(Y = Yl) and ao" = ao(y  = Yl). P is the ratio of 
jump frequencies  of i ron and nickel  cations, respec- 
tively, to an adjacent  vacancy. That  is 

D ~  
p : - -  [21] 

D ~  

where  D~ and D~ are defined by Eq. [12]. p is as- 
sumed to be constant at all concentrations, k' =k/D~ 
where  k is the parabolic scaling constant for the ex-  
ternal  scale defined in Eq. [4]. 

Equat ions [19] and [20], which are simultaneous, 
nonlinear,  differential  equations in the dependent  
variables  } and ao, can be solved in the same manner  
as in Ref. (4). The values of the concentrations in 
nickel oxide obtained as a function of x by the elec-  
t ron microprobe can be conver ted  to mole  fractions of 
FeO and NiO. This yields the boundary  values }(y = 0) 
and }(y = Yl). The oxygen act ivi ty  ao" = ao(y  = Yt) 
is obtained f rom Eq. [18] af ter  substi tut ing the exper i -  
menta l  value of }, i.e., NFeO at that  point. The value of 
k defined in Eq. [4] is obtained from the exper imenta l  
weight  gain curves (1). The constant k is re la ted to 
kp in g2/cm4-sec as follows 

k = (kp/2) (V/16)2 cm2/sec [22] 

where  V is the molar  volume of the oxide. Thus for 
the Ni-2 w / o  Fe alloy, k = 4.44 • 10 - i0  cm2/sec and 
for the Ni-4 w / o  Fe alloy, k = 6.8 • 10 - l ~  cm2/sec. 
Equat ions [19] and [20] need only three  boundary  
conditions for the solution; viz., the values of }', ~", and 
a"o, where  }' = }(y = 0) and }" and ao" have  been 
defined earlier. However ,  if an additional boundary 
condition a'o = ao(y  = 0) is utilized, these equations 
yield the value of k" and consequent ly of D ~  since 

k' = k/D~ [23] 

The value of a'o may  be est imated from the oxidation 
react ion for pure Ni, Eq. [14], as discussed ear l ier  and 
f rom the displacement reactions be tween  FeO and NiO. 
This procedure  yields the fol lowing expression for 
a'o as funct ion of ~' 

a'o = (1  - -  0.966~')6.7 • 10 -6 [24] 

One of the parameters  of the diffusion equations is 
the ratio, p ,  of the mobili t ies of iron and nickel in the 
nickel oxide layer.  We est imate the value of p as fol-  
lows (7). The self-diffusion coefficients DM are related 
to the vacancy diffusivity D and the vacancy concen- [] 
t ra t ion by Eq. [9]. For  pure nickel  oxide, the value of 
DNi at 1000~ and Poe = 1 arm is 10 - i t  cm2/sec (9-12). 
The corresponding value  of X at 1 a tm is ~10 -4 (13- [] 
14). Thus from Eq. [9] 

D (NiO) -- 10 -7 cm2/sec [25] 
[] 

The value of DFe  in FeO in equi l ibr ium wi th  Fe cor- 
responding to Po 2  = 1.32 • 10 -14 atm at 1000~ is 
3.5 • 10 -8 cm2/sec (15, 16). The value of X is 0.05 [] 
(11). Thus 

D ( F e O )  = 7.0 X 10-~ cm2/sec [26] 
O 
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Table Ill. Data for the solution of diffusion equations in 
NiO-FeO mixed oxide and the resultant solution 

N i - 2  w / o  F e  a l l o y  
P = D ~ 1 7 6  = 3 
Yl  = 0.8 
4" = 4(Y = Yz) = 0.0340; a"o = ao(Y = Yz) = I.I x I0-~ 
~' = ~ (y  = 0)  = 0 . 0 0 6 8 ;  a ' o  = a o ( y  = 0) = 6 .65  x 10-~ 
/r = 4 .7  x 10 -1~ c m 2 / s e c  
D~ = 6 .7  X 10  ~ c m ' ~ / s e e ;  k '  = k / D O N i  = 0 . 0 0 7 0  

(�88 = o o z e , ,  o o , .  
y_-o = 

These values of D (NiO) and D (FeO) involve one 
O 

order of magni tude  uncertainties.  From Eq. [25] and 
[26] we obtain 

Do(FeO) 
p _ ___ 7 [27] 

D o ( NiO ) 

For iron to accumulate at the outer interface, it is 
necessary that the ratio p be greater than unity (B). 
In solving the differential Eq. [19] and [20] the value 
which resulted in best fit to the data was chosen. This 
yielded p = 3.0. 

Using the above values of the various parameters, 
Eq. [19] and [20] were solved numerical ly  with the aid 
of a computer  to obtain ~ and ao as functions of y in  
the scale formed on the Ni-2 w/o  Fe alloy. The bound-  
ary values and values of required parameters  and the 
resul tant  solution are given in Table III. The calcu- 
lated and observed values of ~ as a funct ion of y are 
i l lustrated in  Fig. 7. The corresponding values of the 
oxygen activity in the nickel oxide layer  are given in 
Fig. 8. By comparing the value of a'o obtained from 
the solution of Eq. [19] and [20] to the value ob- 
ta ined from Eq. [24], the value of k' can be obtained 
by an i terat ive process. For  this alloy, the value of k' 
was 0.0070. Since k is known,  D~ could be calculated. 
This yields D~ : 6.4 • 10 - s  cm2/sec. 

The above analysis lacks a t rue exper imental  closure. 
This is because p and D ~  w e r e  obtained from the 
analysis using exper imental  data as boundary  condi- 
tions. Equations [19] and [20], however, can be solved 
for the scale on the Ni-4 w/o Fe alloy with similar as- 
sumptions using the same values of the above param-  
eters. The solution obtained should show agreement  
wi th  the exper imental  data since the form of these 
equations remain  the same for (Ni,Fe) O formed on the 
alloys because the ratio of cation j umu  frequencies 
remains  constant  if interact ion correlations do not pre-  
vail. The various boundary  values could be obtained in 
the m a n n e r  discussed above. The boundary  values, the 

0.04 I 
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Fig. 7. Mole fraction of FeO, ~, vs. the normalized distance co- 
ordinate y in the (Ni, Fe)O scale layer formed on the Ni-2 w/o Fe 
alloy. The solid curve represents calculated values from Eq. [19] 
and [20]. 
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Fig. 8. Oxygen activity vs. normalized distance coordinate y 
in the (Ni,Fe)O oxide layer formed on the Ni-2 w/o Fe alloy 
calculated from Eq. [19] and [20]. 

values of required parameters,  and solution to the 
equation for the 4 w/o  Fe alloy are summarized in 
Table IV. The calculated and observed values of ~ as 
a funct ion of the normalized distance parameter  y are 
given in Fig. 9. Excellent agreement  is obtained be-  
tween these values. The corresponding oxygen activity 
profile is given in Fig. 10. The value of D~ was also 
calculated and for the value k' ~ 0.0089, D ~  : 7.8 X 
10 - s  cm2/sec. This value agrees wi thin  25% of the 
values obtained from the analysis for the Ni-2 w/o Fe 
alloy. 

Diffusion in the alloy.--Estimates may be made for 
the concentrat ion profiles in  the alloy when  an in te rna l  
oxidation zone is present. Ki rka ldy  (17) has shown 
that  if the variat ion of oxygen solubil i ty in an alloy 
with respect to the concentrat ion of the alloying ele- 
ment  is negligible, i.e., dCo/dCB < <  1, then the effec- 
tive diffusion coefficient in the in terna l  oxidation zone 
is the interdiffusion coefficient of the metall ic consti tu- 
ents where diffusion is regarded as being uninfluenced 
by the oxide precipitate particles. An estimate of 
this interdiffusion coefficient, D a l l o y ,  c a n  be made from 
the solution of the diffusion equat ion for the al loying 
element  ( iron).  

Let the parameter  a be defined as 

us ---- aX/~" [28] 

where us is the coordinate of the al loy-oxide interface 
with respect to the original  alloy surface. Therefore 

defines the recession rate of the al loy/oxide interface 
with respect to the original alloy surface. The solu- 

Table IV. Data for the solution of diffusion equations in 
NiO-FeO mixed oxide and the resultant solution 

N i - 4  w / o  F e  a l l o y  

P = D~176 ---- 3 
Yz = 0.7 
4 ~ = 4(Y = Yl) = 0 . 0 6 6 0 ;  a " o  = a o ( Y  = Yl) = 2 . 9  • 10-~ 
4' = 4(Y = 0)  = 0 . 0 0 6 9 ;  a ' o  = a o ( y  = 0) = 6 .56  • 10 -~ 
k = 6 .3  x 10 -lo c m 2 / s e c  
D~ = 6.7 • 10 -s c m - ~  k" = k / D o ~ l  = 0 . 0 0 8 9  

_-o06 ; ( _ _ ]  =o00 o 
=z ~ d y  /=,=o 
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and [20]. 
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Fig. lO. Oxygen activity vs. normalized distance coordinate y 
in the (Ni, Fe)O oxide layer formed on the Hi-4 w/o Fe alloy cal- 
culated from Eq. [19] and [20]. 

t ion to the diffusion equation assuming Dalloy to be 
constant is 

erfc (X/2~/Dalloy t) 
CFe = C'Fe --~ (C~ -- C'Fe) [29] 

erfc (a/2k/Danoy) 

D I F F U S I O N  MODEL FOR O X I D A T I O N  391 

where x is the distance from the al loy/oxide interface 
and C'Fe and C~ are the concentrat ions at the a l loy/  
oxide interface and in  the bulk  alloy (4). Since erfc 
denotes the complimentary error function, we obtain 
from Eq. [29] 

dCFe (COFe__C'Fe) l . ~  ( ~ 2 )  
d--"~ = erfc (~/2~//Jalloy) 2~/D--~lloy exp --4Dalloy 

[30] 
where ~ = x/~/'t 

At the alloy/oxide interface, x = 0 and hence 

dCFe) x (C~ -- C'Fe) 1 

=0 -- erfc (a/2k/-D-a~ " 2k/-D~lloy [31] 

If the values of C~ C'Fe, (dCFe/dx)~=o, and a are 
known, Eq. [31] can be solved for Dalloy. An estimate 
for D~11oy may now be made from the experimental 
results for the alloys containing 2 and 8 w/o Fe (1). 
The values of ~ for these alloys are 2.4 • 10 -5 and 1.8 
• 10 -5 cm/sec I/2, respectively. From the values of 
C~ C'Fe, and (dCFe/d~.)x=o in Fig. 1 and 4, Danoy is 
estimated to be ~10 -I~ cm2/sec. This value is an order 
of magnitude higher compared to the literature data 
(16, 17) but the agreement may be regarded as a first 
approximation considering the difficulty involved in 
estimating the value of error functions for large argu- 
ments and the approximation made that boundaries 
between the oxide precipitates and the alloy play no 
role in the diffusion mechanism. 

Oxygen  solubil i ty  in Ni -Fe  alloys and internal  oxi-  
dat ion.--No results are available on the ma x imum 
oxygen solubil i ty in the solid alloys as a function of 
composition. This solubil i ty for pure i ron and nickel at 
1000~ is 3 ppm (18) and 150 ppm (19), respectively. 
From these te rmina l  values, the oxygen solubil i ty 
curve for the alloys can be est imated by  a method 
given by  Smith (20). Using the Gibbs-Duhem equa- 
tions for the oxide and alloy phases in  equi l ibr ium 
and the Wagner  formalism (21) for the activity co- 
efficients, the variat ion of oxygen solubil i ty with alloy 
composition can be determined in terms of the com- 
positions of the alloy and oxide phases and the in ter -  
action parameters  eij in the alloy defined by 

0 In ~l 
e U = - -  [32] 

ox~ 

Here, 7i is the activity coefficient of species i and Xj 
is the mole fraction of species j. In  the l imit ing case 
where  the oxygen solubil i ty is very small, i.e., Xo A 
< <  1, the slope of the solubil i ty curve is given by 

dXo Xo ~ 
dXs -- [1 --  (1 Jr e12)Xo ~ ~ [331 

X~-*0 
where Xo o is the oxygen soIubility in  pure metal  1, 
and 2 is the solute metal. Xo ~ = 0.5 for an MO type 
compound and Xo ~ = 4/7 for an M304 compound. This 
equat ion may be applied in  the nickel oxide-alloy 
region since the max imum iron content  of the alloy is 
less than  1%. Since Xo ~ < <  1, dXo/dXye  ~ 0 from Eq. 
[33], and the oxygen solubil i ty l ine in  this region may 
be d rawn paral lel  to the Fe-Ni  b inary  axis. Since the 
Fe-Ni  system is near ly  ideal (2, 8), the interact ion 
parameters  "u are expected to be small. G r u n d m a n n  
(22) has found the interact ion parameter  eo Nl = 1.64 
for NNi ~ 0.5 and ~o (Ni) = 3.34 for NNi ~ 0.5, in  l iquid 
Fe-Ni  alloys at 1600~ These values are expected to 
increase with decreasing temperature.  This interaction 
parameter,  however, would not be expected to be much 
greater  than unity,  and the change in  oxygen solu- 
bi l i ty with nickel content  over the wust i te-al loy region 
as given by Eq. [33] would be negligible. 

The oxygen solubil i ty curve for the alloys based 
upon the above considerations may be plotted semi- 
quant i ta t ive ly  as i l lustrated in  Fig. 11. This behavior  
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Table V. Equilibrium oxygen pressures over phases in the 
Fe-Ni-O system at 1000~ (2, 8) 

O x y g e n  p a r t i a l  
E q u i l i b r i u m  p h a s e s  p r e s s u r e ,  a r m  

F e / F e O  1.32 x I0 -I~ 
A l l o y / w u s t i t e / s p i n e l  3.26 • I0 -14 
Alloy/nickel  oxide/spinel 4.03 x 10 -z~ 
N i / N i O  4.48 x 10 - n  

Table VI. Self-diffusion coefficients of iron, nickel, and oxygen 
in the metallic and oxide phases at 1000~ 

D i f f u -  
s i o n  S e l f - d i f f u s i o n  

species Diffusion phase coef f i c i en t ,  c m 2 / s e c  R e f e r e n c e  

F e  ~,-Fe 1.0 x 10 - ~  23 
F e  F e - 3 2  w / o  N i  6.2 x 10 - ~  24 
N i  N i  2.5 • 10 -m 25 
N i  N i - 2 0  w / o  F e  9.4 x 10 - ~  26 
N i  N i - 3 0  w / o  F e  1.1 • 10 -lz 26 
N i  F e - 1 9 . 3  w / o  N i  2.4 X I0 ~I-':" 27 
O 7 - F e  6.8 • 10 -7 18 
F e  S p i n e l  Ni0.sFe~.204 1 • 10 -11 28 
N i  N i O  1 x 10-zl(Po~ = 1 a t m )  9-12,  29 
N i  ( F e , N i ) O ;  NFeO ~ 0.01 7 X 10-1~ 2 = 1 a t m )  P r e s e n t  w o r k  
F e  ( F e , N i ) O ;  ]VFeO ~ 0,01 2 X 10-e (Po  e = 1 a t m )  P r e s e n t  w o r k  
O N i O  5.3 x 10 -15 30 

may also be inferred from the corresponding equi l ib-  
r ium oxygen pressures given in Table V. The variat ion 
in the oxygen pressure over the nickel oxide-al loy 
region is small. Its var ia t ion over the wust i te-al loy 
region is about one order of magnitude,  whereas the 
var iat ion over the spinel-al loy region is about three 
orders of magnitude.  

The diffusion coefficients of iron, nickel, and oxygen 
in the various phases are given in Table VI. The diffu- 
sion coefficient of oxygen in  the metal  is more than  
four orders of magni tude  higher than  that for iron or 
nickel. This will result  in a steep concentrat ion gradient  
for the al loying elements (Fig. 1-4) and a shallow 
gradient  for oxygen. For the shape of the solubili ty 
curve i l lustrated in  Fig. 11, this will easily result  in 
consti tut ional  supersaturat ion and hence in terna l  oxi- 
dation. Figure 11 also shows schematic vir tual  diffu- 
sion paths for the alloys containing 5 and 20 w/o  Fe, 
consistent with the above consideration. It can be seen 
from the shape of the oxygen solubil i ty curve in the 
spinel-al loy region that  consti tut ional  supersaturat ion 
is readi ly at ta ined even for this steepest range of the 
oxygen concentrat ion gradient.  As a consequence 

investigated (0-25 w/o  Fe) with the extent  of in terna l  
oxidation increasing wi th  increasing alloy i ron content. 

Composition paths.--The results in  Fig. 1-4 show 
that the concentrat ion profiles in  the phases of the 
oxidized samples are invar ian t  in ~-space. Since a solu- 
t ion of the diffusion equat ion is parametr ic  in  k, the 
concentrat ion profile can be transposed onto the phase 
diagram by el iminat ing k. This t ransposit ion reflects 
the condition of mass conservation and monotonic ac- 
t ivi ty  gradients for the diffusing species. 

A composition path for an investigated alloy is sta- 
t ionary-s ta te  oxidation consistent with metal lographic 
and electron-probe observations is shown in  Fig. 12. 
The oxide layer  adjacent  to the gas contains spinel and 
nickel oxide since a single phase of nickel oxide con- 
ta ining a high i ron concentrat ion cannot be sustained 
at high oxygen potentials. Below this two-phase layer, 
nickel oxide exists as the innermost  layer  in  which 
iron is enriched toward the outer interface due to its 
higher mobil i ty  (corresponding to p = 3). The meta l -  
external  scale interface corresponds to nickel oxide- 
alloy equil ibrium. The composition path then  crosses 
over to the spinel-al loy region via the three-phase 
spinel-nickel  oxide-al loy region. This corresponds to 
the in terna l  oxidation zone where the alloy and spinel 
compositions are given by the corresponding ends of 
the tielines which are cut. Since the iron content  of 
spinel increases with increasing i ron content  of the 
bu lk  alloy, the spinel particles in the in terna l  oxidation 
zone are enriched in i ron with increasing penetra t ion 
distance into the alloy. The final segment of the com- 
position path is t raversed in the region corresponding 
to the unoxidized alloy. 

This composition path shows monotonical ly decreas- 
ing values of oxygen activity from the outer oxide 
surface to the bu lk  alloy, as required from thermody-  
namic considerations. The flux equations for the ca- 
tions in  the oxide phase from which Eq. [19] and [20] 
were derived are wr i t ten  in terms of decreasing cation 
activities toward the oxide/gas interface. Equations 
[19] and [20] are therefore consistent with monotoni-  
cally decreasing cation activities outward. Recall that 
the concentrat ion profiles in  the nickel oxide-spinel  
layer  satisfy the thermodynamic  relat ion given by Eq. 
[18] consistent with a decreasing oxygen activity in-  
ward. Interfacial  compositions corresponding to the 
depicted composition path in Fig. 12 for alloys contain-  

supersatura t ion could be easily produced in  the alloys 

150 

o. I00 

0 
50 

Fe 

S 2 + A 2 + N I 

\ 

S +A 

W+A ~ / ' / /  ''/ "" " " 
) I I  SUPERSATURATION ~ \"< 

WT.% Ni ~ 

..,,~---- Fe ~ Ni 

AO 
ZONE OF 
INTERNAL 
OXIDATION 

Fig. 12. A typical composition path for an oxidized alloy (distorted 
scale). Phase notations and compositions are as in Fig. 11. Ad- 
ditional compositions are: F-nickel ferrite, NiFe204; N2-Feoot 
Ni0.990. Ao is the bulk allay composition. 
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Fig. 11. Oxygen solubility curve for Fe-Ni alloys at 1000~ and 
the virtual diffusion paths in the alloy phase for the alloys con- 
taining 5 and 20 w/o Fe. Phase notations are: W-wustite, (Ni,Fe)O; 
S, spinel, NixFe3-zO4; A, iron-nickel alloy; N, nickel oxide solid 
solution, (Fe, Ni)O. Phase compositions are: S2-Nio.8Fe2.204 
N1-Feo.15Nio.ssO; A2-Feo.ozNio.9o. 
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ing 2-8% Fe are given in Table II from which the 
actual paths can be estimated. 

Application of Eq. [18] to the oxide/gas interface 
indicates that  the wusti te  content  of nickel oxide 
should be ~0.03 mole per cent (m/o) .  However, the 
exper imental  results (Fig. 1-4) show that  the concen- 
t ra t ion of wusti te  is much higher, up to wi th in  a few 
microns of the interface. Consequently the iron con- 
centrat ion gradient  is extremely steep near  the scale/  
gas interface but  its exact shape could not be deter-  
mined in this region due to exper imental  l imitations.  
An oxygen activity profile through a section of the 
oxidation zones of the alloy is i l lustrated in  Fig. 13. It  
is d rawn such that  the spinel-nickel  oxide-al loy 
equi l ibr ium occurs at the interface of alloy and the 
external  scale. However, this three-phase equi-  
l ibr ium need not actually correspond to the a l loy-ex-  
te rna l  scale interface since a slight amount  of nickel 
oxide containing iron could occur as in terna l  precipi-  
tates (as corresponding to the diffusion path i l lus-  
t ra ted in  Fig. 12). This would not significantly affect 
the oxygen activity at the above interface since the 
variat ion in  oxygen activity in the al loy-nickel  oxide 
region is very small. 

Discussion 
In this investigation, Eq. [19] and [20] giving the 

cation distr ibutions and oxygen activity in the scale 
were derived from the t e rna ry  diffusion analysis. The 
effect of t e rnary  interactions in causing uphil l  diffusion 
of cations is well  demonstrated in  this system through 
these equations. The driving force for cation diffusion 
through the scale is associated with the vacancy gradi-  
ent caused by the variat ion in oxygen activity. Al-  
though iron diffuses against its concentrat ion gradient  
in the nickel oxide layer  it is actually diffusing down 
its activity gradient. This si tuation mere ly  suggests the 
importance of wri t ing diffusion fluxes in terms of ac- 
t ivi ty  gradients in  mixed oxide systems. Wagner  (3) 
has postulated a formalism which showed that  the 
cation with the higher mobil i ty  (iron in the present  
case) is the one that preferent ia l ly  concentrates toward 
the oxide/gas interface. In  a t e rnary  system at con- 
stant  tempera ture  and pressure, a single phase region 
has two degrees of freedom one of which is fixed at 
any coordinate point by the oxygen pressure. The 
extra  degree of freedom thus cannot be fixed by a pure 
thermodynamic  parameter  and hence a kinetic param-  
eter (relative jump frequency for cations) comes into 
play and determines the dis tr ibut ion of cations in the 
oxide. 

The effect of an oxygen activity gradient  and the 
relat ive jump frequencies of i ron and nickel are such 
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Fig. 13. An oxygen activity profile through a section of the 
oxidation zones of an oxidized Ni-4 w/o Fe alloy. The dashed sec- 
tion of the oxygen activity profile near the surface of the oxide 
scale has been extrapolated to ambient oxygen pressure. 

as to preferent ia l ly  concentrate iron toward the outer 
interface of nickel oxide. However, when  this concen- 
t ra t ion becomes high, spinel precipitates from nickel 
oxide. The explanat ion for this is as follows. At very 
low oxygen potentials i ron in nickel oxide is present  
in the form of ferrous ions. Since this does not require 
creation of addit ional  vacancies, solubil i ty of i ron in 
this oxide is high at low oxygen potentials (2, 8). I ron 
tends to pass from the ferrous to the ferric state with 
increasing oxygen potential.  Since nickel oxide cannot 
incorporate ferric i ron in large concentrat ions without 
sustaining a high concentrat ion of vacancies, the iron 
solubil i ty rapidly decreases with increasing oxygen 
pressure. I ron solubil i ty in  nickel oxide is negligible at 
Po2 ~ 1 atm, and correspondingly iron is preferent ia l ly  
concentrated in the spinel phase which can accom- 
modate ferric ion easily in  its crystal lattice. Most of 
the spinel in  the external  scale appears to be precipi-  
tated at a value of the spatial coordinate where nickel 
oxide first supersaturates with respect to iron (the 
location nearest  the source), and hence  the peculiar 
scale s t ructure  seen in  Fig. 5. 

The exper imental  closure of the theoretical analysis 
is not ent i re ly  satisfactory. This s i tuat ion arises main ly  
due to lack of independent  measurements  on the rela-  
tive j ump  frequencies of i ron and nickel in nickel 
oxide. In  the absence of these values, constancy of 
these parameters  has to be assumed for a closure which 
neglects any correlation effects in the system. Thus it 
is assumed that  the jump frequency of a cation into a 
vacancy is independent  of the composition gradient  
and that the vacancies do not show preferent ial  affinity 
for one or the other cation. The extent  to which these 
assumptions are valid for nickel oxide containing dis- 
solved iron is not present ly  known. 

S u m m a r y  
Ni-Fe  alloys containing up to 25 w/o  Fe upon ex-  

posure to oxygen at 1000~ form by parabolic kinetics 
a zone of in te rna l  oxidation containing spinel particles 
and an external  scale consisting of an inner  nickel 
oxide layer  and an outer two-phase nickel oxide-spinel  
layer. The concentrat ion gradients of i ron and nickel 
in the alloys and reaction product layers could be de- 
te rmined by electron-probe microanalyses. The oxida- 
t ion phenomena were in terpre ted by a diffusion model 
which is consistent with diffusional parameters  for the 
various phases and thermodynamics  of the Fe-Ni-O 
system. The composition paths in an alloy and the 
scale were superimposed on the t e rnary  isotherm. Suf-  
ficient results were available to demonstrate  that  the 
t e rnary  diffusion equations in  conjunct ion with a defect 
model for nickel oxide containing i ron quant i ta t ive ly  
predicted the cation concentrat ion and the oxygen 
activity profiles in the nickel oxide layer and the para-  
bolic oxidation constants for the alloys containing 2 
and 4 w/o Fe. 
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A Study of SnO  Thin Films Formed by Sputtering 
and by Anodizing 
Enrico Giani and Roger Kelly* 

Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

SnO2 films have been prepared by reactive sputter ing in  an oxygen-con-  
ta ining glow discharge, by ion-beam sput ter ing in an accelerator, and by 
anodizing with an e thylene-glycol-based electrolyte. The sputtered films were 
amorphous if deposited on KC1 or Ta at temperatures  from --100 ~ to -~200~ 
though were crystal l ine if deposited on SnO~ at 200~ The anodic films were 
variously crystall ine or microcrystall ine,  though clearly nonamorphous.  The 
crystall ization temperatures  ranged from <2O0~ for crystal l ine SnO~ sub-  
strates, to 250~176 for KC1 substrates, to 400~176 for Ta substrates, 
to 475~176 for unsuppor ted films. The crystall ization product was con- 
sistently cassiterite (i.e., ruti le type).  The thickness (d) of the reactively 
sputtered films was estimated by not ing the interference colors when using a 
Ta substrate and assuming the val idi ty of the relat ion nsno2dsn02 : nwa2osdwa205, 
where n is the index of refraction. The thickness of the anodic films was es- 
t imated by sput ter ing the films with 20-keV Kr  ions unt i l  metal  was exposed 
and noting the weight change. The anodization of Sn has a ra ther  low effi- 
ciency (4-21%), and this could be shown to be due to electronic conduction 
ra ther  than  to dissolution. 

SnO2 is near ly  unique  among electronic materials  in 
being a fairly good conductor when  oxygen deficient 
yet  in having a high degree of t ransparency to visible 
light (1). By contrast, oxides such as MoO~, Nb205, or 
V205 are s trongly absorbing when oxygen deficient 
and therefore conductive (2, 3). This has led to a con- 
siderable amount  of work on the electrical and optical 
properties of SnOre and has resulted in SnO2 being 
proposed, among other things, for t ransparen t  heat ing 
elements (4), for t ransparent  antistatic coatings (5), 
and for making transistors or other devices where 
t ransparency was required (6, 7). 

Typically, three different approaches have been used 
to form SnO2 films. (i) Most commonly the films have 
been formed chemically, for example by passing SnC14 
or SnC14 plus water  vapor over a substrate held at 
500~176 (8, 9) or by  a similar  procedure involving 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  t in ,  t h i n  f i lms,  s p u t t e r i n g ,  a n o d i z a t i o n ,  a m o r p h o u s -  

ness .  

other volatile t in  compounds (9, 10). (ii) In  other 
work vacuum evaporat ion of SnO2 (11) has been used 
so as to take advantage of the unusua l ly  high vapor 
pressure (12). Closely related is the reactive evapora-  
t ion of Sn (9). (iii) Finally,  SnO2 films have been 
successfully prepared by reactive sput ter ing either of 
Sn cathodes (6, 13-17) or of SnO2 itself (18). 

There has been an enormous amount  of electronic 
and optical characterization in this work, though not-  
ably lacking has been s tructural  characterization. Thus 
present knowledge is largely confined to two results: 
chemically deposited layers are invar iab ly  crystal l ine 
(8-10), while evaporated or reactively sputtered layers 
are normal ly  (6, 9, 11, 13, 14, 16, 17) though not always 
(15, 17, 18) amorphous. Evident ly  the range of crystal-  
l ization temperatures  for supported SnO2 films lies in 
the in terval  between the substrate temperatures  used 
in  chemical deposition and those used in evaporat ion or 
sputtering. We regard s t ructural  characterization to 
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be near ly  as impor tant  as other characterization in  
view of the fact that both the magni tude  of conduct iv-  
ity, as well  as its tempera ture  stability, are affected 
by crystaUinity. Str iking examples of this in terde-  
pendence occur with V203 and VO2 (19). 

Also lacking has been vir tual ly  any degree of suc- 
cess in producing SnO2 films by anodizing Sn at high 
voltages. Work with both acidic (20-22) and basic (23- 
25) electrolytes has general ly involved low voltages 
( ~  5V) and never  values ( > >  5V) characteristic of 
the growth of thick, uniform, protective films ana-  
logous to those formed on Si (26) and Ge (27). More 
specifically, Hampson and Larkin  (21) showed that  
the capacitances of anodically polarized Sn had values 
appropriate to perhaps a monolayer  of oxide when  
acidic electrolytes were used. Kerr  (23), by contrast, 
obtained thick films (up to 10~A) with basic electro- 
lytes but  the films ne i ther  showed interference colors 
nor  supported a significant voltage. Only Bianchi (28) 
appears to have succeeded in polarizing Sn at a high 
voltage. Using an electrolyte of water  with NaOH and 
potassium silicate he reached 100V, though the film 
was described as a thick, black crust. 

We would propose in the present work to explore the 
properties of 50 O - 5OOlOA SnO2 films as formed by re-  
active sputtering, ion-beam sputtering, and h igh-vol t -  
age anodizing. These properties will  include the crystal 
form, crystal l ization behavior, thickness, and anodizing 
efficiency. Other properties, especially those re la t ing to 
radiat ion damage, will  be treated separately (29). 

E x p e r i m e n t a l  
Reactive sputtering.--The preparat ion of SnO2 films 

by reactive sput ter ing is an already wel l -unders tood 
process. In the present work the equipment  was of the 
diode type (e.g., 15, 17), with a 50 mm diameter  Sn 
cathode. The substrates, consisting of pieces of chemi- 
cally polished A1, Ta, or V, or of cleaved KC1, or of 
a i r -annea led  SnO2, were laid on a 42 mm diameter  
anode table placed 30 mm beneath  the cathode. The 
dark-space region of the discharge usual ly  extended 
about 20 mm away from the cathode when the gas 
pressure was about 1 • 10 -2 Torr. The gas was a 1:1 
mix ture  of oxygen and argon which was purified by 
being passed through a l iquid-n i t rogen  trap. Applied 
d-c voltages ranged from 1000 to 300.0 and the dis- 
charge current  was typical ly 10 mA. Those films which 
were deposited on KCt could be str ipped using water. 

Ion-beam sputtering.--Sn02 films were also prepared 
by sput ter ing Sn anodized to 50V with 10-30 keV Kr 
ions at doses ranging from 25 to 200 ~Amin/cm~. The 
sput ter ing was performed using a h igh-cur ren t  ion 
accelerator and collecting the deposit on unheated  KC1 
(30). This method of film preparat ion involves a vac- 
uum of 10-6 Torr and the sputtered particles therefore 
reach the substrate with their  full energy [1-60 eV 
(31) ] and wi thout  contamination.  

High-voltage anodizing.--Finally, anodizing was con- 
sidered. The anode was a chemically degreased 20 • 
30 mm Sn sheet, while the cathode was either a 20 X 
30 mm A1 sheet or a 23 mm ID Pt  cylinder. Previous 
work (20-25, 28) has shown that  water -based electro- 
lytes, whether  acidic or basic, do not permit  Sn to be 
anodized to high voltages, and an organic-based one 
was therefore chosen. It consisted of 330 g/ l i ter  of 
ammonium pentaborate  in ethylene glycol which was 
varied by  adding water  (subsequent ly  indicated in  
units  of ml / l i t e r ) .  Most films were formed using a 
preset voltage of 50 and a preset current  of 10 mA / c m 2 
a s  obtained with a Hewle t t -Packard  Model 6186B con- 
s t an t -cur ren t  power supply. 

The difference be tween electrolytes with different 
additions of water  is brought  out in  Fig. 1. Electrolyte 
(a) (0 ml / l i t e r )  yields opaque, white films, though the 
t ime variat ion of current  and voltage is sometimes un -  
predictable. Electrolyte (b) (150 ml / l i t e r )  gives 
opaque, gray films. ElectroIyte (c) (30.0 ml / l i t e r )  leads 
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Fig. 1. Voltage-time curves for Qnodizing Sn at 10 mA/cm 2 in 
electrolytes consisting of ethylene glycol, 330 g/liter of ammonium 
pentaborate, and varying amounts (indicated in mr/liter) of water. 
"Old" refers to an electrolyte contQin[ng 300 ml/liter water which 
had aged owing to use. The upper voltage limit is due to presetting 
in all cases except " A "  and " l " ,  where it is a true upper limit. 

to a voltage rise of 50-65 and the films show in te r -  
ference colors over approximately six orders, in agree- 
ment  with the behavior  of most other substances which 
permit  anodizing to high voltages. 

Electrolyte (c) is subject  to aging, through use or 
storage. This gives rise to electrolyte (c'), yielding 
opaque, white films. Electrolyte (d) (430 ml / l i t e r )  
gives films which show slight interference effects 
though are bet ter  described as opaque, yellowish 
brown. Finally,  electrolyte (e) (610 ml / l i t e r )  gives 
opaque, grayish b rown films. 

Contrary to previous work, S n  can evident ly  be 
anodized in a "normal" m a n n e r  provided a correct 
electrolyte is chosen. The normalcy is fur ther  shown 
by the existence of a well-defined fall in  current  when  
the preset voltage is reached (Fig. 2). 

We have centered our a t tent ion on films obtained 
using electrolytes (c) and (c'), subsequent ly  referred 
to as "colored" and "white." When necessary, the films 
were stripped by  placing the specimens in  1% HC1 for 
several hours. 

Results 
Film continuity and crystal form.- -The  state of the 

films that  were obtained was determined using t rans-  
mission electron microscopy as well  as electron diffrac- 
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Fig. 2. Current-time curves for anodizing Sn when both current and 
voltage are preset. The anodizings are the same as in Fig. 1 in 
all cases except " A "  and " l ' ,  where the preset voltages are 50 
and 40V. Note that, to avoid crowding, only one set of points " A "  
has been joined. 



396 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  March 1974 

tion. Some 400 specimens were  examined,  the main  
trends being as follows: 

(i) React ive sput ter ing onto KC1 substrates at 
--100~ gave amorphous films, sometimes wi th  an 
island s t ructure  and sometimes continuous (Fig. 3). 
Though the island s t ructure  is not understood, the 
amorphousness is a reasonable result  g iven that  most 
oxides deposit amorphously  at low tempera tures  (16, 
30). 

(ii) React ive sput ter ing onto KC1 or Ta at 25 ~ or 
200~ as wel l  as ion-beam sput ter ing onto KC1 at 
25~ gave amorphous films which were  continuous 
(Fig. 4). Apparen t ly  25 ~ and 200~ also consti tute 
" low" tempera tures  as far  as SnO2 is concerned. 

(iii) React ive sputter ing onto SnO2 single crystals or 
s intered pellets at 200~ gave finely polycrystal l ine 
films with  the s t ructure  of cassiterite. This result  is 
consistent wi th  the ready avai labi l i ty  of crystal l ization 
nuclei in spite of the t empera tu re  being "low." 

(iv) Colored anodic films, as formed with  electrolyte  
(c), were  continuous and showed a characterist ic 
cel lular  s t ructure  wi th  mean  dimensions of 200-700A 
(Fig. 5). The diffraction pat tern  was border l ine  be-  
tween showing halos and rings, though was judged to 
be more near ly  of a r ing type with  d spacings cor- 
responding to cassiterite. Note that  the grains are 
much smaller  than the cells. 

(v) White  anodic films, as formed with  electrolyte  
(c'), were  polycrystal l ine wi th  the s t ructure  of cas- 

si teri te (Fig. 6). Though continuous they  were  char-  
acterized by a var ia t ion  in thickness as if random 
crystal growth had occurred. 

In effect. SnO2 films can be formed in ei ther  an 
amorphous or crystal l ine state, the result  depending 
on whe ther  sput ter ing or anodizing is used, and in 
addition depending on the substrate and /o r  t empera -  
ture. 

Fig. 5. Micrograph with mag. 22,000 of Sn02 film formed by 
anodizing Sn using electrolye (c). The film has a cellular structure 
on a scale of ,-.~590.~ but consists of crystallites on a much smaller 
scale. The diffraction pattern was judged to be more nearly indica- 
tive of crystallinity than amorphousness. 

Crystallization behavior.--Amorphous SnO2 shows 
four wel l -def ined halos at low angles together  wi th  
others at greater  angles. It was found that  these halos 
persisted when specimens were  heated to gradual ly  
increasing tempera tures  (6 min  hold times) unti l  they 
split abru~otly to yield the r ing pa t te rn  of cassiterite. 
This splitt ing has been taken as signall ing the onset of 
crystallization, wi th  the main trends as follows: 

(i) Unsupported amorphous films, whe the r  formed 
by react ive or ion-beam sputtering,  crystal l ized at 
475~176 (Fig. 7) to yield grains having sizes of 
100-250A (shown in dark-f ield photographs) .  A simi- 
lar  crystall ization t empera tu re  was obtained for heat -  
ing both in air and vacum (10 -5 Torr) .  

(ii) Supported films showed reduced crystal l ization 
temperatures ,  wi th  a value of about 400~176 when 

Fig. 3. Micrograph with mag. 22,000 of Sn02 film formed by re- 
active sputtering onto KCI at --100~ The example is amorphous 
(obvious from the diffraction pattern) and shows an island structure, 
though in other instances the films were amorphous and continuous. 

Fig. 6. Micrograph with mag. 22,000 of SnO2 film formed by ano- 
dizing Sn using electrolyte (C'). The film consists in part of thin 
regions and in part of thick regions, the latter appearing as large 
black areas. Such films had better defined crystallinity than those 
of Fig. 5 and the diffraction pattern could be readily shown to be 
that of cassiterite. 

Fig. 4. Micrograph with mag. 22,000 of Sn02 film formed by re- 
active sputtering onto KCI at 200~ Films formed at 200~ were 
always amorphous (again obvious from the diffraction pattern) and 
continuous. 

Fig. 7. Bright-field micrograph with mag. 22,000 of Sn02 film 
formed by reactive sputtering onto KCI at 200~ The film was 
stripped and then heated for 10 min in air at 600~ in an unsup- 
ported state. The corresponding diffraction pattern (given) was that 
of cassiterite, while dark-field views (not given) revealed grains 
with a size range of 100-350A. 
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Fig. 8. (a, left) Bright-field micrograph with mag. 54,000 of SnO~ film formed by anodizing Sn using electrolyte (c). The film was stripped 
and then heated for 6 min in air at 1000~ in an unsupported state. The diffraction pattern is still best described as consisting of rings. (b, 
right) As in (a) but dark-field and heated at 1100~ The diffr,action pattern now shows a tendency to be spotty. 

in contact with Ta, 250~176 when  in contact wi th  
KC1, and <200oc (thence crystal l ine as deposited) 
when in contact wi th  crystal l ine SnO2. The grains 
formed had a broad range of sizes from 200 to 1500A 
and were  therefore  larger  than those formed in un-  
supported films. The differences in crystal l ization tem-  
pera ture  and in grain size suggest that  nucleat ion 
ra ther  than growth is the ra te-cont ro l l ing  step in the 
crystal l ization of SnO2. 

(iii) Colored anodic films which had been str ipped 
were  found to undergo a continuous increase in the 
sharpness of the rings with increasing temperature .  
This can be taken as confirming thei r  polycrystal l ine 
nature  in the sense that  an amorphous film would 
have  shown an abrupt  increase in r ing sharpness. 

Higher  tempera tures  led to re la t ive ly  l i t t le  change 
unti l  1000oc was exceeded. For example,  the films re-  
ta ined their  i s land- type  or continuous form, the dif-  
fract ion pat terns persisted as rings corresponding to 
cassiterite, and the grains remained  small (e.g., 100- 
400A in Fig. 8A). Only once a t empera tu re  of l l00~ 
was reached was there  evidence for major  grain 
growth. The diffraction pat terns became spotty and 
dark-f ield photographs revealed  larger  grains (e.g., 
500-1000A in Fig. 6B). 

Thicknesses of reactively sputtered f i lms.--In order  
to de te rmine  the thicknesses of the reac t ive ly  sput-  
tered films, substrates of A1, Sn, Ta, and V were  in-  
cluded among the KC1 cleavings on the anode table. It  
was hoped that  wel l -def ined in ter ference  colors would  
develop, and indeed satisfactory results were  obtained 
with  Ta. The colors for SnO2 on Ta were  then de-  
scribed in terms of a voltage such that  when , a  was 
anodized to this vol tage the same color was obtained. 
It was then assumed that  the films had a s imilar  
"optical thickness," i.e. 

n s n o 2 d s n 0 2  = n T a 2 0 5 ~ T a 2 0 5  

where  n, the index of refraction, was taken as 1.95 for 
SnO2 (1) and 2.2'0 for Ta205 (32). Since the thickness 
of anodic Ta205 is given by 16.7 A / V  (33), we finally 
have  

dsno2 ~ 19A/V [1] 

where  the voltage refers to that  to which Ta is anod- 
ized. The results are summarized in Table I. 

Thick~iesses of anodic f i lms. - -The film thicknesses on 
anodized Sn were  est imated in several  ways. (i) They 
were  judged in the first place to be near ly  independent  
of voltage be tween  6 and 50V on the grounds that  the 
in ter ference  colors changed only sl ightly wi th  voltage 
for specimens anodized as in Fig. 2. (ii) Explici t  th ick-  
nesses were  obtained by measur ing the weight  in-  
creases due to anodizing and in terpre t ing  them in the 
l ight of the result  (see below) that  dissolution during 
anodizing is normal ly  unimpor tan t  (column 2 of Table 
II).- (iii) Explici t  thicknesses were  also deduced by 
a sput ter ing technique in which anodized specimens 
are bombarded with  20-keV Kr unti l  the meta l  is ex-  
posed. The thicknesses fol low gravimetr ica l ly  (column 
3 of Table II) ,  whi le  one obtains as an ex t ra  benefit 
values for the sput ter ing coefficient (29). 

The inferred independence of thickness and voltage 
is seen to be fair ly well, though not completely,  borne 

table I. Thicknesses of reactively sputtered SnO2 films 

Vol tage  to w h i c h  T h i c k n e s s  of 
Ta m u s t  be anod-  SnO2 f i lm 

I n t e r f e r e n c e  color  ized to show same f r o m  Eq. [ l l  
of SnO2 on Ta color 'a) (A) 

D a r k  b lue  24 470 
I n t e r m e d i a t e  b lue  40 760 
L i g h t  b lue  48 910 
B l u e  w i t h  b i t  of  y e l l o w  54 1030 
Ye l low w i t h  b i t  of r ed  80 1520 
P u r p l e  85 1620 
Y e l l o w i s h  g reen  120 2280 

(at The  Ta was  anod ized  for  3 m i n  in  0.2% KF.  

Table II. Thicknesses of anodic SnO2 films (a) 

T h i c k n e s s  as i n f e r r e d  
A n o d i z i n g  f r o m  w e i g h t  inc rease  

v o l t a g e  (V) due  to  a n o d i z i n g  (A) 

Th icknes s  as i n f e r r e d  
f r o m  w e i g h t  loss due  

to  s p u t t e r i n g  (A} 

6 3 7 0 0 •  3 1 0 0 •  
6900-4-100 6 2 0 0 •  

15 4300-----700 4 4 0 0 •  
25 2 8 0 0 ~ - 5 0 0  3000--+300 
35 2500"+'500 4200"~400  
50 2 6 0 0 4 - 3 0 0  4 7 0 0 •  

(a) The c u r r e n t  d e n s i t y  was  i n i t i a l l y  6.5 or  10 and  f ina l ly  2 
m A / c m  2. The c o n v e r s i o n  f r o m  /~g/cm 2 to a n g s t r o m s  was  m a d e  u s i n g  
the  a s s u m e d  v a l u e  6.95 ~g/cm:~ fo r  the  dens i t y  of SnO2; the  rea l  
d e n s i t y  w o u l d  be s o m e w h a t  lower .  
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Table III. Anodizing efficiency 

H y p o t h e t i c a l  
w e i g h t  loss i f  
low efficiency 

C h a r g e d  A n o d i z i n g  is due  to  
A n o d i z i n g  p a s s e d  (cou- eff iciency d i s s o l u t i o n  

v o l t a g e  (V) l o m b s / c m  e) (%) (/Lg/cm ~) 

6 2.7 20 --  2 600 
8 5.25 21 ~ 2 1200 

15 7.92 10 • 1 2100 
25 8.64 6 • 1 2500 
35 11.8 6 • I 3400 
50 21.2 4 • 0.5 6200 

(a) T h e  c u r r e n t  d e n s i t y  w a s  i n i t i a l l y  6.5 a n d  f ina l ly  2 mA/cm2 .  

out. In fact the films are thickest  for a vol tage in the 
vicini ty  of 8-15, an effect which wil l  be studied in 
fu ture  work. 

Anodizing efficiency.--The anodic-fi lm thicknesses 
are  of addit ional  interest  in that  they  enable the ano- 
dizing efficiency co be deduced. To this end it is suffi- 
cient to compare the film weights  as obtained by inte-  
grat ing cur ren t - t ime  curves as in Fig. 2 wi th  observed 
weights. The results are summarized in Table III 
(columns 2 and 3). The efficiency is 20% for a 6V film 

but decreases wi th  increasing voltage. 
A low efficiency can arise e i ther  from electronic 

conduction or f rom film dissolution. These can be dis- 
t inguished firstly from the fact that  anodized speci- 
mens tended to gain weight  approximate ly  as requi red  
f rom the explici t  film weights  (columns 2 and 3 of 
Table II) .  Evident ly  electronic conduction is occurring, 
for had dissolution been important  there  would  have 
been pronounced weight  losses as in column 4 of 
Table III. 

The origin of the low efficiency can be shown sec- 
ondly from an exper iment  in which a specimen is first 
labeled with  30-keV Kr s5 and is then anodized to 50V 
as in Fig. 2. During the anodizing about 30 • 10% of 
the act ivi ty is lost f rom colored films and about 90 
_+ 6% is lost f rom white  films. Such losses can be ex-  
pressed in terms of Sn dissolution provided the in-  
tegral  depth distr ibution of the 30-keV K r  is known. 
The re levant  relat ion i s  

Cint. ~ l/z erfc [ x-<x> ] 
21/2Ax [2] 

where  < x >  is the mean projected ion range [10.1 ~g/  
cm 2 as for CdTe (34)] and P,x is the mean projected ion 
straggling [5.8 ~g/cm 2 (34)]. This relat ion is shown 
graphical ly  in Fig. 9, f rom which we conclude that  the 
amount  of Sn dissolving is 7-21 #g/cm 2. Such an 
amount  is small  compared with  the 350 #g/cm 2 of Sn 
contained in a 5000A film and one again concludes 
that  the low efficiencies are due main ly  to electronic 
conduction.t 

D i s c u s s i o n  

Reactive sputtering.--The prepara t ion of SnO2 by 
react ive sput ter ing has a long precedent  in the l i tera-  
ture  and we have l i t t le  to add, at least f rom the point 
of v iew of preparat ion as an end in itself. The s truc-  
tural  characterist ics of SnO2 films have, on the other  
hand, been largely  neglected. Even such a basic con- 
cept as the crystal l ization t empera tu re  has not been 
previously  determined in a satisfactory way. The work  
has in all cases applied to supported films (where  nu-  
cleation problems enter)  and the t empera tu re  was nor-  
mal ly  given as a l imit  [e.g., >280~ (9), <400~ (13), 
<500~ (8)]. The present  work  suggests that  the 
crystal l izat ion t empera tu re  depends on the nucleat ion 
conditions as governed by the substrate, varying f rom 
<200~ for crystal l ine SnO2 substrates, to 250~176 

1 E q u a t i o n  [2] is  s t r i c t ly  v a l i d  o n l y  if  c h a n n e l i n g  is m i n i m a l .  
N o t h i n g  is k n o w n  a b o u t  c h a n n e l i n g  i n  Sn,  a nd  the  e s t i m a t e d  disso-  
l u t i o n  loss of 7-21 /zg/cm 2 s h o u l d  t he re fo re  he r e g a r d e d  as a l o w e r  
l imi t .  

I.O I I 

z 0.4 
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~ - 

Z 
1.1.1 
~ 0.1 - -  Z 

0 - c., 5C)I keY Kr-_Sn ~ _ 

a: 0.04 
r 
U3 
i-- 
z 

0 .01  I 
0 5 I0 15 20 25 30 

DEPTH (pg/crn 2 of Sn) 

Fig. 9. Integral depth distribution of 30-key Kr in Sn according 
to Eq, [2] .  The range parameters < x >  and Ax in Eq. [2] were 
assigned values as for CdTe (34), which has a mean mass similar 
to that of Sn. 

for KC1 substrates, to 400~176 for Ta substrates, to 
475~176 for unsupported films. 

As far  as agreement  wi th  other  work  on SnO2 is 
concerned, the range 250~176 for crystal l ization on 
KC1 or Ta substrates is compatible wi th  v i r tua l ly  all 
previous work  (8-10, 13, 15, 16) except  that  of Hecq 
and Por t ie r  (17) and of Yamanaka  and Oohashi (18). 
The former  authors obtained crystal l ine SnO2 films at 
90~ for sufficiently large anode-cathode separations. 
The argument  was made that  the density of nucleation 
sites should be low (leading to a crystal l ine film) for 
low sput tered-par t ic le  energies such as would  result  
wi th  large anode-cathode separations. A similar  effect 
may have occurred also wi th  Ref. (18), as the product  
(pressure) X (separation) was here  as large as with 

Ref. (17). 
By way  of comparison with  substances other  than 

SnO2, we would  first of all point out that  certain other  
amorphous oxides also show a substrate effect. They 
include the fol lowing examples:  

o x i d e  A1208 (35) SlOe (36, 37) Nb205 (38} Ta~O,~ (38) 
cryst ,  t emp.  in  con- 500 700 475 550 

tac t  w i t h  m e t a l  
(~ 

eryst ,  t emp.  w h e n  680 >1300 590 715 
u n s u p p o r t e d  (~ 

SIO2, GeOe, and SnO2 consti tute a homologous series 
and here  the main  feature  to emphasize is that  the 
crystall ization tempera tures  decrease along the series. 
For example,  we have >1300~ for SiO2 (37) .-~630~ 
for GeO2 (39), and 475~176 for SnO2 (present 
work) ,  in all cases for unsupported material .  

Anodizing.--While SnO2 is f requent ly  prepared  by 
react ive sputtering, there  is as far as we know no 
precedent  for films being formed by h igh-vol tage  ano- 
dizing except  for the instance in which a "thick black 
crust" was obtained (28). This lack of success is not 
real ly surprising when  it is r emembered  that  Mo and 
V, for example,  were  long regarded as being incapable 
of support ing high anodizing voltages yet  have been 
recent ly  found to yield uniform, protect ive films with  
thicknesses of ~1200A at 100V. The key lay in choosing 
an appropriate  ~onaqueous electrolyte  (40-42). The 
present work  makes it clear that, though the process is 
far  from perfect, h igh-vol tage  film growth is readi ly  
achieved with  Sn. The main problem still to overcome 
is probably that  of explor ing a l ternat ive  electrolytes 
or anodizing cycles unti l  one is found which yields 
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Table IV. The crystallization products of amorphous oxides 

Crystal l izat ion 
Oxide  product  Stabil i ty Ref. 

AI.~O3 G a m m a  Always  metas tab le  (46) 
Nb205 Low temp.  fo rm Always  metas table  (47) 
Ta205 Low temp.  fo rm Always  metas table  (38) 
TiO~ Anatase  Always  metas table  (4S) 
Bi.~Os Cubic Stable above 717~ (16) 
GeO2 Hexagona l  Stable above I033~ (39) 
HfO2 Cubic Stable above  ~2700~ (49) 
WOs Or thorhombic  Stable above 330~ (16) 
ZrO$ Cubic Stable above 2285~ (30) 

films which, due either to their  s t ructure  or to doping, 
show the expected l inear i ty  be tween thickness and 
voltage. 

Unexpected was the result  that  anodic SnO2 is crys- 
tal l ine as formed, for anodic films are near ly  invar i -  
ably amorphous. ZrO2 appears to be an exception, as it 
forms in  the cubic modification (38), while anodic 
BeO (43) and TiO2 (44) are sometimes crystalline. 
Perhaps there is precedent in the work of Lakhiani  
and Shreir  (45), where normal ly  amorphous anodic 
Nb205 was shown to crystallize at high voltages due 
to voltage breakdown. Alternat ively,  it is a simple 
tempera ture  effect governed by the current  (43, 44). 

The low anodizing efficiency found here for Sn 
(4-21%) finds a parallel  in the behavior  of Si and Ge. 
Thus the value 2% has been quoted for Si (26) and 11- 
17% for Ge (27). The low efficiency with Sn was at-  
t r ibuted  to electronic conduction, a result  which is not 
surprising in view of the numerous  examples where  
the carrier densities in  SnO2 films have been found to 
be near ly  as high as in metals. Groth et al. (1), for 
example, found carrier  densities of 1-6 X 1020 elec- 
t rons /cm 8. 

Polymorphism in SnOz.--A consistent result  in  this 
work has been that  amorphous SnO2, formed by either 
reactive or ion-beam sputtering, crystallized to cas- 
siterite. Likewise SnO2 films formed anodically were 
cassiterite as formed. In  view of the fact that  other 
amorphous oxides often yield metastable or high-  
tempera ture  phases when  crystallized (Table IV), a 
possible conclusion is that  SnO2 lacks metastable  or 
h igh- tempera ture  phases. Whether  or not this con- 
clusion is war ran ted  will  be shown in part  when  the 
phase relations of SnO2 in the still unstudied region 
above about 1600~ are determined. 
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The Relation Between Environmental pH, Porosity, 
and the Impedance of Anodic Aluminum Oxide Films 

T. A. Libsch and O. F. Devereux* 
Department of Metallurgy, Institute o~ Materials Science, University of Connecticut, Storrs~ Connecticut 06268 

ABSTRACT 

The capacitance and resistance of an electrochemical cell have been mea- 
sured to determine the effect of the pH (3.6-8.2) of aqueous potassium nitrate 
and perchlorate electrolytes upon 360A thick anodic oxide films formed on 
polycrystalline 99.99% aluminum. While the film has been found to be quite 
stable upon exposure to electrolytes having pH values in the range 5.1-8.2, 
frequency dependent capacitance increases and resistance decreases have been 
observed during a 3000 min test period for cells having electrolytes of ~H 3.6. 
The data for electrochemical cells having 1.0M KNO3 electrolytes of pH 3.6 have 
been corrected for the presence of the electrolyte by two electrical analogs. 
This corrected aluminum cell data represent average anodic oxide film prop- 
erties. The authors have interpreted the large capacitance increases and re- 
sistance decreases of electrochemical cells having an electrolyte of pH 3.6 in 
terms of the growth of pores in the anodie oxide film. The data for cells 
having 1.0M KNO3 electrolytes of pH 3.6 have been quantitatively analyzed as 
a function of exposure time and frequency by modeling the electrochemical 
cell as a parallel combination of two parallel RC circuits in series with a third 
parallel RC circuit. Transmission electron microscopy of films before and after 
testing supports the interpretation of the data in terms of a porous film 
structure. Some comments are forwarded on the defect structure of the film 
before and after environmental exposure. 

Oxide surface films, formed in air at e levated t em-  
peratures,  or formed anodically, provide substrate 
metals  wi th  corrosion protection, but  concurrent ly  
affect substrate mechanical  propert ies  (1, 2). Severa l  
invest igators (3-7) have proposed the existence of 
these surface films and their  interact ion with  the en-  
v i ronment  to play a significant role in the engineer ing 
problems of stress corrosion cracking, corrosion fa-  
tigue, and creep rupture.  For ty  and Humble  (8) have  
proposed a repeated film format ion-f i lm rupture  
mechanism to be operat ive in the stress corrosion 
cracking of ~-brass in ammoniacal  solutions. A similar  
mechanism has been proposed by McEvily (9) for 
the e levated t empera tu re  creep rupture  behavior  of 
Cu, Cu-7AI, and AI-Zn-Mg a11oys. A more  thorough 
knowledge of env i ronment -sur face  film interactions is 
a necessary prerequis i te  to an unders tanding of the 
elusive mechanisms which control these engineer ing 
problems. 

Previous investigations have  revealed  that  l iquid 
envi ronments  are capable of modifying the defect 
s t ructure  of and /o r  deter iora t ing anodic oxide films 
formed on the valve  metals. Vermi lyea  (10-12) has 
determined that  in acidic electrolytes the capacitance 
of thin niobium, tantalum, tungsten, t i tanium, and 
ant imony anodic oxide films is a marked  function of 
the electr ical  potent ial  difference applied across the 
film during measurement .  Vermi lyea  proposed that  
these capacitance changes were  the result  of changes 
in a space charge which was created by the evapora-  
t ion of protons at the ox ide /e lec t ro ly te  interface into 
the oxide film. Anodic aluminum, beryl l ium, and zir-  
conium oxide films did not exhibi t  these capacitance 
changes, presumably  due to lower  proton mobili ty.  
P ryor  and co-workers  (13-17) have  repor ted  the 
effects of aqueous envi ronments  of sodium chloride, 
sodium fluoride, and sodium chromate on the dielectric 
propert ies  of anodic a luminum oxide films. These 
studies suggest that  fluoride , chloride, and hydroxyl  
ions from aqueous electrolytes can penetra te  anodic 
a luminum oxide films by exchange with  oxide ions in 
the film lattice. P ryor  and co-workers  de te rmined  
that  chromate  solutions in the pH range 7-9 uni-  
formly  thin the anodic oxide to a passive layer  th ick-  
ness of 20-25A without  modifying the film during the 
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dissolution process. This result  enabled these invest i -  
gators to examine  the ionic and electronic resist ivi ty 
as a function of film thickness, and also the changes 
in the resis t ivi ty- thickness  profiles resul t ing f rom pre-  
exposure of films to other  aqueous electrolytes.  
Richardson et al. (18-20) have  examined the effect of 
near  neut ra l  chromate,  dichromate,  chloride, bromide,  
iodide, fluoride, and sulfate aqueous electrolytes on 
the dielectric characterist ics of anodic and a i r - fo rmed  
a luminum oxide films. These invest igators found that  
chromate and dichromate  electrolytes heal  flaws origi-  
nal ly present  in a i r - fo rmed  films and th in  anodic 
oxide films to a passive thickness of 25A. Bromide, 
chloride, and iodide electrolytes were  purpor ted  to pit 
the substrate meta l  at the base of film flaws. Li t t le  
attack occurred in sulfate solution, whereas  in fluoride 
the film was rapidly r emoved  and replaced by a com- 
plex oxyfluoride. 

The aforement ioned investigations have  been pr i -  
mar i ly  or iented toward  the effects which electrolytes 
of near  neutra l  pH have  upon uni form anodic a lumi-  
num oxide films. The purpose of the current  invest i -  
gation was to determine  the effect of the pH of aque-  
ous electrolytes upon these films (21). Potassium ni-  
t ra te  and potassium perchlorate  electrolytes were  
chosen as envi ronments  because potassium, nitrate,  
and perchlorate  ions had previously  been repor ted  to 
be indifferent to the surface of a lumina (22). Im-  
pedance measurements  were  made on electrochemical  
cells having anodized a luminum electrodes as a func-  
tion of exposure t ime over  the f requency range 5 • 102 
to 5 X 104 Hz. A f requency  range was ut i l ized since 
result ing f requency dispersions are useful in analyz-  
ing both modifications in the film defect s t ructure  and 
nonuniform film deter iorat ion (14, 15). P la t inum speci- 
mens were  uti l ized as dummy specimens in order  to 
de termine  the impedance a t t r ibutable  to the electro-  
lytic double layer, solution, and counterelectrode.  The 
plat inum data were  subsequent ly  used to correct mea-  
surements  made on cells having anodized a luminum 
specimens. 

Experimental Procedure 
Small  cylindrical  specimens of 99.99% a luminum and 

99.5% plat inum were  machined and mechanical ly  
polished. The surface of each a luminum specimen was 
s t ress-re l ieved by hea t - t r ea tmen t  for a short period 
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at 345cC in argon (23) and subsequent ly  chemically 
polished using the sodium hydroxide-ni t r ic  acid 
method (24). Electropolishing was avoided as a means 
of surface preparat ion due to reports by previous in-  
vestigators that  films formed on electropolished sur-  
faces yield erratic impedance data (18, 20). Electrode 
assembly is i l lustrated in Fig. 1. 

Anodizing and test electrolytes were prepared wi th  
double distilled water  and reagent  grade chemicals. 
Several  electrolytes, e.g., boric acid (13) and tar tar ic  
acid (25), have been used by previous investigators 
to form barr ie r  layer  anodic oxide films on a luminum.  
The anodizing electrolyte employed in  this invest iga-  
t ion was that  used by McMullen and Pryor  (13) and 
Richardson and Wood (20), i.e., an aqueous 3.0 weight 
per cent (w/o) solution of ammonium tar t ra te  ad- 
justed to pH 7.0 by the addition of several drops of 
dilute ammonium hydroxide. Three test electrolytes 
were prepared. The pH of 0.1M and 1.0M potassium ni-  
trate solutions was adjusted to values of 3.6, 5.1, 6.6, or 
8.2 by the addition of several drops of dilute nitric acid 
or potassium hydroxide. The pH of the 0.1M potassium 
perchlorate solution was adjusted to the same pH 
values by the addit ion of several  drops of dilute per-  
chloric acid or potassium hydroxide. Test electrolytes 
were stored under  a n i t rogen atmosphere to prevent  
carbon dioxide absorption and resul t ing pH uncer -  
t a in ty  (22). 

Anodizing was performed in the cell of Fig. 1, which 
was main ta ined  at 30.0 ~ ___ 0.3~ by  a constant tempera-  
ture  water  bath. The potential  be tween the a luminum 
specimen and p la t inum grid counterelectrode was 
raised to 30V in such a m a n n e r  that  the current  
surge did not exceed 1 mA/cm 2. The importance of 
main ta in ing  a current  l imit  in  the init ial  stages o f  a 
constant voltage anodizing procedure has not been 
well established. Many investigators do not report  a 
current  limit, and the current  l imits that  have been  
reported vary  widely, e.g., McMullen and Pryor  (13) 
used 5 mA/cm 2, while Smith (26) used 20 mA / c m ~. 
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Fig. 1. (a} Electrode assembly diagram (expanded view). (b) Elec- 
trochemical cell used for anodizing and testing. 

The 30V potential  was main ta ined  for 45 rain dur ing 
which time the current  normal ly  decayed to less than  
30 ~A/cm e. Specimens having leakage currents  in 
excess of this value were discarded. McMullen and 
Pryor  (13) have used 20 ~A/cm 2 as an upper  l imit  of 
leakage current  for acceptable anodized specimens. 
This value, however, applies to 99.995% a luminum 
substrates ra ther  than  99.99% as used in  this invest i -  
gation. Anodization constants for bar r ie r  layer  anodic 
a luminum oxide films vary  by  several A / V  depending 
pr imar i ly  on the anodizing electrolyte utilized. Utiliz- 
ing the anodization constant of 12.0 A / V  determined 
by McMullen and Pryor  (13) for a 3.0 w/o  ammonium 
tar t ra te  electrolyte of pH 7.0, the anodization pro- 
cedure formed a 360A thick barr ier  layer  anodic alu-  
m i n u m  oxide film on the cylindrical  a luminum surface. 
While a film formed in this m a n n e r  is normal ly  re-  
garded as uniform, several investigators (27, 28) have 
suggested that  a slight tendency exists toward a cellu- 
lar  s t ructure and porosity. 

Testing was also performed in the cell of Fig. 1 
main ta ined  at a constant  tempera ture  of 30.0~ The 
dielectric properties of test cells having anodized alu-  
m i num or p la t inum electrodes were measured with a 
General  Radio capacitance measur ing  assembly con- 
sisting of a Type 1310-B oscillator, a Type 1615-A ca- 
pacitance bridge, a Type 1232-A nul l  detector, a Type 
1419-B decade capacitor, and a Type 1434-QC decade 
resistor. A 2 mV peak to l~eak signal was applied to the 
test cell in all cases. Utilizing the test electrolytes of 
different pH values, the dielectric proper t ies  of test 
cells having anodized a luminum or p la t inum electrodes 
were measured as a funct ion of applied frequency (l/e, 
1, 5, 10, 20, 50 kHz) and test t ime (0-400'0 min) .  The 
terms a luminum cell and p la t inum cell will be used for 
convenience in  subsequent  sections to designate a test 
cell having an anodized a luminum specimen or a plat i -  
num specimen, respectively. 

Results 
Aluminum ceZl data.--Negligibly small capacitance 

increases and resistance decreases were recorded dur -  
ing the 30'09 rain test period for a luminum cells having 
electrolytes of pH 5.1, 6.6, or 8.2. This result  sug- 
gests that l i t t le f i lm-envi ronment  interact ion occurs 
under  these conditions. Large capacitance increases 
and resistance decreases were recorded dur ing the 
same test period for a luminum cells having  electro- 
lytes of pII 3.6. Time related capacitance increases and 
resistance decreases indicate some type of f i lm-en-  
v i ronment  interaction,  i.e., uniform film thinning,  non-  
uniform film deterioration, and /o r  a modification of 
the film defect structure.  

The capacitance and resistance values for all the 
a luminum cells are presented in  Fig. 2 and 3, respec- 
tively. In  Fig. 3, the resistance has been plotted as 
resistance times frequency for graphical convenience. 
Several  general  comments apply to both figures. Each 
figure has been constructed from th i r ty -s ix  average 
curves--each average curve being characterized by  an 
electrolyte concentrat ion and composition (1.0M KNO~, 
0.1M KNO3, or O.IM KC1Oa), a pH value (3.6, 5.1, 6.6, 
or 8.2), and a f requency value (%/2, 10, or 50 kHz).  
Each average curve was determined from three speci- 
mens, except for the average curves de termined from 
cells having 1.0M KNO3 electrolytes of pH 8.2, in 
which case the average was ascertained from two 
specimens. In  both figures a number  of the average 
curves lie in  close proximity;  in  such cases the curves 
were condensed into bands. The scatter brackets in -  
cluded represent  data extremes except for the scat- 
ter  brackets on the two curves labeled 0.1, 1.0M KNOm 
0.1M KC104; pH (5.1, 6.6, 8.2) and 1.0M KNO~; pH 
(5.1, 6.6, 8.2) in Fig. 3. In  these two cases the scatter 

brackets i l lustrate  the extremes of average curves. 

PZat~num cell data.--Capacitance and resistance 
values were measured  for p la t inum cells having 1.0M 
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Fig. 2. Average capacitance-time relationships at �89 10, and 50 
kHz for aluminum cells having 1.0M KNO3, 0 . IM KNO3, and 0.1M 
KCIO4 electrolytes of pH 3.6, 5.1, 6.6, and 8.2. Band 1 contains the 
averages: 1.0M KNO~, pH (5.1, 6.6, 8.2), ( �89 10, 50 kHz); 0.1M 
KNO3, 0.1M KCIO4, pH 3.6, 10 kHz; 0.1M KNO3, 0.1M KCIO4, pH 
(5.1, 6.6, 8.2), ( �89 10 kHz). Band 2 contains the averages: 0.1M 
KNO3, 0.1M KCIO4, pH (3.6, 5.1, 6.6, 8.2), 50 kHz. Error bars 
typical. 
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Fig. 3. Average resistance-time relationships at �89 10, end 50 
kHz for aluminum cells having 1.0M KN03, O.]M 1(1',103, and O.1M 
KCI04 electrolytes of pH 3.6, 5.1, 6.6, and 8.2. Bond ] contains the 
averages: 1.OM KN03, pH (3.6, 5.1, 6.6, 8.2), 50 kHz; O.IM KN03, 
0.1M KCI04, pH (3.6, 5.1, 6.6, 8.2), (10, 50 kHz). Error bars typical. 

KNO3 electrolytes as a funct ion of e lectrolyte  pH, ex-  
posure time, and applied frequency.  No definitive 
effect of electrolyte  pH was observed. At constant f re -  
quency, the dielectric propert ies  of p la t inum cells were  
observed to stabilize af ter  a short induction period. 
F requency  effects were  pronounced. Table I lists the 
average s teady-s ta te  values (4000 rain) of paral lel  ca- 
pacitance (Cp2), paral lel  resistance (Rp2), and series 
resistance (Rs2) on a uni t  area basis for three  pla t inum 
cells having 1.0M KNO3 electrolytes of pH 3.6 as a 
funct ion of the applied frequency.  Rs2 values were  cal- 
culated f rom Cp2 and Rp2 values f rom the equat ion 
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Table I. Values of parameters used in Analog 1, Analog 2, and 
Analog 3 

RD~* RS2* 
Cp~." ( o h m  �9 ( o h m  �9 ~s* 

( r a d / s e c )  ( / z f / c m  2) c m  -~) c m  2} ( o h m  �9 c m l  

3 . 1 4  • 103 11 .1  114  6 , 7 8  5 . 1 7  • l 0  s 
6 . 2 8  • 103 9 . 8 8  4 9 . 9  4 . 7 0  2 . 3 4  • 10~ 
3 . 1 4  • 104 5 .22  7 . 0 0  3 .03  2 .81  • 105 
6 . 2 8  x 104 2 . 7 5  3 . 9 9  2 ,71  1 . 0 7  • 10~ 
1 .26  x 105 0 . 9 7 8  2 . 8 8  2 . 5 7  8 . 0 2  x 10~ 
3 . 1 4  • i 05  0 . 0 4 2  2 . 4 4  2 . 4 4  3 . 7 5  • 104 

d3 ( o r i g i n a l  f i l m  t h i c k n e s s ) :  3 . 6 0  • 10 - s m  ( 3 6 0 A )  
d~ ( f i l m  t h i c k n e s s  a t  p o r e  b a s e ) :  3 . 9 4  • 10  -9 m ( 4 0 A )  
K ( f i l m  d i e l e c t r i c  c o n s t a n t ) :  i 0  
e .  ( p e r m i t t i v i t y  c o n s l a n t ~  : 8 8 5  • i 0  -I~ f / m  
A s  ( t o t a l  f i l m  a r e a ) :  8 . 09  • I 0  -~ m -~ 
Ao  ( r a t e  c o n s t a n t  f o r  t h e  g r o w t h  o f  t h e  p o r o u s  a r e a  o f  t h e  f i lm}  : 

1 . 40  • I 0  -I~ m - " / s e c  2 

* D e f i n i t i o n s  c a n  b e  f o u n d  i n  t h e  l i s t  o f  s y m b o l s .  

Rs2 ---- Rp2/ (1 -F ~Cp22Rp22) 

These values will  be subsequent ly  used to correct  and 
in terpre t  the data of a luminum cells having 1.0M 
KNO3 electrolytes of pH 3.6. 

An unsuccessful a t tempt  was made to de termine  the 
capacitance and resistance of p la t inum cells having 
0.1M KNO3 and 0.1M KC104 electrolytes.  Proper  bridge 
balances could not be made for these cells at f re -  
quencies greater  than 1O kHz, presumably  due to the 
fact that  the bridge was designed to measure  capaci- 
tance with  resistance as a minor  component.  

Correction procedures Jot a luminum cell data.--The 
authors have corrected the a luminum cell capacitance 
and resistance because it was necessary to de termine  
the series film resist ivi ty as a function of f requency to 
explain the capacitance increases and resistance de- 
creases of a luminum cells having  1.0M KNO3 elec-  
t rolytes of pH 3.6. Also, regardless of the type of film- 
envi ronment  interact ion occurring, the corrected alu-  
minum cell capacitance and resistance values would 
represent  average data for the film alone. 

Two analogs were  invest igated for correct ing the 
a luminum cell data. These analogs, the i r  equivalent  
circuits, and the notat ion uti l ized are i l lustrated in Fig. 
4 under  the headings Analog 1 and Analog 2. A com- 
plete list of parameters  and definitions is provided at 
the end of the paper. Analog 1 models the a luminum 
cell as a resistor in series wi th  a paral le l  RC c i rcu i t - -  
the resistor represent ing the electrolyte  and the RC 
circuit represent ing the anodic oxide film. Analog 2 is 
similar  but somewhat  more sophisticated in that  the 
electrolyte  has been modeled as a paral lel  RC circuit  
instead of a simple resistance. Both Heine and Pryor  
(15) and Richardson et al. (18), have suggested Ana-  
log 2 to represent  an a luminum cell of the type uti l ized 
in this investigation. 

The exper imenta l  data  recorded for the a luminum 
cells represent  coupled f i lm-electrolyte  properties.  In 
order  to employ Analogs 1 and 2 the electrolyte  prop-  
erties must  be de termined  in some manner.  Richardson 
et al. (18) suggest the three  fol lowing methods for 
determining electrolyte  propert ies:  (i) measurement  
wi th  a dummy electrode of low impedance, (ii) calcu- 
lation from the cell geometry  and specific conductivi ty 
of the electrolyte,  and (iii) extrapolat ion of a plot 
of series resistance vs. reciprocal  f requency to infinite 
frequency.  Both Heine and F r y e r  (15) and Richardson 
et al. (18) chose to determine  electrolyte  propert ies 
by using a dummy plat inum electrode. This technique 
has also been uti l ized in this investigation. 

The corrected a luminum cell data der ived from Ana-  
log 1 can be de termined  from the equations 

Cpl ~ Cs5/[1 + ~2(Rs5 -- Rs2)2Cs52] 

RPl : 1/[~:2(Rs5 -- Rs2)Cs5Cpl] 

where  Cp, Cs, Rp, and Rs represent  the paral le l  ca- 
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Fig. 4. Electrical analogs, equivalent circuits, and notation. Ana- 
logs 1 and 2 have been used to correct the measured aluminum cell 
data for the presence of electrolyte; Analog 3 has been used to 
interpret the large capacitance and resistance vuriations of alumi- 
num cells having electrolytes of pH 3.6. 

pacitance, series capacitance, paral lel  resistance, and 
series resistance, respectively, and the subscripts 1, 5, 
and 2 refer these quanti t ies  to a corrected a luminum 
cell, a measured a luminum cell, and a p la t inum 
cell, respectively. The corrected a luminum cell data 
derived from Analog 2 can be determined from the 
equations 

CPl = C$2C85/{ (C82 -- Css){1 

+ [ (Cs2D5 --  CssD2 ) I ( Cs2 --  Cs5 ) ] 2} } 

R p l  ~- (Cs2 --  Css)  / [ ~ C p l  (Cs2D5 --  Cs~D.2) ] 

where D represents the dissipation factor and the re- 
mainder  of the notat ion is identical to that described 
above. Calculations for both Analog 1 and Analog 2 
were performed on a uni t  area basis in the MKS 
system of units. 

As ment ioned previously, data could not be obtained 
for p la t inum cells having 0.1M KNO~ or 0.1M KC104 
electrolytes. The correction procedure has consequently 
been confined to a luminum cells having 1.0M KNO~ 
electrolytes using the p la t inum cell data listed in Table 
I. Figures 5 and 6 show the corrected a luminum cell data 
derived from both Analogs 1 and 2 for a luminum cells 
having 1.0M KNO3 electrolytes of pH 3.6. Both analogs 
provide the same general  corrections listed below. The 
difference between the corrected and measured a lumi-  
num cell capacitance is observed to increase at con- 
stant  f requency with increasing exposure time, and to 
increase at constant exposure t ime with increasing 
frequency. The difference between the corrected and 
measured a luminum cell resistance is observed to in-  
crease at constant frequency with decreasing exposure 
time, and to increase at constant exposure t ime with 
increasing frequency. The resistance curves for Ana-  
logs 1 and 2 are v i r tual ly  identical and have not been 
differentiated in Fig. 6. 

Discussion 
A n a l o g  3.--The in terpre ta t ion given to the large ca- 

pacitance increases and resistance decreases observed 
for a luminum cells having electrolytes of pH 3.6 (Fig. 
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Fig. 6. The average measured and corrected resistance of alumi- 
num cells hovlng 1.0M KNO3 electrolytes of pH 3.6 as a function of 
exposure time and frequency. 

2 and 3) is based upon the growth of pores in  the 
oxide film. A model has been developed in such a 
m a n n e r  as to furnish the average capacitance and re-  
sistance of the a luminum cell as a funct ion of exposure 
t ime and frequency. Only a luminum cells having 1.0M 
KNO3 electrolytes of pH 3.6 have been quant i ta t ively  
analyzed with Analog 3 because (i) data was un -  
available for p la t inum cells having 0.1M KNO3 or 0.1M 
KC10~ electrolytes, and (i i)  little f i lm-envi ronment  
interact ion occurs during the 3000 men test period for 
a luminum cells having 1.0M KNO3 electrolytes of pH 
5.1, 6.6, or 8.2. 

The electrical analog selected to represent  the alu-  
m i num cell, circuits equivalent  to it, and the symbols 
employed in the analysis are i l lustrated in Fig. 4 under  
the heading Analog 3. The physical representat ion of 
the a luminum cell is presented in Fig. 4i. The paral -  
lel combinat ion of two paral lel  RC circuits represents 
the oxide f i lm--one RC circuit represents the region of 
nonporous film, the other, the pores. The parallel  RC 
circuit in  series with the film represents the electro- 
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lyte. F igure  4j shows the equivalent  circuit  in terms of 
series capacities and resistances. The fol lowing nota-  
tion has been used in Fig. 4j: Cs2, Rs2: series capaci- 
tance, series resistance of pla t inum cell; Cs3, Rss: series 
capacitance, series resistance of the nonporous area of 
the film; Cs4, Rs4: series capacitance, series resistance 
of the porous area of the film. Figures 4k and 41 show 
simplified series and paral le l  RC circuits equivalent  to 
Fig. 4j. The fol lowing notation has been used in 
Fig. 4k: Cs~, Rs~: series capacitance, series resist-  
ance of the a luminum cell. Calculations for Analog 3 
were  per formed on the total e lectrode area (A~) in the 
MKS system of units, and subsequent ly  t ransformed to 
a uni t  area basis. 

Csg. was de termined  from the measured  paral le l  ca- 
pacitance (Cp~) and paral le l  resistance (Rp2) of the 
pla t inum cell (Table I) f rom the expression 

Cs.2 : Cp2 ~- 1/  (m2Rp22CP~) 

The calculation of Rs2 from Cp2 and Rp2 has been de- 
scribed previously. Expressions for Cs~, Rss, Cs4, a n d  
Rs4 as functions of exposure t ime (t) were  formed in 
the fol lowing manner .  Immedia te ly  subsequent  to im-  
mersion in the testing electrolyte  the film was con- 
sidered to possess n cylindrical  pores, uni formly  dis- 
tributed, of constant depth, and of zero radii. It was 
fur ther  considered that the radius of each pore (r) 
g rew l inear ly  with increasing exposure  time, i.e., 
r -- Rot, where  Ro is a radial  g rowth  constant for 
pores. The porous area of the film (A4) as a function 
of exposure t ime is then given by  the expression A4 : 
n~Ro2t 2 : Aot 2, where  Ao is the rate  constant for the 
growth  of the porous area of the film. The nonporous 
area of the film (As) as a function of exposure t ime is 
g iven by the expression A~ : A5 -- Aot 2, where  A5 
represents  the total film area. The capacitance and re-  
sistance of the nonporous-f i lm area (Cs3, Rs3) and 
porous film area (Cs4, Rs4) can be given as functions 
of exposure t ime by 

Cs~ = Keo(A5 -- Aot2) /d~ 

Rs3 = p s d J ( A 5  -- Aot 2) 

Cs4 : ~eoAot2/d4 

Rs4 : psd4/(Aot 2) 

where  ~ is the dielectric constant, eo the permi t t iv i ty  
c o n s t a n t ,  d 3 the  original  film thickness, ps the series 
resistivity, and d4 the thickness of the film at the pore 
base .  

An a - c  circuit  analysis (29, 30) of the analogs in 
Fig. 4j and 4k yields Rs~ and Cs~ to be 

Rs~ ~- s~ cos e~ + s~s4 cos ~ / ( s s  -p s~) 

Cs~ -- 1/{~ [s2 sin ~ ~- sss~ sin 0~/(ss + s~)] } 

w h e r e  
S2 ---- [Rs22 -I- 11(~2Cs22)] 1/2 

ss -- ds (1 + ~ 2 ~ o ~ 2 ) z / 2 / [ ~ o  (A~ - -Aot  ~) ] 

s4 : d~ (1 -F ~2~oSps ~) 1/2/(a~k:eoAot2) 

e~ "- t a n - Z [ 1 /  (mRs2Css) ] 

#~ ---- t a n -  z [1/(~psreo) ] 

Css and  Rs~ of Fig. 4k have been t ransformed to the 
paral lel  capacitance (Cp~) and paral lel  resistance (Rp~) 
of Fig. 41 and put on a unit  area basis by the fol lowing 
e x p r e s s i o n s  

C p J A ~  = C s J [ A ~ ( 1  -F m2Rs52Cs52) ] 

Rp~A~ -- A~ (1 -F ~2Rs52Cs52) /(w2Cs52R85) 

Table I lists the values of the parameters  used to ana-  
lyze the average  data for a luminum cells having 1.0M 
KNO~ electrolytes of pH 3.6 (Fig. 2 and 3). The pa-  
rameters  listed in Table I, where  applicable, represent  

the average  data of three  a luminum or p la t inum cells 
having 1.0M KNOz electrolytes of pH 3.6. The only ex-  
ception is the series resis t ivi ty values which were  de-  
te rmined from the corrected a luminum cell data (Ana-  
log 2). The series resist ivi ty values were  calculated at 
t ime zero before the film was subject  to nonuniform 
deterioration.  

A computer  analysis of Analog 3 was per formed in 
the fol lowing manner .  First, values for the ra te  con- 
stant for the growth of the porous area of the film (Ao) 
and the pore depth (d~ -- d4) were  selected such that  
the 1/~ kHz capaci tance- t ime curve  of Analog 3 fit the 
z/2 kHz measured a luminum cell curve in Fig. 5. An Ao 
value of 1.40 • 10 -15 m2/sec 2 and a pore depth of 320A 
yielded good results. Using these values, the f requency  
dependence of the capacitance and resistance were  
generated. F igure  7 i l lustrates the results of the model  
compared to the average  a luminum cell data. The 
Ao, d3 -- d4 pair  uti l ized in Fig. 7 does not appear  to 
be unique, i.e., for any value of Ao a value of d3 -- d4 
can be located such that  the z/2 kHz capaci tance- t ime 
curve of Analog 3 fits the corresponding a luminum 
cell curve. However ,  the value of the rate constant for 
the growth of the porous area of the film (Ao) is 
bounded in that  physically it cannot be much grea ter  
than 1.40 • 10 -15 m2/sec 2 (corresponding to complete 
consumption of the area by the pores in 4000 min)  and 
as it decreases the pore depth (d3 -- d4) increases to 
unrealist ic values, i.e., the pores extend near ly  to the 
substrate metal.  The f requency  dependence remains 
v i r tua l ly  unchanged for acceptable Ao, d3 -- d4 pairs. 

While it is difficult to distinguish in Fig. 7, at t ime 
zero the capacitance and resistance of Analog 3 are 
sl ightly less than and greater  than, respectively,  the 
corresponding a luminum cell data. A more  sophisti-  
cated model  considering the t ime dependence of radial  
]~ore growth to be r z ro -F Rot, where  ro is the initial 
pore radius, would create somewhat  be t ter  agreement  
at t ime zero while  creat ing a negligible change at 
greater  exposure times, 

Considerat ion of  defects  at tes t  in i t ia t ion . - -Figure  8 
portrays the zero t ime capaci tance-pH relationships 
for 1.0M KNO3, 0.1M KNO3, and 0.1M KC104 a luminum 
cells at 1/2 kHz. Each symbol used in this figure rep-  
resents the average of the data of three  a luminum 
cells. The symbols have  been sl ightly displaced from 
pH values of 3.6, 5.1, 6.6, or 8.2 for graphical  clarity. 

1.40 

3000 1.20 

t.O0 
C 

200~ .80 .~ 
C7" 

i .,o 
~10oo .4o~. 

.20 

0 
00 

Exposure Time in Minutes 

Fig. 7. Capacitance and resistance data calculated from Analog 
3 for aluminum cells having 1.0M KNO3 electrolytes of pH 3.6 as a 
function of exposure time and frequency. The measured aluminum 
cell data for these conditions have been added for comparison. 
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Fig. 8. Capacitance-pH relationship at �89 kHz and time zero for 
aluminum cells having 1.0M KNO3, 0.1M KNO3, and 0.1M KCIO4 
electrolytes. 

The data i l lustrated in this figure, while  that  of the 
a luminum cell, can be regarded wi th  negligible e r r o r  
as that  of the film. The corrected a luminum cell re la-  
tionships in Fig. 5 substantiate this. The capacitance is 
observed to be independent  of e lectrolyte  pH. The data 
scatter  present  in this figure is a t t r ibuted to slight 
variat ions be tween  specimens ra ther  than to an effect 
of e lectrolyte  pit.  This conclusion was drawn by suc- 
cessively immersing one anodized a luminum electrode 
in electrolytes of the same concentrat ion and composi- 
tion, but  increasing pH. No capacitance variat ions 
were  observed in these tests. 

The charge density at the f i lm/e lec t ro ly te  interface 
i s  known to be a function of the electrolyte  pH (31). 
One would  expect  the motion of film defects to become 
l imited as the magni tude  of the surface charge is 
increased, thereby  al ter ing the measured  film capaci- 
tance. Apparen t ly  even  the max imum surface charge 
at pH 3.6 is insufficient to cause enough defect im-  
mobi l i ty  to be recorded as a capacitance change. The 
m ax imum surface charge in an exper iment  of this type 
i s  l imited by two phenomena.  First, the surface charge 
i s  zero at the zero point of charge of the oxide ( ~ p H  
8.0) (32) and its magni tude  increases when  the pH is 
ei ther  increased or decreased. Second, the pH range 
i s  pract ical ly l imited to that  studied since e lectro-  
lytes of ve ry  low or ve ry  high pH cause rapid film 
deter iorat ion resul t ing in capacitance variat ions not 
associated with  defect mobility. The result  of the pres-  
ent investigation, i.e., the capacitance is independent  
of e lectrolyte  pH, is in accord with  the work  of Ver-  
mi lyea  (11) cited previously.  

Consideration of defects w i th  increasing exposure 
t i m e . - - T w o  aspects of the present  invest igat ion 
strongly suggest that  the defect s t ructure  of the anodic 
a luminum oxide film is modified upon continued ex-  
posure to electrolytes of pH 3.6. First, it is apparent  
by comparison of the der ived and measured  a luminum 
cell capacitance curves in Fig. 7 that  the growth of film 
p o r e s  cannot ful ly  account for the f requency disper-  
sion of capacitance in the exper imenta l  data, i.e., at 
constant exposure t ime for any f requency change, the 
change in the proposed model  capacitance (Analog 3) 
is less than  the corresponding change in the measured  
a luminum cell capacitance. The f requency  effect of the 
model  would  more  closely resemble the exper imenta l  
data if the model  were  amended to include the continu- 
ous absorption of defects, character ized by re la t ive ly  
long re laxat ion  times, f rom the electrolyte.  Fi lm de- 
fects can be genera l ly  classified as ei ther  ionic or elec-  
tronic in nature  (14). Each ionic or electronic defect 
has a distr ibution of re laxat ion times. There is, how-  
ever,  a mean re laxat ion t ime for each defect, and this 
value is many  orders of magni tude  greater  for an ionic 
defect than for  an electronic defect. P ryor  and co- 

workers  (14, 15) have  cited sl ightly less than 10 -5 
sec as an approximate  re laxat ion t ime for several  ionic 
defects in anodic a luminum oxide films. In order  for 
defects to create any capacitance dispersion in the 
f requency range under  consideration, the defects must  
necessarily be ionic in nature. As the f requency is 
increased at a constant exposure t ime an increasing 
fract ion of the ionic defects will  no longer  be able to 
a l ternate  their  position in accordance with  the applied 
al ternat ing potential,  and their  capacitance will  thus 
be lost to the recorded measurement .  It is in this 
manner  that  absorbed ionic defects can create a ca- 
pacitance dispersion. 

The second aspect of this invest igat ion suggesting a 
modification of the defect s t ructure  is the result  of 
l imited revers ibi l i ty  testing of the phenomenon occur-  
r ing at pH 3.6. Revers ibi l i ty  testing has been conducted 
by t ransfer r ing  anodized a luminum electrodes which 
have been tested in electrolytes of pH 3.6 to electro-  
lytes in the p i t  range 5.1-8.2. This test ing indicates that 
a small fract ion of the capacitance increases and re-  
sistance decreases are in fact reversible.  Continued 
efforts are being made into the area of revers ibi l i ty  in 
order  to clarify the modifications in defect s t ructure  
which have occurred. Vermi lyea  (11, 12), Onoda and 
deBruyn (33), McMullen and Pryor  (13), and Richard-  
son and Wood (20) have previously  suggested that  
ions from an electrolyte  may  penet ra te  anodic oxide 
films result ing in a modification of the film defect 
structure.  

Microscopic examinat ion of f i lms. - - I t  was deemed 
advisable to test the in terpre ta t ion given to the large 
capacitance increases and resistance decreases of alu-  
minum_ cells having electrolytes of pH 3.6 by examin-  
ing the films microscopically. Freshly  anodized and 
tested films were  prepared for transmission electron 
microscopy by str ipping in saturated mercur ic  chloride 
solution, rinsing in double distil led water,  and mount -  
ing on 100 mesh copper screens (34). Mercuric  chloride 
solution is purpor ted  to remove  the film without  de- 
terioration. Transmission electron micrographs (100 
kV) of the film before and af ter  a 3000 rain test period 
in a 1.0M KNO3 electrolyte  of pH 3.6 are presented in 
Fig. 9a and Cb, respectively.  It should be noted in regard 
to these figures that  l ight areas in transmission elec- 
t ron microscopy of amorphous films general ly  repre-  
sent areas of lesser mass thickness (34, 35). In this 
regard, the freshly anodized film appears to possess a 
minor  degree of surface roughness as suggested by 
Frank l in  (28) and others. The tested film (Fig. 9b) 
appears porous. Three points should be noted in regard 
to Fig. 9b: (i) the pores are general ly  cylindrical  in 
shape and many  have coalesced after  3000 min ex-  
posure time, (ii) the darker  halos around the pores are 
presumed to be the result  of electron diffraction from 
the pore walls, and (iii) the surface roughness of the 
freshly anodized films is absent. Considering the pore 
s t ructure  of Fig. 9b in relat ion to Analog 3, one finds 
the rate  constant for radial  po re -g rowth  (Ro) to be 
1.75 • 10 -13 m/sec  and the number  of pores per unit  
area (n /As )  to be 1.80 X 101~ 2, i.e., Ao -~ n~Ro 2 
1.40 X 10 -15 mf /sec  2. 

Summary and Conclusions 
The authors have  measured  the capacitance and re-  

sistance of an electrochemical  cell to de termine  the 
effect of the pH of aqueous potassium ni t ra te  and 
perchlorate  electrolytes upon 360A thick anodic oxide 
films formed on polycrystal l ine 99.99% aluminum. 
Negligible capacitance and resistance variat ions were  
observed over  the 3000 min  test period for films ex-  
posed to aqueous potassium ni t ra te  and perchlorate  
electrolytes in the pH range 5.1-8.2. The authors con- 
clude that  l i t t le f i lm-envi ronment  interact ion occurs 
under  these conditions. Large capacitance increases 
and resistance decreases were  recorded during the 
same test period for electrochemical  cells having elec-  
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Fig. 9. Transmission electron micrographs of the anodic oxide film: (a, left) subsequent to anodizing, (b, right) subsequent to 3000 rain 
exposure to !.0M KNO3 electrolyte of pH 3.6. 

trolytes of pH 3.6. At this pH, the dielectric property 
changes for cells having potassium ni t ra te  electrolytes Ao 
were greater  than  those having potassium perchlorate 
electrolytes. The data for electrochemical cells having A3 
1.0M KNO3 electrolyte of pH 3.6 have been corrected A4 
for the presence of the electrolyte by two electrical A5 

Cpl analogs. The corrected cell data represent  average 
properties for the film alone. Both analogs show the Cp2 
film capacitance and resistance to be greater  than the 
same properties of the electrochemical cell, the amount  Cp3 
of difference varying with the exposure t ime and fre- 
quency. Cp4 

The authors have in terpre ted the large capacitance 
increases and resistance decreases of electrochemical Cp5 
cells having electrolytes of pH 3.6 to be due to the Csl 
growth of pores wi th in  the anodic oxide film. The data 
for cells having 1.0M KNO3 electrolytes of pH 3.6 have Cs2 
been  quant i ta t ive ly  analyzed as a function of exposure 
t ime and f requency by modeling the electrochemical Cs3 
cell as a parallel  combinat ion of two parallel  RC cir- 
cuits in series with a third parallel  RC circuit. The re-  Cs4 
sults of this analog show that  the exper imental  data Cs.5 
can be explained by the growth of deep cylindrical  
pores whose radii are a l inear  funct ion of exposure d3 
time. The in terpre ta t ion of the data in this manne r  has d4 
been supported by t ransmission electron microscopy of D2 
freshly anodized and tested films. The model and 
l imited reversibi l i ty testing indicate that in addit ion 
to pore growth, films exposed to electrolytes of pH 3.6 
cont inual ly  absorb defects of ionic na ture  from the 
electrolyte. 

Acknowledgments 
The authors thank  the anonymous reviewers of this 

paper for suggesting that a porous film structure could 
be responsible for the observed capacitance and re -  
sistance dispersions. The authors thank  the National  
Science Foundat ion  and the Univers i ty  of Connecticut 
Research Foundat ion  for financial support. This work 
was performed under  NSF grants GK 20017 and GH 
35580. 

Manuscript  submit ted March 13, 1973; revised m a n u -  
script received Oct. 5, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 

D5 

@0 
K 

n 

W 

PS 

ro 

Ro 

Rp~ 

Rp2 

Rp3 

Rp4 

Rp5 

LIST OF SYMBOLS (MKS Units)  
rate constant  for the growth of the porous 
area of the film, m2/sec 2 
nonporous area of the film, m 2 
porous area of illm, m 2 
total area of film, m 2 
corrected parallel  capacitance of a luminum 
cell, f 
s teady-state parallel  capacitance of p la t inum 
cell (at 4000 min) ,  f 
parallel  capacitance of the nonporous area of 
the film, f 
parallel  capacitance of the porous area of the 
film, f 
measured parallel  capacitance of the a lumi-  
num cell, f 
corrected series capacitance of the a luminum 
cell, f 
s teady-state series capacitance of the p la t inum 
cell (at 4000 min) ,  f 
series capacitance of the nonporous area of the 
film, f 
series capacitance of the porous area of the 
film, f 
measured series capacitance of a luminum 
cell, f 
original film thickness, m 
film thickness at core base, m 
steady-state  dissipation factor of p la t inum cell 
(at 4000 min) ,  unitless 
measured dissipation factor of a luminum cell, 
unitless 
permit t iv i ty  constant, f /m  
dielectric constant of anodic a luminum oxide, 
unitless 
number  of film pores, unit less 
angular  frequency, rad/sec 
series resist ivity de termined from corrected 
a luminum cell data at t ime zero, ohm.m 
init ial  pore radius, m 
pore radius, m 
rate constant for the growth of the pore ra-  
dius, m/sec 
corrected parallel  resistance of a luminum cell, 
ohms 
steady-state parallel  resistance of p la t inum 
cell (at 4000 min) ,  ohms 
parallel  resistance of the nonporous area of 
the film, ohms 
parallel  resistance of the porous area of the 
film, ohms 
measured parallel  resistance of a luminum cell, 
ohms 
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Rsl  

Rs2 

Rs3 

Rs4 

Rs5 

t 

corrected series resistance of a luminum cell, 
ohms 
steady-state  series resistance of p la t inum cell 
(at 4000 min) ,  ohms 
series resistance of nonporous area of the film, 
ohms 
series resistance of porous area of the film, 
ohms 
measured series resistance of the a luminum 
cell, ohms 
exposure time, sea 
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Optimized Spectral Power Distributions 
for Mercury Vapor Lamps 

Thomas F. Soules and Mary A. Maier 
General Electric Company, Lighting Research and Technical Services Operation, Nela Park, Cleveland, Ohio 44112 

ABSTRACT 

Ways of optimizing the spectral power dis t r ibut ion (SPD) of mercury  
vapor lamps by adding spectral lines and bands to the discharge spectrum 
are investigated. The performance of s imulated SPD's is judged on the basis 
of luminous efficiency and color rendition. Maximum performance and the 
highest value for the color rendi t ion index (CRI) is achieved by adding nar -  
row gaussian bands at 490 and 620 nm to the discharge spectrum. This is t rue 
for lamps with colors at 6500 ~ 4000% and 30O0~ on the P lank ian  locus. How- 
ever, for the lower color temperatures,  4000 ~ and 3000~ it is necessary to 
filter some of the radiat ion from the mercury  lines in the blue. For  ma x i mum 
efficiency without regard to color rendiUon, a band  should be added around 
590 nm. The spectral power distr ibutions of phosphors are also investigated. 
In  addit ion to the CRI, we evaluated the color render ing abil i ty of spectral 
power distr ibutions by computing changes in hue, chroma, and value of Mun-  
sell color samples under  different test sources. 

During the past few years a n u m b e r  of papers have 
been wri t ten  on opt imum spectral power dis t r ibu-  
tions (SPD's) for lamps. White light can be composed 
of two or more spectral wavelengths of continuous 
distributions. An opt imum spectral power dis tr ibut ion 
is one having max imum lumen efficiency and good or 
"preferred" color rendition. Ivey (1) showed that two 
asymmetric  gaussian emission bands give the highest 
luminous  efficiency when the two bands have their  
peaks near  445 and 580-590 nm. For max imum 
efficiency, these bands have small widths at ha l f -maxi -  

Key w o r d s :  m e r c u r y  v a p o r  l a m p s ,  co lor  r e n d i t i o n ,  p h o s p h o r s .  

m u m  (WHM). However, this two-component  svectral 
power dis tr ibut ion has poor color rendition. E inhorn  
and Einhorn  (2) showed that  for a continuous SPD, 
restr ict ing the wavelength range from about 440 to 
660 nm improves the luminous efficiency without  sig- 
nificantly reducing the color rendition. Walter  ".3) 
found that good performance, i.e., high luminous ef- 
ficiency and good color rendition, could be obtained 
with two-component  SPD's consisting of a broad band 
in the b lue-green  region and a nar row red band  to 
form white  light. Thornton (4) showed that  higher 
luminous efficiency and quite good color rendit ion 
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could be achieved with  a SPD consisting of three nar -  
row bands: one in the red at 610 nm, one in the green 
around 540 nm, and one in the blue near  450 nm. Koe-  
dem and Opstel ten (5) and Koedem, Opstelten, and 
Radielovic (6) invest igated similar  th ree - l ine  SPD's for 
high pressure discharge lamps. In these studies the 
color render ing capabil i ty of the l ight was measured by 
the color rendi t ion index (CRI) (7). 

The purpose of this study is to find the op t imum 
SPD for high pressure mercury  vapor  (HPMV) lamps. 
HPMV lamps are used for street l ighting and other  
commerical  applications. The SPD's of these lamps are 
dominated by the atomic mercury  lines in the visible 
region of the spectrum. However ,  phosphors are used 
in HPMV lamps to improve  color and color rendition. 
Cadmium and zinc metals  and some metal  iodides 
have also been added to the discharge to improve  color 
rendit ion and luminous efficiency. Hence, it is im-  
portant  to ask, What  is the opt imum SPD for these 
lamp types? Ivey  (8) found the addit ion of two phos- 
phor components wi th  emission bands near  445 and 
590 nm to yield the highest output  for a whi te  HPMV 
lamp. These same wavelengths  were  found to give the 
m a x i m u m  output  for white  light in the absence of 
the visible mercury  line spectrum. Wanmaker  et al. 
(9) suggested two phosphor components with peaks 
in the b lue-green  between 480 and 510 nm and in the 
red be tween 610 and 635 nm would increase the CRI of 
the HPMV lamp to between 60 and 70. In our study, 
both the luminous efficiency and CRI of SPD's are 
evaluated.  

Method of Calculation 
The spectrum of the HPMV lamp was obtained from 

a prototype 400W lamp manufactured  by the General  
Electric Company. The SPD of the clear mercury  lamp 
is shown in Fig. 1. I t  consists of the intense atomic 
mercury  lines in the visible region and much weaker  
continuous emission. When operated at 120V, the 
lumen  output  of this lamp was measured  at 21,500 
lumens. The color rendi t ion of the HPMV lamp is 
poor. CRI ~- 23. 

Using a computer  program, one and two spectral  
lines and bands were  added to the SPD of the HPMV 
lamp. The re la t ive  intensi ty of the added emissions 
was determined by prescribing suitable chromatic i ty  
coordinates for the lamp (1-5). 

For  each s imulated SPD, the four response variables  
shown in Table I are computed. Q is the quantum con- 
version fraction. It is the fraction of ul t raviole t  pho- 
tons avai lable which are converted to visible radiation. 
The uv from a 400W mercury  vapor  lamp was mea-  

S 12.91W 

058~ g- 

4OO w ~,r~ry vapor 
Lamp 

21500 Lumens 
. ~ .  13.95 W 

CRI = 258 

/ -  ~ 15.65 W 

400 500 600 700 

WAVELENGTH' 

Fig. 1. The visible spectral power distribution of a mercury vapor 
lamp (400W). Power is measured in units of W/O.5.&. The numbers 
indicate the total power radiated in the dominant mercury lines. 
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Table I. Response variables utilized in this study. Integrals were 
evaluated numerically between 400 and 700 nm unless otherwise 

indicated. The effect of the mercury line emission was added 
separately after the integration. 

SP (x) ~'(x) dX 
L.E. (Luminous Efficiency) 

S P (x) dk 

Lumens SP (k) Y-(X) d2~ 

IP (x) XdX 
Q ( Q u a n t u m  Ef f ic iency)  

S~.~o~ P (k) xdk  

CRI (Color  R e n d e r i n g  I n d e x )  

sured be tween 250 and 420 nm 1 and the results  were  
used to compute the denominator  in the expression for 
Q. (If there  is a significant amount  of radiat ion be-  
low 250 nm which is t ransmit ted  through the arc tube, 
more  photons may  be available. However ,  a reason- 
able value for Q is probably 0.85. This is the value 
found for a mercury  vapor  lamp with  a heavy  coating 
of the standard deluxe phosphor.) The color rendi t ion 
index, CRI, is eva lua ted  according to CIE inter im 
method  (10). 

Results on Adding Gaussian Bands 
Data was obtained for all combinations of the  mer -  

cury vapor  ]amp SPD plus one and two gaussian dis- 
tributions. 2 Color t empera tures  of 3000 ~ 4000 ~ 5000 ~ 
and 6500~ were  investigated. However,  the lower 
color tempera tures  of 3000 ~ and 4000~ are of 
greater  commercial  interest. The added gaussian bands 
were  chosen to have representa t ive  WHM of 5, 30, and 
100 nm and the peaks were  spaced at about 10 nm. 
Zero, 30, 50, and 70% filters were  simulated to remove  
the indicated amounts of radiat ion from the mercury  
discharge between 4(}0 and 450 nm. For  the lower  color 
temperatures,  3000 ~ and 4000~ it is necessary to 
remove  some of the blue radiat ion from the discharge 
to at tain the color points on the Plankian locus, and 
as we will  show, to obtain high CRI values. The re -  
sponse variables were  plotted on graphs, e.g., Fig. 2, 
which is a plot of CRI vs. luminous efficiency. Lamps 
with m ax im um  performance  have the highest  values 
of the CRI and luminous efficiency. Hence, only the 
outer  envelope of points is shown for 3000 ~ and 
4000~ SPD's. For  SPD's  of m a x i m u m  performance,  it 
is seen that  a high luminous efficiency results at the 
expense of high CRI. As shown in the figure, 3000~ 
SPD's wi th  the highest values of the CRI have 70% of 

1 T h e  a u t h o r s  g r a t e f u l l y  a c k n o w l e d g e  t h e  G e n e r a l  E l ec t r i c  C o m -  
p a n y  P r o d u c t  T e s t i n g  S e c t i o n  a t  N e l a  P a r k  fo r  m a k i n g  t h e s e  m e a -  
s u r e m e n t s .  

2 W h e n  one  g a u s s i a n  b a n d  w a s  a d d e d ,  t h e  i n t e n s i t y  w a s  c o m p u t e d  
f o r  d i f f e r e n t  c o r r e l a t e d  color  t e m p e r a t u r e s .  

t - - - - - ~  . . . .  .7 Fi | ter i r~  o ~  o \ \  

80 "~o \ \  .5 

"~O~ox\ \ o - - o - - o  .3 

o \ \  \ \ o o o o o o o  < .3 

60 ~  K 

\O\o 
CRI  \o 

4000  K \ ;eeeeo 

%.-.... 
eo e Jo  0 

e~ o ~  ~ 

I 
0 I I r I 

AO ~.5 .50 55  .60 .65 

L.E. 

Fig. 2. The effect of adding one or two gaussian bonds to the 
HPMV lamp spectrum. CRI is plotted against luminous efficiency. 
The envelopes indicate the maximum performance SPD's at 3000 ~ 
and 4000 ~ K. 
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the blue radiat ion from the discharge removed  whi le  
a high CRI at 4000~ is achieved wi th  about 30% of 
this radiat ion removed.  Similar  results are obtained 
for higher  color tempera tures  wi th  no filter. For  nar -  
row emission bands, Fig. 3 and 4 show the CRI to be 
a sensitive function of the peak positions of t h e  added 
bands. The CRI peaks sharply when emission bands 
are added near  490 and 620 nm. This is t rue  for 3000 ~ 
6500~ color temperatures .  However ,  m a x i m u m  
luminous efficiency occurs wi th  the addition of a peak 

6 4 0  

A1 / 6 70  \ 

/ 

~,  .46 

~ / C - -  4 0  ~ 

600 / / . ~ o  - -  ~ ~ . ~ . _ ~  

/ I  i I 2 o ~ . s 8  / / 
/ 

C / -2o 
seo - -~__  _ _  [ - - - J  

t I i I I I I I t i 
4 4 0  4 5 0  4 6 0  4 7 0  4 8 0  4 9 0  

X(nm) 

Fig. 3. The effect of adding two narrow gaussian bands to the 
mercury vapor lamp spectrum to form white light at 3000~ Con- 

tours indicate the value of the CRI (solid line) and luminous effi- 
ciency (dashed lines). The x and y axes label the wavelengths of 
the added emission bands. The bands have a width-at-half-maxi- 
mum (WHM) of 5 nm. 70% of the mercury radiation in the blue 
between 400-450 nm is removed. 
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Fig. 4. The same as Fig. 3 for 4000~ 30% of the mercury radio- 
tion in the blue is removed. 

at 580-590 nm and a peak between 450 and 470 nm 
depending on the color temperature .  

F igure  5 shows the spectra of lamps having the 
highest  CRI and m a x i m u m  luminous efficiency at a 
source color corresponding to 4000~ The spectrum 
with  the highest CRI has two nar row bands added at 
490 and 620 nm. Broad gaussian bands were  not se- 
lected for m ax im um  performance.  The spectra are, in 
fact, ve ry  similar  to optimized f ive-l ine spectra found 
by Mahr (10) to give excel lent  color rendit ion and 
higher  luminous efficiency than continuous spectra of 
comparable  color rendition. 

The spectrum corresponding to the highest  luminous 
efficiency and m a x i m u m  performance  has a broader  
band centered at 590 nm (WHM = 30 nm) .  The single 
broad band in this case extends the emission into re-  
gions of higher  luminous efficiency and provides a 
higher  CRI than a na r row band at comparable  lumi-  
nous efficiency. 

In Fig. 6 and 7, CRI is plot ted vs. lumen  output, and 
contours of m a x i m u m  performance  are indicated at 
different computed values of Q. The figures show that  
the highest  values of the CRI are  not a t ta inable  for 
4000 ~ and 3000~ chromatici t ies wi th  quantum ef-  
ficiencies restr icted to 1 or less. The m a x i m u m  CRI is 
around 65 for both 3000 ~ and 4000~ For  quantum 
efficiencies be tween 0.6 and 0.8, the CRI does not sig- 
nificantly improve  unti l  a quantum efficiency of near  
1 is reached. On the  other hand, the lumen output  of 

4000  K 
20 , , , , , , , , , ; 

CR1=83.6 

I0 

I 
i I i i I i a i t i I 

400 450 500 550 600 650 700 

20 

I0 

400  
I I I 

450 500 

I I I I I 

550 600 

i i 

L.E.=.55 

CRI = 2.3 

650 700 

Fig. 5. The spectra giving the highest CRI (top) and highest 
luminous efficiency (bottom) for a color temperature of 4000~ 
The intensities of the added gaussian bands are indicated by the 
lines above them. The total power radiated in mercury lines and 
added bands is given an the y-axis (in watts). 
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Fig. 6. Envelopes of maximum performance SPD's with contours 
indicating the quantum conversion fraction for 4 0 ~ ~  
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Fig. 7. Envelopes of maximum performance SPD's with contours 
indicating the quantum efficiency for 3000 ~ K. 

the max imum per formance  SPD's increases signifi- 
cantly for both color tempera tures  wi th  increasing 
quan tum efficiencies. Efficiencies up to around 80 lu-  
m e n s / W  are theoret ical ly  possible if the quan tum ef-  
ficiency of 0.8 is reached. 

In Fig. 8 we show the spectrum with m a x i m u m  color 
rendit ion and lumen output  for a lamp at 4000~ with  
the quantum efficiency restr icted to 0.6 or less. In gen-  
eral, restr ict ing the quan tum efficiencies reduces the 
intensi ty of the red emission and the b lue-green  emis-  
sion in SPD's  wi th  the highest  CRI. The b lue-green  
emission also moves to shorter  wavelengths.  

If  the quan tum efficiency is restr icted to ~0.7 for 
a 3000~ lamp, the choice of emission bands is ve ry  
limited. Al l  the radiation must  be added in the red 
region to color-correct  the mercury  lamp. Max imum 
lumen output  is achieved with  a nar row band peak-  
ing near  610 nm. Higher  CRI is at tained by shift ing 
the band just sl ightly toward 620 nm and filtering 
more of the blue radiat ion f rom the discharge. Broad 
red bands cannot be used nor can emission bands at 
wavelengths  longer  than 620 nm. These will  not suf-  
ficiently shift the color of the mercury  lamp. Except  
for the filtering in the blue, these spectra are ve ry  
similar  to the standard deluxe whi te  lamps. 

Discussion 
Phosphors employed in HPMV lamps must: (i) be 

efficient at the operat ing outer  bulb wall  t empera tu re  
which  for a 400W lamp is between 300 ~ and 400~ 

I0  
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' I I I 
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t Lumen = 25400 
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Fig. 8. The spectra corresponding to maximum CRI (top) and 
maximum lumen output (bottom) for 4000~ lamps with the quan- 
tum conversion .fraction of added emission bonds limited to O <0.6. 

Lumen : 30380 

CR1:25 
0 :.56 

and (ii) be excited by the long wavelength  ul t raviole t  
radiat ion of the high pressure mercury  discharge. Be-  
cause of these limitations, only a few practical  phos- 
phors for such applications are known today. Table  II 
shows a list of phosphors considered in this study. Not 
all of these phosphors are equal ly  suitable for use in 
HPMV lamps but they do give a range of peak posi- 
tions and ha l f -wid ths  in the red and blue regions of 
the spectrum. 

Calculations were  per formed in which all pos- 
sible combinations of one and two of these phos-  
phors are taken together  wi th  the mercury  discharge 
spectrum for lamp colors at 3000 ~ and 4000~ No 
account was taken of absorption of visible radiation 
by the phosphor except  in the case of the Mn 4+ ac- 
t ivated magnes ium germanate.  Magnesium germanate  
and a similar magnesium arsenate phosphor have sig- 
nificant absorption in the blue region of the spectrum. 
To study phosphor combinations including the mag-  
nesium germanate  phosphor, two lamps were  made 
with different weights  of the germanate  phosphor. The 
spectral  power distributions of these lamps were  then 
used in combinations wi th  the other  phosphors. 

The opt imum spectral power distributions cannot 
be achieved with  the existing commercial  phosphors 
in Table II. In fact, our computed results show that  the 
m ax im um  lumen output  with a re la t ive ly  high CRI is 
at tained with  the standard deluxe  phosphor for col �9 T 
tempera tures  of 3500~176 A higher  lumen out-  
put at some expense to color rendit ion should be 
achieved by adding a yel low emit t ing phosphor in 
combination with  the y t t r ium vanadate-phosphate  
phosphor. The calculated results show that  the 
Dy~+:YVO4 phosphor may be used for this purpose. 
However ,  in practice, the Dy 3+ activated phosphor is 
much too inefficient. 

The meri ts  of adding a blue or b lue-green  emit t ing 
phosphor are questionable.  Combinations employing 
the europium-ac t iva ted  s t ront ium chloraphati te  phos- 
phor and the s tandard deluxe phosphor give only a 
small improvement  in the CRI, 43 vs. 38, at a color tem-  
pera ture  of 4000~ Values of the CRI of 50-52 are 
achieved with blends containing the t in-act ivated,  
pyrophosphate  or the s t ront ium chlorosi]icate phosphor 
together  wi th  the standard deluxe phosphor. However ,  
color tempera tures  are genera l ly  greater  than 4000~ 
Also, a ra ther  high quan tum conversion fraction, 
Q :~ 0.9, is computed for combinations wi th  ei ther 
phosphor. A mix ture  of the chlorosilicate phosphor, 
the standard deluxe phosphor, and ei ther  a filter to 
remove  30% of the mercury  radiat ion in the blue or 
the Mn4+-act ivated phosphor, whose SPD strongly 
resembles Fig. 8, requires  a quan tum conversion frac-  
tion of 1.3 when real  phosphor emission bands are 
used. 

On the other  hand, values for the CRI of approxi-  
mate ly  50 can be achieved at lower  color temperatures ,  
3500~176 wi th  combinations consisting of the 
standard deluxe phosphor and e i ther  the Mn 4+:mag-  
nesium germanate  or magnes ium arsenate or a filter 
for some of the blue radiat ion f rom the discharge. The 
Mn 4+ phosphors have  the additional advantage of using 
the radiat ion in the blue mercury  lines and re -emi t t ing  
it in the red, making the lower  color tempera tures  pos- 
sible. Blue or b lue -g reen  phosphors cannot be used 
if the lower  color tempera tures  are desired. 

Table II. Phosphors whose spectra were used in the calculations 

Phosphors 

Main peak  R a n g e  
D e s c r i p t i o n  (nm) (nm) 

Eu3+:YVO4:YPO~ 618 617-620 
Mn4+:magnesium g e r m a n a t e  660 625-676 
Sn-~+:strontium or thophosphate  630 570-700 
DYa+:YVO4 575 565-565 
Eu-~+:strontium chloroapat i te  450 435-465 
Eu2+:strontium chlorosil icate 485 450-530 
Sn~+:strontium pyrophosphate  465 410-525 
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Fig. 9. Calculated color shifts of twelve Munsell samples under 
four different SPD's whose color coordinates are at or near 4000~ 
A, The SPD in Fig. 5 (top) consisting of HPMV lamp and two nar- 
row gaussian hands at 490 nm and 620 nm; B, the SPD in Fig. 8 
(top); C, a s~mulated deluxe lamp with the standard deluxe phos- 
phor plus Mn4+: magnesium germanate; D, a commercial deluxe 
white lamp with a heavy coating of the deluxe phospher. The open 
circles show the color shifts relative to a 4000~ Plankian illumin- 
ant. Color shifts are calculated as described in the text. 

In Fig. 9, we show color shifts for some of the spec- 
tral  power distributions invest igated on hue vs. chroma 
Munsell  diagrams. The CIE color coordinates, X, Y, 
and Z, were  calculated in the usual way for Munsell  
color chips under  both the reference and test i l lumi-  
nants. The color coordinates are then t ransformed to 
Munsell  color space using the modification of Adam's  
"chromatic  value space" given by Saunderson and 
Milner  (11). The set of Munsell  color chips is the same 
as that  chosen by Eastman, Allen, and Brecher  (12). 
These colors were  chosen to span the entire hue circle 
plus the CIE colors represent ing foliage (5GY4/14) and 
skin complexion (5YR8/4).  

Color shifts on the Munsell  d iagram were  computed 
to give a more complete description of the color ren-  
dering properties of SPD's studied. The CRI is a single 
number  represent ing the average displacement  of eight  
CIE colors on the uv  diagram re la t ive  to a P lankian  
reference source. 

The Munsell  color space has the advantage of being 
more uniform than the CIE-UCS and being famil iar  to 
most workers  in the field of color. It also has the 
advantage  that  the source color is always at the center  
of the cylindrical  color system. A yon Kries type of 
t ransformat ion to correct for chromatic adaptat ion to 
different source colors is buil t  into the t ransformat ion 
to chromatic  va lue  space. The consequences of chro-  
matic adaptat ion to different source colors have  been 
invest igated by many  workers  using different exper i -  
mental  methods (13-16) al though corrections for 
chromatic  adaptat ion do not agree (6, 16). In a fu ture  
report,  we wil l  show that  some of the results of recent  
exper iments  by Eastman and Brecher  (17) and East-  
man, Allen, and Brecher  (12) to measure the effects 
of chromatic adaptat ion are accounted for by the t rans-  
formation to chromatic value  space. On the other  hand, 
chromatic  adaptat ion is not accounted f~r on the CIE-  
UCS except  by s imply subtract ing the difference in 
source colors. 

In Fig. 9, the test lamp colors are at or near  4000~ 
The reference  i l luminant  is a 4O00~ Plankian  radia-  
tor. 8 Figure  9A shows that  the SPD with  the high CRI, 

T h e  co lors  u n d e r  the  r e f e r e n c e  a r e  n o t  a t  t h e  n o m i n a l  n o t a t i o n s  
i n d i c a t e d  w h i c h  w e r e  a s s i g n e d  by  M u n s e l l  w h e n  the  co lo rs  w e r e  
v i e w e d  u n d e r  t h e  S t a n d a r d  I l l u m i n a n t  C. T h i s  does  n o t  e f fec t  t h e  
m e a s u r e d  or  c a l c u l a t e d  co lor  shifts .  

shown in Fig. 5, shifts the Munsell  colors only very  
sl ightly re la t ive  to their  appearance under  the P lan-  
klan radiator. This is t rue even though the source 
in Fig. 5 is very  much different from a Plankian radia-  
tor and, in fact, has no broad emission bands. The color 
chips shown in the figure are a greater  sampling of the 
entire hue circle and are more saturated than those 
used in computing the CRI. They would be expected to 
emphasize differences be tween  the test and reference 
il luminants.  

F igure  9B shows the calculated color shifts under  
the spectral  power distr ibution given in Fig. 8. Unlike 
the results for the high CRI SPD, colors v iewed under  
this test source are significantly different f rom when 
viewed under  a P lankian  radiator  i l luminant.  Reds 
become much less saturated and shift in hue toward 
the yel low as a result  of the decreased emission in the 
added red band. The shift of the chip represent ing 
flesh tones toward the ye l low-red  region is probably 
undesirable  (18). Blues and b lue-greens  are shifted 
toward the deeper  blue colors of the mercury  lines. 
Also, most of the colors appear  less saturated or shifted 
toward lower  chroma values than under  the Plankian 
radiator.  Only the yel low and ye l low-green  colors ap- 
pear more saturated or more vivid. The shift of the 
foliage chip toward a deeper  and more saturated green 
is probably not undesirable (18). 

Figures 9C and 9D show calculated color shifts from 
two phosphor coated HPMV lamps. The two SPD's in-  
clude: (C) a s imulated combinat ion of the standard 
europ ium-ac t iva ted  y t t r ium vanadate-phosphate  phos-  
phor and the Mn4+:magnes ium germanate  phosphor 
and (D) an SPD from a commercia l  lamp with  a heavy 
coating of the deluxe phosphor. Nei ther  SPD has any 
added emission in the blue or b lue-green  region. Most 
of the color shifts are the same as those discussed 
above for Fig. 9C. The only color chip which appears 
to be better  rendered  by the b lue-green  emission is 
5BG6/6. When comparing the two phosphor coatings, 
the phosphor blend consisting of the standard deluxe 
phosphor and the Mn4+-act ivated phosphor which also 
filters some of the blue radiat ion from the discharge, 
appears to be somewhat  bet ter  in its color render ing 
ability. 

Conclusions 
Various ways of optimizing the SPD of HPMV lamps 

were  invest igated by computer  calculations. By adding 
gaussian emission bands of varying position and half-  
width, we found that  emission bands located near 490 
nm in the b lue -g reen  and 620 nm in the red region of 
the spectrum resul t  in the greatest  improvement  in 
color rendition. In fact, excel lent  color rendit ion and 
good luminous efficiency are achieved if sufficient 
radiat ion can be added in narrow bands in these re-  
gions. For  lamps with  the color tempera tures  of 4000 ~ 
and 3000~ it is necessary to remove  some of the 
discharge radiat ion in the blue region. The highest 
luminous efficiency is not obtained with  the red and 
b lue-green  emission bands  but  ra ther  by the addition 
of radiat ion near  590 nm. 

Present  commercia l  phosphors do not provide the 
opt imum SPD for a HPMV lamp. While  the 
Eu3+:YVO4:YPO4 phosphor is a natura l  choice for 
providing some of the red emission in order to im-  
prove the color rendi t ion of the lamp, it is not clear 
whe the r  a b lue -g reen  emit t ing phosphor should be 
used, especially if low color tempera tures  are desired. 
Lit t le  effort appears to have been made in finding a 
yel low emission source to provide a lamp with  con- 
s iderably higher  luminous efficiency. 

By calculating changes in hue, chroma, and value 
for Munsell  colors, we provide a more  complete de-  
scription of the color render ing propert ies  of the SPD's 
studied. In general,  the effects of colorimetr ic  shifts 
can be calculated for lamps which vary  in spectral  
qual i ty  but have  the same source color. Halstead, Pa l -  
mer, and Stainsby (19) careful ly  studied CIE 
color render ing tolerances. They observed that  just  
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noticeable differences in color rendi t ion did correlate 
with calculated color shifts of individual  color samples 
on a uniform chromaticity scale. Furthermore,  the just  
noticeable color differences under  their exper imental  
conditions, which involved viewing the samples in 
optically isolated sections of a room, correspond to 
approximately 5.5 times the min imum perceptible color 
differences of the MacAdam's observer. This is about 
lI/z units  of length in the Munsell  system. With cur-  
rent  phosphor coatings, calculated color shifts are of 
this magni tude  for the red, blue-green,  and blue hues. 
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Preparation and Properties of Boron Arsenide Films 
T. L. Chu* and A. E. Hyslop 

Electronic Sciences Center, Southern Methodist University, Dallas, Texas 75222 

ABSTRACT 

Boron arsenide films have been deposited on the basal plane of hexagonal 
silicon carbide and {Iii} oriented sodium fluoride and silicon substrates at 
800~176 by the thermal decomposition of a diborane-arsine mixture in a 
hydrogen atmosphere. Adherent films were deposited on silicon carbide sub- 
strates and were identified by electron diffraction as boron arsenide with ran- 
dom orientations. Boron arsenide deposits on sodium fluoride substrates were 
not adherent due to the large differences in their thermal expansion coeffi- 
cients. Boron arsenide films deposited on silicon substrates were found to be 
amorphous by electron diffraction. Optical absorption measurements implied 
that boron arsenide is a direct gap material with a room temperature energy 
gap of about 1.45 eV. The current-voltage characteristics of metal-boron ar- 
senide-silicon structures have indicated that the current-controlling mecha- 
nism is similar to that of an insulator containing traps of uniform energy. The 
density of traps was calculated to be approximately i017/cm 3 eV. 

Boron forms two arsenides. The direct combinat ion 
of the elements at 800~176 yields the cubic 
monoarsenide, BAs, with a lattice parameter  of 4.777A 
and an optical energy gap of 1.46 eV (1, 2). The mono-  
arsenide is stable up to 920~ and undergoes irreversi-  
ble decomposition to an orthorhombic subarsenide, 
BI3As2, at higher temperatures  (3). Thus, boron mono-  
arsenide can only be formed at temperatures  below 
920~ and chemical vapor growth techniques are 
most suited for the preparat ion and crystal growth of 
boron monoarsenide. For example, the reversible reac- 
t ion between boron monoarsenide and boron triiodide 
has been used for the growth of boron monoarsenide 
crystals at 850~ by the chemical t ransport  technique 
(4). Chemical reactions between gaseous boron and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c o n d u c t i o n ,  depos i t i on ,  s e m i c o n d u c t o r ,  s u b s t r a t e .  

arsenic compounds may also be used for the prepara-  
t ion of boron monoarsenide. Since the hydrides of 
boron and arsenic are thermochemical ly unstable  at 
room temperature  and above, the thermal  decomposi- 
tion of a d iborane-ars ine  mix ture  is feasible for the 
preparat ion of boron monoarsenide. 

In  this work, the thermal  decomposition of a di- 
borane-ars ine  mixture  in a hydrogen atmosphere was 
used for the deposition of boron monoarsenide, referred 
to as boron arsenide hereafter,  on the basal plane of 
hexagonal  silicon carbide platelets and sodium fluoride 
and silicon substrates of {111} orientation. Sodium 
fluoride and hexagonal silicon carbide were selected on 
the basis of crystal symmetry  and lattice parameter  
considerations. Sodium fluoride crystallizes in  the 
sodium chloride structure with a lattice parameter  of 
4.62A as compared wi th  4.777A for boron arsenide. The 
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basal plane of silicon carbide has a sixfold symmet ry  
with  an interatomic distance of 3.095A which is ap- 
p rox imate ly  8.2% lower than that  of boron arsenide in 
a {111} plane. The s t ructura l  and electrical propert ies  
of the deposited films were  studied. The exper imenta l  
procedures and results  are summarized in this paper. 

Preparation of Boron Arsenide Films 
The deposition of boron arsenide was carried out in 

a gas flow system by the the rmal  decomposit ion of a 
d iborane-ars ine  mix ture  in a hydrogen atmosphere  
using the apparatus shown schematical ly in Fig. 1. The 
flow of various gases was directed by using appropriate  
valves  and measured with  flowmeters. Hydrogen was 
purified by diffusion through a pa l lad ium-s i lver  alloy. 
Diborane and arsine were  in the form of hydrogen-  
hydride mixtures,  each containing about 5% of the hy-  
dride. These hydrides decompose rapidly at 5000C 
and above, thereby  promoting the gas-phase nuclea-  
tion and yielding nonadherent  deposits. Thus, the gas- 
phase nucleation must be suppressed by optimizing the 
exper imenta l  conditions such as the use of a wa te r -  
cooled reaction tube, a low part ial  pressure of hy-  
drides in the reactant, and a high gas veloci ty over the 
substrate surface. 

The substrates, sodium fluoride, hexagonal  silicon 
carbide, and silicon, were  supported on a boron 
arsenide coated graphi te  susceptor in a water -cooled  
react ion tube of 55 mm ID, and the susceptor was 
heated ex te rna l ly  wi th  an rf  generator.  The sodium 
fluoride substrates were  in the form of platelets wi th  
cleaved faces of a {111} orientation, and water  was 
used as an etchant. The silicon carbide substrates were  
also in the form of platelets wi th  main faces paral le l  
to the basal plane, and molten potassium hydroxide  
was used as an etchant. The silicon substrates were  of 
a {111} orientation, p-type, and 0.01 ohm-cm re-  
sistivity; a 5:3:3 nitric acid-hydrofluoric acid-acetic  
acid mix ture  was used as an etchant. The mechanical ly  
polished and chemical ly etched substrates were  thor -  
oughly cleaned and were  heated i n  s i t u  in a hydrogen 
atmosphere  before the deposition of boron arsenide. 
Boron arsenide was usual ly deposited at 800~176 
Typical  flow rates of hydrogen, diborane, and arsine 
were  2 X 104, 2, and 8 ml /min ,  respect ively (a large 
As /B  ratio was a lways used to prevent  arsenic de- 
ficiencies in the deposit) .  The deposition rate  was 3-4 
~m/hr  as measured direct ly on angle-pol ished boron 
arsenide-si l icon carbide and boron arsenide-si l icon 
structures. 

The deposition of adherent  boron arsenide films on 
sodium fluoride substrates was not successful. The de- 
posits always cracked off during the cooling process, 
due main ly  to the difference in the thermal  expansion 
coefficients of the two materials.  

Adheren t  and uniform boron arsenide films have  
been deposited reproducibly  on the basal plane of 
hexagonal  silicon carbide substrates under  a wide 
range of exper imenta l  conditions. No s t ructural  l ea -  

tures were  observed when the as-deposited films were  
examined with  an optical microscope. Reflection elec- 
tron diffraction examinat ions wi th  a Hitachi  H u - l l B 2  
electron microscope indicated that  films deposited at 
800~176 were  all boron arsenide with  random 
orientations. F igure  2 shows the reflection electron dif- 
fraction pat tern  of a boron arsenide film deposited on 
the silicon face of a hexagonal  silicon carbide substrate 
at 850~ The lack of single crystal l ini ty  is p resum-  
ably re la ted to the large difference in lat t ice pa ram-  
eters of boron arsenide and silicon carbide and to the 
re la t ive ly  low tempera tu re  used in the deposition proc- 
ess. 

The boron arsenide films deposited on silicon sub- 
strates at 800~176 at rates of a few micrometers 
per hour were highly adherent and were found to be 
amorphous by the electron diffraction technique. If a 
boron arsenide film of i0 ~m or greater in thickness is 
deposited on a silicon substrate of 400 ~m thickness; the 
resulting structure became convex upon cooling, indi- 
cating that the thermal expansion coefficient of amor- 
phous boron arsenide is smaller than that of silicon. 
Amorphous boron arsenide is chemically inert, in- 
soluble in aqueous acids and alkalis at room tempera- 
ture and above. It can be etched in a 1:9 sodium per- 
oxide-sodium hydroxide molten mixture at about 
400~ at a rate of approximately I ~m/min. 

Properties of Amorphous Boron Arsenide Films 
Due to the chemical  inertness of boron arsenide, the 

silicon substrate  can be readi ly  etched off f rom the 
boron arsenide-si l icon structures by using a mix ture  
of nitric acid and hydrofluoric acid. The resul t ing film 
t ransmit ted  dark red light. A boron arsenide film of 
about 2 #m thickness was placed between two quartz 
plates, and its optical absorption was measured using 

Pe rk in -E lm er  Model E-1 monochromator .  The re-  
sults are shown in Fig. 3 where  the square  and the 
square root of the absorption coefficient, a, are plotted 
vs.  photon energy, E. The dependence of the absorp- 
t ion coefficient on photon energy can be used to dis- 
t inguish between direct  and indirect  electron transi-  
tions (5). In practice, the plot of a 2 vs.  photon energy 
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Fig. 1. Schematic diagram of apparatus for the deposition of boron 
arsenide film. 

Fig. 2. Reflection electron diffraction pattern of a boron arsenide 
film deposited on the silicon face of a hexagonal silicon carbide 
substrate at 850~ 
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Fig. 3. Optical absorption data of a boron arsenide film. The 
circles and triangles represent, respectively, the square and the 
square root of the absorption coefficient. 

gives a s traight  line for direct  transitions, and the in-  
tercept  on the energy axis gives the bandgap for di-  
rect  transitions. For indirect  transitions, the plot of 
,1/2 against photon energy gives a s traight  line, and 
the intercept  on the energy axis gives the bandgap for 
indirect  transitions. The energy gap of boron arsenide 
deduced f rom the ,2 vs. E plot in Fig. 3 is approxi-  
mate ly  1.45 eV, while  the plot of ~1/2 vs.  E yields an 
energy gap of only 0.67 eV. Since the former  is in 
agreement  wi th  the reported optical bandgap of micro-  
crystal l ine boron arsenide, 1.46 eV (2), boron arsenide 
presumably  is a direct gap material .  

The electr ical  conduction mechanism in amorphous 
boron arsenide films was studied by measur ing the 
cur ren t -vo l tage  characterist ics of meta l -boron  arse-  
nide-si l icon structures over  a wide t empera tu re  range. 
Boron arsenide films of various thicknesses deposited 
on 0.01 ohm-cm, p- type  silicon substrates were  used. 
Aluminum contacts were  deposited on silicon, and a lu-  
minum or gold contacts of 1 mm diameter  were  de-  
posited on boron arsenide by evaporation.  The speci- 
mens were  scribed and mounted on TO-5 headers. 
A luminum wire  was bonded onto the meta l  electrodes 
by an ultrasonic bonder, and the header  was sealed. 
The cur ren t -vo l tage  characterist ics of these units were  
then taken in the t empera tu re  range 100~176 

Typical  cur ren t -vo l tage  characterist ics of a luminum-  
boron arsenide-si l icon structures are shown in Fig. 4 
where  the cur ren t -vo l tage  relations over  a wide t em-  
pera ture  range for a boron arsenide film of 1 ~m 
thickness are  plotted on logari thmic scales. At  low 
bias levels, the slope is uni ty  designating the ohmic 
region, and the room tempera tu re  resist ivi ty of boron 
arsenide is approximate ly  107 ohm-cm. The slope of 
the plot of the logar i thm of the conductance vs. the 
reciprocal  t empera tu re  yielded an activation energy 
of about 0.24 eV, indicating that  the electronic conduc- 
tion is responsible for the ohmic behavior.  As the bias 
is increased, the slope of the log I vs.  log V plot in-  
creases to two, indicating a space-charge- l imi ted  cur-  

10 -4 

10 -5  

10-6 - -  

E 

'<. 10-7 - -  

*,,.. 

10-8_  

10-9 - 

1 0 - 1 0 - -  

37C 

L~U 

I I I 
0.0l 0.1 1.0 

Voltage, Volts 

t 

ip/SIo~ppe of 1 
/ 

J 

I 
10 

Fig. 4. Typical current-voltage characteristics of an aluminum- 
boron arsenide-silicon structure with a boron arsenide film of 1 ~m 
thickness. 

rent  situation. This is expected because of the rela-  
t ive ly  large energy gap of boron arsenide. At lower  
temperatures,  fur ther  increase in bias results in a large 
increase in sloFe which subsequent ly decreases to two 
(this decrease in slope is not shown in Fig. 4). 

The high slope region could be related to Schot tky 
emission, Poo le -Frenke l  emission, tunneling, internal  
field emission, and space-charge- l imi ted  currents  in 
the presence of traps. However,  the Schot tky and 
Poole -Frenke l  emissions are both associated with  a 
lowering of the meta l - insu la tor  barr ier  height  under  
the influence of an electric field, and the logar i thm of 
the current  varies l inear ly  wi th  the square root of the 
voltage. Also, if any of these mechanisms except  the 
space-charge- l imi ted  current  were  to occur, the i r  ef- 
fect on the cur ren t -vo l tage  characterist ics would  con- 
t inue to prevai l  at still larger  bias. However ,  the log 
I vs.  V 1/2 plot of the data in the high slope region did 
not yield a straight line, and the high slope region sub- 
sequent ly  rever ts  back to a square  law at h igher  bias. 
The space-charge- l imi ted  current  mechanism there-  
fore prevails, and the cur ren t -vo l tage  characterist ics 
are influenced by the presence of traps of a concentra-  
tion much greater  than the equi l ibr ium carr ier  con- 
centration. This region has been designated as the 
trap filled l imit  (TFL) region. Extens ive  theories for 
insulators containing traps h a v e  been developed, and 
cur ren t -vol tage  characteristics a t t r ibutable  to this type 
of t rapping mechanism have been reported (6). 

The reasoning for the appearance of the high slope 
region is briefly as follows. As the bias is increased, 
the quas i -Fermi  level  for the charge carr ier  moves 
away from its thermal  equi l ibr ium value toward its 
respect ive band. If, for example,  there  is one discrete 
trap level, s ingle-carr ier  space-charge- l imi ted  current  
should behave as I c c  V 2 unt i l  the quas i -Fermi  level  
moves within  a few k T  of the t rap level. When the 
quas i -Fermi  level  is at the trap level, the injected 
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charge will  be condensed into this t rap level, thus 
giving a sharp rise in current,  the TFL region. Since a 
discrete trap level is assumed, the slope of the log I 
vs. log V plot in  the TFL region should be very large 
because the excess injected charge will only go into 
this trap level over an exceedingly small  voltage range 
while the current  increases by orders of magnitude.  
As the bias is increased further,  the quas i -Fermi  level 
moves away from the t rap level, and the current  again 
becomes proport ional  to the square of the applied 
voltage. 

The slope of the log I vs. log V plot in the TFL re -  
gion and its tempera ture  dependence are determined 
by the energy distr ibution of traps. Detailed analysis 
has been carried out for the s i t ua t i on  where an ex- 
ponent ial  energy dis tr ibut ion Of traps exists in  the for- 
bidden band, and the current*voltage relationship has 
been deduced (7). Attempts  to correlate this re lat ion-  
ship with the current -vol tage  data on amorphous 
boron arsenide produced no meaningful  results, sug- 
gesting that  a different energy dis tr ibut ion of traps 
should be used. Assuming that all traps have the 
same energy according to the relat ion 

NT (ET) = N~/cm 3 eV 

The current -vol tage  relat ion for such a dis t r ibut ion is 
(8)  

J = 2qno~ ( v / L )  exp (2eV/NnkTqL 2) 

where no is the equi l ibr ium carrier density, ~ is the 
carrier mobility, L is the insulator  thickness, and e is 
the dielectric constant. The slope of the log I or log J 
vs. log V plot in  the TFL region is 

d log J 2~V 
m - - - -  - - 1 +  

d log V 2.3 NnkTqL 2 

for which a tempera ture  var iat ion in slope should be 

1 [ 2 " 3 N n k T q I ' ~ ]  T 

m -  1 2eV 

Using current -vol tage  characteristics shown in  Fig. 4, 
the quant i ty  1 / ( m  -- 1), is plotted vs. the absolute 
tempera ture  in the range 200~176 in Fig. 5. This 
l inear  relationship indicates that  the traps presumably  
have a uniform energy dis tr ibut ion in  the tempera ture  
range unde r  consideration. The density of traps cal- 
culated from the slope of this l ine is approximately 
I017/cm 3 eV. 
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Fig. 5. A plot of 1/(m-1) vs .  absolute temperature of data shown 
in Fig. 4. 
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Growth and Characterization of GaAsSb-GaAIAsSb 
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ABSTRACT 

Liquid phase epitaxial layers of Ga1-,Al~Asl-xSb~ on GaAs (100) sub- 
strates were grown from beginning growth temperatures of 760 ~ and 720~ 
and have been characterized by electron microprobe, x-ray, and photo- 
luminescence measurements. The solubility of As as a function of A1 was ex- 
perimentally determined at XlSb/XlCa = 0.178 for 760 ~ and 720~ In the con- 
centration range and temperatures investigated, the distribution coefficient of 
As was found to vary drastically as a function of Ikl concentration. For layers 
grown at 720~ the distribution coefficient of As varied between 78 and 220 for 
XlAl of 0 and 0.3 X 10 -2, respectively. However, the distribution coefficient 
of Sb appeared to be practically independent of the A1 concentration in the 
liquid. Thermodynamic and physical properties of the quaternary liquid and 
solid solutions were compared whenever possible with ternary AIGaAs (the 
case of zero Sb) properties. 

The solid solution propert ies of I I I -V  compounds 
have  promoted the development  of solid-state l ight  
emit t ing diodes, near - in f ra red  photoemit ters  and de- 
tectors, and solid-state heterojunct ion lasers. In most 
instances, however ,  the epi taxial  g rowth  of t e rnary  
solid solutions on b inary  I I I -V substrates results in 
junctions wi th  high dislocation and stacking fault  
densities. In cases where  the he tero junct ion  is an ac- 
t ive part  of the device, such as he teros t ructure  lasers, 
super- la t t ice  formation, t ransmission photocathodes, 
etc., a high defect density at the interface results in 
high recombinat ion losses. 

With the exception of the A1-Ga-V te rnary  com- 
pounds, which exhibi t  la t t ice matching over  the whole 
concentrat ion range, other  t e rnary  compounds cannot 
be grown on I I I -V binary  substrates wi thout  the in t ro-  
duction of appreciable mismatch dislocations at the 
interface. This l imitat ion of the t e rnary  solid solutions 
can be re laxed by the addit ion of a four th  component  
that  introduces an ext ra  degree of f reedom and permits  
the independent  var ia t ion of latt ice constant and band-  
gap. Thus lat t ice matching in I I I -V qua te rnary  systems 
can be achieved over  a wide range in bandgap energy. 

From a practical  point of view, however ,  the 
fabricat ion of la t t ice-matched hetero junct ion  on 
commercia l ly  avai lable substrates is l imited to the 
growth of AI~-Gal -x -V alloys on Ga-V substrates, 
the quaternar ies  In l -yGayAsl -xPx on InP or GaAs 
and Inl-.~lGayASl-xSbx on GaSb or InAs. The t e rna ry -  
qua te rna ry  la t t ice-matched  structures, a l though theo-  
ret ical ly extending over  the whole concentrat ion 
range, are l imited by the nonavai labi l i ty  of appropriate  
substrates. So for systems such as GaA1AsP-GaAsP,  
and GaAIAsSb-GaAsSb,  a buffer layer  is usual ly  
grown on the substrate in order  to minimize  the effects 
of latt ice mismatch be tween  the substrate and the 
active epi taxial  layer. 

Liquid phase epi taxy has been used for the growth  
of GaAsxSbl-x  alloys for photoemission (1) and l ight  
emission applications (2). In both cases layers  of good 
crystal l ini ty could only be grown having GaSb con- 
centrat ion of less than 20%. This is p r imar i ly  due to 
the large lat t ice mismatch be tween  GaAs and GaSb 
(7.8%). Sugiyama and Saito (3) using growth pro-  
cedures and a boat design similar to that  used by Pan-  
ish et al. (4) for the growth of GaAs-GaA1As hetero-  
junctions, prepared a GaASSb-GaA1AsSb heteros t ruc-  
ture  laser. The growth of GaA1AsSb-GaASSb he te ro-  
junctions is ve ry  similar  to the GaA1AsP/GaASP sys- 

* Electrochemical  Society Active Member.  
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tions, LPE (liquid phase epitaxy, 

tem reported by Burnham and co-workers  (5). In 
these systems the variat ions in he tero junct ion  barr iers  
are controlled by the XSca to XSA1 ratio whi le  constancy 
of the latt ice parameter  across the junct ion is con- 
t ro l led  by the xSAs to xSp or XSAs to XSSb ratios. 

Growth and Materials Characterization 
Consistent wi th  our ear l ier  work  on GaAsSb, the 

epi taxial  layers were  grown on (100) or iented GaAs 
substrates. A horizontal  g rowth  system using a pal-  
ladium purified hydrogen env i ronment  and a graphi te  
boat similar  in design repor ted  by Rosztoczy et al. (6) 
was used. Epitaxial  layers were  grown in the t empera -  
ture range of 720 ~ and 760~ wi th  a cooling ra te  of 
l ~  over  a t empera tu re  in te rva l  of 20~ Layer  
thicknesses were  be tween  10 to 15~. 

In addition to the epi taxial  g rowth  experiments ,  As 
solubil i ty exper iments  were  per formed at 720 ~ and 
760~ by ini t ial ly prepar ing a Ga-A1-Sb solution and 
saturat ing with  As from a GaAs substrate. The weight  
loss of the GaAs substrate establishes the solubil i ty 
l imit  of As. In terpre ta t ion  of this type of solubil i ty ex-  
per iment  implici t ly assumes that  the prevent ion  of 
complete  dissolution of the sa tura t ing source is due to 
a qua te rnary  layer  which is in equi l ibr ium wi th  the 
mel t  at the saturat ing tempera ture .  

F igure  1 shows the resul t ing l iquidus isotherms at 
720 ~ and 760~ for a l iquid of XlGa and XlSb of 0.84 and 
0.15, respectively.  The solubil i ty behavior  of As in 
Ga-Sb solutions as a function of A1 concentrat ion in 
the l iquid is ve ry  similar  to the case of the t e rnary  
A1-Ga-As system. For  comparison, the data of Al fe rov  
et aL (7) for the GaA1As system at 712 ~ and 757~ 
are shown. In both cases the As solubil i ty l imi t  de-  
creases rapidly wi th  the addit ion of small amounts  of 
A1. 

In order  to achieve lat t ice match across the he te ro-  
junct ion be tween  GaA1AsSb and GaAsSb a constant 
xSsb/XSAs ratio must  be maintained.  Due to the lack of 
any phase diagram calculation and the drop in As 
solubil i ty upon adding A1 to the solution, the growth 
of la t t ice-matched  heterojunct ions  requires  some ex-  
perimentat ion.  To invest igate this, a series of epi taxial  
layers  were  grown from solutions wi th  constant Ga 
and Sb concentrat ions whi le  vary ing  the As concentra-  
t ion by saturat ing at 720 ~ and 760~ The epi taxial  
layers were  character ized by microprobe, x-ray,  and 
photoluminescence measurements  to de termine  the 
composition of the solid solution, the latt ice constant, 
and bandgap. 

Detai led character izat ion of the epi taxial  layers  is 
shown in Table I. For  the layers  grown at 720~ the 
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Fig. 2. Dependence of lattice parameter on the AI concentration 
in the solid solution, for layers grown at A ,  760~ and e ,  720 ~ 

distr ibution coefficient of Sb decreased sl ightly as a 
funct ion of A1 concentration, whi le  at 760~ it ap-  
peared to remain  pract ical ly constant. This change in 
the distr ibution coefficient of Sb is also reflected on the 
lat t ice parameter  of the epi taxial  layers. The series of 
layers grown at 720~ indicated a decrease in the la t -  
tice constant as a function of A1, whi le  for those g rown 
at 760~ the lat t ice paramete r  remained constant. The 
dependence of the lat t ice pa ramete r  on the A1 concen- 
t ra t ion is shown in Fig. 2 for both series of runs. 
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Fig. 3. Dependence of the room temperature bandgap on the AI 
concentration in the solid solution for e ,  AIGaAs (8) and GaAIAsSb 
layers grown from solutions with XlSb/XlC:a = 0.178 at & ,  760~ 
and I ,  720~ 

The bandgap energy was de termined  by photolu-  
minescence measurements  at 77 ~ and 300~ The ex-  
ci tat ion source was a chopped 0.5W argon ion laser. A 
Pe rk in -E lm er  301 spectrophotometer  was used with  a 
dry- ice-cooled  S-1 photomult ipl ier .  The PL spectra of 
all the  layers  consisted of intense near -bandgap  radia-  
tion, along wi th  a defect l ine of lower  energy.  Figure  3 
shows the var ia t ion of bandgap on the A1 concentra-  
t ion in the solid. The l inear  dependence of bandgap on 
A1 for the two series of runs is almost identical  to the 
GaA1As case as indicated by the slopes 2.65 and 2.55 • 
10 -2 eV per  At atom per cent, for  the  GaA1AsSb and 
GaA1As lines, respectively.  

The reproducible  growth of heterojunct ions  requires  
detai led knowledge  of the distr ibut ion coefficient of 
the various components.  For  the growth  of GaA1AsSb, 
epi taxial  A1 and As have  appreciably h igher  dis tr ibu-  
tion coefficients than e i ther  Ga or Sb. Fur thermore ,  
since these epi taxial  layers  normal ly  are grown from 
As saturated solutions the distr ibution coefficient of As 
is s t rongly dependent  on the A1 concentrat ion in the 
l iquid  solution. This behavior  is shown in Fig. 4 and 5. 
F igure  4 s imply shows the distr ibut ion of A1 for 
qua te rnary  epi taxial  layers grown at 760 ~ and 720~ 
For  comparison, the data of Al fe rov  et aL (7) are 
shown for the distr ibut ion coefficient of A1 in GaA1As. 
From microprobe measurements  the distr ibut ion co- 
efficient of Sb remains pract ical ly independent  f rom 
the .,%1 concentrat ion in the liquid, and since the As 
solubil i ty decreases drast ically by the presence of A1 
in the solution, the effective distr ibut ion coefficient of 
As increases as a funct ion of A1. This behavior  is 

Table I. Growth and characterization parameters for GaAIAsSb liquid phase epitaxlal layers 

G r o w t h  S o l i d  c o m p o s i t i o n  L a t t i c e  
R u n  t e m p .  M e l t  c o m p o s i t i o n *  (g) ( a t o m  p e r  cen t )  p a r a m e t e r  B a n d g a p  
No.  (~  G a  S b  A1 xSsb xsAl (A) eV  (RT) 

1 720-700 4.00 1.25 0 6.5 0 5.701 1,18 
2 720-700 4.00 1.25 0.0015 5.8 4.7 5.691 1.31 
3 720-700 4.00 1.25 0.0035 5.4 10.7 5.690 1,47 
4 720-700 4.00 1.25 0.0056 4.8 14.7 5.690 1,58 
5 760-740 4.00 1.25 0 4.3 O 5.684 1,23 
6 760-740 4.00 1.25 0.0015 4.1 2.4 5.684 1.30 
7 760-740 4.00 1.25 0.0035 4.0 4.4 5.686 1,35 

* S o l u t i o n s  s a t u r a t e d  in  As .  
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shown in Fig. 5 for the epitaxial  layer  grown at 760 ~ 
and 720~ 

Conclusions 
During this invest igat ion we have shown that 

GaA1AsSb layers can be prepared by l iquid phase 
epitaxy similar ly to the procedures developed for the 
growth of GaAsSb. Fur thermore,  it was observed that  
al though the addition of A1 in  the l iquid solution re-  
sults in a decrease in the As solubil i ty limit, the con- 
centrat ion ratio of Sb to As in  the solid solution re-  
mains  practically constant in the concentrat ion range 
and temperatures  investigated. This implies that  
la t t ice-matched heterojunct ions in this system can be 
rout inely  grown from solutions having constant Ga and 
Sb concentrat ions and varying  A1 concentrat ions nec- 
essary for the desired heterojunct ion barrier .  In  order 
for this type of behavior  to occur the activity of As in  
the solution must  increase in the presence of A1 to 
counteract  the decrease in the solubil i ty limit. 
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Microprobe Technique for Determination of 

Thickness and Phosphorous Concentration of 

Gate Oxide Phosphosilicate Glass in FET Devices 

Giulio DiGiacomo 

IBM System Products Division, East Fishkill Facility, Hopewell Junction, New York 12533 

ABSTRACT 

This microprobe technique is capable of de termining the thickness and 
phosphorous concentrat ion of the phosphosilicate glass in FET gate oxide. The 
technique is equal ly  applicable to wafers  and devices. The la t ter  application 
is unique  since there  is no other  way, at present, to obtain this informat ion on 
actual FET gates. In addit ion to the extended capabil i ty to real  devices, this 
technique yields the phosphorous concentrat ion with  a precision of _0.1 mole 
per cent about one order  of magni tude  bet ter  than that  obtainable by the 
etch rate method. The oxide and phosphosilicate thickness are determined 
wi th  a precision of -+5A, comparable  to that  achieved by ell ipsometry,  wi th  
the advantage of applicabil i ty to actual devices. 

It is necessary to measure  accurately  the phosphor-  
ous concentrat ion and thickness of the PSG and the 
thickness of the total gate  oxide in FET devices. The 
PSG serves as a stabil izer since it traps impur i ty  ions 
such as Na + which otherwise would  drift  to the ox ide /  
silicon interface and affect the electr ical  propert ies of 
the device; e.g., threshold voltage shift. If  the phos- 
phorous concentrat ion of the PSG is increased, say, 
f rom 4P205 m / o  (mole per  cent),  its abil i ty to re ta in  
t rapped ions improves since the act ivat ion energy re-  
quired for Na + ion release increases great ly  wi th  
phosphorous concentrat ion (1-3). However ,  a h igher  
phosphorous concentrat ion wil l  produce significant po- 
lar izat ion effects, affecting the voltage threshold, caus- 
ing it to shift  in the same direction observed wi th  Na + 
drift. The manufac ture  of stable devices requires  a 
compromise at an in termedia te  PSG composition suf-  
ficient to minimize threshold vol tage shifts resul t ing 
from ei ther  polarizat ion or ion drift  effects. 

Since threshold shifts depend s trongly on phosphor-  
ous concentrat ion an accurate knowledge  of the 
phosphorous concentrat ion is impera t ive  for s tudying 
the ion-dr i f t  and polarizat ion effects and establishing a 
cr i ter ion for qual i ty  control. On the basis of recent  
works (1-3), predictions on the threshold shifts can be 
made if the phosphorous and Na + ion concentrat ions 
are known accurately.  The present  microprobe tech-  
nique applies direct ly to the problem of phosphorous 
polarizat ion (P concentrat ion measurement )  and in- 
direct ly to Na + ion drift, since phosphorous controls 
Na + ion t rapping and the act ivat ion energy for ion 
release. At tempera tures  of  200~ or higher, the polar i -  
zation is s t rongly dependent  on t empera tu re  and the 
polarizat ion rate  appears to be proport ional  to the 
concentrat ion squared. No polar izabi l i ty  saturat ion is 
noted at these tempera tures  at P20.~ mole  concentra-  
tions of less than 12% for a few hundred  hours (2). At 
tempera tures  lower  than 120~ the polar izabi l i ty  satu-  
rates quickly  and therefore  one is concerned wi th  the 
saturated value  which is proport ional  to the threshold 
shift and which depends on the square of the P concen- 
tration. At low, as well  as high temperatures ,  the ratio 
of PSG thickness to total  SiO2 and PSG thickness is of 
importance since the threshold shift depends also on 
this ratio. One can assume a l inear  dependence at small  
ratios such as those prevai l ing in the FET's. At the 
higher  temperature ,  an analysis of the data repor ted  
in this recent  work  (2) shows an act ivat ion energy of 
0.37 eV/atom.  From the same data the vol tage thresh-  

K e y  w o r d s :  p o l a r i z a t i o n ,  i o n  d r i f t ,  v o l t a g e  t h r e s h o l d ,  i o n  trapping, 
S i O s - s i l i c o n  interface. 

old shift  relat ionship was evalua ted  to be 

~ V - ~ •  (1 hr, T) ~- 750 e-0.37/kT1ogt [1] 

For  a P205 concentrat ion of 4%, t empera tu re  of 140~ 
and a ratio, tPSG/tSiO2 Of 0.14, the threshold shift due to 
polarization is --0.1V for 1000 hr. Concentrat ion and 
thickness ratio factors can be included in the above 
relat ionship to take into consideration their  effects. 

Experimental 
Method.--Full character izat ion of the PSG in terms 

of phosphorous concentrat ion and thickness requires  
the measurements  of both phosphorous and oxygen 
characterist ic radiat ion before and after  a layer  of the 
PSG is removed  by etching. The remova l  produces 
x - r ay  intensi ty decrements  of both e lements  propor-  
t ional to the thickness of the layer  removed  and makes 
possible, wi th  the original  intensi ty values, the calcu- 
lat ion of thickness and phosphorous concentrat ion of 
the PSG and the total  thickness of the gate oxide. An 
i l lustrat ion of the principle o2 the microprobe approach 
appears in Fig. la  which also defines the x - r a y  values 
measured  and shows the thickness and concentrat ion 
quantities. The proport ional i ty  constants be tween  
these quanti t ies and the x - r a y  intensities have  been 
determined exper imenta l ly  util izing samples o2 known 
phosphorous content  and oxide thickness. X - r a y  in- 
tensities yielded straight  lines as expected when  plot-  
ted against phosphorous content  and oxide thickness. 
For  thin films these relationships are l inear  at suf- 
ficiently high voltage. F igure  la  also shows that  the 
electron beam penetra t ion is greater  than the thickness 
of the silicon oxide. F igure  lb  shows the x - r a y  intensi-  

Beam f 
, ~q_ f Ip 

I ~ F / Io p ,  xo,ted 
Detectoes Phosphorus Removed 

ph 

xygen one.,  o ~  ...... ::.Z~;~:.!~}~'{{~i~i~: Excited \ t  i 

Oxygen . . . .  ~t - -  

M _ /  l 
to R~oval  ~ "  

llp = Initial Phosphorus Intensity I~ = Initial Oxygen Intensity 

Ifp = Final Ph~phorus Intemlty Ifo = F~nol Oxygen Intem[ty 

Fig. la. Principle of microprobe technique 
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ties of both e lements  vs. the  accelerat ing potential.  
F rom the plot it is evident  that  approximate ly  5 kV 
gives max imum intensities. At this potent ia l  we also 
obtain opt imum detectabili ty.  At h igher  keV, the de- 
tectabi l i ty  degenerates  qui te  fast because of a rising 
background and decreasing ionization cross section; 
at lower  voltages the ionization efficiency is low. 

Figure  l a  exhibits the init ial  x - r ay  measurements  of 
both elements  Iio and Iip. These two intensi ty  values 
when used in Fig. 2 and 3, respectively,  yield the init ial  
oxide plus PSG thickness, tisio2+PSG, and the init ial  
phosphorous content in terms of thickness X concen- 
t ra t ion units, tpSG �9 Cp. Af ter  the x - r a y  measurement  is 
completed, the wafers  are etched for 11/2 min  wi th  DP 
etchant  to remove  approximate ly  40A of PSG which 
contains ~ 4 %  P205. (The etchant is a di lute solution 
of HF and HNO3 acids, 3 parts of HF and 2 parts of 
HNOz in 645 parts of water.)  Having etched a part  of 
the PSG, a second microprobe measurement  is made  
for both elements.  The intensities Ifo and Ifp, thus ob-  
ta ined are again used in Fig. 2 and 3 to de termine  the 
new oxide thickness, tfsio2+PSG, and the new phosphor-  
ous content tfPSG �9 Cp (refer  to Fig. la  also). It is to be 
noted that  the technique requires  PSG removals  equal  
or  less than the total  PSG thickness. F rom the above 
measured  values, the thickness and phosphorous con- 
centrat ion of the PSG are de termined  in the fol lowing 
manner 

~;isio2+PSG --  tfsio2+PSG ~--- Atsio2+PSG ~--- AtPs G [2] 

tipsG �9 Cp - -  tfPSG " Cp ---~ AtPSG " Cp [3] 

Iip -- Ifp __-- AIp cc AtPSG �9 Cp [4] 

Iio - -  I fo  : AIo cc AtpsG [5] 
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Fig. 3. Determination of phosphorous content in A" % units 

The two values of thickness and phosphorous con- 
t en t ,  AtpsG and AtpsG'Cp,  a r e  read direct ly from the 
cal ibrat ion curves. Having obtained Cp'AtpsG from 
phosphorus and AtPsG from oxygen intensities, divi-  
sion of the fo rmer  by the la t te r  yields the phos-  
phorous concentration. Having obtained the phosphor-  
ous concentration, one can obtain the thickness tpSG 
from the graph of phosphorous intensi ty vs. mass 
thickness, by dividing the ini t ial  mass thickness of 
phosphorus by the concentrat ion as obtained above 

~tFsG'Cp 
cp _ [6] 

AtpsG 

and 

and 

tPSG" Cp 
tPSG : Cp [7] 

tPSG 
Thickness r a t i o _  [8] 

t(sio2 + PSG) 

Cp and the thickness ratio are the two parameters  
needed for de termining the polarization. Measurement  
of both PSG thickness and composition are thus ob- 
tained wi th  two microprobe measurements  and only 
one etching operation. To per form the above measure -  
ments  in one operation, black wax  is used to cover 
a port ion of the region to be analyzed before the PSG 
is removed  such that  the covered PSG is not etched. 
Upon removal  of the black wax, the probe analysis 
is per formed on both etched and unetched portions. 
Thus, all microprobe informat ion is obtained wi th  a 
min imum of error.  This refers  to errors due to t ime-  
dependent  instabilities. 

Procedure and results .--To obtain cal ibrat ion curves 
for both phosphorous and oxygen, e leven wafers  wi th  
known oxide thicknesses were  analyzed by the probe. 
The SiO2 thicknesses which ranged f rom 30 to 2000A 
has been determined by the e l l ipsometry  method.  The 
x - r ay  intensities obtained f rom these samples by 
microprobe were  plotted vs. the known thicknesses. 
The plot was a s t raight  line passing through the origin 
and having a slope of about 0.05 cps (counts per  sec- 
ond) /A ,  which is the x - r a y  sensi t ivi ty for SiO2 thick-  
ness. In other  words one needs a 20A thick layer  of 
SiO2 to get 1 cps intensi ty at e lectron beam conditions 
of 5 kV and 10-TA. The m in im um  detectable l imit  
was found to be 5A for a 1 min  x - r a y  count. The 
analysis was per formed wi th  an ARL probe which 
has a take-off  angle of 52 ~ Lead stearate and ADP 



0 0 

crystal monochromators  were used for de termining  
oxygen and phosphorous, respectively. 

A similar  l inear  plot was obtained with phosphorous 
content  vs. x- ray  in tens i ty  using a set of samples 
which had been  analyzed by neu t ron  activation or 
compared to neu t ron  activation standards. Since thick-  
ness mul t ip l ied by  concentrat ion is a convenient  and 
practical measure  of phosphorous content  the con- 
centrat ion- thickness  unit,  A.%, was adopted. Follow- 
ing the method of analysis outlined, the phosphorous 
sensi t ivi ty was determined to be 0.023 cps/A. % which 
yields a m i n i m u m  detectable l imit  of 15 A .% for 
100 sec of x - r ay  count. (There are 4.4 • 10 TM at /cm2/  
A ' % . )  This means that  the thickness of a PS'G hav-  
ing 3% P concentrat ion can be determined wi th in  5A. 
The accuracies for phosphorous and oxygen are com- 
parable al though it requires a sl ightly longer x - r a y  
count for phosphorous determination.  The counting 
t ime requi rement  for a desired accuracy is dictated by  
the x - r ay  statistics which are based on the photon 
dis tr ibut ion in  time. The m i n i m u m  detectable l imit  
(MDL) for both elements was calculated according 

to the following relat ionship 

1 1 ,~1/~ B,, ,  

IVIDL --  [10] 
S 

where Tp = t ime to count the peak signal for a fixed 
total count (see), 

tb----time to count background for the same 
total count (sec), 

B -  background in  counts per second (cps), 
and 

S ---- concentrat ion sensi t ivi ty in cps/A. %. 

The background was measured in both sides of the 
peak and averaged. This agreed with the cal ibrat ion 
l ine intercept  on the in tens i ty  axis. By increasing 
the total count and therefore tp and fb, the MDL is 
made sufficiently small  to meet  the desired accuracy. 
There is a limit, however, to how far one can in-  
crease the total count or counting t ime since there 
are other factors such as equipment  power instabi l i ty  
and carbon bu i ld -up  on the specimen which finally 
l imit the MDL. Carbon bu i ld -up  is minimized by  a 
decontaminator.  Contaminat ion is minimized by  cir-  
culat ing l iquid n i t rogen in the water  cooling coils 
of the objective lens (ARL probe),  which promotes 
vapors condensation. This reduces contaminat ion by  
more than  a factor of ten. The effect of carbon bu i ld -up  
is wi th in  exper imental  error  which is reflected in  
the accuracy stated. 

Since we are dealing with x - r ay  signals just  above 
background, the m i n i m u m  detectable l imit  as calcu- 
lated above is also the precision with which a measure-  
ment  is made and, when  a sample of known  compo- 
sition and thickness is used as a control it represents  
the accuracy. Dozens of samples, wafers and devices 
alike, have been analyzed to show in  practice that  
the accuracy calculated on the basis of the x - r ay  
statistics was indeed attainable.  The reproducibi l i ty  of 
the x - r ay  readings, and therefore the accuracy of the 
oxide thickness and phosphorous content, were found 
to be wi th in  the MDL calculated. Figures 4 and 5 
show how oxygen and phosphorous x - r ay  intensit ies 
from the above samples plot l inear ly  against SiO2 
thickness and phosphorous content. Considering the 
composition and thickness ranges, the cal ibrat ion lines 
in both cases are satisfactorily straight. The samples 
have been analyzed many  times and the straight lines 
reproduced each time. Figure 6 is another  graph ob- 
ta ined from a number  of SiO2 samples analyzed later.  
The graph includes also three  samples or iginal ly used 
in  the in tensi ty- th ickness  cal ibrat ion curve shown in 
Fig. 4. The original samples were included to show 
the reproducibi l i ty  at a different time. In  Fig. 5, 
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only one sample (No. 3005) was analyzed directly by 
the neu t ron  activation method; the others were s imul-  
taneously  analyzed by the x - r a y  fluorescence tech- 
nique with standards of comparable composition whose 
phosphorous content  had been determined by  neut ron  
activation analysis. These wafer samples were analyzed 
wi th in  an accuracy of ___5% of the amount  of phos- 
phorous. Hundreds  of wafers and devices have been  
ful ly analyzed by  this technique recently. Each of 
them has gone through the etching and microprobe 
measurement  steps. Typical oxide removals of ~60A 
have been obtained with etching times of about 2 
min. The  technique has become, therefore, part  of the 
characterization process of wafers and devices. 
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Discussion and Conclusions 
Measurements  of the SiO2 thickness are based, as 

a l ready indicated, on the intensi ty of the oxygen  Ka 
x - r a y  genera ted  in the oxide layer  as a result  of 
e lectron bombardment .  At 5 kV, the x - r a y  intensi ty  
is direct ly  proport ional  to the oxide thickness for 
oxide layers  <2000A. Since oxygen is present  in both 
SiO~ and PSG, the x - r a y  technique gives the total  
thickness of SiO2 and PSG. There is a slight difference, 
however ,  in the oxygen content be tween  SiO~ and 
the PSG because of the presence of a few per cent 
of phosphorous. This difference is e i ther  small  (3% or 
less) and therefore  neglected, or it is easily accounted 
for when  a high phosphorous concentrat ion warran ts  
it. For thin gate oxide PSG's,  this correct ion is not 
necessary. After  going through the zeroing procedure, 
the electron beam current  is adjusted to give 100 nA 
specimen current.  T h e  adjus tment  is made on the 
specimen itself. The P205 and SiO2 standards (mea-  
sured or iginal ly  by the independent  method  as speci- 
fied) are analyzed ~imultaneously wi th  the specimen 
under  the same conditions to standardize the intensi ty 
values and generate  cal ibrat ion curves for both phos- 
phorus and oxygen as i l lustrated in Fig. 2 and 3. It  
is impor tant  that  the specimen current  remains con- 
stant during the test. 

The phosphorous analysis, as a l ready indicated, is 
carr ied out s imultaneously wi th  oxygen  using a dif-  
ferent  spectrometer.  This is advantageous in terms 
of t ime and accuracy because the x - r a y  intensities 
of both elements  come from sample volumes i r radia ted 
and analyzed at the same time, thus, al lowing a faster  
analysis and prevent ing  any error  that  might  arise 
f rom possible inhomogeneit ies  and an ins t rumenta l  
power  instability. 

Because of the l inear i ty  wi th  which x - r ay  intensities 
are re la ted to the thickness and the phosphorous con- 
centrat ion of the PSG, and because of the accuracy 
with  which the x - r a y  intensi ty  can be measured,  this 

technique can be used wi th  l i t t le  effort to evaluate  
other  techniques such as the e tch- ra te  technique which 
is known to have  an accuracy on the order  of • 1% 
P205. The microprobe technique has revea led  upon 
extensive application that  this e r ror  is at t imes grea ter  
than •  Consequent ly  it is concluded that  (i) the 
etch rate  technique may  not be adequate  when  applied 
to study the effects of phosphorous polarizat ion and 
Na + ion drift, and (ii) the present  microprobe tech-  
nique is unique for de termining silicon oxide th ick-  
ness in FET gate oxide, PSG thickness, and PSG phos- 
phorous concentrat ion wi th in  the accuracy requ i red  in 
the study of P-polar iza t ion and Na + ion drift  for  fin- 
ished devices. 
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Some Device Applications of Spreading Resistance 
Measurements on Epitaxial Silicon 

Bernard L. Morris 
Bell Telephone Laboratories, Incorporated, Allentown, Pennsylvania 18103 

ABSTRACT 

Thin epi taxial  silicon should not be character ized by simply specifying a 
thickness and resistivity.  The success of a device can depend on knowledge  
of the ent i re  epi taxial  impur i ty  profile. In most cases the complete profile 
can only be obtained by the spreading resistance technique. The informat ion  
obtained by this method should then be correlated with  the results of the 
more commonly used character izat ion techniques;  inf rared thickness mea-  
surement  and diode capaci tance-vol tage profiling. Examples  of such cor- 
relations are presented for a number  of thin epitaxial  device s tructures such 
as GIMIC, OXIM, a 50 GHz IMPATT diode, a PIN phase modulator,  and a 
large area power  Schot tky diode. 

If a flat circular voltage probe of radius a is brought  
into contact wi th  a semi-infini te  conducting material ,  
pract ical ly all of the potential  drop occurs wi th in  
1.5 >< a of the point of contact (1). For  a me ta l -  
semiconductor  contact in which the surface bar r ie r  
resistance (Schot tky resistance) may  be neglected, 
the resistance of the contact, which is called the 
spreading resistance, is 

Rs = p/4a [1] 

Key words:  spreading resistance, epitaxial  silicon, resist ivity pro- 
files, in tegra ted circuits. 

where  p is the semiconductor  resistivity. Since real  
meta l - semiconductor  contacts can have  appreciable 
bar r ie r  resistance, an empir ical  cal ibrat ion of Rs vs. p 
is necessary. For  silicon wi th  a given value  of re-  
sistivity, the spreading resistance depends on the con- 
duct ivi ty  type, orientation, and surface finish. Cali- 
brat ion curves have been constructed by measur ing 
both p and Rs on a large number  of samples, both 
N and P, <111> and <100>,  wi th  resistivit ies f rom 
approximate ly  0.001 to 100 ohm-cm.  All  of the cal ibra-  
tion samples are Syton polished. 
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The spreading resistance (SR) set used in this work 
is the model  ASR-100 buil t  by Solid State Measure-  
ments, IncJ  The probes are made of an osmium- tung-  
sten alloy, and pressure is applied by 45g weights.  
The sample is placed on an X - Y  stage, and the X 
drive is automat ical ly  stepped af ter  each measure -  
ment ;  the step sizes used vary  f rom 10 to 250 ~m. 
If a measurement  of the uni formi ty  of surface re-  
sist ivity is required,  the sample is e i ther  waxed  onto 
a block or held on a vacuum chuck, and the SR is 
automat ical ly  scanned and recorded with  the selected 
step size. If  a res is t ivi ty  profile in depth is desired, 
the sample  must  be angle lapped on a special f ixture 
supplied wi th  the ASR-100. This is shown in Fig. 1. 
Since the p-Rs calibrat ion is s t rongly dependent  on the 
surface finish (2), the initial lapping with  L inde -A  
is fol lowed by a final polish wi th  Syton. 

The assumption of semi-infini te  mater ia l  f rom which 
Eq. [1] was der ived does not hold for thin epi taxial  
layers. A thin film correct ion factor (CF) must  be 
used, so that  Eq. [1] now reads 

peorr - -  4aRs/CF [2] 

The value of the CF depends on the re la t ive  re-  
sistivities and types of the epi taxial  layer  and sub-  
strate, and on the ratio t /a  where  t is the epi taxial  
layer  thickness, and a is the effective contact radius 
as defined by Eq. [1]. Values of the CF for different 
types of profiles are avai lable in the l i t e ra ture  (3, 4). 
The two l imit ing cases for the CF are short ing and 
insulat ing boundaries.  The former  is a good represen-  
tat ion of steep N / N  + (or P / P + ) ,  whi le  the la t te r  holds 
for a P / N  (or N / P )  epi-subst ra te  boundary.  These 
CF's are shown schematical ly in Fig. 2. 

The contact radius of the ASR-100 probes is approxi -  
mate ly  3 ~m. For  insulat ing boundaries,  Fig. 2 shows 
that  the CF begins to change rapidly  for t /a  < 5, that  

is for t < 15 ~m. Due to the uncer ta in ty  in t h e  (calcu- 
lated) CF in this range, the errors  in the calculated 
values of 0 will  tend to become large as the junct ion 
is approached. For  N / N  + (or P / P + )  the actual re -  
sistivity profile can be more  accurately  determined,  
since the CF tends toward  uni ty  as the resis t ivi ty of the 
epi taxial  layer  approaches the substrate resistivity. 
Therefore  as the N-N + boundary (which in practice is 
always graded) is approached, pz smoothly approaches 
p2, and even though t /a  becomes ve ry  small the CF 
goes to unity. 

The over -a l l  accuracy of the SR profile depends on: 
the measurement  of the depth, z; the reproducibi l i ty  
of the measured  spreading resistance, Rs; the accuracy 
of the p-Rs calibration;  and the accuracy of the CF 
calculation. The error  in depth measurement  is dz = 

1 S o l i d  S t a t e  M e a s u r e m e n t s  Inc. .  M u r r y s v i l l e ,  P e n n s y l v a n i a .  
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___ (0.05 X z + 0.1) ~m, where  z is the depth in mi -  
crometers.  The first term, ___5% of z, is the er ror  in 0 
(see Fig. 1) and the second term, 0.1 ~m, is due to 
possible a l ignment  er ror  and error  in the definition of 
the bevel  edge. 

The reproducibi l i ty  of Rs is be t te r  than +--5% 
for  p < 5 ohm-cm. At h igher  resist ivit ies Rs is increas-  
ingly influenced by adsorbed wate r  and by minor  var i -  
ations in surface quality.  

There is no simple way  of judging the accuracy of 
the p-Rs calibrat ion or  the CF calculations. The best 
measure  of the accuracy of the SR technique is to 
compare its results wi th  those of diode C-V profiles. 
Such comparisons suggest an over -a l l  accuracy of 
+-10% for N / N  + or P / P +  profiles, and --+20% for P / N  
or N / P  profiles. 

M e a s u r e m e n t  of Ef fect ive  Epi tax ia l  Th ickness  
In the days when Si epi taxial  thickness was typi -  

cally > 8 ~m, wi th  an (assumed) flat resist ivi ty pro-  

file, the exact  definition of the thickness was not a 
problem. Angle  lap and stain and /o r  inf rared  (IR) 
thickness measurements  were  used to define t, and 
the resis t ivi ty was usual ly defined at a single point 
on the profile. 

Device technology has now advanced to the point 
where  many  epi taxial  thicknesses are in the region 
1-4 ~m, with  the newest  IMPATT diodes requir ing  
submicron epi taxial  layer, t ---- 0.6-0.8 ~m. 

For  this thin epi taxial  material ,  it is not enough to 
specify a thickness and a resist ivi ty;  the complete  
profile must  be known. 

Every  device design assumes some number  which is 
supposed to characterize the epi taxial  thickness. This 
is the electr ical  or effective epitaxial  thickness, tell. For  
epi taxial  layers wi th  a conduct ivi ty  type different than 
that  of the substrate  (or bur ied  layer) ,  this th ick-  
ness usual ly corresponds to the point at which the net 
carr ier  concentrat ion is zero. For  N / N  + (or P / P + )  
s tructures teff wil l  correspond to some value  of ND 
(or NA) on the (graded) boundary  profile. 

Once the desired thickness (teff) is known, the next  
step is to correlate  it wi th  a practical  product ion tech-  
nique. 

The two methods commonly used for epi taxial  layer  
thickness measurement  are IR and angle lap and stain. 
The former  technique is nondestruct ive,  fast (5 sec /  
measurement  wi th  the FTG-122) ,  opera tor  indepen-  
dent, accurate, and reproducible  to wi th in  -+0.1 ,~m. 
Angle  lap and stain is destructive,  slow, operator  and 
stain dependent,  wi th  a mul t i - l abora to ry  precision 
of _+ (0.1St + 0.5) ~m (5). For  these reasons the use of 
the IR thickness is preferred.  

It  must  be emphasized that  the correlat ion between 
teff and  tIR for a par t icular  device depends on the 

2 D i g i l a b  Inc., C a m b r i d g e ,  M a s s a c h u s e t t s .  
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epi taxial  resist ivi ty profile. This depends on the re -  
actor t ime- t empera tu re  cycle and the surface impur i ty  
concentrat ion of the substrate or bur ied  layer.  If  
any of these parameters  are changed, the correlat ion 
must  be re-establ ished.  Two specific examples  of the  
application of SR to the teff-tm correlat ion wil l  now 
be discussed. 

The Oxim (Oxide Isolated Monolithic) s t ructure  has 
epi taxial  specifications similar  to those of thin CDI (6). 
The epi taxial  layer  is low resis t ivi ty P- type,  tiR • 2.0 
#m, grown over  a s tandard Sb diffused bur ied layer.  
The effective thickness of this device is the point at 
which the  mater ia l  changes f rom P-  to N-type,  that  
is the point of m a x i m u m  resistivity.  This is shown in 
Fig. 3. This figure also shows the IR and stain th ick-  
nesses. Note that  tm thickness falls at the point of 
m a x i m u m  impur i ty  concentrat ion (min imum value  of 
SR).  This has been found always to be the case when  
the substrate, or  bur ied  layer,  concentrat ion is in the 
region of ]019 cm -3, which is the range of the s tandard 
Sb diffused bur ied  layer.  It  is also obvious that  the 
stain depth, tst, does not coincide wi th  teff as is of ten 
assumed. Since teff corresponds to an easily ident i -  
fiable point on the SR profile, it is not necessary to 
calculate the resis t ivi ty (or car r ie r  concentrat ion)  
profile. 

Another  device, GIMIC (Guard Ring Implanted  
Monolithic In tegra ted  Circuit) (7) is shown in Fig. 4. In 
both GIMIC and Oxim as in CDI, the epi taxial  layer  
forms the base region. In CDI and Oxim the base 
doping is de te rmined  by the epi taxial  resistivity.  In 
GIMIC the epi taxial  layer  is grown with  the highest  
possible resistivity, and the effective base doping (the 
Gummel  number)  is implanted  into this "intr insic" 
layer.  The actual t ransi t ion be tween  the intrinsic 
epi taxial  layer  and the heavi ly  doped bur ied  layer  is 
quite  graded. It was decided that  teff for this device 
corresponds to the point on the outdiffusion profile 
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where  the concentrat ion is 10 t~ cm -3, all mater ia l  f rom 
this point to the surface is considered intrinsic. For  six 
different epi taxial  runs, the correlat ion of teff and t]R 
had a max imum spread of ___0.1 /~m, that  is, (tin -- teff) 
-~ 0.9 ___+ 0.1 ~m in all cases. The  same correlat ion be-  
tween  teff and tst had a m a x i m u m  spread of ___0.4 ~m. 
Since  teff corresponds to a specific concentration, the 
raw SR data had to be conver ted  to a concentrat ion 
profile. As the critical area can be considered to be 
an N / N  + structure, the CF is sufficiently wel l  known 
to do this conversion with  the necessary accuracy. 

Measurement of the Complete Epitaxial Profile 
For  N / N  + or P / P +  epi taxial  structures, the diode 

capaci tance-vol tage (C-V)  method is often used to 
de termine  the carr ier  concentrat ion profile (8). Analog 
methods such as the Copeland (9) or Miller  Feedback 
Profilers (10) use the same basic phenomenon as the 
C-V method to record the profile. 

All of these methods are qui te  useful  as they  provide 
a direct measure  of the carr ier  concentrat ion profile 
N ( x )  wi thout  the necessity of cal ibrat ion curves for 
different materials.  However ,  they  all suffer the same 
basic ]imitation; the min imum and m a x i m u m  depths 
over  which C-V  profiles may  be obtained are l imited 
respect ively  by the zero bias deplet ion width  and the 
deplet ion width  at breakdown.  The min imum value  of 
the deplet ion width  is obtained using simple evapo-  
ra ted Schot tky diodes; however ,  these have an in- 
he ren t ly  soft breakdown,  so the m a x i m u m  depth 
reached falls short  of the theoret ical  one. 

For  many  types of profiling these l imitat ions are not 
serious, but  if the resis t ivi ty at the t rue  surface, or the 
exact  shape of the epi taxia l -subs t ra te  in terface  are 
needed, C - V  techniques cannot be rel ied upon. 

A 50 GHz IMPATT diode requires  an epi taxia l  s truc- 
ture  wi th  the fol lowing specifications: s u b s t r a t e ~ A s  
doped, p < 0.0015 ohm-cm;  epi taxial  l a y e r - - A s  doped, 

ND ~ 5.3 X 10 TM cm -3 (___10%); and teff : 1.5 ~m. 
It  is requi red  that  the carr ier  concentration, ND, in 

the epi taxial  layer  be constant f rom the t rue  surface 
to teff. Af te r  that  point ND should rise as sharply  as 
possible. At  ND • 5.3 X 10 TM cm -3, the total  distance 
that  a C - V  profile can cover  is app rox ima te ly  0.35 
~m. To measure  a complete profile of this epi taxial  
layer  using C-V techniques,  five different diodes wi th  
diffusion depths ranging f rom 0.0 ~m (i.e., a Schot tky 
diode) to 1.3 ~m would  be needed. Even  then the 
first 0.2 ~m could not be measured.  Figure  5 shows 
N ( x )  profiles of two at tempts  to fabricate  this s truc- 
ture. The C-V data were  obtained by combining the 
results of two different diode diffusion depths. The 
first s t ructure  would  make  good devices whi le  the 
second would not. This last fact, however ,  is not 
readi ly  apparent  f rom the C-V data. 
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Fig. 6. Spreading resistance profile of PIN phase modulator 

The epi taxial  profile requi red  for a new PIN phase 
modula tor  is shown in Fig. 6. This device requires  that  
the epi taxial  resis t ivi ty be --~5 ohm-cm near  the sur-  
face, and that  the resis i tvi ty  rise sharply  at the epi-  
tax ia l -subs t ra te  interface, 5p/~X ~- two orders of mag-  
ni tude (40 db) per  micron. Only a small  region of this 
profile is accessible to C-V profiling, as the zero bias 
deplet ion width  is typical ly  1#, and the b reakdown 
vol tage is quickly  reached as the epi taxial  res is t ivi ty  
starts to decrease. F igure  6 shows schematical ly  the 
complete profile as de termined  by SR, and the small  
port ion of the profile acccessible to C-V methods. 

Outdiffusion and Autodoping 
The abil i ty of S R  to measure  the ent ire  epi taxial  

substrate interface makes it a powerfu l  tool to study 
outdiffusion and autodoping. For  the purposes of this 
paper, outdiffusion is defined as the change in the re-  
sist ivity profile resul t ing f rom solid-state diffusion 
mechanisms. This process occurs during both epi taxial  
growth and subsequent  hea t - t rea tments .  Autodoping 
is defined as the change in resis t ivi ty profiles due to 
impuri t ies  which are evapora ted  f rom the substrate  
and re int roduced into the solid during epi taxial  growth. 
The effective diffusion constant of the substrate during 
epi taxial  growth can be two orders of magni tude  
greater  than the usual sol id-state diffusion constant. 
In Fig. 3 the total  outdiffusion is tIR - -  t e f f  : 1.2 ~m. 
The epi taxial  layer  was grown over  an Sb bur ied  layer  
heated for 13 min  at 1050~ The corresponding solid- 
state diffusion length, 2~/DT, in the l i t e ra ture  (11) is 
0.066 ~m. The "effective" diffusion is approximate ly  
180 t imes greater  than  this. This enhancement  is in 
good agreement  wi th  recent  calculations (12) of 
autodoping-outdiffusion effects over  Sb substrates. De-  
tailed knowledge of this phenomenon can be vi ta l ly  
impor tant  in the design of new devices uti l izing thin  
epitaxial  material .  

The init ial  epi taxial  profile wil l  be al tered by hea t -  
t rea tments  associated wi th  oxidat ion and diffusion 
during processing. Two examples  of this on actual de-  
vice s tructures are shown in Fig. 7 and 8. F igure  7 
shows that  in Oxim the average  change in teff af ter  
heat ing is 0.15 ~m. Figure  8 shows that  af ter  the GIMIC 
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A ~  ~ B E F O R E  PROCESSING 
~/ ~ T E R  PROCESSING 

,---Z 
Fig. 7. Oxim-II profile after heat-treatments 
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Fig. 8. GIMIC profile after processing heat-treatments 

hea t - t r ea tments  the  effective thickness has changed 
by 0.9 ~m, and the "surface" layer  has changed from 
p- type  to n- type.  

Measurements of Completed Devices 
In order  to make  SR profile measurements  in a ma-  

ter ial  t microns thick, a min imum area  of approxi-  
mate ly  1.5 mm X 150t ~m is needed. The first l imit  is 
due to the 1 mm spacing be tween  the two probes, the 
second comes from the 100X magnification of the angle 
lap. For  epi taxial  layers grown over  a low resis t ivi ty 
substrate (no bur ied  layer)  this is not a problem, but  
for most bur ied  layer  pat terns  this l imit  cannot be 
easily satisfied, and a blanket  diffused control  wafe r  
must  be used. 

This area l imit  makes it difficult to do SR profile 
measurements  on most completed device structures;  
however ,  measurements  can be made on these wafers  
if there  is a large control bar, or if the device itself is 
one with  a large area. An example  of the second case 
is shown in Fig. 9. A power  Schot tky diode wi th  a 
large area (160 mil  diameter)  had been designed for 
low series resistance and medium breakdown voltages. 
It was found that  the BV map of some completed 
wafers  was very  nonuniform, and it was suspected that  
inhomogenei t ies  in the epi taxial  res is t ivi ty  profile 
could be the cause of the soft breakdowns.  One wafer  
which showed both good and bad breakdowns  was pro-  
filed. The measurement  results, as shown in Fig. 9, 
showed that  the epi taxial  profiles were  identical  in 
both diodes, and thus the "soft" breakdowns are not 
due to nonuni formi ty  of the resis t ivi ty profile. 

Uses in a Manufacturing Area 
The discussion of SR up to this point has emphasized 

its use as an aid in the development  of new epi taxial  
devices. In addit ion to these uses, SR measurements  
can be of use in product ion environments .  

log p 

I I ~ z  
Z=O Z=O 

N Epi 

N + SUBSTRATE 

DIODE A BV=30V l EPI PROFILES ARE 
DIODE B BV=t3 v I SHOWN TO BE IDENTICAL 

Fig. 9. Spreading resistance used as diagnostic tool 
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There  are two distinct uses of SR in manufactur ing;  
measurement  of epi taxial  surface resis t ivi ty and mea-  
surement  of the complete epi taxial  profile. The first 
use mere ly  requires  placing a wafer  in a vacuum chuck 
in the ASR-100 and measur ing Rs at a few points on 
the epitaxial  surface, which has a finish equivalent  to 
a Syton polished surface (2). No angle lapl~ing is re -  
quired. This measurement  is basically nondestruct ive,  
the total  sur~[ace damage being l imi ted to the probe 
marks  which are roughly  8 ~m in diameter .  In order  to 
calculate the actual resistivity,  the layer  thickness 
must  be known from IR measurements .  Total mea-  
surement  t ime for this technique is less than 1 min  per 
wafer,  and it may  be used on ei ther  control or prod-  
uct wafers.  

The second use of SR in product ion requires  that  a 
chip be scribed from a wafer  for angle lapping. The 
complete profile of the epi taxial  mater ia l  could then  
be measured.  This technique would take approxi -  
mate ly  10-20 min  per profile and would  thus be 
l imited to a small  sample size. 

Since this method  would  significantly contr ibute  to 
the total  wafer  cost, its use would be justified only 
where  control of the complete epi taxial  profile is vi tal  
to the success of the device. 

Conclusions 
Thin epi taxial  mater ia l  should not be character ized 

by simply specifying a thickness and resistivity. An 
awareness of the ent ire  resis t ivi ty profile can be es- 
sential  to the success of the device. In most cases the 
complete profile can only be obtained by the SR tech-  
nique. 

Once the profile has been established, a correlat ion 
of the "effective" epi taxial  thickness and the IR th ick-  
ness may  be made. The results of diode C-V profiling, 
which necessari ly covers a l imited thickness range, 
may  also be compared to the SR results. Once estab- 
lished, these correlat ions should remain  constant as 
long as the epi taxial  growth conditions and the sub- 
strate impur i ty  concentrat ion are unchanged. Changes 
in the hea t - t r ea tmen t  schedule during device process- 
ing can also affect these correlations. 
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Fabrication of GaAs IMPATT Devices Using 
Electroplated Heat Sinks 

II. Control of Water Curvature 

G. A. Rozgonyi,* J. V. DiLorenzo,* and E. Heinlein 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

It has been found that wafer curvature due to the use of electroplated 
heat sinks in the processing of Pt/GaAs IMPATT device material can be kept 
to levels low enough to make an essential difference in the yield of processed 
devices. This has been achieved in a two-step procedure. First, the stresses 
in the meta l  layers are de termined  using an x - r a y  latt ice curva ture  technique,  
then a thin metal  film with  a stress of the opposite sign, compressive tungsten 
in this case, is used to compensate the bending due to the init ial  layers. As a 
result  of the mult i level ,  s t ress-compensat ing approach, large area e lect roplated 
wafers  have been successfully th inned to less than 15 ;,m without  cleaving. 
Also, p re l iminary  device data show efficiencies and degradat ion propert ies  
comparable  to the best data repor ted  thus far  for equivalent  GaAs material .  

Discrete silicon solid-state devices which requi re  
low thermal  impedance for the dissipation of high 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words: GaAs devices, p l a t e d  h e a t  s inks ,  w a f e r  c u r v a t u r e .  

input  power  have  t radi t ional ly  been fabricated by 
thermal  compression (TC) bonding the device to a 
heat  sink of high the rmal  conductivity.  The silicon 
IMPATT device, where  a mesa is TC bonded to a 
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diamond heat  sink (1), is a good example  of the ap- 
plication of TC bonding technology. It  was, therefore,  
logical that  TC bonding be used in the init ial  fabr ica-  
tion of compound semiconductor  devices such as GaAs 
Gunn effect (2), IMPATT (3), and hetero junct ion  
laser (4) devices. Recently,  however ,  there  have  been 
reports  (5-8) that  the TC bonding processing step 
leads to mater ia l  degradat ion such as dislocation gen-  
erat ion and the format ion of accepter  states which ad-  
versely effect the electr ical  per formance  of I I I -V de- 
vices. This is not unexpected  since the yield stress in 
GaAs is considerably lower  than that  in silicon (9, 10) 
and dislocation generat ion is much more  l ikely to occur 
in the compound. In addition, Brant ley  and Har r i -  
son (11) have found that  the degradat ion rate of elec-  
t roluminescent  GaAs diodes increases by an order  of 
magni tude  when  the diodes are mechanical ly  stressed 
beyond a reproducible  threshold level.  This stress 
correla ted with  that  necessary for dislocation genera-  
tion. 

Because of the above-ment ioned  problems of TC 
bonding applied to compound semiconductors,  an 
a l ternate  approach using electroplated heat  sinks 
(PHS) has been pursued in order  to reduce the the r -  
mal  resistance of GaAs IMPATT devices. The PHS 
approach has recent ly  been used by DiLorenzo (12) 
in the fabricat ion of Gunn diodes of except ional ly  high 
power, efficiency, and uniformity.  Carey (13), in a 
comparison of Gunn devices fabricated by TC bonding 
and PHS, concluded that  the efficiency and yield of 
PHS devices were  consistently bet ter  than TC bonded 
devices. 

Al though the PHS technology has also improved  the 
reproducibi l i ty  of the thermal  resistance of GaAs 
IMPATT's  (14) new problems have  arisen because the 
stresses inherent  in the thin-f i lm pla t inum Schottky 
bar r ie r  contact and electroplated gold or s i lver  layers  
cause the GaAs substrate  to warp  severely.  Using 
x - r ay  diffraction lat t ice curva ture  measur ing pro-  
cedures C15) radii  of curva ture  of less than lm  are 
typical ly observed for 0.004 in. thick PHS's  on 0.010 in. 
thick GaAs subst ra tesJ  

Af ter  electroplating,  the original  GaAs substrate 
must be removed  by lapping and polishing the back 
side of the wafer.  During the thinning step two prob-  
lems are encountered.  First, it has been observed 
that  the GaAs substrate breaks apart  by  cleaving into 
as many  as a dozen separate  pieces af ter  thinning. Al -  
though the PHS does serve to hold the pieces of GaAs 
together,  the y ie ld  per  wafe r  is necessari ly reduced. 
A second problem arises because a 2 cm wide substrate 
bent to a radius of curvature,  R, equal  to lm  has a 
center  to edge deflection of ~25~. Therefore,  the wafe r  
will  not l ie flat on the polishing block during the GaAs 
substrate thinning procedure.  These variat ions are 
quite  serious since the thickness of the final GaAs thin  

1 I t  s h o u l d  be  n o t e d  t h a t  t h i s  is  a n  e l a s t i c  p h e n o m e n o n  a n d  no  
p e r m a n e n t  d a m a g e  o r  p l a s t i c  f low a re  o b s e r v e d  a t  t h i s  s t age ,  con-  
t r a r y  to t h e  case  w i t h  T C  b o n d i n g  p r o c e d u r e s .  

f i lm/substra te  combinat ion is eventua l ly  reduced to 
10-20~. 

In the present  report  we first ident i fy the origins of 
certain mechanical  problems such as wafer  warpage  
and fracture.  A par t icular  solution using a mult i layer ,  
stress-compensation,  thin-f i lm approach is then de- 
scribed. Electr ical  data are also presented to show that  
by proper ly  moni tor ing each stage of device metal iza-  
tion, measurable  improvements  in the over -a l l  yield 
and uni formity  of actual devices can be achieved. At 
the same t ime the efficiency and degradat ion propert ies 
have been as good as the best results repor ted  thus far. 

Wafer  Curvature in Multi layer Systems 
In this section, the substrate latt ice curva ture  due to 

sput tered pla t inum films and electroplated gold layers 
is discussed along with  procedures for achieving flat 
wafers  using a mul t i l ayer  deposition scheme. Initially, 
the stresses in Pt  layers were  tensi le  and var ied 
from 8 to 14 >< 109 dynes cm -2 (see Table I, samples 
K404 and K398). This was enough for a 0.2 ~m 
film to bend a 0.010 in. GaAs substrate to a radius of 
curva ture  Rpt ~ ~-6m, where  the plus sign signifies a 
tensile film stress. Al though the average tensile stress 
in an electroplated Au layer  was only f rom 2 to 4 • l0 s 
dynes cm -2, the 75-100 ~m thick Au layer  requi red  
resul ted in an RAu of less than lm. Since the Au stress 
was also tensile the Ret+Au was reduced further .  Sub-  
sequent  work  by Murarka  (16) showed that  compres-  
sive Pt  films could be deposited by proper  control of 
the sput ter ing plasma. Al though this did serve to 
counteract  the tensile Au plate, the magni tude  of the 
compressive stress required,  which would  be greater  
than 1010 dynes cm -2 for films less than 1~ thick has 
not yet  been achieved. 

Concurrent  wi th  the at tempts  to control the sign and 
magni tude  of the Pt  film a mul t i l ayer  scheme was pro-  
posed which took advantage of the fact that  sput tered 
tungsten films can be grown with  an intrinsic compres-  
sive stress of greater  than 1010 dynes cm -2 (15). Ini-  
tially, a wafer  was processed as outl ined in Table I, 
sample K404. As shown, the compressive W film does 
serve to compensate the effects of the tensile Pt  and Au 
layers. The calculated Au plate requi red  to obtain an 
R A u  ~-~ ~ 3 m  was 22 ~m. Hovcever, due to an unusual ly  
severe  taper  in the Au plate a thickness var ia t ion of 
17.5-30 ~m was obtained. The taper  resul ted  in the 
GaAs wafer  having regions of posit ive or negat ive  
curva ture  depending on whe the r  RAu was locally 
greater  or less than -]-3m. The measured values of 
Rpt+W+Au var ied  from ~-120m to --13m. This repre-  
sents an improvement  of more  than an order  of magni -  
tude over  a nontungsten coated sample. Since the Au 
surface is made paral le l  to the back surface of the 
GaAs substrate in a la ter  processing step, the taper, if 
present, can be used to pinpoint  the opt imum thickness 
for an R ~ 100m. Unfor tunate ly ,  because of adherence 
problems be tween  the Au PHS and the s t ress-compen-  

Table I. Stress and curvature data on PHS materials 

S a m p l e  T h i c k -  T h i n - f i l m  
(tsubstrate)  h e s s  s tress  ( d y n e s  

( in.)  F i l m  (~m) R (m)  c m  -2 x l0  s) C o m m e n t s  

K404 P t  0.2 + 6.4 86 (T) M o d e l  S h o p  P t  
ts  = 0.010 Vr 0.3 - -3 .0  180 (C) H e i n l e i n  W 

A u  17.5-30 -- 13- + 120 2 (T} T a p e r e d  l a y e r  
K398  P t  0.2 + 8.2 140 (T) M o d e l  S h o p  P t  

/ S i n g l e  p u m p d o w n  in  
ts  = 0.014 ptW 0.050"3 --8.3 "[ H e i n l e i n  s y s t e m  

A g  250 + 1.5 1.4 (T) - V e r y  t h i c k  A g  
$220 P t  0.2 " l  f S i n g l e  p u m p d o w n  f o r  3 
ts  = 0.016 W 0.4 f - -8 .46 "[ l a y e r s  

P t  0.2 
A u  87 + 2.8 1.8 (T)  

ts  < 0.001 0.15-0.60 A f t e r  t h i n n i n g  as  s h o w n  
in  Fig .  l ( a )  

$272B P t  0.2 ~ S i n g l e  p u m p d o w n  f o r  3 
t s  = 0.0083 W 0.4 ~ --1.2 l a y e r s  

P t  0.2 
A g  100 + 2 . 0  1.8 (T)  P H S  too t h i c k  

52 + 13-500 A f t e r  t h i n n i n g  P H S  
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sating W film the PHS separated f rom the W during 
subsequent  processing of K404. This problem was 
easily solved by backsput ter  cleaning the W and then 
depositing a 2000A encapsulat ing layer  of Pt  over  the 
W. Seventy-f ive  microns of Au were  then plated over  
the Pt  cap and no fu r ther  adherence problems were  
encountered.  Device data on K404 are discussed below. 

Because of the incompatibi l i ty  of Au PHS's  and W, 
and also the high tensile stress in the Pt, two 
more  samples were  prepared  in a system capable 
of sequent ia l ly  sput ter ing low tensile Pt  and highly 
compressive W. Tungsten-stress  compensated, Pt  cap- 
ped structures were  then obtained as shown in Table I, 
samples K398 and $220. In these samples the stress 
compensat ion was not as close as in K404 due to the 
much thicker  PHS. Therefore,  improvements  of only 
~3  times that  of a non-W coated sample were  ob- 
tained. However ,  good PHS adherence was obtained to 
the top Pt  film. Sample $220 was successfully pro-  
cessed through the substrate thinning operat ion wi th -  
out undergoing any cleavage or fractures.  The me-  
chanical s tabil i ty of the sample is i l lustrated in Fig. 
1 (a) which shows that  even after  th inning to the point 
where  complete removal  of GaAs has occurred over  a 
port ion of the wafer,  thereby  exposing part  of the Pt  
layer,  the remaining GaAs has not failed. The final 
GaAs thickness was 15 ~m at the top of the wafer  
shown in Fig. l ( a )  taper ing off to zero when  the Pt  
metal izat ion was reached. 

For  comparison, a 0.010 in. thick GaAs sample wi th  a 
0.005 in. thick PHS and no s t ress-compensat ing W film 
is shown in Fig. 1 (b). Note that  this sample, which has 
not yet  been thinned, has a l ready cleaved in at least 
eight places (see arrows C and white  lines orthogonal  
to C and 45 ~ to C). The radius of curva ture  of this 
sample was 0.8m. The calculated max imum stress in 
the substrate for the sample shown in Fig. l ( b )  is 
only ~1  • l0 s dynes cm -2, which is well  below the 
yield point of GaAs. However ,  close examinat ion  of 
plated wafers  which have spontaneously cleaved in- 
dicates that  the fai lure is usual ly ini t iated at a flaw 
near  the edge of the wafers.  Therefore,  it is be l ieved 
that  local stresses can be significantly higher  than the 

Fig. 1. a, Plated heat sink Pt /W/Pt  on GaAs IMPATT wafer after 
chemical thinning GaAs to remove substrate. The GaAs remaining is 
tapered from 0 to ~ 1 5  Fm at the top of the wafer, b, Plated heat 
sink Pt/GaAs IMPATT wafer which spontaneously cleaved, see ar- 
rows C, due to handling highly stressed wafer. Substrate has not yet 
been thinned. 

average stress calculated f rom the radius of curvature.  
The stress in the chemical ly th inned sample shown in 
Fig. l ( a )  is est imated to be ,~2 • 109 dynes cm -~. 
The absence of cleavage and the elastic character  of 
the sample is par t ly  a t t r ibuted to stress re l ief  by 
chemical etching of damage at potent ial  c leavage sites 
during the chemical th inning operation. The actual 
stress profile in a mult i layer ,  s t ress-compensated 
s t ructure  depends on the re la t ive  thicknesses of the 
layers and the exact position of the neut ra l  axis, as 
well  as possible gradients in the stress as a function of 
individual  layer  thickness. More detailed analyses of 
the quant i ta t ive  aspects of this problem wil l  be pre-  
sented in a separate report.  The main point to be 
emphasized here is that  the only two GaAs IMPATT 
wafers  to be successfully th inned wi thout  mechanical  
fai lure have been stress-compensated,  mul t i l ayered  
structures (see Table I $220 and $272B). 

Al though sample $220 did not cleave, the substrate 
thinning did not proceed uniformly,  as shown in Fig. 
l ( a ) .  This is due, in part, to the fact that  the wafer  
curvature,  at just  under  3m, is still  significant enough 
to cause cen te r - to -edge  deflections comparable  to the 
final thickness of the GaAs device, e.g., 5-15t~. How-  
ever, this is not considered to be a serious problem 
since recent  results show that  much larger  radii  of 
curva ture  can be obtained by careful  a t tent ion to each 
step of the process. For  example,  the final sample listed 
in Table I, $272B, was processed using the dual target  
sput ter ing station to obtain a P t - W - P t  metal iza t ion 
which yielded a --1.2m radius of curvature.  This was 
fol lowed by a 100 ~m thick Ag PHS layer  which 
brought  the radius over  to +2.0m. Calculation of the 
average stress in the Ag layer  necessary to effect this 
bending yielded a value of 1.8 • l0 s dynes cm -2. 
Fur the r  calculations showed that  th inning the Ag PHS 
to ~55~ would more effectively balance the compres-  
sive stress of the W film. This was done and a sample 
was obtained with  a final radius of 500m over  several  
mi l l imeters  of the wafer.  

Elect r ica l  Charac te r i s t i cs  
Device s tructures and Scho t t ky  barrier data.--In  this 

section device data on three  wafers,  K404, $272B, and 
$220, processed using the mult i layer ,  s t ress-compen-  
sated PHS technique are discussed. Sample  K404 was 
fabricated into single mesa IMPATT devices 125 ~m in 
d iameter  on a PHS with  dimensions 0.625 in. • 0.625 
in. • 75 ~m thick. Slices $220 and $272B were  proc-  
essed into dis tr ibuted four  mesa structures (14) wi th  
each 150 ~m diameter  mesa connected by 8 nm Au leads 
on a 1.25 mm diameter  PHS (Au PHS for $220 and Ag 
PHS for $272B). 

The reverse  I -V characterist ics of a representa t ive  
device from slice K404 are presented in Fig. 2. A neg-  
l igible amount  of leakage current  is observed prior  to 
b reakdown at approximate ly  --62V for both 10 ~A and 
10 m A  per division sensitivities. The abruptness of this 
reverse  characterist ic at both current  values indicates 
that the Schot tky bar r ie r  resul t ing from the P t - W - P t  
PHS IMPATT is free of microplasmas. The absence of 
microplasmas at the edge of the mesas on sample K404 
at reverse  biases up to 55V was recent ly  confirmed by 
S. E. Haszko of these laboratories  during a series of 
electron beam induced current  studies of GaAs 
IMPATT's  wi th  the scanning electron microscope. 

Ten devices from slice K404 were  bonded into dia- 
mond V-3 packages using an A u - S n  eutectic bond. 
These devices were  RF tested at X band (10-11 GHz).  
The efficiencies (and performance)  of these devices at 
10.8 GHz were  very  uniform giving values f rom 11% 
yielding 1.5W out for 13.7W in, to as high as 15% for 
6.8W input. The efficiency of these units is equal  to 
the best obtained to date for single mesa devices wi th  
Pt  Schottky barriers.  The power  output  of these de- 
vices was l imited pr imar i ly  because of size and pack-  
age l imitat ions and not for any fundamenta l  reason. 
Eight devices f rom slice S272B were  bonded into V-8 
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I~|g. 2. Reverse I-V characteristics of representative device from slice K404. a, 1.0 #A/em sensitivity; b, 1.0 mA/cm sensitivity. 

Cu packages (14) and RF tested at C band (~4-6  
GHz).  The average peak efficiency of these devices was 
11.6% at 5.4 GHz with  18W input, and ~10% at 32W. 
The performance  of the mul t imesa  devices f rom 
$272B is comparable  to single mesa TC bonded diodes 
on diamond heat  sinks. 

Units from slice $220 also had ex t remely  sharp re -  
verse I -V characterist ics and were  bonded into pack- 
ages for re l iabi l i ty  tests which are  discussed below. 

Preliminary aging data.--Recently great  emphasis 
has been placed on obtaining an est imate of the ex-  
pected life of a GaAs IMPATT diode at a junct ion  
t empera tu re  of 200~ One approach which has been 
used is to moni tor  the softening of the d-c character is-  
tics of a packaged diode at an e levated t empera tu re  as 
a function of time. Based on previous data of this type 
from I rv in  (17) for P t /GaAs  single mesa IMPATT 
devices, aged at tempera tures  of 350 ~ and 323~ the 
expected life, or t ime to failure, 2 of an IMPATT should 
be approximate ly  500 hr  ~ at 300~ and grea ter  than 
106 hr  at 200~ The six diodes packaged from sample 
$220 were  aged for 532 hr  at 300~ and resul ted in 
only one diode failure. Therefore,  fol lowing I rvin 's  
analysis, the ext rapola ted  life of the remaining diodes 
would be grea ter  than  l0 s hr. 

Discussion and Conclusions 
Althou~h the p r imary  object ive of this work  was to 

main ta in  the mechanical  in tegr i ty  of a wafer  by keep-  
ing it f rom warping or cleaving during processing, it 
is important  to note that  the final product, assuming a 
balanced stress compensat ion has been achieved, wil l  
have  an epi taxial  GaAs layer  wi th  very  low stress. 
This is due to the fact that  the init ial  deFosit is a 
stress-free,  homoepi taxia l  layer. Stresses in the layer  
are encountered only af ter  metalization,  and the  m a x -  
imum GaAs stress generated,  even for a Pt film stress 
of 1 • 10 lo dynes cm-~, would be less than 5 • 107 
dynes cm -2 for a final GaAs thickness of 20 pro, pro-  
vided the wafer  is kept  flat. Al though the initial device 
performance  is not expected to be cri t ically dependent  
on stress, many  of the degradat ion mechanisms pro-  
posed for device fai lure invoke phenomena  which are 
enhanced by stress and strain. 

Summariz ing  the results described above, it has 

2 F a i l u r e  is de f i ned  h e r e  to m e a n  a 2% r e d u c t i o n  in  t h e  r e v e r s e  
v o l t a g e  n e e d e d  to  d r a w  I0  ~A c u r r e n t .  

8 F i v e  h u n d r e d  h o u r s  b a s e d  on a n  a c t i v a t i o n  e n e r g y  of 1.9 e V  a n d  
1000 h r  f o r  an  a c t i v a t i o n  e n e r g y  of 1.0 eV. 

been shown that  the wafe r  curva ture  int roduced dur-  
ing the processing of GaAs IMPATT device mater ia l  
using plated heat  sink technology can be kept  to levels  
low enough to make  an essential  difference in the 
processing yield. This has been achieved by proper  
character izat ion of the stresses in the Pt  and Au or Ag 
layers, and by the introduct ion of a stress compensat-  
ing W thin film. As a result  of the mult i layer ,  stress- 
compensating approach, wafers  have  been successfully 
th inned to less than 15~ without  undergoing any c leav-  
age or fracture.  Init ial  electr ical  data show ex-  
t r emely  hard I -V characterist ics wi th  un i formly  high 
b reakdown voltages. Also, the degradat ion propert ies  
and efficiencies are comparable  to the best data re-  
ported thus far  for s imilar  GaAs IMPATT devices. 
Finally,  it is noted that  the analyt ical  procedures  used 
for film stress studies and wafer  curva ture  control 
would  genera l ly  be applicable to a wide var ie ty  of 
semiconductor  devices which are subjected to process- 
ing conditions which bend the device wafer,  e.g., 
hetero junct ion  lasers and silicon integrated circuits. 
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ABSTRACT 

Earlier studies on this reaction, using thin aluminum films on silica sub- 
strafes, have been extended to temperatures below the melting point of alu- 
minum, and the effect of crystallinity in the silica has also been investigated. 
Electron and x-ray diffraction were used for detection and identification of 
reaction products. Between 400 ~ and 850~ the reaction obeys the Arrhenius 
equation, but suffers an abrupt change of activation energy at the melting 
point of aluminum. With quartz, the activation energy is greater and the re- 
action rate is less than with vitreous silica. The main products of reaction are 
8-A120~ and Si below the melting point of aluminum, but above the melting 
point a volatile oxide of aluminum is formed (probably AI20) when thin 
films are used. The reaction seems to be influenced very little, if at all, by the 
physical form of the film, or by the presence of water or air. 

Solid-s ta te  reactions are impor tant  in at least two 
areas. In the field of electronics, sol id-state c i rcui t ry  is 
in widespread use, and often involves potent ia l ly  re-  
act ive mater ia ls  in close contact, e.g., the  a luminum 
contacts on oxidized silicon (1). In the field of s t ruc-  
tura l  materials,  fibrous composite mater ia ls  are being 
considered for use in turbines  and in other  high t em-  
pera ture  applications (2). Near ly  all combinations 
being considered are potent ia l ly  reactive.  (The only 
exceptions are the direct ional ly solidified off-eutectic 
alloys which contain long fibers or platelets  of the 
eutect ic  alloy in a ma t r ix  of the excess metal .)  

Some studies on the sol id-state react ion be tween  
a luminum and silica have  already been carr ied out. 
Cratchley and Baker  (3) observed some react ion prod-  
uct when  they  examined  etched sections of silica fiber 
re inforced a luminum in the microscope af ter  500 hr  at 
500~ This was thought  to account for the drastic re-  
duction in s t rength of the mater ia l  at this temperature .  
S i lve rman  (4) examined  the electrical  resistance of 
0.2~ thick condensed a luminum films on various types 
of silica substrates af ter  heat ing to tempera tures  be-  
tween  400 ~ and 625~ in various atmospheres, for 
periods of f rom 1 to 21 hr. X-rays  were  used to ana-  
lyze the products on some of the specimens. He found 
that  mois ture  e i ther  on the silica, or in the a tmosphere  
had a considerable effect on the react ion rate, as de-  
te rmined  by resis t ivi ty changes, but  did not repor t  
detecting any react ion below 550~ X- rays  only re -  

Key words: silica substrates, aluminum, x-ray diffraction. 

vealed Si as react ion product. Chou and Eldr idge (1) 
did detect some react ion product (~-A120~) af ter  2 hr  
at 500~ using electron diffraction and microprobe 
analysis. 

Moisture in the silica was also felt  to be important  
by Standage and Gani (5), who did exper iments  above 
the mel t ing  point of A1 and used l ight  microscopy to 
determine  reaction rates, and x- rays  to determine  
products of reaction. Their  x - r a y  results indicate that  
more than one crystal lographic form of A1203 was pro-  
duced by the reaction, as well  as Si. They observed an 
induct ion t ime before  react ion started, which they as- 
cribed to the effect of moisture,  but  which was la ter  
shown (6) to be due to adventi t ious oxide on the 
mol ten  A1 surface. 

Silica fiber re inforced a luminum is weaker  at 400~ 
than at room tempera tu re  (7), and the effect is prob-  
ably due to a sol id-state chemical  reaction, since stor-  
ing the mater ia l  at this t empera tu re  for a period of 3 
months halves the room tempera tu re  s t rength (8). The 
react ion is therefore  wor th  invest igat ing in more  detail  
at t empera tures  lower  than 550~ and with  more  sen- 
sitive techniques than hitherto.  Prabr iputa loong and 
Piggott  (9) have demonst ra ted  the sensi t ivi ty of elec- 
t ron  diffraction for this purl3ose at t empera tures  above 
700~ and the work  described here  is an extension of 
those studies down to a t empera tu re  of 400~ 

Experimental Method 
The apparatus used has a l ready been described in 

detail  (8). The exper imenta l  method  consisted of 
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evaporat ing a sufficient amount  of high pur i ty  
(99.999%) a luminum wire  to condense a film of about 
0.1~ thick on a piece of silica (also 99.999% pure) .  
Two forms of silica were  used: vi t reous silica ( "Supra -  
sil II"  obtained from Amersi l  Incorporated)  having a 
density of 2.2 g / cm -3, and quartz  single crystals. The 
surfaces used for the react ion were  polished to optical 
smoothness. The quar tz  crystal  surface was a (0001) 
plane, and the crystal  was ini t ial ly the low tempera -  
ture (a) form. Heat ing prior  to react ion caused its 
t ransformat ion to the high t empera tu re  (~) form. The 
silica was solvent cleaned, and was placed inside a 
box made of th in  tan ta lum strip that  could be heated 
and cooled very  rapidly. Pr ior  to the condensation, 
wa te r  absorbed at or near  the surface was r emoved  by 
heat ing the silica to 800~ for at least  10 min  in vac-  
uum, except  in cases where  the effect of absorbed 
water  on the react ion was being investigated.  

Condensation was carr ied out at the react ion t em-  
pera ture  and at room temperature .  The react ion was 
al lowed to take place in air, as wel l  as in vacuum 
(~10 6 Torr ) .  For  the exper iments  in air, the speci- 
men  was cooled rapidly immedia te ly  after  condensa-  
tion, when  this had been carr ied out at react ion t em-  
perature,  so that  a significant amount  of react ion 
product  was not formed during the condensation proc-  
ess. The specimen was then  t ransfer red  to a small  
commercial  labora tory  furnace for the reaction. For  
reactions in vacuum the same chamber  was used as for 
the condensation. 

After  the react ion exper iment  was completed, the 
specimen was t ransfer red  to an electron diffraction 
camera for examination.  The topography of some films 
was also examined in the l ight  microscope, and using 
pal ladium shadowed carbon replicas, in the electron 
microscope. In addition, x - r a y  pat terns were  obtained 
from the react ion products by gr inding several  s imilar  
specimens together  and removing  glassy particles un-  
der a l ight microscope. 

Ai r - fo rmed  oxides on a luminum were  also examined.  
They were  made by first condensing a luminum on rock 
salt, then oxidizing the a luminum whi le  on the salt. 

Experimental Results 

Figure  1 shows the results for the react ion in differ- 
ent environments ,  i.e., for films condensed on hot sub-  
strates, on cold (~2i0~ substrates, and on wa te r -  
soaked cold substrates. (Water  soaking was carr ied out 
by immers ion  in wate r  at room tempera tu re  for 1 
week.)  The substrates in all these cases were  vi t reous 
silica, and the react ion rate  was evaluated  by deter -  
mining the t ime requi red  to produce enough silicon 
to be detected by electron diffraction. 

It can be seen that  in air the react ion seems to take 
place sl ightly more  slowly than in vacuum. Condensa- 
tion onto cold substrates also resul ted in a slight de- 
crease in react ion rate, but  these differences were  
bare ly  any grea ter  than the spread of results. The re-  
duction in react ion rate  due to wate r  soaking appears 
to be more  significant, however .  

The films formed by condensation at the react ion 
t empera tu re  were  in the form of droplets, whi le  those 
condensed at room tempera tu re  were  continuous, 
whe the r  or not the silica contained substantial  amounts  
of water  (Fig. 2-4). The appearance of the films af ter  
react ion for 15 hr  at 500~ is also shown in Fig. 2-4. It  
wil l  be seen that, whi le  the appearance of the film 
condensed on the hot substrate showed very  l i t t le  
change as a result  of the reaction, both continuous 
films changed considerably. The film on the ini t ia l ly  
dry substrate  was still substant ial ly continuous, but  
became ve ry  uneven,  whi le  the film on the wa te r -  
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Fig. 1. Curves showing time of first appearance of reaction prod- 
ucts in thin-film reaction under different experimental conditions. 

soaked substrates broke up into disconnected, i r regular  
patches, a few microns in extent.  

Quartz crystals were  also used as substrates, and 
were  found to react more  s lowly than vi t reous silica 
under  the same conditions. All  the results in the t em-  
pera ture  range 400~176 for vi t reous as wel l  as 
crystal l ine silica, are summarized in the Arrhenius  
plot shown in Fig. 5. 

No crystal l ine a lumina was observed as a result  of 
the air oxidat ion of the thin a luminum films. The elec-  
t ron diffraction pattern,  all rings which were  due to 
e lementa ry  aluminum, became less distinct as a result  
of the oxidation, but  no ex t ra  rings were  observed 
(Fig. 6). 

However ,  the oxide formed as a resul t  of the A1-SiO2 
react ion below the mel t ing  point was crystall ine,  and 
consisted main ly  of 0-A1203, wi th  traces of ~-A1203. Si 
was also detected in the react ion products. A typical  
electron diffraction pattern, obtained after  the react ion 
had been al lowed to proceed almost to completion, is 
shown in Fig. 7. The detection of e- and ~-A120~ was 
confirmed by x - r a y  examinat ion of the crushed reac-  
tion products. The only product observed f rom the re-  
action above the mel t ing  point of the a luminum was Si. 

Discussion 

The results repor ted  here  appear  to be in good 
agreement  wi th  the ear l ier  electron diffraction work  
(9), except  for the anomalous result  that  had been ob-  
ta ined at 700~ This result  appears to have  been 
sl ightly in error,  and it now seems l ikely  that  the 
change in slope of the Arrhenius  plot occurs at the 
mel t ing  point of a luminum (Fig. 5). The act ivat ion 
energies indicated by the slopes of the lines in this 
figure are: 

vi treous silica 

31 kca l /mole  (T ~ Tin) 17 kca l /mole  (T ~ Tin) 
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Fig. 2. Micrographs of AI films evaporated onto hot silica substrate (a) before and (b) after reaction at 500~ for 15 hr. 

Fig. 3. Micrographs of AI film evaporated onto silica substrate at room temperature (a) before and (b) after reaction at 500~ for 15 hr. 

quar tz  
64 kca l /mole  (T < Tin) 27 kca l /mole  (T > Tin) 

(all results accurate to about ___10%). 
The higher  act ivat ion energies and lower  reaction 

rates observed when  the silica is crystal l ine are in 
keeping wi th  the observat ion that  quartz  is the least  
react ive form of silica (10), but  the differences be-  
tween the act ivat ion energies (above) seem not to be 
re la ted in any simple way to the heat  of fusion of 
quartz, or to differences in the heats of format ion of 
the different forms of silica. 

The products of react ion also change abrupt ly  at the 
mel t ing  point of a luminum when thin films are used. 
Below the mel t ing  point, the products are ~-A1203, 
traces of ~-A1203, together  wi th  e lemental  Si. Above  
the mel t ing point, the only product  observed has been 
silicon, whe the r  the silica was vi treous or crystalline. 
The oxide of a luminum produced above the mel t ing  
point was probably the volat i le  A120 (9), but  a t tempts  
to detect it wi th  a mass spect rometer  have  not, so far, 
been successful. [This lack of success is not surprising 
since the A120 would  condense on any cool surface it 

met  (e.g., the  walls  of the vacuum vessel) and the 
quant i ty  produced would  anyway  be very  small.] The 
react ion with  quar tz  gave the same products as the 
react ion with  silica under  the same conditions. 

In the case of the react ion below the mel t ing  point, 
the bulk reaction, and the thin-f i lm react ion above the 
mel t ing point, direct format ion of A120 vapor  at the 
SiO2-A1 interface and its escape should be impossible 
(its vapor  pressure, even  at 806~ is sufficient only to 
support  a column of a luminum 5A high) .  The react ion 
is therefore  considered to take place as follows (9). 
First  the Si-O bond is ruptured,  and Si and O go into 
solution in the aluminum. When  the a luminum is l iq-  
uid and Jn the form of a thin layer,  the O can quickly  
diffuse to the surface and escape as A120. In the case of 
the bulk reaction, the diffusion of oxygen is not suf-  
ficiently fast since the distance it has to go is much 
greater  than in the thin-f i lm case, and the rate  of 
formation of ~-A1203 becomes significant. The results 
obtained for the react ion below 660~ suggest that, in 
this case also, the ra te  of diffusion of oxygen atoms to 
the surface of the film is s lower than the rate  of forma-  
t ion of A1203. 
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Fig. 4. Micrographs of AI film evaporated onto water-soaked silica substrate at room temperature (a) before and (b) after reaction at 
500~ for 15 hr. 

T h e  l o w e r i n g  of  t h e  m e l t i n g  p o i n t  of  a l u m i n u m  b y  
s o l u t i o n  of  s i l i con  1 does  n o t  a p p e a r  to  i n f l u e n c e  t h e  
r e a c t i o n  s ign i f i can t ly .  T h e  d i s c o n t i n u i t y  i n  a c t i v a t i o n  
e n e r g y  does  n o t  o c c u r  a t  t h e  A1-Si  e u t e c t i c  p o i n t ;  
d r a w i n g  l i ne s  t h r o u g h  t h e  e x p e r i m e n t a l  p o i n t s  of  Fig. 
5 o n  t h e  a s s u m p t i o n  t h a t  t h e  c h a n g e  i n  s lope  occu r s  a t  

lWe are grateful to the referee for d r a w i n g  th i s  p o i n t  to  o u r  
attention. 
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Fig. $. Arrhenius plots of reactions between AI and quartz and 

silica at temperatures both above and below the melting point of 
AI. 

Fig. 6. Electron diffraction patterns of AI film (left) before and 
(right) after being oxidized by air. 

Fig. 7. Typical electron diffraction pattern of reacted AI film 
showing Si, c~-Al~O~, and traces of ~-AI20~. 
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577~ gives a ve ry  poor fit, especial ly in the case of 
t h e  quar tz  crystals. This suggests that  the role of the 
oxygen produced when  the first few atomic layers  of 
silica decomposes must  be decisive. If it can diffuse 
away (the thin-fi lm, mol ten  a luminum case), A120 is 
formed. If it cannot diffuse sufficiently quickly (the 
solid a luminum case) the A1203 bar r ie r  is formed be-  
fore sufficient silicon has been produced to significantly 
lower  the mel t ing  point of a luminum. 

The effect of condensation conditions on the react ion 
was very  small, despite the difference in physical form 
of the film. The presence of water  in the silica, how-  
ever,  did have a significant effect, but  this may wel l  
have  been due simply to the water  l i f t ing the a lumi-  
num film off the silica surface; it cer ta inly  appears to 
have  caused disruption of the film (Fig. 4). 

The presence of air during the react ion had ve ry  
l i t t le  effect. This conflicts wi th  the results of S i lve r -  
man. However ,  S i lverman failed to detect any react ion 
at al l  at t empera tures  below 550~ so his method  
seems not to have been very  sensitive. It  could be that  
the method he used is not rel iable  ei ther;  disruption of 
the film, observed when  the silica contained some 
water,  would cer ta inly lead to misleading electr ical  
resistance values. So would sintering of the film, which 
is very  l ikely  to occur at 550 ~ and 600~ Such disrup-  
t ion could also account for some of the visual changes 
he described. Finally,  x - r a y  diffraction is not sensit ive 
enough to detect the very  small  quanti t ies  of react ion 
products ve ry  rel iably;  this is confirmed by S i lver -  
man's  fa i lure  to detect 8-h12Oa, which  electron diffrac- 
t ion shows is produced in s imilar  quant i t ies  to the Si. 

The apparent  lack of much effect due to the presence 
of air is not surprising. Air  can be expected to affect 
the thickness of the amorphous oxide film on the side 
of the a luminum exposed to the a tmosphere  (such an 
increase in thickness of this oxide was indirect ly  ob- 
served, Fig. 6). However ,  such films are good barr iers  
to fur ther  oxygen  penetration,  so the a luminum should 
contain l i t t le  oxygen  from this source compared wi th  
the amount  avai lable from reduct ion of the silica. 
Similarly,  it seems unl ike ly  that  wa te r  vapor  in the 
env i ronment  or in the silica has much effect. The re-  
sults of Standage and Gani (5) and S i lve rman  (4) ap- 
pear  to be in conflict on this point, whi le  the results  
here in  repor ted  suggest that  water  in the silica only 
has a slight effect even when  there  is enough wate r  for 
physical disruption of the a luminum film. 

S C I E N C E  A N D  T E C H N O L O G Y  March 1974 

Conclusion 
Reaction be tween  a luminum and silica occurs below 

the mel t ing point of a luminum wi th  the format ion 
mainly  of 8-A1203 and Si. The rate  is governed  by the 
Arrhenius  equat ion 

R ---~ Ro e -E/kT 

where  E has the value 31 ___ 3 kca l /mole  for vi treous 
silica, and 64 +_ 6 kca l /mole  for quartz. This equat ion 
is obeyed at least down to 400~ The act ivat ion energy 
for the reaction decreases abrupt ly  at the mel t ing  point 
of the aluminum, and a volat i le  oxide (probably A120) 
is formed. 

The wate r  content  of the silica has only a slight 
effect on the reaction, and this effect may  be ent i re ly  
due to disruption of the film by escaping wate r  vapor  
when  the specimen is heated. Under  clean conditions, 
the physical form of the film has l i t t le  effect on the 
reaction, and whe the r  the react ion is carr ied out in air 
or in vacuum (10 -6 Torr)  has very  l i t t le effect on the 
results. 

Manuscript  submit ted Apri l  2, 1973; revised manu-  
script received Sept. 11, 1973. 

Any discussion of this paper  will  appear  in a Discus- 
sion Section to be published in the December  1974 
JOURNAL. All  discussions for the December  1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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Interaction Between Phosphosilicate Glass 
Films and Water 

Naoyuki Nagasima, Hisako Suzuki, Keizo Tanaka, and Sumio Nishida 
Semiconductor and Integrated Circuits Division, Hitachi, Limited, Kodaira, Tokyo, Japan 

ABSTRACT 

Phosphosilicate glass (PSG) films were deposited onto silicon substrates by 
the oxidation of Sill4 and PH3 at 350~ Densities, phosphorus oxide concen- 
trations, and infrared absorption spectra were measured for the evaluation of 
the film structure. It was found that nearly all the phosphorus oxide in a PSG 
film containing more than about 8 mole per cent P205 was dissolved into 
water  by exposing to sa turated wa te r  vapor  at 120~ By heat ing at e leva ted  
temperatures ,  the phosphorus oxide concentrat ion value at which phosphorus 
oxide began to dissolve shifted toward  the higher  concentrat ion region. Water  
absorpt ion in the PSG film also can be lessened considerably by hea t - t r ea t -  
ment.  

Since Ker r  et al. (1) reuor ted  in 1965 that  a phospho- 
silicate glass film (PSG film) is effective for stabilizing 

Key words: PSG film, activation analysis, phosphorus concen- 
tration, infrared absorption, moisture resistance. 

the surface of silicon planar  transistors, it has been 
confirmed by many  invest igators  to decrease surface 
instabi]ities due to ionic drif t  (2). However ,  applica-  
tion of a PSG film to silicon devices has been  accom- 
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panied by some problems. One of them is the influence 
of wa te r  on the PSG film, which is the subject dealt  
wi th  in this paper. 

Corl et al. (3) and Esch et al. (4) examined the wate r  
stabil i ty of thei r  PSG films by infrared absorpt ion 
spectroscopy. Yamada et aL (5) repor ted  that  the dis- 
solution of phosphorus oxide in thei r  passivated film 
on a t ransistor  into wa te r  resul ted in degradat ion of 
the p -n  junction. Daghir  (6) used a PSG layer  as a 
mois ture  detector  to evaluate  overcoat ings of r f - spu t -  
te red  and CVD SiO~ films. 

Phosphorus oxide concentrat ion is an impor tant  
parameter  of the PSG film. It is known empir ical ly  
that, as the phosphorus oxide concentrat ion increases, 
the film wi l l  absorb wa te r  more  easily. However ,  to 
our knowledge,  no repor t  concerning the effect of 
phosphorus oxide concentrat ion on interact ion be-  
tween  PSG film and water  vapor  has been made 
available. 

In  the present  paper, the  influence of water  on CVD 
PSG films having various phosphorus oxide concen- 
trat ions are treated.  Some considerations on the s truc-  
ture  of the PSG film are also given. 

Experimental Procedure 
PSG films used in the present s tudy were  prepared  

on Si surfaces by oxidizing SiH~ (di luted to 4% by N~) 
and PH~ (di luted to 1% by N2), using an apparatus 
shown schematical ly in Fig. 1. The Si substrate was 
p- type  (B-doped) ,  10 ohm-cm,  cut paral le l  to the 
(111) plane or (100) plane, and mi r ro r  polished. The 
flow rates of SiH~, O~, and N2 were  0.04, 0.35, and 25 
l i ters /min,  respect ively;  phosphorus oxide concentra-  
t ion in the PSG film was control led by changing the 
flow rate  of PH3. The substrate t empera tu re  was kept  
at 350~ during the film formation. 

The phosphorus content  in the PSG film was mea-  
sured by means of neut ron  act ivat ion analysis. The 
sample together  wi th  the s tandard sample (NH4H2PO4) 
were  i r radia ted for 5 h r  in the atomic reactor  wi th  a 
thermal  neut ron  flux of about 2 >< 1012 n cm -~ sec -1, 
and then  cooled for about  two weeks for reducing 
the 31Si act ivi ty  (the ha l f -va lue  periods of ~lSi and 
~2p are 2.62 hr  and 14.3 days, respect ively) .  Af ter  cool- 
ing, the  ~-act ivi ty  of the B~P was measured  by  a gas 
flow GM counter. The phosphorus content  was also 
measured  by means of an electron probe microanalyzer .  
In this measurement ,  the sample whose phosphorus 
content  was determined by neut ron  act ivat ion analysis 
was used as a s tandard sample, and correct ion of the 
phosphorus content  was made in considerat ion of the 
penet ra t ion  depth of electrons into the PSG film. 

Immedia te ly  af ter  deposition, the sample was 
weighed on a Met t ler  microbalance with  an accuracy 
of 1 ~g, and the inf rared  absorption spectrum was 
taken by a Hitachi  225 double-beam spectrophotometer .  
The moisture  test was conducted by exposing a sample 
to the saturated wate r  vapor  at 120~ (vapor pres-  
sure, 1.96 arm.) for 4 hr. Af ter  exposure,  the sample 
w a s  kept  in the room at a t empera tu re  of 20~ and 
a re la t ive  humidi ty  of 50% for 24 hr, and then the 

Sil l4 + Nz ~ q t  ~ PH3 + N2 

WAFERS ROTATI NG 
HOTPLATE 

Si l l4  + 2PH3 + 602 ~ Si02 + P205 + 5HzO 

Fig. 1. Schematic drawing of apparatus for vapor deposition of 
PSG films. 

weight  and inf rared  absorption spectrum were  mea-  
sured again. The thickness of the PSG film was deter -  
mined by means of a Taylor -Hobson stylus ins t ru-  
ment  "Talystep 1" of which the resul tant  accuracy 
was +_30A in the range of 0.5-1~. Elect ron micro-  
scopic observat ion was also made. 

Results 
Figure  2 shows an example  of the relat ionship be-  

tween  the P H J S i H 4  ratio and the phosphorus oxide 
concentrat ion in the PSG film. F igure  3 shows elec-  
t ron microphotographs of PSG film surfaces, CVD 
SiO2 and the rmal ly  grown SiO2 films are also shown 
for comparison. Surfaces of the the rmal ly  grown SiO2 
and CVD SiO~ films appear ra ther  smooth, but  the 
PSG film surface is coarse. It  seems that  surface 
roughness of the PSG film is not ve ry  dependent  on 
the phosphorus content. 

The change of film density af ter  the mois ture  test 
is shown in Fig. 4, together  wi th  the result  of the 
mois ture  test of the pSIG film hea t - t r ea ted  in dry N2 
at 900~ for 15 rain. In the range of the low phosphorus 
concentration, the as-deposi ted PSG film af ter  the 
mois ture  test did not show a change in density. How-  
ever,  in the range where  the phosphorus oxide con- 
centrat ion exceeded about 8 mole  per  cent (m/o) ,  
the film density showed a remarkable  decrease by the 
mois ture  test. 

It is well  known that  SiO2 film deposited at low 
tempera tures  decreases in thickness when  heated  at 
a h igher  tempera ture .  In the present  case, when  the 
sample was heated for 15 min  in dry N2 at 900~ 
the film thickness was reduced by about 7% irrespec-  
t ive of phosphorus oxide concentration. The phosphorus 
oxide concentrat ion value  at which phosphorus oxide 
began to dissolve shift towards the h igher  concen- 
t ra t ion region by heating. 

To find the cause of density change by the mois ture  
test, the phosphorus oxide concentrat ion of PSG films 
before  and af ter  the mois ture  test  were  measured.  
The results are shown in Fig. 5. In the figure, the 
abscissa shows the phosphorus oxide concentrat ion be-  
fore the mois ture  test, whi le  the ordinate  shows that  
af ter  the mois ture  test. This figure indicates that  the 
data Foint wi l l  be plot ted on the 45 ~ angle s t raight  
l ine in the case where  there  is no change in phosphorus 
oxide concentrat ion by the mois ture  test. It was re-  
vealed  that  phosphorus oxide in the PSG film wi th  

2 0  I . . . . . . . .  i ' ' ' / '  ' ' "  

{3  
Nz ; 2 5 L /  MIN / 

/ 
0 z ', 0.,55 L / MIN / 

I ,5 - Si l l4 ; O . 0 4 L / M I N  / / _ 
. .J / o 

z 
o ~ lO 

z 
m 
z 
8 

0 J I i I I i l l l i  i l I i , i l l  

O.Ol O:l 1.0 

PH3 / Sill4 

Fig. 2. Phosphorus oxide concentration in PSG film vs. PH3/SiH4 
volume ratio. 
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Fig. 3. Electron micrographs of 
surfaces of (a) thermally grown 
SiO2, (b) CVD SiO2, (c) PSG film 
containing 2.8 m/o P205, and {d) 
PSG film containing 10.5 m/o 
P205.  

the  concentrat ion above a certain value  is most ly  dis- 
solved into wa te r  by exposing to the sa turated wa te r  
vapor  at 120~ for 4 hr. This concentrat ion value  is 
convenient ly  t e rmed  the "crit ical concentrat ion" in 
the present  paper. The crit ical  concentrat ion corres-  
ponds with the point in Fig. 4 at which the film den-  
sity begins to decrease by the mois ture  test. Figure  6 
shows the relat ionship be tween  heat ing tempera tures  
and the critical concentrat ions of PSG films heat -  
t rea ted in dry N2. As an ambient  for hea t - t rea tment ,  
dry  02 was proved to have  the same effect as dry  N2 
in improving  resistance to moisture.  Here, we named 
the a-phase the region (0-8 m / o )  where  phosphorus 
oxide in the as-deposi ted film does not dissolve by 
the mois ture  test, the #-phase the region (more than 
8 m / o )  where  phosphorus oxide dissolves, and the a#- 

0 
LIJ 

L )  
> -  
F-  

~ - I 0  
bJ C3 

-15 

I ! 

§ 

I I 

5 IO 

PzO5 CONCENTRATION BEFORE 
MOISTURE TEST (MOL %) 

Fig. 4. Change of film density offer moisture test 

15 

phase the region where  dissolving ceases to occur 
by hea t - t rea tment .  

Figures 7(a) and 7(b) show the inf rared  absorp-  
tion spectra of the PSG films before and after  heat ing 
at 900~ The intensi ty of the P -O  absorption peak 
at 1300 cm -1 increases with an increase in the phos- 
phorus oxide concentration, and the Si-O absorption 
band near  1100 cm -1 is influenced by the existence of 
phosphorus oxide. In the film which al lowed the phos- 
phorus oxide to dissolve by the mois ture  test, the 
P -O  peak disappeared. At the same time, absorption 
peaks emerged in the neighborhood of 3700 cm - I  and 
910 cm -1, because of the existence of the wate r  and 
silanol. Except  for the absorption peaks due to wate r  

., .,. 
I i / 
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Fig. 5. Change of phosphorus oxide concentration after moisture 
test. 
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and silanol, the inf rared absorption spectra of a film 
in which phosphorus oxide dissolved out resemble 
those of CVD SiO2 films. 

While the hea t - t rea tment  causes the inf rared ab-  
sorption peaks to shift sl ightly towards the higher 
f requency side, it is difficult to observe any var ia t ion 
in the shape of spectrum. As can be seen in Fig. 7(b) ,  
the inf rared absorption spectrum of a film belonging 
to the a-phase did not cause any noticeable change 
by the moisture test. Also, no absorption due to water  
occurred. On the other hand, in  the case of film with 
a higher phosphorus oxide concentrat ion (fl-phase), 
hea t - t rea tment  could not prevent  the P-O peak from 
disappearing by  the mois ture  test, and the absorption 
peaks due to water  and silanol occurred. 

It has been confirmed that  beyond the critical con- 
centration, the phosphorus in  the PSG film is reduced 
below the detecting l imit  by the moisture test. Thus, 
the quant i ty  of water  absorbed in  the film was calcu- 
lated by considering changes of the phosphorus oxide 
concentrat ion and film weight by the moisture test. 
In  this calculation, phosphorus oxide was assumed to 
be lost in the form of P205. Figure 8 shows the results 
of calculation. As can be seen from the figure the 
quant i ty  of water  contained in the heat - t rea ted film 

is negl igibly small  as compared with that  of the as- 
deposited film. 

Discussion 
As a result  of the present  study, it became evident  

that  the phosphorus oxide in the PSG film is not 
allowed to dissolve out into water  in  the range where 
the phosphorus oxide concentrat ion is low; however, 
in  the range where the phosphorus oxide concentra-  
t ion exceeds the critical concentration, the phosphorus 
oxide tends to begin dissolving by  the moisture test, 
and that  such critical concentrat ion can be raised by 
heat  - t reatment .  

Since electron diffraction of the PSG film gives halo 
pa t te rn  in  every case, as shown in  Fig. 9, sufficient 
knowledge of the film s t ructure  has not yet  been  ob- 
tained. A phase diagram of SiO2-P2Os system has been 
reported by Tien et al. (7), by saturated equi l ibrat ion 
and quenching technique on bulk  materials.  Eldridge 
et al. (8) dealt with PSG films which were formed 
by the react ion of SiO2 film wi th  gaseous P205 over 
a tempera ture  range from 800 ~ to 1200~ According 
to their  results, small, water-soluble  crystallites were 
formed on the surface of a film formed at 870~ or 
less, and from the SIO2-P205 phase diagram of Tien 
et aL, these small  crystalli tes were assumed to be 
2SiO2.P205 or SiO2"P205. 

The PSG films used in the present  exper iment  were 
formed at a relat ively low tempera ture  of BSO~ 
Therefore, phosphorus in the film can be considered 
to be in such a state that  small  particles of phosphorus 
oxide P20~, ra ther  than  a compound such as 2SiO2. 
P205 or SIO2"P205, are dispersed in the SiO2 matrix.  
At low phosphorus oxide concentrat ion in  the PSG 
film, the SiO2 mat r ix  which is water - insoluble  pro- 
tects the phosphorus oxide from being attacked by 
water  vapor. However, as the phosphorus oxide con- 
centrat ion increases to the critical concentration, the 
volume fraction of phosphorus oxide to the SiO2 matr ix  
increases, and the SiO~ mat r ix  is no longer effective 
in protecting the phosphorus oxide from a moisture 
attack. The SiO2 mat r ix  has a larger angular  dis t r ibu-  
t ion width of Si -O-Si  bond because it is formed at 
low tempera ture  (9). Also, it is highly porous (10). 
This probably  allows water  to penetra te  into the film 
with ease causing phosphorus oxide to dissolve. These 
considerations are based on the fact that  apparent  
film thickness does not change by the moisture test, 
and that  the infrared absorption spectrum of a sample 
whose phosphorus oxide is dissolved by  the moisture 
test closely resembles that of CVD SiO2 film which 
never  contained phosphorus. Thus, the film deprived 
of phosphorus oxide by the moisture test becomes to 
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Fig. 7. Infrared absorption spectra of (a) as-deposited films and (b) heat-treated films 
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Fig. 9, Reflecting electron diffraction pattern of PSG film 

have a sponge-l ike s t ructure  and is capable of ab-  
sorbing much water. That is, water  replaces phosphorus 
oxide, and so the infrared absorption peak appears in 
the neighborhood of 3700 cm -1 which is character-  
istic of the OH stretch. 

Hea t - t rea tment  densities the SiO2 matrix,  which in 
t u rn  makes it hard for water  vapor to diffuse and 
attack the phosphorus oxide. It is l ikely that  heat-  
t rea tment  leads to reaction of the phosphorus oxide 

March 1974 

with the SiO2 matrix,  and results in formation of a 
water- insoluble  compound such as (SiO2)x(P2Os)y. 
Fur ther  detailed discussions on this problem will  be 
made when the analysis of film structure is completed. 

The as-deposited film is not soluble in water  as long 
as its phosphorus oxide concentrat ion is less than 
about 8 m/o, but  it absorbs a fair ly large quant i ty  
of water  depending on the phosphorus oxide concen- 
tration, as shown in  Fig. 8. This water  absorption 
can be considerably lessened by heat - t rea tment .  This 
may be at t r ibuted to the nar rowing of the angular  
dis t r ibut ion width of the Si-O-Si  bond, the resul t ing 
decrease in porosity, and the phase t ransformation.  
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ABSTRACT 
} . 

Using l iquid phase epl taxy (LPE),  single, double, and tr iple epitaxial  
layers are grown. The layers have well-controlled,  uniform thicknesses and 
good surface characteristics on wafers 11/2 in. long. Individual  layers in mul t i -  
layer  structures are grown with thicknesses from 0.3 to 30 ~m. Hall mobilit ies 
at  77~ vary from 73,800 cm 2 V -1 sec - i  (N _-- 1.4 X 10 i5 cm -~) to 24,000 
(N ------ 1.3 • 10 ,i~ cm-3) .  A segregation coefficient for the net carrier concen- 
t ra t ion vs. Sn concentrat ion in the melt  is calculated as 7.9 X 10 -5 for <100> 
GaAs and 2.6 X 10 -4 for < l l l B >  GaAs substrates. G u n n  devices fabricated 
from this mater ial  using conventional  flip chip design give up to 4% cw effi- 
ciency at 54 GHz, gradual ly  increasing to 12.5% cw efficiency at 9-10 GHz. This 
technique has also been successfully used to grow epitaxial  layers for varac-  
tors, avalanche diodes, FET devices, and photocathodes. 

The great potential  of GaAs G u n n  diodes or t rans-  
ferred electron devices is well documented (1). Al-  
though the exper imenta l ly  measured cw data for 
these devices are rapidly improving, there is still a 
significant gap between the predicted limits, i.e., 30% 
efficiency for G u n n  devices (1) compared to the best 
published exper imental  results of 12.5% for G u n n  
diodes (2). The relat ively low exper imental  values 
are due in a great extent  to shortcomings in circuit 
design and heat sinking, but  the qual i ty  of the epi- 
taxial layer  and the contacting technology are also 
important  l imit ing factors. Quali ty includes such prop- 
erties as: crystal l ine perfection, m in imum amount  
of unwan ted  impurit ies and deep level traps, good 
uniformity,  well-controlled,  smooth doping profile, and 
exact carrier  concentrat ion and thickness. For  example, 
in the case of avalanche devices <'0.5 ~m thick layers 
a r e  required with the above properties, including a 
thickness control of +--0.05 ~m and carrier concentra-  
t ion ___5% or better. 

The purpose of this paper is to describe in  detail 
the growth of GaAs by l iquid phase epitaxy in our 
laboratory for microwave application; to describe s tud-  
ies related to the dis tr ibut ion coefficient of Sn in 
GaAs when grown from Ga solutions, as well  as the 
orientat ion dependence of this dis t r ibut ion coefficient; 
and to correlate GaAs epitaxial  crystal qual i ty  with 
rf device performance for both G u n n  and avalanche 
devices. 

Epitaxial  GaAs has been grown from l iquid or vapor 
phase. For  large scale mass production, like the GaAsP 
LED requirements,  the cheaper, more efficient vapor  
phase technology is preferred. For microwave applica- 
tions where high qual i ty  is impor tant  and cost is 
secondary, l iquid phase epi taxy has significant advan-  
tages. 

Since its in t roduct ion in  1963 (3) and later  its appli-  
cation to grow GaAs with high Hall mobil i ty  (4) 
l iquid phase epitaxy went  through numerous  changes. 
The simple t ipping technique was replaced by wiping 
(5-7), dipping (8), or rotat ing (9). 

A version of the wiping technique was developed at 
Varian four years ago (10). The results indicate 
that  it is suitable for growing high qual i ty  epitaxial  
G a A s  for microwave specifications (2, 11). 

Epitaxial Crystal Growth 
Growth apparatus.--To obtain low doped mater ia l  

with well-controlled,  flat doping profile, special care 
is taken to operate a vacuum-t ight ,  leak-tested gas 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  g a l l i u m  arsenide, crystal growth, liquid phase e p i t a x y ,  

d i s t r i b u t i o n  coef f ic ien t s  i n  GaAs, microwave dev ices .  

t ra in  from the pal ladium diffused hydrogen purifier 
to the low vapor pressure oil bubbler .  The gas t ra in  
is made of stainless steel and quartz. There is no 
intent ional  tempera ture  gradient  applied to the boat 
in any direction. A temperature,  constant wi th in  
-_+_0.1~ along the boat, is sought. To assure such a 
flat tempera ture  profile dur ing the dynamic tempera-  
ture  program of the epitaxial  growth, a three-zone 
furnace with three controll ing thermocouples is used. 
To assure flat doping profiles, the hydrogen is saturated 
with the part ial  pressure of arsenic from high pur i ty  
GaAs dendrites inside the hot furnace just  prior to 
reaching the graphite boat. 

For different applications there are some variat ions 
in the design of the graphite boat. A schematic draw-  
ing of the basic boat design has been published (11). 
Figure 1 presents a photograph of a sl ightly different 
design. The boats are approximately 6-8 in. long, 
precision machined from the highest pur i ty  graphite 
available and carefully cleaned prior to melt  prep-  
aration, including degreasing, acid cleaning and high 
tempera ture  vacuum and hydrogen firing. As the figure 
indicates, the substrate wafers are recessed in  the 
bottom of the boat. A movable  slider with three or 
five compartments  containin~ two melts is kept in 
exact position by  special railing. The typical  growth 
area varies between 0.75-1.8 in. (2). The slider is 
positioned with a quartz push rod wi thin  -+0.3 ram. 

Fig. 1. Graphite boat with five-compartment slider to grow epi- 
taxial GaAs double or triple layers. 
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Growth technique.--The t ransient  method  is em-  
ployed with  start ing tempera tures  usual ly around 
725~ and the cooling rates, usual ly 0.2-2~ are 
calculated in such a way  that  the growth  of a single 
layer  should take 3-30 min. The procedure for 
growing the epi taxial  layer  s t ructures  consists of the 
fol lowing steps: 

1. Dendr i te  preparat ion.  To obtain bet ter  qual i ty  
epi taxial  layers, the GaAs source mater ia l  is pre-  
pared " in-house"  by crystal l izing GaAs from Ga solu- 
tion. 

2. Melt preparation.  The melts  contain gallium, Sn as 
the donor or Ge as the acceptor dopant and slight 
excess of GaAs to saturate  the mel t  at g rowth  t emper -  
ature. Precaut ions are taken to dr ive  out all oxygen  
a n d / o r  o ther  volat i le  contaminants  f rom the melts  
prior  to growth  and to keep the unwanted  Si contam- 
ination to a minimum. One hundred  hours at 900~ 
for a 50g mel t  is used prior  to the first growth. Twelve  
to s ixteen hours at 900~ is used prior  to subsequent  
growths.  

3. Substrate  preparat ion.  The substrates are Czoch- 
ralski grown Sn-doped GaAs with  carr ier  concentra-  
tions in the 5-10 X 1017 cm -3 range, or Cr-doped  semi-  
insulat ing crystals. Efforts are made to use substrates 
wi th  the lowest  possible unwanted  impur i ty  concen-  
trations, especially avoiding Si. The wafers  are <100> 
oriented, rec tangular -shaped  according to <110 
cleavage faces and Br2-methanol  polished. 

4. Substrate  cleaning. The method described by Di- 
Lorenzo is used and gives sat isfactory results  (12). 

5. Melt saturation. The freshly cleaned substrates are 
placed in the slots on the bot tom of the boat. For  
Hall  measurements ,  a small, Cr-doped semi- insula t ing  
wafe r  is also included. The system is flushed wi th  
hydrogen  for at ]east 30 min, then heated  to ~10~ 
above the desired growth tempera ture ,  and kept  there  
for 30 min. The system is then cooled with  the pre-  
selected cooling rate. 

6. Layer  growth. To grow an n + - n - - n  + t r iple  layer,  
the appropriate  melts  are positioned over  the sub-  
strate as the system is being cooled. Af te r  the last 
growth, the wafers  are wiped clean and the system is 
quenched to room temperature .  

7. Removal  and cleaning. When the system is under  
35~ it is opened, the wafers  are taken out and eva lu-  
ated for b reakdown voltage, then boiled in concen- 
t ra ted  HC1 to dissolve any excess Ga. 

P-N junction growth.--According to the l i terature ,  
most GaAs p-n  junct ions are prepared  through Zn 
diffusion. This technique  gives sat isfactory results for 
LED application, but has definite l imitat ions regarding 
carr ier  concentrat ion profiles, compensat ion in the p 
layer,  and precipi tate  format ion (13). For  microwave  
applications, the qual i ty  of the epi taxial  GaAs is ve ry  
important .  The epi taxial  layers  have  to be uncom-  
pensated wi th  wel l -cont ro l led  uni form carr ier  concen- 
trat ions and a high degree of crystal l ine perfection. 
The l iquid phase epi taxial  technology described above 
can be used to grow n and p layers of GaAs consecu- 
t ive ly  in one heat  cycle, wi th  the requ i red  quali ty,  
if  suitable dopants are selected (11). To insure min i -  
mum or zero cross-contaminat ion and compensation, 
the dopants must  have low vapor  pressure and low 
distr ibution coefficient under  the epi taxial  g rowth  con- 
ditions. 

Table I compares the vapor  pressure (14) and the 
distr ibut ion coefficient of the best known uncompen-  
sated dopants of GaAs (7, 9, 15, 16). Sn and Ge have  
the lowest  dis tr ibut ion coefficients and also have  vapor  
pressure many  orders of magni tude  lower  than  the 
other  dopants. To insure uncompensated layers  and 
an abrupt  junction, Sn and Ge are selected as dopants. 

When Ge-doped epi taxial  GaAs layers  are g rown  
from Ga solution under  900~ the Ge atoms act as 
uncompensated acceptors l ike Zn in the crystal  (6, 16). 
The distr ibut ion coefficient for Ge is 8 • 10-~ and its 

Table I. Vapor pressure and distribution coefficients for dopants in 
GaAs when grown from Ga solution 

V a p o r  p r e s s u r e  
(14) (in T o r r ,  D i s t r i b u t i o n  

D o n o r s  a t  1O0O~ coef f i c i en t  

Te 8 • 1O 3 (15) 
Se  1 • i 0  s IO (15) 
Sn 5 x 1O ~s 8 x 1O -z5 (9) 

Acceptors 

Zn 1 • l0 s 1 • 10 -2 (7) 
Ge 6 x 10 -I~ 8 • 10 -s (16) 

vapor pressure at 1000~ is 7 • 10 -10 Torr compared 
with 90 Torr for Zn. The distribution coefficient for 
Sn is 8 • 10 -5 and the vapor pressure at I000~ is 
7 • 10 -s Torr. 

Wafer Evaluation 

Breakdown voltage measurement.--The simplest, 
fastest qual i ta t ive  evaluat ion of GaAs is done by 
measur ing the point b reakdown vol tage be tween  
two tungsten probes. F igure  2 presents some of our 
empir ical  data. The semi- insula t ing substrates have  
b reakdown voltage over  200V. The n +, approximate ly  
1 X 10 zs, substrates have  b reakdown voltages around 
4-5V. The typical  n -  layer  for Gunn devices wi th  
carr ier  concentrat ions be tween  1 X 1015 and 5 • 1015 
cm -3 has b reakdown vol tage be tween  30 and 70V. 

Thickness measurernents.--Each wafer  is c leaved and 
stained to measure  the thickness of the epi taxial  layer  
under  a microscope. Figure  3 shows the photograph 
of a cleaved and stained epi taxia l  t r iple  layer.  The 
buffer layer  is about 2 ~m, the n -  act ive layer  is 
10 um and the contact layer  is 5 #m. Notice the rela-  
t ively  s t ronger  l ine be tween  the substrate and the 
buffer layer  compared to the lines defining the in ter-  
faces be tween  the three  epi taxial  layers. This gives a 
qual i ta t ive  indication of the re la t ive  defect and im-  
pur i ty  concentrat ions at the different interfaces, 
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Fig. 2. Variation of breakdown voltage with carrier concentration 
in n-type GaAs as determined on an I-V scope between two tungsten 
point contacts. 

Fig. 3. Cleaved and stained GaAs N + / N - / N  + triple layer on 
N + GaAs substrate. 
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showing the beneficial effect of in t roducing the buffer 
layer  to separate the relat ively high concentrat ion 
"surface" defects and impurit ies from the active layer. 

If the layer  s t ructure  is n -  on n +, then IR spectrum 
measurements  are also used to determine thickness 
uni formi ty  across the wafer. For  n -  layers, 7-30 #rn 
thick, the thickness is de termined by  measur ing the 
distance be tween  interference fringes in the 16-40 #m 
wavelength range (17). 

Figure 4 is a photograph showing the surface qual i ty  
of GaAs layers with epitaxial  thickness of approxi-  
mately  20 ~m. The thickness un i formi ty  for a high 
percentage of the wafers is bet ter  than  --+2.5% in. -1 
or -+0.10 ~m in. -1, whichever  is higher, for 90-95% 
of the surface area. For  example, X-band  wafers are 
prepared wi th  8 ~rn active layer  lengfh uni form wi th in  
-+0.2 ~ a n .  

Doping profiles.--Gold or gold- t in  Schottky barr iers  
of 20 mils diameter  are evaporated on the GaAs and 
the doping profiles are determined using the capaci- 
tance depletion technique. This is done by measur ing  
capacitance vs. voltage manua l ly  and then  using a 
computer  program to calculate carrier  concentrat ion 
vs. depth. 

Figure  5 shows the doping profile of an epitaxial  
tr iple layer  and the substrate. The individual  layer  
thicknesses are determined by the cleave and stain 
technology. The carrier  concentrat ions in the contact 
layer  and in  the substrate  are established by Hall mea-  

surements.  The doping profile of the n - l aye r  is deter-  
mined  by  depletion capacitance measurements .  

Hall measurements . - -Van der Pauw crosses, 100 X 
100 mils, are used for Hall measurements  (18) with a 
1200 gauss magnet ic  field. The Hall mobility, carrier 
concentrat ion and resist ivity are measured at room 
tempera ture  and at 77~ using Cr-doped substrate 
pieces added to each growth. 

The combinat ion of the room tempera ture  and 77~ 
Hall mobil i ty  vs. carrier concentrat ion data is a good 
way to judge the qual i ty  of GaAs layers. The higher 
and closer to the theoretical value these data are, the 
bet ter  is the epitaxial  GaAs. 

Figure  6 presents data for various n- layers  grown in  
our  laboratory for microwave applications along with 
various published exper imenta l  and theoretical  data. 
The data of DiLorenzo (19) and Wolfe et al. (20) are 
based on vapor phase epitaxy, while those of Vilms 
and Garret t  (9) and our laboratory are based on l iquid 
phase epitaxy. 

D i s t r i b u t i o n  C o e f f i c i e n t  o f  Sn for  < 1 0 0 >  a n d  
< 1 1 1 B >  S u b s t r a t e s  

Figure 7 presents some representat ive data showing 
how the free carrier concentrat ion determined by room 
tempera ture  Hall measurements  varies with increasing 
Sn concentrat ion in the growth solution. The growth 
tempera ture  is a round 725~ for these layers and the 
substrates are <100> oriented. For comparison, re-  
cently published data by other authors are also pre-  
sented (9, 24, 25). Based on our data, the dis t r ibut ion 
coefficient for GaAs grown from Ga solutions at 725~ 
is 7.9 X 1O -~ for <100> substrates, where  the distri-  
but ion coefficient is defined k---- n / ( S n l ) .  This is in  
good agreement  with prior work, which indicates a 
decreasing dis t r ibut ion coefficient wi th  decreasing 
temperature.  Migitaka et al. (26) recent ly reported 
k ---- 8.2 X 10 '-5 at 730~ 

To determine the orientat ion dependence of the dis- 
t r ibut ion  coefficient, epitaxial  layers are grown on 
<100> and < l l l B >  Cr-doped substrates s ide-by-side 
from the same melts at the same temperature.  Figure  8 
presents the data showing 3.3 times higher carrier  con- 
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Fig. 6. This figure compares theoretical maximum mobility curves 
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(B') from Rode and Knight (22, 23), with experimental data by 
Wolfe et al. (20) (C), DiLorenzo (19) (17), Vilms and Garrett (9) 
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Fig. 7. Carrier concentration in < 1 0 0 >  GaAs vs. Sn-concentra- 

tion in GaAs-Ga melt. 

centrat ion on the < l l l B >  substrates. This indicates a 
distr ibution coefficient of 2.6 X 10 -4 at 725~ for n vs. 
Sn in the mel t  for < l l l B >  oriented substrate  crystals. 
This is in good agreement  wi th  the work  of  Kang and 
Greene (27), which is repor ted  in terms of res is t ivi ty  
vs. carr ier  concentrat ion for various or ienta t ion of 
GaAs substrates, and implies a value of approximate ly  
3 for < l l l B >  vs. <100>.  Vogel (28) est imated a ratio 
of distr ibution coefficients of k lnB/k loo  : 2 at 770~ 
for the incorporat ion of Sn. 

Gunn Diodes 
Figure  9 shows the cross section of a typical  Gunn 

diode. The results  repor ted  in this paper  are based on 
devices made  with  the simple flip-chip technology, 
where  the GaAs chip is thermo-compress ion  or u l t ra -  
sonically bonded epi down to the heat  sink (2). The 
al loyed contacts are AuGeNi. As Fig. 9 indicates, the 
buffer layers on both sides of the N active layer  are 
considered optional. The carr ier  concentrat ion of the 
buffer layers is 1-10 • I017 cm -3. The buffer layers  
not only reduce the defect density at the two sides of 
the active layer  but (i) they also protect  the act ive 
layer  from out-diffusion of unwanted  impuri t ies  from 
the substrate, (ii) diminish bonding damages to the 
active layer, and (iii) make  it easier to form good 
ohmic contact be tween  the metals  and the GaAs. The 
regrown contact, i.e., the buffer layer  on the surface 
of the active layer, adds unwanted  thermal  resistance 
to the  device, reducing cw efficiency, and it is also 
suspected to have  de t r imenta l  effects on the boundary  
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definition on the cathode side, which becomes signifi- 
cant in the case of m m - w a v e  devices, wi th  act ive layer  
thickness around 2.0-2.5 ~m only. 

In Fig. 10 exper imenta l  data are presented to show 
the threshold voltage ( V t h )  VS. active layer  length  (1) 
relat ionship for Gunn devices. The Vth values are mea-  
sured pulsed wi th  < 1% duty cycle. For  comparison, 
the data measured  on wafers  wi th  regrown contact are 
presented with  a different symbol (A) as data mea-  
sured on wafers  wi th  metal l ic  contact ( O ) .  The ma-  
jor i ty  of the thickness data is based on cleave and stain 
measurements  on product ion- run  wafers  pr ior  to con- 
tacting, but in a few cases completed diodes are cross 
sectioned after  the de terminat ion  of Vth, to measure  l 
more  accurately. The symbols �9 and �9 denote these 
corresponding points in Fig. 10. The points measured  
on regrown wafers  (A and � 9  tend to be higher  than 
the ones measured  on wafers  wi th  metal l ic  contact 
(O  and � 9  indicating shorter  l values for the same 
Vth o n  regrown wafers. 

Table II summarizes  certain key parameters  to fab- 
ricate high efficiency or wide- tun ing  Gunn devices. It  
lists for the different f requency  bands the opt imum 
carr ier  concentrat ion (n),  act ive layer  length (l) and 

Table II. Nominal device parameters for Gunn diodes 

Carrier n • l 
F r e q u e n c y  Active layer conc.  T y p e  of  p r o d u c t  Vth 

band (GHz)  l e n g t h  (#m) (ncrn -~) c o n t a c t  A p p l i c a t i o n  ( •  10 TM c m  -2) (Volts) 

C - b a n d ,  4-8 10-20 1.6 • 10 TM R e g r o w n  H i g h  eff ic iency 2.4 4-7 
8.5 • 1014 R e g r o w n  Wide  t u n i n g  1.3 

X - b a n d ,  8-12.4 8.0 2.9 X 10 TM Meta l  H i g h  eff ic iency 2.3 3-3.6 
7.4 1.7 • 10 ~ R c g r o w n  Wide  t u n i n g  1.3 

K u - b a n d ,  12.4-18 5.8 4 • 10 TM Meta l  H i g h  eff ic iency 2.3 2.5-3.0 
5.3 2.5 • 10 ~ R e g r o w n  Wide  t u n i n g  1.3 

K - b a n d ,  18-26 4.2 5.5 X 10 TM Meta l  H i g h  eff ic iency 2.3 2.1-2,5 
3.5 3,7 • 10 ~ R e g r o w n  Wide  t u n i n g  1,3 

K a - b a n d ,  26-40 2.8 8.2 x 1015 Meta l  H i g h  eff ic iency 2,3 1.7-2.1 
4.5 • 10 TM Meta l  W i d e  t u n i n g  1.3 

V - b a n d ,  40-80 2.1 ~ 1 . 1  X 10~ Meta l  H i g h  eff ic iency 2.3 1.5-1.8 
6 • 10 ~ Meta l  Wide  t u n i n g  1.3 
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Fig. 10. Pulse threshold volt- 
age vs. active layer thickness for 
GaAs Gunn diodes. /h, � 9  and 
- - -  represent results with re- 
grown contact, while (~) O, and 
- -  are based on data with direct 
metal contact. ,~ and (~) rep- 
resent average values on epitax- 
ial wafers. �9 and �9 are based 
on cross sectioning individual 
diodes. 
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Fig. 11. Cw efficiency vs. frequency is plotted for Gunn diodes 
and the power output in mW is listed alongside each data point. 
The results of this work (O)  are compared with those of Hasty 
et al. (30) (X) and DiLorenzo (19) (L~). * is for two diodes 
measured in a dual diode circuit. 

corresponding Vth. For  high efficiency devices the opti-  
mum n • ! product is about 2.3 • 1012 cm -2 and wi th  
the except ion of C-band devices, metal l ic  contacts are 
recommended.  For  wide- tun ing  applications on the 
other  hand, the  opt imum n X I product  is around 1.3 X 
1012 cm -2 and regrown contacts are p re fe r red  up to 
26 GHz. 

Table Ill. RF performance data for GaAs microwave devices 

F r e q u e n c y  Efficiency P| 
T y p e  of diodes (GHz) (%) (mW) 

f 9-19 12.5 480 13 11.9 275 
24 6.3 200 

G u n n  devices  35 5.0 100 
54 4.0 150 
71 1.0 35 

Double  drift  avalanche  f 8.9 16.3 2350 
devices  ~ 8.9 15.8 3000 

H i g h - l o w  structure ava -  10.3 19.6 2200 
lanche  devices  

Device P e r f o r m a n c e  
The u l t imate  judgment  on epitaxial  wafe r  qual i ty  

for mic rowave  applications must  be based on the r f  
per formance  of the resul t ing devices. It is the main 
object ive of this paper  to describe the crystal  growth 
technology and the propert ies  of the epi taxial  wafers  
together  wi th  the rf  per formance  data of the corre-  
sponding devices. F igure  11 charts the rf  per formance  
of the Gunn diodes. Cw efficiency vs. f requency  is 
plot ted and the cw output  power  is l is ted alongside 
each data point. The  best efficiency, 12.5%, is measured  
at 9 and 10 GHz, wi th  output  power  of 480 mW (2). At 
54 GHz. 4% efficiency is observed with  150 mW power  
output. At 71 GHz, 1% efficiency and 30 mW is the best 
recorded data (29). For  comparison, the best pub-  
l ished results by DiLorenzo (19) and Hasty et al. (30) 
are also presented. 

Table III summarizes  the most notable rf  data on 
our microwave  devices. Besides the Gunn  device data, 
results wi th  double drift  and h igh- low s t ructure  ava-  
lanche devices are also listed. Double-dr i f t  avalanche 
devices are fabr icated wi th  20.7% pulsed and 16.3% ew 
efficiency and power  outputs of 4.1W and 2.35W, re-  
spectively, in X-band  (11, 31). High- low avalanche 
devices give 19.6% efficiency and 2.2W cw at around 
10 GHz (32). These results are only pre l iminary  data 
and significant improvements  are  imminent .  

Using some of the above described Gunn diodes, 
t ransfer red  electron amplifiers are buil t  wi th  110 mW 
saturated power  output  and 3 GHz bandwidth  at 35 
GHz; 13 db small-s ignal  gain and 16.2 db noise figure 
are observed (33). 
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Preliminary Results of an Ion Scattering 
Study of Phosphosilicate Glass Gettering 

R. L. Meek* and C. F. Gibbon 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

PhosphosSlicate glass gettering of silicon wafers in which diodes had been 
formed has been studied. The amount and identity of the gettered impurities 
were determined by means of Rutherford backscattering of 2 MeV He + ions. 
The principal gettered impurities are Cu and Fe (,~1015 cm -2) and a heavy 
mass species in the range Pt-Pb, presumably Au (,-~1013 cm-2). Gettering 
behavior is correlated with diode properties; the diode quality increases with 
increased amounts of gettered impurities. 

In  view of the renewed interest  in the role of t rans i -  
t ion metals and other impurities,  ei ther  ini t ia l ly  pres-  
ent  in the mater ia l  (1) or introduced b y  the process, 
in  the degradation of p -n  junc t ion  properties, we have 
ini t iated a study of phosphosilicate glass gettering, 
using ion backscattering as the diagnostic technique. 
Phosphosilicate glass get tering has long been used to 
remove unwanted  electrically active impuri t ies  from 
silicon wafers (2-7). The purpose of the present  work 
is to identify, qual i ta t ively and quanti tat ively,  the im-  
puri t ies present  in typical ly processed device wafers 
and to examine their  effect on diode properties as an 
aid to subsequent  studies where controlled amounts  of 
appropriate impuri t ies  are in tent ional ly  introduced. 

Experimental 
Diode preparation.--Two groups of wafers were 

studied; both were p- type (111) slices with 3~ of 0.5 

* Elect rochemical  Society Act ive  Member .  
K e y  words;  get ter ing,  soft  junct ions,  phosphosi l icate  glass, ion 

backscattcring. 

ohm-cm n- type  epi grown on them. One group (from 
epi r un  H2114) gave near ly  100% very  soft base-col-  
lector junct ions when  boron was diffused from either 
a BN or ion- implan ted  source. (A soft junc t ion  is one 
whose I -V characteristic on a curve tracer  clearly 
shows curva ture  below the avalanche breakdown volt-  
age on the 10 ~A/cm 2 scale.) The other group of 
wafers, having substrate mater ia l  different from the 
group just  described (from epi r un  H2067), gave much 
better  properties wth 80% of the junct ions being hard 
as diffused. 

After  reoxidation to protect the base from phosphor-  
ous diffusion, wafers were gettered for various times 
in  a 1000~ PBr3 phosphorous furnace in  which the 
bare back side of the wafer was exposed to the phos- 
phosilicate glass. The glass was stripped off, the diode 
properties remeasured, and the ion scattering spectrum 
was taken. 

Ion scattering.--The Rutherford backscattering tech- 
nique for chemical analysis was pioneered by Davies 
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d,e 
where  

et al. (8), and Bogh (9) and has been recent ly  re-  
v iewed by Buck and Wheat ley  (10) and by Nicolet  
et al. (11). 

For  energet ic  ions undergoing Ruther ford  scat ter ing 
from a target  atom the scat ter ing yield per uni t  solid 
angle is g iven by 

dn __n~ sin-~ ( ~ -  ) [1] 

16 

ZlZ=e 2 
b = [2] 

1 (  M1M~ )W2 

2 M1 + M2 

Z2 and Z2 are the atomic numbers  of incident par t ic le  
and target  atom, M2 and M2 are the respect ive masses, 
and ec is the center  of mass scat ter ing angle; e is the 
electronic charge, V is the veloci ty  of the incident ion, 
no is the number  of incident ions, and N is the number  
of target  atoms cm -2. The center  of mass and labora-  
tory scat ter ing angles are re la ted by 

M1 . 
sin(oc - -  OL) - -  - - S l n  6L [ 3 ]  

M2 

Since the scat ter ing is elastic, ions scat tered f rom a 
target  atom of given mass at a g iven OL have  a charac-  
terist ic energy,  E, given by 

= COS eL + ~ ~ i  2 s i n  2 eL 
E0 (M1 + M2) 2 

[4] 

where  E0 is the ion energy before  the scat ter ing event.  
For  scattering from target  atoms of given mass dis- 

t r ibuted in a substrate, the energy scale may  be con- 
ver ted  to a depth scale by use of the kinematic  energy 
loss and the specific energy loss rate in the mater ia l ;  
namely  

Eout 
A' : AE { (~X )Ein k-~in ) 

-~  ~ Eout  1 c O s  eLI [ 5 ]  

which relates  the energy  shift AE to thickness incre-  
ment  at. 

In these exper iments  a beam of 2 MeV He + ions 
col l imated to ~0.05 ~ through two Ta coll imators 1 m m  
in diameter  about 2m apart  was used. The backscat-  
tered  He ions were  detected at eL = 177 ~ in a 50 mm a 
surface bar r ie r  detector  having an energy resolut ion of 
16 keV. This energy resolut ion corresponds to a depth 
resolution of about 200A. Secondary electron suppres-  
sion and pi le-up re ject ion electronics were  used. Sam-  
pies were  surrounded by a baffle cooled to l iquid n i t ro-  
gen t empera tu re  and were  mounted  in a two axis 
goniometer.  The scat ter ing chamber  was mainta ined at 
10 -6 Torr  and the He ion fluence was typical ly  10 TM 
c m - 2 .  

Results 
Ion scat ter ing spectra from the back side of typical  

wafers  before phosphosilicate glass get ter ing are seen 
in Fig. 1 for the poorer mater ia l  and in Fig. 2 for the 
better.  Af te r  reoxidat ion to protect  the base f rom 
phosphorus diffusion and a 60 rain get ter  in a 1000~ 
PBr3 phosphorus furnace in which the bare back side 
of a Si wafe r  from the poor group was exposed to 
phosphosilicate glass, about 25% of the junctions had 
become hard. This glass was str ipped off and the spec- 
t rum taken. It is presented in Fig. 3. 

In Fig. 2 and 3 part icularly,  impuri t ies  are seen at 
energies corresponding to t ransi t ion and heavy  metals.  
From the shape and magni tude  of the spectra [espe- 
cially the channeled spectra which separate la t t ice-  
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Fig. 1. Scattered ion spectrum from the back side of material 
which formed poor diodes (before gettering). 

site and off- lat t ice-si te  scatterers and shows in some 
cases two separate peaks (see Fig. 3), the  upper  edges 
of which correspond to Fe and Cu] we conclude that  
the t ransi t ion metals  present  include Cu and Fe. (Sec- 
ondary  ion mass analysis confirms this.) The impuri t ies  
are contained in a layer  about 2000A wide at the back 
surface (de termined from Eq. [5]). The heavy  meta l  
present  lies in the P t -Pb  range and we presume it is 
Au. Figure  1 (the poor mater ia l  before  get ter ing)  
shows a max imum of 2(10) 18 cm -2 of Cu and Fe and 
1013 cm -2 P t - P b  near  the back surface. Af te r  get ter ing 
(Fig. 3) there  are 2(10) 15 cm -2 of Cu and Fe and 
4(10) 13 cm -u of the P t - P b  group. Since the glass was 
removed  before the spectra were  taken, no informat ion 
is avai lable on the impuri t ies  contained in the glass 
itself. This wil l  be discussed in a fu ture  publicat ion 
(12), where  it wil l  be shown that  they are in fact al-  

most ent i re ly  in the silicon. 
Figure  2 is for unget te red  mater ia l  which or iginal ly  

produced good diodes. Note that  impuri t ies  are appar-  
ent ly  a l ready "se l f -ge t te red"  to the back surface by 
some mechanism [(10) 25 cm -2 of Cu and Fe and 
2(10) 23 cm -2 of P t -Pb] .  The implications of and the 
possible reasons for this are under  study. It  is t en ta -  
t ively  suggested that  it may  be due to residual  damage 
or defects left  at the back surface. The silicon <110> 
min imum yield was 2% for the poor mater ia l  and 3% 
for the good mater ia l  before  any phosphosil icate glass 
gettering. Af te r  get ter ing it is 3%. Af te r  diffusion 
get ter ing of the good mater ia l  80-10.0% of the diodes 
are hard and the amounts of impuri t ies  on the back 
surfaces are essential ly unchanged. 

In Fig. 4 is plot ted the ge t te red  impur i ty  concentra-  
t ion vs. getter ing t ime for the mater ia l  which  ini t ial ly 
formed soft diodes. The number  in parentheses beside 
each data point is the ratio of counts in the (110) chan- 
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neled spectrum to those in the random spectrum and 
gives  essential ly  the fraction of  the impuri ty  atoms 
which  l ie  off si l icon lattice sites. S ince  the effective 
diffusion coefficient for Cu in si l icon (13) is -~10 -4  
cm ~ sec -1 and that for Fe and Au  (14, 15) is -~10 - s  
cm 2 sec -1, it is fair to assume that all of  the Cu should 
have  been gettered even  in the shortest gettering time. 
(The characteristic t ime  for Cu to diffuse across the 
wafer  thickness is ~ 1  sec and for Fe and Au  is HI  hr.) 
Since a steady increase in the amount  of  gettered i m -  
purity  Cu and Fe is observed for t imes  up to 1 hr, it 
appears that most  of the Cu + Fe is in fact Fe. The 
shape of  the spectra also appears to support this inter- 
pretation, the peak occurring at Fe, not Cu. In the case 
of  Au, the high value on the ungettered material  is 
felt  l ike ly  to be due to surface contamination.  In fact 
examinat ion  of  the spectrum (Fig. 1) indicates that a 
significant fraction of the counts attributed to Au 
might  in fact be due to a l ighter surface impurity.  

Figure 5 shows  the median  voltage at 10 #A leakage 
current (the "10 ~A breakdown voltage") for 96 diodes 
after each gettering treatment. An  avalanche break-  
d o w n  voltage of  25-30V w o u l d  be expected on this 
material  for a hard diode. There is a clear trend to 
lower  leakage currents at a g iven  voltage indicated on 
this curve wh ich  corresponds to increased accumula-  
t ion of impurit ies  on the backs of  the slices s h o w n  on 
Fig. 4. 

The question of  course arises as to where  the i m -  
purities originate. Previous work on pol ishing and pre-  
oxidation cleaning has shown that they  should not 
originate wi th  these steps (18). Furthermore,  getter~ng 
of unprocessed wafers  indicates that such large 
amounts  of  impurit ies  are not l ike ly  to be present in 
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VoL 121, No. 3 P H O S P H O S I L I C A T E  G L A S S  G E T T E R I N G  447 

16 

12 

I0  

0 
- S 

.J 
0 > 

4 - 

2 

0 
0 

I I I I _,~ I 
10 20 3 0  4 0  50 60  70 

GETTERING TfME (min)  

Fig. 5. Breakdown voltage vs. gettering time for the same ma- 
terial as Fig. 4. 

the  s ta r t ing  ma te r i a l  (12). F u r t h e r  work  is in progress  
in an a t t empt  to iden t i fy  the point  in the  processing 
sequence at which the  impur i t ies  are  introduced.  How-  
ever, we have noted that  often c leaning procedures  
a re  ineffectual ly appl ied  and tha t  furnaces  somet imes 
become contamina ted  wi th  Cu or  Au (12). Ion sca t te r -  
ing f rom control  sample  surfaces furnishes  a fast, r e -  
l iable  qua l i ty  control  technique for de te rmin ing  when  

such processing steps are  resul t ing  in con tamina ted  
wafers  (18, 19). 

Manuscr ip t  submi t ted  Nov. 13, 1972; revised m a n u -  
script  received Sept.  4, 1973. 

A n y  discussion of this paper  wi l l  appear  in a Discus-  
sion Section to be publ ished in the December  1974 
JOURNAL. All  discussions for the  December  1974 Dis-  
cussion Section should be submi t ted  by Aug. 1, 1974. 
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Segregation Behavior in a Stationary Vertical Zone 
with Converging Interfaces: Pressure-Induced 

Segregation Effects 
K. M. Kim, A. F. Witt,* and H. C. Gatos* 

Department of Metallurgy and Materials Science, 
Massachusetts Institute o] Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

Crystal growth and segregation behavior  in  a confined, vertical  mel t  zone 
in an lnSb  system were studied by al lowing the upper  and lower crys ta l -mel t  
interfaces to converge through controlled power reduction. Segregation in -  
homogeneities dur ing the init ial  stages of solidification appeared exclusively 
in the upper  crystal segment which grew under  destabilizing thermal  gradi-  
ents. At decreased zone height, i r regular  dopant  inhomogeneities, identical 
in  appearance, were s imultaneously formed i n  both the upper  and lower crystal 
segments. With cont inuing solidification the i r regular  and random inhomo- 
geneities became periodic (oscillatory) in  nature.  Periodic dopant striations 
of decreasing f requency were observed to the coalescence point of the two 
interfaces. The random and periodic segregation inhomogeneities, which 
formed s imultaneously at the converging growth interfaces, were a t t r ibuted 
to isostatic pressure effects which originate in  the volume expansion of the 
confined solidifying melt. 

It  has been found that  during s tat ionary vertical  
crystal growth under  destabilizing thermal  gradients 
(1), with decreasing height, the melt  exhibits suc- 
cessively, tu rbu len t  convection, oscillatory instabili ty,  
and thermal  stability. Both tu rbu len t  convection and 
oscillatory thermal  instabi l i ty  in the melt  lead to cor- 
responding characteristic dopant inhomogeneit ies in a 
growing crystal. On the other hand, under  stabilizing 
thermal  gradients, uni form dopant dis t r ibut ion has 
been observed (2). 

In  the present  study, crystal growth and segregation 
were investigated in  a confined vertical melt  zone in 
which the upper  sol id-melt  interface advanced under  
destabilizing and the lower under  stabilizing thermal  
gradients. 

Experimental Procedure 
The technique reported earlier (1) for crystal growth 

by controlled power reduction was employed in the 
present  study, modified as shown in Fig. 1. A wire-  
wound resistance heater (1.5 cm ]D and 1.5 cm long) 
was placed coaxially inside the longer external  heater. 
Both heat sources were operated (in series) by pro- 
portional power control with the control thermocouple 
in the external  heater. The solid-melt  interfaces were 
made to converge by decreasing the furnace tempera-  
t~re at a constant rate of 0.54~ 

Two t in-doped (1017 atoms/cm 3) InSb single crystals 
with <111> orientat ion were machined and etched 
to fit into the quartz tube (0.8 cm ID). The lower crys- 
tat was placed on a graphite holder and the upper  
was mounted on a water-cooled holder. Polycrystal-  
l ine charge, heavily doped with t in  (about l020 a toms/  
cmS), was placed between the two crystals and was 
melted together with a portion of both crystals. After  
melting, the upper  crystal  segment was lowered to e s -  
t a b l i s h  a cylindrical melt  zone. The molten zone (about 
1.3 cm long) was held at temperature  to achieve homo- 
genization before proceeding with solidification. 

"Time markers" were introduced s imultaneously  in 
both growing crystals by applying current  pulses (18A) 
of 50 msec durat ion at a repeti t ion rate of 20 s a c  
through leads attached to the upper and lower crystal. 
Each current  pulse caused Pelt ier cooling on one crys- 
t a l -mel t  interface (electron flow: melt  to solid) and 
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simultaneously Pelt ier  heating on the other crystal-  
melt  interface (electron flow: solid to mel t ) .  

The growth and segregation characteristics of the 
system were studied on etched (211) planes exposed by 
cutt ing the solidified zone along the <111> growth axis. 

Experimental Results 
Interface morphology and growth rate.--The photo- 

micrograph of an etched (211) plane from a typical 
solidification experiment  is shown in Fig. 2. In  the 
figure, the solid-liquid interface with the destabilizing 
thermal  gradient  advanced from the top down (crystal 
segment A) while the solid-l iquid interface with stabi-  
lizing thermal  gradient  advanced from the bottom up 
(crystal segment B). The A and B time markers  bear-  
ing the same numbers  grew simultaneously.  The pro- 
nounced time markers  appearing a l te rna t ingly  in the 
two crystal segments were introduced by pulsed Pel t ier  

Heat sink 

InSb crystal ~ ///5/t /',',J '~ 

Molten zone 

Heater ~ ] i  / - - ~  A 

Quartz tube =-t/" ~e'L__ /S~I 
crysta,/ ; - ; 

Monitoring - ~ ' /  
thermocouple 

Control 
-~k-- t herrnocouple 

Direction of 
growth 

Direction of 
growth 

pLeads for current 
pulsing 

Fig. 1. Schematic diagram of the apparatus used for concurrent 
crystal growth under stabilizing and destabilizing thermal gradi- 
ents. 
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Fig. 2. Photograph of an etched cut along the growth axis. The 
upper crystal segment grew (downwards) under destabilizing and 
the lower grew (upwards) under stabilizing thermal gradients. The 
coalescence plane of the two growth interfaces is clearly visible 
between regions A(12) and B(12). The A and B regions bearing the 
same number grew simultaneously in time. The striation~ across 
the crystal are "time markers" introduced by current pulses (see 
text). 

cooling. Time markers  due to Pel t ier  heating are not  
pronounced;  thus, to insure the formation of clearly 
visible t ime markers  in both solidifying segments the 
polari ty of the current  pulses was reversed at pre-  
determined intervals.  Since the t ime markers  reflect 
the interface morphology at the ins tant  of their  incor-  
poration, Fig. 2 shows that  ini t ia l ly both growth in te r -  
faces were v i r tua l ly  flat, bu t  became increasingly con- 
vex, toward the melt, with cont inuing growth. This be-  
havior reflects the presence of radial  tempera ture  
gradients which increase with decreasing zone height. 
The occurrence of facet growth (core formation) at 
both advancing interfaces is clearly visible. It  is of 
interest  to note that in all experiments  facet growth 
occurred earlier at the upper, water-cooled, crystal 
segment with the larger thermal  gradient  in the melt. 
The coalescence of the two interfaces took place in  a 
v i r tua l ly  horizontal  f ront  and was preceded by off-core 
interface breakdown due to high dopant  concentrat ion 
in the melt. 

The microscopic growth rates of both solidifying seg- 
ments  were determined from the spacing of the t ime 
markers  in the inner  region of the crystal. Their  values 
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Fig. 3. Microscopic growth rates of the upper and lower crystal 
segments as a function of zone height. The regions (4 to 12) indi- 
cated on the horizontal axis correspond to the regions shown in Fig. 
2 and in subsequent photomicrographs. 

are plotted in Fig. 3 as a funct ion of zone height. It can 
be seen that the over-al l  growth behavior of the two 
interfaces is the same: the growth rate is ini t ia l ly 
small, increases with decreasing zone height, and de- 
creases again prior to coalescence. The consistently 
lower microscopic growth rate of the upper  crystal 
segment is due to the prevai l ing steeper thermal  gra-  
dient in  the upper  melt  zone. 

It  can also be seen that the growth rate of the upper  
segment, wi th  destabilizing thermal  gradient  in  the 
melt, exhibits significant fluctuations in contrast to 
that  of the lower crystal segment which grows under  
stabilizing thermal  gradients. 

Dopant segregation.--The segregation behavior dur -  
ing the init ial  stages of growth is the same at both ad-  
vancing interfaces as seen in Fig. 4. The dopant  dis- 
tr ibution,  as revealed by etching, is un i form (the regu-  
lar ly  spaced striations are the t ime markers  in t ro-  
duced by Pelt ier  cooling). Dopant  inhomogeneit ies ap- 
pear first in  the upper  segment  as seen in  Fig. 4a, re-  
gion A(4) ,  and coincide with core formation. Since this 
upper  segment grows under  destabilizing vertical  and 
radial  thermal  gradients in  the melt, the observed 
dopant  inhomogeneit ies are a t t r ibuted  to thermal  con- 
vection (3). The uni form dopant segregation observed 
at the s imultaneously  grown region of the lower seg- 
ment,  Fig. 4b, indicates that  convection under  the pres-  
ent  exper imental  conditions does not affect the ther -  
mal ly  stable melt  region and is, thus, confined to the 
melt  region subjected to destabilizing the rmal  gradi-  
ents. 

With cont inuing growth a str iking change in the 
segregation behavior  takes place; dopant inhomogene-  
ities appear in both the upper  and the lower segments 
as shown in Fig. 5. These inhomogeneit ies (striations) 
form s imul taneously  in both growth segments and are 
identical  in detail [see for example regions A(9)-14/15  
and B (9)-14/15]. They are at the onset i r regular  in in-  
tensi ty and periodicity and become periodic with con- 
t inuing  growth (Fig. 5 and 6). These periodic inhomo- 
geneities persist to the point  of coalescence of the in -  
terfaces and resemble in all respects segregation be-  
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Fig. 4. Photomicrographs of 
etched cuts along the growth 
axis of the crystal segments 
grown concurrently under de- 
stabilizing (a) and stabilizing 
(b) thermal gradients. For con- 
venience, the growth direction of 
both segments is here shown 
from bottom to top. In seg- 
ment h, dopant inhomogeneities 
are absent. In segment a, ran- 
dom inhomogeneities are visible 
(between successive time mark- 
ers) beginning with region A(4). 
The onset of core formation ap- 
pears in the same region. 

havior associated with oscillatory thermal  instabi l i ty  
(1). Their frequency, ini t ia l ly 0.8/sec, decreases to 0.5/ 

s e c  near  the point of coalescence. 

Discussion 
The appearance of segregation inhomogeneities in 

the upper crystal segment  dur ing  the early stages of 
growth can be explained as the result  of convective 
melt  flow due to the presence of destabilizing thermal  
gradients  (1). Since the s imultaneously  grown lower 
crystal segment exhibits uni form dopant distribution, it 
is apparent  that convective instabil i ty is confined to 
the melt  region with a destabilizing thermal  gradient  
and does not propagate into the thermal ly  stable lower 
part  of the molten zone. 

The ensuing simultaneous incorporation of i r regular  
dopant  inhomogeneities, which are identical in detail  
in  both the upper  and the lower crystal segments, can-  
not be at t r ibuted to convective instabil i ty;  temperature  
and melt  composition are t ime-dependent  variables 
in  convective systems, thus the s imultaneous forma-  
t ion of identical, random segregation effects at in te r -  
faces which are several mil l imeters  apart  cannot be 
reconciled with convective behavior. Moreover, the 
presence of such periodic segregation inhomogeneit ies 
at both crystal segments cannot be explained on the 
basis of thermal  oscillatory instabi l i ty  since they are 
formed up to the point  of interface coaZescence where  
the Rayleigh number  of the melt  approaches zero (1). 
Tempera ture  measurements  in the center of the melt  
zone (by means of a thermocouple inserted through 
the lower crystal segment) showed that the melt  was 
thermal ly  stable (within •176 dur ing the growth 
period in question; accordingly, the present  segregation 
inhomogeneities are not due to thermal  convective in-  
stability. 

In  the present  confined system, with fixed geometric 
boundaries, solidification of InSb must  lead to pro- 
nounced pressure bui ld-up since it is associated with 
a ,~14% volume increase (4). It is, thus, believed that  
the growth and segregation inhomogeneit ies formed 
simultaneously on both crystal segments are due to 
isostatic pressure effects. Indeed excessive pressure 
bu i ld-up  caused, in seven out of fifteen growth experi -  
ments, dur ing the late stages of solidification, breakage 
of the quartz tube (1 mm wall  thickness) containing 
the melt  zone. 

During the early stages of growth the volume ex- 
pansion was apparent ly  accommodated by correspond- 
ing retract ion of the upper  and /or  lower crystal seg- 
ments since the normal ly  expected segregation be- 
havior was observed: absence of dopant inhomogene-  
ities in the lower segment grown with stabilizing 
gradients in the melt  and dopant  inhomogeneit ies in 
the upper  segment in which growth took place under  
destabilizing gradients. 

As solidification proceeds, fur ther  retract ion of the 
crystal segments in  the present  experimental  a r range-  
ment  is expected to be increasingly impeded, and, thus 
pressure must  bui ld up in the molten zone. The pres- 
sure bui ld-up,  with cont inuing growth, is rapid since 
the compressibili ty of solid InSb is small (2.4 • 10-6/ 
kg cm -2) (5). Due to the pressure dependence of the 
melt ing point of InSb (--0.008~ (6), any pres-  
sure increase will in tu rn  affect the established growth 
rate. Under  the present exper imental  conditions, in-  
volving a continuous tempera ture  decrease (constant 
growth rate),  the pressure increase associated with the 
convergence of the growth interfaces must  lead to a 
s low-down or even a temporary arrest of the growth 
process. Under cont inuing tempera ture  decrease the 
growth interfaces must  continue to converge. The as- 
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Fig. 7. Schematic diagram of the apparatus used to provide 
continuous pressure release during growth. The upper and lower 
quartz tubes were tight-fitted into a graphite sleeve exposing the 
melt to a "graphite window" 1 mm in height. 

Fig. 5. Photomicrographs of etched cuts along the growth axis of 
the crystal segment grown under destabilizing (a) and stabilizing 
(b) thermal gradients (growth direction of both segments is here 
shown from bottom to top). Dopant inhomogeneities identical in 
detail are simultaneously incorporated in both segments (grown at 
slightly different rates, see Fig. 3) beginning with region A(9)14 
and B(9)14. Note for example the pronounced striation between 
time markers 14 and 15 (see text). 

socJated pressure increase will  ei ther lead to forced 
retract ion of the crystal segments or to breakage of the 
quartz tube. 

The dopant  inhomogeneities formed s imultaneously 
in both advancing interfaces can be explained on the 
basis of pressure induced segregation effects. In  the 
early stages of pressure bu i ld -up  abrupt,  "jerky," re-  
t ract ion of the crystal segments results in i r r egu la r  iso- 
static pressure fluctuations which thus affect s imul-  
taneously the growth rate at both interfaces. Since 
tempera ture  fluctuations as low as 0.01~ have been 
shown to result  in segregation inhomogeneities (1), 
pressure fluctuations in  excess of 1 arm (correspond- 
ing to a mel t ing point  decrease greater  than 0.01~ 
are expected to cause detectable segregation inhomo- 
geneities. The periodic inhomogeneities, which persist 
to the point of the interface coalescence, may be in -  

terpreted as the result  of periodic, discontinuous crys- 
tal retract ion (periodic increase and decrease in pres-  
sure) .  Alternat ively,  the retraction may be continuous 
and the inhomogeneities reflect "oscillatory pressure 
instabili ty." As seen in Fig. 3, in the region of the 
periodic segregation inhomogeneities, the microscopic 
growth rate decreases steadily. Although it is unlikely,  
the decreasing growth rate could be a t t r ibuted to 
changing characteristics of the thermal  gradients in 
the melt;  it is more l ikely that  this growth rate be-  
havior is the result  of a steadily increasing pressure 
which is only par t ia l ly  released through retract ion of 
the crystal segments. 

To confirm the origin of the periodic segregation in-  
homogeneities, growth experiments  were performed in 
a system with identical geometry as in  Fig. 1, in which 
continuous pressure release (constant pressure) dur -  
ing growth was provided for by a 1 mm thick annula r  
"graphite window" located in the region of coalescence 
of the converging growth interfaces (Fig. 7). In this 
configuration, constant  (moderate) pressure prevailed 
dur ing growth, since the volume expansion was accom- 
modated by continuous leakage of l iquid InSb through 
the graphite window. The growth and segregation be-  
havior under  these conditions is shown in  Fig. 8. It  can 
be seen that dopant  segregation remains  uni form to the 
point of coalescence with no evidence of dopant in -  
homogeneities (Fig. 8a). It is seen fur ther  that  the 

Fig. 6. Photomicrographs of 
etched cuts along the growth 
axis of the crystal segment 
grown under destabilizing (a) 
and stabilizing (b) thermal 
gradients (growth direction of 
both segments is here shown 
from bottom to top). Note 
periodic (oscillatory) inhomo- 
genelties, in both segments, per- 
sisting to the coalescence of the 
two interfaces (see Fig. 2 and 
text). 
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Fig. 8. Photomicrographs of etched cuts along the growth axls of 
a crystal segment grown in the apparatus providing for continuous 
pressure release (a) and a segment grown in the confined arrange- 
ment of Fig. 1. Note that in (a), the distance between the time 
marker remains constant to the point of interface coalescence in 
contrast to the segment (b), where the microscopic rate decreases 
gradually. The periodic inhomoqeneities (between successive time 
markers) in segment (b) are visible at the lower region of the seg- 
ment but with decreasing growth rate their spacing in the upper 
region is beyond resolution. 

microscopic growth rate  remained  v i r tua l ly  constant 
(v i r tua l ly  constant spacing of t ime markers)  to the 
point of the interface coalescence. This behavior  is in 
pronounced contrast  to that  seen in Fig. 3 where  the 
growth rates approach zero at the interface coalescence. 
Thus, it is concluded that  the dopant inhomogeneit ies  
incorporated s imultaneously in the two crystal  seg- 
ments are due to pressure effects and that  the con- 
tinuous growth ra te  decrease is the result  of a steadily 
increasing hydrostat ic pressure. 

A c k n o w l e d g m e n t  
The authors are indebted to Dr. J. R. Carruthers  who 

suggested that  the present ly  observed segregation be-  
havior  could be a t t r ibuted  to pressure effects. The 
authors are also indebted to the National  Aeronautics  
and Space Adminis t ra t ion and the National  Science 
Foundat ion for financial support.  

Manuscript  submit ted May 18, 1973; revised manu-  
script received Aug. 7, 1973. 

Any  discussion of this paper  will  appear  in a Discus- 
sion Section to be published in the December  1974 
JOURNAL. All  discussions for the December  1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 

REFERENCES 
1. K. M. Kim, A. F. Witt, and H. C. Gatos, This Journal, 

119, 1218 (1972). 
2. K. M. Kim, A. F. Witt, and H. C. Gatos, J. Mater. 

Sc/., 6, 1036 (1971). 
3. J. R. Carruthers,  Can. Met. Quart., 5, 55 (1966). 
4. N. H. Nachtr ieb and N. Clement, J. Phys. Chem., 62, 

747 (1958). 
5. M. D. Banus and M. C. Lavine, J. Appl. Phys., 49, 409 

(1969). 
6. R. E. Hanneman,  M. D. Banus, and H. C. Gatos, 

J. Phys. Chem. Solids, 25, 293 (1964). 

Technical Notes 

Field Effect Modulated Photoluminescence in ZnO 

T.  O.  Sedgwick*  

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

The photoluminescent  intensi ty  of ZnO has been  
modula ted  by the surface adsorption of the gases H2 
and 02 (1, 2). It is known that  adsorbed O2 raises the 
surface potent ial  and therefore  depletes the normal ly  
n - type  ZnO surface. U.V. exci tat ion of the ZnO pro-  
duces hole-e lec t ron  pairs and it has been postulated 
that  the photoluminescence (or luminescence)  results 
f rom the recombinat ion of the minor i ty  carr ier  holes 
wi th  a luminescent  center. The decrease in photolumi-  
nescent intensi ty  upon O2 adsorption is thought  to 
occur because the field induces t ransport  of the holes 
away from the luminescent  centers and to the surface 
where  they undergo recombinat ion with  radiationless 
recombinat ion centers (1). Hydrogen  adsorption, on 
the other  hand, results in electron accumulat ion at the 
ZnO surface and causes the photoluminescence to in-  
crease since the holes are repel led from the radia t ion-  
less recombinat ion  centers at the surface. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c o r o n a  c h a r g e d  Z n O ,  i n t e r f a c e  t r a p s ,  S i O 2 - Z n O  o x i d e  

semiconductor  s t r u c t u r e .  

However ,  it is difficult to know whe the r  the changes 
in emit ted  l igh t - in tens i ty  are due to surface potential  
changes alone or whe the r  they depend on the presence 
of the adsorbed gases directly. Conceivably,  the ad- 
sorbed gases could act as recombinat ion centers or al- 
ternat ively,  they could react chemical ly  wi th  surface 
recombinat ion centers a l ready present  and hence ren-  
der them inactive. In this note we repor t  on the ob- 
served modulat ion of photoluminescence in ZnO coated 
with a SiO2 film whose surface is charged wi th  a 
corona to produce the modula t ing  field at the ZnO sur-  
face and thus completely  avoid the effects of gas 
ambients. 

Photoluminescent  measurements  were  made  on sam- 
ples of single crystal  ZnO and layers  of ZnO powder  
about 1 cm 2 in area. Some samples were  coated with  
3000-3500A pyrolyt ic  SiO2 deposited at 420~ in oxy-  
gen (3). The single crystal  ZnO was supplied by Ai r -  
t ron and was l ight ly  doped with  Li (the Li concentra-  
t ion was est imated to be ca. 100 ppm by electron spin 
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resonance which did not agree for some unknown rea-  
son wi th  a de terminat ion  of < 3 ppm Li by emission 
spectroscopy).  The measured  surface was the oxygen 
face, 0001, which had been polished down ~ 5 mils to 
remove  cutt ing damage using 1/4% conc HC1 in H20 
on a Pel lon cloth. The back surface of the SiO2 coated 
single crystal  sample exhibi ted high resist ivi ty af ter  
SiO2 deposition so it was annealed at 510~ for 1 hr  in 
10% H2 in N2 to increase the conductivity.  The four 
point probe resis t ivi ty of the back surface af ter  an- 
nealing was 11 ohm-em which agrees wi th  that  found 
by Thomas and Lander  (4) for a s imilar  exposure  of 
ZnO crystals to hydrogen.  A contact was made with  
gal l ium to the back of the sample for subsequent  elec-  
tr ical  measurements .  

The ZnO powder  was a commercia l  P-15 phosphor 
supplied by Sylvania  which  was sett led wi thout  b inder  
onto Ta plates before  coating with  SiO~. The powder  
samples were  used wi thout  fur ther  t reatment .  

The photoexci ta t ion was made  (Fig. 1) using radia-  
tion from a medium pressure mercu ry  lamp fil tered 
through Corning filters 7-51 and 7-737 to give a band 
centered at 3600A. The photoluminescence was mea-  
sured wi th  a 1P21 phototube after  passage through a 
Corning 3-72 filter to remove  radiat ion of wave leng th  
shorter  than 4400A. 

Before making  photoluminescent  measurements  on 
the  SiO=-coated single crystal  sample, 2 mm diameter  
Pd dots were  evapora ted  on the SiO= surface and 
capaci tance-vol tage (C-V) measurements  (5) were  
made at 150 kHz and room temperature .  Al though 
most devices were  leaky due to the large area dots, 
several  C-V curves were  obtained and one is shown 
in Fig. 2. The capacitance was constant from 0 out to 
q-60V but showed the expected decrease for an n - type  
sample at sufficiently negat ive  voltage. The existence 
of the capacitance drop shows that  the applied vol tage 
of --40 to --80V does in fact deplete the n - type  ZnO 
surface. The gradual  drop of capacitance wi th  vol tage 
over  the whole negat ive  vol tage range indicates the 
presence of a large densi ty of surface states ( ~  4 X 
1012/cm 2) which become posi t ively charged as a result  
of the applied field. The Pd dots were  then removed  
wi th  a KI-I2 solution. 

The sample surfaces were  charged in air e i ther  posi- 
t ive or negat ive  using a -+ 4 kV corona charging wire  
held for 1-10 sec about 1-2 cm from the surface. Al-  
though the surface potent ial  of these par t icular  oxide 
films was not measured,  we have  found that  the rmal ly  
g rown SiO2 films re ta in  surface charge densities cor-  
responding to fields across them of -+ 5-10 X 106 V / c m  
for days af ter  charging (6). Even  SiO2 films which 
have  been  etched and otherwise  handled showed a 
min imum re tent ion  field of 1 • 10 ~ V/cm.  If we assume 
that  the present  films could support  a field of 1-10 X 
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Fig. 1. Schematic of sample charging and photoluminescent 
measuring apparatus. 
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Fig. 2. Capacitance-voltage curve of Pd field plate/3000-3500~ 
SiO.JZnO single crystal measured at 150 kHz in room light at 
300 o C. 

106 V/cm, then  the potent ial  on the surface which 
could be re ta ined for a long t ime was 30-350V. 

The basic exper imenta l  result  that  we would  l ike to 
present  is shown in Fig. 3a for the SiO2 coated single 
crystal  ZnO sample. The init ial  luminescence of the 
uncharged sample is constant in time. Upon negat ive 
charging the intensi ty decreases immedia te ly  and 
drastically. When the charging is t e rmina ted  the lumi-  
nescent intensi ty  rises slowly, hencefor th  called the 
" luminescent  re laxat ion"  and reaches a new constant 
value which is lower  than for the uncharged sample. 
Upon posit ive charging the luminescence immedia te ly  
rises to a level  h igher  than that  of the uncharged sam- 
ple and remains essential ly constant a l though a slight 
decrease is often observed in time. All  the subsequent  
figures show data using the same exper imenta l  se- 
quence. F igure  3b shows a very  similar  result  at ten  
t imes the luminous intensi ty  and Fig. 3c shows that  
a s t ructure  wi thout  any SiO2 does not exhibi t  any ap-  
preciable modula t ion  of intensi ty as a resul t  of charg-  
ing. In Fig. 3a t ime was indicated schematical ly since 
the t ime elapse was not exact ly  recorded. 

Similar  measurements  were  made on powder  ZnO 
samples in Fig. 4 and wi th  similar  results. The last 
data point of Fig. 4a taken at ,~ 110 rain shows that  
the luminescent  intensi ty is stable after  the initial and 
re la t ive ly  short  durat ion ( ~  10 rain) " luminescent  re-  

( a )  ( b )  ( c )  

,ooo ~ ~ i 

Ir!j '~176 I 
6~ I " ~oo 60 
 or-I j 4oo - 40" 40 I ~  -~'" 

2 o o {  i' 20 
O-- 0 TIME~ TIME~ TIME~ 

Fig. 3. Photoluminescent intensity as a function of time (sche- 
matic) for single crystal ZnO samples. (a) SiO2 coated, (b) SiO2 

- -  + 

coated at 10X intensity, (c) no SiO~ on ZnO; $ ,  $ indicates first 
measurement Of intensity after negative or positive charging, re- 
spectively. 
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Fig. 4. Photoluminescent intensity as a function of time for pow- 
der ZnO samples (a) Si02 coated, (b) Si02 coated, u.v. was 
blocked from sample from 11/2-20 rain except during measurement 
of data points, (c) Si02 coated at IOX intensity, (d) no Si02 on 
ZnO. 

laxation." The t ime requi red  for this re laxa t ion  to 
occur is significantly increased when  the u.v. radiat ion 
is blocked (Fig. 4b) or significantly decreased when  
the u.v. intensi ty is increased (Fig. 4c). No modulat ion 
in luminescent  intensi ty was observed in a sample 
wi thout  SiO2 coating (Fig. 4d). Al though not shown 
in Fig. 4, it was also de termined  that  repeated sequen-  
tial negat ive charging always was fol lowed by the 
" luminescent  re laxat ion"  process. It was not l~ossible 
to lower  e i ther  the init ial  or stable intensi ty level  by 
repeated negat ive  charging. 

The ratio of the intensi ty  after  the " luminescent  
re laxat ion"  to the intensi ty af ter  posit ive charging for 
all SiO2 coated samples var ied from about 1.3 to 1.9. 
If instead the init ial  intensi ty after  negat ive  charging 
is used, the ratio is typical ly  3 or 4 and can be as high 
as 10 (Fig. 4b). 

These results show that  the luminescent  intensi ty of 
both single crystal  and powder  ZnO samples can be 
significantly modula ted  by the application of ei ther  a 
negat ive or a posit ive bias to the surface via an oxide 
layer  where  gas adsorption on the ZnO surface plays 
no role. The change in intensi ty is consistent (deple-  
t ion lowers  intensi ty)  wi th  what  was observed pre-  
viously for H2 and 02 modulat ion of surface l~otential 
(1). Thus photoluminescent  intensi ty changes are pri-  
mar i ly  a function of surface potential  changes and not 
gas-solid interactions. 

There  is a stable difference be tween  the photolumi-  
nescent intensi ty of the negat ive ly  and posi t ively 
charged surfaces which is, at least to first order, in-  
dependent  of u.v. intensi ty and for which we have a 
satisfactory explanat ion given immedia te ly  below. On 
the other  hand, the rate of change of the init ial  " lumi-  
nescent re laxat ion"  is c lear ly  dependent  on u.v. in-  
tensi ty and is not so readi ly  explained. 

The stable change in photoluminescence wi th  applied 
field may be explained convenient ly  using Fig. 5. F ig-  
ure  5a shows the photoluminescent  process in a field 
free structure, where  the holes produced by u.v. ex-  
citation are ne i ther  preferent ia l ly  d rawn to nor re-  
pelled from the ZnO-SiO2 interface. Hence modera te  
luminescence results. (We are not specifying the actual 
photoluminescent  mechanism other  than to assume that  
hole density is re la ted to the l ight product ion process.) 
F igure  5b shows that  when  the SiO2 is posit ively 
charged the holes are repel led from the surface and 
hence are re la t ive ly  more  available for the luminescent  
process than  for radiationless recombinat ion at the r e -  

combination centers and hence the luminescence is 
more intense. Ini t ia l ly  after  negat ive  charging (Fig. 5c 
or 5e), holes move preferent ia l ly  to the interface. They 
are consumed at the radiationless recombinat ion cen- 
ters (circles) and by other  nonradia t ive  processes and 
the luminescent  intensi ty is at a minimum. 

There are, however ,  two basic models which account 
for the " luminescent  re laxat ion"  and al though we  feel 
the "oxide discharge" model  (Fig. 5e and f) is more 
consistent wi th  our data we cannot rule out a " t rap-  
ping model"  (Fig. 5c and d). In the " trapping model"  
we envision that  some of the holes moving toward  the 
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"luminescent relaxation; . . . .  SiO2 discharge model;" (e) negotive 
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surface, due to the electric field, become t rapped in  
interface states and result  in  a slow build up of posi- 
tive charge at the interface. As the positive charge in-  
creases, the electric field in the semiconductor de- 
creases. In  t u rn  the preferent ial  flow of holes toward 
the surface is lowered, and hence the photolumines-  
cence decreases. The extent  of the "luminescent  re- 
laxat ion" would be dependent  on the hole supply and 
hence on u.v. intensity,  and would probably stop when  
the traps are saturated or the t rapping rate becomes 
insignificant because of the lowered surface potential.  
The existence of hole traps at the ZnO interface is con- 
sistent wi th  the capacitance voltage data obtained on 
the single crystal sample. If this model is correct, sub-  
sequent repeated negative charging of this s tructure 
(Fig. 5d) should no longer produce an ini t ial  " lumi-  
nescent relaxation" because the SiO2 already supports 
the max imum field across it. Our exper imental  results 
indicate clearly that  the " luminescent  relaxation" 
recurs after every new negative charging. Thus, we 
feel that  the charge on the SiO2 is probably discharged 
by excitation of holes (Fig. 5e) from the ZnO into the 
valence band  of the SiO2 and which finally neutral ize 
the negative charge on the surface of the SiO2. The 
structure (Fig. 5f) could then be recharged with the 
corona and re tu rned  to the state indicated in  Fig. 5e 
and could exhibit  the " luminescent  relaxation" re-  
peatedly which is observed experimental ly.  The valid-  

ity of the "oxide discharge" model could be resolved 
unambiguously by making  surface potential  measure-  
ments  of the SiO2 surface as a funct ion of t ime and 
luminescent  in tensi ty  to determine whether  the charge 
on the SlOe is in fact discharged by the u.v. 
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Controlled Chemical Etching of GaP 
Lillian Rankel Plauger 

Be~l Laboratories, Murray Hi[~, New Jersey 07974 

Gall ium phosphide electroluminescent  diodes sui t-  
able for inclusion in a lphanumeric  matr ix  displays 
have been described recent ly  (1, 2). One of the im-  
portant  requirements  in  the fabricat ion of beam lead 
gall ium phosphide electroluminscent  diodes (1) is the 
development  of a technology for the controlled chemi- 
cal etching of GaP. Chemical etching procedures are 
required for the formation of light emit t ing mesas 
on the GaP, for air isolation of diodes, for final sepa- 
ra t ion of individual  display devices from the wafer, 
and also for shaping of the matr ix  array (see Fig. 1 
and 2). Although there are many  techniques available 
for mesa etching such as SiO~ masking following 
etching with aqua regia (1), Br2 in MeOH (3), or C12 
in MeOH (3), these etches are unsatisfactory for sepa- 
rat ion etching of beam lead diodes since they attack 
gold beam leads. An etching solution is needed that:  
(i) rapidly etches GaP and results in a polished un -  
pitted surface; (ii) does riot attack dielectrics such 
as SiO2 or T i -Pd -Au  beam lead metalizations. 

Both (111) and (100) oriented GaP are used for 
diodes. There is a significant difference be tween  the 
{ l l l}  surface (Ga plane A-face) and the {111} (P 
plane B-face).  The outermost surface layer  of atoms 
consists of either Ga or P atoms which are tr iply 
bonded to the lattice. This leads to pronounced chemi- 
cal differences between the (111) or A-face and the 
(111) or B-face (4, 5). For the (100) oriented GaP, the 
{100} planes are made up of Ga and P atoms and 
therefore are chemically the same. 

During this study, it was found that  alkal ine ferr i -  
cyanide solutions in  certain concentrat ion ranges 
(KOH: 0.25-3.0M and K3Fe(CN)6: 0.50-1.00M) pol- 
ished all faces of GaP except the Ga-face (which 
developed a smooth "orange-peel" texture) ,  and did 

Key words: polishing GaP, masking GaP, alkaline ferricyanide 
etching, LED, separation etching. 
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not attack gold. Solution systems of this type have 
been previously used to mechanical ly  polish (6) or 
reveal  dislocations and stacking faults (7) in (111) GaP. 
Masking mater ia ls  such as SiO2 (silane deposited and 
sput tered) ,  Ti (evaporated and sput tered) ,  and Biwax 
were  evaluated  to determine  compatibi l i ty with alka-  
line ferr icyanide solutions. 

Experimental 
Both n - type  (selenium-doped)  and p- type  (zinc- 

doped) (111) and (100) or iented GaP slices were  used 
for this study. Before use, all mechanica l ly  polished 
mater ia l  was fur ther  polished using a solution of 0.5M 
KOH + 1.0M K3Fe(CN)6 at 95~ for 10 rain [the Ga-  
face of (111) mater ia l  was not so etched].  This chemi-  
cal polishing step removes  surface damage and abra-  
sive particles from the mechanical  polishing step. This 
results in less undercut t ing  of all the masking ma te -  
rials evaluated for select ive GaP etching (see Table I 
for a listing of masking mater ia ls ) .  For ty -e igh t  per 
cent fluoroboric acid (J. T. Baker  Chemicals) was used 
to remove  Ti meta l  masking material .  Ten to fifteen 
seconds in fluoroboric acid at room tempera tu re  dis- 
solved 1000-3000A Ti layer  wi th  no at tack of the GaP, 
dielectrics, or gold metall ization.  

Reagent  grade Fisher  Chemicals were  used to pre-  
pare  the etching solutions listed in Table II. All  solu- 
tions were  mainta ined at a constant t empera tu re  
using a Colora Model I NB Tempera tu re  Bath circu-  
lat ion through jacketed beakers. During this invest i -  
gation, the concentrations of K3Fe(CN)6 and KOH 
were  var ied  to optimize the etch rate  of GaP. Some 
of the concentrat ion ranges l isted in Table II  could 
only be achieved at tempera tures  greater  than 40~ 

Measurements  of the depth of etching were  made 
with  a cal ibrated microscope using a SiO2 mask as a 
reference point. The separat ion of individual  diodes 
from a large piece of mater ia l  is accomplished by a 
part ial  saw cut into the Ga face of n -GaP  (Fig. 3a), 

Table I. Masking material lifetime* 

M a s k i n g  m a t e r i a l  (111) n - G a P  (10(}) n - G a P  

S i l a n e  SiOr--5000Aa 0.5 h r  1.5 h r  
S p u t t e r e d  SiOr---6000Ab 0.8 h r  0.8 h r  
S p u t t e r e d  SiO~ w i t h  B i w a x  1.5 h r  >2 .0  h r  

s o l u t i o n  
Ti  1000A e v a p o r a t e d  1.0 h r  2.0 h r  
Ti  3000A s p u t t e r e d  >2 .0  h r  >2 .0  h r  
Ti  1000A e v a p o r a t e d  pho to -  2.0 h r  >2 .0  h r  

r e s i s t  c 
B i w a x  s o l u t i o n  d 1-2 h r  >2 .0  h r  

* 0.SM K O H  + 1.0M K ~ e ( C N ) 6  e t c h i n g  so lu t i on  a t  80~ w i t h  
s t i r r i n g  w h e r e  end  of l i f e t i m e  v a l u e  r e p r e s e n t s  b r e a k d o w n  of  ~ 2 5 %  
of  the  m a s k i n g  ma te r i a l .  

a SiO2 depos i t ed  in  a ho t  p la te  v e r t i c a l  r eac to r  a t  185~ w i t h  t he  
f o l l o w i n g  flow ra tes :  2400 c c / m i n  of 0.5% s i lane  in  N2, 800 c c / m i n  
of  N2, and  30 c c / m i n  of O2 w h e r e  d e p o s i t i o n  ra te  was  500 A / r a i n ,  

b LOW f r e q u e n c y  R F  s p u t t e r e d  w i t h  a f u s e d  q u a r t z  t a r g e t  (car r ied  
ou t  b e l o w  200~ 

e K M E R  (1:1) p h o t o r e s i s t  0.5~ th ick .  
50% b y  v o l u m e  B i w a x  No. B-6507 in  a so lu t i on  of  1:1 t o l u e n e :  

e t h a n o l  t h a t  is  b a k e d  ~/2 h r  in  80~ v a c u u m  oven.  

Table II. Etching of n-GaP 

E t c h i n g  so lu t i ons  

(111) n - G a P  
(Ga face) (100) n - G a P  

No No 
s t i r r i n g  S t i r r i n g  s t i r r i n g  S t i r r i n g  
(~ /h r )  (~ /h r )  (~ /hr )  (~ /h r )  

0.25M K O H  + 1.0M I ~ F e ( C N ) 6  
80~ 

0.50M K O H  + 1.0M I ~ F e ( C N ) s  
60~ 
80~ 
95~ 

1.0M K O H  + 1.0M K s F e ( C N ) .  
80~ 
9 S ~  

3M K O H  + 0.5M K3Fe(C'N)6 
80~ 

55 115 

50 102 
115 115 210 

(260~)* 235 

1 0 0  118 126 187 
225 210 175 262 

100 80 125 

* P face o f  ( I I I )  n - G a P .  

and chemical ly etching the remaining  GaP. Air  isola- 
tion of individual  diodes results (Fig. 3b). 

Results and Discussion 
K3Fe(CN)6 §  is an excel lent  etch for  n -GaP  

where  etch rates of 100-250 # / h r  can be obtained by 
adjus tment  of solution concentrat ion and tempera tu re  
(see Table II) .  Since p -GaP  was found to etch at the 
same rate as n-GaP,  n -GaP  was used more  extens ive ly  
because of availabili ty.  The P- face  of (111) GaP 
etched about two times faster  than the Ga-face  of the 
(111) mater ia l  [see Table II for etch ra te  of (111) 
P- face  at 95~ In this etching solution, GaP probably 
dissolves in the fol lowing manne r  

GaP + 4KOH + 3K~Fe(CN)6 
-> K[Ga(OH)4]  (8) + 3 I~Fe (CN )6  + P [1] 

where  P dissolves chemical ly  to PH3 and H3PO4 (9), 
being easily oxidized by K~Fe (CN)5. All  etching solu- 
tions studied were  of pH > 13. At these high pH values 
the gal l ium ion exists as GaO3 -3 where  compounds of 
gal l ium such as K[Ga(OH)4] ,  KGaO2-1~/2H20, and 
KGaO2 �9 H20 have  been isolated from KOH solutions, 
and four  or six coordinate species such as [Ga(OH)4] -  
or [ G a ( O H ) 4 ( H 2 0 ) 2 ] -  can form in solution (10, 11). 
These complexes are sparingly soluble (8) but  since 
large volumes of etching solution are used (100 ml) to 
dissolve small pieces of GaP (wt ( 0 . 1 g ) ,  no precipi-  
ta t ion of gal l ium complexes could be detected. 

The activation energy Ea calculated f rom the data 
in Table II for basic ferr icyanide s t i r red solutions was 
found to be ~10 kca l /mole  for the Ga-face  of (111) 
n -GaP  and ~6  kca l /mole  for (100) or iented n-GaP.  It 
was also found that  s t i rr ing the etching solution does 
not appreciably affect the etch rate  of the Ga-face  of 
(111) mater ia l  whi le  the etch rate  is increased by a 

factor of ,..,1.5 for (100) n -GaP  in s t i rred solution. 
From this one can conclude that  dissolution of the 
Ga-face  of ( l l l ) - G a P  is l imi ted by the rate of he te ro-  
geneous chemical reaction, and is independent  of dif-  
fusion processes. (100) n -GaP  dissolution is diffusion 
l imited which is to be expected for covalent ly  bonded 
substances (12). The bonding of gal l ium atoms to 
under ly ing  phosphorus atoms on the Ga-face  of the 
( l l l ) - s u r f a c e  has a s l ight ly ionic or metal l ic  na ture  
(4, 5, 13) which accounts for the higher  Ea value. 

Etching solution No. 2 [0.5M KOH + 1.0M 
K~Fe(CN) 6] was chosen as the best solution for selec- 
t ive ly  etching GaP. With this solution it is possible 
to dissolve the most GaP [4-9 m i l s / h r  on the Ga-face  
and up to 15 m i l s / h r  on P- face  of ( l l l ) - m a t e r i a l ,  and 
up to 10 mi l s /h r  on (100)-mater ia l ]  wi th  the least 
attack on the masking mater ia ls  l isted in Table I. The 
opt imum tempera tu re  is 80~C when  using unprotected 
SiO~ or 1000A Ti masking (see Table I).  With th icker  
Ti metal  layers or Biwax protected SIO2, h igher  t em-  
peratures  can be used wi thout  corrosion of the mask-  
ing layer  so that  a s l ightly faster  etch rate  of GaP can 
be obtained. In all cases, masking mater ia l  adheres 
bet ter  to (100) n -GaP  than to the Ga-face of (111) 
n-GaP.  

Af te r  part ial  saw cutting, chemical  etching is used 
to complete the air isolation of individual  diodes in the 
ma t r ix  ar ray  (see Fig. 3b). The gold metall ization,  
that  can be seen under  the GaP diodes in Fig. 3b, is 
not at tacked during this separat ion etching step. When 
th inner  GaP (2-5 mils) is used for diode fabrication, 
part ial  saw cutting could be e l iminated and selective 
shadow mask defined Ti used for a separat ion etching 
mask. Shadow mask defined Ti meta l  is a one step pro-  
cedure which el iminates photoresist  processing. The 
Ti meta l  can easily be r emoved  in 10-15 sec wi th  48% 
fluoroboric acid (with no at tack to the device s truc-  
ture) .  

Summary 
Alkal ine ferr icyanide solutions such as 0.5M K O H  + 

1.0M K3Fe(CN)6 are excel lent  etches for (100) and 
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Fig. 3. Separation etching with alkaline ferricyanide solution 

(111) oriented GaP diode processing because a fast 
rate can be obtained 4-9 mi l s /h r  (~100-200 ~m/hr) ,  a 
polished surface results on all faces (except the Ga- 
face), compatible masking materials  such as sputtered 
SiO2 and Ti are available (Ti can be shadow-mask de- 
fined), and no attack of the dielectrics or T i - P d - A u  
metal l izat ion of the device s t ructure  occurs. 
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Lithium-Ammonia Solutions 
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q 
ABSTRACT 

The self-decomposit ion react ion of concentrated solutions of l i th ium in 
ammonia  at atmospheric pressure was studied at various tempera tures  in 
polyethylene and in glass containers by observing the change in weight  of the 
solution. The reaction follows a f i rs t -order  rate  law and is apparent ly  he tero-  
geneous. An unusual ly  large, negat ive value for the act ivat ion entropy and a 
re la t ive ly  low act ivat ion energy is found for this reaction. Possible explana-  
tions for these results include the concepts that  the sotvated electron is in-  
vo lved  in the decomposition react ion and that  e lectron t ransfer  occurs by a 
tunnel ing mechanism. 

Lithium, like o ther  alkali  metals,  forms solutions 
with ammonia  which have very  unusual  properties.  
For  example,  a solution saturated with  l i thium in am-  
monia has a metallic,  b ronze- l ike  luster, an electr ical  
conduct ivi ty  approaching that  of metals, and the low-  
est density of any known l iquid (1-5). These concen- 
t ra ted  me ta l - ammonia  solutions are general ly  bel ieved 
to contain solvated meta l  ions and free or solvated 
electrons (2-9). The electronic propert ies  of the con- 
centrated solutions are similar  to those of l iquid metals  
(5). 

With the high energy theoret ical ly  avai lable from 
lithium, concentrated l i th ium solutions in ammonia, 
represented by Li(NH3)x, could be an electrochemical  
fuel  of exceptional  interest  for fuel  cells or batteries.  
The usefulness of such a fuel would  be l imited by the 
parasit ic decomposition react ion 

Li(NHa)x(1) ~ LiNH2(s) 

+ ( x -  1)NHa(g)  + lhH2(g) [1] 

which takes place in the liquid. Of pr ime interest  in 
this work  is the study of the self-decomposi t ion re -  
action in concentrated l i th ium solutions where  the 
equi l ibr ium vapor  pressure of NI-I3 is mainta ined at 
about 1 atm. 

Experimental 
Lith ium is capable of forming solutionS with  am-  

monia through exposure of the meta l  to dry ammonia  
gas at ambient  conditions of t empera tu re  and pres-  
sure (1). Both the format ion of the Concentrated l i th-  
i um-ammonia  solutions and the self-decomposi t ion re-  
action involve  large weight  changes which can be 
correla ted wi th  the reactions taking place. Metal l ic  
l i th ium was exposed to a s t ream of ammonia  gas at 
atmospheric pressure, and weight  vs. t ime was re -  
corded by using a specially modified du Pont 950 the r -  
mograv imet r ic  analyzer.  By means of an electronic 

* Electrochemical  Soc ie ty  Act ive  Member .  
I Presen t  address: D e p a r t m e n t  of  C h e m i s t r y ,  M i d d l e  T e n n e s s e e  

State Univers i ty ,  Murfreesboro,  Tennessee  37130. 
= Present  address:  Chemistry  Laboratory,  Mare I s l a n d  N a v a l  S h i p -  

yard ,  Va l le jo ,  Ca l i fo rn i a  94592. 
Key  words:  acUvation entropy,  fuel ,  so lvated electron.  

adapter  (consisting of a power  supply and op-amp fol-  
lower) ,  the output  of the electrobalance was recorded 
on a Honeywel l  10 in. strip chart  recorder.  Weights 
of greater  precision were  obtained f rom a digital  vo l t -  
mete r  and were  manual ly  recorded on the chart  at 
various times. F igure  1 shows detailed views of parts 
of the apparatus and a flow diagram for the complete 
system. The l i th ium was contained in a special sample 
boat constructed ent i re ly  of polyethylene  wi th  baffles 
to prevent  loss of mater ia l  by effervescence during the 
reactions. The ammonia  gas, af ter  passing over  the 
boat, was vented  through an oil bubbler  to the a tmo-  
sphere. The flow rate  used was approximate ly  80 m l /  
min. The thermostat  jacket  was supplied wi th  circulat-  
ing fluid by an ex te rna l  constant t empera tu re  bath  to 
mainta in  accurate t empera tu re  control wi th in  the Py -  
rex  furnace tube containing the sample boat. 

Addit ional  studies of the decomposit ion react ion of 
l i t h ium-ammonia  solutions were  made in 5 ml  soft 
glass vials modified with  baffles consisting of several  
indentions on the sides. The vials were  soaked over -  
night in warm, concentrated nitric acid, r insed well  
wi th  distilled wate r  and acetone, and then  taken inside 
an iner t  a tmosphere  dry box where  a known weight  
of l i thium was added to each. The vials were  then 
placed in a wide mouth  stainless steel bomb which 
was sealed, r emoved  from t h e  dry box to a constant 
t empera tu re  bath, and connected to a vacuum line. 
Af te r  evacuat ing the bomb, ammonia  gas was admit ted 
through the vacuum line to form the me ta l - ammonia  
solution. The pressure inside the bomb was mainta ined 
at about 1-3 atm by f requent  vent ing of excess gas. 
Later  the decomposition react ion was in ter rupted  by 
again using the vacuum line to remove  the ammonia  
and hydrogen present. The bomb containing the vials 
was taken back into the dry box, opened, and the 
weight  of the contents, Li + LiNH2, in each vial  was 
determined.  Using the known weight  of Li added ini-  
tially, the extent  of the react ion in each vial  could then 
be calculated. 

In a th i rd  experiment ,  th ree  larger  glass vials (30 
ml) wi th  known weights  of l i th ium were  placed inside 
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a glass vacuum system and exposed to flowing am-  
monia  gas vented through an oil bubbler .  This ar-  
rangement  permit ted visual observation of the changes 
occurring. Upon admit t ing ammonia  gas at atmospheric 
pressure, the bronze l i th ium-ammonia  solution forms 
readily at 25~ usual ly  being completely formed 
wi th in  1 or 2 hr. 

Results and Discussion 
A relat ively large and rapid weight increase is ob-  

served as the bronze-colored, l i th ium-ammonia  solu- 
t ion forms according to the reaction 

Li(s)  + xNHs(g) ~, Li(NH3)=(1) [2] 

where  x is about 4 for saturated l i thium solutions in  
ammonia at atmospheric pressure (3, 10). A much 
more gradual  loss of weight is observed as the self- 
decomposition reaction occurs (reaction [1]), and the 
gaseous products of NH3 and H2 are swept out of the 
system leaving only unsolvated LiNH2. Although the 
decomposition reaction of alkali metals in  l iquid am-  
monia  is reversible (11, 12), the continuous removal of 
hydrogen by the flowing ammonia gas in this open 
system ensures that the reaction goes to completion. 

At an instant  the weight, W, is given by  

W : nlMt + n2M2 + n3Mz [3] 

where nl, n2, n3, and M1, Me, M8 represent  the n u m b e r  
of moles and molecular  weights of Li, Li(NH3)x, and 
LiNH2, respectively. Here Li(NH3)x represents  the 
bronze-colored, concentrated l i th ium-ammonia  solu- 
tion. After  the first few hours required for complete 
formation of Li(NH~)x, nt  = 0 and 

W : n2M2 + (n -- n2)M3 [4] 

where n represents the number  of moles of l i thium 
ini t ial ly present. The rate of change of W is then given 

by 
dW dn~ 

= (Ms -- Ms) [5] 
dt dt 

Assuming that reaction [1] obeys a first-order rate law 
with respect to the amount  of Li(NH~)x present, then 

dn2 kn2 = - -k  " - ~ " ' - ' ~  [6] 

where Eq. [4] was used to obtain the last expression. 
Subst i tut ing Eq. [6] into Eq. [5] and integrat ing gives 

- - k t  
log (W -- W~) : - - -  + constant [7] 

2.303 

where W= : nM~ and represents the weight when  all 
the l i th ium has been converted into LiNH2. This first- 
order rate law can also be expressed in terms of the 
volume of the Li(NH3)x solution since this volume is 
directly proportional to the amount  present. 

The test of assumption of first-order kinetics which 
leads to Eq. [7] is shown in Fig. 2 for experiments  in  
the polyethylene sample boat at 0 ~ and 50~ Two 
l inear  segments are observed in each exper iment  sug- 
gesting that the self-decomposition reaction is indeed 
first-order and that  a change to a slower rate later  
occurs. Similar  results were observed by  Jackman 
and Keenan  in dilute l i th ium-ammonia  solutions using 
a spectrophotometer to follow the reaction (13, 14). 
They report  two linear, f irst-order segments and that 
the change to the slower rate occurs at about the t ime 
LiNH2 begins to precipitate on the walls of the reaction 
vessel. In  fact, the decomposition reactions of all alkali 
meta l -ammonia  solutions seem to take place at the 
cell walls since the homogeneous reaction is apparent ly  
immeasurably  slow (13, 14). The observed l inear i ty  
in Fig. 2 may simply reflect that the rate is propor-  
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Fig. 2. First-order plot for the decomposition of lithium-ammonia 
solutions at 0 ~ and 50~ Initial weights of lithium were 1.72 and 
1.48 rag, respectively. 

t ional to the surface area of the cell walls in contact 
wi th  the solution since this surface area would l ike ly  
be proport ional  to the amount  of Li(NH3)~ present.  

Eventual ly ,  as the self-decomposi t ion react ion nears 
completion, the exper imenta l  sample weight  should 
approach the weight  calculated for complete conver-  
sion of the sample to unsolvated LiNH2. Al though 
several  long durat ion exper iments  gave approximate  
agreement  wi th  the calculated weight  of LiNH2, com- 
plex processes which tend to occur in late stages of the 
reaction made it difficult to ver i fy  this result  accu- 
rately. Growth  of solid LiNH2 in a branching, t r ee - l ike  
fashion was often observed late in the decomposition 
reaction. F requen t ly  the LiNH2 "t ree"  would grow 
right out of the tube of the sample boat forcing discon- 
t inuat ion of the exper iment  due to loss of material .  
Occasionally, a shift of the bronze solution to new sur-  
faces free of LiNH2 was observed which produced a 
percept ible  increase in the rate  of self-decomposit ion.  
When any such complex processes occurred, the data 
was not used to calculate any kinetic parameters.  For -  
tunately,  the reactions were  usual ly we l l -behaved  for 
at least the first half-l ife.  

Fur the r  exper iments  were  conducted at 50~ where  
small  amounts of LiI, a typical  e lectrolyte  readi ly  solu- 
ble in l iquid ammonia, were  in tent ional ly  added to the 
react ion mixture.  No large change was observed in the 
rate of the self-decomposit ion react ion during the 
ear ly  stages of the reaction. In fact, a slight decrease 
in rate was detected in the presence of the LiI. This 
result  is significant for any use of l i th ium in ammonia  
in fuel  cells or batteries where  there  is contact of this 
fuel  wi th  the electrolyte.  

For  the exper iments  in the glass vials, the extent  of 
the self-decomposi t ion react ion can be de termined  by 
the relat ionship 

W -- Wo % weight  increase 
- -  - -  [ 8 ]  

W= -- Wo 231% 

where  a represents  the fract ion reacted, W is the 
weight  of Li and LiNH2 present af ter  pull ing off the 
ammonia,  Wo is the init ial  weight  of l i th ium added to 
the vial, and W~ is the weight  when  all l i thium is con- 
ver ted  into LiNH2. 

Table I presents the kinetic data for the se l f -decom- 
position reaction in the three  different react ion vessels. 

Table I. Kinetic data for the reaction Li(NHs)x(I) ~ LiNH~(s) 
-~ ( x -  1) NH~(g) ~ ~H2(g)  

during the first half-life. 

Temp,  Rate con- Standard  
~ stant, sec-Z deviat ion Reaction v e s s e l  

25.0 1.1 • 10 -6 •  • 10 4 5 ml  glass vials 
25 -+" 1 0.9 x 10 --e • x 10 -6 30 ml  glass vials 

0.0 0.97 x 10 --a About  • 5% Polyethylene boat 
50.0 6.2 • 10 -6 About  • 5% Polyethylene boat 

Thir teen  exper iments  in the small  glass vials wi th  ini-  
t ial  weights of l i thium ranging from 18 to 159 mg es- 
tablished that  the fraction reacted af ter  117 hr  is inde-  
pendent  of the init ial  amount  present.  This resul t  sup- 
ports a f i rs t -order  rate  law. Running the exper iments  
for longer  t imes in the glass vials indicated also that  
a change to a s lower rate  la ter  occurs. The "Student  t" 
statistical test indicates that  the average ra te  constants 
for the large and small  glass vials differ significantly 
at the 90% confidence level. The sl ightly la rger  rate  
constant for the small vials may  reflect a somewhat  
la rger  ratio of surface area per  unit  vo lume for the 
smaller  vials. However ,  exper imenta l  conditions also 
differed somewhat  for these two measurements .  The 
rate constants for the react ion in the polyethylene  
container  were  calculated from the data in Fig. 2 by 
using the method of least squares to determine the 
slopes of the l inear  regions. Other  measurements  in 
the polyethylene  container established that  these re-  
sults are reproducible  wi th  a s tandard er ror  of about 
•  Surface effects are again indicated by the fact 
that  the reaction is faster in the polyethylene  con- 
tainers than in the glass containers. 

From the Arrhenius  equat ion and the Eyring equa-  
tion 

k T  4= 
k r  : A e  - E . / R T  = - - .  e a s  /R . e - a l l  / R T  [ 9 ]  

h 

values for E~, AS+, ~H=~, and ~G+ can be determined 
from the exper imenta l  rate constant, kr, de te rmined  at 
two different tempera tures  assuming a transmission 
coefficient of uni ty  (15, 16). Using the exper imenta l  
rate  constants at 0 ~ and 50~ given in Table I for the 
polyethylene container, an unusual ly  large, negat ive  
value is calculated for the act ivat ion entropy, hS+ 
(--65 cal deg -1 m o l e - l ) ,  for this react ion while  the 
act ivat ion energy, Ea, is re la t ive ly  low (6 kca l /mole ) .  
The probable error  is +__0.5 kca l /mole  for E a  and •  
cal deg -~ mole -1 for ~S:~. In terms of the Arrhenius  
equation, k r  = 15.3 • 10 - 2  s e c  - 1  e -6500/1"987T during 
the ear l ier  stages of the react ion and changes to kr = 
1.9 • 10 -2 sec -1 e -59~176 during the la ter  stages. 
The rare reactions wi th  such s t r ikingly small  f requency 
factors show some tendency to be heterogeneous re-  
actions wi th  sensi t ivi ty to the react ion-vessel  surface 
(17). As in electrochemical  kinetics, the kinetic pa-  
rameters  can still be de termined  for heterogeneous 
reactions wheneve r  surface conditions are constant. 
The eventual  precipi tat ion of LiNH2 on the walls of 
the reaction vessel, which changes the surface, pro-  
duces slight changes in the kinetic parameters .  

Exper iments  in wa te r - ammonia  mixtures  indicate 
that  the rate  of the solvated electron react ion is con- 
t rol led main ly  by the entropy of act ivat ion which 
l ikely  decreases to large negat ive values as the am- 
monia content increases (18). Lepoutre  e t  al .  (19-21) 
have shown that  the absolute entropy of the ammoni-  
ated electron is abnormal ly  high. Their  in terpre ta t ion 
is that  the electron breaks the hydrogen-bonded  struc- 
ture  of ammonia  in order  to become "ammoniated."  
During the self-decomposi t ion reaction, the electron 
loses its high entropy as the loose solvent  s t ructure  
collapses and hydrogen bonds reappear  in the acti-  
vated complex. 

The fact that  reaction [1] involves the t ransfer  of 
an electron to a surrounding ammonia  molecule  sug- 
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gests that  quan tum-mechan ica l  tunne l ing  through the 
potent ia l -energy barr ier  is possibly an impor tant  fac- 
tor in this reaction. A tunne l ing  mechanism would 
account for the first-order rate law observed. Anbar  
(22) suggests that the low, near ly  constant values of 
activation energies found for reactions involving sol- 
vated electrons is due to an e lec t ron- tunnel ing  mech-  
anism, and that ,the different rates observed are due to 
different probabilit ies for this tunnel ing.  Eyring (23) 
and Laider (24) indicate that  e lect ron- t ransfer  reac- 
tions occurring by a tunne l ing  mechanism will be 
characterized by apparent  negative entropies of activa- 
t ion if the energy of activation is low. As the tunne l ing  
distance increases, the apparent  entropy of activation 
becomes more negative. It is reasonable that for the 
unusua l ly  low density l i t h ium-ammonia  solution, the 
tunne l ing  distance would be relat ively large. The ab-  
normal ly  small f requency factor found for this decom- 
position reaction is predicted for reactions where there 
is tunne l ing  (25). Perhaps the observed surface effects 
on the reaction rate result  from a favored tendency by 
adsorbed NH~ to accommodate the tunne l ing  electron. 
Jackman and Keenan  propose that an ammonia  mole-  
cule bound to a surface acid group is more open to 
attack by a solvated electron (14). The eventual  pre-  
cipitation of the Lewis base, LiNH2, would tend to 
neutral ize surface acid groups, thus causing a decrease 
in  the rate. 

The electrochemical oxidation reaction of concen- 
t ra ted l i th ium solutions in  l iquid ammonia  can be 
represented as 

Li(NH3)x(1) ~ Li + + xNH3(g) -t- e -  [10] 

where the electrons produced enter  the electrode. The 
potent ia l -energy barr iers  for both reactions [1] and 
[10] are probably similar since both involve destruc- 
t ion of the unusual  electronic s t ructure  of Li(NH3)x 
and incorporation of the electron into another  sub-  
stance. Therefore, a large Gibbs f ree-energy of activa- 
tion, • result ing from a large, negative entropy of 
activation, ~S+, can also be expected for reaction [10]. 
Studies of the electrode reaction of solvated electrons 
in hexamethylphosphoric t r iamide support  this con- 
clusion (26). The heat of activation is much too small 
(4.2 kcal /mole)  for the observed rate constant, and a 
large and negative ent ropy of activation is postulated. 
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APPENDIX 
The Franck-Condon  principle implies that  tunne l ing  

cannot occur unt i l  the s tructure of the Li(NH3)x sys- 
tem is modified in  such a way that t ransfer  of the elec- 
tron leaves the total energy unchanged. The rate will 
be determined by  a compromise between the tunne l ing  
probabili ty,  W, and the free energy of rea r rangement  
(23), AG~r, hence 

k T  . e _ A G ~ r / R  T k- : . '  "W 
h 

kT 
~ " " W �9 e - - A S ~  r /R  �9 e - - " H ~ r / R T  

h 

[A-1] 

The subscripts r and t will  be used to indicate contri-  
but ions due to rear rangement  and tunnel ing,  respec- 

tively. Comparing this equat ion with Eq. [9] above 
gives 

AH:%x, : AH*r Q- AHS=t --~ ~H-~r [A-2] 

s i n c e  2 H S t  : 0, hence an exper imental  heat of activa- 
tion reflecting only the rear rangement  energy would 
account for the low activation energies observed in 
reactions involving tunnel ing.  Fur thermore  

A S S e x  D : A S * r  "~- h S * t  ---~ A S * r  -~ R In W [A-3] 

For a rectangular  energy barr ie r  of height E -- Eo 

4ha 
hS*t --~ Rln  W = -- R - -  [2m(E -- Eo)] 1/2 [A-4] 

h 

The actual height of the energy barr ie r  involved must  
be greater than  AG*e• otherwise the rate due to 
crossing over the bar r ie r  would exceed the rate due to 
tunnel ing.  Taking a lower l imit  of 

E - -  E o  ~ A G * e x u  : 24 kcal /mole  

and using the separation be tween  electron cavities 
(5) to estimate a ~ 8A gives a value of 

• ~ -- 17 cal/deg mole [A-5] 

More negative values for •  would result  if larger 
estimates of E -- Eo were used. Despite the approxima- 
tions used, this result  indicates that  a tunne l ing  mech- 
anism could contr ibute  significantly to the experi-  
menta l  aS*. Assuming that the reacting electron loses 
its high entropy in  the s tructure rea r rangement  (20, 
21) 

h S * r  ~ -  - -  S % ,  am ~ - -  3 0  cal/deg mole 

H e n c e  A S 4  r might also contr ibute significantly to the 
large, negative entropy of activation observed experi-  
mental ly.  
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ABSTRACT 

An invest igat ion has been made of the effect of l ignin  and BaSO4 on the 
capacity and life of the negative plate. BaSO~ alone, l ignin  alone, and com- 
binat ions of the two improved cycle life. Of the combinations tested, 0.5% 
BaSO4 and L0% l ignin  gave the greatest improvement  on SAE cycle life 
tests. Lignin  alone was as effective as the l ignin-BaSO4 combinat ion in  high-  
rate, low- tempera ture  discharges. Lignin  decreased the diameter  Of the lead 
particles and passivated portions of the lead surface, so that  lead sulfate crys- 
tal growth was away from the surface, leaving considerable open space in  
the mass of crystals at the end of discharge. Without l ignin  the lead particles 
were larger, more closely spaced, and lead sulfate grew solidly along the lead 
surfaces, so that there was little void space at the end of charge. Microscopic 
examinat ion  showed nothing to explain the beneficial effect of BaSO4. 

T h e  effect of l ignin  and its derivatives on the per-  
formance of the negative plate, specifically under  the 
conditions of low- tempera ture  and high-discharge 
rate, has been reported by a n u m b e r  of investigators 
(1-6). This work has been recent ly reviewed (7). 
Despite these investigations, however, there is still 
considerable uncer ta in ty  about the exact funct ion of 
an organic expander, such as lignin, and a question as 
to why it should funct ion better  in the company of an 
inorganic material  such as BaSO4. 

Several  years ago, a cooperative investigation was 
under taken  by Globe Union, Incorporated and the 
Naval Research Laboratory in an at tempt to elucidate 
the function of the negative plate additives. More re-  
cent]y, the In terna t ional  Lead Zinc Research Organi-  
zation has supported this project, among others, by 
main ta in ing  a Research Associate at the Naval Re- 
search Laboratory. 

As a result  of this cooperative effort, it has been 
found that  when  l ignin  is present  in the paste, it 
modifies the structure of the lead crystals that  grow 
dur ing the formation process. The modifying action 
produces crystals of smaller  diameter  with larger sur-  
face area and a more porous structure. BaSO4, on the 
other hand, had no appreciable effect on the growth 
of the lead crystals dur ing the formation process (1). 

The present  paper reports on fur ther  investigations 
made to determine the funct ion of l ignin  and BaSO4 
dur ing low-temperature ,  h igh-ra te  discharge of the 
cell, and their  effect on the SAE cycle life and negative 
electrode morphology. 

Experimental Method 
It was decided that  n ine  different active mater ia l  

compositions would be adequate to study the effect of 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  e x p a n d e r ,  add i t ives ,  l ead  e lec trode ,  l ead  m o r p h o l o g y ,  

l i g n tn ,  BaSOt ,  PbSO~. 

l ignin  alone, BaSO4 alone, and practical combinations 
of the two. The amount  of l ign in  or BaSO4 used in the 
nine pastes are shown in Table I. The BaSO4 had a 
mean  particle size of 5.2 ~m. The l ignin used in the 
experiments  was sodium lignosulfonate, marketed 
under  the trade name of Maracell E bY the Marathon 
Paper  Company. 

With the exception of the different amounts  of 
l ignin  and BaSO4, the paste mixes were as identical 
to one another  in preparat ion and composition as could 
be managed. All  pastes were very near ly  of the same 
weight and paste density, and every step in the prep-  
aration, from mixing to formation, was carefully con- 
trolled to el iminate as many  extraneous variables as 
possible. The negatives so prepared were matched 
with production type posi t ive  plates and then  as- 
sembled. When assembled, each cell contained 5 neg- 
atives and 4 positives. The nominal  capacity of the 
batteries used was 50 A-hr.  In  the various phases of 
the investigation the samples used for analysis, micro- 
scopic examination,  and other tests were taken from 
the center of the negative group. The two end plates 
were always discarded. 

A series of plates was placed on cycling life test, 
using the procedure outl ined in  SAE specification 

Table I. Amounts of additives used in the experimental plates 

BaSO~ Ltgntn  
Mix No. (%) (%) 

1 n o n e  n o n e  
2 n o n e  0.5 
3 n o n e  1.0 
4 0.5 n o n e  
5 0.5 0.5 
6 0.5 1.0 
7 1.0 n o n e  
8 1.0 0.5 
9 1.0 1.0 
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Fig. I. Comparison of cycle life obtained by the use of various 
additive combinations. Termination of the bars represent the end 
of cycle life. 

J537d. Using this procedure,  there  were  27 cycles per 
week, and low tempera tu re  (-17.8~ 150A dis- 
charges were  made ini t ia l ly  and at the 54th and 135th 
cycles. Sufficient cells were  included in the series so 
that  representa t ive  samples of the plates were  avai l -  
able at the end of life, at the end of low- tempera tu re  
discharge, and at the end of the recharge  that  fol lowed 
the low- tempera tu re  discharge. 

Since cycling itself had an effect on the micro-  
s t ruc ture  of the lead crystals, a series was also run 
where  a low-tempera ture ,  h igh-ra te  discharge fol- 
lowed only 5 SAE discharge-charge cycles. 

Each of these series involved the use of cells con- 
taining the nine different paste compositions shown in 
Table I, and enough cells were  constructed to insure 
samples for removal  at the various designated points 
during the cell tests. In addition, individual  cells of 
the series were  run  through duplicate testing when  the 
first results seemed ambiguous. 

Samples of each of the series were  removed at the 
points indicated above and were  impregnated  with  
plastic, 1 polished, and examined by microscopy. 

Results of Experiment and Examination 
E~ects  noted in the SAE liSe cycle t e s t . - -As  shown 

in Fig. 1, BaSO4 alone produced a considerable in-  
crease in cycle life wi th  each 0.5% addition. Lignin 
alone produced a more marked  effect with the first 
0.5% addit ion than did the BaSO4, but  the contrast  
be tween the 0.5 and the 1.0% addition was much less 
than for BaSO4. Also evident  was the fact that BaSO4 
and lignin were  more effective in increasing life when 
used together,  a l though this effectiveness decreased 
when  too much BaSO4 was used. The addition of 1.0% 
lignin was in all cases more effective than 0.5%. Since 
the bat tery  industry uses between 0.1 and 0.5% lignin 
in its negat ive  plates, the use of 1.0% lignin seemed 
high when planning this investigation. It now ap- 
pears that  even higher  amounts might  have proven to 
be beneficial. 

Al though lignin was found to increase cycle life 
in SAE tests, when  discharge was at the 20 hr  rate 
(Table II) ,  nei ther  l ignin nor  BaSO4 caused any 
appreciable increase in initial capacity, ei ther before 
or af ter  a 150A discharge. 

Microscopic examinat ion of the cycled plates, in the 
charged state, revea led  that  the lead crystals were  
influenced by the l ignin in the same manner  as they 
had been in the formation process. The lead dendri tes 
in plates containing l ignin were  much smaller  with 

1 V a c u u m  impregnation of dried plate w i t h  ca ta lyzed p o l y e s t e r  
res in ,  Gr-28V,  obtainable from W. R. Grace  C o m p a n y ,  Marco  C h e m -  
ical Division,  Linden, New J e r s e y  07036. 

Table II. Comparison of discharges at the 20 hr rate 

Initial discharge After  cold test  
Mix No. (A-hr )  (A-hr )  

1 60.9 57.5 
2 59.3 58.3 
3 59.8 58.7 
4 60.2 58.6 
S 58.9 58.3 
6 58.7 58,3 
7 58.9 55.9 
8 59.5 58.9 
8 59.5 58.9 

individual  branches of smaller  diameter  than  were  
those seen in the plates wi thout  lignin. Repeated 
cycling tended to destroy this effect, as the size of the 
lead particles increased with  the amount  of cycling. 
However ,  even in this case, the particles remained 
smaller  in the plates containing l ignin than in those 
wi th  no additives. There  was a general  tendency for  
the lead particles to increase in size and to become 
roughly spherical as the cycling continued. One effect 
of the l ignin was to re tard  this lead part icle size 
increase. 

The l ignin-f ree  plates showed many needle- l ike  
dendrit ic arms growing in paral le l  a r rangement  and 
extending for considerable distance. These growing 
needles extended in such a manner  as to form long 
and quite narrow channels be tween  the individual  
branches. Since this type of s t ructure  seemed to be 
near ly  absent f rom the l ignin-containing plates, and 
since in this case the small particles showed l i t t le  
relat ion to one another,  another  apparent  function of 
the l ignin is to restr ict  the extent  of growth of den-  
dritic arms in the individual  crystals, during the con- 
version of PbSO4 to Pb. 

The above description refers to the s t ructural  effect 
that  l ignin produced on the lead dendrites which ap- 
peared in the charged plates. The effect of l ignin on 
the s tructure of the PbSO4 crystals formed during 
discharge was somewhat  more difficult to observe 
clearly with the optical microscope. The PbSO4 crys- 
tals grew close together,  so that  individual  outlines 
were  difficult to separate  f rom the group. In addition, 
the cross sections of the crystals, as seen in the 
polished sections, bore li t t le relat ion to their  actual 
three-d imensional  shapes, so that  comparisons, based 
on these cross sections, left  a considerable amount  to 
the imagination. Certain facts were  evident, however .  

Cycled plates, of similar capacity, discharged at the 
20 hr  rate, showed PbSO4 crystals grouped around the 
lead particles, evident ly  of about the same amount, 
size, and shape, whe ther  or not the plates contained 
lignin. There was a marked difference, however ,  in the 
manner  in which the PbSO4 crystals were  arranged. 
Those PbSO4 crystals in the l ign in- f ree  plates were  
t ight ly grouped close to the surface of the lead 
dendri tes in a continuous layer  (Fig. 2). Those PbSO4 
crystals in the l ignin-containing plates were  much 
more  loosely at tached and extended fur ther  f rom the 
surface (Fig. 3). 

Since the charged, I ignin-f ree  plates had dendritic 
lead crystals of large diameter,  and since these tended 
to form paral lel  and closely spaced dendrit ic branches, 
the growth of the PbSO4 during discharge acted to 
block the result ing channels as well  as to leave a 
large amount  of unreacted lead at the core of the 
particles. In the l ignin-conta ining plates, on the other  
hand, the lead particles were  smaller  and the PbSO4 
crystals were  more openly spaced and tess unreacted 
lead was left  at the core of the particles. Under  the 
condition of discharge at the 20 hr  rate  it seemed that  
passivation was more dependent  upon a sufficient 
diameter  being present  in the lead part icle so that  a 
PbSO4 layer  of sufficient thickness could be buil t  up to 
cause passivation to occur before all the lead was 
utilized, ra ther  than upon the format ion of PbSO4 
crystals of a par t icular  small size. 

The so-called expansion of the plates was another  
no tewor thy  effect of SAE cycling that  could be at-  
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Fig. 2. Appearance of a negative that failed at 19 cycles, had no 
additives, and is shown in the discharged condition. Note the large 
amount of lead (bright particles). The PbSO~ (light gray) is close 
packed around the lead surfaces and there is relatively little void 
space (dark gray) shown. Original magnification 1000X.  

Fig. 4. The appearance of a cross section of a negative plate 
containing no lignln but 0.5% BaSO4 after 27 cycles. Compare 
thickness of plate with that of Fig. 5. Magnification 17X .  Plate 
is charged. 

Fil. 3. Appearance of a negative plate containing 0.5% 8aSO4 
and 1.0% lignln, that has not yet failed but is shown discharged at 
27 cycles. Note the large void spaces (dark gray), the small amount 
of lead (bright particles), and the relatively ungrouped spacing of 
the PbSO4 crystals (light gray). Original magnification 1000•  

t r ibuted to l ignin and which was evident  on a macro-  
scale. Those plates which were l ignin-free  main-  
tained practically the same thickness and density 
throughout  their  cycle life (Fig. 4). No large voids 
were formed, and the size and spacing of the dendrites 
seemed to remain  constant, or near ly  so. The plates 
containing BaSO4 expanded only slightly during cycle 
life. They showed a few small voids and there was a 
very slight increase in the separation between par-  
ticles at the end of life. 

The l ignin-conta in ing  plates behave quite differently. 
During their life there was a remarkable  increase in 
the thickness of the plate, the interiors became filled 
with large and interconnected voids, and the par-  
ticles themselves became more separated (Fig. 5). 
The increase in thickness and the decrease in  densi ty 
were gradual. At 5 cycles hardly any  change could be 
detected from the appearance that was shown by the 
freshly formed plates, but  the difference became more 
marked with increasing cycling. Low-magnification 
examinat ion  of the surface of the l ignin-conta in ing  
plates revealed m a n y  volcano-like, cone-shaped open- 
ings, with raised rims and an accumulat ion of par -  
ticles around them. This was not found in the l ignin-  
free plates. Cross sections showed such openings at 
the surface were connected with the in terna l  large 

Fig. 5. The appearance of a cross section from a negative plate 
containing 0.5% BaSO4 and 1.0% lignin, after 27 cycles. Note the 
wide cross section and the numerous large voids. Magnification is 
1 7 •  Plate is charged. 

voids. The appearance left no doubt that  these large 
voids were the result  of gas action, and that  the same 
process had caused the voids that  were present  
throughout  the plates. 

Since the observation has been made repeatedly that 
additives increase both the cell potential  and the 
overvoltage at the negative electrode, it was hard to 
explain why the gassing should be greater  on the 
plates containing lignin. Careful  examinat ion  of the 
plates led to the conclusion that  the small  size and 
open-spaced s t ructure  of the dendrites in  the plates 
wi th  l ignin  made them s t ructura l ly  weaker  than  the 
large diameter  branches of the plates without  lignin. 
For this reason the surface tension effects produced by  
the formation of large bubbles  l i teral ly blasted the 
l ignin-contain~ng plates apart, while an equivalent  
amount  of gassing was without  effect on the l ignin-f ree  
plates. 

In  SAE cycle tests, such as were run  here, the nega-  
tive is not usual ly  expected to l imit  the reaction. It  
is obvious from Fig. 1, however, that  the cycle life test 
results were, in fact, influenced by whether  or not  the 
negative contained lignin. The te rminat ion  of life for 
a given cell is determined by the loss of a definite 
proport ion of its ini t ial  capacity. It  is evident  from 
Table II that the presence or absence of l ignin or 
BaSO4 did not ini t ia l ly affect the capacity of these 
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cells, so that it is logical to th ink that  the effect on 
capacity must  have been from something that  oc- 
curred dur ing the continued cycling. The most evident  
effect of the l ignin was to l imit  the growth of the lead 
dendrites that were formed during charge. In order 
for the lead sulfate film, formed dur ing the discharge, 
to become passivating, it must  build up to a definite 
thickness, produced at the expense of the unde r -  
lying lead. If the diameter  of the lead particle is small  
enough, complete reaction can take place before a film 
of sufficient thickness can build up. Conversely, too  
large a particle will form a passivating film before 
the original lead is all converted to lead sulfate and 
this condition reduces the available capacity. It is 
precisely this condition that the l ignin prevents  by 
l imit ing the diameter  of the lead particles. 

A secondary effect of the l ignin is to l imit  the 
normal ly  extensive growth of individual  crystals. This 
extensive growth f requent ly  produces para l le l -grow- 
ing dendrit ic filaments that  in tu rn  produce long, 
narrow, or complex channels in the active material.  
Such channels are undoubtedly  easily clogged with 
growing PbSO4 crystals, thus render ing portions of the 
active mater ial  relat ively inactive. 

A third effect may involve a change in the mode of 
crystal growth, since the observation was made re-  
peatedly that the lead sulfate crystals were less densely 
packed and extended from the surface of the lead 
particle when  l ignin was present  in the plate. 

It  is evident  that  the so-called expander  action is of 
little value, since the least expansion of the plate 
occurs at the beginning,  when  the capacity is the 
greatest. When the expansion is the greatest, the 
capacity has dropped to a very low value. 

In SAE cycling, the most important  funct ion of the 
l ignin appears to be the regulat ion of the size of the 
lead dendrit ic crystals. 

E~ects noted in the low-temperature, high-rate 
discharges.--The results of the --17.8~ temperature,  
150A discharges are shown in Fig. 6 as obtained 
initially, and after 5, 54, and 135 cycles. The graph 
represents the averages of several results. It  can be 
seen that additions of BaSO4 resulted in only slight 
improvement  in capacity, whereas l ignin  produced a 
considerable increase in capacity over that obtained in 
its absence. However, a combination of l ignin and 
BaSO4 produced l i t t le  if any, improvement  over the 
use of l ignin  alone. 

Microscopic examinat ion revealed no PbSO4 crystals 
around the lead dendrites in the plates which con- 
tained no additives, except for an occasional large 
crystal that  was probably an unconver ted remainder  
from a previous discharge at the normal  rate. Exami-  
nat ion with polarized light is usually ext remely  effec- 
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Fig. 6. Relative times of discharge at --18.8~ and the 150A 
rate, with and without the use of additives. Shows the effect of 
additives on high-rate discharge at the beginning of cycle life and 
after 5, 54, and 135 cycles. 

t ive in detecting films of any sort, because of the l ight 
scattering caused by the latter, but it was ineffective 
in this case. In  the plates containing lignin, lead 
sulfate crystals were found present in sufficient a- 
bundance to account for the capacity obtained (at the 
best, about one fifth of that  obtained at the 20 hr 
rate) .  In those plates containing no additives or only 
BaSO4 as an additive, the amount  of PbSO4 would be 
about 3-5g per 100g of lead. Considering the large 
surface area of lead in the negative plate, it is not 
surpris ing that this amount  could not be detected 
with the optical microscope. 

The self-passivation of the lead electrode is a well-  
known phenomena that  has been studied by a number  
of investigators (8-11), and it is very l ikely that  all 
charged lead electrodes become covered with a layer  
of lead sulfate crystals as soon as the charging current  
is removed. After any prolonged stand the number  of 
such crystals would increase rapidly. None of these, 
of course, have been seen with the optical microscope. 
Kabonov and co-workers (4) showed that  lead sulfate 
crystals of about 400-500Jk in size formed on pure 
lead sheet in the absence of additives. Pavlov and 
Popova ( l l )  report  that  on lead without  additives, the 
effective thickness of the layer which causes passiva- 
t ion was between 800 and 5000A. Both of these 
investigations revealed the presence of individual  
crystals, with open spaces in between. 

According to Pavlov and Popova ( i i )  the growth 
of PbSO4 crystals leads to a decrease of the free lead 
surface, br inging an increase in current  density at 
those points. When the Pb +2 ions formed exceed the 
flux of the SO4 -2 ions flowing toward the lead surface, 
the solution at the active metal  surface becomes alka-  
l ine in order to remain  electroneutral .  With the in-  
crease in pH, basic lead sulfates and lead oxide are 
formed. These compounds then proceed to fill the 
spaces between the PbSO4 crystals, and thus a con- 
t inuous layer is formed which passivates the electrode. 
When the current  is interrupted,  these basic sulfates 
rapidly disappear. These authors postulate that  the 
rate of passivation depends in part  upon the n u m b e r  
and area of intercrystal l ine spaces. Such a mechanism 
would explain how a thin and discontinuous layer 
of small PbSO4 crystals could become passivating and 
would also explain our inabi l i ty  to detect a lead sul-  
fate layer  in the sections examined. 

Otherwise, it is ext reme:y  difficult to accept that 
such a th in  layer  of lead sulfate could become passivat-  
ing. Considering the excessive supersaturat ion that 
would exist at the negative plate under  the onset of a 
150A discharge, it is inconceivable that  relief of this 
supersaturat ion would not lead to dendri t ic  growth 
in the PbSO4 crystals. Such dendrit ic growth has al-  
ready been observed at both the negative (12) and 
positive electrode (13) under  much less severe current  
densities. It would be logical to expect nucleat ion to 
proceed to a two-dimensional  dendrit ic growth along 
the lead surface because of the very steep concentra-  
t ion gradient developing immediate ly  following the 
relief of supersaturation.  Such dendrit ic structures 
would not be ideal candidates for the formation of 
an impervious layer  unless a mechanism such as that  
of Pavlov and Popova was in  operation. 

While  it was evident that l ignin had a decided 
effect on the lead crystal s t ructure  dur ing SAE cycling, 
and that  this would also be effective during the high 
rate discharge, it was not evident  what  mechanism 
caused the BaSO4 to become effective. Nothing in the 
microscopic examinat ion  indicated that any physical 
change took place as a result  of the presence of BaSO4. 
However, since it was difficult to determine the true 
shapes of the PbSO4 crystals, it is possible that  BaSO4 
had some effect that was not detected. 

Certainly, if BaSO4 provides nucleat ing points for 
the growth of PbSO4 crystals, as has been suggested 
by previous investigators, the prevent ion of super-  
saturat ion should act to promote the growth of fewer 
and larger crystals. It has been evident  throughout  
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this examination,  however, that  whatever  effect BaSO4 
has on the discharge process, this effect cannot be 
detected with the optical microscope. 

Conclusions 
The data on cycling and low- tempera ture  discharge 

agreed in general  with previously reported work, al-  
though BaSO4 and lignin, when  used together, did 
not  prov ide  as great an increase in  effectiveness as 
some previous reports would lead one to expect. 

A new effect of lignin, modification of the s t ructure  
of the lead particles in the charged electrode, has been 
found as a result  of this investigation. It appears that  
l ignin provides lead particles of sufficiently small  
diameter  to permit  their complete conversion to PbSO4 
before a sufficiently thick film can be formed to cause 
passivation. Lignin  also appears to retard the growth 
of the larger lead particles that  are the result  of con- 
t inuous cycling. These effects were noted dur ing for- 
mation and SAE cycling. 

During SAE cycling, l ignin also produced a differ- 
ence in  the manner  of deposition of lead sulfate 
crystals, those electrodes containing l ignin having a 
more open and porous crystall ine deposit than those 
containing no lignin. Although details of this deposit 
were somewhat obscure using optical microscopy, there 
w a s  no evidence of a marked difference in lead sul- 
fate crystal size in those plates with l ignin as com- 
pared with those without.  

In  low-temperature ,  h igh-ra te  discharges, the op- 
tical microscope failed to show any  evidence of lead 
sulfate crystal formation in those plates containing no 
lignin, although a definite crystall ine film could be 
easily observed in those electrodes in which l ignin 
was present. Fai lure  to detect any lead sulfate might  
be used as evidence that crystals of extremely small  
size, forming an extremely th in  passivating film, were 
formed, as postulated by  Will ihnganz (6), but  would 
not be conclusive as the small amount  of reaction 
product formed would be difficult to detect with the 
microscope in any  case. 

No effect of BaSO4 on either the s t ructure  of lead 
or of lead sulfate was detected, al though the data 
indicated that  BaSO4 in some manne r  increased re- 
activity slightly, both alone and in the presence of 
l ignin. 
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Initiation of Pitting at  Sulfide Inclusions in Stainless Steel 

GSran S. Eklund 
Swedish Institute for Metal Research, Stockholm, Sweden 

ABSTRACT 

Equi l ibr ium calculations on some sulfide systems actual in commercial 
stainless steel have shown that  the sulfides cannot thermodynamical ly  exist 
at the potential  of the passive steel. The ions released by the dissolution of 
the sulfides give rise to an acid solution in microareas. A pit t ing corrosion 
mechanism based on the sulfides themselves is suggested. The sulfides are 
polarized to the potential  of the passive steel surface and tend to dissolve. 
During the dissolution a virgin metal  surface is exposed to the environment .  
When the solution in the microarea thus developed has reached a certain 
composition, the contacting metal  can no longer passivate and the metal  starts 
to dissolve. 

It is well  accepted that  pi t t ing of stainless steels is 
effected in  two steps: one ini t ia t ing step and one 
propagating step (1). The ini t ia t ion is still the subject  
of contention, and no mechanism for the pi t t ing of 
stainless steels has been developed to the point that  

Key words:  initiation of pitt ing corrosion, sulfide equilibria in 
aqueous solutions, diagram of manganese  sulfide potential-pH. 

one can make quant i ta t ive  predictions per ta in ing to 
the pit t ing resistance. 

Most of the proposed mechanisms involve either an 
activating ion, such as chloride, penetra t ing and de- 
stroying the passive film locally, or the activating ion 
being adsorbed at the meta l / so lu t ion  interface dis- 
placing the adsorbed passive layer  and thus destroying 
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the passivity locally. The potent ial  setup be tween  the 
locally disrupted film and the rest of the surface leads 
to anode formation and attack of the meta l  at some 
point (2-4). In both mechanisms the adsorption of the 
anion is important .  

The composit ion of the oxide film on the meta l  sur-  
face, which depends sensi t ively on the production his-  
tory  of the steel (5-8), must  also have a great  influence 
on the adsorption. It is therefore  difficult to a t tempt  a 
quant i ta t ive  t reatment ,  especially since informat ion on 
the energies involved  is not readily available.  

Based on another  approach, Vermilyea  (9) has de- 
veloped a theory  that  allows a semiquant i ta t ive  p re -  
diction of pit t ing potentials. He assumes that  the pit-  
t ing potential  is the potential  at which the protect ive 
meta l  oxide, the salt of the metal, and the aggressive 
anion are in equil ibrium. The theory successfully p re -  
dicts the critical potential  for A1, Mg, Fe, and Ni. 
However ,  it does not say which ions should be aggres-  
sive. It also appears difficult to apply this t rea tment  to 
alloys. 

The exper imenta l  de terminat ion  of the pit t ing po- 
tent ial  also seems to be very  difficult and values re-  
ported by different authors for the same system differ 
greatly. The critical potential  is evident ly  a function of 
time, film history, and meta l  surface preparation.  In 
addition, the ear ly  history of the steel, such as deoxida-  
tion practice, speed of solidification, and hea t - t r ea t -  
ment,  also exerts  a certain influence. 

The sites at which pit t ing starts on a stainless steel 
surface have been the subject  of much discussion. It 
has been suggested that  local disturbances in the oxide 
l ayer  at grain boundaries  and other  inhomogeneit ies  
should make these areas more accessible to adsorption 
of the chloride ions. Stre icher  (3) and Uhlig (10) in-  
dicated that  nonmetal l ic  inclusions could be possible 
sites for pit nucleation. Late ly  it has been shown that  
pi t t ing starts almost exclusively  at nonmetal l ic  inclu-  
sions and that  the sulfides are especially de t r imenta l  
(11-13). One can then assume that  the oxide layer  
close to inhomogeneit ies  such as inclusions has a com- 
position sl ightly different from the rest of the surface. 
This means that  a potential  difference can exist which 
then is amplified by preferent ia l  adsorption of the 
anions. Further ,  in the presence of microcrevices pit-  
t ing can also be induced by a crevice corrosion mech-  
anism. The evidence for such mechanisms is, however ,  
inadequate.  

Another  explanat ion of the ini t iat ion of a pit and its 
subsequent  propagat ion is based on the sulfides them-  
selves (13). It is known that  the sulfides in a commer -  
cial stainless steel containing manganese  comprise 
manganese  sulfides wi th  var iable  amounts  of dissolved 
iron and chromium. The sulfides are electronic con- 
ductors and can be polarized to the potential  of a pas- 
sive stainless steel surface. At this potential  the sul-  
fides, as shown below, are not the rmodynamica l ly  
stable and tend to dissolve. 

When such a dissolution takes place, v i rg in  meta l  is 
exposed to the environment .  The solution developed in 
that  microarea  must, as a result  of the dissolution, have  
a different composition to that  of the bulk. The meta l  
ions f rom the sulfide, manganese,  iron, and chromium, 
can undergo complex reactions and give rise to a low 
pH as well  as a certain concentrat ion of hydrogen sul-  
fide and its protolyzed products. At a certain composi- 
t ion of the solution, the exposed meta l  can no longer  
passivate and meta l  ions enter  the solution and the 
potential  drops drastically, thus becoming more  active. 
The meta l  ions thus released develop their  own en-  
v i ronment  and mainta in  the attack provided the geo- 
metr ical  conditions are such that  a dilution of the 
solution is prevented.  

In order  to establish if  a pit ini t iat ion mechanism 
based on the sulfides themselves  is thermodynamica l ly  
justified, equi l ibr ium calculations on manganese sul- 
fides and manganese sulfides wi th  iron subst i tut ional ly 

dissolved have been carried out. Thermodynamic  data 
on CrS are not avai lable and so calculations on 
(MnCr)S  systems have not been  possible; however ,  
since chromium can be of importance for the format ion 
of an acid solution from the dissolution of chromium-  
containing sulfides, the system Cr-H20-CI  has been 
considered. 

To test the val idi ty  of the calculations some exper i -  
ments  wi th  synthetic sulfides were  carr ied out as well  
as studies of corroded steel samples. 

Equilibrium Calculations 
The calculations were  made using a program de- 

veloped by Sill~n and co-workers  (14). The program 
calculates the equi l ibr ium concentrat ion of any num-  
ber  of species in mixtures  of any number  of compo- 
nents, which in turn  can form any number  of com- 
plexes and solid phases. In the calculations, concentra-  
tions are used postulat ing that  the act ivi ty  coefficient 
f (on moles per l i ter  concentrat ion scale) is equal  to 
unity. The equi l ibr ium data must  be known and 
enough data be given about the gross composition. 
F rom the input informat ion the program itself devises 
an efficient plan for solving the simultaneous equa-  
tions. The program also provides an efficient means for 
finding out which of  many  possible solid phases can 
actual ly appear in a certain equi l ibr ium mixture .  

All  calculations are based on a given input  concen- 
t ra t ion of Cr 2+, Mn 2+, Fe 2+, SO42-, CI- ,  H +, and e -  
where  the la t ter  here is considered as an ion. The con- 
centrat ion of any species can be changed stepwise and 
the concentrat ion of the complexes and solid phases 
can be calculated for any point of the system. For  the 
construction of potential-pH diagrams, the pH has been 
kept  constant and pe has been changed stepwise; pe is 
here  the negat ive  logar i thm of the electron act ivi ty 
defined as 

EF 
pe = [1] 

R T  in 10 

In short, the program handles the electrons in such a 
way that  no redox process takes place at equil ibrium, 
which means that  no electron t ransfer  is effected. It  is 
the equi l ibr ium composition at that  par t icular  pe 
which is calculated. 

The symbols and reactions used in the calculations 
are found in the List of Symbols below. 

Equi l ibr ium constants for the reactions used in this 
paper are given in Table I. 

MnS-H~O-CI - . - - In  the calculations, the total con- 
centrat ions of Mn, S, and C1- are each 0.1 mole / l i te r .  
This means that  at any point of the diagram, the sum 
of, for example,  manganese is 0.1 mo:e i r respect ive of 
whe the r  the manganese  is present  as a solid phase, 
ion, or complex. The same is val id for sulfur and 
chloride. In the calculations ~G~ : --48,750 calor ies /  
mole has been used for the free energy of format ion of 
MnS (15). The numbers  and symbols in Fig. 1 and 4 
refer  to the reactions listed in Table II. 

From Fig. 1 it is seen that  MnS can exist  be tween  
pH 4.8 and 13.8 (lines 6 and 8). At pI-I values less than 
4.8, MnS dissolves forming H2S, Mn 2+, and MnC1 +. 
The concentrat ion of the la t ter  complex is about 10 -a  
mole / l i te r .  One- ten th  of the total amount  of the man-  
ganese is thus present  as MnC1 +. At pH values higher  
than 13.8, MnS dissolves forming S 2-,  Mn(OH)2,  and 
HMnO2-.  Line 7, at pH 10.2, corresponds to the forma-  
t ion of Mn(OH)2 due to the increase in solubil i ty of 
MnS when  the pH is raised. 

The domain of MnS at h igher  potentials is l imited 
by the formation of Mn(OH)2 and SO4 ~- (line 5). At 
still h igher  potentials, MnS dissolves wi thout  forming 
any solid substance (line 4). The highest potential  at 
which MnS can exist is about --100 mV (line 3). The 
dissolution at this potential  takes place with  the for-  
mat ion of sulfur. 
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Table I. Equilibrium constants for reactions used in the calculations Table II. Reaction and equilibrium formula 

l o g  K 

6.90 a 
3 .40"  
9.80a 

-- 19 .50  a 
-- 66.43 a 

- -  121 .40  �9 
-- 5 9 . 9 2  a 
-- 59 .92  a 

27 .0  a 
11 .70  a 

7 . 8 0  a 
7 .20  a 
6 .40a  

-- 63 .70  a 
0 . 4 0 .  

- -25.53 ~ 
- - 1 1 7 . 9 0  ~ 
-- 127 .49~ 

- -  1 3 . 0 2 a  

- -  IS .22a  
- - 7 . 6 2 a  
-- 8.92  a 
-- 9 .26  a 

-- I I . 5 2  a 

- - 4 1 . 0 0  a 
-- 34 .00  a 
-2O.OO~ 

Ligand e- 

Dissolved substances 

Cr2+ = C1~+ + e- 
Cr e+ + H.~O = CrOHe+ + H + + e- 
2Cr 2+ + 2HeO = Cr2(OH)2 ~+ + 2H + + 2e- 
CrU+ + 4 H 2 0  = C r ( O H ) ~ -  + 4 H +  + e -  
C r  2+ + 4H.oO = CrO~2-  + 8 H  § + 4 e -  
2 C r  s+ + 7H.~O = CrsO7~- + 1 4 H +  + 8 a -  
Cre+ + 4H~O = HCrO~- + 7H + + 4e- 
Cr 2+ + 4H~O = H2CrO~ + 6H + + 4e- 
6Cr ~+ + 12H~O = Cre(OHh2 o§ + 12H + + 6e- 
Cr~+ + SO~ ~- = Cr~SO~: - + e -  
Cr ~ + CI- = Cr~*Cl - + e- 
CrU+ + C1- = CrCD+ + e-  
Cr ~+ + 2C1-  = CrCl2* + e -  
Cr 2. + 3H~O + C I -  = C r O a C l -  + 6H~ + 4 e -  
Cr e+ + 2CI- + H20 = CrCI~OH + H + + e- 

M n  2+ = M n  a§ + e -  
Mn 2+ + 4 H 2 0  = MnO~ s- + 8 H  + + 4 e -  
M n  ~+ + 4 1 ~ O  = M n O ~ -  + 8 H  + + 5 e -  
Fe s§ = Fe ~+ + e -  
Fe ~+ + H~O = FeOH=+ + H+ + e- 
Fe s+ + 2 S O ~ -  = F e ( S O D = -  + e- 
Fe s+ + SO~ 2- = FeSO~ § + e-  
Fe =+ + H § + SO42- = FeHSO~2+ + e -  
F e  ~+ + e l -  = F e C I  =+ + e-  

H s S  a q  + 4 H ~ O  = SO~S- + 1 0 H +  + 8 e -  
l l S -  + 4 H ~ O  = SOi'~- + 9 H +  + 8 e -  
S z- + 4H~O = SO~ ~- + 8H+ + Be- 

S o l i d  s u b s t a n c e s  

C r  ~+ + 3 ~ O  = C r ( O H ) a  + 3 H *  + e-  

3Mn ~+ + 4H20 = Mn~O~ + 8H+ + 2e- 
2 M n  2+ + 3 H ~ O  = M r ~ O a  + 6 H  § + 2 e -  
M n  ~+ + 2H20 = M n O O H  + 3H+ + e -  
Mn s+ + 2H20 = MnOe + 4H + + 2e- 
MnS + 4 H 2 0  = Mn=+ + SOl ~- + 8H + + 8e- 

Fe e+ + 3H~O = Fe(OH)a + 3H+ + e- 
Fe s+ + 2.7H=O + 0.3CI- = Fe(OH)=nClo.~ + 

2 . 7 H +  + e -  

(Mnom~Feo.~)S + 4H~O = 0.9Mne+ + 0.1Fe ~+ + 
8H § + 8e-  + SO~ s- 

S + 4H~O = SO~ ~- + 8H+ + 6e- 

Ligand OH- 

Dissolved substances 

I-I~O = H+ + OH- 

Mn ~+ + 3H~O = Mn(OH)s- + all+ 
Mn =* + 2H~O = HMnO=- + 3H + 

FeS+ + HsO = FeOH+ + H + 
Fe ~* + H=O = Fe(OH)s- + 3H* 

Solid substances 

Crs+ + 2H~O = Cr(OH)2 + 2H§ 
Mn =+ + 2H~O = Mn(OH)~ + 2H§ 
Fe =§ + 2I-I~O = Fe(OH)= + 2H+ 

Ligand SO ~- 

Dissolved substances 

SO~S- + H+ = HSO~- 
Mn~* + SO~ =- = MnSO~ 

Ligand Cl- 

D i s s o l v e d  s u b s t a n c e s  

Mn ~+ + Cl- = MnCl § 

Fe =+ + CI- = Feel § 
Fe s+ + 2CI- = FeCls 

-- 5,10 a 

- - 6 1 . 7 2  a 
- 4 8 . 8 0  a 
- - 3 1 . 9 0  ~ 
-- 4 1 . 5 6 .  
--31.58b,e 

-- 17 .87  a 

-- 15 .97  a 

_ 32.74b,~  

--36.24 a 

- 1 4 . 0 0 a  

--34.20 a 
- 3 4 . 3 9 a , b  

- 9 . 2 0  a 

- - 3 2 . 0 0  a 

ll.O0a 
-- 1 5 . 2 0  a 

--  1 2 . 9 0  a 

1.96  a 
2 . 3 0  a 

0 a 

1.0 a 
1.40" 

= D e n o t e s  d a t a  t a k e n  from S t l l e n  a n d  M a r t e l l  (24,  2 5 ) .  
b D e n o t e s  d a t a  t a k e n  f r o m  P o u r b a i x  (26) .  

D e n o t e s  v a l u e s  c a l c u l a t e d  f r o m  A G ~  f o r  t h e  s u l f i d e s .  

Figures 2 and 3 show the correlation between con- 
centrat ion and potential  at equi l ibr ium in a mix ture  
containing 0.1 mole each of Mn 2+, SO42-, and C1-. The 
domain for the solid phases is shown above the dia-  
grams. For simplicity two figures are drawn, one con- 
ta in ing the manganese  complexes and the other the 
sulfur  complexes. Going from left to r ight  in these it is 
clear that  the concentrat ion of the different species is 
constant up to --400 mV. The concentrations then begin 
to increase and the coexistence of Mn(OH)2 and MnS 
ceases, pH 10.2 and log H + = --10.2 correspond to 
l ine 7 in  Fig. 1. The concentrations of Mn2+ and MnC1 + 
increase with the potent ial  up to --100 mV and are 
then constant up to -t-300 mV, where  the formation 
of MnSO~ makes these decrease slightly. 

The formation of sulfur  takes place at --100 mV. At 
the same potential  the H2S concentrat ion reaches a 

a H2 = 2H + + 2e- 
E = 0.0 -- 0,0591 pH 

b 2H20 = O~ + 4H+ + 4e- 
E = 1.228 - 0.0591 pH 

1 S + 4H20 = SO42- + 8H+ + 6e- 
E = 0,357 -- {).0788 pH + 0.0098 log SO4 =- 

2 H~S ~ S + 2 H  + + 2 e -  
E = 0 .142  -- 0 . 0 5 9 1  p H  -- 0 . 0 2 9 5  l o g  H e S  

3 M n S  = M n  2+ + S + 2 e -  
E = - 0 . 1 2 2  + l o g M n  2+ 

4 M n S  + 4H~O = M n ' +  + SO~ 2- + 8 H +  + 8 e -  
E = 0 , 2 2 3  + 0 . 0 0 7 4  l o g  M n  e+ + 0 . 0 0 7 4  l o g  SO42- - 0 . 0 5 9 1  p H  

5 M n S  + 6 H e O  = M n ( O H ) ~  + SO42- + 1 0 H  + + S e -  
E = 0 . 3 4 9  + 0 . 0 0 7 3  l o g  SO42- -- 0 . 0 7 3 8  D H  

6 M n S  + 2 H +  = Mn2+ + H2S  
l o g  M n  2+ = 8 .9  -- l o g  H2S  -- 2 p H  

7 M n  2+ + 2 H 2 0  = M n ( O H ) 2  + 2 H +  
l o g  M n  2+ = 17 .82  -- 2 P H  

8 MnS = Mn e+ + S 2- 
l o g M n  -% = - -13.60 -- l o g  f ie- 

9 M n e O ~  + H 2 0  = 2 M n O ~  + 2 H +  + 2 e -  
E ~ 0 .573  -- 0 . 0 5 9 1  p H  

10 2 M n a O 4  + H~O = 3 M n e O a  + 2 H +  + 2 e -  
E ~ 0.689 - -  0.059 :oH 

11 3 M n ( O H ) e  = M n a O 4  + 2 H ~ O  + 2 I t+  + 2 e -  
E = 0 ,240  -- 0 . 0 5 9  p H  

12 M n  e+ + 2 H ~ O  = M n O =  + 4 I t+  + 2e-  
E = 1 ,228  -- 0 . 1 1 8 2  p H  -- 0 . 0 5 9 1  l o g  M n  2+ 

13 2 M n  2§ + 3 H 2 0  = M n ~ O a  + 6 H +  + 2 e -  
E = 1 .900  -- 0 . 1 7 7 3  p i t  --  0 . 0 5 9 1  l o g  M n  e+ 

14 3Mn e+ + 4H~O = Mn~O~ + 8H+ + 2 e -  
E = 1 .824  -- 0 . 2 3 6 4  p H  -- 0 . 0 8 8 6  l o g  M n  '2§ 

15 HSO4- = SO4 e- + H+ 
l o g S O 4  e- = - - 1 . 9 1  + p i t  + l o g H S O ~ - '  

16 HS- + 4 H 2 0  ----- SO4 ~- + 911+ + Se- 
E = 0.252 -- 0.0665 PH + 0.0074 log SOr 2- - 0.0074 log HS- 

17 H 2 S  = HS- + H+ 
l o g H S -  = ~ 7  + p H  + l o g H = S  

18 Fe e+ + 2H20 = Fe(OH)2 + 2H+ 
l o g F e  2+ = 13 .29  -- 2 P H  

19 F e  2+ + 3 H 2 0  ----- F e ( O H ) s  + 3 H +  + e -  
E = 1.057 -- 0.1773 :oH ~ 0.0591 log Fe 2+ 

20 Fe e+ + 2.7H_oO + 0.3CI- = Fe(OH)2nClo.3 + 2.7H+ + e- 
E = 0 . 9 4 4  + 0 . 0 5 9 1  l o g  F e  z+ + 0 . 0 1 7 7  l o g  C I -  -- 0 . 1 5 9 5  D H  

maximum of 10 -2 mole/ l i ter .  This potential  also cor- 
responds to the boundary  between the domains for 
MnS and S as shown above Fig. 2 and 3. The equil ib-  
r ium pH at this part icular  point  is 5.8 as can be seen 

E mV 
SHE 

8ooJ I 
_1 

600 HS~ 

I 
4ooi I 

t J _ t %  

"0. 

Mn 2+ 

Mn203 

0" 

-200 

-400, 

-600- 

-800, 

I HS-  ~ 

2 4 6 8 10 12 pH 
Fig.  | .  P o t e n f i a i - p H  d i a g r a m  fo r  t h e  system M n S - H 2 0 - C l -  ca l -  

c u l a t e d  on basis o f  0 . l  m o l e / l i t e r  for  5 0 4 2 - ,  C I - ,  ond  M ,  2 + ,  

respect ively.  
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MrI(OH)z I I s I 
MnS I 

log C . ~ .  

-lo H* ] 
-5~! ~) .5~o " " ,~ ;  SHE 

Fig. 2. Equilibrium potential-concentratlon diagram for the 
MnS-H20-CI-  system at a total concentration of 0.1 mole/liter 
for S042-,  C I - ,  and Mn 2+. For clarity only manganese com- 
pounds are drawn. The stability ranges for the solid phases are 
shown over the diagram. 

Mn(OH)2 l I s I 
MnS I 

tog C 

HS- 
-5- 

H2S 

52- 
-' H* 

- 500 0 �9 500 mV SHE 
Fig. 3. Equilibrium potential-concentration diagram for the same 

system as in Fig. 2, only sulfur-containing complexes are shown. 
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from the H + lines in the figures. At W100 mV all the 
sulfur  containing complexes reach a minimum,  which 
means that most of the sulfur  is present  in  e lemental  
form. 

(Mno.gFeo.z)S-HzO-C1-.--The thermodynamic  data 
for the free energy of formation and the entropy of 
mixing of MnS and FeS available in the l i terature  are 
very inconsistent.  For  this reason it was considered 
justified to add the free energies for each sulfide in 
their  proportions. The value for (Mno.9Fe0.1)S thus 
obtained is --46 200 calories/mole. By using this value 
and the data listed in Table I, Fig. 4 has been calcu- 
lated. The total amount  of the metal  ions is 0.1 mole /  
l i ter  in addit ion to the other components. 

Comparing Fig. 1 and 4, it is evident  that the domain 
of the sulfide is smaller  and that  the domain of the 
complete solubil i ty has been considerably reduced due 
to the formation of Fe(OH)2, Fe(OH)s,  and 
Fe(OH)2.vC10.3. This lat ter  compound has earlier been 
described as ~-FeOOH, but  investigations by Bieder-  
m a n n  and Chow (16) have shown that  ~-FeOOH is in  
fact the hydroxy-chlor ide  complex Fe(OH)~.~Clo.3. 

The equi l ibr ium pH follows, as in the a fore-men-  
t ioned case, the lines of coexistence be tween sulfide 
and hydroxide (line 18) and at higher potentials lines 
4 and 1. 

E mV 
SHE 

April  1974 

8 0 0  

600 

400' 

200 

-200 

-400 

- 6 0 0  

- 8 0 0  

2 4 6 8 10 12 pH 

Fig. 4. Potential-pH diagram of the system (Mno.9Feo.1)S cal- 
culated on the basis of 0.09 mole/liter Mn 2+, 0.01 mole/liter 
Fe ~+, 0.] mole/liter S042-,  and 0.] mole/liter C I - .  

Cr-HzO-Cl-.--The manganese  sulfides in  stainless 
steel usual ly contain chromium to some extent. Chro- 
mium ions must  therefore enter  the solution when  the 
sulfide is dissolved, and when  these enter  a solution 
containing chloride several different complex reac- 
tions can take place. 

In  order to find how the pH and the concentrat ion 
of the complexes can vary with the potential, equil ib-  
r ium calculations on the Cr-H20-C1-  system at dif- 
ferent  concentrations of Cr ~+ and C1- have been car- 
ried out. 

Figures 5 and 6 show how the pH, the chloride, and 
the hydroxy complexes vary  with the potent ial  at 
equil ibrium. The diagrams are based on a total  con- 
centrat ion of 0.1 mole / l i te r  of Cr 2+ and C1-. 

When the potential  is raised, the formation of hy-  
droxy complexes will  give an  increase in hydrogen ion 
concentration. At potentials higher than --400 mV, 
coinciding with the equi l ibr ium between Cr 2+ and 
Cr s+, the concentrat ion of the complexes does not 
change with the potential. 

A solution containing chromium in  contact with an 
electrode will  thus tend to a low pH at potentials 
higher than  --400 mV. The acidity of the solution is 
dependent  on the chromium concentrat ion as shown in  
Fig. 7 where the equi l ibr ium pH has been calculated at 
different Cr e+ concentrations. The curve is only valid 
for potentials higher than  --400 mV. The concentrat ion 
of the chloride ions does not influence the pH since the 
amount  of the chlor ide-containing hydroxy complexes 
is small. 

Discussion 
Figure 1 shows the range of stabil i ty for MnS. From 

this it is clear that  MnS cannot exist at potentials 
higher than  --100 mV, and since the potential  of a 
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~og C Cr2. C r 3. 

Cr?(OH)4z * / '  CrOH 2§ 
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ClzOH 
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-500 0 *500 mV SHE 
Fig. 5. Equilibrium potentlal-concentration diagram of the Cr- 

H20-CI -  system at a total concentration of 0.1 mole/liter for Cr 2+ 
and C I - .  The stability range for the solid phase is shown over 
the diagram. Only hydroxy complexes are drawn in this diagram. 

Cr(OH) 2 oct  
o 5 V /   crc .... 

F ~ . .  i r i 3 C i " ~  

. . . .  , . . . .  . . . 

- 500 0 § 500 rnV SHE 

Fig. 6. Equilibrium potential-concentration diagram for the same 
system as in Fig. 5. Only chloride complexes are drawn. 
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3 

4 

5 

-4 -3 -2 -1 Iog[c  z§ 

Fig. 7. pH as a function of total Cr 2+ concentration. The C I -  
concentration at all points, 0.1 mole/liter. The diagram is only 
valid for potentials higher than --400 mV SHE. 

passive stainless steel surface is considerably higher, 
the embedded MnS particles should tend to dissolve. 

When a manganese sulfide was polarized to +200 
mV in an air-free,  unbuffered 0.1M NaC1 solution, the 
sulfide dissolved and e lemental  sulfur  in the form of 
small  spherical  particles was formed on the surface 
(Fig. 8). The prepara t ion of the sulfides and the ap- 
paratus used are described e lsewhere  (17). The pH of 
the solution decreased to 5.8 after  6 days, a value  cor- 
responding to the equi l ibr ium log CH+ at the M n S / S  
boundary  as shown in Fig. 2 and 3. The current,  of the 
order  of 0.1 m A / c m  2, was constant wi th  t ime indicat-  
ing that  the sulfur  did not form any compact layer.  
When the same exper iment  was carr ied out at pH 6.5, 
x - r ay  investigations of the layer  showed no evidence 
as to the presence of any manganese  compound. Addi -  
t ion of BaC12 to the solution gave a precipi tate  of 
BaSO4, which showed that  some of the sulfur was 
oxidized to SO42-. When the MnS electrode was po- 
lar ized to +20'0 mV at pH 10, no e lementa l  sulfur  could 
be observed. 

Exper iments  with manganese sulfide electrodes con- 
taining ca. 6% Cr and ca. 8% Fe subst i tut ional ly dis- 
solved showed the same behavior  as pure MnS. Ele-  
mental  sulfur  was formed on the surface when  the 
electrodes were  polar ized to +200 mV in the same 
solution as above. The pH in the unbuffered solution 
changed with  t ime and reached a value  of ca. 4 for the 
sulfide containing Cr. It  is therefore  assumed that  the 
sulfides containing Fe and Cr dissolve in a similar  

Fig. 8. Surface of MnS after polarization at +200  mV SHE in 
0.1M NaCI-solution. The discreet sulfur particles suggest their 
formation via the solution. The size of the particles decrease 
somewhat with depth. 

way to pure MnS. In addition, the complex reactions 
and hydrolysis  of the meta l  ions released decrease the 
pH of the solution. 

It seems unl ikely  that  the e lementa l  sulfur  part icles 
shown in Fig. 8 should be the resul t  of a surface di f -  
fusion mechanism associated wi th  the  dissolution of 
MnS to e lemental  sulfur  and Mn 2+. The form of the  
sulfur  suggests that  it is precipi ta ted f rom the solu- 
tion. For  this reason the fol lowing mechanism is sug- 
ges ted  for the dissolution of MnS when  polarized in a 
posit ive direct ion in an unbuffered solution. 

MnS + 4H20 = Mn 2+ + SO42- + 8H + + 8e -  [I] 

MnS + 2H + = Mn 2+ + H2S [II] 

H2S = S + 2H + + 2e -  [III] 
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At the moment  when  the sulfide is polarized, re -  
action [I] takes place. Due to the oxidat ion of MnS 
to SO42- the pH at the interface wil l  decrease making  
reaction [II] possible. The hydrogen sulfide thus re-  
leased will  form S and sufficient hydrogen ions to 
continue the dissolution according to reactions [II] and 
[III]. The react ion takes place at the MnS interface 
making the electron t ransfer  for react ion [III] possible 
and the sulfur  layer  will  be built  up f rom underneath.  

Analysis of inclusions from commercial  steels, 
mainly  based on isolates, show that  the sulfides are 
MnS with  various amounts  of Fe and Cr subst i tut ion-  
al ly dissolved (18, 19). The Fe and Cr substi tuted sul-  
fides have a higher  S content  than that  corresponding 
to the formula  (Mn,Fe, Cr )S  (20). The sulfide latt ice of 
these solid solutions apparent ly  has meta l  vacancies, 
which are formed to compensate for the change in 
valency when  Mn( I I )  is substi tuted by metals  of 
valency III; this makes the sulfides p- type  semicon- 
ductors. Invest igat ions of the solubil i ty of the t ransi-  
t ion metals  in MnS have shown that  it is possible to 
substi tute as much as 60-70 weight  per cent (w/o)  
Cr and Fe in the a-MnS lat t ice (18). In a commercial  
18-8 steel the composition of the sulfides can vary  from 
one inclusion to another  but the manganese sulfides 
usual ly  contain from 10 to 40 w / o  subst i tut ional ly 
dissolved Cr and Fe, the exact amounts depending on 
the way the steel is produced, hea t - t r ea ted  etc. 

In this connection, it can be ment ioned that  the 
meta l  at the interface be tween  the sulfides and the 
ma t r ix  cannot have any oxide layer  since the sulfides 
are formed direct ly  from the melt. A dissolution of a 
sulfide will  therefore  reveal  a vi rgin  meta l  surface. 

As ment ioned in the introduction, pi t t ing on a stain-  
less steel surface starts preferent ia l ly  at sulfide in-  
clusions. When such a steel is subject  to a potent io-  
static pit t ing corrosion test only a few pits wil l  de- 
velop per unit  area despite the fact that  the number  of 
sulfide inclusions on the same area is several  orders 
of magni tude  greater.  The number  of pits wil l  in-  
crease wi th  the applied potential  as the lat ter  is in-  
creased from the critical potential.  This is probably 
due to the different chemical  behavior  of the sulfides 
because of compositional differences. The h igher  the 
potential,  the more  sulfide inclusions wil l  become 
active. 

The corrosion process wi th in  a pit is a unique type 
of anodic react ion and produces conditions which are 
both s t imulat ing to, and indeed necessary for, cont inu-  
ing act ivi ty of the pit. In the pit i tself there  is a high 
concentrat ion of meta l  and chloride ions and as a re -  
sult  of hydrolysis, a high concentrat ion of hydrogen 
ions. The quest ion is how a low pH is created. 

The exposed surface of the inclusions is small com- 
pared with  the surface of the passive steel. When a 
piece of steel is submerged in a solution the potent ial  
against the solution changes to a ra ther  noble value, 
usual ly above 250 mV in a neutra l  aerated sodium 
chloride solution. As the inclusions are electronic con- 
ductors to some extent  they wil l  be polarized towards 
the potential  of the steel surface. Thus the sulfides 
are polarized to a potential  at which they cannot exist  
thermodynamical ly .  

Since the electronic conduct ivi ty  of the sulfides is 
lower  than for the meta l  matr ix ,  the dissolution takes 
place preferent ia l ly  at the boundary be tween  the sul-  
fide and the mat r ix  and for this reason a small  crevice 
will  develop (Fig. 9). This crevice has two walls, one 
consisting of the sulfide and the other  of the meta l  
matr ix.  In the beginning, the meta l  ma t r ix  will  im-  
media te ly  passivate, but  as the react ion proceeds, the  
dissolution of the sulfide in the crevice wil l  increase 
the metal  ion content and ion complexing and hy-  
drolysis reactions can take place in the microarea.  On 
the metal  wall  the dissolved ions, e.g., iron, can form 
F e ( O H )  2.7C10.~, as shown earlier, thus lower ing the pH 
locally. Fur thermore ,  the chromium ions can undergo 

Fig. 9. 18-8 steel with 2.5 Mo containing 0.28 S galvanostaticolly 
corroded at 0.1 mA/cm 2. 800 mAs/cm 2 has passed the sample. 
The dissolution of the sulfide has preferably taken place close to 
the metal matrix. 

hydrolysis  and contr ibute to the format ion of hy-  
drogen ions: the h igher  the chromium content  the 
lower  the pH as shown in Fig. 7. When the pH de- 
creases in this local region the passivation of the ex-  
posed meta l  wil l  be difficult. At a certain moment  
meta l  atoms from the metal  lat t ice will  enter  the solu- 
t ion and the potent ial  will  drop drast ically and the pit  
turn  act ive (21, 22). The electrochemical  dissolution of 
the sulfide will  then stop since the potential  is now 
wi th in  the domain of thermodynamic  stability. If  the 
rate of formation of hydrogen ions f rom the increased 
meta l  ion hydrolysis exceeds that  of the chemical 
dissolution react ion of the sulfide itself, a sustaining 
pit will  develop, otherwise the hydrogen ions wil l  be 
neutral ized by the format ion of H2S and the bared 
meta l  will  passivate. This react ion probably takes place 
at a number  of sites on the meta l  surface. These pi t -  
t ing at tempts can be observed as potential  drops when 
a steel is left  to corrode f ree ly  and the potent ial  is 
fol lowed with  t ime (Fig. 10). 

This means that  ini t iat ion of pit t ing is a kinetic 
problem in which the format ion and neutral izat ion of 
hydrogen  ions are of importance.  If at tack occurs at 
the wall  be tween  the meta l  and the sulfide, the pit 
can continue to propagate as long as the solution is 

-5 

i 

-I00 

E mV SCE 

10 20 30 40 ~-- 135 h 

Fig. 10. Potential-tlme relation for an 18-8, 0.25 S stainless steel 
corroding freely in 0.1M NaCI solution. 
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not  d i lu ted  or  neutral ized,  which  means  tha t  ce r ta in  
geometr ica l  condit ions mus t  be fulfilled; here  the  pres -  
ence of oxide  par t ic les  in the  sulfides can be signifi-  
cant. 

Figure 11 shows a pit developed at the. boundary 
between a sulfide particle and the matrix; the sulfide 
is partly dissolved and some sulfur particles can be 
observed on the surface. The pits spread from these 
points and propagate under the metal surface. In cer- 
tain places, the attack will reach the surface giving 

Fig. !1. Same steel and inclusion as in Fig. 9. Notice the begin- 
ning of a pit (dark area) at the metal wall in the ditch between 
the sulfide and the metal matrix. Elemental sulfur particles are 
visible on the sulfide surface. 

Fig. 12. Same steel as in Fig. 9 corroded at 1 mA/cm 2. 800 
mAs/cm 2 has passed the sample. The corrosion pit has started 
at the sulfide inclusion. The metal is dissolved from underneath 
and the passive layer still remains at some places as light gray 
parts of the lacelike pattern. 

r ise to an i r r egu la r  ne twork  (Fig. 12). The passive 
l aye r  usua l ly  remains  intact  but  p robab ly  breaks  down 
mechanica l ly  when  the size of the  subsurface pi t  be -  
comes too great.  The solid par t s  of the  lace l ike  la t t ice  
are  meta l  covered by  the passive l aye r  (23, 13). 

The pi t t ing or  cri t ical  potent ia l  should then  refer  
to the  potent ia l  at which  the  me ta l  oxide and the  solu-  
t ion wi th in  the  mic roarea  are  in equi l ibr ium.  Since 
the  composit ion of the  solut ion in the mic roarea  wi l l  
depend on the or ig inal  composit ion of the  sulfide in-  
clusion, the  cr i t ical  potent ia l  wi l l  be dependent  on 
factors influencing the composit ion of the  sulfides. 

I t  must, however ,  be r emembered  tha t  the  proposed 
mechanism is not  l imi ted  to sulfides only,  bu t  can 
also be appl ied  to other  inclusions provided  they  are  
capable  of being polar ized and re leas ing meta l  ions. 

LIST OF SYMBOLS 
pe negat ive  logar i thm of the  e lec t ron ac t iv i ty  
E potent ia l  vs. SHE 
F Fa raday ' s  constant  
R gas constant  
T tempera ture ,  ~ 
hG% s tandard  free energy  of format ion  
log K equi l ib r ium constant  
f ac t iv i ty  factor  

Manuscr ip t  submi t t ed  May 17, 1973; rev ised  m a n u -  
script  received Nov. 1, 1973. 

A n y  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1974 
JOURNAL. Al l  discussions for  the  December  1974 Dis-  
cussion Sect ion should be  submi t ted  by  Aug. 1, 1974. 
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Optical and Electrochemical Studies of Underpotential 
Deposition of lead on Gold Evaporated and 
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ABSTRACT 

Linear  sweep vol tammetry  and reflectance spectroscopy have been  used 
to examine the underpotent ia l  deposition of lead on gold in Pb 2+ containing 
HClO4 solutions. The vol tammetry  curves and reflectance-change data pro- 
vide evidence that  the lead is first deposited as ions al though their  effective 
ionic charge is probably reduced substant ia l ly  from +2  through their  strong 
interact ion with the band  structure of the gold substrate. At more cathodic 
potentials, still well  below the reversible potential  of bu lk  lead, a sharp t rans i -  
tion is observed over a 5-10 mV range. On the basis of the reflectance and 
vol tammetry  data, this t ransi t ion appears to involve a two-dimensional  phase 
t ransi t ion leading to a metall icl ike lead layer. Adsorption isotherms have 
been evaluated from the reflectance changes. Al ternat ing  potential  electro- 
modulat ion techniques and complex plane analysis have been used to examine 
the kinetics of the lead adsorpt ion-desorpt ion and to evaluate the apparent  ex-  
change current  densi ty for the process. 

The underpotent ia l  deposition (UPD) of various 
metals on foreign metal  substrates involves mono-  
layer  or submonolayer  formation at potentials anodic 
to that for the reversible electrodeposition of the bulk  
metal.  UPD is par t icular ly  important  to the unde r -  
s tanding of the early stages of metal  electrodeposi- 
tion and also electrocatalysis. This phenomenon has 
received the a t tent ion of a number  of electrochem- 
ists (1-11). Early work has been reviewed by Rogers 
(3). 

UPD is clearly the result  of a strong interact ion be-  
tween the monolayer  and the substrate. Breiter  (5) 
and also Tindal  and Bruckenste in  (6) have found 
large differences between the first and subsequent  
layers of copper on plat inum. Schultze (10) has con- 
cluded that  the copper in monolayer  or submonolayer  
amounts  on p la t inum is only par t ia l ly  discharged. 
Schmidt and Gygax (4), however, believe that  UPD 
involves the formation of a metall ic monolayer  of 
electrically neut ra l  atoms. The Mossbauer spectro- 
scopic data of Bowles and Cranshaw (8), obtained 
in situ, indicates that  t in  is in  the metall ic state on 
plat inum, al though this finding is not necessarily ap- 
plicable to the UPD of other metals on other sub-  
strates. Astley et al. (9) have expressed the view that  
the UPD is not just  an adsorption process but  may in-  
volve the formation of a crystal l ine phase. 

Despite the ra ther  extensive electrochemical studies 
already reported in  the l i terature  on UPD, many  ques-  
tions still remain  to be answered, i.e., What are the 
state of charge and the na tu re  of the interact ions 
among the species wi th in  the layer  and between the 
species of the layer  and the substrate metal  and elec- 
trolyte phase? How are these interactions influenced 
by  electrode potential? Is there ordering wi th in  the 
layer? What is the origin of the mult iple  peaks ob- 
served in l inear  sweep vol tammetry  in  the potential  
regime corresponding to UPD? 

Substant ia l  informat ion is available concerning 
these questions in the instance of foreign layers at 
me ta l -vacuum interfaces. For example, field emission 
studies (12, 13) have helped to identify the na ture  
of the electronic interactions involved with alkali  and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  Ins t i tu te  for  Chemistry,  Technology and Metal~ 

lurgy,  Belgrade,  Yugoslavia. 
Key  words:  underpotent ia l  deposition, reflectance s p e c t r o s c o p y ,  

lead deposition, adsorption isotherms. 

alkali  ear th metals adsorbed on tungsten.  A quan tum 
mechanical  picture of the valency orbitals of the ad- 
sorbate with the conduction and valence bands of the 
substrate metal  has been developed [see, for example, 
Ref. (14)]. LEED studies of such monolayers  have 
often shown ordering in such systems [see, for ex- 
ample, Ref. (15)]. Unfor tuna te ly  these findings are not 
t ransferable  to the corresponding electrochemical 
interfaces since solvent interactions with the mono-  
layer  are usual ly  strong and are expected to modify 
substant ia l ly  the interactions of the monolayer  with 
the foreign metal  substrate. 

Ordinary  electrochemical techniques are able only 
to provide very l imited atomic level informat ion con- 
cerning UPD and consequently use has been  made of 
in si tu specular reflectance spectroscopy in  the present 
work. During a l inear  potential  sweep, specular reflec- 
tance measurements  allow changes of the electronic 
properties of the adsorbed layer  to be followed con- 
t inuously  with increasing coverage, from submono-  
layer  to monolayer  and mul t i layer  amounts  of foreign 
metal. Prior studies (16, 17) have already shown that  
UPD of various metals on gold causes a pronounced 
change of reflectance with an interest ing wavelength 
dependence. 

In the present invest igat ion specular reflectance 
spectroscopy together with l inear  sweep vol tammetry  
have been used to s tudy the UPD of lead on evaporated 
gold electrodes. Some vol tammetry  experiments  have 
also been performed with ~single-crystal gold elec- 
trodes. A-C electromodulat ion reflectance measure-  
ments  and complex plane analysis (18) have been used 
to check on the extent  to which kinetic vs. diffusion 
control are involved and to evaluate the coverage with 
lead. Some complementary non- in  si tu informat ion 
concerning the lead layers on gold also has been ob- 
ta ined from x - ray  photoelectron spectroscopy (ESCA). 

Experimental 
The specular reflectance measurements  have been 

carried out with the optical system 2 shown in  Fig. 1. 
The electrochemical cell was constructed from an opti-  
cally ground Pyrex  cy l inde~  of 5 cm ID. The light 
source was a tungs ten-ha logen  150W lamp, operated 
wi th  a Power Mate Corporation regulated power sup- 

This optical system was designed by J. Horkans  and B. Cahan. 
The internal  and external  gr inding of this cylinder was carr ied 

out by P o t t s  Optics ,  Tulsa, Oklahoma.  
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Fig. 1. Optical electrochemical 
cell with associated optics. In- 
sert: evaporated gald electrode 
mount for a-c electromodula- 
tion reflectance measurements. 

ply. All  measurements  here in  repor ted  were  carr ied 
out  at an angle of incidence of 45 ~ wi th  the l ight po-  
lar ized paral lel  to the plane of incidence with  a Nicol 
prism. A cyl indrical  concave lens together  wi th  the 
cylindrical  wall  of the opt ical-e lectrochemical  cell 
col l imated the l ight incident on the electrode. Wave-  
lengths in the visible were  selected through the use of 
a l inear  second-order  in ter ference  wedge  wi th  a hal f -  
band width  of 12 nm. The whole system was mounted  
on a o-2o goniometer.  

For some exper iments  the d-c signal from a Hama-  
matsu R-374 photomul t ip l ier  was amplified and then  
direct ly  recorded on an X - Y  recorder  during the l inear  
sweep of the electrode potential  wi th  a Wenking po- 
tentiostat.  In the a-c  e lectromodulat ion reflectance 
measurements ,  the electrode potential  was modula ted  
with  a sinusoidal potential  of 20-30 mV p-p, in some 
instances superimposed on a l inear  sweep (typically 
20 mV/sec) ,  using an IR drop compensated potent io-  
stat. 4 Both the in-  and out -of -phase  components  of the 
signal from the photomult ip l ier  were  measured with 
a PAR-129A lock- in  amplifier together  wi th  an X-Y 
recorder.  

These  studies have  been  carr ied out  in 1M HC104 
containing 10 -6 to 10-2M Pb 2+. The solutions were  
prepared  f rom Baker  reagent  grade HC104 and t r ip ly  
distil led wate r  wi th  the first dist i l lat ion from alkal ine 
permanganate .  The lead salt was Johnson-Mat they  
spectrographic s tandard Pb(NOs)2. In some exper i -  
ments  the HC104 was pre-e lec t ro lyzed  by circulat ing 
it for 2 4 h r  over  8 • 8cm,  52 mesh gold gauze elec-  
trodes, wrapped  on a glass rod and fitted wi th in  a 
glass tube. The applied voltage across the gold elec-  
trodes was 1.1-1.3V. At 1.3V some dissolution of gold 
at the anode and deposition of gold black at the cath-  
ode were  observed but  no de t r imenta l  effects on the 
subsequent  measurements  of lead UPD were  detected. 

The evapora ted  gold electrodes were  prepared  by 
vapor-deposi t ing gold to a thickness of 0.5-1~ in a 
vacuum evapora tor  on a glass slide wi th  an under -  
coating of Nb, which provides good adhesion and has 
no det r imenta l  e lectrochemical  or optical effects (19). 
This glass slide electrode (WE) was mounted  at the 
center  of the cell wi th  an area of 6.3 cm 2 in contact 
wi th  the electrolyte  (without  any mask)  for the l inear  
sweep vo l t ammet ry  measurements  and simultaneous 
reflectance measurements .  For  the a-c e lec t romodula-  
t ion reflectance measurements ,  four  successive gold 
evaporat ions were  used to obtain gold films of 2-4~, so 

4 Specially designed by B.  D.  C a h a n .  

as to reduce IR drop in the films. The gold-coated glass 
slides were  fitted into the Teflon mask, shown in Fig. 
1, to obtain more  uniform current  distribution. The 
area in contact wi th  electrolyte  was N3 cm 2. 

Single-crysta l  gold electrodes wi th  (111), (110), and 
(100) orientations, and polycrystal l ine bulk gold elec- 
trodes, were  pressure-f i t ted into Teflon rods and pol-  
ished mechanical ly  to obtain a mi r ro r  finish. The final 
polishing was per formed electrolyt ical ly  in a cyanide 
solution to remove  the co ld-worked  surface layer. 
Af te r  polishing, the electrodes were  washed with  KOH 
and HNOs solutions and stored in t r iply disti l led water .  
The gold electrodes used in the ESCA exper iments  
were  bulk gold plates, which were  mechanica l ly  pol-  
ished and then t rea ted  in the same way as the single- 
crystal  electrodes but  not e lectrochemical ly  polished. 

The counterelectrode (CE) in the electrochemical  
measurements  was a hydrogen-sa tura ted  pal ladium 
plate, mounted paral lel  to the working electrode at a 
distance of 2 cm, just  outside the optical path. The 
reference electrode (RE) was an a -PdH bead of 1 mm 
diameter  mounted  on the end of a fine glass tube with 
the center  of the bead located typical ly  at a distance 
of 1.0 mm from the working electrode. 

Ni t rogen gas, purified by passing it over  t rea ted  cop- 
per turnings and then through molecular  sieves (Linde 
4A and 13X), was bubbled through the solution before 
measurements  to remove dissolved 02, and a N2 a tmo-  
sphere was main ta ined  above the solution during the 
measurements .  All  measurements  were  carr ied out at 
room tempera tures  (22~176 

Before measurements ,  the potential  of the gold elec-  
t rode was cycled several  t imes up to 1.6V re RHE. 5 
This procedure substant ial ly improved  the reproduci-  
bil i ty of the measurements ,  probably through the re-  
distr ibution of gold on the surface to form a repro-  
ducible surface microtopography and also perhaps the 
removal  of adsorbed organic impurities.  

Resul ts  
Linear sweep voltammetry.--The l inear  sweep vol t -  

ammet ry  curve (Fig. 2) for evapora ted  gold with  
1 �9 10-SM Pb 2+ indicates two principal  peaks, the first 
at ~0.30V and the second at ~0.05V. The first peak is 
predominant ly  under  diffusion control for Pb 2+ con- 
centrat ions of up to 10-3M at a sweep rate  of 20 mVA 
sec. This peak is more  drawn out and more  rounded 
than  expected for adsorption under  Langmuir  behavior.  
At lower  concentrations of Pb 2+, the anodic and cath-  

U n l e s s  o t h e r w i s e  i n d i c a t e d ,  a l l  p o t e n t i a l s  a r e  s t a t e d  r e l a t i v e  to 
a r e v e r s i b l e  hydrogen electrode in the s a m e  so lu t ion .  
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Fig. 2. Voltammetry curve far a 
the UPD of lead on evaporated ~ 0 
gold in 1 mM Pb(NO3)2 -4- 1M 
HCIO4. Sweep rate, 20 mV/sec. 
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odic peaks differ in height  and shape, as is to be ex-  
pected as diffusion control becomes more predominant  
(see insert  in Fig. 2), 

The second peak observed with  10-3M Pb 2+ is ex-  
t raordinar i ly  nar row for the gold electrode shown in 
Fig. 2, wi th  a ha l f -wid th  of ~10 mV and a peak sepa- 
rat ion be tween  anodic and cathodic sweeps of ~5  mV. 
The narrowness  of this peak indicates that  it is not an 
adsorpt ion-desorpt ion peak despite the substantial  
charge (70-90 gcoulombs/cm 2) associated with  it. A 
surface t ransformat ion  appears to be involved, which 
is not dependent  on the translcort of fur ther  Pb 2+ ions 
to the electrode surface. The finite peak width  and 
separat ion are probably caused almost ent i re ly  by sur-  
face heterogenei ty  and nonuniform current  dis t r ibu-  
tion, 

Close examinat ion  of the anodic sweep in Fig. 2 in-  
dicates that  the second peak may  actual ly consist of 
two peaks and fur ther  work  is requi red  to establish 
this fine s t ructure  with certainty.  

The width  and general  shape of the second vol tam-  
me t ry  peak are very  sensit ive to electrode pre t rea tment  
as  well  as potential  sweep range, as is evident  from a 
comparison of Fig. 2 and 3. The grea te r  peak width in 
Fig. 3 probably results f rom more  surface he te ro-  
geneity.  The potential  and shape of the second peak 
are ra ther  insensit ive to sweep rate  for 5-100 mV/sec  
at a Pb 2+ concentrat ion of 1 raM. As the Pb 2+ concen- 
trat ion is decreased, the peak height  decreases but  the 
effective width and anodic-cathodic sweep peak sepa-  
rat ion are re la t ive ly  insensit ive to Pb 2+ concentrat ion 
f o r  Cpb2,1- : ~  10-4M. At concentrations below 10-aM 
Pb 2+, the second peak completely  disappears for a 
sweep ra te  of 20 mV/sec  (see insert  in Fig. 2). 

The vo l t ammet ry  curves in Fig. 3 also indicate fur -  
ther  minor  peaks at 0.13 and --0.08V. The vo l t ammet ry  
curves for polycrystal l ine gold are similar  to those 
shown in Fig. 3. A large  change in reflect ivi ty is ob- 
served at ~ --0.22V where  the deposition of mossy or 
dendri t ic  lead occurs. The total surface charge is only 
~300 gcoulombs/cm 2 (apparent  area) corresponding to 
less than a monolayer  of lead atoms when this three-  
dimensional  crystal  growth commences. 

The vo l t ammet ry  curves on the (100), (110), and 
(111) faces of s ingle-crysta l  gold (Fig. 4) are qui te  
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distinctive. The first vo l t ammet ry  peak is evident  at 
~0.3V for each orientat ion but  its re la t ive  height  and 
shape are highly dependent  on the orientation. An ad- 
dit ional very  pronounced peak is evident  for the (111) 
or ientat ion al though its potential  is approximate ly  25 
mV more cathodic than that  of the second peak for the 
evaporated gold electrodes (Fig. 2 and 3) or for ordi-  
nary polycrystal l ine gold. A peak is observed for the 
(110) orientat ion at the same potential  as for the (111) 
but  is far  less pronounced. The base current  also is 
la rger  and not as wel l  defined for these vo l tammet ry  
curves as for the evaporated gold. Clavi l ier  et al. (20) 
have noted a similar  effect in thei r  studies of single-  
crystal gold and have attribUted it to a layer  of elec- 
t rolyte  be tween  the Teflon holder  and the gold crystal. 

While the over-a l l  surface orientat ion of the single- 
crystal  electrodes is known, informat ion is lacking as 
to the micros t ruc ture  of the surface. The cycling of the 
electrode potential  several  t imes up to 1.6V prior  to 
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Fig. 3. Voltammetry and specular reflectance curves for UPD 
of lead on evaporated gold in 1 mM Pb(NO~)I /2 -~ IM HCIO4. 
Sweep rate, 20 mV/sec; wavelength, 431 nm. Differences between 
Fig. 2 and this figure are due to differences in potential sweep 
range and minor variations in pretreatment. 
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Fig. 4. Voltammetry curves for single-crystal gold electrodes 
with (100), (110), and (111) orientations in 1 mM Pb(NO~)~ ~ 1M 
HCI04. Sweep rate, 20 mV/sec. 

recording the vol tammetry  curves probably  modified 
the micro-or ienta t ion of the s ingle-crystal  surfaces. The 
microsurface structures of the s ingle-crystal  gold elec- 
trodes probably involved several orientat ions "and 
hence the relat ive complex peak s t ructure  is not sur-  
prising, par t icular ly  for the (100) orientation: On the 
basis of the vol tammetry  curves, however, it appears 
that  the surface of the evaporated gold electrode used 
for Fig. 2 was at least as homogeneous as that  of ei ther 
the (111) or (110) orientat ions of the gold single crys- 
tals and much more homogeneous than  that  of the 
(100) orientation.  

The charge density vs. potential  curves for the UPD 
of lead on evaporated and s ingle-crystal  gold (Fig. 5) 
have been calculated by in tegrat ing the vol tammetry  

30( 
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Fig. 5. Charge density vs. potential curves for the UPO of lead, 
obtained from the voltammetry curves in Fig. 2 and 4. 

curves as a function of potential, and then subtract ing 
the charge obtained from the vol tammetry  curves for 
gold in the absence of lead. This procedure involves 
the dubious assumptions that the charge associated 
with the formation of the lead layer  and ordinary  
double- layer  charging can be separated, and that the 
double- layer  charging of the gold and lead-covered 
gold surfaces are the same. It  is difficult, however, to 
avoid this or some equally dubious assumption in cal- 
culat ing the charge density associated with the forma- 
t ion of the lead layer. In  any event  the implications of 
the charge densi ty-potent ia l  curves are not affected 
by this assumption since the charge associated with the 
formation of the lead layer  is large compared to the 
ordinary  double- layer  charge. All three of the single- 
crystal surfaces approach 225-250 /zcoulombs/cm 2 (ap- 
parent  area) at 0.00V. A slightly higher value of ~275 
;~coulombs/cm 2 is approached at this potential  for the 
evaporated gold surface bu t  this may reflect differences 
in  the ratio of t rue - to -apparen t  area. Each of the 
charge-potent ial  curves are otherwise quite distinctive 
indicating differences in  these surfaces and the UPD on 
them. For the (110) orientation,  the major i ty  of the 
charge is associated with the first peak, whereas for 
the (111) or ientat ion much of the charging occurs at 
more cathodic potentials. 

Specular reflectance.--The specular reflectance mea-  
surements  on evaporated gold electrodes indicate that  
the vol tammetry  peaks are at tended by large changes 
in  the reflectance (Fig. 6). For the measurements  re-  
ported in this figure, the reflectance has been normal-  
ized to un i ty  at 0.5V for each wavelength.  The hystere-  
sis is, for the most part, the result  of the response t ime 
(,--1 sec) of the filter used to suppress noise in  the 
recording system. The changes in reflectance are par-  
t icular ly pronounced at ,~0.05V where the second peak 
in the vol tammetry  curve occurs, indicating that  a very 
large change in the optical properties of the layer  
occurs, most l ikely as a result  of a change in  the elec- 
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Fig. 6. Reflectance vs. potential curves for UPD of lead in 
evaporated gold at three wavelengths. Conditions the same as 
for Fig. 3. 
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tronic properties of the surface lead layer  and its in te r -  
action with the gold substrate and solvent molecules. 

Figure  6 indicates that  the reflectance changes at-  
tending the UPD are highly wavelength  dependent.  
The wavelength dependence of the relat ive reflectance 
changes are given in Fig. 7 for various Pb 2+ ion con- 
centrat ions in  0.2M HC104 at a potential  of 0.33V, 
which corresponds to the first vo l tammetry  peak in 
this electrolyte. The values on the ordinate correspond 
to the difference in the reflectance of the polished bulk  
gold electrode at 0.33V in  the Pb 2+ containing solu- 
tions normalized at 0.5V, and the corresponding value 
for this electrode in a lead-free solution, also normal -  
ized to 0.SV. The various Pb 2+ ion concentrat ions cor- 
respond to different surface coverages with lead, as 
will  be evident  from a consideration of the adsorption 
isotherms discussed below. Similar  results have been 
obtained with evaporated gold. The reflectance spec- 
t rum of the lead layer  on the gold is s t rongly in -  
fluenced by the absorption edge of gold at ~500 nm. 
The reflectance increases with the formation of the lead 
partial  monolayer  at wavelengths below the absorption 
edge of gold and decreases at longer wavelengths.  This 
effect, however,  is quite potential  dependent  (see the 
500 nm curve in Fig. 6). 

All the curves in Fig. 7 have a near ly  common in te r -  
section at ~510 nm. This behavior  is ra ther  analogous 
to the isobestic point encountered in  absorption spec- 
troscopy when the sum of the concentrat ions of two 
forms of an absorbing species is constant. The analo-  
gous s i tuat ion for the reflectance spectra are the oc- 
cupied and unoccupied surface sites, the sum of which 
is a constant. Apparen t ly  at 0.15V the contr ibut ion to 
the reflectance from occupied and unoccupied sites is 
the same at k ~ 510 nm. 

The dependence of the normalized reflectance change 
on charge densi ty is shown for three wavelengths  for 
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Fig. 7. Wavelength dependence of normalized reflectance change 
for the UPD of lead on polished bulk gold for various Pb(NO3)2 
concentrations in 0.2M HCIO4 at 0.33V. Data evaluated from 
reflectance vs. potential curves obtained with sweep rate of 20 
mV/sec. 
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Fig. 8. Normalized change in reflectance vs. charge density for 
the UPD of lead on evaporated gold in 1 mM Ph(NO3)2 + 
IM  HCIO4. Charge density evaluated as in Fig. 5. 

evaporated gold in a 1 mM Pb(NOs)~ + 1M HC10~ 
solution in Fig. 8. The charge density, obtained from 
the integrat ion of the vol tammetry  curves with the 
lead-free gold surface as a reference, should be at 
least approximately proport ional  to the amount  of lead 
on the gold surface if all of the adsorbed lead species 
on the surface have the same charge. The outer  Helm- 
holtz plane and diffuse layer  contr ibut ions to the total 
charge densi ty should be small  compared to the charge 
associated directly with the formation of the lead 
layer, regardless of whether  the lat ter  is faradaic, non-  
faradalc, or par t ia l ly  both. Consequently,  the l inear i ty  
in Fig. 8 up to a charge density of ..-175 ~coulombs/cm 2 
(apparent  area) for wavelengths  of 456 and 657 nm 
implies that  the reflectance changes under  these condi- 
tions are proport ional  to the amount  of lead adsorbed. 
This proport ional i ty  facilitates the de terminat ion  of 
adsorption isotherms from reflectance measurements ,  
but  care must  be exercised to avoid wavelengths near  
the absorption band  edge of gold where l inear  be-  
havior is not observed over any  appreciable range of 
charge densities. 

At N20O #coulombs/cm 2 an abrupt  change in slope 
occurs in Fig. 8 at 456 and 657 nm. This charge density 
corresponds to the occurrence of the second vol tam- 
met ry  peak and is indicative of a large change in the 
electronic s tructure of the lead layer. 

The dependence of the differential reflectance co- 
efficient [x = ( I /R)  (dR/dE)] on potential  and wave-  
length  also has been examined using the a-c electro- 
modulat ion technique (18). The in-phase component  
of the reflectance is given as a funct ion of potential  for 
three wavelengths in Fig. 9 for a 70 Hz, 30 mV p-p  
sinusoidal modula t ion  of the electrode potential  super-  
imposed on a 20 mV/sec l inear  voltage sweep. At this 
modulat ion frequency, the out-of-phase component is 
not small compared to the in-phase  component  in the 
potential  regime corresponding to the UPD of lead. 
Consequently, the potential  dependence of x is influ- 
enced by  the dependence of the adsorpt ion-desorpt ion 
kinetics on l~otential as well  as the change of the 
optical properties of the surface with coverage and 
potential.  The hysteresis in  Fig. 9 is the result  of the 
relat ively long time constant (I sec) of the filter used 
to minimize noise. The changes in  sign and magni tude  
of x at these wavelengths and at the various potentials 
are as would be expected from the d-c reflectance data 
in  Fig. 6. 

The wavelength dependence of the in-phase  com- 
ponent  of x is shown in Fig. 10 for the same condi- 
tions as for Fig. 9. While these derivative curves have 
some similari ty to those for the integral  reflective 
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Fig. 9. Differential reflectance-potential curves for the UPD of 
lead on evaporated gold. Only the in-phase component is shown. 
A-C modulation potential, 30 mV p-p; 70 Hz, sweep potential 
rate, 20 mV/sec; electrolyte, S mM Pb(N03)2 --{'- 1M HCI04. 
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OR 

[1] 

where Ni represents the surface concentrat ion of the 
various types of lead species on the surface. For the 

-z ~ lead-free systems, the second summat ion term wi th in  
the bracket  is zero, whereas for the lead-covered sur-  
faces involved in  Fig. 10, the second te rm is predomi-  

0 ~ nan t  at low modulat ion frequencies. Evidence as to the 
relat ive magnitudes of these terms from complex plane 
analysis is presented below. Much of the var iat ion of x 
wi th  potential  at ~ ---- 456 and 600 nm in  Fig. 9 results 
from the potential  dependence of (dNi/dE). 

Adsorption isotherms.--The adsorption isotherms 
have been determined from the reflectance data at 600 
nm for potentials well  anodic to the second vol tam-  
met ry  peak and are given in  Fig. 11. After  sweeping 
the potential  several times up to 1.6V, the potential  
was main ta ined  constant at the potential  specified on 
the curve in Fig. 11 so as to allow sufficient t ime for 
adsorption equi l ibr ium to be reached. The normalized 
reflectance change was then determined by comparing 
the reflectance of the part ial ly lead-covered gold elec- 
trode with that  of the lead-free gold surface. 

Linear  behavior  of the reflectance change, and hence 
lead surface concentrat ion on log Cpb2+ is evident  in  
Fig. 11 over the concentrat ion range Ceb2+ = 3 • 10 -6 
to 5 • 10-4M, as is to be expected if the lead adsorp- 
tion obeys a Temkin  isotherm. The slopes of these por-  
tions of the plots are indicative of the Temkin  param-  
eter. The potential  dependence of these slopes is not  
surpris ing since the interact ion be tween the adsorbed 
species and therefore  the Temkin  parameter  would be 
expected to depend on electrode potential,  par t icular ly  
for charged adsorbed species. 

Rather surprising, however, is the abrupt  level ing 
off of the isotherms at concentrat ions of --~5 • 10-4M 
Pb 2+ for all three potentials. The surface coverage 
even at 0.12V only corresponds to ~100 #coulombs/cm 2 
and is much less for the other two more anodic pa ten-  

. . . . . . .  tials. Rather similar leveling off of the adsorption iso- 
therms at well below man �9  coverage has been ob- 
served by Bagotzky et al. (21) for C1- on Pt  al though 

-0.06V not  so abruptly.  The precision of the points in  Fig. 9 
makes it unl ike ly  that  this abrupt  feature of the curves 
is the result  of a statistical variation. 

0.3V Specular reflection study of adsorption-desorption 
kinetics.--The kinetics of UPD of lead have been in-  
vestigated wi th  both the potential  step method and 

O.05V complex plane analysis of a-c electromodulation mea-  
surements,  using reflectivity as a readout. The poten-  
t ial  step measurements  were performed b y  stepping 
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Fig. 10. Differential reflectance spectra for the UPD of lead on 
evaporated gold at three potentials. Conditions the same as for 
Fig. 9. Dotted line, differential reflectance spectrum of gold in 1M 
HCI06, in the absence of Pb ~+. 

changes in Fig. 7, the common crossover or isobestic 
point is no longer  found. This is a consequence of the 
fact that  the curves have been evaluated at potentials  
above and below the second vol tammetry  peak where 
marked  changes occur in  the electronic properties of 
the lead layer. For comparison purposes, the differen- 
tial reflectance spectra of evaporated gold in  the ab-  
sence of Pb 2 + is also shown. The UPD of lead on the 
surface produces layers whose optical properties are 
quite dependent  on potent ial  and coverage, and quite 
different from that of gold. The comparison of the 
lead-free gold and lead-covered surfaces, however, 
must  be made with caution. The differential electro- 
modulat ion reflectance x is given by 
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Fig. 11. Adsorption isotherm for lead UPD on gold in IM HCIO4 
evaluated from reflectance measurements on evaporated gold at 
600 nm. Potentials indicated on curves. 
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the potential  f rom 0.5 to 0.1V where  UPD of lead oc- 
curs. The change of reflectivity wi th  t ime was followed 
wi th  an X - Y  recorder.  Such curves show ini t ia l ly  a 
v i r tua l ly  instantaneous change of reflect ivi ty which 
corresponds to the intr insic dependence of reflect ivi ty 
of gold on potential.  This is fol lowed by a gradual  
change of reflectivity at tending the deposition of lead. 
The plots of  h (R/Ro) vs. square root of t ime for va r i -  
ous concentrat ions of Pb 2+ are l inear  (Fig. 12). This 
indicates diffusion control and also confirms the l inear-  
i ty of the change of reflectivity wi th  the surface con- 
centrat ions of lead. The ratios of the slopes correspond 
exper imenta l ly  to the ratios of the solution concentra-  
tions of Pb 2+, as is to be expected for pure  diffusion 
control of the adsorption process. 

The kinetics of the UPD of lead have  been examined  
using complex plane analysis of the in-phase and out-  
of-phase components of the change of reflect ivi ty as a 
function of f requency  obtained in a-c e lec t romodula-  
t ion experiments .  This technique was more  a t t ract ive  
than a t tempt ing to extend the potential  step method to 
shorter  t imes because of a be t te r  s ignal- to-noise  ratio 
and the possibili ty of fol lowing faster  processes. The 
complex plane analysis of e lect romodulat ion reflec- 
tance data has been described e lsewhere  (18). The plot  
of the out -of -phase  vs. in-phase components at various 
frequencies  yields a semicircle  for pure kinet ic  control  
for an adsorption process and a quar te r  circle for pure  
diffusion control. With mixed  control, an in termedia te  
curve  is obtained, which approaches perpendicular  to 
the in-phase axis of the plot at the high f requency end 
of the complex plane curve and at 45 ~ at the low f re-  
quency end. The intercept  wi th  the in-phase axis at 
the high f requency  end should correspond to the te rm 
(OR/OE)Ni in Eq. [1], while  the low f requency inter-  

cept wi th  the in-phase axis corresponds to the total  
der ivat ive  (dR~dE). 

Complex plane plots are presented in Fig. 13 for the 
UPD of lead on evaporated gold in 1 mM Pb(NO3)2 + 
1M HC104 for two potentials.  The high f requency 
intercepts  wi th  the real  axis indicate that  ( l / R )  (OR/ 
OE)Ni is --8 X 10-3/V at a potential  of 0.268V, and 
--2 X 10-8/V at 0.00V at 600 nm. These values are 
th ree -  and twofold larger,  respectively,  than the cor- 
responding values for l ead- f ree  gold surfaces (evapo-  
rated) at the corresponding potentials, indicating that  
the presence of lead on the surface substant ial ly modi -  
fies the intrinsic e lectromodulat ion coefficient. Fu r the r  
measurements  are needed to establish the wave leng th  
dependence of this coefficient. The low f requency l imi t -  
ing values of the in-phase component  of x ver i fy  that  
at both potentials the change of reflectance with  po-  
tential  is most ly due to the xi(cgR/ONi) dNi/dE t e rm in 
Eq. [1]. 
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Fig. 12. Time dependence of the reflectance change at 43! nm 
attending the UPD of lead on evaporated gold following a potential 
step from 0.5 to 0.1V at various Pb 2+ concentrations in 1M HCI04. 
(Pb 2+ concentrations indicated on curves.) 
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Fig. 13. Complex plane analysis of electromodulation reflectance 
data for the UPD of lead on evaporated gold in 1 mM Pb(NO~)~ 
+ 1M HCIO4 at 7~ = 600 nm. A, potential = 0.00V; solid curve, 
best portion of circle through points; dashed curve, quarter circle; 
B, potential = 0.268V. Numbers in figure correspond to fre- 
quencies in Hertz. 

The curve for 0.268V in Fig. 13 corresponds to mixed  
kinetic and diffusion control. 6 The equat ion describing 
the e lectromodulat ion coefficient x under  such c i rcum- 
stances is (18) 

assuming only a single type of adsorbed species, where  
x = ( l / R )  (dR/dV),  R is the reflectance, E is the po- 
tent ial  across the interface, q is the charge associated 
with  the UPD of the lead, • is the angular  f requency of 
the modulat ion signal, Zad is the adsorption imped-  
ance, Zint is the over -a l l  impedance of the interface, 
and Z is the total  impedance (including ohmic drop 
wi th in  the solution) across which the modula t ion  po- 
tent ial  (V) is applied. With the IR drop compensated 
potentiostat  used in the present  study, Z = Zi. The 
impedance Zad involves the fol lowing series compo- 
nents: the capacitance Cad, the kinetic resistance r, 
and the Warburg impedance W, where  

W = L(1 -- j ) /k /~-  [3] 
wi th  

RT 1 
L = z~ri'~,/I_ CFb2+ ~ [4] 

where  CPb2 + and Dpb2 + are the concentrat ion and dif- 
fusion coefficient of the Pb 2 + ion, z = 2, and the other  
symbols have their  usual meaning.  Thus 

1 L(1  - - D  
Zad - j~Cad t- r + x / ~  [5] 

Equat ion [2] can be rearranged,  using Eq. [3]-[5],  to 
the form 

, 

(1 + x)  - - j  (1 + rx/'~/L)xo �9 ] t61 

where  x = LCaa%/'~. Using DPb2+ = 0.98 X 10 -5 cm 2 
sec -1 (22) yields W = 15 (1 -- j ) / ~ / =  o h m , c m  e. The 
data for 0.268V in Fig. 13 yield a value of Cad ~ 3 X 
10-3 fa rad /cm 2 and r ---- 1.0 ohms-cm 2. The apparent  

e T h e  c u r v e  f o r  0 .268V in  F ig .  13 d i f f e r s  f r o m  t h e  e x p e r i m e n t a l  
c u r v e  fo r  l e a d  a d s o r p t i o n  on go ld  a t  0 .30V in  Ref .  (18) b e c a u s e  i n  
t h e  e a r l i e r  e x p e r i m e n t a l  w o r k  t h e  a -e  e l e c t r o m o d u l a t i o n  d a t a  w e r e  
r e c o r d e d  w i t h o u t  c o m p l e t e  c o m p e n s a t i o n  fo r  IR  d r o p  a n d  w i t h  t h e  
s i n u s o i d a l  p o t e n t i a l  m o d u l a t i o n  s u p e r i m p o s e d  on a l i n e a r  p o t e n t i a l  
s w e e p  r a t h e r  t h a n  a t  a f i x e d  p o t e n t i a l .  
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exchange current  density corresponding to this value 
of r is 

vRT 1 
io  ---- n F  " ~ -- L3"10-2A/cm2 [7] 

where  p is the stoichiometric number  for the over-al l  
adsorption (assumed to be 1) and n is the charge 
t ransferred ( taken as 2). 

The potential  of 0.00V used for the other plot (A) in 
Fig. 13 is cathodic to the second vol tammetry  peak 
where a t ransi t ion in the electronic properties of the 
layer  appears to occur. These data cannot be fitted 
closely to a quar ter  circle (dashed l ine) .  Although 
part  of a circle (solid curve) can be drawn through 
the points, the center is well below that for the quar ter  
circle predicted by theory for pure diffusion control. 
Such deviation may be the result  of having two forms 
of lead on the surface or an ins t rumenta l  artifact such 
as slight overcompensation of the ~ solution phase IR 
drop. Fur the r  work is required to clarify this point. 

ESCA.--Some pre l iminary  measurements  were made 
with ESCA in an at tempt to establish whether  any dif- 
ferences could be found between the lead monolayer  
in gold and that of the surface of bulk  lead. The lead 
layer  was formed on bulk  gold at 0.02V. The electrode 
was then wi thdrawn from solution at this potential  
and washed with H2 saturated methanol  in  an at tempt  
to prevent  the reoxidation and loss of lead in  the r inse 
upon removal  of the potential  control. The electrode 
was subsequent ly  a l lowed to dry in a N2 atmosphere. 
The sample was then  t ransfer red  into the vacuum of 
the ESCA spectrometer (Varian VIEE-15, with MgK (~) 
x - r ay  source) without  exposure to air. 

The sample exhibits peaks at 138.5 eV (4iT/a) 
and 143.6 eV (4f5/2), as shown in Fig. 14. These 
values are much higher than those for pure metal  
lead [137 eV (4f7/2) obtained with this ins t rument]  
and comparable to the values reported recent ly for 
lead film evaporated on gold after exposure to oxygen 
for an extended time (23). Thus the lead monolayer  
film formed electrochemically is not lost dur ing the 
washing in  hydrogen saturated methanol  bu t  it is ap- 
parent ly  oxidized in  subsequent  operations. The peak 
width in  Fig. 14 is broader  than  can be a t t r ibuted to 
ins t rument  broading, probably as a result  of surface 
heterogeneity and adsorbed water  molecules in the 
modest vacuum (10 -7 Torr) obtained with the ESCA 
equipment  in  this study. 

T,oo 

I I I I J 
148 138 128 

BINDING ENERGY (eV) 
Fig. 14. ESCA spectrum (4 farads) for partial monolayer of 

lead on gold. 

Discussion 
On the basis of the l inear  sweep vol tammetry  and 

reflectance studies, it is proposed that the UPD of lead 
involves two processes 

Pb 2+ (soln) + (2 -- y ) e -  ~-Pb y+ (ads) [8] 

pby+ [ads] -~ y e -  .~ Pb (ads) [9] 

The first is the adsorption of lead, probably in  ionic 
form. This process appears to occur over a wide range 
of potentials, commencing with the first cathodic volo 
t ammet ry  peak at ~0.3V. In  solutions of less than  
10-~M Pb 2+ at a sweep rate of 0.02 V/sec, reaction [8] 
is under  diffusion control. The second process (reaction 
[9]) appears to be a phase t ransi t ion at tended by a 
change in the state of charge wi th in  the adsorbed layer  
since it is characterized by a qui te  sharp peak in the 
voltamrnetry curves and is not under  diffusion control. 
Theoretically a potential  sensitive reversible phase 
t ransi t ion wi th in  a two-dimensional  layer  should occur 
at a single potential, bu t  surface heterogenei ty and 
lack of complete reversibi l i ty can easily smear this 
peak out over a range of potentials. The disappearance 
of the second vol tammetry  peak at concentrat ions be-  
low 10-4M Pb 2+ for a sweep rate of 20 mV/sec can 
be explained by the fact that the diffusion control of 
the process in  reaction [8] prevents  the surface cover- 
age from reaching the critical value necessary for 
this transition. 

The pronounced difference in  the second vol tammetry  
peak on the various gold single-crystal  surfaces is 
not surpris ing since this phase t ransi t ion leading to a 
metall ic layer  should be dependent  on crystallographic 
orientation. Apparen t ly  the recycling of the evaporated 
gold surface produced a relat ively homogeneous sur-  
face at least wi th  respect to this phase transit ion.  

The charge of the adsorbed species resul t ing from 
the first process is expected to be substant ia l ly  less 
than  the + 2 charge of the lead ions in solution. While 
it is not possible to dist inguish be tween the charge of 
a faradaic process and that of nonfaradaic  ionic ad- 
sorption in the vol tammetry  experiments,  nonetheless, 
the 100-200 ~coulombs/cm 2 or more of charge passed 
before reaching the second vol tammetry  peak is too 
high for simple ion adsorption, even with strong in ter -  
action between the adsorbed ions and the substi~ate. 

The addit ional charge (70-90 ~coulombs/cm 2) in-  
volved in the second peak is too high to be associated 
with a change in  the charge of the outer Helmholtz 
and diffuse ionic layers a t tending the phase t ransi t ion 
wi th in  the lead layer. Consequently, the phase t ransi-  
t ion is accompanied by a change in  the charge of the 
adsorbed lead species, most l ikely to zero charge. This 
behavior  and the pronounced change in  the reflectivity 
and its wavelength  dependence accompanying the sec- 
ond vol tammetry  peak can be readi ly explained by 
having the phase t ransi t ion involve the formation of 
a metall ic lead layer  in  which the valence bands of 
the lead merge with the band  structures of the gold 
substrate. 

A monolayer  or near  monolayer  of a metall icl ike 
lead layer  on gold should have optical properties which 
differ substant ia l ly  from those of bu lk  lead because of 
the two-dimensional  na ture  of the layer  and the strong 
interact ion with the band  s t ructure  of the gold sub-  
strate. Nonetheless, it is interest ing to compare the 
reflectance changes calculated for a metall ic lead layer  
using the refractive index of bu lk  lead with the ex- 
per imenta l  values at potentials cathodic to the second 
vol tammetry  peak (Fig. 15). The calculation has been 
carried out with the following equat ion (24) 

1 - -  [ e l / ( t ~ h )  ] (~2 - -  93 )  s i n 2 r  
where A -- [1Oa] 

1 -- (1/t~) (t~ + ~'s)sin2e~ 
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4 

i ~ EXPERIMENTAL 

A I-ml 

Fig. 15. Comparison of experimental values for the reflectance 
change with calculated values for n 3.~. thick layer of (ead on 
gold with the optical properties of the layer taken as those of 
bulk lead. Experimental data for a potential of O.OOV in ] mM 
Pb(N03)2 + ]M HCI04 at angle of incidence of 45% 

A A A 
�9 1, ,2, and e3 are the complex dielectric constants of 
the solution, lead layer, and gold substrate, respec- 
tively, at the wavelength  k (in vacuo); nl is the re-  
fractive index of the solution; d is the thickness of the 
lead layer;  and r the angle of incidence. For the 45 ~ 
angle of incidence used in  the present  work, the term 
A contributes relat ively little to the wavelength  de- 
pendence compared to the other term within the 
bracket  in Eq. [10] and will be approximated as 1 for 
the purposes of this discussion of wavelength depend-  
ence. Equat ion [10] can be rear ranged to the form 

( ~  = U[X(~2'--,8')+ Y(ee"--,~")] [II] 
x F~ / P 

X = (el' -- '8 ) .--3 ~ ----. [lla] 
\~1" -- '3  el' -- '3' 

Y :  [<.,,, "" "=-)1' - -  - -  " + ---- [11b] 
kei" -- '3" 'I' -- '3" "'~ 

U : (8~dnlcos~bl)/l [ l l c ]  

The values of U, X, and Y have been calculated from 
the values of ,3' and ,3" for pure gold (see Table I), 
evaluated from the ellipsometric measurements  of 

Horkans (25) for evaporated gold and with the layer  
thickness taken as ~3A.. The values of e2' and e2" 
(Table I) have also been calculated from the complex 
refractive index data determined ell ipsometrically for 
a bulk  lead sample by Horkans (25). This lead sample 
was not of high optical quality, bu t  the calculation is 
relat ively insensit ive to small  errors in the refractive 
index data for lead. 

The calculated changes in reflectance for a metall ic 
lead layer  are compared with the exper imental  values 
corresponding to the difference in  the reflectance with 
and without  the lead layer  at 0.00V for an evaporated 
gold electrode on 1 mM Pb 2+ solution in  Fig. 15. As 
indicated earlier, this subtract ion assumes that  the in-  
tr insic dependence of the reflectance on potential  for 
the lead-covered gold electrode is the same as for pure 
gold. This cer ta inly is not true, but  the error  should be 
small  except in the vicini ty of crossover (475-500 nm) 
in Fig. 15 where the change of the reflectance with 
lead coverage passes through zero. At wavelengths re- 
mote to this region, the change of reflectance associated 
with the lead layer  is due principal ly to the term 
(OR/ONi) F.(dNi/dE) in Eq. [1] and not to the intr insic 
electromodulation term (cgR/OE)Ni. While the calcu- 
lated reflectance change passes through zero, the 
values at ~ remote from 500 nm are in large discrep- 
ancy. This is not surpris ing since the optical properties 
of the monolayer  should be quite different from those 
of lead. Further ,  the electronic properties and optical 
constants of the surface layer  of gold should be 
strongly per turbed by the lead. 

Even at the less cathodic potentials where the lead 
is believed to have much ionic character, the inter-  
action of the lead with the substrate  gold must  be very 
strong. The first vo l tammetry  peak occurs at potentials 
of W0.3-0.4V anodic to the potential  of zero charge, 
which is estimated to be --0.1V in 1M HC104 on the 
basis of the work of Bockris and co-workers (26). 
This and the re la t ively high charge densi ty (~200 
~coulombs/cm 2 prior to the second vol tammetry  peak) 
indicate strong specific adsorption wi th  no water  
interposed between the lead and the gold substrate. 
Such specific adsorption requires not only the displace- 
men t  of water  molecules on the gold surface bu t  also 
the removal  or at least gross distort ion of water  in 
the inner  coordination sphere of the lead ions. On the 
basis of the behavior  of similar divalent  ions (27), the 
heat of hydrat ion of Pb 2+ should be at least 400 kcal /  
mole of which approximately  one-hal f  is associated 
with the inner  coordination sphere. All things con- 
sidered, the m i n i m u m  energy required to reorganize the 
inner  coordination sphere of the lead ions to accom- 
modate the direct interact ion with the gold substrate 
is certainly at least 20 kcal /mole  if the lead retains 
its W2 charge, and probably much more, par t icular ly  if 
the charge of the adsorbed lead ions is effectively 
reduced through interact ion with the band  structure of 
the gold. Consequently,  the s t rength of the interact ion 
of the lead and gold is at least 20 kcal/mole.  

Pr ior  to the sharp t ransi t ion associated wi th  the 
second peak, the lead should be dis tr ibuted randomly  
on various adsorption sites with water  molecules sur -  
rounding each lead ion on the surface. Direct in te r -  

Table I. Optical data involved in the calculation of the reflectance change attending the formation of a lead monolayer on gold with 
the monolayer having the refractive index of pure bulk lead 

L e a d .  G o l d  a C a l c .  
~,  n r n  n s  k 2  es '  e l "  ~ k s  ,It' ,3" A ( R I R o ) ,  % 

4 0 0  1 . S 0 b  3 . 5 2  --  10 ,1  1 0 . 6  1 .56  2 . 1 3  --  2 . 1 0  6 . 6 5  + 1 .14  
4 5 0  1 .92  3 . 6 8  - -  9 . 7 1  14 .1  1 .46  1 . 6 7  - -  1 . 39  5 . 4 2  + 0 . 7 2  
4 7 5  2 . 0 4  3 . 7 3  - -  9 . 7 5  1 5 .2  1.2,5 1 .73  - -  1 .61  4 . 4 5  0 . 0 0  
5 0 0  2 . 1 5  3 . 8 0  - -  9 . 8 2  1 6 ,3  0 . 7 8  1 . 9 0  - 3 . 0 0  2 . 9 6  - 1 . 94  550 2.28 3.95 -- 10.4 18,0 0.30 2.61 - -  6 . 7 2  1.57 -- 2.31 

�9 n l ,  k l ,  ns, ka are  f r o m  R e f .  ( 2 5 ) .  e" = n2  - -  k2 ,  , .  = 2 n k .  
b V a l u e  e x t r a p o l a t e d  to  400 n m .  
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actions (horizontal)  be tween the adsorbed lead ions 
would be expected to be coulombic and relat ively weak 
under  these circumstances. Indirect  interact ions (ver t i -  
cal) be tween adsorbed lead ions resul t ing from modi-  
fications in  the surface electronic s t ructure  of the gold 
are probably  more important .  Even so, the l inear i ty  of 
the reflectance changes v s .  charge density (Fig. 8) up 
to N175 ~coulombs/cm s (apparent  area) at wavelengths 
remote from 500 nm indicates that  the interactions 
among the adsorbed lead species are small, whether  di-  
rect or indirect,  for coverages up to 0.4-0.5. [The 
charge density of 175 ~coulombs/cm~ corresponds to 
0.4 on the (111) plane and 0.46 on the (100) plane, as- 
suming two charges per lead adsorbed, one adsorption 
site per  gold surface atom, and a t rue - to -apparen t  area 
ratio of unity.]  At and near  the wavelength  (500 nm)  
corresponding to the threshold for the 5d-6s in te rband  
t ransi t ion of gold, the reflectance is extremely sensi- 
t ive to small  changes in  the surface electronic prop-  
erties of the gold and hence the much  more l imited 
range of l inear i ty  at 500 nm in  Fig. 8 is not surprising. 

The reflectivity change v s .  wavelength data in  Fig, 
7 indicate an increment  in  reflectance with formation 
of the adsorbed layer  at wavelengths less than 500 nm 
and a decrease at longer  wavelengths for a potential  of 
0.15V where  the layer  should have substant ial  ionic 
character. A simple adsorbed ionic layer  without  any 
appreciable imaginary  refractive index component  (k),  
however, cannot explain this wavelength behavior.  
Consideration of Eq. [11] indicates that  for k2 -- 0 
and n~ > n~, only a negative change in reflectance with 
layer  formation is possible, contrary to observation. 
Taking into account the electronic polarizabil i ty of the 
core Pb 2+ ion [4.34 X 10 -24 cm ~ at 589 rim, based on 
measurements  for Pb  2+ in ionic salts of cubic sym-  
met ry  (28)], n2 for an ionic layer  should certainly be 
greater  than  that  of the bu lk  solution. The explanat ion 
for the wavelength dependence in Fig. 7 must  lie in 
either a substant ial  value of k2 for the lead layer  as a 
consequence of the lead-gold interact ion and /o r  a 
fai lure of the three- layer  model upon which Eq. [11] 
is based because of pronounced changes in  the surface 
electronic properties of the gold. 

The authors have refrained from speculating as to 
the origin of the shallow maxima in  the reflectance 
changes v s .  wavelength  curves in Fig. 7 and 15. The 
three- layer  model used in obtaining Eq. [11] is too 
oversimplified to be used to in terpret  relat ively minor  
features of the reflectance v s .  wavelength curves. 

A probable model for the interactions of the ad-  
sorbed lead with the gold substrate and other ad- 
sorbed lead ions or atoms is presented in Fig. 16A and 
B for low and moderate coverage where the lead is 
ionic and in  Fig. 16C and D for high coverage where 
the lead is metallic. The representat ion is that  usual ly  
employed for adsorption at metal-gas  interfaces (29) 
and makes no at tempt to show solvent states. Further ,  
these figures are applicable at or near  the pzc where 
the potential  gradients associated with differences in  
the potentials of the metal  and solution phases are 
small  compared with those intr insic to the electronic 
s t ructure  of the interface. Figures 16A and C represent  
the potential  energy profiles perpendicular  to the gold 
surface through the center of a lead ion or atom while 
Fig. 16B and D represent  the corresponding profiles 
parallel  to the surface through the center of nearest  
neighbor lead ions or atoms. The dashed lines represent  
the potential  energy of an electron when there is no 
interaction, electrostatic or otherwise, between the 
gold and lead. The solid curves are the combined po- 
tent ia l  energy curves. In  Fig. 16A and C the potential  
energy curve be tween the metal  surface and the lead 
is lowered near  the intersection of the two separate 
curves by resonance splitting. At high coverages, this 
resonance spli t t ing is much larger than  at low cov- 
erages because of the three-dimensional  aspect as 
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Fig. 16. Energy level diagram for lead on gold. A and B, Behavior 
at low and moderate coverage. C and D, Behavior at high coverage. 
A and C, Perpendicular to surface. B and D, Parallel to surface. 
r Potential energy of electron in unbound state; CF, Fermi 
energy; A, band width in Pb. Solid curves, comblned metal sub- 
strate-lead potentlal curves; dashed lines, parallel curves with no 
interactions of lead with gold substrate or other adsorbed lead. 

lead-lead as well as lead-gold interactions become 
important .  

In  Fig. 16A the valence orbitals (6p) of the adsorbed 
lead are broadened through interact ion with the orbit-  
als of the gold with part  of the lead valence orbital  
band  below the Fermi level. This results in  a charge on 
the adsorbed lead of less than  +2.  The depression of 
the potential  energy barr ier  be tween the lead and  gold, 
however, is not sufficient to reduce the top of the bar-  
r ier  below the Fermi  level and thus in  this case, the 
lead-gold interact ion is not yet metalliclike. The en-  
ergy of the gold valence and conduction bands is modi-  
fied even remote from the intersection of the two po- 
tent ial  energy curves because of interact ion of the lead 
wi th  these orbitals with the result  that  substant ial  
changes in the real and imaginary  components of the 
optical dielectric constant of the gold are to be ex- 
pected, as seems to be the si tuat ion from the relat ively 
large changes in reflectivity and its wavelength  de- 
pendence even at low coverage. (No at tempt has been 
made to represent  the valence and conduction bands 
of the gold substrate  in  Fig. 16.) The possibili ty that  
the bar r ie r  has been pulled down below the Fermi  
level, even at low coverages, cannot be ruled out at 
this t ime without separate values for n and k for the 
surface layer, but  this is un l ike ly  without  the three-  
dimensional  interactions wi th in  the layer  as well  as 
be tween the layer  and the substrate. 

Such three-dimensional  interactions are to be ex- 
pected at high coverages. In  Fig. 16C and D, the ba r -  
riers are shown depressed below the Fermi  level, i.e., 
the lead layer  is metallic. The phase t rans i t ion  to 
which the second vol tammetry  peak is ascribed serves 
to br ing  the lead spheres into the close proximity re-  
quired to achieve metall ic properties for the layer. 

The potential  energy plots in Fig. 16 will  change 
with electrode potential, at least quali tatively,  in  a 
m a n n e r  similar to that  used to represent  the si tuat ion 
in field emission at me ta l -vacuum interfaces (29). In  
Fig. 16A, the bar r ie r  will  be lowered as the electrode 
potential  is dr iven cathodic. Once the barr ier  falls be-  
low the Fermi level, however, the fraction of the 
electrode potential  difference felt by this barr ier  will 
become very small  because of the metall ic properties 
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of the lead and the smallness of the Thomas-Fermi  
screening distance. 

Figure 16 is qualitative.  To convert  this figure to 
quant i ta t ive  diagrams for lead on gold and other 
similar systems requires far more informat ion than  
is present ly available. A next  step is the in situ mea-  
surement  of the real and imaginary  components of the 
refractive index as a funct ion of wavelength  using 
ellipsometry, v 
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Electrical Resistivity of Silver Deposited by Aerosol Spray 
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Lockheed Palo Alto Research Laboratory, Lockheed Missiles & Space Company, Incorporated, 
Palo Alto, CaliSornia 94304 

ABSTRACT 

The si lver l igands and reducing agents found most effective for producing 
low resistivity silver films by spray chemical reduct ion are in  the order; 
NI-~, en, EDTA for l igands and HCHO, N2I-I4 for reductants.  No si lver was 
deposited from Ag + complexed with C N -  or I - ,  and deposition rates were low 
with S C N -  and B r - .  Reduction of (EDTA)xAg + with N2H4 results in deposits 
with a high (20-35 ~ohm-cm) init ial  resistivity due to inclusion of Ag20 and 
an unstable  bluish coating which appears to be a silver carboxylate. (NH3)2Ag + 
reduced with HCHO produces deposits with the lowest ini t ial  resist ivity (1.7 
~ohm-cm).  The resist ivity of all films can be reduced to 1.6 ~ohm-cm (pure 
silver) by thermal  t rea tment  wi thin  the 120~176 range. En is the preferred 
l igand because of the possibility of forming explosive compounds when  using 
NH3. Silver deposition rate is l inear  with (en)2Ag + up to at least 1.6 ~m/min.  
The opt imum molar  composition of the silver solution is en /Ag  + ---- 2.5 at pH 
10.6 The reductant  composition should be prepared with the molar  ratios 
HCHO/(en)2Ag + - :  9 and NaOH/HCHO ,-~ 0.08. 

Aerosol plat ing was known even before the t u r n  of 
the century  (1) but  it was not perfected for commer-  
cial use (si lvering mirrors)  unt i l  some 40 years later. 
Si lvering processes that have been widely used include 
the dual -spray  chemical reduct ion of ammoniacal  
silver nitrate,  (NH3)2Ag +, with hydrazine (2), for- 

* Electrochemical  Society  A c t i v e  M e m b e r .  
Key words:  silver, resistivity,  aerosol plating, spray p l a t i n g ,  f o r -  

m a l d e h y d e ,  hydrazine.  

maldehyde (3), glyoxal (4), and dextrose (5), and the 
reported use of hydroxylamine  (6). 

Upton et al. (7) studied the (NHa)2Ag+-HCHO sys- 
tem and determined the deposition rate and efficiency 
as a function of solution concentrat ion and spray con- 
ditions. The effect of atomization parameters  on de- 
position rate and efficiency of an aerosol plat ing proc- 
ess has also been  reported (8). 
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Copper (9) and gold (10) films with the electrical 
resistivity of the pure dense metal  can be aerosol 
plated under  proper conditions. This fact, plus the ob- 
servat ion that  plat ing wil l  not ini t iate  on unsensit ized 
nonconductors,  suggests that deposition may sometimes 
proceed via an autocatalytic plating mechanism. 

The present  study was under taken  in  an effort to 
evaluate the qual i ty  of aerosol-plated silver films as 
determined by electrical resistivity measurements .  
Ethylenediamine  (en) and e thy lenediamine-NNN'N' -  
tetra-acetic acid (EDTA) were the principal  l igands 
evaluated with either formaldehyde or hydrazine as 
the reducing agent. However, some plat ing was per -  
formed with the ammoniacal  silver complex for com- 
parison, and bromide, iodide, cyanide, and thiocyanate 
ligands were evaluated in the ini t ial  experiments.  
Consideration was also given to the hazard of forming 
explosive silver compounds in the metal  solution. 

Experimental 
Apparatus.--The plating solutions were sprayed 

with a stainless steel, dual-nozzle, pneumat ic  atomiz- 
ing spray gun fitted with glass siphon cups. A Binks 
Manufactur ing Company Model 181 SS Spray G un  
with 0.5 mm (0.022 in.) l iquid orifices and 66SH air  
nozzles was used. All  surfaces in contact with the metal  
solution were plastic or plastic coated. Metal and re-  
ductant  solution flow rates were each 50 m l / m i n  and 
plat ing was conducted at 22~ using exhaust  vent i la-  
tion. Fi l tered compressed air was used at ca. 0.04 kg /  
mm 2 (60 psig) for atomization. These conditions were 
previously determined (8) to yield efficient aerosol 
plating. 

The pH of the si lver solutions was adjusted using a 
Beckman Model H2 meter  in  conjunct ion with a mul t i -  
purpose glass electrode (0-14 pH, 0-100~ and a sil- 
ver /s i lver  chloride reference electrode. Unstable pH 
readings were sometimes encountered when  adjust ing 
pH of the (en)2Ag + complex. This instabi l i ty  was due 
to the deposition of silver and /or  silver chloride in the 
capil lary of the reference electrode. The problem was 
c i rcumvented by coupling the reference electrode to 
the circuit through a sodium ni t ra te -agar  gel bridge. 

More accurate pH adjus tment  was required when  
studying stabil i ty of the (en)2Ag + complex. An Orion 
Research Model 601 digital pH meter  with a Beck- 
man  "Perma-Probe"  s i lver /s i lver  chloride solid-state 
reference electrode and a mul t ipurpose glass electrode 
was used for this study. The gel bridge was again used 
in the reference circuit and a dual-buffer  s tandardiza-  
t ion technique was employed. Readings were accurate 
to --+0.02 pH uni t  with this system. 

A Hewlett  Packard Model 5750 gas chromatograph 
with a Poropak Q column and thermal  conductivi ty 
detector was used to analyze the gases evolved during 
thermal  t rea tment  of some aerosol-plated silver films. 
Helium was used as the carrier  gas. The silver was de- 
posited on fiber glass kni t  mesh substrates in order to 
provide a high silver surface area p e r  uni t  volume. 
The fiber glass substrates were heat-cleaned at 650~ 
before silver plat ing in order to remove any organic 
contaminants  (sizing, lubricants,  etc.). The si lver-  
plated panels were then placed in a vacuum-t igh t  con- 
ta iner  of known volume, evacuated, given a thermal  
t rea tment  at 125~ for 2 hr  to decompose the unstable  
compound, and the gases evolved analyzed both qual i -  
ta t ively and quanti tat ively.  

Materials.--The reductant  solutions were prepared 
with purified grade 64% hydrazine and U.S.P. 37% 
formaldehyde. The formaldehyde solutions were pre-  
pared fresh daily to minimize the effects of the Can-  
nizzaro reaction (12). The silver complexes were pre-  
pared with 98-100% en, 99% EDTA (tetrasodium salt) ,  
and reagent grade ammonium hydroxide. Addit ional  en 
purification is required if the (en)2Ag + complex is to be 
stored for several weeks before use. Nine ty -n ine  and 
eight tenths  per  cent silver ni t rate  was used in prepa-  

rat ion of the metal  solutions and all other chemicals 
were of reagent grade quality.  The substrates were 5 
X 5 cm frosted borosilicate glass panels. 

Procedure.--The substrate panels were cleaned in 
chromic acid, heated to 200~ for 1 hr, cooled, and 
weighed to the nearest  0.1 rag. The glass squares were 
then sensitized with s tannous chloride (0.25 g/ l i ter ) ,  
r insed with deionized water, and aerosol silver plated 
for 30 sec unless specified otherwise. The panels were 
again rinsed, dried, and reweighed to the nearest  0.1 
mg after plating. In  some instances the silver films 
were heated before reweighing when it was found that  
film resistivity was sensitive to postbake temperature.  
An average film thickness was calculated using the 
density of pure silver, 10.5 g /cm 3 at 20~ (13), and the 
geometrical area. Electrical resistance of the silver 
film was measured with a 4.4 cm square, parallel  bar  
probe (gold plated to minimize contact resistance) 
and a Hewlet t -Packard  Model 412A d-c vacuum tube 
voltmeter.  Electrical resistivity was calculated using 
the measured resistance and the calculated film thick- 
ness. A comparison with the accepted resist ivity for 
pure silver, 1.60 uohm-cm at 22~ (13), gives a good 
indication of film qual i ty (density and pur i ty) .  

Frosted glass substrates were used in these tests in 
order to obtain adequate adhesion of the aerosol silver 
film to the glass. It might be expected, therefore, that 
the calculated resistivity values would be higher than 
the t rue values because the actual surface area of 
frosted glass is somewhat greater  than  the geometrical 
area. However, this difference was not  observed in 
practice and, evidently,  the geometrical area is quite 
close to the t rue area for the silver thickness deposited. 
A reported resistivity value is the average of several 
measurements  which normal ly  varied less than  _+0.1 
~ohm-cm for any  given set of spray conditions. 

Selection of Silver Complexes for Aerosol Plating 
The silver complex is one of the principal  factors 

determining both the plat ing rate and the qual i ty  of 
the silver deposit in this process. The silver ion ac- 
t ivi ty must  be main ta ined  at a low value in order to 
prevent  silver oxide from forming in  the meta l  solution 
either prior to or dur ing spraying. Natara jan  and 
Kr i shnan  (14) recent ly surveyed the l i tera ture  and 
found a broad spectrum of silver complexes effective 
for electrodeposition. Table I lists the ins tabi l i ty  con- 
stants for the more important  silver complexes found  
in this survey. However, only the cyano and, to a 
lesser extent, the iodo silver complexes ha~e been 
used commercially for electroplating. 

Aerosol plat ing places greater  restrictions on the 
choice of the si lver complex than  electroplating. The 
cyano and iodo silver complexes are too stable and no 
metal  deposition is observed in aerosol plating. 

Thiocyanato and bromo silver complexes produce 
bright, metall ic deposits bu t  the plat ing rates are 
ra ther  low. High qual i ty  silver deposits are obtained 
at rapid plat ing rates with NH3, en, and EDTA silver 
complexes. The EDTA complex is anionic and is 
sl ightly less stable than the ammonia  complex (15). 
Silver complexes with instabi l i ty  constants from 10 -~ 
to 10 -8, therefore, appear to be opt imum for aerosol 
plating. It is not possible to use silver complexes with 
instabi l i ty  constants greater than 10 -7 because silver 

Table I. Instability constants of silver complexes 

C o m p l e x  K 

A g ( C N ) , -  8 .0  • 10  - m  
A g I , ~  1 .8  x 10  - la  
A g ( S ~ O ~ ) ~  --s 3 .5  • 10 -1~ 
A g ( C S N ~ H D 8  + 7 .0  X 10  -1~ 
A g ( C S N ) ~  -3 9 .3  • 10  - ~  
A g B r 4  -~ 6 .3  • 10  - lo  
A g ( e n ) e  § 1 .5  x 10  - s  
A g ( S O 3 ) 2  -2 4 . 5  • 10  - s  
A g ( N I - I a ) 2 +  9 ,3  X I0 "8 
A g C l c  ~ 1.2 x 10-8  
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oxide precipitates in the alkaline media  used for aero-  
sol plating. 

The EDTA complex is probably in the form of the 
e thylenediamine  te traacetato silver ion (EDTA)Ag  -3. 
However,  the designation (EDTA)xAg + is used since 
it was beyond the scope of this work  to establish the 
number  of coordinated ligands. The ammoniacal  s i lver  
complex was invar iably  chosen in the past a l though it 
is not a par t icular ly  desirable complex because of 
possible side reactions which can form explosive com- 
pounds. In prepar ing (NH3)2Ag + only a slight excess 
of ammonia  is used over  that  requi red  to redissolve 
the si lver oxide precipi tate  which forms during mixing. 
Under  this condition, and par t icular ly  in the presence 
of additional alkali, explosive compounds may  form in 
solution. Ag(NH3)2OH is a soluble strong base which 
forms a highly explosive nitride, probably  Ag3N (si lver  
azide) or Ag2NH (si lver imide),  upon standing (16). 

Aerosol Silver Plat ing with Hydraz ine  
The s i lve r -EDTA complex produced the most specu- 

lar  deposits on smooth glass surfaces in pre l iminary  
screening exper iments  wi th  hydrazine.  The spray for-  
mulat ions were  therefore  optimized using this complex. 
Init ial  tests indicated that  the resis t ivi ty of the de- 
posited si lver film was not constant wi th  time. The 
resist ivi ty immedia te ly  after  plat ing was quite  high but 
decreased substant ial ly over  a period of 1 week to a 
value only 4-5 t imes that  of pure si lver (Fig. 1). A 
similar  observat ion wi thout  data was repor ted  by 
Ollard (17) in the discussion comments  of another  
paper. S i lver  had been deposited from a Rochelle salt 
bath  onto glass and it was found that  the electr ical  
resistance "fell  af ter  a few hours to half  its value."  

Figure  2 shows that  heat ing the films decreases the 
t ime requi red  to reach a s teady-sta te  resist ivi ty and 
produces a lower  final value (resist ivi ty o2 pure  s i lver  
at 300~ It is not difficult to expla in  the resist ivi ty 
decrease observed at 200 ~ and 300~ Si lver  oxide is 
unstable at e levated tempera tures  with the part ial  

20' 
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Fig. I. Change in electrical resistivity of silver deposit at 22~ 
0. ~1 l~rn Ag (on smooth glass). Plating solutions: 0.02M A9 +, 0.08M 
EDTA, pH 10.5; 0.SM N~H4, 0.03M NaOH. 

pressure of oxygen over  si lver oxide reaching 1 atm 
at 184~ (16). Decomposit ion of the oxide is also cata- 
lyzed by metal l ic  silver. However ,  the decrease in 
resis t ivi ty at room tempera tu re  is not due to oxide 
decomposition. 

These si lver films were  observed with  a scanning 
electron microscope in the as-plated condit ion and 
af ter  heat ing at 100~ There  was no apparent  change 
in film morphology ei ther  wi th  t ime or the 100~ bake. 
A weight  Ioss of  0.5-I.0 mg is typical ly  observed upon 
heat ing to 100~ and the s i lver  films have  a whi te r  
luster. The weight  loss observed is also independent  of 
film thickness. Therefore  it appears that  a compound 
is deposited on the surface of the si lver that  is e i ther  
volati le or decomposes to s i lver  and a volat i le  com- 
pound. 

It is genera l ly  undesirable  and in m a n y  cases im-  
possible to hea t - t rea t  a s i lver  deposit at 300~ to 
achieve the resis t ivi ty of pure silver. However ,  it is 
often possible to lower  the resis t ivi ty of the meta l  film 
by proper  adjus tment  of the reactant  concentrations. 
The net reaction for the reduct ion of s i lver  ion by 
hydrazine can be presented by the fol lowing equat ion 

4Ag + -t- N2H4 -t- 4 O H -  ~ 4Ag + N2 + 4H20 

Al though this equat ion does not show all the steps 
involved  in the actual reduct ion of si lver ion by hydra-  
zinc, it does indicate that such factors as s i lver  ion 
activity, hydrazine concentration, and react ion pH will  
be important  in determining plat ing ra te  and film 
qual i ty  (oxide content, porosity, etc.) 

F igure  3 shows the effect of hydrazine concentrat ion 
on s i lver  plating rate  at several  concentrations of the 
s i lve r -EDTA complex. Hydrazine  has l i t t le  effect on 
plat ing rate above a molar  ratio of 10. This is in marked  
contrast to the dependence observed when  aerosol 
plat ing copper wi th  hydrazine  (9). The slight increase 
in plat ing rate at the h igher  hydrazine concentrations 
is due to an increase in the total  a lkal ini ty  of the re-  
ductant  by the additional hydrazine.  The si lver film 
resist ivi ty did not vary  appreciably over  N2H4/Ag + 
molar  ratios from 10 to 100. 

Figure  4 i l lustrates the dependence of plat ing rate  
on concentrat ion of the (EDTA)xAg +. There  is no 
substantial  difference in film resis t ivi ty  over  the range 
of plat ing rates invest igated (0.3 to 0.9 ~m/min) .  

The si lver ion act ivi ty in the meta l  solution can be 
decreased by increasing the l igand /meta l  ion ratio. 
Figure  5 indicates that  the film resis t ivi ty decreases 
wi th  decreasing s i lver  ion activity. However ,  this is an 
inefficient method by which to decrease film resis t ivi ty  
because the plat ing rate  also decreases substantially.  
F igure  6 indicates that  the plat ing rate  at the high 
l igand /meta l  ion ratio can be increased s l ight ly wi th -  
out adversely  affecting s i lver  resist ivi ty by increasing 
the pH of the s i lve r -EDTA solution. The plat ing rates 
are somewhat  lower  in this test because the meta l  
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Fig. 2. Thermal treatment of silver. Plating solutions: 0.04M 
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Fig. 3. Effect of N2H4/Ag + on plating rate and resistivity. 
0.4-0.6 ~m Ag, 200~ bake. Plating solutions: 4 EDTA/Ag+; pH 
10.5; 0.04M NaOH. Ag+: 0.02M, I-I; 0.04M, A;  0.08M, O .  
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Fig. 5. Influence of EDTA/Ag +. Plating solutions: 0.08M Ag +, 
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solution flow was about 10% lower  than desired. The 
opt imum molar  ratio of E D T A / A g  + would  appear  to 
be from 2 to 4 on the basis of both plat ing ra te  and 
film resistivity. 

The most critical parameter  in aerosol s i lver  plat ing 
is the pH of the spray mixture.  Changes in atomiza-  
t ion and mixing conditions, l iquid flow rates, pH of the 
metal  solution, and sodium hydroxide  in the reductant  
all affect this reaction parameter .  The pH of the s i lver-  
EDTA complex was controlled to • 0.1 pH unit in this 
work. P la t ing  rate  was adjusted to the desired value  
wi th  sodium hydroxide  additions to the reductant .  
F igure  7 shows plat ing rate  and film resist ivi ty as a 
function of sodium hydroxide  additions to the hydra -  
zine solution. A substantial  increase in plat ing rate  is 
obtained upon increasing the sodium hydroxide  con- 
centrat ion from 0.03 to 0.05M. However ,  more  si lver 
oxide is codeposited with  the s i lver  at the higher  
sodium hydroxide  concentrations. 

Pu re  si lver films were  not obtained wi th  the s i lver -  
EDTA complex by adjus tment  of e i ther  the hydrazine 
concentration, s i lver  and EDTA concentration, or re-  
action pH. The s teady-s ta te  resis t ivi ty of the deposited 
si lver films typical ly  ranged f rom 4 to 10 ~ohm-cm. The 
deposits have  a metal l ic  appearance but ev ident ly  some 
si lver oxide and an unstable s i lver  compound are co- 
deposited with  the silver. The film resis t ivi ty of pure  
s i lver  can only be achieved by a thermal  t r ea tment  at 
300~ 

Aerosol s i lver  plat ing wi th  the  en and ammonia  
complexes was also evaluated  wi th  hydrazine using the 
opt imum reducing conditions found for the EDTA 
complex. Table II compares typical  plat ing results of 
the three s i lver  complexes wi th  hydrazine.  The s i lver-  
en complex was tested at an en /Ag  + mola r  ratio of 2 
and  pH 10.5 whi le  the s i lve r -ammonia  complex was 
tested at a N H J A g  + molar  ratio of 4 wi thout  pH ad-  
jus tment  (pH sl ightly grea ter  than 11). It is evident  
that  the ammonia  and en complexes are far  superior  to 
the EDTA complex for aerosol plat ing s i lver  with 
hydrazine.  The plat ing rates are much more  rapid and 
the resistivit ies substant ial ly lower. However ,  even 
the s i lver  films deposited from the en and ammonia 
complexes exhibi t  a significant decrease in resist ivi ty 
during a the rmal  t r ea tment  at 120~ There  also ap- 
pears to be some si lver oxide codeposited wi th  the 
si lver as evidenced by the final resis t ivi ty readings 
af ter  the 120~ bake. 

Aerosol Silver Plating with Formaldehyde 
Aerosol si lver films deposited wi th  formaldehyde are 

considerably br ighter  than those deposited wi th  hydra -  
zine. A mi lky  brown cast genera l ly  develops on thick 
s i lver  films deposited with  hydrazine, indicating the 
presence of si lver oxide. Ini t ial  aerosol plat ing exper i -  
ments  wi th  formaldehyde indicated that  en was a 
suitable Iigand for the si lver but  that  EDTA was not. 
Blue deposits were  obtained with  the EDTA complex 
which have  quite  high resist ivit ies (greater  than 
1000 ~ohm-cm).  A thermal  t r ea tment  at 120~ reduces 
the resist ivi ty to about 20 #ohm-cm but the deposit is 
still of poor quality. The aerosol s i lver process was 
therefore  opt imized with  the s i lver -en  complex. 

Table II. Aerosol silver plating* with hydrazlne 

~(~ohm-cm)  
P l a t i n g  ra te  

L i g a n d  ( ~ m / m i n )  22~ 120~ 

E D T A  0.9 7 3-5 
en  1.3 3-4 1.8 
NH~ 1.9 2.8 1.9 

* 0.08M s i lve r  complexes .  R e s i s t i v i t y  a t  a m b i e n t  temperature and 
a f t e r  hea t i ng .  
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The net  react ion for the reduct ion of s i lver  ion by 
formaldehyde can be represented by the fol lowing 
equat ion if complete oxidat ion of formaldehyde is 
assumed 

4Ag + + HCHO + 2 O H -  -* 4Ag + CO3 = + 4H + 

The reduct ion of s i lver  ion by formaldehyde is ana-  
logous to the hydrazine reduct ion and therefore  the 
same general  react ion parameters  can be expected to 
affect plat ing rate  and film quality. Lower  plat ing rates 
are  obtained with  formaldehyde  because it is a s l ightly 
weaker  reducing agent than hydrazine (18). The most  
important  parameter  is again the pH of the react ion 
mixture .  

F igure  8 shows that  the si lver plat ing rate varies 
direct ly  with the concentration of alkali  in the re -  
ductant, Unl ike  the hydrazine process, the resist ivi ty 
of pure  s i lver  can be achieved by a thermal  t rea tment  
at 120~ This indicates that  the s i lver  oxide content  
of the deposit is quite  low under  the proper  plat ing 
conditions. In this test, the s i lver  oxide content  of the 
film is significant only at sodium hydroxide  concen- 
trations above 0.06M. However ,  the films still exhibi t  
a resist ivi ty 2-3 times greater  than pure s i lver  in the 
as-plated condition, A 0.5-1.0 mg weight  loss is also 
noted af ter  a 120~ bake. 

Figure  9 shows that  the formaldehyde concentrat ion 
is not ve ry  critical in this process. A molar  rate  of 
H C H O / A g  + near  9 appears to be the optimum. The 
decrease in plat ing rate  at the h igher  formaldehyde 
concentrat ion is a pH effect. Commercial  formaldehyde  
is marke ted  as a mildly  acidic solution to minimize 
chemical decomposition. Total a lkal ini ty  of the re-  
ductant  is therefore  lower  at h igher  formaldehyde 
concentrat ions when a fixed amount  of  sodium hydrox-  
ide is added. 

An a t tempt  was made to ident i fy the unstable com- 
pound deposited wi th  the s i lver  during aerosol plating. 
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The si lver  films in the as-pla ted condit ion genera l ly  
have a b lue-gray  tint, the degree dependent  upon 
which spray solutions are used. The films become 
not iceably whi ter  af ter  a thermal  t rea tment  at 120~ 
and exhibi t  a corresponding weight  loss and decrease 
in resistivity. The weight  loss is independent  of sample 
size in the range from 0.4 to 1.8g s i lver  and the weight  
loss is greater  in films deposited from the EDTA com- 
plex (3-6 mg) than from the en complex (1-2 mg) .  

Gas chromatographic  analysis of the gases evolved 
during thermal  t r ea tment  of the si lver films indicates 
that  carbon dioxide is the principal  species. The carbon 
dioxide detected was a hundredfold  higher  than the 
background level  in s i lver  films deposited from the en 
complex and a hundredfold  h igher  from the EDTA 
complex. Water, oxygen, and ni t rogen were  also gen-  
eral ly detected but  those consti tuents were  not sub- 
s tant ial ly higher  than the background levels. Immers -  
ing the films in a dilute sulfuric acid solution after  
plat ing produced a significant decrease in resist ivi ty 
and a weight  loss. The films were  also noticeably 
whiter.  The carbon dioxide detected af ter  thermal  
t rea tment  was 50-75% less for s i lver  films immersed 
in sulfuric acid. These data suggest that  the unstable 
mater ia l  is e i ther  s i lver  carbonate or a s i lver  car- 
boxyla te  compound. 

It is unl ikely that  the unstable  compound is s i lver  
carbonate. Si lver  carbonate is a bri l l iant  ye l low-green  
color and decomposes at a t empera tu re  of 218~ (13). 
The mater ia l  in the si lver films is a b lue -g ray  color and 
decomposes rapidly at 120~ The si lver films after 
thermal  t rea tment  have the metal l ic  whi te  luster  of 
si lver and exhibit  the electr ical  resist ivi ty of pure 
silver. If  s i lver  carbonate were  decomposing at this 
low tempera tu re  it would yie ld  s i lver  oxide (brown) 
and the films would  not exhibi t  the resist ivi ty of pure  
silver. The resist ivi ty data and color observations 
would, therefore,  tend to e l iminate  si lver carbonate as 
the contaminant.  

The unstable mater ia l  in the aerosol s i lver  films 
would appear to be a s i lver  carboxylate,  probably 
si lver formate in the case of the en-HCHO system. 
Formate  is present in the HCHO reductant  as a result  
of both the Cannizzaro react ion (12) and incomplete  
HCHO oxidation during reduct ion of the s i lver  com- 
plex. The color of pure si lver formate  would  probably 
be whi te ;  however,  some metal l ic  si lver in the mate -  
rial might  tend to impart  color (analogous to AgC1). 
Formic acid is a weaker  reducing agent than HCHO 
(18) but  is capable of reducing si lver in alkaline 
media. The addit ion of sodium formate  to the 
( en f )Ag  + complex produced no visible react ion at a 
pH of 10.6. Increasing the pH to 11.5 produced a gray 
powder  and the solution had a l ight  bluish cast. Ther -  
mal decomposition of si lver formate  would  yield only 
metal l ic  silver, carbon dioxide, and hydrogen. Hydro-  
gen was not detected in the gas chromatographic  anal-  
ysis due to the hel ium carr ier  gas. 

The s i lver -en  complex is not as stable to decomposi- 
t ion as ei ther  the s i lve r -ammonia  or s i lve r -EDTA com- 
plexes. Par t  of the difficulty appears to arise from 
impurit ies in the commercial  98-100% en and fur ther  
purification (19) is desirable for best solution stability. 
The stabil i ty of the s i lver-en  complex is also affected 
by molar  ratio of en /Ag  +, pH, and mixing conditions. 
The complex is not very  stable at a l igand /meta l  ion 
molar  ratio below 2.5 but good stabili ty is achieved at 
a molar  ratio of 5. Figure  10 shows a substantial  re -  
duction in plat ing ra te  at the h igher  mola r  rat io a l -  
though film resis t ivi ty does not change appreciably 
over  the range of molar  ratios f rom 2 to 8. Stabi l i ty  of 
the si lver solution is diminished at pH values below 10 
or above 11. In preparing the (en)2Ag +, the pH of 
the en solution should be adjusted to 10.60 with nitric 
acid and cooled to 23~ before addition of the si lver 
nitrate.  During addition of the s i lver  nitrate,  maintain  
pH near  10.6 by adjus tment  wi th  sodium hydroxide.  
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Fig. 10. Influence of en/Ag +. Plating solutions: 0.08M Ag +, 
pH 10.5; 0.75M HCHO; 0.06M NaOH. 120~ bake. 

Fil ter  the solution through a glass fri t  if any  silver 
decomposition (black precipitate) is noted wi thin  24 
hr after preparation.  A moderately stable metal  solu- 
tion is obtained at an en /Ag  + molar  ratio of 2.5 by this 
procedure. The pH of the solution remains constant at 
10.60 _ 0.02 over a period of 1 week without  silver 
decomposition, al though the plat ing rate tends to de- 
crease somewhat with solution age. 

Figure 11 shows the relationship between plat ing 
rate and s i lver-en  concentrat ion when  an at tempt  is 
made to neutral ize the acid added with the formalde-  
hyde. A l inear  dependence is apparent  and good qual-  
ity films are obtained over the entire concentrat ion 
range. The data obtained in this test indicate that  the 
molar  ratio of NaOH/HCHO should be near  0.08. The 
data points at 0.02 and 0.04M si lver-en  concentrations 
were at NaOH/HCHO molar  ratios of 0.17 and 0.11, 
respectively. Higher plat ing rates than 1.6 ~m/min  can 
be achieved by  using s i lver-en concentrations greater  
than  0.12M. However, aerosol plat ing efficiency (7, 8) 
general ly decreases with increasing metal  ion concen- 
t ra t ion and economics of the process will  be affected 
accordingly. 

The deposition efficiency of the en-HCI-IO spray 
formulat ion was determined at 0.15M Ag +. At this 
concentration, 55% of the Ag + sprayed was obtained in 
the deposit. It  should be possible to increase efficiency 
slightly by reducing the Ag + concentrat ion and opti-  
mizing spray parameters.  However, 60-70% efficiency 
would appear to be the practical upper  l imit for aerosol 
plat ing processes (7, 8). 

Table III  summarizes the plating results with for- 
maldehyde. The EDTA complex i s  unsui table  with this 
reducing agent. The ammonia  complex produces the 
purest  deposits in the as-plated condition and the rates 
are somewhat  higher than  with the en complex. How- 
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Fig. 11. Effect of (en)2Ag + concentration on plating rate using 
HCHO. Plating solutions: 2.5 en/Ag +, pH 10.5; 9 HCHO/Ag +, 
variable NaOH. 120~ bake. 

Table III. Aerosol silver plating* with formaldehyde 

p (/zohm-cm) 
P l a t i n g  r a t e  

L i g a n d  ( ~ m / m i n )  22~ 120~ 

E D T A  0.3 > 1 0 0 O  22 
en  1.1 3 -4  1.6 
NHs  1.4 1.? 1.6 

* 0.0S m o l a r  s i l v e r  c o m p l e x e s .  R e s i s t i v i t y  a t  a m b i e n t  t e m p e r a t u r e  
a n d  a f t e r  h e a t i n g .  

ever, care must  be exercised in  storage of this com- 
plex to prevent  the formation of the explosive silver 
imide or azide. The en complex produces plat ing re-  
sults comparable to the ammoniacal  complex and may 
be less hazardous. S i lver -en  solutions have been stored 
for periods in  excess of 1 year  without  any  difficulty. 

Summary 
Aerosol silver films deposited with formaldehyde 

have a lower electrical resist ivity than  those deposited 
with hydrazine (compare Tables II and I I I ) .  The elec- 
trical resistivity of pure silver can be achieved with 
deposits from formaldehyde by a brief thermal  t reat-  
ment  at 120~ The films as deposited appear to contain 
a small amount  of some compound, probably silver 
carboxylate, on the surface which decomposes to silver 
and carbon dioxide at tempera tures  above 22~ Films 
deposited wi th  hydrazine also exhibit  a weight loss 
and decrease in  resistivity in this tempera ture  range. 
Some silver oxide is also codeposited with the silver 
in the hydrazine process and a thermal  t rea tment  at 
200~176 is required to achieve the resist ivity of 
pure silver. 

The l igand used in the aerosol process has an effect 
on the electrical resistivity of the deposited film. EDTA 
produces the highest resistivity films while en and 
ammonia  produce deposits with or near  the resistivity 
of pure silver. Ammonia  is not preferred because it 
has the potential  to form explosive compounds in the 
silver solution upon standing. 

The recommended aerosol silver process for produc- 
ing low resistivity films utilizes en as the silver l igand 
and formaldehyde as the reducing agent. This system 
produces deposits comparable in qual i ty  to those ob- 
tained from the ammonia  complex and t h e  metal  solu- 
t ion may not be as hazardous. The opt imum composi- 
t ion of the silver solution is en /Ag  + molar  ratio -----2.5. 
The pH should be main ta ined  at 10.5-10.6 for best 
stability. The reductant  consists of a mix ture  of for- 
maldehyde and sodium hydroxide wi th  the molar  ratio 
of NaOH/HCHO near  0.08. The opt imum molar  ratio 
of HCHO/Ag + is near  9. Pla t ing rates from 0.3 to 1.6 
~m/min  have been obtained by varying the concen- 
t rat ion of the s i lver-en  complex from 0.02 to 0.12M. 
As-plated films have an electrical resist ivity twice that  
of pure silver. A brief  thermal  t rea tment  at 120~ re-  
duces resistivity to the value for pure silver. 

Manuscript  submit ted Oct. 1, 1973; revised manu-  
script received Dec. 7, 1973. This was Paper  214 pre-  
sented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

A ny  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All  discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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Carbon in Gold Electrodeposits 
H. A. Reinheimer* 

Bell Laboratories, Incorporated, Reading, Pennsylvania 19604 

ABSTRACT 

Gold electrodeposits plated from pure phosphate and citrate buffered 
KAu(CN)2  solutions can become contaminated with carbonaceous mater ia l  
which originates from the metal  complex. The level of impur i ty  in gold foils 
can  be made to vary in a range from essentially 0 to 1300 ppm of carbon as 
a funct ion of plat ing temperature,  and, at room temperature,  as a funct ion 
of solution pH, current  density, and buffer ion composition. The morphological 
characteristics of the deposited gold surface, however, were found to be in-  
fluenced by the extent  of bath usage, and such plat ing parameters  as current  
density and bath temperature,  ra ther  than by carbon content. Hardness and 
bri t t leness increase with carbon content .  

It has been recognized in recent years that carbona-  
ceous materials  can be incorporated into electrode- 
posited gold (1-10). P r imary  at tent ion was paid to 
baths containing hardening agents, such as cobalt and 
nickel, as it became apparent  that in deposits plated 
from such formulations ra ther  large quanti t ies of car- 
bon were imbedded, namely  as much as tenths of a 
per cent by weight. 

In  this invest igat ion so-called pure, soft-gold bath  
formulat ions were util ized exclusively, which contain 
only potassium cyanoaura te( I )  and a buffer system in 
aqueous solution. 

Objectives of this work were (i) to establish re la-  
t ionships be tween the appearance of electrodeposited 
gold and its content of carbonaceous contaminants ;  (ii) 
to determine the conditions under  which incorpora-  
t ion of such carbon-conta in ing materials  are enhanced;  
and (iii) to trace the origin of these contaminants.  

In  order to analyze for carbon in  gold a commer-  
cially available apparatus 1 was used, which combines 
a classical type of combustion with a gas chromato- 
graphic means  of detection, and an automatic readout 
by which it is capable of detecting as l i t t le as 1 ppm. 
With metall ic samples (such as s tandard steel mate-  
rials supplied by the National  Bureau of Standards)  at 
a 20 ppm level a precision of __+1.5 ppm was general ly  
achieved. 

Observations of surface features were performed 
with a scanning electron microscope (MAC 700). 

Results and Discussion 
Aging of baths operated at 65~ is commonly 

known  that  the appearance of gold electrodeposits 
undergoes undesirable  changes from bright  yellow to 
dark brown as the age of a bath increases with use, 
al though all operat ing parameters  are kept constant 
or wi th in  a nar row range dur ing the deposition p r o c -  
ess .  

* Electrochemical Society Act ive  Member.  
Key words: carbon in gold, morphology of eleetrodeposited gold, 

electrodeposition of gold, 
1 Low Carbon Analyzer ,  Laboratory Equipment Corporation, 

Two different buffer systems similar ly operated [a 
potassium phosphate buffer at pH 10, and an ammo- 
n ium citrate buffer at pH 4.7 (Table I)]  were used to 
study these changes in morphology of the deposits and 
the carbon incorporation in the gold. Hardness and 
brit t leness characteristics were also determined. 

From 1.5 liters of the phosphate buffered plat ing 
solution, sets of two gold-struck Rodar 2 disks (10 cm ~ 
each) and one molybdenum rectangle (2.5 • 5 cm) 
were plated at 7.5 mA / c m 2 to yield sufficient gold 
(approx. lg) on the molybdenum substrate for carbon 
analyses and a thickness of more than 30 ~m on the 
disks to determine hardness. A total of 23 sets were 
plated from the phosphate-buffered solution. The bath 
was replenished whenever  it had been depleted by 
~30% of its original  gold metal  content. By replenish-  
ing the bath four times, a total of 65g of gold was 
plated out, corresponding to 95g of gold potassium di- 
cyanoaura te( I ) .  The objective of working the bath to 
this extent  was to enhance any side reactions that  
might  occur, such as the formation of polymeric 
material,  which could lead to subsequent  incorporat ion 
of carbon into the gold deposit. The anode was a plati-  
num wire (0.06 mm diameter) .  Vigorous agitation was 
provided by at taching the cathode specimens hori-  
zontally onto a vertical moving impeller  (3 cm vertical  
stroke at ,~250 rpm) .  A small anode area was found to 
provide much more uni formly  plated deposits when  
used with this type of agitation than those obtained 
with a larger  geometry. This effect may be due to the 
rapidly changing position of the cathode. 

The cathodic current  efficiencies were found to be 
95-99+ %, except for the plating of the last 4 sets when  
the bath was electrolyzed to full depletion of its gold 
content. Since pH changes were minu te  (slight in -  
creases), corrections were made only when  the bath 
was replenished. 

Carbon analyses of the foils indicated practically no 
organic contamination.  As the age of the solution in-  

2 Rodar, a commercia l ly  available alloy, is composed of approxi-  
ma te ly  54% iron, 29% nickel, and 17% cobalt. 
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Table I. Aging of 65~ baths 

Composit ion B a t h  1 B a t h  2 

20 g / l i t e r  K A u ( C N ) s  
40 g / l i t e r  KH2PO4 
10 g / l i t e r  KsHPO4 
K O H  to ad j .  p H  

Operating conditions 
T e m p e r a t u r e  
C u r r e n t  density  
Plating t ime  
p H  10 
Current efficiency: 

average 97% 
range 95-99 + % 

Thickness  range of  gold on 
Rodar d i s k s  35-50/un 

T o t a l  No.  of  se t s  p l a t e d  23 
T o t a l  a m o u n t  of  go ld  p l a t e d  64g 

65 ~ • 2~ 
7.5 m A / c m  ~ d.c. 

75 rain 

20 g / l i t e r  K A u ( C N ) 2  
50 g / l i t e r  NH4-c i t r .*  
50 g / l i t e r  (NHD2SO~ 
citric acid to ad j .  P H  

4.75 

95% 
91-99 + % 

35-45~m 
23 
59.6g 

* N I ~ - c i t r .  --- d iba s i c  a m m o n i u m  c i t r a t e .  

creased with use, no increase of carbon was found in 
the deposits (see Fig. 1). The general  level was 0-20 
ppm with maxima approaching slightly over 30 ppm. s 

The morphology of the deposits, however, exhibited 
marked alterations as the age of the bath  increased, 
when  the gold concentrat ion was replenished, or when  
solution purification by charcoal t reatments  were ap- 
plied. 

As the plat ing process was cont inued at a constant  
current  density of 7.5 mA/cm 2, the s tructure gradual ly  
changed from a lateral  smooth weblike type growth 
with high reflectivity or br ight  appearance to an acic- 
ular  outward type growth with low reflectivity and 
brown color (see SEM micrographs, Fig. 2, parts 1-8, 
represent ing deposits plated in sequence).  The la t ter  
s t ructure is very similar  to what  can be observed when  
a current  density higher than ~10 mA/cm 2 is applied 
with a freshly made-up  bath. As the gold concentra-  
t ion is restored to its original level, some br ightening  
of the color, and consequently decreased acicular fea- 
tures, may be observed in the SEM micrograph (Fig. 
2, part  4). However, very soon after less than 10% 
of fur ther  gold has been removed, (Fig. 2, part  5), the 
rough surface characteristic returns,  and addit ional  
replenishments  made later  in the aging process do not 
reproduce the br ightening effect (Fig. 2, par t  6). 

Thus, a decrease in gold concentrat ion which occurs 
dur ing continuous plat ing at constant current  density 
is not the only reason for morphological changes. Since 
the deposited gold does not contain any increased 
amounts  of imbedded organic materials,  there is an 
implication that  consti tuents are generated in solution 
which cause alterations in  the deposition process, or 
al ternatively,  an inheren t ly  present species is being 
depleted. 

Upon fur ther  continued plat ing and without im-  
p lementa t ion  of a purification t reatment ,  the deposit 
will only appear darker  (Fig. 2, part  7). Once the gold 

H a n d l i n g  of  t h e  p a r t s  ( r i n s ing ,  bo i l i ng  in  d e i o n i z e d  w a t e r ,  d r y -  
ing ,  b o t t l i n g ,  weighing,  transferring, etc.)  s h o u l d  be  r e g a r d e d  as  
a p o t e n t i a l  s o u r c e  of  c o n t a m i n a t i o n  a t  th i s  v e r y  low level .  G r e a t  
care w as  t a k e n  to avoid any c o n t a c t  w i t h  organic contaminants  from 
o u t s i d e  o r ig in s .  

i l HOT PH(~PHATE ~ 20 /40 /10  pH 10 HOT CITRATE ~ 20jr'joprJo pH 4,7 CURRENT DENSITY: 7.6 maim1 z 

I 

I i I J .  
0 0 10 20 40 

~"oum of fo~d ~ from joJutio. (ira) 

Fig. 1. C(Irbon content  of  gold deposits as  a f u n c t i o n  of  b a t h  a g e  

concentrat ion reaches very  low levels near  the de- 
plet ion of the bath, the gold becomes almost dendritic, 
discontinuous, and very dark in appearance (Fig. 2, 
part  8). 

The change in morphology is also accompanied by  a 
change in  the cathodic deposition potential.  When 
operat ing a bath at constant current  densi ty and a 
nar row range of gold concentrat ion (e.g., 12.5 g/ l i ter  
•  the deposition potential  after an ini t ial  sta- 
bilization period decreases slowly toward more nega-  
tive values, e.g., at pH 10, 65~ and 7.5 mA / cm 2, a 
cathodic potential  4 range from approximately --800 to 
--980 mV can be observed dur ing an  aging process that  
involves several turnovers  of the original gold content  
of the bath. At potential  readings be tween approxi-  
mately  --800 and --900 mV a br ight  surface develops, 
whereas an off color or brownish  deposit is obtained 
once the deposition potential  drops below --900 to 
--930 inV. 

Chemical analysis of the depleted ba th  supplied in-  
formation about polymeric matter,  free cyanide ions, 
and residual gold concentration. Extraction of the ma-  
jor port ion of the depleted solution with ethyl acetate 
yielded a small  quant i ty  (<100 rag/l i ter)  of oily yel-  
lowish polymeric material,  which was characterized by 
IR (see Exper imental  Appendix) and found to be simi- 
lar  to samples, which were isolated from potassium 
cyanide solution polymerizat ion reactions. At high pH 
and 65~ most of the l iberated cyanide would undergo 
hydrolysis to formate and carbonate, as was reported 
by Silver (8); consequently, the concentrat ion of 
free cyanide ion in solution would vary with its rate 
of hydrolysis. In  this bath, immediate ly  after com- 
plet ion of the plat ing experiments,  a total of 6.7 g/ l i ter  
of free cyanide ions was found by t i t rat ion with silver 
ni t rate  (potassium iodide as indicator)  to account for 
almost 40% of all cyanide liberated. After storing the 
solution for several days, much less free cyanide was 
found. The residual gold concentrat ion in solution was 
determined to be 0.015 g/li ter.  

Hardness data were found to vary be tween  85 and 
100 Knoop ~ for a 25g load. No up or downward trends 
were observed, al though large morphological var ia-  
tions were found. The deposits are very ductile and 
pass wire wrap tests (see Exper imental  Appendix) .  

The second series of hot bath aging experiments  
was done with a citrate formulat ion as shown in  Table 
I, ba th  composition 2. Plat ing conditions were the 
same as for the phosphate bath, namely  7.5 mA/cm 2 
current  density, at 65~ Sets of 2 rodar disks and 1 
molybdenum rectangle were plated from 1.5 li ters solu- 
t ion volume. A total of 60g of gold was plated from 
the bath, corresponding to 88g of KAu (CN) 2. Cathodic 
efficiency was 91-99%. 

Basically the same informat ion was obtained, 
namely,  very low carbon content  (Fig. 1), and gradu-  

C a t h o d i c  p o t e n t i a l s  r e f e r r e d  to c a lome l  e lec t rode .  
T h e s e  v a l u e s  a re  h igh ,  d u e  to t h e  m a n n e r  of  a g i t a t i o n ,  as  e x -  

p l a i n e d  in  Tab l e  I I .  
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Fig. 2. Aging of 65~ K-phosphate. SEM micrographs of gold surfaces and cross 
sections of deposits plated from the potassium phosphate buffered bath, part 1, 
Table I. 2000X magnification. Parts la and b, new bath; part 2, approximately 
20% of gold removed; parts 3a and b, approximately 30% of gold depleted; part 
4, after replenishment with KAu(CN)2 to 20 g/liter; part 5, after again 10% of 
gold depleted; part 6, after third replenishment with KAu(CN)2 to 20 g/liter; 
part 7, 30% depleted; part 8, bath near depletion. 

ally changing surface features f rom a la tera l  crystal-  
l ine to an outward  type growing pat te rn  (Fig. 3, parts 
1-4). 

Hardness values obtained were  be tween  99 and 109 
Knoop for a 25g load. The average thickness of the 
deposits was 40 t~m. 

The results of chemical analysis of the depleted solu- 
tion diverged somewhat  from what  was found in the 
phosphate bath. It was observed that  af ter  removal  
of about 20% of gold by electrolysis, the solution had 
turned visibly to clear yellow. Ext rac t ion  of the de- 

pleted citrate gold bath wi th  ethyl  acetate now 
showed a small quant i ty  of a product, which was 
identified and shown to consist of a mix tu re  of a prod-  
uct due to a ci trate degradat ion and a cyanide der iva-  
tive. Separat ion of both consti tuents was not under -  
taken since the quant i ty  was too small. A similar  dis- 
coloration was obtained when  a solution of dibasic 
ammonium ci trate  alone was electrolyzed. Anodically,  
the ci trate is oxidat ive ly  at tacked to form an orange 
brownish oil, which could be isolated f rom electro-  
lyzed pure dibasic ammonium citrate solutions. Ex-  
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Table II. Properties of deposits from hot baths 

Current Hardness** 
Bath pH (mA/cm e) Appearance* (Knoop) Brittleness ppm C*** (avg) 

K - p h o s .  4 0 / 1 0 0  4.5 3 5 99 D 50 
15 8 ~0g D 30 

7.0 3 4 6'/ D ~ 1 0  
15 8 102 D ~ 1 0  

10.0 3 4 65 D <10 
15 "/-8 96 D ~10 

12.0 3 5 66 D < 10 
15 5-6 79 D <10 

N H ~ - p h o s .  4 0 / 1 0 0  4.5 3 8 90  D 25  
~5 10 105 D 20 

NH~-c i tr .  4 0 / 1 0 0  4.5 3 4 - 5  77 D M10 
15 7 112 D <I0 

D = ductile, no cracks upon wrapping a plated wire. 
* See Table III for explanation. 

** The hardness data appear generally high which is due to the vigorous vertical mode of agitation. It was established that these values 
are generally about 20% higher than those which are observed by stirring with magnetic spinbars. However, since all experiments e m p l o y e d  
t h e  ~ormer mode of agitation, the numbers are valid for comparison. 

*** Carbon content in gold deposit. 
K-phos. ---- p o t a s s i u m  p h o s p h a t e  buffer. 
N H 4 - p h o s .  = amino ~ium phosphate buffer. 
NH4-c i t .  = ammonium citrate buffer. 
4 0 / 1 0 0  = 40 g / l i t e r  K A u I C N ) 2 ,  100 g / l i t e r  buffer salt. 

cep t  f o r  IR s p e c t r o s c o p i c  c h a r a c t e r i z a t i o n  f u r t h e r  i d e n -  
t i f i c a t i on  w a s  no t  p u r s u e d .  

F r e e  c y a n i d e  w a s  p r e s e n t  to o n l y  0.05 g / l i t e r  ( a f t e r  
t h e  p H  was  a d j u s t e d  to 11 in  t h e  a n a l y s i s  s a m p l e ) ,  
i n d i c a t i n g  t h a t  f r e e  h y d r o g e n  c y a n i d e  ( H C N )  does  n o t  
a c c u m u l a t e  to  h i g h  c o n c e n t r a t i o n s  in  t h e  b a t h  a t  p H  
4.7. A s t r o n g  s m e l l  was  r e c o g n i z e d  d u r i n g  t h e  o p e r a -  
t i o n  of  t h e  b a t h ,  i n d i c a t i n g  t h e  p r o b a b l e  e s c a p e  of  
HCN. 

A l t h o u g h  t h e  b a s i c  b a t h  c o m p o s i t i o n  c h a n g e d  in  a 
d i f f e r e n t  w a y  w i t h  r e s p e c t  to  t h e  f r e e  c y a n i d e  a n d  
c i t r a t e  c o n s t i t u e n t s ,  e l e c t ro ly s i s  of  t h e  b a t h  p r o d u c e d  
s i m i l a r  c h a n g e s  i n  t h e  m o r p h o l o g y  of t h e  depos i t s .  
Also,  t h e  y e l l o w  o i ly  c i t r a t e  d e r i v a t i v e ,  i s o l a t e d  f r o m  
e l e c t r o l y z e d  d iba s i c  a m m o n i u m  c i t r a t e  so lu t ions ,  
p r o v e d  to b e  c a t h o d i c a l l y  i n a c t i v e  a n d  d id  n o t  c h a n g e  
m o r p h o l o g i c a l  c h a r a c t e r i s t i c s  w h e n  a d d e d  to a f r e s h  
p l a t i n g  b a t h .  

I n  v i e w  of  t h e s e  r e su l t s ,  e f fo r t  w a s  d i r e c t e d  t o w a r d  
o b t a i n i n g  i n f o r m a t i o n  a b o u t  t h e  m a t e r i a l  w h i c h  causes  
t h e  c h a n g e  i n  t h e  d e p o s i t i o n  p roce s s  to  p r o m o t e  t h e  
u n d e s i r a b l e  o u t w a r d - t y p e  g r o w t h  of  depos i t .  S i n c e  i t  
w a s  no t  c o d e p o s i t e d  in  suff ic ient  q u a n t i t i e s  fo r  r o u t i n e  
c h a r a c t e r i z a t i o n ,  a n  i n d i r e c t  a p p r o a c h  w a s  a d o p t e d .  

Contamination of a bath with organic materia~s.--A 
v a r i e t y  o f  m a t e r i a l s ,  w h i c h  c a n  b e  d e r i v e d  f r o m  c y a -  
n i d e  ions  in  a n  a q u e o u s  e n v i r o n m e n t ,  w a s  p u r p o s e l y  
a d d e d  to a p h o s p h a t e  b a t h  to s t u d y  t h e  i n f l u e n c e  u p o n  

t h e  a p p e a r a n c e  of  t h e  depos i t .  T h e  H u l l  cel l  r e p r e s e n t s  
a s e n s i t i v e  too l  fo r  s u c h  tests ,  b e c a u s e  a c u r r e n t  d e n -  
s i t y  r a n g e  f r o m  0 to 22 m A / c m  2 can  b e  o b t a i n e d  o n  o n e  
p a n e l  (10 X 6.8 c m ) .  Thus ,  t h e  c u r r e n t  d e n s i t y  a t  
w h i c h  t h e  depos i t  c h a n g e s  f r o m  a b r i g h t  to  a d a r k  a p -  
p e a r a n c e  can  r e a d i l y  b e  o b s e r v e d  o n  t h e  r e c t a n g u l a r l y  
s h a p e d  pane l .  Q u a n t i t i e s  of  a p p r o x i m a t e l y  500 m g  of  
e a c h  of  t h e  f o l l o w i n g  m a t e r i a l s  p e r  550 m l  s o l u t i o n  
(s ize of  H u l l  ce l l )  w e r e  a d d e d  to s a m p l e s  of  a f r e s h  
p h o s p h a t e  b u f f e r e d  b a t h  a n d  a l l o w e d  to d i s so lve :  

C N -  f r ee  c y a n i d e  ions  as p o t a s s i u m  c y a -  
n i d e  

H C N  h y d r o g e n  c y a n i d e  
H C O N H 2  f o r m a m i d e  
HCO~K p o t a s s i u m  f o r m a t e  
H2CO f o r m a l d e h y d e  
( H C N ) 4  t e t r a m e r  of  HCN, d i a m i n o m a l e o n i -  

t r i l e  
C N - p o l y m e r  i so l a t ed  f r o m  K C N  p o l y m e r i z a t i o n  b y  

e x t r a c t i o n  
(CONH~)  2 o x a m i d e  
( C O N H O H )  2 o x a l h y d r o x a m i c  ac id  
H 2 N C H 2 C O O H  g l y c i n e  
C~NsH~ a d e n i n e  

S u b s e q u e n t l y ,  a p a n e l  w a s  p l a t e d  a t  0.5A t o t a l  c u r r e n t  
f o r  5 m i n  p l a t i n g  t ime .  

Pig. 3. Aging of 65~ am- 
monium citrate. SEM micro- 
graphs of gold sarfa:es of depos- 
its plated from the ammonium 
citrate buffered bath 2, Table I. 
2000X magnification. Part 1, 
new bath; part 2, after approxi- 
mately 20% of gold was de- 
pleted; part 3, after approxl. 
mately 30% of gold was de- 
pleted; part 4, after first re- 
plenishment with KAu(CN)2 to 
20 g/liter; part 5, bath near de- 
pletion. 
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Fig. 4. Carbon content in gold deposits vs.  bath temperature 

None of the components listed influenced the ap- 
pearance of the deposit visibly. This ra ther  negat ive 
result  suggests that  ei ther the electrochemically active 
species would be a chemically unstable  intermediate,  
or that a new bath would contain a hitherto unde-  

Table III. Appearance classification 

Visua l  SEM 

No. A p p e a r a n c e  Color  Cha rac t e r i s t i c s  G r o w t h  

1 b r igh t ,  g lossy  y e l l o w  sec t iona l  sphe r i ca l s  l a t e r a l  
2 b r i gh t ,  hazy  ye l low spher ica ls ,  i r r e g u l a r  l a t e r a l  
3 ma t t e ,  hazy  ochre  n e e d l e - t y p e  o u t w a r d  
4 b r i g h t  ye l low c r y s t a l l i n e  l a t e ra l  
5 ma t t e ,  s m o o t h  y e l l o w  " w e b b l i k e -  l a t e ra l  
6 m a t t e  d a r k  y e l l o w  t r ans i t i ona l*  l a t e r a l /  

outward 
7 m a t t e  ochre  m o s t l y  ac i cu la r  o u t w a r d  
8 d u l l  b r o w n i s h  ac i cu la r  or  s p h e r i c a l  o u t w a r d  

or  c ry s t a l l i ne  
9 d u l l  b r o w n  same as 8** o u t w a r d  

10 d a r k  b r o w n  same as 8"* o u t w a r d  

Apri l  19 74 

* B e g i n n i n g  s t r u c t u r a l  change  f r o m  l a tera l  to o u t w a r d  type .  
** Increase in vertical growth and discontinuity. 

tected desirable species, which quite independent  of 
any bui ldup of organic materials,  is continuously de- 
pleted during the electrodeposition, and thereby would 
cause the change in  morphology. 

Fresh baths.--When using freshly made up solutions 
under  a var ie ty  of conditions at 65 ~ • 2~ as outl ined 
in Table II  (hot baths) ,  it was de termined that  none 
or very small amounts  of carbon were contained in the 
deposits. Dark deposits plated at high current  densi ty 
were found to be equal ly pure as compared to br ight  
deposits plated at low current  density. 

However, when the plat ing tempera ture  was lowered 
in steps of 10~ a subtle increase of carbon in  the gold 
deposits was discovered. Figure 4 shows this as an 
example for a potassium phosphate buffered ba th  at 
pH 7, operated at a current  density of 15 m A / c m  2. 

A repeti t ion of all plat ing experiments  at 25~ in-  
stead of 65~ gave insight into the conditions under  
which the incorporat ion of carbonaceous mat ter  ap- 
peared to be enhanced, such as increasing current  
density, decreasing solution pH, and changing buffer 
ions. Table IV summarizes the exper imenta l  findings. 
Specifically, the relationships of the carbon incorpora-  
t ion into the deposit vs. current  density and solution 
pH are depicted in  Fig. 5 and 6 for the potassium 
phosphate and ammonium citrate buffered formula-  
tions, respectively. 

An  increase of current  density increases the carbon, 
though the gradient  of the increase is not constant. 
There is a pH dependency, notably  in  acidic and neu-  
tral  media, where the current  density affects the level 
of contaminat ion significantly. At increasing alkal ini ty  
of the solution, the carbon contaminat ion diminishes. 
In  deposits from a potassium phosphate system at pH 
12 and 3 mA / c m 2, a m i n i m u m  of approximately 300 
ppm, and at pH 4.5 and 15 mA / c m 2, a ma x i mum of 
around 1300 ppm, were detected (Fig. 5). When a m -  

monium ion acts as the cation of the buffering salt, 
then a much lower level of carbonaceous contamina-  
t ion is obtained. The same general  trends, however, are 
observed: an increase of carbon content with increas-  
ing current  density, and a slight increase of contami-  
nat ion with decrease of pH. However, the max imum 
now is only about 600 ppm of carbon, whereas the 
mi n i mum contents are below 100 ppm at low current  
densities (Fig. 6). 

Bright, glossy, yellow deposits can be obtained, e.g., 
from a phosphate or citrate buffered formulat ion at 
10 lnA/cm 2 to approximately  50 mA / c m 2, al though at 
the high current  densities (higher than  20 mA/cmS), 
it becomes more and more dependent  on the mode of 
agitation. Vigorous agitat ion is required  to obta in  best 
results. "Bright" in this context means glossy yellow, 
as compared to the matte  crystal l ine yel low appear-  

Table IV. Properties of deposits from baths at 25~ 

Current Hardness** 
Bath pH (mA/cm 2) ApPearance* (Knoop) Brittleness ppm C*** (avg) 

K-phos .  40/100 4.5 3 8 168 B 780 
15 1-2 i{}8 B 1200 

7.0 3 10 147 D 440 
15 i - 2  172 B 890 

10.0 3 10 138 D 330 
15 1-2 159 B 415 

12,0 3 I0 127 D 320 
15 1-2 134 B 360 

NI-L-phos. 401100 4,5 3 8 168 D 190 
15 1-2 175 B 600 

7.0 3 10 144 D 190 
15 1-2 166 D 405 

NH4-citr ,  40/100 4.5 3 8 161 D 120 
15 1-2 176 D 370 

7.0 3 10 138 D 70 
15 1-2 160 B 380 

K - c i r .  40/100 7,0 3 10 139 D 520 
15 6 162 B 525 

D = ductile (does not show cracks upon wrapping a plated wire). 
B = brittle (shows cracks upon wrapping a plated wire). 

* See Table III for explanation. 
** See footnote in Table II. 

*** Carbon content in gold deposits. 
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ance of deposits from hot baths (Table III, parts  1 and 
4). 

Morphological differences as viewed by  the scanning 
electron microscope are pronounced as well. Whereas 
surfaces of hot ba th  plates are crystal l ine with lateral  
growths, a ra ther  featureless topography characterized 
with spherical segments is observed on deposits from 
room tempera ture  baths (Fig. 7, part  2; Fig. 8, par t  1; 
Fig. 9, part  1). 

The bulk  of the deposit, as shown in  Fig. 8 and 9, 
is very homogeneous, displays columnar  type growth, 
and does not contain any layers of foreign material .  

Fig. 7. SEM micrographs of gold surfaces of deposits generated in 
a potassium phosphate buffered bath at room temperature (100 
g/|lteT KH2~)O4, 40 g/liter [Au (C~2 ,  pH 4.5). Part 1 at 3 mA/ 
cm2; part 2 at 25 mA/cm2; part 3 at 60 mAJcm 2. 

Dark deposits are obtained both at low current  
densities (<5  m A / c m  2) and at very high current  
densities (>50 mA/cm2).  It should be noted that  this 
differs significantly from the behavior  of the hot pla t -  
ing baths, which exhibit  yellow crystal l ine deposits 
preferably at very  low current  densities, and extend 
only to a general  ma x i mum of about 10 m A / c m  2. The 
matte  brownish surface observed at low current  den-  
sities is shown in  Fig. 7, par t  1. This is a typical  out -  
ward- type  growth of very fine needlel ike features, less 
than 1 ~m in width. Quite different from this is the 
growth at the very high current  densities, which con- 
sists of discrete sphericals packed randomly  on top of 
one another,  and resul t ing in a very weakly  adherent,  
porous deposit. The particle size varies be tween 1 and 
15 ;~m and the color of the surface appears brown as 
well (Fig. 7, part  3). 

Fur the r  informat ion  about the physical properties 
of gold devosits was gained by de terminat ion  of hard-  
ness and bri t t leness (See Tables II and IV). 

The following relationships could be established for 
deposits plated from baths at 25 ~ and 65~ 

(i) Much harder  deposits result  from high as well  
as low current  density plat ing at room tempera ture  
vs. plating at 65~ 

(it) Hardness increases wi th  current  density for 
both 25 ~ and 65~ baths. 

(iii) Hardness decreases with an increase in pH. A 
similar t rend  exists for the carbon content  in  foils 
plated from cold baths, al though no direct relationship 
with hardness could be established. 
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Fig. 8. Aging of 25~ K-phos- 
phate. SEM micrographs of gold 
surfaces (a) and cross sections 
(b) of deposits plated from the 
potassium phosphate buffered 
bath 1, Table VI. Part 1, fresh 
bath; part 2, after approximately 
20% of gold depleted; part 3, 
approximately 30% gold de- 
pleted; part 4, bath replenished 
with KAu(CN)2 to 40 g/liter; 
parts 5 and 6, further increased 
age of the bath; part 7, bath 
near depletion. 

(iv) The hardness of a deposit does not depend on 
the kind of buffering salt. Ammonium salts de l ivered  
a hardness s imilar  to that  of potassium salts, when  
plated under  identical  conditions. The carbon content, 
however ,  does depend s t rongly upon the kind of  cation 
used. Thus, it can be concluded that  the s imilar i ty  in 
t rend  be tween  carbon content  and hardness is coin- 
cidental. 

Bri t t leness of deposits f rom cold baths, however ,  ap- 
pears to show a relat ionship to the level  of carbona-  
ceous contaminat ion (Table V). All  foils f rom hot 
baths, containing very  low quanti t ies of organic mate -  
rials, as well  as all deposits f rom cold formu/ations,  
which contained less than 350 ppm of carbon, passed 
wire  wrap  tests. All  coatings wi th  more  than 520 ppm 
of carbon very  clearly appeared to be britt le,  and re -  
sulted in cracking upon wrapping.  In t he  range be-  
tween  350 and 500 ppm inconsistent results were  
obtained with  some of the deposits exhibi t ing definite 

cracks, and others showing only slight evidence of 
cracking. 

Undoubtedly  it is surpris ing to discover that  re la-  
t ively  large quanti t ies of carbon-conta ining materials  
can be codeposited electrolytically,  especially when 
working  with freshly prepared  cold baths. Therefore,  
it was essential to de termine  if any change in the con- 
tent  of this unknown mater ia l  in gold deposits would 
occur as the bath was exposed to continuous use. 

Aging of baths operating at room temperature.--Ex- 
periments  were  carr ied out wi th  both baths at room 
tempera ture  (see Table VI for formulat ions and plat-  
ing conditions). From the phosphate bath, 26 sets of 
2 rodar  disks and 1 molybdenum sheet were  plated, 
corresponding to a total  of 75.8g of gold removed  from 
a 1.5 l i ter  solution volume. From the citrate formula-  
tion a total of 33 sets of parts were  plated wi th  a total  
of 70g of gold from the same solution volume. 

A carbon analysis was obtained from every  set, so 
that  it was possible to fol low the change or possible 
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Fig. 9. Aging of 25~ citrate. SEM micrographs of gold surfaces (a) and cross sections (b) of deposits plated from the dibasic ammoni- 
um citrate buffered bath 2, Table VI. Part 1, fresh bath; parts 2 and 3, increased age of solution (approximately 20 and 30% gold de- 
pleted); part 4, bath replenished with KAu(CN)~ to 40 g/liter; part 5, after further 20% of depleting; part 6, bath near depletion. 

increase of carbon in the gold as a funct ion of accumu- 
lat ion of organic materials  in  solution with increasing 
age of the bath. 

Foils plated from the phosphate bath  contained on 
the average 1000 ppm of carbon, including those plated 
at the init ial  stages (Fig. 10). Towards the end of the 
exper imental  series, when  the gold concentrat ion 
dropped to very low levels, the carbon content in the 
foil decreased markedly.  At the same t ime the cathodic 
efficiency decreased drasticedly, since more and  more 
hydrogen was evolved. 

The citrate bath produced somewhat different results 
for the codeposition of this carbonaceous material .  As 
found earl ier  with fresh baths in the presence of am-  
mon ium ions, a lower concentrat ion of carbon was 
found initially. After  about 15g (25%) of gold were 
plated from the bath, a significant increase in  carbon 
content  occurred which averaged about 800 ppm. 
Though somewhat lower in  carbon content  than  the 
foils plated from the phosphate bath, the carbon level 
remained high with fluctuations un t i l  toward the end 
of the exper iment  when  the depletion of gold was ap-  

COLD K-PHOSPHATE '~ ~ 4 2 401100 
COLD NH44CITRATE ,'. pH 4.2 401100 
CURRENT DENSITY: 20 mA/cm 2 
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Fig. 10. Carbon content of gold deposits as a function of bath age 
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Table V. Brittleness vs. carbon content in gold deposits 

B r i t t l e -  
B a t h  PH m A / e m  2 ness  p p m  C 

Hot  ba ths  4.5-12 3 and  15 a l l  D < 5 0  
Cold  ba ths  
NH4-citr .  7 3 D 70 
NH4-citr .  4.5 3 D 120 
NH4-phos. 7 3 D 190 
NH~-phos. 4.5 3 D 190 
K-pbos .  12 3 D 320 
K-phos .  10 3 D 330 
K-phos .  12 15 B 360 
NH~-citr. 4.5 15 D 370 
NH~-citr. 7 15 B 380 
NH4-phos.  7 15 n 405 
K-phos .  I0  15 B 415 
K-phos .  7 3 D 440 
K-c i t r .  7 3 D 520 
K-e i t r .  7 15 B 525 
NH,-phos .  4.5 15 B 600 
K-phos .  4.5 3 B 789 
K-phos .  7 15 B 890 
K-phos .  4.5 15 B 1200 

<350  duc t i l e  

J 

t >520  brittle 

D = duct i le .  
B = br i t t l e .  

proached. The carbon content  together with the cur-  
rent  efficiency then decreased rapidly. 

It is of interest  to note that the carbon content  was 
not markedly  changed when either of the baths were 
replenished after depleting about 30-40% of the origi- 
nal  gold concentration. The var iat ion of carbon level 
is due to inconsistencies probably in  the deposition 
process, which have not yet been ascertained. Plat ing 
conditions were main ta ined  constant wi th in  experi-  
menta l  capabil i ty from one set to the next. Contamina-  
t ion from handl ing can be considered negligible at a 
level higher than several 100 ppm. 

Successive plat ing from room tempera ture  baths re-  
sults in very similar morphological changes to those 
which are observed in  hot baths. (For deposits from 
the potassium phosphate formulation, see Fig. 8, parts 
1-6, and for the dibasic ammonium citrate buffered 
bath  see Fig. 9, parts 1-6.) 

Initially, the surface of deposits from the phosphate 
bath are very glossy yellow, exhibi t ing flat spherical 
segments without crystal l ine features (Fig. 3, part  1). 
The cross-sectional micrograph shows a very  homo- 
geneous bulk of columnar  appearance (Fig. 8, par t  lb ) .  
As the age of the bath increases, a loss in smoothness 
can be noticed and a randomly oriented ou tward- type  
growth occurs (Fig. 8, part  1-3). When  the bath is 
replenished, a definite br ightening effect becomes ap-  
parent  (Fig. 8, part  4a). Characteristics of the bulk  of 
the metal  remain  practically unchanged.  Depleting of 
about 30-40% of the original gold concentration and 
replenishing is related to a marked br ightening of the 
deposit the first t ime only. The second t ime replenish-  
ment  is made, the deposit does not regain its init ial  
bright  appearance, and with fur ther  successive addi-  
tions, hardly  any brightening,  or none at all, is ob- 
served. Again the carbon content in the foil is not 
apparent ly  related to the s t ructural  changes on the 
surface. As the gold concentrat ion approaches deple- 
tion, the deposit becomes discontinuous and  dendri t ic  

(Fig. 8, part 7a) which is also demonstrated in  a 
cross-sectional micrograph (Fig. 8, part  7b). Hydrogen 
is the major  cathodic product under  these conditions, 
and does not allow the gold to form an adherent  
deposit. 

Hardly any different informat ion was obtained when 
the citrate formulat ion was substituted. The ini t ial  
deposit appears highly lustrous, but  as the plat ing 
process is carried on, the coatings get dull  and the 
morphological features again change towards an out-  
ward- type  growth pattern. Similarily, the homogeneity 
in the bulk  of the gold becomes less, as can be seen 
from cross-sectional micrographs (Fig. 9, part  lb -3b) .  
The first replenishment  then  br ings back the very 
smooth and glossy surface, which changes into a 
brown-appear ing,  acicularly crystallized deposit (Fig. 
9, part  5). Again as the gold in solution approaches 
very low concentrations, a discontinuous almost den-  
dritic growth is observed. This deposit is dark brown 
and easily mechanical ly destructible (Fig. 9, par t  6). 

Plating in a cell w i th  separated anode and cathode 
compar tments . - - In  order to decide whether  the carbon 
consti tuent  in gold deposits is of anodic or cathodic 
origin, a cell with separated anodic and cathodic com- 
par tments  was employed. Pla t ing solution was used as 
the bridge electrolyte, and the cell separation was 
implemented  by use of semipermeable membranes  at 
each end of the bridge. A potassium phosphate and an 
ammonium phosphate buffered solution, respectively 
[40 g/ l i ter  KAu(CN)2  and 100 g/ l i ter  buffer salt], 
were used for the experiments  at 25~ In  the potas- 
sium phosphate buffered solution, a max imum cathodic 
current  density of only 4.5 m A / c m  2 was obtained be-  
cause of bridge resistance, while 6 mA / c m 2 was 
achieved in the ammonium phosphate buffered bath. 
The init ial  pH was adjusted to 4.5 in both solutions. 
Two gold foils of 3g each were plated from the potas- 
sium phosphate bath, and one foil of 4g from the 
ammonium phosphate bath. 

The following results were obtained by carbon anal -  
yses: (i) potassium phosphate bath, first foil--945 ppm 
carbon, second foil--746 ppm carbon; (ii) ammonium 
phosphate bath, 349 ppm carbon. 

These data unequivocal ly  demonstrate that  the co- 
deposition of this carbon-conta in ing mater ial  observed 
in gold foils plated from room tempera ture  baths is a 
cathodically formed product. In  fact, both the pH 
sensit ivity and the cation dependency are also reflected 
in  these figures. In  a bridged cell the pH stabil i ty upon 
exposure to electrolysis is very  low, resul t ing in  a 
marked increase of pH in the cathodic compartment  
and an equivalent  decrease of pH in the anodlc com- 
partment .  It was found that  the pH in the potassium 
phosphate bath  rose from 4.5 to 5.6 after plat ing of 
both foils. Consequently, the carbon content  of the 
second foil is somewhat lower, as would be predicted in 
accordance with the relat ionship of carbon vs. pH 
given in Fig. 5. Also, the result  from the ammonium 
phosphate bath at pH 4.2 and 6 mA / c m 2 falls fair ly 
well  in the expected range, being well below the 
values obtained from the potassium phosphate system. 

Table VL Aging of 25~ baths 

Composit ion B a t h  1 B a t h  2 

Operating c o n d i t i o n s  
Temperature  
C u r r e n t  density 
P l a t i n g  t i m e  30 ra in  
p H  
Cathode efficiency: 

average 90% 
range 85-98% 

( last  4 measurements  excluded)  
Thickness  r ange  of go ld  on  Bodar 

disks 40-50/zm 
Total  No. of sets plated 26 
Total  amount  of gold plated 75.8g 

40 g / l i t e r  K A u ( C N ) =  
100 g / l i t e r  KH~PO4 
K O H  to adj .  p H  

25 = -4- 2oc  
20 m A / c m  2 d.c. 

4.3-4.5 

40 g / I i t e r  K A u ( C N ) =  
100 g / l i t e r  NH~-citr .  
c i t r ic  ac id  to adj .  pH 

27 rain 

85% 
80*96% 

35-50~m 
33 
70g 
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Conclusions 
Our study of gold electrodeposits plated from pure 

buffered potassium gold cyanoaura te( I )  solutions lead 
to the following facts: 

1. At solution temperatures  of 65~ and above the 
incorporation of carbonaceous contaminants  into cath- 
odic deposits is minimized and practically negligible. 
Varying any operating parameters,  as well  as changing 
the concentrat ion of solution components, does not 
increase the carbon content in  the gold, as long as the 
bath tempera ture  remains high. 

Even, as the used age of a bath increases and the 
appearance of the deposit changes from bright  yellow 
to dull  brown, the carbon content of these deposits 
stays unchanged and very low. Undoubtedly  this 
marked change of morphological characteristics is re-  
lated to a s imultaneous al terat ion of the solution com- 
position. However, there are indications that  the 
cathodic l iberat ion of cyanide ions, and the subsequent  
bu i ldup  of known hydrolysis and polymerizat ion prod- 
ucts are not the only cause of the change in morphol-  
ogy of the deposits. 

It was fur ther  found that  characteristic surface 
morphologies are generated at certain cathodic depo- 
sit ion potentials, whereby  br ight  yel low deposits are 
formed at less negative potentials than  dull  b rown 
ones, e.g., in  a pure phosphate buffered bath at pH 10 
and 65~ bright  yellow gold is plated to as low as 
--900 mV and at values of --950 mV and more nega-  
tive, typical ly dark gold is cathodically del~osited. As 
a bath is operated at constant current  density and its 
used age increases, the gradual  darkening of the de- 
posit is also accompanied by a potential  shift towards 
more negative values. If organic bui ldup in the bath 
were the sole cause for this phenomenon,  in tent ional  
addition of hydrolysis or polymer products derived 
from cyanide ions should then effect similar changes. 
However, hardly  any morphological changes or poten-  
t ial  deviations were observed upon addit ion of such 
derivatives to freshly prepared solutions. Similarly, a 
change of appearance and deposition potential  could 
also be expected, if a hiterto u n k n o w n  inherent  species 
would be depleted from the bath as electrolysis pro- 
ceeds. 6 

2. By lowering the bath tempera ture  below 60~ a 
subtle increase of carbon in the deposit was discovered, 
which reaches a max imum of approximately 1300 ppm 
at 25~ pH 4.5, and high current  density (15 mA/cm2).  
Solution pH, current  density, and solution composition 
affect the degree of carbonaceous incorporat ion at 
room tempera ture  (see Fig. 5 and 6). At the same t ime 
a change in  morphology is also observed. The surface, 
however, is bright, glossy yellow characterized by 
spherical segments. Bright deposits can be obtained 
even at very high current  densities (up to approxi-  
mately  50 mA/cm 2) when  vigorous agitation is pro- 
vided. 

Other properties such as hardness and bri t t leness are 
also changed. Deposits plated from 65~ baths are soft 
and duc+ile (see Table II) in contrast to those plated 
from 25~ baths which are much harder  and bri t t le  
where the carbon content  is high (see Table IV and 
V).  

By plott ing the carbon content vs. bath age (or 
amount  of gold plated) it was learned that, at least in 
the case of the phosphate buffered solution at 25~ 
there was no increase of carbon in the deposit. Once 
the bath  was no longer  replenished with potassium 
cyanoaura te( I )  there was indeed a marked decrease 
of carbon in the deposited gold with decreasing gold 
concentrat ion in solution (see Fig. 10). This result  
clearly reveals that  the amount  of incorporated car- 
bonaceous mater ial  is not related to the accumulat ion 
of free cyanide or subsequent ly  formed reaction prod- 
ucts. Although the carbon content throughout  the main  
part  of the exper iment  was found to remain  at a round 

s A p u b l i c a t i o n  of  t h i s  s t u d y  is in preparation. 

1000 • 100 ppm, a gradual  change in  appearance was 
observed also here extending from lustrous yellow to 
dark brown. 

The carbon data obtained from the ammonium cit- 
rate formulat ion at 25~ were more inconsistent  (see 
Fig. 10), suggesting interact ion of the ammonium ions 
in  some u n k n o w n  way. Principally,  however, similar 
results were obtained, namely,  deposits of lustrous 
yellow appearance gradual ly  darkening as the age of 
the bath increased, and high hardness and bri t t leness 
at high current  density, together with re la t ively high 
carbon content. 

3. Further ,  the fact that  carbon was also found in 
deposits where anode and cathode were placed in 
separate compartments  excludes that  anodically oxi- 
dized or polymerized cyanide derivatives would con- 
t r ibute  to the carbon content in  electroplated gold. 

Most likely, therefore, cyanide, as potassium cyanide, 
gold(I)eyanide,  potassium cyanoaurate,  and  hydrogen 
cyanide are incorporated into the metal  dur ing the 
deposition process. 
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EXPERIMENTAL APPENDIX 

Sample Preparation for Carbon Analysis 
Onto a molybdenum substrate  (2.5 • 5 cm) gold was 

plated to accumulate general ly  approximately 1 or 
2g of metal. The deposits were r insed thoroughly with 
deionized (DI) water  and peeled from the substrate, 
again rinsed, then  immersed in  approximately  100 ml 
DI water, boiled for 5 min, and subsequent ly  rinsed 
with cold DI water  to assure complete removal  of bath 
residues. For  drying, the foil was placed into a clean 
oven for approximately 2 hr  at 125~ If not analyzed 
immediate ly  the gold was stored in clean glass con- 
tainers. Approximately  lg was used per analysis. 

Wire Wrap Test 
Annealed  Dumet  7 wire  (0.45 ram) was plated to ap-  

proximately 6.5 ~m with gold, rinsed, air-dried,  and 
subsequently,  with the help of a mechanical  tool 
wrapped around a gold-plated brass mandre l  of a 
square cross section (0.1 cm side length) .  A ductile 
deposit as defined here must  not show any cracks in 
the gold surface at 20X optical magnification. 

Solution Extraction 
Five hundred  mill i l i ters of solution (electrolyzed 

potassium cyanide solution, dibasic ammonium citrate 
solution, or depleted plating bath)  was placed into a 
separatory funnel .  Approximately 150 ml  of distilled 
ethyl acetate were then added and shaken energeti-  
cally. The organic phase was separated and new ethyl 
acetate added to the aqueous phase. Three extractions 
were sufficient to remove organic materials  quant i ta -  
tively. After combining all solvent portions, ethyl  ace- 
tate was stripped off on a rotatory evaporator, and the 
residual oily or greasy materials  t ransfer red  into a 
crystall ization dish in which they were dried in a 
desiccator over CaCle or silica gel. 

Due to small quanti t ies obtained from most of the 
o~erations, no fur ther  purifications were under taken.  
IR spectra of the products were recorded. 

IR absorptions were determined of products isolated 
by ethyl acetate extraction from the following: (i) 

7 D u m e t :  a 57% i ron ,  42% n icke l ,  a n d  1% m a n g a n e s e  alloy w i r e  
core w i t h  copper  c l add ing .  
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KCN solution polymerizat ion (orange brownish  par -  
t ial ly crystal l ine oil), 3320s, 2955s, 1672w, 1446m, 1375s, 
1320m, 1186m, 1122s, 1089s, 1043s, 944m, 926m, 878w, 
842m, 792w; (ii) electrolyzed dibasic ammonium citrate 
solution (yellow brownish oil), 3150s br, 2630sh, 1728s, 
1380s br, 1250v br, l178sh br, 1048m; (iii) depleted 
potassium phosphate plat ing bath (65~ pH 10), 
(brownish, part ial ly crystal l ine oil),  3260s, 2195w, 
1668w, 1445m, 1375w, 1229m, 1046s, 1010m, 793s; (iv) 
depleted dibasic ammonium citrate plat ing bath (65~ 
pH 4.7), (brownish oil), 3150s br, 2640sh, 2210s, 2170w, 
1728s br, 1428s, 1380s, 1263m, l165sh br, 1098m, 1049m, 
1022sh, 873w br, 802s br. 
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The Surface Tension of the Molten Binary System 
LiCI-KCI 

D. A. Nissen and R. W. Carlsten 
Exploratory Power  Supplies Division 2523, Sandia Laboratories, Albuquerque,  N e w  Mexico 87115 

ABSTRACT 

Surface tension measurements  are reported for the b inary  mol ten  salt 
system LiC1-KC1 over the composition range 10-90 mole per cent KC1 and at 
temperatures  ranging from the mel t ing point to 850~ All measurements  
were made using the max imum bubble  pressure method. The surface tension 
is l inear ly  dependent  on temperature,  and the exper imental  results for the 
mix ture  at constant tempera ture  are best explained on the basis of regular  
solution behavior. However, there is an indicat ion that some local s t ructure  
exists in the melt. 

The physical-chemical  properties of mol ten salts are 
of interest  because they can reveal the type and extent  
of ionic interactions in these systems. The entire spec- 
t rum of ionic interactions can be obtained in mol ten 
salt mixtures:  from the NaNO3-KNO3 system which 
approximates ideal behavior (1) to those which de- 
viate considerably from ideal behavior  and have been 
explained on the basis of complex ion formation (2) or 
polarization effects due to large differences in  cation 
size (1, 3, 4). The correlation of solution behavior  with 
surface properties has been a common and frui t ful  
approach. 

Even though molten LiC1-KC1 has been used exten-  
sively as a solvent in both electrochemical and chemi- 
cal studies, l i t t le is known about its physical proper-  
ties. Except for the ra ther  sparse data of Mizuno (5) 
and Jaeger (6), studies that  have been made of the 
surface tension of the b inary  alkali  metal  halides (1, 
2) have not included the LiC1-KC1 system in spite of 
the fact that deviations from ideal solution behavior  
may exist as indicated by the conductivity data of Van 
Artsdalen (7). The purpose of the present s tudy is to 
extend the available surface tension data to include 
mixtures  of LiC1 and KC1 and to examine these data 
in the light of current  models of mol ten salt mixtures.  

Experimental 
Of the numerous  techniques available for de termin-  

ing the surface tension of mol ten salts, the max imum 
bubble  pressure method was chosen for this invest iga-  
tion. This method is capable of giving precise results 
at high temperatures  in  a moderately  corrosive me-  
dium, and has been used in many  investigations of the 
surface tension of mol ten salts. It  involves the slow 
formation of a bubble  at the inner  diameter  of a very 

* K e y  w o r d s :  r e g u l a r  so lu t ion ,  m o l t e n  sal ts ,  c o u l o m b i c  i n t e r a c t i o n ,  
s o l u t i o n  theory. 

carefully fabricated capil lary orifice immersed in  the 
l iquid of interest. Simultaneously,  the pressure of the 
gas used to form the bubble  is measured in order to 
determine the max imum pressure developed inside the 
bubble,  i.e., at the min imum radius of curvature.  

Schr6dinger (8) showed that the relat ionship be- 
tween the pressure and surface tension is given by 
the equation 

I 3 h  6 " ' "  

where 7 is the surface tension in  dynes/cent imeter ,  p is 
the max imum pressure difference between the inside 
and outside of the bubble,  r is the radius of the capil- 
lary, and h ---- p / g  (D -- d), where g is the acceleration 
due to gravity, D is the densi ty of the liquid, and d is 
the density of the vapor. If the density of the vapor 
phase is disregarded, it is possible to express the above 
equat ion in the more tractable form (9) 

rg 1 1 r ~ gd2 ~ 
7 = . (hdl -- ida) -- - -  d2 r 2 g 

2 3 12 hdl -- id2 

where h is the height of the manometer  column, dt is 
the density of the manometer  fluid, i is the depth of 
immersion of the capillary, and d2 is the density of the 
l iquid under  study. The third term was not used in our 
calculations since it is negligible, ~ t 0  -4 dyne/cm.  

Sugden (10, 11) has objected to the use of SchrSd- 
inger 's equation because it assumes an elliptical bubble  
profile and thus should only be applied to small  bub -  
bles. However, Tripp (12) has pointed out that  if the 
bubbles are formed slowly, about five bubbles  per 
minute,  the mathematical  theory is in  accordance with 
experiment  and has criticized Sugden's conclusions on 
the grounds that  the bubble  rate used in his experi-  
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ments  was too high. Since our surface tension data 
for both NaNO3 and KNO3 (13) agree with that  ob- 
ta ined by other investigators using both the max imum 
bubble  pressure method (9) and the -wilhelmy slide 
plate technique (14), any errors involved in the use of 
SchrSdinger 's equation for surface tension appear to 
be negligible for slow bubble  rates. 

The l i terature  provides a more extensive review of 
the historical background, theory, and practice of this 
technique for measur ing surface tension (9, 12). 

Apparatus.--The apparatus used in  this invest igat ion 
was similar  to that  of DahI and Duke (2, 9) and is 
shown in Fig. 1. In  this invest igat ion the capil lary tip 
was fabrica{ed from pure gold and was 2.25 cm long 
with an orifice approximately 0.8 mm in diameter.  It  
was joined to the graphite gas del ivery tube by  means 
of a graphite collar. 

In  order to obtain precise restttts, it is necessary that  
careful a t tent ion be paid to t h e  capil lary tip. "We have 
found that  the bore must  be as accurately round  as 
possible, the end fiat and perpendicular  to the axis of 
the capillary, and the edge of the orifice very sharp. 
Furthermore,  this condition must  be main ta ined  
throughout  the measurements .  For  accurate, repro-  
ducible results, these requi rements  cannot be too 
strongly emphasized. 

A Lietz Ortholux microscope was used to check the 
condition and the diameter  of the orifice. The capillary 
tip was magnified 60X and photogral0hed with a super-  
imposed filar, ruled to O.Ol ram. This photograph was 
then  used to measure the diameter  of the capillary and 
determine its condition. All measurements  were cor- 
rected for thermal  expansion of the capil lary orifice 
(15). 

The graphite tube which supported the gold capil- 
lary was r igidly clamped to the micrometer  head which 
allowed the depth of immersion of the tip to be mea-  
sured wi th in  +__0.01 mm. The level of the vapor- l iquid  
interface was determined by measur ing the resistance 
between the capil lary and a gold-sheathed thermo-  
couple placed in  the melt  as the tip was being slowly 
lowered by means of the ad jus tment  screw attached 
to the micrometer  head. 

A dibutyl  phthalate manometer  was used to measure 
the gas pressure in the system. Its tempera ture  was 
main ta ined  at 25 ~ -+ 0.1~ by a constant tempera ture  

bath. The height of the meniscus was read by a cathe- 
tometer accurate to -+0.001 ram. 

The tempera ture  of the melt  was measured  with a 
gold-sheathed Chromel-Alumel  thermocouple and was 
main ta ined  constant wi th in  +_O.5~ of the set tempera-  
ture. The vertical  tempera ture  gradient  through the 
sample was less than  1.0~ 

Materials.--Both the LiC1 and KC1 used in  these ex-  
per iments  were of analytical  pur i ty  and were carefully 
vacuum dried before use. The appropriate composition 
was made up by  accurately weighing the dried salts 
directly into the container. After  the salts were melted, 
they were fur ther  purified by the use of chlorine and 
hydrogen chloride gas (16). All weighing and other 
manipula t ions  of the dried salts were done in  an at-  
mosphere whose water  content was less than  190 ppm. 
After  a set of measurements  on a sample was finished, 
the sample was analyzed for both l i th ium and potas- 
sium by  atomic absorption to determine its exact com- 
position to wi th in  __0.1 weight  per cent (w/o) .  In  
every case the weighed composition agreed with the 
analyzed composition to wi th in  +--0.2 mole per cent 
(m/o) .  

Purified argon was used to form the bubbles  and to 
ma in ta in  an iner t  atmosphere over the sample. The 
argon was purified by passing over hot copper turn ings  
and Mg (C104)2. 

Results 
Prior to determining the surface tension of LiC1-KC1 

mixtures,  we measured the surface tension of both 
NaNO~ and KNO3. The agreement  be tween our results 
and the accepted l i terature  values (17) is wi th in  1% 
(13). To check the accuracy of our measurements  on 
the LiC1-KC1 system, we periodically remeasured the 
surface tension of KNO3. In  each case the agreement  
was well  wi th in  a reasonable exper imental  error  (--+0.2 
dyne/cm,  ~ +-0.2%). 

For each composition the surface tension shows the 
usual  l inear  tempera ture  dependence, 7 ---- A -- Bt, 
where t is the tempera ture  in  degrees centigrade. Table 
I summarizes these results analytically.  The equations 
which relate the surface tension and tempera ture  are 
the result  of a least squares computer  analysis of the 
data points. The s tandard deviation of the points about 
the l ine is shown in the last column in  Table I and is 
about 0.3 dyne/cm.  



502 J. E l e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  A p r i l  1974 

Table I. LiCI-KCI (a) 

K C I ,  m / o  % d y n e / e r a  s, d y n e / e r a  

10  1 6 4 . 9 - 0 . 0 6 7 6 t  0 . 2 7 5  
21  1 6 4 . 4 - 0 . 0 7 1 4 t  0 . 4 9 6  
31  1 6 5 . 4 - 0 . 0 7 5 5 t  0 . 3 0 8  
42 1 6 5 . 3 - 0 , 0 7 8 0 t  0 . 2 1 5  
5 0  1 6 5 . 3 - 0 . 0 8 0 8 t  0 . 2 7 5  
60  1 6 6 . 4 - 0 . 0 8 4 6 t  0 . 3 7 6  70 1 6 7 . 2 = 0 . 0 8 6 9 t  0.262 
78  1 6 6 . 9 - 0 . 0 8 5 7 t  0 . 1 9 3  
8 5  1 6 5 . 6 - 0 . 0 8 4 0 t  0 . 2 8 7  
9 0  1 6 6 , 2 - 0 . 0 8 5 0 t  0 . 3 5 7  

<:) Densi ty  data used in calculating these s u r f a c e  t e n s i o n s  w e r e  
taken f r o m  V a n  A r t s d a l e n  and Yaffee (7 ) .  

With the exception of the ra ther  sparse data of 
Mizuno (5) and Jaeger (6), there are no other surface 
tension data on the LiC1-KC1 system in the l i tera ture  
that  can be used for comparison. Mizuno (5) reports 
surface tension data for the compositions 20, 40, and 60 
m/o  KC1. For these compositions, his values are about  
4-5% higher at 800~ than  ours. Jaeger (6) reports 
only one data point for 447~ and a composition of 42 
m/o  KC1; it is 5% lower than our value for the same 
composition. Based on the agreement  be tween  our 
values for the surface tension of KNO~ and NaNO3 (13) 
and those reported by Janz (17), and the precision of 
all our data for the surface tension of LiCI-KC1 for 
which we estimate an accuracy of bet ter  than •  
we are unable  to explain the differences between our 
values and those of Mizuno and Jaeger. 

Discussion 
Figure  2 shows a plot of surface tension as a funct ion 

of composition at a constant tempera ture  of 800~ It 
can readily be seen that there is a large deviation from 
additive behavior, reaching a max imum of 7.7 dyne /cm 
at 50 m/o  KC1. There is a pronounced min imum  in the 
curve in  the region of 65-70 m/o  KC1. 

120|, ~ ' ' I . . . .  ( . . . .  ~ . . . .  

~'l \ \  \ 

I o 800% 

115% \ \ 

_ ~ \ \ \ X \  
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75 100 
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Fig. 2. Isothermal surface tension curve for the LiCI-KCI system at 800 ~ C. 

There have been a number  of theoretical t rea tments  
of the surface tension of mixtures  (18, 19) whose ob- 
ject it has been to evolve a model which would allow 
the prediction of the surface tension of a mix ture  at 
constant temperature,  for any composition, provided 
the surface tensions of the pure components are 
known. These models and their  correlation with our 
exper imental  data are discussed below. 

The surface tension of near ly  all b ina ry  mixtures  
deviates negatively from additivity;  behavior  which is, 
in fact, predicted by Guggenheim's  equation for the 
surface tension of an ideal solution (18). The surface 
tension of the LiC1-KC1 system similarly exhibits 
negative deviations from additivity. However, nei ther  
Guggenheim's  equation for ideal solutions nor  modifi- 
cations of it (20, 21) are able to describe the LiC1-KC1 
exper imental  surface tension isotherm. This is not 
par t icular ly  surprising since the heat of mixing  studies 
of Aukrust,  et  al. (22) show that  mixtures  of LiC1 and 
KC1 exhibit  considerable negative deviations. 

In  a series of studies of the surface tension of b inary  
mol ten salt systems, Bertozzi (14, 23, 24) advocated the 
use of the semiempirical expression 

-~ : x1~i + x2~2 --  #x ix2  [1] 

to represent  the data. In  this equation xi is the mole 
fraction of component i, "Yi is the surface tension of 
pure component i, and # is a constant which may be 
empirically determined. For those mixtures  which be-  
have as ideal solutions, # is, of course, equal to zero. 

If deviations from ideal behavior  are considered to 
be purely  coulombic in origin, the constant # can be 
expressed as a size parameter  

[2] 
~ =  2a dl + d~ 

where di is the sum of the radii of the cation and anion 
of the pure salt indicated, e is the electronic charge, 
and a is the mean  area of the molecules and is given 
by the formula 

a - -  - -  V 2  --  / 2 / 3  ] 
2 

where N is Avogadro's n u m b e r  and Vi is the molar  
volume of the ith component.  This form of fl is the 
result  of calculations made by For land (25) on the 
energy change which results from mixing  a l inear  
array of ions, considering only nearest  and next  
neighbor interactions. Equations [1] and [2] were used 
by Kleppa to represent  heat of mixing data for alkali  
n i t ra te  systems (26, 27). 

Using the cat ion-anion distances obtained by Levy 
and Danford from their  diffraction studies of mol ten  
salts (28) and Van Artsdalen 's  values of the molar  
volumes of LiC1 and KC1 (7), we calculate a value of 

= 17.7 dynes/cm. A computer fit of Eq. [1] to the 
experimental  data using # as an adjustable parameter  
was made and is shown in Fig. 3. It was found that  the 
best fit was obtained for a value of ~ = 32.5, consider- 
ably larger than  that calculated from Eq. [2]. 

Equat ion [1] predicts that, if deviations from ideal 
behavior  are coulombic in nature,  then for a given 
composition, the deviation from ideal behavior,  h~ = 
v -- (xlvl + x2~2), should be approximately a l inear  
function of the size parameter  [ (dl -- d2) / (d l  + d2) ]2; 

since the factor -- + is near ly  constant  for 
a 

the various b inary  alkali  chlorides shown in Fig. 4. 
Figure 4 shows the deviation from ideal behavior, 47, 
at a composition of 0.5 mole fraction plotted against 
the size parameter,  [ (dl -- d2) / (dl + d~) ] 2, for several 
different b inary  alkali chloride systems (2, 5, 23). This 
plot shows that  a model based on a one-dimensional  
array of the ions and pure ly  coulombic considerations 
cannot completely describe the deviations of the surface 
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Fig. 3.  Comparison of the experimental surface tension with that 
calculated from Eq. [1] for /9 = 32.5 dynes/cm at 800~ 

tension from ideal behavior  in all b inary mol ten  salt 
systems with a common anion. If polarizat ion effects 
were  taken  into account as wel l  as an extension of the 
one-dimensional  model  for coul0mbic interact ion into 
three  dimensions, it is possible that  this model  would  
more closely paral lel  the exper imenta l  results. This 
conclusion is similar  to that  suggested by Groj the im 
(20) in his s tudy of the surface tension of b inary  mix -  
tures of alkali  and alkal ine ear th  chlorides, and dis- 
cussed by Blander  (29). 

Based on calculations of the act ivi ty  of mol ten  salt 
mixtures  with a common ion, Bloom (30) has shown 
that  these mixtures  may  be t rea ted  as regular  solu- 
tions. 

Guggenheim (18) and Prigogine (19) have der ived 
an equation for the surface tension of regular  solutions 
based on a quasi -crys ta l l ine  model  in which each 
molecule  in the l iquid  is t rea ted  as though it were  
ar ranged on a lat t ice and on the zeroth approximat ion 
in which it is assumed that  there  is complete  random-  
ness in both the bulk and in the surface layer.  In this 
case the surface tension is given by 

k T l n  xl '  wl  
= ~1 + + - -  [ ( x 2 ' )  2 - ( x 2 )  2]  

X l  a 

w m  
- -  - -  (X2)2 

a 

kT  x2" 
= " t ~  + ' in -, 

a x2 

w~ w m  
+ - -  [ ( x l ' )  2 - ( x l )  = ]  - - -  ( x l )  = [ 8 ]  

a a 

where  ~ and m refer  to the fract ion of neares t  ne igh-  
bors which occupy the same latt ice plane and an ad- 
jacent  latt ice plane, respectively,  and satisfy the re la -  
t ionship l + 2m = 1, w is the  interact ion paramete r  
in the theory  of regular  solutions, and the pr imed 
quanti t ies re fer  to the surface layer.  

According to Pr igogine (19), if  one neglects the 
adsorption of atmospheric gases, or excludes them from 
the exper imenta l  system, an ex t reme value  of the sur-  
face tension can occur from which it follows that  the 
equi l ibr ium surface phase at this point has the same 
composition as the bulk solution, i.e., xl '  = xl  and 
x2' = x2. In these circumstances, Eq. [3] reduces to 

wm 
'~'extr. : "YlXl ~" ~'2~2 -- XI~g2 [4] 

a 

Insert ing the appropriate  exper imenta l  values of Textr., 
xt  and x2 into Eq. [4], we obtain w m / a  = 32 dynes /  
cm and w m / k T  = 0.352 for T = 1073~ 

With the value of w m / a  calculated f rom Eq. [4], 
we used Eq. [3] to calculate values of the surface 
tension for various LiC1-KC1 compositions. A computer  
was used to do the actual calculations and the pro-  
gram was wr i t t en  so that  the ratio l/ra could be varied. 
The best fit to the exper imenta l  surface tension data 
was obtained for the ratio t /m  : 2. Table II  and Fig. 
5 show a comparison of the exper imenta l  and calcu- 
lated values of the surface tension. The min imum in 
the calculated curve comes at about 80 m / o  KC1 as 
against 65-70 m / o  KC1 in the exper imenta l  curve;  
o therwise  the agreement  is excellent,  lending support  
to the idea that  the LiC1-KC1 system behaves as a 
regular  solution. 
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Fig. 4. Deviation from ideal 
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a function of the size parameter 
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binary alkali metal chloride sys- 
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Table II .  Comparison of calculated and experimental values of 
the L iC I -KCI  surface tension at  8 0 0 ~  

~(ealc., Eq. [3]), ~(expt ' l . ) ,  
KC1, m / o  dyne /c ra  dyne/crn 

10 111.76 110.91 
20 107.04 107.29 
30 103.63 104.98 
40 101.2~ 102.90 
50 99.58 100.62 
60 98.44 98.72 
70 97.75 97.68 
80 97.80 98.30 
90 97.81 98.20 

We believe, however ,  that  there  are indications of 
some type of specific interact ion in the LiC1-KC1 m i x -  
ture. Van Artsdalen 's  measurements  of  the conduc- 
t iv i ty  of the LiC1-KC1 system (7) show a pronounced 
min imum in the equivalent  conductance isotherm in 
the region of 70-80 m / o  KC1. In a similar  fashion, 
the surface tension isotherm shows a min imum be-  
tween  65-70 m / o  KC1, cf. Fig. 2. Fur thermore ,  our 
calculations of the surface entropy Sv and surface 
energy  E~ show maxima  at about 67 m / o  KC1, Fig. 6. 
These facts suggested evaluat ion of a model  which 
considers possible specific interact ion be tween  the com- 
ponents of the mixture .  

Kaufxnan (31) has shown that  molecu la r - type  ag-  
gregates  or clusters of ions which possess unique 
stoichiometric  relat ionships to one another  are theore t -  
ical ly capable of producing min imum or max im um  
values of the surface tension. A molecular  type which 
is surface act ive will  cause a min imum and one which 
concentrates in the bulk phase will  cause a max im um  
value of the surface tension. Based on the Gibbs 
adsorption isotherm and using a res t r ic t ive  equat ion 
for  the chemical potential  of the surface active-species,  
Kaufman  (31) der ived an equat ion of the form 
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+\]lmax/ f2-~'~ax) [ ( ' ~ ' C - - ' ~ ' I )  + ( ~ 1 - - ~ 2 ) ] X 2  

In this equat ion ?'1 and r2 are constants and represent  
the stoichiometric ratios in which the various com- 
ponents occur in a par t icular  aggregate,  ]i and ]2 are 
the act ivi ty  coefficients of the two components, and 
7e is the surface tension of the bulk at a composition 
corresponding to some par t icular  stoichiometric ratio. 
In the l imit  of weak interactions be tween  the con- 
sti tuents of the mixture ,  the surface-ac t ive  species 
can be assumed to behave l ike pure solute in the un-  
associated state and Eq. [5] can be shown to reduce 
to a form similar  to Eq. [4] (31); i.e., in the l imit  
of weak interact ion the mix tu re  wil l  behave as a 
regular  solution. 

Equat ion [5] was used to calculate the surface ten-  
sion of  the LiC1-KC1 mixture .  For  this calculat ion it 
was assuraed that  the min imum in the isothermal  sur-  
face tension curve, cf. Fig. 2, could be ascribed to 
the presence of a surface-act ive  species in the melt,  
and the values of ~/i, 3'2, and 3"c were  chosen accordingly. 
Thus, ~'i : 1, 3"~ : 2, and "Vc : 97.5 dyne/cm.  I t  was 
also assumed that ]1/]1 max  : f2/f2 max  : 1. 

The results of this calculat ion are shown in Fig. 7 
superimposed on the exper imenta l ly  measured  iso- 
thermal  surface tension curve. The agreement  be tween  
the calculated and exper imenta l  values of the surface 
tension, par t icular ly  in the region of the minimum, 
is quite  reasonable considering the approximations 
involved.  

We do not bel ieve that  any sort of complex- ion  in 
the genera l ly  accepted sense, e.g., A1C14-, BeF4 -2, 
CdC14 -~, etc., is formed in the LiC1-KC1 melt.  How-  
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ever, the correspondence be tween the calculated and 
exper imental  data shown in  Fig. 7 do suggest that  
some sort of loose aggregation or "complex-l ike" 
a r rangement  of the ions is formed in the melt, and that  
this ent i ty  i.~ surface active. The strong polarizing 
power of the l i th ium ion is probably responsible for 
changes in  local s t ructure about itself. 

In  the NaC1-KC1 system, where  the sodium ion is 
much less s trongly polarizing than  the l i th ium ion, 
there appears to be no evidence of local s t ructure or 
preferent ial  ion groupings in the melt  (5, 9). The 
essential features of this association model have also 
been proposed to explain the observed heats of mixing  
in b ina ry  alkali  metal  halide systems (32). 

The preferent ial  ion groupings discussed above have 
not been observed experimental ly,  and therefore, the 
conclusions based on their  existence are speculative. 
Furthermore,  as Kaufman  (33) points out, because 
these compound like groups of ions can have effects 
on surface properties orders of magni tude  greater  
than  might  be expected from their  relat ive influence 
on bulk  properties, they might  represent  only an in -  
significant fraction of the total mass of liquid. How- 
ever, a model in which these ion groupings are as- 
sumed does seem to account for the LiC1-KCI surface 
tension data, cf. Fig. 7, and m a y  also explain the 
Conductivity data for this same system. 

Conclusion 
We have at tempted to fit our  surface tension data 

for the LiC1-KC1 system to four different theoretical 
models of the surface tension of mixtures.  The first 
of these is Guggenheim's  model for ideal behavior.  
The second, an outgrowth of heat of m i x i n g  studies 
on b inary  mol ten  systems, considers that deviations 
from ideal solution behavior  are due to purely  cou- 
lombic interactions. The thi rd  is Guggenheim's  zeroth 
approximation t rea tment  of regular  solutions which 
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assumes complete randomness  in  the surface layer  as 
well as the bulk. In  the fourth model, the regular  
solution model is, in  essence, modified by  assuming 
compositional variat ions at the interface which could 
be completely specified by  the preferent ial  adsorption 
of a stoichiometric mul t i -a tomic  species from the 
bulk  phase. 

Our  exper imenta l  data cannot be adequately de- 
scribed by either the ideal solution model  or by the 
coulombic interact ion model, most probably because 
these models do not take into account the polarization 
effects which undoubted ly  exist in the LiC1-KC1 sys- 
tem. 

The exper imental  surface tension data are well  
fitted by  Guggenheim's  regular  solution model of l iquid 
mixtures  except that  the positions of the min ima  in  the 
calculated and exper imental  isothermal surface ten-  
sion curves are displaced from each other. 

Because values of the surface tension calculated 
from the fourth of these models which assumes dis- 
crete atom groupings fit the exper imental  data reason- 
ably well, par t icular ly  in the region of the minimum,  
we believe that, while regular  solution theory can 
adequately expla in  our  results, there may  be some 
local s t ructure  in  the LiC1-KC1 melt.  That  is, the 
consti tuents of the melt, at least at the interface, do 
not seem to be randomly  distributed. This view is 
also supported by  the plots of surface entropy and 
total surface energy against composition which show 
maxima at 67 m/ o  KC1. 
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Oxygen Transfer Kinetics Between Ga-Ga203 Electrodes 
and the Solid Electrolyte Calcia-Stabilized Zirconia 

L. F. Donaghey* and Raymond Pong** 
Inorganic Materials Research Division of the Lawrence Berkeley Laboratory and the 

Department of Chemical Engineering of the University oJ Cali]ornia, Berkeley, Berkeley, California 94720 

ABSTRACT 

The kinetics of oxygen t ransfer  between Ga-Ga20~ composite electrodes 
and the solid electrolyte calcia-stabilized zirconia, ZrO~ (CaO), were studied 
with the symmetric,  galvanic cell 

W/Ga-Ga2OJCao.15Zr0.850~.ss/Ga-Ga2OJW 

over the temperature  range from 800 ~ to 900~ Chronopotentiometric studies 
were conducted using current  densities from 0.3 to 130 ~A/cm ~ to obtain over-  
potentials for faradaic oxidation and reduction reactions at the Ga-Ga20J 
ZrO2(CaO) interface. A l inear dependence of the overpotential  on current  
density was obtained, corresponding to a local electrode resistance of 3.8 
ohm/cm 2 of electrode-electrolyte interface at 800~ The data are in agreement  
with a solution-diffusion mechanism of oxygen t ransport  through l iquid Ga 
in  the electrode be tween the ZrO2 (CaO) electrolyte and Ga20~ particles. 

Solid electrolytes have become impor tant  in recent 
years for use in thermodynamic  and kinetic studies 
with solid-state electrochemical cells (1-4) and more 
recently, in fuel cells and other power sources (5-11). 
Major areas of concern in kinetics and power source 
applications of solid electrolytes are the s tructure of 
the solid electrolyte-electrode interface and the elec- 
trochemical, ra te-control l ing process for ionic t rans-  
port across this interface (12). Considerable theoretical 
and exper imental  work has been reported concerning 
space charge polarization in liquid and solid systems 
where it is well  established that static concentrat ion 
gradients of ionic species and diffuse, charged double 
layers play an impor tant  roll (13-17). Most previous 
investigations of electrode processes in solid systems 
have been l imited to single-phase electrodes (18) 
in asymmetric  cells containing both nonpolarizable and 
polarizable electrodes (19). The oxygen t ransfer  be-  
tween the two-phase, l iquid meta l -meta l  oxide elec- 
trode Ga(1)-Ga2Oa, and the solid electrolyte ZrO2 (CaO) 
is studied in the present  paper. 

Oxygen transfer  kinetics at interfaces be tween two- 
phase electrodes and solid electrolytes is impor tant  in 
m a n y  electrochemical applications. Metal-metal  oxide 
mixtures  are the most commonly used reference elec- 
trodes in thermodynamic  studies with solid-state gal-  
vanic cells (3), where electrode polarization is unde-  
sirable. Kinet ic  studies with such cells require  oxygen 
t ransfer  for coulombic t i t rat ion experiments  (20), for 

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

measurements  of oxygen diffusion in l iquid and solid 
metals (1, 3), and for phase boundary  reaction rate 
determinat ions (21). 

Oxygen transfer  kinetics from meta l -meta l  oxide 
electrodes to solid electrolytes has only recent ly re-  
ceived attention. The reversibi l i ty  of electrode po- 
larization in symmetric cells has been studied by Steele 
(22) for several such electrodes. Recently Worrell  
and Iskoe (23) measured overpotentials for Cu-Cu20, 
Fe-FeO, and Ni-NiO electrodes in symmetric  cells and 
found that the s teady-state  overpotentials were inde-  
pendent  of the direction of current  flow. Thes authors 
have shown that  the magni tude  of the overpotential  
for a given current  is consistent with an oxygen t rans-  
fer mechanism which is kinet ical ly  l imited by  bulk  
diffusion of oxygen through the metal  component of 
the electrode. 

The oxygen t ransfer  kinetics from l iquid meta l -  
metal  oxide electrodes to solid electrolytes has not 
been studied previously. If the same or similar  mecha-  
nism limits oxygen t ransfer  for such electrodes as for 
solid meta l -meta l  oxide electrodes, then  the measured 
overpotentials should be significantly lower for the 
l iquid meta l -meta l  oxide electrodes, owing to the high 
oxygen permeabi l i ty  of l iquid metals. On this assump- 
tion, kinetics for the Ga(t)-Ga203 electrode should be 
exceptionally fast because of the exceptionally high 
oxygen diffusivity in  l iquid gallium. 

In this study the oxygen t ransfer  kinetics of Ga(~)- 
Ga203 electrodes to ZrO2(CaO) is studied in a near ly  
symmetric  cell. Because no reference electrode is in-  
cluded, the cell a r rangement  does not allow the inde-  
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pendent  measurement  of overpotent ia ls  at individual  
e lec t rode-e lec t ro ly te  interfaces. It wil l  be shown, how-  
ever,  that  measurement  of the total  overpotent ia l  is 
sufficient to test a l te rna t ive  kinetic mechanisms pro-  
vided that  oxygen diffusion is rate  controll ing and that  
the solid e lectrolyte  is an oxygen anionic conductor. 
Study of the oxygen t ransfer  kinetics of the Ga~)- 
Ga203 electrode has become impor tant  because of the 
increasing application of this electrode in solid-state 
electrochemical  cells for thermodynamic  and kinetic 
studies (24, 25). The unders tanding of t ransfer  ki-  
netics for this electrode system should provide a basis 
f o r  employing l iquid me ta l -me ta l  oxide electrodes in 
e lectrochemical  systems. 

Exper imental  
Materials.--Gallium meta l  1 of 99.9999% pur i ty  and 

Ga20~ powder  2 (--325 mesh) of 99.99% pur i ty  for co- 
existence electrodes and the ZrOe (CaO) electrolyte  3 
were  obtained f rom commercial  sources. High puri ty,  
recrystal l ized A1203 was used in the remaining com- 
ponents of the cell assembly. An iner t  purge gas man i -  
fold was constructed of stainless steel throughout  wi th  
K E L - F  sealed, bellows valves. Viton and rubber  
O-rings were  employed in seals be tween  steel and 
ceramic components. 

Apparatus.--The exper imenta l  cell configuration is 
shown schematical ly in Fig. 1. A closed-end, 0.64 cm 
diameter  ZrO2 (15 mol per  cent [m/o] CaO) solid elec-  
t rolyte  tube separated one electrode contained wi th in  
it f rom a second Ga-Ga~O~ electrode supported on 
Ga203 powder  wi thin  a 1.5 cm ID alumina crucible. This 
assembly was contained in a closed-end a lumina re-  
action tube which was sealed at the top by an O-r ing 
seal contained in a water -cooled  stainless steel cap. 
The cap contained two additional O-r ing seals through 
which the electrolyte  tube, a thermocouple  protect ion 
tube, and a purge gas inlet tube passed. Two of 
these tubes were  also sealed at their  tops by O-r ing 
closures to a purge gas manifold. The tube assembly 
w a s  posit ioned in a Kanthal  A-1 alloy resistance fur-  
nace whose t empera tu re  was regula ted  by a t r iac-  
controlled, in tegrat ing proport ional  controller.  The cell 
t empera ture  was held constant (~-0.5~ at the elec- 
t rode assembly by a control thermocouple  placed out-  
side the a lumina react ion tube. Convection in the 
l iquid gal l ium was prevented  by mainta in ing a ver t i -  
cal thermal  gradient  of 0.3~ over  the electrode 
assembly. Electr ical  in ter ference  f rom current  t r an-  
sients in the furnace winding was p reven ted  by en-  
casing the react ion tube in an electr ical ly grounded 
stainless steel tube to shield the electrode circuit  f rom 
induced potentials.  

z Cominco Company, Seattle, Washington. 
s A l f a  Inorganic. 
8 Zirconium Corporation of America, S o l o n ,  O h i o ,  

W Wire Electrodes 

] ~  ~:~- ZrO2(CaO) Electrolyte Tube 
/ H I H  C~ 

r...\\\~ =\\\\\\\~--- AI203 Crucible 

~ ~ ' J ~  ~ ~ ::_Go203Electrode s 

Fig. I. Galvanic cell configuration 

(-)  

Needle Valve ~- Bellows Shut-off Valve A Amplifier E Electrometer G Constant Current Supply P Titanium Purdier T Trap 
Fig. 2. Schematic of the gas manifold and electrical circuit em- 

ployed in chronopotentiometric experiments. 

The electr ical  circuit  and purge gas manifold  are 
shown schematical ly in Fig. 2. The emf of a Chromel-  
Alumel  thermocouple  used to measure  the cell t em-  
pera ture  was de termined  with  a Leeds and Nor thrup  
K-3 potent iometr ic  facility. The tungsten wire  con- 
tacts to the Ga-Ga203 electrodes were  passed through 
De Khot insky cement  and glass seals to isothermal 
copper connectors, then to coaxial  cables. Cell currents  
were  produced with  an Electronics Measurements,  
Model C636 constant current  power  supply (G, Fig. 2). 
The ohmic component  of the voltage response to cur-  
rent  changes was measured  wi th  a dual beam Tek-  
tronic Type RM35A oscilloscope with  a high speed Type 
G differential  input preamplif ier  p lug- in  (A2, Fig. 2). 
The cell emf was measured  with  a Kei th ley  610C elec-  
t rometer  (E, Fig. 2) having a sensi t ivi ty of ___0.02 mV 
and an offset current  of 5 X 10-!5A. 

Procedure.--Following assembly, the cell was wel l  
purged wi th  flowing argon. Both electrode compar t -  
ments  were  leak tight, as checked wi th  a He leak 
detector. The ini t ial ly 99.998% pure Ar  was purified 
by passing it through a Centorr  gas-purif ication fur -  
nace containing Ti chips heated to 800~ Af ter  thor -  
ough purging, the cell t empera tu re  was raised to the 
operat ing t empera tu re  at 75~ to minimize  the rmal  
stress on the ZrO2(CaO) electrolyte.  The cell was 
equi l ibra ted overnight  at the working tempera tu re  to 
anneal  the electrodes and to al low a check on cell emf  
stability. During measurements  both electrode com- 
par tments  were  sealed off from the gas manifold  to 
prevent  emf errors from gas flow sources. 

Exper iments  were  conducted wi th  constant current  
density pulses be tween  0.3 and 130 ~A/cm2. The open 
cell vol tage was measured  af ter  equi l ibrat ion and be-  
fore current  was applied. The ohmic vol tage was mea-  
sured f rom the abrupt  change in Oscilloscope trace 
occurr ing when  the current  to the cell was applied or  
terminated.  Fol lowing the onset of each pulse the cell 
vol tage was moni tored  in te rmi t ten t ly  for a period of 
10-20 min  during which the current  was applied, fol-  
lowed by in te rmi t ten t  vol tage measurements  wi th  no 
current  for an additional 10-30 rain period during 
which equi l ibr ium was established. Af te r  all ex-  
per iments  were  completed the cell t empera tu re  was 
lowered  at 70~ under  flowing Ar. The cell was 
then dismantled for inspection of the electrodes and 
e lec t rode-e lec t ro ly te  interface to insure that  the elec-  
t rode remained two-phase  during the experiments ,  and 
that  wet t ing of the electrolyte  by l iquid gal l ium had 
occurred. 

Results 
Chronopotent iometr ic  studies were  carr ied out wi th  

the cell 
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W/Ga(l)-Ga2OJZro.ssCao.l 5Ol.ss/Ga(~)-Ga2Oa/W [I] 

Wagner  (1) has shown that  the cell emf  is a function 
of the oxygen  part ial  pressure at the two electrode-  
electrolyte  interfaces 

R T  f i n  PO2' 
emf---- tiond ln Po~ Po2' > P02" [1] 

4F . , I n  P O 2 "  

where  tio, is the ionic t ransference number.  Thus, for 
the symmetr ic  cell [I] at equil ibrium, the cell emf 
should be zero. In practice, however ,  a small emf, Vo, 
can arise f rom small  differences in temperature ,  com- 
position, or ambience be tween  the two electrodes. When 
a current  density, i, is passed through the cell, an oxy-  
gen ion flux of magni tude  i/2 flows in the opposite 
direction for which an ohmic voltage component Lpi 
appears across the electrolyte  of thickness L and re -  
sistivity p. In addition a local overpotential ,  0, appears 
at each of the two e lec t rode-e lec t ro ly te  interfaces 
which, for small  oxygen part ial  pressure gradients, are 

RT 
0' = In (Po2'lPo2 'e) [2a] 

4F 

RT 
~" : In (Po2"/Po2 "~) -1 [2b] 

4F 

where  Po2 'e and Po2 "e are the oxygen part ial  pressures 
far  from the electrolyte  in electrodes 1 and 2, respec-  
tively. Thus, the cell vol tage measured during current  
flow is 

V : Vo + ~]' + ~" + Lpi [3] 

The total, s teady-s ta te  overpotent ia l  Tit  ~--- 1] '  "~- I ] "  i s  a 
function of current  density whose magni tude  depends 
on the oxygen t ransfer  kinet ic  mechanism. The mag-  
ni tude of ~lt(i), and thus informat ion on this mechan-  
ism, is readi ly  deduced from V(i )  measurements  and 
independent  determinat ions  of Vo, L, and p. 

The cell vol tage response to a long galvanostat ic  
pulse is shown schematical ly in Fig. 3a. The exper i -  
menta l ly  measured  voltages during, and fol lowing a 
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Fig. 3. Cell voltage response to a galvanostatic pulse of 56 
#A/cm 2 and long duration. (a) Schematic time dependence; (b) 
galvanostatic voltage rise following current initiation; (c) voltage 
decline following current termination. 
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Fig. 4. Total steady-state overpotential as a function of current 
density for the cell Ga-Ga2Oa/ZrO2(CaO)/Ga-Ga20~. 

pulse of 56 ~A/cm 2 are shown in Fig. 3b and c, re-  
spectively. The data are plotted as a function of the 
square root of the incrementa l  t ime following the cur-  
rent  change to show the parabolic t ime dependence 
of the voltage transients, 

The total s teady-state  overpotent ia l  ~lt was calculated 
for each chronopotent iometr ic  exper iment  from the 
magni tude  of the galvanostat ic  voltage t ransient  (V3 -- 
V2, in Fig. 3a). The dependence of l~t on current  den- 
sity passed through the cell at 800~ is shown in Fig. 4. 
Measurements  at current  densities well  above 100 ~A/ 
cm 2 were  hindered by the fai lure of the overpotent ia l  
to reach steady state in a convenient  period of time. 
On the other  hand, measured  overpotent ials  below 
~25 ~V were  in er ror  because of the finite noise level  
in the measurement  circuit. A l inear  dependence of 11t 
on i was observed which, at 800~ had a slope of 
7.6 __L 2 ohms/cm 2 of e lec t rode-e lec t ro ly te  interface. 
Measurements  of s teady-sta te  overpotent ia ls  at 900~ 
also showed a l inear  dependence of ~lt on i wi th  a slope 
of 4 _+ 2 ohms /cm 2 of interface. 

Discussion 
Oxygen transfer mechanisms.--During passage of 

current  be tween electrodes, charge-car ry ing  o x y g e n  
ions are t ransfer red  across the solid electrolyte.  Gal-  
l ium oxidation occurs at the posit ive cell electrode and 
oxide reduction, at the negat ive electrode. 

Several  mechanisms for oxygen t ransfer  be tween  the 
electrodes operate in parallel,  and these are sum- 
marized in Fig. 5. Oxygen  flowing from the solid elec- 
t rolyte into l iquid gal l ium supersaturates  the meta l  
af ter  charge transfer.  In the solution-diffusion mech-  
anism I the dissolved oxygen diffuses across a nar row 
l iquid layer  to an oxide surface where  oxidat ion is as- 
sumed to take place. The oxide can form on the solid 
electrolyte  if a nucleat ion and growth mechanism II is 
operative. Alternately,  the dissolved oxygen can ad- 
sorb onto and diffuse along the solid e lec t ro lyte- l iquid  
metal  interface, III, to an oxide grain contacting the 
electrolyte.  At points of three phase contact a meta l -  
oxide-e lec t ro ly te  react ion mechanism IV can operate  
wi thout  diffusion. 

Oxygen t ransfer  across the e lec t ro ly te-oxide  in ter -  
face can also occur by point defect migra t ion  through 
the oxide. For  the anion diffusion mechanism V, in ter -  
stitial oxygen ions diffuse to metal l ic  regions, or a l ter-  
nately, oxygen vacancies diffuse from the meta l  fol-  
lowing local oxidation toward the electrolyte.  In the 
cation diffusion mechanism VI, interst i t ial  cations dif-  
fuse from the meta l  to the electrolyte  where  oxidat ion 
displaces the oxide phase in the direct ion away from 
the solid electrolyte.  

Each oxygen t ransfer  mechanism involves the series 
of kinetic steps. The charge t ransfer  and oxidation 
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Fig. 5. Mechanisms for charge transfer from a so|id electrolyte 
to a metal-metal oxide electrode. 

processes are common to all oxygen t ransfer  mechan-  
isms, while dissolution and l iquid-phase or solid-state 
diffusion are required by several. Usual ly one step will 
be rate l imiting. 

Several  of the oxygen t ransfer  mechanisms do not 
contr ibute  significantly to the total  oxygen flux. Oxide 
nucleat ion by mechanism II cannot operate at suf- 
ficiently low oxygen supersaturat ion of the l iquid 
phase (10 -2 in this s tudy).  The oxygen solu t ion- in ter -  
face diffusion mechanism III  is probably rate l imited 
by the interracial  diffusion process for which the in te r -  
facial oxygen permeabi l i ty  is less than that for the 
bu lk  l iquid phase. The extent  to which the metal -  
oxide-electrolyte reaction mechanism IV can operate 
is l imited by the amount  of oxide contacting the elec- 
trolyte. 

For the oxygen t ransfer  mechanisms V and  VI, dif- 
fusive t ransport  of point  defects should be rate l imit-  
ing. Cation interst i t ial  diffusion is known to predomi-  
nate over anion diffusion mechanisms in Ga203. In  a 
s tudy of the oxidation kinetics of GaAs (27), an oxide 
film of Ga203 was found to form after evaporat ion of 
arsenic. Fur the r  oxidation proceeds by interst i t ial  dif- 
fusion of Ga through the oxide layer. This mechanism 
is corroborated by Rosenberg (28) for InSb oxidation. 
The Sb remains metall ic because the diffusivity of Sb 
as well  as oxygen is much lower than  that of the tr i -  
valent  metal  in the oxide. Thus, the anion diffusion 
mechanism V is v i r tua l ly  inoperat ive compared to the 
cation diffusion mechanism VI. The cation diffusivity 
of the oxide, however,  is significantly lower than  the 
oxygen diffusivity of l iquid gal l ium (29). 

A study of the mechanisms shown schematically in 
Fig. 5 indicates that  the solution-diffusion mechanism 
I should predominate  i n  the tempera ture  range studied, 
owing to the large permeabi l i ty  of l iquid gallium. This 
mechanism is explored in the following section. 

Solution-di~usion modeL--The  solution-diffusion 
model for aqueous reactions between sparingly solu- 
ble reagents and  conducting electrodes has been  in-  
vestigated extensively by Dunn ing  et al. (30) and 
studied exper imenta l ly  by  Ka tan  et al. (17). The nu -  
merous local complex reaction paths operating at the 
electrode-electrolyte interface can easily be combined 
by expressing the over-al l  rate constant  k as a funct ion 
of the rate constants for the i TM step, ki 

k = [~ A i k c  1] -1 [4] 
i 

The numerical  value of the coefficients, however,  must  
be determined experimental ly,  unless the ra te-control -  
l ing step can be deduced by relat ive magni tude  esti- 

(a) 

(b) 

Fig. 6. Schematic of a symmetric liquid metal-metal oxide elec- 
trode, solid-state galvanic cell. (a) Before current flow; (b) after 
current flow assuming a solution-diffusion mechanism for oxygen 
transfer. 

mates. Such estimates suggest that  l iquid-phase dif- 
fusion of dissolved oxygen is rate controll ing in  the 
Ga-Ga2Os electrode, and thus the over-al l  rate con- 
s tant  k is approximately Do, the diffusivity of oxygen 
in l iquid gallium. This estimate of the ra te-control l ing 
step is supported by a recent study of oxygen t ransfer  
between solid meta l -meta l  oxide electrodes and solid 
electrolytes, where oxygen diffusion in  the metal  was 
found to be rate controll ing (23). 

Oxygen t ranspor t  through the exper imental  cell by  
mechanism I under  a galvanostatic dr iving force is 
shown schematically in  Fig. 6. The overpotential  at 
each electrode can be calculated from Eq. [2] and [3] 
with the oxygen part ial  pressures at the electrolyte 
surfaces, Po~' and Po2", and from the equi l ibr ium par-  
tial pressures at the meta l -meta l  oxide interfaces wi th-  

np e in  the electrode, P02 'e and P02 �9 The average part ial  
pressure drops wi thin  the electrodes can be defined by 
AP' : P02' -- P02 'e and aP" - :  Po2 "e -- Po2 �9 The elec- 
trode overpotentials in the electrodes are then 

n ' =  In 1 + ~ ] _  [5a] 
4F 4F Poa' 

~-~,, ~ RT / -1 RT ~P" 
~" -- In ~ 1 -- ,-~ [5b] 

4F Po2" / 4F Po2" 

The oxygen part ial  pressures can be converted to oxy-  
gen molar  solubilities by Sievert 's law from which it 
follows, for the reaction 02 -+ 20diss., that  the solu- 
bi l i ty is proportional to Po2 and, therefore, hc/c : 1/2 
AP/Po2. 

The oxygen solubilities at the electrolyte surfaces 
will  differ from the equi l ibr ium solubili ty co at the cell 
temperature.  However, in  the l imit  of small super-  
saturations, the overpotential  for electrode 1 becomes 

RT hc' 
n'  = [6] 

2F Co 

The oxygen ion molar  flux J is related to the cell cur-  
rent  density by Faraday 's  law, which for divalent  ions 
is itjon : 2FJ. The oxygen flux wi th in  the electrode 
metal  phase is related to the oxygen diffusivity by  
Fick's first law 
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J = - - D  0c ] Ac 
= D -  [ 7 ]  

Oz [ z=0 l 

where  Oc/Oz is the average  concentrat ion gradient  at 
the electrolyte  and l is a characterist ic length, The 
dependence of the solubil i ty drop on cell current  is 
then  

- -  i t iaa~ 
ac = [8] 

2FD 

Finally,  the dependence of the electrode overpotent ials  
on cell current  is obtained by combining Eq. [6] and 
[8] 

RT l' 
~]' -- - -  tioni [9] 

4F2Dco 

An identical  expression applies to the second electrode. 
The ratio ~'/i is the specific electrode resistance Rn,. 

All  coefficients in Eq. [9] are exper imenta l ly  known 
except  for the oxygen permeabi l i ty  of l iquid gallium, 
Dco, and the characterist ic diffusion lengths, l'. 

The oxygen permeabi l i ty  of l iquid gal l ium can be 
deduced from the measured  oxygen solubil i ty co and 
the l iquid-phase  diffusivity D. The solubil i ty of Ga203 
in l iquid gal l ium was de te rmined  by Foster  and Scar-  
defield (30) by a gravimetr ic  method over  the t empera -  
ture  range from 900 ~ to 1200~ Their  exper imenta l  
data on oxide mole fract ion is represented  here  by 
the re la t ion 

xoa~o3 -- 1.175 • 105 exp [ (--35,850 • 1,140)/RT] [10] 

The solubility of  atomic oxygen is then found by as-  
suming that  the dissolved oxide dissociates into atomic 
components, f rom which it follows that  the molar  
solubil i ty co (~3XGa203dGa/'MGa) is 

Co ----- 30.63 exp [ (--35,650 _ 1,140)/RT] [ l l a ]  

The act ivat ion energy  for dissolution is 35,850 • 1,140 
cal for the avai lable data, and thus the extrapolat ion 
of the oxygen solubil i ty to low tempera tures  produces 
an er ror  which increases with the extent  of ex t rap-  
olation. The diffusivity of oxygen in l iquid gal l ium 
was measured  by Klinedinst  (29) by galvanostat ic  
t i t ra t ion experiments .  The diffusion coefficient was ex-  
pressed by the equat ion 

DO,Ga(D -- (3.68 • 0.42) 

• 10 - 3 e x p  [(--8,370__ 0.25)/RT] [ l l b ]  

The permeabi l i ty  of atomic oxygen in l iquid gall ium 
is, finally 

Dco ---- 0.11273 exp [(--44,220 • 1,140)/RT] [12] 

Thus, the permeabil i t ies  at 800 ~ and 900~ are 1.11 • 
10 - l ~  and 6.49 • 10 -10, respectively.  

A general  dependence of the local overpotent ia l  on 
t empera tu re  and current  densi ty  for the solution dif-  
fusion model  can now be found by combining the  
permeabi l i ty  Eq. [12] wi th  Eq. [9], for  tton ~ 1 

*l" -- (1.98 X 10-9) I'iT exp (44,220/RT) [13] 

Again, the diffusion length l' depends on the electrode 
structure.  The Ga-Ga_~O3 electrode resis t ivi ty  asso- 
ciated with  the local overpotent ia l  can be defined by 

pn, -- ~ = (1.98 lO-9)Texp(44 ,220/RT)  [14] ~'~ 

Unl ike  the overpotent ia l  resistance per  unit  area (R,, 
---- ~'i), the local electrode resist ivi ty is independent  
of the electrode s t ructure  and is a proper ty  of the 
oxygen  t ransfer  through the l iquid phase. 

Ga-Ga203 electrode properties.--I f  the  solut ion-dif -  
fusion mechanism controls oxygen t ransfer  be tween  
the Ga-Ga$O8 electrode and the solid e lectrolyte  wi th  

dissolved oxygen diffusion in l iquid gal l ium as the 
ra te-control l ing step, then the interracial  t ransfer  re-  
sist ivity Pn, should be given by Eq. [14]. This rate  
control can be tested by comparing exper imenta l  data 
for ~'/i with pn,, calculated f rom Eq. [14]. The effec- 
t ive diffusion length  requi red  is then given by 

l' ---- 5.05 • 108 T -1 exp (--44,220/RT) �9 (~l'/i) Imeas. [15] 

At 800~ p, equals 2162 ohm-cm, whereas  the mea-  
sured n'/i is 3.8 ohm-cmL The diffusion length deduced 
from these data is then 

t' = 1.76 > 10 -a  cm 

This diffusion length is consistent wi th  the actual elec- 
t rode s t ructure  in which loosely packed Ga203 par -  
ticles with an average diameter  of 2.5 • 10 -3 cm are 
infused with  l iquid gallium. The exper imenta l  data at 
900~ indicates an effective diffusion length  of 5.0 X 
19 -3 which is somewhat  l a rger  than expected for  dif-  
fus ion- l imi ted  kinetics, but  wi th in  the limits of error  
and reproducibi l i ty  of the electrode structure.  

Another  test of the mechanism and rate  control lies 
in the t ime dependence of the overpotent ia l  fol lowing 
init iat ion of a constant cell current.  Transport  of oxy-  
gen ions through the electrolyte  causes a local super-  
saturat ion of dissolved oxygen which, in the quasi-  
steady state, can be shown to be related to the diffu- 
sion flux J and t ime t by  

Ac ~ J~/2t /D [16] 

The t ime dependence of the local electrode overpoten-  
tial is then 

~]' (t ) an'( oo ) A/2Dt/l'  [17] 

A l inear  dependence of ~l' on t I/2 for short t imes was 
observed in all experiments,  again support ing the dif- 
fus ion- l imited kinetics. 

The measured overpotent ia ls  were  independent  of 
the direction of current  flow to wi th in  5%. The asym- 
me t ry  of the exper imenta l  cell was minimized by l im-  
iting the interracial  area of the outer  electrode in con- 
tact wi th  the electrolyte  tube. The dependence of over -  
potential  on the direction of current  flow is assumed to 
indicate differences in oxide packing within the two 
Ga-Ga20~ electrodes. 

The total oxygen flux t ransfer red  during the exper i -  
ments is not expected to significantly al ter  the elec- 
trode s t ructure  at the solid e lectrolyte  interface accord- 
ing to mechanism I. A calculation, based on the fact 
that  1 coulomb passing through the cell t ransfers 5.18 
)< 10 -6 moles of oxygen, shows that  an oxide thick-  
ness of only 200 A / c m  2 of e lec t rode-e lec t ro ly te  in te r -  
face was t ransfer red  during all experiments .  For  the 
idealized interface s t ructure  shown in Fig. 6, the ratio 
of ox ide-meta l  area to meta l -e lec t ro ly te  area is 2.5, 
and thus the average ox ide-meta l  interface displace- 
ment  is only 80A. Most of the ox ide-meta l  interface 
displacement takes place near  the e lect rolyte  where  
the diffusion distance is short, however ,  and this effect 
leads to the current-modif ied electrode s t ructure  
shown in Fig. 6b. For  the actual electrode containing 
i r regular  oxide particles in a l iquid  matrix,  the oxide 
t ransfer  processes has less effect on the electrode 
s t ructure  because of l imited three-phase  contact. 

A comparison of the present  results wi th  ear l ie r  
studies shows that  the Ga-Ga203 electrode exhibits  an 
except ional ly  low overpotent ia l -associated resistance. 
Worrel l  and Iskoe (23) have measured  the dependence 
of s teady-sta te  overpotent ials  on cell current  for sym-  
metr ic  cells of the type M-MOJZrO2(CaO) /M-MOn,  
in which the M-MOn electrodes were  Ni-NiO, Fe-FeO,  
and Cu-Cu20. The s teady-sta te  overpotent ia ls  per  unit  
area of e lec t rode-e lec t rolyte  in terface  calculated from 
their  data are  shown in Fig. 7 along with  the measure-  
ments from this study. From this comparison it can 
be seen that  the Ga-Ga20~ electrode exhibits a lower  
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Fig. 7. Local steady-state overpotentials as a function of current 
density for Ni-NiO, Fe-FeO, Cu-Cu20, and Ga-Ga2Oa electrodes. 

electrode overpoten t ia l  t han  do the th ree  most  com- 
monly  employed  reference  e lec t rode  and, therefore ,  
promises  to be a super ior  reference  e lec t rode  for k i -  
netics and  phase equi l ib r ia  appl icat ions  in the  low p a r -  
t ia l  pressure  range.  
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SYMBOLS 
co molar  solubil i ty,  mo les / cm s 
D diffusion coefficient, cm2/sec 
F F a r a d a y  constant,  96,489 coulomb/equiv . ,  

23,061 ca l /V-equiv .  
J oxygen  ion flux, moles/cm~-sec 
L e lec t ro ly te  thickness,  cm 
l" character is t ic  diffusion length, cm 
Po2 oxygen  pa r t i a l  pressure,  a tm 
R gas constant,  1.987 ca l /mole  ~ 
R,, local e lect rode resistance,  ohm 
T absolute  t empera ture ,  ~ 
~ton ionic t ransference  number  
V cell voltage, V 
Vo open cell voltage,  V 
xi mole  f ract ion of component  i 
~' local  e lec t rode  overpotent ia l ,  V 
"fit to ta l  cell overpotent ia l ,  V 
p e lec t ro ly te  resis t ivi ty,  ohm-cm 
p, local e lect rode resis t ivi ty,  ohm-cm 
T re laxa t ion  t ime constant,  s e c  

o r  
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The Triangular Voltage Sweep Method for Determining 
Double-Layer Capacity of Porous Electrodes 

III. Porous Nickel in Potassium Hydroxide 
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ABSTRACT 

The effects of faradaic current  and distr ibuted capacity on the measure -  
ment  of double- layer  capacity of porous nickel were  analyzed as a function 
of electrode thickness and temperature .  Faradaic  current  observed with  elec- 
trodes at --46~ was negligible compared to results obtained at 22~ Dis- 
t r ibuted capacity effects increased with  electrode thickness and with decreas-  
ing tempera ture ;  the results agreed well  with values predicted from a pre-  
viously developed model. In the potential  range of 0 to --0.40V vs. Hg/HgO,  
the capacity based on the BET area of the electrode was about 30 ~F/cm 2. 

The electrochemical ly  act ive surface area of a porous 
electrode can be determined direct ly and simply from 
double- layer  capacity (DLC) measurements .  Faradaic  
currents  and distr ibuted reactions, however ,  may  in- 
te r fere  wi th  the analysis. Unless these effects can be 
el iminated or minimized, spurious results will  be ob- 
tained. This paper  shows how faradaic current  and /o r  
distr ibuted capacity effects can be handled using a 
t r iangular  voltage sweep (TVS) technique. The sys- 
tem invest igated was porous nickel in 31 weight  per  
cent (w/o)  KOH. 

Theory 
The physical model  of the porous e lec t rode-e lec t ro-  

lyte system considered was discussed before (1). Tr i -  
angular  voltage sweep results, where  DLC is constant, 
will  be analyzed for cases where  faradaic current,  i F ,  

and /o r  distr ibuted capacity effects are present. 
Faradaic  currents  are often caused by processes 

which are complex and difficult to describe ma the -  
mat ical ly  (e.g., removal  of impuri t ies  on an electrode 
or the adsorption of species present in the e lect rolyte) .  
The results are difficult to analyze because the elec-  
t rode reactions are often unsteady-s ta te  processes. 

Distr ibuted capacity effects arise when the outer  
surface of a porous electrode charges or discharges 
faster  than the interior.  Increasing the resistance of 
the electrolyte  in the pores of the electrode enhances 
this effect. Four  cases for the TVS method  wil l  now be 
discussed. 

Case A:  Faradaic  current  and distr ibuted capacity 
effects negligible. 

In the absence of faradaic current,  iF, and dis tr ibuted 
capacity effects, an electrode which behaves as a 
plane capacitor will  produce a cu r ren t - t ime  curve of 
the type i l lustrated in Fig. 1A; DLC is calculated sim- 
ply from 

C -- i c / k  [1] 

where  ic is the capacitat ive current  (mi l l iamperes) ;  C 
is capacity ( farads) ;  and, k is the  sweep rate  (mil l i -  
vol ts /second) .  

Case B: Faradaic  current  significant, but  dis tr ibuted 
capacity effects negligible. 

If  the electrode is passing faradaic current,  iF, the 
total  measured  current  is i ---- ic -t- i~. Thus, the re-  
sult ing i - t  curve is i l lustrated in Fig. lB. If i f  is not 
too large compared to ic, i f  wil l  have about the same 
value  just  before and af ter  the reversal  point of the 
sweep. Then, iL -~ iF + kC and i2 : k C  - -  iF .  It can 
be easily seen that  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  p o r o u s  e l e c t r o d e s ,  d o u b l e - l a y e r  c a p a c i t y ,  n i c k e l  e l e c -  

t rode .  

C --- (iz + i2 ) /2k  [2] 

and a capacity corrected for iF is obtained. 

Case C: Distr ibuted capacity effects significant, but  
faradaic current  negligible. 

In the absence of iF effects, dis tr ibuted capacity gives 
rise to behavior  i l lustrated in Fig. 1C. It has a l ready 
been shown (1) that  the current  density (mil l iam- 
peres / square  cent imeter)  at the face of the electrode, 
i (L) ,  may  be predicted in region abcd (Fig. 1C) from 

i ( L )  : ~zkC' [3] 
where  

r 

~z= 1 -- exp --Ma 2 
n=l ~ Mn2 (~P 2 -]- Mn 2 -]- ~P) 

L~. Pe 
-- - -  -- - -  ---- Mn tan Mn [4] 

d ReA 

pe : p~ [5] 

�9 - t i2 
r-- 

= C 

" 9 

Time, t 

Fig. 1. TV$ results illustrating faradaic and/or distributed ca- 
pacity effects. A, iF and distributed capa:ity effects negligible; B, 
iF effects significant; C, distributed capacity effects significant; 
D, iF and distributed capacity effects significant. 
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and k is sweep rate (mil l ivol ts /second)  ; C' is capacity 
( fa rads / square  cent imeter)  based on the geometr ic  
area, A (square cent imeters) ,  of the electrode; L is 2 .5-  
electrode thickness (centimeters)  ; t is t ime (seconds) ; ~ 0 
p is the specific resistance (ohm-cent imeter )  of the 
bulk electrolyte;  pe is the specific resistance (ohm . . . .  2.5- 
cent imeter)  of the electrolyte  in the pores of the elec-  
trode; Re is the resistance (ohms) of the bulk elec- ~ 2.5- 

0 t rolyte;  ;~ is the labyr in th  factor;  d is the distance = (_) 
(cent imeters)  be tween the surface of the electrode and -2.5 - 
the tip of the Luggin capil lary;  Mn are the various 
roots of the t ranscendental  equat ion ~ : Mn tan Mn. 
Clearly, as t ime decreases, as electrode thickness in-  
creases, or as the specific resistance of the electrolyte  
increases, distr ibuted capacity effects become more  
significant. 

At the reversal  point of the TVS, the current  density 
at the face of the porous electrode was also predicted 
(1) f rom 

i ( L )  --  ~ k C '  [6] 
where  5.0 -- 

and ~ 2 .5 -  
0 [ ~s --- exp --Mn ~ ~- -2.5 -- 

.=i ~ 2.5-- 

2 ( ~  + Mn 2) sin ~ Mn 
Mn2(~b2 -~- Mn 2 + ~) -2.5 -- 

Case D: Faradaic  current  and dis tr ibuted capacity 
effects significant. 

When both faradaic current  and dis tr ibuted capacity 
effects are significant, the i - t  curve  obtained is i l lus- 
t ra ted in Fig. 1D. This case is difficult to handle ma the -  
matically.  If possible, it is best to handle  the situation 
exper imenta l ly  by selecting the exper imenta l  condi- 
tions to minimize one or both of the effects. 

Exper imental  
The electrochemical  cell and ins t rumenta t ion  used in 

this s tudy were  discussed previously (1). The test  elec-  
trodes were  punched f rom a sheet of sintered, porous 
nickel  ba t te ry  plaque. They were  disk-shaped, had a 
thickness of about 0.046 cm, a d iameter  of 3.5 cm, and 
a BET area of 0.049 m~/g. Electrodes of different 
thicknesses were  obtained by stacking a number  of the 
0.046 cm thick disks into a special electrode holder  
(2); only .one face of the electrode was exposed to 
the electrolyte.  

All  measurements  were  per formed using an H g / H g O  -2.5 - 
(31 w / o  KOH) reference  electrode with  a Luggin -5.0-  
capi l lary positioned about 10 mm from the face of the 
test electrode. The cell and the reference  electrode 
were  placed in a constant t empera tu re  cabinet;  mea -  
surements  were  made at 22 ~ and --46 ~ _ 0.5~ 

Results and Discussion 
Figures  2-5 show results obtained using electrodes of 

different thickness at 22 ~ and --46~ In all  cases, a 
s tar t ing potential  of --0.10V vs.  H g / H g O  was used; a 
sweep excursion of about 200 mV was selected to keep 
iF not too large compared to io. In all of the work  re-  
por ted here, a sweep rate  of 86.5 mV/sec  was used. The 
i - t  results obtained may  be categorized according to 
the four  cases, i l lustrated in Fig. 1; the results are 
summarized in Table I. 

Table I. Characterization of i -t  data as a function of electrode 
thickness and temperature 

Case types 
Electrode 

thickness  (cm) 22~ --46~ 

0.046 A C 
0.092 B C 
0.137 B C 
0.183 D C 

A 

! 

B 

L_ 

1 2 3 4 5 6 
Time, t (sec.) 

Fig. 2. Sweep data obtained for a 0.046 cm thick porous nickel 
electrode using a sweep rate of 86.5 mV/sec. A, At 22~ B, at 
--46~ 

A 

/ 
B 

[ 
i l i l i i l l l l  i l i , l l l i l l  i i , l  

1 2 3 4 5 6 
Time, t (sec.) 

Fig. 3. Sweep data obtained for a 0.092 cm thick porous nickel 
electrode usin 9 a sweep rate of 86.5 mV/sec. A, At 22~ B, at 
--46~ 

5 . 0 ~  

2.5 

0 
< 
E -2.5 - 

"- -5.0 - 

5 . 0 -  F 
2.5 B 

0 

\ f 
, I t l l i 1 1 1 i i l l l l i l  i l l l l i l  

0 1 2 3 4 5 6 
Time, t (sec.) 

Fig, 4. Sweep data obtained for a 0.137 cm thick porous nickel 
electrode using a sweep rate of 86.5 mV/sec. A, At 22~ B, at 
--46~ 

At 22~ the i - t  curve for the thinnest  e lectrode 
(Fig. 2A) was essentially symmetr ica l  about zero cur-  
rent  and approximated  the square wave  i l lustrated in 
Fig. 1A. This is characterist ic of an electrode behaving 
as a plane capacitor. The capacity of the electrode, C, 
was calculated (using Eq. [1]) to be 0.021 farads 
which, based on the BET area of the electrode, gives a 
value of 30 ~F/cm 2. A similar  shape was observed at 
--46~ (Fig. 2B) except  that  some rounding effects 
were  noted at the start  and at reversa l  point of the 
sweep, showing the presence of some distr ibuted re-  
actions. The calculated capacity was the same as at 
room temperature .  

As the electrode thickness increased, faradaic cur-  
rent  effects also increased; the thickest  e lectrode (Fig. 
5A) showed signs of dis tr ibuted reactions in addit ion 
to faradaic current  effects (Case D, Fig. 1D). 
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Fig. 5. Sweep data obtained for a 0.183 cm thick porous nickel 
electrode using a sweep rate of 86.5 mV/sec. A, At 22~ B, at 
- -46~ 

At --46~ all four electrode thicknesses (Fig. 2B, 
3B, 4B, and 5B) displayed the same general  shape il-  
lustrated in Fig. 1C; the time, however ,  for the current  
to reach a steady value both at the start  and af ter  the 
reversal  point of the sweep increased wi th  electrode 
thickness. A plot of the steady current  as a function of 
electrode thickness at --46~ given in Fig. 6, is linear. 
This is expected since the double- layer  capacity of an 
electrode is proport ional  to electrode area in the ab-  
sence of dis tr ibuted capacity and iF effects. 

Distributed capacity e]]ects.--To test if  the t imes 
observed ini t ia l ly  and at the reversal  point of the 
sweep at --46~ could be predicted f rom Eq. [3] and 
[6], respectively,  est imates of the parameters  @, ~, d, 
and pe were  mad'e to calculate ~ and 7, for each elec-  
t rode thickness. 

The distance, d, was obtained, as in ear l ier  work  (3), 
using galvanostat ic  t ransient  measurements  per formed 
at tempera tures  ranging from 22 ~ to --46~ Ohmic 
polarization, taken as the discontinuity on the oscil- 
loscopic potent ia l - t ime trace, was found to be due 
pr imar i ly  to the resistance of the electrolyte  be tween  
the electrode and the tip of the Luggin capillary. The 

Electrode Thickness 

1 2 3 4 
I I I I 

7 

6 

~ 4 

2 

li 
1 2 3 4 5 6 

Electrode Weight (grams) 

Fig. 6. Capacitive current vs .  electrode thickness 

distance d, was then  est imated from d = ReA/p; a 
value  of d ---- 0.94 cm was determined.  

A labyr in th  factor, ~, of 1.3 was est imated s imilar ly  
to earl ier  work with  porous s i lver  (1). It was accom- 
plished by matching one set of exper imenta l  results 
(Fig. 2B) with  data predicted f rom Eq. [3] and [6], 
thus fixing a value of v~. These parameters  were  then 
used to predict  i - t  results for other  electrode thickness. 
Predicted and exper imenta l  i - t  results obtained as a 
function of electrode thickness are shown in Fig. 7 
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D. 0.183 cm thick 

Fig. 7. Predicted and experimental data for electrodes of different 
thickness at - -46~ 
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Table II. Parameters used in the distributed capacity predictions 

Predic ted  E x p e r i m e n t a l  

Thickness  C a p a c i t y ,  C C a D a c i t y ,  C 
( c m )  $ ( f a r a d s )  ( f a r a d s )  

0.046 0.063 -- 0.021 
0.092 0.126" 0.042* -- 
0.137 0.190" 0.063* -- 
0 . 1 8 3  0 . 2 5 3 *  0 . 0 8 4 *  - -  

* V a l u e s  predicted us ing  t h e  0 . 0 4 6  c m  t h i c k  e l e c t r o d e  data at 
- 4 6 ~  a n d  a value  of  k = 1.3 .  

Table III. A comparison of capacitive currents corrected for iF 
effects at 22~ vs .  values measured at --46~ 

C a p a c i t i v e  c u r r e n t s  
Electrode 

th ickness  ( c m )  2 2 ~  * --  4 6 ~  ** 

0 . 0 4 8  1 .8  1 .8  
0 . 0 9 2  3 .4  3 .6  
0 . 1 3 7  5 .0  5 .4  
0 . 1 8 3  4 .3  7.1 

* Corrected. 
** Exper imenta l .  

A-D. Table II gives some of the important  parameters  
used. 

Faradaic current  e~ects .--Calculat ions using Eq. [2], 
which correct for faradaic current,  were  made for all 
electrode thicknesses at 22~ The capacit ive currents  
corrected for iF are compared to the low tempera tu re  
data in Table  III. 

The iF corrected capacit ive currents  calculated for 
the first th ree  electrode thicknesses agreed reasonably 
well  wi th  the low tempera tu re  values;  for the thickest  
electrode, however ,  a significant deviat ion was noted. 
The discrepancy noted with  the thickest  electrode was 
due to dis tr ibuted capacity effects which in te r fe red  
with  analysis of the data (i.e., excessive rounding of 
the i - t  curve after  sweep reversa l ) .  The faradaic cur-  
rent  observed was a t ransient  effect, since the current  
just  pr ior  to the start  of the sweep was zero. 

E~ect  oS po ten t iaL- -Apparen t  capacities were  cal- 
culated f rom a series of i - t  curves where  the start  of 
each sweep was at a different potential,  but each was 
run  in the cathodic direct ion at the same sweep rate, 
k, of 86.5 mV/sec ;  conditions were  such as to minimize 

dis tr ibuted capacity and faradaic current  effects. The 
capacity, based on the BET area of the electrode, ap- 
pears to be near ly  constant at about 30 #F /cm 2 in the 
potential  range of 0 to --0.40V vs. Hg/HgO.  

Summary and Conclusions 
This work  showed that  by proper ly  selecting the 

test conditions, effects due to dis tr ibuted capacity and 
for faradaic current  could be minimized, thus enabling 
one to measure  the double- layer  capacity of porous 
nickel in 31 w / o  KOH. With very  thin electrodes, at 
22~ faradaic current  and dis tr ibuted capacity effects 
were  negligible, and the electrode behaved  simply as 
a plane capacitor. As the thickness of the electrode 
increased, t ransient  faradaic currents  also increased 
at 22~ which made it somewhat  difficult to est imate 
the  capacity using the convent ional  approach. At  
--46 ~ C, however ,  faradaic current  effects were  found to 
be negligible, but  dis tr ibuted capacity effects became 
more  predominant  wi th  increasing electrode thickness. 
It was shown that  the dis tr ibuted capacity effects could 
be predicted using a mathemat ica l  model  which had 
been previously developed. 

When faradaic current  effects were  significant and 
distr ibuted capacity effects were  negligible, the capac- 
ity corrected for faradaic current  at the reversa l  point 
of the sweep was about the same as the capacity de- 
te rmined  at -- 46 ~ C. 

The capacity based on the BET area of the electrode 
was near ly  constant at about 30 gF /cm 2 in the potential  
range of 0 to --0.40V vs. Hg/HgO.  This compares well  
wi th  a value of 29 #F /cm 2 in 1M Na2SO4 at --0.4V vs. 
SCE (4). 

Manuscript  submit ted May 31, 1973; revised manu-  
script received Nov. 12, 1973. This was Paper  44 pre-  
sented at the Boston, Massachusetts, Mee t ing  of the 
Society, Oct. 7-11, 1973. 

Any  discussion of this paper  will  appear  in a Dis- 
cussion Section to be published in the December  1974 
JOURNAL. All discussions for the December  1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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Polarographic Behavior of p-Dihalosubstituted 
Benzenes and Related Compounds 

S. Wawzonek* and S. M. Heilmann 
Department of Chemistry, University of Iowa, Iowa City, Iowa 52240 

ABSTRACT 

~)-Diodobenzene and p - iodopheny l t r ime thy lammonium iodide show a nor-  
mal  polarographie behavior  in d imethy l fo rmamide  in contrast to that  repor ted  
for p-dibromobenzene.  9,10-Dibromoanthraeene and 9-bromoanthracene gave 
an abnormal  polarographie behavior  which suggested the in termediaey of 
dibenzo Dewar  benzene in the electrode reaction. Macro electrolyses of 
9-bromoanthracene  were  unsuccessful in prepar ing this compound. 

p-Dibromobenzene  has been reported (1) to show an 
unusual  polarographic behavior  in d imethy l fo rm-  
amide and acetonitrile.  The second reduct ion wave  
occurred at a s l ightly more  posit ive potent ial  than that  
for bromobenzene and the diffusion current  was la rger  
than that  observed for the corresponding wave  for 
m-dibromobenzene.  This behavior  was considered to 
be caused by the synergistic effect of the in termedia te  
anion on the reduct ion of the second halogen wi th  the 
possible formation of p-dehydrobenzene.  

The work  has now been extended to a study of the 
reduct ion of p-diiodobenzene,  p - iodophenyl t r imethy l -  
ammonium iodide, and 9,10-dibromoanthracene to de-  
te rmine  whe the r  the tendency for p-dehydrobenzene  
would  be increased. The first two compounds have 
be t te r  leaving groups than p-d ibromobenzene  and the 
last compound would possibly form a p -dehydroben-  
zene which would  be stabilized by resonance. 

Experimental 
The solutions were  studied in a cyl indrical ly shaped 

cell wi th  a mercury  pool anode and fitted with  side 
arms for the admission of ni trogen and for the anode 
connection. All measurements  were  made in a water  
thermosta t  at 25 ~ __+ 0.1~ 

The cur ren t -vo l tage  curves were  obtained wi th  a 
Sargent  Model XXI  Polarograph.  

The dropping mercury  electrodes were  operated at 
70 cm pressure and had drop times of (i) 6.10 and (ii) 
5.0 sec in d imethyl formamide  (open circuit) .  The 
m2/3tl/6 values were  (i) 1.36 and (ii) 1.71 mg 2/3 sec -1/2, 
respectively.  

Cyclic vol tammetr ic  studies were  made using a 
Beckman Electroscan 30 and a Chemtr ix  Model SSP-2 
Polarograph with  a Tekt ronix  Oscilloscope. 

The compounds used were  obtained f rom a stock 
with  the except ion of p - iodopheny l t r ime thy lammo-  
nium iodide (2), pheny l t r ime thy lammonium iodide 
(3), 9,10-dibromoanthracene (4), and hexamethy lb i -  

cyclo[2,2,0]hexa-2,5-diene. The first three  were  p re -  
pared by methods given in the l i te ra ture  and the 
four th  compound was purchased from Columbia 
Chemical Company. 

Electrolytic reduction of 9-bromoanthracene.--A 
solution of 9-bromoanthracene (3.0g) in d imethy l fo rm-  
amide (100 ml) containing 0.2M te t rabu ty lammonium 
tetraf luoroborate was reduced at a control led potent ial  
of --1.65 (SCE) at a mercu ry  cathode (19.6 cm2). 
The cathode compar tment  was connected to a sa turated 
calomel electrode by a 70% d imethy l fo rmamide-agar  
bridge. The anode compar tment  was separated f rom 
the cathode compar tment  wi th  a medium porosity glass 
f l i t  and contained a pla t inum foil cyl inder  anode. The 
init ial  current  of 60 m A  decreased to 1 m A  in 4.5 hr  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  p -d i i odobe nz e ne ,  P - i o d o p h e n y l t r i m e t h y l a m m o n i u m  

iodide, 9,10-dibromoanthracene, dibenzo D e w a r  benzene .  

and was terminated.  A plot of current  vs. t ime indi-  
cated the use of one electron per molecule  of 9-bromo- 
anthracene.  The mercury  was separated and the catho- 
lyte  was filtered. The yel low solid (0.33g) obtained 
mel ted at 356~ ~ [dec. lit. (5) > 300 ~ ] and was 
identified as b i s -9 -an th ry l -mercury  by its ir  and mass 
spectra: m / e  556, (M), 197-202 (Hg).  

The red filtrate when poured into a mix ture  of water  
(400 ml) and hexane (400 ml) gave a solid which was 
filtered; yield, 0.69g. This solid upon prepara t ive  
chromatography on silica gel plates using hexane and 
methylene  chloride as elut ing solvents gave anthra-  
cene (0.55g). t race amounts of 9,9 '-bianthryl  and 
anthraquinone (0.02g). Identification of the last two 
solids was made by comparison wi th  authentic  sam- 
ples. 

The hexane extract  was separated f rom the water  
layer  and upon removal  of the solvent  gave 1.5g of a 
yel low solid. This solid which showed many  compo- 
nents by thin layer  chromatography (tlc) on silica 
using hexane was dissolved in a minimal  amount  of 
benzene and adsorbed on silica gel. The silica gel was 
dried and upon extract ion wi th  hexane for 36 hr  in a 
Soxhlet  extractor  gave 0.96g of anthracene.  Fur the r  
extract ion of the silica gel wi th  chloroform gave O.11g 
of a yel low solid. Prepara t ive  chromatography on two 
silica plates gave an thracene-9-mercur ib romide  (0.02g) 
and anthraquinone (0.03g). Identification was made by 
comparison with authentic  samples. Other components 
were  present  in amounts too small  to characterize. 

The use of uncontrol led potential  in this reduct ion 
gave bis-9-anthrylmercury (4%), anthracene (63%), 
anthraquinone ( trace) ,  and 9,10-dihydroanthracene 
(trace).  An applied potential  of 37V gave an initial 
current  of 55 m A  which decreased to 18 m A  after  12 
hr  when the electrolysis was terminated.  

Reduct ion at a p la t inum cathode using uncontrol led 
potential  gave a dark brown semisolid residue. Tlc 
analysis of the crude mix tu re  showed seven compo- 
nents. The only solid isolated was anthracene (76%). 
The applied potential  of 20V gave a current  of 80 mA 
which decreased to 26 mA at the te rminat ion  of the 
electrolysis (12 hr ) .  

Anthracene-9-mercuribromide.--A solution of an- 
thracene (8.9g) and tr ichloroacetic  acid (16.3g) in 
carbon te t rachlor ide was t reated wi th  yel low m e r -  
curic oxide (10.9g) and the result ing mix tu re  was 
st irred at room tempera tu re  for 12 hr. The yel low solid 
obtained was filtered, washed wi th  methanol,  sus- 
pended in methanol  (200 ml) ,  and t rea ted  with  a solu- 
tion of sodium bromide (20.6g) in wa te r  (100 ml).  
Fi l t ra t ion of the result ing yel low green mix tu re  gave a 
solid (13.33g) which uFon crystal l ization from benzene 
gave yel low needles mel t ing at 272 ~ ~ ir ( K B r )  3.28, 
3.30, 3.38, 6.10, 6.95, 7.65, 7.90, 8.75, 9.90, 10.85, 11.20, 
11.90, 12.10, 13.05, 13.70, 13.90, 16.40, 19.70, 27.00~; mass 
spectrum, m/e  459. 
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Table h Polarographic behavior of halogenated aromatic compounds 
in dimethylformamide containing 0.2M tetrabutylammonium 

bromide 

Compound EII2 (Hg pool) Ia 

p-Dibromobenzene - -  1 . 7 3  3 . 6 4  
- 2 . 0 2  3 . 3 5  

Bromobenzene - -  2 . 0 3  3 . 4 6  
p - D i i o d o b e n z e n e  - -  1 . 1 2  4 . 4 0  

- -  1 . 3 0  2 . 7 8  
lodobenzene - -  1 . 3 1  5 . 1 0  
p-Iodophenyltrimethylammonium - -  1 .00  2 . 3 1  

- -  1 .79  2 . 8 1  
Iodide - -  2 . 0 8  1 . 7 4  
P h e n y l t r i m e t h y l a m m o n i u m  I o d i d e  - -  1 . 7 9  3 . 7 8  

--2.08 2 . 2 8  
9 . 1 0 - D i b r o m o a n t h r a c e n e R  - 0.80 2 . 9 8  

--  1 .02  3.  I 0  
b b 

- -  1 .93  0 . 9 3  
9-Bromoanthracene.  - -  1 .01  3 . 5 1  

b 0.62 
--1.90 0.99 

9-Bromoanthracenec --  1 . 0 2  3 . 6 2  
b 1 .41  

- - 2 . 0 2  i , I 0  
Anthracenea - -  1 . 3 9  1 . 4 5  

-- 1.96 1.06 

a R e s u l t s  w e r e  obtained using c a p i l l a r y  2 ;  a l l  o t h e r  d a t a  w e r e  o b -  
t a i n e d  w i t h  c a p i l l a r y  1.  

b P o o r l y  d e f i n e d  w a v e .  
e I n  t h e  p r e s e n c e  of excess p h e n o l .  

Anal. Calc for C14H9HgBr: C, 36.73; H, 1.98. Found: 
C, 36.90; H, 1.91. 

Results 
The polarographic behavior  of various halogenated 

aromatic compounds in d imethyl formamide  containing 
0.2M te t rabu ty lammonium bromide is given in Table I. 

To aid in formulat ing a mechanism of reduct ion for 
9-bromoanthracene macro scale reductions were  per -  
formed and the results are g iven in the Exper imenta l  
Section. 

Discussion of Results 
Examinat ion  of the data in Table I indicates that  

the reduct ion of p-di iodobenzene and p- iodophenyl -  
t r ime thy lammonium iodide is normal  and proceeds 
stepwise wi th  no synergistic effect of the in termedia te  
anion formed by the reduct ion of the iodine on the 
reduct ion of the second group. 

The polarographic behaviors  of 9,10-dibromoanthra-  
cene and 9-bromoanthracene  were  unusual  and are 
shown in Fig. 1 and 2. The diffusion current  for the 
first wave  of anthracene resul t ing f rom the reduct ion 
of the halogen decreased to a point which was less or 
sl ightly higher  than that  of the reduct ion wave  for 9- 
bromoanthracene.  

Cyclic vo l t ammet ry  of 9-bromoanthracene  at a plat i -  
num cathode showed three  cathodic peaks and one 
anodic peak for the oxidat ion of the anion radical  of 
anthracene.  A similar  study at a s tat ionary mercury  

15 

~10 
o 
b 
T: 

5 
U 

- 0 , 6  -1.2 -1.8 
E d . e ,  , v o l t s  vs. H g  p o o l  

Fig. I .  Polarogram of 1.0 mmole 9,lO-dlbromoanthracene in 
dimethylformamide-O.2M tetrabutylammonium bromide. 

~8 3 ~.~ 
' ' ' ' 1'.8 ' - 0 . 6  -1.2 - 

E d . e . , v o l t s  vs. H g  p o o l  

Fig. 2. Polarogram of 0.5 mmole 9-bromoanthracene in dimethyl- 
formamide-O.2M tetrabutylammonium bromide. 

electrode was normal  at a fast scan ra te  (10 V/sec)  but  
showed an inver ted  peak for the 9-bromoanthracene 
port ion at a slow scan rate  (0.5 V/sec) .  Such inver ted  
peaks have been observed in the one-e lec t ron  reduc-  
t ion of oxymercur ia ls  (6), and cyanopropyl t r iphenyl -  
phosphonium bromide (7) and have been ascribed to 
the formation of rapidly absorbed radical  in te rmedi -  
ates (6). This type of explanat ion is unl ikely  for a two-  
electron reduct ion wave  and was not substant iated by  
adsorption studies. The electrocapil lary curve  for the 
reduct ion of 9-bromoanthracene  was similar  to that  
obtained for the support ing electrolyte  using ei ther  
t e t rabu ty lammonium bromide or perchlorate.  

Another  possible explanat ion for the unusual  be-  
havior  of 9-bromoanthracene  is format ion of a Dewar  
benzene III 

H t~ 
II  

I 

I I I  

The in termedia te  carbanion I formed by the reduct ion 
of 9-bromoanthracene protonates direct ly to an thra-  
cene or rearranges  to the carbanion II which on pro-  
tonat ion would  give the Dewar  benzene III. This com- 
pound (III) would  probably be stable to fur ther  re-  
duction since hexamethylbicyclo[2,2,0]-hexa-2,5-diene 
was not polarographical ly  act ive under  s imilar  condi- 
tions. 

Studies of the polarographic behavior  of 9-bromo-  
anthracene in the presence of excess phenol  favored 
such reactions. In the presence of excess phenol, which  
would  increase the rate  of protonat ion of carbanion I 
the dip in the diffusion current  was reduced and the 
diffusion current  for the first anthracene wave  became 
normal.  

At tempts  to isolate the Dewar  benzene III  by macro-  
scale electrolytic reductions of 9-bromoanthracene  
were  not successful  Electrolysis at control led potential  
at a mercury  cathode using a potent ial  before the drop 
in current  gave a complex mix ture  of products. P lo t -  
t ing the current  used vs. electrolysis t ime indicated 
that  only one electron was t ransfer red  per molecule  of 
9-bromoanthracene.  Products  isolated and identified 
were  anthracene (73%), d i -9 -an th ry lmercury  (10%), 
anthraquinone (1%),  b is -9-anthry l  ( t race) ,  and 9-an- 
th ry lmercur ic  bromide  ( t race) .  The use of uncontrol -  
led potential  at the same electrode gave anthracene 
(63%), 9,10-dihydroanthracene (trace),  d i -9 -an thry l -  
mercury  (4%), and anthraquinone ( trace) .  

In order  to avoid the formation of mercury  com- 
pounds electrolysis was carr ied out at a p la t inum 
cathode at uncontrol led  potentials and gave an thra-  
cene (76%) as the only isolable product. 

Separat ions of products were  made in all cases by 
chromatography on silica gel. The assumption was 
made that  such t rea tment  would not isomerize the 
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Dewar benzene III  since other Dewar benzenes have 
been isolated by chromatography on both silica gel 
(8) and a lumina  (9). The Dewar benzene III  is a ben t  
molecule and in contrast to its p lanar  isomer an th ra -  
cene should interact  less strongly with silica than the 
latter, and migrate  more readily than  anthracene. A 
similar  relationship has been found in other Dewar 
benzene-aromat ic  systems (10). 

If the assumptions made about the stabil i ty of the 
Dewar benzene III are valid, then this compound is 
not produced by the macroscale reduction of 9-bromo- 
anthracene.  The conditions for the la t ter  are no longer 
diffusion controlled and products are obtained main ly  
from the carbanion I and from a one electron reduction 
of 9-bromoanthracene which results in  the 9-anthryl  
radical. 

This radical is the precursor of the mercury  com- 
pounds and d i -9 -an thry l  isolated. This radical may also 
react with traces of oxygen and form anthraquinone.  
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Electrochemistry in N,N-dimethylformamide 
I. The H (g, Pt) I HCI(DMF) I TICI(s) ITI(Hg) Cell 

Leonard F. Silvester and Peter A. Rock 
Department of Chemistry, University of California, Davis, California 95616 

ABSTRACT 

This paper reports the results of our electrochemical measurements  on the 
cell 

H~ (g,Pt) IHC1 (DMF) ]T1C1 (s) IT1 (Hg,X) 

where DMF is the solvent N,N-dimethylformamide.  The cell was found to 
behave reversibly over the HC1 concentrat ion range of 0.017-0.24M, and over 
the H2(g) pressure range of 550-750 Torr. Data obtained from this cell were 
combined with l i terature  data for the activity of T1 in T1 (Hg) and for the 
dissociation of HC1 in DMF to obtain the s tandard cell voltage, 6 ~ of the cell 

H2 (g,Pt) ]H+C1 - (DMF) IT1C1 (s) IT1 (s) 

The value obtained is ~~ ---- --886.8 ___ 2.0 mV at 296.7K [molality composi- 
t ion scale, and strong electrolyte s tandard states for HCI(DMF)] .  The be-  
havior of the hydrogen electrode in DMF is discussed. 

N,N-dimethylformamide (DMF) shows considerable 
promise as an aprotic solvent for use in electrochemi- 
cal cells (1-4). DMF has a high dielectric constant 
(36.7 at 25~ a low vapor pressure (3.7 Tor t  at 25~ 
and it is not difficult to prepare in a high purity,  an-  
hydrous state (3, 5). 

We have investigated the cell 

H2(g, Pt)IHC1 (DMF)ITlCl  (s)IT1 (Hg) [1] 

as part  of an electrochemical s tudy of the thermody-  
namics of hydrogen-isotope-exchange reactions (6). 
This paper reports the results of our electrochemical 
measurements  for reversible cells of type [1]. The 
hydrogen electrode has been found to behave re-  
versibly in anhydrous HC1 (DMF) solutions. 

K e y  words :  :N,N~dimethylformamide,  h y d r o g e n  electrode,  aprotic 
solvents,  t ha l l ium electrode,  revers ib le  cell. 

Experimental 
Because of the need to exclude oxygen and water  

from the cell, the entire cell was set up and studied as 
a closed system on the vacuum line (6, 7). 

Samples of H2(g) [99.999 atomic per cent (a /o) ]  
were obtained from the Matheson Chemical Company. 
The pur i ty  of the H2(g) was checked by mass spec- 
trometry.  Before use in the emf cells, the H2 was run  
through a "DEOXO" hydrogen purifier (Englehard In -  
dustries) and then through CaSO4 drying towers. 
Thal l ium amalgams were prepared from weighed 
quanti t ies of reagent grade T1 (precleaned with 0.01M 
H2SO4) and reagent grade Hg. The amalgam was 
washed with dilute (0.001M) HNO3, thoroughly dried 
under  high vacuum, and stored in a reservoir on the 
vacuum line. The DMF used was Mallinckrodt ana-  
lytical reagent grade, and it was purified as follows 
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(8) : The DMF was stored over  4A molecular  sieves for 
at least 1 week;  the DMF was then t ransferred to the 
dist i l lat ion apparatus on the vacuum line and 30g of 
P205 was added per 400 ml  of DMF; the DMF was 
then vacuum distil led with  a pot t empera tu re  of about 
80~ and a head t empera tu re  of 33~176 The dist i l la-  
t ion column was a 3/4 in. Py rex  tube 4 ft in length  that  
was packed with  3 X 5 mm Raschig rings. Only the 
middle  60% of the disti l late was used to make  the 
cell solutions. The purified DMF was stored on the 
vacuum line in a reservoi r  which was painted black to 
inhibit  the photochemical  decomposition of DMF (9). 
Samples of HCI(g)  were  prepared on the vacuum line 
via the react ion of H20(1) wi th  PC15(s). [This is a 
violent  reaction and the water  must  be added dropwise 
to the PC15 with  cooling. This method is a convenient  
and economical way to prepare  just  the desired 
amount  of anhydrous HCI(g)  or DC1 (g).] 

The evolved gas was run first through a dry ice 
ethanol t rap and then through three CaSO4 drying 
towers (each 30 cm • 25 mm) .  The result ing anhy-  
drous gas was then run into purified DMF in a mixing 
flask on the vacuum line (10). The HC1 (DMF) solu- 
tion was stored in the mix ing  flask on the vacuum line 
unti l  its introduction to the cell. Samples of T1C1 were  
obtained by bubbling anhydrous HCI(g)  into a solu- 
tion of T1NO~ in purified DMF under  a ni t rogen atmos- 
phere. The resul t ing T1CI(s) was thoroughly  washed 
with  purified DMF, vacuum dried at room temperature ,  
and stored over  CaSO4. Cells of the type 

T1 (Hg)tT1C1 (s)IHC1 (DMF)IT1C1 (s)IT1 (Hg) [2] 

had emf  values < ]0.005[ mV when  set up with  T1CI(s) 
prepared  as described above. Cells of this type set up 
wi th  commercial,  reagent  grade T1C1 gave emf values 
in the range 0.1-0.6 mV. Consequently,  the commercial  
T1C1 was not used. 

The hydrogen electrodes were  prepared as follows 
(11). Four  feet  of 0.020 in. d iameter  gold wire  was 
wound in a closed-loop coil 40 mm in length and 11 
mm in diameter.  The coil leads were  fused about  25 
mm above the top of the coil to a pla t inum lead that  
exi ted via a Pt - to-sof t -g lass  seal through the top of 
the hydrogen electrode cell compartment .  The coils 
were  cathodically cleaned in 3M H2SO4(aq), washed 
with  distil led water,  and given a coating of Pt  black 
in a 2% PtC14 in 2M HCl (aq)  plat ing solution; 15 rain 
at 20 mA, fol lowed by 5 min  at 40 mA. The plat inized 
electrodes were  washed several  t imes wi th  distil led 
wate r  and vacuum dried at room temperature .  Cells of 
type 

(P t )H2(g)  IHC1 (DMF)IH2 (g) (Pt)  [3] 

wi th  identical hydrogen pressures rapidly gave emf  
values < 10.0041 mV; the cells mainta ined these low 
emf values for periods ranging f rom 12 hr  to several  
days. However ,  all such cells eventua l ly  gave rise to 
much larger,  unstable emf  values. The development  of 
instabil i ty was always a rapid process which took 
place over  a 1-2 hr  period. The onset of such insta-  
bilities was readi ly  recognized in cells of type [1], 
and the data repor ted  here  were  obtained f rom the 
cells in thei r  stable period. 

The c~ll construction was of the simple H- type  wi th  
a cen t ra l  l a rge-bore  stopcock. The cell was set up to 
operate as an automatical ly  controlled, closed system 
on the  high vacuum line. Samples of T1 (Hg),  T1C1 (s), 
and HCI(DMF)  were  run  into the cell f rom their  r e -  
spective storage compartments  af ter  the cell was 
mounted  on the vacuum line. The H2(g) was con- 
t inuously recycled through the cell by means of a 
Toepler- type,  short-s troke,  small  displacement  (10 
cmS/min -1) pump (12). The gas bubbling rate  in the 
hydrogen electrode compar tment  was set at about 2-3 
bubbles per second. Pressure fluctuations from the 
operat ion of the pumps were  observed to be less than  
0.05 Torr  at the pressures used in our cells. Pressures 

were  measured  on a differential  manomete r  wi th  a 
cathetometer ;  atmospheric pressure was read with  a 
barometer .  

The emf measurements  were  made wi th  a Kei th ley  
630 potent iometr ic  electrometer,  and an L and N 
certified K-3 potent iometer  and L and N 9834 elec-  
tronic mull detector. All cells were run at room tem- 
perature (23.5 ~ ___ I~ which was periodically re- 
corded while the measurements were in progress. The 
cells must be run at room temperature or below in 
order to prevent condensation of the vapor phase in 
the pump systems or the manometers. 

The molalities of the HCI (DMF) cell solutions were 
determined as follows. Samples of the cell solution 
were obtained from the cells and weighed; the weighed 
samples were then added to water and rapidly titrated 
with standardized, carbonate-free sodium hydroxide 
(0 ~ 0.01M) solution to amethyl red plus bromcresol 
green end point (pH ~ 5.4); the NaOH solution was 
standardized against an HCl(aq) solution of known 
concentration, which was obtained by dilution of con- 
stant-boiling HCl(aq). The possible interference of 
DMF with the analysis was ruled out by titration of 
known quantities of standardized HCI (aq) in the pres- 
ence and absence of added DMF. The mole fraction of 
thallium, XTI, in the thallium amalgams was deter- 
mined by a slightly modified version of the acidimetric 
method of Richards and Daniels (13, 10). The calcula- 
tions described in the Results section were carried out 
in double precision on a DEC PDP-8 computer. 

Results 
The results of our measurements  on cells of type 

[1] are presented in Table I. The emf, pressure, and 
tempera tu re  measurements  were  taken at 1 h r  in ter -  
vals during the l ife of the cell and the results were  
averaged. The period of stabil i ty of the cells ranged 
f rom 12 to 170 hr  wi th  a mean  l i fe t ime of 110 hr. The 
pressures repor ted  have been corrected for the vapor  
pressure of the cell solutions ( ~  3.5 Torr ) .  Barometer  
location and tempera tu re  corrections have  also been 
applied. 

Revers ibi l i ty  checks (emf vs. meter  scale position) 
gave no evidence of a hysteresis  loop; this is strong 
evidence that  the cells were  operat ing under  revers ible  
conditions. 

Measurements  are reported only for the period dur-  
ing which the emf  measurements  wi th  the gas bub-  
blers on agreed within exper imenta l  er ror  wi th  those 
with  the gas bubblers  off. When this condition was not 
met  the cells deter iorated rapidly, and the measured 
emf  drif ted when  the gas bubblers  were  tu rned  off. 

The values of  In "YWl given in Table I (where  "FT1 is 
the act ivi ty  coefficient of thal l ium in mercury  re la t ive  
to the hypothet ical  ideal unit  mole  fract ion solute 

Table I. Results of measurements on the cell 
(Pt)H2(g) ] HCI(M,DMF) [ TICI(s) [ TI(Hg,XT1) 

where T = 296.7 • 1K 

77~HC1, 
P~, tool  �9 ~ ,  m V  ~ ,  m V  
T o r r  kg-1  XT1 In  ~/T1 (exp. )  * (calc . )  t 

561.0 0 .1189 0.1128 1.119 - -554 .4  ___ 0.3 - -553 .4  
562.2 0.03890 0.1128 1.119 -- 527.1 ___ 0.1 - -526 .9  
553.8 0.02499 0.1152 1.134 - -515 .5  ___ 0.03 - -517 .2  
720.4 0 .06454 0.09975 1.029 - -531 .3  • 0.1 - -530 .4  
744.2 0.09526 0.1022 1.049 - -540 ,5  ___ 0.1 - -540 .3  
543.4 0.2398 0,1242 1.194 - -573 .6  -~- 0.2 - -574 .1  
564.6 0.1131 0.1128 1.119 - -553 .7  ___ 0.3 - -552 .1  
560.6 0.03170 9.1126 1,119 - -521 .2  ___ 0.1 -- 521.9 
554.0 0.02921 0.1152 1.134 - -521 .5  ~- 0.05 - -521 .0  
712.0  0 . 0 5 8 3 6  0.09975 1 . 0 2 9  --527.0 ~-_ 0,I --528.2 
743.3 0.09206 0.1022 1.049 - -538 .6  _____ 0.3 -- 539,5 
540 .3  0,2201 0.1241 1.194 -570.I + 0.2 --572,2 

* T h e  l a s t  s ix  ce l l s  in  th i s  t a b l e  w e r e  r u n  w i t h  99 .5% D2 a n d  
99.9% DC1, r a t h e r  t h a n  H~ a n d  HCI. T h e  r e p o r t e d  e m f  v a l u e s  fo r  
t h e  d e u t e r i u m  cel l s  w e r e  c o n v e r t e d  to  h y d r o g e n  ce l l s  by  s u b t r a c t i n g  
7.64 m V  f r o m  t h e  m e a s u r e d  e m f  v a l u e  [see  Ref .  (6) a n d  (15) ] .  

T h e  v a l u e s  of  ~ g i v e n  i n  t h i s  c o l u m n  w e r e  c a l c u l a t e d  f r o m  E q .  

[9]  u s i n g  ~ ~  = 854.0 m V  a n d  2wA = 187.3 inV.  
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s tandard state) were  obtained from a large-scale  graph 
of In ~'w[ VS. XTI  at 23.5~ The graph was constructed 
using the emf  data on thal l ium amalgams of Richards 
and Daniels (13); the details of the method  are de- 
scribed in the l i te ra ture  (14, 10). 

The postulated cell react ion for cell [1] is 

H2(g) + 2TtCl(s)  = 2TI(Hg) + 2HCI(DMF) [4] 

Applicat ion of the Nernst  equat ion to this react ion 
yields (~ = RT/F)  

~ = ~~ - -  ~ l n {  a2Tl(Hg) a2HCI(DMF) } a H 2 ( g )  a2TICl(s) [5] 

where  the subscript neut refers  to undissociated HC1 in 
DMF. If we take aH2(g) - -  (PH2/760), aTl(Hg) ~--- XT17T1, 
and aTICl(s) "= 1, then 

 =8~ 2 \ 7 - - ~ /  - -  o~ lfl  XTITTI - -  w In aHCI(DMF) 

[6] 

Hydrochloric  acid in DMF is a weak electrolyte;  the 
dissociation constant on the molal i ty  composition scale 
for the react ion 

HCI(DMF)  ~ H + (DMF) + C1- (DMF) [7] 

is Kd ---- 2.68 • 10-4/0.9458 _-- 2.83 • 10 -4 (15) at 
25~ and 

aH + ac l -  m2ion'Y 2 -- 
Kd -- [8] 

aHCl aHC1 

Subst i tut ion of Eq. [8] into Eq. [6] yields 

\ ' ~ ]  w I n  7TIXTI -~- 2e l n m i o n  = ~H 

8H ----- 8~ "~- w I n  Kd  - -  2~ i n  7-+ [9] 

where  E~ is the Hitchcock extrapolat ion function. The 
value  of mion was est imated at each value  of m from 
the expression 

m2ion 
2.83 • 10 -4 ~ [10] 

m - -  ~ ion  

The value of In 7-+ should be given at low concentra-  
tions by the Debye-Hiickel  equation 

ln7_+ _~ --3.593 ml/2ion/ (1 + ml/2ion) [11] 

Thus a plot of 8H VS. ml/2ion/(1 -5 ml/2ion) should have  
a slope of (Eq. [9]) 2~A = 2 X 25.562 X 3.593 ---- 
-5183.7 mV at 23.5~ and an intercept  of ~~ ---- 8~ 
+ ~ In Kd. A least-squares  analysis of the data in 
Table I in terms of Eq. [9], [10], and [11] yields a 
slope of 187.3 _ 31.2 mV and an intercept  of 8 ~  
--854.0 • 2.0 mV at 23.5~ 

The agreement  be tween  the exper imenta l  and theo-  
ret ical  slopes provides strong evidence that  we have 
rel iably established the value of 8~ 

Discussion 
The value of ~~ : --854.0 mV for the reaction 

H2(g) + 2T1Cl(s) = 2TI(Hg)  

+ 2H + (DMF) + 2C1- (DMF) [12] 

can be combined with  the value of Kd -- 2.83 • 10 -4 
to compute a value of  ~~ "-- 8~ - -  w In  Kd  - -  
--645.2 mV at 23.5~ The value of 8~neut refers to re-  
action [4] wi th  undissociated HC1 (DMF).  

The emf values for the reactions 

TI(Hg,XT1 ---- 3.259 X 10-3) = TI(Hg, satd) [13] 
and 

TI(Hg, satd) = Tl(s)  [14] 

are (13) 813 ---- --175.6 mV at 23.5~ and 814 = --2.6 
mV. The emf value for the react ion 

TI(Hg,XT1 : "~T1 : 1) = TI(Hg,XTI ---- 3.259 • 10 -3, 

7Tl = 1.040) [15] 
is (23.5~ 

el~ = 25.562 In (3.259 • 10 -3 • 1.040) -- +145 .4mV 

Consequently,  the emf of the react ion 

T I ( H g , X T I :  7Hg = 1) ---- TI(s) [16] 

is 816 -- 813 + 814 -5 815---- - -32.8mV, and the stan- 
dard potent ial  for the react ion 

H2(g) -5 2T1Cl(s) : 2Tl(s) 

-5 2H + (DMF) + 2C1- (DMF) [17] 

is ~~ = --854.0 -- 32.8 mV : --886.8 mV at 23.5~ 
The hydrogen electrode is the most impor tant  ref-  

erence electrode in aqueous solution, and there  has 
been considerable interest  in the development  of the 
hydrogen electrode as a reference  electrode in non- 
aqueous media as well  (3). In addit ion to its use as a 
reference electrode, the hydrogen  electrode can be 
used in nonaqueous media  to obtain Gibbs energies of 
t ransfer  for Br6nsted acids be tween  aqueous and non- 
aqueous solvents. Gibbs energies of t ransfer  can be 
used to test various models for the nature  of the 
solvated proton in such media. Of special interest  in 
this connection are aprotic organic solvents, because 
of the inherent  f reedom of the solvent  molecules  from 
in termolecular  hydrogen bonding. 

The s tandard potential  for the react ion 

H2(g) + 2T1CI(s) = 2TI(s) + 2H + (aq) + 2C1- (aq) 
[18] 

is 8 ~ = --556.8 mV at 25~ (16). Combination of this 
result with our value of 8 ~ for reaction [17] yields, for 
the reaction 

H + (aq) -5 CI- (aq) = H + (DMF) + CI- (DMF) [19] 

a value of AG ~ ~-~ 31.8 kJ �9 tool -I for the standard 
Gibbs energy of transfer of HCI from water to DMF. 
The positive value of AG ~ reflects the much stronger 
solvation of the proton in water than in DMF. 
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An Asymptotic Solution for the Warburg 
Impedance of a Rotating Disk Electrode 
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Department of Chemical Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

The Warburg  impedance of a rotat ing-disk electrode is t reated by a regular  
per turba t ion  expansion valid for large a l t e rna t ing-cur ren t  frequencies. This 
solution agrees well  with the exact numerical  solution, the error in  the War-  
burg  impedance being less than 2% for a dimensionless f requency of 1O. 

When an  electrode is subjected to an  a l ternat ing 
current,  the concentrat ion on the surface and thus the 
concentrat ion overpotential  vary in a t ime-dependent  
manner .  This variat ion gives rise to what  is known  as 
the Warburg  impedance. Early studies of the frequency 
dependence of this impedance were made around the 
start  of the century  by  Warburg  (1). More recent ly 
(2), the impedance of a rotat ing-disk electrode was 
studied and numerical  results presented for large 
Schmidt numbers.  We investigate here the asymptotic 
behavior  of the Warburg  impedance for large fre- 
quencies. 

I t  is assumed in the t rea tment  of the problem that 
the Schmidt number  is large and that  radial  convection 
and diffusion are negligible. The radial ly dependent  
problem is cur rent ly  being studied at this laboratory 
(3). It is fur ther  assumed that di lute-solut ion theory, 
with constant  t ransport  and thermodynamic  properties, 
is applicable, and that  there is an excess of support ing 
electrolyte so that  migrat ion effects are negligible. 

Mathematical Formulation 
The dimensionless, t ime-vary ing  equat ion of con- 

vective diffusion is given by 

02c 0c 0c 
�9 + 3~ 2 - -  ~ - -  0 [I] 

O~2 0F 0t* 

where c is the concentrat ion of reactant, ~ _-- 
y~/fl/~(a~/3D) 1Is is a dimensionless distance from 
the disk, a = 0.51023 is a constant  (4), and t* ---- 
tl2D(av/3D)2/3/~ is a dimensionless time. We may  ex- 
press the concentrat ion as a sum of its steady and 
t ime-vary ing  contributions 

c - - - - c + c  [2] 

The steady problem was first t reated by Levich (5). 
For  an a l ternat ing current  of f requency ~, the t ime-  
varying concentrat ion may be expressed as* 

c : AeJt~t*O [3] 

where  K _-- ~v(3D/a~)2J3/l~D is a dimensionless fre- 
quency. Subst i tu t ion into the convective diffusion 
equation yields the complex equation 

�9 E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  W a r b u r g  i m p e d a  ~ee, r o t a t i n g  disk.  

S t r i c t l y  speak ing ,  one  t a k e s  the  rea l  p a r t  of  such  c o m p l e x  ex-  

press ions :  c = Re{AeJKt*O}. 

0" + 3~20 ' -- jKO _-- 0 [4] 

subject  to the boundary  conditions 

O =  1 at ~ : O ,  o--> 0 as ~--> o0 [5] 

The Warburg  impedance is related to the concentra-  
t ion overpotential  by  the expression 

Zw = - T -  = [6j 

where ~c ---- RTco/nFco is the t ime-vary ing  concen- 

t ra t ion overpotential  (valid for Co < <  co). 

Asymptotic solution.--We are concerned here with 
the behavior  of Eq. [4] and [5] for large K. This sys- 
tem appears to comprise a s ingular  per turba t ion  
problem (6); however, a closer examinat ion  shows 
that the solution is regular  for large K if we modify 
the variables. If we let 

0 ---- exp {-- ( jK)~/4Y(x)}  [7] 
and 

x = ~/(jK) i14 [8] 

Eq. [4] and [5] become 

(y ' )2  __ 3x2y' __ 1 ---- Y " I ( j K )  ~/4 [9] 

Y----0 at x----0, Re{(jK)~/4Y}-~ oo as ( jK)l /4x-* oo 
[ 10 ]  

Y can evident ly  be expanded in  a regular  expansion 
in  K-S/4 

Y = Yo(x)  + ( jK) -3 /4y I (x )  
+ ( jK)-s /2Y2(x)  + O ( K  -s/4) [11] 

Subst i tu t ing this expansion into Eq. [9] and equating 
terms of equal order in K, we obtain relat ively simple 
differential equations for Yo, Y1, Y2, etc. Solving these, 
we have that  Y'o(0) = 1 and Y'2(0) "- 3/~, while odd 
terms give no contr ibut ion to Y' (0). The concentrat ion 
derivative on the surface of the disk is thus given by  

0 '(0) -- -- A/jK Y'(0) -- -- ~/ jK + 3j /4K + 0(K -5/2) 
[12] 

so that  we may write 

Re : [13] 
16K 3 -- 6A/2 K ~/2 -5 9 
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Fig. 1. The complex 1/0'(0) plane showing the asymptotic and 
exact numerical solutions. 

Summary 
A regu la r  pe r tu rba t ion  expans ion  val id  for  large  

a l t e rna t ing -cu r ren t  f requencies  has been developed to 
predic t  the  Wa rbu rg  impedance  of a ro ta t ing -d i sk  
electrode.  This asymptot ic  solut ion compares  favor -  
ab ly  wi th  the  exact  solut ion and offers an improve -  
ment  over  the  Nernst  d i f fus ion- layer  approx imat ion  in 
the region of in te rmedia te  to la rge  K. 
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f 1 } 4K(2~/2"/~/2 --  3) 
- -  Im ~ = 16K 3 -- 6X/~K3/2 -t- 9 [14] 

These l a t t e r  expressions m a y  be  used to eva lua te  the  
rea l  and imag ina ry  par ts  of the  Warbu rg  impedance  
(see Eq. [6]) .  

Results and Discussion 
Figure  1 shows 1/O' (0) p lot ted  on the complex p lane  

wi th  the  dimensionless  f requency  K as a parameter .  
The exact  numer ica l  solut ion is shown along wi th  the  
asymptot ic  solut ion represen ted  by  Eq. [13] and [14]. 
These resul ts  are  summar ized  in Table I. Also shown 
in the  tab le  is the impedance  of a s tagnant  Nerns t  d i f -  
fusion l aye r  (7) 

1 ( 4 )  t anh  X/j~52/D 
- -  m r 
0'N(O) T x / ~ D  

= . . . .  [15] 

where the Nernst diffusion layer thickness, 5, is taken 
to be 

5 - - r  T -~  ~ [16] 

At  large  K the asymptot ic  expans ion  agrees wel l  
wi th  the  exact  solution, the  e r ror  in the  W a r b u r g  im-  
pedance for K ---- 10 being less than  2% for both  real  
and  imag ina ry  parts .  As K decreases, the  asymptot ic  
solut ion depar ts  rad ica l ly  from the exact  solution. I t  
should  be poin ted  out  tha t  it  is in the  region of in t e r -  
media te  to la rge  values  of K that  the  Nernst  diffusion- 
l aye r  approx imat ion  is most in e r ror  in pred ic t ing  the  
Warbu rg  impedance.  I t  appears,  therefore,  tha t  the  
asymptot ic  expansion deve loped  here  offers an im-  
p roved  approx imate  solut ion in this region of K. 

LIST OF SYMBOLS 

a 0.51023 
A ampl i tude  of the  t ime -va ry ing  concentrat ion,  

molelcm 3 
c concentra t ion of reactant ,  mo le / cm 3 
c s teady concentra t ion of reactant ,  mole /cm 3 

c t ime -va ry ing  concentra t ion of reactant ,  
mole /cm a 

ca bu lk  concentra t ion of reactant ,  mo le / cm 3 
D diffusion coefficient, cm2/sec 
F Fa raday ' s  constant,  96,487 cou lomb/equ iv  

normal  a l t e rna t ing  cur ren t  densi ty  at  elec- 
t rode  surface, A / c m  2 

j ~ J - 1  
K o~v(3D/av)~/3/flD, dimensionless  frequency 
n number  of electrons produced  when  one re -  

ac tant  ion or  molecule  reacts  
R universa l  gas constant,  8.3143 j o u l e / m o l e - d e g  
t time, sec 
t* t~D(av/3D)2/3/v, dimensionless  t ime 
T absolute  tempera ture ,  ~ 
Sc v/D, Schmidt  number  
x see Eq. [8] 
y normal  distance from the  disk, cm 
Y see Eq. [7] 
Ym expansion functions (see Eq. [11]) 
Zw Wa rbu rg  impedance,  ohm 
r (4/3) 0.89298, the  gamma funct ion of 4/3 
8 r(4/3)~/~-)l~ (3D/av) 1/3, Nernst  diffusion 

l aye r  thickness  
y\ /Q/v (a~/3D) l/a, dimensionless  distance 
normal  to the  disk 

t ime -va ry ing  concentra t ion overpotent ia l ,  V 
complex, dimensionless,  t i m e - v a r y i n g  con- 
cent ra t ion  

v k inemat ic  viscosity, cm2/sec 
f requency of a l t e rna t ing  current ,  r ad / sec  
rota t ion speed of disk, r ad / sec  

Subscripts 
( )9 ( ) eva lua ted  at the  e lect rode surface 

~c 
o 

Table I. Solutions for the real and imaginary parts of 110'(0) 

K 

Asymptotic so lu t i on  Exac t  s o l u t i o n  Nernst l aye r  so lu t i on  

1.5 0.65758 0.27793 0.72406 0.30195 0.75500 0.28926 
2.0 0.56637 0.35398 0.64160 0.33934 0.67925 0.33682 
3.5 0.40549 0.33980 0.45610 0.34736 0.48538 0.37104 
5.0 0.33041 0.29907 0.35557 0.31151 0.36695 0,34060 
7.5 0.26468 0.25101 0.27346 0.25876 0.26868 0.27945 

10 0.22729 0.21967 0.23143 0.22396 0.22266 0.23537 
20 0.15905 0.15716 0.15999 0.15812 0.15656 0.15788 
50 0.10015 0.09985 0.10030 0.10000 0.10004 0.10001 

100 0.07075 0.07067 0.07079 0.07072 0.07071 0.07071 
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The Short-Time Response of a Disk Electrode 

Kemal Nisancio~lu* and John Newman* 
Inorganic Materials Research Division, Lawrence Berkeley Laboratory, and 

Department of Chemical Engineering, University of Cali]ornia, Berkeley, California 94720 

ABSTRACT 

An asymptotic t rea tment  of the t rans ient  response of a disk electrode is 
given for short times. Results are obtained by expressing the potential  in 
terms of an integral  equat ion at the surface. A similar formulat ion is used 
also to calculate the s teady-state  current  d is t r ibut ion for large exchange-  
current  densities. 

The authors have recently reported (1, 2) a theo- 
retical study of the t rans ient  behavior  of a disk elec- 
trode in the presence of faradaic and capacitive effects. 
Series expressions were obtained for the potential  and 
the current  under  galvanostatic and potentiostatic con- 
trol, respectively. Those results are readily applicable 
to describe the long- t ime response of the disk and 
determine the relaxat ion t ime of the overpotential  
after a step change in the applied current  or the cur-  
rent  decay after a step change in the potential. How- 
ever, a large number  of terms need to be included in 
the series to express the shor t - t ime behavior  ac- 
curately. This can be accomplished more efficiently by 
deriving an asymptotic solution to the problem valid 
at small times. 

Short ly after the cell current  is switched on, the 
current  dis t r ibut ion on the surface is given by  the 
pr imary  dis tr ibut ion (3, 4) everywhere  except at a 
small region near  the edge of the disk. Since the pr i -  
mary  current  density is infinite at the edge, the double-  
layer  capacity is charged more rapidly in this region 
than  at other parts  of the disk, so that  the current  
density is reduced to a finite value. 

From a mathematical  standpoint,  we have a s ingular  
per turbat ion  problem at hand. A similar problem at 
high frequencies for the a l t e rna t ing-cur ren t  dis t r ibu-  
t ion on a disk electrode has been treated earlier (5). 
We follow here the same guidelines in the mathemat i -  
cal formulat ion as developed in  that  paper. Another  
problem of the same type is encountered for large 
values of the exchange-current  density (6). The s ingu-  
lar  na ture  of this problem has been recognized (5); 
however, its consequences were not of immediate in -  
terest. It nevertheless conforms with the context of the 
present  paper, and an analysis is outl ined in Appendix 
II, thereby render ing more complete the over-al l  
t rea tment  of the secondary current  dis t r ibut ion at a 
disk electrode. 

Mathematical Model 
The potential  in  the solution satisfies Laplace's equa-  

t ion 
V2~ = 0 [1] 

The current  density vanishes on the insulat ing plane of 
the disk, which implies 

* Electrochemical  Society Act ive  Member .  
Key  words :  s ingular  per turbat ion ,  ga lvanosta t ic  control, poten-  

t iostat ic control, exchange-current density, current distr ibut ion.  

- - = 0  at z = 0 ,  r > r o  [2] 
Oz 

Away from the edge region, the potential  in the solu- 
t ion is given by the pr imary  distribution, CP. Fu r the r -  
more, at the surface, the passage of current  is pr i -  
mar i ly  due to the charging of the electric double layer  

a r  a ( v  - r 
i = - - ~ = C  at z : O ,  r~--ro [3] 

Oz at 

where V is the potential  of the electrode, K is the con- 
ductivity of the solution, and C is the double- layer  
capacity. Charge t ransfer  may also occur by  means of 
a faradaic reaction. This effect is small  at short times 
as long as the exchange-current  density is not too 
large, and it is neglected here. The other extreme, 
where the faradaic reaction dominates over the 
double- layer  charging, is discussed in Appendix  II. 
Diffusion is also neglected. The t rans ient  response of a 
rotat ing-disk electrode under  mass t ransfer  controlled 
situations has been treated elsewhere (7, 8). 

Analysis and Results 
In  terms of the rotat ional  elliptic coordinates, the 

potential  dis t r ibut ion outside the edge region with the 
counterelectrode placed at infinity is given by  (3) 

2 
r : 1 -- ~ t an - l~  [4] 

where  ~% is the potential  in  the solution adjacent to 
the electrode surface corresponding to the pr imary  dis- 
t r ibut ion (1). If the electrode potential  is kept at a 
constant value V, then ~'o = V. If, however, the elec- 
trode is under  galvanostatic control, r = I/4ro~. With 
this difference in  mind,  the present  analysis applies to 
both galvanostatic and potentiostatic cases unless 
stated otherwise. For small  ~, Eq. [4] can be approxi-  
mated by 

r O = 1 - -  2~/~ [5] 

which may be regarded as the outer solution for the 
potential, with which the potential  in  the edge region 
must  match. For instance, in the inner  region, the po- 
tent ia l  approaches Eq. [5] asymptotically as ~ --> ~ and 
also as t --> 0. The rotat ional  elliptic coordinate system 
reduces to parabolic coordinates in the edge region 
(5), and Laplace's equation can be expressed as 
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a2~ a~r 
- -  + = 0 [ 6 ]  
ao 2 o~ 2 

Let us now introduce the stretched variables ap- 
propriate to the edge region 

- - - ~ - o  ) [7] 

= 7 =  Ix/; [8] 
where e _-- ~t/roC is the dimensionless time. Equat ion 
[7] represents a separation of variables, such that  ~ is 
a function of ~ and ~ only. When the basic equations 
are t ransformed into the stretched coordinates, the 
problem reads 

+ _---:--- = 0 [9] 

O~ 1 _ _  ~2 0r 
- -  = - - ~ l ~  at ~---- 0 [10] 
O~- 2 2 O~ 

- - = 0  a t e - - - - 0  [ 1 1 ]  a~ 

;'--, T as + [12] 
These results indicate that the inner  region is of order 
roe in  the original, cylindrical  coordinate system. 
1VIoreover, the dimensionless potential  is of order ~/~, 
and the dimensionless current  density, given by 

iro V -- r 
- -  - -  [13] 
~Po 2~Po0 

is of order 1/~/o. 
One possible way of solving the system of Eq. [9] to 

[12] is by finite-difference methods (9). This scheme 
did not prove to be s traightforward in  converging to a 
stable solution due to the complex na ture  of the sur-  
face boundary  condition, Eq. [10]. The problem for the 
potential  at the surface can also be expressed (see Ap-  
pendix I) in  terms of the integral  equation 

~(~) : ~- In 1~,2 _ _ ' ~ 2  l 

2 a~ T=o 
~=~, 

In  order to br ing the problem into a finite domain, the 
integral  can be wr i t ten  in the form 

1 )  d~. 

- -  - -  d x ,  [ 1 5 ]  

~o = -~ in I~,~ - ~21 - T -  ~o 

2~ "~ o x / 5 ,  x/'5 x,3/4 ax, 

where 

~%o ---- (~-o - -  1 D T ) / ~ .  x - -  1 / ~  4 [ 1 6 ]  

and ~s is a convenient  breaking point. Equat ion [15] 
can now be integrated for the entire range of ~, where-  
as Eq. [14] has to be t runcated  at some point with the 
possibility of neglecting an important  contr ibut ion to 
the integral. Numerical  solution of this integral  equa-  
t ion (10) tu rned  out to be more efficient than  the 
finite-difference technique in  obtaining results for the 
present  problem. 

The results are shown in  Fig. 1. The shape of the 
curves is also characteristic of the current  dis t r ibut ion 
near  the edge since the dimensionless potential  r is 
proportional to the current  density as indicated by Eq. 

April 1974 

1.5 / i ~ , i I i i i 

r-...L ~ \ ---- Primary distribution 
r %~ Short-time solution 

0.5 -- \ ~  

0 I I I I I I I 
0 I 2 5 4 

Fig. 1. The surface potential distribution at short times near the 
edge of a disk electrode. 

[13]. The current  dis t r ibut ion approaches the pr imary  
dis tr ibut ion toward the center of the disk. However, 
it remains  finite and much more uniform than  the 
pr imary  dis tr ibut ion in the edge region; the finite ca- 
pacity of the electric double layer  does not allow it to 
become infinite. 

The electrode potential  for the galvanostatic case or 
the applied current  for the potentiostatic case is given 
by 

(galvanostatic) V/r -- 1 

f (potentiostatic) 1 -- I/4roK~% 

---- d~ [17] 
~Po 

Subst i tut ion of the stretched variables and integrat ion 
yields 

oo) , 
d ~ :  - - - - o l n o +  Ao [18] 

~Po 

where (5) 

A - - - ~  -~od~+ "r  d ~ - - l n b  [19] 

The integral  is broken up this way as a convenience 
in numerical  calculation since the first integral  does 
not converge as b ~ oo and the second integral  as 
b --* 0. Equat ion [19] was integrated (10) for the 
whole range of n using the numerical  solution ob- 
tained from Eq. [15], and the value of A was thus 
found to be 0.841. Equation [18] is plotted in Fig. 2 
using this value and compared to previous calculations 
(1,2). The long- t ime series approaches the present  
short - t ime solution as an asymptote for small  values 
of 0. 

Conclusions 
The present work demonstrates once more the effi- 

ciency and convenience of the s ingular  per turbat ion 
method in obtaining asymptotic solutions to problems 
which would otherwise be laborious to solve numer i -  
cally. In  electroanalytical  applications, one usual ly 
focuses at tent ion on the conditions at the electrode sur-  
face, and the conditions in the bulk  can be accounted 
for adequately by using the expression for the pri-  
mary  distribution, Eq. [4]. Therefore, expressing the 
surface potential  in terms of an integral  equation pro- 
vides additional economy in the numerical  work since 
the bulk  of the solution does not enter  the calculations 
explicitly. 

The results reported above are universa l ly  applica- 
ble since no parameters  appear in the problem, and 
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Fig. 2. Comparison of the short-time solution and the long-time 
series (1, 2) for the transient response of a disk. 

numerical  calculations need not be repeated. Fur the r -  
more, the results are independent  of the disk geometry 
because the formulat ion is confined to a small  region 
near  the edge. Hence, they can also be made to apply 
under  similar  conditions to any electrode geometry 
embedded in an insulat ing plane. 
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APPENDIX I 

Integral Representation for the Potential at Short Times 
It is possible to solve Laplace's equat ion by super-  

posing solutions due to current  sources on an elec- 
trode. For a disk, this is given by (11) 

2 ys i(r,)K(m)r,dr, 
(r,z) = [A-I] 

~ @ 2  + (r + r,)2 

where K(m) is the complete elliptic integral  of the 
first k ind (12) 

f ~rl2 d a  
K(m) = [A-2] 

�9 , 0 k/1 -- m sin 2 a 
and 

4rr.  
m = [A-3] 

z2 + (r + r,)'2 

After convert ing into the rotational elliptic coordinates 
(3) and subst i tut ing Eq. [3], one obtains 

+o :fl - -  - ~q,d~, 
r ~ 1 -b V ~- -- Tl* 2 00 q'Po 

[A-4] 

where the assumption ~ < <  1 has been introduced 
for the edge region. The assumption cannot be applied 
to the dummy variable ,I, because the integrat ion has 
to be carried over the entire surface of the disk. 

Define 

:s +(V_+o) 
F(n,n') = - -  . ---  ---  . mdn, 

++ 1 + ~ 7 1 - - ~ 1 ,  2 00 ~Po 
[A-5] 
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The potential  dis t r ibut ion in the outer region is ap- 
proximated by Eq. [5]. Subst i tut ion into Eq. [3] and 
integrat ion gives 

V - - r  2 0 
- -  - - - -  [A-6] 

~Po ~ I] 

Hence, for the outer region, Eq. [A-5] can be written 
as 

s  K(m) ] 
- -  1 + ~ d~l, [ A - 7 ]  

The first integral  in  the brackets corresponds to the 
pr imary  distribution. Proof: 

Let us wri te  Eq. [A- l ]  for the pr imary  dis tr ibut ion 
by replacing r with ,~P and i with the pr imary  current  
density (3) 

r -- I/4~ro = .2 "~j ~o I 0.5 K(m)r,dr, 
~ ~ro 2 x/1 - (r , }ro)~ r + r ,  

4r / ' 1  K (m) 
: ~2 ,)0 X / l _ ~ 2 _ l _ ~ d ~ *  [A-8] 

Thus, independent of the value of n, we have 

4 g K(m) 
~--~ ~/i  -- n 2 + ~ d~l, : 1 [A-9] 

For small values of ~', the second integral in Eq. 
[A-7] can be approximated by 

S:, yo.,  ( +  ) l + \ ~ d n , ~  l n - - d n = n ' + l  l n - ~ - t - 1  

[A-10] 

Equation [A-7] for the outer region therefore reduces 

to 

4~i'~_._~ ( l n @ ,  + 1 ) C A - 1 1 ]  F(~,1]') = F(~hl) -- 1 -t- 

In the inner  region, Eq. [A-5] can be expressed in 
the form 

F(n$]') = N/~ ~n'K(m)[ ~o(~*) 
~i2 0 

[A-12] 

Both n and n, are small in  the inner  region. Therefore 

1 16 16/0 
l im K ( m )  = lira - - l n ~ = l n  

,,,,-+0 ,,v,-+o 2 1 -- m [~2 _ ~,2[ 
[A-13] 

Equation [A-12] can now be broken up into several 
parts 

F(~'~')--2X/~ { f0 ~ in  (16/o)G(~l,)dfi, 

- -  i n  I~, 2 - -  ~21G ( g , )  d ~ ,  

~ 16 /0  G (~*) d ~ .  
, In I~* 2 _ ~21 

g ' 16/0 t 
+ in  In . 2 -  ']21 dn, A-14 

where 

G (n,) = ~ r G],) -- 1 [A-15] 
2 2 01] ~=n, 

In  the original unstretched coordinate system, the first 
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in tegra l  can be expressed  as 

So ~ In (16/0) 
in (16/o) G(~l,)dn-, = 

0~ > + 1  dll 
2 r  O~ ~ = 0  

- -  _ _  r~  

4 ~ o ~ P o  

in(16/o) (__I 1 )  [A-16] 
4/r 

Under  galvanosta t ic  control,  I = 4~roV'O, and the in te-  
gra l  is ident ica l ly  zero. Fo r  potent ios ta t ic  control, the  
cur ren t  is given_by Eq. [18], and  the in tegra l  is t he re -  
fore of o rder  x/0 and sti l l  smal l  compared  to the  second 
integral ,  which is of o rde r  unity.  For  la rge  n', the  last  
in tegra l  in Eq. [A-14] can be app rox ima ted  by  

~ ' 16/0 16 
In d~-. ~ '  l n - -  --~' l n ~  '2 + 2~ [A-17] 

o I~= -~21 O 

Equat ion [A-14] for the  inner  region thus  becomes at  
l a rge  n' 

2~/e { Yo~ in ~*~ - n2lG (~*) dn* ~2 

y :  G (~,) 16/o 
d~. + In I~. ~ _ %21 

10 } 
-- ~l'In-- + ~'In~ r -- 2~' [A-18] 

o 

Finally, the matching condition 

]irn F ( n , n ' ) =  l ira F(%~')  [A-19] 
'~'.,-)O "~'.-) 0 

h a s  to be satisfied. Subs t i tu t ion  of Eq. [A-11] and 
[A-18] gives, a f te r  cancel ing the match ing  te rms 

s ~ o ( ~ )  . .__1 In i~. = -%=]G(~ , )d~ ,  [ A - 2 0 ]  

which  is ident ical  to Eq. [14]. 

F~ ,~ ' )  = - 

- (~  
%-= T 1 - V v T  t A - 2 3 ]  

= nx/J, ~ = ~ / Y  [A-24] 

Subst i tu t ion  into Laplace ' s  equat ion and the bounda ry  
condit ions gives a system ident ica l  to Eq. [9], [11], and  
[12], and the condit ion at  the  surface becomes 

O~" ~=o 
= ~ [A-25] 

The f ini te-difference method  b y  successive o v e r - r e -  
laxa t ions  was successful in this case in obta in ing  a 
s table  solution. The resul ts  a re  p lo t ted  in Fig. 3. 

The s t eady-s ta te  cur ren t  or  potent ia l  can be calcu-  
l a ted  from 

1 --  

A P P E N D I X  I I  

Current Distribution on a Disk Electrode at Large Exchange-Current 
Densities 

Previous  numer ica l  calculat ions for the  ro ta t ing  
disk (6) have shown tha t  the  secondary  cur ren t  dis-  
t r ibu t ion  approaches  the  p r ima ry  d is t r ibut ion  as the  
exchange-cu r ren t  dens i ty  goes to infinity. For  la rge  
but  finite exchange -cu r ren t  densities, the cur ren t  dis-  
t r ibu t ion  approx imates  closely the p r i m a r y  d i s t r ibu-  
t ion on the disk except  near  the  edge, where  the  2.8 
fa rada ic  impedance  is large  enough to force the  cur -  
ren t  dens i ty  to r ema in  finite. 

When  the cur ren t  dens i ty  is smal l  compared  to the  
exchange-cu r ren t  dens i ty ( i  < <  liol), one m a y  assume 
l inear  kinet ics  (6). The dimensionless,  exchange -cu r -  n- 2 
rent  dens i ty  can then  be defined as 

ioroF ,.o 
J = ( a a  + a~)  R T ~  [ A - 2 1 ]  ~ 

I 
w h e r e  aa and ac are the  k inet ic  pa ramete r s  of the  gen-  - 
e ra l  k inet ic  express ion for  an e lect rode react ion (11). ~ I 
The condit ion at  the  e lec t rode  surface can be expressed 
by 

I 04 i = --~ = J ( V - -  r ( r ~ r o )  [A-22] 
OZ z = 0  

The s t re tched  var iables  appropr ia te  for this p roblem are  

(I~p o 
= 1  

V 

' S:(oo) 
4 r ~ y  - 1 - --v- d~ 

1 A 
: m]" l n J + T  [A-26] 

where  A has the  same form as Eq. [19] and the nu-  
mer ica l  value of 0.708. The quan t i ty  V/•Po can be 
character ized as a dimensionless,  effective, d i rec t -  
cur ren t  resis tance (5), 4roKReff, and is fixed once J is 
specified. A few values  were  r epor ted  ea r l i e r  (1, 5), 
and these are reproduced  in Table  I along wi th  some 
addi t ional  results.  These resul ts  are  compared  wi th  the 
present  asymptot ic  solut ion in Fig. 4. 

1.5 I ~ I I I I I I 

\ 
. \ - - - -  Primary distribution - 

\ 
\ ~ Numerical solution 

~O I ~ . ~ O r  large J 

0.5 "L.~ 

Oo I I [ I I I I 
I 2 3 4 

17 
Fig. 3. The surface potential distrlbutien for large val-es of the 

kinetic parameter J near the edge of a disk electrode. 

.  o=e~ vooe, 

I I I I I I I 

10 ,.T I00 500 

Fig. 4. The dependence of the effective direct-current resistance 
on the kinetic parameter J. 
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Table I. The effective cell resistance at different values of the 
parameter, J 

J 4roKReiZ 

A 
C 
F 
F ( ~ ' )  
G(m)  
i 
I 
J 

K(m)  
r 
ro  
R e f f  
t 
v 
Z 

O.l 13.81194 
0.2 7.44458 
0.5 3.62161 
1 2.3436B 
2 1.69962 
5 1.30375 

I0  1.16459 
20 1.09002 
50 1.04072 

I00 1.02231 
200 1.01217 
500 1.00543 

LIST OF SYMBOLS 
constant defined in Eq. [18] 
double-layer capacity, farads/era 2 
Faraday's constant, coulomb/equiv 
function defined by Eq. [A-4] 
function defined by Eq. [A-14] 
current density, A/cm 2 
total current, A 
dimensionless parameter for linear electrode 
kinetics 
complete elliptic integral of the first kind 
radial position from axis of disk, cm 
radius of disk, cm 
effective direct-current resistance, ohm 
time, see 
electrode potential, V 
distance from plane of disk, cm 

K conductivi ty of the solution, o h m - l - c m  -1 
n rotat ional  elliptic coordinate 

dimensionless potential  in the solution 
potential  in the solution, V 

r potential  in the solution adjacent  to the elec- 
trode, V 

cP potential  in  the solution corresponding to the 
pr imary  distribution, V 
rotat ional  elliptic coordinate 

e dimensionless t ime 
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Characterization of the Deposition of Iron Oxides 
on a Platinum Ring Electrode 

Der-Tau Chin*  

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

A potentiostatic t rans ient  s tudy has been made of the deposition of i ron 
oxides on a rotat ing p la t inum r ing electrode from pH 4-5 ferrous sulfate 
solutions. The cur ren t - t ime  relat ion is described by a two-dimensional  nu -  
cleation and growth model for the formation of a monomolecular  layer  of an 
oxide film. The rate of film deposition is found to increase with ferrous con- 
centration, pH, and rotat ional  speed. The results indicate that  the oxide dep- 
osition is a diffusion-controlled process, possibly due to the t ranspor t  of 
FeOH + ions to the r ing surface and of H+ ions to the bulk  of the electrolyte. 
The use of the potentiostatic t rans ient  as a simple diagnostic method for 
ident i fying Passivity mechanisms on iron and carbon steels is discussed. 

Deposition of i ron oxides on a p la t inum substrate  
from neut ra l  ferrous sulfate solution was recent ly 
studied by Leibenguth and Cohen (1) and by  Ehren-  
f reund and Leibenguth (2). Using x - r ay  and electron 
diffraction methods, these authors have found that  the 
oxide is a th in  layer  of 7-FeOOH, and is formed by  the 
anodic oxidation of FeOH + ions in  the solution. This 
evidence suggests the use of a r ing-disk  or a r ing 
hemisphere (3) for the study of i ron dissolution re-  
actions in  which FeOH + complex ion has been assumed 
to be a reaction in termediate  (4). By properly sett ing 
the potential  of a p la t inum r ing electrode wi th in  the 
region for the iron oxide deposition reaction, it is 
possible to detect the soluble FeOH + species produced 
by i ron dissolution at the central  disk or hemispherical  
electrode. 

* Electrochemical  Society A c t i v e  M e m b e r .  
Key words:  iron oxides  f rom ferrous sulfate solutions, l imit ing 

current  for the oxidation of  ferrous to ferric ions, potentiostatic  
transient,  passivation of  iron and carbon steels. 

For this reason, a series of runs  has been  made in  
this laboratory to determine the characteristics of the 
iron oxide deposition reaction under  the convective 
conditions. This paper reports the results of these 
studies in  ferrous sulfate solutions. 

Experimental 

The exper imental  setup was the same as described 
in a previous r ing hemisphere study (3). The rotat ing 
r ing hemispherical  electrode used consisted of a 
p la t inum r ing and a gold hemisphere of smaller  diam- 
eter, mounted  concentrically on a Teflon support. The 
p la t inum ring was 0.798 cm ID • 1.003 cm OD, and 
had a surface area of 0.291 cm 2 exposed to the electro- 
lyte. In  the present  study, the gold hemispherical  elec- 
trode was kept at open circuit; its purpose was to 
provide a hydrodynamic condition similar  to that in 
the subsequent  dissoluion experiments.  
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A potentiostatic t ransient  method was used to study 
the anodic deposition of ferr ic  oxide f rom 0.01-0.1M 
FeSO4 solutions. Ni t rogen-sa tura ted  1-2M (NH4)2SO4 
was used as the support ing electrolyte.  The pH of 
these solutions was mainta ined at a constant value 
(between 4 and 5) by adding proper  amounts  of 
NH4OH and H2SO4 during the experiments .  For  each 
run, the surface of the p la t inum ring electrode was 
polished with  a 600 gri t  wet  gr inding paper, cleaned 
wi th  ethanol  and 6N HC1, and cathodically t reated in 
2M NaOH for 2 min  fol lowed by a rinse in running 
water.  The clean electrode was then installed on a high 
speed rotator,  and t ransfer red  immedia te ly  to a 2 
l i ter  acrylic cell equipped with  a sa turated calomel 
reference electrode and a pla t inum counterelectrode.  
At this point, a constant speed was selected for the 
rotator, and the ring potential  was examined wi th  a 
s t r ip-char t  recorder.  Af te r  the potential  reached a 
s teady-state  value at open circuit, a constant anodic 
potential  pulse of 0.9V vs. SCE (controlled by a Magna 
4700M potentiostat)  was applied to the ring, and the 
current  t ransient  was recorded on a Sanborn 296 re-  
corder. All  the exper iments  were  per formed at a con- 
stant t empera ture  of 24 ~ _ I~ 

Results and Discussion 
P o l a r i z a t i o n  m e a s u r e m e n t s . - - B e f o r e  the t ransient  

measurements ,  a vol tametr ic  sweep was made for the 
pla t inum ring electrode to determine  the potential  
range within  which meaningfu l  results could be ob- 
ta ined with  the potential  pulse method. The sweep 
procedures were  described in a previous repor t  (3). 
F igure  1 is a set of anodic sweep curves obtained in a 
pH 4 solution containing 0.01M Fe + + and 1M 
(NH4)~SO4 at a scan rate  of 1.2 V/min.  It  is seen that  
the l imit ing current  potentials for the oxidat ion of 
Fe ++ to Fe +++ are wi th in  0.7-1.2V vs. SCE. The 
curve  at 2500 rpm is interest ing because the current  
began to decrease af ter  reaching a max imum value  
at 0.8V vs. SCE. Apparen t ly  at the l imit ing current  
potentials, in addit ion to the Fe + + / F e  + + + oxidat ion 
reaction, there  is a paral le l  react ion for the deposition 
of a thin layer  of an iron oxide on the r ing surface. 
The current  consumption for the iron oxide deposi-  
t ion react ion is ve ry  small  as compared to that  of the 
F e + + / F e  +++ reaction;  however ,  the oxide film re-  
duces the active area avai lable to the Fe + + /Fe  + + + 
oxidat ion reaction, thus resul t ing in a decrease of the 
current.  For  these reasons, a l imit ing current  potent ial  
of 0.9V vs. SCE was chosen for the t ransient  exper i -  
ments  repor ted  in this paper. 

T y p i c a l  t r a n s i e n t  r e s u l t s . ~ T h e  two-reac t ion  scheme 
discussed can be more clear ly  seen in Fig. 2, where  a 
series of current  t ransient  curves in response to the 
potential  pulse of 0.9V vs. SCE is given for the same 
electrolyte  at various rotat ional  speeds. Notice that  

I I r I I I 
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the t ime scale in Fig. 2 is 10 sec/div;  thus the curves 
should represent  a s teady-sta te  current  under  the mass 
t ransfer  conditions. 1 For  each rotat ional  speed, the 
current  jumps to a l imit ing current  level  for the oxi-  
dation of Fe + + to Fe + + + ions at the onset of the 
transient,  and then decreases wi th  t ime due to the 
deposition of the iron oxide on the ring surface. The 
rate of current  drop increases wi th  increasing rota-  
t ional speeds, implying that  the oxide deposition re-  
action is also a diffusion l imited process. 

Some insight into the composition of the i ron oxide 
can be gained by observing the typical  potent ial  decay 
curves shown in Fig. 3. These curves were  obtained 
in a pH 4 ferrous sulfate solution after  switching off 
the cell current.  The curves exhibi t  a potential  arrest  
at 0.25V vs. SCE (indicated by the crosses) before it 
reaches a s teady-s ta te  value at open circuit. This a r -  
rest potential  corresponds to the reduct ion of Fe203 to 
FeO (6), which is subsequent ly  dissolved in the 
sl ightly acidic electrolyte.  Since the arrest  t ime in- 
creases with decreasing rotat ional  speeds, the disso- 
lut ion of FeO is probably the ra te-contro l l ing  step for 
the reduct ion of the oxide film af ter  switching off the 
current.  That  the oxide film is a layer  of Fe203 is sup- 
ported by the works of Leibenguth  and Cohen (1) 
and Ehrenf reund  and Leibenguth  (2), who invest i -  
gated the deposition of the i ron oxides on a p la t inum 
substrate from ferrous sulfate solutions at pH 6.5-9.5. 
Using the electron diffraction method  these authors 
have found that  the oxide film is a hydra ted  Fe203, 
identified as ~-FeOOH. 

I n t e r p r e t a t i o n  o f  t r a n s i e n t  r e s u l t s  w i t h  a t w o - d i m e n -  
s iona l  f i lm  m o d e L - - I t  was found that  during the cur-  
rent  drop period, the logar i thm of the t ransient  cur-  
rent  var ied  l inear ly  wi th  the cube of time. F igure  4 is 
a semilogari thmic plot of r ing current  vs. cube of t ime 
for each of the curves shown in Fig. 2. The exact l inear  
relat ionship suggests that  the oxide deposition react ion 
follows a two-dimensional  nucleat ion and growth  
model  developed by Thirsk and his associates (7-9). 
The model  was used to describe the format ion of a 
monomolecular  layer  of passive films dur ing anodic 

:t A c c o r d i n g  to a r i n g  t h e o r y  (5) ,  t h e  t r a n s i e n t  t i m e  u n d e r  con-  
d i t i ons  of m a s s  t r a n s f e r  c o n t r o l  can  b e  c a l c u l a t e d  f r o m  t h e  f o l l o w -  
i n g  e q u a t i o n  

3 (~ /D)  1/8 
T ~  

0.510~/8 ~a 

U s i n g  p / D  = 1000 a n d  w ~ 100 r a d / s e c ,  c o r r e s p o n d i n g  to  t y p i c a l  
c o n d i t i o n s  in  t h e  p r e s e n t  e x p e r i m e n t s ,  r i s  e q u a l  to 0.47 sec.  

Z ~  
~a ~ 400 ~ t ~  

> , 

o I I ~ ~ , ~ I 2soo ~pM ~ ~ ~ I 

0 I O 0  2 0 0  

T I M E  ( s e c )  

Fig. 3. Typical ring potential decay curves after switching off the 
current. These curves were obtained in a pH 4 ferrous sulfate solu- 
tion. 
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Fig. |. Anodic sweep curves for a platinum ring electrode in a 
pH 4 solution containing 0.01M Fe + + and 1M (NH4)2S04. The 
scan rate was 1.2 V/min. 

16~176 
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TIME (see) 
Fig. 2. Recorder traces of transient ring current in response to a 

constant potential pulse of 0.9V vs. SCE in a pH 4 solution con- 
taining O.01M Fe + § and 1M (NH4)2S04. 
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Fig. 4. Interpretation of transient currents with a two-dimensional 
nucleation and film growth model. The data shown here were ob- 
tained from a pH 4 solution containing O.O1M Fe ++  and 1M 
(NH4)~S04. 

dissolution of metals. Since the model  t rea ted  the 
meta l  dissolution and the passive film format ion as two 
paral le l  reactions, we may  analogously formula te  the 
fol lowing equations to  describe the cu r r en t / t ime  
transients  obtained in the present  study: 
(i) current  due to the deposition of a monolayer  of 
ferr ic  oxide on the  r ing electrode 

I1 -- Qmon ~ ?)2 N t 2 exp -- N t s [1] 
3 

(~) current  for the oxidat ion of ferrous to ferr ic  ions 
on the ox ide- f ree  port ion of the r ing electrode 

12 = [lim exp  -- - -  v s N t 3 [2] 
3 

(iii) current  for the oxidat ion of ferrous to ferr ic  ions 
on the ox ide-covered  ring surface 

[ I s - - I |  1 - - e x p  - - - - v  2 N t  3 [3] 
3 

The total  current  for each potential  pulse is the sum 
of Eq. [1]-[3].  In the present  study, 11 a n d / 3  were  too 
small  to be observed under  the exper imenta l  condi- 
tions, and the current  during the drop period direct ly  
obeyed Eq. [2] as shown in Fig. 4. 

Equat ion [2] implies that  the l imit ing current  for the 
oxidat ion of ferrous to ferr ic ions on the clean r ing 
electrode can be obtained from the current  t ransient  
curves by extrapola t ing the In( I )  vs. t 3 plot to t ---- 0. 
F igure  5 is a plot of l imit ing current  vs. square root of 
rotat ional  speed for various ferrous concentrat ions in a 
1M (NH4)2SO4 support ing electrolyte.  The curve  for 
0.OlM Fe + + is given for two pH values. As expected, 
changes in the pH of the support ing electrolyte  had no 
effect on the l imit ing current  values. It  is seen that  the 
data points for each ferrous concentrat ion fall  on a 
s traight  l ine passing through the origin as predicted by 
the r ing theory  (5). For  a nar row ring, the fol lowing 
relat ion gives a good approximat ion of the l imit ing 
current  (10) 

Ilim : 0.645 n F A [Fe + + ] ( r i /hr)  l/~D2/Sv-l/6~l/~ [4] 

This equat ion indicates that  the diffusion coefficient of 
ferrous ion in 1M (NH4)2SO4 can be calculated f rom 
the slopes of the straight  lines in Fig. 5. The average 
diffusion coefficient thus obtained is 5.0 X 10 -6 cm~/ 
sec, in good agreement  wi th  a value  of 5.7 X 10 -6 
cmZ/sec for ferrous ion in 1M KC104 (11). 

Kinet ic  considerations of  the iron oxide deposition 
react ion. - -The mathemat ica l  model  discussed above 
reveals  that  the deposition of iron oxides from ferrous 
sulfate solutions is ini t ia l ly  character ized by format ion 
of a monolayer  of 7 -FeOOH on the  electrode surface. 
According to Eq. [2], the product, ~ N / 3 ,  is the slope 
of the straight  lines in Fig. 4; the cube root of v2N can 
be regarded  as a composite rate constant for the over -  
all monolayer  deposition process. 
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Fig. 5. Limiting current for the oxidation of ferrous to ferric ions 
vs. the square root of rotational speeds for three different ferrous 
concentrations. The supporting electrolyte was 1M (NH4)2S04. The 
pH of the solution was 4 for the open circles and 5 for the filled 
circles. 

Figure  6 is a l inear  plot of ~/v2N vs. ferrous ion 
concentrat ions for three  different rotat ional  speeds. 
The support ing e lect rolyte  was pH 4, 1 M  (NH~)2SO4. 
It is seen that  the composite ra te  constant increases 
l inear ly  with concentrat ion of ferrous ion; it also in-  
creases wi th  increasing rotat ional  speed. No direct cor-  
relat ion was found be tween  the composite rate con- 
stant and the l imit ing current  for the oxidat ion of fe r -  
rous to ferr ic ions. The effect of pH and of concentra-  
t ion of (NH4)2SO4 on the  composite rate  constant are 
shown in Fig. 7 and 8, respectively.  In these two fig- 
ures, \3/v2N is plot ted against rotat ional  speed on a 
log-log scale, and the data points are seen to fall on a 
straight line. The slopes of the straight lines are  ap- 
proximate ly  equal  to 1; it increases sl ightly wi th  in-  
creasing pH and Fe + + concentrations. F igure  7 shows 
that  an increase of pH from 4 to 5 results in a fivefold 
increase in "<3/v2N. Changes in the concentrat ion of the 
support ing electrolyte  apparent ly  have no effect on the 
composite rate  constant (Fig. 8). This implies that  
S O 4 - -  ions are not part icipat ing in the film deposition 
reaction. 

Previous  works have  shown that  the ~,-FeOOH film 
is formed from FeOH + ions (1, 2). In  a sl ightly acidic 
or a neutral  electrolyte,  the fol lowing ionic equi l ibr ia  
are the possible cause for the format ion of FeOH + ions 
and the film deposition react ion 

Fe + + + H20 ~ FeOH + + H+ [5] 

FeOH + -5 H20 ~ FeOOH -5 2H + -k e [8] 

The equi l ibr ium constant for react ion (5) is given 
(12) as 

[FeOH + ] [H + ] 
K = _ 10 - s  mo le / l i t e r  [7] 

[Fe + +] 

Using [Fe + ~] ---- 10-2-10 -1 mole / l i te r ,  and [H +] ---- 
10-5-10 -~ mole / l i te r ,  corresponding to the exper imen-  
tal conditions shown in Fig. 6-8, [FeOH + ] can be cal-  
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Fig. 6. Rate of oxide deposition as a function of ferrous concen- 
tration in pH 4 1M (NH4)2S04. 
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Fig. 7. Rate of oxide deposition vs. rotational speeds for two 
different pH values. The electrolyte used was O.OlM Fe + + and 
1M (NH4)2S04. 

culated to be approximately 10-6-10 -5 mole/ l i ter .  This 
concentrat ion is of the same order of magni tude  as 
that  of hydrogen ion in these solutions. Thus, it is 
possible that  t ransport  of FeOH + ions to the r ing sur-  
face and of H + ions to the bu lk  of the electrolyte are 

A~ri l  I974 
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Fig. 8. Rate of oxide deposition vs. rotational speeds for two dif- 
ferent sulfate concentrations at pH 4. The concentration of ferrous 
ion was 0.015M. 

the ra te -de te rmin ing  steps for the film deposition 
process under  the present  exper imental  conditions. 

Application to passivation studies.raThe cause of 
passivity on iron and its alloys has been general ly  
a t t r ibuted to one of the following processes: (i) solid- 
phase anodic oxidation in which the metal  reacts with 
adsorbed anions to form an oxide without  the metal  
ion enter ing the solution; (ii) dissolution precipitat ion 
in which the passivity is ini t ia ted by precipitat ion of a 
dissolution product from its supersaturated solution in 
the immediate neighborhood of the anode; and (iii) 
anodic deposition of oxides (1) in which a soluble dis- 
solution product, such as FeOH + ion, is fur ther  oxi- 
dized at the anode to form a monolayer  of passive film. 
How to dist inguish these mechanisms has been a con- 
troversial  subject  discussed extensively in the l i tera-  
ture  (13-17). The distinction between mechanisms 
(ii) and (iii) is especially difficult, for both are pre-  
ceded by a metal  dissolution reaction. However, the 
potentiostatic t ransient  seems to be a simple diagnostic 
cri terion for ident i fying these two mechanisms. A typi-  
cal example of mechanism (ii) is the passivation of 
mild steels in neutra l  sulfate and perchlorate solutions, 
in which the cur ren t / t ime  relat ion is described by 
Muller 's  dissolution precipitat ion model and the act ive/  
passive t ransi t ion potential  is convection dependent  
(18). The present  results suggest that  for mechanism 
(iii), the t ransient  current  in  response to a potential  
step in the passive region should follow Eq. [1]-[3].  
The onset of passivation for mild steels in neut ra l  
ni t rate  solutions is a good example of this th i rd  mech- 
anism; in  this system, the logari thm of the t rans ient  
current  has been found to vary  l inear ly  with the cube 
of t ime (19). 

Summary 
A study has been made of the deposition of ~-FeOOH 

on a rotat ing p la t inum ring electrode from ferrous sul-  
fate solutions at pH 4-5. It is found that the t rans ient  
current  in response to a potential  step in  the l imit ing 
current  region for the oxidation of ferrous to ferric 
ions, follows a two-dimensional  nucleat ion and growth 
model for the formation of a monolayer  of oxide on 
the electrode surface. The rate of film formation in-  
creases with increasing concentrat ions of ferrous ion, 
pH of electrolytes, and rotat ional  speeds of the r ing 
electrode. The results imply that  the oxide deposition 
reaction is a diffusion-controlled process under  the 



VoZ. 121, No. 4 D E P O S I T I O N  OF IRON OXIDES 531 

present  exper imental  conditions, possibly due to the 
t ransport  of FeOH + ions to the r ing and of H + ions to 
the bulk  of the electrolyte. The diffusion coefficient of 
ferrous ion as calculated from the l imit ing current  
measurement ,  is 5.0 X 10 -6 cm2/sec. The use of the 
potentiostatic t ransient  as a simple diagnostic method 
for ident ifying the mechanisms of passivity on i ron and 
carbon steels was discussed. 

Manuscript  submit ted Ju ly  11, 1973; revised m a n u -  
script received Oct. 19, 1973. 

A n y  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
Joum~AL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 

LIST OF SYMBOLS 
A surface area of r ing electrode, cm~ 
D diffusion coefficient, cm2/sec 
F Faraday constant, 96,500 coulombs/g-equiv  
I1 current  for deposition of a monomolecular  

layer  of i ron oxides on r ing electrode, A 
12 current  for oxidation of ferrous to ferric ions 

on the oxide-free port ion of r ing electrode, A 
Is current  for oxidation of ferrous to ferric ions 

on the oxide-covered portion of r ing electrode, 
A 

I l tm  l imit ing current  for oxidation of ferrous to 
ferric ions on r ing electrode whose entire sur-  
face is free from oxide contamination,  A 

I| s teady-state current  of Is, A 
n number  of electrons t ransferred in  electrode 

reactions, g -equ iv /g -mole  
N rate of nucleat ion of two-dimensional  centers, 

nuclei/cm2/sec 
Qmon charge required to form a monomolecular  

layer  of oxide on r ing surface, coulombs 
ri inner  radius of r ing electrode, cm 
Ar width of r ing electrode, cm 
t time, sec 

v rate of film spreading from nucleus centers, 
Era/see 

r t ransient  t ime required to reach a steady state, 
sec 

v kinematic  viscosity of electrolyte, cm2/sec 
o, angular  velocity of r ing electrode, rad/sec 
[X] bulk  concentrat ion of species X, g-mole /cm s 

or g-mole / l i te r  
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Technica  

Influence of Active Material Thickness on 
Positive Grid Corrosion in the Pb-Acid Battery 

A. C. Simon* 
Electrochemistry Branch, Naval Research Laboratory, Washington, D. C. 20375 

and S. M. Caulder* 
International Lead Zinc Research Organization Research Associate at the Naval Research Laboratory 

The problem of P b / S b  grid corrosion due to repeated 
anodizations and acid attack has been the subject of 
numerous  investigations (1-5). However, all of these 
investigations were made on alloys which were unpro-  
tected by a covering of the active material .  No report 
has been found in which the possible beneficial effect of 
an active mater ial  covering over the grid was invest i-  
gated or discussed. In  a pasted plate the active mater ial  
surrounds the grid member  and, since these plates are 
of ten  overpasted, the grid may lie buried at some depth 

* E l e c t r o c h e m i c a l  Society Active M e m b e r .  
Key words: lead-acid battery, lead-antimony corrosion, active 

m a t e r i a l  protection. 

below the surface. This depth is not the same at all 
grid bars because of unequal  pasting, bent  grids, or 
other problems of manufacture.  With this unequal  cov- 
ering it is l ikely that there could be a direct correlation 
between corrosion and the thickness of the active ma-  
terial  covering at each point  of the grid. 

The positive plate offers the means for determining 
the effect of such a covering. When a bat tery  plate is. 
cross sectioned (Fig. 1), the horizontal grid bars will 
usual ly  appear in the section as small isosceles t r i -  
angles. The apex of each t r iangle  is at or near  the 
surface of the plate and the base of the t r iangle is at 
or paral lel  to the center l ine of the plate. Since these 
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Table I. Grid corrosion proc~uct measurements 
Average 

(~) 

Grid bar 

80-20 litharge-red lead mechanical 80.0 72.9 87.3 71.6 
blend 81.3 72.9 89.7 70.6 

81.3 79.1 90.2 76.0 

Persulfate "water mix" mechanical 119.1 112.6 108.8 115.6 
blend containing 18% red lead 116.9 112.8 106.2 112.9 

110.2 108.8 107.8 113.7 

Fig. 1. Cross-sectioned battery plate showing relative positions 
of grid bars. 

horizontal  grid bars are a l ternate ly  placed to one or 
the other side of the center  line of the plate, the plate 
is approximate ly  twice the thickness of the individual  
grid bars (measured f rom apex to base).  In many cases 
the plate is also overpasted so that  an additional layer  
of active mater ia l  then covers the apex of the grid 
tr iangle or adds to the thickness between the base and 
the surface on the other side of the plate. Most impor-  
tant  is the fact that  the depth of act ive mater ia l  cover-  
ing the grid t r iangle  at the apex and at the base will  
be quite different, as measured from the surface of the 
plate. Advantage  can be taken of this difference in 
thickness to determine  if the thickness of the corrosion 
product  is different at these two points, as would be 
the case if the act ive mater ia l  offers a protection that  
varies wi th  its thickness. 

In. cross sections of grid bars, the width  of the cor-  
rosion product  is an accurate measure  of the extent  of 
the grid corrosion that  has taken place. In lead- 
ant imony grid alloys, the corrosion product  is ve ry  
c lear ly  defined and is distinct f rom both the metal  f rom 
which it forms and f rom the act ive mater ia l  which 
surrounds it. If the plate has not received too many 
cycles, the corrosion product  is still f irmly attached to 
the meta l  and has not separated into layers. 

The lead dioxide plates used in the measurements  
repor ted  here were  of two paste formulations.  One 
plate group contained an 80-20% l i tharge- red  lead 
mechanical  blend and the other  group contained a per-  
sulfate "wa te rmix"  mechanical  blend with 18% red 
lead. Both of these paste formulations were  prepared 
in two paste densities and all were  pasted on 6% Pb-Sb  
grid alloys. 

The metal lurgical  specimens used for measurements  
consisted of three or four pieces from the same plate, 
each piece containing five or six horizontal  grid bar 
cross sections, and all the  pieces were  contained in 
the same plastic mount.  Most of the bars in the meta l -  
lurgical  section met  the requi rements  for measurement  
and each of these was measured for thickness of corro-  
sion product. 

The plates selected for measurement  had an average 
corrosion layer  thickness that  varied f rom approxi-  
mate ly  60 to 150 ~m, depending upon act ive mater ia l  
composition and porosity. Three corrosion thickness 
measurements  were  made on each side of the t r iangle  
and base at the 1,4, �89 and 3A position along its length. 
Measurements  were  also made at the apex of the t r i -  
angle, where  it was nearest  to the surface. 

Results and Comments  
The corrosion thickness data obtained f rom the two 

electrodes of different active mater ia l  composition but 
wi th  the same number  of charge-discharge cycles, are 
given in Table I. From these data, which were  typical  

of all other  samples examined,  no significant difference 
in corrosion thickness was observed at different depths 
in the act ive material .  Measurements  made on a series 
of plates containing different oxide blends, of which 
two are reported here, indicated that  the amount  of 
corrosion might  be influenced to some extent  by the 
plate composition (Fig. 2 and 3). 

The corrosion product  around the grid section builds 
up during continued cycling to a point where  in ternal  
stress generated wi th in  the film is re l ieved by crack-  
ing which extends outwards  f rom the grid at the points 
of critical stress. This stress is then t ransferred to the 
active mater ia l  and may result  in dislodgment of the 
pellet. While not dependent  on a definite thickness, the 
presence of overpast ing may help to prevent  this radial  
cracking unti l  a la ter  stage in the corrosion process. 

The active mater ia l  composition, and to a certain 
extent,  the original  paste density, are  in some manner  
related to the corrosion process. It was found that, in 
some cases, the protect ive lead dioxide layer  did not 
form immedia te ly  when the plate was cycled. This in-  
ability to form the adherent  and dense PbO2 layer  on 
the surface of the grid resulted in the in termedia te  
formation of a film that  consisted of large PbSO4 crys- 

Fig. 2. Corrosion product of grid bars pasted with a 80-20 lith- 
arge-red lead mechanical blend. 
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Fig. 3. Corrosion product of grid bars pasted with a persulfate 
"water mix" mechanical blend containing 18% red lead. 

tals which were subsequent ly  converted to PbO2 upon 
continued cycling. 

In  a case where a high and low density paste were 
both used by the same manufacturer ,  the grids of the 

plate with the high density paste showed this inabil i ty 
to form a protective layer on the first cycle, while the 
grids of the low density paste developed a PbO2 cor- 
rosion layer in a normal  manner .  However, after eleven 
capacity cycles, no appreciable difference in the amount  
of corrosion product was observed between high and 
low density plates. 

Conclusions 
Attempting to gain protection against corrosion by 

overpasting the grid or by increasing the thickness of 
the active mater ial  above the grid is ineffective. The 
composition of the paste from which the active mater ial  
is made, or the paste density, has an effect on the thick- 
ness of the corrosion product dur ing the first few 
cycles, but  the thickness of the active mater ial  does 
not. Any possible effect of overpasting is due to me-  
chanical support  of the corrosion product at the critical 
stress areas which thus may delay cracking and delay 
dislodgment of active material.  
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Errata 

In  the paper "Stabil i ty and St irr ing in Crystal  
Growth from High-Tempera ture  Solutions" by Hans J. 
Scheel and D. Elwell  which appeared on pp. 818-824 
in the June  1973 JOURNAL, Vol. 120, No. 6, the l ine 
drawings given as Fig. 7 and Fig. 8 on page 823 are 
interchanged. 

In  the paper "The Nucleation with SnCl2-PdC12 Solu- 
tions of Glass Before Electroless Plat ing" by C. H. de 
Minjer  and P. F. J. v.d. Boom which appeared on 
pp. 1644-1650 in the December 1973 JOURNAL, Vol. 
120, No. 12, the micrographs given as Fig. 1 and Fig. 2 
on page 1645 are interchanged. 
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ABSTRACT 

The thermodynamic properties of mono- and dicalcium stannates have been 
determined in the tempera ture  range 973~176 from the electromotive force 
measurements  on solid oxide galvanic cells 

Pt, Ni + NiO//CaO-ZrO2/Y203-ThO2//SnO2 + Sn, W, Pt  

Pt, Ni + NiO//CaO-ZrO2/Y20~-ThO~//CaSn03 + SnO2 + Sn, W, P t  

Pt, Ni + NiO//CaO-ZrO2/Y203-ThO~//Ca2SnO~ -{- CaSnOs + Sn, W, Pt  

and 

Pt, Ni + NiO//CaO-ZrO2/Y203-ThO~//Ca2Sn04 + CaO, W, P t  

The Gibbs free energy changes accompanying the formation of the s tannates  
from component oxides may be represented by the equations 

2CaO + Sn02-* Ca~Sn04 

AG ~ : --17,040 -{- 0.85T (~-300) cat 

CaO + SnOs-~ CaSnOs 

AG ~ _-- - - 1 7 , 3 9 0  + 2 .0T ( •  c a l  

The part ial  pressures of the t in  bear ing oxide species resul t ing from the de- 
composition of the stannates have been calculated as a funct ion of the oxygen 
part ial  pressure by combining the results of this s tudy with published in-  
formation on the partial  pressures and composition of oxide species over 
s tannic oxide. 

Quant i ta t ive  information on the stabil i ty of calcium 
stannates  is of importance in the pyrometal lurgy of 
t in  and its alloys. Tin smelt ing slags f requent ly  con- 
ta in  considerable amounts  of calcium oxide. Recently 
Shelley and Shelley (1) have i l lustrated the importance 
of calcium oxide in increasing the solubili ty of stannic 
oxide in glassy matrix. The tradit ional  use of stannic 
oxide as an opacifier in glass is related to its precipita- 
t ion as CaSnO3, CaSnTiOs, etc. Application of a lkal ine-  
earth stannates as dielectric materials (2) has raised 
considerable interest in the stabil i ty of these com- 
pounds under  different envi ronmenta l  conditions. The 
tendency of these compounds to change composition 
at high temperatures  and reducing conditions, due to 
the volatilization of SnO and its polymeric forms, can 
be quant i ta t ive ly  assessed from an accurate knowledge 
of the stabilities and published information (3) on 
the vapor composition and pressures over Sn + SnO2 
mixtures.  

The phase diagram (2,4) indicates the occurrence of 
two compounds in the CaO-SnO2 system; mono-  and 
dicalcium stannates. The oxygen chemical potential  

1Present  address: Canada Wire and Cable Limited,  147 Laird 
Drive,  Toronto, Ontario, Canada. 

K ey  words: thermodynamics ,  solid electrolyte, galvanic cell, cal- 
c ium stannates0 vaporization. 

in equi l ibr ium with t in  and stannic oxide was mea-  
sured by Belford and Alcock (5) using a galvanic cell 
incorporat ing a yt t r ia-doped thoria electrolyte and 
Ni + NiO reference electrode, in the tempera ture  range 
773~176 In  this s tudy the Gibbs free energies of 
formation for calcium stannates were measured using 
a similar technique. Equi l ibrat ion of tin with two 
adjoining phases of the CaO-SnO2 system fixes the 
oxygen potential, measurement  of which permits the 
calculation of the part ial  and integral  thermodynamic  
properties of the system. 

Experimental 

Materials.--The stannic oxide was supplied by the 
British Drug House Limited and was 99.95% pure. 
Calcium oxide was prepared by  calcination of calcium 
carbonate, 99.99% pure, supplied by the Electronic 
Space Products Incorporated. The stannates were pre-  
pared by mixing fine powders of the component oxides 
in  the required stoichiometric ratio, compacting the 
mix ture  into pellets, and sinter ing at 1273~ in oxygen 
atmosphere for 8 hr in a closed p la t inum dish. X- ray  
diffraction analysis of the products confirmed the for- 
mat ion of the stannates. 

534 
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Tin of 99.99+ pur i ty  was supplied by the Fisher 
Scientific Company. Calcia-stabilized zirconia tubes 
were supplied by the Zirconia Corporation of America. 
Thoria pellets stabilized by 15 mole per cent (m/o)  
yttria, were prepared from mixed ni trate  solution by 
evaporat ion and subsequent  decomposition. The re-  
sult ing powder was pressed into pellets at a pressure 
of 30 tons/sq in. - I ,  and sintered unde r  an atmosphere 
o f  90% N2 + 10% H2 at 2073~ The argon gas used 
a s  the atmosphere for the emf runs  was 99.98% pure, 
and was dried by passing through magnesium perchlor-  
ate and deoxidized by passage through a column of 
t i tan ium granules main ta ined  at ll7O~ 

Apparatus.--It has been observed in earlier studies 
(6,7) that  at temperatures  above 1273~ the calcia- 
stabilized zirconia electrolyte is corroded by pure s tan-  
nic oxide in equi l ibr ium with tin. P re l iminary  studies 
indicated that y t t r ia-doped thoria electrolyte, used 
by Belford and Alcock (5) up to a tempera ture  of 
1023~ is suitable in  contact with pure stannic oxide 
till  1173~ and in contact with the stannates till 
1423~ At higher temperatures,  discoloration of the 
electrolyte was noticed. 

A schematic diagram of the apparatus is shown in 
Fig. 1. The Ni + NiO reference electrode was placed 
inside a closed end, flat bottomed, l ime-zirconia  tube, 
with a p la t inum wire spring loaded against the refer-  
ence electrode. The p la t inum lead is enclosed in an 
a lumina  sheath, through which prepurified argon gas 
is passed at a rate of 100 m l / m i n  -1. The l ime-zirconia 
tube is placed inside an a lumina  tube, one end of 
which is attached to a yt t r ia-doped thoria pellet by 
means of a lumina cement and glass seals. The outer 
end of the l ime-zirconia tube and the surfaces of the 
y t t r ia - thor ia  pellets were polished with diamond paste 
to facilitate good contacts when pressed together. The 
entire assembly was mounted inside a reaction tube 
in a vertical molybdenum wound resistance furnace 
in such a way that the assembly could be moved up and 
down through a sliding rubber  seal. 

Pellets of Sn + SnO2 were made by compacting a 
mix ture  of their powders in the molar ratio 1: 2. The 
pellet was placed inside an a lumina  crucible which 
w a s  supported on an a lumina  tube. The pellet was 
pressed down against the bottom of the a lumina  cru-  
cible with a spring loaded r ing sleeve of alumina.  
When the Sn 4- SnO2 pellets of 1:2 mixture  were 
heated under  iner t  gas, fine droplets of molten t in  
were found to be held against the y t t r ia - thor ia  pellet 
by surface tension. They do not settle to the bottom of 
the a lumina  crucible unless the ratio of t in  in the 
pellets is increased. 

Electrical contact between the Sn + SnO2 pellet 
and the p la t inum wire passing over the outside of 
the a lumina  tube, e, was affected by lowering the 
overhanging electrolyte- tube onto the pellet. Attack 
of the p la t inum contact by the mol ten t in  was observed, 
but  was minimized by recessing the p la t inum lead 
in  a small groove cut into the y t t r ia - thor ia  pellet 
and then  adding a 1 cm long tungs ten  wire extension 
to the p la t inum- lead  to make contact with the Sn + 
SnO2 pellet. Times varying from 30 min  to 3 hr were 
found necessary to at tain equi l ibr ium emf's. The emf's 
were measured with "Solartron" digital voltmeter,  
which has an input  impedance of 10 TM ohms. The de- 
sign of the emf cell permit ted the electrolyte mater ial  
to be detached from the Sn 4- SnO2 pellet dur ing 
heat ing and cooling periods. Pellets containing t in 
and a mixture  of stannates were prepared in a man-  
ner  similar to the Sn 4- SnO2 pellets; the respective 
s tannates  being mixed in  1:1 molar  ratio. Reversible 
emf's of the following cells were measured as a func-  
t ion of tempera ture  

g 

b 

f 

d 

, J 

Fig. 1. Schematic diagram of the electrochemical cell assembly; 
(a) Y203-Th02 pellet, (b) CaO-Zr02 tube, (c) Ni + NiO refer- 
ence electrode, (d) Sn + Sn02 electrode, (e) alumina tube, (f) 
alumina sheath (argon inlet), (g) platinum leads, (h) alumina 
crucibles and rings for spring loading the Sn + Sn02 electrode 
against the alumina container, (i) alumina reaction tube, (j) molyb- 
denum resistan:e furnace. 

Pt, Ni + NiO/ /CaO-ZrOJY2Os-ThO2/ /SnO2 
+ Sn, W, Pt  [1] 

Pt, Ni + NiO/ /CaO-ZrO~/Y203-ThOJ/CaSnO8 
+ SnO2 + Sn, W, Pt  [2] 

Pt, Ni + NiO//CaO-ZrO~/Y2Os-ThO2//Ca2SnO4 
+ CaSnOs,+ Sn, W, Pt  [3] 

and 

Pt, Ni + NiO/ /CaO-ZrOJY~O3-ThOJ/Ca2SnO4 
+ CaO + Sn, W, Pt  [4] 

The reversibility of the cells was checked by passing 
a small current (~50 ~A) through the cell for 2-5 min 
in either direction, and it was found that the emf 
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re turned to its init ial  value in a few minutes,  after 
which it remained constant  for up to 8 hr. Emf's were 
also found to be independent  of the flow rate of inert  
gas through the cell. 

Results and Discussion 
The emf's were reproducible within -+2 mV on re-  

peated temperature  cycling. The emf's of cells [3J 
and [4] were found to be a l inear  funct ion of t emper-  
ature, as shown in  Fig. 2, in the temperature  range 
975~176 At lower temperatures  higher emf's were 
observed which tend to increase with time, suggest- 
ing that  equi l ibr ium may not have been attained. The 
emf's of cells [1] and [2] varied l inear ly  with temper-  
ature in the range 875~176 above which the emf's 
were found to decrease with time. Reproducible emf's 
could not be obtained once the cells were heated 
above 1175~ Examinat ion  of the cell components in-  
dicated that  SnO vapor penetrated the Y~O3-ThO~ 
pellets and the support ing a lumina  tube above 1175~ 

The emf of cell [2] was on the average 2.5 mV above 
the emf of cell [1]. If the solid solubil i ty of calcium 
oxide in stannic oxide is negligible, the emf's of cells 
[1] and [2] should be identical. While the slightly 
higher emf obtained with cell [2] indicates some solid 
solubility, it is not possible to calculate the solubil i ty 
l imit  accurately from the present  results because of 
a scatter of _+2 mV in the measured emf. The var ia-  
t ion of the emf's of cells [1], [3], and [4] with tem-  
perature  may be represented by  the equations 

E1 ---- 300.5 -- 0.1088T (___2) mV 

E3 - -  492.7 -- 0.143T (___2) mV 

E4 ---- 485.2 -- 0.1032T (-+2) mV 

The emf of cell [1] obtained in this study is almost 
identical to that  reported by  Belford and Alcock (5). 
Recent work by Carbo-Nover and Richardson (7) 
have confirmed that both solid and l iquid SnO are 
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Fig. 2. The temperature dependence of the emf's of cells [1],  
[2],  [3] ,  and [4].  

unstable  below 1373~ and decompose to a mixture  
of Sn and SnO2. Above 1373~ l iquid SnO is the 
stable phase in equi l ibr ium with tin. Informat ion on 
electrolytic conduction domains for both calcia-zir-  
conia and yt t r ia- thor ia  has been reviewed by Pat te r -  
son (8). An analysis of the emf of bielectrolyte cells 
has been proposed by Shores and Rapp (9), which 
indicates that  at the oxygen potentials prevai l ing at 
the electrodes employed in  this study, significant 
electronic contributions to the total conductivi ty of 
the electrolyte would be absent. Therefore, the s tan-  
dard free energy changes accompanying the following 
cell reactions can be calculated from the measured emf 

2NiO 4- Sn--> SnO2 4- 2Ni 

A G  ~ = --27,720 4- 10.04T (__.200) cat 

2NiO 4- Sn 4- Ca2SnO4 --> 2CaSnO3 4- 2Ni 

A G  ~ = --45,455 4- 13.19T (--+200) cal 

2NiO 4- Sn 4- 2CaO --> Ca2SnO4 4- 2Ni 

A G  o = --44,765 4- 10.89T (--+200) cal 

Using a value of 

AG ~ _-- --55,965 + 20.29T cal 

for the s tandard free energy of formation of NiO (10), 
the free energy of formation of calcium stannates from 
the component oxides can be obtained from the above 
equations 

2CaO 4- SnO2 -> Ca2SnO4 

A G  ~ = --17,040 4- 0.85T (-+300) cal 

CaO 4- Sn02--> CaSn08 

AG ~ = - - 1 7 , 3 9 0  4- 2 . 0 T  ( _ 3 0 0 )  cal 

Figure 3 shows the integral  free energy and enthalpy 
of mixing in  the CaO-SnO2 system. The uncer ta in ty  
limits on second law enthalpies are also indicated on 
the diagram. Within exper imental  error limits the 
integral  heat of formation of dicalcium stannate is a 
l inear  addit ive funct ion of the heats of formation of 
monocalcium s tannate  and pure calcium oxide. A 
slightly higher entropy of formation appears to be 
responsible for the high tempera ture  stabil i ty of the 
dicalcium s tannate  with respect to monocalcium stan-  
nate and calcium oxide. 

X S n 0 2  S n 0 2  
CaO 0.2 0.4- 0.6 0.8 

I i i i i I i I ; 

,\ / /  

-~ -4 

(9 

i i i i _ t i i i 

Fig. 3. The integral free energy and enthalpy of mixing in the 
CaO 4- SnO2 system; - -  AG M, 1000~ . . . . .  A H M. 
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Table I. Standard free energy change accompanying 
the volatilization of Sn02 (3) 

Reac t ion  AG ~ cals  

SnO2(s) -~ S n O ( g )  + O2(g) 
2S nO(g )  ~ Sn202(g) 
3SnO(g)  ---, SnsOs(g) 
4SnO(g)  --* SntOt(g) 

- 2  

-4  

The mass-spectrometric studies of Colin, Drowart, 
and Verhaegen (3) have shown that the vapor above 
stannic oxide consists of Sn, SnO, Sn202, Sn3Os, and 
Sn404 species. On the basis of their  mass-spectrometric 
measurements  and earl ier  studies of the vapor pressures 
over Sn 4- SnO2 mixtures, the s tandard free energy 
changes for the reactions involved in the vaporization 
of s tannic oxide have been derived (3), and are 
summarized in  Table I. Due to the change in  the 
stoichiometry of the oxide dur ing vaporization, the 
volati l i ty of stannic oxide and the stannates would 
be dependent  on the oxygen part ial  pressure as dis- 
cussed by Kellogg (11). The part ial  pressures of the 
oxide species over mono-  and dicalcium stannates 
can readily be calculated by combining the informa-  
tion in Table I with the results of the present  study. 
Figure 4 shows the var iat ion of the part ial  pressure 
of the various gaseous species over mono- and dical- 
cium stannates with the oxygen part ial  pressure at 
1400~ The pressures of SnO and its polymeric forms 
increase as the oxygen part ial  pressure decreases, 
unt i l  pure l iquid t in  is obtained as a seoarate phase 
by the reduction of the stannates. A fur ther  decrease 
in  the oxygen part ial  pressure results in a decrease 
in the part ial  pressure of the oxide species. The main  
contr ibut ion to the total pressure arises from SnO 
species. The relative contr ibut ion of the polymeric 
species to the total pressure increases as the oxygen 
pressure is reduced, and attains a max imum value at 
the oxygen partial  pressure corresponding to the re- 
duction of the stannates to form liquid tin. The total 

138,420 -- S0.947T 
- 6 4 , 5 7 0  + S0.f6T - 6  

-131 ,740  + 67.84T 
--200,220 + I02.68T 
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Fig. 4. The partial pressures of the tin bearing oxide species in 
equilibrium with the stannates at 1400~ as a function of the 
oxygen partial pressure;  monocalcium stannate, - . . . .  
dicalcium stannate. 

of the oxygen partial pressure; 
. . . . .  dicalcium stannate. 

-2'0 ' -76 ' -~'2 ' - ~  ' - 4  ' o 
Log p~ (otm.) 

Fig. 5. The total vapor pressure over the stannates as a function 
manocalcium stannate, 

pressure, obtained as a summat ion  of the individual  
partial  pressures over mono-  and dicalcium stannates, 
is shown in  Fig. 5, as a funct ion of the oxygen part ial  
pressure. If the stannates are kept under  an inert  gas 
or in vacuum, the volat i l i ty would be restricted by 
the requi rement  that Ps,o ---- 2Po2. The values for the 
partial  and total  pressures of the t in  bear ing oxide 
species, shown in Fig. 4 and 5, enable the estimation 
of the composition changes upon prolonged use of the 
stannates at high temperatures.  
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on Cobalt-Iron Alloys 
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ABSTRACT 

rCo-Fe alloys containing up to l0 weight per cent Fe oxidize parabolical ly 
by formation of a cobaltous-ferrous oxide scale when exposed at 1200~ 
to oxygen at 10 -4 and 10 -2 atm. The values of the parabolic oxidation con- 
stants were directly dependent  on the iron contents of the alloys. Scale iron 
contents corresponded to those in the bulk  alloys. The i ron gradients wi th in  
the scales increased with increasing outward distance due to iron migra t ing 
more rapidly than cobalt. A diffusion model based on equations derived by  
Wagner  for metal  t ransport  through a scale under  chemical activity gradients  
leads to a correlation between the parabolic oxidation constants and the 
iron gradients. 

There is only l imited knowledge avai lable on the 
distr ibutions of cations in metal  conducting scales on 
b inary  alloys which is sufficiently extensive for in-  
terpretat ion by a diffusion model describing metal  
t ranspor t  under  chemical activity gradients. Wagner  
(1) has advanced methods for calculating these distri-  
butions in  scales grown by parabolic kinetics. Dalvi 
and Coates (2) and Dalvi and Smeltzer (3) have 
demonstrated that  the cobalt and iron profiles in nickel 
oxide scales formed on Co-Ni and Fe-Ni  alloys, re-  
spectively, are consistent with te rnary  diffusional prop- 
erties. Cobalt and iron were enriched toward the outer 
surfaces in these scales due to mobilit ies higher than 
that  for nickel. Mayer and Smeltzer (4) have also em- 
ployed this model to describe growth of the man-  
ganeseo-wusti te  scale on Fe-Mn alloys and to evaluate 
the metal  self-diffusion coefficients and the nonstoichi-  
ometry  of manganeseo-wust i te  as a function of m a n -  
ganese content. In  this case, the metal  gradients were 
small  and l inear  due to very  small  differences in the 
cation mobilities. 

Format ion  of the cobaltous-ferrous oxide [ (FeCo) O] 
scales on Co-Fe alloys has not been investigated. 
Carter and Richardson (5, 6) have shown that  cobalt 
diffusion in  cobalt oxide and growth of this oxide on 
cobalt at high temperatures  can be interpreted by the 
Wagner  theory for parabolic scaling (7). Crow (8) 
has determined the tracer diffusion coefficients of 
cobalt and iron in (CoFe)O. At 1200~ the ratio 
DFe/Dco equals 1.6 at an oxygen pressure of 10 .3 atm, 
and it equals 0.7 at pressures greater  than 10 -1 atm. 
Thermodynamic  properties and compositions of 
(CoFe) O have been determined by Aukrus t  and Muan 
(9, 10). 

Metal diffusion in  (CoFe)O is much more rapid than 
in Co-Fe alloys (8, 11). One would therefore expect 
that a superficial scale would form as the major  reac- 
t ion product with only a relat ively small  degree of in-  
ternal  oxidation when  these alloys are oxidized at high 
temperatures.  In  the present  work, the reaction k ine t -  
ics, morphological development,  and compositions of 
the scales have been determined upon exposing cobalt 
alloys containing up to 10 weight per cent (w/o)  Fe 
to oxygen atmospheres at 1200~ These alloys were 
found to oxidize parabolical ly at 10 -4 and 10 -3 atm. 
Consequently, an at tempt could be made to interpret  
these results by equations deduced from the t e rnary  
diffusion model for oxidation of a b inary  alloy using 
metal  diffusional determinat ions for (CoFe)O and 
thermodynamic  properties of the Co-Fe-O system. 

" E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  Member.  
*" Electrochemical  Society  Act ive  M e m b e r .  

P r e s e n t  address: Ontario R e s e a r c h  F o u n d a t i o n ,  S h e r i d a n  P a r k ,  
M i s s i s s a u g a ,  O n t a r i o ,  C a n a d a .  

K e y  w o r d s :  C o - F e  a l loy o x i d a t i o n ,  c o b a l t o u s - f e r r o u s  oxide,  dif-  
fusional scale  g r o w t h .  

Experimental 
Oxidation kinetics of the alloys were determined 

gravimetr ical ly by exposing metal  disks, 10 mm diame- 
ter and 2 mm thick, to a flowing atmosphere of research 
grade oxygen, ~25 ppm impurities. The reaction as- 
sembly is schematically represented in Fig. 1. Zero time 
for initiation of a test was taken as the ins tant  when 
the specimen was lowered into the reaction chamber. 
The atmospheric pressure was monitored by Pirani  

21 20 

Fig. 1. Schematic of reaction assembly containing RV Ainsworth 
continuously recording semiautomatic mlcrobalance. 1, Oxygen 
purifier containing si]ica gel; 2, reflection mirror; 3, observation 
window; 4, Pirani gauge; 5, supporting ring for heating element; 
6, silicon carbide heating element; 7, furnace; 8, mullite tube; 
9, thermocouples; 10, Pirani gauge; 11, loading inlet; 12, soft 
iron core; 13, magnet; 14, outer tube; 15, suspension tube; 16, 
specimen; 17, suspension wire; 18, expansion bellow; 19, :auto- 
matically switched weights; 20, glass bell; 21, transducer; 22, cold 
trap; 23, diffusion pump; 24, mechanical pump. 
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gauges located at the entrance and exit of the reaction 
tube. A pressure drop was not detected through the 
reaction tube at the exper imental  pressures of 10 -4 
and 10-~ atm. Tempera ture  of the reaction zone was 
controlled to 1200 ~ ___ 2~ At completion of a run, the 
specimen was quenched by rapidly raising it into the 
section of the reaction tube  mainta ined at room tem- 
perature by means of a magnetic device. 

Alloys were prepared as rods, 8 cm in length and 14 
mm in diameter, by vacuum mel t ing in required pro- 
portions of cobalt (>99.997 w/o pure) and iron 
(>99.875 w/o pure) .  Actual  iron contents of the nomi-  
nal  1, 2, 4, 6, 8, and 10 w/o  Fe alloys were 0.93, 2.1, 4.1, 
5.5, 7.7, and 9.6 w/o Fe, respectively. The rods were 
sealed in  quartz tubes containing argon and annealed 
for periods up to 10 days at 1200~ to homogenize 
the compositions. They were then machined to uniform 
diameter  and cut into disks with a mult iple  wire saw. 
The disks were finally metal lographical ly polished to 
1~ diamond abrasive using kerosene as lubricant ,  
washed with petroleum ether, and stored in acetone. 

Oxidized specimens for metallographic observations 
and microprobe analyses were mounted in room- 
setting epoxy resin and the cross sections polished to 
1~ diamond abrasive using kerosene as lubricant .  Speci- 
mens subjected to analyses were covered by an evap- 
orated th in  carbon film. The analyses were carried out 
using a Cameca electron probe microanalyzer operating 
at 15 keV and a specimen current  of 100-150 nA. Stand-  
ards for constructing alloy cal ibrat ion curves for 
(CoFe)O were constructed according to the method 
given by Fr iskney and Howarth (12) and consisted of 
successively applying atomic number  (13), absorption 
(14), and fluorescence (15, 16) corrections to a com- 
position set. 

Results 
Figures  2 and 3 show the oxidation curves plotted in 

parabolic form for cobalt and the six alloys containing 
uP" to 10 w/o  Fe exposed to oxygen at 10 -4 and 10-~ 
atm.  It is seen that  parabolic kinetics describe scale 
growth. The parabolic oxidation constants calculated 
from the slopes of these plots are shown in  Fig. 4; 
they were accurate to wi thin  _+10% based on the de- 
viations from the average value for four runs  com- 
pleted on each alloy. These constants show a direct 
dependence on the i ron contents of the alloys and 
larger values at the higher oxygen pressure. The para-  
bolic constants of cobalt are in  good agreement  with 
previously reported values (17). 

In te rna l  oxidation was insignificant. This behavior 
is i l lustrated by the photomicrographs shown in  Fig. 
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Fig. 2. Oxidation kinetics plotted in parabolic form of the Co-Fe 
alloys exposed at 1200~ in oxygen at 10 -4  atm. 
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Fig. 4. Variation of the parabolic oxidation constants with alloy 
iron contents. The designated symbols refer to the evaluations of 
the parabolic oxidation constants obtained at 10 -3  and 10 . 4  atm 
for various time periods of oxidation. 

5 and 6 of the oxidized alloy specimens containing the 
max imum iron concentrat ion of 10 w/o. The scales 
were compact and uniformly thick except for small  
irregularit ies of the outer surfaces associated with 
development  of the individual  oxide grains. Based on 
microscopic measurements  at different regions, posi- 
tions wi thin  scales could be reproduced within  +--10%. 
X- ray  diffraction lattice parameter  measurements  on 
the powdered scales confirmed that  they were com- 
posed of (CoFe)O. 

Iron compositions wi thin  the scales formed on each 
alloy at the two investiga.ted pressures are shown in 
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Fig. 7a. Iron composition within the (CoFe)O scales formed on 
the Co-10 w/a, 6 w/o, and 2 w/o Fe alloys at 10 - 4  arm oxygen 
pressure, 

Fig. 5. Cross section of a Co-10 w/o Fe alloy specimen oxidized 
at 10 - 4  otm oxygen pressure for 10 min (X200) .  

Fig. 6. Cross section of a Co-8 w/o Fe alloy specimen oxidized 
at 10 - 3  atm oxygen pressure for 15 min ( •  

Fig. 7a, 7b, 8a, and 8b. These determinat ions  are based 
on analyses taken from scales formed on four speci- 
mens of each alloy using the electron microprobe point 
count method at normalized distances y = x/xs ,  where 
xs is a total scale thickness. The iron content  increased 
with increasing outward distance and the average con- 
tent  of a scale corresponded to the alloy content. 

Discussion 
A correlation between the reaction kinetics and the 

normalized i ron profiles wi th in  scales are quant i ta -  
t ively assessed by means of the te rnary  diffusion model 
advanced by Wagner. To complete this analysis it is 
necessary to obtain an empirical relationship for the 
nonstoichiometry of (CoFe)O as a funct ion of iron 
content  and oxygen activity. This nonstoichiometry, in 
turn,  is related to the metal  diffusivities in order to 
obtain differential equations describing the metal  
gradients. The equations are subsequently numerical ly  
integrated using the exper imenta l ly  determined para-  
bolic rate constants to generate the iron profiles wi thin  
the scales. 

Cobalt oxide behaves as a p- type  semiconductor con- 
taining metal  vacancies in the singly and doubly ion- 
ized states, the former state being predominant  over 
a major  portion of its oxygen stabili ty range (18-20). 
Iron subst i tuted into this oxide is considered to give 
rise to the following defect equi l ibr ium 

�89 02 + ~Fe ~+ = 02- + VM ~- + ~Fe a+ [I] 

where the designated iron and oxygen ions occupy 
normal lattice sites and VM a- and aFe s+ represent 
metal vacancies and ferric ions with effective charges 
a-- and + I, respectively. There are insufficient results, 
however, for analyzing this defect equilibrium in de- 
tail. It is reasonable, nevertheless, to suggest that the 
vacancies occur predominantly from .the influence of 
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Fig. 7b. Iron composition within the (CoFe)O scales formed on 
the Ca-8 w/o, 4 w/o, and i w/o Fe alloys at 10 - ' t  arm oxygen 
p r e s s u r e .  

i ron by the displacement of the above reaction far to 
the right. Assuming to a first approximation that  the 
fraction of the total iron content  ionized to the ferric 
state remains constant, at fixed oxygen activity, the 
atom fraction of vacancies is of the form 

Nv = 7aon~ [2] 

Here, ao is the oxygen activity, ~ is the iron fraction 
in the cation sublattice of (CoFe)O, ~/ and n are em- 
pirical constants. 

Vacancy concentrat ions were calculated from the 
compositions of (CoFe)O reported by Aukrus t  and 
Muan (9) using the formula Nv = ( X -  1 ) / X  where 
X is the oxygen atom fraction per metal  atom fraction 
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Fig. 8a. Iron composition within the (CoFe)O scales formed on 
the Co-lO w/o, 6 w/o, and 2 w/a Fe alloys at 10 - s  atm oxygen 
pressure. 
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Fig. 8b. Iron composition within the (CoFe)O scales formed on 
the Co-8 w/o, 4 w/o, and 1 w/o Fe alloys at 10 - 3  otto oxygen 
pressu re. 

X _-- ( O / ( F e  + Co) ) .  Nv is p lo t t ed  vs. ~ for  s eve ra l  va l -  
ues  of  o x y g e n  p re s su re  in Fig.  9. L i n e a r  p lots  r e l a t e  
these  va r i ab le s  for  t he  ox ide  compos i t ions  e n c o u n t e r e d  
in the  p re sen t  i n ves t i ga t i on  (Fig. 7a, 7b, 8a, and  8b). 
F i g u r e  10 shows  t h e  vacancy  concen t r a t i on  e x p r e s s e d  
as Nv/~ at each  p r e s su re  on l o g a r i t h m i c  scales. It  is seen  
tha t  a cons tan t  p o w e r  r e l a t ionsh ip  for  the  o x y g e n  ac-  
t iv i ty  d e p e n d e n c e  is an  a d e q u a t e  a p p r o x i m a t i o n  a l -  
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Fig. 9. Metal vacancy concentration plotted vs.  iron atom frac- 
tion in (CoFe)O for several oxygen pressures ranging from 10 - 9  
to 1 atm. The experimental results were obtained from Ref. (9) 
and (10). 
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Fig. 10. Atom fraction of vacancies per atom fraction of iron in 
(CoFe)O plotted vs. oxygen pressure. The experimental results were 
obtained from Ref. (9) and (10). 

t h o u g h  the  add i t i ona l ly  dep ic t ed  plot  exh ib i t i ng  a sma l l  
c u r v a t u r e  m a y  account  in  a m o r e  fac tua l  m a n n e r  fo r  t h e  
vacancy  behav io r .  Accord ing ly ,  t he  cons tan ts  in Eq.  [2] 
a r e  e x p r e s s e d  as 7 ---- 0.60 __ 0.11 and  vo = 0.15 ~ 0.08. 

I t  is e ssen t ia l  to r e p r e s e n t  t h e  m e t a l  se l f -d i f fus ion  
coefficients  by  a p p r o p r i a t e  ana ly t i ca l  express ions  in -  
v o l v i n g  the i r  d e p e n d e n c e  on the  i ron  concen t r a t ions  
and o x y g e n  ac t iv i t i es  in o rde r  to n u m e r i c a l l y  i n t eg ra t e  
the  d i f fe ren t ia l  equa t ions  to be  subsequen t l y  i n t ro -  
duced.  These  diffusion coefficients a r e  t h e r e f o r e  e x -  
p ressed  as t he  p roduc t  of t h e  i nd iv idua l  v a c a n c y  d i f -  
fus iv i t i es  and  the  v a c a n c y  concen t r a t i on  

Dco - -  DVcoNv ----- D~ [3] 

DFe : DVFeNv "-- D~ [4] 
and 

P = Dco/DFe ---- D~176 [5] 

C a r t e r  and  R i c h a r d s o n  (6) e x p r e s s e d  the  t r ace r  di f fu-  
s ion coefficient  of coba l t  in cobal t  ox ide  as a f unc t i on  
of o x y g e n  ac t iv i ty  by  a cons t an t  p o w e r  r e l / t i onsh ip .  
Us ing  this  r e su l t  and those  r e p o r t e d  by  F i she r  and 
T a n n h a u s e r  (18) for the  d e p e n d e n c e  of  the  cobal t  
v a c a n c y  concen t r a t i on  on o x y g e n  ac t iv i ty ,  the  coba l t  
vacancy  d i f fus iv i ty  at 1200~ was  ca l cu l a t ed  to be  D~ 
---- 1.46 • 0.04 • 10 -6  cm2/sec.  The  cons tan t  p, the  ra tes  
of the  coba l t  and  i ron  v a c a n c y  diffusivi t ies ,  was d e t e r -  
m i n e d  f r o m  the  resu l t s  ob ta ined  by  C r o w  (8) for  the  
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tracer diffusivities as a funct ion of oxygen activity. The 
ratio of these diffusivities was p ----- 1.63 _+. 0.03 at pres-  
sures of 10 -4 and 10 -8 atm. 

Equations to describe growth of a metal  conducting 
scale on a b inary  alloy are now invoked. The formalism 
of Wagner  is used and the reader is referred to the 
original paper for mathemat ical  derivations. The 
(CoFe) O scale growth is determined by the outward 
diffusion of cobalt and iron via vacancies and Eq. [11] 
from Ref. (1) for the parabolic oxidation constant  be-  
comes 

( --d ln acoo d~ Zco d ln ao 
Deo(1- ~) d+ d--~ + z--~ dy 

(--dlnaFeo d, ZFe dlnao ) 
- -  - -  = k [ 6 ]  4- DFe~ d~ dy 4- Zo dy 

In  this expression, D is a metal  self-diffusion coeffi- 
cient, a is a local activity, Z is a valency, ~ is the atom 
fraction of i ron or mole fraction of wusti te in (CoFe)O, 
and y ---- x/xs is the normalized scale thickness. 

The solubil i ty of wusti te in cobalt oxide exhibits 
Henr ian  solution behavior (10). Hence, the Gibbs-  
Duhem equation for this solid solution leads to 

d In aFeo 1 d In acoo -- 1 
= - - ;  [7] 

d~ + d~ 1 -- 

Subst i tut ing Eq. [2], [5], and [7], Zco -- ZFe = IZo] = 
2 and k' = k/D~ in Eq. [6] yields 

dy - -  ao.~ 4- ( p -  i) ~ [1 + ( p -  1)~] 
[s] 

Equation [19] from Ref. (1), which describes the 
metal  gradient  in  a scale using the divergence equation 
for the metal  flux, becomes 

[ ( dlnaFeo d~ d l n a o  ) ]  df -- d DFd 
yk -~y = d--'y- d~ dy dy 

[ 9 ]  

Upon subst i tut ing into Eq. [9] parameters  from Eq. [2], 
[5], and [7] 

, d,~ d [ ( 1  d+ d l n a o  ) ]  
uk - -  = - p  no"+ [ 1 0 ]  

dy -~y ~ dy dy 

An expression including the parabolic oxidation con- 
stant  and the l imit ing iron concentrat ions and gradi-  
ents in (CoFe)O at either the inner  or outer scale in-  
terface serves as an auxi l iary equation for solving Eq. 
[8] and [10]. Since an insignificant degree of in ternal  
oxidation occurred, the ratio for the flux of cobalt to 
i ron in the scale at its inner  interface is equivalent  to 
the metal  ratio in the bulk  alloy. Equat ion [35] in Ref. 
(1) for mater ia l  balance at this interface gives upon 
subst i tut ing Eq. [2], [5], and [7] 

( d l ) ~ = 0  -- a'on+'--k' { P~'--  [1-1- (P--1)~ ' ] 'a l loy } p  

[11] 
where the prime refers to the inner  scale surface a n d  

}ahoy is the atom fraction of iron in the alloy. 
Iron concentrat ion and oxygen activity profiles in 

the scales were generated wi thin  the range from y ---- 0 
to y ---- 1 by s imultaneously numerica l ly  integrat ing Eq. 
[8] and [10] with boundary  values at y = 0 established 
by Eq. [11] using a computer  knowing the values of 
the constants Doco, p, % n, the exper imental  values of 
ao', 6, and the parabolic constant  k. The calculated iron 
profiles in the scales formed on each alloy at 10 -4 and 
10 -a  atm are shown in Fig. 7a, 7b, 8a, and 8b. They 
correspond to those exper imenta l ly  determined in both 
magni tude  and form. The typical shape of the oxygen 
activity gradient  is i l lustrated by the plot in  Fig. t l  

0.04 i m i 
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0.03 -2 

ao Iog(ao) 

0.02 - 3 

0.Ol / i ~ 1  a~ -4 

0.000. 0 m -5 0.2 0.4 0.6 0.8 t.o 
y 

Fig. i l .  Oxygen activity profile in (CoFe)O scale formed on the 
Co-10 w/o Fe alloy at 10 -8  atm oxygen pressure. 

for the scale formed on the Co-10 w/o Fe alloy at l0 -3 
atm. I ron was most significantly enriched in the outer 
region of a scale where the influence of the oxygen ac- 
t ivity gradient  was most pronounced on the more 
rapidly diffusing i ron cations. 

An excellent  correlation has been obtained by the 
diffusion analysis for the parabolic reaction kinetics 
and the normalized metal  profiles in the scales formed 
on the alloys containing up to 10 w/o Fe at oxygen 
pressures of 10-4 and 10 -3 arm. The analysis based on 
te rnary  diffusion equations, nevertheless, is to be re-  
garded as a simplified empirical description of the oxi- 
dation phenomena. A more fundamenta l  analysis can- 
not be attempted unti l  addit ional definitive knowledge 
becomes available on the structures, thermodynamics,  
and mobilities of the lattice defects in (CoFe)O. Be- 
cause of the paucity of information, the nonstoichiome- 
try of this oxide was directly related to estimates for 
the vacancy concentrat ion in the cation sublattice. 
These vacancies, moreover, were assumed to exhibit  
Henr ian  solution behavior and constant  mobilities. This 
type of solution behavior is only a suitable approxima-  
tion for analysis purposes as i l lustrated by the empir i -  
cal expression (Eq. [2]) used to relate vacancy con- 
centrat ion to iron and oxygen activities. Also, the metal  
mobilities can be regarded as constant within the 
framework of present ly  available results only to the 
upper investigated pressure of 10-3 arm since the 
tracer diffusivities of cobalt and iron in (CoFe)O un-  
dergo variations between oxygen pressures of 10 -3 to 
10 -1 atm (8). 
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Oxygen and Metal Activities of the Chromium-Nickel-Oxygen 
System Between 900 ~ and 1100~ 

Haydn Davies *'~ and W. W. Smeltzer** 
Department o5 Metallurgy and Materials Science, McMaster University, Hamffton, Ontario, Canada L8S 4M1 

ABSTRACT 

The equi l ib r ium oxygen  pressures  for  Cr -Ni  al loys exis t ing as the  a lpha  
(a) and gamma (-y) phases and coexist ing wi th  chromium oxide (Cr203), 
n ickel  oxide (NiO) ,  and  nickel  chromite  (NiCr204) were  de te rmined  at  900 ~ 
1000 ~ and l l00~ using an e lect rochemical  cell wi th  a calc ia-z i rconia  elec-  
t rolyte .  These pressures  were  re la ted  to composi t ional  de te rmina t ions  of the 
solid phases and the Cr -Ni -O isotherms.  The free energies  Of format ion  of 
chromium oxide and nickel  chromite  were  determined.  Wi th  increasing nickel  
content  of the  alloy, the  oxygen  pressure  increases  f rom the  dissociat ion pres -  
sure of pure  chromium oxide to tha t  of the  un iva r i an t  phase field, ~-7-Cr203, 
wi th  chromium oxide containing <0.2 weight  pe r  cent (w/o)  nickel.  At  h igher  
oxygen  pressures,  the  ~-Cr20~ phase field extends  up to the  un iva r i an t  
~-NiCr204-Cr203 phase field. Nickel  chromite  was essent ia l ly  s toichiometr ic  
the  n ickel  content  of chromium oxide was ~0.5 w/o,  and the 7-a l loy  con- 
ra ined  only a ve ry  small  chromium content,  ~10 -4 w/o .  No var ia t ion  was de-  
tec ted  in the  spinel  composit ion across the  -t-NiCr204 region bu t  the  chromium 
content  of the  al loy decreased to ~10 - s  w / o  at  the  un iva r i an t  -y-NiCr204-NiO 
phase  field, wi th  n ickel  ox ide  conta ining 4.5 w / o  Cr. 

The the rmodynamic  behav ior  of the  C r - N i - O  sys-  
tem has not been ex tens ive ly  invest igated,  p robab ly  
due to the  very  low oxygen  act ivi t ies  encountered  and 
to the  consequent  expe r imen ta l  difficulties. The free 
energy of format ion  and dissociat ion pressures  of 
nickel  oxide  have been  wel l  defined (1-3),  but  these 
pa rame te r s  for chromium oxide are  less accura te ly  
known (1, 4-9).  The Cr-Ni  phase  d iag ram has of ten 
been inves t iga ted  but  its shape above 120D~ is s t i l l  
controversial .  The d iagram de te rmined  b3 ~ Bechtoldt  
and Vacher  (10) is judged  to be the  most accurate;  the  
m ax imum solubil i t ies  of chromium in the  a(bcc)  and  
7(fcc)  a l loy phases at the  eutect ic  t e m p e r a t u r e  of 
1345~ are  40 and 58 a tom per  cent ( a /o ) ,  respect ively .  
An i so thermal  sect ion of the  Cr -N i -O  system has been  
proposed  b y  Croll  and W a l l w o r k  (11) based  upon 
chemical  analyses  of five b ina ry  Cr-Ni  al loys tha t  were  
oxidized and equi l ib ra ted  at 1000~ for per iods  up  to 
5 days. They  found ve ry  smal l  so lubi l i ty  of chromium 
in n ickel  oxide and of nickel  in chromium oxide, and  
a n ickel  chromite  of s toichiometr ic  composition. Gas 
equi l ib ra t ion  (12), e lect rochemical  cells (9, 13), and 
Knudsen  cell  (14, 15) techniques have  been  used to 

* Electrochemical  Society Student  Member .  
** E l e c t r o c h e m i c a l  Society Act ive  Member .  
1 P r e s e n t  address :  J .  Roy  G o r d o n  Research Laboratory, The In-  

ternational Nickel  Company of Canada Limited,  Miss i ssauga ,  On-  
ta r io ,  Canada. 

Key words:  Cr-Ni-O thermodynamics;  Or, Ni, and O activities;  
Cr~Os and NiCr20~ free  energies  of formation.  

de te rmine  the  al loy chromium and nickel  activities,  
but  the  resul ts  show wide  divergences.  There  is a 
need, therefore,  for sys temat ic  de te rmina t ions  of the  
the rmodynamic  pa ramete r s  governing phase  equi l ibr ia  
in this system. Accordingly,  we have  de te rmined  the 
equi l ib r ium oxygen  pressure  d iag ram for the  Cr -Ni -O 
system and the  composit ions of the  phases  coexist ing at  
t empera tu re s  in the  range 900~176 

Experimental 
A sol id-s ta te  e lect rochemical  technique  was used to 

de te rmine  the dissociat ion pressures  of the  oxides. The 
cell  assembly,  which we have  descr ibed (16), contained 
a 12 in. long tube  of calcia s tabi l ized zirconia  (B 
grade)  which  acted as the  e lec t ro ly t ic  m e m b r a n e  b e -  
tween  the separa ted  anode and cathode compar tments .  

E lec t romot ive  force measurements  were  made  on the  
fol lowing cells 

Fe, FeO le lec t ro lyte l  Cr2Os, Cr [I] 
Cr, Cr203 le lec t ro lyte l  Cr203, (Cr -Ni )~  [II]  
Cr, Cr~O3 l e lec t ro ly te  I Cr203, (Cr-Ni)  % 

(Cr -Ni )  ~ [III] 
Fe, FeO J e lec t ro ly te  I Cr20~, NiCr204, 

(Cr-Ni)  7 [IV] 
Fe, FeO I e lec t ro ly te  ] NiCr204, NiO, 

(Cr-Ni)  a l loy [V] 

Since a cell  react ion involves  oxygen  t rans fe r  across 
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the electrolyte, a cell emf is (17) 

RT 
E = In (Po2"/Po2") [1] 

4F 

where R is the gas constant, F is Faraday 's  constant, 
Po2" and Po2' are the dissociation pressures of the 
oxides in  the cathode and anode compartments.  

The electrodes were fabricated as tablets 0.25 in. 
diameter  by 0.10 in. thick by compressing, at 15,000 psi, 
powders of iron, nickel [99.99 weight per cent (w/o)  
pure],  and chromium (>99.95 w/o  pure)  in  predeter -  
mined  proportions with one, or more, of the oxides 
(99.6 w/o pure) magnetite,  nickel oxide, and nickel 
chromite. Two tablets of the same composition were 
sealed into a quartz capsule under  10 -4 Torr  purified 
argon and annealed for at least 30 days at 1000~ 
Samples represent ing three-phase equil ibria  were also 
annealed at ll00~ Capsules containing tablets for 
these lat ter  systems contained chromium powder to 
act as an oxygen getter. After  annealing,  the samples 
were quenched, reaching room tempera ture  wi th in  1 
min. One tablet  was used in the cell while the other 
tablet  was analyzed. Tablets were mounted  in  epoxy 
cold-setting resin; best polishing was obtained using a 
Rotopol mechanical  polisher, the lubr icant  being a 
s lur ry  of 0.3~ a lumina  in  water. The oxides were 
readily etched in a solution of 10 volume per  cent 
(v/o)  concentrated hydrochloric acid in ethanol with 
the exception of nickel chromite which required etch- 
ing in a solution containing 50 v/o  concentrated hy-  
drochloric acid. The a and 7 alloy phases were easily 
dist inguished without  etching. The calibration of the 
electron probe microanalyzer  consisted of sequent ia l ly  
applying atomic number ,  absorption, and fluorescence 
corrections (18,19). The calibration curves were 
checked using materials  of known compositions, i.e., 
Ni-Cr alloys and pure oxides analyzed by wet chemical 
methods, 

The compositions of the solid phases in  the electrode 
compartments  must  remain  unchanged for measure-  
men t  of reversible potentials by the galvanic cell 
technique (16). The coulometric technique introduced 
by  Diaz and Richardson (20) was used to determine 
these reversible potentials in this investigation. A 
cell was dis turbed from any  supposed equi l ibr ium 
state by passing a small  current  equivalent  to 0.04 
coulombs and the emf value subsequent ly  determined 
from the plateau in the cell emf vs. t ime curves. 
Work was ini t ia l ly  carried out using cell [I] to verify 
the rel iabil i ty of the electrolyte for use at oxygen 
pressures below 10 -20 arm since this cell generated 
the max imum voltages ranging up to 500 mV. The emf 
was measured at five temperatures,  al lowing 2 days 
for equi l ibrat ion at each temperature.  Since the emf 
always slowly decreased at a constant temperature,  
the cell was coulometrically disturbed and the revers-  
ible potential  determined from the plateau value 
which lasted for approximately 1 hr. Cell temperatures  
were then cycled over the range 900~176 and the 
emf was recorded immediate ly  upon a t ta ining temper-  
ature stabilization. These values agreed wi th in  •  
of the plateau values obtained from coulometry. 

Equi l ibr ium oxygen pressures of chromium oxide 
coexisting with Cr-Ni alloys were measured with cell 
[II]. The emf values at five temperatures  were mea-  
sured using coulometric disturbance;  the emf did not 
decrease by more than 1 mV from the plateau values 
even after 2 hr. The tempera ture  was cycled and emf 
values also noted on immediate ly  at ta ining tempera ture  
stability, and al ternate  values were checked by  coulo- 
metric  disturbance. Cell [III] was used to determine 
the oxygen pressure for the phase field a-7-Cr203 with 
each of three electrode tablets which had been annealed 
at 900 ~ 1000 ~ and l l00~ for 60 days. For  each tab-  
let, the cell emf was measured at the corresponding 
annea l ing  temperature.  Cells [IV] and IV] were used 

Table I. Compositions of Cr-Ni alloys used in electrochemical 
cell [11], based upon wet chemical and electron probe analyses 

A l l o y  c o m p o s i t i o n  

A l l o y  w / o  Cr  w / o  N i  a / o  Cr  

NC1 2.5 - -  0,3 97.5 -i- 0.4 2.8 _ 0,3 
NC2 5.0 ~---~ 0~,_3. 95.0 "4- 0.5 5.6 + 0.3 
NC3 9.7 "+" 0.2 90.3 - -  0.4 10,8 +__ 0.2 
N C 4  12.0 ~ 0.2 88.0 - -  0.3 13.3 _ 0.2 
NC5 18.I --+ 0,2 81.9 -- 0.3 20.0 "4" 0.2 
NC6 19.8 +__ 0.3 80,2 -4- 0,3 21.8 __+_ 0.3 
N C 7  25.4 + 0.4 74.6 ~- 0.5 27.8  _ 0.4 
NC8  28.8 "+" 0.3 71.2 ~ 0.3 31,3 ~ 0.3 
N C 9  33.5 - -  0.3 66.5 "4- 0.4 36.3 _ 0.3 
NCIO 37.2 --+ 0.4 62.8 • 9.5 40.1 _~ 0.4 

to measure the oxygen pressures of the phase fields 
alloy NiCr204-Cr203 and alloy NiCr~O4-NiO, respec- 
tively. The oxygen pressures of the tablets which had 
been annealed at l l00~ for 50 days were determined 
only at this tempera ture  over periods of 8 days. The 
samples annealed at 1000~ for 60 days were held at 
this temperature  for 10 days to measure the cell po- 
tentials, and then at 900~ for 16 days dur ing which 
the emf was again measured.  

Results 
-Cell [ / ] . - -The  variat ion with tempera ture  of the 

emf is shown in Fig. 1, and the deviat ion of the re-  
ported values is wi th in  -+-2% of the least-squares l ine 

E(mV) ---- 534.5(• -- 0.0874(_0.0223)T (__+3.4 mV) 
[2] 

Cell [ I I ] . - -Emf  vs. t empera ture  plots f~r results 
governing alloy-Cr20~ equil ibria  are given in Fig. 2-4 
and the compositions of the designated alloys are 
recorded in Table I. The least-squares analyses of emf 
measurements  between 900 ~ and l l00~ are given in 
Table II and in  all cases, the correlation coefficients 
exceeded 0.99. 

Cells [III]-[V].--The emf's representing the un i -  
var iant  equi l ibr ia  ~-~-Cr203, "y-NiCr204-Cr20.% and 
7-NiCr204-NiO are listed in Table III. The composi- 
tions of the solids are recorded in  Tables IV-VI. The 

4 4 0 | ;  I '" I ---I 

I. 
4 5 0  

CELL EMF �9 

�9 : \ .  
4 2 0  -- " ~  

I 

4 1 0  - 

I , I 
9O0 I000 

TEMPERATURE (%) 

Fig. i. Variation of the emf of cell [ I ]  with temperature 
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Fig. 2. Variation of the emf of cell [11] with temperature for 
Ni-Cr alloys, NC]-NC3, equilibrated with Cr203. 

values in Table IV for the compositions of the equili- 
brated a-~ alloy phases are in agreement with those 
selected by Shunk (21). 

Discussion 
The Fe,FeO electrode was used as a reference to 

determine the potential of the Cr,Cr203 electrode, 
and these two electrodes were subsequently used to 
determine the dissociation pressures of oxides co- 
existing with Cr-Ni alloys. As a consequence, the 
variation of the oxygen activity over the Cr-Ni-O 
isotherms at the several investigated temperatures can 
be obtained. Each phase field within this ternary sys- 
tem is discussed and, in addition, thermodynamic in- 

Table II. Least-squares analyses of electromotive force 
measurements in the alloy-Cr203 phase field 

C e l l  e r n f  ( m V )  = A + B T ( ~  

S t a n d a r d  
A B d e v i a t i o n  

S a m p l e  ( m V )  (mY~ ~ ( m V )  

N C 1  - - 8 . 5  4-  0 .6  0 , 1 1 2 0  -~ 0 . 0 0 2 1  0 . 4  
N C 2  - - 7 . 7  __. 0 .5  0 . 0 8 8 3  -~- 0 . 0 0 2 0  0 .3  
N C 3  --  7 1 . 3  ---+ 1 .0  0 . 1 1 5 4  -~ 0 . 0 0 3 5  0 .6  
NC4 --73.5 4- 1.0 0.1135 4- 0.0035 0.5 
NC5 --61.6 4- 0.6 0.0840 __. 0.0018 0,6 
N C 6  - - 7 3 . 1  ~ 0 .9  0 . 0 8 8 6  ~ 0 . 0 0 3 9  0 .6  
N C 7  - - 6 2 . 3  _-~ 0.6 0 . 0 6 8 4  ~ .  0 . 0 0 2 0  0 . 4  
N C 8  - - 8 8 . 7  -~ 0 .8  0 . 0 8 2 9  ~ 0 . 0 0 2 8  0 .6  
NC9 --62.6 4- 0.6 0.0566 -4- 0.0018 0.6 
NC10 - -48.3 4- 0.0 0.0424 ~ 0.0021 0.5 

CELL EMF 
(mY) NC 5 _ 

5o 
o 

o o 

4C 

3 0 -  

.~ I 
I01- I 
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I I _ _  I I 
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Fig. 3. Variation of the emf of cell [11] with temperature for 
Ni-Cr alloys, NC4-NC6, equilibrated with Cr203. 
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Fig. 4. Variation of the emf of cell [11] with temperature for 
Cr-Ni alloys, NC7-NCt0, equilibrated with Cr2C~. 
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Table Ill. Emf determinations for the three-phase fields in the Cr-Ni-O system 

Apri l  1974 

Cel l  e m f  
(mV) 

Sample Cell 900~ IO00~ llO0 ~ 

a - a l l o y  + 7 - a l l o y  + Cr20~ 

M-alloy + spinel + Cr2Os 

7-alloy + s p i n e l  + NiO 

[ I I I  ] 1.O 1.5 4.2 
0.6 2.0 8.3 

m e a n  = 0.8 (+-0.2) 1.6 3.6 
m e a n  = 1.7 (•  m e a n  = 3.7 (~0.5) 

[IV] 93.5 121.0 141.5 
96.5 123.5 142.0 
98.5 122.0 141.0 
97,5 121.5 140.5 

mean = 9 6 . 5  (-~3.0) mean  = 122,0 (+--1.5) 139.5 
139.0 

m e a n  ---- 149.5 (-----1.5) 
[V] 274.0 (__1.0) 283.5 (_1.5)  294 (~-1.0) 

formation is given which can be calculated by appro-  
priate assumptions and approximations.  

Cr-Crz03 equilibrium.--The variat ion of the emf of 
cell [I] with temperature,  Eq. [2], may be combined 
with the corresponding relationship for the Fe, FeO 
electrode (2,16) to obtain the emf of the Cr, Cr2Oa 
electrode 

E (mV) - -  1371.3 -- 0.340T (___2.7 mV) [3] 

The free energy of formation of chromium oxide is 
therefore 

AG%(cal/mole Cr203) ---- --263,350 -{- 59.15T (-+-610 cal) 
[4] 

Table IV. Compositions of Cr-Ni alloys in cell [111] 

T e m p e r -  C o m p o s i t i o n  
a t u r e  A l l o y  
(~ phase  w / o  Cr  w / o  Ni  a / o  Cr  

900 a 97.2 --  0.5 3.0 -4- 0.5 97.5 --  0.5 
900 ~ 39,8 "+- 0.3 60.6 -~- 0.4 42.5 ~- 0.4 

1OOO a 93.4 ~ 0.6 5.9 ~ 0.3 94.2 + 0.6 
1O00 ~ 41.8 +- 0.4 58.3 +- 0.5 45.0 --  0.5 
1100 a 86.5 ~ 0.5 13.7 q- 0.2 88.2 "+" 0.5 
ll0O "y 44.7 • 0.4 55.4 + 0.4 47,5 ~- 0.4 

Table V. Electron probe microanalyses of three-phase sample, 
spinel-alloy-chromium oxide 

N i c k e l  C h r o m i u m  
Phase (w/o)  (w/o)  

C h r o m i u m  ox ide  (i) 0.5 ~ 0.3 67.9 ~ 0.2 
(ii) 0.5 + 0.2 67.9  "4- 0.3 

Spinel  (i) 26.0 + 0.3 45.8 ----- 0.4 
(ii) 25.9 "+" 0.3 45.6 --  0.5 

A l l o y  (i) ~99 .99  <O.Ol 
(ii) >99,99 <O.Ol 

Cr2Os * - -  68.4 "4- 0.2 
NiCr~O4 * 25.9 ----. 0.2 45.9 ----- 0.2 

(i) S a m p l e  annealed at 1OOO~ 
(ii) S a m p l e  a n n e a l e d  a t  llOO~ 
* The  spec imens  Cr2Os and  NiCr20 ,  we re  p r e p a r e d  f r o m  the  pu re  

m a t e r i a l s  (>99 .8% p u r i t y )  a nd  h a d  been  a n n e a l e d  a t  l lO0~  in  
10-4 Tor r  pu r i f i ed  a rgon .  

Table VI. Electron probe microanalyses of three-phase sample, 
spinel-alloy-nickel oxide 

N i c k e l  C h r o m i u m  
Phase (w/o)  (w/o)  

N i c k e l  ox ide  (i) 72.7 ~- 0.6 4.7 --  0.4 
(ii) 73.0 ~- 0.8 4.3 "4- 0.4 

S p i n e l  (i) 26.1 +- 0,4 45.7 --~- 0.6 
(ii) 25.6 ~- 0.5 45.7 -- 0.4 

Alloy (i) >99.99 < 0 . 0 I  
(ii) >99 .99  <0.01 

N i O 78.4 ~ 0.2 
NiCrsO4 " 25.8 .~ 0.2 45.8 +- 0.3 

(i) S a m p l e  a n n e a l e d  a t  10OO'C. 
(i~) S a m p l e  a.~nealed a t  1100~ 
* The  spec imens  NiO and  NiCr~O4 w e r e  p r e p a r e d  f r o m  the  p u r e  

m a t e r i a l s  (>99 .S% p u r i t y )  a n d  h a d  been  a n n e a l e d  a t  l l O 0 ~  in  10-~ 
Tor r  pu r i f i ed  a rgon .  

These results were combined with previous work, 
as shown in Fig. 5, and a least-squares  analysis of all 
data gave 

_%G~ Cr~O3) ---- --265,020 (__.1960) 
+ 60.15(_5.40)T [5] 

over I173~176 with a standard deviation of --+980 
cal. The results of this investigation are within this 
estimate which supports the validity of the use of 
the calcia-zirconia electrolyte. The dissociation pres- 
sure of chromium oxide can thus be expressed as 

--38,619 (___266) 
log(Po2atm)  ---- + 8.765(--+0.787) [6] 

T 

Variation of equilibrium oxygen pressure wi th  alloy 
composition.--The results given in Table VII are shown 
in  Fig. 6 for 900 ~ 1000 ~ and ll00~ The max imum 
nickel solubil i ty in chromium oxide equi l ibrated with 
the Ni-Cr  alloys was found to be 0.5 w/o and  the 
oxygen pressure of the oxide varied over approximately 
two orders of magni tude  at constant  temperature.  The 
analyses of the very small  nickel contents of chromium 

-180--  I ' " ~ - ~  ' I ' ' ~- ' i - - ~  
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, q  
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/~ }  m PUGLIESE e, F I T T E R E R  (9) 
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�9 JEANNIN,MANNERSKANTZ 8, 
RICHARDSON (6) 

I i , l , ) l i . , i I _ _ _  
9 0 0  I 0 0 0  I100 

TEMPERATURE ( ~  

Fig. 5. Exper imenta l  determinat ion of  the free energy of forma-  
t ion of pure Cry03  as a funct ion of temperature .  
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Table VII. Dissociation pressure of chromium oxide as a function 
of alloy composition and temperature 

A t o m  - - l o g  ( P %  a t m )  
f r a c t i o n  

c h r o m i u m  900 ~ 

C H R O M I U M - N I C K E L - O X Y G E N  

IO00~ llO0~ 

0.028 22.045 19,448 17.229 
0.056 22.509 19.913 17.694 
0.108 23.057 20.374 18.083 
0.133 23.133 20.447 18.154 
0,200 23,523 20.854 18.574 
0.218 23.628 20,943 18.650 
0.278 23.850 21.180 18,900 
0.313 24.011 21.305 18.994 
0.363 24.093 21.422 19.141 
0.401 24.133 21.482 19,217 
0,425 24.146 
0.975* 
0.450 21.543 
0.942* 
0,475 19.316 
0.882* 
1.00 24.158 21.572 19.363 

* T h r e e - p h a s e  f ield,  ~ + 7 + Cr~O~. 

oxide showed large re la t ive  errors and no a t tempt  
was made to describe its dependence upon oxygen 
pressure. 

Thermodynamics o5 Cr-Ni al loys .~Equil ibrium be-  
tween  chromium oxide and the Cr-Ni  alloy can be 
represented as 

2Cr A + 3/2 02 : Cr203 [7] 

Then, for a par t icular  temperature ,  and assuming 
acr2o3 ~ 1 (maximum nickel  content  was 0.5 w / o )  

a c r  A : ( P * o 2 / P o 2 ) ~  [8 ]  

w h e r e  acr A i s  the chromium alloy activity, and P*o2 
and P 0 2  a r e  the dissociation pressures for chromium 
oxide equi l ibra ted wi th  pure  chromium and an alloy, 

I I I I 

/ 

+ C%0 3 H~O0oC - 
J:' + cry~ ~ / 

+C%03 i~,olIov i 
~ + ~  

-17.0 -- 

-18.0 - 

-19.0 : >  Cr203 

-20.0 - 

log(p% atrn) 

-2LO - 

-22.0 - 
o<-all0y 

-23.0 - 

-24.C ~ Cra03 

(-alby 

0 0.2 0.4 0.6 0.8 1.0 
ATOM FRACTION NICKEL 

Fig. 6 .  Dissociation pressures of Cr203 coexisting with Cr-Ni 
alloys at 900 ~ lO00 ~ and l IO0~ 
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respectively.  The  emf's of cells [II] and [III] using 
Eq. [1] and [8] can therefore  be expressed as 

RT 
E - -  -- - -  In acr A [9] 

3F 

Values of chromium activities calculated using this 
equat ion and data of Tables I, II, and IV are given in 
Table VIII;  uncertaint ies  in the values were  est imated 
for an error  of _1  mV, which is l a rger  than the 
s tandard deviat ions from the leas t -squares  lines, and 
a +_5~ tempera tu re  error.  The nickel activities re-  
corded in Table VIII  were  determined f rom the chro- 
mium activities and compositions by numer ica l ly  in-  
tegrat ing the Gibbs-Duhem equation, fol lowing a 
method described previously  (16). 

Typical behavior  of the meta l  activit ies over  the 
invest igated t empera tu re  range is i l lus t ra ted by the 
plots in Fig. 7. 2 When the chromium act ivi ty  is taken 
as one for the pure meta l  in the bcc structure,  chro- 
mium shows posit ive deviations f rom ideali ty at com- 
positions N c r  A ~ 0.08 and small  negat ive  deviations 
at lower  concentrations. The act ivi ty curves f rom pure  
chromium to the te rminal  a-phase composition are 
only ten ta t ive ly  proposed since the exper imenta l  
method is not sufficiently sensi t ive in this region. 

Mean values for the part ial  heats of meta l  mixing 
in the v-al loy and the integral  heats of solution are 
recorded in Table IX. For  chromium, 

~ c r  ---- RTlnacr : AH-'-cr -- TAScr -- 3F(A -5 BT) [10] 

when  the emf  results in Table II are represented  by 
E = A + BT. AGcr, AH~cr, and AS--cr are the part ial  f ree 
energy, heat, and ent ropy of mix ing  of chromium, re-  
spectively. The corresponding part ial  heats of mixing 
of nickel could be evaluated  from its act ivi ty  data and 
the relat ionship 

- RTIT2 
A H N i  I n  aNi(TD/aNi (Is) [11] 

T 2  -- T 1  

~ D e t e r m i n a t i o n s  of c h r o m i u m  a n d  n i c k e l  a c t i v i t i e s  in N i - C r  
a l l oys  h a v e  b e e n  r e p o r t e d  d u r i n g  cou r se  of t h i s  p a p e r ' s  p u b l i c a t i o n  
b y  F .  N. M a z a n d a r a n y  a n d  1t. D. P e h l k e  (22).  

Table VIII. Chromium and nickel activities in Cr-Ni alloys at 
900 ~ 1000 ~ and 1100~ 

T e m p e r -  
A t o m  f r a c t i o n  A c t i v i t y  a t u r e  

C h r o m i u m  N i c k e l  C h r o m i u m  N i c k e l  (~ 

0.028 0,972 0.026 ~ O.001 0.972 "-~ 0.002 900 
0.028 0.972 0.026 ~ 0.O01 0,972 -+- 0.002 1O00 
0.028 0.972 0,026 +_- O.001 0,972 + 0.002 1100 
0.056 0,944 0,058 - -  0.002 0.940 ~ 0.003 900 
0,056 0.944 0.057 - -  0,002 0.940 -~- 0.003 1000 
0,056 0.944 0.056 ~ 0.001 0,940 -+- 0.002 l l O 0  
0,108 0.892 0.149 - -  0 .004 0.870 ~ 0.005 900 
0.108 0,892 0,127 +--- 0.003 0.882 -4- 0.005 1000 
0.108 0.892 0.Ii0 ~ 0.002 0.886 + 0.004 1100 
0.133 0.867 0.171 -- 0.005 0.85 ----- 0.01 900 
0.133 0.867 0.144 +____ 0.004 0.86 ----- O.Ol 1000 
0.133 0.867 0.124 +-- 0.003 0.87 ~- 0.01 1100 
0.200 0,800 0.335 - -  0 .010 0 .74 --.+ 0.02 900 
0.200 0.800 0.290 + 0.008 0.75 __ 0.02 1000 
0.200 0,800 0,256 ___+ 0,006 0.76 - -  0.02 l l O 0  
0.218 0,782 0.401 • 0.012 0,71 - -  0.02 900 
0.218 0.782 0.338 - -  0 .009 0.72 - -  0.02 1O00 
0,218 0.782 0.293 ~ 0,008 0.73 2 0.02 l l O 0  
0.278 0.722 0.587 ~ 0.017 0.63 ~ 0.02 900 
0.278 0.722 0,507 ~ 0,013 0.63 +--- 0 .02 1OO0 
0.278 0.722 0.448 + O.011 0.63 +--- 0.02 llOO 
0.313 0.687 0,775 __ 0.023 0.56 + 0.03 900 
0.313 0.687 0,630 "+" 0.017 0.58 "+" 0.03 1000 
0.313 0.687 0,528 - -  0.013 0.59 - -  0.03 l l O 0  
0,363 0,637 0.893 +--- 0,026 0.52 - -  0.03 900 
0,363 0,637 0,772 + 0.021 0,52 - -  0.03 1O00 
0,363 0.637 0.682 - -  0,018 0.52 ~ 0.03 l l O 0  
0,401 0,599 0.960 "+" 0.028 0.50 • 0.03 900 
0,401 0.599 0.858 ~ 0.023 0.49 ~ 0.03 1000 
0,401 0.599 0,780 ~ 0.018 0.48 -+- 0.03 l l O 0  
0.425 0,575* 0.98 --+ 0.02 0.4:9 __ 0.03 900 
0.975 0.025** 0.98 ----. 0.02 0.49 ~ 0.03 900 
0.450 0.550* 0.955 + 0,025 0.46 -~ 0.03 1000 
0.942 0.058** 0,955 "4- 0.025 0.46 4- 0.03 100O 
0.475 0.525* 0.912 __ 0.022 0.43 ~ 0.03 1100 
0,882 0.118"* 0.912 __ 0.022 0.43 + 0,03 1100 

* T h r e e - p h a s e  f ie ld  a + ~/ + ox ide ,  nickel-rich a l loy .  
** T h r e e - p h a s e  f ie ld  a + ~ + ox ide ,  c h r o m i u m - r i c h  a l loy .  
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Integral  heats of mixing  were calculated from the 
relationship 

AH : NcrAHcr 4- NNiAHNI [12]  

where the N's are mole fractions in the alloy. 
There is an uncer ta in ty  of 4-70 ca l /gram atom in  

~ c r  for an error of 4-1 mV in the determinat ion of 
the coefficient A. Although the s tandard deviation for 
each determinat ion of this coefficient, Table II, is 
wi thin  this error limit, the values show that  this devi-  
ation is larger and that it does not vary  systematically 
with compositions of the alloy samples ranging from 
10.8 to 40.1 a/o Cr. Average values of A and aHcr can, 
therefore, only be given for this alloy composition 
range equal to 67.7 • 12.0 mV and 4690 4- 830 ca l /gram 
atom, respectively. The corresponding average value 
f o r  AHNi is --380 4- 290 cal /gram atom. 

Alloy-NiCr204-CrzOz phase field.--The oxygen pres- 
sures were calculated from the emf's of cell [IV]. This 
field is the upper  bound, with respect to oxygen pres- 
sure, of the 7-Cr2Oa equil ibria  and so the value of 
act at this te rminal  composition can be calculated 
using Eq. [9]. These activities are 1.6(• • 10 -7, 
3.4(• • 10 -7, and 8.0(• X 10 -7 at 900~ ~ 
and ll00~ respectively. Compositional results (Table 
V) show the chromium contents of the alloy to be 
<0.01 w/o which taken together with the values of 
the activities demonstrate  that  the te rminal  alloy 
chromium compositions of the 7-Cr203 phase field are 
~1  ppm. 

The free energy of formation of nickel chromite can 
be obtained from the reaction 

Ni A 4- 2Cr A 4- 2 02 : NiCr204 [13] 

Table IX. Partial and integral heats of mixing in Cr-Ni alloys 

Partial heat 
of mixing 

(cal /gramatom) Atom fraction 
Integral heat 

of mixing 
(cal/gram 

atom) Cr Ni Cr Ni 

April  1974 

The analytical  data (Table V) permit  one to assume 
aNi A > 0.999 and aNicr204 > 0.99, and so 

aGof(NiCr204) : 9.150T [log acr 4- log Po2] [14] 

giving ~G~ equal to --234.9, --226.1, and 
--217.7 kcal /mole at 900 ~ 1000 ~ and ll00~ The esti- 
mated error  in these values is _ 1.2 kcal. This analysis 
can be extended to determine the free energy change, 
~G~ for the formation of nickel chromite from nickel 
oxide and chromium oxide, where 

AGoN : aGof(NiCr204) -- AG~ (NiO) -- AGof (Cr203) 
[15] 

The values of AGN ~ are --8300, --7500, and --7200 cal /  
mole NiCr204 at 900 ~ 1000 ~ and ll00~ respectively, 
with an estimated uncer ta in ty  of 4-1300 cal. 

Alloy-NiCrzO4-NiO phase field.--Oxygen pressures 
calculated from the emf's of cell [V] were 9.5 (4-0.6) • 
10 -13, 4.2(=0.3) • 10 -11, and 1.0(• X 10 -9 arm 
at 900 ~ 1000 ~ and ll00~ The dissociation pressures of 
pure  nickel oxide at these temperatures  are 1.02 • 
10 -12, 4.43 X 10 -11, and 1.11 • 10 -9 arm. Since the 
chromium content of the alloy is less than  the critical 
value of 10 -4 w/o determined for the alloy Cr2Os equi-  
l ibrium, the relationship 

Po2 - -  P*o2  ( a ~ i o )  2 [16] 

describes this system, giving a value of ,~0.97 for aNiO 
at the three investigated temperatures.  The chromium 
contents of nickel oxide given by the electron probe 
determinations of samples annealed  at 1000 ~ and 
1100~ (Table VI) correspond to 0.955 atom fraction 
nickel oxide. 

The chromium activity in the v-al loy can be esti- 
mated from Eq. [14] as 1 X 10 -10 , 8 • 10 - l~ and 
5 X 10 -9 at 900 ~ 1000 ~ and ll00~ Thus, the alloy 
existing with nickel chromite and nickel oxide is 
almost pure nickel. 

Equilibrium oxygen pressure diagram for the Cr- 
Ni-O system.--This diagram, which has the same 
shape between 900 ~ and 1100~ is shown only as a 
schematic in Fig. 8 because several of the experi -  
menta l ly  determined parameters  are too small  to be 
represented graphically. With increasing nickel content 
of the alloy, NNi A, the oxygen pressure increased from 
the dissociation pressure of pure chromium oxide to 
that associated with the un ivar ian t  phase field, ~--y- 
Cr203, with chromium oxide containing <0.2 w/o  Ni. 
The compositions of the ~ and 7 alloy phases at 900 ~ 
10000, and ll00~ were 97.5 and 42.5, 94.2 and 45.0, 
and 88.2 and 47.5 a/o Cr, respectively. The a-al loy is 
unstable  at larger oxygen pressures and 7-Cr2Os phase 
field extended up to the un ivar ian t  phase field, ~-spi- 
nel-Cr203. At both 1000 ~ and l l00~ the nickel chro- 
mite spinel was found to be essentially stoichiometric, 
the nickel content of chromium oxide was 0.2 w/o 
while  the chromium content of the 7-al loy phase, A1, 
was estimated to be in the order of 10 -4 w/o. The 
measurements  did not detect any  variat ion in  the 
spinel composition across the two-phase field, al loy- 
spinel, but  the chromium content  of the alloy de- 
creased to ~--10 - s  w/o, i.e., alloy A2 is effectively pure 
nickel and spinel $2 is NiCr204, at the three-phase 
7-NiCr204-NiO un ivar ian t  oxygen pressure. The maxi -  

Table X. Equilibrium oxygen pressures for the univariant phase 
equilibria of the Cr-Ni-O system 

0.028 0.972 560 O 20 
0.056 0.944 530 0 30 
0.108 0.892 4930 --290 270 
0.133 0.867 5090 --370 350 
0.200 0.800 4270 --430 510 
0.218 0.782 5060 --450 760 
0.278 0.722 4310 0 1200 
0,313 0,687 6130 --840 1350 
0.363 0.637 4330 0 1570 
0.401 0,599 3340 --650 1730 

-- log (Po 2 atm) 

900~ 1000~ 1100~ 

Cr-Cr~O~ 24.158 21.572 19.363 
a-T-Cr203 24.15 21.54 19.31 
7-Cr~Oa-NiCr20, 15.085 12.950 11.242 
~-NiCr~Oa-NiO 12.02 10.38 9,00 
Ni-NiO 12.000 10.354 8.954 
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Fig. 8. Schematic representation of the equilibrium oxygen 
pressure diagram of the Cr-Ni-O system between 900 ~ and 1100~ 

mum chromium content  of nickel  oxide was 4.5 w / o  at  
1000 ~ and ll00~ The oxygen  pressures  for  the  un i -  
var ian t  phase equi l ib r ia  of the  Cr -Ni -O  system at the  
th ree  inves t iga ted  t empera tu re s  are  summar ized  in 
Table X. 
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ABSTRACT 

React ively  sput tered films consisting of ~65 atom per  cent (a /o)  Ta and 
,~35 a /o  Si are of considerable interest  for forming thin film capacitors and 
resistors. Oxides have been anodically grown on Ta-Si  films and examined by 
the Ruther ford  backscat ter ing technique. This analysis revea led  that  the outer  
layer  of the oxide is great ly  enr iched in Ta and almost devoid of Si, while  
the inner  layer  has a lower  Ta: Si ratio than the as-sput tered film. This in-  
dicates that  Ta cations are ve ry  mobile  wi thin  the oxide and are migra t ing  
to the surface under  the influence of the applied field during anodization. No 
appreciable dissolution of e i ther  Ta or Si takes place. The T a : S i : O  stoi- 
chiometry  of the oxide is consistent wi th  a film composed of Ta205 and SiO2. 

At the present  t ime in tan ta lum thin-f i lm circuit 
technology (1), anodized E-tantalum (2, 3) is used for 
capacitors, while  react ive ly  sput tered tanta lum ni t r ide 
(4) is used for resistors. The fabricat ion of these cir-  
cuits would be great ly  simplified if a single thin film 
star t ing mater ia l  were  uti l ized for both of these com- 
ponents, especially if  h igher  stabil i ty devices were  ob- 
tained. Studies have been performed to use tan ta lum 
al loy compositions to improve  the propert ies  of capaci-  
tors. Alloys of tan ta lum with  carbon, nitrogen, and 
oxygen (5) as wel l  as t an t a lum-a luminum mix tures  
(6) have been invest igated in the past. The use of tan-  
ta lum-si l icon alloys should have some considerable 
advantages:  

1. Both elements  are high mel t ing point mater ia ls  
which should result  in a film having high thermal  and 
e lect romigrat ion stabil i ty in resistors. 

2. Some of the bulk tan ta lum silicides are repor ted  
to have  resist ivit ies (7) of the same order  as tan ta lum 
nitr ide and tan ta lum-a luminum.  

3. Both elements  may  be anodized (8) to form pro-  
tect ive stable oxide f i l l s ,  and mixtures  of them would 
presumably  behave  similarly. 

4. As the tanta lum-s i l icon alloy films can be de-  
posited by react ive sputtering, all of the basic proc-  
esses for thin film component  fabricat ion can be re -  
tained and only the initial film mater ia l  changed. 

In another  report  (9) the init ial  characterist ics of 
the tanta lum-si l icon alloy films were  described, as 
wel l  as the propert ies of the passive devices formed 
from them. In summary,  however ,  qui te  stable resistors 
and very  stable capacitors are formed from a com- 
position in the neighborhood of 35 atom per  cent (a /o)  
silicon. 

The purpose of the present study was to de termine  
the composition of the anodic oxide films formed on 
tanta lum-s i l icon alloys. Rela t ive ly  l i t t le  work  has been 
devoted to the analysis of anodic oxides grown on 
compounds or alloys (10); however ,  a recent  Ru the r -  
ford scattering study of anodic oxides on GaP (11) 
proved to be quite  re levant  to the present  work. 
Ruther ford  ion scat ter ing is an excel lent  technique for  
the determinat ion  of thin f i l l  composition as a func-  
tion of depth. It is the only surface analyt ical  method  
which will  provide this information rlondestructively. 
The technique has been used to examine  a wide va-  
r ie ty  of thin film systems in addition to GaP, including 
the oxides of a luminum (12), silicon (13), and nio-  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1Present  address: Bell  Laboratories,  M u r r a y  Hil l ,  N e w  J e r s e y  

07974. 
K e y  words: ion backscattering,  thin films, anodic oxides.  

bium (14). In the present study, Ruther ford  back-  
scattering provided depth profiles of the e lements  com- 
prising the Ta-Si  f i l l s  and their  oxides, al lowing us 
to speculate on the oxide growth  mechanism. In addi- 
tion, since a small loss (,--20%) in capacitance had 
been found for thin film Ta-Si  capacitors (9) com- 
pared to /~-tantalum capacitors, it was of interest  to 
de termine  whe the r  this capacitance change was at-  
t r ibutable  e i ther  to incorporat ion of a low dielectric 
constant mater ia l  (SiO2) in tan ta lum oxide or to a 
change in film thickness. 

Experimental Procedure 
Sputtering and anodization.--The films w e r e  pre-  

pared by d-c diode react ive sput ter ing of tan ta lum in 
s i lane-argon mixtures  in a 6-in. oil diffusion pump 
system with a l iquid ni t rogen trap and a glass bell  jar. 
Sput ter ing  from a 36 in. 2 cathode was conducted at a 
potential  of 5 kV, a current  density of  0.5-1.2 mA/ in .  2, 
a gas pressure of 1 X 10 -2 Torr, and an intere lect rode 
spacing of 2.75 in. The deposition rate  var ied from 
80-120 A/min,  depending on the part ial  pressure of 
silane, which ranged f rom 7 X 10 -8 to 8 X 10 -4 Torr. 
This technique resul ted in film compositions varying 
from 0-92 a /o  silicon. Substrates were  fused silica 
cleaned by a t r ichloroethylene boil, hydrogen peroxide 
boil, ultrasonic detergent  wash, deionized wate r  rinse, 
hot ni trogen dry with  a final bake at 400~ in air  for 
30 rain. In the vacuum station, the substrates were  
heated to 550~ for 2 hr  and then cooled for 2 hr  to a 
t empera ture  of 100~ Silane was admit ted into the 
chamber  to the desired part ial  pressure through a 
needle valve, and then argon was added to a total 
pressure of 1 X 10 -2 Torr. Af te r  a presput ter ing  
period of 45 min with  a shut ter  covering the substrates, 
the films were  deposited for 45 rain. Be ta - tan ta lum 
films were  prepared in pure argon, and the s t ructure  
was identified by x - r a y  diffraction. 

For  the anodization, the 1 X 3 in. coated fused 
quartz slides were  scribed and broken into six ~ • 1 
in. slices. On each small  slice, a thin strip of  e lectro-  
platers tape was used to mask off the section where  
the e lec t ro ly te-a i r  interface would  form, and contact 
was made to the film with  a small  a l l igator  clip. 
Anodizat ion was performed in 0.01% citric acid using 
a tanta lum cathode with  an Electronic Measurements  
Inc. constant cur ren t /cons tan t  voltage power  supply. 
Tantalum-si l icon alloy films were  anodized at 3-4 m A /  
cm2; one set of slices was then soaked for about 20 min 
at constant voltage unti l  the current  dropped an order  

550 
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of magnitude.  Be ta - tan ta lum films were anodized at 
1 mA/cm 2 and then  similarly soaked at the given 
anodizing voltage. 

Backscattering.--Rutherford backscattering of 4He+ 
ions was employed to analyze the composition and to 
obtain depth profiles of the Ta-Si  films and their  
anodic oxides. In  this technique a well-collimated, 
mono-energet ic  beam of ions is directed onto the sam- 
ple. The ions lose energy in a solid by two processes: 
(i) elastic scattering by the repulsive Coulomb force 
between the nuclei of the incident  ion and a target  
atom; and (ii) inelastic collisions with the electrons of 
the material .  The nuclear  scattering allows identifica- 
t ion of the const i tuent  elements of a th in  film by the 
amount  of energy the incident  ion loses to the recoil 
of the target  atom; light atoms, such as oxygen, can 
take up a large portion of the energy of the ion, while 
heavy atoms, like tantalum, absorb relat ively li t t le en-  
ergy in recoiling. The stopping power of the electrons 
provides informat ion about the depth dis tr ibut ion of 
elements in the sample, since ions scattered from atoms 
deep in the sample will have lost more energy than  
those scattered from atoms of the same element  at 
the sample surface. In terpre ta t ion  of the backscattered 
energy spectrum thus permits a nondestruct ive de- 
te rmina t ion  of the ident i ty  and position of the ele- 
ments  composing a th in  film. 

All measurements  in this exper iment  were per-  
formed on the Bell Laboratories Van de Graaff ac- 
celerator with 1.9 MeV 4He+ ions. The exper imental  
apparatus and the basic equations per t inent  to Ruther -  
ford backscattering analysis have been described else- 
where (15). Two backscattered energy spectra were 
taken for each sample: one on the anodic oxide and 
one on an adjacent unanodized area. Typically, the 
beam current  was ~2.5 nA, and the total integrated 
beam charge for each spectrum was 6 ~C. Because of 
the Z 2 dependence of scattering cross section, there is 
relat ively li t t le backscattering from the O and Si 
atoms present  compared to that from the Ta atoms, 
and consequently a period of about 50 min  was re-  
quired to obtain a spectrum with adequate statistics 
(statistical uncertaint ies  in total counts of ~ 1 % )  for 
the O and Si yields from a sample. The energy resolu- 
t ion of the system, determined main ly  by  the resolu- 
t ion of the surface bar r ie r  silicon detector, was 15 keV. 

Results  
A backscattered energy spectrum for an as-sput tered 

Ta-Si  film is shown in Fig. 1; the relat ively small  
yields of the low energy side have been magnified by 
a factor of 20. The energies with which 1.9 MeV He 
ions are backscattered from Ta, Ar, and Si atoms at the 
surface are shown on the abscissa. These energies cor- 
respond to the half-heights of the leading edges of the 
respective scattering peaks, indicat ing that all of these 
elements are present  at the sample surface. 

The shaded areas give the yields corresponding to 
elements in  the Ta-Si  film. The background under  the 
Ar yield, probably due to mult iple  scattering from Ta 
wi th in  the film, is taken simply by drawing a hori-  
zontal straight l ine; such long tails are always present  
in scattering from thin  films. Because the t rai l ing edge 
of the Ar yield is overlapped by the leading edge of the 
Si yield, it is necessary to determine (using a knowl-  
edge of the kinematics of the scattering process and 
the electronic stopping powers) the expected Ar peak 
width from the observed Ta peak width, assuming 
that  the Ar is uni formly  distr ibuted throughout  the 
film. For the Si, some cri terion must  be established to 
determine the position of the interface be tween the 
film and the under ly ing  quartz (SiO2) substrate. Here 
we use the energy of the midpoint  be tween the sub-  
strate and film plateaus as the energy of the half-  
height of the t rai l ing film edge; Mitchell et al. (16) 
have shown this to be an accurate method. A straight 
l ine is then  drawn from the leftmost point of the film 
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Fig. 1. Backscettered energy spectrum of 1,9' M e V  4He ions from 
e sputtered T,-Si film about 4200A thick, The low energy side of 
the spectrum is also shown magnified by a factor of 20. The shaded 
areas are the scattering yields of the elements in the film. The 
energies with which the ions are backscottered from Ta, Ar, and 
Si are shown on the abscissa (energy scale = 7.5 keV/channel). 

plateau through the half-height  to approximate the 
t rai l ing edge of the film scattering for Si. 

For  a th in  film of uniform composition, the back-  
scattered yield should increase with decreasing energy 
due to the E -2 dependence of the Rutherford cross 
section (the stopping power is essentially constant in  
this energy region).  Thus, the slope observed in the Ta 
yield is expected, but  the slight peak at the surface is 
not. This peak represents an increase in  the Ta level 
present;  the corresponding decrease in  Si concentrat ion 
is not as easily discerned in  the scattering spectrum. 
Similar nonuniformit ies  were observed in samples 
with different over-al l  compositions from sputter ing 
runs at different silane part ial  pressures. 

The integrated composition of a film is obtained 
from the elemental  scattering yields after al lowing 
for the Z 2 dependence of scattering cross section. The 
ratio of T a : S i : A r  in the film of Fig. 1 is 2.9:1:0.10, or 
72% Ta, 25% Si, and 3% Ar. The average film com- 
position, obtained from spectra taken on six unanod-  
ized samples, was 69% Ta, 28% Si, and 3% Ar, or a 
ratio of 2.5! 1:0.13. Argon is incorporated into the film 
dur ing the sput ter ing process, and similar levels have 
been previously observed in sputtered films (17). The 
actual numbers  of Ta, Si, and Ar atoms per square 
centimeter  were obtained by comparing the yields to 
that  from a bu lk  gold or t an ta lum sample. Convert ing 
these numbers  to a surface density (grams per square 
centimeter)  and dividing by the weighted average of 
the densities of /3-Ta and bulk  Si ( ignoring the small  
amount  of Ar) ,  the film thickness was calculated to be 
about 4200A. 

Figure 2 is the spectrum obtained from a Ta-Si  film 
anodized at constant current  to 249V and soaked at 



552 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  April 1974 

200 
", ~i , ] , l r l , l , l  , l , " - i t l , l , l , l ~ l , l , l  , l , l + i r l ,  i~ 

O (x20) tN 
�9 DEEP OXIDE 1.9 MeV 4He+ 

T o - S i  ANiDIZED TO 249 V 
IBO (ON QUARTZ SUBSTRATE ) 

O{x 20) IN 
160 SURFACE OXIDE 

UNANODIZED 
~'~ TO 

1oo J 

~ 1 7 6  I 1 UNANODIZED To IN TO IN . . . . .  SURFACE Si ur_r._r 

/ Si (x20) INI DE - ! 60 ~ (  DEEP OXIDE t 

~;~:. /s i  (x2o),NI 
?~, SURFACE[ 

50 t00 150 200 
CHANNEL NUMBER 

I I 1 -  I 
0.684 1.069 1.27t 1.739 

BACKSCATTERED ENERGY (MeV) 

Fig. 2. Backscattered energy spectrum of 1.9 MeV 4He ions from 
a Ta-Si film anodized to 249V. The yields of Si and O from the 
surface layer are shaded the same as the surface To peak; similarly, 
the At, Si, O, and Ta in the deep oxide layer are shaded alike. 
There is essentially no Ar yield from the surface layer. Elemental 
yields from the unanodlzed Ta-Si film beneath the oxide are 
shown as enclosed, unshaded areas. Within experimental uncertain- 
ties, the measured amount of O corresponds to an oxide composed 
of Ta205 and SiO~. (Energy scale = 7.5 keV/channel.) 

this voltage as previously described. Several interest- 
ing features of this spectrum are immediately ap- 
parent. The large Ta peak indicates an excess of Ta at 
the outer surface of the oxide. There is a correspond- 
ing deficiency of Si in this region, as shown by the dif- 
ference between the observed position of the Si half- 
height and the position expected if Si were present at 
the oxide surface. Similarly, the Ar leading edge oc- 
curs at a reduced energy, indicating a lack of Ar in 
this surface layer. Virtually every oxide grown ex- 
hibited these nonuniformities, including oxides formed 
on films of other Ta-Si compositions. The small dip in 
the Ta yield at the back edge of the deep oxide in- 
dicates a slight Ta deficiency, although this was not 
observed in any other oxides. 

Since the composition of the surface and deep oxide 
layers are obviously different, the areas corresponding 
to these layers have been shaded differently in Fig. 2 
to facilitate interpretat ion.  Boundaries of the Si and O 
yields were determined kinematical ly  from the width 
of the surface Ta peak. The background under  the O 
peak, due main ly  to scattering from Si in  the quartz 
substrate, is determined simply by extrapolat ing a 
smooth l ine from the points to the left of the peak. The 
Ta :S i :O  ratio was calculated to be .--9:1:26 for the 
surface layer  and ~1.8: 1:6.5 for the deep layer. (Argon 
was not included as it was not expected to enter  into 
stoichiometric combinations with the other elements 
and was present  at such low levels.) Despite the large 
difference in  Ta: Si ratios, the amount  of O observed in 
each layer  is consistent, wi th in  6 %, with the presence 

Table I. Integrated stoichiometries of Ta-Si oxides produced by 
constant current anodization followed by a constant voltage soak 

period 

T h e  e x p e c t e d  O l eve l  ( r e l a t i v e  to  Si  as  1), a s s u m i n g  a n  o x i d e  c o m -  
p o s e d  e x c l u s i v e l y  of  Ta205 a n d  SiO2, a n d  t h e  a g r e e m e n t  between 

t h e  e x p e c t e d  a n d  o b s e r v e d  O l eve l s  a r e  g i v e n  f o r  e a c h  ox ide .  

T h e o r e t i c a l  O b s e r v e d  O 
O : S i  Expected 

A n o d i z i n g  O b s e r v e d  f o r  ToeD3 a n d  T h e o r e t i c a l  O 
voltage (V) T a : S i : O  SiOs  o n l y  % 

X 100%, 

39 2.8:1:8.9 9.0 100  
83 1.6:1:5.1 6.0 85 

122.5 3.'):1:10.0 lO.O 100 
169 2.0:1:6.5 7.0 93 
191 2.5:1:7.5 8.3 90 
249 2 .6:1:8 .8  8.5 104 

Average 2.5:1:7.8 8.1 g6 

of Ta2Os and SiO2. The integrated Ta:Si:O stoichiom- 
etry for the oxide of Fig. 2 is 2.6: 1:8.8. The stoichiom- 
etries of oxides produced at various voltages, and the 
agreement  between the expected and observed levels 
of O, and listed in  Table I. The close agreement  be-  
tween expected and observed O levels indicates that 
only Ta205 and SiO2 are being formed. 

Figures 3 and 4 show the elemental  depth profiles 
extracted directly from the backscattering spectra of 
Fig. 1 and 2. To obtain these profiles, backgrounds 
were subtracted from each point  of the O, Si, and Ar 
peaks. The number  of counts represented by each of 
the shaded areas was normalized to allow for the 
Rutherford backscattering cross-section ratios for 
O : S i : A r : T a  of 1:3.36:5.69:95.2. The widths of the O, 
Si, and Ar peaks were l inear ly  increased by 34, 16, and 
11%, respectively, relat ive to the Ta peak, to adjust  
for the kinematic  decrease in  width with decreasing 
mass; corresponding decreases of the peak heights 
were then made to conserve the total n u m b e r  of 
counts. Also, the E -2 slope of the peaks was allowed 
for so that a film of uniform composition would show 
constant concentrat ion levels in the depth profile. The 
profiles reflect a depth resolution of roughly  200A, as 
calculated from Bragg's addit ivi ty rule for stopping 
powers (18) and the 15 keV energy resolution. 

The depth profile of Fig. 3 clearly shows the var ia-  
tion in composition of the Ta-Si  film as-sputtered. 
The outer layer  is about 75% Ta, 22% Si, and 3% Ar, 

SPUTTERED To-Si 

~1o 
9 

/ DEPTH RESOLUTION 

~ ~ 

0 1000 2000 3000  4 0 0 0  5 0 0 0  
THICKNESS (A) 

Fig. 3. Depth profile extracted from the Ta-Si spectrum of Fig. 1. 
The increased Ta and reduced $i concentrations at the surface of 
the Ta-Si film are clearly seen. A uniform distribution of Ar deep 
within the film is extrapolated back from the observed Ar yield not 
overlapped by the Si scattering. A typical error bar is shown on the 
Si profile; the uncertainties on the Ta and Ar are approximately 
the dot size. 
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Fig. 4. Depth profile of the 249V nnodic oxide layer, extracted 
from the spectrum of Fig. 2. The surface layer is evidently almost 
devoid of Si and Ar, with a correspondingly large excess of Ta. The 
lines are drawn simply to guide the eye, not necessarily as a best 
fit for the data points. 

while the inner  layer  is composed of ~0% Ta, 27% Si, 
and 3% Ar. This results in an over-al l  composition of 
72% Ta, 25% Si, and 3% Ar, as noted earlier. The 
positive slope of the Si profile wi th in  the outer layer  
seems to indicate that  the Si level increases near  the 
surface. However, this slope may simply reflect a small  
error  in the extrapolated width and shape of the Ar  
yield under ly ing  the Si yield in  the backscattering 
spectrum. 

Figure 4 is the depth profile of the 249V oxide layer  
of Fig. 2, excluding the under ly ing  unanodized layer. 
The large pi le-up of Ta and the deficiency of Si at the 
surface are evident. Argon is apparent ly  almost total ly 
absent from the surface of the oxide. By comparison 
with Fig. 3, it can be seen that  the Ta: Si ratio in  the 
deep oxide is much smaller  than in  the unanodized film, 
while in the surface oxide the ratio is far higher than  
usual. Within  the uncer ta int ies  of the statistics for the 
O yield, the level of O seems to be fairly uni form 
throughout  the oxide. 

Informat ion about the loss of elements into solution 
can also be obtained from the spectrum of an anodized 
film. This is accomplished simply by summing the 
ent i re  film scattering yield for Ta, Si, and Ar ra ther  
than  just  that  part  which corresponds to the oxide 
layer. The average of the values obtained in  this fash- 
ion from all of the anodized film spectra was a 
T a : S i : A r  ratio of 2.6:1:0.09 or about 70% Ta, 27% Si, 
and 3% Ar, quite close to the average composition of 
the unanodized films. In  addition, the actual numbers  
of Ta atoms in  the anodized films were wi th in  2% of 
the numbers  in  the as-sput tered films, indicating that  
no appreciable dissolution of the const i tuent  elements 
of the films occurred dur ing anodization. 
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Because of the interest ing nonunifolTnities observed 
in Ta-Si  and its oxides, a scat ter ing analysis of sput-  
tered ~-Ta film and its anodic oxide was performed. 
Figure 5 shows the backscattering spectrum from a 
sputtered #-Ta film. Again, the yields at low energy 
are shown expanded (by a factor of 10) so that  the Ar 
present in  the film may be seen more readily. I t  is 
obvious that the Ta concentra t ion  is un i form through-  
out the Ta film; the slope of the Ta peak is simply that  
expected from the E -2 cross-section dependence. The 
composition of 96% Ta and 4% Ar was essentially con- 
stant  for all samples analyzed. 

Figure 6 is the spectrum obtained from a Ta film 
anodized to 82V and soaked as before. The Ta and O 
levels are seen to be reasonably constant throughout  
the thickness of the oxide. The Ta: O ratio was found 
to be 1:2.4 for this oxide, corresponding closely to the 
Ta205 stoichiometry as expected. Indeed, all measure-  
ments  on #-Ta oxides of various thicknesses resulted 
in  ratios wi th in  6% of 1:2o5. 

In  every scattering spectrum for the #-Ta oxides, the 
leading edge of the Ar scattering fell close to or on 
the t rai l ing edge of the Ta scattering and consequently 
was obscured, making the Ar level  near  the oxide 
surface difficult to determine.  For this reason, the area 
corresponding to the Ar yield is not del ineated i n  Fig. 
6. Despite this uncertainty,  it can be stated that in most 
cases more Ar is present  at or near  the ~-Ta oxide 
surface than was found in  the surface layer  of the 
Ta-Si  oxide. However, small  peaks in  the Ta yields, 
corresponding to increases of 2-3% in the amount  of 
Ta present at the surface, were observed in  the spectra 
of the two thickest ~-Ta oxides, anodized to 210 and 
249V. While this could be a t t r ibuted to the presence of 
some Ta in  a valence state less than  + 5  (and a con- 
sequent decrease in  the amount  of O present) ,  we be-  
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Fig. 6. Backscattered energy spectrum of 1.9 MeV He ions from 
a fl-Ta film anodized to 82V. The Ta and O concentrations are 
uniform throughout the oxide and correspond to the Ta205 
stoichiometry. The Ar yield is not determined because of the over- 
lap of its leading edge with the Ta trailing edge. (Energy scale 
7.5 keY/charmeD. 

l ieve that  it is more  l ikely to be correlated with  a lack 
of Ar  in the outer  layer  (about one- four th  of the total  
oxide thickness) similar  to that  seen in the Ta-Si  
oxides. 

All  of the Ta-Si  oxides exhibi ted  br i l l iant  uniform 
in ter ference  colors similar  to those seen in the anodic 
Ta205 films. Thicknesses were  calculated for the oxides 
by the method ment ioned previously for the unanod-  
ized Ta-Si  film: de termining the number  of atoms per 
square cent imeter  from the spectra, convert ing this to 
a surface density (grams per square cent imeter) ,  and 
dividing by the weighted average of the densities of 
anodic Ta205 (8.0 g / cm ~) (19) and anodic SiO2 (1.8 
g / c m  3) (20). Fi lm thickness vs. anodized voltages is 
plot ted in Fig. 7. The growth  rate of /~-Ta oxide was 
17.5 A / V  and falls wi thin  the range of 16-18 A / V  that  
is usual ly quoted for /~-Ta (19, 21, 22). The Ta-Si  
oxides formed at a somewhat  higher  rate, about 20 
A/V.  The fact that  the thickness vs. V plots intercept  
~50-100A at zero volts must  be due in par t  to exper i -  
menta l  error,  however,  the statistics of the yield in Fig. 
1 at the energy corresponding to oxygen atoms at the 
surface do not preclude the possibility of a 20A nat ive  
oxide layer  existing on the as-sput tered film. 

In addit ion to the /~-Ta and Ta-Si  oxides produced 
by the usual anodizing method, Ta-Si  oxides were  
formed simply by anodizing at constant current  up to 
a given voltage, omit t ing the constant voltage soak 
period. The results obtained from backscat ter ing 
spectra of unsoaked Ta-Si  oxides showed these films 
to be quite  s imilar  in many  respects to the soaked 
Ta-Si  oxides; the over -a l l  average oxide composition 
was the same wi th in  exper imenta l  er ror  and similar  
nonuniformit ies  in Ta levels, etc., were  observed. How-  
ever,  as shown in Fig. 7, the growth  ra te  of the un-  
soaked oxides was only 14 A/V, much lower  than for 
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Fig. 7. Comparison of anodic oxide thickness vs. anodization 
voltage for #-Ta and Ta-Si. Ta-Si produces a thicker oxide tham 
/~-Ta for a given anodizing voltage when a constant voltage soak 
period is included in the anodization. 

the films which did undergo a soak at the final anod- 
ized voltage. This is to be expected, at least qual i ta-  
tively, since the soaked oxide continues to grow at a 
decelerat ing rate as the current  drops when  held at a 
constant voltage. 

The rates at which the films were  consumed during 
anodization were  also calculated. About 7.5A of /~-Ta 
or Ta-Si  was consumed per vol t  when  a constant 
voltage soak period was used; the value dropped to 
5 A / V  for unsoaked Ta-Si.  From these values it was 
then easy to determine  the conversion factor be tween  
init ial  film thickness and anodic oxide thickness. It  
was found that  2.7A of oxide resul ted for each ang- 
strom of Ta-Si  consumed, wi th  or wi thout  a soak 
period, sl ightly more  than the 2.3A of Ta205 produced 
per angstrom of ~-Tao 

Discussion and Conclusions 
Oxides have been anodically grown on Ta-Si  films 

by a method typical ly used for forming Ta205 on Ta. 
Our measurements  indicate the fol lowing important  
compositional features:  

1. The Ta-Si  films have  sl ightly enhanced concen- 
trat ions of Ta and decreased Ievels of  Si near  the sur-  
face prior  to anodization. 

2. The outer  layer  of the Ta-Si  oxide is apparent ly  
largely  Ta205 and is near ly  devoid of Si (and A t ) .  

3. The inner  oxide layer  is probably composed of 
Ta205 and SIO2, wi th  a lower  Ta: Si ratio than in the 
unanodized film. 

4. There is no appreciable dissolution of Ta or Si 
from the films dur ing anodization. 

The concentrat ion nonuniformit ies  in the as-sput-  
tered film were  seen in film samples f rom several  
sputter ing runs, indicating that  the effect is not just  
an art ifact  of some abnormal  sput ter ing condition 
(e.g., a change in silane part ial  pressure) that  may  

have occurred dur ing a par t icular  run. The nonuni-  
fortuity indicates that  less Si is being incorporated into 
the film toward the end of the sput ter ing process. This 
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may be caused by a rise in the substrate tempera ture  
dur ing deposition, which might  decrease the sticking 
coefficient of Si on Ta. In  any case, the significance of 
the nonuni formi ty  to our results is only that  the oxides 
are formed main ly  from a slightly Ta-r ich and Si-poor 
layer. While none of the Ta-Si  film used in this s tudy 
was exactly 35% Si, a Ta-Si sintered alloy cathode 
may make film composition and reproducibi l i ty  more 
easily controlled in the future. 

The concentrat ion profiles of the Ta-Si  oxides are 
s t r ikingly similar to those found by the backscattering 
technique in anodic oxides of GaP .(11); unl ike  the 
GaP case, however, there is no complication of in te r -  
pretat ion due to dissolution of the film. Apparent ly ,  
the Ta cation is much more mobile than  Si (or Ar) 
wi thin  the oxide. Under  the influence of the applied 
anodizing electric field, a large fraction of the avai l -  
able Ta migrates to the surface of the oxide through a 
s tat ionary mat r ix  of Ta205 and SiOe. In  a study of the 
anodic oxidation of various alloys, Wood and Khoo 
(10) found a similar  profile in  Nb-Ta  oxides except 
that Nb was the more mobile ion and was found in 
excess in the outer film surface. According to Pr ingle  
(23), the t ransport  n u m b e r  of O is about three times 
that  of Ta in the anodization of Ta films, so that  one 
Ta ion migrates outward for every seven or eight O 
ions that  move inward. Thus, the in -migra t ion  of the 
oxidizing species may also be a major  feature of the 
growth mechanism of Ta-Si  oxide. 

It is significant that  the film seems to anodize to 
form only Ta205 and SIO2. While Ta will anodize in 
almost any solution, SiO2 is considerably more difficult 
to form anodically in  aqueous electrolytes. Although 
the agreement  (shown in Table I) be tween the theo- 
retical (assuming only Ta205 and SIO2) and observed 
amounts  of O is quite good, there is a large var iat ion of 
the Ta: Si ratios. These variations are probably caused 
in part  by the uncer ta in ty  (perhaps 15%) of the Si 
yield, a result  of the procedure for de termining the 
background counts under ly ing  the Si portion of the 
spectrum; however, the near  equali ty of the average 
Ta:Si  ratios for the unanodized and anodized films 
indicates the basic val idi ty of the measurements .  Fig-  
ure 7 demonstrates that  the oxide film thickness for 
the soaked Ta-Si  and ~-Ta differ by about 2.5 A / V  for 
a given anodizing voltage. The lower capacitance of 
Ta-Si oxide capacitors, compared to those made with 
Ta205, is therefore due main ly  to the greater oxide 
thickness, al though incorporat ion of Si and SiO~ in  the 
oxide film may also be a contr ibut ing factor. 
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Diffusion of Phosphorus in Gallium Melt 
Kunio Koneko, Masaaki Ayabe, Masoshi Dosen, Kenji Morizane, Setsuo Usui, 

and Naozo Watanabe 
Sony Corporation Research Center, 174 Fujitsuka-cho, Hodogaya-ku Yokohama, Japan 

ABSTRACT 

Crystal growth rate of GaP in the SSD (synthesis, solute diffusion) method 
is l imited by the diffusion process of phosphorus in  the gal l ium melt. The 
diffusion process was analyzed and the diffusion coefficient was derived as 
D : 1.8 • 10 -3 exp (--0.65 eV/kT)  cm 2 sec -1. 

We have recently developed the SSD (synthesis, sol- 
ute diffusion) method for growing GaP crystals (1, 2). 
Diffusion of the solute phosphorus in a gal l ium melt  
plays an impor tant  role in the crystal growth process 
of this method. Per t inen t  data are, however, scarce. The 
only published value of the diffusion coefficient is 5 • 
10-5 cm ~ sec-1 at temperatures  from 700 ~ to 1300~ 
used by Tiller (3) and by Plasket t  (4). Rodot et al. 
(5) adopted a value of 1 • 10 -4 cm 2 sec -1 from an 
analogy to GaAs. But a tempera ture  dependent  diffu- 
sion coefficient is not available. 

In the SSD method, a thin film of GaP exists at the 
surface of the gal l ium melt, so the phosphorus concen- 
t rat ion at the melt  surface is fixed to the saturat ion 
concentrat ion determined by the surface temperature.  
After  a nucleus is formed at the bottom of the melt  
where the tempera ture  is lower than at the surface 
of the melt, the concentrat ion at the growth front is 
also fixed to the saturat ion concentrat ion determined 
by the tempera ture  at the growth front. Diffusion of 
phosphorus continues in  the melt  between these two 
saturat ion concentrat ions and limits the growth rate 
of the crystal (1). 

In  this paper the diffusion process of the SSD method 
is analyzed and the diffusion coefficient is evaluated as 
a function of temperature  using the growth rate data 
obtained by this method. 

Evaluation of Diffusion Coefficient 
That the growth process is l imited by diffusion of the 

solute makes it possible to evaluate the diffusion coeffi- 
cient from the exper imental  data of the growth rate 
(1), provided due assumptions and approximations are 
made. As the crystal grows, the growth front moves 
upward  into a higher temperature  region and at the 
same time the melt  itself moves upward in the crucible 
because of volume increase which accompanies the 
conversion of gal l ium into GaP. Thus, taking a moving 
coordinate system which is s tat ionary with respect to 
the melt, the requirements  of the conservation of gal-  
l ium and phosphorus at the growth front are expressed 
respectively as 

dR 
(pM __ C M) W - -  PGapM V [1] 

and 
OC M dR 

D -~ C M - -  : PGaP M V [2] 
Ox dt 

where x is the position variable, pM is the density of 
the melt, pGaP M the density of GaP, and C M the concen- 
t ra t ion of phosphorus in the melt  (all in mole cm-a) .  
D is the diffusion coefficient of the solute, R the posi- 
t ion of the growth front expressed in the coordinate 
system as a function of time, t, and V the growth rate 
of the GaP crystal. Then from Eq. [1] and [2] 

D 8CM ( CM ) 
0X =PGapM V 1 pM~"C M [3] 

Since the mole fraction of phosphorus, C, is defined as 

Key words: gallium phosphide, crystal growth, diffusion coeffi- 
cient, phosphorus, gallium melt. 

C = CM/p M, we obtain from Eq. [3] 

pM 1 -- C 0C 
V : - -  - -  D ~ [4] 

PGaP M 1 -- 2C OX 

Equation [4] holds strictly only  at the growth in te r -  
face, and necessary informat ion to evaluate D using 
this equation is not obtainable experimental ly.  How- 
ever, we can simplify the t rea tment  as follows. 

The diffusion coefficient is assumed to be independent  
of C and T over the temperature  range of each run.  
Although our aim is to obtain the temperature  de- 
pendence of D, this assumption will be justified if the 
dependence is not strong. The concentrat ion profile, 
which is fixed at both the growth interface and at the 
melt  surface to the saturat ion concentration, Cp, be-  
comes near ly  linear, because diffusion proceeds in 
near ly  steady fashion (the diffusion coefficient is of 
the order of 10 -4 cm 2 sec -1 while the growth rate is 
of the order of 10 - s  sec-1).  The growth front moves, 
as the crystal grows, from the bottom of the crucible 
to a height almost twice the ini t ial  depth of the melt, 
W, if the total gal l ium is exhausted. Therefore, the 
values of the temperature,  TH, the concentration, CpH, 
and dCp/dx at the ini t ial  mett  surface may serve as 
average values for T, Cp, and aC/Ox at the growth 
front, respectively, taken over the whole period of 
growth. The left hand term of Eq. [4], V, can now 
be replaced by the average growth rate, Vav, or the 
length of the crystal divided by the t ime of growth. 

Thus from Eq. [4] a new relat ion is obtained 

Vav 
: KD [5] 

VT 

where VT is a tempera ture  gradient  in the melt  

and 

V T - -  
dT TII -- TL 

dx W 

K : PGaM I - -  CpH ( dCp 

pGaP M 1 ~ 2~-PH ~' ' -~]T=TH 

TL is the temperature  at the bottom of the crucible. 
pM w a s  approximated by the density of pure gallium, 
PGa M, in mole cm-3, because Cp was small compared 
to un i ty  in the temperature  regions investigated. The 
saturat ion concentration, Co, as a function of tem- 
perature, or the l iquidus of gal l ium-phosphorus sys- 
tem, has been given by M. Rubenstein  (6), R. N. Hall 
(7), and C. D. Thurmond  (8), which is approximately 
expressed in the form 

Cp ---- Cpo exp ( - -  Ec/kT)  

with the constants Cpo = 1.998 X 10 -3 and Ec = 1.28 
eV. Assuming that the diffusion coefficient can be ex- 
pressed in the form 

D _-- Do exp (--  ED/kT) 

the following relat ion is obtained 

556 
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~OGa M I - -  CP H E c  
KD -- - -  CPo Do exp 

PGaP M 1 - -  2 C p H  

-- (Ec + ED)IkT) [6] 

Using Eq. [5] KD was calculated from the experimen- 
tal results (I), and log KDTH2(I -- 2CpH)/(I -- CpH) 
has been plotted as a function of I/TH in Fig. i. Values 
for PGa M and pGap M at room temperature, 8.5 • 10 -2 and 
4.1 • 10 -3 mole cm -3, respectively, were employed in 
the calculation. A straight line was drawn through the 
points, from which Do and ED were obtained using Eq. 
[6]. The results are 

Do = 1.8 X 10-2 cm2sec -1 
ED = 0.65 eV 

Figure  2 shows the same result  as Fig. 1 wi th  the 
ordinate changed to D. The diffusion coefficient thus 
obtained, 8 • 10-5 cm ~ sec-Z at 1100~ is in fair  agree-  
ment  wi th  the values 5 X 10 -5 to 1 • 10 -4 cm 2 sec - I  
adopted by Til ler  (3) and other  authors (4, 5). D. L. 
Rode recent ly  measured the diffusion coefficient in his 
study of the l iquid phase epi taxy process of GaP (9). 
He obt_ained D equal  to 5.7 • 10-5 cm 2 sec-Z at 1020~ 
which is on the ext rapola ted  line in Fig. 2. 

Estimation of the Time of Nucleation 
The foregoing analysis is based, among others, on 

the approximat ion that  the growth  proceeds near ly  
steadily throughout  a run. Actually,  however,  the 
growth  does not s tar t  unti l  the mel t  reaches supersatu-  
ration. Once the g rowth  starts, its rate  is at first greater  
than the s teady-s ta te  growth  rate because of the super-  
saturat ion in the melt.  Thus in the calculat ion of the 
average  growth  rate, the er ror  due to neglect ing the 
t ime of supersaturat ion and that  due to neglect ing the 
t ransient  g rowth  should part ial ly cancel each other, 
resul t ing in an over -a l l  e r ror  smaller  than ei ther  of 
the two. Therefore,  it suffices to est imate the t ime from 
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Fig. 2. Temperature dependence of the diffusion coefficient. The 
straight line is given by D = 1 .8x]0-2exp(- -0 .65 eV/kT) cm 2 
sec-  l .  

the start  of the run to nucleat ion in order to est imate 
the over -a l l  error. 

Ini t ia l ly  the concentrat ion of phosphorus in the gal-  
l ium mel t  is zero everywhere .  At  t ime t = 0, a thin 
film of GaP is formed on the surface of the mel t  and 
remains there throughout  a run, thereby keeping the 
concentrat ion at the surface constant. Then the concen- 
t rat ion of phosphorus in the mel t  is given by Ref. (10). 
Here  the concentrat ion is expressed in mole fraction 
in place of mole cm -8 because the density of the mel t  
is near ly  constant in the concentrat ion range in ques-  
tion. 

r 

C=CI, H ~n=o (--1)n( erfc (2nq-1)W-z2x/~ 

-b erfc (2n + l) W -b r]~ } 

where  the origin of z coincides wi th  the bot tom of the 
crucible because no solidification occurs yet. The vol-  
ume increase of gal l ium due to dissolution of phos- 
phorus is ignored. Figure  3 shows the concentrat ion 
profiles at various times. In Fig. 4 the concentrat ion 
at the bot tom of the crucible, CL, is shown as a function 
of a pa ramete r  Dt/W~. For  a rough est imate take D = 
0.9 • 10 -4 cm 2 sec -1 and W = 3 cm, then f rom Fig. 4 
t ,,- 105 sec is obtained for CL = 0.9CpH, which gives 
a small  amount  of supersaturation.  In our exper iments  
the saturat ion concentrat ion at the bottom, CpL, ranged 
f rom 0.5 CPH to 0.8 CpH. The times necessary for C p  L 
to reach 0.5 CpH and 0.8 CpH a r e 4  • 104 and 8 • 104 
sec, respectively.  Exper imenta l ly  small  crystals were  
observed in one day's run. Since the t ime of a run  is Of 

1 .0 .  

0 .2 .4 .6 .8 
X 
W 

1.0 

Fig. 3. Concentration of phosphorus in the melt as a function 
of time and position. W is the depth of the melt, D the diffusion 
coefficient, and t the time. The surface concentration is fixed at 
CpH, and the initial concentration in the melt is zero. 
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Fig. 4. C o n c e n t r a t i o n  o f  phosphorus in the mel t  a t  the bottom 
of  a crucible as a funct ion of t ime. In i t ia l  and boundary condit ions 
are the same as those of  Fig. 4. 
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the order of l06 sec, we may be overestimating the 
t ime of growth by less than 10% by equating it to the 
time of a run. 

Conclusions 
The diffusion process in SSD method was analyzed 

and the relat ion between the diffusion coefficient and 
the growth rate was derived. From exper imental  data 
the diffusion coefficient of phosphorus in gall ium was 
obtained as D : 1.8 • 10 -2 exp(--0.65 eV/kT)  cm 2 
sec-1. The calculated values are in fair agreement  with 
the diffusion coefficients published by other authors. 
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Implantation of Argon into Si02 Films 
Due to Backsputter Cleaning 

F. B. Koch,* R. L. Meek,* and Daniel V. McCaughan 1 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Argon in concentrat ions up to 2(10) 16 cm -2 has been found in SiO2 after 
backsputter  cleaning with 150V Ar + ions in a low voltage triode sput ter ing 
apparatus. The argon has been detected directly by Rutherford backscat- 
ter ing analysis with 2 MeV He + ions. The highest argon content  was found in 
a sample subjected to 2 min  of backsput ter ing at a rate of about 50 A/rain.  
Immediate ly  after this backsputtering,  2000A of tungsten  was sputter  de- 
posited. During a subsequent  vacuum anneal  at 850~ for 20 rain, bubbles about 
10 ~m in diameter  appeared under  the tungs ten  metallization. The bubbles  
apparent ly  were caused by in te rna l  pressure resul t ing from the outdiffusion 
of the entrapped argon. Surface contaminat ion of the backsputtered SiO2 by 
W, Cu, and Fe was also detected. This was evident ly  caused by redeposition 
of sputtered mater ial  from adjacent  parts of the sputter ing apparatus since 
these elements increased steadily in concentrat ion with backsput ter ing time. 
The max imum contaminat ion of 8(10) 14 copper atoms per cm -2 after 10 rain 
is near ly  a monolayer.  Annea l ing  experiments  established that 20 rain at 
600~ was sufficient to reduce the argon level to near  or below detection limits 
[~5  (10)13 cm-2] in  both backsput tered Si and SiO~. 

Low voltage triode sput ter ing is at tractive for meta l -  
l ization of s i l icon-integrated circuits since a wide 
variety of metals and even insulators may  be de- 
posited. The possibility of sput ter  cleaning the surface 
by  Ar  + ion bombardment  immediate ly  prior to the 
deposition is an important  feature in certain applica- 
tions such as contact metall izations where the cleanli-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  R o y a l  R a d a r  E s t a b l i s h m e n t ,  G r e a t  M a l v e r n ,  

Worcestershire, E n g l a n d .  
K e y  words: backsputtering, ion trapping, metallization, sputtering. 

ness of the Si /meta l  interface is crucial. The fact that  
all materials  sputter  at varying rates presents some 
problem in the design of a sput ter ing apparatus. All 
electrically isolated surfaces exposed to the plasma 
assume a negative potential  (the wall  potential)  and 
are thus subject to Ar + ion bombardment .  This paper 
describes an application of the highly sensitive tech- 
nique of Rutherford ion backscattering to evaluate the 
extent  of surface contaminat ion and argon implanta-  
t ion under  typical operating conditions for a par t icular  
triode sput ter ing apparatus. 
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Experimental  Procedure 
Low voltage triode sputtering.--In a tr iode sput ter -  

ing system, a discharge is run  be tween  an anode and a 
hot cathode to mainta in  a high density plasma. The 
sput ter ing target  is an auxi l l iary  electrode, located and 
biased so that  it can extract  ions from the plasma. In 
this case, the main discharge runs at 4A and is main-  
ta ined by a potential  of about 100V be tween  anode 
and cathode. A high current  discharge at low voltage 
is possible because the cathode is a copious source of 
thermionic  electrons. The cathode, a 0.125 cm diam- 
eter Ta wire, is heated to incandescence by an a-c 
current  of 65A. The pressure was fixed at 2 mTorr  of 
high pur i ty  argon. Figure  1 i l lustrates the apparatus. 
The plasma is confined by an a luminum tunnel  as 
shown, wi th  openings to allow the Ar  + ions to be ex-  
t racted from the plasma so that  they  bombard  the 
sput ter ing target  or the sample surface as desired. The 
silicon sample wafers  rest on a stainless steel gr id-  
work  as shown, and can be heated to 950~ during the 
deposition by tan ta lum heater  coils if so desired. 
Sput ter  deposition of tungsten at about 120 A/ ra in  
occurs when  a vol tage of --200V is applied to the 
source target  ( re la t ive to the cathode) so that  sput-  
tered meta l  atoms pass through both tunnel  openings 
and are deposited on the sample surface. It is also 
possible to sputter  mater ia l  (50A of SiO2/min) f rom 
the sample surfaces to effect a cleaning by applying 
an 800 kHz r f  vol tage to the pedestal  bear ing the sam- 
ples (backsput ter ing) .  The Ar  + ions are accelerated 
to the sample surface during the negat ive hal f -cycle  
by a vol tage adjusted for a peak value of --150V re la -  
t ive to the cathode. Contaminat ion of the sample sur-  
face may  conceivably occur during the backsput ter ing 
due to redeposit ion of sput tered mater ia l  f rom struc- 
tural  parts of the apparatus such as the sample pedes-  
tal, the plasma confinement tube, or the tan ta lum 
cathode. 

Rutherford backscattering analysis.--Surface anal-  
ysis using Ruther ford  backscat ter ing (1-3) of mega-  
electron volt  He + ions has been described in detail  
e lsewhere  (1, 2). Briefly, the energy of a backscat tered 
ion identifies the mass of the atom it scat tered from, 
and the number  of backscat tered ions determines the 
number  of scattering atoms. For scattering from target  
atoms of a given mass, the energy scale may be con- 
ver ted  to a depth scale through a knowledge of the 
kinematic  energy loss and the stopping power. 

In these experiments ,  a beam of 2 MeV He + ions 
coll imated to ~0.05 ~ through two Ta coll imators 1 m m  
in d iameter  and about 2m apart  was used. The back-  
scattered He ions were  detected at ~L ~ -  177 ~ in a 50 
mm 2 surface bar r ie r  detector  having an energy resolu-  
tion of 16 keV. This energy resolution corresponds to 
a depth resolution of about 200A. Secondary electron 
suppression and p i le -up  re ject ion electronics were  

used. Samples were  surrounded by a baffle cooled to 
l iquid ni t rogen tempera tu re  and were  mounted  in a 
two axis goniometer.  The scattering chamber  was 
mainta ined at 10 -6 Torr  and the He ion fluence was 
typical ly 1016 cm -2. Typical detection l imits are 1013 
cm -2 for masses near  Cu and 1012 am -2 for masses 
near  Au. 

Experimental  Results 
The initial impetus for the present invest igat ion was 

to explain the formation of what  are apparent ly  bub-  
bles under  a 2000A thick sput tered tungsten film. The 
tungsten had been deposited over  a 2800A steam oxide 
through which contact holes had been etched to the 
under ly ing silicon wafer.  The substrate had been rf 
backsput tered for 2 min  with  150V, immedia te ly  prior 
to the W deposition, to remove  about 100A of the oxide. 
Fol lowing the deposition, the tungsten was etched to 
give a contact test pat tern  and the sample was vacuum 
annealed for 20 rain at 850~ During this anneal  the 
tungsten metal l izat ion took on the microscopic ap- 
pearance shown in Fig. 2. Shown are an optical micro-  
graph (upper  photograph) and a scanning electron 
micrograph taken at 55 ~ sample tilt ( lower photo-  
graph) showing bubbles about 10 ~m in d iameter  and 
with an area concentrat ion of about 5(10) 5 cm -2. 
Nei ther  did a sample backsput tered for 1 min  only, nor 
did a control sample which was not backsput tered 
s h o w  any bubbles when  subjected to the same anneal-  
ing t reatment .  

The bubbles seen in Fig. 2 are not always seen after  
metall izatJon of backsput tered surfaces but  are not an 
isolated instance. They have not been observed wi th  
meta l  silicides (PtSi, NiSi) formed on backsput tered 
silicon (4, 5) nor in deposition on SiO2 of metals  such 

PLASMA CONFINING ~ ~-DEPOSITION SOURCE 
TUNt~EL tATUMI~IH~4)/ \METAL TARGET (CVD 

. . . . .  7 ~I TUNGSTEN~ 

I n31 \STA'NLESS 
PAT STEEL SLICE I ( ~  ~ J / I  I~~ '~-COILS \ STEELRSLICE . 

I~LPtPt  J STAINLESS STEEL ~ " / 
I -- i V REFLECTORS ANODE 

(TANTALUM) 

~-HOT TANTALUM 
CATHODE COPPER POSTJ 

Fig. 1. Low voltage triode sputtering apparatus 

Fig. 2. Upper micrograph shows tungsten metallization at 660X 
where bubbles have apparently formed at the W/Si interface. 
Lower photograph shows SEM. secondary electron images taken 
with sample tilt of 55 ~ . 
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as Cr or Ti which react  s t rongly wi th  SiO~. Bubbles 
have  only been observed af ter  prolonged backsput ter -  
ing fol lowed by tungsten metall ization.  

We have a t tempted  to invest igate  whe the r  these 
bubbles resul ted from argon ent rapped in the oxide 
during backsput ter ing and subsequent ly  released dur-  
ing the vacuum annealing. The tungsten was etched 
from unannealed  portions of the samples backsput tered 
for 1 and 2 min. These samples and other  backsput-  
te red  samples were  then  analyzed by ion backscat ter -  
ing for argon content and surface contaminants.  The 
analysis shows that  the sample in which the bubbles 
were  formed did indeed contain a large amount  of 
argon, more  argon, in fact, than some other  samples 
which had been backsput tered for up to five t imes as 
long. 

Figure  3 shows a representa t ive  energy spectrum 
(scattered ion yield as counts per channel  vs. scat tered 
ion energy)  for a sample which was backsput tered for 
8 min  at 150V. The energy  of ions scat tered f rom oxy-  
gen, silicon, argon, iron, copper, and tungsten at the 
surface are indicated. The iron, copper, and tungsten 
undoubtedly  result  f rom redeposi t ion of  sput tered 
mater ia l  f rom adjacent  structures in the sput ter ing 
system since the impur i ty  peaks grow steadily wi th  
backsput ter ing t ime (as will  be discussed la ter) .  The 
size and width  of the argon peak shows that  1.2 (10) z5 
argon atoms have been t rapped wi th in  200A of the 
surface (the resolution of the measurement ) .  

F igure  4 is the spectrum for the sample which 
showed the bubbles. In this case the argon surface 
concentrat ion is 2(10) 16 cm -2 and the argon dis t r ibu-  
tion extends considerably fur ther  into the oxide. The 
argon volume concentrat ion is plotted in the insert  to 
Fig. 4, and at the surface is 2(10) 2~ cm -3. The argon 
distr ibution was confirmed by a control led etching 
removal  of the 2800A oxide. Removal  of  200A of oxide 
gave a spectrum with  only the expected small change 
in energy scale and peak height, whereas  removal  of 
1500A of oxide e l iminated the peak. On the surface of 
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this sample iron and tungsten are present  at a concen- 
t rat ion of 5.3(10) 14 cm -2 and 7.5(10) TM cm -2, respec-  
t ively.  

Table I presents the measured  argon content  for 
bare and oxidized silicon samples subjected to back-  
sput ter ing for various times. The 2 min  backsput tered 
oxide which formed bubbles had the highest  argon 
concentrat ion of 2 (10) 16 cm-2;  only one other  sample 
had an argon concentrat ion in the 10 TM cm -2 range. 
Some samples wi th  3-10 rain backsput ter ing t imes had 
argon content about one order  of magni tude  less. This 
var iabi l i ty  in argon concentration, together  wi th  the 
deep penetrat ion of argon in the two samples wi th  the 
high argon content, consti tute some of the most in te r -  
esting findings repor ted  here. The projected range of 
150 eV Ar  + in SiO2 has not been measured,  but  cer-  
ta inly  would be less than 100A since the calculated 
range of 10 keV Ar  + in SiO2 is only 123A (6). In the 
Discussion section, the possibility wil l  be considered 
that thermal  diffusion of the argon during backsput-  
ter ing is responsible for the observed penetra t ion 
depths of about 1000A for some samples. 

F igure  5 shows the buildup of surface contaminant  
tungsten, copper, and iron with  backsput ter ing time. 
This buildup with  backsput ter ing t ime s t rongly indi-  
cates that  the contaminat ion originates from redeposi-  
t ion of sput tered mater ia l  f rom adjacent  parts of the 
apparatus (7). This finding is not surprising in v iew of 

Table I. 

Argon 
Sputtering concentra- 

Substrate time (rain) tion (cm -2) 

SiOs on S i  1 2.4 (10) TM 

SiOs on Si  1 2.8 (10) ~ 
SiO2 on S i  2 2.0 (10) 1~* 
SiO= on S i  3 1.9 (10) ~ 
SiO= on Si S 1.3 (I0) TM 
SiO= on Si 8 1.2 (10) ~ 
SiO~ on S i  10 2.4 (10) 1~ 
B a r e  Si  5 3.0 (10) z~ 
B a r e  Si  10 2.8 (10) 1~ 

�9 S a m p l e  w h i c h  d e v e l o p e d  b u b b l e s  u n d e r  t h e  t u n g s t e n  m e t a l -  
l i za t ion ,  
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the results of Vossen e t a l .  (8) who found sputter  re-  
deposition of up to ten monolayers  of Pt, Cu, or Mo 
when  a silicon wafer  was sput tered whi le  rest ing on a 
plate consisting of one of these metals. The tungsten 
comes f rom that  which was deposited in the apparatus  
on previous depositions. The copper and iron probably 
originate  from the copper vacuum feedthroughs and 
the stainless steel pedestal, respectively.  No A1 from 
the tunnel  was detected al though the large background 
from silicon lowers, the detection sensi t ivi ty to about 
1016 atoms per  cm 2. It  should be noted that  the ob- 
served impur i ty  deposition rates are the net difference 
be tween an arr ival  rate, which might  be significantly 
higher, and the backsput ter  removal  rates. 

Finally,  we have studied argon outdiffusion during 
vacuum anneal ing as a function of t empera tu re .  F igure  
6 shows the amount  of argon remaining in samples of 
bare Si and SiO2, previously backsput tered for 10 rain 
vs. the anneal ing tempera ture ;  portions of the sample 
were  annealed for 20 rain at each temperature .  A slight 
decrease in argon content  was observed af ter  a 400~ 
anneal. The argon was no longer  confined to the sur-  
face but  had penet ra ted  about 500A. After  a 6O0~ 
anneal  no argon could be detected in ei ther  sample. 

Discussion 
It is well  known that  ions used for sput ter ing can be 

incorporated into the bombarded substrate. Comas and 
Wolicki (9) showed that  more than 10 TM argon a toms/  
cm 2 could be t rapped in silicon by sput ter ing at less 
than 200 eV. 

Their  method, using neut ron  activation, gives, how-  
ever, no depth information. Schwartz  and Jones (10) 
used x - r ay  fluorescence to show that  an a rgon /S i  ratio 
of up to 0.1 could be achieved by varying sput ter ing 
parameters,  but  again their  method  gives no depth in- 
formation. All  this work  is  consistent wi th  results on 
ion t rapping in metals  (11-13) in which it has been 
shown that  up to many  monolayers  of inert  gas can 
be incorporated in films ion bombarded at low to 
medium energies. We believe, however ,  that  our work  
is one of the first to show accurate ly  the location and 
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concentrat ion profile of argon bur ied in SiO~, and re-  
late these parameters  to bubble  formation. 

The best explanat ion for the bubbles shown in Fig. 
2 seems to be that  argon diffuses f rom the SiO2 to 
the S i O J t u n g s t e n  interface. At a critical concentrat ion 
of argon at this interface, adhesion of the meta l  to the 
insulator  will  be lost and a small bl ister  wil l  be formed 
under  the metal.  The blister  wil l  then easily grow to 
an observable size wi th  fur ther  argon diffusion due 
to the stress concentrat ion around the periphery.  One 
might  inquire  whe ther  a concentrat ion of 2(10) TM 

argon a toms/cm 2 would be sufficient for this process. 
If we assume that  this amount  of argon is confined at 
850~ to the observed 5(10) 5 hemispherical  bubbles, 
each with a d iameter  of 10 #m, the pressure inside 
the bubbles is calculated to be a surpr is ingly high 
40 atm. 

Thermal  diffusion of argon into the film during 
backsput ter ing of the surface seems to be requi red  to 
explain the large concentrat ions and penetra t ion depths 
of argon seen in several  samples. Diffusion of argon 
in fused silica was studied by Perkins  and Begeal  (14) 
in the t empera tu re  range 650~176 They found thei r  
data could be represented  by the equat ion D = Do 
e x p ( - - E / k T )  where  Do = 1.21 • 0.607 cm ~ sec -z  
and E = 28,670 • 120 ca l /g-a tom.  A plot of the ex-  
pected diffusion distance, ~/2Dt, vs. t empera tu re  for 
diffusion t imes of 2 and 20 rain is shown in Fig. 7. 
In order  to account for argon penetra t ion of 1000A 
in 2 rain, a slice t empera tu re  of about 475~ would  
be required.  The condition N/2Dt < 2O0A limits the 
sample t empera tu re  to a m a x i m u m  of 375~ for the 
bulk of the samples where  argon penet ra t ion  was 
not observed. 
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for times of 2 and 20 min. The values of D as function of tempera- 
ture were extrapolated from the data of Perkins and 8egea| (14). 

These temperatures  may be compared to the sub-  
strate temperatures  found in  previous calibration runs 
using a P t - P t  10% Rh thin-f i lm thermocouple to mea-  
sure the heat ing dur ing 150V backsput ter ing (15). 
There a tempera ture  rise of 200~ was usual ly  ob- 
served. On some cal ibrat ion runs, however, the tem-  
perature  rise was as much as 400~ This larger tem-  
perature  rise resulted in intense local mel t ing of the 
thin-f i lm thermocouple. There was some tendency for 
discharges to occur dur ing the first backsput ter ing of 
an oxide after exposure to the atmosphere (16). The 
unusual  heating of a sample during an occasional run  
where these discharges occurred seems to be the most 
l ikely explanat ion for the higher than  normal  argon 
content  in some samples. 

The change in argon content  with vacuum anneal ing 
tempera ture  shown in Fig. 6 is not surpris ing in view 
of the expected diffusion coefficients. Referring to 
Fig. 7, ~/2Dt = 1000A for 20 min  at 4000C, so diffu- 
sion will  cause considerable escape to the surface. 
At 600~ %/2Dr _~ 1 ~m. So it is expected that  the 
argon which has not been lost at the surface will 
have diffused sufficiently into the bulk  to be unde-  
tectable. 

A quant i ta t ive  theory for the amount  of argon en-  
t rapped dur ing backsput ter ing would have to take 
into account the total dose of Ar + impinging on the 
surface, the t rapping probabili ty,  the sputter  removal  
rate of argon already entrapped, and the redis t r ibu-  
t ion and surface loss caused by thermal  diffusion. In  
this case, the flux of Ar + is roughly 1 mA/cm -2, cor- 
responding to a total dose of 7.5 (10) 17 Ar + c m -  2. With-  
out a t tempt ing to formulate  a detailed model, we 
note that less than 1% of the total dose of argon is 
usual ly  t rapped but  that  somewhat more than  1% was 

t rapped in two samples. Most samples will have an 
argon content l imited by a s teady-state  concentrat ion 
at the surface, bu t  thermal  diffusion away from the 
surface when  the sample tempera ture  is unusua l ly  
high will  increase the steady-state  value considerably. 

Summary 
We have profiled the argon concentrat ion in rf  

backsputtered SiO~ films by Rutherford scattering. 
Some samples showed anomalously  high argon con- 
centration, up to 2 (10)16 cm-2. In  such a sample, which, 
after backsputtering,  had 2000A of tungs ten  deposited 
by triode sputtering, vacuum anneal ing for 20 min  
at 850~ caused l if t ing of the tungs ten  film in bubbles  
of 10 ~m in diameter  at an area concentrat ion of 
5(10) 5 cm -~. Samples with lower argon content  did 
not show bubble  formation. 

In  one sample which showed an argon concentrat ion 
of 2(10) TM cm -2, argon in the oxide was still detect- 
able at a depth of 1200A. In  other  samples with lower 
argon concentration, the profile did not extend below 
200A (the depth resolution l imit  of the measurement ) .  
Annea l ing  in vacuum to 600~ for 20 rain was in all 
cases sufficient to reduce the argon concentrat ion be- 
low detection limits. 

The concentrat ion of surface contaminants  has also 
been determined as a funct ion of backsput ter ing time. 
Iron, copper, and tungsten  have been observed on the 
SiO2 surface in concentrations of up to 8.4(10) 14 cm -2. 
These seem to be associated with redeposition of ma-  
terial  from surrounding surfaces onto the sample. 

Manuscript  submit ted May 16, 1973; revised manu-  
script received Oct. 24, 1973. This was Paper  250 pre-  
sented at the Miami Beach, Florida, Meeting of the So- 
ciety, Oct. 8-13, 1972. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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ABSTRACT 

A model has been developed that can account for both front and back 
"autodoping" effects during epitaxial growth as well as impurity redistribution 
during further high-temperature processing. The model incorporates three 
dopant fluxes, i.e., (i) the flux from the solid into the gas phase at the rear 
of the wafer, (ii) the flux from the solid to the front surface of the wafer, 
and (iii) the flux from the bulk gas phase into the boundary layer near the 
front surface of the wafer in which transport of dopant occurs by diffusion 
only. The redistribution of impurities both within the solid semiconductor and 
in the gas phase are investigated from a theoretical viewpoint. Numerical 
solutions are obtained using the Crank-Nicolson method. Implications of dif- 
ferences between this approach and previous work are discussed. Calculated 
results are presented to illustrate the variety of problems that may be solved 
using this mathematical approach. 

The distr ibution of impurit ies in epitaxial ly grown 
silicon layers plays a major  role in the operation of 
diodes, transistors, and integrated circuits. The impur -  
i ty redis t r ibut ion that  occurs dur ing silicon epitaxial  
processing and semiconductor device fabrication is de- 
pendent  upon processing times and temperatures,  diffu- 
sivities, evaporat ion rates, and segregation coefficients 
of the dopants in the solid and gaseous phases. A model 
for the redis tr ibut ion process wou]d enable one to 
assess the critical steps in the fabrication sequence and 
predict the effect of process changes on the impur i ty  
distr ibution in the semiconductor. A typical device 
processing sequence may consist of fifteen discrete 
h igh- tempera ture  steps that affect the impur i ty  redis-  
tr ibution.  Since the results of the prior step form the 
init ial  conditions for the present step, analytical  solu- 
tions to the diffusion or t ransport  equations are not 
available. Therefore, a sequential  numerical  technique 
is the obvious choice to solve this type of processing 
problem. At present  only f ragmentary  parts of this 
problem have been solved and no complete model exists. 

BackgroundmEpitaxial Growth 
Since the largest single unknown  in calculating the 

impur i ty  redis tr ibut ion dur ing device fabrication is the 
redis t r ibut ion due to epitaxial growth, this process step 
will be treated in great detail. The prior efforts on 
modeling the substrate and layer impur i ty  redis t r ibu-  
t ion during epitaxial  silicon growth can be divided into 
three categories based upon the source of the impurity.  
The first and earliest approach involved the transfer  
of dopant from the front surface of the substrate (1- 
2), mixing of this dopant with the gas phase, and sub-  
sequent reincorporat ion of this dopant  into the growing 
epitaxial  layer. This t rea tment  completely ignored 
solid-state diffusion as the other major  mechanism for 
dopant transport.  The second approach to the redistr i-  
but ion involved the t ransport  of dopant by diffusion 
in the solid only (3-4). The effects of the ambient  gas 
phase were neglected. A more detailed analysis of this 
approach was made by Abe et al. (5). A numerical  
approach was used in order to treat  the steps prior to 
the deposition of the epitaxial  layer. The influence of 
the gas phase on the redis tr ibut ion process was ignored 
and the case of slow layer growth was not successfully 
treated. The third approach to the redis tr ibut ion prob- 

Key words: silicon, epitaxy, semiconductor, device processing 
redistribution. 

lem involved the t ransfer  of dopant from the back sur-  
face of the wafer into the ambient  and its subsequent  
incorporation into the growing epitaxial  layer (6-8). 
However, the effects of solid-state diffusion were 
ignored. 

All three approaches have been used and the results 
of the models have been verified over a l imited range 
of exper imental  conditions. The three approaches give 
a wide range of predictions when applied to any one 
common system. Since front and back surface evapora-  
t ion and diffusion of dopant are all occurring s imul-  
taneously throughout  the epitaxial  growth and other 
h igh- tempera ture  processing steps, a model incorporat-  
ing all of the three approaches would provide a better  
description of the process. 

The type of dopant  t ransport  phenomenon that will 
predominate  in a given epitaxial  deposition cycle is a 
funct ion of the dis tr ibut ion of dopant in the substrate 
along with the dopant in tent ional ly  added to the gas 
phase. Three dopant  fluxes must  be considered to com- 
pletely define the boundaries  of the gas-solid composite 
system. The first flux is that  between the solid and the 
gas at the back boundary.  This flux is the one that has 
been treated by Joyce et al. (6), Shepherd (7), and 
Skelly (8) as the sole contr ibut ing factor to the "auto- 
doping" phenomenon. A similar flux existing at the 
front surface of the wafer gives the rate of t ransfer  of 
dopant from the solid to the front gas-solid interface. 
This flux is of great importance in  unders tanding  auto- 
doping associated with the first few microns of growth. 

After the first few microns of growth in normal  epi- 
taxy (i.e., l ightly doped layer on highly doped sub-  
strate) the back t ransport  effect predominates.  The 
third flux is that  flux which controls the rate of t rans-  
port  of dopant  from the bulk  of the gas phase to the 
gas-phase boundary  layer near  the front  interface. In  
the gas-phase boundary  layer, diffusion is the sole 
t ransport  mechanism. This flux can include in tent ion-  
ally added dopant as well  as the dopant released at the 
back surface. 

The following t rea tment  will determine the three 
dopant fluxes and establish the boundary  conditions for 
the problem. The doping of a layer with the same 
dopant as in the substrate as well  as different dopant 
species is considered. Also nonuni fo rm init ial  condi-  
tions are t reated by the numerica l  method employed to 
solve Fick's Second Law in  the solid. 
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T h e o r y  
The solution of the problem wil l  involve  the t rea t -  

ment  of three  regions: (i) the bulk gas phase where  
all the dopant is uni formly distr ibuted;  (ii) the gas- 
phase boundary layer  where  t ransport  of dopant is by 
diffusion only; and (iii) the solid where  t ransport  of 
dopant occurs only by diffusion. Figure  1 depicts a 
section of an epi taxia l  reactor  wi th  the wafer  on a 
heated susceptor. The various sources of dopant are 
shown schematically.  To reduce this situation to a one-  
dimensional  case consider a line z = zo, perpendicular  
to the wafer  in the plane A-A. Figure  2 shows the 
concentrat ion distr ibution along the line z ----- zo f rom 
the wal l  of the reactor,  x = w to the back surface  of 
the wafer,  x ---- b. This l ine also passes through the 
boundaries x ---- d and x = i which respect ively sep- 
arates the bulk gas phase f rom the gas-phase boundary 
layer, and the gas-phase boundary layer  from the front  
surface of the wafer.  All  subsequent  analysis of im-  
pur i ty  redis t r ibut ion problems wil l  refer  to the dopant 
movement  along the line z = zo. A mathemat ica l  model  
describing the redis tr ibut ion sequence can be fo rmu-  

SOURCES OF DOPANT FOR EPITAXIAL LAYER 

Fig. 1. Schematic representation of an epitaxial reactor showing 
sources of dopant. 
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Fig. 2. The concentration distribution along the llne z = zo, in 
plane A-A through the epitaxial reactor from the reactor wall to 
the back surface of the wafer. 

lated since the impur i ty  redistr ibut ion wi th in  the solid 
and wi th in  the gas-phase boundary  layer  is diffusion 
controlled. For  a diffusion-control led process Fick's  
Second Law (for constant diffusivity, D) in one di- 
mension is 

OC ( x, t ) O2C ( x, t ) 
- -  - - D  [ 1 ]  

Ot Ox ~ 

where  C(x,  t) is the concentrat ion and x and t are the 
spatial and t ime variables, respectively.  The one-di-  
mensional  assumption is applicable to the case of uni-  
formly doped epi taxial  s tructures normal ly  encoun-  
tered in semiconductor device fabricat ion since the 
diameter  to thickness ratio of the wafer  is usually 
greater  than 150 to 1. For  analysis of subdiffused sub- 
strates encountered in integrated circuit fabricat ion the 
one-dimensional  analysis does not strictly apply, since 
t ransport  of dopant from the diffused regions to the 
nondiffused areas occurs paral lel  to the surface of the 
wafer.  This dopant t ransfer  may  still be analyzed in 
one dimension by t reat ing the diffused and nondiffused 
regions as separate structures l inked by an in te rmedi -  
ate gas phase. In order  to obtain the boundary condition 
at the front gas-solid interface (x = i) the mass bal-  
ance wil l  be constructed about the interface. The flux 
F (i, t) in the solid at the interface x ---- i wil l  then  be 
expressed in terms of solid concentrat ions and concen- 
trat ions of dopant in the bulk of the gas phase. Both 
of these concentrations may be measured exper imen-  
tally. 

As can be seen f rom Fig. 1 there  are two sources 
of dopant that  may enter  the growing epi taxial  layer  
by way  of the gas phase. These sources are the flux of 
in tent ional ly  added dopant, Fa and the flux of dopant 
escaping f rom the back and sides of the wafe r  F (b, t ) .  
These dopant fluxes will  be used to define the t ime rate 
of change of dopant, Q' = dQ/dt ,  in control region 1 
shown in Fig. 3. Let  one consider the dopant flow into 
and out of region 1. This area is in the x - y  plane be-  
tween x = w to x = d and y = yl to y " -  Y2. The 
dopant enter ing this region consists of the flux of in-  
tent ional ly  added impurities,  Fain, plus some fraction 
($1) of the flux of dopant escaping f rom the back of 
the wafer  ]zF(b, t) .  Of this dopant enter ing region 1 
across yz some wil l  l eave  in the y-di rec t ion across Y2. 
The rest will  enter  region 2 in the x-direct ion,  toward 
the solid, crossing the boundary, x ---- d. 

Therefore,  the rate  of change of dopant in region 1, 
Q'I, may be wr i t t en  as 

Q'I --- Fbl -- Fout [2a] 
or 

Q'I : {Fain -~- f lF  (b, t) } -- { [Faout "~- (fl -- f) F (b, t) ] 

+ [F(g)  (d, t) -t- ]F(b , t ) ]}  [2b] 

where  f is the fraction of dopant from the back of the 
wafer  that  is crossing the boundary x ---- d, in the x-  
direction, and going toward the solid. F(g)  (d, t) is the 
fraction of the in tent ional ly  added dopant also going 
toward the solid in the x-direct ion.  Therefore,  [Fg(d, 
t) - t -JF(b, t )]  is the flux of the dopant leaving region 
1 and crossing the boundary, x = d. 
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Now let one consider the rate of change of dopant  
Q'~ (region 2, Fig. 3) in the gas-solid composite sys- 
tem between x = d and x : r. r is a point in the wafer 
where the concentrat ion gradient  is always equal to 
zero. For  semiconductor device fabricat ion such a point  
always exists since wafers are usual ly  ~ 250~ thick, 
while diffusion lengths in the solid are almost never  
more than  10~. To obtain Q'2 one first must  integrate 
the concentrat ion dis tr ibut ion in region 2 to obtain Q2. 
Qz is the total number  of dopant atoms per uni t  area 
in region 2 

Q2 = C(g)  ( x , t ) d x  + C ( x , t ) d x  [3] 

where the symbol (g) refers to terms in the gas, while 
the absence of (g) refers to terms in the solid. To ob- 
ta in  Q'~ one differentiates Eq. [3] with respect to t ime 

oC(g) (x , t )  d x +  C(g) ( i , t )  
Q'2 ~- Ot dt 

dd ~'r OC(x , t )  
- -  C ( g )  ( d , t )  - -~-  q- 3, dx 

Ot 

dr di 
+ C ( r , t )  d-'t-- C ( i , t )  -~  [4] 

The terms containing the expression - -~  dx, when 

a and ~ are arbi t rary  limits, can be simplified using the 
following subst i tut ion 

s OC dx  s O'C - -  = D dx -- F (~, t )  - -  F (8, t )  
Ot Ox ~ 

which is the integral  of Fick's  Second Law for constant  
diffusivity. Using the above subst i tut ion in  Eq. [4] and 
defining v~----da/dt (where a is the position of a 
boundary  in  the x-direct ion) ,  one obtains 

Q'~ _- - F(g)  ( i , t )  + F (g )  (d , t )  -t- viC(g) ( i , t )  

-- vdC(g) (d , t )  -- F ( r , t )  d- F ( i , t )  

-~- VmC(r , t )  -- v iC( i , t )  [5a] 

Inspecting Eq. [5a] there are a number  of terms that  
will go to zero. Since the boundary,  x = r, is not mov-  
ing, Vm is zero. The velocity at x : d is set equal  to 
zero since the movement  of the front  interface is sm~ll 
compared to thickness of the gas-phase boundary  lager 
(9). Therefore, only the velocity vi is not zero. Since 
x = i is the only moving interface, the subscript will  
be omitted. The flux at x = r is zero since r was de- 
fined as a point where the concentrat ion gradient  is 
always zero. El iminat ing the zero terms from Q'2 one 
obtains 

Q'2 -- - F (g )  ( i , t )  + F (g )  (d , t )  

-- v [ C ( i , t )  - - C ( g ) ( i , t ) ]  + r ( i , t )  [5b] 

Since dopant  only enters or leaves region 2 at the 
boundary  x = d, one already knows the flux across d 
from the analysis of region 1, i.e., [ F ( g ) ( d , t )  + 
]F(b, t ) ] .  This flux may now be set equal to Q'2 to ob- 
ta in  the boundary  condition at the front  gas-solid in-  
terface 

F ( i , t )  -- F (g )  ( i , t )  + v [ C ( i , t )  -- C(g) ( i , t ) ]  

-t- yF (b , t )  [6] 

The assumptions used to simplify Q' and to derive the 
bounda ry  condition at the gas-solid interface, (x = i), 
are summarized as follows: 

(i) The bulk  gas phase ~is completely mixed at all 
times. 

(//) A l inear concentrat ion gradient  exists across the 
s tagnant  gas-phase boundary  layer. 

(iii) Dopant t ransport  in the solid phase can be 
characterized by Fick's Second Law. 

( iv)  The diffusivity of the dopant  is independent  of 
concentration. 

(v) The dopant  escaping from the back surface of 
the wafer is not influenced by the flux of dopant at the 
front interface. 

(vi) During growth, etching, or oxidation steps only 
the front solid interface is moving. 

Equat ion [6] implies that  the flux F ( i , t )  is not only 
a funct ion of dopant  t ransported from the gas [F(g)  
(i, t) ], but is also a funct ion of the dopant leaving the 

back surface or sides of the wafer [ F ( b , t ) ] ,  as well as 
the velocity of the front gas-solid interface, v. 

Equation [6] contains flux terms that  cannot be 
easily evaluated. Therefore the terms F ( b , t )  and 
F(g)  (i, t) wil l  be approximated with the following re- 
lationships 

F ( b , t )  ---- -- h [ e ( b , t )  -- kC(g) ( b , t ) ]  [7] 
and 

F(g)  ( i , t )  ~ h [ C ( i , t )  -- kC(g) ( i , t ) ]  [8] 

These equations assume that  the dr iving force for 
dopant t ransport  at the interfaces, x ----- b and x = i, 
respectively, is the concentrat ion difference across the 
interface, k is the equi l ibr ium segregation coefficient 
defined at zero growth rate as 

C(i, oo) 
k _ [ 9a ]  

C(g) (i, oo) 
and 

C(b,  oo) 
k [9b] 

C(g)  (b, ~r 

This t y p e o f  flux approximation (Eq. [7] and [8]) is 
used to describe a situa%ion, at an interface, where a 
restriction to dopant t ransport  exists [see Crank (9)].  
The restriction coefficient h has the uni ts  of velocity, 
and will be referred to in this work as the "evaporation 
coefficient." The evaporat ion coefficient is a constant  
that depends upon the temperature,  pressure, dopant 
species, wafer orientation, gas velocity, and reactor 
geometry. Small  values of h effectively keep the ratio 
of concentrat ions on either side of an interface from 
reaching the equi l ibr ium value as defined in  Eq. [9a] 
and [9b]. The evaporat ion coefficient therefore controls 
the t ime rate of approach of the ratio of concentrat ions 
on either side of an interface to its equi l ibr ium value. 
For large values of h (i.e., h > ~  x / D / t )  the escape of 
dopant  will be diffusion controlled since all the dopant 
r each ing  a surface will rapidly transfer  into the gas 
phase. Also for large h the back flux term will rapidly 
approach a constant  value and have the same effect as 
an increased constant  concentrat ion level of dopant in 
the gas phase. For small  values of h there will be a 
large t ime dependence of the flux at the front  interface, 
resul t ing in a graded dopant  dis t r ibut ion in the grow- 
ing layer. Subst i tut ing Eq. [7] and [8] into Eq. [6], 
and regrouping terms, one obtains an equation for the 
flux in  the solid at the front interface in terms of 
solid- and gas-phase concentrat ions and the constants 
h, v, and f 

F ( i , t )  = h [ C ( i , t )  -- kC(g) ( i , t ) ]  

- - 1 h [ C ( b , t )  -- kC(g) ( b , t ) ]  -t- v [ C ( i , t )  -- C(g) ( i , t ) ]  
[10] 

Equat ion [10] still contains terms of C ( g ) ( i , t )  and 
C(g) (b , t )  which cannot be easily measured in prac-  
tice. Since the distance between the front  and back 
surfaces of the wafer (0.25 mm) is small  compared to 
the total boundary  layer  thickness (5 mm) (10), we 
will assume C ( g ) ( b , t )  _~ C ( g ) ( i , t ) .  Equations [7] 
and [8] still contain a term, C ( g ) ( i , t ) ,  which cannot 
be easily measured. One approach to this di lemma 
would be to write the flux across the gas-phase bound-  
ary layer  (x : d to x -- i) as 
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F = h(g) [Cm(t) -- C(g) (i, t ) ]  

where C m ( t )  is the mean gas-phase concentrat ion and 
h(g) is the gas-phase mass t ransfer  coefficient. Then 
one could s imultaneously solve the above equation in 
conjunct ion with Eq. [6] to el iminate the term 
C(g) ( i , t )  in  favor of the mean  gas-phase concentra-  
tion C m ( t ) .  This is a cumbersome method. Since the 
diffusivity in the gas is much larger (twelve orders of 
magnitude)  than in  the solid, and since the velocity of 
the gas-solid interface is small compared to the t rans-  
port  across the boundary  layer, a simple relationship 
between the mean  gas-phase concentrat ion and the 
gas-phase concentrat ion at the interface will be as- 
sumed 

C(g) ( i , t )  = kg Cm(t)  [11] 

where k~ is an arb i t ra ry  constant that will depend 
upon the gas velocity distr ibution in the boundary  
layer. For all of the systems investigated by the au-  
thors, kg was usual ly  very close to un i ty  for most con- 
ditions encountered during epitaxial  growth and semi- 
conductor processing. 

F ina l ly  subst i tut ing Eq. [11] into Eq. [10] and as- 
suming C ( g ) ( b , t )  = C ( g ) ( i , t ) ,  one obtains the 
boundary  condition at the front interface in terms of 
readily measurable  or easily calculable quanti t ies 

F ( i , t )  : h [ C ( i , t )  -- ke Cm(t)]  

-- Sh[C(b , t )  -- ke Cm(t)]  -~- v [ C ( i , t )  -- kg Cm(t)]  
[12] 

where ke = kk(g). This flux term F(i,t) completely 
describes the movement of dopant both from the solid 
and from the gas across the front gas-solid interface. 
The flux of dopant will only go to zero under a set of 
stringent conditions. These three conditions must be 
met simultaneously for a zero flux to occur. (i) The 
velocity, v, of the gas-solid interface is zero. (ii) The 
concentration in the solid at the front interface must 
be equal to keCm(t). (iii) The concentration in the 
solid at the back interface must be equal to keCm(t). 
If one lets Cm(t) = 0, and assumes that no dopant from 
the back is reincorporated into the growing layer (] = 
0) then Eq. [12] reduces to 

F ( i , t )  = (h + v)  C ( i , t )  

which is Grove's (4) boundary  condition for the solid 
neglecting gas-phase contributions. 

An al ternate approach to the solution of the com- 
posite gas-solid system involves the solution of the 
transport  problem in both the gas-phase boundary  
layer  and in the solid phase. This approach eliminates 
the assumptions about the fluxes at x -- i and x = b 
inherent  in the method outl ined above. For practical 
reasons as outl ined later, the approximation approach 
was chosen over the solution of the composite system. 

The boundary  condition at the front gas-solid in ter -  
face (Eq. [12]), and the boundary  condition at the 
back of the wafer (Eq. [7]) can be used to solve Fick's 
Second Law (Eq. [1]) in the solid using numerical  
techniques. 

Numerical Solution 
A number  of numerical  techniques have been used 

in the past to obtain solutions to a parabolic partial  
differential equation (e.g., Eq. [1]). The simplest ap- 
proach is the forward finite difference method (FFDM).  
This technique suffers in two major  respects. The first 
of these is the poor approximation (only first order 
correct) to the t ime derivat ive of concentration. The 
second restriction is the l imit  on the stabili ty cri terion 
which requires that the value of the dimensionless 
quant i ty  R = D A t / ( ~ x )  2 cannot exceed 0.5, where 
At and Ax are the time and spatial increments,  respec- 
tively. This l imit  on R forces one to employ very small  
values of At (and to use extremely long computat ion 
times) if a stable solution is to be obtained. The im-  
plicit Crank-Nicholson Method (CNM) has the dis- 
advantage of more mathemat ical  operations than the 

FFDM but  offers higher accuracy for the same total 
expendi ture  of computer time. Also there is no bound 
on the stabili ty parameter  R for inter ior  points (11). 
Some problems may occur at a boundary  when  large 
values of R are used, especially if a large concentrat ion 
discontinui ty exists. Since the CNM involves analogs 
for the various concentrat ion derivatives centered in 
the t ime interval  At, they are second order correct. 
Another  advantage of the CNM is the ease in which Ax 
and /or  At may be varied. It is this flexibility that leads 
to shorter run  times for the same level of accuracy 
compared to the FFDM. For the initial  stages of a 
problem where large changes in concentrat ion with 
t ime are occurring one would like to use small  values 
of ~t. In  the final stages of the problem, where little or 
no concentrat ion changes are taking place a much 
larger value of At would permit  substant ia l  savings in 
computer time. The spatial grid size ~x is usual ly only 
l imited by the available amount  of computer  core 
storage. The finite difference equations used to solve 
Fick's Second Law are given in the Appendix. 

A computer program called CASPER (Computer  
Aided Semiconductor Processing and Epitaxial  Redis- 
t r ibut ion)  was wr i t ten  to solve the diffusion equation 
(Eq. [1]) using the boundary  conditions of Eq. [7] 
and [12] and nonuni form init ial  conditions, using the 
Crank-Nicholson method (17). 

To test the accuracy of the CNM, a comparison was 
made with the known  analytical  solution for the mov- 
ing boundary  and evaporation problem (MBEP) where 
the gas concentration, Cm, is set equal to zero. The an-  
alytical solution to the moving boundary  and evapora- 
tion problem as given by Grove et al. (4) is presented 
below 

= - 

�9 e x P [ D ( v t - - x ) ] e r f c  [ (  2 v t - x  )] 

erfc ~-v ~ -  [13] 

where Cs is the original concentrat ion level in the solid. 
Equat ion [13] was compared to the solutions ob- 

tained by the CNM for the following set of numerical  
conditions 

dopant, boron 
temperature,  1294~ 
diffusivity, 0.0500 ~2/min 
0.01 --~ h / ( ~ / D / t )  ~ 1010 
0.00 --~ v ~ 2.0 ~ /min  
substrate thickness, 5.0~ 
time, 5.0 min  

First  let us consider the evaporation case (v = 0) 
using the CNM solution. The accuracy of the CNM will 
depend not only upon the size of the time and spatial 
parameters ht and/~x, but  also upon the rate of change 
of concentration in the interval  Ax. The error relative 
to the analytical  solution is defined below 

Canalytical - -  CCNM 
Relative error  = • 100 

Canalytical 

A variable At Crank-Nicholson solution is used to solve 
Eq. [1] under  the boundary  conditions of Eq. [12] and 
the resul tant  numerical  solution is compared to the 
analytical  solution given in Eq. [13]. In  this method, 
a very small value of At is ini t ia l ly chosen. This value 
corresponds to an R value of 0.0001. With each suc- 
cessive solution of the grid equations, At is increased 
by 40% unt i l  the total elapsed time is expended. This 
technique offers good accuracy while allowing one to 
minimize the amount  of computer t ime per total cal- 
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simple evaporation problem. The numerical and analytical solutions 
agree to better than 1% over the entire depth range. Time, 5 rain; 
temperature, 1294~ dopant species, boron. 

culation. F igure  4 graphical ly  displays both the analyt i -  
cal and numerical  solutions to Eq. [1] using the bound- 
ary condition of Eq. [12] wi th  the normalized evapora-  
t ion coefficient hn = 10 ~~ where  hn -: h / ( ~ / D / t ) ,  and 
v = 0 (evaporat ion only) .  At the  smal ler  values of hn 
the curves tend to flatten out. For  the numerical  solu- 
tion, ~x was var ied  f rom 0.005 to 1.0, i.e. the solid 
which was 5~ thick was divided into a number  of steps 
which var ied  from 1000 to 5. Even  for the largest  ~x, 
the numerical  solution and the analytical  solution 
cannot be resolved on this plot. The error,  associated 
wi th  the evaporat ion solution is ve ry  small over  the 
ent i re  range of ax  that  was investigated. The max im um  
error  occurs at the gas-solid interface. For  a ~x of 0.05, 
which is the in terval  size normal ly  used, the error  at 
the interface is 0.4%. The var iable  at solution is highly 
accurate for the solution of the  evaporat ion prob~.em. 
This var iable  t ime in terva l  solution is par t icular ly  use- 
ful in the t rea tment  of long diffusion problems where  
l i t t le or no dopant movement  occurs over a large part  
of the t ime cycle. For  an 8 hr oxidat ion cycle at l l00~ 
the computer  run  t ime was reduced by a factor of 230 
when using the var iable  at solution. If the concentra-  
tion distr ibution was continuously varying,  a fixed in- 
terval  at  method would be prefer red  over  the var iable  
at solution. 

To achieve the highest  leve l  of accuracy, using the 
CNM, the smallest  va lue  of ax  consistent wi th  the 
amount  of computer  core storage available should be 
chosen. For  systems where  the active diffusion zone is 
small  re la t ive  to the total dimensions of the body under  
simulation, the smallest  practical  value of ax  that  may 
be chosen may still  be too large to give the required 
level  of accuracy desired. Therefore,  a numerical  solu- 
tion that  allows the use of small  values of hx in the ac- 
t ive diffusion region and larger  values of hx in regions 
where  l i t t le or no t ransport  of dopant is taking place, 
would allow one to conserve large amounts  of com- 
puter  core storage while significantly reducing the cal- 
culation time. When treat ing a problem where  l i t t le 
change in concentrat ion is expected to occur at the in- 
terface (e.g., an evaporat ion problem with  hn < <  1.0) 
ax  may be taken large. But if one is working in a re-  
gion where  the concentrat ion gradient  is large, i.e., the 

concentrat ion change over  l a x  is greater  than a factor 
of two, then a small  va lue  of ax  shou/d be used. This 
would result  in a var iable  ax  solution where  ax  would 
be small  in regions of large concentrat ion changes and 
would be large in regions where  the concentrat ion 
gradient  was close to zero. 

Since small  values of ~x / ( ~ / D t )  lead to higher  ac- 
curacy, one would  use this solution in regions where  
rapidly changing concentrat ion gradients occur. There 
are savings in both computer  t ime and core if one has 
a prior knowledge  of where  these regions of large con- 
centrat ion changes are occurring throughout  the solid. 
The "split gr id approach" was developed for a con- 
t inuous mater ia l  but it is also ex t remely  useful in 
t reat ing problems where  a boundary or discontinuity 
exists such as the gas-solid interface or the boundary 
be tween  two phases. It  allows one to choose values of 
hx in each region that  wil l  result  in the min imum total 
er ror  for the smallest amount  of computer  core and 
time. There  may  be as many breaks in the grid size as 
is required by the part icular  problem under  study. An 
example  of where  this var iab le  grid size solution would 
be useful is the growth (Fig. 5) of a thick epitaxial  
layer  at ve ry  low tempera tures  such that  the region 
between the layer  and the substrate would have a very  
large concentrat ion gradient,  while  in the substrate and 
in the layer the concentrat ion gradient  would  be close 
to zero. If one tries to model  this p roblem using a large 
value  of a~c, the transi t ion region appears more graded 
than it actual ly is. If one tries to employ a ve ry  fine ax  
solution, large amounts  of core are required since the 
regions in which the concentrat ion gradient  is zero 
may  be 20~ thick while  the transi t ion region may only 
be 2~ in size. The opt imum t rea tment  of this type of 
problem is to use a large va lue  of d~x (Ax ----- 0.5) in 
the regions of small  concentrat ion change (i.e., the 
layer  and the substrate)  and to use a ve ry  fine hx (ax 
= 0.002~) in the 2~ transi t ion region. Errors  in the 
numerica l  solution occurring in the region of fine Ax 
are comparable  to the errors  that  occurred when using 
a uniform grid size ~x : -  0.002. The saving in both 
computer  run  t ime and core storage for this par t icular  
problem is almost a factor of 10. 

The errors resul t ing f rom the CNM trea tment  of the 
MBEP will  now be discussed. In the growth mode, the 
fol lowing sequence is used to obtain a numerical  so- 
lut ion:  

(i) A growth step equal  in size to ax or some whole 
number  t imes ax  is added. These steps are added on 
using Ca = ke*Cm where  Ca is the concentrat ion of 
the added step. For most elements, ke decreases with 
tempera ture  and approaches uni ty  wi th  increasing 
growth  veloci ty  (12). 

J O  19 

8 

Z 
o i018 I.-- 
<IC 

Z 
U.I 

Z 
0 

i017, 
0 

A Y=0.5 

LA ER 

Z~ X=O.O02 

2 4 6 8 I0 12 14. 16 

DEPTH (MICRONS) 

z~ Y: 0,5 

SUBSTRATE 

I m 

18 20 

Fig. 5. Example of variable grid size solution. Concentration vs. 

distance plot of an epitaxlal layer in which the graded region be- 
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than the rest of the structure to minimize the computational errors 
as well as computer time. 
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(ii)  An adjustment is made to the concentration at 
the prior original interface to conserve mass across the 
added solid step and a region of equal size already in 
the solid phase. This is accomplished by averaging the 
concentration of the added step with the prior interface 
concentration value. 

(iii) The problem is now solved under static condi- 
tions using a fixed At method. One time iteration is 
usually sufficient. 

( iv)  Steps (i) through (iii) are repeated until the 
specified growth is complete. 

The errors resulting from the CNM solution to the 
growth case are somewhat larger than one obtains from 
the evaporation problem. A comparison of the analyti- 
cal solution and the CNM for the MBEP for a number 
of values of ax,  hn  : 10 lo, and v n  : v / (~c /D/ t )  is 
shown in Fig. 6. These results, are representative of 
values of the normalized growth rates (0.2-2.0 ~/min), 
and are typical of semiconductor epitaxial processing. 
Since the examples are for boron, other elements with 
smaller diffusivities will experience even smaller er- 
rors since vn  ~ 50. 

Errors in general are largest at the smallest growth 
rates and at larger values of ax. While the errors ap- 
pear larger the further one gets from the original in- 
terface (x = 0) the concentration gradient at dis- 
tances far from the interface is also large. At a depth 
of 3.3~ from the original boundary, the concentration 
may have dropped by six orders of magnitude, while 
the concentration change over 0.05~ is almost a factor 
of two. Therefore, errors less than 50% are really quite 
small relative to the large changes ~n concentration. 
Even when the calculated error is greater than 1000%, 
a lateral shift in the concentration distribution of less 
than lax is all that is needed for perfect agreement. 
For a ax -- 0.005, the calculated error at a concentra- 
tion level ten orders of magnitude below Cs was only 
4%. 

In summary, a numerical model has been developed 
than when compared to availab~.e analytical solutions 
yields highly accurate results. The CNM is used to 

solve the diffusion equation in the solid for arbitrary 
initial and boundary conditions. Savings in computer 
time and core storage can be realzed by using a vari- 
able increment size solution. 

Analysis of Processing Problems 
To design or modify a semiconductor device the 

single most important parameter is the concentration 
distribution in the wafer. This distribution affects 
every single electrical function of the device. Unfortu- 
nately, at present, no experimental method exists to 
determine this concentration distribution. The com- 
puter program CASPER offers the designer a powerful 
tool for performing processing experiments in a short 
time at a reasonable cost. With CASPER the designer 
can easily perturb a particular set of materials' prop- 
erties or a given processing sequence to optimize the 
electrical characteristics of the device. 

In this section CASPER is applied to actual semicon- 
ductor processing problems supplied to the author by 
device designers. In most cases the designers could not 
accurately define the boundary conditions for the dif- 
fusion and "drive-in" operations. All experimentally 
determined electrical parameters were obtained from 
the device engineers and represent averages taken over 
hundreds of thousands of processed devices. In treat- 
ing certain steps in the device fabrication sequence, 
specific simplifying approximations were used. During 
a step involving oxidation of the silicon surface it is as- 
sumed that all n-type dopants have zero evaporation 
coefficients, i.e., no dopant is lost through the oxide. 
For p-type dopants the evaporation coeff• is modi- 
fied (lowered) and 30% of the dopant consumed by 
the oxide is lost to the silicon. The values of the 
segregation coefficient, k, were taken from the work of 
Shepherd (12). The limiting concentration allowed in 
the solid in all cases is the solubility limit of the in- 
dividual dopant species taken from the work of Trum- 
bore (13). Conversions from concentration to resistiv- 
ity were made using the polynomial fit developed by 
T. P. Lee (14) which is used in the calculation of sheet 
resistance. Emitter discussions were carried out under 
a constant surface concentration boundary condition, 
while base diffusions were simulated as a two-step 

i0 o -- process consisting of a predeposition at low tempera- 
I f l  tare f~176 by a high-temperature drive-in step" 

GROWTH E x a m p l e  L-- In  the first example, an integrated cir- 
cuit device pictured in Fig. 7 is analyzed. This example ,o,L .o=,o,o j I shows how CASPER is used to isolate a critical step 

| vn=lO / /  I in the processing sequence relative to a given parame- 
ter (buried layer-sheet resistance) that can be easily 
calculated from the resultant concentration vs. depth 

Io-ZL f Z ~ ~ j  / '  I distribution. In this structure, the sheet resistance of 
the antimony buried layer must be kept below 20 
ohms/square. It was found in some devices after proc- 
essing that the sheet resistance had exceeded this value. 

10-3 , , Since the antimony distribution itself was formed by 
"- a deep predeposition and drive-in process, no analyti- 

cal solution existed for the impurity distribution. 
Therefore the CNM was used to calculate this distribu- 

I 
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Fig. 6. Plot of relative concentration vs. normalized depth for 
the moving boundary and evaporation problem. The difference be- 
tween the analytical and CNM solution increases for increasing 
values of ax. Time, 5 rain; temperature, 1294~ growth rate, 1.0 
~/min; dopant species, boron. 
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Table I. Sheet resistance change vs, processing step 

SILICON E P I T A X I A L  G R O W T H  

Max. B.L. 
Sb sheet  Width of conc. 

S t ep  No. r e s i s t ance  S b  r e g i o n  a toms/crn~ 

S t e a m  o x i d a t i o n  • 1019 
Sb  p r e d e p o s i t i o n  16.71 4.15 5.50 
Cap. o x i d a t i o n  16.48 4.30 4.52 
D r i v e - i n  13.14 9.15 1.61 
HCI etch* (0,75 p/n) 17.34 8.45 1.48 
Epi growth (3 /~m) 16.96 8.85 1.46 
Steam oxidation 16.91 8.90 1.41 
Phos. diffusion 
B N  predeposit ion 
B drive-in 
Steam oxidation 
Emitter  diffusion 16.79 9.00 1.37 

�9 32% change in sheet  resistance on HCI e tch ing .  

tion and subsequent ly  integrate it to obtain the sheet 
resistance of the structure at all subsequent  processing 
steps. Rs is defined below 

Rs~- xl q ~ ( x )  C ( x , t ) d x  

where q is the electronic charge and ~(x) is the major-  
ity carrier mobility. Table I shows the change in  an-  
t imony sheet resistance as a function of h igh- tempera-  
ture processing. Since this calculation established that 
the HC1 vapor etch was the principal  culprit, fur ther  
analysis was under taken  to reveal the extent  of this 
effect. Calculations were performed simulat ing the HC1 
vapor etching of the silicon surface, removing from 0 
to 2~ of silicon. Figure  8 shows both the calculated and 
experimental  results for the percentage change in R~ 
vs. the amount  of silicon removed. The agreement  be- 
tween the predicted increase in Rs and the measured 
values is excellent. This calculation enabled the speci- 
fication of the HC1 cycle as a function of the sheet 
resistance and therefore resulted in the more efficient 
uti l ization of the subdiffused wafers. 

Example 2. - - In  the second example the movement  of 
a minor  impur i ty  in a heavily doped substrate during 
epitaxial growth and subsequent  h igh- tempera ture  
processing was explored. Again one is confronted with 
a problem with nonuni form init ial  conditions for the 
second and all subsequent  steps. In  this case the sub- 
strate was doped to 5 X 1018 atoms/cm~ with antimony,  
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and the layer was in tent ional ly  doped with 2 • 1014 
atoms/cm 3 of phosphorus. The boron in the substrate 
(due to contaminat ion of the polycrystal l ine silicon 
raw material  or contaminat ion during crystal growth) 
was believed to diffuse out dur ing growth and form a 
p-region about 1~ from the original interface in the 
epitaxial  layer. In some cases this region apparent ly  
escaped detection after epitaxial  growth but  appeared 
to form sometime during subsequent  h igh- tempera ture  
processing. Figure 9 shows the calculated concentra-  
tion distr ibution for 1 • 1018 atoms/cm 3 of boron 
originally in the substrate. The CNM solution showed 
that the p- layers  did indeed grow with subsequent  
processing by almost a factor of 2.5. The calculation 
also showed that if the boron level in the substrata was 
less than  5 X 1015 atoms/cm 3 no layer could be detected 
by the MOS capacitance technique being used. This 
suggested that  slices should be subjected to a h igh- tem-  
pera ture  soak directly after epitaxial  deposition to 
enhance the presence of the p- layers  if they existed. 
Figure 10 shows the comparison between the calculated 
width of the p-region before and after the h igh- tem-  
perature processing steps. These calculated p-region 
widths are in good agreement  with the boron concen- 
trations found in the substrates using the ion micro- 
probe (15). 

Example 3.--The third example deals with the back 
autodoping phenomenon.  This example shows how 
CASPER may be used on a problem where mult iple  
sources of dopant are present  (i.e., in tent ional ly  added 
to the gas phase, diffusing from the substrata into the 
layer, and transported through the gas phase from the 
sides and back of the substrata) .  This effect involves 
the t ransport  of dopant originally in the substrate 
through the gas phase and back into the growing layer. 
Therefore epitaxial  layers deposited on l ightly doped 
substrates would have a lower layer  doping level than 
layers deposited on heavily doped substrates in  the 
same reactor. Dopant from one substrate may affect 
other wafers in the reactor with the effect decreasing 
as the distance from the heavily doped wafer in ques- 
tion. The back of the substrata which is unsealed dur-  
ing the deposition cycle is usual ly the prime source of 
this extra  dopant  after the first micron or two of 
growth. Subdiffused regions on the surface have been 
shown by Pogge (16) to also give rise to the same 
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autodoping effect, though this source of dopant  modifies 
the impur i ty  profile near the original interface more 
than in the layer far from the interface. Shepherd (7) 
developed a mathematical  t rea tment  of the autodoping 
problem that  considered the back surface of the wafer  
as the sole source of dopant that could enter  the grow- 
ing epitaxial layer over and above the t ransport  of 
dopant  by solid-state diffusion. Using this approach 
and the ini t ial  conditions that  the distr ibution of 
dopant original ly in the substrate was uniform, he 
developed a calculation that involved a knowledge of 
the growth rate and the t ransport  parameters  of the 
dopant  in both the gas and solid system. His final equa-  
t ion ignores the effects of solid-state diffusion so that 
his model is applicable from about two diffusion 
lengths from the original interface to the surface of 
the epitaxial structure. Figure 11 is a comparison be- 
tween the autodoping model developed by Shepherd 
and the CNM solution of the same problem. The agree- 
ment  is quite good between the two approaches. Both 
calculations were performed assuming that 4% of all 
dopant  leaving the back surface was available for re- 
incorporation into the growing layer. The conditions 
of growth were as follows: temperature  1200~ time 
6 min  at a growth rate of 0.75 ~ /min  and 114 rain at a 
growth rate of 0.13 #/min.  The scatter in Shepherd's  
data is a factor of five greater  than the disagreement 
between his calculation and the results of the numer i -  
cal model. 

Conclusions 
In  conclusion, a one-dimensional  computer model 

has been developed that can predict the impur i ty  dis- 
t r ibut ion in a silicon wafer that has been subjected to 
a sequence of h igh- tempera ture  device processing 
steps. Par t icular  a t tent ion has been paid to the model-  
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Fig. 11. Comparison between the model of Shepherd for back 

surface autodoping and the CNM calculation. Dopant species, 
arsenic. 

ing of dopant t ransport  during epitaxial growth in 
order to explain both front and back surface autodop- 
ing phenomena. The Crank-Nicholson method has been 
used to solve the resul tant  equations numerica l ly  to 
a high order of accuracy with the aid of a split grid 
approach to minimize computer  r un  time. At present 
the accuracies of CASPER's predictions are l imited 
only by the exper imental  values of the constants em- 
ployed in the analysis, e.g., diffusivity, evaporation co- 
efficient, and segregation coefficients. A better  under -  
s tanding of the dopant in terchange at the gas-solid 
interface will  permit  extension of this model to the 
analysis of submicron epitaxial structures. 
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APPENDIX 
The finite difference equation used in the Crank-  

Nicholson method to solve Fick's Second Law (Eq. 
[1]) is presented below. At the front  interface the 
equation is 

1 
C'o [ - - 1  R 

= C o  [ 

2ax 

D 

Ax(h --~ V) ] 
D J + C'+1 

1 nx(h  + v) ] 
1 - - - ~ q -  D J --C+] 

-- ~ {hkeCm -- ~h[Cb -- keCm] } -~ v kgCrn [A- l ]  
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Equat ion [ A - l ]  is the analog to Eq. [12]. 
For  all  the in ter ior  gr id  lines an equat ion of the fol-  

lowing type  is used 

C'j-I+C' - 2 - ~ -  +C'1+1= 

- -  C j - 1  ~- Cj 2 - -  - ~  - -  C j + I  [ A - 2 ]  

for  1 - -~ j - -~b- -  1 

At  the back  boundary  the  fol lowing finite difference 
equat ion may  be der ived  f rom Eq. [7] 

1 Axh ] 
C'b-~ q- C'b - -1  R D -- 

1 Axh 1 2Axhke 
- c . _ , + c .  j --b---cm 
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Epitaxial Growth and Properties of GaAs on 
Magnesium Aluminate Spinel 

C. C. Wang,* F. C. Dougherty, P. J. Zanzucchi, and S. H. McFarlane III 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Hete roep i t ax ia l  GaAs films have  been  g rown b y  the vapor  phase  organo-  
meta l l i c  process on magnes ium a lumina te  spinel  subs t ra tes  p r epa red  b y  va r i -  
ous methods.  The effects of var ia t ions  in g rowth  pa rame te r s  on the  ep i tax ia l  
GaAs film character is t ics  have been studied. These growth  pa ramete r s  include 
subs t ra te  surface prepara t ion ,  subs t ra te  composition, subs t ra te  orientat ion,  
g rowth  tempera ture ,  gas flows, reac tor  geometry,  and  source mater ia ls .  The 
subs t ra te  or ien ta t ion  and the pu r i ty  of the  source mate r ia l s  were  found to p lay  
a cr i t ica l ly  impor tan t  role  in de te rmining  both the  c rys ta l l in i ty  and the  elec-  
t r ica l  p roper t ies  of the  films. Unin ten t iona l ly  doped GaAs films wi th  e lect ron 
and hole mobil i t ies  up to 70 and 100%, respect ively,  of bu lk  GaAs values were  
grown in the  car r ie r  concentra t ion range 101L1016/cm3. The ep i tax ia l  com- 
posites have been  charac ter ized  by  physical  and e lect r ica l  methods.  In fo rma-  
t ion on the crys ta l l ine  perfection,  optical  proper t ies ,  and  car r ie r  t r anspor t  
character is t ics  has  been  obtained.  

S ing le -c rys ta l  g rowth  of l a r g e - a r e a  semiconductor  
films on oxide insula t ing subst ra tes  is of technical  
impor tance  to m a n y  so l id-s ta te  electronic devices. Ex-  
tensive studies of the  ep i tax ia l  g rowth  of e lementa l  
semiconductors,  si l icon and germanium,  on oxide  in-  
sula t ing subst ra tes  have  been  repor ted  (1-6) in the  
past  few years.  These studies have  led to a basic 
unders tand ing  of the  composite ma te r i a l  systems and 
to the deve lopment  of devices (7-9) const ructed  in 
si l icon grown on sapphire .  With  the significant p rog-  
ress made  on e lementa l  he te roep i tax ia l  semiconductor  
films, the  t r end  of deve lopment  was ex tended  to com- 
pound semiconductors.  Recently,  the  successful g rowth  
of severa l  I I I -V  and I I -VI  compounds  has been  re -  
por ted  (10-15), and many  proper t ies  of GaAs grown 
on sapphi re  have  been charac ter ized  (11, 16). In  this 
pape r  research  resul ts  are  p resen ted  on the ep i tax ia l  

* Electrochemical Society Active Member. 
Key words: eDitaxial growth, GaAs-on-spinel, heteroeDitaxial 

semiconductor, GaAs/insulating substratcs. 

growth  and proper t ies  of GaAs grown on magnes ium 
a lumina te  spinal.  

Experimental 
Substrate Preparation 

Spinel  subs t ra te  wafers  used for GaAs ep i t axy  were  
ob ta ined  f rom crystals  g rown at RCA Laborator ies .  
Stoichiometr ic  spinel  (MgA1204) was grown b y  the  
flux (17) and the Czochralski  (18) methods.  Low a lu-  
mina - r i ch  spinels (MgO: 1.5A12Oa-MgO:2.5A120~) were  
grown by the Verneui l  me thod  (19). Selected Czoch- 
ra lsk i  spinel  wafers  of good qua l i ty  f rom commercia l  
sources were  also used. In i t ia l  g rowth  exper iments  
indicated tha t  s ing le -c rys ta l  GaAs films can be grown 
on spinel  p repa red  b y  all  th ree  methods.  However ,  
it  was found tha t  most  films grown on flux spinel  
exhib i ted  ve ry  high resis t ivi t ies  due to un in ten t iona l  
doping of the  GaAs films b y  flux impur i t ies  in this  
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type of spinel, and emphasis was therefore shifted to 
films grown on Czochralski and Verneui l  materials.  

The proper preparat ion of substrate  wafers from the 
spinel single crystals is of essential importance in  ob- 
ta ining good epitaxial growth. Orientat ion of the spinel 
crystals for cutt ing was determined by the x - ray  Laue 
back-reflection method. Substrate  wafers (about 1 cm2 
X 0.06 cm thick) of (111), (100), and (110) or ienta-  
t ions were obtained by  cutt ing the x - ray  oriented 
crystals using a diamond wheel. An accuracy of bet ter  
than  one-quar te r  degree is main ta ined  throughout  
the operation. The spinel substrate wafers were me-  
chanically lapped and polished to produce the fiat 
and smooth surface which is required for epitaxial  
growth. Lapping was carried out with about 30~ boron 
carbide abrasives to obtain a flat coplanar surface. 
The lapped surface was fur ther  polished using suc- 
cessively finer grades of alumina, ending with the 
0.05~ grade. After  polishing the wafers general ly  have 
a flatness of bet ter  than  • ~/cm, as measured by 
interferometry.  

Epitaxial Growth 
Epitaxial  growth of GaAs on spinel was obtained 

by using the reaction (15) between t r imethylgal l ium 
[ (CH3) sGa] and arsine (AsHs). 

The growth system, as shown in  Fig. 1, consists of 
a water-cooled vertical quartz  reactor (6.25 cm diam- 
eter X 40 cm long) equipped with an adjustable  
quar tz  pedestal, a t r imethylgal l ium source reservoir  
(kept at 0~ and dispenser, an arsine supply (10% 
by  volume in H2), all stainless steel gas lines and 
valves, and precision gas flow controls. Hydrogen 
purified by a Pd-diffuser  was used as the carrier gas. 
The growth of doped GaAs films was explored using 
(C2Hs)~Zn and H2Se (also H2S) as the p- and n-  
dopants, respectively. A Lepel radio frequency induc-  
t ion heating system (with precision electronic control 
uni t )  and pyrolytic graphite or SiC-coated graphite 
susceptors were employed for the deposition. The 
substrate  tempera ture  was measured by an infrared 
pyrometer.  

In  a typical growth run, the reactor is first thoroughly 
flushed by H2 to purge the system of air. Predeter -  
mined  and equi l ibrated AsH3 and (CH3)~Ga gas flows 
are then sequential ly  admit ted to the reactor in which 
the substrate is heated to the growth temperature.  
The crystal growth is carried out for the desired length 
of t ime after which the (CH3)3Ga carrier gas is tu rned  
to the exhaust. The AsH~ gas valve is then tu rned  off, 

Fig. I .  Epitaxial growth sys- 
~m, 

EXHAUST 

DEWAR ~' I 
WATER 

OUT SUBSTRATE 

(c2%)2 zn 
RF SOURCE AND 

COIL TEMPERATURE 
REGULATOR 

SCEPTOR 

WATER Zn 

REACTOR 
J 

STATIONARY. EXHAUS T 
OR ROTARY 
SHAFT 

and the substrate is cooled at an average rate of 
about 50~ in the H2 ambient.  Extensive studies 
were made on the growth parameters  to achieve 
opt imum properties and to develop a basic unders tand-  
ing of the growth process. The parameters  include 
growth temperature,  flow rates, substrate orientation, 
substrate surface preparation, and source material  
purification. 

Physical and Electrical Characterization 
The GaAs-spinel  composite s tructure was character-  

ized by x - r ay  diffraction, electron diffraction, electron 
microscopy, and optical techniques. Informat ion  on 
the epitaxial or ientat ion relationship, defect structures, 
and surface perfection has been obtained. 

The conventional  x - r ay  Laue back-reflection method 
has been used for the determinat ion of or ientat ion re- 
lat ionship and the assessment of crystal l ine perfection. 
In  addition, x - ray  diffractometric measurements  were 
made to determine the orientat ion mismatch and the 
l ine broadening of the diffraction peaks as the film- 
substrate s t ructure  is rotated in a well-col l imated beam 
of x-rays. A Jar re l l -Ash  microfocus x - r ay  generator  
and the attached diffractometric tracer has been em- 
ployed for this study. 

The crystall ine perfection of the surface of the 
epitaxial  GaAs films has been examined by glancing 
angle electron diffraction and by optical and electron 
microscopy. An RCA Model EMU electron microscope; 
a Cambridge scanning electron microscope, and a Lietz 
high power optical microscope were employed for 
this study. Optical t ransmission and reflection of the 
GaAs spinel composite were measured in the spectral 
range u.v. to infrared to determine a var ie ty  of prop- 
erties (20-23), including film thickness, film uniformity,  
surface quality, doping type, and carrier concentration. 
These measurements  were made using spectrometers 
(Cary 14, Perkin  Elmer  457, and Perk in  Elmer  301). 

The carrier t ransport  properties of epitaxial  GaAs 
grown on spinel were determined by  Hall  measure-  
ments. Bridge-shaped Hall bar  samples with six ter -  
minals  were prepared by chemical etching and con- 
ventional  photolithographic techniques. Ohmic con- 
tacts to the GaAs samples were made by an alloying 
process (24) at about 500~ in a hydrogen atmosphere. 
For n - type  materials, In  was used as the contact 
metal. For  p- type materials,  both In  and Au (2% In)  
were used. The resist ivity and Hall coefficient were 
exper imental ly  measured by the conventional  method 
(25) in a magnetic  field of 3000 gauss. The Hall mobil-  
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i ty was determined by the ratio of the Hall coefficient 
and the resistivity. The net  carrier concentrat ion was 
derived from the Hall  mobil i ty  and resistivity using 
N = 1/(pe~), where N is the carrier concentration, p 
is the resistivity, e is the electronic charge, and ~ is 
the Hall  mobility. 

Results and Discussions 
Growth Parameters and Characteristics 

Growth  temperature  and gas 12ows.--Single-crystal 
GaAs films with thicknesses up to 70 '~m were 
grown on spinel substrates. The flow conditions 
that yield the best results for the part icular  ap- 
paratus geometry used are: H2 carrier gas flow, 
3.0 l i t e r s /min ;  AsI% (10% in H2) flow, 200 cm3/min; 
and H2 carrier gas for (CH3)3Ga, 1 5 cc/min. Under  
these conditions, the average film growth rate is about 
0.5 ~ m / m i n  for 10 #m thick films. Higher flow rates 
than  these favor heavy deposition at the center of the 
substrate, while slower rates favor deposition at its 
periphery. The opt imum growth temperatures  varied 
with substrate orientations. A series of growth experi-  
ments  was carried out in the tempera ture  range 500 ~ 
800~ w i t h  other variables being held constant, to 
determine the effect of growth tempera ture  on the 
GaAs crystal l ine quality.  The substrates were heated 
in  AsH~ (10% by volume in H2) at 700~ for 3 rain 
prior to the admission of (CH3)~Ga for growth. 

The general  t rends observed were: (i) At low 
temperatures  (<600~ the GaAs films are poly-  
crystall ine in nature.  (ii) At high temperatures  
(>800~ the gases in the reactor are highly t u r -  
bulent  and the films tend to be inhomogeneous with 
high densities of growth defects. (iii) Within  a l imited 
tempera ture  range, 680~176 for (111) spinel and 
630~-700~ for (110) spinel, highly reflective GaAs 

z K e p t  at  0~ 

of good crystal l ini ty can be grown. Figures 2 and 3 
show the surface structures of (111) and (100) GaAs 
films grown, respectively, on (111) and (110) spinel at 
various temperatures.  The growth rate (determined 
from infrared film thickness measurements)  was varied 
with growth temperature,  as shown in  Fig. 4, unt i l  a 
plateau was reached corresponding to the opt imum 
growth tempera ture  range. The growth rate then 
decreased with fur ther  increasing temperature.  

The growth rate and film optical qual i ty  depend 
also on the ratio of AsHJ (CHs)3Ga  introduced into 
the system. This is i l lustrated in Fig. 5, which shows 
plots of growth rate and optical reflectance factor (Q) 
of (111) GaAs films (,,-10 ~m thick) vs. the H2 car- 
r ier  gas setting for (CH3)~Ga. The AsH3 (10% in He) 
gas flow was held constant  (200 cm3/min).  The growth 
rate (film thickness) was determined by  infrared re-  
flection measurement ,  and Q was derived from the 
measured and calculated reflectivities (Rm and Rcalc) 
as defined in  Eq. [1]. It is seen that  there is an opt imum 
range of source gas ratios at which h igh-qual i ty  films 
are grown. 

= • 100 [1] 
Rcalc 

Effect o] substrate or ienta t ion . - -Extens ive  studies 
revealed that  the substrate or ientat ion plays a critical 
role in the ease with which the epitaxial  layers grow. 
The ease of growth of GaAs on spinel increases with 
spinel or ientat ion in the order (111) > (110) > (100) 
unde r  normal  growth procedures described above. The 
epitaxy 2 of (i00) GaAs on (110) spinel is more sensi- 
tive to substrate surface qual i ty than  that  of ~111) 
GaAs on (111) spinel. Moreover, the films tend to 
grow epitaxial ly at relat ively lower temperatures  (see 

2The  (100)GaAs I I ( l l0)spinel  re la t ionship was  prev ious ly  noted 
(11). Details  of the  GaAs-sp ine l  or ienta t ion re la t ionship  are dis-  
c u s s e d  in the  section on Or ienta t ion  Relat ionship and  Crystal l ini ty .  

Fig. 2. Optical micrographs 
of (111) GaAs grown on (111) 
spinel at various temperatures. 
(a) 780~ (b) 750~ (c) 
700~ (d) 620~ and (e) 
550~ Film thickness, ,-,10 
/z,m. 
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Fig. 3. Optical micrographs 
of (100) GaAs grown on (110) 
spinel at various temperatures. 
(a) 780~ (b) 750~ (c) 
700~ (d) 620~ and (e) 
550~ Film thickness, ,~10 
#nl. 

section on Growth tempera ture  and gas flows). The 
(100) GaAs grown on substrates with general ly  in -  
ferior surface qual i ty exhibits fair ly well-defined band  
or strip s tructures across the crystal with a high de- 
gree of crystalli te misorientat ion (26). Scanning elec- 
t ron micrographs of GaAs films grown on (111), (110), 
and (100) spinel in  Fig. 6 show the crystal l ine struc-  
tures. The films were grown simultaneously onto the 
substrates at 700~ The oriented single-crystal  growth 
was obtained on both (111) and (110) spinel or ienta-  
tions, but  not on (100) orientation. Films grown on 
(100) spinel substrates were polycrystal l ine with iso- 
lated (100) GaAs single-crystal  areas (see section on 
Orientat ion Relationship and Crystal l ini ty) .  

The effect of substrate orientat ion on the GaAs 
growth characteristics was fur ther  studied by growth 
on off-oriented substrates. Substrate  wafers were pre-  
pared with off-orientations [in <211> for (111) and 
(110); <110> for (100)] up to 5 ~ from the (111), 
(100), and (110) major  orientations. Epitaxial  growth 
was carried out using the three sets of substrates 
under,  respectively, the most favorable conditions 
previously determined for the individual  orientations. 
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Fig. 4. Growth rate as a function of growth temperature of (111) 
GaAs. 

The films (10-15 ~m thick) were examined by  x - ray  
Laue back-reflection and by scanning electron micros-  
copy to determine the crystal l ine na ture  and the sur-  
face perfection. Infrared reflection measurements  were 
fur ther  made on the films providing an assessment of 
the film surface quality.  

The experimental  results are presented in Table I. 
The significant surface structures of the three sets of 
films are shown in the scanning electron micrographs 
(Fig. 7). A general  t rend is observed for all three ori- 
entations. Smooth epitaxial surfaces with the least sur-  
face imperfections were obtained on misoriented sub- 
strates. The opt imum degree of misorientation,  as 
shown in Table I, is slightly different for the three 
major  surfaces studied. The improvement  of epitaxial  
surface crystal l ini ty by growth on substrates with off- 
or ientat ion was previously reported (27) for the 
homoepitaxial  growth of GaAs and Ge, and for the 
heteroepitaxial  GaAs/Ge growth. Another  important  
and interest ing finding in this s tudy is on the growth 
characteristics of films on (100) spinel. As reported 
above, the growth of (100) GaAs on (100) spinel was 
difficult, and the grown films were polycrystal l ine in  
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Fig. 5. Growth rate and quality factor as a function of (CHe,)aGa 
feed rate. 



Vol. 121, No. 4 E P I T A X I A L  G R O W T H  AND P R O P E R T I E S  OF GaAs 575 

Fig. 6. Scanning electron micrographs of GaAs films (,--20 ;zm) 
grown sima|taneoasly; beam-sample angle 45 ~ (a) (111) GaAs on 
(111) spinel, (b) (100) GaAs on (110) spinel, and (c) polycrystal- 
line GaAs on (100) spinel. 

nature,  with isolated single-crystal  areas. However, 
with a substrate off-orientat ion as small  as 1 ~ the 
growth was enhanced remarkab ly  with (111) GaAs 
grown on (100) spinel. GaAs grown on (100) and 1 ~ 
off-(100) spinel orientat ions exhibits a pronounced 
difference in crystall inity.  

Because of the lack of a center of symmetry,  there 
exist the ( l l l ) A  and ( l l l ) B  faces for GaAs (28). The 
physical and chemical characteristics of the two faces 

Table I. Effect of substrate off-orientation on film characteristics 

Opt ica l  
reflectance 

Apparent factor, Q 
Substrate f i lm (at 2.5 ~m) 
orientation orientation (%) 

(Iii) 
1 ~ off (111) 
2 ~ off (111) 
3 ~ off (III) 
4 ~ off(lll) 
5 ~ off (111) 
(Ii0) 
1 ~ Off ( I I0)  
2 ~ off (110) 
3 ~ off (110) 
4" off (110) 
5 ~ off (110) 
( IO0) 
1 ~ off (I00) 
2 ~ off (i00) 
3 ~ o f f  (100) 
4 ~ off (100) 
5 ~ off (100) 

iii) 80 
i11) 70 
III) 92 
(III) I00 
III) I00 
Iii) I00 
I00) 86 
100) 93 
100) 90 
100) 85 
100)  72 
(100) 18 
I00) 20 

(111) 100 
111) 100 

(111) 83 
(111) 83 
(111) 52 

are distinctly different. Simul taneous growth on (111) 
and off-oriented (100) spinel substrates and on the 
(111)A and ( l l l ) B  faces of GaAs reveals that  the sur -  
face of (111) GaAs grown on spinel resembles the 
growth on the ( l l l ) A  face of G a ~ .  The ( l l l ) A  face 
of GaAs grown on spinel was fur ther  confirmed by 
s tudying the etching behavior  (see section on Optical 
Properties) of the GaAs films and bulk  materials.  

Effect of substrate surface preparation.--Substrate 
surface perfection has a direct effect on the GaAs 
heteroepitaxy. The qual i ty  of the mechanical  polishing 
was critically impor tant  for obtaining good GaAs 
growth. It was found that  surface scratches on the 
substrates provide preferent ial  nucleat ion sites. Ab-  
sorbed layers and impur i ty  aggregates on the sub-  
strate surfaces can also cause defects in  the GaAs films. 

The effect of preanneal ing  of substrate on the film 
crystal l ini ty  was studied. (111) and (100) GaAs films 
(about  10 #m thick) were grown, respectively, on 
(111) and (110) spinel substrates preannealed  at 
1200~ in H2 for 20 rain and on substrates without  this 
t reatment .  The growth conditions were those optimized 
for the (111) and (110) orientations. This anneal ing 
has been used (4, 6, 19) to improve the surface crystal-  
l in i ty  of spinel for silicon epitaxy. Annea l ing  at high 
temperatures  (in air at 1500~ followed by chemical 
polishing was also reported to minimize  mechanical  
damage of oxide substrates (29). Exper imenta l  re-  
sults indicate that  the films grown on preannealed 
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Fig. 7. Scanning electron micrographs of GaAs films ( ~ 1 0  ~m thick) grown on off-orlented spinel substrates. (a) (111) 0 ~ off, (b) (111) 
2 ~ off, (c) (111) 5 ~ off, (d) (110) 0 ~ off, (e) (110) 2 ~ off, (f) (110) 5 ~ off, (g) (100) 0 ~ off, (h) (100) 2 ~ off, (i) (100) 5 ~ off. 

substrates are always inferior  in qual i ty  and that  the 
hydrogen anneal ing of the substrate is, therefore, not 
desirable for the growth of GaAs by the organometall ic 
process. Scanning electron micrographs of films grown 
on the unannea led  and preannealed substrates are 
shown in Fig. 8. 

Early growth stage studies.--The nature  of the ini-  
tial film growth was qual i ta t ively explored by te rmi-  
na t ing  the growth after predetermined growth periods 
(in the order of seconds) and examining  the films by 
scanning electron microscopy. Exper imental  results 
indicate that  the early stage of growth involves the 
formation of discrete nuclei  which coalesce, forming 
growth islands. The islands finally grow together, pro-  
ducing complete coverage of the substrate surface. 
Similar  growth mechanism was observed for hetero~ 
epitaxial ly grown Si (2, 4) and GaAs on sapphire (30). 
The scanning electron micrographs in Fig. 9 show the 
growth islands of (111) GaAs on (111) spinel just  be-  
fore complete coverage of the substrate. A slight differ- 
ence is seen in  the percentage of coverage for sub-  
strates grown by different methods. This may be due 
to differences in  surface perfection. 

The scanning electron micrograph of a typical (111) 
spinel substrate, grown by flame fusion, in  Fig. 10 (a) 
shows the surface s tructure of a substrate that  was 
cleaned by s tandard procedures for epitaxial  growth. 
The substrate was heated in AsH3 (10% by volume in 
H2) at 700~ for 3 rain. This t rea tment  was made on 
wafers prior to the admission of (CH3)~Ga to init iate 
growth. The surface s tructure of the substrate is shown 
in the scanning electron micrograph [Fig. 10 (b) ] .  The 
micrographs show that the surface is featureless before 
the hea t - t rea tment  in  AsH~. However, after the t reat -  
ment, scratches caused by polishing damage are ob- 
served. This indicates that  AsH3 etches the spinel  sub-  
strates at a tempera ture  of about  700~ The etched 
single crystall ine surfaces promote the epitaxial  
growth of GaAs. The etching of spinel by AsH3 was 
also observed on flux and Czochralski-grown materials.  

Effect o] substrate composition.--Growth experi-  
ments  were made to investigate the effect of substrate 
composition on the film characteristics. A series of 
(111) spinel substrates with compositions in  the range 
MgO: 1.5A.1203 to MgO:3.0A1203 was prepared for the 
epitaxial growth of (111) GaAs. The substrate crystals 
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Fig. 8. Scanning electron micrographs of (111) GaAs (~10  ~m thick) grown on (111) spinel. (a) Substrate not annealed, (b) substrate an- 
nealed. Beam-sample angle 45 ~ . 

Fig. 9. Scanning electron micrograph ot GaAs-on-(111) spinel showing growth islands just before complete coverage; growth rate of about 
0.8 ~m/min for 8 sec; beam-sample angle 60 ~ (a) Fluxspinel substrate, (b) flame fusion spinel substrate, (c) Czochralski spinel substrate. 

Fig. 10. Scanning electron 
micrographs showing surface 
structures of spinel substrate, 
beam-sample angle 60 ~ (a) 
Substrate before treatment, (b) 
substrate heated in AsH3 (10% 
in H2) at 710~ for 3 min. 

were grown by the Verneui l  method and were  polished 
under  conditions that  the degree of var ia t ion in sub- 
s t ra te  polishing qual i ty  is minimized. For  comparison, 
Czochralski MgA1204 wafers  were  also used for this 

study. The growth exper iments  were  carr ied out under  
the opt imum conditions so that  the effect of substrate 
composition on the film qual i ty  may  be elucidated. 
The film characterist ics are shown in Table II. 
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Table II. Characteristics of GaAs grown on spinel of various compositions 

F i l m  Growth Optical Hall  
Substrate thickness rate reflectance Conductivity Resistivity mobility 
material (~m) (~ra/min)  factor,  Q (%) type  (ohm-era) (cm2/V-sec) 

MgO:Al2Os 17.2 0.29 69.9 n 0,17 3100 
MgO:AI2Os 25.0 0.42 55.7 n 0.81 2200 
MgO:  1.5AlsOs 18.9 0.32 55.7 n 0.43 3300 
MgO:  1.7AlsOs 25,3 0.42 49.0 n 0.29 2100 
MgO:2.0AlsOs 25,0 0.42 40,0 n 2,10 1800 
MgO:2.SAhOs 25.3 0.42 33.2 n 0.27 2600 
MgO :3.3AlsOs 25.0 0.42 55.7 n 1.87 1200 

It  is seen that  for the Verneuil  substrates there is no 
significant t rend to dependence of film electrical char-  
acteristics on substrate composition. Moreover, there 
is no significant difference in growth rate and qual i ty  
factor between films grown on Czochralski and Ver- 
neuil  substrates. The only difference between films 
grown on the two kinds of substrates is the physical 
appearance. Films grown on the Verneui l  mater ia l  
exhibit  the subgrain  structures originat ing from the 
substrates, and films grown on the Czochralski sub-  
strates do not show subgrain  structures. An impor tant  
variable in the growth of GaAs on Verneuil  spinel is 
the degree of misorientat ion (19) of subgrains. As de- 
scribed in  the section on Orientat ion Relationship and 
Crystal l ini ty  the film surface qual i ty  depends highly 
on the substrate orientation.  This orientation factor 
affects the film characteristics in addition to the com- 
position. Substrates with min imum subgrain  misori-  
enta t ion are desired for the epitaxial  growth of 
GaAs. 

Growth experiments  were also made to s tudy the 
difference between Czochralski spinel and sapphire as 
substrates for GaAs epitaxy. The film growth charac- 
teristics were very similar between GaAs/(111) spinel 
and GaAs/(0001) sapphire grown under  identical con- 
ditions. However, a significant difference between sap- 
phire and spinel for GaAs epitaxy is that  (100) GaAs 
of good qual i ty  can be grown on (110) spinel but  not 
on any known sapphire orientation. Besides the (0001) 
or ientat ion it is re la t ively difficult to grow single-  
crystal GaAs of good qual i ty  on other sapphire or ien-  
tations, and the films, in most cases, exhibit  a (111) 
orientation. For certain device applications the (100) 
GaAs which can be obtained on spinel is desirable (7). 

Source materia~s.--Experimental results indicate 
that the pur i ty  of the source mater ia l  is of critical 
importance in  determining the electrical properties 
of the epitaxial  films. High pur i ty  AsHs is commer-  
cially available. The pur i ty  of the AsI-Ia gas used for 
the GaAs growth on spinel was evaluated in a homo- 
epitaxial GaAs growth system employing the reaction 
between gal l ium chloride and arsine (31). However, 
the qual i ty of the (CH3)3Ga varies from lot to lot. The 
impurit ies general ly  found, by emission spectroscopy, 
in typical lots of (CHz)3Ga include Cu, Fe, Zn, A1, Si, 
and Mg on the order 10-1-102 ppm (by weight) .  These 
impuri t ies  may cause significant un in ten t iona l  doping 
of the GaAs films. Analysis of (CH3)3Ga samples by 
infrared spectroscopy was also made. The results in -  
dicated that there are hydrocarbons (mainly  CH4 and 
minute  higher alkanes) present  in some samples with 
widely varying concentrations from sample to sample. 

Electrical measurements  of the heteroepitaxial  GaAs 
indicate that  categorically, three kinds of films (un in -  
ten t ional ly  doped), depending main ly  on the qual i ty of 
(CH~)3Ga, were obtained under  the opt imum growth 
conditions and using a h igh-pur i ty  arsine source. The 
first kind of films exhibited very high resistivity (~103 
ohm-era) independent  of thickness. The films are 
highly compensated and contain localized p -n  junc -  
tions. Several films in this class were angle- lapped and 
chemically stained to reveal the p- and n-regions.  It  
was found for all the films examined that  a p-region is 
next  to the spinel substrate. With subsequent  growth 
the sample either becomes n - type  or forms fur ther  n - p  

regions. Experiments  on the homoepitaxial  growth of 
GaAs were also carried out using the organometall ic 
process. It has been found that  the interface p-region 
was not present. The results indicate that  the init ial  
p-region is only formed in heteroepitaxial  GaAs grown 
on oxide substrates such as spinel and sapphire (16). 
It is l ikely that this p- region is a result  of autodoping 
from the substrate.  

The second class of the as-grown un in ten t iona l ly  
doped films exhibited p- type conductivity. As de- 
scribed above, m a n y  lots of (CH~)3Ga contain ap- 
preciable amounts  of Cu and Zn which are well  known 
to be effective acceptors in  GaAs. These p- type  GaAs 
films are most probably Cu- and /o r  Zn-doped. The 
carr ier  t ransport  properties 3 are dependent  on film 
thickness crystallinity, orientation, and other param-  
eters. 

It is significant to note that  the p- type films (~10 
~m thick) with mobilit ies (~300 cm2/V-sec) close to 
the bulk  values (32) were prepared in  the carrier  con- 
centrat ion range mid-1015/cm 3 to low-1017/cm 3. It was 
also found that in the p- type  films the mobi l i ty  gradu-  
ally decreases, s tar t ing from about 3 • 1016/cm 3, with 
increasing carrier concentration. This t rend  is con- 
sistent with that of the bulk  GaAs. 

The third class of films was n - type  and was grown 
on spinel under  the opt imum growth conditions using 
part icular  lots of (CH3)3Ga and h igh-pur i ty  arsine 
sources. The electrical properties of the n - type  films 
were less consistent than  that  of the p- type films. Elec- 
t ron mobili t ies (carrier 10~-IOI~/crn 3) in  the range 
1-4 • 10 ~ cm2/V-sec were measured for films with 
thicknesses greater  than 10 ~m. The inconsistency of 
the electrical properties in n - type  films is pr imari ly  
due to the fact that  the films are electrically compen- 
sated and because a p- type GaAs layer  is often present  
dur ing the init ial  film growth on a substrate. Moreover, 
the crystall ine defects may act as charged imperfec- 
tions containing an accumulat ion of traps, thus lower-  
ing the mobility. To date, the highest electron mobil i ty  
measured has a value of 4500 cm2/V-sec which is about 
70% of the bu lk  value. Typical results of un in ten t ion -  
ally doped GaAs films are shown in  Table III. 

Doped films.--The growth characteristics of the Zn-  
doped films were found similar to those of the u n i n t e n -  
t ional ly doped films. The film crystal l ini ty  improves 
with increasing film thickness, and the substrate  prep-  
arat ion has a pronounced effect on the film quality, in 
part icular  for thin films. The net carrier concentrat ion 
of the film was found to be dependent  pr imar i ly  on 
the (C2Hs)2Zn reservoir  tempera ture  and on the 
(C2Hs)2Zn carrier gas flow. In  the present  study, films 
with a carrier concentrat ion in  the range 8 • 10 is to 
5 • 1019/cm '~ were grown. Emphasis was placed on the 
growth of thin (~1  ~m thick) degenerate GaAs films. 
The thin epitaxial GaAs grown on t ransparent  sub-  
strate is of interest  for use as negative electron affinity 
photocathode (33). 

The thin films general ly  exhibit  hole mobili t ies less 
than the thick films. In the carrier  range of 1-3 • 10~9/ 
cm ~ the mobil i ty  ranges from 50 to 70% of the bulk  
values. In  an effort to el iminate the problem of the 
presence of a high defect region near  the f i lm/substrate  

3 The  electrical properties of GaAs-on-sp ine l  will be repor ted  in 
detai l  in  a separate paper. 
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Table Ill. Electrical properties of (11 i )  epitaxial GaAs* grown 
on spinel 

F i l m  Carrier Hall 
t h i c k n e s s  Conductivity Resistivity concentra- mobility 

S u b s t r a t e  (/~m) t y p e  ( o h m - c m )  t i o n  (cm -8) (cm~/V-sec) 

F l u x  
M g A I 2 0 ~  30 n 9 9.4 • 10  t'  740 

V e r n e u i l  
M g O : l . T A l s O 8  50 n 0.40 4.1 X 10 TM 3820 

C z o c h r a l s k i  
MgAlsO~ 23 n 0.31 4.7 x I0 TM 4200 

CzochrMski 
MgAlsO4  26 ,4  p 0 .58 3 .4  x 10 ~e 320 

V e r n e u i l  
MgO:2+0Al~Os 39 p 4,5 4.5 x 10 vs' 316 

�9 U n i n t e n t i o n a l l y  d o p e d  f i lms .  

interface, several growth exper iments  were carried out 
with encouraging results 4 by growing (100) th in  GaAs 
1 ~ thick on heteroepitaxial  (100) GaP grown on 
either (i00) Si/(1102) sapphire or (110) spinel. 

Studies were also made on the growth of doped 
n-GaAs on (111) and (100) spinel. It  was found that  
the control of the degree of doping was more diffi- 
cult for H2Se than for H2S because the H2Se gas was 
not chemically stable in storage. Thick films (~10 am) 
with carrier  concentrat ion in the range 2 • 1017 to 
1 • 1019/cm 3 were grown with mobil i ty  ranges from 
50 to 90% of the bu lk  values. 

Orientation Relationship and Crystallinity 
The fi lm-substrate or ientat ion relationship was deter-  

mined and a pre l iminary  assessment made of the crys- 
ta l l ine perfection of the GaAs films, using the Laue 
x - ray  back-reflection method. Some th in  (~5  ~m 
thick) GaAs films were also examined by reflection 
electron diffraction at a glancing angle of less than  1 ~ 
using a 100-kV electron beam. Laue x- ray  back- re -  
flection pat terns and electron diffraction pat terns are 
shown, respectively, in Fig. 11 and 12 for typical films 
grown on (111) spinel substrates prepared by different 
methods. It is seen that  the Laue pat terns show com- 
plete zone lines (superposition of f i lm/substrate poles) 
of threefold symmetry  and sharp Laue spots wi th  no 
polycrystal l ine structures, indicating the good mono-  
crystal l ini ty of the GaAs films and the parallel  or ien-  
tat ion relationship. The electron diffraction pat terns 
were indexed. The results obtained fur ther  confirm 
the (111) f i lm/substrate  parallel  or ientat ion re la t ion-  

+ E l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  f i lms  w i l l  b e  r e p o r t e d  e l s e w h e r e .  

Table IV. Departure of (111) GaAs from exact parallel epltaxy 

Misorlentatlon 
from exact 

S u b s t r a t e  p a r a l l e l  e p i t a x y  

Flux spinel 0.15" 
Czochralski spinel 0.32 ~ 
F l a m e  f u s i o n  s p i n e l  0.43 ~ 

ship. As described before, the film qual i ty  improves 
with increasing thickness. The (111) th in  films (<5  
am) general ly exhibit  a high degree of twinn ing  about 
the ~ 1 1 ~  directions. 

The departure  of the films from exactly paral lel  epi- 
taxy was determined, as previously described (26), 
by measur ing the angular  separation of diffracted 
peaks from the layer  and substrate  and comparing this 
observed value with that  expected for paral lel  epitaxy. 
Typical results are shown in Table IV. It is interest ing 
to note that  the flux spinel crystals exhibi t  high crys- 
ta l l ine perfection without  lattice distortion and that  
the GaAs grown on the flux spinel exhibits the least 
misorientat ion from exact paral lel  epitaxy. 

Besides the (111) GaAs films, (100) GaAs films have 
been grown on both (100) and (110) spinel substrates. 
As described in  the section on Growth Tempera ture  
and Gas Flows, the growth results of GaAs on (100) 
spinel substrate have not been consistent. Because of 
the lack of a film of uniform quality, the x - ray  single- 
crystal oscillation technique (34) was employed to 
examine a selected single crystal l ine area (~-.30 mil  
diameter)  of a GaAs film grown on spinel. The results 
indicate that  the (100) GaAs exhibits the paral lel  epi- 

Fig. 11. Laue x-ray back-reflection patterns of epitaxial GaAs grown on (111) spinel. (a) Flame fusion spinel, (b) flux spinel, (c) Czo- 
chrahki spinel. 
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Fig. 12. Electron diffraction patterns of epitaxial GaAs grown on (111) spinel. (a) Flame fusion spinel, (b) flux spinel, (c) Czochralski 
spinel. 

Fig. 13. Laue x-ray back- 
reflection patterns of (111) 
GaAs grown an (100) spinel 
substrate. (a) Film, (b) sub- 
strate. 

taxial  relat ionship with the (100) spinel substrates. 
The epitaxy of GaAs on (100) spinel is most in te r -  
esting in  that  an apparent  or ientat ion relat ionship of 
(111) GaAsJ [ (100) spinel has also been discovered. 

The exper imental  evidence is shown in  Fig. 13 (a) 
and (b) which are the x - r ay  Laue back-reflection pat-  
terns of the GaAs layer  and spinel substrate sides of a 
Sample. The substrate is (100) oriented with 1 ~ off in  
<110>.  The sample was aligned optically such that  
it was wi thin  • 1,4 ~ of being normal  to the x - r ay  beam, 
and the films were taken with exposure long enough 
to reveal all the Laue spots. The misorientat ion be-  
tween the film and substrate was measured, and a 
value of 1 ~ was found from exact parallel  epitaxy. Re- 
search results on the epitaxial  or ientat ion relat ionship 
between GaAs and spinel are summarized in  Table V. 

The crystal l ini ty  of the heteroepitaxial  GaAs was 
characterized in detail by x - ray  diffraction topog- 
graphy. The results (26) indicate that the s ingle-crystal  
layers are composed of grains which are misoriented 
• ~ from the nominal  or ientat ion of the layers. 

Table V. Epltaxial relationship between GaAs and spinel 

Parallel plane Parallel direction 

Spinel  GaAs Spinel GaAs 
(111) (111) [0113 [011] 
(100) (100) [0103 [0103 
(110) (100) [I._:103 [0113 
(100) 1~ . ( I l l )  [1103 [011] 

oiT 

Opt ica l  Properties 
Optical properties of the heteroepitaxial  GaAs were 

studied. The transmission characteristics of ( I I I )  
GaAS films grown on spinel, 0.4, 5.1, and 14.0 ~m thick, 
are given as a funct ion of wavelength  (in the bandgap 
region) in Fig. 14. It is seen that  the sharpness of the 
absorption edge increases with increasing thickness. 
The absorption observed below the bandgap region is 
due, in  part, to reflection losses from the a i r -GaAs 
interface (R ~ 0.28), the GaAs-spinel  interface 
(R ~ 0.I0), and the sp inel -a i r  interface (R N 0.07). 
Reflection losses account for an apparent  optical den-  
sity of about 0.25, in  agreement  with optical density 
values obtained for polished, vapor-deposited GaAs 
films shown in Fig. I5. From Fig. I5 it  is apparent  that  
below the bandgap absorption occurs which is not due 
to simple reflection losses. Reflection measurements  
indicate that  the absorption is due to l ight scattering 
from GaAs surface structures. A fundamenta l  char-  
acteristic of as-grown, vapor-deposited GaAs films on 
oxide substrates is, therefore, a surface s tructure which 
scatters near  infrared light. Reflection characteristics 
of the films in the lattice band  region were also deter-  
mined. The films all exhibit  a sharp t ransi t ion in  re-  
flectivity near  300 cm -1, consistent with the character-  
istics for bulk  mater ia l  (35-36). The reflection data 
suggest that the 0.4 ~m thick GaAs is not significantly 
different from thicker  vapor-deposited GaAs films. 
This means that the ini t ial  4000A of vapor-deposited 
GaAs is not grossly autodoped by the spinel substrate 
nor  grossly divergent  in stoichiometry and crystal 
structure.  
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Fig. 15. Optical absorption as a function of wavelength of pol- 
ished and unpolished GaAs films. 

To determine the effects of various polishing meth-  
ods on the optical properties of GaAs vapor-deposited 
films, an as-grown (111) GaAs film on (111) spinel, 

Table VI. Polishing methods for GaAs 

G a A s  
d e s i g n a t i o n  P o l i s h i n g  m e t h o d  

GaAs film 
thickness, 

F i l m  A 
F i l m  A-1  
F i l m  A - 2  
F i l m  A - 3  

F i l m  A - 4  

F i l m  a s - g r o w n ,  u n t o u c h e d  5.1 
0.3 /~m L i n d e  m e c h a n i c a l  p o l i s h  2.4 
Br2-CI-I~OH* c h e m i c a l  e t c h  1.8 
0 .3 /~m L i n d e  m e c h a n i c a l  po l i sh  f o l l o w e d  

by  a ~ P O ~  c h e m i c a l  e t c h  2.5 
t~PO~* c h e m i c a l  e t c h  o n l y  1.5 

* Br= (0.5%)-CI~HO; HsPO~ (85%)-H20; etching was done at room 
temperature. 

designated A, was split into five sections. Each section 
of the original GaAs film was polished by the methods 
convent ional ly  used for (111) GaAs listed in Table VI. 

The results showed that  the film and bu lk  ( l l l ) A  
faces can be polished by HaPO4 but  not by  Br2-CH3OH, 
which is a polishant for ( l l l ) B  GaAs. Optical t rans-  
mission and reflection characteristics of the A-film 
series are shown, respectively, in  Fig. 15 and 16. Fi lms 
A and A-2 exhibit  rough surfaces, and the t ransmis-  
sion of these samples above the absorption edge is 
lower than A-I ,  A-3, and A-4. The films designated 
A-I ,  A-3, and A-4 have a smooth surface s tructure and 
consequently have identical t ransmission above the 
absorption edge. Below the absorption edge, t ransmis-  
sion of the A-film series is somewhat different due 
to differences in film thickness (see Table VI) .  

The reflection spectra showed that  the as-grown 
sample, A, yields the best over-al l  band  structure 
while all other spectra exhibit  a degraded band  struc-  
ture  with the reflectivity m i n i m u m  shift to a higher 
wave number .  This degradation, originated from sur-  
face damage, may cause disorder in  the surface lattice 
s tructure and introduce electron traps (36). 

Ellipsometric measurements  were made at a wave-  
length of 5461A on epitaxial  GaAs grown on spinel 
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Table VII. Optical and dielectric constants of epitaxial GaAs films 
on spinel at ~. - -  5461~, 

Description of  
t h e  s a m p l e  el e2 n k 

E p i t a x i a l  GaAs*  on sp ine l ,  F i l m  15.195 3.602 3.925 0.459 
thickness = 25 ~m 

E p i t a x i a l  GaAs*  on  s i ng l e  c r y s -  15.636 3.674 3.981 0.461 
ta l ,  b u l k  G a A s .  F i l m  thickness 

2 g m  

* (111) su r f ace .  

using an e l l ipsometer  and associated equipment  as de-  
scr ibed in the  l i t e ra tu re  (37). P r io r  to the  measu re -  
ments,  the  samples  were  pol ished and etched by  me-  
chanical  and chemical  means  so that  damaged  surface 
s t ruc ture  was removed  if  present .  

The opt ical  constants  ( the real  and imag ina ry  par t s  
of the  re f rac t ive  index n-ik) and the dielectr ic  con- 
s tants  el and ~2 (the real  and imag ina ry  par ts  of the  
complex  dielectr ic  constant  ~1-i~2) were  der ived  from 
the measurements .  Typical  values  of n, k, ~1, and ~2 of 
the  films were  compared  wi th  those obta ined  on epi-  
t ax ia l  GaAs g rown on bu lk  GaAs, as shown in Table 
VII. I t  is apparen t  that  the optical  and dielectr ic  con- 
s tants  of the  he te roep i tax ia l  GaAs are  qui te  close to 
tha t  of the  homoepi tax ia l  films. 

S u m m a r y  
Using the vapor-phase ,  organometa l l ic  deposi t ion 

process, he te roep i tax ia l  GaAs films on magnes ium 
a lumina te  spinel  subs t ra tes  have been p repa red  and 
character ized.  Data  show tha t  the  GaAs ep i tax ia l  films 
a re  s imi lar  in physical  and electr ical  p roper t ies  to bu lk  
GaAs. Ease of g rowth  of GaAs on spinel  increased wi th  
spinel  or ien ta t ion  in the  o rde r  (111) > (110) > (100). 
Smal l  subs t ra te  off or ienta t ions  (>1  ~ m a r k e d l y  change 
the ease of GaAs growth.  P reannea l  of the  subs t ra te  in 
hydrogen  at I200~ pr ior  to growth  is not desirable,  
leading  to poor  film quali ty.  

Electr ical  proper t ies  of the  GaAs films are  m a r k e d l y  
affected by  the pur i ty  of the  source mater ia ls .  Semi-  
insulat ing,  p-  and n - t y p e  GaAs films can be produced  
depending main ly  on the impur i t y  content  of the  
source mater ia ls .  Del ibera te  doping of the  GaAs p - t y p e  
using (C2H~)2Zn or n - t y p e  using H2Se (and HeS) is 
demonst ra ted .  Both acceptor  and donor mobil i t ies  a re  
affected by  crys ta l l ine  defects in the  film. The c rys ta l -  
l ine qual i ty  of the  films improves  wi th  thickness.  Opt i -  
cal p roper t ies  of the films are  consistent  wi th  bu lk  
GaAs. Chemical  pol ishing character is t ics  have been 
studied. Over-al l ,  the  character is t ics  of v a p o r - d e -  
posi ted GaAs films in spinel  a re  adap tab l e  to device 
fabricat ion.  
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Technical Notes 

Microsegregation of Iron in Electrolytic 
Capacitor Grade Aluminum 

Ronald B. Diegle 
Corporate Research and Development Center, General Electric Company, Schenectady, New York 12301 

Aluminum foil for use in electrolytic capacitors is 
customarily electrolytically and /or  chemically etched 
to increase the surface area exposed to electrolyte. Im-  
pur i ty  content  of the A1 has long been known to exert  
a profound influence on the response of foil to a par-  
t icular  etching process, i.e., on its etchability. 1 How- 
ever, al though composition limits for major  impurit ies 
are usual ly  specified, there is still l i t t le unders tanding  
of how the identity, concentration, and dis tr ibut ion of 
these impurit ies affect the etching process. 

Relat ively li t t le work is reported in the l i terature  
which elucidates the influence of trace impurit ies on A1 
etchability. Bakish et al. (1) noted a correlation be-  
tween etchabil i ty and the concentrat ion of major  im-  
purities in commercial grade A1, but  variat ions in the 
microscopic dis tr ibut ion of these elements, that  is, the 
states of microsegregation, were not investigated. (The 
term microsegregation as used in  this paper refers to 
heterogeneities in impur i ty  concentration, either in 
solid solution or as second-phase particles, on a micro- 
scopic scale.) Investigations into other areas of A1 cor- 
rosion have also shown the importance of impur i ty  
content (2, 3), but  microsegregation has not been con- 
sidered. A notable exception was a two-par t  study by 
Biloni et al. (4) and Bond et aL (5), which conclu- 
sively demonstrated that  dis t r ibut ion could be even 
more important  than  total impur i ty  content  in  deter-  
min ing  the tendency for pi t t ing corrosion of A1 in  NaC1 
solution. 

In  this note pre l iminary  results of the effect of 
microsegregation of Fe on the etchabil i ty of cold-rolled 
A1 are reported. I ron was chosen as the impur i ty  ele- 
ment  for invest igat ion for two reasons. First, it is the 
only e lement  in the higher pur i ty  grades (A1 content 
greater than  about 99.8%) of A1 for electrolytic capaci- 
tor use that  precipitates extensively as a second phase 
dur ing metal lurgical  processing. Such precipitates, 
nominal ly  FeA13 from phase diagram considerations, 
could conceivably init iate undesirable  corrosion dur ing 
electroetching and thereby impair  etchabil i ty (6). Sec- 
ond, the response of etchabil i ty to high temperature  
(600~176 heat - t rea tments  applied at various stages 
of ingot reduct ion was shown (7) to be both favorable, 
possibly indicating a det r imenta l  role of impur i ty  
microsegregation established dur ing casting, but  quite 
sluggish, in accord with the very small  diffusion rate 
of Fe in  A1 (8). 

Material Preparation 
Extensive equi l ibr ium and nonequi l ib r ium micro- 

segregation of impuri t ies  occurs dur ing the commercial 
casting of A1 for capacitor use (7). It  was therefore 
desired to produce microsegregation, in this case of Fe, 
in  a controlled m a n n e r  in  laboratory ingots, and to 

K e y  words:  a l u m i n u m  etehabi l i ty ,  t u n n e l  corros ion,  Precipitation.  
Etchabi l i ty  as used  here  re fe r s  to  t he  t o t a l  a rea  of  fo i l  c o n t r i b u t -  

i n g  to capacitance after e tch ing  and anodic  f i lm f o r m a t i o n .  I t  is 
p r o p o r t i o n a l  to  the sDecific capacitance of foils e tched  u n d e r  ident i -  
cal condit ions  and anodtcal ly  formed  to  a p a r t i c u l a r  vo l t age .  

preserve it to the foil stage for evaluat ion of its influ- 
ence on etchability. Precipi tat ion from supersaturated 
solid solution was chosen as the technique, both be-  
cause it is more convenient ly  performed than  con- 
trolled solidification, and because it has already been 
studied in detail in the A1-Fe system (9). 

An A1-400 ppm (weight) Fe alloy was prepared from 
99.9999% AD and an Al- l .8  weight per cent (w/o)  Fe 
master  ingot. The melt  was homogenized and vacuum 
chill cast, after which the ingot was sectioned into 
slices 0.95 by 1.41 by 0.16 cm. Some of the slices were 
homogenized by soaking at 645~ in air for 96 hr fol- 
lowed by water  quenching. The quenched slices were 
next  annealed  for 1 rain in  a fused salt ba th  at 250~ 
to reduce the concentrat ion of vacancies and disloca- 
t ion loops formed dur ing quenching from 645~ (9). 
Examinat ion  in the t ransmission electron microscope 
(TEM) of th inned  sections of homogenized ingot veri-  
fied that  essentially all of the Fe was in solid solution. 
To produce different stages of nucleat ion and growth 
of FeA13, some of the homogenized slices were aged 
at 350~ for times ranging from 2 to 140 hr, quenched, 
aged 1 min  at 250~ and again quenched. Representa-  
t ive aged ingot specimens were selected for examina-  
t ion in the TEM. The remaining  slices were l ightly 
abraded and chemically etched to provide a clean sur-  
face for rolling, and were then  cold-rolled in  a hand 
mil l  to 90~ thickness, a reduct ion of 95%. 

Determination of Etchability 
As-rolled foil specimens were sectioned into strips 

1.8 cm wide and 6 cm long and electropolished in  an 
ethanol-perchloric  acid mix ture  to establish a s tandard 
surface condition. To evaluate the effect of this surface 
preparat ion on etchability, some foils were instead 
etched 1 min  in 30% NaOH solution at 23~ Electro- 
etching was performed for 54 sec at an anodic current  
density of 775 m A / c m  2 in 20% NaC1 solution at 90~ 
Certain foils were electroetched only 3 sec for the 
purpose of s tudying the morphology of etch initiation~ 
Etched specimens were washed and dried, chemically 
etched in nitr ic acid diluted 2 to 1 with water  for 2 
min  to remove traces of chloride ion, and again washed 
and dried. A 50V anodic film was formed on each 
specimen using previously described techniques (10), 
and the capacitance of specimens etched for 54 sec was 
measured (10). 

Microstructural Evaluation 
Specimens of unaged ingot and ingot aged for differ- 

ent times at 350~ were electrochemically th inned  by 
convention~al techniques and studied with the TEM. A 
nucleat ion t ime of sl ightly less than 48 hr  was noted, 
since no precipitates could be resolved after 19 hr of 
aging, but  they were beginning  to develop after 48 hr. 
(Resolution was about 30A.) The appearance of a few 

2 P u r c h a s e d  f r o m  U n i t e d  M i n e r a l  a n d  C h e m i c a l  Corpo ra t ion ,  Met-  
als  Div i s ion ,  New York,  New York.  
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Fig. 1. Capacitance at 50V formation of cold-rolled AI-400 ppm 

Fe foil vs. ingot aging time at 350~ Shaded circle, ingot homog- 
enized and aged at 350~ for time indicated; open circle, ingot 
homogenized and aged for time shown, but foil etched in 30% 
NaOH instead of electropolished before electroetching; shaded 
square, ingot neither homogenized nor aged before rolling to foil. 

particles after 48 hr  of aging at 350~ is in good agree- 
men t  with the work of Miki and War l imont  (9) who 
measured a nucleat ion t ime of 40-50 hr  at 389~ for 
A1-400 ppm Fe. 

Particles typical ly were 0.1~, long and 0.05~ wide 
after 48 hr  of aging, and they grew to about 0.4 by 
0.1~ after 140 hr. The number  of particles per uni t  
volume, which was determined from foil thickness and 
areal particle densities in  TEM micrographs, was wi th-  
in a factor of 3 of 1018 cm -3 and was independent  of 
aging time for times of 70 hr  and greater. 

Since dislocation subst ructure  influences the etch- 
abi l i ty  of cold-rolled foil, it was desired to know 
whether  different degrees of microsegregation in  the 
ingot affected the subst ructure  produced by cold- 
rolling. The very large dislocation densities produced 
by 95% reduct ion in thickness precluded any  attempts 
to s tudy dislocation morphology in detail, so subgrain  
size was chosen to characterize dislocation substruc-  
ture. Subgrain  sizes, which were calculated by the 
l inear  intercept method from several  micrographs of 
each foil, were be tween 0.7 and 0.85~. Since variations 
in  size were wi th in  the •  l imit  of exper imental  
error, no effect of microsegregation on subgrain  size 
was found. 

Effects of M i c r o s e g r e g o t i o n  on Etchab i l i ty  
A remarkable  effect on etchabil i ty produced by 

microsegregation of Fe in  ingot is shown in Fig. 1. 
Etchabil i ty decreased precipitously as a result  of only 
2 hr  aging, which is far less than the min imum time 
required for homogeneous nucleat ion and growth of 
FeA13 in this alloy. Ahnost as surprising is the fact that  
etchabili ty was not affected by the onset of precipita-  
t ion of FeAI3, which occurred be tween 19 and 48 hr  
of aging. (The foils used in this work certainly con- 
ta ined a sufficient number  of particles to permit  evalu-  
at ion of their  effect on etchability. For instance, a very 
conservative estimate of the number  of particles in te r -  
secting the surfaces of foils rolled from ingots aged 70 
hr or more is 2 • 10 ~ cm -2, based on the assumption 
that  the only particles which intersect lay wi th in  an  
imaginary  layer  next  to the surface of depth equal to 
the min imum particle dimension, about 0.02#. This is 
three orders of magni tude  greater than  the surface 
particle density of about 104 cm -2 exper imenta l ly  de- 
te rmined  from a typical  commercial foil lot of 99.88% 
purity.  It should be noted, however, that solid-state 
precipitat ion produced particles of submicron size, 
whereas typical commercial casting results in pre-  
cipitates several microns in diameter.) 

To learn  more about the effect of short t ime aging on 
etchability, oxide replicas were made of foils etched 
for 3 and 54 sec, lifted, and examined with the scanning 
electron microscope (11). Comparison of Fig. 2a and 
2b shows that the formation of individual  etch tun-  
nels in the first 3 sec of electroetching was severely 
inhibi ted due to aging of the ingot for just  2 hr. The 
reason for the lower capacitance of ful ly etched foil is 
shown in  Fig. 2c and 2d, which i l lustrates that  a much 
coarser, less intr icate tunne l  s t ructure  developed as a 
result  of ingot aging. 

Prismatic dislocations formed by  vacancy condensa- 
t ion dur ing  quenching from 645~ were largely re-  
moved dur ing the first 250~ anneal,  as observed by 
Miki and Warl imont  (9) and verified in  this study. 
Therefore, there are only two phenomena  which might  
reasonably be expected to have occurred in ingot dur -  
ing the init ial  2 hr  of aging at 350~ The first is 
clustering of Fe atoms in the A1 matrix.  Since particles 
as small  as 30A could not be detected after 19 hr, such 
clustering was certainly a preprecipi tat ion or pre-  
nucleat ion phenomenon resul t ing only in solid solution 
microsegregation. (The morphology of preprecipi ta-  
t ion in the A1-Fe system has not been studied in  near ly  
as much detail as in, for example, the more impor tant  
A1-Cu system.) The second occurrence is heterogene-  
ous nucleat ion and growth of FeA13 on such preferred 
sites as grain boundaries  and g rown- in  dislocations, 
thus producing two-phase microsegregation. The con- 
t r ibut ion  to the final particle density of 1018 cm -3 by 
heterogeneous nucleat ion wi th in  2 hr  of aging was 
negligible for two reasons. First, since no precipitates 
were detected after 19 hr, re lat ively few nucleated as 
early as 2 hr. Second, it was demonstrated by both 
low tempera ture  resist ivity measurements  and t rans-  
mission electron microscopy that  only homogeneous, 
not heterogeneous, nucleat ion occurs in AI-~00 ppm Fe 
at aging temperatures  below 470~ (9). Thus the most 
reasonable explanat ion for the disruption of tunne l  
corrosion during electroetching is preprecipi tat ion 
clustering of Fe atoms during aging times somewhat 
less than  48 hr. Moreover, since etchabil i ty did not 
increase after the t ransi t ion of these clusters to dis- 
crete FeA18 precipitates, which proceeded dur ing aging 
beyond about 48 hr, it is evident  that  these precipitates 
were equal ly det r imenta l  to etchability. 

Conclusions 
Evidence has been presented that  microsegregation 

of Fe in A1 occurring at the ingot stage can reduce the 
capacitance of cold-rolled foil by as much as 40%, or 
about 7 ~farad/cm 2. Such microsegregation ini t ia l ly 
was most l ikely caused by preprecipi tat ion clustering 
of Fe atoms, but  after about 48 hr of aging it was 
manifest  as discrete submicron size FeA18 partic]es. 
Although the postnucleation stage of microsegregation 
could be detected by conventional  electron optical 
techniques, prenucleat ion stages could not. The effect 
of microsegregation was to impede development  of 
the intricate tunne l  network normal ly  produced during 
the electroetching process. Fu ture  work should at tempt 
to establish the precise mechanism by  which micro- 
segregation disrupts tunne l  corrosion in A1, and to de- 
te rmine  the possible effects on etchabil i ty caused by 
segregation of other impurites, such as Si, Mg, and Cu, 
normal ly  present in capacitor grade A1. 
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Fig. 2. SEM micrographs of gold-coated oxide replicas of electroetched foil formed to 50V. Note characteristic tunnel corrosion mar- 
phology. (a) Ingot nat aged, foil electroetched 3 sec; (-b) ingot aged 2 hr at 350~ foil electroetched 3 sec; (c) ingot not aged, foil elec- 
troetched 54 sec; (d) ingot aged 2 hr at 350~ foil electroetched 54 sec. 

JOURNAL. Al l  discussions for the  December  1974 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1974. 
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SiC Films Produced by Ion Implantation 
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Within the past few years, silicon carbide has gained 
increasing importance as a mater ia l  for h igh- t empera -  
ture  semiconductor  devices. It  is as wel l  an interest ing 
mater ia l  f rom a scientific point of view. The  p repara -  
tion of this mater ia l  by convent ional  techniques of 
crystal  growth is difficult, and at tempts  have been 
made to produce carbide films by react ion of solid 
silicon with  hydrocarbons or  by pyrolyt ic  deposition 
(1). Tempera tures  of l l00~ and more  are needed for 
these techniques. Implanta t ion of carbon ions into sili-  
con and subsequent  anneal ing at 800~ and above 
offers an al ternate  method of obtaining silicon carbide 
(2, 3). Unti l  now, only results of implantat ions wi th  
one single energy have been reported, and only iso- 
la ted grains of SiC surrounded by silicon have been 
obtained. The present paper  reports  on at tempts  to 
produce continuous SiC layers by mul t ip le  implanta-  
tions wi th  various energies and provides some infor-  
mat ion on the optical absorption in the visible and 
infrared regions and on the electrical  conduct ivi ty  of 
these layers f rom which their  qual i ty  can be estimated. 

Experimental 
C+12 ions were  implanted  at room tempera tu re  into 

500 ohm-cm, n-type,  s ingle-crysta l  silicon wafers. The 
wafers  were  (111) or iented and polished on both sides. 
Ei ther  three  or four implantat ions were  made with 
energies of 50, 30, and 15 keV or 70, 50, 30, and 15 keV, 
respectively.  Typical beam current  densities were  ap- 
proximate ly  10/~A cm -2 with  respect to the implanted 
area. Fluences were  chosen so that  the peak concen- 
trat ions for each single implantat ion were  10 ~ cm -~, 
i.e., the  single fluences were  on the order  of 10 is cm -2. 
These concentrat ions were  calculated according to the 
theory  of Lindhard, Scharff, and Schiott  (LSS) f rom 
the tables of Johnson and Gibbons (4). Since the crys-  
tal axis was t i l ted 7 ~ f rom the beam axis, we assume 
that  LSS theory  applies in good approximat ion at the 
beginning of the implantations.  When the carbon con- 
centrat ion becomes high, the contr ibution of the im-  
planted ions to the stopping power  wil l  cause a re -  
duction of the penetra t ion depth. No corrections ac- 
cording to this effect were  made. 

At high fluences, as used in our work, the max im um  
concentrat ion can be l imi ted by sput ter ing if the sur-  
face recedes substantially.  Therefore,  we invest igated 
the step appearing at the border  of a l imited area im-  
planted wi th  15, 30, 50, or 70 keV C+12 ions. While  
f rom the I5 keV implanta t ion a sput ter ing coefficient 
of 0.2 atoms per incident ion was estimated, the other  
implantat ions did not result  in a measurable  surface 
erosion. EerNisse (5) has repor ted  on the energy de-  
pendence of the sput ter ing yield of noble gas ions into 
silicon and his data consist well  with our observations. 

The effect of sput ter ing on the max imum ion con- 
centrat ion for Bi into GaAs was invest igated by Tins- 
ley et al. (6). They found a saturat ion of the re ta ined 
dose at a fluence of about 5 • 1016 cm -2 at 60 keV. In 
this case, the sput ter ing coefficient is 4.4 a toms/ ion and 
the projected range is 170A. In our 15 keV implanta-  
tion, the corresponding values are 0.2 a toms/ ion  and 
480A. Comparing all these data, we find that  the sat-  
urat ion effect wil l  be negligible at least for our 30, 50, 
and 70 keV implantations.  This can also be concluded 

* Elec t rochemica l  Socie ty  Act ive  Member .  
Key words: silicon carbide, ion implantation, compound forma- 

tion. 

from the fact that  af ter  mul t ip le  implantat ions the im-  
planted surface was always above the silicon surface. 

The calculated implanta t ion profile is shown in Fig. 
1. It can be seen that  over  a range of about 3000A the 
total ion concentrat ion is h igher  than 5 • 10 ~2 cm -~ 
and thus sufficient to convert  all the  silicon wi th in  this 
range into carbide. If the 70 keV implanta t ion is 
omitted, the expected carbide range is only 2000A. 

Anneal ing was made in ni t rogen or vacuum so that  
results of the IR absorption studies could be compared 
to those of Borders et al. (2). Only vacuum annealed 
samples were  used for the electrical  measurements .  
IR spectra were  measured  wi th  a Beckmann IR 9 
spectrometer.  For  the electrical  measurements ,  gold 
electrodes of various sizes and shapes were  evapora ted  
onto the carbide layer.  Contact to the back side of the 
silicon was also made by evapora ted  gold. The spec- 
tral  distr ibution of the photovoltaic effect of the Au-  
S iC-S i -Au  s t ructure  was de termined  using the mono-  
chromator  section of a Baird SF-100 spectrophotom- 
eter. 

Results 
The IR absorption spectrum of the implanted silicon 

in the range of w a v e  numbers  400-3600 cm -1 shows 
only one band which can be a t t r ibuted to SiC. Before 
annealing, this band is wide and has its peak at 750 
cm -1. The effect of anneal ing in ni t rogen is shown in 
Fig. 2. Isochronal 15 rain anneal  t rea tments  were  per -  
formed at progressively h igher  temperatures .  The band 
moves towards higher  wave  numbers  wi th  increasing 
anneal  temperature,  and its ha l f -wid th  decreases con- 
siderably, both effects being most  pronounced be tween  
800 ~ and 650~ The band approaches the t ransversal  
optical (TO) phonon absorption at 794 cm -z  (7, 8) for 
both ~- and /~-SiC and the shift is almost finished at 
1000~ The half-width,  however ,  decreases distinctly 
up to at least 1300~ When anneal ing was carr ied out 
in vacuum at 10 -2 Torr, or when  the 70 keV implanta-  
tion was omitted, the behavior  of the TO phonon ab- 
sorption was approximate ly  the same as described by 
Fig. 2. 

In the visible range, the optical propert ies  cannot 
be invest igated by transmission spectroscopy because 
of absorption by the silicon substrate. Reflectance was 
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Fig. 1. Cakulated implantation profile of implanted C+~ ions 
in silicon. 
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measured and was found to be high in the range from 
550 to 800 nm, bu t  in terpre ta t ion  of the spectrum is 
difficult since reflection at the carbide as well  as at 
the silicon surface, and consequently also absorption 
in  the carbide, determine the reflected intensity.  From 
the electrical measurements  described below, we con- 
clude that the range of high reflectance is determined 
by the t ransmit tance  of the carbide. 

The electrical conductivi ty of layers implanted with 
four different energies was determined from bridge 
measurements  be tween various combinations of elec- 
trodes on top of the implanted layer. After anneal ing  
for 30 rain at 1300~ in vacuum of 10-1-10 -2 Tort,  re-  
sistivities be tween 10 -2 and 10-s ohm-cm were found. 
No substant ial  current -vol tage  nonl inear i ty  was ob- 
served. However, when  contact is made to one elec- 
trode on top of the SiC layer  and to one electrode on 
the back side of the silicon wafer, samples show recti- 
fier characteristics and a photovoltaic effect on the 
carbide side. The devices are blocking if the carbide 
side is negat ively biased, and the polari ty of the car- 
bide side is positive if the unbiased sample is i l lumi-  
nated. Because of the high conductivi ty of the carbide 
the photoelectric effect can be assumed to take place 
in the silicon, and we consider the device to be a 
Schottky diode with a t ransparent  electrode ra ther  
than  a heterojunction.  

Since only a part  of the silicon surface was im- 
planted, we were able to compare photodiodes with 
and without  a SiC cover. If the photocurrent,  J2, of the 
SiC-Si device is divided by that  of the silicon diode, J1, 
the in tensi ty  dis t r ibut ion of the light source as well  as 
the spectral response of the silicon is eliminated, and 
the quotient  is proportional to the t ransmit tance  of the 
carbide. The result  of this evaluat ion is shown by  the 
solid l ine in  Fig. 3. The dashed l ine indicates the ab-  
sorpt ion edge of E-SiC after Lely and KrSger (9). 
Visually, the color of our  layers is be tween  green and 
yellow. 

Discussion and Conclusions 
The absorption band  at 800 cm -z  in  Fig. 2 corre- 

sponds to TO phonons in SiC, and the absorption edge 
at about 2.25 eV in  Fig. 3 is close to that of cubic SiC. 
This indicates that  implanta t ion  of carbon ions into 
silicon, with a profile according to Fig. 1 after annea l -  
ing at 1300~ results in  silicon carbide which is s imilar  
to the cubic E-SiC, bu t  probably has still a high dis- 
order. 

The infrared spectrum of our  samples has some 
properties in common with the one reported by Bor- 
ders et al. (2) which was obtained after s ingle-energy 
implantat ion.  In  both cases, the broad, featureless ab-  
sorption band  at 750 cm -1, which is observed immedi -  
ately after implanta t ion  and after anneal ing to tem- 
peratures less than  800~ can be interpreted to be due 

~! Jz//j~ , transmittance) arbitrary units 
2,0" 

,o / /  \ 

- - r  v L v . = 

400 600 800 1000 
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Fig. 3. (a) Transmittance spectrum of the SiC layer as estimated 
from photovoltage measurements. (b) Band edge of fl-SiC, as in 
Le|y and Kriiger (9). 

to Si-C stretching modes in regions of high disorder 
possibly overlapped by the local mode of highly con- 
centrated carbon in  silicon. In  both cases, the band  
approaches the t ransversal  opt ical  f requency of SiC 
[see Spitzer et al. (7, 8)] after anneal ing at tempera-  
tures close to 900~ An essential difference is found 
after anneal ing  at temperatures  above 900~ While 
Borders et at. state that  anneal ing is complete by 
875~ and no change is observed in  the band  upon 
fur ther  anneals  to 1000~ we observe a pronounced 
decrease in the band  ha l f -wid th  up to 1300~ It is 
l ikely that at the carbide/si l icon interface disorder and 
deviations from stoichiometry cannot completely be 
removed by annealing.  A lower l imit  of the ha l f -width  
is thus determined by the volume ratio of bu lk  SiC and 
disordered interface regions. Therefore, our results 
mean  that the interface is relat ively small  in our sam- 
ples and a continuous layer  may have formed. That  
ma x i mum order is not yet  achieved, even in  our sam- 
ples, can be concluded from the lack of saturat ion 
in  the ha l f -bandwid th  anneal ing curve. 

As to the optical properties in  the visible range, 
Knippenberg  (10) has concluded from an invest igat ion 
of several SiC polytypes that  the bandgap is the 
smaller the lower the s ingle-bond energy. Thus, the 
difference be tween the band  edge of E-SiC and the edge 
resul t ing from our measurements  could possibly be 
explained by a lower, s ingle-bond energy in  our sam- 
ples. However, according to Lely and KrSger (9), the 
edge could also be shifted by a high ni t rogen content. 
These authors also report that  n i t rogen-doped hexa-  
gonal SiC shows a nar row band  at 620 nm and a broad 
band  extending from 900 nm into the near  infrared. 
Corresponding bands seem to appear in  our material,  
and it may be the superposition of these bands which 
causes the t ransmit tance  peak at 720 nm in  Fig. 3. L e l y  
and KrSger (9) have correlated quant i ta t ive ly  their  
optical and electrical measurements  wi th  the n i t rogen 
content. Comparison of the spectra indicates a ni t rogen 
concentrat ion of about 2 • 1019 cm -~ in our  samples. 

Approximately  the same value is obtained from the 
electrical measurements .  For high carrier  concentra-  
tions, Lely and KrSger (9) report  mobili t ies of about 
14 and 9 cm2/V-sec for electrons and holes, respec- 
tively. The resist ivity of our samples is less than  10 -~ 
ohm-cm, hence the carrier concentrat ion is higher than  
4.5 • 1019 cm -3 if the layer  is n - type  and 7 • 1019 if 
the layer  is p-type.  There definitely are no donors or 
acceptors other than  ni t rogen or lattice defects that  
could have been introduced in such high amounts  dur -  
ing implanta t ion  or annealing.  The assumption of n -  
type conductivi ty results in  a bet ter  agreement  of the 
carrier concentrat ions estimated from electrical and 
optical measurements,  respectively. Nitrogen is l ikely 
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to be the donor, since its presence in our layers is indi-  
cated by the absorption spectrum as discussed above. 

The high conductivi ty indicates that the layer  can- 
not consist of SiC grains imbedded in low-conductive,  
500 ohm-cm silicon. To get direct informat ion on the 
structure, we investigated electron diffraction pat terns 
of layers implanted only  with an energy of 50 keV and 
of layers formed by mult iple  implantations.  Neither of 
these layers showed the pat tern  of cubic E-SiC. How- 
ever, in contrast to the s ingle-energy implanted layer, 
the mul t ip le -energy  implanted layer showed a pa t te rn  
which definitely is not caused by silicon. It resembles 
the pat tern  of a mix ture  of the diamond and the cubic 
form of graphite reported by A u s t  and Drickamer 
i l l ) ,  but  differs from it in the r ing diameters by more 
than the exper imental  error. Whether  or not this is 
due to a special form of SiC cannot be stated by these 
pre l iminary  measurements .  At least they indicate that  
the two types of implantat ions  result  in different layer  
structures. 

We have shown that mul t ip le -energy  implanta t ions  
of carbon into silicon result  in a carbide which is 
amenable  to more detailed physical investigations than  
reported unt i l  now. Because of its high conductivi ty 
and the low hal f -width  of the TO phonon band ob- 
ta ined after anneal ing at 1300~ the carbide is sup- 
posed to form a continuous layer. Improvement  of the 
layer  qual i ty may be possible with respect to the ni t ro-  
gen content, which is perhaps due to a pressure gradi-  
ent  from the pump to the hot parts of the furnace tube  
used for annealing.  A lower ni t rogen content  should 
be obtainable with suitable exper imental  a r range-  
ments, as for instance anneal ing in argon instead of in 
a vacuum. Improvement  of the crystal qual i ty will  be 
difficult, since at still higher anneal  temperatures,  one 
approaches the mel t ing point of the silicon. Also, with 
respect to the lattice constant, silicon is not an ideal 
substrate for the growth of silicon carbide. 
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Numerical Calculation of Impurity Redistribution 
during Thermal Oxidation of Semiconductors 

R. H. Krambeck 
Bell Laboratories, Murray Hill, New Jersey 07974 

During a thermal  oxidation, the impuri t ies  in a sili- 
con wafer are redistr ibuted;  some impur i ty  atoms are 
incorporated in the growing oxide and others diffuse 
to new locations in the silicon. By using Green's  func-  
tions, Kato and Nishi (1) have obtained a solution to 
this problem, but  a simplified numerica l  calculation is 
very much needed to obtain results quickly and 
cheaply. Recently this need has intensified because of 
the use of ion implanta t ion  followed by  thermal  oxida- 
t ion to achieve threshold voltage control in  IGFET's  
(2). 

This note describes a calculation which solves the 
redis t r ibut ion problem by the method of finite differ- 
ences. The technique gives agreement  with analyt ical ly  
checkable solutions to wi th in  less than  1%, an ac- 
curacy which is quite satisfactory for most applica- 
tions. Moreover, the computer  t ime used is low enough 
that  the calculations can convenient ly  be carried out on 
a t ime sharing facility. The results of the calculations 
are in good agreement  with published data (1) on the 
thermal  oxidation of boron-doped silicon. 

K e y  words :  n u m e r i c a l  analys is ,  sil icon dioxide,  so l id-s ta te  diffu-  
sion, silicon. 

Analysis 
The motion of impuri t ies  dur ing thermal  oxidation 

of silicon is governed by the diffusion equation, bu t  the 
solution of this equat ion is complicated by the motion 
of the oxide-silicon interface. Kato and Nishi (1) have 
shown that  if diffusion in the oxide is neglected, and 
the spatial coordinate is t ransformed so the moving 
interface is always at x = 0, then  the impur i ty  concen- 
t ra t ion in the silicon, C(x, t) ,  obeys a modified diffu- 
sion equation of this form 

oC O~C 
m = D  + m l  ' ~ [11 
8t Ox 2 Ox 

where x is the distance into the silicon in the direc- 
t ion normal  to the interface, m is the thickness ratio 
of silicon consumed to oxide grown (0.44)  (3), ]' is 
the t ime derivative of the oxide thickness, and D is the 
diffusion constant of the impur i ty  in  silicon. 

At the boundary  be tween oxide and silicon (x = 0) 
the number  of impur i ty  atoms must  be conserved. 
During a small t ime interval,  At, the amount  of silicon 
oxidized ism]' .ht .  The impurit ies present  in  this layer, 
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mC(0, t ) f - h t ,  must  be incorporated into the oxide or 
diffused into the silicon. The amount  incorporated into 
the oxide is kC(0, t)f ' .At,  where  the segregat ion co- 
efficient k is the ratio at the interface Of impur i ty  con- 
centrat ion in the oxide to the concentrat ion in the sili- 
con. The amount  diffused into the semiconductor  is 

OC(O, t) 
-- D ~ �9 At. Conservat ion of impur i ty  yields 

Ox 
OC (0, t) 

~r~C(O,t)f �9 A t =  kC(0, t ) f .  A t - -  D - -  �9 At 
Ox 

or 

D :  (O,t)aC __ ( k - - m ) J ' C ( O , t )  [2] 
8x 

The initial impur i ty  distr ibut ion C(x,O) is presumed 
to be a known function. 

Al though the diffusion equat ion is normal ly  solved 
for the semi-infini te case in which the distance x ex-  
tends to infinity, for the purposes of numerical  cal- 
culation it is necessary to confine the sample mesh to 
a finite interval .  Fur ther ,  the region wi th in  a mic rom-  
eter or two of the interface is of most interest,  so it is 
desirable to concentrate the mesh points near  the in te r -  
face to increase both resolut ion and precision. These 
object ives have been  achieved by t ransforming the 
distance x, which extends over  the in terva l  0 --~ x ~-- oo, 
to a new spatial var iab le  u which is defined on the 
in terva l  0 --~ u ~ 1. The par t icular  t ransformat ion  
chosen was hyperbolic,  since this gives the best com- 
promise be tween  a high density of points at the in ter -  
face and a reasonable densi ty deeper  in the semicon- 
ductor 

1 u X - -  
A (1 -- u) 

where  A is a scaling constant. Subst i tut ion into Eq. 

C 8C 0 2  _ 2DA2(I -- u ) 3 ~  
8u ~ 8u 

"2 OC 
4- t u f A ( 1  --  u) - ~ u  [3] 

for the basic equation, and from Eq. [2] the condition 
at the growing interface is 

8C(0,t) 
A D  - -  = ( k  -- m ) f C ( 0 , t )  [4] 

Ou 

To solve Eq. [3], the in te rva l  0 ~-- u ~-- 1 is divided 
into N equal  segments, and the value  of C at each node 
is designated Co, C1 . . . .  , CN. Time is divided into ap- 
propriate  increments  also but  these are not necessarily 
equal. In using the finite difference technique,  the t ime 
der ivat ive  is taken to be constant over  a given t ime 
increment.  Since the der ivat ive  actual ly changes wi th  
time, it is necessary to decide what  value to adopt for 
the calculation. The only way  to obtain a stable solu- 
tion is to choose the value at the end of the increment,  
and this is the choice that  was made. When Eq. [3] is 
rewr i t t en  in terms of finite differences in  this way, it 

[1] gives 

8C 
. �9 = DA2(I  -- u)4 

dt 

becomes 

(Cj,n+1 -- Cj.~) 

Cj+l,n+l 4- Cj - l ,n+l  -- 2Cj.n+l 

(Au) 2 

At 

: DA2(1  --  u)4 

Cj+l,n+l - -  Cj- l ,n+l  
- -  D A 2 ( 1  - -  u)s  

AU 

4- t u f A ( 1  - -  u)  2 Cj+l.n+l - -  Cj- l ,n+l  [5] 
2nu 

where  the first subscript to C indicates a posit ion on 
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the t ransformed spatial mesh and the second subscript 
indicates a time. Note that  f rom Eq. [3], the r ight  side 
of Eq. [5] equals the value of the t ime der ivat ive  at 
the end of the t ime increment,  and that  Eq. [5] sets 
the average t ime der ivat ive  equal  to this. There  are 
(N -- 1) of these equations, corresponding to j = 1 
through j = (N -- 1), but there  are a total  of (N -5 1) 
Unknowns. One addit ional  equat ion is 

CN,n+I = CN,n [6] 

because CN is the concentrat ion at x = oo and cannot 
change with  time. Finally,  the boundary  condition, Eq. 
[4], provides 

Cl,n+l -- C0,n+l 
A D  = ( k  --  rn)f'Co,n+~ [7] 

Au 

This set of (N + 1) equations can now be solved si- 
mul taneously  for the values of C at the t ime (n + 1). 
(The solution of the simultaneous equations is simpli-  
fied by the t r idiagonal  na ture  of the matr ix .  The 
method of solution is described in the Appendix.)  
These values can then be used to obtain the values of 
C at the end of the next  t ime increment,  again using 
Eq. [5]-[7].  To obtain results wi th  at least 1% ac- 
curacy, the fol lowing parameters  have been used 

N : 500 

t ( h r )  = n2(10 -4) 

( 0 . 0 2 )  1/2 
A ( c m - 1 ) - - \  D ( 5 •  ) 

where  D is in ~m2/hr. 
The selection of a nonl inear  mapping of t ime does 

not affect the solution of Eq. [5] at all, and it  allows 
the solution to proceed expedi t iously even though the 
diffusion process slows as t ime goes on. 

Results 
Solutions were  obtained for various conditions of ox-  

ide growth for both phosphorus-  and boron-doped sili- 
con. Two mathemat ica l  tests were  made to check the 
accuracy of the results. For  the first test, k was set 
equal  to 0. For  this value  all impuri t ies  remain  in the 
silicon, and the integral  of impur i ty  concentrat ion 
must  be constant. Therefore,  the total  change in the 
calculated value of this integral  is a good measure  of 
the error  in the calculation. This test was used for an 
init ial  implanted  doping 0.1 gm deep wi th  a Gaussian 
distr ibution contour and a straggle of 0.02 #m. In Fig. 
1, contours of constant er ror  (using this test)  are 
shown as a funct ion of parabolic growth rate  constant 
and diffusion constant. Also shown are representa t ive  
points indicating the values of these constants for the 
wet  and dry oxidat ion of phosphorus-  or boron-doped 
silicon. The errors  are general ly  no more  than  1% in 
the region of  interest.  

For  the second test, a uniform initial impur i ty  dis- 
t r ibut ion and a parabolic oxide growth ra te  were  as- 
sumed. Under  these conditions the surface concentra-  
t ion becomes constant at a value that  can be deter -  
mined analyt ical ly  (4). The values obtained by  using 
the numerical  calculations did become constant. F ig-  
ures  2 and 3 show the contours of constant difference 
be tween  the numerica l  and analytical  values of sur-  
face concentrat ion for segregation coefficients of 3 and 
0.03, respectively.  The errors in surface concentrat ions 
calculated numer ica l ly  are general ly  below 1%. I t  
should be noted that  the lower  segregat ion coefficient 
(greater  re ject ion of impur i ty  by the oxide) produced 
la rger  errors than the higher  coefficient. These results, 
together  wi th  those of the first test, indicate that  the 
numerical  solution is accurate to ___1% for a wide 
range of conditions, including those associated with  the  
wet  or dry oxidat ion of silicon doped wi th  boron or 
phosphorus in the t empera tu re  range 1000~176 
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=,9 .~.o ~.~ ~.~ Conclusions 
0.5 . . . . .  

~ / ~ , ~ / ' y / v ~ t ~ o o ~  ' \ ' ~  A straightforward numerical  solution has been obo 
: rained for the problem of redistribution of impurities 
: during thermal oxidation of a semiconductor, The solu- 
i : i :  0 tion matches known analytical solutions and gives good 

agreement  with experimental  data. The fact that  the 
program is fast enough to use on a Honeywell  600 time 
sharing facility with less than 1 rain delay for a 2 h r  
oxidation should make it a valuable tool for investi- 
gation and process characterization. 
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Next, solutions were compared to experimental  data 
previously published. Figures 4 and 5 show the diffu- 
sion data presented by Kato and Nishi (1). Here the 
predeposition of boron was made by diffusion. The dif- 
fusion constant and oxide growth rate are the same 
as those used by Kato and Nishi to match the data with 
their calculation. The segregation coefficient was found 
to be 8 using the method described in this paper, as 
compared to 10 in their work. The reason for the dif-  
ference is not clear. 
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Fig. 4. Experimental data of Kato and Nishi ( I)  on red is t r ibu t ion  
of a boron diffusion in silicon after thermal oxidation of the sili- 
con. Also shown is the calculated curve for k = 8, D = 0.72 ~,m2/ 
hr, t - -  3100 sec, f ~ (0.0367 ~m2/hr) ~/2 cm. The theoretical value 
for retained dose is 8.7%. 
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Fig. $. As for Fig. 4 but with D = 0.216/~m~/hr. The theoretical 
value for retained dose is 2.6%. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1974 
JOURNAL. Al l  discussions for the  December  1974 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1974. 

A P P E N D I X  

The first s tep in solving Eq. [5]- [7]  is to r ewr i t e  Eq. 
[5] wi th  the  unknowns  on the  lef t  

Cj-l,n+IAJ -F Cj,n+IBj -F Cj+l,n+IEj "- Fj [A-l] 
where  

Aj = - -DAa(1  --  u)4 / (hu )  2 -- DA2(1 -- u ) s / •  

+ t u f A ( 1  -- u)~l (2~u)  [A-2]  

Bj = +2DA2(1 --  u)4 / (hu )  2 + 1 / ( a t )  [A-3] 

Ej : - -DA2(1 --  u)4 / (au )  2 + DA2(1 -- u)3 /hu  

-- t u f A ( 1  -- u)2 / (2hu)  [A-4]  
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Fj = Cj,n/(At) [A-5] 

Thus Fj is de te rmined  by  the  impur i ty  d i s t r ibu t ion  at  
the  beginning  of the  t ime increments .  The  o ther  two 
equat ions are  

CN,.+I -- UNto [A-6] 
and 

Co,n + 1 AD/(~u) 
"- [ A - 7 ]  

CI.n+z (k -- m)$' + A D / ( h u )  

The t r id iagonal  na tu re  of the  m a t r i x  associated wi th  
these  equat ions makes  a solut ion r a the r  easy to obtain.  
The technique  [as shown, for  example,  b y  S t r a in  and 
Schrye r  (5)]  begins  wi th  the  calculat ion of two in te r -  
media te  sets of numbers  

& 
Gj _ [A-s] 

Bj + EjGj-z 
and 

Fj -- EIHj-I 
Hj -- [A-9] 

Bj + EjGj-, 

where Go is the ratio of Co,n+1 to C1m+l given by Eq. 
[A-7] and/-/0 ---- 0. Values of G and H are calculated for 
all values of j from 1 to N -- 1. Next these values of G 
and H are used to find the new values of concentration 

C j , n + l  : G j C j + I , n + I  "Jc H j  [ A - 1 0 ]  

where  C~ is g iven b y  Eq. [A-6] .  This gives values  for 
concentra t ion at  the  end of the  t ime increment .  These 
values  can now be used to ob ta in  new values  for  F] in 
Eq. [A-5] and the process r epea ted  to ob ta in  the  values  
of C at  the  end of the  nex t  t ime increment .  This p ro -  
cedure can be fol lowed ve ry  easi ly  in  a computer  ana l -  
ysis. 
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Effect of Dielectric Insert on Surface Charge 
Density of Electrets 
K. Ikezaki, I. Fujita, and K. Wacla 

Department o~ Instrumentation, Faculty o~ Engineering, Keio University, Yokohama,  Japan 

and J. Nakamura 
Research and Development Department,  A iwa  Company, Limited, Tokyo, Japan 

In  e lect re ts  the re  a re  two k inds  of surface charge, 
r e fe r red  to as he te rocharge  and homocharge.  The her -  

K e y  words:  FEP Teflon, spray charge, therrnoelectret, homo- 
charge, 

erocharge  is associated wi th  t he  in te rna l  vo lume po l a r -  
izat ion and has the  opposi te  po la r i ty  to tha t  of the  
ad jacent  forming electrode.  On the o ther  hand, i t  is 
wide ly  be l ieved  tha t  the  homocharge,  which  has the  
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same polari ty as that  of the electrode, is due to a 
sparking break down in  an air gap be tween sample 
and electrode (1). 

The decay of the heterocharge is so rapid as com- 
pared with that  of the homocharge in most electrets, 
that an electret with a net  homocharge has attracted 
much a t tent ion because of its practical application to 
the electret microphone (2). 

In  order to produce a film electret with a large 
homocharge without  destruction of the sample by arc- 
ing dur ing the polarization process, an appropriate 
dielectric is inserted between sample and electrodes 
(3,4). Pe r lman  and Reedyk produced FEP Teflon film 
electrets with a large homocharge (about 5 • 10 -8 
coulombs/cm 2) by applying a field of about 20 kV/cm 
at 120~ (3). They pointed out that  the volume polar-  
ization of the dielectric inserts plays an impor tant  
role for producing a large homocharge electret. 

On the other hand, Sessler and West reported an 
ingenious method to get a large homocharge electret 
(about 5 • 10 -7 coulombs/cm 2) at higher electric 
fields by  prevent ing  back-discharges which occur dur -  
ing removal  of the electrode (4). 

Recently we found that  a fairly large charge density 
(about 2 • 10 -8 coulombs/cm ~) is produced with 
applying relat ively low fields (about 10 kV/cm)  at 
room temperature  by insert ing a sheet of glass disk 
between a film sample and a negative (not positive) 
electrode. In  this note we report  the effect of the di- 
electric insert.  

As we used one sheet of dielectric insert, there 
are two kinds of geometrical a r rangement  of the polar-  
izing holder which are depicted schematically in  Fig. 
1: Case A, where a sheet of soda glass disk (0.75 mm 
thick) is inser ted between the film and the negative 
forming electrode; and case B, where the glass disk 
is inserted between the film and the positive electrode. 

The electret mater ia l  used in this study is FEP 
Teflon film (12~ thick).  Electrets were produced by 
applying a polarizing voltage Vp across the electrodes 
for a period of 10 rain at room temperature.  The net 
surface charge density of the electrets was measured 
by  the vibrat ion electrode method developed by  
Reedyk and Pe r lman  (5). 

The time variations of the surface charge density 
on the anode side of the sample stored at room tem-  
perature  are shown in Fig. 2 for two kinds of electret, 
both of Which were produced at room tempera ture  
by  applying the same polarizing voltage of 700V. The 
absolute value and the t ime variations of the surface 
charge density on the cathode side of the sample are 
almost the same as those on the anode side, so that  
they are not presented in the figure. As shown in Fig. 
2, the value of the produced surface charge density 
depends strongly on the position in which the glass 
disk is inserted. This effect also takes place when the 
electret is polarized at elevated polarizing tempera-  
tures. 

CASE A CASE B 
Fig. 1. Geometrical arrangements for electret forming, g, Glass 

disk; s, sample film; e, metal electrode. 
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Fig. 2. Time variations of the surface charge density ~ on the 
anode side of the FEP Teflon electrets. Curve A, polarized in the 
geometrical arrangement of case A; curve 8, polarized in the 
geometrical arrangement of case B. 

In  our  exper imental  conditions, when  the polarizing 
voltage Vp is lower than about 300V, the produced 
surface charge density of the electrets was small 
both in case A and case B (Fig. 1). This is simply ex-  
plained by the fact that the field s t rength in  the air 
gap between the sample and the inserted glass disk 
is too low to br ing  about discharges in  the gap. When 
Vp is higher than  about 1000V, the surface charge 
density was very  large in  both cases. This large 
charge density is also explained simply by considera- 
t ion of the fact that the field s t rength is high enough 
to spray charges in the gap. On the contrary, when 
V, is between about 500 and 800V the value of the 
surface charge was different depending on the posi- 
t ion of the inserted glass disk. Before the spray dis- 
charges occur, the field s t rength in the air  gap be-  
tween the sample and the glass disk are the same both 
in case A and case B. According to the theory of 
Pe r lman  and Reedyk (3), applying a voltage between 
electrodes increases the polarization of the inserted 
glass disk and the field in  the air  gap. Eventually~ 
this field will exceed the breakdown strength of the 
air in  the gap and the spray discharge will  occur. 
The homocharge deposition by this spray discharge 
reduces the field in  the gap to a value below break-  
down and the discharge is quenchd. The polarization 
of the inserted glass then continues to increase, and 
the cycle repeats. Therefore, the produced surface 
charge should be independent  of the position where 
the glass disk is inserted. 

Polar i ty  effects which are often observed in  the 
electrical breakdown of solid dielectrics in  the non-  
uniform field (6) suggest that  our observed effect of 
the dielectric insert  may be associated with the dif- 
ferent ini t ia t ion voltages for the breakdown in the gap. 

The observed effect of the inserted glass disk cannot 
be ful ly  explained at this stage. This problem is now 
under  investigation. 
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Determination of Boron and Oxygen Surface Contamination 
due to Common Solvents by Nuclear Microanalysis 

J. C. North and E. C. Lightowlers 1 
Bet[ Laboratories, Murray Hill, New Jersey 07974 

During the course of our work on nucIear  micro-  
analysis (1), a source of large background signal 
was traced to boron contaminat ion of sample sur-  
faces which originated from the solvents used to 
"clean" the samples. Following this discovery, a sys- 
tematic study has been made of several commonly 
used chemical solvents to determine the expected 
surface boron contaminat ion from use of these sol- 
vents in  cleaning wafers. Boron contaminat ion levels 
can be large enough such that  if a significant frac- 
t ion of the boron were diffused into a Si device slice 
as electrically active acceptors dur ing  subsequent  
processing steps, the device characteristics could be 
adversely affected. 

Experimental  
Samples were prepared from polished high pur i ty  

Si wafers cleaved into pieces ~1  cm square. They 
were cleaned by agitat ing them for ,~10 sec in each 
of the following sequence of chemicals: deionized 
water, HF, deionized water, HNOs, deionized water, 
HF, and deionized water. The cleaned slices were 
hydrophobic. Several  of these pieces were used as 
controls. A new sealed bott le of each solvent to be  
tested was then opened, and some of the contents was 
poured directly over the surface of one of the Si 
samples while it was held from the back side by  vac- 
uum forceps. The solvent was allowed to dry on the 
sample. In  general, as a solvent dries, it  recedes to 
small  droplets on the surface of the Si. After  these 
droplets evaporate, several  of the solvents left  visible 
residue spots. 

Nuclear  microanalysis  was used to determine both 
the surface boron and surface oxygen concentrations. 
Prompt  ~-particles resul t ing from the reaction of 685 
keV incident  protons with lZB and 1sO were detected. 
The nuclear  reactions are 

Z P r e s e n t  a d d r e s s :  P h y s i c s  D e p a r t m e n t ,  K i n g ' s  C o l l e g e ,  L o n d o n ,  
W C 2 R  2 L S ,  E n g l a n d ,  

K e y  w o r d s :  c l e a n i n g ,  s o l v e n t s ,  c o n t a m i n a t i o n ,  n u c l e a r  m i c r o -  
a n a l y s i s .  

Table I. 

nB 180 

Q value of reaction, MeV 8.7 (2) ,t.0 (3) 
Reaction cross section, rnillibarns 800 (4) ~150 (5)* 
Natural abundance of this isotope, % 81 (6) 0.20 (6) 

* The value given was obtained by multiplying the differential 
cross section at 165' by 4f. 

liB (p,al) abe* --> 2a2 and 1sO (p,a) 15N 

The re levant  parameters  of these reactions are given 
in  Table  I. 

Figure 1 shows the a-part icle spectra obtained from 
calibrat ion standards which were prepared by im-  
planta t ion of ~B and 1sO at 3 keV (range ~100A) (7) 
into polished Si wafers, which closely approxin4ate 
surface layers. The energy of the a-particles at the 
detector is reduced by a graded foil (1) which was 
used to prevent  backscattered protons from reaching 
the detector. Figure 1 i l lustrates the relat ive sensi- 
t ivi ty of this technique for surface I1B and  zsO since 
the proton doses used were the same for both spectra 
and the l i b  and ~sO surface concentrat ions were near ly  
the same. 

ALPHA PARTICLE ENERGY {MeV)  
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Fig. 1. Alpha-particle spectra obtained from calibration standards 
prepared by 3 keV implantations of l ib and 180. Both spectra 
represent irradiations of 240 ~coulombs of 6B5 keV protons. The 
quaatities of rib and 180 represented by the spectra obtained 
from test samples w e r e  determined by comparison with these two 
spectra. 
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Fig. 2. Alpha-particle spectra of a control sample and a sample 

having residue on the surface from electronic grade methanol The 
area of analysis included one of the visible residue spots left by 
the evaporated solvent. Both spectra represent proton irradiations 
of 120/~coulombs. The average concentrations over the area of the 
incident proton beam for the control sample are 0.2 _ 0.1 • 1012 
boron/cm 2 and 1.4 _ 0.3 • ~015 oxygen/cm 2. The corresponding 
concentrations for the methanol contaminated sample are 
4.0 ~__ 0.4 X 1012 borun/cm ~ and 5.1 + 0.7 • 1015 oxygen/cm 2. 

Figure  2 shows spectra obtained for a control sample 
and a sample having residue on the surface from elec-  
tronic grade methanol.  The boron and oxygen con- 
centrat ions are both much la rger  on the methanol  
contaminated sample. 

The total  surface concentrat ion of boron or oxygen, 
N2/cm 2, on the test samples was calculated by com- 
parison with  the cal ibrat ion spectra of Fig. 1 using 
the expression 

N 2  " -  N'lQln2/fQ2nl 

where  the subscripts 1 and 2 re fer  to the  calibration 
s tandard and test sample respectively,  N'I is the con- 
centrat ion of liB or 1sO in the standard, ~ is the f rac-  
tional natura l  abundance of the isotope nB  or 1sO, Q 
is the proton flux, and n is the number  of counts in 
the spectra a t t r ibutable  to nB or *sO. With reference  
to Fig. 1, the count rate  in spectral  region B is due 
only to boron, while  the count ra te  in region A is due 
to both oxygen and boron. Therefore,  the quanti t ies  n 
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in the above equation can be set equal to B (i.e., 
the number of counts in region B) for boron. For 
oxygen, the boron background can be subtracted by 
sett ing n equal to A -- XB  where  X is the ratio of A / B  
for the  boron spectrum of Fig. 1. The quant i ty  X ---- 
0.275. 

Results 
The polished silicon wafers  as received f rom the 

supplier  2 were  found to have surface boron concentra-  
tions of ~ 4  • 1012/cm 2. If a solvent  such as methanol  
was poured onto the sample, the boron compounds 
were  apparent ly  dissolved by the solvent, and as the 
solvent evapora ted  the boron was collected into the 
residue spots. Average  boron concentrat ions of > 
1014/cm 2 over  the proton beam spot area have been 
observed if the beam area included one of these evap-  
oration spots. Af te r  the samples were  g iven the clean-  
ing t rea tment  described earlier,  the surface boron 
concentrat ions were  reduced to ~0.2 • 1012/cm 2. 

The results for  the solvents tested are  shown in 
Table II. All  samples were  given the same init ial  
cleaning procedure. For  the solvents tested which lef t  
visible spots, two measurements  were  taken, one in 
an area containing no visible spots and another  in a 
region which included one or more  spots. The residue 
spots were  much smaller  than the proton beam diam- 
e ter  of  1.5 ram. The results g iven are the average 
concentrations over  the ent i re  area analyzed by the 
proton beam. Therefore,  the concentrations of boron 
and oxygen in the evaporat ion residue spots were  
grea ter  than the numbers  shown by more than an order  
of magnitude.  The absence of visible spots does not 
necessarily mean  that  residue spots of higher  con-  
centrat ions do not exist. 

Among the solvents tested, the lower  grades of 
methanol  were  par t icular ly  bad. The evaporat ion spots 
were  clearly visible, and the measured  average  con- 
centrat ions over  the incident beam area were  in the 
mid 1012/cm 2 range, which means that  the concentra-  
t ion in the evaporat ion spots was ~1014/cm 2. To appre-  
ciate the significance of these concentrat ion levels, 
it should be noted that  if 1012 boron /cm 2 diffuses ,~1 
~m into the Si, the resul t ing volume concentrat ion is 
~1016/cm 3. 

If the measured boron concentrat ion in an area 
containing no visible evaporat ion spots is smaller  
than the concentrat ion of the control samples, as in 
the case of isopropanol, then it cannot be cpncluded 
that  the boron in the evaporat ion spot or iginated from 
the isopropanol. The solvent  may  have collected some 
of the residual boron that  was left  f rom the cleaning 
procedure  from a la rger  area and concentrated it in 
the residue spot. However ,  if  the boron concentrat ion 
is h igher  than the controls even  in those areas where  
there  are no visible residue spots, then the additional 
boron must  have come from the solvent tested. 

The total oxygen concentrat ion on the control sam- 
ples and on the test samples in regions of no evapor-  
ation spots was ,--1.5 • 1015 oxygen  atoms/cm% This 

Western Electric Corporation, A l l e n t o w n ,  P e n n s y l v a n i a .  

Table II. Average boron and oxygen surface concentrations over the incident proton beam area following evaporation of the solvents 
listed. When visible residue spots remained, measurements were mode both in areas which included such spots and in areas free of vislb{e 

spots. The errors quoted are standard errors determined from the counting statistics alone. 

Boron O x y g e n  
( 1 0 Z 2 / c m  2) ( 1 0 ~ / c m  2) 

I n c l u d i n g  N o  I n c l u d i n g  N o  
Solvent Brand Grade s p o t  (s)  s p o t s  s p o t  (s)  s p o t s  

Average of 4 c o n t r o l s  ~ 0 .2  "~ 0.1 - -  1 .6  -~ 0 . 4  
M e t h a n o l  B a k e r  R e a g e n t  7 .6  + 0 .5  0 .5  • 0 .1  6 .2  -4- 0 .9  1 .0  • 0 .3  

B a k e r  E l e c t r o n i c  4 .0  -~- 0 .4  0 .5  -4- 0 .1  5 .1  • 0 ,7  1 .3  • 0 .3  
B a k e r  M O S  0 .3  ----. 0 .1  0 .4  ~ 0.1 0 .8  ~ 0 .3  1.7 "4- 0 .4  

P u r e  ethyl alcohol U . S . I .  R e a g e n t  1.3 -~- 0 .2  1.2 - -  0 .4  
I s o p r o p a n o l  B a k e r  R e a g e n t  2 .6  ----. 0 .3  0.1"~--~ 0 .1  3 .1  • 0 .6  1.1 • 0 .3  
A c e t o n e  B a k e r  E l e c t r o n i c  ~ 0 . 7  ~ 0 .2  ~ 1.3 - -  0 .3  
T r i c h l o r o e t h y l e n e  ~ 0 .8  • 0 .2  - -  1 .7  • 0 . 4  
C o b e n e  C o b e n e  ~ 0 .2  "~ 0.1 - -  1 .1  • 0 .3  
C h l o r o f o r m  B a k e r  R e a g e n t  ~ 0 .1  • 0 .1  ~ 1 .0  -4- 0 .3  
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corresponds to a SiO2 thickness of only ~3A. At 
least 30 rain elapsed between the t ime that  the samples 
were cleaned and the t ime that they were put  in  the 
vacuum chamber of the accelerator. The same sam- 
ples were measured by ell ipsometry which indicated 
that  a film thickness of ~40A was present. In  a sep- 
arate series of experiments  (8) it was verified that  
the prompt a-part icle technique and ell ipsometry gave 
the same results for oxide thickness >50A, bu t  di-  
verged significantly for th inne r  layers. 

The na tu re  of this surface layer  which appears 
~40A thick by ellipsometry, but  yet  contains only 
enough oxygen to comprise ~--3A of SiCh is not yet 
understood. 

It  can be seen that  in those cases where the boron 
concentrat ion was large, the oxygen concentrat ion was 
also much larger. The addit ional oxygen which appears 
as a result  of the solvent is ~103 t imes the addit ional  
boron concentrat ion due to the solvent. 

Conclusions 
1. Methanol, acetone, and tr ichloroethylene leave 

measurable  quanti t ies  of boron on the surface of Si 
samples. Reagent and electronic grade methanol  are 
par t icular ly  bad, since they leave visible evaporat ion 
residue spots having concentrat ions as high as ~1014/ 
cm 2. 

2. Chemical solvents can collect an existing uniform 
surface boron contaminat ion into spots of much higher 
concentration. 

3. The lsO(p,a) technique is a usable method of 
determining oxide thickness down to the 3A range, 
even though 1sO is only 0.2% abundant .  
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Etching Solution for Revealing P-N Junctions in 
PbS and PbS,-xSe  

H. Preier and H. Pfeiffer 
AEG-TeIefunken Forschungsinstitut, D-6000 Frankfurt am Main, Ge~nany 

Lead salts are of great interest  as materials  for 
light detection and light emission in the inf rared re-  
gion. The p -n  junct ions  of such laser and detector 
diodes are main ly  fabricated by diffusion. However, 
thus far no etchants have been reported which op- 
tically display p -n  junct ions  in lead salts. Here we 
will report  about an etching procedure for reveal ing 
p -n  junct ions  in  PbS0.6Se0.4 and PbS. The composition 
of the room tempera ture  etch is as follows: 40 ml  de- 
ionized H20, 1.Sg K2Cr2OT, 10 ml  HC1 (37%), 1.5 ml  
HsPO4 (85%). Before use, this etching solution was 
diluted in water  (2 parts water, 1 part  e tchant) .  

An example for an etched p -n  junct ion  in  PbS is 
shown in  Fig. la. Here an n - type  crystal grown by 
subl imat ion from the vapor phase with the carrier  
concentrat ion of 3 X 1018/cm 3 (77~ was diffused in  
sulfur  rich PbS powder (Pb0.49So.51) at 550~ for 1 hr. 
Diffusion and etching occurred perpendicular  to as- 
grown (100) faces. Before etching, the crystal was 
embedded in an epoxy resin and mechanical ly polished 
to remove the p- layer  from the exposed (100) surface. 
For  chemical polishing an etching procedure was used 
which was described recent ly (1). The embedded crys- 
tal  was then dipped into the etching solution for 3-5 
sec and afterwards was quickly r insed in  deionized 
water  and methanol.  As can be seen from Fig. 1 p- type  
PbS is more strongly attacked by the etchant. There-  
fore, the junct ion  is revealed by the step which occurs 
between the p- and n- reg ion  as shown in  Fig. la. The 
var iat ion of the thermoelectric power across the sur-  

Key words: PbS, PbSo.~Seo.4, etchant for revealing p-n junctions, 
IV-VI  compounds. 

Fig. 1. a, Etched p-n junction in PbS; b, variation of the thermo- 
electric power across the junction. 
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The same etching solution was also successfully ap-  
plied to t e rnary  lead salts. Here an n - type  PbS0.sSeo.4 
crystal with a carrier concentrat ion of 4 • 101S/cm 3 was 
diffused in (S0.6Se0A) rich vapor at 550~ for 2 hr. An 
etched p -n  junct ion in an i r regular ly  shaped crystal is 
shown in Fig. 2. As can be seen, diffusion occurred also 
from a defect of the crystal surface. The junct ion 
depth as measured by thermal  probe at 77~ was 
here about a factor of two smaller  than the one re-  
vealed by etching. The lat ter  effect is not ful ly under -  
stood yet and is present ly  being studied in  detail. 

Fig. 2. Etched n-type PbSo.oSeo.4 crystal after diffusion in chal- 
cogenide rich powder. 

face of the etched PbS crystal was used as a control-  
l ing exper iment  for reveal ing the actual position of 
the p -n  junction.  The corresponding result  is shown in 
Fig. lb. A change of the sign of the thermoelectric 
power occurs exactly at the position of the etched step. 
This proves the agreement  of the step with the posi- 
t ion of the p -n  junct ion  and the usefulness of this 
etchant. 
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The High Pressure Crystal Growth of 
Sodium Beta-Alumina 

F. H. Cocks 
Duke University, School of Engineering, Durham, North Carolina 27706 

and R. W. Stormont 
Tyco Laboratories, Incorporated, Waltham, Massachusetts 02154 

Sodium be ta -a lumina  is of considerable interest  be-  
cause of the high mobil i ty  of its sodium ions (1-4). 
Indeed, it has been suggested that be ta -a lumina  may  
be "a prelude to a revolut ion in solid state electro- 
chemistry" (5). Such high ionic mobi l i ty  makes pos- 
sible, for example, its use as an ionic membrane  sepa- 
rator  mater ia l  in  high energy density batteries, such as 
the sodium-sulfur  bat tery  (6-9). Due to the highly 
anisotropic ionic conductivi ty of the be ta -a lumina  
crystal structure, s ingle-crystal  plates or tubes would 
result  in membranes  with improved conductivities and 
would also el iminate  problems associated with the 
electrical short circuit ing due to possible sodium metal  
diffusion along grain boundaries  or through intercon-  
nected pores. For these reasons we addressed ourselves 
to the growth of s ingle-crystal  tubes of be ta-a lumina ,  
oriented such that  the high ionic conductivi ty planes 
of the resul t ing crystal are normal  to the tube axis. 
There are considerable difficulties associated with the 
crystal growth of sodium beta-a lumina ,  due pr inci-  
pally to the fact that be ta -a lumina  appears to decom- 
pose peritectically (10, 11) as well as to the high vapor 
pressure of sodium over be ta -a lumina  at its decom- 
position tempera ture  (11). In  order to produce tubu la r  
crystals, we have made use of a recent ly developed 
crystal growth method called edge-defined, film-fed 
growth (EFG),  which enables a var ie ty  of crystals to 
be grown having  any constant  cross-sectional shape 

Key words: beta-alumina, crystals, m e m b r a n e s .  

(12-19). To counter  the problem of sodium vaporiza- 
tion, a high pressure (300 psi), iner t  gas, EFG crystal 
growth chamber has been constructed, and to con- 
ta in  the reactive melt, both the crucible and the crys- 
ta l -shaping dies were fabricated from iridium. 

In  the basic EFG procedure for crystals having a 
tubular  shape, the l iquid melt  rises by capillary action 
to fill the feeding orifice in  the tubu la r  die (12-15). A 
seed crystal is then  brought  into contact with the melt  
at the top of the capil lary feed slot. After  ad jus tment  
of the melt  temperature  and seed withdrawal  rate, the 
melt  spreads across the top surface of the die un t i l  
fur ther  spreading is prevented by the 90 ~ change in  
contact angle at both the inner  and outer edges of the 
die. The growth of a tubu la r  shape from a th in  l iquid 
meniscus is then established. 

The design of the high pressure EFG chamber 
needed to suppress sodium vaporization dur ing  growth 
is shown schematically in Fig. 1. A water- jacketed  
Type 304 stainless steel chamber  comprises the basic 
pressure vessel. This vessel is fitted with two quartz 
viewing ports, each 4 in. in  diameter. In  addition, both 
x-y  and l inear  feedthroughs enable the position of the 
crucible and EFG die to be controlled both vert ical ly 
and horizontally. The crystal wi thdrawal  mechanism 
is of s tandard design I and has a water-cooled shaft 
which can apply pul l ing rates be tween 0.01 and  10 

1A.  D. Lit t le ,  Cambr idge ,  Massachuse t t s ,  Crystal Withdrawal 
Mechan i sm No. 3637-Q35. 
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Fig. 1. Schematic drawing of the high pressure chamber and 
growth arrangement used to produce both alumina single-crystal 
tubes. 

in. /hr .  The power  feedthroughs are standard Conax 
fittings, 2 modified to accept f iberglass-reinforced Teflon 
pressure plugs in order  to minimize localized rf  heat -  
ing. In order  to prevent  arcing from the inter ior  coil, 
due to the presence of sodium vapor, the r f  coil has 
been coated with  a high dielectric constant film. 3 In 
addition, both the crucible and seed holder  have  been 
electr ical ly insulated f rom the pressure  chamber  using 
boron ni tr ide inserts. This system permits  crystals to 
be grown under  inert  gas overpressures  of up to 300 
psig. Higher  overpressures  may not be useful  in sup- 
pressing sodium vaporizat ion due to gas convection 
effects (20). 

Seeding was ini t ia ted in all cases using Monofrax H, 4 
be ta-a lumina  crystal  pieces or iented so as to produce 
tubular  shapes whose high sodium-ion conductivi ty 
planes are eve rywhere  perpendicular  to the tube axis. 
The  influence of inert  gas overpressure  is shown in 
Table I, which gives the approximate  re la t ive  beta-  
a lumina and A1203 composition Na20 �9 11 A12Os. As 
may  be seen, there  is a tendency for the re la t ive  per -  

s C o n a x  Div i s ion ,  E s t e r l i n e  Corpora t ion ,  Buffa lo ,  New York ,  F i t -  
t i n g  No. EGT-250.  

s A m e r i c a n  D u r a f i l m  Company,  N e w t o n  Lower  Fal l s ,  M a s s a c h u -  
set ts ,  300 Series Ename l .  

Obtained from Harberson-Carborundum Corporation, Falconer,  
N e w  York  14733. 

centage of be ta -a lumina  present in the crystal  tube 
to ir~crease as the overpressure  is increased from at-  
mospheric  to a m ax im um  of 200 psi. This l imit  may be 
due to local convection currents  (20), as wel l  as to 
the incongruent  mel t ing of beta-a lumina.  The phase 
diagram for the system Na20 �9 A120~/A1203 deduced 
from a critical evaluat ion of the l i te ra ture  by DeVries 
and Roth (21) shows that  be ta -a lumina  decomposes 
peri tect ical ly at approximate ly  2000~ The be ta -a lu-  
mina compositions shown in Table I were  determined 
by comparison of the intensities of a lumina  (A1203) 
and be ta -a lumina  x - r ay  reflections observed in Debye-  
Scherrer  photographs as wel l  as from metal lographic  
observations. Al though a single be ta -a lumina  crystal 
was used as a seed in every  case, none of the tubes 
whose be ta -a lumina  content was less than 100% was 
found to be single crystalline. In each case, these tubes 
showed a two-phase  a lumina-be ta  a lumina structure,  
indicating a deficiency of Na20. 

To prepare  tubes having a 100% be ta -a lumina  com- 
position as wel l  as a substantial  single crystall inity,  it 
is necessary to use melts  containing an enr iched con- 
centrat ion of Na20. For  the case of tube No. 5 (Table 
I), the  use of a _melt composition containing 20 mole 
per  cent Na~O enables tubes having a 100% be ta -a lu -  
mina content to be grown. A photograph of two 100% 
be ta -a lumina  tubes produced by this EFG growth 
procedure is shown in Fig. 2. X - r a y  analysis confirms 
that  these tubes are single crystal l ine and have as- 
sumed the or ienta t ion of the seed crystal, that  is, wi th  
their  high conductivi ty (cleavage) planes normal  to 
the tube axis. Similar  single crystal, 100% be ta -a lu -  
mina tubes doped wi th  0.8 weight  per cent MgO have 
also been produced. 

The sodium and a luminum content of a 100% beta-  
a lumina tube was determined by wet  chemical  anal-  
ysis, and the composition of this tube was 1.54 Na20 �9 
11 A120~. This is wel l  wi thin  the range of Na20 con- 
tents (1.16-1.86) de termined by Harata  to l ie  wi thin  
the s ingle-phase field of be ta -a lumina  (22). 
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Table I. Melt compositions and beta-alumina contents of tubes 
grown by EFG under inert gas overpressures. Beta-alumina 

compositions determined by x-ray reflection intensities and by 
metallographic measurement of the relative volume of AI203 

present. 

Tube  
No. 

Per cent  
Inert  gas  beta-alumina 

Me~ overpres- content of 
composi t ion  sure, ps ig  tubes  

Na20 �9 11 AlsOs 15 (argon)  40 
N a 2 0 .  i i  Al2Os i00 (argon)  75 
Na20 �9 11 Al.oOs 200 (argon)  85-90 
Na20 �9 11 Al2Oa 300 (argon)  85-90 
NasO �9 4 AlsOs 200 (argon)  100 

Fig. 2. Macrophotograph of two single-crystal beta-alumina tubes. 
The outside tube diameter is 0.5 cm. 
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Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1974 
JOVRNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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William G. Pfann--Solid State Science and 
Technology Award Medalist 

Dr. H. Bruce Hannay delivers introductory remarks about the Soii6 
State Science and Engineering Award Medalist 

I t  is a great  p leasure  for me to be able to speak to 
you tonight  about Bill  Pfann, the first recipient  of The 
Electrochemical  Society Award  in Solid State Science 
and Technology. In the next  few minutes  I hope to 
give you some flavor of the work  he has done and an 
impression of the enormous impact it has had on solid- 
state science and technology. To those of you who are 
sol id-state  people his name is a l ready a household 
word. 

I shall also tell  you something about Bill as a person, 
because he has wide- ranging  talents, and he never  fails 
to surprise his fr iends wi th  his unusual  approach to 
things. I am told that  one of the people he often ~ur- 
prised was his mother.  I t  seems that  when Bill  was of 
preschool age, it was not clear whe the r  he would be 
le f t -handed or r ight-handed,  but  there  were  early in-  
dications that  he would be lef t -handed,  as u l t imate ly  
proved  to be the case. His mother,  however ,  was en- 
couraging h im to use  his r ight  hand and in order to fix 
in his mind r ight  f rom left, she purchased a r ing for 
him to wea r  on his r ight  hand. One day he re turned  
home from play wi thout  the ring. When his mother  
asked him what  had happened, he replied, "I now 
know my  r ight  hand f rom my  lef t  hand, so I t h r ew  the 
r ing away."  

This ear ly  strong display of pragmat ism foretold 
Bil l 's  approach to life, as well  as his approach to the 
science that  became his career. He has always been 

1 I n t r o d u c t o r y  r e m a r k s  b y  N.  B r u c e  H a n n a y ,  Be l l  L a b o r a t o r i e s ,  
M u r r a y  Hi l l ,  N e w  J e r s e y ,  o n  t h e  o c c a s i o n  of  t h e  p r e s e n t a t i o n  of  t h e  
ill 'st So l id  S t a t e  S c i e n c e  a n d  T e c h n o l o g y  M e d a l  A w a r d  to W i l l i a m  
G. P f a n n  on  M a y  15, 1973, at  t h e  C h i c a g o  M e e t i n g  of  t h e  S o c i e t y .  

N. Bruce Hannay 1 

quick to find the practical solution to problems;  for 
example,  during World War II, when faced with  food 
rat ioning he managed to negotiate wi th  an associate 
the exchange of a used camera for 24 dozen eggs, to be 
del ivered at week ly  intervals.  

Now you might  think that  practicality, then, is 
c lear ly  the essential ingredient  for ex t raordinary  in-  
vent iveness  and for success in science. But I should tel l  
you of another  side of Bill 's character  and that  is his 
wri t ing of poetry, and perhaps this reveals  even more 
about the forces that have inspired him. Thus he has 
wri t ten:  

The old values nei ther  
Pinned him down, 

Nor sustained him. 

There in  lay 
His sucess . . . .  

And his despair. 

Or, as another  example,  

The  tempo of science 
Increases wi th  
Each passing year.  

Bri l l iant  achievement  
Is swept  away 
In the swift  s t ream 
Of her advance, 
And sinks f rom sight 
Almost  before 
Recognition. 

Bill was born in New York City and lives in Bed- 
minster,  New Jersey.  His biography next  says that  he 
graduated from Cooper Union School of Engineer ing 
wi th  the degree of B.Ch.E. in 1940 and has been a 
m e m b e r  of the Metal lurgical  Research Depar tment  at 
Bell Labs since 1936. Now, these bare facts are wor th  
more  careful  examination.  Bill  first came to work  for 
Bell  Labs in 1935 at the age of 17. His first job was 
messenger  boy, and, given the prevai l ing  economics in 
those years, he was glad to have the job, as wel l  as the 
$15 a week. Seven  months later  he received first the  
good news, that  he was raised to $16, but  the bad news 
that  came next  was that  the work  week was cut, so he 
actual ly  was reduced to $14.74. Bill was undaunted, 
however ,  and  he began night school at Cooper Union, 
graduat ing with a B.Ch.E. in 1940. At Bell  Labs he de-  
l ivered the mail  so effectively that  a year  af ter  he be-  
gan work  he was moved into the technical  department ,  
where  he, of course, del ivered the goods. His initial 
assignment was re la t ive ly  modest, as a Technical  As- 
sistant, but  in a few years he had reached full  status 
as a Member  of Technical  Staff. I am glad to report  
also that  he was no longer at $14.74 a week. 

Now I have told you about this for a reason. Living 
as we do in a day when  many expect  that  there is 
something automatic  about success, and that  it wil l  be 
handed to them mere ly  because they are there, it is 
reassuring to know people l ike Bill, who  began at the 

7C 
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bottom and then put  together na tura l  talents and a 
desire to succeed so effectively that he went  on to 
accomplishments which have been rewarded by the 
Mathewson Gold Medal of the AIME in 1955 for his 
original papers on zone melting, a citation from Cooper 
Union for work in this field, the Clamer Medal of 
F rank l in  Inst i tute  in 1957, the Albert  Sauveur  Award 
of ASM in 1958, the Professional Progress Award of 
AIChE in 1960 for the invent ion and development of 
zone melting, the Moissan Medal from the School of 
Chemistry of the Univers i ty  of Paris in 1962, the Gano 
Dunn  Medal for Professional Achievement  of Cooper 
Union in 1963, the Award for Creative Invent ion  of the 
American  Chemical Society in 1968 (and, by  the way, 
he was the first recipient of this award, for which the 
selection was made from all U.S. patents issued in the 
past 17 years in the chemical field) and, finally, in 
1972 the Carborundum Company Award for Excellence 
in  Non-Ferrous  Materials. Many other scientific honors 
have also come to Bill, including Visiting Lectureships 
at Berkeley and at Cambridge University,  where he 
was elected an Overseas Fellow at Churchil l  College. 

We must  then look more closely at Bill 's record, to 
see how he went  from messenger boy at Bell Labs in 
1935 to these richly deserved honors, and what  we find 
runn ing  throughout  his work is a keen sense of what  is 
important ,  and the simple way to do it. At least, it is 
simple after he has shown us what  to do. 

Zone mel t ing is a par t icular ly  simple and elegant  
process. It  revolutionized science and technology as it 
made  possible the pure materials  that  not only pro- 
vided the foundation for the semiconductor materials  
technology, that  is, the cornerstone of solid-state elec- 
tronics, but  also launched us into an era of new under -  
s tanding of the fundamenta l  properties of solids, based 
or~ research on exceedingly pure and well-defined com- 
positions. One measure of its impact is the approxi-  
mate ly  1000 papers on the subject that  were published 
in  the decade immediate ly  following Pfann 's  first pa- 
per. Actually, this is a completely inadequate  measure, 
because it does not count the far larger number  of pa-  
pers that were possible only because of zone melting, 
which put pure materials in the hands of solid-state 
scientists and electronic device engineers for the first 
time. 

The most impor tant  of zone mel t ing techniques is 
probably zone refining, originally applied to semicon- 
ductors for the achievement  of ul t rahigh purities, of 
the order of one part  in 10 billion. Purification in 
metals, organic materials, and other substances is also 
important ,  however, the tool is a universal  one, and 
applicable in both research and manufacture.  

There are other uses of zone melt ing also. One is 
zone leveling, a technique for distr ibuting impurit ies 
un i formly  through the solids. Another,  developed by a 
colleague of Pfann's ,  is the floating zone method of 
crystal growth, an enormously valuable technique 
which eliminates the crucible in crystal growth, thus 
avoiding contamination.  

Bill Pfann ' s  zone melt ing processes have brought 
him his greatest fame, but  his other scientific and tech- 
nical achievements have also been notable. He made 
str iking contributions to the development  of silicon 
microwave detectors for use in radar  receivers dur ing 
World War II. One of the first of these followed some 
exper iments  which conclusively demonstrated that  the 
noise output  of the radar  detector for use at 3000 MHz 
was related to surface irregulari t ies on the point con- 
tact. These point  contacts were fabricated from a 0.005 
in. tungsten wire which had been sharpened in a sort 
of pencil sharpener  gr inding fixture. P fann  found that  
electrolytic polishing drastically reduced the noise of 
the detector, a factor directly related to the radar 's  
sensit ivity and range. Later  he devised a process for 
producing the point contacts themselves by electrolytic 
means, and this dramatical ly  increased the output  of 
detectors, then in short supply to the armed services. 
Again we see the simplicity of Bill 's approach to the 
solution of technical problems, in  this and again in  

later  work on fundamenta l  materials  aspects of elec- 
trical contact erosion, in which he discovered the phe- 
nomenon of self- l imit ing transfer, and through this, a 
method of e l iminat ing contact "bridge" erosion, a prob- 
lem of long standing. 

Bill conceived and developed the prototype of the 
first t ransistor  to be manufactured  (Type A),  and he 
holds basic patents relat ing to alloying and diffusion 
methods of making transistors. He was co-author of the 
first paper describing an MOS device. 

One of Bill 's simplest experiments,  which well 
i l lustrates the sort of spectacular result  that has come 
na tura l ly  to him, investigated the effect of dis turbing 
the solid-l iquid interface. He did this by rubb ing  the 
interface of a solid as it was being frozen from the 
melt. Now you might  wonder  how he got the idea for 
this. I cannot answer  that, a l though I can say that 
when he was a Churchi l l  Fellow at Cambridge he en-  
joyed making rubbings  of cathedral  tombstones. I can 
also tell  you how he did the experiment;  he used a 
wire brush, and simply reached into the molten metal  
and scrubbed the surface of the solid as it was being 
frozen. That is such an unsophisticated and direct way 
to do an exper iment  that  no one else would have 
thought of it. It worked, and he was able to make 
spectacular changes in  the metal  texture, producing 
an extremely fine grained eutectic alloy. 

Just  one more of Bill 's scientific discoveries must  be 
mentioned. If it were not for zone refining, we could 
well be honoring him tonight for this as it was one of 
the classic experiments  in reveal ing the fundamenta l  
na tu re  of solids. Dislocations were a concept that had 
to be invented to explain the mechanical  properties of 
solids. Real solids were orders of magni tude  away from 
what should have been found if lattices were simple, 
l ike those found in crystal lography books, and so 
something that had never  been seen was imagined to 
exist, to explain away these spectacular anomalies. For  
years dislocations were talked about as though they 
were real, and then P fann  and his colleagues showed 
that they indeed were real in the first experiments  that 
unmis takably  demonstrated the existence of disloca- 
tions using pure germanium. It had been observed that  
freshly etched surfaces of ge rmanium often show rows 
of microscopic conical pits. This makes a beautiful  
photograph, which I would have shown you but  our 
esteemed Executive Secretary told me that  he would 
have had to employ a union operator at double- t ime 
rates for 4 hours to show the one slide, so those of you 
who did not see it in  Bill 's ta lk  this af ternoon will have 
to imagine it. The pits develop at the points where 
dislocations intersect with the  surface, because the 
slightly disordered lattice at a dislocation is slightly 
more reactive chemically than is the perfect lattice. 
The spacing and position checked the theory beaut i -  
fully, and these classic observations thus furnished a 
str iking confirmation of dislocation theory. 

Bill holds over 60 patents and he is the author  of a 
book on "Zone Melting," as well  as more than  60 
papers. He has been a successful adminis t ra tor  of his 
research group, recrui t ing talented people and leading 
them so ski l l ful ly that on two occasions members  of 
his group have won the Mathewson Gold Medal. He 
spent two weeks in Israel as an advisor to the Nation-  
al Council of Research and Development.  He used to 
admire the Brooklyn Dodgers but  gave them up in 
favor of the New York Mets, and he is an avid hockey 
fan. We could talk of m a n y  facets of Bill 's character. 
But I r e tu rn  to his poetry for the final insight  on the 
career and essential huma n  qual i ty of this remarkable  
person. 

The mind goes on and on, 
Exploring a vast universe 

Of ideas 
Without  end. 

But the body 
Is subject to 
The rhy thm of day and night, 
The need for sleep. 
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The mind 
Must therefore bide its time, 
And  find the chance 

To make that  gal lant  leap 
Between distractions of the day 
And the magnetic  pull  of sleep. 

9C 

The Semiconductor Revolut iod 

William G. Pfann 

Mr. William G. Pfann presents Solid State Science and Technology 
Award Address 

President  McKinley, ladies and gent lemen:  Although 
I have taken part  in the revolut ion in  solid-state sci- 
ence and technology from its beginning,  in fact, per-  
haps, even before most people knew it had begun, and 
although I have known the crescendo of scientific and 
technical advances of this revolution, on many  fronts, 
I was completely overwhelmed by the news from 
President  McKinley that  I had been chosen as the 
first recipient of the Award for Solid State Science and 
Technology of this Society. The news was both hear t -  
warming  for your  Society's recognition of my past 
achievements, and also thought-provoking because of 
m y  personal knowledge of so m a n y  other prolific con- 
tr ibutors in this field. 

In  any  event, I hope to share with you some of the 
exci tement  of these years of the semiconductor rev-  
olution, together with some personal anecdotes and 
insights which I hope may lead others to experience 
the joys of contr ibut ing to our society and the joy of 
being recognized as a person. Final ly,  I plan to say a 
f e w  words that may be of help to future  innovators  in  
this major  field. 

The name  of this award is very  general.  In  the let ter  
of notification from Pres ident  McKinley I was told that  
the choice of subject  was open, but  it was recom- 
mended that  the topic be chosen from my own work. 
This I plan to do. This is not a critical review of the 
field; rather,  it is the field as seen through the eyes and 
feelings of one person. 

Prehistory 
A very good review of ear ly  semiconductor research 

w a s  wri t ten  by G. L. Pearson and W. H. Brat ta in  ( I )  

Solid State Science  and Techno logy  A w a r d  Addres s  del ivered 
May 15, 1973, at the  Chicago Meet ing  of  the Society-. 

from which some of the following was taken. An im-  
portant  addition to semiconductor science was the 
Hall effect, discovered by E. H. Hall in 1879 (2). In 
19.31 A. H. Wilson (3) came up with the band theory 
of semiconductors, and conduction by electrons and by 
holes, but  of course there were no materials  suitable 
for study at that  time. Tamm (4) in 1932 introduced 
the concept of surface states, which Bardeen took up 
so aptly later  on. In  Russia in 1938 B. Davydov (5) 
actual ly came up with the idea of diffusion of minor i ty  
carriers across a p -n  barrier .  In  1938, but  no one be-  
l ieved him. No one took him seriously; and even to the 
very  month  before the discovery of the transistor  (W. 
Shockley recently gave a talk in England about that) 
they just  did not get this idea of carrier injection. It 
eluded them for some subtle reason. This kind of 
puzzlement runs through this whole story, and all of 
these events. You wonder  how you could have been so 
obtuse for so long before you saw how easy something 
w a s  to do. 

Jus t  before the transistor,  Mott and Gurney ' s  
"Electronic Processes in Ionic Crystals" was used as 
a seminar  subject organized by  W. Shockley. I was 
lucky to be in the seminar,  and then the thing broke. 
Conyers Herr ing at Bell Labs is probably  the best per-  
son in the country  in the referencing of the l i terature  
of physics, and when the Nobel Prize for the transistor  
was announced he gave a talk, along with the winners,  
in which he used Fig. 1. I just  wish to point out some- 
thing that is odd about it. You notice that  the number  
of papers culled from abstract journals  was very small 
compared to today. You notice that  in the early years 
the n u m b e r  was actually going down. In  fact, the sub-  
ject was sort of dying out! Then, in the postwar years, 
a lot of things that  had been found dur ing the war  
were published. There was a rise. The transistor  was 
found in 1948. There is this la ter  drop which Conyers 
could not in terpret  very well, and then this sudden 
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the years many  co-workers have helped shore up weak 
spots in  my  scientific t raining.  As part icipation in more 
and more new topics has increased, so has my ac- 
quaintance with scientists the world over, and this has 
added to my development  and led to many  valued 
friendships. I will acknowledge the help of one man  I 
recognized as a comer after hearing his first talk, my 
close friend and your incoming president, Bruce Hart- 
n a y .  
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Some Problems of Electrochemical Kinetics 

Benjamin G. Levich I 
Institute of ELectrochemistry, USSR Academy o~ Sciences, Moscow, USSR 

My Dear Colleagues: 
First  I should like to express my grat i tude to The 

Electrochemical Society for the high honor given me. 
Unfortunately,  through no fault of my  own, I am u n -  
able to present  this paper myself and have had to be as 
brief  as possible. 

Electrochemical kinetics is a very  distinctive field of 
research. Indeed, mere ly  enumera t ion  of the factors 
which determine the kinetics of electrode reac t ions- -  
the chemistry of reagents;  the structures and prop- 
erties of fluid solvents; the properties of metals and 
semiconductors; the structural,  adsorptive, and cata- 
lytic properties of their  surfaces; the mechanism of 
charge t ransport  in fluids; the  movement  of the solvent 
as a whole; and, finally, the mechanism of charge 
t ransfer  in the e lementary  act of the electrode proc- 
e s s - t h i s  l ist ing shows that  the most diverse fields of 
physics and chemistry converge in electrochemical k i -  
netics. Therefore, electrochemical processes are not 
only  very complex but  also, as the present  company 
would probably agree, very interesting. 

In  my paper I shall l imit  myself  to the two aspects 
of the problem with which my own work has been 
connected, namely,  studies of the macroscopic theory 
of the t ransport  of species in moving solutions (diffu- 
sion kinetics) and studies of the charge transfer  in the 
e lementary  act of the electrode reaction, electrode ki-  
netics proper. Without  going into details, I shall t ry to 
describe the present  state of these questions, unde r -  
l in ing the difficulties and the pressing problems that 
face theory and experimentat ion.  

The Pa l l ad ium Medal  Address  was  read  for  Professor  Lev ich  by  
Dr. Dav id  A. Vermi tyea  at  t he  Boston Mee t ing  of The Elec t rochemi-  
cal Society, October 9, 1973. The medal  was  s t ruck  f rom pal lad ium 
supplied by the International Nickel  Company,  New York,  New 
York. 

Transport of Species in Solutions 
The problem of the t ransport  of species in a solution 

is a comparat ively old one in electrochemistry. How- 
ever, there has been a growing interest  in it in the last 
twenty-f ive years. There are two reasons for this. First, 
it was the use of effective methods of modern  hydro-  
dynamics that  made it possible to produce a quant i ta-  
tive theory of the t ransport  of species in a moving 
solution. Second, the development of new experimental  
methods made it necessary to obtain quant i ta t ive ex- 
pressions for the diffusion current  under  diverse con- 
ditions in the implementa t ion  of electrochemical proc- 
esses. Of course, the problem of the t ranspor t  of re- 
agents in a solution is a general  question in the theory 
of heterogeneous reactions involving liquid phases, but  
it was in electrochemistry that the real need first arose 
for formulat ing a quant i ta t ive  theory of t ransport  that 
would meet  the high level of precision of electrochemi- 
cal measurements.  Since the molecular coefficients of 
diffusion in fluids are exceedingly small, the convec- 
tive t ransport  of species predominates over molecular 
t ransport  at the smallest velocities of the fluid. There-  
fore, the theory of the t ranspor t  of reagents  to and 
from the surface of the electrode, except in some spe- 
cial instances (in narrow capillaries or cracks, during 
high-f requency processes in fluids, or with immobil iz-  
ing admixtures  and the like), constitutes a problem of 
convective diffusion. Problems of this k ind are very 
complex and that  is why the ideas of electrochemistry 
were for a relat ively long time limited to the quali ta-  
tive theory of Nernst, according to which the existence 
of a l imit ing current  is related to the slowness of the 
diffusion process through a s tat ionary layer  of fluid 
adjacent  to a solid electrode. Though it was perfectly 
clear to all that  no such s tat ionary layer  can exist, 
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the Nernst  theory was accepted as a convenient  em-  
pirical description of the convective diffusion process. 
The quant i ta t ive  solution of the convect ive diffusion 
expressions for the specific instance of a dropping mer -  
cury electrode was first disclosed in the works of 
I lkovic and Rideal. Later, in our work, the general  
hydrodynamic  theory of the boundary layer  was ap- 
plied to the instance of convect ive diffusion in fluids. 
As early as the beginning of this century, Prandt l  dem-  
onstrated that at large Reynolds numbers  the entire 
fluid flow can be divided into a region of basic flow, in 
which there  is viscosity independent  motion of the 
fluid, and a hydrodynamic boundary layer,  in which 
there  is a viscous flow at a rate  that  diminishes to zero 
at a solid surface. When an electrode react ion occurs 
at a solid surface, causing a change in the concentra-  
tion of species at that surface, the entire moving solu- 
tion may be divided into a region of constant concen- 
t rat ion and a diffusion boundary layer. The change in 
concentrat ion takes place in the latter;  moreover,  the 
t ransfer  of species in it occurs in equal  measure  by 
convection and by molecular  diffusion, as well  as by 
migrat ion when  there  are ions and there  is no sup- 
port ing electrolyte  in the solution. Because of the 
smallness of the molecular  diffusion coefficient, the 
diffusion boundary layer is several  t imes thinner  than 
the hydrodynamic  boundary layer (for water,  for ex-  
ample, it is 1/10 as thick) .  The mathemat ica l  small-  
ness of the diffusion coefficient makes it possible to 
take advantage of the method developed by Poincare 
for solving equations containing specific der ivat ives  
wi th  small parameters .  We used this method in deal-  
ing with  a number  of specific tasks. Exact  solutions 
were  obtained for problems of convective-diffusion 
when  there  was uniform accessibility of the surface 
(the rotat ing disk electrode),  and later  an approximate  
solution was found in a number  of concrete instances 
and expressions were  der ived for currents  in cases of 
mixed kinetics and l imit ing currents  at the surfaces 
of electrodes of different geometries  with laminar  
flow. A number  of researchers,  including present and 
past co-workers,  have also developed the theory of 
convect ive diffusion in nonisothermal  solutions, in 
moving thin films in phase boundaries  of the fluid, in 
fluids wi th  nonstat ionary currents  and nonsteady-s ta te  
conditions, in natural  convection, and in a number  of 
other  cases. Along with  these calculations, a theory of 
kinetic and catalytic currents  on solid electrodes was 
developed. Finally,  Acrivos and Chambre  demonstrated 
that  the solution of a problem in convect ive diffusion 
at an a rb i t ra ry  surface may, by the law of kinetics, be 
reduced to the solution of an integral  equation, and 
such an equation is convenient  for obtaining a nu-  
merical  solution. If one also takes into account the 
mul t i tude  of problems concerning diffusion and migra-  
tion of species in an immobile  medium that  have been 
solved in connection with the development  of a-c 
methods in electrochemistry,  then it must  be recog- 
nized that  diffusion kinetics is one of the most ad- 
vanced fields of electrochemistry.  At present,  the ex-  
pression for the flow of a substance to an electrode of 
any geometr ical  shape under  any and all conditions of 
electrode reactions is known or can be quant i ta t ively  
obtained. However ,  this does not mean that  all the 
problems of diffusion kinetics may be considered 
solved. For  example,  the transit ion to large current  
densities requires  the transi t ion f rom laminar  to tu r -  
bulent  flow conditions and also to high solution con- 
centrations. The question of the detailed mechanism of 
the convect ive t ransport  of species in the turbulent  
flow of a fluid cannot as yet  be considered as an-  
swered in full. There are two theor ies - - the  theory of 
Prandt l  and the theory  of Landau and this author, 
based on different concepts of the law of diminishing 
turbulence in proximi ty  to a solid surface. Which of 
these two theories one chooses is very  significant, both 
for obtaining the est imated formulas  for the flows of 
species that  interest  electrochemists  and for the gen-  
eral  hydrodynamic  theory of turbulence.  It  is only 

very  recent ly  that, thanks to the measurements  carried 
out by Hanrat ty  (U.S.) and also by Kishinevsky and 
co-workers  (USSR),  it has become possible to decide 
in favor  of our hypothesis. The t ransport  of species in 
a turbulent  flow is an ex t remely  complex process, the 
mechanism of which is closely connected with  the 
mechanism of the tu rbu len t  pulsations themselves.  As 
is known, there is at present no quant i ta t ive  theory of 
turbulence in anisotropic flows. Hence, the study of the 
mechanism of the transport  of species to a solid surface 
is not only of great  practical  importance for e lectro-  
chemist ry  but also of basic significance for the theory 
of turbulence.  

Diffusion and Migration 
The diffusion and migrat ion of ions in concentrated 

solutions are being studied intensively, both theoret i -  
cally and exper imental ly ,  chiefly on the basis of the 
thermodynamics  of i r revers ible  processes. The diffi- 
culties of the theory in this field are connected pri-  
mar i ly  with the difficulties of the theory of concen- 
t rated solutions of electrolytes. However ,  I shall not 
deal wi th  this question inasmuch as I myself  have not 
worked on diffusion and migrat ion in concentrated 
solutions. Another  group of not yet  elucidated but 
very  important  problems for e lect rochemist ry  are 
those connected with  the t ransport  of a substance in 
solutions containing a large number  of gas bubbles, in 
porous media with fluid flow, and in gelatinous sys- 
tems. Finding the solutions to problems of this kind, 
requir ing a statistical approach, is now the order  of 
the day. 

Charge Transfer 
The question of the mechanism of the e lementa ry  act 

of the electrode process is undoubtedly  a central  basic 
problem of electrochemistry.  The first theoret ical  ap- 
proaches to this problem are associated with the names 
of Gurney  and Horiut i  and Polanyi.  A new stage in the 
development  of the problem is associated with  the 
work  of Weiss, Marcus, Zwolinsky, and others, who 
have emphasized the importance of the processes con- 
nected with  the influence of the polar solvent. The lat-  
ter  direction has been developed quant i ta t ive ly  in the 
works of Marcus and of this author  and his former  
co-workers.  Since I am, naturally,  unable to present  
our theory in detai l  or give a historical survey  and 
critical analysis of other theoret ical  ideas, I shall  re -  
strict myself  to a discussion of the general  approach 
to the problem, the principal  conclusions, and the  dif-  
ficulties confronting the theory. 

The process of t ransfer  of an electron be tween an 
ion and an electrode is an ex t remely  complex one even 
in the simplest case of a reduct ion-oxidat ion  reaction 
on the surface of a meta l  electrode, taking place wi th-  
out the rupture  or formation of chemical  bonds and 
not complicated by adsorption phenomena.  Indeed, the 
ion near  the electrode is surrounded by a solvation 
shell, which is distorted, as compared with  the same 
kind of shell in the bulk  of the solvent, by a strong 
double- layer  electric field. The s t ructure  of the polar 
solvent that  surrounds the ion has not been studied 
sufficiently. We have  only very  approximate  knowledge 
of the wave  functions of electrons in complex ions. The 
surface propert ies of metals  and, especially, of semi-  
conductors contiguous with the solution are far  from 
those of the ideal surfaces that  figure in the modern  
theory  of metals. Under  such conditions, it is impor tant  
to unders tand that  it would be pointless to construct  a 
theory  that  claimed to give a quant i ta t ive  and detai led 
description of the process of charge transfer.  This ap- 
plies even more to the more complex electrode reac-  
tions that  take place with  the disruption or format ion 
of chemical  bonds. In our view, it makes more  sense 
to l imit  ourselves to the construction of the kind of 
simplified model  that  will  correct ly  convey the basic 
qual i ta t ive  characterist ics of the process. What  are the  
tasks of the model  theory? First, it should provide an 
explanat ion of one fundamenta l  f ac t - - the  ex t r eme ly  
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low velocities of electrode processes, tha t  is, of the 
origin of slow discharge. The slowness of electrode 
processes, to which electrochemists are accustomed, 
distinguishes the processes taking place in a polar sol- 
vent  from all other processes where opposite charges 
combine. Such processes always take place at enor-  
mous velocities, as, for instance, charge recombinat ion 
processes in gases. The circumstance that  the rate of 
the reaction between an ion and electrode of the same 
chemical na ture  does not differ from the rate of the 
reaction between an ion and electrode of different 
chemical na ture  is closely related to the slowness of 
the  discharge. In  other words, the phenomenon of 
resonant  charge transfer  that is always present  in 
gaseous reactions is absent from electrode processes. 
Second, the theory must  also clarify the na ture  of 
Tafel 's law, or, equivalently,  the na ture  of Bronsted's 
rules for homogeneous reactions occurring with charge 
transfer.  Finally,  the most complicated of the general  
tasks that confront the theory according to us is that  
the theory must  calculate the magni tude of the t rans-  
fer coefficient in Tafel 's law and its dependence on 
overvoltage. The answer to the first question on the 
na ture  of the slow discharge is to be found in very 
general  quan tum mechanical  considerations. To i l lus- 
trate this point, let us examine a homogeneous reac- 
t ion with t ransfer  of an electron between two identical 
ions with different charges. The difference in the mag- 
ni tude of the charge causes a difference in the degree 
of solvation of the ions. This lat ter  circumstance indi-  
cates that  the energy levels of both ions, surrounded 
by a polarized medium, have been shifted differently 
with regard to their  positions in vacuum (where the 
energy levels of identical ions coincide). The t ransfer  
of the electron from one ion to the other must  be ac- 
companied by the absorption or release of energy from 
the above-ment ioned shift. This indicates that  there is 
some sort of energy reservoir which ensures the ap- 
pearance of a reaction si tuation in the system. A reac- 
t ion si tuation occurs when  the positions of the energy 
levels of both ions temporar i ly  coincide. Both the slow- 
ness of the reaction and the absence of resonant  phe- 
nomena  are due to the inertness, the slowness of the 
action of the energy reservoir.  Basically, either the po- 
lar solvent or the thermal  energy of inner  molecular  
oscillations (if the reagent  or product of the reaction is 
a molecular  ion) can serve as the energy reservoir. 

The thermal  oscillations of the polar solvent alter 
its polarization (the optical branch) .  The change in the 
polarization, in turn,  alters the positions of the energy 
levels of the. solvated ions. The position of the energy 
levels also changes as a result  of inner  molecular  oscil- 
lations. If the energy levels of the ions become the 
same as the result  of these fluctuations, then it is very 
l ikely that  the t ransfer  of the electron will occur at 
that  moment.  The exchange of the electron between the 
metal  electrode and the ion takes place in exact ly the 
same way, at least in principle, in instances of elec- 
trode reactions, too. Thus, we see that  slow discharge 
is a pure ly  quan tum mechanical  phenomenon,  arising 
from the discrete na tu re  of energy levels. Along with 
this, the task of theory becomes clear: to describe the 
mechanism of the action of the energy reservoir. For  
this it is necessary, strictly speaking, to have detailed 
data on the na ture  of the thermal  movement  of the 
solvent and on the inner  molecular  oscillations of the 
molecules in the polar solvent, both while si tuated in  
the strong double layer  electric field. There are, of 
course, no such data at present, and it is therefore 
necessary, on the one hand, to devise a s implifying 
hypothesis, and, on the other, to develop a theory of 
the above-ment ioned phenomena.  At fiYst, R. Marcus 
(U.S.) and we independent ly  restricted ourselves to 
describing the bulk  medium as a cont inuum, with ex- 
actly the same properties as a polar crystal. It  was also 
assumed that the oscillations of the molecules of the 
first solvated layer  were suppressed, but  later we were 
able to reject these oversimplifications and  to develop 
fur ther  the theory of thermal  movement  in  a polar 

fluid. In  this theory the properties of the fluid are quite 
fully described by the dependence of its dielectric con- 
stant on frequency and wavelength.  However, we do 
not at present  know what kind of function this is near  
a solid surface for so complex a fluid as, say, water. In 
the simplest case of atomic and weakly solvated ions, 
only a polar solvent can serve as the energy reservoir. 
Its thermal  fluctuations create a reaction situation. In 
more complex instances, as with molecular ions during 
the discharge of the hydronium ion and also in the 
case of strongly solvated ions, a significant role may be 
played, along with the thermal  fluctuations of the sol- 
vent, by molecular excitation wi thin  the molecule as 
well as by oscillations along the molecule's bonds with 
the first hydrat ion shell. All these processes contr ibute 
to the creation of a reaction situation. The theory of 
Horiuti  and Polanyi  took into account only inner  mo- 
lecular thermal  excitation as the mechanism for cre- 
ating a reaction situation. Actually, the relative roles 
of the two competing mechanisms creating the reac- 
t ion situation, that  is, the role of the thermal  fluctua- 
tions of the solvent and the thermal  fluctuations of 
molecular  oscillations, are determined by the specific 
magnitudes of the frequencies and the properties of 
the thermal  movement  of the polar solvent. The latter 
also has certain characteristic frequencies. Hence, there 
is no point in counterposing the two coexisting, mu-  
tual ly  competing mechanisms as some authors still t ry  
to do. As for the t ransfer  of the electron, theory indi-  
cates that the corresponding probabil i ty  of the process 
does not contr ibute to the temperature  dependence of 
the current  in the case of metal  electrodes. However, 
the specific features of the energy spectra of semicon- 
ductors greatly affect the probabil i ty of the passage of 
the electron. At present, theory has made possible the 
derivation of Tafel 's law, the calculation of the magni-  
tude of the t ransfer  coefficient, and the establ ishment  
of its dependence on overvoltage. Theory correctly 
conveys the na ture  of the isotope effect and describes 
the mechanism of the operation of the t ransfer  of elec- 
trons across bridging species and several other experi-  
menta l  facts. Theory was applied to a number  of spe- 
cific electrode reactions and compared with the results 
of the theory of homogeneous reactions with charge 
transfer.  Despite the favorable quant i ta t ive results of 
comparisons with experiment,  one should not overes- 
t imate the quant i ta t ive  preciseness and completeness 
of the theory, underes t imate  the crude assumptions on 
which it is based, or consider the theory devoid of 
difficulties. 

Let us enumerate  some of those difficulties. The 
theory of thermal  movement  of so complex a fluid as a 
polar solvent is only very approximate.  As we have 
stressed, the properties of thermal  movement  near a 
solid surface differ from the  properties of movement  
in the bulk. Yet existing theory does not take this into 
account. Nor does theory as yet take into account the 
influence of the strong, heterogeneous electric field of 
the double layer. The frequencies of oscillation along 
the bonds with solvated molecules and the dielectric 
constant  when the waves are exceedingly short, which 
figure in the final formulas of the theory, together with 
a number  of other circumstances have not yet  been in-  
vestigated either theoretically or experimental ly.  It  
seems to me, therefore, all the more surprising that  
theory has nevertheless made it possible to find a 
quant i ta t ive  expression for the t ransfer  coefficient and 
to give a quali tat ive description of the ent i re  group of 
problems connected with electrode kinetics. The rea-  
son for this, I believe, is that the magni tude  of the 
t ransfer  coefficient, which is 1/2, is related to the shape 
of the potential  energy surface and this is influenced 
by the potential  energy of the solvent. If there is a 
parabolic surface in the potential  energy, correspond- 
ing to the approximat ion of the small  oscillations, the 
magni tude  of the t ransfer  coefficient obtained is 1/2, i r -  
respective of the detailed mechanism of the process. 
However, in  the case of hydrogen overvoltage, a t rans-  
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fer  coefficient of 1/2 is observed over such a wide range 
of overvol tage  that  it becomes very  difficult to find a 
theoret ical  explanat ion for it. Apparently,  the energy  
of reorganization, the basic characterist ic of the fluc- 
tuation process, which was considered constant in the 
theory, depends, in fact, on the intensity of the elec- 
tric field in the double layer. Hence, we see that  de-  

spite the achievements  of the theory, there  are still 
extensive unexplored fields to be investigated. At the 
same time, and this is ex t remely  important,  it is neces- 
sary to develop the exper imenta l  technology that  
would facili tate the exper imenta l  testing of a number  
of the detailed qual i ta t ive  and quant i ta t ive  predictions 
of the theory. 
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ABSTRACT 

The tr ibo-el l ipsometric technique allows one to dist inguish between film 
growth and other reactions that  occur after removal  of a film from a metal  
surface in a given environment .  This technique was used to study the re- 
lat ionship between repassivation kinetics and stress corrosion cracking (SCC) 
susceptibili ty for Ti 8AI-IMo-IV alloy. In  these studies the effect of the rate 
of film growth on the amount  of metal  dissolution which occurs dur ing  the re-  
passivation process was investigated by comparing the repassivation t rans ient  
behavior  in a 1.0N NaC1 solution, where cracks have been  found to propagate, 
to that in a 1.0N NaNO8 solution where SCC susceptibil i ty has never  been 
detected. Fi lm growth kinetics in  both solutions were consistent with a 
F le i schmann-Thi rsk  mechanism of oxide patch nucleat ion and two-dimensional  
growth, al though the film growth rate was significantly slower in the 1.0N 
NaC1 solution. Low film growth rate led to an increase in metal  dissolution 
in  a solution where crack propagation velocities have been measured, but  at 
an apparent  rate slower than  necessary to propagate such cracks by metal  dis- 
solution alone. 

Theoretical t reatments  of the relat ionship be tween 
repassivation kinetics and susceptibil i ty to stress cor- 
rosion cracking have recently been incorporated into 
mechanisms for cracking of a n u m b e r  of materials,  
noticeably mild steel (1) and t i t an ium alloys (2). 
Studies by Beck (2) relat ing crack propagation veloci- 
ties to anodic current  densities measured following fast 
fracture of t i t an ium alloy wire util ized an empirical 
relationship to estimate film growth rates dur ing the 
repassivation transient .  

The recent ly developed technique of t r ibo-el l ipsom- 
etry (3, 4), with which a determinat ion of both anodic 
current  and film growth rates can be made following 
passive film removal by abrasion, makes possible a 
separat ion of the total  repassivation process into film 
growth and metal  dissolution components. The object 
of this technique is to simulate the production of bare 
metal  by film rup ture  at the tip of a stress corrosion 
crack. 

This work describes the results of a s tudy comparing 
repassivation behavior  of a commercial t i tanium alloy 
(Ti 8AI-1Mo-IV) exposed to 1.0N NaC1 in solution 
where cracks are known  to propagate and to 1.0N 
NaNO~ where no susceptibili ty to cracking has been 
detected. 

An at tempt has been made to correlate measured 
film growth rates with the F le i schmann-Thi rsk  patch 
nucleat ion and growth mechanism (9) and to estimate 
crack propagation velocities which would result  from 
metal  dissolution dur ing repassivation. 

Experimental 
The description of the exper imental  apparatus and 

technique of t r ibo-el l ipsometry has been presented in  
prior publications (3, 4). 

* Electrochemical  Society Act ive Member .  
K e y  words :  repass iva t ion  kinetics,  stress corrosion cracking,  

t i t an ium alloy, tribo-ellipsometry. 

A Ti 8AI- IMo-IV commercial alloy was used in this 
study: 1.905 cm diameter  • 0.635 cm thick cylindrical 
specimens were machined from rod stock and polished 
on silicon carbide metallographic papers followed by 
rotary polishing on nylon cloth with 6~ diamond paste. 
Air -sa tura ted  solutions of 1.0N NaC1 (pH : 6.11) and 
1.0N NaNO3 (pH ~- 6.08) were prepared from ACS 
reagent grade chemicals and distilled water. 

Specimen potentials were controlled potentiostat i-  
cally. The repassivating current  pulse generated upon  
cessation of abrasion was used to trigger the sweep of 
a dual channel  oscilloscope. The scope also recorded 
the output  of the photometer system used to monitor  
changes in ell ipsometer light intensity.  

Total coulombs, QT, passed dur ing the t ransient  were 
determined by graphical in tegrat ion of the total cur-  
rent, iT; film thickness, x, was determined from light 
intensi ty changes which were converted using prede-  
te rmined cal ibrat ion data. 

The Repassivation Ratio, R, 
Measurement  of the total current,  iT, and the film 

thickness, x, as a function of t ime dur ing the repassi- 
r a t ion  t ransient  is relat ively straightforward.  However, 
several uncertaint ies  exist that make it difficult to r en -  
der analysis of t r ibo-el l ipsometric data completely 
unambiguous  and quanti tat ive.  These uncertaint ies  are 
as follows: 

(i) The total  current  involved in  repassivation, iT : 

ia -~- ic, is the current  supplied by the potentiostat  to 
main ta in  the specimen potential  at some fixed value 
with respect to a reference electrode potential. If any 
cathodic reduct ion were also to supply current  (ic) a 
determinat ion of in, the anodic current  used during re-  
passivation, becomes difficult. Of course, ic can be made 
negligible by operat ing at potentials 50 mV or so more 
positive than  the open-circui t  or corrosion potential.  

59g 
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However, this would defeat the point of a t tempting to 
predict susceptibil i ty to SCC for materials  immersed 
in  specific environments .  

(ii) The charge util ized in  the formation of an oxide 
film is given by 

y~ zfFpfAfx 
[1] Qx -~ ixdt : 104Mf 

It is difficult to obtain an accurate value of area, A, for 
the surface where film growth (and metal  dissolution) 
occurs since the efficiency of the abrasion process is 
difficult to ascertain. 

To get around these difficulties a recent  paper (5) 
expressed the exper imenta l ly  measured variables of 
total  current,  iT, and film thickness, x, in the form of a 
ratio, designated Rp and given by 

y2  iTdt 

R p  : [ 2 ]  
X 

y t 104Mf 
Since o iTdt ~ QT and x -- zfFpfA Q~' then 

QT 
Rp --~' [3] 

kQx 

where k = 

then  

104Mf 

z f F p f A  
�9 If we assume that  Q T  " -  Q x  ~- Qd,  

_ _  
R p  --~ Q x  -}- Q d  1 1 -t- ~ [ 4 ]  

kQx k Qx 

where Qd ---- charge consumed by metal  dissolution, 
dQd 

and ~ = id iS the current  consumed by metal  dis- 
dt 

solution. 
Rp is defined above using the exper imenta l ly  mea-  

sured total current  ra ther  than current  density because 
an est imation of the area available for the repassiva- 
t ion reaction is difficult. However, it is sometimes use- 
ful to express Rp as a dimensionless variable, desig- 
nated Rp* and equal to 

Qt Q~ 
= 1 + ~ [5] 

Qx Qx 

since results would be independent  of the par t icular  
exper imental  procedures and apparatus employed. Al-  
though Rp and Rp* differ in magni tude  only by the 
constant, k, Rp values are determined directly from 
exper imental  measurements ;  therefore, discussion and 
conclusions will be based on Rp values. Rp is a cumula-  
tive index of the extent  of corrosion attack. Its t ime 
derivat ive is also useful as an indicator of any  abrupt  
variat ion which might  occur dur ing the repassivation 
process, for example, completion of monolayer  cover- 
age. Differentiating Rp with respect to t ime 

dRp 1 Qx ~ - Qd - ~ -  

d-T- = Q 5  

k Qx 2 J 

1 [ id ] 1 [ qd~x  ] [ 8 ]  

In  this derivat ion we have neglected the cathodic cur-  
rent,  ic. This is a reasonable assumption since it is 
general ly quite low except in acid solutions, hence 
negligible compared to ia when  the anodic overvoltage 
is high. 

The values of R, and dRp/dt can be used to dist in-  
guish between metal  dissolution and film repair, and 
thus to provide parameters  for predicting stress cor- 
rosion cracking susceptibility. Consider the following 
l imit ing conditions which could correspond to si tua- 
tions wi thin  a stress corrosion crack: (i) id ~ ix and 
d RJd t  ~ 0; this would correspond to a si tuation 
where general  corrosion without  any repassivation was 

dRp 1 
[- 

Qdix 
occurring. (ii) ix >> id and ~ - -  [ | (from 

dt k L. Qx 2 J 

Eq. [8] ) ; this corresponds to v i r tual ly  instant  repassiva- 
tion with no metal  dissolution and little susceptibili ty 
to SCC. (iii) ix ~ ic and dRp/dt ~ O. (iiia) dx/dt  > 0 
(at large values of t ) ;  in this case the film formed is 
not protective, but  is similar in characteristics to (i) 
because general  corrosion or pi t t ing results. (iiib) 
dx/dt  ~ 0 (at large values of t).  These conditions 
would be those most consistent with the ini t ia t ion and 
propagation of stress corrosion cracks based on a metal  
dissolution mechanism which is dependent  upon the 
rate of repassivation. In  other words, a relat ively large 
value of R,, with small values of dRp/dt and dx/dt, 
indicates that metal  dissolution accompanies film re-  
growth. Repassivation eventua l ly  occurs, thus protect-  
ing the walls of the advancing crack and restr ict ing 
propagation of the crack to the area directly at its tip. 
These conditions are summarized in  Table I. 

Light intensi ty  vs. polarizer angle calibration plots 
were constructed prior to each experiment.  From this, 
the ell ipsometrically determined film thickness change 
was obtained using a proport ional i ty constant of 0.15 
nm/degree  change in polarizer reading. This par t icular  
value was computed using the optical constants for 
film-free t i tanium reported by Melmed and Carroll 
(12) and assuming a nonabsorbing film with a refrac- 
tive index of 2.75, a reasonable median  value for oxides 
of t i tan ium (13). Calculations show that a 20% error 
in this refractive index would lead to a var iat ion of 
only ___0.06 nm in the thickness of a monolayer  (0.3 
nm) .  

Results 
Effect of anions.--Results of the t r ibo-el l ipsometric  

repassivation kinetics experiments  conducted in  1N 
NaNO3 (pH : 6.08) and 1N NaC1 (pH ---- 6.11) solu- 
tions at --222 mV SHE 1 are shown in Fig. 1 and 2. At 
comparable film thickness, the value of the repassiva- 

1 This  potential  was  the  open-c i r cu i t  va lue  m e a s u r e d  a f t e r  5 ra in  
exposure  to the  solut ion.  A l t h o u g h  corros ion potent ia ls  a re  ex-  
t r eme ly  difficult to r ep roduce ,  d e p e n d i n g  for  example ,  u p o n  speci-  
men  sur face  t r e a t m e n t  (6), the  open-c i r cu i t  po ten t ia l  es tab l i shed  
for  the  pa r t i cu l a r  spec imen  used  in these  s tudies  a f t e r  several  a b r a -  
sion cycles  was  the  s ame  for  Ti 8-1-1 in  bo th  solut ions used  a n d  was  
fa i r ly  r eproduc ib le  even  w h e n  the  spec imen was  repol i shed  or  
solutions changed .  

Table I. Prediction of type of corrosion process from measured repassivation parameters 

Repass ivat ion p a r a m e t e r  

Rp* d R p /  dt  x d x /  d t  Signif icance 

>I ~ ~0 ~0 
~ 1  ~0 >0 ~0 

>I ~0 ~0 ~0 

>I -~0 >0 ~0 

Case (i): id > >  ix; ve ry  l i t t le film g r o w t h ;  gene ra l  cor ros ion  a t tack .  
Case (it): ix > >  id; mos t  of c u r r e n t  goes in to  f o r m a t i o n  of film; cha rac te r i s t i c  

of the  pass ive  state.  
Case (ilia): ix ~ id; film which  fo rms  e i the r  is no t  p ro tec t ive  [s imilar  to case (i)] 

or g rows  too s lowly to cover  the  sur face ,  charac te r i s t i c  of genera l  
a t t a ck  or p i t t ing.  

Case (iiib): ix ~ id; charac te r i s t i c  of a sys tem w h i c h  has  even tua l ly  pass iva ted  
af te r  some me ta l  d issolut ion has  occur red .  This  w o u l d  co r re spond  
to a sys tem w h e r e  the  m e t a l  d i sso lu t ion/ f i lm r u p t u r e  mode l  wou ld  
apply .  
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Fig. 1. Change in thickness, x, and repassivatian ratio, Rp, after 
removal of the abrasion wheel of the tribo-ellipsometric apparatus 
for Ti 8-1-I in 1N NaNO3 at 25~ The alloy is at the open-circuit 
(corrosion) potential - -222 mV (SHE). 
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Fig. 2. Change in thickness, x, and repassivation ratio. Rp, after 
removal of the abrasion wheel of the tribo-ellipsometric apparatus 
for Ti 8- I - I  in 1N NaC[ at 25~ The alloy is at the open-circuit 
(corrosion) potential - -222 mV (SHE). 
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Fig. 3. Change in thickness, x, and repassivatlon ratio, Rp, after 
removal of the abrasion wheel of the tribo-ellipsometric apparatus 
for Ti 8-1-I in 1N NaCI at 25~ The alloy is at + 7 0 6  mV (SHE). 
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Fig. 4. Change in thickness, x, and repassivation ratio Rp, after 
removal of the abrasion wheel of the tribo-ellipsometric apparatus 
for Ti 8-1-1 in 1N NaNO~ at 25~ The alloy is at + 7 0 6  mV (SHE). 

t ion ratio, Rp, is significantly h igher  in the NaC1 solu- 
t ion than  in the NaNOs solution, approaching a l imi t -  
ing value  of about 2 mcou lombs /nm when  at a mono-  
layer  coverage of 0.3 nm (Rpnm "~ 0.3 mcou lom b/nm ) .  
The values of the el l ipsometr ical ly  determined film 
thickness are  also shown. In NaNO3, an oxide thickness 
of 0.30 nm is present  on the meta l  surface by the t ime 
the abrasion wheel  had re t rac ted  to al low el l ipsometric  
measurements  ( ~  5 msec) ,  indicating ex t remely  rapid 
ear ly  stage film growth. In NaC1, on the other  hand, 
film growth  is so s low that  a film thickness of 0.30 nm 
is not reached unti l  38 msec af ter  cessation of abrasion. 

E~ect  of potent iaL--The results of repassivat ion ex-  
per iments  conducted in the 1N NaNO~ and 1N NaC1 
solutions at +706 mV SHE are given in Fig. 3 and 4. 
Rplim values are significantly h igher  than at open cir-  
cuit in both solutions (~3.00 for NaC1; ~1.02 for 
NaNO3). Init ial  film thickness growth  is substant ial ly 
s lower at +706 mV than at --222 mV for the NaNO3 
solution. A comparison of oscilloscope tracings for Ti 
8-1-1 in 1N NaC1 and 1N NaNO3 at 706 mV SHE ap- 
pears in Fig. 5. 

Peak current  densities for the transients  in NaC1 and 
NaNO3 were  65.0 and 18.8 mA, respectively.  

A straight  l ine and zero intercept  was obtained when  
film thickness in chloride solution was plot ted against 
the square root of time, but  some deviat ion f rom a 
parabolic growth law was observed at short  t imes for 
the ni t ra te  solutions. These plots for Ti 8-1-1 in 1N 

Fig. 5. A comparison of oscilloscope repassivation transients for 
Ti 8-1-| in 1N NaCI (susceptible) and IN  NaNO3 (nonsusceptible) 
solutions at + 7 0 6  mV (SHE) (ellipsometric film growth, jagged 
trace; current, solid line trace). 0 and 0.3 nm film thickness values 
are shown. 

NaC1 and 1N NaNO3 at both potentials are given in 
Fig. 6. This par t icular  figure is presented only to il-  
lustrate  a problem of interpretat ion.  Since data could 
be made to fit o ther  growth  laws (ln x vs. t 2 and x vs. 
t) as well, it was necessary to exercise caution in ac- 
cepting one mechanism over  another.  The values of 
Rp, Rp*, tm (the t ime requi red  for obtaining 0.30 nm 
film thickness),  dx /d  (t~/2), and/max are given in Table 
II. In the calculation of Rp*, the oxide was assumed to 
be TiO2 (z = 4). If  lower  valence oxides of t i tanium 
were  to form, the net  effect would be that  the tabulated 
Rp* could be too high by a factor of about 2. How-  
ever, even if different oxides were  to form in the re -  
spective solutions, the correction to Rp* resul t ing from 
a change in z, M, and p would  not be large enough to 
account for the re la t ive  differences in Rp* determined 
for the two solutions. 
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Table II. Repassivation parameters for Ti 8-1-1 alloy in 1N NaNO3 and 1N NaC[ solutions 

( dRp 
dx 

P o t e n t i a l  (mcou-  tm ( m c o u l o m b s /  ( m c o u l o m b s /  /max 
Solution S HE  (mV) l o m b s / n m )  Rp* (tm)~ (msec) n m / m s e c )  n m / m s e c )  ( nm /msec ) l /~  ( n m / m s e c )  1/2 (mA) 

1N NaNOs --222 0.3 1.04 < 5  + 0.005 0.0350 4.2 
1N NaC1 --222 2.0 6.94 38 + ~ 3 0  + 0.004 0 . ~ 5 0  0.0405 24.0 
1N NaNOa + 706 1.0 3.47 20 + 0.052 + 0,006 0.0167 0.052 18.8 
l l ~  N a C l  + 706 3.0 10.4 20 + 0.174 -- 0.005 0.0272 0.072 65.0 

* G o o d  r e p r o d u c i b i l i t y  was  o b t a i n e d  fo r  r e p o r t e d  Rp v a l u e s  w i t h  a r e l a t i v e  p rec i s ion  of less t h a n  • b e i n g  o b t a i n e d  for  a l l  m e a s u r e -  
ments .  Th i s  leads,  for  e x a m p l e ,  to a m a x i m u m  r a n g e  of +0.2  m c o u l o m b s / n m  in  the  Rp d e t e r m i n a t i o n  fo r  Ti  8-1-1 i n  1N NaC1 at  + 706 m V  
SHE. 

The  Rp" v a l u e s  r e p o r t e d  he re  are based  u p o n  an a p p r o x i m a t e  a rea  of  m e t a l  p r o d u c e d  d u r i n g  a b r a s i o n  of  0.14 em -~. Th i s  v a l u e  of 
a rea  was  c o m p u t e d  by a s s u m i n g  t h a t  iT ~ iv a f t e r  m o n o l a y e r  cove rage  on  Ti  8-1-1 in  1N NaNOs so lu t ion ,  w h e n  m e t a l  d i s s o l u t i o n  can be 
assumed low. Hence  

ft, I 0 '  M iTdt 
f 2; z~FD~Ax ~1 t--Tdt ~-~ Qz - -  o r  A ~--- 

t 1 ~  I0  ~ M f  zfFDf~C 

Discussion 
Repassivation ratio and stress corrosion susceptibil- 

i t y . - -F rom Fig. 1 and Table II it can be seen that  for 
Ti 8-1-1 in 1N NaNOa at the corrosion potential  of 
--222 mV SHE, a low value  of Rp was observed 
throughout  the repassivat ion transient.  Here  dRp/dt 
= 0. Based on the size of the oxide ion, a monolayer  
of TiO2 would be approximate ly  0.30 nm in thickness; 
it formed in < 5 msec in this environment .  These re -  
sults are characterist ic for a case (ii) repassivat ion 
t ransient  in which most  of the cur ren t  t ransient  is 
uti l ized in rapid film growth  wi thout  significant meta l  
dissolution. When this is compared to the results ob- 
ta ined in 1N NaC1 at the same potential,  where  crack 
propagat ion velocit ies on the order  of 10-~ cm/sec  
have been measured  (2, 7), it is seen that  Rp is signifi- 
cantly higher  as is dRp/dt, indicating substantial  meta l  
dissolution which can be accounted for by low rates 
of film growth in 1N NaC1. Al though monolayer  cover -  
age is not obtained unti l  38 msec fol lowing cessation 
of abrasion, Rp changes slope at about 12 msec. This 
indicates some inhibit ion of meta l  dissolution, perhaps 
by format ion of a precipi ta ted salt layer  on the surface 
which results f rom saturat ion of the diffusion layer  
wi th  TIC13 (Fig. 2). At  any rate, repassivat ion is even-  
tual ly  achieved [case (iiib)]. Similarly,  at an applied 
potential  of +706 mV SHE, R ,  is qui te  high in the 
chloride solution with Rp changing slope at about 10 
msec which would  substantiate a precipi ta ted salt pas-  
sivation mechanism since a saturated solution of TIC13 
would be obtained more  rapidly at these higher  cur ren t  
densities. The t ime to complete monolayer  coverage, 
tin, is about 20 m s e c .  R p  and dR/dt  for 1N NaNO3, 

E 
c 

.4 

-2 
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"/06 

0 ! ! ! 
0 2 4 0 1/2 

t i m e ,  m s e c  

Fig. 6. Changes in film thickness, x, for Ti 8-1-1 in 1N NaNO3 
(dashed llne) and in IN  NaCI (dotted line) at --222 and +706  mV 
(SHE) at 25~ 

al though larger  than at the lower  potential ,  are far  less 
than in the NaC1 environment .  

Based upon analysis of the Rp, dRp/dt, and tm pa ram-  
eters, it appears that, at least for t i tanium alloys, a 
case (i) --> case (iiib) t ransi t ion in dRp/dt with  an 
init ial  high Rp predicts susceptibil i ty to stress corrosion 
cracking under  the exper imenta l  conditions employed. 

We should, nevertheless,  not rule  out some mecha-  
nism involving embr i t t l ement  by hydrogen through 
decohesion or f racture  of t i tanium hydr ide  (Till2) pro-  
duced by the cathodic reduct ion react ion 

Ti + 2H + + 2 e -  --> Till2 [9] 

Since the results of our s tudy show lower  repassi-  
ra t ion  rates in the env i ronment  known to be sus- 
ceptible to SCC, repassivat ion kinetics that  can control 
or l imit  access of H + to the Ti surface may  still  be 
relevant.  Secondly, fractographs of t i tanium alloys 
that  have  undergone SCC show a great  deal of cleav-  
age (8). This could rule out meta l  dissolution as a 
factor during crack propagation. However ,  the sig- 
nificantly higher  meta l  dissolution in C1- solutions 
suggested by Beck (2) and confirmed in this study 
cannot be ignored. The effect of repassivat ion on metal  
dissolution must  be impor tant  in the  ini t iat ion stages 
of a crack when, because the pH of neutra l  chloride 
solutions would  be near  bulk solution values, the H + 
concentrat ion would  be too low for the react ion in 
Eq. [9] to play an impor tant  role. During la ter  stages 
of propagation, where  meta l  ion hydrolysis leads to 
pH and IR drops wi th in  the crack, hydr ide  cleavage 
mechanisms must  be considered in addit ion to the 
effects of envi ronmenta l  var iat ions on film growth 
and meta l  dissolution kinetics. 

Film growth kinetics.--The first stage of film growth 
appears to be consistent wi th  the Fle ischmann and 
Thirsk analysis of thin-f i lm nucleat ion and growth (9). 
The extension of their  model  to in terpre t  repassivat ion 
kinetic transient  data was developed by Beck (2) who 
adopted the Fle ischmann and Thirsk assumption of an 
instantaneous nucleat ion of n patches/cm2 which 
spread in two dimensions unti l  format ion of an oxide 
monolayer  is complete. His equat ion for the current  
density to the oxide patches is g iven by 

if = 2mQfCt exp [--Ct 2] [10] 

Since the patch thickness is assumed constant unti l  
complete monolayer  coverage is obtained, Qf would  be 
constant; C would also be independent  of time. This 
allows integrat ion of Eq. [10] [from Ref. (2)] 

1 -- o ---- exp [ - -C t  2] [11] 

where  0 is the fraction of surface coverage. 
Taking logari thms of both sides gives 

log [I --  o] : - - C t  2 [12] 
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Since 0 is proport ional  to the e l l ipsometer  pa ramete r  
which depends on average  film thickness, hence also 

to hP (the change in polar izer  reading) ,  a plot of log 
• vs. t 2 should be l inear  if the F le i schmann-Thi rsk  
model  is an appropriate  one. Results are g iven in 
Fig. 7. 

From Table II, we find that  a monolayer  (approxi-  
mate ly  0.30 nm) has formed on Ti 8-1-1 in the NaNO3 
solution at the open-circui t  potential  in less than 5 
msec. A comparison wi th  the NaC1 solution at the same 
potent ial  shows that  monolayer  coverage is not ob- 
tained unti l  some 30 msec later, and the log (1 -- e) 
vs. t 2 plot is linear, but  two staged, indicating possible 
applicabil i ty of the F le i schmann-Thi rsk  model. The 
break in the --222 mV NaC1 solution plot corresponds 
qui te  well  wi th  the change in slope of Rp vs. t ime plot 
(Fig. 2) indicating some change in the film growth 
process, perhaps the onset of the conversion of an al-  
ready present  salt film to an oxide film. The break  in 
the -5706 mV plot is not in good agreement  wi th  the Rp 
change in Fig. 3, however ,  indicating some delay in the 
onset of oxide growth. We have  no explanat ion for 
this behavior.  Exper iments  run at the higher  anodic 
potent ial  give approximate ly  the same effect, that  is, 
film growth is substant ial ly s lower in the chloride 
solution than in the nitrate.  The fact that  first stage 
growth rates at the higher  potential  are lower  in the 
ni t ra te  solution may be due to a localized pH lowering 
from solvated Ti +s hydrolysis. This could measurably  
affect film growth kinetics. Such an effect would not be 
noticeable in the chloride solution where  hydrolysis  
of the meta l  ions probably results in pH decreases in 
both potentials. The values of imax for both solutions at 
the two potentials would  substantiate this conclusion. 
In NaNO3 the re la t ive  increase in peak current  re-  
sulting f rom film removal  at the higher  potent ial  is 
about 6:1 whereas  only about a 3:1 increase is noted 
for chloride solution (Table II) .  

Simultaneous determinat ion of both film thickness 
and total current  al low an est imate of the amount  of 
meta l  dissolution occurring during the repassivat ion 
transient.  Such an est imate would al low predict ion of 
the crack propagat ion velocities to be expected if p rop-  
agation proceeds via an electrochemical  dissolution 
mechanism as suggested by Beck (2). 

Assuming that  meta l  dissolution occurs by Tafel  
kinetics on the bare meta l  be tween  patches 

id = id.o exp [~(Ea -- Eo,t)/RT] [13] 

Total  meta l  dissolution current  over  the entire surface 
is proport ional  to the area of bare meta l  exposed. I t  
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Fig. 7. Changes in Iogloe, P for Ti 8-1-1 in 1N NaNO3 (dashed 
line) and 1N NaC| (dotted line) at - -222 and -[-706 mV (SHE) at 
25~ 

can be assumed, however ,  that  the local dissolution 
current  density on bare meta l  surfaces remains con- 
stant over  the span of the repassivat ion t ransient  unti l  
the patches coalesce. This would  allow an estimate of 
the max imum penetra t ion of meta l  by electrochemical  
dissolution. Since the local dissolution current  density 
is given by imax/A,lpmax, the m ax im um  penetra t ion at 
those areas of surface last covered by the monolayer ,  is 
g iven by 

iraaxMM 
Ipmax = "  tm [14] 

103ZMFpMAM 

Using data from Table II for Ti 8-1-1 in 1N NaC1 at 
the open-circui t  potential  of --222 mV SHE, we obtain 
a value of /pmax of 2.3 X 10 -7  cm or a m a x i m u m  propa-  
gation velocity of 6.0 X 10 -e  cm/sec assuming metal  
dissolution as Ti +3. Even if the /max ~ id approxima-  
tion is in er ror  due to localized cathodic reactions, as 
well  as overes t imat ing bare meta l  surface area, propa-  
gation velocities based on electrochemical  meta l  dis- 
solution do not come close to the observed stress corro- 
sion crack propagat ion velocities of 8 X 10 - s  cm/sec 
by Beck at this potential  (2). 

However ,  propagat ion velocities are potent ial  de- 
pendent, Vpmax being calculated as 16.2 • 10 -6 cm/sec  
at a potential  of +706 mV SHE. From this we would  
predict  that  upon increasing the applied Fotential  by 1V 
the propagat ion velocity would  increase by a factor of 
three, in agreement  wi th  Beck (2). This would  suggest 
that  al though meta l  dissolution does not account for 
the observed crack propagat ion rates, it may  be a nec-  
essary condition for such propagation. 

The Fle ischmann-Thi rsk  model  for patch growth, 
coupled with  the assumption of constant meta l  dis- 
solution current  density at the meta l  surface, would, 
however ,  predict  creation of localized penetra t ion sites. 
The geometry  of these sites would  lead to increased 
stresses at the point of m ax im um  penetra t ion as wel l  as 
effecting envi ronmenta l  composition variat ions due to 
the occluded nature  of these sites (Fig. 8). 

Whether  crack propagat ion then proceeds via a dis- 
solution-assisted, mechanical,  cleavage process or by 
fracture  of a br i t t le  region produced by en t ry  into the 
meta l  of hydrogen formed by cathodic reduct ion can- 
not be determined on the basis of the results presented 
here. The specific function of halide ions (e.g., C1-)  in 
restr ict ing la teral  oxide growth is also h ighly  specula- 
t ive but  may result  f rom prefer red  ion adsorption in- 
hibit ing oxide growth kinetics. Green  and Sedricks 
suggest that  on the basis of their  el l ipsometric  poten-  
tial step exper iments  film growth kinetics play no par t  
in determining SCC (7). However ,  they did not study 
film growth kinetics on bare meta l  surfaces, making 
thei r  conclusions somewhat  i r re levant  to stress crack-  
ing. By varying the wate r  content of 3.5% LiC1 in di- 
methy l  sulfoxide solutions they  have been able to con- 
trol  crack propagat ion velocities in Ti 8-1-1 (10). Their  
results suggest the possibility of a hydrogen  embri t -  
t l ing mechanism since no avai lable hydrogen  is present  
in pure  DMSO; however ,  neglect  in measur ing thei r  
solution conductivit ies leaves open the possibili ty of 
crack propagat ion rates being l imited by mass t ransfer  
of some ra te -de te rmin ing  species. On the o ther  hand, 
this work  indicates that  film growth ra te  and SCC 
susceptibil i ty appear  to be related for those envi ron-  
ments  studied. 

Conclus ions 
1. Ti 8-1-1 alloy repassivates rapidly in NaNO~ solu- 

tion as indicated by a low Rp and dRp/dt with  a mono-  
layer  of oxide being formed in less than 5 msec. 

2. Ti 8-1-1 alloy repassivates less rapidly  in NaC1 
solution than in NaNO3 solution as indicated by a 
higher  Rp with  an ini t ial ly higher  dRp/dt. Although 
monolayer  coverage is not obtained unti l  af ter  38 msec 
fol lowing oxide removal ,  a decrease in dRp/dt is ob- 
served at 12 msec, probably to inhibit ion of meta l  dis- 
solution by a precipi ta ted salt layer.  
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a. t -t o 

b. t-t O-At 

c. t 
Fig. 8. Schematic of the effect of the Fleischmann-Thirsk model 

of oxide path nucleation and growth on substrate penetration by 
metal dissolution. (a) Nucleation of oxide patches at cessation of 
abrasion; (b) metal dissolution during lateral patch growth result- 
ing in formation of localized crevices where patches coalesce (c). 

3. An analysis of ell ipsometrically determined film 
growth kinetics on Ti 8-1-1 shows that  the Fleisch- 
mann -Th i r sk  model of oxide patch nucleat ion and 
growth is applicable in both 1N NaCI and 1N NaNO3 
solutions. 

4. A calculation of the max imum penetra t ion resul t -  
ing from Ti dissolution in Ti 8-1-1 in NaC1 solution 
dur ing the 38 msec t ime interval  for oxide monolayer  
formation shows that crack propagation velocities ob- 
served by others cannot be accounted for by metal  
dissolution alone. 
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LIST OF SYMBOLS 
Qx charge consumed in film formation, mcoulombs 
Qd charge consumed in metal  dissolution, mcou-  

lombs 
QT total charge consumed in  repassivation, mcou- 

lombs 
i~ current  consumed in film formation, m A  
id current  consumed in metal  dissolution, mA 
iT total current  consumed during repassivation, 

mA 
ia anodic current  component  of iT, m A  
ic cathodic current  component  of iT, m A  
zf valence of metal  ion in  film, dimensionless 
z~t valence of metal  ion in  solution, dimensionless 
F Faraday constant, 96,500 coulombs/mole 

density of film, g/cm 3 
p~ density of metal, g/cm ~ 
A area of bare  metal  produced, cm ~ 
x film thickness, nm 
Mf molecular  weight of film, g/mole 
MM atomic weight of metal,  g /mole  
Rp QT/X repassivation ratio, mcoulombs /um 
Rp* QT/Qx repassivation ratio, dimensionless 
t elapsed time, msec 
tm time for monolayer  coverage, msec 
k 104 Mf/zfFpfA, nm/mcou lomb 
/r current  density, to oxide patches, A/cm 2 
m number  of monolayers,  dimensionless 
Qf charge density of oxide monolayer,  coulombs/  

c m  2 
C ~rn (~Miz/Qf) 2 
n number  of oxide patches, cm -~ 
8M thickness of monolayer,  cm 
iz current  density at per iphery of oxide patches, 

Alcm2 
e fractional surface coverage, dimensionless 
.~P change in polarizer angle, degrees 
id.o exchange current,  A 

transfer  coefficient, dimensionless 
Ea applied potential,  V 
Eo.t equi l ibr ium potential  for metal  dissolution, V 
Ipmax max imum metal  penetra t ion distance, cm 
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Electrodissolution Kinetics of Iron in Chloride Solutions 
IV. Alkaline Solutions Containing Benzotriazole 
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ABSTRACT 

The anodic dissolution of iron in alkal ine chloride solutions in the presence 
and absence of benzotriazole has been invest igated by potentiostatic, ga lvano-  
static, and potent ial  sweep polarization. The s teady-s ta te  and t ransient  po- 
larizat ion exper iments  indicate that  iron dissolution occurs in the absence 
(active region) and presence (prepassive region) of a porous prepassive sur-  
face film. Anodic Tafel  slopes of 60 mV/decade  were  obtained below (active 
region) and above (prepassive region) the format ion potential  of the p re -  
passive film on both uninhibi ted and inhibited iron indicating the same 
mechanism of iron dissolution. The results suggest that  the prepassive film 
mere ly  decreases the effective surface area  for i ron dissolution. The effect 
of benzotriazole is to decrease fur ther  the effective surface area. 

There have been numerous  investigations of benzo- 
triazole (BTA) as a corrosion inhibi tor  of copper [e.g., 
see Ref. (1-3)]  but ve ry  l i t t le  work  has been reported 
on iron. Some recent  studies have shown that  BTA in- 
hibits the hydrogen evolution react ion on iron (4, 5) 
and steel (6). Fur thermore ,  the results of Chin (4) indi-  
cate that  the adsorbed BTA does not affect the mech-  
anism of the h.e.r, on iron. Al though Santhianandhan 
et al. (6) reported that  BTA increases the anodic 
polarization of mild steel in acidic solutions, no at-  
tempt  was made by these workers  to elucidate the role 
of BTA in the dissolution mechanism. 

A previous paper in this series (7) describes an in- 
vest igat ion of the mechanism of iron dissolution in 
alkal ine chloride solutions. This ear l ier  work forms the 
basis for this paper which reports  on the effects of 
benzotriazole on the kinetics and mechanism of iron 
dissolution in alkal ine chloride solutions. Both steady- 
state and transient  polarization techniques have been 
used. 

Experimental 
Electrodes were  prepared from Ferrovac  E iron rod 

(1 cm diam).  The cross-sectional surfaces were  pol-  
ished with  2/0 emery  paper, and then the electrodes 
were  degreased in detergent  and washed several  t imes 
with  distil led water  and benzene. Each electrode was 
sealed in Teflon tubes and inserted into electrode hold-  
ers so that  only one surface was exposed to the elec- 
trolyte. A three  electrode, Pyrex  glass, e lectrochemical  
cell was used. Specific pH values of the alkal ine solu- 
tions were  obtained by addition of appropriate  quant i -  
ties of KOH to the 1N KC1 solutions. The inhibited 
system was prepared by the addition of 77 mM benzo- 
triazole (BTA) to the electrolyte.  The solutions were  
deaerated by bubbling prepurified ni t rogen gas through 
the electrolyte  for 24 hr  before each experiment .  The 
tempera ture  was mainta ined at 25 ~ _--+- I~ 

Electrode potentials were  measured with  respect to 
the saturated calomel electrode (SCE).  Linear  poten-  
tial sweep, potentiostatic, and galvanostat ic  polar iza-  
tion were  used in the experiments.  

After  immersion in the electrolyte,  the electrode was 
reduced at --1.5V vs. SCE until  the cathodic current  
reached steady state. Subsequently,  open-ci rcui t  con- 
ditions were  init iated and then mainta ined unti l  the 
rest potential  was attained. After  this procedure, ei ther 
potential  or current  steps, or potential  sweeps were  
imposed by a potentiostat  coupled with  function gen-  
erators. 

Results 
Steady-state polarization.--Figure 1 shows the 

s teady-sta te  polarization of inhibAed (in the presence 
of BTA) and uninhibi ted iron in solutions of pH = 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key words:  inhibition, anodic dissolution, corrosion. 

12.8. For  uninhibi ted iron (curve  A) the cur ren t  in- 
creased monotonical ly with increase in potential.  Re-  
producibil i ty of the data was very  good. In contrast  to 
the behavior  of iron in the absence of BTA, inhibited 
iron showed a constant current  region which was inde- 
pendent  of the applied potential  (i.e., a l imit ing cur-  
rent) .  This constant current  value was a function of 
the history of the inhibited electrode since a newly im- 
mersed electrode (curve B) exhibi ted a larger  value 
than an aged one (curve C). 

It  was observed that  both an increase in immersion 
time and repet i t ive  anodic polarizat ion decreased the 
constant current  value. Af te r  the electrode was aged 
sufficiently by repet i t ive  anodic polarization and/or  
long immersion, it exhibi ted a reproducible  polariza- 
tion (curve C) as shown in Fig. 1. 

The polarization behavior  on an expanded scale is 
shown in Fig. 2. Both potentiostatic (closed points) 
and galvanostat ic  (open points) polarizat ion data are 
given, and it is seen that  good agreement  is obtained. 
In Fig. 2, the correction for the ohmic potential  drop is 
made in the polarization plot of uninhibi ted iron, and 
it is seen that  Tafel  behavior  wi th  a slope of 60 m V /  
decade is obtained over  the ent ire  potential  region ex-  
amined. That  is 

- -  -- 60 mV/decade  [1] 
0 log ia 

2~176 pH ~ 'ze 

D (A) 

2O 

I i I I i 
-O.G - 0 3  0 0.3 O.S 0)9  }2 

POTENTIAL. (volts vs. S.C.E.) 

Fig. |. Steady-state polarization of iron in chloride solutions of 
pH ~- 12.8. 
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for uninhibi ted  iron where Ca and ia are the anodic 
potential  (corrected for ohmic potential  drop) and the 
steady-state anodic current,  respectively. In  the low 
current  density region, inhibi ted iron also showed Tafel 
behavior  with a slope of 60 mV/decade 

0 Ea 
= 60 mV/decade, ia ----- 1 m A / c m  2 [2] 

0 log ia 

where Ea is the apparent  electrode potential. In the 
plots for the inhibited system, the ohmic potential  drop 
was negligible in the low current  density region. It 
should be noted that at pH ---- 12.8 the electrode poten-  
tial Ca was still wi thin  the region of active dissolution 
even at high current  densities for the uninhib i ted  sys- 
tem. 

Potential  s w e e p . ~ F i g u r e  3 shows typical potent ial-  
current  behavior  of un inhib i ted  i ron in  solutions of 
various pH obtained with a constant  potential  sweep 
rate. After  the peak current,  the current  decreased and 
then increased again. Similar  behavior was observed 
for inhibited iron. The peak current  (ip) is plotted vs. 
sweep rate  (~) in Fig. 4 for uninhibi ted  iron in chlo- 
ride solutions ranging from pH ---- 12.2 to 13.8. For both 
uninhibi ted  and inhibi ted iron, log ip is l inearly re- 
lated to log ~ with a slope of 1/2 for all pH values 

( 01ogip ) 1 
: ~ [ 3 ]  

O log k ~H 2 

The dependence of ip on pH for both inhibited and un -  
inhibi ted systems is shown in Fig. 5. In  both cases 
l inear  relations were obtained for the log ip vs. pH 
plots with slopes of 1/2 

pH=12.2 12.4 12.8 13.3 13B 

-I.0 "0.8 -(16 

, , i i , i 
-~4  !0.2 I0 0,2 10.4 0.6 

POTENTIAL vs. SCE (volts) 

Fig. 3. Typical current-potential behavior of uninhibited iron at 
a constant potential sweep rate. 
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0 log ip / 1 
-- - -  [ 4 ]  

0 pH x 2 

However, the ip va]ues were decreased by addition of 
inhibitor.  For example, the effect of the inhibi tor  on 
the value of ip can be expressed as 

ip ( inhibited) 
-- 0.8 for pH---- 12.8 [5] 

ip (uninhibi ted)  
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The peak potential  Ep was also dependent  on the 
sweep rate as shown in Fig. 6 for the inhibited system. 
Linear  relations in the Ep v8. log L plots with a slope 
of about 34 mV/decade were obtained for both in-  
hibited and uninhib i ted  iron, i.e. 

-~ 34 -4- 10 mV/decade [61 
,0 log X p H  

As shown in Fig. 7, Ep did not depend on pH, i.e. 

OEp )~ = 0 [7] 

However, Ep values of inhibi ted i ron were about  50 
mV more positive than  uninhibi ted  iron. 

Potent ios ta t ic  t rans i en t s . - -Typ ica l  current  t ransients  
under  potentiostatic conditions are shown in Fig. 8 and 
9 in log-log plots of i and t where  i and t are the t ransi-  
ent current  and time after imposition of a potential 
step, respectively. Electrodes used for the t ransient  
studies were aged before measurements  were carried 
out. The log i vs. log t plots exhibited a l inear  relation 
with a slope of --1/2 during the ini t ial  part  of the 
transient,  i.e. 

i = A / x / - {  [8] 
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Fig. 6. Peak potential vs. sweep rate for inhibited iron 
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where the constant A is a funct ion of the potent ial  step 
E. 

Figure 8 shows that  the current  of un inhib i ted  iron 
in pH ---- 12.8 solutions decayed ini t ia l ly  and then 
increased after long polarization to steady-state values 
for E > --520 inV. On the other hand, Fig. 9 shows 
that the current  of inhibi ted iron decayed monotoni-  
cally with no increase with t ime observed. 

Galvanostat ic  t rans i en t s . - -The  potential  immediately 
after charging of the double layer  was plotted against 
the applied current  in Fig. 10 [see Fig. 4, Ref. (7)].  
These plots exhibit  Tafel behavior  with a slope of 60 
mV/decade for different pH solutions in the presence 
and absence of BTA. The pH dependence of anodic 
dissolution is obtained by plott ing the current  at --750 
mV vs. SCE (in Fig. 10) vs. the pH as shown in Fig. 
11. For un inhib i ted  iron the log current  was l inearly 
related to pH with a slope of 1/2. Thus, the init ial  

50 F 
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Fig. 10. Current-potentlal behavior immediately after galvano- 
static charging of the double layer (active region). 
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Fig. !1. The pH dependence of anodic dissolution in the active 

region. E = --750 mV vs. SCE. 

potent ia l -cur ren t  relat ion which represents the active 
dissolution of uninhibi ted  iron can be expressed as 

i ---- K1 ( O H - )  z/e exp [9] 

For inhibi ted iron 

i = K2 exp [10] 

where K2 is some funct ion of O H -  concentration. 

Discussion 
Potentiostatic and galvanostatic exper~ments.--In the 

previous paper (7) it was concluded that active iron 
dissolution was followed by passivation in 1N KC1 
solutions of pH ---- 12.8, and the peak potential  was 
identified as the pr imary  passivation potential.  The 
more detailed studies reported in the present  paper 
indicated that  t rue passivation conditions were not at-  
tained; rather, the peak potential  was actually the for- 
mat ion potential  of a prepassive film similar to the 
phenomenon observed for nickel in sulfuric acid by 
Bockris and his co-workers (8). In  the present  paper, 
the potential  range below and immediate ly  above the 
peak potent ial  will be referred to as the active region 
and the prepassive region, respectively. 

The polarization curve of uninhib i ted  iron in Fig. 2 
shows the steady-state dissolution behavior of i ron 
covered with the porous prepassive film. On the other 
hand, the dissolution of iron in the active region was 
only at ta ined during t ransient  conditions as shown in 
previous experiments (7) and in Fig. 10. The same 
value of the anodic Tafel slopes, 60 mV/decade, for 
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iron dissolution in  both the active and prepassive re- 
gions indicates that  iron dissolution occurs by the same 
reaction mechanism. The difference in the apparent  
cur ren t  densities of i ron in  the  active and prepassive 
regions may be at t r ibuted to the difference in the ef- 
fective surface area for the dissolution reaction. In  
other words, in the prepassive region, dissolution oc- 
curs only at that part  of the surface not covered by the 
prepassive film. 

Since Fig. 2 and Fig. 10 show iron dissolution in  
the prepassive and active regions, respectively, a rela-  
tive measure of the surface area not covered by the 
prepassive film can be obtained by comparing the ap- 
parent  current  densities in  the two regions, i.e. 

iprepasslve 
10 -8 , at pH = 12.8 [11] 

iacUve 

In  other words, dur ing steady-state dissolution of iron, 
the ratio of the "true" surface area (i.e., the surface 
area not covered by the prepassive film) to the ap- 
parent  surface area is approximately 10 -s. The addi-  
tion of BTA does not appear to change the reaction 
mechanism since anodic Tafel slopes remain  the same. 
However, BTA does reduce the effective surface area 
for iron dissolution as seen in Fig. 2. The ratio, i ( in-  
h ib i ted) / /  (uninhibi ted)  ~ 0.1, gives a measure of the 
relat ive effective surface areas of inhibited and un in -  
hibited iron. 

In  the previous study (7), the formation of the pre-  
passive film ~vas a t t r ibuted to the precipitation of a 
hydroxochloro-iron complex. In this study, it seems 
reasonable to suppose that the prepassive films on in-  
hibited iron contain BTA. 

The constant current  ( l imit ing current)  region of 
inhibited iron in pH ---- 12.8 solutions during steady~ 
state polarization, as shown in Fig. 1 and 2, may be due 
to diffusion of this complex as the rate controll ing step 
in the dissolution of iron. The mechanism of dissolu- 
tion and precipitat ion of the prepassive film presented 
in Ref. (7) must  be modified to include the part icipa-  
tion of BTA for the inhibi ted system. The greater 
surface coverage of BTA on aged electrodes facilitates 
the precipitation of the complex on additional parts of 
the "bare" surface (i.e., the complex film is less porous) 
at the onset of the l imit ing diffusion current  region. 
Thus, the aged inhibi ted electrodes have considerably 
less "bare" surface than  the unaged electrodes. 

The potent ia l -current  relat ion for the active dissolu- 
t ion of iron as shown in Fig. 10 has been developed 
theoretically by the previous analysis (7). Fur ther -  
more, the results in Fig. 11 provide the exper imental  
verification of the pH dependence of active dissolution 
of iron which has been derived theoretically in the 
previous paper [Eq. 15, Ref. (7)].  Thus, the empirical 
relationship, Eq. [9], obtained for the active dissolution 
of un inhib i ted  iron is consistent with the relat ionship 
deduced theoretically by applying the Temkins iso- 
therm to the Bockris mechanism for iron dissolution. 

Potential sweep experiments.--The functional  de- 
pendence of the peak current  and peak potential  on 
both the sv~eep rate and pH is not affected by the pres- 
ence of BTA. These relations are given by Eq. [3] 
and [4] for the peak current  while Eq. [6] a n d  [7] 
give the relations for the peak potentials of inhibited 
and uninhibi ted  iron. Although the functional  depen-  
dence of these two parameters  on sweep rate and pH 
are not affected by BTA, their absolute magnitudes 
are affected as shown in Fig. 5 and 7. It is seen that  
the presence of BTA decreases the peak current  and 
increases the peak potential. 

According to the previous theoretical analysis (7), 
the active dissolution of iron in alkal ine chloride solu- 
tions followed the relation 

ia : kb'" [ O H - ]  1/2 exp (FE/RT) [12] 

where kb" is a constant and [OH-]  is the activity of 
hydroxyl  ions. Furthermore,  the peak current  and peak 



Vol. 121, No. 5 E L E C T R O D I S S O L U T I O N  K I N E T I C S  OF IRON 609 

potential  relationships were determined theoretically 
and confirmed exper imental ly  as 

ip = 2 Fk  exp (Ep/K) = 2 FCs - - ~  [13] 

and 

Ep = - -  I n k  A- K I n  [14] 1 
2 ~--~- v ~  

where K = RT/F, k = kb" [OH- ]  1/2, and Cs and D 
are the saturated concentrat ion and diffusion coefficient 
of the iron complex, respectively. 

Differentiation of Eq. [13] with respect to pH gives 

0 pH x 0 pH x 

Equations [4] and [15] give 

( O l o g C s )  1 
0 pH x- -  2 [16] 

Then 
Cs a [OH-]  1/2 [17] 

This relat ion can also be obtained by differentiating 
Eq. [14] with respect to pH 

Thus 
Cs 

In -- constant  [19] 
k 

Since k is proportional to [OH-]  t/3 

Cs a k a [ O H - ]  1/2 [20] 

1Equat ion  [37] in the previous paper  (7) contains several  typo- 
graphical  errors .  Equat ion [14] in this paper  is the correct  form.  

Equations [17] and [20] show that  the pH dependence 
of the saturat ion concentrat ion of the complex can be 
deduced from different exper imental  parameters  by 
using the analysis described previously (7). Since the 
peak parameters  for inhibi ted iron followed the rela-  
tionships given in  Eq. [3], [4], [6], and [7], the pre-  
cipitation mechanism for prepassive film formation on 
both inhibi ted and uninhib i ted  iron should be the same. 
The pr imary  effect of BTA is to decrease the effective 
surface area. 
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Effect of Arsenic upon the Entry of Hydrogen into Mild Steel 
as Determined at Constant Electrochemical Potential 

R. D. McCright* and R. W. Staehle* 
The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

Arsenic added as arsenite (AsO2-) to acid solutions promotes the ent ry  
of hydrogen into steel s tructures dur ing cathodic polarization. The extent  of 
the hydrogenat ion depends on electrochemical potential. At the corrosion po- 
tent ia l  of the steel, arsenite inhibi ts  the en t ry  of hydrogen;  the reduct ion 
of arsenite to e lemental  arsenic suppresses the hydrogen evolut ion reaction. 
Only when  the specimen is polarized to sufficiently cathodic potentials is there 
noticeable entry  and permeation of hydrogen in steel. The greater the concen- 
t ra t ion of arsenite is in the solution, the greater is the extent  of cathodic 
polarization needed to br ing  about measurable  permeation. The en t ry  of hy-  
drogen does not depend on arsine formation; the greatest relat ive permeat ion 
occurs in  the potential  range where arsenic is the stable phase. 

The purpose of this invest igat ion was to determine 
the effects of additions of arsenic compounds to solu- 
tions used for hydrogen-charging steel specimens when 
the ent ry  kinetics of the hydrogen are controlled po- 
tentiostatically. Compounds of arsenic and other 5-A, 
6-A, and even 7-A elements are known to increase 
greatly the amount  of hydrogen enter ing an iron or 
steel specimen polarized cathodically (1-9). However, 
most experiments  have been carried out by applying a 
constant current  without measur ing the accompanying 

* Electrochemical  Society Act ive  Member .  
K e y  words :  pe rmea t ion  of hydrogen,  arsenite,  hydrogenation of 

steel,  adsorption of  hydrogen,  cathodic polarization. 

electrochemical potential. Electrochemical processes 
such as electrodeposition, pickling, corrosion, and 
cathodic protection dur ing which hydrogen can enter  
iron and steel occur over fairly nar row ranges of po- 
tential. Moreover, the role of potential  is fundamenta l  
in explaining the mechanism whereby arsenic and the 
other elements enhance hydrogen entry. These ele- 
ments  are generically called either "promoters" be-  
cause they promote hydrogenat ion of the specimen or 
"poisoners" because they poison the hydrogen evolu- 
tion reaction on the metal  surface. 

At potentials encountered dur ing the electrolytic 
production of hydrogen on an iron cathode, arsenic is 
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thermodynamical ly  stable as the metallic phase (As ~ 
or as the gas, arsine (ASH3), at the most negative po- 
tentials. The form in which arsenic is added, arsenite 
(AsO~-),  is not stable in the regime of potentials 
where H2 is stable. Because arsenic is added to these 
solutions in an oxidized form (arsenite or arsenate) ,  
cathodic polarization reduces the compound and co- 
deposits the As along with the hydrogen. 

Several t reatments  of the hydrogen evolution reac- 
t ion (HER) exist (10-14). This reaction occurs in  two 
impor tant  steps: an ionic discharge step followed by 
either a chemical desorption step (recombination of 
two adsorbed H atoms to give H2) or an electrodic 
desorption step (adsorbed H atom -k H + to give H2). 

The hydrogen absorption reaction (HAR) occurs as 
a side reaction, since the hydrogen is adsorbed as the 
atomic species and enters the metal:  Hads "~ Habs- Thus, 
the HAR competes for the same populat ion of Hads as 
the HER. McBreen and Genshaw (15) summarized the 
rate equations and the predictions of the permeation 
rate for control of the HER by each of the steps, con- 
sidering also the effect of the adsorption energetics on 
the permeat ion rate. Although the kinetics of the HER 
on an iron surface are less well characterized than on 
p la t inum and palladium, one investigation (16) showed 
that the ra te-control l ing mechanism in acid solution 
without  promoter  addit ions is coupled discharge-chem- 
ical desorption. This means that the two steps have 
near ly  equal activation energy barriers, and the rea-  
sonable conclusion is that arsenic and other promoters 
somehow increase the barr ier  for the chemical desorp- 
t ion (recombination) step and thereby favor the com- 
peting absorption step. 

Explanat ion of the enhanced hydrogenat ion effect 
in the presence of promoters involves the formation 
of a stable hydride according to some previous works. 
For  example, when carbonyl  Fe wires loaded in torsion 
were hydrogen charged from 1N H2SO4 containing 
As203 (17, 18) no embr i t t lement  occurred unti l  the 
potential  became more active than about --400 mVH. 
This value corresponds to a reversible potential  for As /  
AsI-~ with As at uni t  activity and an AsH3 fugacity 
of 10-~ atm. The conclusion reached was that arsine 
formation was necessary for significant hydrogenation.  
Using 1N H2804 with various promoter additions and 
measur ing the elongation of hydrogen-charged iron 
wires or coils, Smialowski and Szklarska-Smialowska 
(4-6.) found that the relat ive effectiveness of the pro- 
moter e lement  correlated well with increasing bond 
strength and stabil i ty of the hydride (H2S > PH3 
AsH~). Newman  and Shreir  (8), who reached essen- 
t ial ly the same conclusion as in the Smialowski work, 
galvanostat ical ly charged high-s t rength  steel specimens 
for 24 hr and measured the hydrogen content  af ter-  
wards. Having performed their experiments over a 
wide range of pH, they found that  As and P were 
effective promoters at all pH's (their hydrides are 
stable over the ent i re  0-14 pH range) ;  whereas S, 
Se, and Te were more effective in acid solution (their 
hydrides hydrolyze in more alkal ine solutions). Fu r -  
thermore, they obtained correlation between the pH 
at which hydrogenat ion of the specimen occurred and 
the PKa for the ionization. 

Radhakr ishnan and Shreir  (9) while hydrogenat ing 
shim steel specimens by the electropermeation tech- 
nique, found that As, added as NaAsO~ to 0.1N H2804 
solutions, gave the highest permeat ion rates of all the 
5-A and 6-A elements. However, the authors found 
that AsHs, produced outside their permeat ion cell, did 
not enhance the hydrogen permeat ion rate when bub -  
bled into the cell. 

The discrepancy in the necessity of the presence of 
arsine in these last two papers cited (8, 9) emphasizes 
the need for an examinat ion of the factors influencing 
the hydrogen entry  in the presence of promoters. With 
regard to arsenic the following questions are of in ter -  
est: Is arsine formation necessary for causing hydro-  
gen to enter  the metal? If so, how does the arsine ac- 

complish this? Does the exper imental  technique used 
to charge or detect the hydrogen play an impor tant  
role? 

Experimental Procedure 
The electropermeation technique, developed by 

Bockris and Devanathan  (19) and subsequent ly  used 
in other investigations (9, 16, 20-25), was used for 
s imultaneously hydrogenat ing the specimen and mea-  
suring the outflux of hydrogen. In this technique a thin 
specimen is s imul taneously  cathodically polarized at 
one surface and anodically polarized at the other; the 
hydrogen is produced at the first surface, passes 
through the metal, and is oxidized at the second sur-  
face. The permeation current  is calculated as the dif- 
ference between the current  at the exit side, when the 
ent ry  side is cathodically polarized, and the current  in 
the absence of cathodic polarization. 

Instrumentation.--The ins t rumenta t ion  consisted of 
two potentiostats (Wenking Model 66-TS-10) for 
main ta in ing  potential  control and measur ing the cur-  
rents of cathodic and anodic polarization, an electrome- 
ter (Keithley Model 610B) that  served to amplify  the 
anodic currents,  and a recorder (Ester l ine-Angus 
AZAS) for registry of these currents.  Special a t tent ion 
was paid to the grounding of all these instruments.  

Material.--The steel used for these tests was shim 
stock with a composition corresponding to AISI 1010: 
C, 0.08-0.13%; Mn, 0.30-0.60%; P, 0.40% max;  S, 0.5'0% 
max. Two-mil  thick specimens (5 • 10 -3 cm) were 
used. The shim steel was cut into square coupons of 
3.5 cm on the edge and vacuum annealed at 650~ for 
2 hr. The structure consisted of large ferrite grains and 
pearlite colonies with inclusions mostly concentrated 
at the ferrite grain boundaries.  Following annealing,  
the surface was cleaned in  H2SO4 solution, l ightly 
mechanical ly polished, and rinsed in acetone. The sur-  
face area exposed to the solution in the permeation 
cell was 2 cm 2. 

Solutions.--Solutions used were 0.1N NaOH at the 
exit side and either 0.1N H2SO4 or an acetate buffer 
(0.25N CH3COOH and 0.20M CH3COONa; pH = 4.5) 
at the ent ry  side. To the lat ter  was added small 
amounts  of sodium arsenite, NaAsO2, as required. Re- 
agent grade chemicals were used; no fur ther  purifica- 
t ion of these was attempted. Solutions were deaerated 
by bubbl ing ni t rogen gas for 2-3 hr  in  a separate cell 
before commencing the hydrogen charging. The solu- 
tions were t ransferred to the permeat ion cell and bub-  
bling was continued during the permeat ion exper iment  
to agitate the solutions. All  experiments  were per-  
formed at room temperature.  Reference electrodes 
were saturated calomel. 

In  order to reduce the passivation current  at the 
exit side, a th in  plate of pal ladium was electrodelessly 
plated on this surface prior to inser t ion of the steel 
sample in  the permeat ion cell. The palladization t reat-  
ment  has been discussed previously (19). Further ,  the. 
Pd accelerates the kinetics of hydrogen oxidation, 
whereas on an Fe surface a significant part  of the 
hydrogen undergoes the competitive recombinat ion re-  
action to form molecular  hydrogen. Since this last re-  
action is not electrochemical, it does not contr ibute  to 
the measured current.  Thus, the permeation current  
measured on a palladized steel specimen is much more 
near ly  the true hydrogen flux. 

Ancillary experiments.--Polarization and coulombic 
deposition experiments  were performed to clarify im-  
portant  features of arsenic relat ive to hydrogen entry  
kinetics. Polarization experiments  were performed on 
the shim steel in the sulfuric acid and acetate buffer 
solutions with and without  additions of NaAsO2. A 
special cell and holder for accommodating sheet speci- 
mens was constructed for these experiments  (26). Po- 
larization data were obtained by the potentiokinetic 
technique at a scan rate of 600 mV/hr ,  which approxi-  
mates steady-state conditions. Coulombic deposition of 
arsenic was performed on specimens destined for study 
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of the effect of an As predeposit before permeation. The 
deposition was carried out in a more concentrated 
NaAsO2 solution (41,000 ~g As/mli ter ,  pH 9) in which 
t h e  deposition of hydrogen can be totally suppressed. 
The amount  of As deposited was determined coulombi-  
cally b y  graphical ly integrat ing the i-t plot with po- 
tentiostatic control throughout  the deposition. 

Results 
Permeation experiments.--Generally, a permeat ion 

exper iment  is run  unt i l  the permeation current  estab- 
lishes a steady-state value, the permeation t ransient  
showing a plateau under  steady-state conditions. How- 
ever, as the charging potential  is made very active or 
the charging current  is increased, a s teady-state  con- 
dition does not obtain. At first, the plateau of the 
permeat ion t rans ient  (ip as a funct ion of time) shows 
only a small  decrease with time. Then as the potential  
is made more active, the deviation from a steady-state 
condition becomes more and more severe and there 
occurs a sharp decline of the permeat ion current  with 
time. This same behavior  has been noted before (15, 
21); the explanat ion offered is that  blisters form under  
the metal  surface, these blisters resul t ing from hydro-  
gen recombinat ion at in terna l  surfaces which act as 
hydrogen sinks. Accordingly, the permeation rate drops 
since less hydrogen evolves from the exit side. Other 
effects tending to prevent  a steady-state permeat ion 
current  are the local increase in pH at the ent ry  sur-  
face dur ing prolonged electrolysis and formation of 
hydrogen gas bubbles which reduce the effective sur-  
face area. These effects become impor tant  at high 
charging current  densities. We indicate on the appro- 
priate graphs where the deviation from steady-state 
permeation occurred. Thus, to avoid the above compli- 
cations, comparisons of pe rmea t ion  behavior are best 
considered at modest cathodic polarizations and/or  low 
charging current  densities. 

Two ways of present ing the permeation data as a 
function of the applied cathodic potential  are used 
here. The first method plots the permeation cur ren t  
vs. the potential;  the second involves the calculation 
of the permeation efficiency ip r X 100 where ip oo is 
the steady-state permeat ion current  density, and ic is 
the cathodic charging current  density measured when 
the potential  reached its s teady-state  value. The cath- 
odic charging current  is essentially equal to the hydro-  
gen deposition current,  except in the potential  range 
where the concomitant  deposition of arsenic consumes 
a significant part  of the total current.  The max imum of 
the permeat ion current  density and the cathodic charg- 
ing current  density existing when  the max imum ob- 
tains are used for calculating the permeation efficien- 
cies when the hydrogen permeation decreased with 
t ime dur ing cathodic Charging. 

The results obtained for permeat ion from 0.1-N H2SO4 
with and without  additions of arsenite are i l lustrated 
in Fig. 1, the arsenite concentrat ion being expressed 
in micrograms of elemental  arsenic per milliliter.  Evi- 
dently, very  small  amounts  of arsenite are quite effec- 
tive in promoting hydrogenation. The slashes through 
the points in Fig. 1 show where the anomalous behavior 
of the permeat ion transients  occurred. This behavior is 
par t icular ly  noticeable in the acid solution, since an 
increase in  the over-al l  hydrogen reduction kinetics 
(more active potential)  actually decreases the hydro-  
gen permeation in the metal. 

In  Fig. 2 are shown the curves of the permeat ion 
efficiency as a function of the cathodic potential  at the 
ent ry  side. A much larger fraction ,of the hydrogen 
produced at the en t ry  side enters the steel in the pres- 
ence of arsenite. Permeat ion efficiency expresses a rela-  
tive or normalized permeation. 

According to Fig. 1 and 2 enhanced hydrogenat ion 
occurs in  the region of potential  where elemental  
arsenic is the stable phase. These figures indicate the 
equi l ibr ium potential  between arsenic (metallic, uni t  
activity) and AsH3 at a fugacity of 10 -7 atm. It was 
at the potential  corresponding to this arsine fugacity 
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that  the Polish experimenters  noted hydrogenat ion of 
their specimens (embr i t t lement  or elongation) (16, 
17). 

The results obtained by cathodic charging from the 
acetate buffer are shown in the next  two figures. Figure 
3 shows the permeation current  density as a function 
of the applied cathodic potential, and Fig. 4 shows the 
permeation efficiency as a function of the applied 
cathodic potential. When these data are compared with 
those obtained from the H2SO4 solution, it appears that 
acetate itself might  act as a weak promoting anion (by 
comparison with sulfate),  since the acetate solution 
without arsenite gives a higher permeat ion efficiency 
(Fig. 4) than the sulfuric acid solution (Fig. 2). More- 
over, when the hydrogen was charged from an H2SO4- 
K2SO4 solution at pH 4.5 (same pH as acetate), the 
permeat ion current  was nil. A buffering system, such 
as acetate permits  greater acidity near  the cathodically 
polarized electrode. As the solution becomes more al- 
kaline, the buffer produces more H + to restore the pH. 
This hydrolysis cannot  occur so extensively in the 
strongly ionized sulfate solution. 

Two other effects are also shown in Fig. 3 and 4. 
Curves 2 and 3 in  the figures show the effect of arsenite 
concentrat ion on the permeation behavior. Increasing 
the concentrat ion acts to shift the potential  range at 
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which the enhanced permeation occurs to more active 
values. Thus, adding arsenite in the solution suppresses 
hydrogen entry at the corrosion potential, although the 
permeation efficiency of the small  amount of hydrogen 
produced is large. Curve 4 shows the effect of pre- 
deposition of arsenic where  intermediate behavior is 
observed relative to that of pure acid (hydrogen dep- 
osition only)  and the solution containing arsenite 
(codeposition of As and H).  The amount of As pre- 
deposited was equivalent  to 60 mcoulombs,  or about 40- 
50 monolayers  if uni formly  deposited. During a typical  
permeation experiment this amount of As is reduced 
s imultaneously  wi th  the production of hydrogen.  How-  
ever, examination of the surface verified that the sur- 
face was not uniform and tended to spall; the arsenic 
deposition was not crystalline. In the acetate solution, 
as wel l  as in I-I2SO4, the highest permeation efficiency 
occurs in the potential  domain where e lemental  arsenic 
is the stable phase. 

When the hydrogen entry kinetics were galvano-  
statically controlled over a wide range of currents, 
the curves shown in Fig. 5 were obtained. Experimental  
conditions were similar to those used to obtain the data 
shown in Fig. 3. The highest permeation rates occurred 
during codeposition of As and H, the As predeposit 
g iv ing  significantly lower permeation currents. 

Polarization experiments.--Addition of arsenite shifts 
the corrosion potential to more noble values and par- 
t icularly decreases the cathodic kinetics in the region 
of the corrosion potential. The influence of arsenite on 
the corrosion potential is seen in Fig. 6 where  the ex-  
perimental  potential dependencies are near the 20 m V /  
decade value  g iven by the Nernst  equation for A s O 2 - /  
As equil ibrium at room temperature. For the case of 
cathodic polarization, effects of concentration of arsen- 
ite in 0.1N H2SO4 are shown in Fig. 7 and in acetate 
buffer in Fig. 8. With regard to these figures in both 
the sulfuric and acetate solutions the shape of the 
polarization curves is changed when arsenite is added. 
Addit ion of arsenite produces an S-shaped curve, which 
is more pronounced for the larger arsenite additions 
and more prominent in the acetate solution than in 
the sulfuric acid solution. Comparable polarization 
work done in the U.S.S.R. (27) in 0.1N H2SO4 contain- 
ing small  As203 additions yielded curves of the same 
general shape as in the present work. 

The effect of arsenite as a corrosion inhibitor is wel l  
documented in the literature (28). In the sulfuric acid 
solutions addition of arsenite reduced the cathodic 
kinetics in the v ic ini ty  of the corrosion potential. In 
acetate solution the first additions of arsenite appear 
to accelerate the cathodic kinetics, but further addi- 

# _ 2 0 0 ~ 1 /  I 

SLOPE = IB mV / DECADE 

o 

- 300 0 

I-- 

) - 4 0 0 - -  �9 ~'SLOPE = 14 mV/DECADE pH 45 
e~ 

U 

o - ~ '  I /o ,oo 

AS (M .g / r n l )  

Fig. 6. Corrosion potential of 1010 steel as a function of arsenite 
concentration. 

0 IN H2SO 4 pH 1.3 



"Col. 121, No. 5 E F F E C T  OF As U P O N  E N T R Y  O F  H IN S T E E L  613 

- ,~oo 

-500 
E 

-600 
t -  

LU 
I-- -700 

-eooi 

-900  

DIN HzSO 4 
ARSENITE ADDITIONS 

I I 

7"'.. 

, 'N ~ 0 <I 

13 \ , . ~  &l Z 

i - ,,, 

i 
r 

I000 IO,O00 I00,000 {J' 

,.-., 
0 
:2: 
I'- 

0 

IN p-g As/ml  

I I 
I0 IOO 

CURRENT DENSITY ( p . A / c m  2 ) 

Fig. 7. Potentiokinetlc polarization curves for 1010 steel in 0.1N 
H~SO4 with arsenite additions. 

, ' 1 -40o .~-~_ ~. 

{ -,,, 
22 q \ , OB 

-; - B, 6 - " ' \  \ \ \  ' , ,,~ - 6 0 0  

\:\ "",,..-oC'., 
z �9 ~-i 

- T O 0 -  ACETATE BUFFER ~ ' % , ,  ~'.'.~ % 
0 ARSENITE ADDITIONS ~ '~.. ~'.'~ \ 

- 8 0 0  - -  "~.  %. ,Nk %, 
I I I ?, ~,\~ \ 

~o ~ o o  i o o o  io,ooo ioo,ooo 

C U R R E N T  DENSITY  ( / c A / e r a  ~'}  

Fig. 8. Potentiokinetic polarization curves for 1010 steel in ace- 
tate solutions with arsenite additions. 

iO00 

8 0 0  

60C 

400 

2 0 0  

I I I I i I I 

tions grea t ly  reduce the cathodic currents  (Fig. 7 and 
8). 

In no case were  we able to detect  the presence of 
AsH3 at the potentials used in these exper iments  (to 
--1300 mVH) using H202 as a qual i ta t ive  indicator. 
Arsine is appreciably soluble in water  and all N2 bub-  
bling was stopped before the determination.  A rev iew 
of the kinetics of arsine formation indicated that  the 
process occurs at ve ry  low current  efficiencies; Salz-  
berg and Goldschmidt  (29) found that  the efficiency 
was only about 1-2% in acid solution. This means that  
significant arsine evolut ion occurs only after the poten-  
tial is made  much more active than the As/AsH~ co- 
existence potential. Likewise, Menzies and Owen (30) 
produced AsH3 only at ve ry  high currents.  They at-  
t r ibuted the low current  efficiencies to concomitant  
hydrogen evolut ion and the deposition of a solid brown 
substance, which could have been a subhydride, on 
their  specimens along wi th  arsenic. 

At  the most negat ive potentials in the acetate solu- 
tion containing arsenite  additions (Fig. 8) the current  
is higher than for the acetate solution without  addi-  
tion. This increase could not be due to arsine forma-  
tion. Rather,  the effect is re la ted to a l ikely acceleration 
of the hydrogen kinetics (evolut ion and absorption) 
after the arsenic deposition on the surface. The effect is 
not seen in the sulfuric acid solutions because the 
over -a l l  currents  are always much larger  due to the 
lower  pH. 

An interest ing observation which i l lustrates the sig- 
nificant suppression of the HER brought  about by the 
addit ion of arsenite is shown in Fig. 9. Initially, the 
acetate solution contained no arsenite. At a constant 
potential  of --660 mVH the current  decreased gradual ly  
with time. When NaAsO2 was added there occurred an 
abrupt  current  rise caused by the deposition of As. This 
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Fig. 9. Change of current upon adding arsenite to acetate solu- 
tion at a potential of - -660 mVH. 

event  was fol lowed by a sharp decrease of the current,  
and the subsequent depositions of As and H were  hin-  
dered. The behavior  in Fig. 9 is consistent wi th  ~ that  
observed in Fig. 8 where  at a potential  of --660 mVH 
the cathodic current  of the curve  containing no arsenite 
is much higher  than that  for the curve corresponding 
to a concentrat ion of 61.6 ~g As /ml i te r ,  which is 
comparable  to the 55 ~g A s / m l i t e r  concentrat ion in 
Fig. 9. 

Morphology o] arsenic deposits.--Observation of ar-  
senized surfaces (exposed to As-containing solutions) 
by scanning electron microscopy il lustrates some in- 
terest ing features of the arsenic deposits, three exam-  
ples of which are depicted in Fig. 10. In (A) the de- 
posit is est imated at several  thousand monolayers  and 
is apparent ly  ve ry  br i t t le  and poorly adherent.  The 
arsenic in this photomicrograph is crystal l ine;  its elec- 
tron diffraction pat tern  served as the basis for the 
verification of th inner  As plates. The ED pat tern  was 
obtained with  a replica extract ion of the surface ex-  
posed to a 100 kV beam. In (B) the deposit is typical 
of those with  thicknesses of the order 50 to a few 
hundred monolayers.  At less than about 50 monolayers,  
the s tructure is amorphous;  deposits thicker  than this 
value  are crystalline, but not all reflections are ob- 
served, The deposit shows a tendency to crack. In (C) 
where  the specimen was exposed to a ve ry  dilute ar -  
senite solution for a long t ime wi thout  applied poten-  
tial, deposits of As occurred along with at tack of the 
steel substrate. 

Discussion 
The essential concern of these exper iments  relates to 

the cri teria for the accelerat ing effect of arsenic-con-  
taining species in hydrogen absorption. The  arguments  
in this discussion are directed toward pointing out that  
the stabil i ty of arsine is not critical for accelerat ing 
hydrogen ent ry  and that  there  are other  reasonable 
alternatives.  

Analysis of the polarization and permeation behavior. 
- - T o  explain the polarization behavior  observed in Fig. 
7 and 8, we must  account for the accelerat ion of the 
cathodic kinetics in the vicini ty  of the corrosion poten-  
t ial  for most of the solutions containing arsenite, the 
decelerat ion of the kinetics as the electrode is polarized 
cathodically, and the increase in the cathodic current  
as the electrode is fur ther  cathodically polarized. 
Aspects of the permeat ion behavior  are  re la ted to the 
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Fig. 10. Morphology of arsenic 
deposits. (A) Thick deposit from 
concentrated solution; crystalline 
structure. (B) Thin deposit from 
concentrated solution; amor- 
phous structure. (C) Specimen 
exposed to di|ute solution; condi- 
tion simulating permeation ex- 
periment. 

polarization behavior.  Let  us consider individual  reac-  
tions that  influence the observed polarization and per -  
meat ion currents.  

1. Hydrogen evolution on iron.--According to Bockris, 
McBreen, and Nanis (21) the mechanism for the HER 
on an iron surface in acid solution is coupled discharge-  
chemical desorption (recombinat ion) .  This means that  
the act ivation energy barriers  for the two steps are 
about equal  so that  both steps constitute the rds. These 
authors postulated Langmuir  adsorption kinetics for 
the hydrogen;  therefore,  the resul t ing Tafel  slope is 
2RT/F  or about 120 mV/decade  at room temperature.  
This seems to be the slope which obtains for the pres- 
ent work, a l though the Tafel  region does not extend 
over  the usual  2-3 orders of magnitudes,  possibly due 
to impuri t ies  in the solution. 

2. Hydrogen evolution on arsenic . - -The very  low esti-  
mated value  of the exchange current  density of hydro-  
gen on arsenic (10 -12 A / c m  2) suggests that  the rds is 
the discharge of H +. The measured slope of the HER 
on an arsenic electrode is reported as 110 mV/decade,  
close to the theoretical  2 R T / F  for this mechanism (31). 

3. Anionic adsorption on i ron . - -The  potential  of zero 
charge occurs at about --400 mVH on Fe (32). Thus, 
adsorption of various chemical  species can take place 
at potentials in this vicinity. An indication of chemical  
adsorption on an electrode is an S-shaped polarizat ion 
curve, since the adsorption process causes an over -  
potential  effect (33, 34). On Fig. 7 and 8 such an S- 
shaped curve  is observed in the potential  region f rom 
the corrosion potential  to some 200-300 mV cathodic 
f rom it. Therefore,  one interpreta t ion of the S-shape 
part  of the polarization curves in Fig. 7 and 8 is a 
double layer  effect of, presumably,  AsO2- adsorption. 
This effect is more noticeable in the acetate than in the 
sulfuric acid solutions, owing to the low ionic polar iza-  
bil i ty of sulfate ion and, thus, its lesser tendency to 
adsorb specifically (34). Over  most of the potential  
region where  the adsorption may occur, the hydrogen 
absorption react ion appears total ly inhibi ted as the 
permeat ion current  is zero or barely measurable.  The 
hydrogen evolut ion reaction is also inhibited. 

4. Deposition o~ arsenic . - -The HAsO2/As redox poten-  
tial being more positive than for H+/H2, one would 
expect  arsenic to electrodeposit  easily from aqueous 
solution. The exchange current  density for the HAsO2/ 
As couple ought to be around 10 -6 A / c m  2 according to 
Piontell i 's  classification (35, 36). Arsenic in contact 
wi th  As203 establishes equil ibrium, and the couple 
can be used as a pH mete r  under  certain conditions 
(37). However ,  studies of As deposition reveal  that  the 
process occurs with re la t ive ly  low current  efficiencies, 
in part  due to simultaneous hydrogen evolution. As 
observed by Menzies and Owen (30) and by Wranglen 
(38), the deposition of As is governed by a film of 

amorphous As that  stifles the fur ther  deposition of As 
due to its high resistivity. The resis t ivi ty of e lectro-  
deposited As was measured at l0 s ohm-cm (39). Diffi- 
culties in polarographical ly  analyzing solutions con- 
taining t r iva lent  arsenic compounds have been ex-  

plained in terms of a film that  l imits the reduction 
reaction instead of the usual diffusion l imit ing cur-  
rent  (40). 

On our Fig. 7 and 8 the plateau observed when  the 
steel is polarized about 100 mV or so might  seem to 
indicate that the electrodeposit ion of arsenic controls 
the cathodic kinetics. This react ion occurs as the ar-  
senic deposits as the photomicrographs of Fig. 10 at-  
test. Because of the small  arsenite additions, the l imit -  
ing current  for the arseni te /arsenic  reaction is of the 
order 10-5-10 -8 A / c m  2. Thus, the current  values on 
the order 10-3-10 -4 A / c m  2 for the plateaus in 0.1N 
HeSO4 are larger  than the l imit ing current  for As 
deposition. It appears, . therefore, that  the double layer 
effects are responsible for the shape of the polarization 
in this region. 

Piontel l i  and Poll (41) obtained crystal l ine As de- 
posits and explained the requi red  cell voltages as a 
cumulat ive  overvol tage  composed of the act ivation 
overpotent ia l  for As deposition, the act ivat ion 
overpotent ial  for H reduct ion on As, an ohmic over-  
potential  due to the poor conduct ivi ty  of As, and per-  
haps an overpotent ia l  effect due to s t ructural  changes 
of the As. The significant factor seems to be the over -  
potential  of H on As, which decreases wi th  t ime per-  
haps because of a change in mechanism of the HER. 

5. Hydrogen evolut ion and absorption on an "'arsen- 
ized'" sur~ace.--The results described above for As elec- 
trodeposition, namely  that  the current  efficiency with 
respect to As decreases and the cell vol tage decreases 
as the current  density increases, suggest that  the HER 
proceeds on an "arsenized" surface in a manner  differ- 
ent from that  on an "unpoisoned" electrode. After  po- 
larizat ion beyond the current  plateau region where  
adsorption of AsO2- and deposition of As take place, 
a sharp rise in the cathodic current  occurs. Copious gas 
evolut ion is exper imenta l ly  observed in this region. If 
the over -a l l  HER is controlled by the recombinat ion 
step, the Tafel slope is RT/2F  or 30 mV/decade  whether  
the adsorption follows Langmuir  or Temkin behavior.  
If  the discharge step controls the over-a l l  HER kinet-  
ics, arsenite may  increase io for the HER by its double 
layer  effects. Ei ther  of these effects would decrease 
the hydrogen overpotential .  The i o for the HER has not 
been measured on any arsenic electrode, massive or 
plated. Thus, the of ten-s ta ted explanat ion for the ef-  
fect of arsenic poisoning the HER by increasing the 
hydrogen overpotent ia l  may be misleading. Thus, an 
interplay be tween  H + and other  species present  in the 
double layer  could al ter  the H + concentrat ion as well  
as the energetics of the adsorbed monatomic H. In par-  
ticular, if H + concentrat ion increases in the double 
layer, i ~ increases and possibly the entry rate, too. This 
effect tends to lower  the overpotential .  If  the M-H 
bond energy is lowered with  respect to H + and H2, the 
act ivat ion energy for discharge and for recombinat ion 
is increased. This effect tends to raise the 0verpotent ial  
and promotes the hydrogen ent ry  rate. 

With regard to the hydrogen permeat ion behavior  in 
Fig. 1-4, at the rest potential  the inhibi t ive  s t rength 
of the arsenite against hydrogenat ion  is increased as 
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its concentrat ion increases. Comparison of the polariza- 
t ion and permeation behaviors indicates that the higher 
the arsenite concentration, the more active the poten- 
tial needed to hydrogenate the steel. These results are 
in quali tat ive accord with those of Hudson and Stra-  
gand (42) for a mild steel in  a 2N H2SO4 pickling bath  
at 38~ In  their work an addition of 1 ~g As/ml i te r  
doubled the pickling rate over the As-free acid, while 
the absorption of hydrogen remained constant. An ad-  
dition of more than  4 ug As/ml i te r  inhibi ted pickling 
while still hydrogenat ing the specimen, and an addi-  
t ion of more than 8 ~g As/ml i te r  inhibi ted the absorp- 
tion of hydrogen. Both the pickling rate (and hence 
hydrogen evolution rate) and absorption rate decreased 
with time. These experiments  were performed without  
applied potential. An  explanat ion of these results is 
that  the exchange current  density is raised with the 
first arsenite additions, ini t ia l ly favoring the HER, but 
fur ther  additions of arsenite and the passage of t ime 
affect the bond energy of Hads to the metal. An applied 
cathodic potential  is then required to st imulate both 
the HER and HAR. This explanat ion requires that t r i -  
valent  arsenic compounds be specifically adsorbed, re- 
placing H20 molecules and consequently inh ib i t ing  dis- 
solution of the metal  to corresponding aquo-ions. 

We can wri te  a mass balance for the hydrogen: id : 
ir 4 ip where  the i's represent  the current  equivalents  
for the discharge (d), recombinat ion (r) ,  and permea-  
t ion (p) reactions, respectively. The rate of permeat ion 
is given by kp 0, and for discharge by k d ( I -  8). If 
recombinat ion controls the over-al l  HER kinetics, then 
the permeat ion efficiency is ip/(ip 4 ir) or kpS/(kp8 4 
kr82). AS the potential  becomes more active, 0 in-  
creases. Therefore, for recombinat ion control the per-  
meat ion efficiency should be near  uni ty  for small  8 
values and should decrease as o increases. The larger 
kr is relative to kp, the more the permeat ion efficiency 
declines with increased cathodic polarization. By con- 
trast, discharge control yields a permeat ion efficiency 
given by ip/id or kpO/kd(1 ~ ~). In  this case increasing 
the degree of cathodic polarization increases the per-  
meation efficiency. Evidently,  recombinat ion control 
prevails when  o is large (more active potentials) since 
all the curves on Fig. 2 and 4 show a decrease of per-  
meation efficiency. 

However, in these experiments  where arsenite ad- 
sorption, arsenic deposition, and possible hydride for- 
mat ion compete for the same surface sites, the above 
arguments  for o are somewhat invalidated by the com- 
plicated influences of other species on hydrogen ad- 
sorption. Nevertheless, from a phenomenological point 
of view, the presence of arsenic in whatever  form it 
exists on the surface serves to keep o less than uni ty  
over a wider  range of potentials. 

When a cathodic potential  is applied, the effects of 
arsenite are more evident, as the permeation efficiency 
plots of Fig. 2 and 4 indicate. The curves obtained in 
solution containing arsenite show an ascending and 
descending branch. Thus, these part icular  curves have 
a permeation efficiency maximum. The ascending 
branch indicates the region where the effect of arsenite 
adsorption and its subsequent  reduction to elemental  
arsenic dominates the cathodic kinetics. The amount  of 
hydrogen enter ing and permeat ing  the metal  is not 
detectable unt i l  the specimen is polarized some 100- 
300 mV from the corrosion potential, the higher ar -  
senite concentrat ion requir ing a greater  polarization. 
As the potential  is made more active, the hydrogen re- 
action becomes more dominant,  hence tim increase in  
the permeat ion rate. In  the case of the solutions con- 
raining no arsenite and in the case of the As predeposit  
there is no ascending branch since hydrogen reduction 
is the only possible cathodic process. These show only 
a decline of permeat ion efficiency with cathodic po- 
larization. 

For the case with predeposited arsenic (curve 4, Fig. 
4) the permeat ion efficiency at a given potential  is 
lower than that  for the codeposited case once the hy-  

drogen reaction dominates over the arsenic deposition 
reaction, al though the total amount  of deposited As in 
both cases is approximately the same. The permeat ion 
efficiency for the codeposition goes to zero at the cor- 
rosion potential, but  for the predeposited case the 
permeat ion efficiency at the corrosion potential  is high. 
When the solution contains AsO2- (curves 2 and 3) the 
arsenic deposited helps to protect the metal  from hy-  
drogenation, whereas in the predeposited case (no 
AsO2- present) hydrogenat ion occurs at the corrosion 
potential.  This suggests that a freely corroding steel 
containing an addit ion of As is prone to hydrogenation.  
Thus, arsenic is beneficial from the point of view of 
prevent ing  hydrogen en t ry  as long as the arsenic is 
present in the oxidized form in the solution. Upon suf- 
ficient cathodic polarization arsenic has a sinister effect 
as the arsenite is reduced and hydrogen evolution and 
absorption take place on the arsenized surface. 

6. Ars ine  format ion . - -Ars ine  formation from As occurs 
by a series of one-electron t ransfer  steps to form in-  
termediate surface subhydrides or radicals (AsH and 
ASH2). These subhydrides disproportionate to form 
AsH3 and As, and the current  efficiency based on ex-  
pected arsine formation is very low in  acid solution, 
around 1-2% (29). During arsenic electrodeposition 
from HC1 4 As203 solutions only traces of AsH3 
evolved after prolonged electrolysis at 300 m A / c m  2 
(30). These results indicate that  AsHa formation re- 
quires considerable overpotential.  The value of the 
equi l ibr ium potential  is given by (44) : E : --0.608 -- 
0.0591 pH -- 0.0197 log PAsHa. This formula was used 
for calculating the equi l ibr ium potential  indicated on 
Fig. 1-4. A few remarks are needed here. Values of 
the free energy of format ion in kilocalories of the 
Group V hydrides are: NH3, --3.98; PH3, 44.36; AsHs, 
442.0; SbH3, 4}-35.5; and Bill3, 4{-55.3. In  the series the 
value of AsH3 seems too high or that  of SbH3, too low. 
If the value for AsH3 were too low, then the corre- 
sponding As/AsHa redox potential  would be too active 
and AsH3 would then be stable at potentials closer to 
the corrosion potential.  The calculation of the redox 
potential  is also based on uni t  activity of As. If As is 
present  at an activity less than  one, the redox potential  
is shifted to more active values. Possible dissolution 
of As in the steel substrate could reduce its thermo- 
dynamic activity. Notwithstanding the uncer ta in ty  of 
the equi l ibr ium potential, the potential  region where 
we first noted enhanced hydrogen permeation seems 
thermodynamical ly  and kinetical ly unfavorable  to 
AsHa production. Moreover, we detected no arsine for- 
mat ion throughout  the potential  region studied. 

7. Formation o3f arsenic subhydrides . - -Sur face  subhy-  
drides are proposed as intermediates  dur ing arsine 
formation (29). Brown deposits, which may  be lower 
hydrides, have been observed in  connection with As 
electrodeposition (30). Solid arsenic hydrides of com- 
position varying  between ASH0.001 to AsHo.~ have been 
prepared by various techniques including electrochem- 
ical reduct ion (43). However, only small  amounts  of 
mater ial  were obtained so that the physical and chemi- 
cal properties were not measured. Pourbaix  reports 
solid arsenic lower hydrides with formulas As~H2 and 
As4H2 (44). 

8. Dissolved oxygen  and other impuri t ies . - -Residual  
dissolved oxygen and other impuri t ies  may influence 
hydrogen in  the double layer  in much the same way 
as arsenite. Their effect is probably most impor tant  
near  the corrosion potential. 

9. Concentration polarization of the H E R . - - A s  the po- 
tential  is made more active, hydrogen evolution even-  
tua l ly  becomes l imited by the diffusion of protons to 
the surface. Addit ion of pH buffering substances such 
as acetate and arsenite and alkalinizat ion of the solu- 
tion near  the steel electrode due to rapid hydrogen 
evolution complicate the appearance of a t rue  l imit ing 
current.  
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Mechanism oy promotion.--A mechanism for the hy-  
drogenation promotion effects due to the presence of 
arsenic must  account for the following impor tant  ob- 
servations: (i) Hydrogenat ion of the specimen is pro- 
moted to the greatest extent  (max imum permeat ion 
efficiency) in the potential  region where  codeposition 
of hydrogen and arsenic takes place. (ii) The permea-  
tion rate and efficiency are higher for the arsenic- 
containing solutions than for those free of arsenic. The 
permeat ion efficiency decreases as the potential  be-  
comes more active. (iii) At the corrosion potential,  
addition of arsenite appears to inhibi t  hydrogenat ion;  
however, at modest cathodic polarization potentials hy-  
drogenation occurs regardless of the arsenite concen- 
tration. (iv) The promoter  effects of arsenic operate 
over a range of pH. 

A number  of explanations regarding the phenomenon 
of the sharply increased ent ry  rate have been offered 
(15, 21). The general  conclusion is that  the metal  to 
hydrogen bond is reduced in the presence of the pro- 
moting species. Reduction of this bond energy creates a 
more flexible, less directional bond so that the t ransi-  
tion from adsorbed hydrogen to absorbed hydrogen is 
facilitated with less activation energy. This hypothe-  
sis is based par t ly  on the observed phenomenology that 
the heat of adsorption (and hence the meta l -hydrogen 
bond energy) decreases as the metal  becomes more 
"catalytically active." Catalytically active metals (so- 
called because of their abil i ty to hydrogenate organic 
compounds) have a higher inheren t  solubil i ty of hy -  
drogen (Pd ~ Ni ~ Pt  ~ Fe).  The disagreements or 
controversies range over what  causes the decrease in 
the meta l -hydrogen bond energy. A decreased meta l -  
hydrogen bond energy has the kinetic effect of lower-  
ing the activation energy for the absorption process 
relat ive to the barr ier  for the recombinat ion process. 
Because these processes compete for the adsorbed hy-  
drogen, absorption is favored. Only slight changes in 
the bond energy is needed for accelerating the ent ry  
rate. The question is then:  How can arsenic act to 
change the metal  to hydrogen bond entry? 

Three ways in which promoter  species can lower the 
meta l -hydrogen bond have been suggested (15, 21). 
One possibility is a lateral  interact ion between ad- 
sorbed H and the promoter species so that the surface 
energy of atoms is modified with the result  that the 
Fe -H bond energy is lowered due to the lateral  com- 
ponent. Secondly, the promoter species adsorbs or de- 
posits first at the more energetic sites, leaving hydro-  
gen to adsorb at less energetic sites. Thirdly, an elec- 
tronic effect may occur between the promoter and Fe. 
Promoter  species are characteristically electron rich 
and can conceivably influence the electronic energy 
levels at the surface. Hydrogen is more soluble in Pd, 
Pt, and Ni than in  Fe. According to the valence bond 
theory the percentage d-character  of the metallic bond 
is slightly higher for the first elements than for Fe 
(45). Thus, the promoter species furnishes additional 
bonding electrons. The electronic effect is apparent ly  
more impor tant  than the effect of the crystallographic 
structure,  because the solubili ty of H in fcc-Fe at room 
temperature  is about 2-3 times that in bcc-Fe (extrap-  
olation to room tempera ture) ,  whereas the solubili ty of 
H in Ni, for example, is 1000 times that  in bcc-Fe. 

Consider now the influence of arsenic in the above 
three explanations. The H-As and H-Fe  bond energies 
are of comparable magni tudes  (46). Attract ion of the 
H atom toward an As atom may then reduce the bond 
energy between H adsorbed on Fe. It  is reasonable 
that  As would plate out at the most active sites leav-  
ing H to deposit elsewhere. Elemental  As and various 
As-H radicals have more electrons available for bond-  
ing than ASH3. Indeed, this fact agrees with the ob- 
servation that the highest permeat ion efficiency effects 
occur where As is the stable phase. At these potentials 
the equi l ibr ium partial  pressure of AsH3 would be 
infinitesimal. In  view of the observation that arsine 
formation is relat ively inefficient and that a number  of 
subhydrides form as intermediates,  the absolute per-  

meation rates obtained from the arsenite solutions upon 
fur ther  cathodic polarization might  be at t r ibuted to 
some As-H interact ion at the surface. An As-H bond 
would deter recombinat ion of the hydrogen atoms; 
upon fur ther  hydrogen deposition from the solution, 
the H atoms bonded to As could enter  into the Fe la t -  
tice rather  than evolve as H2. We have no evidence 
that the subhydrides exist; no extraneous lines were 
observed on the electron diffraction pat terns made 
from surface deposits. HoWever, the greater number  
of unbonded electrons or unsa tura ted  bonds in the sub- 
hydrides could more great ly  influence the electronic 
energy levels in the substrate than could arsine. 

Another  possible explanat ion for hindered recom- 
binat ion is that the surface diffusion of hydrogen atoms 
deposited on this surface is low. An estimate of Dsurface 
for H on Fe is considerably lower than Dbulk for H in 
Fe (47). Hence, hydrogen atoms are more likely to 
stick where they are discharged and the likelihood of 
their absorption is increased because of the increased 
lifetime as Hads. This factor is impor tant  at low cover- 
ages because the distance an H atom must  move to re-  
combine is relat ively great. Recent work by Kim and 
Wilde (48) established that the surface coverage of 
hydrogen adatoms can be low in the vicini ty of the cor- 
rosion potential. The role of As in suppressing the HER 
extends the range over which a small 8 is possible. A 
small 8 value permits  a high permeation efficiency, al- 
though the absolute permeat ion rate is not high. The 
excellent "throwing power" a t t r ibuted to the corrosion 
inhibi t ing properties by t r ivalent  arsenic solutions sug- 
gests a leveling of the energy of surface sites due to 
adsorption and discharge of As (41). Although the 
coverage increases with applied cathodic potential, the 
presence of arsenic may increase the surface coverage 
of hydrogen on iron by crowding hydrogen onto ad- 
jacent available iron surfaces since the discharge proc- 
ess on As appears to have high kinetic barriers. An-  
other effect, according to Smialowski (7), is that strong 
chemisorption of the promoter  species may provoke the 
formation of surface defects which allow an easy pass- 
age of hydrogen at the surface to the bulk  of the metal. 

A reaction between iron and arsenic is possible. At 
room temperature  the solubili ty of As in Fe is about 
5% and arsenic forms arsenides FeAs and FeAs2, at 
higher concentrat ions (49). However, Besnard (50-52) 
has considered that As is itself absorbed preferent ia l ly  
at the grain boundaries because of its lowering of the 
surface tension in  addition to the chemical effects and 
believed this effect was responsible for premature  
cracking of the iron specimens. Absorption of arsenic 
could fur ther  enhance the hydrogen permeation as 
there would be greater opportuni ty  for the electronic 
interact ion between Fe and As. 

An extremely useful, but lacking, piece of informa-  
tion is an analytical  determinat ion of the effect of 
arsenic on the solubil i ty of hydrogen in iron. If arsenic 
raises the solubility significantly, then a higher con- 
centrat ion of hydrogen at the ent ry  surface would 
drive a greater flux through the metal.  

Considerable evidence exists in the l i terature that 
enhanced hydrogen promotion occurs in the presence of 
stable hydrides, such as ASH3, PHz, H2S, H~Se. In  par-  
ticular, the experiments  of Newman and Shreir  (8) 
correlate the hydrogen saturat ion very well with the 
stability of the hydride. Furthermore,  in the case of 
arsenic, cathodic polarization must  be applied to obtain 
a measurable increase of the hydrogen absorption over 
that occurring from the As-free solution, whereas the 
effects of sulfur as a hydrogen promoter  are operable 
at the corrosion behavior. This behavior compares with 
the relat ive stabilities of the hydrides; H2S is stable at 
the usual corrosion potential  of iron in acid, while 
AsH3 is stable at considerably more cathodic potentials. 
With regard to the work cited (9), in which AsH3 was 
external ly  introduced into the charging compartment  
of the permeation cell, the authors did not give im- 
portant  experimental  details: Was the cell saturated 
with the gas? Was the specimen cathodically polarized? 
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These detai ls  a re  impor tan t  in establ ishing the neces-  
s i ty  of AsH3 presence toward  promot ing  hydrogenat ion.  

Fur the rmore ,  the  sensi t iv i ty  of the  exper imen ta l  
technique used to a r r ive  at  this k ind  of conclusion can 
be very  impor tant .  The permeat ion  cur ren t  technique 
is perhaps  the  most sensit ive of the  techniques used for 
hydrogen charging and determinat ion.  The inves t iga-  
tions in which it was concluded that  AsHa format ion  
was necessary for significant hydrogen  en t ry  used tech-  
niques less sensit ive than  the permeat ion  technique.  
Therefore,  h igher  charging currents  were  necessary to 
effect observable  hydrogen  en t ry  and these occurred at 
potent ia ls  wel l  into the  range where  AsH3 should form. 

The presen t  work  shows considerable  hydrogen  pe r -  
meat ion  at modest  cathodic potentials .  Also, mechanis -  
tic a rguments  of promot ion  effects are sufficiently gen-  
era l  tha t  o ther  As-conta in ing  species can act in this 
capaci ty  as can ASH3. 

Conclusion 
1. The role of As as a p romoter  of hydrogena t ion  of 

mi ld  s teel  depends on e lect rochemical  potential .  At  the  
corrosion potent ial ,  addi t ion  of a rseni te  to the solut ion 
suppresses the  hydrogen  reaction. Hydrogena t ion  of the  
specimen occurs at  potent ia ls  polar ized ca thodical ly  
some 100-300 mV from the corrosion potential ,  wi th  
the more  concent ra ted  solutions requi r ing  grea te r  po-  
lar izat ion.  Once sufficiently polarized,  specimens ex-  
posed to solut ion containing arseni te  are hydrogena ted  
more  than  specimens exposed to solutions free of a r -  
senite. 

2. The in tens i ty  of the  hydrogenat ion,  as indicated 
by  both the permeat ion  efficiency and the absolute  
pe rmea t ion  rate,  is highest  for  solut ions containing 
arseni te  so that  there  is codeposit ion of As and H. The 
permeat ion  efficiency drops wi th  appl icat ion of more  
cathodic potentials ,  a l though the permeat ion  cur ren t  
increases. 

3. Hydrogen  permeat ion  occurs at  potent ia ls  where  
metal l ic  arsenic is s table  and arsine can be present  only 
in infini tesimal quanti t ies .  Despite the  expe r imen ta l  
condit ions which appear  not to favor  arsine formation,  
considerable  hydrogena t ion  of the  steel specimens oc- 
curs. Thus, ars ine  format ion  is not a necessary condi-  
t ion for p romoted  hydrogenat ion.  

4. F r o m  discussion presen ted  on mechanis t ic  a rgu-  
ments, arsenic in t r iva len t  form adsorbed to the sur-  
face, arsenic in e lementa l  form deposi ted on the sur-  
face, and arsenic subhydrides ,  as wel l  as arsine, can 
enhance hydrogen  entry.  
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ABSTRACT 

Open-circui t  potentials were measured for freshly immersed metal  sur-  
faces and for metal  surfaces renewed abrasively (scraped-off) in situ in  aque-  
ous electrolytes. Electrode materials  included Au, Ag, Cu, Pt, Ga, In, Bi, and 
Sn and the electrolytes included alkali halides and alkali sulfates in  acid, 
neutral ,  and alkal ine solutions. The fresh-surface potentials for Au, Ga, In, Bi, 
and Sn were approximately the same following either immersion or scraping 
in  solution and yielded the potential  of zero charge at certain pH conditions. 
For Ag, Cu, and Pt the immersion potentials were several hundred  mill ivolts  
more positive than  the scrape potentials. This is a t t r ibuted to the presence of 
adsorbed oxygen on these metals at the ins tant  of immersing them in  solution. 
For Ag, Cu, and Pt the scrape potentials are in terpreted as the potential  of 
zero charge for the bare metal  while the immersion potentials reflect a super-  
imposed dipolar effect or faradaic reduction of the oxygen. 

Values for the potential  of zero charge (pzc) of most 
solid metals have suffered from irreproducibi l i ty  
among various methods and workers (1, 2). Much of 
this variance is a t t r ibuted to differences of impuri t ies  
or other "foreign" species (e.g., H or O) on the surface, 
or to the crystallographic state of the metal  surface 
resul t ing from different electrode pretreatments .  In  
some cases it is difficult to verify that  faradaic reac- 
tions do not interfere. 

In  the present  work the immersion and open-circui t  
scrape potentials are compared for a number  of metals 
in  aqueous solutions. Although both of these methods 
are based on essentially the same principle, there is 
some disagreement on published values obtained with 
the two methods (cf. Table I).  There are other methods 
used to measure the pzc of solid electrodes which de- 
pend on various properties of the metal  such as me-  
chanical properties or capacity of the metal -solut ion 
interphase. These methods have a different basis than  
the kinetic methods being compared in this work. Inas-  
much as they are reviewed elsewhere (1) we need not 
discuss them fur ther  here. 

In  the dip or immersion method a fresh metal  test 
electrode, connected to a reference electrode through 

K e y  words:  e lectrical  d o u b l e  l a y e r ,  z e r o  c h a r g e ,  fresh meta l  s u r -  
f a c e s .  

an external polarizing source, is immersed in an elec- 
trolytic solution. Upon immersion a transient potential 
is observed between the test and reference electrode 
which corresponds to charging the newly formed elec- 
trode. For the test electrode there is one state of ex- 
ternal polarization at which the potential transient is 
of zero magnitude. The electrode potential at this con- 
dition is considered to be the pzc (3). In the open- 
circuit scrape method (5-8) the metal electrode surface 
is abrasively removed in situ with an insulating, inert 
scraper and the accompanying open-circuit potential is 
recorded. Depending on the system, reactions may or 
may not charge the electrode faster than the scraper 
removes it, and hence the recorded scrape potentials 
must be interpreted to determine whether or not they 
are the pzc. This interpretation depends on the influ- 
ences of scraper speed, adsorbable ions, and pH as well 
as on the potential decay following scraping. 

If very rapid faradaic reactions (i ~ 5 • 10 -4 A 
cm -2 for present scrape methods) occur before the 
pzc can be established or measured, then the pzc can- 
not be obtained by the open-circuit scrape method. It 
appears that the immersion method should suffer a 
similar limitation, however, since it is implicitly as- 
sumed that the pzc is developed unless an external 
current passes through the test electrode. In Table I, 

Table I. Potentials of zero charge (pzc) reported from immersion measurements compared to open-circuit scrape potentials 

I m m e r s i o n  results  Open-circuit scrape 

pze Potential pzc 
Metal vs. SHEc~) Solution Reference V vs. SHE Solution or not Reference 

A1 -- 0.523ca) 0.01M KCI (3) -- 1.56 0.5M K~SO~, MKCI No (S) 
Bi  - -  0 , 3 5 8  0 . 0 1 M  K C 1  (3)  - -  0 . 3 4  0 . 0 1 M  K C 1  Y e s  (5) 
C u  - -  0 . 0 1 2  0 . 1 M  K C 1  (3 ,  4 )  - -  0 . 6 4  0 . 1 M  K C I  Y e s  (8) 
N i  0 .193(" )  0 . 0 1 M  K C 1  (3)  --  0 , 3 4  0 . S M  K ~ S O 4 ,  M K C 1  N o  (5) 
S n  - -  0 . 3 8  0 . 0 1 M  K C 1  (3)  - -  0 . 4 3  0 . 5 M  K ~ S O 4  Y e s  (5) 

(a) In the present study immersion potentials were obtained for A1 and Ni which are substantially more negative than the above val- 
ues and, in fact, are rather close to the above scrape potentials. As the presently obtained immersion values for A1 and Ni are controlled 
by faradaic processes, they are not considered further in the present work. 

(~) SHE = standard hydrogen electrode. 
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one notes that  the open-circui t  scrape potential  and the 
dip potential  agree for Bi and Sn and also purpor t  to 
measure the pzc. For  Cu the values differ, yet  both 
methods are purported to measure the pzc. For A1 and 
Ni the open-circui t  scrape method yields a mixed po- 
tent ial  while the dip method is purported to give the 
pzc. Even though the recorded values by the two 
methods are different for Ni and Al, it is not apparent  
why a pzc can be obtained by one method and not by  
the other. It  is also not apparent  why the pzc values 
for Cu are so different in the two cases. To bet ter  
unders tand  these problems we have measured immer-  
sion potentials for a var ie ty  of metals in various aque-  
ous solutions, and have compared them with open- 
circuit scrape potentials. To el iminate the differences 
in Table I which may have been caused by impurit ies 
in  the metal  or by the crystal or ientat ion of the elec- 
trode, we have used the same metal  wire samples and 
have created the fresh metal  surface in the identical 
m a n n e r  for both methods. This method of surface re-  
newal  was by scraping the metal  wi th  a sapphire bit, 
while measur ing the potential  in  the case of the open- 
circuit scrape and prior to immersing the electrode in 
the case of the dip method. It has been suggested (2) 
that  the open-circui t  scraping may  produce active 
sites and more faradaic interference than  other meth-  
ods. The present  work should indicate whether  or not  
this is so. 

Exper imenta l  
The apparatus for the open-circui t  scrape method 

has been described in  previous work (5-8). Basically, 
this consisted of a cell containing the reference and 
test electrodes which were connected to a high im-  
pedance oscillographic recorder or an oscilloscope. 
Measurement  of transient,  open-circui t  potentials was 
made while the entire metal  electrode face was scraped 
off with a sharpened sapphire bit  inserted in a high 
speed drill. The electrolyte was saturated wi th  a non-  
reactive gas such as N2. For the dip experiments  a two- 
compar tment  cell was util ized (Fig. 1). One compart-  
ment,  A, contacted the salt bridge, B, of the saturated 
KC1, calomel reference electrode and was separated 
from the main  compartment,  C, by a stopcock. The top 
of the ma in  cell compar tment  was usual ly fitted with 
first a th in  sheet (cover),  D, of polyethylene d rawn 
t ight ly over the top and then an a i r - t ight  polyethylene 
bag, E, in which an inert  atmosphere could be ma in -  
tained. The polyethylene sheet served to separate the 
cell atmosphere from the atmosphere of the poly-  
ethylene bag where the electrode surface was pre-  

Fig. !. Schematic diagram of experimental setup for obtaining 
immersion potentials: A, side compartment of cell; B, salt bridge; 
C, main cell compartment; D, polyethylene sheet; E, polyethylene 
bag; F, test electrode; G, dental handpiece; H, sharpened sapphire 
bit; I, gas inlet to polyethylene bag; J, gas inlet to main cell com- 
partment; K, reference electrode; L, oscilloscope. 
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pared. Also fitted in the polyethylene bag was the elec- 
trode, F, and the dental  handpiece, G, used to renew 
the metal  surface prior to dipping. 

The electrode for both the open-circui t  scrape and 
immersion t e s t s  consisted of a metal  wire t ightly en-  
cased in a Teflon sleeve such that  only its cross-sec- 
t ional end was exposed to the solution (Fig. 2). Gal-  
l ium electrodes required a minor  modification for 
enclosure in Teflon as this metal  liquifies at 29.8~ In  
this case a small quant i ty  of bu lk  metal  was melted, 
placed in contact with a p la t inum wire fitted in the 
electrode for electrical connection, and then forced 
through a hole dril led in the Teflon sleeve (Fig. 3). 
Upon solidification, the gal l ium expanded to produce 
a satisfactorily sealed electrode. The ent i re  procedure 
was carried out in  a dry atmosphere of h igh-pur i ty  
(99.996-5 % ) ni t rogen to prevent  oxidation of the metal. 

After  the electrolyt e and the gas compartments  were 
purged with an iner t  gas, the electrode was scraped 
with a sharpened sapphire rod inserted in the dental  
handpiece in  order to produce the fresh surface. Im-  
mediately (5 to 10 sec) after the scraping, the elec- 
trode was plunged through the polyethylene cover into 
the solution. 

Open-circui t  t rans ient  potentials between the open- 
circuit test electrode and reference electrode result ing 
from immersion of the test electrode were observed by  
in te rna l ly  t r iggering the sweep on a Tektronix  Model 
564 storage oscilloscope (3A3 amplifier and 2B67 t ime 
base).  The "init ial" potential  observed on the oscillo- 
scope screen is the pzc in  the absence of very rapid 
faradaic reactions. The potential  general ly drifted or 
decayed positive from this init ial  "dip potential," Ed. 
With a 10:1 input  probe, the oscilloscope input  im- 
pedance was approximately 11 megohms, which was 
considered sufficiently high to just i fy  the open-circui t  
dip method employed rather  than resorting to the com- 
pensation method of Jakuszewski and Kozlowski (3). 
For  the polarizable metals (Cu, Sn, and Bi) our dip 
potentials agree with those of Jakuszewski and Koz- 
lowski (3). The measured potentials were recorded 
relat ive to the s tandard hydrogen electrode (SHE) 
without correction for l iquid junc t ion  potentials, which 
are assumed to be small  compared to the precision of 
the results. The potential  of the saturated calomel half  
cell was taken  as 0.242V vs. SHE. Also assumed insig- 
nificant are variat ions due to fluctuations of the am-  
bient  tempera ture  (25 ~ _+ 3~ under  which the ex- 
per iments  were conducted. The purit ies of all the 
metals studied was 99.995%.or bet ter  except for Sn 
which was 99.95% pure. Solutions were prepared from 
reagent  grade chemicals and water  twice distilled from 
a basic permanganate  solution. The predip gas env i ron-  
ments  were 99.995-5% pure N2; commercial, bott led 
He; He which was fur ther  purified by passing through 
a column of molecular  sieve to fur ther  remove O~; 

D 
A \ c 

.. \ 

,o o,o,,,o,ooo, ..... 

Fig. 2. Test electrode-solid metals: A, metal wire; B, wire surface 
to be scraped; C, Y8 in. diameter Teflon; D, ~ in. diameter 
Teflon. 

E B 

}/ 7/ rj /v/ 7/, /YDA 
Fig. 3. Test electrode-gallium: A, gallium metal; B, Pt-Ga contact; 

C, Pt wire; D, V8 in. diameter Teflon; E, ~ in. diameter Teflon. 
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electrolytic hydrogen;  and air. The electrolyte was 
saturated in each case with the high pur i ty  N2. 

Results 
Values o~ dip and scrape potentials.~Table II lists 

the dip potentials, Ed, along with the corresponding 
metal  and solution. The thi rd  column in Table II shows 
the gaseous env i ronment  in which the fresh surface 
was produced prior to the dipping. Tests in  which 
water  vapor from the electrolyte contacted the elec- 
trode in the predip env i ronment  gave results equal to 
those in the corresponding dry predip environment .  
These tests were run  by renewing the metal  surface 
without  a membrane  over the mouth  of the cell. The 
results from He were independent  of whether  the gas 
was prepurified or straight from the cylinder. The 
values of Ed were in  general  quite variable and hence 
the range of Ed or the individual  values of Ed (if. less 
than  three experiments  were performed) is shown in 
column 4. The number  of data points determined is 
listed in column 5. Column 6 lists the scrape potential,  
Esc, for the system shown on the corresponding line. 
The range of scrape values was general ly  nar rower  
than  that  for dip potentials and many  scrape tests 
were run  for each system. Consequently only a single 
value for Esc is shown in  Table II. 

Transient potential decays.--Immediately after the 
electrode scraping ceased, the potential  decayed posi- 
t ive from the scrape potential  (Esc) due to the reduc-  
t ion of impur i ty  oxygen in  the solution or to the reduc-  

t ion of the electrolyte. Because the concentrat ion of 
dissolved oxygen was low in N2-saturated solutions, 
this factor produced slow decays of the order of 10 
mV/sec. Under  conditions favoring the rapid reduct ion 
of H30 + ions (i.e., in acid solutions) or of water  (e.g., 
Cu and Ag in neut ra l  solutions) the decays were up to 
several orders of magni tude  faster. After  an electrode 
was dipped, potential  decays similar to those following 
Esc were observed. These are explicable on the basis of 
reduct ion of the solution or dissolved O2. In  addit ion 
Bi, In, Cu, and Ag frequent ly  exhibited a very rapid 
(0.1-1 msec) decay of 0.1-0.2V. These rapid decays 
were only observed in conjunct ion with the more nega-  
t ive dip potentials. Thus dipping Bi in  1M KC1 yielded 
an Ed value of --0.42V (Table II) ,  and a potential 
decay to --0.2V occurred in 0.5 msec. However when  
Ed for the same system was --0.2, the very rapid decay 
was absent. 

Significant experimental results.--An explanat ion of 
the results must  rationalize the following observations: 

1. Ed --~ Esc for Au, and in most cases for In, Bi, Ga, 
and Sn. Ed is substant ia l ly  positive of Esc for Ag, Cu, 
and Pt. 

2. The most negative values of Ed for Ag, Cu, In, and 
Bi are followed by a very rapid positive decay which 
does not appear to be explained by the reduction of 
solvent or of impur i ty  O~ dissolved in  the solution. 

3. Both Ed and Esc exhibit  anion effects whether  or 
not Ed equals Esc. 

Table |1. Dip potentials (Ed) under various conditions and corresponding open-circuit scrape potentials (Esc). Potentials with respect to SHE 

No. of 
Predip Ed (V) da t a  

Metal  S o l u t i o n  e n v i r o n m e n t  (p resen t  s tudy)  p o i n t s  gse (V) and Reference  

A u  0.5M Na~$O4 N2 + 0.21 to  + 0.12 3 0.12 (7) 
0.5M Na~SO4 H= 0.II (5) 
1M K F  Na 0.04 3 0.13 (7) 
0.1M KC1 Na - 0 . 0 6 ,  --0.10 2 --0.08 (7) 
1M KC1, p H  = 2.7 to  11 N~, He --0.07 to --0.13 20 --0.12 (7) 
1M KC1, p H  = 12, 13 Na --0.15 2 --0.15 (7) 
0.1M K B r  N2, He --0.16 to  --0.20 6 --0.24 (7) 
0.1M K B r  H~ --0.07, --0 10 2 
0.1M K B r  a i r  0.26, 0.22 2 
1.0M K B r  Na -- 0.20, -- 0.24 3 -- 0.28 (7) 
4.0M K B r  Na -- 0.24, -- 0.29 2 

Bi  0.1M KCIO4 N2 -- 0.33 1 -- 0.35 (5) 
1.0M KCI,  PH = 3.7 tO 12 Na, He --0.21 to --0.42 12 --0.42 (5) 
1.0M KCI,  p H  = 2.7 N~ --0.06, --0.14 2 --0.42 (5) 
1.0M KCI,  PH = 1.8 N= --0.065 2 --0.40 (5) 
1.0M KC1 a i r  -- 0.085 1 

G a  0.45M NaaSO4 + 0.05M H~SO4 Na --0.50 to --0.56 3 --0.63 (8, present) 
1M KCI  + HC1, PH = 1.0 N2 --0.71(b) 
1M KC1 + HCI, PH = 1.8 I ~  --0.70 to --0.81 (a) 
1M KC1 + HC1, p H  = 2.7 N2 --0.79(a) to --0.82 (a) 
1M KC1 N= -- 0.86(a) 
O.9M K B r  + O.IM HC1 N~ --0.50 to  --0.56 4 --0.73 (8, present) 

In 1M KC1, p H  3.7 to  12 N= --0.61 to --0.72 11 --0.72 (5) 
1M KCI,  p H  = 13 N~ --0.08 2 --0.96 (a) (6) 
11%I KCI,  PH = 2.7 to  3.1 Na, He  --0.44 to --0.50 6 --0.70 (a) (5) 

S n  0.1M NaC10 ,  N~ -- 0.38, -- 0.43 2 -- 0.43 (5) 
A g  0.1M KC104 Na -- 0.25 1 -- 0.45 (7) 

O.IM KC10,. a i r  -- 0.30(=~ 
0.1M KCI, PH = 2.7 to 7 N2 0.12 to  --0.19 4 --0.63 (7, 8) 
1.0M KCI,  PH ---- 2.7 a i r  0.08, 0.04 2 
1.0M KC1, PH = 1 to  13 N~ --O.10 to --0.30 19 ~0 .90  
o.IM K B r  N~, He  --0.36 to  --0.41 5 --0.78 (7) --0.84 (8) 
O. 1M K B r  I-~ -- 0.22, -- 0.24 2 
1.0M K B r  N~ -- 0.47 2 -- 0.73 ~a~ (7) 

Cu 0.5M Na2SO, N= 0.09 1 --0.50, -- 0.31 (8) 
0.1M KC1 Na 0.24 to  0.17 2 --0.51, --0.64 (8) 
1M KC1, p H  = 2.7 to 11 N2, He 0.04 to  --0~11 22 --0.51 
1M KC1, p H  = 1 N~ 0.08 1 
1M KCI,  p H  = 13 Na --0.31 3 
1M KCI a i r  + 0.04 2 
1M KCI,  p H  = 13 a i r  --0.02, - -0 . I0  2 
0.1M K B r  N=, He, Ha + 0.09 to 0 11 --0.65, --0.70 (8) 
I M  K B r  Na --0.04 to  --0.12 5 --0.74 
0.01M K I  He + 0.04 to --0.06 3 
0.SM K I  He --O.11 to --0.16 2 

P t  0.SM Na2SO~ N= 0.48 1 0.04 (9) 
0.5M Na=SO~ Ha -- 0.3(=) 
0.SM Na=SOr air  0.15(=) 
1M KC1 N~ 0.39 1 --0.08 
1M KC1, p H  = 12 N2 0.07 2 
1M KC1, p H  = 2.7 N~, He  0.39, 0.41 2 0.02(=~ (9) 
O.IM K B r  N=, H e  0.26 to  0.31 4 --0.16 (9) 
0.1M K B r  H~ -- 0.26 1 
0.1M K B r  a i r  0.65 1 

(a) A l l  of  t he  t a b u l a t e d  Ese v a l u e s  are  i n t e r p r e t e d  as pze 's  e x c e p t  those  w i t h  a s u p e r s c r i p t  ,'(a),, in  w h i c h  cases t a r ada i c  r eac t i ons  are  
cons ide red  to  h e l p  e s t a b l i s h  t he  v a l u e  of  Ese. 

{b~ E~c v a l u e s  w i t h o u t  r e f e r ence  i n  p a r e n t h e s i s  we re  o b t a i n e d  in  p r e sen t  study. 
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4. There  is an in termedia te  pH range over  which the 
values of Ed and Esc reach a plateau and are indepen-  
dent of pH. In acidic solutions Ed and Esc become more  
posit ive and in basic solutions they  become more  
negative.  The pH values at which Esc and Ed shift f rom 
the plateau varies wi th  the meta l  and also often differs 
be tween  Esr and Ed. 

5. Ed is independent  of whe the r  the fresh surface is 
produced in a N2 or a He atmosphere,  and whe the r  or 
not this a tmosphere contains water  vapor. H2 also has 
l i t t le or no effect on Ed except  for Pt, in which case 
there  is a tendency for the revers ible  hydrogen  elec-  
t rode potent ial  to be established. 

6. When an electrode surface is produced in an air 
environment ,  Ed is almost always several  hundred  
mil l ivol ts  posit ive of the value obtained using N2. 

Discussion 
As the scrape potentials have been in te rpre ted  in 

previous studies (5-9), we first r ev iew the explanat ion 
of them and then discuss the dip results  in l ight  of the 
similari t ies and differences. Af ter  the surface of the 
immersed electrode is r emoved  with  its accompanying 
charge and double layer,  the various processes of 
charge separat ion occur at the meta l - l iqu id  interphase 
and faradaic reactions start  at a rate dependent,  among 
other  things, on the potential.  The value of Esr is de- 
te rmined  by which processes occur more  rapidly than 
the scraping process ( the la t ter  has been effected up to 
500 t imes per second).  The dipolar potentials due to 
electron re laxat ion wi th in  the metal, and solvent 
or ientat ion are much faster  than the scrape process. 
Also the specific adsorption of simple ions in most 
cases attains equi l ibr ium by the t ime Esc is detected. 
Therefore  Esc is considered to be the pzc if the faradaic 
reactions are slow enough. This is the case in the 
neut ra l  pH range for all the metals  here  reported ex-  
cept for Ga; in that  case the pzc is obtained in acid. 
The faradaic reactions which normal ly  in terfere  wi th  
obtaining the pzc are the reduct ion of H + ions in acid 
solutions and oxidat ion of metals  (i.e., corrosion) in 
basic solutions. In the present  s tudy corrosion in ter -  
feres wi th  obtaining the pzc for In, Bi, and Sn in basic 
solutions, and for Ga in neutra l  and basic solutions. For  
most base metals  (e.g., A1, Fe, Ni, Zn, Pb) corrosion 
occurs so rapidly at any pH that  it is not possible to 
obtain the pzc by the scrape method  (5). In acid solu- 
tions H + ion reduct ion causes the rapid decay and in 
basic solutions there  is usually no decay or only a slow 
decay caused by 02 reduct ion on a passive film. 

The potential  t ransient  of gold dipped from an iner t  
gas envi ronment  closely resembles that  af ter  scraping 
the electrode, and we  thus in terpret  Ed the same as Esc. 
All of the other  metals  studied behave differently f rom 
gold in that  Ed is e i ther  more posit ive than Esc or a 
rapid posit ive potential  decay occurs at Ed when  Ed : 
Est. As gold is the only meta l  which does not tend to 
chemisorb oxygen (10), we bel ieve that  adsorbed oxy-  
gen is responsible for the differences observed in the 
scrape and dip potential  t ransients  for the other  metals. 
The dip and scrape potentials are so far negat ive of 
known corrosion potentials  that  meta l  oxidation does 
not seem probable. Also, as wa te r  vapor  has no in- 
fluence on the potentials, it would seem that  solvent  
reduct ion is not involved  in the differences. The source 
of oxygen is bel ieved to be in the predip gases (which 
were  on the order of 99.995% pure)  or in grain bound-  
aries or other  imperfect ions in the metals, themselves.  
When the electrodes are dipped, weakly  adsorbed 
molecules such as He or N2 are rapidly displaced by a 
layer  of water  molecules. St rongly  adsorbed atoms 
such as oxygen (or hydrogen in the case of Pt)  remain  
on the surface and may undergo faradaic reactions as 
contact is made  with  the solution. 

The manner  in which Ed is established for Ag, Cu, 
and Pt  cannot be determined wi th  certainty. However  
the very  rapid decays observed for In, Bi, Ag, and Cu 

immedia te ly  af ter  dipping indicate that  faradaic re-  
duction of the adsorbed oxygen occurs. It  is easy to 
rationalize the magni tude  of the decay (approximate ly  
200 mV) wi th  ve ry  small  amounts of oxygen. For  ex-  
ample, if we assume a double layer  capacity of 30 ~cou- 
lombs /cm ~ only 6 ~coulombs/cm 2 of charge is requi red  
to cause the 200 mV decay. Reduction of oxygen  atoms 
at only 1% surface coverage could effect this charge. 
Many times this amount  of oxygen may  be present  in 
the 50 ml or so of predip environment ,  which con- 
tained gases on the order of 99.995% pure  or in imper-  
fections in the metal.  In the case of scrape potentials 
more negat ive values were  obtained for 99.999% pure  
Ag than for 99.95% Ag, so that  in ternal  impuri t ies  such 
as oxygen can also affect Esc. The average rate  of oxy-  
gen reduct ion following Ed for Ag, Cu, Bi, and In is 
approximated as i ~ 6 ~coulombs cm-2/10 -4 sec = 60 
m A / c m  2 (where  10 -4 sec is the average decay t ime) .  
This rate  does not seem excessive when  one considers 
that  the potentials involved are 0.8-1.4V more  negat ive 
than the revers ible  oxygen potential.  Tafel  lines for 02 
reduct ion on Pt (11) ext rapola te  to even la rger  values 
of i at such negat ive oxygen overvoltages.  

Reduction of adsorbed oxygen can explain the rapid 
posit ive decay discussed above for Bi, In, Ag, and Cu 
and also the wide range of dip potentials observed for 
these metals. This phenomena may  also be responsible 
for the significant differences observed for Ed and Esc 
in the cases of Ag, Cu, and Pt. As the negat ive  Esr 
values are never  approached by Ed values, the reduc-  
tion corresponding to 400 mV (from Esc to Ed) would  
need to be several  orders of magni tude  more  rapid than 
that  fol lowing Ed. In this case an a l ternat ive  explana-  
t ion to oxygen reduct ion may be that  the adsorbed 
oxygen contributes a dipolar potent ial  to metals  such 
as Ag, Cu, and Pt  before the O is reduced. Then the 
most negat ive value of Ea would  correspond to the 
potential  of zero charge but for a different surface than 
in the case of Esc. Recent  measurements  by Belyaeva 
e t a l .  (12) show that  the electronic work  function, We, 
of s i lver  increases as oxygen  is chemisorbed onto the 
surface. Moreover  the data of the above authors indi-  
cate that  the shift in We is approximate ly  0.25V if 
enough oxygen is a&ted to give a surface atom ratio 
of O /Ag  ---- 0.06. These data are therefore  not incon- 
sistent wi th  the idea that  Esc corresponds to the pzc 
on a bare surface and Ed corresponds to the pzc on a 
surface which is par t ia l ly  covered wi th  chemisorbed 
oxygen. In this connection a plot of pzc vs.  electronic 
work  function was made for the metals  studied in ad- 
dition to Hg. The plot was drawn through Hg (at pzc _-- 
--0.2V and We ~ 4.5 eV) with  a slope of one. When 
the values of Esc were  used wi th  the more  negat ive  We 
values for Ag (12) and Cu (13), the exper imenta l  
points fell quite  close to the line. When the values of 
Ea were  used along with  the more  posit ive We values 
for Ag and Cu, the exper imenta l  points again fell  qui te  
close to the line. 
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Resistive Wire Electrodes 

Richard Alkire* and Richard Varjian 
Department of Chemical Engineering, University of Illinois, Urbana, IZlinois 61801 

ABSTRACT 

Two-dimensional current and potential distributions have been calculated 
for cylindrical electrolysis cells having a resistive wire electrode along the 
cell axis. Cell behavior has been predicted for both monopolar and bipolar 
electrode situations. The calculations involve solving the Laplace equation 
for the electrolyte resistance, in conjunction with equations for charge-trans- 
fer overpotential and electrode resistance phenomena. Over a wide range of 
parameter space, which includes most practical applications of resistive elec- 
trodes, it was found that simple one-dimensional approximations to Laplace's 
equation yield reaction rate distributions which are in excellent agreement 
with more rigorous two-dimensional calculations. By using the one-dimen- 
sional approximations of monopolar and bipolar electrodes, it may be antici- 
pated that future studies may be conducted with relative ease on mass 
transport phenomena during high-rate electrolysis at resistive wire electrodes. 

During electrolysis, there may be a substant ia l  ohmic 
loss in the electrode if its cross-sectional area is small. 
The resistive loss in  the metal  phase leads to a non-  
uniform potential  in the metal  which may thereby 
cause variat ions in  the local reaction rate along the 
electrode surface. In electroplating operations it is 
known, for example, that deposits of high qual i ty are 
usual ly obtained only over a certain range of cur-  
rent  densities. As a consequence, a highly nonuni form 
current  distr ibution may  be detr imental  to product  
qual i ty owing to variations in plat ing thickness, ad-  
herence, hardness, composition, and appearance, to 
name a few. Industr ia l  processes which involve re-  
sistive electrode effects include production of t inplate  
(1), plat ing of copper and steel wire (2), electrodep- 
osition of magnet ic  alloys onto moving wires (3), 
manufac ture  of pr inted circuit boards (4), and copper 
plat ing on the inter ior  of mil l imeter  wave guides (5). 
In  view of these practical applications, the present  
s tudy has been under taken  in order to elucidate the 
behavior  of resistive wire electrodes. 

Figure  1 (a) i l lustrates the geometry of the electrol-  
ysis cell under  consideration. The wire electrode, hav-  
ing radius ri, passes down the axis of a concentric 
tube of radius to. The end faces of the cylindrical  re-  
gion are insulated. The annu la r  space contains elec- 
trolytic solution. Two different electrical connections, 
shown in  Fig. l ( b )  and (c), are examined in the s tudy 
below. In  Fig. l ( b ) ,  the resistive wire is a cathode 
while the concentric cylindrical  tube is the counter-  
electrode. When a voltage is imposed on the cell, elec- 
trical current  travels along the wire and passes into 
the electrolytic solution via electrochemical reaction at 
the wire surface. The applied voltage is consumed 

* Electrochemical  Society Active Member.  
K ey  words:  resistive electrode, current distribution, bipolar elec- 

trode, wire  electrode, potential  distribution. 

within  the electrolysis cell by  several i rreversible 
phenomena.  If ohmic losses in  the wire electrode are 
negligible, then current  passes between anode and 
cathode such that the secondary potential  distr ibution 
along the wire surface is uni form owing to the cyl in-  
drical symmetry.  On the other hand, if ohmic losses 
in the wire electrode are appreciable, then the poten-  
tial in the electrode varies with position; the remainder  
of the applied voltage, available for other i rreversible 
phenomena,  also varies with position. As a conse- 
quence, the charge- t ransfer  overpotential  may  vary  
with position so that the electrode reaction may occur 
at different rates along the electrode surface. In  most 
cases, the reaction rate on the wire surface will  tend 
to be highest near  the electrical contact. In  Fig. l ( c ) ,  
the resistive wire passes through an insulator  tube 
containing electrolyte; current  passes through the wire, 
from one end to the other. Owing to the wire resist- 
ance, the potential  difference be tween the two ends of 
the wire may serve to drive an electrochemical reaction 
provided that  reactive species are present. Although 
one portion of the wire will act as a cathode while  the 
remainder  will act as an anode, one general ly  has no 
a priori knowledge of the precise location of these re-  
gions. The electrode in Fig. 1 (c) will  be called bipolar 
in  contradist inction to the monopolar  electrode of Fig. 
l ( b ) .  Within the foregoing cells, the principal  phe- 
nomena  which determine the current  distr ibutions at 
low current  densities are the electrolyte resistance, 
electrode reaction polarization, electrode resistance, 
and cell geometry. At high current  densities, mass 
t ransport  restrictions may also arise. 

Several investigations of monopolar  resistive elec- 
trodes have been conducted. With simple l inear  net -  
work models which included metal  resistance, electro- 
lyre resistance, and constant electrode polarization, 
Weisselberg (6) and Fomichev (7) predicted current  



Vol .  121, No.  5 RESISTIVE WIRE ELECTRODES 623 

(a) CELL GEOMETRY 

( ~  MONOPOLAR WIRE ELECTRODE 

(C) BIPOLAR WIRE ELECTRODE 

"///////////////////////////////////////~ 

"//////////////////////////////////////,r 

Fig. 1. Geometric configuration and electrlcal connections for the 
electrolysis cell under investigation. 

distr ibutions which were in  reasonable accord with a 
small number  of exper imental  data. Waber  (8) recog- 
nized the need to take bet ter  account of polarization 
phenomena and proposed a l inear  model. In  a series 
of publications. Conway et al. (9-11) also used more  
realistic polarization laws, but  did not include the 
effect of electrolyte resistance. In  an advanced t reat -  
ment, B5hnlein  (12) accounted for electrolyte resist- 
ance effects and applied the results to magnetic  wire-  
plat ing processes. None of the foregoing studies con- 
sidered mass t ransport  l imitat ions which arise at high 
current  densities. The effect of convective heat-  and 
mass- t ransfer  to moving wires and sheets has re-  
ceived considerable at tent ion in  the chemical engi-  
neer ing l i tera ture  (13-18). The effect of wall  conduc- 
t ion on the heat t ransfer  from a boundary  layer  has 
also received at tent ion (19, 20). The extensive experi-  
menta l  studies on high-ra te  wire-p la t ing  by Tvarusko 
(21) are especially noteworthy since they demonstrate  
that mass t ransport  l imitat ions are impor tant  for the 
operat ing conditions used commercially. Alkire  (22) 
and Alkire and Tvarusko (23) modeled mass t ranspor t  
of reactants to resistive electrodes under  conditions 
of uniform st irr ing and of unsteady-s ta te  diffusion, 
respectively, but  did not include electrolyte resistance 
effects. In  sophisticated studies, Tobias and Wi j sman  
(24) and Ishizaka et al. (25) accounted for electro- 
lyte resistance by solving the Laplace equat ion for 
cells having resistive electrodes, uni form concentra- 
tions, and l inear  polarization laws; these two analyses 
were sufficiently complex that  fur ther  expansion to 
include mass t ransport  effects would be difficult. How- 
ever, in their  study of p lanar  electrodes, Tobias and 
Wijsman i l lustrated that  substant ial  simplifications can 
be made when the current  flow in the electrolyte is 
unidirectional.  

The behavior  of resistive bipolar  wire  electrodes has 
been  the subject  of a small  number  of investigations. 
The l inear  ne twork  model of Harvey (26) accounted 

for electrode resistance and l inear  polarization, while 
Nakata et al. (27) included electrolyte resistance phe-  
nomena  in a one-dimensional  manner .  In  a related 
work on one-dimensional  bipolar  porous metal  dia- 
phragms, Alkire (28) incorporated electrode and elec- 
trolyte resistance, nonl inear  polarization, diffusion and 
convection phenomena.  However, the porous dia- 
phragm model may not be suitable for predicting be-  
havior of bipolar resistive wire electrodes since the 
potential  and concentrat ion fields may not  be one- 
dimensional.  

Analyses of h igh-ra te  processes at wire electrodes 
need to include mass t ransport  and electrolyte resist- 
ance phenomena as well  as electrode resistance and 
reaction polarization effects. The foregoing survey 
indicates that studies to date on wire electrodes have 
not achieved this goal. The problem arises in  coupling 
the solution of the Laplace equation, for the electrolyte 
resistance, to mass t ransfer  processes occurring near  
the electrode surface. Even in  the absence of elec- 
trode resistance effects, the successful studies to date 
(29, 30) have had to incorporate complex procedures 
for obtaining solutions by numerical  methods. A sim- 
pler approach, ini t iated in  the study below, is to in -  
vestigate the range over which the solution of the La- 
place equation may be approximated by unidirect ional  
current  flow. Over this range, it may be anticipated 
that  the mass t ranspor t  problem may be attacked with 
relat ive ease. 

Mathematical Development 
The following analysis of monopolar  and bipolar  

resistive electrodes incorporates the effects of the 
ohmic resistance of the wire electrode, the activation 
overpotential  of the electrochemical reaction, the 
ohmic resistance of the electrolyte, and the geometry 
of the electrolysis cell. The voltage applied to the elec- 
trolysis cell is assumed to be held constant dur ing 
electrolysis. The following assumptions outl ine the 
model: (i) the potential  in  the wire electrode varies 
along its length in a one-dimensional  manner ;  (ii) the 
electrolytic solution is of uni form composition so that  
the potential  dis t r ibut ion obeys Laplace's equation; 
(ii i)  a single reversible electrochemical reaction oc- 
curs in accord with But ler -Volmer  kinetics; ( iv )  no 
s t ructural  or geometric changes of significance occur 
dur ing electrolysis; (v) the ohmic resistance of wire 
electrode external  to the electrolysis is negligible;  and  
(v i )  the counterelectrode is unpolarized for the mono-  
polar electrode cell. 

As indicated in Fig. I, the z-coordinate extends down 
the axis of the cell, while the r -coordinate  extends 
from the wire surface, rf, to the outer  tubu la r  surface, 
%. The current  and potential  wi th in  the wire  elec- 
trode are related by  Ohra's law 

d~m 
[1] ira(Z) "- --r dz 

The electronic current  in the wire, im (z), varies wi th  
position owing to the electrochemical reaction which 
occurs on the wire surface 

dim(z) 2 
- - = - ,  j ( z )  [21 

dz ?'i 

The local electrochemical reaction rate, j (z), proceeds 
at the wire surface (r : ri) and is related to the po- 
tent ial  difference between metal  and solution phases 
by  the But ler -Volmer  expression 

j (z )  = io exp ~ [era(z) -- Vs(z)] 

- -  exp RT [~ra(z) -- ~s(z)]  [3] 

where Cs(Z) denotes the potential  in  the solution ad-  
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j acen t  to the  wi re  surface. Fo r  the  sake of convenience, 
we wil l  denote the  r ight  side of Eq. [3] as /or ig in(z)  --  
Cs(Z)]. The local react ion rate,  j ( z ) ,  is also r e l a t ed  
to the  potent ia l  g rad ien t  in the e lect rolyt ic  solut ion 
ad jacen t  to the  wire  surface 

0~ (r, z) 
j(z) = - K - -  [4] 

~'l" r= ri 

Final ly ,  the potent ia l  d is t r ibut ion  in the  e lec t ro ly t ic  
s o l u t i o n  obeys the equat ion of Laplace  

1 0 [ O~(r,z) ] 02~(r ,z)  
r + - -  = 0 [5] 

r Or Or Oz 2 

The bounda ry  conditions which app ly  to the foregoing 
equations a r e  

[6]  

8~ I 0~ I = 0  
"~z z=o = ' ~ z  ~=L 

0r  I _ j ( z )  

I ~ T  r=ri  g 

F o r  t h e  monopolar  s i tua t ion  depicted in Fig. 1 (b) 

I d~m 
r = = 0  

r=ro d z  z = L  
[7]  

Cm[z=0 = ~A 

F o r  the b ipo la r  s i tuat ion depic ted  in Fig. 1 (c) 

~ / = r  = 0  
Or r=ro z=L 

[8]  

Equat ions [1], [2], [3], and  [5], along wi th  the  bound-  
a ry  conditions, define the  res is t ive e lect rode model.  I t  
i s  easy to recognize tha t  the  potent ia l  d is t r ibut ion  
must  be  de te rmined  in two separa te  phases:  the  meta l  
and the e lect rolyt ic  solution. For  the genera l  case given 
above, the  solut ion to the  problem is found by  ma tch -  
ing the potent ia l  d is t r ibut ions  along the common 
bounda ry  be tween  the e lec t ro ly te  and the electrode.  

The procedure  for obta in ing a solut ion m a y  be s im- 
plified a grea t  deal  if the flow of cur ren t  th rough  the 
e lec t ro ly t ic  solut ion is app rox ima te ly  unidirect ional .  
Two cases a re  possible, depending on whe the r  the  wire  
e lect rode is monopolar  or  bipolar .  In  o rder  to ascer ta in  
the range of condit ions under  which such simplif ica-  
tions are  appropr ia te ,  resul ts  obta ined  wi th  the genera l  
m o d e l  out l ined above a re  compared  wi th  the  fol lowing 
two approx ima te  models.  

Monapolar Approximation 
If  the  cur ren t  car r ied  by  the e lect rolyt ic  solut ion 

t ravels  only  in the radia l  direction, then the  z -de r iva -  
t ive  of Eq. [5] may  be deleted;  in tegra t ion  of wha t  
r e m a i n s  gives the  resul t  

Cs(z)------riln ( r - ~ i ) j ( z ) ~  [9] 

since the potent ia l  of the  countere lec t rode  is chosen 
to be zero. Combining Eq. [3] and Eq. [9] gives the  
a lgebra ic  express ion 

, , ( z )  = v i i ~  r--~i ) { , [ ,m(z )  - - r  [10] 

Fur the rmore ,  Eq. [1], [2], and [3] m a y  be combined to 
obta in  the  resul t  

d2~bm (Z) 2io 
- -  = ~ { l [ r  - ~ s ( z ) ] }  [11]  

d z  2 1"i~ 

Equations [10] and [11] const i tute two equations h a y -  

ing the two unknown potent ia l  d is t r ibut ions  era(z) 
and r The bounda ry  conditions needed for Eq. 
[11] are  given in Eq. [7] above. 

Bipolar Approximation 
If  passage of cur ren t  in the  e lec t ro ly te  is p r imar i l y  

in the  axial  direction, then  Eq. [5] may  be abandoned  
in favor  of a one-d imens iona l  form of Ohm's l aw writ~ 
ten  for the  solut ion phase 

d~s(z) 
i s ( z )  = - -  ~' [12]  

dz 

Since the ionic current  carr ied  by  the e lec t ro ly te  varies  
wi th  axial  posi t ion owing to the  e lect rochemical  re~ 
action source at the  wire,  one has 

dis (z) 2ri j (z) [13] 
dz (ro 2 - -  Ti 2) 

By different ia t ing Eq. [12] and combining the  resul t  
wi th  Eq. [3] and  [13], one has for the  solut ion phase 

d2r (z) 2rlio 
{ f [ ~ m ( Z )  - c s ( z ) ] }  [14]  

d z  2 (? '0  2 - -  ? ' i  2 )  x 

Equat ion [11] appl ies  in the  e lec t rode  phase;  t aken  to ,  
gether,  Eq. [11] and [14] const i tute  two different ial  
equat ions having the two unknown potent ia ls  era(z) 
and Cs(Z). The four  bounda ry  conditions m a y  be 
d rawn  from Eq. [6] and [8]. The one-d imens ional  bi -  
polar  approx imat ion  der ived  here  is essent ia l ly  iden-  
t ical  to the t r ea tmen t  of b ipo la r  porous meta l  d ia-  
phragms (28). 

By in t roducing the fol lowing dimensionless  var iables  

r z nF  2Lj nFLi  ~ 
p - - - - ,  ~ = - ~ ,  r  r J - -  . , ~ - - - -  

ri RT riz ~ ~RT 

the  number  of independent  system pa ramete r s  is re -  
duced to the fol lowing independent  dimensionless  
quant i t ies  

r i 2 o  " 2nFL2io ro ri 

= L2"--'-~ ' ~ -- ariRT ' po = ~'ri 7 = ~L 

A physical  in te rpre ta t ion  of each of these pa rame te r s  
wil l  be provided  in the discussion section below. 

Methods of Solution 
The equations and bounda ry  conditions which de-  

scribe the  severa l  models  must  be solved s imul tane-  
ously. Owing to thei r  complexi ty,  ana ly t ica l  solutions 
are  not convenient  so that  computat ions  were  made  by  
numer ica l  methods  in conjunct ion with  an IBM 360 
digi ta l  computer .  The method  of solut ion var ied  ac-  
cording to the  model.  

General Monopolar and Bipolar Models 
Equations [1], [2], [3], and [5], along wi th  bound-  

a ry  conditions [6]-[8]  define the  genera l  models.  The 
procedure  for solving the equations is complex be-  
cause the equations a re  s t rongly  coupled. The i te ra t ive  
scheme out l ined below was found to converge r ap id ly  
over  a wide range  of pa r ame te r  space. 

In  the e lect rolyt ic  solution, Eq. [5] descr ibes  the 
potent ia l  dis tr ibut ion.  In tegra t ion  proceeded by  sepa-  
ra t ion o f  var iables  in o rder  to obta in  an express ion 
for the  potent ia l  d is t r ibut ion  in the  solut ion adjacent  
to the  wire  e lect rode surface 

4'S(~) = Bo-}- ~ BnCOS (In~) [15] 
n=l 

The details of the derivation depend on whether the 
wire is monopolar or bipolar, and are outlined in Ap- 
pendix I. The potential distribution within the wire 
electrode may be found by combining Eq. [I], [2], [4], 
and e i ther  [A-I -3]  or  [A-I -4] ,  as out l ined in Append ix  
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II. For the monopolar  wire, the result  is 

2Bo~" Bo~ 2 
CM ( D  = CA ~- - -  

r In po ~ in  ~o 

BnRn'(1) [1 cos (~.n~) ] [16] 2 

r .=i ~2 

while, for the bipolar wire, one finds 

{ __ 
@M(~') -- @A -~" ~ n=l ~n 2 

[ 1 -  ( - 1 )  n ] - r  
J 

2 BnRn'(1) [1 cos (kn~)] [17] 

The B-coefficients which appear in Eq. [15]-[17] may 
be calculated from a tr ial  guess of the potential  dis- 
t r ibut ion  wi th in  the cell; the manipu la t ion  of Eq. [3], 
[4], [15], [16], and [17] to accomplish this goal is 
out l ined in  Appendix  III. After achieving convergence, 
the dimensionless form of Eq. [3] is used to calculate 
the current  dis t r ibut ion 

J ( D  = --~ [exp {a[CM(D -- CsQ) ]} 

- -  e x p  { (= - -  l )  [~M(~)  - - r  [18] 

For the monopolar  electrode, integrat ion of the current  
distr ibution over the entire electrode begets the total 
current  flowing in the system 

oLJ(~)d~ -- 1.0 [19] 

whereas, for the bipolar  electrode, the anodic and 
cathodic currents  must  balance exactly 

ls = 0 

dc~ ~=0 [20] 

The i terat ive procedure of solution consists of the 
following steps: 

(i) Make some reasonable ini t ial  guess of the po- 
tent ial  distr ibutions CM(~) and Cs(f).  The approxi-  
mate models may be employed to generate the ini t ial  
guess. 

(ii) From the procedure described in Appendix III, 
calculate tr ial  values of the B-coefficients. 

(iii) Calculate a revised trial  dis t r ibut ion of Cs(~) 
by subst i tut ing the B-coefficients into Eq. [15]. 

(iv) Calculate a revised tr ial  dis t r ibut ion of r  
by subst i tut ing the B-coefficients into either Eq. [16] 
or [17]. 

(v) With the foregoing revised potential  dis t r ibu-  
tions in hand, re tu rn  to i terat ion step (ii) and repeat 
the sequence of operations un t i l  convergence is 
achieved. The cri terion for convergence is that  two 
successive Cs (D distr ibutions agree everywhere to 
wi th in  0.01%. 

(vi) With converged potential  distr ibutions in hand, 
calculate J ( [ )  and ;~ from Eq. [18]-[20]. 

It was found that  the convergence scheme outl ined 
above usual ly  converged in  less than  ten  i terations 
regardless of the crudeness of the init ial  guesses in  
step (i). If the approximate models were used to gen-  
erate the first guess, convergence was general ly  
achieved wi th in  four iterations. It was found that  %he 
results were essentially independent  of mesh spacing if 

fifty or more mesh points were employed. For both 
monopolar  and bipolar  electrodes, 1000 B-coefficients 
were used. 

Several  other i terative schemes were tried, bu t  none 
met with success over wide ranges of parameter  space. 
For example, the B-coefficients are related to the cur-  
rent  distr ibution along the wire as may be found by 
applying orthogonali ty requirements  upon Eq. [A-I-3] 
or [A-I-4].  Thus a simple method for calculating the 
B-coefficients, in principle, is by appropriate in tegra-  
t ion of a tr ial  guess o f  the current  dis t r ibut ion along 
the wire. Knowledge of the B-coefficients can, in  turn,  
provide a new estimate of the potential  distr ibution 
along the wire surface and thereby permit  calculation 
of a revised current  distribution. During this study, 
several i terat ion schemes were developed along this 
l ine but  all failed to converge, even when the ap- 
proximate model was used to generate the ini t ial  guess. 
It seems reasonable that  the difficulty in  convergence 
is in part  a t t r ibutable  to the na ture  of the reaction rate 
expression; even slight errors in the tr ial  potential  dis- 
t r ibut ions become highly magnified since the errors ap- 
pear in exponential  terms. It is bel ieved that the suc- 
cess of the convergence scheme used in  this study is 
a t t r ibutable  to the fact that  the current  distribution, 
J ( D ,  has been el iminated from all steps wi thin  the 
i terative procedure. It is not necessary to calculate the 
current  dis t r ibut ion unt i l  a converged solution for the 
potential  distr ibutions is available. 

Approximate Monopolar and Bipolar Models 
Each approximate model consists of two equations 

to be solved simultaneously.  The dimensionless equa- 
tions which describe the two approximate models are: 
Monopolar 

~r In po 
@s(~) = -  [e a(r162 - - e  (~-1)(r162 [21] 

2 

d2r (~) 2 
- -  - -  r  (~) [22]  

d~ 2 r In po 

dr  
c~(0)  -- CA, ~ = 0 

d~ 

- -  -- ~ [e a(r162 -- e(a-1)(r162 )] [23] 

d2@s (~) x d2@M 
- -  [24]  

d~2 ~ d~2 

des(0) d~s (1) 
= ~ = r  = 0  

d~ d~ 

r = CA 
where  

2 r l i o n F L  2 
x ' -  

(to 2 -- ri 2) K RT 

The equations were solved by first l inearizing them 
about a trial  solution and then placing them into finite 
difference form. The resul t ing tr idiagonal  matrices 
were then inver ted (31) in order to obtain revised 
potential  distributions. The solution of the nonl inear  
problem was obtained by i terat ion wi th  successive 
correction of the approximate potential  distr ibutions 
obtained by each calculation. It was found that 50 
mesh points gave results which were essentially inde-  
pendent  of mesh spacing. The criterion for convergence 
upon the nonl inear  solution was that  two successive 
+M(f) distr ibutions agree to wi th in  0.001%. 

Results and Discussion 
The model described in the present  invest igat ion 

contains three phenomena which act to consume the 
applied potential:  wire resistance, electrolyte resist-  
ance, and charge- t ransfer  reaction resistance. The rel-  

Bipolar 

d2@M (~) 

d~2 
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ative importance of these three effects is indicated by 
two dimensionless parameters .  The first is proport ional  
to the exchange current  density divided by the meta l  
conduct ivi ty  

2nF/~/o 
4 - -  

r 

A large value of the parameter  $ would  therefore  cor-  
respond to a system with a very  revers ible  react ion 
occurring on an electrode of low conductivity.  In such 
a system, the applied ~otential  would  be consumed 
pr imar i ly  by the electrode resistance, not by charge-  
t ransfer  overpotent ial ;  further ,  the electrochemical  re-  
action would  tend to occur pr imar i ly  near  the electr i -  
cal contact end of the wire. That is, for large values of 
$, the ohmic resistance of the wire  tends to cause a 
nonuniform current  distribution. A second pa ramete r  
contains informat ion about the electrolyt ic  solution 

~ - -  
L~K 

It is seen that  if r has a small  value (high solution 
conductance, low electrode conductance),  then the ap- 
plied potential  would be consumed more  by ohmic 
losses in the electrode phase than by ohmic losses in 
the electrolytic solution phase. 

Two additional parameters  define the geometr ic  con- 
figuration of the cell 

ro ri 
P 0 - - - - ,  3"------ 

r i  L 

Monopolar Electrode 
Le t  us f i rst  discuss behav io r  of  m o n o p o l a r  w i r e  e lec-  

t rode  models.  Results g i ven  in  Fig. 2, 3, and 4 were  
obtained with  the general  ( two-dimensional)  model. 
It  was found that, over  the ent i re  range of pa ramete r  
space invest igated below, the approximate  (one-di -  
mensional)  model  gave current  and potential  dis tr ibu-  
tions which agreed to wi thin  4% of those given by the  
general  model. As a consequence, the compilations 
presented in Fig. 5, 6, and 7 were  per formed wi th  the 
approximate  model. Discussion of the unusual  agree-  
ment  be tween  general  and approximate  models wil l  
be postponed unti l  the end of the section. 

Figure  2 i l lustrates how the three  overpotent ia ls  
va ry  with  distance along a wire  electrode for one 
typical  situation (~ _-- 1.0, ~ -- 1.0, r = 3, P0 = 10, 
3" ---- 10-~). Al though the three  overpotent ials  va ry  
with  distance along the wire, their  sum is always a 
constant (the applied potent ia l ) .  The t rade-off  among 

J 
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Fig. 2. 0verpotential distributions along a resistive monopolar 
wire electrode (4 = I ,  ~ - -  1, ~A = 3, po = 10, 3" - -  I 0 - 3 ) .  

the three  overpotentials,  and their  var ia t ion with  dis- 
tance along the wire, depends on the re la t ive  magni -  
tudes of the dimensionless parameters  out l ined pre-  
viously. Consider the position ~ ---- 0, the electrical  
contact end of the electrode; the applied potent ial  is 
distr ibuted be tween  the charge- t ransfer  overpotent ia l  
and the ohmic loss in the electrolyte.  As we depart  
f rom the contact end and move  down the wire, the 
ohmic resistance of the meta l  acts to consume an ever -  
increasing proport ion of the applied potential.  The 
consequence is that  the charge- t ransfer  overpotent ia l  
decreases wi th  distance along the  wire. 

Figure  2 i l lustrates that  the var ia t ion of charge-  
t ransfer  overpotent ia l  along the wire  leads to a non- 
uniform current  distribution. The local react ion rate 
is always highest at the contact end of the wire, and 
decreases with distance along the wire. For  low values 
of r the resistance of the electrolyte  is low wi th  re-  
spect to charge- t ransfer  and wire  resistance effects; 
the uni formi ty  o f  the current  distr ibution then de- 
pends solely on the value  of pa ramete r  4. If  ~ is large, 
the ohmic loss in the meta l  is large and the current  
distr ibution is nonuniform; if E is small, then the 
charge- t ransfer  overpotent ia l  predominates  and the 
current  distr ibution is uniform. In Fig. 3 it may  be 
seen that  as the ohmic resistance of the solution is 
increased (by increasing ~), the reaction rate  distr i-  
bution becomes more and more  uniform. Thus, even  
though ~ may  have  a large value, the react ion distri ~ 
bution may  never theless  be quite  uniform because of 
the resistance of the electrolytic solution. 

Figures 2 and 3 i l lustrate  the behavior  t rends of the 
potential  and current  distributions for a few typical 
parameter  values. However ,  it is desirable to display 
a great  deal of detai led data in a more  convenient  
manner.  The following figures i l lustrate  several  ap- 
proaches. 

The total cell current  divided by the applied poten-  
tial may  be denoted as the over -a l l  conductivi ty of the 
electrolysis cell. The over -a l l  conduct ivi ty  of the cell 
will  depend on the system parameters .  F igure  4 i l-  
lustrates the var ia t ion of the over -a l l  cell conduct ivi ty  
wi th  the two parameters  ~ and r (~ ~ 10 -3 , p0 = 10, 
cA ~ 3). Since the applied potential  has the same 
value for all these curves, it is recognized that  the 
current  passing through the cell depends s t rongly on 
the system parameters.  By increasing $, the cell cur-  
rent  tends to increase; however  a tenfold increase of 
does not increase the cell current  by tenfold since the 
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Fig. 3. Effect of electrolyte conductivity on monopolar current 
distr, ibution (~ ~ 1, ~'A ~ 3, P0 ~ 10, 3' ~ 10--3). 
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Fig. 4. Effect of exchange current density and electrolyte con- 

ductivity on monopolar cell behavior (~A ~- 3, ,o0 "-- 10, "y ~ 10--'~). 

current  dis t r ibut ion is not uniform. For small  values 
of ~, the electrolytic solution is highly conductive; for 
large values of $, however, the electrolyte resistance is 
large with respect to other resistances. Thus for sys- 
tems exhibi t ing large ~, increasing the exchange cur-  
rent  density (increasing 0 would have li t t le effect on 
cell current  since the charge- t ransfer  resistance is 
negligible. For  in termediate  values, such as ~ = 1.0, 
increasing 4 will  act to increase the total cell current  to 
a certain extent ;  however, the charge- t ransfer  resist-  
ance may  eventua l ly  become reduced to such values 
that  fur ther  increases in $ would have no effect on cell 
current.  For example, one sees in  Fig. 4 that the ceil 
conductivi ty for ~ = 1.0 increases with 4 but  reaches 
a plateau at about 4 ---- 10. 

The over-al l  conductivi ty also varies with geometric 
configuration of the electrolysis cell. The effect of 
parameter  p0 on over-al l  conductivi ty is shown in  Fig. 
5. When p0 has a small value, that  is, when the dis- 
tance be tween electrodes is small, then  the electrolyte 
resistance tends to be  low so that  the parameter  4 
exerts a strong influence on the system behavior.  On 
the other hand, when  p0 is large, the ohmic resistance 
of the electrolyte is large, thereby decreasing the rela-  
tive importance of parameter  4. Also, it is recognized 
that  the ohmic resistance of the electrolyte arises pr i -  
mar i ly  adjacent  to the wire, where the normal  cross- 
sectional area for current  flow is small. The effect may 
be seen in  Fig. 5 where in  the downward shift of the 
curves becomes smaller  with successively larger values 
of po. The effect of increasing po from 2 to 10 is thus far 
greater  than  increasing it from 100 to 1000. Because of 
the nonl inear  reaction rate expression, Eq. [3], the 
curves presented in  Fig. 4 and 5 will  vary  as the ap-  
plied potential  is changed. In  general,  an increase in  
applied potential  will  act to shift the curves upward,  
that is, to increase the over-al l  conductivity. 

A somewhat different approach to compiling system 
behavior  is also available (22). The method takes ad-  
vantage of the fact that  the applied potential  is par-  
t i t ioned into three overpotentials 

CA = ~S(~) + ~A(f) + ~W(D 

where ~ls ---- potential  consumed by electrolyte resist-  
ance, ~A = potential  consumed by the charge- t ransfer  
process, and ~lw = potential  consumed by wire resist-  
ance. 
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Fig. 5. Effect of exchange current density and counterelectrode 

radius on monopolur cell behavior (~ ~ 1, CA ~ 3). 

Although the three overpotenials may vary  in  mag-  
ni tude with position along the wire, they always sum 
to the applied potential  which is a constant. As a con- 
sequence, the relat ive magni tude  of each overpotent ial  
may be depicted on an equi la teral  t r i angular  graph as 
i l lustrated in  Fig. 6. Each point wi th in  the triangle, 
designated as a part i t ion point, corresponds to a differ- 
ent part i t ioning of the applied potential  among elec- 
trode resistance, charge-transfer,  and electrolyte re-  
sistance effects. For example, the par t i t ion point  which 
corresponds to the insulated end of the electrode sys- 
tem depicted in  Fig. 2 is denoted by  point A in  Fig. 6. 
The par t i t ion points at the insulated end of other sys- 
tems may also be found in Fig. 6 at the intersection of 
the appropriate grid lines which are d rawn for various 
values of 4 and ~. Similarly, the part i t ion point  in Fig. 
6 which corresponds to the electrical contact end of the 

% 

. o _ o ~ 

,'7 ~ / o o ~ 6 

Fig. 6. Compilation of overpotential partitioning for monopolar 
resistive electrode (CA - -  3, PO ~ 10). 
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electrode in Fig. 2 is shown as point B. Ohmic effects 
are always absent at the electrical  contact end, so that  
such part i t ion points always fall on the  'IS-~IA "binary"  
base l ine at a position which is de termined solely by 
the product }~. Therefore  Fig. 6 allows us to de termine  
the re la t ive  effects of the three overpotent ia ls  at the 
left  and right ends of the cell. 

A numerical  example  may  i l lustrate the use of Fig. 6. 
Suppose that  a par t icular  system under  considerat ion 
has the paramete r  values such that  p0 = 10, Ca = 3, 

= 1.00, and $ = 1.00. The product }~ is 1.00. Since, 
at the electrical  contact end of the cell, the ohmic loss 
in the wire  electrode is zero, we find from the nS-nA 
base line that  the ohmic loss in the solution equals 55% 
of the applied potential  and the charge- t ransfer  over -  
potential  consumes 45% of the applied potential  (point 
B). At the insulated end of the wire, we find the p~r- 
ti t ion point where  the lines intersect  corresponding to 

= 1.00 and ~ = 1.00 (point A).  F rom the t r iangular  
graph, we read that  the ohmic drop in the electrode 
has consumed 20% of the applied potential,  the ohmic 
loss in the electrolyte  has consumed 44%, and the 
charge- t ransfer  overpotent ia l  has consumed 36% of the 
applied potential.  

It is convenient  to recall  that  the current  dis tr ibu-  
tion along the wire  will  tend to be nonuniform only 
if ohmic losses in the meta l  phase are appreciable wi th  
respect  to other  effects. Therefore  if the insu la ted-end  
part i t ion point lies near  the ~w apex of Fig. 6, the 
current  distr ibution wil l  be nonuniform. If the in-  
sulated end part i t ion point lies near  the ~IS-~IA base 
line, the current  distr ibution will  be uniform. Figure  7 
is a t r iangular  graph for a cell having radii  ratio p0 = 
1000. By comparison with  Fig. 6 (p0 = 10), one may  
recognize that  the ohmic loss in the electrolyte  in-  
creases by increasing po, other  conditions remaining 
equal. That is, an increase in p0 shifts the par t i t ion 
points toward  the ~s apex. However ,  the magni tude  of 
the shift becomes smaller  as p0 increases, as was men-  
t ioned in conjuction with  Fig. 5. 

A change in applied potential  affects the grids g iven 
in Fig. 6 and 7 owing to the nonl inear  react ion rate  
equation. An increase in ~A tends to reduce the re la-  
t ive importance of charge-tr~insfer overpotent ia l  and 
thereby  shift the grid away from the ,]A-apex, that  is, 
upward  and to the left. 

The approximate  model  of unidirect ional  radial  cur-  
rent  flow in the electrolyte  has been found to give 

o~ ~, 

~'~ 
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Fig. 7. Compilation of overpotential partitioning for monopolar 
resistive electrode (CA = 3, ,o0 = 1000). 

current  and potential  distributions which are in excel-  
lent  agreement  wi th  the two-dimensional  model. Ow- 
ing to the cylindrical  geometry,  it has been ment ioned 
that  the ohmic resistance of the electrolyte  arises pr i -  
mar i ly  near the wire  surface where  the cross-sectional 
area normal  to current  flow is small. Therefore  it seems 
reasonable that  differences be tween  the two models in 
predict ion of reaction rate distributions would  depend 
pr imar i ly  on whe the r  unidirect ional  radial  flow oc- 
curred near  the wire  surface. Far  away from the wire  
surface, deviations from one-dimensional  current  flow 
may  indeed occur, but their  effect on over -a l l  cell be-  
havior  would be minimal  since the regions far  from 
the wire  surface do not contr ibute  an appreciable 
ohmic resistance to the cell. In addition, it seems rea-  
sonable that  differences be tween  the two models would 
arise only when the resistance of the electrolyte  con- 
sumed an appreciable fract ion of the applied potential:  
that  is, significant deviations from unidirect ional  radial  
flow may  be anticipated when  the react ion rate  dis- 
t r ibut ion is nonuniform and, at the same time, when 
the solution resistance is appreciable.  On the basis of 
ear l ier  discussion, the current  distr ibution wil l  be non- 
uniform when the paramete r  ~ has a large value. In 
addition, the resistance of the solution will  be appreci-  
able when r has a large value;  however ,  too large a 
value of ~ will  render  the react ion rate  distr ibut ion 
uni form as was shown in Fig. 4. Therefore  deviations 
be tween  one-  and two-dimensional  monopolar  calcula- 
tions are most l ikely to affect the predicted react ion 
rate  distr ibution when  } is large, and when  ~ is in the 
range be tween 0.1 and 10. 

The potential  distr ibution in the solution is given by 
Eq. [A-I-3] .  If  the  unidirect ional  approximat ion is 
suitable near  the wire  surface, then the ratio of axial  
to radial  potential  gradients must  be very  small every-  
where  along the wire  surface. By appropriate  differen- 
t iat ion of Eq. [A-I-3] ,  one obtains the conditions 

0f p=l 
-- ~ Bn~n sin (~nD 

O~I ' Bo 
0"-~ p=l -- In P'---o "t" ~ BnRn'(1)COS()~n~) 

n = l  

0o 

2 ~ Bn~.nsin(~nf) 

= [251 

which may  be evaluated if the B-coefficients are 
known from a converged two-dimens ional  solution. 
The ratio given by Eq. [25] is equivalent  to the ratio 
of axial  to radial  current  flowing near  the wire  sur-  
face. The ratio therefore  has zero values at ~ = 0 and 
1, the insulat ing end planes, but  takes on nonzero 
values at in termediate  positions. F rom the r ight  hand 
side of Eq. [25], it is seen that  the assumption becomes 
worse  as ~ becomes small;  however ,  as noted above, 
small .~ corresponds to a si tuation where  the electro-  
lyte  resistance is negligible so that errors would  be of 
l i t t le consequence. For  the conditions ~ = 100, ~ = 1, 
p0 = 10, ~ = 10 -s,  the largest  axial  current  was found 
to be 0.15% of the radial  current  at the wire  surface. 
Larger  deviations were  found for ve ry  short, fat wires, 
but  such geometries  are not commonly found among 
practical situations involving resist ive wires. For  the 
geometries  associated with  the practical applications 
cited in the in t roductory remarks,  the flow of current  
in the electrolyte  may  be taken to be unidirect ional  in 
the radial  direction. 

When p0 has a small  value, the current  density at the 
counterelectrode may  be large so that  polarization 
would  occur, violat ing assumption (vi). For unidirec-  
t ional radial  flow, the current  density along the 



VoL 121, No. 5 RESISTIVE WIRE ELECTRODES 62g 

counterelectrode would be 

Ti . 
Jr (z) = - -  ~wire (z) 

ro 

If, however, the max imum current  densi ty along the 
counterelectrode is not to be greater than  the exchange 
current  density of the counterelectrode reaction, then  

Jc.e. max --  ioe.e. 

One thereby, arrives at a criterion for judging whether  
the counterelectrode would be polarized 

#wi~gwi~e m~ 
,oo ~ [26] 

~c.e. 

Bipolar Electrode 
The approximate bipolar  electrode model has been 

treated in  Ref. (28). Since the over-al l  quali tat ive 
features are discussed therein, we choose not to dupl i -  
cate them here. Instead, a t tent ion will be focused on 
the region of validity of the one-dimensional  model 
by comparing results with the two-dimensional  bipolar  
model. The parameter  x, which arises in  the one-di -  
mensional  t rea tment  is related to the parameters  of the 
two-dimensional  model by 

X : [27] 
" / 2 ( p 0 2 -  1) 

According to earlier discussion, it is anticipated that  
deviations between the two models will  occur when  
two conditions are met:  (I) the current  dis t r ibut ion is 
nonuni form and (II) an appreciable fraction of the 
applied potential  is consumed by electrolyte resistance 
effects. That is, ~ should be larger  than  unity, say 100. 
For the one-dimensional  model, the range 1 ~ x < 1000 
was found to satisfy the second condition (28). 

A simple basis for comparing the models is to ex- 
amine the over-al l  cell conductivi ty (/VCA) predicted 
by the models. Figure 8 shows how the ratio of two- 
dimensional  to one-dimensional  over-al l  conductivity 
varies with the Parameters  r % and p0. Deviations 
from one-dimensional  behavior  occur when  the value 
of the ordinate differs from unity.  Deviations always 
occur such that  the ordinate-rat io  is less than  uni ty ;  
that  is, the two-dimensional  /~ is less than  the one- 
dimensional  ~. This observation is reasonable since the 
one-dimensional  model does not 'take account of the 
added ohmic resistance caused by the radial  component  
of current  flow. For p0 ---- 10, it may be seen that  ap- 
preciable deviations set in when  the value of ,y exceeds 
0.01, and when r lies in the range 10 -3 ~ r ~ 10. For 
p0 ---- 1000, deviations occur over the range 10 -4 < r 
i0. 
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Fig. 8. Comparison of one-dimensional and two-dimensional 

bipolar electrode models (r = 1, ~ = 100), 

The basis chosen for comparing one- and two-di -  
mensional  models in Fig. 8 is a rb i t ra ry  and may not be 
suitable for some purposes. Nevertheless, on that basis, 
the calculations carried out in this study indicate that  
the one-dimensional  approximation is good provided 
that  

po ~ < 0.1 [28] 

That is, the cell length should exceed five times the 
cell diameter. 

Conclusions 
The powerful  method developed above for calculat-  

ing current  and potential  distr ibutions is reasonably 
flexible with respect to the under ly ing  assumptions. In  
particular,  a l ternat ive  reaction rate expressions char- 
acteristic of special applications may easily be sub-  
st i tuted in place of the But ler -Volmer  expression. In  
addition, mul t iple  electrochemical reactions, such as 
dur ing alloy deposition or gassing dur ing  cyanide 
plating, could be incorporated with ease. The one-di -  
mensional  monopolar  model may easily be expanded to 
include effects associated with counterelectrode polari-  
zation, counterelectrode ohmic resistance, and mult iple  
counterelectrode contacts; excessive costs would arise 
in  investigation of these effects by expanding the two- 
dimensional  model. 

For  geometric configurations typical of practical ap-  
plications, both monopolar  and bipolar  electrode sys- 
tems may be accurately approximated by unidirec-  
t ional current  models. The importance of this knowl-  
edge is that  a relat ively s traightforward path is now 
available for superimposing mass t ranspor t  considera- 
tions onto the theoretical models. For  example, by in-  
corporating Eq. [9], the mass t ransport  models of 
Alkire  (22) and of Atkire and Tvarusko (23) may be 
expanded to account for electrolyte resistance effects. 
For slow moving wires where the mass t ransfer  bound-  
ary layer  exists under  laminar  flow conditions, the 
convective diffusion equation may be incorporated into 
the model with use of the Lighthill  t ransformat ion 
method (30). For tu rbu len t  flow, local mass t ransfer  
coefficients may be employed following the method of 
Ref. (22). 

By taking into account s imultaneously the phe-  
nomena of mass transfer,  electrolyte resistance, elec- 
trode resistance, and charge- t ransfer  overpotential ,  
the above-suggested expansions of the present  invest i-  
gation will  permit  the analysis  of h igh-ra te  processes 
at wire electrodes. 
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APPENDIX I 

In  dimensionless notation, Eq. [5] is 

1 0 ( 0r ) __0~ __ 0 [A- I - l ]  
"y~p Op P ~ ~ OK ~ 
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which m a y  be solved by  separa t ion  of var iables  
g o  

r  : ~ R n ( p ) Z n ( ~ )  [ A - I - 2 ]  
n=0  

For  the monopolar  electrode,  the resul t  is 

-- ~- BaRn(p) COS (~.nf) 
e(~,t) : Bo 1 In P0 n=l 

[A- I -3 ]  
where  

~-n --  ~ 

Ko(~.nTpo) Io(3.nTp) ] 
Ko (~.nTp) ' Io (~.nTp0) 

R~(~) = 

Ko (~o) "I 

Io (~nV) J [ K o ( ~ v )  Io(~nV~O) 

The %n are  the  e igenvalues  in the  f direction.  The 
Bo- term in Eq. [A-I -3] ,  for ~ = 0, provides  a loga r i th -  
mic radia l  potent ia l  d is t r ibut ion  in the  e lec t ro ly te  
when  cur ren t  d is t r ibut ion  along the wi re  is uniform. 
For  the  b ipo la r  electrode,  one finds 

r : Bo + ~ BnRn(p) COS (%nf) [A- I -4 ]  
n = l  

where  

[I~ (),~vp0) Ko (XnV~) -{- K~ (~,n'~o) Io (kn~) ] 
R,(~)  --  

[Io (kay) K1 (tnVp0) + I1 (t=W0) Ko (knV) ] 

The Bo-term arises when  ~, = 0. 
At  wire  surface  (p = 1), Eq. [A-I -3]  and [A-I -4 ]  

both  have the form 
r  

r  : Cs(~) = Bo + E Bn cos (~n~) [15] 
n=l 

APPENDIX II 
By combining Eq. [1] and [2], setting them into 

integral form, and rendering them dimensionless, one 
obtains 

OM(i') = ~ J ( g ) d f d f  [A-I I -1 ]  

The dimensionless  form of Eq. [4] is 

~ J  0~ 
- -  -- - -  [ A - I I - 2 ]  

2 Op o=~ 

For  the  monopola r  wire,  subst i tu t ion of Eq. [A- I -3 ]  
into [A-I I -2]  yields  

r Bo 
-- -- -- q- BnRn'(1) cos (~n~') [A-II-3] 

2 In ~0 n= 

Subs t i tu t ing  Eq. [A-I I -3 ]  into Eq. [A-I I -1 ]  then  gives 

@M(~) 
=~,~o *o L Inpo 

-- E B n R n ' ( 1 )  cos (Xn~) ] dfdf [A-I I -4 ]  
n = l  

where  the  bounda ry  condit ions are  

CM(O) : ~A 

d~M ( I )  
- - - - - 0  

df 

Af t e r  integrat ion,  the  resul t  for the  monopolar  wire  is 

2Bat Bof ~ 
C M ( O  : CA _ _  ..L 

In ~o ~ In p0 

2 
~=~ BnRn'(1) [ 1 - - c o s  (kn~)] [A-I I -5 ]  
n = l  ~.n 2 
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An analogous resul t  m a y  be found for  b ipo la r  e lec-  
t rodes by  combining Eq. [A- I -4 ]  wi th  [A-I I -1 ]  and 
[A-II -2J  to ob ta in  

oe 

r : --~ BaRn' ( l )  cos (~.n~)dfdf 

[A-I I -6 ]  
wi th  bounda ry  condit ions 

r M ( 0 )  : CA 

CM(1) -- 0 
In tegra t ion  yields  

CM(f) = CA 

2 BnRn'(1) 

+ ~ = ~n 2 
[1-- ( - - 1 )  n ] - r  

s BnRn'(1) [ 1 -  cos (~n~')] 2 

n = l  ~n 2 
[17] 

A P P E N D I X  I I I  

The fol lowing procedure  i l lus t ra tes  the  method  used 
to calculate  the  B-coefficients from t r ia l  values  of 
the potent ia l  dis tr ibut ion.  By e l iminat ing  the current  
dis tr ibut ion,  J (~) ,  f rom Eq. [18] and [A- I I -2 ] ,  and  by  
incorpora t ing  the der iva t ive  of Eq. [A-I -3] ,  one ob-  
tains, for a monopolar  electrode,  the  resul t  

_ _ _  [ e ~ ( ~ - r  _ e(a-lHCM-r 
2 

r 
Bu 

~-r BnRn' (1) (~n~) [A- I I I -1 ]  __ - -  -~ COS 

In po n=l 

The exponent ia l  terms on the lef t  side of Eq. [A- I I I -1 ]  
are  then l inear ized about t r ia l  potent ia l  d is t r ibut ions:  
that  is, let  the  unknown potent ia l  d is t r ibut ions  be 
combined to form 

I']A--~ ~M -- ~S 

and denote  the  t r ia l  dis tr ibut ions,  known from the p r e -  
vious i te ra t ion  step, b y  

~A* ~ (@M -- ~S)trial values 

The right hand side of Eq. [A-III-I] can then be made 
linear with respect to the unknown distribution, HA 

oo 
B o  

- -  In p----o -{- ~r  BnRn'(1)cos(~.n~) " -  

n = l  

- -  - -  { [ e  anA* - -  a ~ A *  e anA* - -  e ( a - i ) n A *  
2 

-{- (~ -- I)~A* e ca-l)'A*] 

-~ [a e ariA* -- (a -- 1) eCc~-l)nA*]~A } [A- I I I -2 ]  

Because subsequent  equat ions become voluminous,  
only  the basic out l ine wil l  be descr ibed henceforth.  
In te res ted  readers  m a y  find ful l  detai ls  of the  de r iva -  
tions in Ref. (32). 

Subs t i tu te  Eq. [15] and [16]. for ~M and ~s, into the 
~A t e rm of Eq. [A- I I I -2 ]  and denote the resul t  as Eq. 
[A- I I I -3 ] .  Now in tegra te  both  sides of Eq. [A-I I I -3 ]  
f rom .~ : 0 to ~ = 1. The resul t  m a y  be  solved a lge-  
b ra ica l ly  to obta in  

Bo = fl  (Bn) [A- I I I -4 ]  

That  is, Bo m a y  be calcula ted if  the  Bn-coefficients are  
known. Now, b y  or tho~onal i ty ,  eva lua te  the  Bn-coeffi- 
cients by  mul t ip ly ing  Eq. [A- I I I -3 ]  by  cos (knf) and 
then  in tegra t ing  from ~ = 0 to f = 1 in o rder  to obta in  
an expression of the  form 

Bn : f2(Bo) [A- I I I -5 ]  

That  is. the  Bn's m a y  be calcula ted if  Bo is known. Now 
mul t ip ly  Eq. [A- I I I -5 ]  by  the  quan t i ty  
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Rd(1) 
~[a ea, A *- (a- I) eCa-l)~A*1 

kn s 

and sum all the n-equations; substitute the result into 
Eq. [A-III-4] to eliminate the B~ terms therein. The 
coefficients Bo may now be calculated directly from the 
trial distribution, ~A*. In turn, the Bn's are subse- 
quently found from Eq. [A-III-5]. 

The procedure for determining the bipolar B-coeffi- 
cients is identical to that given above except that Eq. 
[A-I-4] is used in place of Eq. [A-I-3]. 

SYMBOLS 
Bo, Bn coefficients of infinite series for potent ia l  dis-  

t r ibu t ion  
F Fa raday ' s  constant,  96,500 coulombs/g-equiv .  
f (z )  quan t i ty  wi th in  la rge  b racke t s  in Eq. [3] 
im cur ren t  dens i ty  in meta l  electrode,  A / c m  2 
io exchange cur ren t  density,  A/cm2 
i o cur ren t  dens i ty  in e lect rode at  e lectr ical  con- 

tact  point, A/cm~ 
is cur ren t  dens i ty  in solution, A / c m  2 
I0, I1 modified Bessel functions of first kind, of o rde r  

O and 1 
local  react ion ra te  along electrode,  A / c m  2 

J local  react ion ra te  along electrode,  d imens ion-  
less 

Ko, K1 modified Bessel funct ions of second kind,  of 
o rde r  0 and 1 

L length  of wi re  electrode,  cm 
n number  of  e lectrons in e lec t rode  reaction,  g-  

equ iv . /g -mole  
r spat ia l  var iab le  in rad ia l  direction,  cm 
ri  rad ius  of wi re  electrode,  cm 
ro radius  of outer  cy l inder  as in Fig. 1, cm 
R gas constant,  8.31 j ou l e /g -mo le  ~ 
Rn radia l  component  of potent ia l  field, Eq. [A- I -2 ]  
T tempera ture ,  ~ 
z spat ia l  var iab le  in axia l  direction,  cm 
Zn axia l  component  of potent ia l  field, Eq. [A- I -2 ]  

Greek characters 
a t ransfe r  coefficient in ra te  equat ion 

cur ren t  dens i ty  in wi re  e lec t rode  at e lect r ica l  
contact  end, dimensionless  

~/ geometr ic  parameter ,  dimensionless  
f spat ia l  var iab le  in axia l  direction,  d imens ion-  

less 
e lec t ro ly te  conductivi ty,  ( o h m - c m ) - ~  
react ion veloci ty  parameter ,  dimensionless  
spat ia l  va r iab le  in rad ia l  direction, d imension-  
less 

p0 geometr ic  parameter ,  dimensionless  
r e lect rode conductivi ty,  ( o h m - c m ) - 1  

potent ia l  in e lectrolyte ,  V 
~A applied potential, V 
Cm potent ia l  in electrode,  V 
�9 s potent ia l  in e lec t ro ly te  ad jacent  to electrode,  

V 
potent ia l  in e lectrolyte ,  dimensionless  

CA appl ied  potent ial ,  dimensionless  
�9 M potential in electrode, dimensionless 
�9 s potent ia l  in e lec t ro ly te  ad jacent  to electrode,  

dimensionless  

x b ipo la r  conduct iv i ty  parameter ,  dimensionless  
conduct iv i ty  parameter ,  dimensionless  
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Electrode Capacitance in Silver-Halide 
Solid Electrolyte Cells 

I. Room Temperature Graphite and Platinum Electrodes 

Douglas O. Raleigh* 
Science Center, Rockwel l  International, Thousand Oaks, California 91360 

ABSTRACT 

Potentiostatic chronocoulometry on polarized graphite electrodes on AgI 
and AgBr solid electrolytes at room temperature  shows an ideally fast, almost 
vol tage-independent ,  double layer  charging process for both electrolytes. 
Results on the more highly conductive electrolyte 2[ (CH3)4NI] �9 13 AgI are 
similar to AgI, but  with moderate  capacitance dispersion in the subsecond 
t ime range. For all three electrolytes, the results suggest charging by a com- 
pact, purely  electrostatic, interracial  Ag+- ion  layer separated from the graph-  
ite surface by a strongly adsorbed anion layer. For p la t inum electrodes on AgI 
and AgBr, a variety of types of p la t inum and surface pret reatments  gave the 
common result  of a slow, broadly dispersed charging process. The Pt  results 
are consistent with a previously proposed interface model in which charging 
involves both cation and anion motion, and suggests that  slow charging results 
from the relat ively immobile anions. The relationship between various types 
of double layer  capacitance in solid electrolytes is discussed. 

It has been of cont inuing interest  in our laboratory 
to characterize the na ture  of electrode double layer  
capacitance in solid-electrolyte systems (1-4). Several  
years ago, Hull  and Pil la (5) reported some in t r iguing 
findings with pressed-powder pellet cells AglAgIIC 
and AglAgI!Pt.  It  was of interest  for a var ie ty  of rea-  
sons to pursue these exper iments  further,  extending 
them to other Ag+- ion  electrolytes, other types of 
graphite and p la t inum electrodes, and above-ambient  
temperatures.  

In the Hul l -P i l la  work, the cells were formed by 
successively compacting powders of their  components 
in  a cylindrical  die, and included an embedded Ag 
wire reference electrode midway in the electrolyte, 
which was part ial ly exposed after pressing. The ex- 
periments  included applying small potential  steps atop 
a polarizing d-c bias (Ag electrode negative, ~0.5V) 
and observing the cur ren t - t ime  behavior  oscillograph- 
ically with varying degrees of electronic IR compensa- 
tion. With graphite electrodes, plots of log i vs. t were 
l inear  over several current  decades for a wide range 
(tens of microsecond to second) of effective cell t ime 
constants, and indicated a single, b ias - independent  
capacitance with ideally fast (undispersed) charging 
kinetics. With p la t inum electrodes, log i vs. t plots 
were not linear. Large (~104 ~f/cm2), b ias-dependent  
total capacitances were reported, with considerable 
dispersion on all t ime scales. It was suggested that  
the graphite capacitance, 8.0 ~f/cm ~, involved a pure ly  
electrostatic compact charge layer of Ag + ions, while 
the p la t inum results represented large faradaic effects 
throughout  the voltage range, involving silver and 
iodine deposition and stripping. 

The graphite results were surprising, in view of 
the method of interface preparat ion and the capacitance 
dispersion general ly  reported for unpolished solid elec- 
trodes in aqueous systems (6). In  our own laboratory, 
a previous s tudy (2) showed considerable dispersion 
for pyrolytic graphite foil electrodes on AgBr at 244 ~ 
292~ It was of interest  to determine in the present  
work whether  the dispersion-free behavior  was specific 
to AgI, to graphite powder electrodes, and to ambient  
temperatures.  

In  the case of plat inum, the large capacitances ob-  
tained were in contrast to our own work with polished 

* Electrochemical  Society  A c t i v e  Member .  
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t rode  capacitance.  

Pt wire electrodes in AgBr in the neighborhood of its 
mel t ing point (3). In  this la t ter  work, 30-fold smaller 
capacitances were obtained that showed a broad time 
range of undispersed behavior  and could be fitted to 
a model involving an interfacial  electrolyte layer 
of adsorbed anions and cations. It was felt that  the 
Hul l -P i l la  results might  reflect faradaic impuri t ies  
specific to their  use of p la t inum black as the electrode 
material,  and that  other forms of p la t inum might  give 
different results. Additionally, we noted in  our own 
work that the p la t inum capacitance progressively ac- 
quired dispersion on cooling from the AgBr mel t ing 
point, and suggested that  this might  involve an in ter -  
face strain due to differing thermal  contraction rates 
of AgBr and Pt. For both these reasons, it was of 
interest  in the present  work to determine whether  a 
properly prepared Pt lAgX interface would show un-  
dispersed charging at room temperature.  

In  the present work, the electrolytes investigated 
were AgI, AgBr, and the recent ly discovered (7) com- 
position 2 [ (CH3) 4NI]" 13 AgI. Silver bromide was s tud-  
ied in  view of our previous investigations (1-3). Both 
AgI and AgBr have low bu lk  ionic conductivities at 
room temperature  (~10 - s  ohm -1 cm-1) ,  so their  com- 
pacted powders conduct predominant ly  via grain 
boundary  paths, with effective conductivities of 10 -4-  
10 -6 ohm -1 cm -1. Because of this, it was desirable 
to s tudy an electrolyte with good room tempera ture  
bulk  conductivity as well. The t e t ramethy lammonium 
iodide-silver iodide (TMAI) composition has an Ag +- 
ion conductivity of 0.041 ohm-1  cm -1 at 22~ (7) 
and was selected ra ther  than the better  known  RbAg4Is, 
since the moisture sensit ivity of the lat ter  (8) would 
seem to lead to a quest ionable interface composition, 
even with careful iner t -a tmosphere  handl ing tech- 
niques. 

The preferred electrochemical technique in the pres-  
ent work was potential-s tep chronocoulometry ra ther  
than  chronoamperometry,  since it gives a direct visual  
indication of the charging process over a wide range 
of times scales. Chronoamperometry  and cyclic vol tam- 
merry  were occasionally used as supplementary  tech- 
niques. 

Experimental 
AglAgX[C pressed-powder pellet cells with a 10- 

rail Ag wire reference electrode were prepared essen- 
t ial ly by the Hul l -P i l la  procedure, except that  a 
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1/4 in. ra ther  than 1/2 in. cylindrical  die was used, 
so weights of materials  were quartered. F ine ly  (--325 
mesh) powdered, 5N grades of Ag, AgI, and AgBr were 
used, and spectroscopic graphite powder. A sample 
of 2[(CHs)4NI].13 AgI, which was obtained from Dr. 
B. B. Owens, was prepared as previously described 
(7). In  one AgI cell, the carbon electrode was a 
freshly cleaved th in  foil of the s t ress-annealed pyro-  
lytic graphite  used in  the previous study (2). Addi-  
t ionally, two Ag[AgI compacts were pressed, leaving 
a smooth free AgI face which was spray-coated with 
a several -micron layer  of Acheson "Dag 154" graphite 
dispersion in  1: 5 methanol.  

A var ie ty  of AglAgXlPt  cells were prepared, using 
AgI or AgBr. Cells employing --100 mesh p la t inum 
powder, Pt  filings, or Pt  foil were prepared essentially 
as above. The filings and foil were pretreated by  boil-  
ing in concentrated HNO3, rinsing, boil ing in  concen- 
trated HCI, rinsing, and air-  or oven-drying.  The 
99.95% Pt  powder was used as is. Most experiments,  
however, were carried out with an embedded Pt wire 
electrode, as shown in Fig. 1. The embedded wire 
was par t ia l ly  exposed after pressing, and the two 
Ag end layers were electrically connected to serve 
as a single large counterelectrode. In  general, the wire 
electrode pre t rea tment  was the same as for filings and 
foil, except that  the HC1 boil was preceded by heat-  
ing the wire to orange-yel low several times in  the 
outer  part  of an air-gas torch flame. Additionally,  
in  one embedded-wire  cell, no pre t rea tment  was used 
and, in  two others (one each AgI and AgBr),  the pre-  
t rea tment  was followed by argon-sput ter ing the wire 
in an Auger  ion-bombardment  apparatus directly prio~ 
to cell preparation.  

All  measurements  were made in the ambient  labora-  
tory atmosphere, with the cell l ightly springloaded 
be tween 1/4 in. metal  rods in a Micarta cell holder. 
An  0.25V polarizing d-c bias  was placed on the cell and 
measurements  started after the s teady-state  cell cur-  
rent  settled to < 1 hA. In  some cases, current  settl ing 
was hastened by applying several voltage steps. Fif ty 
mill ivolt  potential  steps of 10-#sec rise t ime in the 
bias voltage range 25-425 mV anodic to Ag were 
applied with a s tandard 3-electrode (2-electrode for 
Pt  wire cells) potentiostat  (2), and the current  or 
integrated charge response followed oscillographically 
and by recorder. Resistance compensation was not 
employed. Cyclic voltammetry,  when  used, was car- 
ried out with a s tandard arrangement .  

In  addition, electron micrographs of the AgBrIC 
and AgIIC interfaces were taken, using fractured pow- 
der cells and an Etec scanning electron microscope. 

R e s u l t s  
Graphite powder electrodes.--Oscillographic charge- 

t ime curves showed the same basic charging behavior  
for all three electrolytes. On applying a potent ial  
step, the in tegrated charge rose to a flat or sl ightly 
up-sloped "plateau" in a t ime of several RC constants, 
indicating a well-defined "fast" capacitance. Figure  

l 'gt-AgI or AgBr to p-stat 

L-Ag__t ] 
Fig. 1. Schematic of cell with embedded Pt wire electrode 

Fig. 2. Oscillographic charge-time traces for 0.25-~0.20V step on 
Ag I Agl ! C (pressed powder) cell. Sweep rates 5, 50, 500 msec/cm; 
ordinate 0.06 ~coulomb/cm. Bottom line is Q --  0 reference level. 

2 shows this behavior  for an  AgI cell over two decades 
of time. 

For AgI and AgBr cells, supplementary  measure-  
ments  confirmed this picture. Potent ia l -s tep  oscillo- 
graphic cur ren t - t ime  data yielded exactly or closely 
l inear  log i vs. t curves whose capacitance slopes 
agreed well with capacitances obtained chronocoulo- 
metrically.  On longer t ime scales, recorder charge- 
t ime data for 1 ~-- t ~ 50 sec and slow (~1  mV/sec) 
cyclic vol tammetry  showed in general  10-20% in-  
creased capacitances. However, plots of Q vs. t ~/~ from 
the recorder data were l inear  and back-extrapolat ion 
to t ---- 0 gave capacit`ances in agreement  with the os- 
cillographic data. Because of their  random character 
from one cell to the next, these slow charge contr ibu-  
tions are felt to reflect a diffusion-controlled faradaic 
impur i ty  reaction. In  view of the general  slowness 
of impur i ty  ion diffusion in solid electrolytes, the l ikely 
source of the impur i ty  would be the graphite elec- 
trode. A Q vs. t 1/~ plot from recorder data for an AgBr 
cell is shown in Fig. 3. 

Data from some four AgI cells and seven AgBr 
cells show an averaged fast capacitance of 9.3 • 3% 
~f/cm 2 for the AgIIC (pressed powder) interface at 
the 0.225V voltage range midpoint  and 5.5 +_ 4% ~f/ 
cm 2 for AgBr. The capacitances per un i t  area are 
calculated from the geometric pellet area. For  AgI, 
data from the various cells showed a 3-8% capacitance 
increase over the bias range 0.05 to 0.40V, while AgBr 

RC 4RC 
0.I0 I 

0.08 

0.06 

0,04! 

0.02 

I I I I I 

I I I I I I 
0 l 2 3 4 5 6 

t~(sec ~) 

Fig. 3. Q vs. t'/2 plot for Ag ] AgBr I C (pressed powder) cell from 
recorder data (0.25-*0.20V step). 
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Fig. 4. Oscillographic charge-time traces for 0.25->0.20V step on 
Ag ] TMAI 1C (pressed powder) cell. Sweep rates 0.1, 0.5, and 2.0 
msec/cm; ordinate 0.05 ~coulomb/cm. 

cells showed no vol tage dependence of capacitance 
wi th in  the accuracy of measurement  (1-1/2%).  

For  the TMAI cells, the capacitance was not as 
cleanly describable in te rms  of an intrinsic "fast"  
component and a small, diffusion-like faradaic con- 
tribution. Figure  4 shows oscillographic charge- t ime  
traces for sweep rates of approximate ly  1.5, 7.5, and 
30 RC rise t imes per cent imeter  for a typical  cell. The 
fast sweep rate  shows a near ly  flat plateau, but  s lower 
sweeps show fur ther  charging. Chronocoulometr ic  re-  
corder data showed a "slow" capacitance amounting 
to ~50% of the total at t = 1 min. The data yielded 
l inear  Q vs. t 1/2 plots, but  back-ext rapola t ions  to t = 
0 gave capacitance values some 6-60% higher  than 
f rom various types of oscillographic data. 

Table I shows capacitance data for three  TMAI[C 
cells, using four types of capacitance determinat ion:  
(A) slope of log i vs.  t plot f rom oscillographic cur-  
r en t - t ime  trace; (B) average Q value at 5-10 RC rise 
t imes from oscillographic chronocoulometry (Fig. 4); 
(C) t = 0 back-ext rapola t ion  of Q vs. t 1/2 plot f rom 
oscil lographic data (0.2 ~: t l/2 ~ 1.0 secl/2); and (D) 
t --  0 back-ext rapola t ion  of Q vs. t lt2 plot f rom re-  
corder  data (1 ~ t lt2 ~ 7 secl/2). As seen, individual  
cell values for a given type measurement  agree well, 
but  the various determinat ions do not suggest a we l l -  
defined "fast" capacitance. The bias dependence of the 
TMAI]C (pressed powder)  capacitance was found 
to be in the range of that for AgI. 

For all the graphi te  powder  cells, some capacitance 
changes were  seen on standing, though the direct ion 
and degree were  highly variable. For  AgI  and AgBr  
cells, capacitances were  stable for at least several  
days and~ in some cases, changed only 5-10% over  
a two-yea r  period. For  TMAI cells, large changes often 
occurred, even over  several  days. These changes are 
possibly due to atmospheric  contaminat ion effects. 
In all cases, the data repor ted  are initial data, which 
showed good agreement  among duplicate cells. 

O t h e r  g r a p h i t e  e l e c t r o d e s . - - A s  noted before, two 
AgI cells were  made wi th  a spray-coated  colloidal 
graphi te  electrode and one with  s t ress-annealed pyro-  
lytic graphite foil. Since these cells involved smooth 

electrode interfaces, one purpose of s tudying them 
was to see if their  data could be used to est imate a 
roughness factor for the pressed-powder  interfaces. 

The pyrolyt ic  graphi te  cell gave results quite  similar 
to the pressed-powder  cells. Flat  chronocoulometric  
plateaus from oscillographic sweeps gave a capacitance 
of 8.3 ~f/cm 2 at 0.225V and a bias dependence of -b3.5% 
over  the full  vol tage range. The result  suggests a 
factor of 1.12 greater  surface for the powder  cell in-  
terfaces, re la t ive  to the smooth cleavage face of the 
pyrolyt ic  foil. Fur the r  justification for this comparison 
will  be presented in the Discussion section. 

The spray-coated colloidal graphi te  cells also showed 
a wel l -def ined fast capacitance, but the value  was 
much smaller  and its bias dependence differed. Wel l -  
defined oscillographic chronocoulometr ic  plateaus 
showed a capacitance of 0.45 _ 2% ~f/cm 2 at 0.225V. 
Plots of Q vs. t 1/~ f rom 1-25 sec recorder  data were  
l inear  and the back-ex t rapo la ted  t = 0 capacitance 
agreed well  wi th  the chronocoulometric  data. Oscillo- 
graphic log i vs .  t plots were  essential ly linear, but  
gave capacitances some 10-15% smaller  than the 
chronocoulometr ic  data. Thus, some fas t - t ime disper-  
sion is indicated. The bias voltage dependence was 
negative, with capacitance at 0.40V being ~12% lower  
than at 0.05V. Because of the 20-fold smaller  capaci- 
tance than pressed-powder  cells and negat ive  bias de- 
pendence, it was felt  that more  than a simple interface 
area reduction due to smoothness was involved.  It  
would seem that  the effect of solvent and binder  resi-  
dues in the spray coatings is not negligible. 

P l a t i n u m  e l e c t r o d e s . - - A  common result  in all plat-  
inum electrode cells was the lack of any wel l -def ined 
"fast" charging contribution. F igure  5 shows a typical  
set of oscillographic charge- t ime  traces. The chrono- 
coulometric capacitance was observed to increase con- 
t inuously on all t ime scales from tens of microsecond 
to tens of second, wi th  no plateau or "shoulder"  fea- 
ture. This result  was common to both AgI and AgBr. 
to all the Pt electrode types (powder, filings, foil, 
wire) ,  all surface pretreatments ,  and occurred th rough-  
out the voltage range. In addition, log i vs. t plots 
from oscillographic cu r ren t - t ime  traces were  invar i -  
ably seriously curved. The picture is one of a com- 
pletely dispersed charging process. 

Because of this behavior ,  wel l -def ined "total"  ca- 
pacitances could not be obtained. However ,  even  on the 
longest t ime scale (~10-15 min) ,  effective chronocoulo- 
metr ic  capacitances were  several  orders of magni tude  
smaller  than the ~104 ~f/cm 2 values reported by Hull  
and Pil la  for pla t inum black. Effective capacitances 
at t = 0.1 sec were  of order  300 ~f/cm 2 for filings, 60 

Table !. TMAI [ C capacitances 

Measured capacitance (#f/crnS) 

R u n  M e t h o d  A M e t h o d  B M e t h o d  C M e t h o d  D 

1 6.8 8,6 9.3 10.0 
2 '7.2 9.0 10.6 11.0 
3 6.7 8.4 11.4 12.1 

Average 6.9 8.7 10.4 11.0 

Fig. 5. Oscillographic charge-time traces for 0.25~0.20V step on 
Ag IAgll Pt (embedded wire) cell. Sweep rates 0.05, 0.2, and 1.0 
msec/cm; ordinate 500 pf/cm. 
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~f/cm~ for powder, and 0.3 /,f/cm 2 for foil and wire. 
Because of the uncer ta in  effective interface areas and 
faradaic contr ibut ions for filings and powder, and poor 
adherency of the Pt  foil, most experiments  made use 
of embedded-wire  cells (Fig. 1). While the electrode 
geometry in such cells should result  in  a "geometric" 
capacitance dispersion (16) due to nonuni form current  
distribution, such an effect with our geometry would 
involve only a small  t ime span during the ini t ial  RC 
charging process. In  view of the observed incomplete-  
ness of chronocoulometric charging over many  decades 
of time, even in Pt  cells with the cylindrical  elec- 
trode geometry, this effect in  the embedded-wire  cells 
would be negligible. Results reported from this point  
are for embedded-wire  cells. 

It  was not found possible to resolve potential-s tep 
chronocoulometric data into a part ial  diffusion-like 
contribution.  Figure 6 shows a typical Q vs. t 1/~ plot 
from recorder data. Most such p lo ts  from both oscillo- 
scope and recorder data had the continuous curvature  
seen, with back-extrapola t ion to t = 0 a t  the prevai l ing 
curvature  leading toward the origin. In  instances where  
a plot segment at the r ight  side had a quas i - l inear  
appearance, back-extrapola t ion gave a l ine from which 
the actual curve still deviated at times long compared 
with any  estimate of RC rise time. Thus, the signifi- 
cance of the back-extrapola t ion would be in question. 
In  several instances where a near ly  l inear  plot was 
obtained, back-extrapolat ion brought  the plot closely 
through the origin. The coexistence, then, of "fast" 
and diffusion-like charging components was not seen 
for the AgXtPt  interface. 

Several  duplicate AgI cells, in  which the s tandard 
Pt wire pre t rea tment  was used, gave similar interface 
charging characteristics, bu t  gave capacitance magni -  
tudes varying up to a factor of two among individual  
cells. Thus, random interface variat ions appear im-  
portant.  For a given cell, however, a consistent set 
of variations of capacitance behavior  with voltage 
step direction, bias voltage, and t ime was observed 
which suggest a charging pa t te rn  in l ine with pre-  
vious findings for the AgBr]Pt interface at elevated 
temperatures  (3). 

Figure 7 shows a set of Q vs. t I/~ plots from chrono- 
coulometric recorder data for a s tandard-pre t rea tment  
AgI cell, using 0.05V voltage steps over the full range 
of the bias voltage. While such plots are not general ly 
l inear,  they offer a convenient  means of displaying 
the charging behavior  over an extended time span. 
At short times (t ~ 1 sec), charge values tend to 
cluster together in the mid-vol tage range, rise slightly 
at low voltage, and fall somewhat at high voltage. 
Though not readily seen in  Fig. 7, the curvature  is 
slightly convex upward  for average voltages below 
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Fig. 6. Q vs. t �89 plot for Ag [ Agl 1 Pt (embedded wire) ceil A 
from recorder data (0.25->0.20V step). 
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Fig. 7. Q. vs. t �89  plots for Ag I Agl I Pt (embedded wire) cell B 
for upward O.05V s tep  at  various a v e r a g e  bias v o l t a g e s  (e .g . ,  O .~ .5 V  
is for 0.20->0.25V step). Curves displaced for clarity. 

0.425V, quasi - l inear  at 0.425V, and slightly concave 
upward  above 0.425V. 

Figure 8 shows the step direction dependence of 
charging for three voltage steps. The charging curve 
was always higher for the upward  voltage step. The 
difference, however, was negligible below 0.25V, in-  
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Fig. 8. Q vs. t 1/2 plots for Ag lAg l fP t  (embedded wire) cell B 
for upward and downward 0.05V steps at three average bias volt- 
ages. Curves displaced for clarity. 
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Fig. 9. A-C capacitance at i kHz for AgBr I Pt interface at 417 ~ 
(3) compared with effective chronocoulometric capacitance for 
Ag I Agil Pt cell B at t - -  36 sec, as function of bias voltage. 

creased to a max imum at the 0.35-0.40V step, and 
decreased thereafter.  

To get an idea of the bias voltage dependence, the 
capacitance corresponding to the Q value at t 1/2 --- 6 
(i.e., 36 sec) from Fig. 7 is plotted in Fig. 9 as a 
funct ion of bias and compared with the undispersed 
a-c capacitance-voltage curve for AgBrIPt at 417 ~ 
from the previous study (3). We observe qual i ta t ively 
the same voltage dependence, though considerably 
flattened, and a factor of 100 reduct ion in absolute 
magnitude.  The comparison suggests that  the previously 
observed onset of dispersion on cooling is an intr insic  
property of the AgXIPt interface ra ther  than a result  
of differential thermal  contraction strain. The various 
other features of the Q vs. t 1/2 curves of Fig. 7 and 
8 are discussed in  terms of the previously proposed in-  
terface model in  the Discussion section. 

Results for AgBr cells were similar  to those for 
AgI, except that  serious irreproducibil i t ies or "mem- 
ory" effects were observed on bias voltage cycling un -  
less inordinate ly  long wai t ing times were employed 
at each voltage. Because of this, the above comparison 
with previous data was carried out with AgI ra ther  
than  AgBr cells. However, capacitance magni tudes  
and the features of the Q vs. t 1/2 plots at various 
biases were basically the same for AgI and AgBr cells. 

Cyclic vol tammetr ic  data from an AgI cell in which 
there was no Pt  wire pre t rea tment  showed poor re-  
producibi l i ty  on cycling and severalfold lowered 
capacitance from cells with the s tandard pretreatment .  
Hence, detailed chronocoulometric data were not taken. 

For the cells in which the s tandard Pt  wire pre-  
t rea tment  was followed by  argon-sput ter ing  (one each 
with AgI and AgBr),  Q vs. t lz2 plots showed several-  
fold reduced capacitances and a slight c0ncave-upward 
curvature  for the 0.25 -~ 0.20V step data. Since these 
findings indicated general ly reduced charging kinetics, 
this preparat ion technique was not pursued further.  
Results for the two cells, however, were extremely 
similar, again showing the basic s imilar i ty  of the 
charging process with the two electrolytes. 

As in the case of AgXIC cells, Pt  electrode cells 
also showed capacitance changes on standing, possibly 

because of atmospheric contamination.  With the Pt  
cells, however, the change was invar iab ly  a decrease. 

Discussion 
The findings for pressed-powder graphite cells with 

AgI and AgBr basically agree with those of Hull  and 
Pil la in establishing that charging occurs predomin-  
ant ly  by an intr insical ly  rapid process that  depends 
but  little on bias voltage. The average capacitance 
for AgIBC is some 16% higher than their  value (8.0 
~f/cm2), which may relate to the specific type of 
graphite used. 

Hull  and Pil la suggested that  the capacitance arose 
from an ideal compact layer  (" inner  layer")  of Ag + 
ions on the graphite surface, with the effective charge 
separation being the Ag + ionic radius and an assumed 
vacuum dielectric constant (KD ~ 1). This yields a 
theoretical paral le l -pla te  capacitance of 7.4 ~f/cm 2. 
The assumption of a compact layer  still seems reason- 
able, but  the difference be tween AgBr and AgI ca- 
pacitance (AgBr 41% lower) suggests the need for a 
modified picture. Further ,  the microscopic na ture  and 
roughness of the exper imental  interface needs consider- 
ation. 

Figure 10 shows scan electron micrographs of an 
Ag]AgBriC powder cell at two magnifications. A sur-  
pr is ingly flat interface is seen, with the roughness 
being a slight waviness at most. The AgBr crystalli te 
particles appear to be pressed flat by a wel l - laminated  
graphite layer. The same results were seen for the 
AgIBC interface. An  electron micrograph showed the 
unpressed graphite particles to be  5-10~ diameter  
platelets. On pressing, it appears that the graphite 
flakes form an intermeshed, near ly  planar  front that  
flattens the relat ively soft silver halide crystallites. 
On this basis, the s imilari ty of graphite capacitances 
between pressed powder and pyrolytic foil seems rea-  
sonable. The 11% lower capacitance with pyrolytic  
foil presumably  results from a slightly smoother in ter -  
face. 

While these results show a relat ively low topo- 
graphical roughness, one still expects microscopic 
roughness on a smaller scale, given that  we have a 
solid-solid interface. Aqueous electrochemical studies, 
for instance, indicate a 1.5-2.0 microscopic roughness 
factor for smooth p la t inum electrodes (9, 10). It  seems 
not unreasonable,  then, to expect an over-al l  rough-  
ness factor ----- 2. Our exper imental  results then  lead 
to maximal  microscopic capacitances of 4.7 and 2.8 
~f/cm 2 for AgI[C and AgBrBC, respectively. Using the 
paral le l -plate  capacitance expression 

C : KDeo/d [1] 

where C is the capacitance per uni t  area, KD the di- 
electric constant, Go the permit t iv i ty  of free space, 
and d the plate separation, we find that  even with the 
assumption of KD ---= 1, these capacitances require d 
values greater than  the Ag + ionic radius. 

It would seem that both the electrolyte dependence 
of capacitance and the need for increased double 
layer  charge separation d could be achieved by as- 
suming a layer of s trongly adsorbed anions between 
the Ag + cations and the graphite surface. From Eq. 
[1], both KD and d help determine C. If d is the dis- 
tance between the electrode surface and the centers of 
the mobile Ag + ions, then the larger crystal ionic ra-  
dius for the iodide ion would in itself predict a larger 
capacitance for the AgBr cell. However, a s tronger 
chemisorption and greater polarizabil i ty of I -  than  
B r -  may offset this by giving a substant ia l ly  greater 
KD for AgI. The chemisorption and polarizabil i ty of 
I -  may also explain the observed 4-8% voltage de- 
pendence of capacitance in AgIIC cells in terms of 
an an ion- layer  electrostrictive effect. Attempts  to ob- 
tain a detailed fit of our capacitance results to a 
simple an ion- layer  model involving B r -  and I -  ionic 
radii  and polarizabilities were not successful, but  the 
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Fig. 10. Scanning electron micrographs of AgBr I C (pressed powder) interface at 800X (a, left) and 4000X (b, right). Dark areas are 
graphite, light areas AgBr. 

general  picture of an adsorbed anion layer  seems 
useful and consistent with the exper imental  data. 

We have noted the less clear-cut  charging process 
in TMAIIC cells. One is struck, however, by the 
similar magni tudes  of oscillographic capacitance in 
Fig. 2 and 4, the similar  voltage dependence of capaci- 
tance for AgI and TMAI, and the fact the anions are 
I -  ions in both electrolytes. From these similarities 
one is disposed to suggest that  the TMAI interface may 
be little more than  a "perturbed" AgI interface, in  
which the altered composition and structure, or pos- 
sibly an adsorbed atmospheric component,  may supply 
the perturbation.  The enlarged "slow" capacitance 
contr ibut ion and faster change of interface properties 
on s tanding observed wi th  this electrolyte would 
favor the picture of atmospheric contamination. In  all 
three electrolytes, we are suggesting that  a fast charg- 
ing process occurs which involves only Ag + ion mo- 
t ion to and from a compact interfacial  layer, with a 
fixed, in te rven ing  anion layer. 

Considering now the AgXIPt results, we have al- 
ready noted that  our effective capacitances for P t  wire 
were at least several orders of magni tude  lower than  
observed by  Hull  and Pil la for Pt  black. The lat ter  
workers suggested their  large apparent  capacitances 
were pr imar i ly  due to Ag dissolution in Pt  black at 
reduced activity, and that  the t rue double layer  ca- 
pacitance on Pt  should be the same as on graphite. 

Faradaic effects due to Ag deposition should result  
in a sharp up tu rn  in effective capacitance as the Ag 
potential  is approached, because of the exponential  
dependence of silver activity on (V-VA~). We have 
observed such an up tu rn  for solid Pt  electrodes in both 
the present  and previous (1-3) work, but  only below 
,-~0.18V (Fig. 9). At higher potentials, the low value 
of the s i lver  activity, voltage var ia t ion of the capaci- 
tance, and, in  the previous AgBrlPt  s tudy (3) at 417 ~ 
429~ the disappearance of f requency-dependent  elec- 
trode capacitance, all indicate negligible Ag deposition 
effects for solid Pt  electrodes above --0.18V anodic 
of VA~. 

Hull  and Pi l la  reported the presence of metall ic 
Ag in their  Pt  black electrodes at various potentials 
from microprobe measurements,  but  did not specify 
the voltage range. From the rather  modest capacitance 

variat ion they observed (9-16 m F / c m  2) over the volt-  
age range 0-0.4V anodic of VAg, it would seem either 
that  Pt  black displays quite different Ag dissolution 
characteristics from solid Pt  or that  a part ial  contri-  
but ion from electroactive impuri t ies  in  the Pt  black 
may have been involved. 

We feel, then, that  our observed AgXlPt  capacitances 
over the bulk  of the voltage range are true double 
layer  capacitances, and are indeed different from the 
double layer capacitance on graphite. We recall the 
capacitance model previously (3) suggested for AgBrl 
Pt  at high temperatures.  The Pt  surface is assumed to 
be covered by adsorbed layer  of both anions and c~- 
tions, whose anion:ca t ion  ratio depends only on the 
voltage. Capacitance (charge storage) occurs by 
change of the anion:ca t ion  ratio with voltage. The 
electrolyte behind the adsorbed first ion layer  serves 
mere ly  to t ranspor t  charge in  or out of the layer. 
This mechanism, however, requires both anion and 
cation motion in the charging process, and, in AgBr, 
anions are appreciably mobile only above or near  the 
mel t ing point. As AgBr cools in the solid state, the 
anions become successively more immobile. We pro- 
pose that  this, ra ther  than  interfacial  strain, is the 
source of the increasing dispersion and drop in  effec- 
tive capacitance magnitude.  

Thus, at room temperature,  the graphite charging 
process is rapid because only the mobile Ag + cations 
are involved, while p la t inum charging is presumably  
ra te- l imi ted  by anion motion. The distinction in  charg- 
ing behavior  appears to arise from the si tuat ion that 
halide anions are adsorbed on both types of electrodes, 
but  Ag + ions are adsorbed only on Pt. Thus, adsorbed 
anions form an immobile layer  on graphite, but  par-  
ticipate in the charging process on Pt. The adsorption 
of Ag + ions on Pt  and not  on graphite was proposed 
previously (2) in  connection with "preplating" or 
"undervoltage" behavior  observed for Ag + discharge 
on Pt  and the dendrit ic na ture  of Ag + discharge on 
graphite from AgBr electrolyte. 

The previously noted features of Fig. 7 and 8 all 
appear explainable  in terms of the above AgXIPt in-  
terface model. From Fig. 9, we see that  only a small 
portion of the total charging (upper curve) has oc- 
curred on the t ime scale of Fig. 7 and 8. Thus, these 
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lat ter  figures should basically show those charging ki-  
netics characteristic of the interface composition at the 
init ial  side of the voltage step. Since Ag + ion motion 
is faster than  anion motion, we assume init ial  kinetics 
will be fastest for the interface with the highes~ cation: 
anion ratio. Thus, for a given voltage step (e.g., 0.30- 
0.35V), the upward  step should give the higher charg- 
ing curve. The degree of difference, however, should 
increase with increasing ca t ion:anion  compositional 
difference at the two sides of the step. We have pre-  
viously (3) suggested that  the interface layer  contains 
mostly cations at low bias, anions at high bias, and 
a roughly equal mix ture  of them at the capacitance 
maximum. Thus, the greatest compositional change 
and, as Fig. 8 shows, the greatest step direction asym- 
metry,  should occur in this mid-bias  range. Also, in  
Fig. 7 and 8, it seems reasonable to expect that  charg- 
ing should involve pr imar i ly  cation motion at ear ly 
times and increasing degrees of anion motion at 
larger t values. Thus, the clustering of the curves at t 
--~ 1 sec may represent  a fair ly vol tage- independent  
"cation surge," while greater  anion involvement  at 
longer times is required to show the voltage depend-  
ence (Fig. 9) more characteristic of the total charging 
process. Finally,  the t ransi t ion in Fig. 7 from convex- 
upward  to concave-upward curvature  with increasing 
voltage suggests a general  reduction of init ial  charg- 
ing kinetics with increasing interfacial  anion concen- 
tration, since the convex-upward  curvature  suggests 
more early charging than  the concave-upward curva-  
ture. 

We have suggested, then, that AgX charging with 
graphite involves fast cation motion in a compact, 
purely  electrostatic charge layer  (with immobile ad-  
sorbed anions as the "dielectric") and charging on 
p la t inum involves the compositional change of a 
s trongly adsorbed anion-cat ion layer: It seems useful 
at this point to t ry to explicate the relat ive roles of 
compact, diffuse, and adsorbed layer  charging in solid- 
electrolyte systems. Figure 11 shows a suggested model, 
offered in a qual i tat ive sense only. Diffuse and compact 
layer  capacitances are in series, as is conventional.  
CADSORPTIVE refers to capacitative charge storage real-  
ized by the change in composition of an adsorbed 
charged interface layer  with voltage. Since this type 
of charge storage represents a thermodynamic  distri-  
but ion of ions between sites on the electrode surface 
and the bulk  electrolyte, dependent  for a given elec- 
trolyte and tempera ture  on the voltage only, it should 
be independent  of other sources of charge storage 
and hence be considered in parallel  with them. How- 
ever, CCOMPACT and CADSORPTIVE compete for interfacial  
area, so CCOMPACT should be quite small in the case 
of large adsorptive capacitance. 

For the graphite cells, a s trongly adsorbed anion 
layer  and nonadsorbed cations would result  in  
CADSORBED -- 0, SO this capacitance could be removed. 
Diffuse layer  capacitance in  solid electrolytes was dis- 
cussed in  a previous publicat ion (4). For  the case of 
AgBr at 300~ the entire accessible voltage range is 
thought  to be far from the pzc and an accumulat ion-  
layer - type  capacitance of several tens of microfarads/  

CADSORPTIVE 
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Fig. 11. Qualitative equivalent electrical circuit of solid electro- 
lyte-inert metal interface. 

square centimeter  is predicted. One expects similar 
considerations to apply for AgBr and AgI at room 
temperature.  Since our observed compact layer  ca- 
pacitances are at least several  times smaller, and 
should be roughly halved by the roughness factor cor- 
rection, they should dominate the series capacitance. 

In  the case of plat inum, CCOMPACT should be small, 
as ment ioned above, because of the large adsorptive 
capacitance. In  this case, the lower branch capacitance 
in Fig. 11 would be dominated by CCOMPACT and the 
total capacitance by  CADSORBED- Also, to be correct 
electrically, CADSORBED for Pt  electrodes should real ly 
be replaced by a more complex resistive-capacitive 
circuit e lement  to account for the slow, dispersed 
charging behavior. Figure  t l ,  however, is offered 
mere ly  to show the relat ionship be tween the various 
capacitances. 

In  all polycrystal l ine solid electrolytes, still an-  
other circuit e lement  should be considered; one which 
is un ique  to solid electrolytes. Gra in -boundary  con- 
duction, as we have said, dominates the room-tempera-  
ture  ionic conductivi ty in AgI and AgBr. Even in  more 
highly conductive electrolytes, however, it is assuredly 
present (11). The effective result  in any  case is that  
p lanar  sheets of very high local specific conductivi ty 
extend across the electrolyte bu lk  and intersect the 
electrode interface. Since such p lanar  sheets are too 
conductive to support  a diffuse double layer, they 
should effectively "short-circuit"  any  diffuse layer 
developed in  the bulk. Thus we have indicated in Fig. 
11 that a portion of g ra in -boundary  resistance Rgb is in 
parallel  with CDIFFUSE. Here, L is the electrolyte thick- 
ness and L the effective path length across the diffuse 
layer. 

We expect, then, that  diffuse layer  capacitance 
should not be observable in polycrystal l ine solid elec- 
trolytes. Even in s ingle-crystal  electrolytes, however, 
precautions would seem necessary. Several  workers 
(12-14) have indicated a space-charge- layer  thick- 
ness of several tenths of a micron for AgBr at room 
temperature.  If electrode a t tachment  develops thermal  
or mechanical  surface damage (e.g., in  evaporating 
a metal  film), such damage may breach the diffuse 
layer, such as by a network of cracks. On the other 
hand, we have seen that a sprayed graphite electrode 
gives anomalously small capacitance, presumably  be-  
cause of solvent and binder  residues. It would seem that  
the best chance of observing diffuse layer  capacitance 
in single-crystal  solid electrolytes would be with the 
use of either inert  l iquid metal  electrodes or adjacent  
electrolytic solutions. 

Finally,  in comparing our results with a recent study, 
we note that Armstrong and Mason (15) have mea-  
sured the voltage dependence of a-c capacitance at 
1-3 kHz for vitreous carbon and p la t inum electrodes 
on AgI, AgBr, and RbAg415 at various temperatures.  
Low (1.8-3.5 ~f/cm2), relat ively vol tage- independent  
capacitances were reported with vitreous carbon, 
which were in terpre ted in  terms of compact layer  
capacitance, as we have done for graphite electrodes 
in  the present  work. In the case of Pt  electrodes, com- 
pact or " inner  layer" capacitance was also suggested, 
with possible effects due to specific ion adsorption. 
In  view of our own results on Pt, we feel their  results 
would be bet ter  explained by  our proposed anion-  
cation adsorption model. This would account better, 
for instance, for their  large (45-130 ~f/cm2) observed 
capacitances for a-AgI[Pt  at 200 ~ 
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Electrode Capacitance in Silver-Halide 
Solid Electrolyte Cells 

II. Temperature-Dependent Behavior of the AgBr-Graphite Powder Interface 

Douglas O. Raleigh* 
Science Center, Rockwell  International, Thousand Oaks, California 91360 

ABSTRACT 

The na ture  and capacitance of AgBr-graphi te  pressed powder interfaces 
prepared at room tempera ture  and heated to various temperatures  were 
examined at 25~176 using potentiostatic capacitance measurements  and 
electron micrography, At temperatures  to 250~ electrolyte grain  growth 
produces irreversible capacitance increases by progressive interracial  rough-  
ening. However, the pr imary  interface charging process remains ideally fast 
(undispersed) and heat ing to a given tempera ture  rapidly creates a stable, 
reproducible degree of roughening, At .~275~ an irreversible solid-state 
"wetting" proces~ occurs, in  which the electrolyte "soaks" some 170~ into the 
graphite in 1-2 min. The capacitance increases 50-fold and becomes dispersed, 
with the cha~ging process quant i ta t ive ly  following porous electrode behavior. 
The u n i q u e , w e t t i n g "  process appears to involve a shallow network of graph- 
ite microcracks and requires a mechanism of rapid AgBr anion diffusion on 
graphite surfaces. Throughout  the full 25~176 tempera ture  range, the mi-  
croseopfc interface charging process appears to remain  the same (Ag + compact 
layer  capacitance).  

In  order to relate the capacitance results of Hull  and 
Pil la (1), and of our own in the preceding paper (2) 
on AgX-graphi te  powder interfaces at room tempera-  
ture  to our previous s tudy (3) of the AgBr-pyrolyt ic  
graphite interface at 244~176 it was of interest  to 
investigate graphite powder electrodes at above-ambi-  
ent temperatures  as well. The electrolyte chosen was 
AgBr, since it is stable and monophasic from room 
temperature  to its mel t ing point (425~ and conducts 
by a single (Frenkel  defect) ionic mechanism. 

Experimental 
AglAgSr]C pressed-powder cells with Ag wire ref-  

erence electrodes were prepared as described in  the 
preceding paper (2). In  two cells, the graphite powder  
employed was first outgassed overnight  at 250~ Cells 
were springloaded in a Pyrex resistance furnace as- 
sembly described previously (3, 4). Various tempera-  
tures to 375~ were applied and main ta ined  with a pro- 
port ioning controller  and read with a Chromel-Alumel  
thermocouple whose output  was cont inuously recorded. 
A polarizing d-c bias, general ly  0.25V, and a flowing 
argon atmosphere were mainta ined throughout  a run. 

The measurements  carried out were potential-s tep 
chronocoulometry and chronoamperometry,  using 

* Electrochemical  Society Act ive  Member .  
Key words:  solid electrolytes ,  solid~state wet t ing ,  AgBr-g raph i t e  

interface,  electrode capacitance,  solid-solid interface  roughening.  

0.05V steps in the range 0.05-0.40V anodic to Ag, as 
described in the preceding paper (2). Measurements  
were general ly  started at room temperature  and the 
apparatus heated to successively higher temperatures.  
At each temperature,  the cell current  under  d-c bias 
was allowed to settle to a steady-state value before 
start ing measurements .  These currents  increased with 
increasing temperature,  from < 1 nA at room tempera-  
ture to ~ 1 ~A at most, and general ly did not in ter-  
fere with potential-s tep measurements.  

In  addition, electron micrographs of the AgBrIC 
interface, before and after cell heats, were taken as 
described in Ref. (2). 

Results 
Temperatures to 250~ first result  of heating 

the AgBrlC interface from room tempera ture  was to 
raise and make less distinct the previously noted 
chronocoulometric plateau. Figure 1 shows oscillo- 
graphic charge-t ime data for a given cell at 25 ~ and 
75~ plus the indicated charging course at higher tem- 
peratures. At above-ambient  temperatures,  the plateau 
feature disappears. At temperatures  to 250~ however, 
Q vs. t 1/2 plots showed fair to excellent . linearity for 
times in excess of several RC. An example, employing 
both oscillographic and recorder data, is shown in Fig. 
2. 

In  addition, potent ial-s tep oscillographic cur ren t -  
time curves, involving the relat ively short t ime scale 
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Fig. 1. Oscillographic charge-time traces for 0.25 ~ 0.20V step 
on Ag ] AgBr ] C (pressed powder) cell at 25 ~ and 75~ Dotted 
line indicates charging course at higher temperatures. 

Figure 4 shows a data-averaged plot of the "fast" 
capacitance as a function of tempera ture  from seven 
different cell runs. In  each run, the data employed 
were confined to measurements  at successively increas- 
ing temperatures.  As noted, the fast capacitance at a 
given temperature  remained unchanged on overnight  
standing. However, on cooling to a lower temperature,  
the ini t ial  higher tempera ture  capacitance was main-  
tained. This is shown in Fig. 5 for Q vs. t 1/2 plots for 
a given cell at 250~ and on cooling the cell to 150~ 
One sees the already noted reduction of the slow 

I I l I I I I 

of RC charging, gave linear log i vs .  t plots whose slope 
agreed well with t = 0 capacitances obtained from 
back-extrapolating the Q vs. t ~/2 plots. Even when the 
latter displayed some curvature, back-extrapolation at 
the prevailing curvature gave good agreement. From 
these results, we conclude that the AgBrIC (powder) 
capacitative behavior in this temperature range can 
still be described in terms of an ideally fast charging 
component plus a slower, diffusion-like contribution. 

The behavior of the fast and slow charging compo- 
nents differed in several respects. At a given tempera- 
ture, the magnitude of the slow component (as mea- 
sured by the dQ/dt 1Is slope) often dropped consider- 
ably on standing overnight, while that of the fast com- 
ponent remained constant. Slow-component values 
scattered several-fold from cell to ce11, and were lower 
with outgassed graphite electrodes, where fast-com- 
ponent values agreed to an average deviation of ,~10%. 
The s low-component  value dropped several-fold over 
the bias voltage range 0.05-0.40V, while the fast com- 
ponent  was roughly constant, increasing by 10-15% at 
most. On cycling back to a given temperature  from 
a higher one, the s low-component  contr ibut ion was 
considerably reduced. 

Because of these findings, one again feels that the 
slow component  represents a diffusion-controlled fara-  
daic impur i ty  reaction, with the impur i ty  capable of 
at least part ial  depletion by continued electrolysis at 
a given tempera ture  and bias voltage. Average values 
of the dQ/dt  1/2 capacitance slope from seven different 
cells are plotted logari thmically vs. 1/T in Fig. 3. The 
surpris ing l inear i ty  indicates that a single diffusing 
impur i ty  species may predominate.  

] 8 2.o 2 .2  2.4 2 .6  2 .8  3.0 3.2 3.4 

Fig. 3. Average diffusive capacitance slope (1/AV) (dO/dtV2) vs. 
temperature. 
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Fig. 2. Q vs tl/~ plot for 0.25 --) 0.20V step on Ag I AgBr]C 
(pressed powder) cell at 75~ Squares are from oscillographic data; 
dots from recorder data. 
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Fig. 4. Average diffusion-corrected chronocoulometric capacitance 
of AgBr I C (pressed powder) interface on heating to temperatures 
to 250~ Capacitance irreversible on cooling. 
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Fig. 5. Q vs. t � 8 9  plots for 0.25 ~ 0.20V step on Ag 1 AgBr I C 
(pressed powder) cell at 250~ and on cooling back to 150~ 

charging component, along with re tent ion of the fast 
capacitance. The lat ter  indicates that heating produces 
a permanent  progressive change in  the microphysical 
na ture  of the interface. 

Temperatures above 250~ heating to 275~ 
after overnight  s tanding at 250~ a fairly abrupt  and 
considerable change in the quali tat ive na ture  of in ter -  
face charging occurred. The effective chronocoulomet- 
ric capacitance increased many-fo ld  on all t ime scales. 
Plots of log i vs. t from oscillographic chronoamper-  
ometry became severely curved, indicating disappear- 
ance of the well-defined fast charging component. 

Figure 6 shows a Q vs. t 1/2 plot at 275~ from oscil- 
lographic and recorder-scale chronocoulometry, using 
two time scales. On the longer t ime scale, a l inear  dif- 
fusion slope is still obtained, but  only at times way in 
excess (500-fold in Fig. 6) of the RC charging time. 
The slope magni tude  is in the l ine of the previous 
points on Fig. 3, indicating that the na ture  of the slow 
charging component is unchanged. The expanded- t ime 
plot of the ini t ia l-r ise  portion shows a l inear  slope that  
back-extrapolates approximately through the origin 
(actually, slightly below the origin because of finite 
RC rise t ime) .  The same type Q vs. t 1/2 plots were ob- 
tained at higher temperatures  to 375~ and on subse- 
quent  cooling to as low as 175 ~ Moreover, the t ---- 0 
capacitances obtained by back-extrapolat ing the l inear 
diffusion slope were reproduced on tempera ture  cy- 
cling. Thus, in contrast to results at 250~ and below, 
the new interface was stable to temperature  cycling. 

Figure 7 shows the back-extrapolated t ---- 0 chrono- 
coulometric capacitance (i.e., the capacitance corrected 
for the slow, diffusionlike component)  over the full  
tempera ture  range. The graph shows data from a single 
run  at 275~ and above. A duplicate run  with a new 
cell gave good agreement.  We see that this presumed 
total interface capacitance increases 50-fold for 250 ~ 
--> 275~ and varies fairly gent ly  with temperature  
thereafter. Thus, from Fig. 6 and 7 and the chrono- 
amperometric  results, the interface capacitance has 
both increased sharply and acquired considerable dis- 
persion. Tests at 325~ showed the interface capaci- 
tance to be unchanged on overnight standing, or cool- 
ing to room temperature  and reheating to temperature,  
and to be invar ian t  (to wi thin  several per cent) to 
voltage step direction and bias voltage in the 0.05- 
0.40V range. 

In  view of the apparent  abruptness  of the capacitance 
increase, it was of interest  to see how rapidly it oc- 
curred dur ing  the 250 ~ --> 275~ heatup and at what  
approximate temperature.  For this purpose, a 7 Hz, 
0.05V voltage square wave from the potentiostat  was 
applied to a cell at 250~ the Q waveform monitored 
visually on the oscilloscope screen, and the furnace con- 
trol temperature  changed to 275~ At 270~176 the 
expected large increase in the waveform ampli tude oc- 
curred over a 1-2 min period. Thus, the increase is 
rapid, though not instantaneous.  
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Fig. 6. Q vs. t 1/2 plot for 0.25 -> 0.20V step on AgJAgBrJC 
(pressed powder) cell at 275~ (upper curve) and initial linear rise 
portion on 5-fold expanded abscissa (lower curve). 
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Micrographic data.--Following the capacitance s tud-  
ies, scanning electron micrographs of the AgBrIC in-  
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Fig. 7. Diffusion-corrected chronocoulometric capacitance of 
AgBr I C (pressed powder) interface as function of temperature 
before and after ~ 2 7 5 ~  transition. Point numbers show tempera- 
ture sequence; 2, 3 represent 1V2 day anneal at 325~ 
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terrace were taken for (a) cells that  had been heated 
to 250~ and (b) cells heated in the 275~176 range. 

Figure 8 shows an interface (a). We see that a well-  
defined phase separation is still maintained,  but  con- 
siderable interracial roughening has taken place, com- 
pared with Fig. 10 of Ref. (2). Also, the AgBr ap- 
pearance has changed considerably, showing a good 
deal of grain growth, in te rgranular  voiding, and the 
appearance of plastic deformation in individual  grains. 
In  l ine with this altered appearance, visual examina-  
t ion of the cells thus heated showed considerable 
"bulging" (swelling) of the electrolyte layer and 
change of this layer  from a glassy translucence to an 
opaque, porous appearance. 

Figures 9 and 10 show the interphase appearance 
near  the AgBr and graphite, respectively, for a cell 
exposed to temperatures  in the 275~176 range. 
Focusing problems prevented a clear photograph of 
the full interphase region, but  a well-defined layer, 
some 170~ thick, was observed. To this degree, AgBr 
is seen to have penetrated or "soaked" into the graph-  
ite. Figure  11 shows a highly magnified portion of the 
interphase layer. 

Discussion 
We noted earlier that  the characteristics of the slow, 

diffusionlike contr ibut ion to the charging process sug- 
gest it is due to a single faradaic impur i ty  species. The 
size of this component and the effect of outgassing the 
graphite again suggests that  an impur i ty  in the graph-  
ite, ra ther  than  the electrolyte, is involved. Further ,  the 
effect of outgassing suggests a gaseous or volatile im-  
purity.  However, since its characteristics (several-fold 
scatter from cell to cell, effects of b ias -anneal ing  and 
graphite outgassing) seem to be those of an impur i ty  
ra ther  than  an intr insic interface component, it seems 
justified to drop further  consideration of this contr ibu-  
tion. We will  instead consider the capacitance remain-  
ing when it is corrected for, which is presumably  the 
intr insic capacitance of the AgBrlC (powder) in ter -  
face. Further ,  the approximate voltage independence 
of the lat ter  capacitance throughout  the entire tem-  
pera ture  range suggests that the double layer  charging 
process is the same as suggested in the preceding 
paper (Ag + ion compact layer  capacitance) and that  
such changes in characteristics as have been observed 
are due to changes in the physical na ture  of the in te r -  
face. 

Ionic conductivity studies by Shapiro and Kolthoff 
(5) show that pressed powder AgBr bodies exhibit  

Fig. 9. Scanning electron mlcrograph of AgBr I C (pressed powder) 
interface after heating above ,-~275~ transition temperature. 

Fig. 8. Scanning electron micrograph of AgBr I C (pressed powder) 
interface after heating to 250~ 

Fig. 10. Scanning electron micrograph of terminus of AgBr pene- 
tration zone in graphite after heating above 275~ transition 
temperature. 

considerable grain growth on heating to various tem- 
peratures.  Our visual and micrographic evidence shows 
the process to be characterized by swelling and po- 
rosity development.  Thus, growth of large grains at 
the expense of small  ones appears to enlarge grain 
dimensions without  filling the space left by  the di- 
gested grains. One expects this process to apply stress 
to and roughen the AgBrlC interface, both by topog- 
raphy change [see, for instance, Fig. 10 of Ref. (2)]  
and by lateral  AgBr grain motion involved in the elec- 
trolyte swelling. The reduced AgBr grain size seen 
near  the interface (Fig. 8) appears to show grain  shat-  
ter ing associated with these stresses. 

At temperatures  to 250~ the net electrical result  
seems merely  to roughen the double layer interface 
without  changing its fast charging characteristic. This 
would be expected if "necks" of electrolyte in the 
roughened interface are not appreciably resistive com- 
pared with the bu lk  electrolyte. From re tent ion of the 
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where G =- :S ni~/ri 3 may be considered a "porosity 
s tructure factor" characterizing a given electrode. In -  
tegrat ing to obtain the chronocoulometric charge 

S o  ~ 2~Co Q(O, t) = i(O, t ) d t  = Qo + 2 G h V  t ~/~ 
p 

[4] 

Fig. 11. SccmMng electron mlcrograph of AgBr penetration zone 
in graphite in Fig. 10. Magnification 3500X. 

increased capacitance on cooling (Fig. 5), the increase 
with tempera ture  appears to result  solely from the 
area increase due to roughening.  From Fig. 3, heat ing 
25 ~ --> 250~ is seen to produce a 16.7-fold increase in 
roughness factor. 

It is of interest  that  stable increased capacitances are 
obtained shortly after heating to each new tempera-  
ture. It  would appear that  each such heating rapidly 
produces a given degree of grain growth, interfacial  
stressing, and stress relaxat ion through roughening. 
While one would not a priori expect this result, our 
exper imental  findings are that overnight  s tanding at, 
e.g., 150 ~ and 250~ did not increase capacitance. 

The micrographic and capacitance changes on heating 
to 275~ seem difficult to describe as other than a solid- 
state "wetting" process, despite the distance from the 
electrolyte mel t ing point  (425~ On heating, AgBr 
displays a continuously increasing plasticity. Compari-  
son of Fig. 8 and 9, for instance, shows a rounding of 
void spaces and merging of crystalli tes in AgBr heated 
to the higher temperature.  The increased capacitance 
and its dispersion are both strongly suggestive of a 
t ransi t ion from compact to porous electrode behavior. 

It is of interest  to compare the chronocoulometric 
behavior  after the ,~275~ t ransi t ion with a model of 
porous electrode charging. DeLevie (6) gives, for the 
capacitative charging current  at the mouth of a semi- 
infinite cylindrical  electrolyte-filled electrode pore, 
following a potential  step AV 

Av ~ / - a c  ' 
~(0, t) = R ~t [ l ]  

where R and C are the electrolytic resistance and 
electrode capacitance per uni t  pore length. For a pore 
radius r, we may use R : #/nr ~ and C : 2xrCo to ob- 
ta in  

i(O, t)  --  AV'k/--  2~r8C~ [2] 
V #t 

where p is the specific electrolyte resistivity and Co 
the double layer capacitance per uni t  microscopic area. 
For an arbi t rary  pore radius distribution, N ---- :~ ni(r i) ,  
the current  per uni t  electrode area, ignoring its outer 
surface for the moment,  is 

/ 2~riSCo 

--GAV "k/ 
2~Co 

v #t 

/ 2~Co 
- - - -  ~V X /  ~ n iN ,~  v pt 

[3] 

where the expression refers to a semi-infinite electrode, 
and where Qo, the charge at the lower l imit  of integra-  
tion, is introduced to account for any fast charging 
associated with the outer electrode surface. Then, for 
a porous electrode of finite thickness, Eq. [4] predicts 
a region of l inear  Q vs. t 1/2 behavior as t -> 0, as we 
have observed. We also note that, as previously dis- 
cussed, both chronocoulometric and chronoamperomet-  
ric oscillographic results indicate Qo is negligible. 

Equat ion [4] predicts that, for a given porous elec- 
trode body and Co tempera ture- independent ,  the l inear  
Q vs. t 1/2 slope for t --> 0 should vary  as p-z/2, the 
inverse square root of the electrolyte resistivity. In  
Fig. 12, these slopes are plotted from chronocoulomet- 
ric data for a given "post- transi t ion" cell in the tem- 
perature range 175~176 On the same graph, a 
"theoretical" temperature  dependence l ine was con- 
structed by mul t ip ly ing the exper imental  d Q / d t  1/~ 
slope at 275~ by (p2TSo/pT)z/2 to predict the values at 
the other temperatures.  A fair correspondence is seen, 
with the mid-poin t  slopes of the two curves differing 
by 22%. We see, then, that the chronocoulometric re-  
sults following the ~275~ t ransi t ion can be reason- 
ably well described in terms of porous electrode be-  
havior. 

It is of interest  now to consider the na ture  of the 
porosity. Both the micrographic results (e.g., Fig. 10) 
and the existence of stable, well-defined total capaci- 
tances, invar ian t  to anneal ing and temperature-cycling,  
indicate the porosity is l imited to a fixed interfacial 
zone. Thus, it seems unl ikely  to reflect the inherent  
porosity of the pressed graphite. We suggest instead 
that it represents a shallow network  of fracture dam- 
age to the graphite surface, created by the previously 
described process of gra in-growth- induced interracial 
roughening on heating 25 ~ --> 275~ 
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Fig. 12. Slope of initial linear rise of Q vs. t'12 plots (e.g., Fig. 6) 
vs, temperature for cell after ~ 2 7 5 ~  transition (smooth line), and 
slope curve predicted by Eq. [4] (dashed line). 
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At -~275~ an obviously rapid electrolyte "soak-in" 
occurs, some 150 ~ below the AgBr mel t ing point. While 
we may invoke high plasticity in  the AgBr and capil- 
la ry  action in the fracture network, the abruptness of 
the "soak-in" requires consideration. As noted before, 
AgBr has no phase t ransi t ion between 25~ and its 
mel t ing point. Silver bromide and graphite  are chemi- 
cally inert  to one another. Bulk phase properties, then, 
do not seem involved. 

For capil lary penetra t ion of a porous solid by a l iq- 
uid, it is required (7) s imply that  Wa ~ mL, where Wa 
is the work of adhesion and mL the l iquid surface ten-  
sion. Using 

W a  ~--~ mL -~- ms - -  mLs [5 ]  

where ms refers to the surface tension of the solid and 
mLS to the interfacial  tension, the criterion reduces to 
ms > mLs. Thus, if the surface tension of the solid is 
reduced by wetting, capil lary penet ra t ion  can occur. 
We expect, then, that ms and mLS for graphite and 
AgBrlC are different functions of temperature.  Thus, 
it may simply be that ,~275~ marks  a cross-over from 
mS ~ mLS t o  ms ~ mLS. 

Since these relationships are thermodynamic  ones, 
it makes no difference in principle whether  they refer 
to wett ing by a liquid or a mobile solid. The rapid 
penetration,  however, seems quite unique. From the 
fact of penetrat ion to 170~ in ~100 sec, we may use 
x -: 2 k / D t  to estimate (8) quite roughly an effective 
diffusion coefficient of (1.7 • 10-2)2/4 X 102 ~ 7 • 
10 -7 cm2/sec, a high value for diffusion in solids. It 
would seem that  a mechanism of rapid anion diffusion 
in the graphite microeracks, followed by the smaller  
cations, is required. Strong anion adsorption on the 
graphite surface, proposed in the previous paper (2), 
may provide a chemical dr iving force for the process, 
with cations d rawn along coulombically. At any rate, 
a most unusua l  solid-state phenomenon seems in-  
volved. 

The 50-fold increase in total capacitance at ~275~ 
together with the previously noted 17-fold increase 
in  roughness factor on heat ing 25 ~ -> 250~ might  be 
thought to indicate an over-al l  850-fold increase in tbe 
effective interfacial area from the presumed near -  
p lanar  room-tempera ture  configuration. However, the 
tempera ture  dependence of the "post- transi t ion" ca- 
pacitance (26% per 100 ~ puts this calculation in ques- 
tion. It may be that the AgBr "soaks" into a wide var i -  
ety of crack widths and that capacitance associated 
with the narrowest  electrolyte paths becomes increas- 
ingly  more  accessible with increasing temperature,  
since ionic conductivi ty in AgBr increases rapidly with 
tempera ture  (900-fold for 175 ~ --> 375~ If this is 
the case, the precise effective porosity factor is a func-  
t ion of temperature,  and varies from 760 to 1220 in 
the 175~176 range. 

Finally,  the over-al l  results invite comparison with 
our  earlier AgBr-graphi te  study at 244 ~ and 292~ In  
the lat ter  work, the interface was formed by spring-  
loading a cylindrical  AgBr single-crystal  disk between 
silver and pyrolytic graphite foils and briefly heating 
the assembly above the AgBr melt ing point in vacuo 
to flash-melt the electrolyte to the electrodes. The cell 
was then cooled to the 292 ~ and 244~ measur ing tem- 
peratures. Oscillographic cur ren t - t ime  and recorder 
scale charge-t ime data were taken, much as in the 
present  work, except that Q vs. t 1/2 plots were not 
made. Log i vs. t plots were nonlinear .  The chrono- 
coulometric data showed a slow charging process with 
apparent  closure at long times (in excess of several 
minutes) ,  so "total" capacitance values were reported. 
These ranged from 25 to 45 ~f/cm 2 and were in te r -  
preted as a diffuse double layer  capacitance. 

Clearly, the large capacitances reported in the pres-  
ent work were not seen, despite the fact that the in -  
terface formation temperature  and one of the measur-  
ing temperatures  were well  above the 275~ "transi-  
t ion" temperature.  This is consistent wi th  our sug- 

gestion that the large capacitance results from the 
wett ing of graphite porosity induced by surface dam- 
age from electrolyte grain  growth. With single- 
crystal AgBr and pyrolytic graphite foil, the porosity 
may well be l imited to that  inherent  in the graphite. 

To examine this earlier charging process further,  Q 
vs. t 1/2 plots were made from the chronocoulometric 
recorder data for 0.02-0.30V, 244 ~ and 292~ 1 ~ t 1/2 

7 sec 1/2. The plots were l inear  for t >~ 4 sec and 
back-extrapolated to an average t : 0 capacitance of 
15 ~f/cm 2. The oscillographic log i vs. t data could be 
fitted to current  decay by a mix ture  of two RC time 
constants (9). The capacitance associated with the 
faster t ime constant  averaged 5.3 ~f/cm 2 and the total 
capacitance for the two components averaged 9.9 ~f/ 
cm 2. 

The fastest capacitance, then, agrees roughly with 
that measured for the AgBrIC interface at room tem- 
pera ture  in the previous paper. The occurrence of an 
appreciably larger sum capacitance and back-ext rap-  
olated Q vs. t 1/2 capacitance indicates a significant dis- 
persed capacitance in the subsecond time range. This 
dispersed component may well  reflect a small  amount  
of na tura l  porosity in  the pyrolytic graphite foil, such 
as from microcracks, dislocations, and lamel lar  separa- 
tions. In  any event, the capacitance in this earlier study 
seems better  described as some combinat ion of fast and 
dispersed Ag + compact layer  capacitance (with a pos- 
sible diffusive impur i ty  component) ,  than as a diffuse 
layer capacitance, as previously (3) proposed. 

Conclusions 
We have seen, then, that heating a pressed-powder 

ceramic interface (AgBr-graphi te)  from room tem- 
perature  first produces interfacial  roughening via grain 
growth and, later, a rapid solid-state capillary pene- 
t ra t ion of the one phase into the other. Capacitance 
measurements  made it possible to study both of these 
processes in detail. In  the first, the charging process 
remained rapid despite a 17-fold increase in roughness 
factor. In  terms of previous discussions of roughness 
and capacitance dispersion in electrochemical systems 
(10), it is seen that  the former alone does not neces- 
sarily produce the latter;  ra ther  that  capil lary pene-  
tration, such as into microcracks, seems required. 

The solid-state capil lary penetra t ion process would 
appear to be unique, but  not a priori  unlikely,  given 
the appropriate surface energy si tuation and a mech- 
anism for rapid capil lary diffusion. It would seem that 
both the roughening and penetra t ion processes would 
be of interest  in the area of ceramic adhesion and 
bonding. Given a solid-solid interface be tween an ionic 
and an electronic conductor, capacitance measurements  
might  well make possible a detailed study of its nature.  
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Ring-Disk Electrode Study of Palladium Dissolution 
Steven H. Cadle 1 

Chemistry Department, Vassar College, Poughkeepsie, New York  12601 

ABSTRACT 
The corrosion rate of pal ladium is measured as a funct ion of potential  in  

0.2M H2SO4. A typical corrosion rate is 0.35 #A/era 2 at + I . I V  vs. SCE for an 
electrode with a roughness factor of 1.6. Passivation of the pal ladium dissolu- 
t ion occurs and is monitored by collection of Pd( I I )  at the r ing electrode. 
Soluble pal ladium is produced s imultaneously with the reduction of an oxi- 
dized electrode. This soluble pal ladium is separated into two categories. One 
category is associated with the reduction of surface pal ladium oxide while 
the other is associated with the reduct ion of phase oxide. Dissolution processes 
cause significant roughening of the electrode surface at E ~ -t- 1.4V. 

Recent investigations (1, 2) of the anodic behavior  
of pal ladium in acid solution have shown that pal-  
ladium dissolution occurs. Rand and Woods (1) used 
atomic absorption spectroscopy to determine the quan-  
t i ty of pal ladium dissolved during a potent ial  cycle of 
the electrode in  1M H2SO4. Llopis et aL (2) determined 
the corrosion rate of pal ladium in  IM HCIO4 as a func-  
t ion of potential  using a radiochemical technique. 
Neither of these exper imental  techniques can deter-  
mine the instantaneous dissolution rate since the con- 
centrat ion of pal ladium in  solution must  be increased 
over a period of time. Thus, it has not been possible to 
determine if pal ladium dissolution occurs dur ing both 
the anodic and cathodic potential  cycle of the electrode. 
Also the rate of passivation of the dissolution process 
could not be measured. These problems have been 
overcome by the use of the rotat ing r ing-disk elec- 
trode. 

Experimental 
Equipment and solutions.--The circuit for the r ing-  

disk potentiostat, the cell, and the rotator are de- 
scribed elsewhere (3). A Beckman Electroscan 30 re-  
corder was used. 

A rotat ing pal ladium r ing-pa l lad ium disk electrode 
(RPdRDE) was used. The collection efficiency, N, was 
0.319. The projected area of the electrode was 0.452 
cm 2. The roughness factor of the electrode was esti- 
mated by assuming that  one monolayer  of oxygen is 
adsorbed on the electrode at + I .0V (4, 5) and cor- 
responds to 424 ~coulombs/cm 2 (6). The electrode was 
oxidized at +I .0V for 15 min  before its potential  was 
scanned to more negative potentials. The quant i ty  of 
adsorbed oxygen was determined by integrat ion of the 
pal ladium oxide reduct ion peak. On this basis the 
roughness factor of the electrode was 1.6. 

A rotat ing gold r ing-pa l lad ium disk electrode 
(RGPdRDE) was prepared by electroplating gold on 
the r ing of the RPdRDE from a sulfuric acid solution 
of auric sulfate. 

All solutions were prepared using t r iply distilled 
water. The 0.2M sulfuric acid support ing electrolyte 
was prepared from Fisher reagent grade sulfuric acid. 
Solutions were deoxygenated with nitrogen. 

All potentials are reported vs. the saturated calomel 
electrode. Values of the apparent  charge density 

1 Present address: Research Laboratories,  General  Motors Corpo- 
ration, General Motors Technical Center, Warren, Michigan 48090. 

Key words: palladium, dissolution, ring-disk electrode. 

(~coulombs/cm a) are reported using the projected 
area of the electrode, uncorrected for roughness factor. 

Electrode pretreatment.--In order  to obtain repro- 
ducible current -potent ia l  curves the RPdRDE was pre-  
t reated in the following manner .  The electrode was 
polished occasionally with Buehler  0.05~ gamma micro-  
polish. The electrode was introduced into solution and 
both the ring and disk were oxidized for 10 rain at 
+ 1.4V and then  reduced at 0.0V for 5 rain. The elec- 
trode potential  was then cycled repeatedly between 0 
and + 1.4V unt i l  a reproducible cur ren t -poten t ia l  curve 
was obtained. Approximately  ten potential  cycles were 
required. 

A similar p re t rea tment  was required for the 
RGPdRDE. This electrode, however, was not polished 
be tween experiments.  To remove the pal ladium which 
was collected at the gold r ing dur ing an experiment,  
the r ing electrode potential  was cycled repeatedly be-  
tween --0.3 and + 1.6V. 

Corrosion rate determination.--The corrosion rate 
was determined by collecting soluble pal ladium on the 
gold r ing of a RGPdRDE. Initially,  the pal ladium disk 
was reduced at 0.0V for 1 rain. Then it was stepped to 
the potential  at which the corrosion rate was to be 
measured and was held at this potential  15 min  to 
allow complete oxidation of the electrode to occur. 
After  this t ime the r ing electrode potential  was stepped 
from +l .2V,  a potential  at which no collection of 
pal ladium occurs, to 0.0V. Pa l lad ium was collected at 
the r ing for 4 m i n  at a rotat ion speed of 900 rpm. The 
r ing potential  was then stepped to +0.40V and im- 
mediately scanned in the anodic direction. The quan-  
t i ty of pal ladium collected was determined from inte-  
grat ion of the resul t ing r ing cur ren t - r ing  potential  
curve using a procedure developed in  this laboratory 
(5). Since considerable roughening of the electrode 
occurs at ED ~ + l . 4 V  the roughness factor was deter-  
mined after each measurement .  All data were cor- 
rected to a roughness factor of 1.6. Assuming that  all  
the pal ladium was collected as Pd (II) and taking into 
account the collection efficiency, the disk electrode 
current  due to the Pd ( I I )  dissolution was calculated. 

Results and Discussion 
Palladium dissolution.--Ring-disk electrode experi-  

ments  using the RPdRDE were conducted in  0.2M 
H2SO4 in  order to determine if any soluble species 
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Fig. 1. Current-potentlal curves at a RPdRDE, showing collection 
of Pd(ll) at the rita~j electrode. 0.2M H2504, rotation speed 2500 
rpm, potential scan rate 100 mV/sec, ER = 0.0V. 

could be detected during the oxidation and reduct ion 
of the pal ladium disk electrode. F igure  1 shows a disk 
current -d isk  potential  (iD-ED) curve  and the corre-  
sponding r ing current -d isk  potential  (iR-ED) curve 
obtained at a rotat ion speed of 2500 rpm. The potent ial  
scan rate  was 10O mV/sec  and the r ing electrode po- 
tential  was 0.0V. The iD-ED c u r v e  shows the oxidat ion 
of the pal ladium electrode at E D  ~ ~-0.4V and the cor-  
responding reduct ion peak during the cathodic scan at 
+0.36V. The iR-ED curve shows that  r ing collection of 
an e lect roaet ive  species commences during the anodic 
scan at the same potential  that  pal ladium oxide forma-  
t ion begins. The rapid increase in iR at ED ~ + l .13V 
is due to the collection of oxygen. During the cathodic 
scan a r ing current  peak is observed at the same poten-  
tial as the pal ladium oxide reduct ion peak. It is shown 
below that  the ring current  at ED ~--- +I .10V is due to 
the collection of P d ( I I ) .  

IR-ED curves were  recorded at several  rotation 
speeds under  the exper imenta l  conditions of Fig. 1. No 
dependence on the rotat ion speed was observed. 

Identification of collected species.--IR-ED curves 
were  obtained at a RGPdRDE under  the same exper i -  
menta l  conditions as in Fig. 1. A ring collection curve 
identical  to the curve in Fig. 1 was obtained. 

The soluble species was collected at the gold ring 
electrode, ER = 0.0V, during several  potential  cycles of 
the pal ladium disk be tween  zero and + I . I V .  The disk 
electrode was then reduced at 0.0V and open circuited. 
An IR-ER curve was recorded at 100 mV/sec  be tween  
0 and +l .6V.  The oxidation and reduct ion of thin 
layer  pal ladium deposits on gold (5) were  apparent,  
proving that  pal ladium is collected at the ring elec- 
t rode under  these conditions. This procedure was re-  
peated at a fresh electrode, wi th  the soluble pal ladium 
being collected during only one potent ial  cycle of the 
disk. Integrat ion of the iR-ED curve  showed that  the 
charge requi red  to reduce the Pd collected at the r ing 
during one potential  cycle was 34.7 ~coulombs. The 
quant i ty  of pal ladium deposited on the r ing was de te r -  
mined by measur ing the charge requi red  to oxidize this 
deposit to a known oxidat ion state (5). Assuming a two-  
electron reduct ion of P d ( I I ) ,  it was found that  33.1 
#coulombs of pal ladium had been deposited. Compar i -  
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Fig. 2. Current-potential curve showing the effect of ring potential 
on the collection of Pd(ll). 0.2M H2504, rotation speed 91)0 rpm, 
potential scan rate of the disk electrode 100 mV/sec. Curve A, 
ring current measured at ED ---- +0 .36V during the cathodic scan; 
curve B, ring current measured at ED ---- -I-1.0V during the anodic 
scan. 

son of these results leaves l i t t le doubt that  the ob- 
served ring collection current  is due to the reduction 
of Pd( I I )  under  these exper imenta l  conditions. 

Current -potent ia l  curves for the soluble Pd (II) were  
constructed from iR-ED curves obtained at different 
r ing electrode potentials. Two such curves are shown 
in Fig. 2. The ring current  for curve A was measured  
at the current  peak observed during the cathodic scan 
at E D  • +0.36V (see Fig. 1). The ring current  for 
curve B was measured  at E D  : + I . 0 V  during the 
anodic scan. The curves are i r revers ible  and the shape 
of curve B gives some indication, a l though inconclu- 
sive, that  more than one Pd ( I I )  species is being col- 
lected. The l imit ing current  is obtained by +0.05V. 
Thus, the collection efficiency of the soluble Pd (II) is 
equal  to N at Ea ~ + 0.05V. It must be noted that  the 
observed ring current  decreased wi th  t ime if the ring 
electrode was not f requent ly  oxidized at + l .2V.  This 
rate of decrease was dependent  on the rotation speed of 
the electrode indicating that  the inhibit ion was due to 
impur i ty  adsorption. 

Corrosion rate.--The corrosion rate of pal ladium was 
determined as a function of potential  using the pro-  
cedure described above (Exper imenta l ) .  The data is 
presented in Table I. The decrease in the corrosion rate 
observed when the potential  is increased from +0.7 to 
+ 0 . g v  is assumed to be due to the part ial  passivation 
of the electrode caused by the format ion of palladium 
oxide. This data is in reasonable agreement  wi th  that  
of Llopis et al. (2), who repor ted  a corrosion rate  
equivalent  to 0.32 ~A/cm 2 at +0.9 and + l . 5 V  in 1N 

Table I. Corrosion of palladium 

Electrode {o 
potential  (V) (/~A/crn~) 

+ 0.5 0.00 
+O.7 O.36O 
+ 0.9 0.306 
+ 1.1 0.354 
+ 1.3 0.374 
+ 1.5 O.442 
+ 1.7 0.832 



VoL 121, No.  5 P A L L A D I U M  D I S S O L U T I O N  647 

HC104. A significantly h igher  corrosion rate  than 
found in this study was repor ted  at ~-0.75 and ~1.75V 
(2.8 and 1.8 #A/cm 2, respect ively) .  The difference at 
+0.75V may  have been caused by an enhanced corro-  
sion rate due to the presence of a trace amount  of 
chloride in the perchloric  acid support ing electrolyte.  
The disagreement  at ~-l.7V is most l ikely  due to an 
increase in roughness factor of the electrode used by 
Llopis et al. The roughness factor was not measured  
in thei r  work. 

Comparison of the data in Table I wi th  the ring col- 
lection curve in Fig. 1 shows that  a much larger  
(~30X)  corrosion rate  is observed at a given potent ial  
during an anodic potent ial  scan at 100 mV/sec  than  is 
observed at the same potential  af ter  electrode oxida-  
tion is complete. Thus, it is apparent  that  oxidat ion of 
the electrode results in the passivation of the dissolu- 
t ion process, and that  the corrosion ra te  wil l  depend 
marked ly  on the electrode potent ial  scan rate  and the 
history of the electrode. 

Pass iva t ion . - -The  r ing electrode was used to moni -  
tor  the passivation of the pal ladium dissolution proc- 
ess at disk electrode potentials where  oxygen is not 
evolved, i.e., ED ~ + I . I V .  In these exper iments  the 
disk electrode was reduced at +0.1V for 1 min  before 
its potential  was stepped to a more oxidizing potential.  
Pal ladium was collected at the ring electrode at 0.0V. 
The result ing ring cur ren t - t ime  curves are shown in 
Fig. 3 for four  different disk electrode potentials.  
Curve a, Fig. 3. was recorded for a potent ial  jump to 
+0.4V, a potential  at which no pal ladium dissolution 
occurs. The observed ring current  was a t t r ibuted to 
e lectroact ive impurit ies being str ipped from the disk 
electrode. This curve  is also labeled the residual  curve 
in Fig. 3. Curves  b-d,  Fig. 3, were  recorded for po ten-  
tial steps to successively more  posit ive potentials and 
show successively la rger  corrosion rates. The corrosion 
rate  decreases rapidly during the first 10 sec and then 
more s lowly for t imes up to 10 rain. At times longer  
than 10 min  no addit ional  decrease in the r ing col- 

i1~ DISK POTENTIAL STEPPED 
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Fig. 3. Ring current vs. time curves for the collection of Pd(ll). 
Disk potential stepped from --k-0.1V to ED at time _--- 0. Curve a, 
ED "- -I-0.4V; curve b, ED ---- -k-0.6V; curve c, ED ---- -I-0.85V; 
curve d, ED ~ -I-1.1V. 0.2M H2S04, rotation speed 900 rpm. 

lection current  was observed and the electrode is 
passivated. 

Cathodic dissoIut ion.- -Once the electrode has been 
passivated via oxidation, it might  be expected that  no 
increase in pal ladium dissolution would  occur if the 
electrode potential  is scanned to more  negat ive  po- 
tentials. The iR-ED collection curves in Fig. 4 prove 
that  this is not the case, since a much la rger  quant i ty  
of pal ladium is collected at the ring than is predicted 
f rom the corrosion rate  observed at a passivated elec- 
trode. This pal ladium is t e rmed  cathodically soluble 
palladium. These curves were  recorded at ER = 0.0V 
after  the disk electrode was oxidized for 15 rain at the 
potential  indicated in the figure. The iD-ED curves 
corresponding to Fig 4 are presented in Fig. 5. 

The cathodically soluble pal ladium appears to be 
associated wi th  two different reduct ion processes which 
occur at the disk electrode. The first is the  reduct ion of 
the surface pal ladium oxide at ED < +0.SV. This re -  
duction is accompanied by the formation of soluble 
Pd ( I I )  which is seen in Fig. 4 as a r ing current  peak, 
A. A similar  phenomenon has been observed at both 
gold electrodes (7) and pla t inum electrodes (8). The 
second reduct ion process occurs at more  posit ive po- 
tentials than the surface pal ladium oxide reduction 
peak (see Fig. 5). Reduct ion peaks at pal ladium elec-  
trodes have been previously  repor ted  in this potential  
region if the electrode is oxidized at potentials greater  
than -p1.75V vs. SCE in 1M H2SO4 (6). These peaks 
were  shown to be due to the reduct ion of a phase 
oxide. The data in Fig. 4 and 5 indicate that  small 
quanti t ies  of phase oxide form at ED ~--- + I . I V  and that  
a considerable quant i ty  of soluble pal ladium is gen-  
era ted  when  the phase oxide is reduced. This effect 
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Fig. 4. Effect of disk oxidation potential on cathodic soluble 
palladium. Disk electrode oxidized at indicated potential for 15 
min. 0.2M H2S04, rotation speed 900 rpm, potential scan rote 
100 mV/sec. 
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Fig. 5. Current-potential curve for a palladium disk electrode 
oxidized at ED for 15 min. Curve a, ED = -50.8V; curve b, ED = 
-51.1V; curve c, ED = -51.4V; curve d, ED = -51.6V. 0.2M 
H2S04, rotation speed 900 rpm, potential scan rate 100 mV/sec. 

accounts for the t remendous increase in  soluble pal-  
ladium formed at ED ~--- -5 1.4V and helps account for 
the observed increases in  the surface roughness when  
the electrode is oxidized at ED ~ -5 1.4V. 

The quant i ty  of cathodically soluble pal ladium pro- 
duced at the disk electrode was calculated from iR-ED 
curves as a funct ion of the disk oxidation potent ial  
and is presented in Table II. The soluble pal ladium 
produced dur ing reduct ion of the surface pal ladium 
oxide reduct ion peak is designated QA, while that pro- 
duced dur ing reduction of the phase oxide is Qm It is 
not possible to directly measure the soluble pal ladium 
produced at ED ~ -5 1.1V because of the s imultaneous 
collection of oxygen which is evolved at these poten-  
tials. Therefore, QB was measured be tween -51.1 and 

Table II. Cathodic soluble palladium 

Electrode QB (~cou- Q~ (~cou- 
potential  (V) lombs /cm 2) lombs/cm2) QA/QPdO x 

+0.7 3.30 3.47 0.015 
+ 0.8 3.47 8.91 0.021 
+ 0.9 3.67 14.8 0.029 
+ 1.0 10.6 17.1 0.027 
+ 1.1 36.6 24.8 0.034 
+ 1.2 93.2 36.7 0.043 
+ 1.3 157.0 45.7 0.050 
+ 1.4 259.0 58.5 0.055 
+ 1.5 812.0 84.4 0.075 
+ 1.6 1750,0 180.5 0.126 

0.0V and is not the total quant i ty  of pal ladium dis- 
solved dur ing the cathodic scan if the disk is oxidized 
at ED :> -51.1V. The last column of Table II gives the 
ratio of QA/QPdO• QPdox is the number  of coulombs 
passed for the reduction of surface pal ladium oxide at 
the disk electrode current  peak, ED ~ -50.5V. This 
quant i ty  increases with increasing potential  from 1.5% 
at -50.8V to 12.6% at W1.6V. 
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script received Nov. 1, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOUP~NAL. All  discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 

REFERENCES 
1. D. A. J. Rand and R. Woods, J. Electroanal. Chem., 

35, 209 (1972). 
2. J. F. Llopis, M. M. Gamboa, and L. Victori, Electro- 

chim. Acta, 17, 2225 (1972). 
3. D. C. Johnson, Ph.D. Thesis, Universi ty  of Minnesota 

(1967). 
4. R. Kh. Burshtein, M. R. Tarasevich, and V. S. Vilin- 

skaya, Electrokhimiya, 3, 349 (1967). 
5. S. H. Cadle, Anal. Chem., Submit ted for publication. 
6. D. A. J. Rand and R. Woods, J. Electroanal. Chem., 

31, 29 (1971). 
7. S. H. Cadle and S. Bruckenstein,  Anal. Chem., In  

press. 
8. D. C. Johnson, D. T. Napp, and S. Bruckenstein,  

ELectrochim. Acta, 15, 1493 (1970). 

Experimental Determination and Calculation of 
Parasitic Currents in Bipolar Electrolyzers with 

Application to Chlorate Electrolyzer 
I. Rout'at* and V. Cezner 

Department oy Inorganic Technology, Institute oJ Chemical Technology, Prague, Czechoslovakia 

ABSTRACT 

Exper imental  determinat ion of parasitic currents  flowing through an elec- 
trolyzer in  inlet  and outlet channels was performed for a bipolar  electrolyzer 
consisting of six cells, for production of chlorates. The average deviation of 
exper imental  values from theoretical was 14%. 

The problem of parasitic currents  was studied theo- 
retically in  an earlier paper (1). A comparison of 
theoretical values of parasitic currents  with experi-  
menta l  ones is necessary since the theory is based on a 
very  simplified model which replaces the individual  
cells and connecting channels  by a system of paral lel  
and series resistances (2). 

The following relations for resistances of inlet  chan- 
nels to every cell were derived for the so-called W 

* Electrochemical  Society Act ive  Member .  
Key words: bipolar electrolyzer, parasitic currents, chlorate elec- 

trolysis. 

model (1) 

Rsl = pE (1 q- 1.5K8 -5 1.5 K3') \~-~- 

-5 0.5 (w -5 wz)/L2d -5 PE (1  -5 1.5 (VGT/Vp) ) (LsT/FsT) 
[1] 

Rs2 ---- pE(1 -5 1.5 K3') (L1/wd)-5 0.5(w -5 wl) /L2d 
-5 PE (LsB/FSB) [2] 

and connecting channels between cells 

RQ1 - -  p E ( 1  -5 1.5(VGT/Vp)) (SA  -5 SK -5 D)/Fc~T [3 ]  
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Fig. 1. Scheme of electric circuit. Resistances in the center cor- 
respond to individual cell resistances of bipolar electrolyzer. 

/ 

R BE 

P 

Fig, 2. Experimental setup BE, bipolar electrolyzer; V, Venturi 
tube; P, centrifugal pump; R, electrolyte reservoir; K, regulation 
stop cock; T, thermometer; H, titanium heat exchanger. 

RQ2 = p E ( S A  "~ SK ~- d)/FQB [ 4 ]  

The single-cell  voltage of the electrolyzer is given by 

U ~-- A + B~s] [5] 

The electric circuit, shown in Fig. 1, can be s impli-  
fied (1) if it can be assumed that Rsl ,-- Rs2 and Re] N 
RQf; however  this was not the case in  the present  work. 
We introduce dimensionless parameters  /Rj : Ij/Io; 
am ---- A/loRsl;  aR2 : aRIRs1/I~s2~ fiR] : Ro1/Rsl; 
fiR2 : RQ2/RS2; ~RI : B/loRsl; 7R2 : 7RIRsl/Rs2. The 
currents flowing through the resistance network are 
determined by considering the voltage balance for 
every closed circuit and the current balance for every 
knot. The resulting system of 5n-7 equations for n cells 
can be represented by a diagonal matrix (see Table I) 
and solved by the Thomas method (3). 

Exper imental  
The bipolar  electrolyzer (Fig. 2) consisted of six 

cells, each containing a bipolar  electrode 13 • 58 cm 
made of impregnated Acheson graphite. The flowing 
electrolyte was pumped by  pump P from reservoir  R 
of 120 liters holding capac i ty  passing Ventur i  tube V. 
The reservoir  was provided with a thermometer  and 
t i t an ium heat exchanger connected with a thermostat.  
The electrolyzer was fed with current  from a silicon 
rectifier and was assembled from frames (Fig. 3) and 
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IO _801 
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4- 1 
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Fig. 3. Interelectrode frame. 1, main channel for electrolyte inlet; 
2, main channel for outlet of electrolyte with bubbles; 3, platinum 
probes to measure voltage drops in inlet channel (UB12'); 4, 5, 
connecting channels; 6, platinum probes to measure voltage drops 
in outlet channel (UT12,UT~). Dimensions are given in millimeters. 

plates (Fig. 4) made of organic glass (Plexiglas).  The 
frames contained bu i l t - i n  plat inized p la t inum wires. 
The voltage drop be tween them could be measured by 
a vacuum tube voltmeter  and compared with the cal- 
culated voltage given by the parasitic current  in  the 
considered circuit and by the electrolyte resistance be-  
tween the p la t inum probes. The frame assembled with 
the plate is shown in  Fig. 5 indicat ing the direction of 
the electrolyte flow. Between the plate and the frame 
there was a soft rubber  gasket 0.5 mm thick. The dis- 
tance between the anode and the cathode in  the com- 
pIete assembly was 6 mm at the beginning of experi-  
ments. At the end of measurements ,  the electrodes 
were par t ly  corroded on the anodic side and the dis- 
tance be tween them was 7.7 ram. The electrodes were 
provided with p la t inum wires enabl ing measurement  
of the voltage, U, between individual  cells. 

Measurements were made at 40~ and pH was ad- 
justed to 5.5-6.5 by  addit ion of di luted hydrochloric 
acid. Two different electrolytes were used: (A) 600 
g/ l i ter  NaC103 ~- 90 g/ l i ter  NaC1 ~ 3 g/ l i ter  NafCr2OT, 
(B) 500 g/ l i ter  NaC103 -t- 150 g a i t e r  NaCI -t- 10 g a i t e r  

N a 2 C r 2 O T .  

Res u I ts 
For three values of the current  density, 0.03, 0.06, 

and 0.09 A/cm 2, three rates of flow of electrolyte A or 
B were chosen, namely,  10, 20, and 30 kg/min .  Thus, 
the total number  of experiments  amounted to 18. The 
resistances be tween  probes in  the outlet  and inlet  

Table I. Coefficients and right-hand sides of Sn-7 equation 
describing current distribution in the electric circuit in Fig. 1 

Right-  
IRJ hand  

j 1 2 3 4 5 6 7 8 9 10 16 17 18 19 20 21 22 23 side 

1 0 - 1  0 
2 --71 1 + ~i --1 --1 0 ul + uz 
3 1 0 0 --1 --1 --1 0 0 
4 1 0 1 0 0 --1 0 0 
5 1 0 1 0 0 --1 0 0 
S 1 0 -- ~/z BI 0 -- 1 0 al 
7 1 -- "yl 0 ~i 0 -- 1 ~i 
18 1 0 0 --1 --1 --1 0 0 
19 1 0 1 0 0 --1 0 0 
20 1 0 1 0 0 -- 1 0 
21 1 0 --71 1 + ~i 0 al 
22 1 --",'= 0 1 + ~ as 
23 1 1 1 1 
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Table II. Voltage drops in inlet and outlet channels due to parasitic currents 

UB12 (V) UT12 (V) UT~ (V) 
C e l l  D e v i a t i o n  D e v i a t i o n  

n u m b e r  T h e o r y  E x p e r i m e n t a l  (%)  T h e o r y  E x p e r i m e n t a l  (%)  
D e v i a t i o n  

T h e o r y  E x p e r i m e n t a l  {%) 

i = 0.03 A / c m  2 
1 0.835 0.956 14.5 0,724 0.656 ~ 9.4 
2 0.501 0.680 35.7 0.433 0.560 29.3 
3 0.167 0.194 16.2 0.144 0.186 29.2 
4 -- O. 167 -- O. 138 -- 17.4 -- O. 144 -- 0.232 61.1 
5 - -  0.501 - -  0 .459 - -  8 ,4 - -  0 .433 - -  0 .480 10.9 
6 - -  0 .835 - -  0 .922 10.4 - -  0 .724 - -  0 . 656  ~ 9 .4  

Average deviation ( % )  17.1 24.9  
i = 0.06 A l e m  = 

1 0.890 0.950 6.7 0.795 0.725 ~ 8 . 8  
2 0.534 0.715 33.9 0.475 0.525 10.5 
3 0.178 0.203 14.0 0.158 0.205 29.8  
4 - 0 . 1 7 8  - -0 .165  - -7 .3  - -0 .158  - -0 .185  17.1 
5 -- 0.534 -- 0.480 -- I0.I -- 0.475 -- 0.525 10.5 
6 - -  0 .890 - -  0 .938 5,4 - -  0 .795 - -  0 .725 ~ 8.8 

Average deviation ( % )  12.9 14.25 
i = 0 .09 A / c m  2 

1 0.935 1.074 14.9 0.853 0.703 -- 17.6 
2 0.561 0.519 -- 7.5 0 .510 0.590 15.7 
3 0.187 0,225 20.3 0.170 0.206 2 1 . 2  
4 -- 0 .187 - -  0 .155 -- 17.1 -- 0 .170 -- 0 .240 41.2 
5 -- 0.561 -- 0 .498 -- 11.2 -- 0.510 -- 0.545 6.9 
6 -- 0 .935 -- 1.002 7.2 -- 0 .853 -- 0.703 -- 17.6 

Average deviation (%) 13.03 20.03 

2.461 2 .490 1.2 
1.472 1.450 -- 1.5 
0 .490 0.494 0.8 

--  0.490 -- 0.356 - -  27.4 
-- 1.472 -- 1.402 -- 4.9 
-- 2.461 -- 2.666 5.3 

7.3 

2.701 2.640 - -2 .3  
1.615 1.585 -- 1.9 
0 .533 0.485 -- 9.9 

- - 0 . 5 3 8  - -0 ,370  - - 3 1 , 2  
-- 1 .615 -- 1.495 --  7.4 
- -2 .701  - -2 .845  5.3 

9 . 6 6  

2.900 2.847 -- 1.8 
1.734 1.728 --0.4 
0.577 0.383 - -33 .6  

- -0 .577  - -0 .535  - -7 .3  
-- 1.734 -- 1.590 -- 8.3 
-- 2 .900 -- 2.910 0.3 

8.6 

channel  were  calculated as 

R T 1 2  - -  p E ( 1  -~- 1 . 5  ( V G / V p ) )  ( L T 1 2 / F s T )  

R T 2 3  -~- pE ( 1  ~-  1.5 ( V G / V p ) )  (Lr23/FsT) 
R B 1 2  : pE Lm2/FsB 

The distance be tween  the pla t inum probes were  
(Fig. 3) : LT12 = 2.5 cm, Dr23 = 8.5 cm, and LB12 = 10 
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flg. 4. Electrode frame. 7, 8, Platinum probes to measure cell 
voltage of eleetrolyzer (U); 9, Plexiglas separator; 10, graphite 
electrode. Dimensions are given in millimeters. 

�9 

Fig. 5. Assembly of interelectrode and electrode frames. Direction 
of electrolyte flow is indicated by arrows. 

cm. The voltage drops UT12, UT23, and UB12 on the re-  
sistances R T 1 2 ,  R T 2 3 ,  and R B 1 2  w e r e  measured  and cal- 
culated. Typical results obtained at a rate  of flow of 
10 k g / m i n  and current  densities of 0.03, 0.06, and 0.09 
A / c m  2 with  electrolyte  B are presented in Table II. 
Measured values of the average  cell voltage, U, at an 
electrode distance of 7.7 mm are g iven in Table IlL 

Conclusions 
The reproducibi l i ty  of the measurement  of the vol t -  

age drop using platinized pla t inum probes was checked 
for 5 couples of plat inum probes built  in the Plexiglas  
tube and using electrolyte  B (without  bubbles) .  The 
distance between these pla t inum probes was 5 cm. The 
reproducibi l i ty  was 1% (10 mV) for a total  vol tage 
drop of about 1V. It follows that  the main part  of the 
deviat ion be tween  exper iments  and theory is not due 
to the platinized pla t inum probes for the vol tage drop 
measurement .  

The deviat ions be tween  theory  and exper iments  are 
caused by the simplifications used in the mathemat ica l  
description of the system and at the same t ime by the 
fact that  the exper imenta l  conditions in each cell, such 
as local t empera tu re  and local flow rate  of electrolyte,  
were  not constant as assumed in the mathemat ica l  de- 
scription. Unfortunately,  it was not possible to dis- 
t inguish exact ly  be tween these two sources of  deviat ion 
on the basis of our  data. The average deviat ion for 
the parasitic currents  for the inlet  channels (electro-  
lyte  wi thout  bubbles) was 14% and the same deviat ion 
was obtained for outlet  channels (electrolyte  with 
bubbles) .  It follows, that  the presence of bubbles in the 
electrolyte  has no influence on the  average deviation. 

Table III. Dependence of average cell voltage on current density 
and electrolyte rate of flow 

R a t e  of f low 
u t h r o u g h  6 ce l l s  Ce l l  

Electrolyte (A/cm~)  ( k g / m i n )  v o l t a g e  (V) 

A 0.03 10 3.027 
0.03 2O 3.O27 
0.03 30 2.987 
0.06 10 3.174 
0.06 20 3.164 
0.06 30 3.144 
0.09  10 3.355 
0.O9 20 3.340 
0.O9 30 3.330 

B 0.03 10 3.088 
0 .03 20  3.046 
0.03 30 3.042 
0.06 10 3.175 
0.06 20 3.170 
0.06 30 3.160 
0.09 10 3.387 
0.09 20 3.380 
0.09 30 3,378 
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It is seen from the tables that the average error  in  
all measurements  was 14%. In  view of the small  ab-  
solute values of the parasitic currents  the agreement  
is satisfactory. Our method therefore can be used in  
calculating the parasitic currents  in  practical bipolar  
electrolyzers. 

Manuscript  submit ted April  24, 1973; revised m a n u -  
script received Nov. 1, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 

SYMBOLS 
(The values used are indicated in parentheses.) 
A, B constants in Eq. [5] r 
d interelectrode distance (0.77 cm) 
d2 thickness of insulat ing wall  in  bubble  separa- 

tor compar tment  (1.0 cm) 
FSB cross section of inlet  electrolyte channel  (0.6 

cm 2 ) 
FST cross section of outlet electrolyte channel  (0.6 

cm 2 ) 
FeB cross section of connecting channel  for inlet  of 

electrolyte (28.6 cm 2) 
FQT c ross  section of connecting channel  for outlet 

of electrolyte (9.48 cm 2) 
Io current  flowing through cells (A) 
~- average current  densi ty (0.03, 0.06, and 0.09 

A /cm 2 ) 
j cell number  

1 T h e  v a l u e s  of  A a n d  B w e r e  c a l c u l a t e d  on  t h e  ba s i s  o f  e x p e r i -  
m e n t a l  d a t a  f o r  a v e r a g e  cel l  v o l t a g e  g i v e n  in  T a b l e  I lL  

2 C r i t e r i a  Ks,  K~', a n d  VGT v a l u e s  w e r e  c a l c u l a t e d  by  t h e  m e t h o d  
described previously (1). 
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K3, Ks' criteria 2 
L height of bipolar electrode (58 cm) 
L1 height of insulat ion wall  in  electrode channel  

(4 cm) 
/-,2 height of connecting channel  be tween inter-  

electrode channel  and bubble  separator (2.5 
cm) 

Lsv length of connecting channel  (above) (19 cm) 
LsB length of connecting channel  (below) (84 cm) 
LT12 ,  LT23 ,  LB12 distances be tween Pt probes in  con- 

necting channels (2.5, 8.5, and 10 cm) 
RT12, RT23, RB12 resistances between Pt probes in con- 

necting channels (ohm) 
SA, SK thickness of anode or cathode (both 0.415 cm) 
U cell voltage (V) 
UT12, UT23, UB12 voltage drops between Pt  probes in in-  

let channels (V) 
VGT volume flow of gas phase on upper  edge of 

electrode (cm3/sec) 2 
Vp volume flow of electrolyte through cell (cmS/ 

see) 
w width of bipolar electrode (13.0 cm) 
wl width of bubble  separator (6.5 cm) 
nsj current  efficiency in j - t h  cell (with regard to 

parasitic currents)  
PA, PK specific resistances of anode and cathode (both 

6.6 • 10 -4 Ohm cm) 
p~ specific resistance of electrolyte (4.42 ohm cm) 
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Cyclic Voltammetry of Copper Metal in Lithium 
Hydroxide Solution at Elevated Temperatures 

Digby D. Macdonald ~ 
Whiteshell Nuclear Research Establishment, Pinawa Manitoba, Canada 

ABSTRACT 

A cyclic vol tammetr ic  s tudy of copper metal  in 1 mole kg -1 LiOH solu- 
t ion at 25 ~ 125 ~ 200 ~ and 250~ is described. The results are consistent with 
the formation of both soluble (CuO22-) and insoluble (Cu20 and CuO) 
products at the metal  surface. The formation and reduct ion of Cu(I I I )  was 
found to occur near  oxygen evolution at 25~ but  not at the higher tempera-  
tures due to a sharp reduction in the oxygen evolution overpotential  with 
temperature.  

The electrochemical behavior  of copper metal  in  
alkali  solution at temperatures  less than 100~ has 
been investigated extensively (1-12). These studies 
have shown that two principal  oxidation processes 
occur at the copper surface in  alkal ine solutions at 
room temperature,  viz., the formation of Cu20 followed 
by the formation of CuO or Cu(OH)2. A third  oxida- 
t ion / reduct ion  process has been observed at potentials 
close to oxygen evolution and was at t r ibuted to the 
formation of a copper(II I )  oxide, 'Cu2Oj, (1, 7-12). 
However, recent cyclic vol tammetry  work indicates 
that this process may involve soluble species (8, 9). 

Almost no exper imental  work has been reported on 
the electrochemical behavior  of copper metal  in aque-  
ous solution at temperatures  greater  than 100~ The 
need for studies on this system is clear, since copper 

1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  C h e m i s t r y ,  V i c t o r i a  U n i v e r s i t y  
of  W e l l i n g t o n ,  W e l l i n g t o n ,  N e w  Z e a l a n d .  

K e y  w o r d s :  coppe r ,  cyc l i c  v o l t a m m e t r y ,  co r ros ion ,  e l e v a t e d  t e m -  
p e r a t u r e s ,  l i thium hydroxide.  

and copper-containing alloys are f requent ly  used in in-  
dustrial  plants which utilize h igh- tempera ture  water. 
In  this study, the oxidat ion/reduct ion behavior  of cop- 
per metal  in 1 mole kg -1 l i th ium hydroxide at 25 ~ 
125 ~ 200 ~ and 250~ was investigated using cyclic 
voltammetry.  This technique is capable of detecting 
very small amounts  of charge consumed at the in te r -  
face and has been used previously to investigate the 
electrochemical behavior  of i ron (13) and nickel (14) 
in h igh- tempera ture  l i th ium hydroxide solutions. A 
thermodynamic  s tudy of the copper water  system at 
temperatures  to 300~ has been recently reported by 
Macdonald et al. (15) and provides a theoretical basis 
for the in terpre ta t ion  of the exper imental  electro- 
chemical work reported here. 

Experimental 
The h igh- tempera ture  t i t an ium electrochemical cell 

and the electronic apparatus used for the cyclic volt-  
ammetry  studies have been described previously (13). 
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Copper electrodes (12.7 mm long, 9.53 mm diameter,  
and 3.8 • 10-~n2 apparent  surface area) were ma-  
chined from 99.99% bar  stock. Spectrographic analysis 
revealed the following consti tuents besides copper in  
micrograms/grams:  Sb 40, As 10, B 1, Ca 20, Cr 1, 
Fe 10, Pb 1, Mg 5, Si 1, Ag 5, and Sn  1. The electrode 
surface was ini t ia l ly polished with No. 400 and No. 600 0.e 
grit silicon carbide paper, degreased in  acetone, and 
finally washed with distilled water. 

Li thium hydroxide solutions were prepared from AR 
l i thium hydroxide monohydrate  and doubly distilled 
water. The solutions were stored in t ightly stoppered ~ 
Teflon containers to minimize contaminat ion by atmo- "- 
spheric carbon dioxide. The solutions were also purged 
in situ using 99.99% ni t rogen gas before heating. 

All potentials reported in this work were measured 
with respect to a saturated calomel electrode which -0.e 
was main ta ined  at 25~ Electrolytic contact be tween 
the cell contents and the reference electrode was ma in -  o.6 
tained via a compressed asbestos plug as previously 
described (13). 

R e s u l t s  
General.~Cyclic voltammograms for copper in  1 

mole kg -1 l i th ium hydroxide solution at 25 ~ 125 ~ 200 ~ 0 
and 250~ are plotted in  Fig. 1-4. The solid and broken 
lines represent  the first and twent ie th  sweeps, respec- 
tively. In  general, cyclic sweeping reduced the peak 
heights especially at the higher temperatures.  At 25~ 
the peaks ini t ia l ly increased on cyclic sweeping a l -  -o.o 
though the reverse did occur if the system was swept 
over 50 or more cycles. 

The cyclic vol tammograms plotted in Fig. 1-4 show 
that  two main  anodic (I and II) and cathodic (V and 
VI) processes occur on copper over the potential  range 
between hydrogen and oxygen evolution. At 25~ ad-  
dit ional processes, corresponding to the formation and 
reduct ion of Cu(I I I )  species, were observed close to 
oxygen evolution and are designated III and IV in Fig. 
1. These processes were not observed at the higher 
temperatures  due to reduct ion in overpotential  for 
oxygen evolut ion at the metal  surface (13). 

At 25~ (Fig. 1) peaks II and VI f requent ly  ex-  
hibited fine structure. This suggests that mul t ip le  
redox processes occur in these regions of potential  and 
may arise from the simultaneous existence of CuO and 
Cu(OH)2 on the metal  surface (6). At higher tempera-  
tures, the fine s t ructure  is no longer observed. This is 
consistent with the x - r ay  diffraction evidence of Bouil-  ~'~ 
l o n e t  al. (6) which shows that only CuO is formed 
on copper at temperatures  greater than 45~ 

A small  cathodic peak (peak A, Fig. 2) with anodic -- 
"wings" (peaks B, Fig. 2) was often observed at about 
--0.1V vs SCE (25~ at temperatures  from 125 ~ to 
250~ This peak occurs at too low a potent ial  to be 
a t t r ibuted to the process which is responsible for peak 
IV at 25~ and must  represent  an addit ional redox 

02 
i " ' - - " - .  //// " ' . . . . .  _ 
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_1!5 . i . . . .  J -?'0 -0"5 O 01"5 

E /V  vs SCE at 25~ 

Fig. i. Cyclic voltammogram for copper in 1 mole kg -1  LiOH 
solution at 25~ dE/dr = 0.25 V/see -1.  Solid line, first sweep; 
broken line, twentieth sweep. 

| 

, . . . .  V ,  . 
-1-0 -0-5 0 0.5 

E / V  vs SCE at  25~C 

Fig. 2. Cyclic voltammograms for copper in 1 mole kg -1  LiOH 
solution at 125~ dE/dt = 0.233 V/sec- :  (upper curves), 0.042 
V/sec - z  (lower curves). Solid line, first sweep; broken line, twentieth 
sweep. 
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E / V  vs SCE at  25~ 

Fig. 3. Cyclic voltammograms for copper in 1 mole kg -1  LiOH 
solution at 200~ dE/dt  ~ 0.0466 V/see -1  (upper curves), 0.042 
V/sec -1  (lower curves). Solid line, first sweep; broken line, twentieth 
sweep. 
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's I 

-1.5 ~--~\ ~ ~  

-1-5 
- I!0 -0"5 ; 0'5 

E/V vs SCE at 25~ 

Fig. 4. Cyclic voltommograms for copper in 1 mole kg - t  LiOH 
solution at 250~ dE/dt = 0.0466 V/sec - 1  (upper curves), 0.042 
V/sec - 1  (lower curves). Solid line, first sweep; broken line, twen- 
tieth sweep. 

reaction in  the system. The anodic "wings" to this peak 
on the anodic to cathodic scan suggest that the peak 
arises from a react ivat ion process in which the pas- 
sivating film is par t ia l ly  reduced. However, the amount  
of charge consumed is small  and, in view of the total  
charge required to completely reduce the surface 
(peaks V and VI), the redox process probably involves 
only a small  fraction of the total  film. 

Sweep reversal experiments.--An important  feature 
of this s tudy concerned the behavior  of the cathodic 
peaks (IV-VI) after sweep reversal  on the anodic 
scan at selected potentials. The potentials at which the 
anodic scans were reversed (ER) are designated by 
vert ical  arrows in Fig. 2-5. 

If the sweep was reversed before the start of peak I, 
the cathodic scan simply retraced the anodic sweep at 
all temperatures.  The region from --1.0V to the start  of 
peak I appears to be analogous to the "double layer" 
region observed on p la t inum (16) in which the major  
port ion of the current  is used to charge the double 
layer  with very li t t le being utilized in faradaic proc- 
esses. At more cathodic potentials, hydrogen evolution 
becomes kinet ical ly impor tant  as shown by the sweep 
behavior  at potentials more negative t han  --1.0V. 

Reversal of the anodic scans in Fig. 2-5 after peak I 
resulted in the cathodic peak designated VI. If the 
anodic sweeps were reversed after peak II, however, 
peaks V and VI resulted. Thus, we can conclude that  
the products formed at peaks I and II are reduced, at 
least to some extent, at peaks VI and V, respectively. 
The charges passed at peaks II and VI are consider- 
ably greater than those passed at peaks I and V. This 
is inconsistent with a mechanism involving simple con- 
secutive one-electron t ransfer  steps (e.g., Cu + Cu20 
and Cu20 + CuO). Instead, a more complex mechan-  
ism involving parallel  charge- t ransfer  reactions in  the 
peak regions of potentials is indicated. 
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Fig. 5. Sweep reversal studies on copper in 1 mole kg - 1  LiOH at 
2500C. dE/dt - -  0.042 V/sec -1 .  Solid line, cathodic to anodic 
sweep; broken line, anodic to cathodic sweep. 

A number  of experiments  were carried out in  which 
the anodic sweeps were reversed at potentials on the 
rising regions of peaks I and II in an at tempt to 
ascertain the na ture  of the anodic processes responsi- 
ble for the oxidation of copper in  h igh- tempera ture  
hydroxide solutions. If the sweep was reversed on the 
rising part  of peak I, then the reverse sweep retraced 
part  of the forward sweep and then resulted in a 
cathodic peak as shown in  Fig. 5. The cathodic charge 
passed on the reverse sweep, as represented by  the 
area of the peak, was found to increase markedly  as 
the potential  of reversal  on the rising par t  of peak I 
became more anodic. If the reversal  potential  exceeded 
the peak potential  for peak I, then  hysteresis between 
the ascending and descending scans in the peak I re-  
gion of potential  was observed. These results suggest 
that  the electrode surface becomes completely covered 
with a resistive film of product  at potentials  greater 
than  Ep, after which the faradaic process is essentially 
field-assisted film growth. The apparent  reversibi l i ty  of 
the anodic scan for ER < Ep implies that  the cur ren t -  
voltage curve in this region of potential  is determined 
principal ly by a fast reversible process such as dis- 
solution. The oxide film which eventual ly  passivams 
the surface at ER > Ep may then  form either by  di-  
rect nucleat ion from the metal  or by precipitat ion of 
the dissolution product when  the interfacial  concen- 
t ra t ion exceeds the saturat ion value. 

Sweep reversal  on the ascending port ion of peak II 
(Fig. 3) revealed that  if ER < Ep, then the current  on 
the reverse scan was more anodic than  for the 
forward scan. A similar phenomenon was noted by 
Ambrose et al. (8, 9) for copper in KOH solutions at 
250C. This observation indicates that  the forward scan 
ini t ia l ly removes the passivating film formed at peak I, 
thus reducing the resistance to charge t ransfer  by  dis- 
solution on the reverse sweep. Again, it was found 
that  for ER > Ep, hysteresis be tween the forward and 
reverse sweeps occurred, indicating the irreversible 
formation of a solid passivating film at the metal  sur-  
face in  this region of potential.  

The cathodic peaks V and VI were found to shift to 
more negative potentials with increasingly anodic 
values for ER (Fig. 2-5), or charge passed on the 
anodic scan. This behavior  is similar to that  found 
for the reduction of surface oxides on noble metals in 
1 mole / l i te r  -1 perchloric acid at 250C (17) in  which 
it was concluded that  the total  quant i ty  of surface 
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oxide is the important  factor de termining the peak 
potent ial  in the reduct ion profile and the progressive 
hysteresis be tween  the anodic oxide format ion and the 
cathodic reduct ion profile. This same factor is pre-  
sumed to contr ibute to the observed shifts in Ep for 
peaks V and VI in the present work. Resistance po- 
larization effects associated with  the ohmic resistances 
of the films probably also contr ibute to the dependence 
of Ep on anodic charge and hence film thickness. 

Sweep rate  dependence.--Cyclic vol tammograms 
were  obtained at a number  of sweep rates over  the 
range 0.05-0.5 V/sec -1. Both the peak currents  and 
potentials were  found to be sensit ive to sweep rate 
at all temperatures ,  as has been previously observed 
for other  metals  in alkali  solution at e levated t empera -  
tures (13, 14). In this work, it was found that  nei ther  
the peak currents  nor the peak potentials were  suffi- 
ciently reproducible  to determine  their  funct ional  de- 
pendence on sweep rate. However ,  it was observed that  
the peak currents  tended to increase wi th  dE/dt. The 
potentials at which peaks occur on the forward  sweep, 
i.e., peaks I and II (and III at 25~ were  found to 
become more anodic wi th  increasing sweep rate, 
whereas  those peaks observed on the reverse  sweep 
shifted to more  cathodic potentials. This observed 
sweep rate  dependence of Ep is inconsistent wi th  the 
operat ion of revers ible  redox processes involving ad-  
sorbed species (17). Instead, this behavior,  together  
wi th  the general  asymmetr ic  nature  of the peaks, is 
consistent wi th  the proposed i r revers ible  formation 
of passivating oxide films (CueO and CuO) on the 
meta l  surface. 

Charge considerations.--The total current  passed at 
any potential  during cyclic sweeping can be wr i t t en  as 

i = (dq/dt)f  + CA(dE/dt) [1] 

where  the first te rm is the current  due to faradaic 
processes and the second represents  the current  as- 
sociated with  the nonfaradaic process of charging 
the double layer.  Simple calculations (13) show that  
the charging current  for sweep rates of the magni tude  
used here  should be less than 10 ~A. Hence, the charg-  
ing current  can be neglected, and the total charge 
passed during electrolysis is a t t r ibuted to faradaic 
processes at the interface. The change in charge, Aq, 
due to sweeping be tween  potentials E1 and E2 is 
therefore  g iven as 

Aq = S~l idE/(dE/dt)  

250~ This behavior  is in sharp contrast  to that  ob- 
served for iron (13) and nickel  (14) when it was found 
that  the ratio of anodic to cathodic charge increased 
sharply with  t empera tu re  be tween  25 ~ and 200~ cor- 
responding to the greater  importance of dissolution 
processes in determining the electrochemical  propert ies  
of these systems at e levated temperatures .  

Cyclic vo l t ammet ry  traces for  Cu in 1 mole kg -1 
LiOH at 250~ as a function of reversal  potential  are 
shown in Fig. 5. The reversa l  potentials were  chosen 
within  the peak I region as shown. The ratio of anodic 
to cathodic charge over  a complete cycle, QA/Qc, is 
plotted as a function of ER in Fig. 6. Thus, as the re-  
versal  potential  increases along the ascending port ion 
of peak I, the ratio QA/Qc decreases from 1.52 -~ 0.05 
to 1.25 _ 0.05. This behavior  indicates the existence 
of a large dissolution charge on the ascending part  of 
the peak fol lowed by passivation of the surface by a 
solid film. The same general  behavior  was displayed at 
all tempera tures  from 125 ~ to 250~ 

Discussion 
Oxidation mechanism.--The fol lowing reactions are 

proposed to account for the oxidat ion/ reduct ion  be-  
havior  of copper meta l  in 1 mole  kg -1 LiOH at t em-  
peratures  from 25 ~ to 250~ 

(i) Cu + 4 O H -  --> CuO22- + 2H20 + 2 e -  "~ Peak I 
(ii) 2Cu + 2 O H -  --> Cu20 + H20 + 2 e -  J 

(iii) Cu20 + 6 O H -  ~ 2CuO~ 2- + 3H20 + 2 e - ] P e a  k 
(iv) Cu20 + 2 O H -  --> 2CuO + H20 + 2 e -  - 

] II (v) Cu + 2 O H -  --> CuO + H20 + 2 e -  

(vi) 2CuO + H20 + 2e -  -> Cu20 + 2 O H -  Peak V 

(vii) CuO + H20 + 2 e -  --> Cu + 2 O H -  "~ Peak VI 
(viii) C u 2 0 + H 2 0 + 2 e - - - > 2 C u  + 2 O H -  J 

Ambrose et al. (8, 9) have proposed the fol lowing re-  
actions to account for the oxida t ion/ reduct ion  peaks 
near  oxygen evolut ion at 25~ 

CuO2 2---> CuO2-  -~- e -  Peak III 

CuO2- + e - - >  CuO22- Peak IV 

in which the copper( I I I )  species is the ion CuO2-. On 
the other  hand, Shams E1 Din and E1 Wahab (7) con- 
sidered the Cu( I I I )  product to be an oxide "Cu208" 
ra ther  than a soluble species. I r respect ive of the iden-  
t i ty of this product, the present  work  demonstrates  
that  it is only formed before oxygen evolut ion at tern- 

= AqD + AqF [2] 

where  AqD and hqF are the charges associated with  
dissolution and film formation processes, respectively.  
Al though the present  exper imenta l  technique does not 
permit  resolution of the total charge into these com- 
ponents, we can never theless  draw impor tant  conclu- 
sions if it is assumed that  the sweep rates were  suffi- 
ciently slow so that  dissolution products formed on the 
forward  (anodic) sweep have sufficient t ime to diffuse 
into the bulk of the solution before being reduced on 
the reverse  (cathodic) sweep. Thus, any discrepancy 
b e t w e e n  the  total  anodic and cathodic charges on 
cyclic sweeping can be a t t r ibuted  to dissolution proc-  
esses. 

The charges passed on scanning the electrode be-  
tween selected potentials were  de termined  graphical ly  
from the recorded cu r ren t /vo l t age  curves. The total  
charges passed on anodic fol lowed by cathodic sweep-  
ing were  found to be not very  reproducible  and de- 
pended upon the previous history of the electrode. 
However ,  over  a complete cycle from hydrogen evolu-  
tion to oxygen  evolut ion at 25~ the total anodic charge 
passed was found to be about 10-15% greater  than the 
total  cathodic charge. This difference was found to in-  
crease sl ightly wi th  t empera tu re  to about 20% at 
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Fig. 6. Anodic to cathodic charge ratios for copper in I mole 
kg -1 LiOH at 250~ dE/dt = 0.042 V/sec - I .  
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peratures less than 125~ At  higher temperatures,  the 
overvoltage for oxygen evolution is reduced to such 
an extent  that  it completely masks the Cu(I I I )  forma- 
t ion reaction. A similar  phenomenon was found to oc- 
cur at the nickel anode in  1 mole kg -1 LiOH at ele- 
vated temperatures  (14). Thus, at 22~ the formation 
and reduct ion of Ni (IV) oxide, possibly NiO~ or non-  
stoichiometric NIO1.8, results in clearly defined cyclic 
vol tammogram peaks just  before oxygen evolution; 
even though thermodynamics  show that  the equil ib-  
r ium potential  for the Ni2OJNiO2 couple is more posi- 
tive than the equi l ibr ium potential  for oxygen evolu- 
tion under  the conditions employed. At higher tem- 
peratures (175 ~ and 250~ these peaks are no longer 
observed due to a sharp reduct ion in oxygen evolut ion 
overpotential.  

,Reactions (i) and (iii) account for the formation of 
soluble products at peaks I and II, respectively, while  
reaction (ii) describes the growth of Cu20 which even-  
tual ly  passivates the surface and results in a decrease 
in current  at peak I. The Cu20 formed at peak I is en-  
visaged to undergo two reactions at peak II. Initially,  
the Cu20 is oxidized to produce a soluble CuO22- 
species according to reaction (iii), resul t ing in the 
partial  removal  of the Cu20 barr ie r  to dissolution of 
the under ly ing  metal. Consequently,  if the sweep is 
reversed in  this region the anodic current  for the re-  
verse sweep will  be greater than  that  for the forward 
sweep, as observed (Fig. 3). Two fur ther  charge- 
t ransfer  reactions are postulated to occur in the peak 
II region; viz., reactions (iv) and (v).  Both reactions 
can account for passivation in this region where  the 
passivating film is considered to consist main ly  of CuO. 
Reaction (v) also accounts for the greater  charge 
passed at peak II  than at peak I. On the reverse sweep, 
part  of the CuO formed at peak II  is reduced to Cu20 
at peak V according to reaction (vi) .  Fur ther  reduc-  
t ion of CuO and Cu20 to copper metal  occurs at peak 
VI as described by reactions (vii) and (viii). This two- 
stage reduction of CuO at both peaks V and VI ac- 
counts for the greater charge passed at the latter, i.e., 
reduct ion of CuO to Cu20 is incomplete at peak V. 
This may result  in the formation of a duplex oxide film 
on the metal  surface consisting of an inner  layer  of 
Cu20 and an outer layer  of CuO. The Cu20 formed in 
this region of potential  and the un reduced  outer- layer  
of CuO are then reduced to the metal  at peak VI. 

The curves plotted in  Fig. 1-4 show that  the ratios 
Q ( I ) / Q ( I I )  and Q ( V ) / Q ( V I ) ,  where Q(Y) is the 
charge passed under  peak Y, increase markedly  with 
tempera ture  between 25 ~ and 125~ but  remain  fairly 
constant thereafter.  This suggests that  an increase in  
tempera ture  from 25 ~ to 125~ favors the init ial  forma- 
t ion of Cu20 as the potential  of the metal  is swept 
anodically. Likewise, this ini t ial  increase in tempera-  
ture  favors the reduction of CuO to CueO at peak V 
over the reduction of this product to Cu at peak VI. It  
should also be pointed out that  part  of the increase in 
the charge ratio Q ( I ) /Q  (II) may be due to the influ- 
ence of tempera ture  upon the dissolution processes 
described by reactions (i) and (iii). This uncer ta in ty  
cannot be resolved in the present s tudy but  will re-  
quire detailed study by rotat ing-disk or r ing-disk  
techniques of the type recent ly carried out by Ambrose 
et al. (9) for this system at 25~ 

Thermodynamic relat{onships.--In the present  study 
for T =/= 25~ the working and reference electrodes 
were main ta ined  at different temperatures  and pres-  
sures. Therefore, the measured potentials contain two 
irreversible contributions,  viz., a s treaming potential  
due to the pressure gradient  and a thermal  junct ion  
potential  due to the tempera ture  gradient. For the low 
pressures employed (<4  MPa) the s treaming potential  
is probably less than  a few mill ivolts  and will  be 
ignored. The electromotive force of a cell containing a 
thermal  junct ion in its init ial  state (i.e., before signifi- 
cant thermal  diffusion) is the result  of three contr ibu-  

t ions (18) ; (i) the metall ic thermocouple effect which 
is usual ly  small  and neglected (18); (ii) the electrode 
temperature  effect; and (iii) the thermal  l iquid junc-  
t ion potential. 

The reference electrode assembly used in this study 
may be formally represented as follows, where SHE 
designates the s tandard hydrogen electrode at the 
tempera ture  of interest  

I Eext j 

SCE / SHE / LiOH / SHE / WE 
I j 

(25~ (25~ (r) (r) 
I II E~,--ILz, I 

--0.244V 

Eext is the potential  with respect to the external  SCE 
at 25~C, E21 is the potential  difference for the thermal  
cell containing a 1 mole kg-1 LiOH salt bridge, and ET 
is the potential  of the working electrode (WE) with 
respect to the SHE at the same temperature.  It  is this 
lat ter  quant i ty  which is calculated in a thermodynamic  
analysis of the system. Thus, in the absence of iso- 
thermal  l iquid junc t ion  potentials, the potential  of the 
WE with respect to the external  reference electrode 
(Eext) is related to the thermodynamic  potential  ET by 
Eq. [3] 

Eext --~ ET + E21 -- 0.244V(SCE, 25~ [3] 

Now, the potential  E21 is given by  (i) and (ii) above, 
i.e. 

++s:?( a-T-JTj dT [4] 
Th,SHE 

where (oE/OT)Th,SHE is the thermal  tempera ture  coeffi- 
cient for the cell SHE (Tt ) /SHE(T2)  and (OE/OT)Tj is 
the thermal  junc t ion  potential  coefficient for the LiOH 
salt bridge. Studies by Seys and Van Haute (19) sug- 
gest that  the thermal  junct ion  potential  coefficient is 
not s trongly dependent  upon temperature,  Thus, we 
wri te  

dT = 0.5 X 10-~(T -- 25)V [5] 
~ T 1  \ - ~  TJ 

where (OE/OT)Tj has been taken as 0.5 mV/~ -1 (18). 
The thermal  tempera ture  coefficient for the SHE at 
25~ has been estimated to be 0.871 mV/~ -1 at 25~ 
(18). If we assume that this coefficient also is not 
s trongly dependent  upon tempera ture  t hen  

- -  dT = 0.871 X 10-Z(T -- 25)V [6] 
1 Th,SHE 

The potential  of the working electrode with respect 
to the SCE at 25~ is therefore 

Eext = ET "F 1.371 X 10-*(T -- 25) --0.244V(SCE, 25~ 
[7] 

and the corrections to ET are calculated to be --0.244, 
--0.17, 0, and 0.06V at 25 ~ 125 ~ 200 ~ and 2500C, re-  
spectively. The calcu}ated E2t corrections are large, 
al though it must  be remembered  that  the thermal  
junc t ion  potential  coefficient used is an estimated 
value and does not specifically apply to 1 mole kg -x 
LiOH. Thermal  junc t ion  potentials vary  considerably 
from study to study (18, 19) and the corrections cal- 
culated above should be regarded as tenta t ive  esti- 
mates only. 

Macdonald et al. (15) have recently published de- 
t a i l ed  thermodynamic  calculations on the copper water  
system at temperatures  to 300~ Calculated equil ib-  
r ium potentials for reactions (i) to (v) referred to the 
SHE at the temperatures  of interest  together with val -  
ues corrected for reference to the SCE at 25~ (i.e., 
Eo,ext) using Eq. [7] (Eo : ET) are listed in Table I. 
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Table I. Equilibrium potentials* for reactions in the copper 
water systems at elevated temperatures 

Eo (V vs. S H E  a t  T )  

Reaction 2 5 ~  1 2 5 ~  ** 2 0 0 ~  2 5 0 ~  

( i )  - -  0 . 3 2 7  - -  0 . 5 1  - -  0 . 6 4  - -  0 . 7 4  
( i i )  - -  0 . 3 5 5  - -  0 . 5 3  - -  0 . 6 6  - -  0 . 7 7  
( t i i )  - -  0 . 2 9 8  - -  0 . 4 9  - -  0 . 6 2  - -  0 . 7 1  
( i v )  - -  0 . 1 8 6  - -  0 . 3 2  - -  0 . 4 6  - -  0 . 5 6  
( v )  - -  0 . 2 7 1  - -  0 . 4 3  - -  0 . 5 6  - -  0 . 6 S  

Eo,ext ( V  VS.  S C E  a t  2 S o C )  

R e a c t i o n  2 5  ~  1 2 5  ~ C 2 0 0  ~ C 2 5 0  ~  

( i )  - -  0 . 5 7 1  - -  0 . 5 2  - -  0 . 6 4  - -  0 . 6 8  
(ii) - - 0 . 5 9 9  - - 0 . 6 4  - - 0 . 6 5  - - 0 . 7 1  
( i / / )  - -  0 , 5 4 2  - -  0 . 6 0  - -  0 . 6 2  - -  0 . 6 5  
( i v )  - -  0 . 4 3 0  - -  0 . 4 3  - -  0 . 4 6  - -  0 . 5 0  
( v )  - -  0 . 5 1 5  - -  0 . 5 4  - -  0 . 5 6  - -  0 . 6 0  

* [ O H - ]  = 1 m o l e  k g - 1 .  pK~ v a l u e s  w e r e  t a k e n  f r o m  R e f .  ( 2 0 ) .  
T h e  i n t e r f a e i a l  c o n c e n t r a t i o n  o f  C u O 2 2 -  h a s  b e e n  a r b i t r a r i l y  s e t  a t  
1 0  - e  m o l e  k g  -z .  N o  a c t i v i t y  c o e f f i c i e n t  c o r r e c t i o n s  w e r e  a p p l i e d .  

**  Interpolated from plots o f  E o  v s .  t e m p e r a t u r e .  

The thermodynamic  consistency of the reactions pro- 
posed to account for the redox behavior  of copper in 
h igh- tempera ture  alkali solution can be judged by ap- 
plication of the following restrictions (13, 14): (i) for 
conjugate oxidat ion/reduct ion peaks on cyclic sweep- 
ing then Ea ~ Eo ~ Ec where Ea and Ec are the anodic 
and cathodic peak potentials and Eo is the equi l ibr ium 
potential  for the process responsible for the peaks, and 
( i i )  E d i s s  > E o , d i s s  is the potential  at which the pro- 
posed dissolution process with equi l ibr ium potent ial  
Eo,diss begins to pass significant current.  Both restr ic-  
tions (i) and (ii) are, of course, equivalent  to the 
s tatement  that the overpotentials for anodic and cath- 
odic processes are positive and negative, respectively. 
Comparison of the equi l ibr ium potentials listed in 
Table I with the peak potentials shown in  Fig. 1-4 
show that the relationships discussed above are obeyed. 
Therefore, the reactions proposed are consistent with 
the thermodynamics of the copper water  systems over 
the tempera ture  range studied. 

Manuscript  submit ted May 31, 1973; revised m a n u -  
script received Nov. 10, 1973. 

A ny  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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The Cathodic Behavior of CuS, MoO , and MnO  in 
Lithium Cells 

Fred W .  Dampier*  

ESB Incorporated, C. F. Norberg Technology Center, Yardley, Pennsylvania 19067 

ABSTRACT 

The cathodic behavior  of CuS and MoO3 was studied in l i th ium cells dis- 
charged at current  densities in the neighborhood of 2 mA / c m 2. Two electro- 
lytes, 1M LiC104/propylene carbonate (PC) and 1M LIC104/70% te t rahydro-  
furan  (THF)-30% 1,2 dimethoxyethane (DME) were investigated for both 
of the cathodes, and it was found that the THF-DME electrolyte greatly 
increased the coulombic efficiency. The Li-MoO3 cells that  were discharged 
after one year of storage showed a 19% loss of capacity which has been 
a t t r ibuted to trace impurities. A study of the rechargeabil i ty of the Li-MnO2 
cell was also under taken,  and for the fifth cycle an ampere-hour  charging 
efficiency of 45.2% was obtained. 

In  recent years a number  of new cathode materials  
(1, 2) have been found for nonaqueous batteries which 
give outs tanding electrochemical performance, even 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  b a t t e r i e s ,  p r i m a r y ;  p r o p y l e n e  c a r b o n a t e ;  t e t r a h y d r o -  

f u r a n ;  l i t h i u m .  

after one year of activated storage. Previously, most 
of the cathode materials  investigated, for example, 
CuF2 and CuC12, were sufficiently soluble in organic 
electrolytes that self-discharge and dendri te  formation 
were serious problems l imit ing the storage life to a 
month  or less. 
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All the cathode materials  that were selected for the 
present  s tudy are essentially insoluble in organic elec- 
trolytes and discharge results for MoO~ and CuS show 
minimal  losses after one year of activated storage. The 
theoretical specific energies for l i th ium cells with CuS, 
MOO3, and MnO2 cathodes are 436, 442, and 845 Whr/ lb ,  
respectively. Although the CuS cathode has been de- 
scribed by Gabano (2, 3) and the MoO~ cathode has 
been investigated by Knapp  (4) and Campanel la  (1), 
much more needs to be known concerning the electro- 
chemistry of these new systems if their  full potential  
is to be realized. 

In  the present  research, studies were conducted to 
more ful ly characterize the cathodic behavior  of CuS 
and MoO3 in l i th ium cells. Informat ion was gained 
concerning the performance of the MoO~ cathode in 
two electrolytes not previously used in l i th ium cells 
with this cathode: 1M LiC104/propylene carbonate 
(PC) and 1M LIC104/70% te t rahydrofuran  ( T H F ) -  
30% 1,2 dimethoxyethane (DME). MnO2, which has 
previously (4, 5) been used as a cathode in l i th ium 
batteries, was also studied in the LiC104/THF-DME 
electrolyte. Although MnO~ was found to have a lower 
specific energy than  MoO~, the results of cycling ex- 
periments  have shown that the Li-MnO2 cell is re- 
chargeable. 

Exper imental  
Cell construction.--The preparat ion of solutions and 

all electrochemical measurements  were performed in a 
recirculat ing argon atmosphere glove box (Vacuum 
Atmospheres Corporation).  The exper imental  cells 
consisted of two l i th ium anodes (1% in. sq, 0.015 in. 
thick) on either side of a 1-in. sq cathode (0.035 in. 
thick) separated by one layer  of 15-mil glass fiber 
filter paper (No. 934AH, Reeve-Angel) .  

The cathodes were prepared by pressing a blend of 
85% active material,  10% graphite (No. 1651, South-  
western Graphite Company) ,  and 5% polyethylene 
powder (Microthene FN-500, U. S. Industr ia l  Chemi-  
cals) onto a 5-rail nickel 10-3/0 grid (Exmit Corpora- 
t ion).  The active mater ia l  and polyethylene powder 
were sieved through a 200 mesh screen, and the mate-  
rial that  passed was mixed thoroughly with the graph-  
ite for 16-20 hr on a F i sher -Kenda l  mixer. A 0.015 in. 
diameter  copper te rminal  wire was spot welded to the 
1.0 in. sq nickel grid and the grid positioned in a steel 
pressing die l ined with release paper. Next, approxi-  
mately  1.5g of the cathode mix ture  was evenly spread 
in  the cavity, a second sheet of release paper added, 
and the assembly compacted at 6400 psi for 3 min  at 
225~ The active materials  used to prepare the cath- 
odes were MoO~ (Baker analyzed reagent) ,  CuS 
(Fisher cerUfied reagent) ,  chemically formed MnO2 
(Type "M," Diamond Shamrock Chemical Company),  
and electrolytic MnO2 (E. J. Lavino and Company) .  

Cells were assembled by  wrapping one cathode in  a 
"U" fold of one thickness of glass fiber filter paper, 
then sandwiching the wrapped cathode be tween two 
l i thium anodes. The element  was then inserted into a 
polypropylene cell case, using polyethylene shims to 
insure a snug fit, and electrolyte was added. 

Electrolyte.--The propylene carbonate (Jefferson 
Chemical Company),  1,2 dimethoxyethane (yellow 
label, Eastman Kodak Company),  and te t rahydrofuran  
(E. I. du Pont  Company, Electrochemicals Depart-  
ment)  used to prepare electrolytes were all dried with 
5A molecular  sieves (Linde Division, Union Carbide 
Corporation) prior to distillation. Dry argon was then  
bubbled  through each solvent for 24 hr  to remove dis- 
solved oxygen and CO2 and the solvent distilled with 
a Nester /Faust  NF-276 spinning band  disti l lation ap- 
paratus (Nester /Faust  Manufactur ing Corporation, 
Newark, Delaware) .  The disti l lation column (ID 1.0 
cm, length  95 cm) was equipped with a Monel spiral 
band  which was rotated at 1170 __ 6 rpm by a motor. 
The receiver system, in  order to ma in ta in  vacuum and 

avoid contaminat ion with stopcock grease, was de- 
signed with glass drip tips, Teflon s tandard  taper 
sleeves, and Teflon needle valve stopcocks. The THF 
and DME distil lations were carried out at atmospheric 
pressure, but  to avoid decomposition, PC was distilled 
at 2.0 _+ 0.3 Torr  while the column head temperature  
was kept between 73 ~ and 79~ The reflux ratio was 
regulated at 15:1 by an electric t imer and the first 10% 
and last 20% of the solvent were discarded. Analysis of 
the distilled PC with an F & M Model 200 gas chroma- 
tograph (W filaments, 2-ft Poropak Q column) showed 
the water  concentrat ion was about 170 __ 30 ppm. De- 
tails concerning the gas chromatographic techniques 
used have been reported elsewhere (6). 

Reagent grade LiC104 (G. F. Smith Chemical Com- 
pany)  was twice recrystallized from water  and dried 
at temperatures  up to 220~ in  a stream of dry argon 
at pressures from 200 to 1 #m for 24 hr  (approximately 
4 hr  at 220~ The drying tube was equipped with 
ground glass joints and stopcocks so that  the dry salt 
could be t ransferred under  vacuum from the manifold 
to the glove box. Attempts to analyze the electrolyte 
using gas chromatography gave spurious results due 
to thermal  decomposition in the injector  port  and other 
problems described by Butler  (16). 

Linear sweep voltammetry.--The voltammetric  scans 
were performed using a Tacussel PIT-20 potentiostat  
programmed from a Tacussel GSTP funct ion generator  
and the current -potent ia l  curves were recorded on a 
Tektronix  564 storage oscilloscope. The reference and 
counterelectrodes were 40 X 8 mm strips of 0.015 in. 
thick l i thium foil (Foote Mineral  Company) of 99.9% 
purity. The working electrode was a 0.256 in. diameter  
disk of bright  p la t inum inlaid in glass (Beckman In -  
s t ruments) .  

Results and Discussion 
Discharge behavior.--The cathodic behavior  of MoO~, 

CuS, and MnO2 dur ing 2 mA / c m 2 constant current  
discharge is compared in Fig. 1 for cells using a 1.0M 
LIC104/70% THF-30% DME electrolyte. The complete 
discharge curve for MoO~ in Fig. 2 shows that 70.5% 
of the theoretical capacity based on 2 electrons/mole 
can be obtained to a 2.00V cutoff at 2 m A / c m  2. By corn= 
parison only 31.8% of the theoretical capacity was ob- 
ta ined during discharge of CuS on the basis of a 1.52V 
instead of the regular  2.00V cutoff. Thus, MoO3 has the 
highest specific energy of the three cathodes by a con- 
siderable margin.  

The low voltage obtained dur ing the discharge of the 
Li-CuS cell general ly agrees with the results of 
Gabano and co-workers (2, 3) who were the first to 
investigate this cell using the THF-DME electrolyte. 
When Li-CuS cells were discharged using a 1M 
LiC104/PC electrolyte, CuS utilizations of only 4.3% 
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Fig. 1. Cathodic behavior of CuS, MOO3, and MnO~ in lithium 
cells. Electrolyte: 1M LICIO4/70% THF-30% 1,2 DME. Current 
density: 2 mA]cm 2. 
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were  obtained in the best case. A similar  reduct ion in 
capacity was also observed for the MoO3 cathode when  
THF-DME was replaced by PC and wil l  be a t t r ibuted 
to reduced LiC1Oa diffusion in PC, in a la ter  discussion 
of mass t ransfer  processes. 

The results given in Fig. 1 for the discharge of 
MnO~ were  obtained using cathodes that  contained 
87.7% chemical ly  formed MnO2 (200 mesh) .  Elect ro-  
lytic MnO~ (80 mesh) was tested under  similar  condi- 
tions to a 2.11V cutoff a n d  w a s  found to yield only 17% 
of theoret ical  capacity compared to 29% obtained wi th  
chemical  MnCh. 

Figure  2 shows a series of discharge curves at  va r i -  
ous current  densities for Li-MoOz cells using a 1M 
LiC104/THF-DME electrolyte.  The rapid polarization 
and low uti l ization obtained for the 8 m A / c m  2 dis- 
charge appears to be la rge ly  due to concentrat ion 
polarization since the cell was found to have consider-  
able unused capacity even  though discharged to a 0.76V 
cutoff. The open-circui t  vol tage of the cell rose to 
2.71V wi th in  an hour af ter  the discharge was t e rmi -  
nated, and the cell yielded an addit ional  46.7% of 
theoret ical  capacity (2.00V cutoff) when  discharged 
through a 78 ohm resistor (2.05 m A / c m  2 at 2.02V). 

When the discharge results of the Li-MoO~ cells 
using the THF-DME electrolyte  were  obtained, cal- 
culations were  carr ied out which showed that  this sys- 
tem could be the basis of a high energy battery.  Sev-  
eral  D-size cells (1-11/32 in. diameter,  2-1/4 in. 
height) were  therefore  constructed with spiral wound 
electrodes, and it was found that  they opera ted  wi th  a 
27 ohm load for 85 hr  above 2.0V. Since the cells 
weighed 82g, the specific energy corresponds to 105 
Whr / lb .  

The  main l imitat ion of the LiC104/THF-DME elec-  
t ro lyte  is the loss in capacity that  occurs dur ing low 
tempera ture  discharge. At --18~ only 24.2% of the 
theoret ical  capacity (based on 2 e lec t rons /mole)  of 
MoO~ discharged at 2 m A / c m  2 was obtained compared 
to 70.5% (to a 2.00V cutoff) at 25~ The 72% loss in 
capacity that  was observed is unusual ly  large when  
compared with  the minimal  losses obtained when more  
volatile, less viscous solvents such as methyl  formate  
are used in Li-MoO3 cells. The choice of LiC104 as the 
solute may  also be a contr ibut ing factor (8) because 
solubili ty l imitat ions can lead to problems with  con- 
centrat ion polarization. In particular,  if the accumula-  
t ion of LiC104 in the diffusion layer  at the l i th ium 
electrode exceeds the solubility, film format ion may  
o c c u r .  

In Fig. 3 the discharge characterist ics for Li-MoO3/  
LiC104-PC cells stored 6 and 12 months are compared 
wi th  cells discharged immedia te ly  after  being filled. 
To a 2.00V cutoff, the uti l ization dropped from 32.1% 
of theoret ical  for the immediate  discharge to 25% after  
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Fig. 2. Discharge characteristics of Li-MoO3 cells at various cur- 
rent densities. Electrolyte: 1M LICIO4/70% THF-30% 1,2 DME. 
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Fig. 3. Discharge characteristics of Li-MoO~ cells after 6 and 12 
months of storage. Electrolyte: 1M LiCIO4/PC. Current density: 
2 mA/cm 2. 

a one year  stand. Since the PC used to prepare  the 
electrolyte  contained at least 170 ppm water,  it may be 
possible to fur ther  reduce storage losses by using an 
even more highly purified electrolyte.  The discharge 
results in Fig. 3 are for cells stored under  argon in 
sealed Mason jars  wi th  several  pieces of l i th ium foil 
and fresh potassium beside the open cell inside, to act 
as an oxygen and wate r  vapor  getter.  It was found that  
cells stored six months  wi th  only a l i th ium get ter  
showed a 50% greater  loss in capacity than cells stored 
with a potassium getter.  Thus it appears that  the wate r  
concentrat ion must  be mainta ined considerably lower  
than 170 ppm if storage losses are to be kept  to a mini -  
mum. 

A transient  vol tage delay occurred during the first 
minutes  of discharge for the L i - M o O J P C  cells stored 
6 and 12 months. For  the cell stored 6 months  (OCV 
2.87V) a min imum voltage of 1.84V was observed after 
approximate ly  2 sec of discharge at 2 m A / c m  2. The 
voltage then recovered to 2.18V after  30 sec and to 
2.33V after  1 min. The t ransient  delay effect is most 
l ikely due to a thin film formed on the l i thium anode 
and probably could be e l iminated by reducing the 
amount  of water  and other  impuri t ies  in the electrolyte  
and the cathode. Since no voltage minima were  ob- 
served for cells containing e i ther  PC or THF-DME in 
the electrolyte  when  the cells were  discharged after  
45 days' storage, the t ransient  delay effect may  be both 
solvent and t ime dependent.  

An examinat ion of the l i th ium anodes of the Li-  
MoO3 cell which had been stored one year,  af ter  the 
cell had been discharged, revea led  a border  of black 
film about 3 mm wide outl ining the port ion of the 
l i thium anode that  was adjacent  to the outer  edge of 
the cathode in the assembled cell. The l i th ium outside 
this border  was bright  and untarnished even though it 
was exposed to the LiC104/PC electrolyte  for one year. 
It thus appears that  the black film was formed by 
mater ia l  that  diffused out of the cathode during stand. 
If  the film was formed in this way, then the area wi th-  
in the border  was probably filled in wi th  film before 
discharge, and the film was str ipped off by the dissolu- 
tion of l i thium during the period when  the t ransient  
vol tage delay was observed. Since no serious attempt,  
o ther  than vacuum drying at room temperature ,  was 
made to purify ei ther  the MoO3 or graphi te  used to 
prepare  the cathode, the use of more  highly purified 
mater ia ls  might  fu r the r  reduce the capacity losses 
during storage. 

The exact  cause of the large increase in capacity 
observed for both MoO~ and CuS cathodes when  THF-  
DME ra ther  than PC was used to prepare  electrolyte  is 
of interest  for both theoret ical  and practical reasons 
if even more effective electrolytes are to be developed. 
At 2 m A / c m  2, the capacities of Li-MoO3 cells using 
LiC104/PC and L i C 1 O j T H F - D M E  electrolytes were  
32 and 70% of theoretical,  respectively,  to a 2.00V 
cutoff. The 120% increase in capacity cannot be ac- 



Vol. 121, No. 5 C A T H O D I C  B E H A V I O R  IN L I T H I U M  C E L L S  659 

3.0 

Cycle Cycle I 

25 I 
2.0 HOURS Of: DISCHARGE 

I 2 3 4 
I I I I 

Percent Utilization (based on 2 electrons/mole) 

Fig. 4. Discharge characteristics of the Li-MnO2 cell. Electrolyte: 
1M LICIO4/70% THF-30% 1,2 DME. Current density: 2 mA/cm 2. 

counted for by the electrical  conductance because the 
1.0M LiC104/PC electrolyte  [~ -~ 5.3. 10 -3 ohm -1 
cm -1 (7) at 25~ is 34% more conductive than  1.0M 
LIC104/70% THF-30% 1,2 DME [~ ---- 3.8 �9 10 -3 ohm -1 
cm -1 (8)].  However ,  the viscosities of the 1.0M LiC104 
electrolytes at 25~ are 7.08 cp (7) and 0.91 cp (9) for 
the PC and the T H F / D M E  electrolytes, respectively.  

In order  to unders tand the effect of the e lect rolyte  
viscosity on the coulombic efficiency of porous cath-  
odes one requires  a theoret ical  model  (17, 18). The re-  
cently developed model  by Bennion and Dunning (10, 
19) is probably best suited for this purpose. In thei r  
analysis, diffusion and conductance were  found to be 
impor tant  factors in the mass t ransport  and conserva-  
tion equations. The electrolyte  viscosity does not ap- 
pear  directly. However ,  the e lect rolyte  viscosity is re -  
la ted to the diffusion coefficient to a first approxi -  
mat ion by the Einstein Stokes equat ion (11). Thus the 
superior  per formance  of the THF-DME, compared to 
the PC electrolyte,  can be a t t r ibuted to increased diffu- 
sion of LiC104 in the pores of the cathode when  the 
THF-DME mix tu re  was used as the solvent. 

Cycling behavior.--The cell potentials  for a Li-MnO2 
cell wi th  a 1M LIC104/70% THF-30% 1,2 DME elec- 
t ro lyte  during the first, third, and fifth discharges at 
2 m A / c m  2 are shown in Fig. 4. The cutoff vol tage for 
discharge was 2.74V and the charging current  density 
was 0.75 m A / c m  2. The ampere -hour  charging effi- 
ciencies, charging times, and cutoff voltages are sum- 
marized in Table I for the first five cycles. The decl ine  
in the charging efficiency is probably par t ia l ly  due to 
electrolyte  oxidat ion during charging at potentials  
above 4.00V. 

The nonaqueous Li-MnO2 cell was found to re-  
semble the alkal ine Zn-MnO2 cell both in having a 
similar  sloping discharge curve  and exhibi t ing a great  
decrease in cycle life (12) if discharged below a cut-  
off vol tage about 25% higher  than the normal  cut-off 
vol tage due to depleted capacity. For  example,  a Li -  
MnO2 cell discharged to a 2.11V cutoff yielded a ut i l i -  
zation of only 3.66% on the second cycle to a 2.73V cut-  
off compared to 8.88% for the cell described in Fig. 4. 

On the basis of a comparison with  the discharge 
results for Li-MoO~, D-size cells, cycle 2 for the Li-  
MnO2 cell  shown in Fig. 4 would  be expected to yield 

Table I. Charging conditions for Li-MnO2 cell 

Charge Charge Charging A - h r  c h a r g i n g  
No. t ime  (hr) cutoff (V) eff iciency (%) 

1 11.50 4.20 58 
2 11.00 3.98 51 
3 9.76 3.82 41 
4 10.33 4.08 45 
5 15.25 4.22 10 

a specific energy of about 34 W h r / l b  for a D-size cell. 
Therefore,  the Li-MnO2 secondary cell compares fa-  
vorably  at this ear ly  stage wi th  the 30 to 45 W h r / l b  
that  can be obtained from small  s i lver-zinc cells (12). 
No at tempt  has yet  been made to optimize the cathode 
formulat ion or charging conditions, thus some im-  
provements  in the charging efficiency and cycle life 
may  be expected. 

Linear  sweep voltammetry.--Voltammetric scans are 
g iven  in Fig. 5 for  the oxidat ion of 1.0M LiC104/THF 
and 1.0M LIC104/70% THF-30% DME using a plat i -  
num working electrode. Comparison of the curves 
shows that  the addit ion of 30% DME to the electrolyte  
has l i t t le  effect on its stabil i ty to wi ths tand oxidation. 
The oxidat ion of the electrolyte  does not appear to 
produce a gaseous product even  at potentials over  
W4.5V with  respect  to L i / L i  +. 

These results suggest that  the charging of l i thium 
cells using the LiC104/THF-DME electrolyte  should be 
stopped once the charging vol tage has reached 4.0V or 
else e lectrolyte  oxidation will  reduce cycle life. Since 
the Li-MnO2 cell described ear l ier  was charged to a 
4.2V cutoff on the first charge, its l imi ted cycle life 
may  have been caused by oxidat ion of the electrolyte.  

A precise determinat ion  of the m ax im um  charging 
voltage is complicated by the difficulty of predict ing 
the behavior  of a high surface area carbon electrode 
using data obtained from vol tammetr ic  scans on pla t i -  
num. In addition to surface area effects, the oxidation 
overpotent ia l  of an electrolyte  can be great ly  a l tered 
by the nature  of the sometimes not so iner t  surface at 
which the react ion is being studied. 

Cyclic vo l t ammet ry  in the region of -54.3 to --0.2V 
with  respect to L i /L i  + (scan rate  80 mV sec -1) re-  
vealed a reduction peak at about -51.2V for the THF-  
DME electrolyte  which can be a t t r ibuted to reduct ion 
of the oxidized electrolyte.  As would be expected if 
oxidized e lect rolyte  was the reactant,  the  peak in-  
creased as the scan l imit  was increased f rom -53.5 to 
-54.5V. Al though the oxidized compounds formed 
from the electrolyte  have not yet  been identified, re -  
cent work  by Dey (13) suggests the direct oxidat ion of 
THF to form THF cations. The formation of perchlo-  
rate  radicals fol lowed by reaction wi th  the solvent 
(e.g., to form te t ramethylene  peroxide and chlorate 
ion) is a possible a l ternat ive  mechanism which has 
been found (14, 15) to occur during the electrolysis of 
LiC104/acetonitrile.  

Conclusion 
Lithium cells wi th  MoO8 cathodes were  found to 

give a much higher  specific energy than cells using 
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Fig. 5. Oxidation of THF and THF-DMEILICIO4 electrolytes using 
a Pt working electrode at 25~ r;], 1.0M LiCIO4/THF, scan rate 
22 mV/sec.; Q ,  1.0M LICIO4/70% THF-30% 1,2 DME, scan rate 
10 mV/sec. 
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either CuS or MnO2 cathodes. At  2 m A / c m  2, 70.5% of 
the theoretical coulombic capacity of MoOa was ob- 
ta ined to a 2.00V cutoff for cells using a 1.0M LiC104/ 
THF-DME electrolyte. Although L i - M n O J P C  cells 
that  were stored one year  showed a 19% loss in cou- 
lombic capacity, substant ia l  improvements  may be 
possible if more highly purified materials  are used. 

The large increase in capacity observed for both 
MoO3 and CuS cathodes when THF-DME rather  than  
PC was used to prepare the electrolyte can be at-  
t r ibuted  to the increased diffusion of LiC104 in the 
THF-DME mixture.  

Cycling experiments  with the Li-MnO2 cell indicate 
that  t ransi t ion metal  oxides show promise as cathodes 
for rechargeable batteries. Oxidation reactions of the 
electrolyte which may occur dur ing charging were 
investigated by cyclic vol tammetry.  The results suggest 
that the cycle life of the Li-MnO2 cell could be im- 
proved if charging is stopped before the voltage 
reaches 4.0V, to prevent  oxidation of the LiC104/THF- 
DME electrolyte. 

Manuscript  submit ted June  26, 1973; revised m a n u -  
script received Dec. 12, 1973. This was Paper  4 pre-  
sented at the Miami Beach, Florida, Meeting of the 
Society, Oct. 8-13, 1972. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Discus- 
sion Section should be submit ted by Aug. 1, 1974. 
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Measurement of Current Distribution on Wire 

AladarTvarusko *.1 

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

The current  density dis t r ibut ion is often not un i -  
form even on an equipotential  surface, i.e., on a metal  
electrode of negligible electric resistance. The ohmic 
resistance of an  electrode increases by  decreasing its 
cross section and thus, the surface of these elongated 
electrodes can become nonequipotential ,  especially at 
higher current  densities of practical use. The result  is 
a nonuni form current  density distr ibution along the 
electrode, such as wire (1), thin, narrow, and long 
metal  pat terns on pr inted circuit boards (2), etc., which 
leads to nonuni form electrodeposit thickness and qual-  
ity, and compositional change in case of an alloy de- 
posit (3). Another  practical consequence of the non-  
uniform current  dis t r ibut ion is the length of the elec- 
t roplat ing (electrochemical) cell, i.e., the length of the 
immersed wire or thin metal  pattern. The more non -  
uniform the current  dis t r ibut ion on the wire or th in  

* Electrochemica l  Soc ie ty  A c t i v e  Member .  
1 Present  address:  L a b o r a t o i r e  Su i sse  de  Reche rches  Hor log~res ,  

2000 Neuch~te l ,  Swi t ze r l and .  
Key  words:  current  distribution,  e lectrodeposi t ion on wire ,  w i r e  

electrode,  pr inted  circuits,  copper  e lectrodeposi t ion,  r edox  system.  

metal  pattern, the shorter the cell should be (the cell 
length is also affected by the current  carrying capa- 
bi l i ty of wire and contacts). 

The current  density dis t r ibut ion can be theoret i-  
cally calculated for simpte geometries [see references 
cited in Ref. (1, 2, 4-7) ] or obtained from the analysis 
of the final electrodeposit layer  (7) or measured by 
analog methods (8). These methods are t ime consum- 
ing and do not yield in situ current  distribution. 

This paper describes an exper imental  setup to mea-  
sure the current  dis t r ibut ion on wire and other 
elongated electrodes. The efficacy of the setup is i l lus- 
t rated by results obtained on various wires dur ing the 
electrodeposition of copper and reduct ion of redox 
species. 

Experimental 
The heart  of the exper imental  setup, shown sche- 

matical ly in Fig. 1, is a cl ip-on mi l l iammeter  which 
measures through a t ravel ing probe the magnet ic  field 
existing around the wire carrying the electrolyzing 
current.  The cl ip-on d-c mi l l iammeter  is commercially 
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t - v  

Fig. 1. Schematic of the experimental setup for the measurement 
of current distribution. 

available (Hewlet t -Packard  Company, ,Model 428B) 
and its current  range is 0.1 mA to 10A. 

The current  probe (a second harmonic  flux-gate type 
magnetometer)  is usual ly  used in  air. In  order to pre-  
vent  its corrosion in  various electrolytes, the small  
cur rent  probe wi th  a 4 m m  aper ture  diameter  (HP 
Model 428A-21A) was coated by a th in  layer  of 
plastic (e.g., silicone rubbe r ) ;  its jaws were t ight ly 
closed. The inside of the aperture was covered only by 
a th in  continuous layer. The other, large current  probe 
with 64 mm aper ture  (HP Model 3528A) was inserted 
into a th in  polyethylene tube to prevent  its contact 
with the solution; this probe should be used only at 
larger applied current,  IA values (>50 mA) .  It  should 
be noted that  both probes measure a current  which is 
the average current  flowing through the wire wi th in  
the length of the magnet ic  core of the probe. There-  
fore, the narrowest  possible probe should be used, 
which would be advantageous also from viewpoint  of 
hysteresis e l iminat ion to be discussed later. 

The current  dis t r ibut ion along the wire is obtained 
by moving the current  probe parallel  to the wire. The 
current  probe is firmly held in the carriage as shown 
in Fig. 2. The carriage is supported and kept aligned 
by two stainless steel Thomson rods (59.5 cm long, 
�89 in. OD) and four stainless steel Thomson ball  
bushings (Type XA-B1420-SS).  The two rods are 
anchored in the two end bear ing blocks which are 
firmly screwed to mount ing  plates. The mount ing  
plates rest on the top of the overflow cell (9) and are 
firmly screwed to the side rails. These features are 
shown in  Fig. 2 and 3. Stainless steel (Type 316) was 
used for the construction. 

Fig. 2. Partial view of the setup. It shows the current probe in the 
carriage, aligning rods, lead screw, motor, and a basic switch. 
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Fig. 3. View of the speed reducer and potentiometer arrangement 

The brass feed screw nut  is firmly screwed to the 
top of the carriage which is moved by the 1/2 in. ro ta t -  
ing lead screw (20 threads per inch).  The stainless 
steel lead screw is supported by two bearings (Hoover 
77R6) which are mounted  in  the bear ing blocks (Fig. 
2, 3). The lead screw is dr iven  through a coupler by 
a permanent  magnet  d-c motor-genera tor  (Electro- 
Craft Corporation, Hopkins, Minnesota, Model E-650 
with 80 oz. in. torque) which has two windings on the 
same armature  to drive the motor and generate volt-  
age proportional to the speed, respectively. The motor 
controller  mainta ins  the motor speed constant  wi thin  
a 3-3000 rpm range and provides dynamic braking at 
shutoff. 

A carriage controller  is inserted between the motor 
and its controller. The schematic diagram of the car- 
riage controller  is shown in Fig. 4. The carriage con- 
trol ler  consists of a power supply for the relays (3PDT, 
12V d-c, Potter  & Brumfield, KM14D) which (i) re-  
verse the voltage to the motor winding (RL1) and 
from the generator  (RL4), and (i/) activate (RL2) and 
deactivate (RL3) the reversing relay (RL1). The sig- 
nal  for the relay action is obtained either from one 
of the subminia ture  basic switches (MS1, MS2, right 
or left side) mounted  onto the bearing blocks (Fig. 
2, 3) or manua l ly  from one of the push but ton  mo- 
men ta ry  switches (4PDT, RS1, RS2, go right or left).  

In  automatic mode, the carriage cont inuously t ra-  
verses the wire over a distance determined by the posi- 
t ion of the two basic switches. The carriage can be 
stopped in the automatic mode at ei ther end by 
switching to manua l  operation (SW3, off) during the 
last traverse. In  manua l  mode, the carriage always 
stops at the other end. The carriage can be stopped at 
any position by in te r rup t ing  (SW2) the power to the 
motor. 

The rate of carriage traverse depends on the motor 
speed. Since the motor speed is main ta ined  at a given 
constant  rpm, the traverse rate will  be l inear  and 
determined by the number  of threads per un i t  length 
of lead screw. 

The position of the current  probe can be read off a 
l inear  scale placed near  the carriage. This is cumber-  
some and is not suited for recording. A potential  sig- 
nal  proport ional  to the position of the current  probe 
was obtained in the following simple manner .  The 
motor speed is reduced 50:1 by a worm and wheel as- 
sembly (PIC Design CorForation, No. DO-7) the input  
shaft of which is connected to the feed screw through 
a coupler. The output  shaft of the assembly is con- 
nected by a coupler to the shaft of a 10- turn-preci-  
sion wirewound,  100 kohm potent iometer  (Fig. 3) 
which is electrically connected to an 8.4V mercury  
bat tery  as shown in Fig. 1. The coupler be tween the 
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Fig. 4. Schematic diagram of 
the carriage controller. 
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worm and wheel  assembly and potent iometer  is t ight ly  
secured af ter  both carr iage and potent iometer  are in 
one of thei r  corresponding ex t reme positions. 

Now, we have potential  signals proport ional  to the 
position of the current  probe and to the magni tude  
of the current  flowing at that  position. These signals 
can be easily recorded by an X - Y  recorder  (Varian 
Associates, Model F-80A) and thus, we obtain the 
current  distr ibution curves automatically.  The current  
can be easily differentiated by electronic means and 
thus, the local current  density, i.e., local reaction rate  
distr ibution can be obtained automatical ly  on another  
X-Y recorder.  

The electrolyzing current  is supplied by a constant 
current  power  supply (Electronic Measurements,  
Model C 613). The magni tude  of the applied current,  
IA was measured  as a voltage drop on a 5 ohm, pre-  
cision resistor by a digital vo l tmeter  (Fluke, 8100A). 

Clean wires of various metals  and diameters  were  
used wi th  a U-shaped,  copper or stainless steel sheet 
anode. The electrodeposit ion of copper was studied in 
CuSO4-H2SO4 solutions of various concentrations. The 

reduct ion of ferr icyanide was invest igated in a fresh, 
0.04 equimolar  solution of potassium fer ro-  and fer r i -  
cyanide in 1M NaOH. The solution was not deaerated 
and was used in the presence of light. The measure -  
ments  were  made at 24 ~ • 2~ 

Results and Discussion 
The clip-on mi l l i ammeter  probe is usual ly  used in 

air to measure  direct current  flowing in a wire  con- 
tacted at two points. The current  measured  along this 
wire  should not change with  the position of current  
probe. This is shown in Fig. 5 to be the case in both 
air and aqueous electrolytic solution; the current  along 
such a wire  remained  constant in all the solutions 
tested. This means that the cl ip-on mi l l iammeter ' s  
reading is not influenced by  the ions present  in large 
concentrat ion around the wire  and thus, this ins t ru-  
ment  can be used for the measurement  of current  dis- 
t r ibut ion in solutions. 

Figure  5 also shows the current  distr ibution along a 
copper wire of 0.5 mm diameter  during the electro-  
deposition of copper f rom acidified CuSO4 solution at 

150 I I I "" I I l 

Fig. 5. Current distribution on 
a 0.51 mm diameter copper wire 
in the absence and presence of 
copper electrodeposition from 
acidified CuS04 solution. The 
current probe traveled from left 
to right and back. 
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17.5 m A / c m  2 average  current  density, Iave which is the 
applied current  divided by the surface area of the wire  
exposed to the electrolyte  in the cell. It  can be seen 
that  (i) the magni tude  of the current  decreases wi th  
increasing distance from the point of contact, (ii) the 
rate  of decrease varies somewhat  along the wire, (iii) 
a hysteresis is present, i.e., the magni tude  of the cur -  
rent  depends on the direction of t h e  carr iage sweep 
and is lower  when  the probe t ravels  away from the 
contact point than toward it ( indicated by the double 
a r row) ,  ( iv)  the difference be tween  the two curves is 
the greatest  in the middle  and decreases toward  both 
ends, and (v) the current  is not zero at the point of 
carr iage reverse.  

Before discussing the aforement ioned observations, 
let  us see the current  distr ibution curves at other  
average  current  densities. Figure  6 shows the current  
distr ibution at low Iavg values, i.e., up to ca. 30% of 
the average  l imit ing current  density, fL. In  addit ion to 
the aforement ioned observations, it can be seen that  
the magni tude  of the hysteresis increases wi th  in-  
creasing current  density. The current  measured  at the 
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tu rnaround point (Fig. 6) is 4-5% of the current  mea-  
sured near  the wire  contact. At this point, the  current  
probe is 3-5 mm from the end wal l  and to a large ex-  
tent, the rest current  is due to the current  flowing in 
the wire  toward  its end. 

F igure  7 shows the current  distr ibut ion at high Iavg 
values which are near  and above the I-L; H2 evolves 
profusely along the ent ire  wire  length  at Iavg ~> 100 
m A / c m  2. The current  distr ibution curves are basically 
similar to the previously ment ioned ones. The devia-  
tion be tween  the two curves obtained during the car-  
r iage traverse,  i.e., the hysteresis decreases wi th  in-  
creasing Iavg values above IL. These and other  values 
of deviations, expressed in percentage,  are shown in 
Fig. 8 for an arbi t rar i ly  chosen point on the wire  (20 
cm).  It can be clear ly  seen that  the percentage of the 
deviat ion increases very  rapidly  wi th  increasing aver -  
age current  density. It  peaks out near  the indicated 
average l imit ing current  density above which it starts 
to decrease wi th  increasing Iavg values. This behavior  
was also observed on other  wires  in all  the  invest i -  
gated solutions and concentrat ions using both current  
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Fig. 6. Current distribution on 
a 0.51 mm diameter copper wire 
at low cathodic average current 
densities. 

Fig. 7. Current distribution on 
a 0.51 mm diameter copper wire 
at cathodic average current 
densities which are near or above 
the average limiting current 
density. 
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probes. It  should be noted that  the deviat ion marked ly  
decreased on a very  thin Nichrome wire  a l ready at an 
Iavg value  of 2 m A / c m  2 and H2 evolved on this h ighly  
resist ive wire  near  its contact (its resistance is 250X 
that  of copper wire  used).  This means that  the hys-  
teresis decreases even if the l imit ing current  density 
is reached only over  a small  port ion of the wire. 

It  is obvious from the aforement ioned results that  
the hysteresis is not a percentage er ror  due to the 
intensi ty of the current  flowing wi th in  the wire. 

The increase of the deviat ion up to the average l im-  
iting current  density and its subsequent  decrease seem 
to point to an enhancement  of the mass t ransfer  by 
the fluid flow due to the moving current  probe the in-  
fluence of which decreases with increasing H2 evolu-  
tion. An additional evidence for the mass t ransfer  
effect can be seen in Fig. 9. The current  decreases 
toward the lower  curve when  the carr iage is stopped 
anywhere  along the wire. Upon restar t ing the probe 
in the opposite direction, i.e., toward the start ing 
point, the  current  decreases and the trace becomes 
pract ical ly the same as that  of the init ial  full cycle. 

A comparison of Fig. 9 with Fig. 5-7 reveals  that  
the hysteresis curve is not affected by the start ing 

Table I. Magnitude of hysteresis at various speeds of probe 
traverse (4 mm aperture) 

Is - -  I1 

Speed,  c m / m i n  100 \ ~ / ~ }  era' a/~ 

25.4 2.8 
50.8 3.4 

102 5.2 
127 %8 
190 13 
374 12 

point  of the current  probe t raverse:  the  upper  curve 
of the hysteresis loop is always obtained during the 
current  probe's t ravel  toward  the wire  contact and the 
lower  one while  the probe moves away from it. These 
results seem to indicate that  the mass t ransfer  rate  is 
increased wi th in  and behind the moving  small cur-  
rent  probe (4 mm diameter)  due to the increased fluid 
veloci ty  and wake, respectively.  The result  is that  
less electronic current  flows through the current  probe 
during its motion away from the contact. On the other  
hand, during the probe's mot ion toward the contact 
point more  electronic current  wil l  flow through the 
probe to accommodate the la rger  mass t ransfer  rate 
wi th in  and behind the probe. 

The aforedescribed results were  obtained at one 
carr iage speed, 76.2 cm/min.  In v iew of the results, it 
is expected that  the probe (carriage) t raverse  speed 
wil l  be an impor tant  factor in de termining the magni -  
tude of the hysteresis. Table I clearly shows this in-  
fluence for a 0.5 mm diameter  copper wire  in 0.23M 
CuSO4-10X H2SO4 solution at Iavg ---- 10 m A / c m  2 (0.22 
IL). The deviat ion increased with  increasing probe 
speed up to 190 c m / m i n  above which it remained prac-  
t ical ly constant. The rate  of increase of the deviation 
doubles above approximate ly  90 c m / m i n  which seems 
to give the impression of the presence of laminar  or 
turbulent  fluid flow around the wire, respectively.  The 
probe speed should be kept small  to minimize the mag-  
ni tude of the hysteresis. On the other hand, a higher  
probe speed is desired to shorten the durat ion of the 
exper iment  which is important  especially in exper i -  
ments where  the resistance of the substrate changes 
due to the electrodeposited meta l  layer  or other proc-  
esses taking place. The probe speed (76.2 cm/min )  
chosen for these exper iments  represents a compromise 
be tween these two criteria. 

50 I 

Fig. 9. Current distribution on 
a 0.5] diameter copper wire at 
low cathodic average current 
density. The probe travel was 
from right to left and was 
returned after a short interrup- 
tion. 
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The presence of hysteresis is a l imita t ion of this 
technique which measures  the current  dis t r ibut ion 
in situ by measur ing the magnetic  field existing around 
elongated electrodes, such as wire, thin, narrow, and 
long pr in ted circuit patterns. The magni tude  of the 
hysteresis can be markedly  decreased (to ca. maximum 
10% near  the l imit ing current  density) by making  the 
measurement  at slow probe traverse speed. Fur ther  
improvement  can be obtained by using probes of larger 
apertures which are limited, however, to higher aver-  
age current  values. The current  probes commercially 
available are real ly designed to measure  current  flow- 
ing through a conductor in  air at a certain position. In  
electrochemical systems, the current  dis t r ibut ion on 
the electrode in solution is of interest  and therefore, 
a narrow, ca. 1 cm diameter  current  probe should be 
used which is designed on the basis of hydrodynamic  
considerations; it could greatly improve or completely 
el iminate the undesirable  hysteresis. Unfortunately,  
such a probe was not available for evaluat ion in  this 
first a t tempt to measure the current  dis t r ibut ion in  
situ. 
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Brief C mmun ca$ ons 

A Preliminary Investigation of High Temperature 
Lithium/Iron Sulfide Secondary Cells 

D. R. Vissers, Z. Tomczuk, and R. K. Steunenberg* 
Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

High-specific-energy (>200 W - h r / k g )  l i t h ium/su l -  
fur  cells are unde r  development  for off-peak energy 
storage in electric ut i l i ty  networks and for electric 
automobiles (1-5). Such cells have a mol ten-sa l t  elec- 
trolyte such as the LiC1-KC1 eutectic (rap, 352~ and 
operate at temperatures  between approximately 375 ~ 
and 425~ When  sulfur  alone is used as the active ma -  
terial  in  the positive electrode, it tends to escape from 
the electrode both through vaporization and through 
the solubil i ty of certain su l fur -bear ing  species, e.g., 
$2-,  $22- (6-10) in the electrolyte. Although both of 
these effects can be suppressed by additives such as 
arsenic or selenium (1-5), which lower the activity 
of the sulfur, it is quest ionable whether  they are suffi- 
ciently effective to permit  long cell lifetimes (>1000 
hr) .  The sulfur  activity can be decreased fur ther  by  
the use of sulfur  compounds ra ther  than  sulfur, in  
the positive electrode. I ron  sulfides were investigated 
in  this s tudy on the premise that  their  free energies 
of formation are sufficient to el iminate sulfur  losses 
by vaporization or solubility, bu t  not large enough to 
cause an undue  decrease in  the cell voltage. Calculated 
values for the free energies of formation of FeS and 
FeS~ at 400~ are 24.1 and 35.1 kcal/mole,  respectively, 
based on data in the l i terature  (11, 12). From a prac-  
tical standpoint,  iron pyri te  (FeS2), in  particular,  has 
the desirable characteristics of reasonably low equiva-  
lent  weight, low cost, abundance,  and lack of toxicity. 

Experimental 
Six cells of the general  design shown in Fig. 1 were 

operated dur ing the course of this investigation. The 

, Electrochemical  Society A c t i v e  M e m b e r .  
Key words:  Li-FeS~ cell, h igh-temperature  cell, iron pyrite,  i r o n  

su l f ide ,  m o l t e n  sa l t ,  s e c o n d a r y  ce l l .  

COPPER W I R E ~  

LITHIUM ELECTRODE 
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FELTMETAL 
(~1 g Li) 
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~ 0.63 Cm THICK 

I ~FeS~ (~11g) 

Fig. 1. Typical cell design 

negative electrode in all of the cells consisted of a disk 
of Type 302 stainless steel Fel tmetal  1 (90% porosity, 27 
~m avg pore diam) that  was filled with ~-,lg of l iquid 
li thium. The 59 mole per cent (m/o)  LiC1-41 m/o  KC1 
eutectic was used as the electrolyte. The LiC1-KC1 
eutectic was obtained from the Anderson Physics Lab-  
oratories, Incorporated, Champaign, Illinois, where it 
was prepared and purified by the method outl ined by 
Laitinen, Tischer, and Roe (13). Commercial-grade 

1 A p r o d u c t  os t h e  B r u n s w i c k  C o r p o r a t i o n .  
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Fig. 2. Short-time voltage-current density data for o Li /Fe$~ 
cell. 

FeS~ 2 (iron pyri te)  f rom Sargent -Welch  was the  ac- 
t ive mater ia l  in the posit ive electrode in five of the 
cells. In the other  cell, the active mater ia l  was a m i x -  
ture  of FeS and Li2S. The Li2S, f rom Foote Mineral,  
had a stated pur i ty  of 97% and the FeS, from Fisher  
Scientific, was of unspecified purity.  

The cells were  unsealed and were  operated in a fu r -  
nace well  located in the floor of a h igh-pur i ty  (~3  ppm 
02, ~1  ppm H20) he l ium-a tmosphere  glove box. Four  
of the Li/FeS2 cells had a posit ive electrode of the 
design shown in Fig. 1, in which the act ive mater ia l  
was contained in an A T J  graphi te  cup and was con- 
fined to the cup by a PG-60 porous graphi te  diffu- 
sion barrier ,  0.63 cm thick. In the fifth Li /FeS2 cell and 
in the sixth cell, which was a L i / F e S  cell, the act ive 
mater ia l  was contained in a molybdenum crucible that  
was covered with  expanded molybdenum mesh 3 (~0.2 
mm thick, ,--50 openings/cm2),  which served as a dif-  
fusion barrier .  The geometr ic  surface area of all the 
positive electrodes was ~5  cm 2. 

R e s u l t s  a n d  D i s c u s s i o n  
Shor t - t ime  vol tage vs. current  densi ty data 4 that  

were  obtained for a ful ly  charged Li /FeS2 cell over  a 
t empera tu re  range of 383~176 are presented in Fig. 
2. The results show no significant effect of t empera -  
ture  on the cell performance.  The open-circui t  vol tage 
averaged 2.06V and the short-circui t  current  density 
was approximate ly  1000 m A / c m  2. The max im um  
power  density was about 0.5 W / c m  2 and the cell had a 
resistance of 0.43 ohm. The re la t ive ly  high resistance, 
which was not unexpected,  should be reduced m a r k -  
edly by appropriate  modifications of the cell design. 

Typical charge and discharge data for a Li /FeS~ 
cell are g iven  in Fig. 3, where  the cell vol tage (IR- 
included) is shown as a funct ion of capacity densi ty 
and per cent of theoret ical  capacity. The IR voltage 
during both charge and discharge was about 0.1V. The 
theoret ical  capacity is based on the over -a l l  react ion 

4Li + FeS2-> 2Li2S + Fe [1] 

The charge and discharge curves each show two pla-  
teaus, which suggest that  the cell react ion may  be 
occurr ing as a two-s tep  process, possibly involving 

T h i s  m a t e r i a l  w a s  f o u n d  to conta in  a b o u t  10 w t  % SiO~, w h i c h  
w a s  r e m o v e d  by  a s i n k - f l o a t  s e p a r a t i o n  w i t h  t e t r a h r o m o e t h a n e .  

O b t a i n e d  f r o m  C l i m a x - M o l y b d e n u m  C o m p a n y  of  M i c h i g a n .  
I n d i v i d u a l  m e a s u r e m e n t s  m a d e  by  c l o s i n g  t h e  c i r c u i t  m o m e n -  

t a r i l y  for  a p e r i o d  of  10-15 sec ,  
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Fig. 3. Typical charge and discharge data for o Li /Fe$2 cell 

FeS as an intermediate.  At 400~ the emf's  for the 
Li/FeS2 and L i / F e S  couples are est imated to be 1.96 
and 1.66V, respectively.  These emf values are based 
on f ree -energy  data from the l i te ra ture  (11, 12, 14) 
and are in fair ly good agreement  wi th  the observed 
IR- f ree  voltage plateaus of about 2.05 and 1.6V, re-  
spectively. Al though the two plateaus may suggest 
FeS as a simple intermediate,  metal lographic  examina-  
t ion of FeS2 electrodes taken from cells that  had been 
cycled several  t imes and whose operat ion had been 
te rminated  at various stages of charge, revealed,  in 
addition to the apparent  phases FeS2 and FeS, the 
presence of several  addit ional  phases which are com- 
plex and unidentified at this time. These phases appear  
to be complex compounds formed by the interact ion of 
Li2S with  i ron-sul fur  compounds. 

One exper imenta l  cell was operated over  28 dis- 
charge cycles (>200 hr) wi th  no loss in capacity and 
no observable sulfur  loss. With an IR- f ree  charge 
cutoff of 2.15V, the average FeS2 utilization, based on 
the reaction described by Eq. [1], was 49%. This be-  
havior  is general ly  consistent wi th  the charge curve 
shown in Fig. 3. This value increased to an average of 
82% when the charge cutoff was raised to 2.43V. 
However ,  the inabil i ty to convert  the active mater ia l  
completely  to FeS2 suggests that  it may be possible to 
achieve near  theoret ical  capacities wi th  the Li/FeS2 
cell if  a higher  charge cutoff potential  is employed, 
and if sufficiently effective current  collection is pro-  
vided throughout  the FeS2 electrode to produce a more  
uni form react ion product  when  the cell is charged. 

Operat ing characteristics of the L i / F e S  cell were  
init ial ly invest igated by cycling, using an /R - f r ee  
charge cutoff of 2.15V. The cell was operated for 14 
days (28 cycles) at current  densities of 30-40 m A / c m  2 
with  no observable loss in capacity. The average FeS 
uti l ization based on the react ion described by Eq. [2] 
was 87%, with  an average coulombic efficiency of 89% 

FeS + 2Li ~ Fe + Li2S [2] 

The open-ci rcui t  vol tage remained  near ly  steady at 
1.7V during charge and 1.6V during discharge. The 
open-circui t  potential  of 1.7V corresponds very  closely 
to the calculated emf of 1.66V for a L i / F e S  cell. 

Conclusions 
1. The Li/LiC1-KC1/FeS2 system can be operated as 

a secondary cell at tempera tures  of about 380~176 
for periods of at least 200 hr  wi th  no significant deter i -  
orat ion in electrical  performance.  

2. The capacities of the Li/FeS2 cells were  in the 
vicini ty of 80% of the theoret ical  value based on the 
oxidation of four l i th ium atoms per FeS2 molecule  
during discharge. 
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3. The coulombic efficiencies ranged general ly be-  
tween  89 and 100%. 

4. The open-circui t  voltage was about 2.06V, with a 
short-circuit  current  density of ,--1 A/cm 2 for the ful ly 
charged Li/FeS2 cell. 

5. The Li/FeS2 cell performance appears to be es- 
sential ly unaffected by changes in temperature  be-  
tween about 380 ~ and 440~ 

6. The cells that were tested had a relat ively high 
in terna l  resistance, (0.3-0.5 ohm) ; however, no at tempt  
was made to minimize the resistance by improving the 
cell design through the use of current  collectors, favor-  
able geometry, etc. 

7. The Li/LiCI~KC1/FeS system can also be oper- 
ated as a secondary cell, with the capacities corre- 
sponding roughly to the oxidation of two l i thium atoms 
per FeS molecule dur ing discharge. 

8. The chemistry of the Li/FeS2 celI reactions is not 
yet  well characterized. 

Acknowledgments 
The authors wish to express their  appreciation to 

L. Burris, D. S. Webster, and P. A. Nelson for their  
guidance and encouragement.  Thanks are also extended 
to J. Birk, A. E. Martin, B. Tani, and M. Homa for 
their  scientific assistance. This work was performed 
unde r  the auspices of the U.S. Atomic Energy Com- 
mission. 

Manuscript  submit ted Dec. 10, 1973; revised m a n u -  
script received Jan. 28, 1974. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1974 

JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 

REFERENCES 

1. H. Shimotake, M. L. Kyle, V. A. Maroni, and E. J. 
Cairns, "Proc. 1st Intern.  Electric Vehicle Symp.," 
p. 392, Electric Vehicle Council, New York (1969). 

2. M. L. Kyle, H. Shimotake, R. K. Steunenberg,  F. J. 
Martino, R. Rubischko, and E. J. Cairns, "6th 
IECEC Proc.," p. 80, SAE, New York (1971). 

3. W. J. Walsh, E. J. Cairns, and J. D. Arntzen,  Paper  
254 presented at Electrochem. Soc. Meeting, 
Chicago, Illinois, May 13-18, 1973. 

4. E. C. Gay, P. A. Nelson, E. J. Cairns, and F. J. Mar-  
tino, Paper  5191, Presented at AIChE 75th Na- 
t ional Meeting, Detroit, Michigan, June  3-6, 1973. 

5. E. C. Gay, R. K. Steunenberg,  J. E. Battles, and 
E. J. Cairns, "8th IECEC Proc.," p. 96, AIAA, 
New York (1973). 

6. W. Giggenbach, Inorg. Chem., 10, 1308 (1971). 
7. D. M. Gruen, R. L. McBeth, and A. J. Zielen, J. Am. 

Chem. Soc., 93, 6691 (1971). 
8. J. H. Kennedy  and F. Adamo, This Journal, 119, 

1518 (1972). 
9. J. P. Bernard, A. DeHaan, and H. Van der Poorten, 

Compt. Rend. Acad. Sci., Ser. C, 276, 587 (1973). 
10. J. R. Birk, Pr ivate  communicat ion (1973). 
11. R. D. Freeman,  Oklahoma State Univ., Research 

Report No. 60 (1962). 
12. D. D. Wagman, W. H. Evans, V. B. Parker,  I. Halow, 

S. M. Bailey, and R. H. Schumm, Nat. Bur. Std. 
Technical Notes 270-4 (May 1969). 

13. H. A. Laitinen, R. P. Tischer, and D. K. Roe, This 
Journal, 107, 546 (1960). 

14. E .J .  Cairns, Pr ivate  communicat ion (1973). 

On the Ultraviolet Inhibition of 
Electroless Plating on Glass 

M. Schlesinger 
Department of Physics, University of Windsor, Windsor, Ontario, Canada 

The process for metal  pat terning of dielectric sub-  
strates by u.v. light exposure and electroless plat ing 
has been discussed by members of our research group 
recent ly (1). It was pointed out there that  u.v. inhibi -  
t ion is possible even after the activation (PdC12/HC1) 
bath. This we took as an indication that the simplistic 
redox reaction (2) 

Sn+2 -~ pd+2--> Sn+4 -~ Pd o 

was Clearly not enough to explain the chemistry of tt=e 
pal ladium bath (3). 

Since the publication of that paper we became even 
more interested in u.v. pat terning of dielectric sub-  
strates after activation. This is so since we have found 
that  the image definition of the photomask is much 
better  if u.v. is applied at this stage. 

The purpose of the present  note is to report  about  
the possibility of obtaining photoselective metal  dep- 
osition, not only in the form of positive imaging, 
i.e., generat ion of the replica of the photomask, but  
also in the form of negative imaging. 1 

Specifically, we have found that  if u.v. light is ap- 
plied after activation, but  before the premetal l izing 
rinse, positive imaging results. If, on the other hand, 
u.v. is applied after the premetal l izing rinse a negative 
imaging results. A summary  of the effect of u.v. light 
at various stages is shown schematically as follows: 

Key words:  eleetroless ,  imaging,  p l a t i n g ,  g r o w t h  i n h i b i t i o n .  
1 Our exper iments  t e - d a t e  h a v e  b e e n  c a r r i e d  o u t  m a i n l y  on  glass .  

S o m e w h a t  different procedures are required for d i f f e r e n t  s u b -  
strates. 

S ~ R --> A -'> R --> M 
t t t t 

no image positive (4) positive (1) negative 1 

where  S stands for the SnCIJHC1 bath, R stands for 
a D.I. water rinse, A stands for the PdC12/HC1 bath, 
and IV[ stands for the Cu, or Ni or Co metall izing baths. 

As an extension of our previous findings, we have 
found now that  under  the right conditions the growth 
of Cu can be also inhibi ted by u.v. i r radiat ion after 
activation. These conditions relate main ly  to rinse 
times between sensitization and activation and between 
activation and metallization. 

The experiments  referred to in the present  note 
were carried out under  conditions similar  to those 
described in our previous work [Ref. (1)] except that 
deFosition was made on glass and also that rinse times 
were shortened to 15 sec. 

A detailed s tudy of the foregoing effects is underway  
in our laboratory. This study includes the proper 
identification of the chemical processes accompanying 
the sensitization and activation steps in  the conven-  
tional electroless systems. 

In  this connection it should be pointed out that  u.v. 
is ineffective in the case of the catalyzing (PdC12/ 
SnC12/HC1) accelerating (HC1 or NaOH and similar) 
electroless systems. 
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Characterization of Thermally Grown SiO  Surfaces 
by Contact Angle Measurements 

R. G. Frieser* 
IBM System Products  Division, East Fishkill Facility, Hopewell Junction, New York  12533 

a 
ABSTRACT 

This paper  discusses recent  advances in the study of solid surfaces by con- 
tact angle measurements  which appeared promising in developing a tech-  
nique to characterize different types of amorphous or polycrystal l ine meta l  
and  oxide surfaces. The extent  to which contact angle measurements  and 
spreading-pressure  values can be used to characterize various silica surfaces 
is explored. A practical  scheme is offered using wate r  and an organic solvent 
to characterize various silica surfaces in a simple and nondestruct ive  manner.  

To study photoresis t -substrate  interactions succes s -  
fu l ly ,  it was considered desirable to first develop a 
scheme for characterizing the substrate surface itself. 
Techniques to study heterogeneous and amorphous 
surfaces are few. Most techniques have been devel -  
oped for s ingle-crystal  studies, clearly not applicable 
here. Inf rared  and el l ipsometric techniques were  
briefly eva lua ted  and dropped because such techniques 
"see" too much of the bulk, whereas  our interest  is 
the surface proper. Recent  advances in the study of 
surfaces by contact angle measurements ,  however ,  
have made this la t ter  technique promising (1, 2). Su r -  
face character izat ion by contact angle techniques 
usual ly have been avoided because they can lead to 
erroneous results for absolute surface energies. The 
difficulty, however ,  does not lie wi th  the technique,  
or theory, but  with the difficulty of obtaining pure  
surfaces. 

To define a "clean surface" outside a ve ry  hard 
vacuum is actually impossible. Because this sudy is 
concerned with  surfaces under  normal  conditions, re-  
producibi l i ty of surfaces ra ther  than absolute "cleanl i-  
ness" was chosen as the criterion. This means that  
normal  gas absorption of water  vapors from the a tmo-  
sphere was ignored. Thermal ly  grown silicon dioxide 
was chosen as a substrate, because this surface is more  
reproducible  than any of several  other  possible choices. 

Surface Tension of Liquids 
Several  empirical  a t tempts  have been made by Zis- 

man (3), Good and Girifalco (4) and others to der ive  
an expression for the interracial  tension of two im- 
miscible l iquids f rom the surface tension of the l iquids 
themselves.  It was demonstra ted by Fowkes (1) that  
the surface tension of a l iquid is the sum of two terms, 
one due to dispersion forces only, and the second due 
to hydrogen bonding (in the case of water,  for in-  
stance) or to metal l ic  bond (in the case of mercury) .  
For  nonpolar  liquids, such as saturated aliphatics, only 
dispersion forces are active. If we denote the surface 
tensions by ~ and that  port ion of the surface tension 
due to dispersion forces by ~a it follows that  for satu-  

* Electrochemical Society Active Member. 
Key words: SiO2 surfaces,  contact angle measurements ,  SiO2 sur- 

face contamination.  

ra ted aliphatics 
'Yal : "ydal 

for water  
7 H 2 0  -= ~ydH20 ~- ~'H+H20 [1]  

for mercury  
~Hg = "ydHg -~ ~'MHg 

Fowkes then postulated that  the interracial  tension be-  
tween  two liquids is 

~'H20/Hg : "YH20 ~- ~Hg - -  2~/7dH20 " ~'dHg [2] 

This relat ionship was tested by measur ing the in ter-  
facial tension be tween wate r  or mercury  and a series 
of saturated aliphatics, and 7d's for both water  (21.8 
• 0.7 dynes /cm)  and mercury  (200 _ 7 dynes /cm)  
were  obtained. These two values then  were  used to 
calculate the interracial  tension of wa te r  and mercury.  
Fowkes (2) obtained 424.8 dynes/cm, which agrees 
wel l  wi th  the exper imenta l  value of 426-427 dynes/cm. 
Therefore,  the original  assumption seems justified. 
Fur thermore ,  Eq. [2] was der ived by Fowkes (1) from 
a pure ly  geometr ical  model. He considered the ex-  
change of molecules at a l iquid- l iquid  interface where  
the major  forces be tween  the two molecules are dis- 
persion forces and arr ived at Eq. [2]. This is the same 
equat ion as previously proposed by others except  for 
a factor before the square root term, which Fowkes 
maintains is equal  to one. Since this relat ionship can 
be der ived from a physical model  it can be claimed to 
have a theoret ical  basis as wel l  as an empir ical  one. 

The Young equat ion relates the contact angle to the 
surface and interracial  tensions of two immiscible l iq-  
uids (Fig. 1). Combining Eq. [2] wi th  the Young 
equation, Fowkes obtained the fol lowing expression 
for the contact angle of a l iquid (1) on a solid (s) 

~/Tds'}'dl ~e 
cos 0 - 2 1 -- ~ [3] 

71 71 

where  7 and 7 d have  the same meaning noted earlier.  
In Eq. [3], ~e is the equi l ibr ium spreading pressure of 

adsorbed vapor  on the solid surface, or, in other  words, 
the lower ing of the surface energy of a solid due to a 
ve ry  thin film or vapor  of the same l iquid as that  
forming the contact angle. 

669 
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3'S ~ROP 

7 L c o s  0 = 7 S - 7 8 L  

Fig. 1. In the Young equation 0 is the contact angle between the 
liquid and the solid. 

There  has been some contention that  the Young 
equat ion is not thermodynamica l ly  val id in the first 
place (5). While the surface tensions and energy can 
be equated for liquids, this is not val id for solids in 
general. However ,  Fowkes stated that, since Eq. [3] 
can be used to calculate contact angles from inde-  
pendent ly  obtained thermodynamic  measurements  of 
the surface tensions and pressure, by Eq. [3] the con- 
tact angle, too, must be a t rue thermodynamic  quan-  
tity. Therefore  the Young equations should be val id 
(2). Fur thermore ,  Swal in  (6) pointed out that  glasses 
like amorphous silica are liquids thus one might  equate  
the surface energy wi th  the surface tensions, which for 
crystal l ized solids would  not be true. 

In ear l ier  publications (1, 2), Fowkes expressed the 
opinion that  spreading pressures could be ignored if 
the contact angle is greater  than zero. It is obvious, 
therefore,  that  in such a si tuation the c o n t a c t  angle 
measurement  of an appropriate  l iquid on the surface 
in question should yield the dispersion force contr ibu-  
t ion of the surface energy of the solid, when  plot t ing 
cos e vs. X/Tall/71. Using Zisman's data (3), Fowkes has 
shown that  this indeed is t rue  for many  low-ene rgy  
liquids on low-ene rgy  solids (2). In more  recent  
work  (7), Fowkes has qualified this generalization, a 
position our  present study will  support. The equi l ib-  
r ium spreading pressure must  be taken into account 
w h e n  liquids, especial ly polar  liquids, interact  wi th  
h igh-energy  surfaces such as oxides. Making then a 
single contact angle measurement  wi th  appropriate  
liquids on the surface and knowing the surface en-  
ergies of the liquids (plus the =e), the part icular  sur-  
face can readi ly  be characterized. 

An ear l ier  a t tempt  to characterize the surfaces of 
solids by contact angle measurement  was made by 
Zisman and co-workers  (8). Their  approach was based 
on the concept of the "crit ical surface tension" of a 
solid. This critical surface tension is an ext rapola ted  
value on a Zisman plot for a surface tension when  
the cosine of the contact angle is one; i.e., under  
complete  wet t ing conditions. A Zisman plot can be 
obtained by plott ing the cosines of contact angles that  
a series of homologous liquids makes with a par t ic-  
u lar  solid, and then extending this l ine (presumably 
a straight line) to cos e = 1. While this approach is 
phenomenological ly  val id in some cases, it was not 
followed here for the fol lowing reasons: (i) It has no 
theoret ical  basis. (ii) In many  cases, a Zisman plot is 
not a straight line, not even for a homologous series 
of liquids on a given solid, but  forms a range, often 
curves toward lower  cosine ~ values. Thus, even phe-  
nomenologically,  this approach does not seem justified 
(9 ) .  

An improvement  of the Zisman plot was obtained by 
Good and Girifalco (4). These invest igators plot ted 
the cosine of the contact angle that a l iquid made wi th  
a par t icular  surface against the reciprocal  of the 
square root of the surface tension. This gave them a 
straight l ine that  could be unequivocal ly  in te rpre ted  
when  ext rapola ted  to cos 0 = 1 as the critical surface 
tension. While it has just  as l i t t le  theoret ical  jus t i -  

fication as the Zisman plot, it should be pointed out 
that  for liquids where  ~dl is equal  to "Y1 and ;re = 0, the 
Good-Girifalco plot is a special case of the Fowkes 
plot. It  is therefore  obvious that  Fowkes '  approach is 
not only more general  but has the vi r tue  of having a 
theoret ical  justification. 

Exper imental  
Specimens . - -S i l icon wafers  (10-25 ohm-cm, p type, 

[100]) were  oxidized at 1000~ by a dry, wet,  dry oxy-  
gen process in a tube furnace. Oxide film thicknesses 
employed were  be tween  2000 and 3000A. The thickness 
variat ions ranged f rom 4% from front  to back to 10% 
from top to bot tom of the wafer.  Oxide thickness var i -  
ations were  de te rmined  by el l ipsometric measure-  
ments. Some of these surfaces then were  hydrated by 
boiling in deionized wate r  (12-14 megohrns).  Water  
distil led from a potassium permanganate  solution was 
used to measure  water  contact angles. The organic 
solvents were  purified both by dist i l lat ion and by 
passing through an appropr ia te  A1203 absorption col- 
umn. The pur i ty  of all the liquids was checked by 
measur ing density, index of refraction, and surface 
tensions (and interfaciaI  tensions be tween  wa te r  and 
organics) with an automatic  Fisher  Tensiomat and 
comparing these values wi th  those in the l i terature.  
The liquids were  dispensed f rom a micropipet te  capa- 
ble of del iver ing a drop of 0.01 ml i t e r  __. 0.5%. 

Measurements . - -The  contact angle measurements  
were  made on a R a m e - H a r t  contact angle goniometer.  
Three Polaroid pictures were  taken of each drop at 
equil ibrium, i.e., the point the drop reached as soon as 
it stopped spreading. The contact angles were  then 
determined by a convent ional  geometr ic  technique. 
This technique proved the most  rel iable in a t r ia l  ex-  
per iment  using two invest igators  and gave the best 
precision (s tandard deviat ion _2~  Other  techniques 
for measur ing contact angles which were  evaluated 
but not used were  based on reading the position of the 
cross hairs in the goniometer  eyepiece (which proved 
to be the least rel iable technique) ,  cross mirrors,  and 
tangent ia l  mirrors.  All  measurements  of the contact 
angle and the surface tensions were  made  in laminar  
flow hoods of class 100 at 24 ~ ___ 2~ and 30% rela t ive  
humidity.  

To check out this technique, the ~ds's of polyethylene  
and Teflon were  der ived using a series of organic l iq-  
uids and Eq. [4] ( ignoring the ~e t e rm) .  Our results 
agreed within  5% of the l i te ra ture  values and thus the 
technique was considered adequate.  

Contact angle vs. t ime . - -Due  to evaporation,  the 
height  of the drop forming the contact angle changed 
with  time, but the d iameter  of the drop did not, espe- 
cially for water.  Since our technique of measur ing the 
contact angle depended on the assumption that  the 
drop is a "perfect"  sphere, loss of drop height  would 
have  resulted in inval id  data. Af ter  some exper imenta -  
tion in vapor  saturated and unsatura ted  goniometer  
chambers, especially with the organic solvents, it was 
found undesirable to measure  the contact angle of a 
l iquid on a thin film of its own vapor. It  was therefore  
decided not to measure  contact angles in a saturated 
atmosphere.  In general,  errors  due to evaporat ion were  
less severe (10-20% in 3 min)  than those due to 
spreading (100% in 2 min) and could be avoided by 
taking a picture at the very  moment  the drop stop~ed 
spreading. As soon as the drop stopped spreading 
(usually within 1 or 2 sec af ter  the drop breaks loose 
from the pipet te) ,  the picture was taken. With this 
technique, the repeatabi l i ty  of contact angle measure -  
ments on any given surface was < •  ~ which is usu- 
ally accepted as the best precision possible with any 
goniometer.  The precision of contact angle measure-  
ments on comparable surfaces was _5  ~ . 

Contact angle vs. size ol  drop . - -An  almost 50% 
change in the contact angle as a funct ion of drop size 
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(3-8 m m  diameters)  has been  repor ted  (10). Since 
the drop diameter  of water  on the rmal ly  grown silica 
used in this study was small, because of the geometry  
of our ins t rument  and its optics, 25 measurements  
were  made, ranging in drop size f rom 0.6 to 3.0 ram. 
While there  was some scatter, the  average contact 
angle of these measurements  was 38.2 ~ ~ 2 ~ This in-  
dicates that  in the range below 3 mm diameter,  the 
contact angle was not dependent  on the drop size or on 
the volume. Thus, in this study, the drop size used 
turned  out to be a volume of 2-3 • 10 -5 ml for wa te r  
at 25 ~ On a silica surface this corresponds to a drop 
having a d iameter  of 1.2-1.8 mm. 

Results 
Character izat ion  of  various silica sur faces . - -For  the 

purposes of this invest igat ion three  types of silica sur-  
faces were  differentiated. The surfaces were  classified 
according to thei r  wet t ing behavior  toward  wate r  and 
common organic liquids. For convenience we called 
them "hydrophobic," "hydrophil ic ,"  and "organophil ic"  
surfaces. The hydrophobic  surface was achieved when  
the original  oxide surface was r emoved  from the fur -  
nace af ter  the oxide was grown at 1000~ in an oxygen  
atmosphere.  The hydrophi l ic  surface was obtained 
when the hydrophobic surface was boiled in deionized 
water.  F igure  2 shows the decrease in the contact angle 
of a the rmal ly  grown S i O  2 surface as a function of 
hydrat ion in boiling deionized water.  Beyond 1 hr  
of boiling the  contact angle changes very  little, but  
for practical reasons �89 hr  was chosen as our  s tandard 
t ime of hydrat ion for subsequent  work. At  this stage of 
the exper iment  only gross differences in the contact 
angles were  of interest. Organophil ic  surfaces were  
obtained by immersing the h igh- t empera tu re  SiO2 sur-  
face in t r ichloroethylene and then drying the surface 
in a s t ream of filtered nitrogen. 

Contact angles of a series of organic solvents on the 
various oxide surfaces were  examined  for thei r  suit-  
abil i ty to differentiate these surfaces. Both n-dodecane 
and n-decane spread too rapidly on SiO2 surfaces to be 
useful for differentiation. 

The solvents used and the resul t ing data are sum- 
marized in Table I. The contact angles in Table I rep-  
resent  the average of at least three  different drops per  

Table I. Contact angles on various silica surfaces 

C o n t a c t  a n g l e  0 

O x i d i z e d  O r g a n i c  c o n -  
s i l i c o n  H y d r a t e d  t a m l n a t i o n  o n  

L i q u i d s  1 0 0 0 ~  s i l i c a  s i l i c a  s u r f a c e s  

n-Hexadecane 13 ~ ~- 1 ~ 19"  ~__ 1 ~ 5 ~ "4- 1 ~ 
n-Decane <~1 ~ < 1  ~ < 1  ~ 
D e c a l i n  7 ~ ~ 1 ~ 15  ~ ----4-_ 1 o 14  ~ ~ 1 ~ 
e~-BromonaPhthalene 18 ~ ~ 1 o 22  ~ 4 - 2  o 22  ~ +__ 1 o 
Water 4 8 "  ~ 2 ~ 2 0  ~ - -  1 ~ 50"  ~- 1 ~ 
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SOLVENT CLEANING SOLVENT CLEANING 
4 ~ + 1 ~ 70 +_ 1 ~ 

(49 ~ _+ 2 ~ (43 ~ -'2 3 ~  

DRY-ASHED 20 MIN DRY-ASHED 20 MIN 

& BOILED IN DL & BOILED IN DL 
WATER 30 MIN WATER 30 MIN 

17 ~ + 1 ~ 17 ~ -̀ 2 1 ~ 
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1 o) 
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5 o + 1  ~ 

(49o +_ 20) cJ"  
15 MIN IN 30 MIN 1N 

H20 H20 

15o+ 1 ~ 17o+  1 ~ 
( 1 6 o +  1 o) ( 1 8 o +  1 o) 

DRY-ASHED 20 MIN 
& BOILED IN DL 
WATER 30 MIN 

13o2; 1 ~ 15o-I . 1 ~ 
(6 ~ _+ 1 o) (50+_ 1 o) 

Fig. 3. Contact angles of n-hexadecane (upper line) and water (in 
parentheses) on surfaces given various treatments in sequence. All 
water treatments were at the boiling point. 

surface, and at least six different surfaces for water  
and three  different surfaces for n-hexadecane.  It  ap-  
pears that  wi th  n -hexadecane  alone, one could differ- 
ent iate  be tween  the three  surfaces and that  these re-  
sults are reproducible,  but  the combination of water  
and n-hexadecane  is preferable.  Figure  3 demonstrates 
the usefulness of differentiat ing be tween  var ious SiO~ 
surfaces by measur ing contact angles of both water  
and n-hexadecane  on the same surface. This technique 
obviously can be applied to a s tudy of surface cleanli-  
ness on oxides. 

In this experiment ,  solvent cleaning means  boiling 
twice for 5 rain in t r ichloroethylene,  fol lowed by boil-  
ing in acetone for 5 min, boiling in deionized wate r  for 5 
min, and then blowing the sample dry in fil tered ni t ro-  
gen at room temperature .  Dry-ashing  was per formed 
for 20 min  in an a tmosphere  of 100 m l / m i n  of oxy-  
gen at an operat ing pressure of  1 Torr  wi th  a power  
output  of 1-2W in an rf  plasma furnace, z 

Thus by measur ing the  contact angles that  wa te r  and 
n-hexadecane  made with  the surface (a simple, non-  
destruct ive technique) ,  differentiat ion of  the various 
silica surfaces is possible. 

It appears from the preceding data that  on high-  
energy surfaces the spreading pressure Z~e cannot be 
ignored. In Table II the data of Fig. 3 were  used to 
calculate from Eq. [3] the 7d of silica, ignoring zce. The 
wide spread of the values for each t rea tment  under -  
lines the contention that  the spreading pressure can- 
not be ignored. Since the surfaces are different one 
would expect  different -yds (and :~e). However ,  each 
surface ought to give the same 7d when  measured  with 
water  and n-hexadecane.  Using a value of 76 dynes /cm 
for the dispersion force contr ibution to the surface 
energy of silica (1) the spreading pressure was now 

z M o d e l  L T A  6 0 0 ,  m a n u f a c t u r e d  b y  T r a c e r  L a b o r a t o r i e s ,  I n c o r -  
p o r a t e d .  

Table II. Surface energies (ergs/square centimeter) and spreading 
pressures (dynes/centimeter) on various silica surfaces 

S u r f a c e  t r e a t m e n t  

W a t e r  n - H e x a d e c a n e  

~dsio~(U) /re (b) ~/dsl02 (r /re (b) 

1000~ O2 47 ~ 169 -39.9 10 ~ 27.3 38.8 
15 rain at 10O~ in H20 29 ~ 210 --53.8 13 ~ 27.0' 37.1 
30 rain at 100~ in I-I~O 19" 226 --58.9 15 ~ 26.8 37.3 
T r i c h l o r o e t h y l e n e  4 9  ~ 164  - - 3 8 . 1  56  ~ 2 7 . 6  36 .5  
D r y - a s h i n g  6 ~ 2 3 7  - - 6 2 . 4  16 ~ 26 .6  37 .4  

(a) /re = O. 
(~) 7dsio~ = 76 ergs/cln ~. 
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calculated and tabulated in the last columns. The val-  
ues for ~e obtained that  way for the dry-ashed surfaces 
followed by water  boil ing are of interest.  While 
spreading pressures can be obtained from vapor ab-  
sorption measurements,  this is a more cumbersome 
technique than  simply measur ing contact angles or the 
surface tension of liquids. Fowkes proposed (6) an 
equation for the spreading pressure 

~e = 2 X/~ds'~dl -- ~1 [4] 

Although this formula is applicable only when  dis- 
persion forces are present  using 76 dynes /cm for "~ds 
the following values for ~e were obtained for: water, 
--62.4 dynes/cm;  and n-hexadecane,  38.9 dynes/cm. 
These values are almost identical (certainly in sign 
and order of magni tude)  with those calculated from 
the contact angle measurements  on the thermal ly  
grown SiO~ and dry-ashed (Table II) .  It is interest ing 
to note that  the spreading pressure calculated from 
thermodynamic  and surface tension data alone agreed 
well with data observed and calculated from the con- 
tact angle measurements  on dry-ashed samples, not 
only for water  but  for n-hexadecane  as well. It  may  be 
assumed therefore, that  the dry-ashed sample was the 
"cleanest" surface thermodynamical ly  that  was com- 
parable to those studied by  Zisman, Fowkes, and  others 
by  absorption data of vapors and gases. 

It appears obvious, therefore, that  the scheme pre-  
sented here permits at least an approach to the charac- 
terization of surface changes. If the "true" surface 
energy of a clean solid is known by some other means, 
such as absorption data, then the spreading pressure 
can be calculated from a simple contact angle measure-  
ment  by use of Eq. [3] or [4]. Surface changes from 
this "clean" thermodynamic  surface (in other words, 
surface contaminations)  can now be determined easily 
by measur ing the contact angle and comparing the new 
with the "clean" spreading pressure. Such a technique 
will permit  an estimate of the cleanliness of the surface 
and the repeatabi l i ty  of the technique. Either the dif- 
ference or the ratios of the spreading pressures may  be 
used as a measure. On the other hand, if ~e is deter-  
mined  the 7d of the solid can equal ly  easily be deter-  
mined from Eq. [3] or [4]. Since conventional  ~e's are 
not exactly easy to determine, a simple approximation 
would be useful. It may be assumed that as the l iquid 
(polar or nonpolar)  spreads over the polar surface an 
electrical double layer  is set up. The atoms in  the 
solids, of course, cannot reorient  themselves but  those 
of the l iquid can. Such a l iquid then may set up a zeta 
potential  and permit  a first approximation to the ~e 
values. Zeta potentials should be easier to measure 
than ;~e. 

If the above t ra in  of thought is valid, as a first ap- 
proximation only (the actual relationship would be 
more sophisticated) then 

~e is proport ional  to a funct ion of ~ [5] 

where ~ is the zeta potential  in  millivolts of the l iquid 
moving across the solid and ~i is the dipole moment  
of the l iquid and ;~2 the dipole moment  of the solid in  
Debyes. 

Using appropriate values in the l i terature  or cal- 
culat ing the ~ from the Clausius-Masotti  equation and 
zeta potentials from molar  refractions it appears that  
for ~e values we obtained: 

Calculated from Calculated from 
Eq. [5] contact angle 

Water  --50 to --70 --62.4 
n-Hexadecane -p20 to ~-30 ~-38.9 
n -Butanol  -- 1.6 to -- 2.2 -- 2.1 

The agreement  of the numbers  may be fortuitous 
par t icular ly  since it must  be pointed out that mi l l ivol t /  
Debye are not equal to dynes/cent imeter .  However, 
the suggestion is here made that a more sophisticated 
approach in this direction may be worthwhile  to pur -  
sue. 

Summary and Conclusions 
Even though it is not possible to characterize high- 

energy surfaces unequivocal ly  with one simple contact 
angle measurement ,  it is shown that  two contact angle 
measurements  with two different l iquids can charac- 
terize the SiO~ surfaces. It is fur ther  indicated that a 
technique can be worked out if the surface energy or 
the spreading pressure of the solid is known  by other 
techniques, and for many  materials  used in  the semi- 
conductor indus t ry  this is possible. Changes in  the sur-  
face energy can be determined easily with a simple 
contact angle measurement  by using suitable liquids, 
even though polar forces do take part  at the l iquid-  
solid interfaces. 
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Investigation of Surface Oxide Layers by X-Ray 
Appearance Potential Spectroscopy 

K. N. Ramachandran and C. D. Cox 

Semco Instruments CoMpany, Ottawa, Ontario, Canada 

ABSTRACT 

X - r a y  appearance potent ial  spectroscopy using low energy electron ex-  
citation is a simple method for surface analysis sensitive to l ight elements.  The 
spectra obtained from many  elements  show considerable s t ructure  which is 
presumably  re la ted to the valence band distribution. The apparatus consisted 
of a tungsten filament electron source and a large area, windowless,  soft x - r a y  
detector  based on the photoelectr ic  yield of a gold surface. The specimen, 
electron source, and detector  were  located in an all metal,  bakeable  vacuum 
system having demountable,  gold wire  sealed flanges. Facilit ies were  provided 
for surface cleaning by ion bombardment  and heat ing the specimen in situ. A 
10A layer  of oxygen on nickel was readi ly  detected using an electron current  
of 2 mA. The I_~ s t ructure  of iron in pure and known oxide forms was ob- 
ta ined by perfoming in situ oxidat ion of a pure  iron specimen. Slight  but  
reproducible  changes in the s t ructure  were  observed, indicating the potential 
capabil i ty of the technique to distinguish be tween  different valence states 
of an element.  The oxygen K spectrum also showed a mul t ip le  peaked struc- 
ture. 

During the past few years, soft x - r ay  appearance 
potential  spectroscopy has been established as a s im- 
ple but  powerful  tool for surface analysis. The l ight  
e lements  f rom beryl l ium to oxygen and a number  of 
medium and heavy elements,  when present as surface 
impurities,  have  been detected by this method  (1-3). 
Though the detection sensit ivity at ta ined so far  is l o w  
compared to that  of convent ional  methods of micro-  
analysis, the simplicity of the apparatus and the abil i ty 
to provide informat ion re la ted to the valence band 
structure of e lements  make  appearance potent ia l  
spectroscopy an at t ract ive technique. Most of the anal-  
ysis work  per formed by this method has been qual i ta-  
tive. No effort has been made by the other  authors to 
establish detection sensitivit ies of different e lements  
or to relate  the observed fine s t ructure  in the spectrum 
to known surface conditions developed in a specimen. 
The present  work  deals wi th  a few quant i ta t ive  re-  
sults on oxides formed on nickel and iron specimens. 
The detai led fine s t ructure  in the K spectrum of oxy-  
gen and the I~.2 spectrum of iron corresponding to dif-  
ferent  types of oxides formed in situ are also pre-  
sented. 

Apparatus 
The appearance potent ial  spectrometer  was buil t  in 

an all meta l  vacuum system consisting of several  de- 
mountable  flanges sealed by gold wire. A clean vacuum 
was obtained using a 20 l i te r / sec  ion pump wi th  t i ta-  
nium sublimation elements,  ini t ial ly backed up by a 
turbomolecular  pump. Af ter  baking to about 250~ for 
12 hr, a work ing  pressure of about 2 • 10 -9 Tor t  was 
reached, which ensured a reasonably clean specimen 
env i ronment  during the experiment .  

The schematic d iagram of the apparatus is shown in 
Fig. 1. The electron source located 0.5 cm away from 
the  flat face of the specimen consisted of a U-shaped  
filament made  of 0.125 mm tungsten wire. For  heat ing 
currents  lying be tween  2-3A, the filament was capable 
of del iver ing electron currents  up to 2 m A  to the speci- 
men at a potent ial  of 50V or more. An emission regu-  
lator  was buil t  into the filament heat ing circuit  in 
order  to keep the specimen current  constant during the 
experiment .  This was achieved by sensing the current  
at the specimen by a high-gain  amplifier and using the 
output  to control the filament current.  The fi lament 
was biased posit ive wi th  respect to the grounded mesh 
in f ront  of the detector  in order  to prevent  the back-  

Key words:  soft  x - r ay  shifts, oxidation. 

scattered electrons from enter ing the detector  box. The 
inter ior  of the t r iangular -shaped  box was coated with  
an evaporated layer  of gold, and this served as the 
photocathode by releasing electrons under  the action 
of the incident x-rays.  These electrons were  collected 
by a posit ively biased electrode which was coupled to 
a h igh-gain  low-noise  amplifier. The specimen poten-  
tial was supplied from a moto r -d r iven  power  supply, 
continuously var iable  from 50 to 1000V at rates varying 
from 0.5 to 5 V/sec. The der ivat ive  of the total  x - r a y  
yield was obtained by introducing a small  modulat ion 
to the specimen potential  and using a lock- in  amplifier 
to detect the fundamenta l  component  of the photo- 
electron current,  as shown in the diagram. 

Results 
The initial exper iments  were  done on specimens in 

the shape of a disk of 1 cm diameter.  The appearance 
potential  spectra of beryl l ium, boron, carbon, nitrogen, 
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Fig. 1. Schematic diagram of the appearance potential spectrom- 

eter. 1, Specimen; 2, filament; 3, photocathode; 4, photoelectron 
collector. 
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and oxygen were  obtained f rom such specimens (4). 
The results, however ,  were  mere ly  qual i ta t ive  as there  
was no way of knowing the surface concentrat ion of 
the different e lements  on the specimens used. 

Oxidat ion of metals  is a wel l - s tudied  and docu- 
mented  process and it was therefore  decided to use 
known oxide samples in order  to establish the detection 
sensi t ivi ty of oxygen. A nickel  specimen was prepared  
by vacuum deposit ion of a 1000-200'0A layer  of nickel  
evaporated f rom a tungsten basket  on to a stainless 
steel disk. It was then exposed to air at room tempera -  
ture  for a few minutes  so as to oxidize the surface. 
This exposure is known to form a stable oxide layer  
of mean  thickness 10A on the surface (5). The appear-  
ance potential  spectrum obtained from this sample is 
g iven in Fig. 2, showing strong L~,2 s t ructure  of nickel  
and weak but clearly discernible K s t ructure  of oxy-  
gen. The sensi t ivi ty can be improved  fur ther  (by a 
factor of about  5) at the expense of s t ructure  resolu-  
t ion by increasing the modulat ion amplitude.  Thus it 
seems readi ly  possible to detect a monolayer  of oxygen 
on nickel wi th  a reasonable s ignal- to-noise  ratio. To 
confirm that  the signal was der ived f rom the surface 
oxide layer, the specimen was subjected to argon ion 
bombardment  to sput ter  off the oxide layer. This was 
per formed by admit t ing pure argon through a leak 
valve  and sustaining a discharge current  of 1 mA 
through the specimen at 800V for about 15 rain at an 
argon pressure  of about 10 -~ Torr. The spectrum ob- 
tained af ter  the above t rea tment  showed marked  re-  
duction in the oxygen s t ructure  to the level  of noise 
fluctuations. 

Oxidation studies on iron.raThe init ial  version of the 
apparatus using disk specimens was modified to car ry  
out oxidation studies on iron. The specimen consisted 
of a h igh-pur i ty  iron foil ( John Mat they 99.997%), 
0.0125 mm thick and 1 • 0.5 cm size, spot welded to 
two nickel supports. By passing current  through the 
specimen, it was possible to attain tempera tures  up to 
600~ as measured by a 0.075 mm iron-constantan 
thermocouple  junct ion spot welded to the back of the 
specimen. The appearance potential  spectrum obtained 
before performing any hea t - t rea tments  revea led  small  
amounts of carbon and oxygen as shown in Fig. 3. In 
order  to remove  these contaminants,  the foil was first 
heated to about 500~ in vacuum for several  minutes  
so that the carbon from the bulk diffused to the sur-  
face and combined with  the oxygen on the surface to 
form CO. Af ter  cooling to room temperature ,  pure oxy-  
gen was admit ted at about 1 Torr  for a few minutes  
and the pressure brought  down to 10 -8 Torr. Fu r the r  
heat ing to 500~ removed more  of the carbon diffusing 
to the surface and the cycle was repeated a few t imes 
to burn off the last traces of carbon from the specimen. 
Finally, the oxygen remaining on the surface was re-  
moved by heat ing to 300~ in pure  hydrogen  at 10 - s  
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IRON 

OXY~N 

ELECTRON ENERGY eV 

Fig. 3. Spectrum from the iron foil before surface treatments 
showing small amounts of carbon and oxygen. Specimen current ~- 
2 mA; modulation ~ 2V p-p at 500 Hz; lock-in time constant - -  
! sec; residual pressure ~ 2 x 10 -9  Torr. 

Torr. The technique described above is a s tandard 
procedure  for the removal  of carbon from the bulk of 
thin foils and oxygen from the surface (6). 

The I~,2 spectrum of pure iron as obtained after  the 
cleaning operations is shown in Fig. 4 (a).  Oxygen was 
then admit ted at about 1 Torr  and the specimen heated 
to 200~ for 10 min  to oxidize the surface. This re-  
sulted in the format ion of an oxide layer  of mean 
thickness 60A, consisting of predominant ly  FesO4 and 
some -/Fe20~ (7, 8). The spectrum of i ron correspond- 
ing to this condition is given by the trace (b),  Fig. 4. 
The specimen was then annealed in vacuum by heating 

LTff (708) 

LE(721 ) 

} AT 600~ 

;)  We 304 

,) Fe 304 
YFezOs 

ELECTRON ENERGY eV 

Fig. 2. Detection of oxygen (~10~ )  on nickel. Specimen current 
---~ 2 mA; modulation _-- 2V p-p at 500 Hz; lock-in time constant 
1 sec; residual pressure - -  2 x 10 -9  Torr. 

i) PURE Fe 

I 
700 710 720 750 740 

ELECTRON ENERGY eV 

Fig. 4. L edge structure of iron in different forms. Absorption 
edge values from standard tables are given in brackets. The verti- 
cal shift between traces is arbitrary. Traces (a), (b), and (c) were 
taken at room temperature. Specimen current ~ 2 mA; modulation 

2V p-p at 500 Hz; lock-in time constant ~ 3 sec; residual 
pressure = 5 x 10-9 Torr (predominantly hydrogen). 
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AFTER OXIDATION (-'60 ~) 

5 ! :  E D G E  TREATMENTS 

" I 5 ! :  I I I 

EDGE 

520 530 540 550 560 
ELECTRON ENERGY eV 

Fig. 5. K edge structure of oxygen before and after oxidation. The 
vertical shift between traces is arbitrary. Specimen current --  2 
mA; modulation ~ 2V p-p at 500 Hz; lock-in time constant 
3 sac; residual pressure "- 5 x 10 -9  Tom 

to 500~ for several  minutes  in order to change the 
oxide to near ly  pure Fe304. The spectrum for i ron in  
this form is shown by trace (c), Fig. 4. The trace (d), 
Fig. 4, was obtained while the temperature  was held 
constant  at about 600~ which is known to t ransform 
the oxide to FeO. The oxygen K structure before sur-  
face t rea tment  and after the first oxidation is shown in  
Fig. 5. 

Discussion and Conclusion 
The L3,2 appearance potential  s t ructure of i ron in the 

pure and three different oxide forms is obtained using 
in situ heating and oxidation facilities. Except for the 
small noise fluctuations, the traces have good repro-  
ducibility. Within  the energy resolution of the ins t ru-  
men t  (about 2 eV), there is no measurable  energy 
shift be tween the positions of peaks in all these cases. 
However, there are slight but  reproducible differences 
in  the shape of the curves, especially in  the region 
lying be tween the L3 and L2 peaks. The over-al l  struc- 
ture  is apparent ly  sharpest in trace (a) in Fig. 4 cor- 
responding to pure iron. In  trace (b), Fig. 4, the peaks 
are broadest at the base and they almost merge into 
each other. Trace (d), Fig. 4, shows flattened peaks. 

The changes in the i ron structure are a t t r ibuted to 
differences in  the valence state of the element as it 
combines with oxygen. This is analogous to what  is 
commonly known as chemical shift, which has been 
observed to some extent  in  other methods of surface 
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analysis such as ESCA and Auger  electron spectro- 
scopy (9). The appearance potential  spectrum is di-  
rectly related to the ini t ial  ionization t ransi t ions from 
the inner  levels to the outer empty  levels in  the val-  
ence band  and can therefore be expected to be sensi- 
tive to changes in  the valence band  s t ructure  (10). 
Though the differences observed in  the present  case 
are small, they demonstrate  the potential  capabil i ty of 
the technique to reveal the valence band  s t ructure  and 
thereby identify the various chemical forms of an ele- 
ment.  Much more conspicuous "shifts" have been ob- 
served in  the spectra of a few alloys and compounds 
(3, 11). These effects, however, have to be properly 
characterized before practical identification of the 
chemical species can be made. One answer  to this 
problem is to combine appearance potential  spectro- 
scopy with more elaborate techniques such as LEED 
into the same apparatus so that  the results can be di-  
rectly correlated. 

The oxygen K spectrum in Fig.~ 5 shows a mul t i -  
peaked structure. Such mult iple  peaks are observed in 
the case of many  other light elements,  especially car- 
bon for which the peaks have been  related to plasmon 
effects caused by the incident  electrons (12). Plasmon 
data on oxygen are not available at the present  t ime 
in order to compare the results. 
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Water Adsorption in Chemically Vapor-Deposited 
Borosilicate Glass Films 
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Midori-cho, Musashino-shi, Tokyo, Japan 

ABSTRACT 

Infrared absorption measurements have been made of physically adsorbed 
water and silanol in borosilicate glass films which were chemically vapor- 
deposited at 400~ and then exposed at room temperature to moist air of rela- 
tive humidity 50 __ 10%. Both the physically adsorbed water and silanol were 
found to increase with time up to about 105 rain and then to decrease. The 
process of water adsorption was limited by the diffusion of water in CVD 
glass. The adsorption sites of CVD glass were suggested to decrease with the 
increase of time. The diffusion coefficient of water in the as-deposited glass 
films at room temperature was estimated to be on the order of 10-15-10 -14 
cmS/sec and was found to decrease with the increase of B203 content of the 
glass and annealing temperature prior to exposure to moist air. Heats of 
physical adsorption of water were 1.2 kcal/mol below 120~ and 3.3 kcal/mol 
above 120~ for as-deposited borosilicate glass containing 8.7 molar per cent 
B20~. 

Low tempera tu re  vapor-deposi ted  silicon dioxide 
doped with  BsO3, P205, As203, etc. is cur rent ly  be-  
coming of industr ial  importance as a source for diffu- 
sion into silicon substrates and for device protection, 
but  tends to be much more  porous and active for wa te r  
adsorption than the rmal ly  oxidized films. Water  ad- 
sorption reduces adherence of photoresist  on the oxide 
(1, 2) and adversely  affects electr ical  characterist ics 
of devices (3). Al though many  authors have studied 
the infrared absorption of borosilicate glass and silica 
(4-8), investigations of wa te r  adsorption in low tem-  
pera ture  vapor-deposi ted  silicon dioxide with  much 
in ternal  porosity have not been reported,  except  for 
Ref. (8), where  changes of B-O, B-O-H,  etc. absorp-  
t ion bands with  t ime for various humidi ty  have been 
measured  for highly boron-doped glasses. In the pres-  
ent work, the rate  of adsorption, the heat  of water  
adsorption, and porosity for borosilicate glass films, 
which were  chemical ly vapor-deposi ted  at 400~ were  
studied, using infrared technique and electron micro-  
scopy. 

Experimental Procedure 
The silicon dioxide films doped with  boron oxide 

were  deposited on substrates in an a tmosphere  of 
silane, diborane, and oxygen  at 400~ using ni t rogen 
as a carr ier  gas. Growth  rates of glass depend on the 
gas flow ratios. Typical  rates were  about 430 A/ ra in  
for boron-doped oxide (8.7 m / o  B2Os) and 500 A / m i n  
for nondoped oxide. Sil icon or fused-si l ica wafers  
were  used as substrates. The silicon wafers  were  100 
to 200 ohm-cm resistivity,  n- type,  and 0.4 mm thick 
with  mi r ro r  polished surface. The fused-si l ica wafers  
were  0.3 mm thick with  mi r ro r  polished surfaces. 
Inf rared  absorption was measured  in transmission on 
a Model IR-27G Spectrophotometer  made by Shimadzu 
Seisakusho, Ltd., wi th  a bare companion wafe r  of 
approximate ly  the same thickness of silicon or fused 
silica in the reference beam. The infrared transmission 
of silica is la rger  than silicon in the wave  number  
range of 4000-2200 cm-Z and is much smaller  below 
2200 cm -z. Moreover,  infrared measurements  of fused 
silica are  not influenced by the absorption due to free 
carr iers  and curvature  of the wafer  due to the differ- 
ence of the thermal  expansion coefficient be tween  
deposited film and substrate. Fused silica was, the re -  
fore, used as a substrate to measure  the absorbance 
of silanol at 3650 cm - I  and physically adsorbed water  

Key words: infrared spectroscopy, physically adsorbed water. 
silanol, diffusion coefficient of water. 

at 3400 cm -1. Silicon substrates were  used for mea-  
surements  in the range of 2000-400 cm -1, e.g., the B-O 
band at 1320 cm -1, the Si-O band at 1080 cm -1, and 
the S i -O-B band at 930 cm -1. In many  cases in the 
present work, the adsorbed amount  of wa te r  or silanol 
was plotted by log (Io/I) at 3400 or 3650 cm -1, where  
Io/I is the re la t ive  intensi ty of t ransmit ted infrared 
light. Thicknesses of the glasses were  observed by in- 
ter ference colors in reflection with  occasional checks 
by el l ipsometer  measurements .  Compositions of the as- 
deposited films were  determined by infrared absorp-  
tion spectroscopy, using the published data for the 
infrared absorbance ratio vs. molar  per cent B203 ob- 
tained by chemical analysis (5, 9). Porosi ty  of glasses 
was measured by an electron microscope Model JEM-  
T5S made by Japan  Electron Optics Labora tory  Com- 
pany, Ltd. Hea t - t rea tments  were  carr ied out in a ni t ro-  
gen atmosphere or in a vacuum of about 5 X 10 -~ Torr. 

Experimental Results 
Water adsorption in ai r . - -Changes  in the t ime of the 

infrared absorption near  3 ~,m of boron doped and non- 
doped oxide exposed at room tempera tu re  to air wi th  
a re la t ive  humidi ty  50 _ 10% are shown in Fig. 1 (a) 
and (b). Both oxides were  about 1.0 gm thick. The 
boron content in the doped oxide was 8.q molar  per  
cent B2Os. It can be seen f rom these figures that  a band 
at 3650 cm -1 was present ini t ia l ly  only for nondoped 
oxide: the broad band at about 3 ~m increased with  
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Fig. 1. Changes with time of infrared spectra of nondoped oxide 
and boron-doped oxide films (about ] Fm). (a) Nondoped oxide. (b) 
Boron-doped oxide (8.7 m/o BsOs). Curve A, Initial spectra ( <  2 
rain exposure); curve B, 5 hr exposure; curve C, 6 days exposure; 
curve D, 100 days exposure. 
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Fig. 2. Changes of In (Io/I) at 3650 and 3400 cm -~  with time 
for nondoped oxide and boron-doped oxide (about 1 ~m). 
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Fig. 3. Dependence of maximum values of In (Io/I) at 3400 cm -~  
an thicknesses of glass. 

t ime for both oxides. The broad band at 3 ~m can be 
assumed to consist of peaks at 3650 cm-~ and at 3400 
cm -z. The former  corresponds to an oxygen-hydrogen  
stretching vibrat ion of silanol groups and the  la t te r  
to that  of physically adsorbed wate r  (6, 7). It is, the re -  
fore, concluded that  the silanol groups adsorb on the 
nondoped oxide but not on the boron-doped oxide in 
the deposition process and the physically adsorbed 
wate r  does not adsorb on both oxides in the process. 
F igure  2 shows the changes wi th  t ime exposed to moist  
air of In (Io/I) at 3650 cm-~ for oxides (0 and 10.5 
m / 0  P~Os) and 3400 cm -z  for oxides (0, 8.7, and 10.5 
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miD B203). F rom this figure, it is found that  the ad- 
sorbed water reaches its maximum value at about I0 ~ 
rain and then decreases; the maximum value of physi- 
cally adsorbed water increases with B~O~ content in 
glass. The dependence of the maximum value of 
physical ly  adsorbed wate r  on the thickness of the glass 
is shown in Fig. 3, where  it is found that  the m ax imum 
values are near ly  proport ional  to the glass thickness. 
From this figure, it is concluded that  the wate r  adsorbs 
uni formly  on the walls of the inner  porous structure.  
Plot t ing d -1 in (Io/I) against t ld  z, it was found that  
d -1 In (Io/1) lays almost on a smooth curve  for sam- 
ples wi th  various thicknesses, except  below about 0.2 
~an where  exper imenta l  precision is poor, as shown in 
Fig. 4. From these facts, it is expected that  the l imit -  
ing process of adsorption for glass is the diffusion of 
water,  not the adsorption itself. The diffusion coeffi- 
cient of wa te r  is est imated in a la ter  section, where  
these data are compared wi th  the solution of the  dif-  
fusion equation, which is shown as a solid curve  in 
Fig. 4. 

Out]Zow of boron oxide ~rom highly doped glass 
films.--The inf rared absorption spectrum of boron-  
doped oxide has B-O bands at 1320-1380, 670, and 470- 
520 cm -1 and an S i -O-B  band at 930 cm -1, in addit ion 
to the normal  Si-O bands at 1070, 800, and 450 cm -1 
(4, 5, 8). Changes of these bands wi th  t ime were  mea-  
sured for films of differing boron content. For  the low 
doping level  (<8.7 m / o  B~Oa), the B-O and Si-O bands 
hardly  changed wi th  t ime and the bands of B - O - H  at 
3200, 1450, and 1197 cm -~ did not appear  (10). With 
higher  boron content, the absorption of B-O bands and 
S i -O-B band decreased wi th  time, while  the absorp= 
t ion in the 3400-3200 region and in the 1070 cm -~ re-  
gion increased markedly,  as shown in Fig. 5(a) and 
(b).  In the spectra of Fig. 5(a) ,  it is seen that  the 3 ~m 
band first appears at 3250-3200 cm -~, and then ap- 
proaches 3400 cm -1. The 7 ~m B-O band first has its 
peak at 1320 cm -~, then  becomes broad over  1450-1320 
cm -~, and disappears after  45 days exposure. The 9 ~ n  
Si-O band ranges from 1200 to 1000 cm -~ and first has 
its peak at 1070 cm -~ and becomes large and sharp 
later. These data suggest B (OH)a  is formed ear ly  and 
then flows out from the glass, leaving wate r  behind 
it. Fur ther ,  it is thought  that  the increase of the ab-  
sorbance near  1070 cm -~ is due to the increase of a 
bending vibrat ion of B-OH but not of S i -O (4), which 
means that  the infrared peak ratio of band at 1320 
cm -1 to that  at 1070 cm -~ is not always proport ional  
to the B~O~ molar  ratio in glass. Figures  6 (a) and (b) 
show the correlations of the absorbance of B-O band in 
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Fig. 5 (a). Changes with 
time of infrared spectra of 
boron-doped oxide (26.5 m/o 
BsO~ and about 1 #m). Curve 
A, Initial spectrum ( <  2 rain 
exposure); curve B, 1 hr ex- 
posure; curve C, 7 days expo- 
sure; curve D, 45 days exposure. 
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Fig. 5 (b), Changes with time of In (Io/I) at various absorption 
bands of boron-doped oxide (26.5 m/o Bs and about i /~m). 

the  1320-1380 cm -1 region wi th  the band of wa te r  in 
the 3200-3400 cm -1 region for the various B203 con- 
tents in glass. From these figures, it is seen that the de- 
crease of the B-O band absorbance with t i m e  corre-  
sponds with  the increase of the water  band absorbance 
for various initial boron contents in glass. F rom these 
facts, it is assumed that  the adsorption sites, i.e., the 
internal  surface area, increase wi th  the outflow of B203 
from glass. 

Porosity and heats of adsorption.--To study the de-  
pendence of size and density of pores in the surface 
of glass on B203 content  and heat - t rea tments ,  the 
glass surfaces were  observed by electron microscopy. 
Figure  7 shows electron micrographs of surfaces 
for  as-deposited glasses containing 0, 6.7, and 26.5 
m / o  B~O3, where  the ca rbon-germanium repl ica  
was produced just af ter  the deposition. F rom this 
hgure, it is seen that  the pore size is about 10fl-200A 
on an average  and decreases wi th  boron content  in 
glass. The pore density increased with  boron content  
in glass, for example,  about 100 in a square micron for 
nondoped oxide, 160 and 230 for boron-doped oxides 
containing 6.7 and 26.5 m / o  B2Os, respectively.  It was 
also found that  the pore density decreased and surface 
tex ture  became smoother  wi th  the increase of the 
t empera tu re  of hea t - t r ea tmen t  for boron-doped oxides 
containing 8.7 and 26.5 m / o  B203. This fact corresponds 
with  the softening of glass. Further ,  no changes of 
glass surface with  exposure in air for about 10~ rain 
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were  observed. To evaluate  the heat  of adsorption from 
the infrared absorption, the fol lowing t reatments  were  
carr ied out in vacuum. Water  desorption in isochronal 
hea t - t r ea tment  for 10 min  was measured  in the t e m -  
pera ture  range of 74~176 A peak in the differential  
desorption curve of physically adsorbed wate r  ap- 
peared at about 120~ but silanol groups scarcely de-  
sorbed, as shown in Fig. 8. Changes in the physically 
adsorbed water  during isothermal hea t - t rea tments  
were  measured in the t empera tu re  range of 76.5 ~ 
218~ after  a large amount  of water  was ini t ial ly ad- 
sorbed by immersion in wate r  at 97~ for several  
hours, as shown in Fig. 9. Plot t ing the equi l ibr ium 
values obtained at each t empera tu re  against 1/T, heats 
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Fig. 7. Electron microgruphs 
of surfaces of as-deposited 
glasses. (a) Nondoped oxide. 
(b) Baron-doped oxide (8.7 
m/o B203). (c) Boron-doped 
oxide (26.5 m/o B~O~). 

of physical adsorption were  est imated to be 3.32 kca l /  
real above 120~ and 1.15 kca l /mol  below 120~ as 
shown in Fig. 10. Fur ther ,  the desorption in sulfuric 
acid was also measured.  The amount  of desorbed water  
increased with  the t empera tu re  of sulfuric acid and the 
equi l ibr ium values of wa te r  adsorbed in sulfuric acid 
were  in agreement  wi th  those in vacuum above 120~ 
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Fig. B. Isochronal heat-treatment for 10 min in a vacuum for 
boron-doped oxide (8.7 m/o B20~ and about 1 /~m). 
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Fig. 9. Isothermal heat-treatments in vacuum for boron-doped 
oxide (8.7 m/o B20= and about 1 /~m). 

Water adsorption in heat-treated samples.--Samples 
1 ~m thick were  hea t - t r ea t ed  at 439 ~ 562 ~ 792 ~ and 
1054~ for 10 min  in a ni t rogen atmosphere  and then 
were  exposed to moist  air for various times. Figures  
11 (a) and (b) show changes wi th  t ime of physical ly 
adsorbed wate r  and silanol, where  the la t te r  is shown 
only for samples heated at 439 ~ and 562~ to avoid 
confusion in the figures. F rom these figures, it is seen 
that  the m ax im um  values of physically adsorbed water  
appear  behind those of silanol. Above 562~ m ax imum 
values of physically adsorbed water  decrease wi th  the 
increase of t empera tu re  of hea t - t rea tment ,  whi le  those 
of samples hea t - t r ea ted  at 439 ~ C are near ly  the same as 
those of as-deposited samples. Re-adsorpt ion of water  
is not observed in nondoped oxide hea t - t rea ted  above 
792~ for 10 rain, whi le  it is observed in boron-doped 
oxide (8.7 m / o  B20~) even  if i t  was hea t - t r ea t ed  at 
1054~ The re-adsorbed amount  of water  for boron-  
doped oxide hea t - t rea ted  at 1054~ for 60 min  was half  
of that  for 10 rain. The reason why  the m ax imum 
values of physical ly adsorbed water  appear  behind 
those of silanol is suggested as being due to the diffu- 
sion of water  to the silanol sites. The Si -O absorption 
band at about 9 ~m shifted f rom 1060-1070 cm -1 to 1080 
cm -1 by hea t - t r ea tmen t  above 792~ for 1 min. On the 
other  hand, the water  contact angle of the glass surface 
was about 40 ~ for nondoped oxide and about 10 ~ for 
boron-doped oxide (8.7 m / o  B203) due to the hea t -  
t rea tment  above 792~ for 10 rain, whi le  both oxides 
had a wate r  contact angle of 0 ~ unless they  were  heat -  
treated. The Si-O absorption band of the rmal ly  oxi-  
dized SiO~ appears at 1080-1090 cm -1 and its wa te r  
contact angle is about 40 ~ (2). These results wil l  be 
repor ted  la ter  e lsewhere in more  detail. F rom the 
above results and discussion, it is suggested that  the 
glass s t ructure  of nondoped oxide nears that  of the r -  
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Fig. 10. Equilibrium values of In (Io/I) obtained at each tempera- 
ture and heats of adsorption of physically adsorbed water for boron- 
doped oxide (8.7 m/o B203 and about 1 /~m). 
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mal SiCh, i.e., complete siloxane structure by  heat-  
t rea tment  above 800~ for 10 min. For boron-doped 
oxide, it is suggested that  the B-O bond of the glass 
surface adsorbs the water  even if it is heat- treated.  

Discussion 
DiEusion coef/~cient o~ water in glass.--From Fig. 4, 

it is confirmed that the rate of water  adsorption is 
l imited by the diffusion of water  in glass. In  this sec- 
tion, the diffusion coefficient of water  in  glass is esti- 
mated, assuming the diffusion equation. It is cer tain 
that the glass s tructure changes with t ime slowly be-  
cause the adsorbed amount  of water  decreased beyond 
approximately 105 min, as shown in  Fig. 2 and 11. In  
other words, the in terna l  area for adsorption decreases 
with time. For simplicity, it is now assumed that the 
diffusion coefficient is independent  of time and concen- 
t ra t ion of water  in  glass. The diffusion equation and 
the ini t ial  and boundary  conditions which fit the pres- 
ent  exper iment  are given by 

8C O~C 
-- D [1] 

8t Ox 2 

C = 0 at O~--x~--d and t---- 0 [2] 

C - - C o  at x----d and t~--0 [3] 

OC/Ox----O at x = 0  and t~--0 [4] 

where C, D, and d are the concentrat ion of water, dif- 
fusion coefficient, and glass thickness, respectively. 
The boundary  condition of Eq. [4] expresses the fact 
that  there is no diffusing flow across the interface be-  
tween glass and substrata. The solution is given by a 
series of error functions, as follows (11) 

C--Co { .=0i(--1)"erfc (2nWl)d--x2V rD-~- 
(2n-F1)d-i- x } 

-t- (--i) n eric 
n = 0  2%/-'~ 

The total  amount  of water  diffused into glass, Q is 

Q - -  C(x)dx = CoV"DT ( - -1 )n  ierfc .. 
n = 0  

- -  ( - -  1)" ierfc [ 6 ] 
n = O  

[5] 

where 

ierfc (x) = J;= eric (0  d~ [7] 

The values of Q/Cod calculated by  digital electronic 
computer are shown as a solid curve in  Fig. 4. Q/Cod 
should be proportional to d -1 in  (Io/I) minus  its ini-  
tial value in the experiment.  The diffusion coefficient 
of water  is estimated, comparing Q/Cod with the ex-  
per imental  values of Fig. 2, 4, and 11, as shown in 
Table I, where calculations of the diffusion coefficient 
were carried out at 102, 103, and 104 rain for results 
shown in Fig. 2 and 11, and at 10 TM, 1011, and 10 TM ra in /  
cm 2 for results shown in Fig. 4. From this table, it 
is seen that  the diffusion coefficient decreases with 
t ime for as-deposited and heat - t rea ted samples, it de- 
creases with the ini t ia l  B203 content  in glass for as- 
deposited samples and with tempera ture  of hea t - t rea t -  
ment.  The dependence of the diffusion coefficient on 
time, obtained above, may be explained in  terms of 
the decrease of the in ternal  area for adsorption. The 
dependence of diffusion coefficient on B2.O3 content  in  
glass is consistent with the fact that the pore size de- 
creases with B203 content. The dependence on heat-  
t rea tment  temperature  corresponds with the decrease 
of pore size and density. 

Conclus ions 
The process of water  adsorption in  CVD glass is 

l imited by the diffusion of water  in glass. The diffu- 
sion coefficient of water  in glass at room temperature  
is estimated to be on the order of 10-1L10 -14 cm2/sec 
for as-deposited glasses. From the changes in the 
amount  of adsorbed water  with time, it is suggested 
that the adsorption sites decrease with t ime for as-de- 

Table I. Dependences of diffusion coefficient of water in glass on 
boron content and heat-treatment 

D i f f u s i o n  coef f i c i en t  (cmS/sec)  
T i m e  ( ra in)  

i 0  2 10 ~ 10~ 

A s - d e p o s i t e d  s a m p l e s  
B=O8 c o n t e n t  ( m / o )  

0 2.5 x 1O -14. 2.5 x 10 -14.* 9.5 x 10 -14.** 
8.7 3.3 X I0  - i4.  1.9 X i 0  -la** 1.0 X iO -i~*** 

17.5 - -  3.8 X 10 -15 3.5 X I 0  - ~  
19.5 - -  2.5 X I0  - ~  2.3 X 10 - ~  
26.5 -- 2.7 X I0 -~ 2.3 X l 0  - ~  

Heat-treated samples of nondoped oxidet 
T e m p e r a t u r e  of t r e a t m e n t  (~ 

439 9.5 X 10 -14 6.7 X 10 -u' 7.7 x lO -l~ 
562 3.7 x 10 -l~' 2.5 X 10 -l~ 1.2 x 10 -i~' 
679 -- -- 7.8 X lO -l~ 

H e a t - t r e a t e d  s a m p l e s  of b o r o n - d o p e d  o x i d e  (8.7 m / o  B2C~)t  
T e m p e r a t u r e  of  t r e a t m e n t  (~ 

439 8.3 • 10 -i5 8.0 • 10 -25 6.7 x 10 - ~  
562 5.0 X 10 -i5 3.3 X 10 -25 3.8 X 10 - ~  
679 - -  2.0 X 10 - ~  1.4 • 10 -25 
792, 1054 - -  5.5 x i0  -i~ 1.2 X I0  -le 

* C a l c u l a t e d  a t  1O i~ m i n / c m  2 in  F ig .  4. 
** C a l c u l a t e d  a t  10 n m i n / c m  ~ in  F ig .  4. 

*** C a l c u l a t e d  a t  10 TM m i n / c m =  in  F i g .  4. 
t S a m p l e s  w e r e  h e a t - t r e a t e d  f o r  10 r a i n  a t  e a c h  t e m p e r a t u r e .  
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posited glasses, and it is probable that dangling bonds 
in  glass, which are available for water  adsorption, de- 
crease with time. The adsorption sites for nondoped 
oxide decrease with the tempera ture  and time of 
heat - t rea tment .  On the other hand, the adsorption 
sites for boron-doped decrease by hea t - t rea tment  tem- 
porarily, but  the new adsorption sites are made by 
exposure in  air  after heat - t rea tment .  
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Deformation Occurring during the Deposition 
of Polycrystalline-Silicon Films 

T. I. Karnins 
Research and Development Laboratory, Fairchild Camera and Instrument Corporation, Palo Alto, California 94304 

ABSTRACT 

The deformation sometimes observed dur ing the deposition of thick poly-  
crystal l ine-si l icon films for dielectrically isolated integrated circuits has been 
investigated. The degradation of films deposited by  the decomposition of di- 
chlorosilane, silane, or silicon tetrachloride in a hydrogen carrier gas has been 
observed to occur dur ing the deposition ra ther  than  dur ing the cooling cycle 
and to be more severe at lower deposition temperatures.  This degradat ion 
has been related to the inclusion of trace quanti t ies  of gaseous contaminants,  
especially oxygen, in the s tructure of the film. The e l iminat ion of these con- 
taminants  from the deposition chamber allows the reproducible fabrication 
of high qual i ty films. 

Most techniques for fabricating dielectrically iso- 
lated, silicon integrated circuits involve the deposition 
of a thick layer  of polycrystal l ine silicon, which serves 
as the mechanical  support  of the s t ructure  (1). This 
layer is general ly  deposited by chemical vapor deposi- 
t ion (1) al though rapid vacuum evaporat ion has also 
been used (2). Severe wafer  deformation, which may 
preclude fur ther  processing, sometimes occurs dur ing 
the polycrystal l ine-si l icon deposition. This degrada- 
t ion has been briefly investigated dur ing  a s tudy of 
thin, single-crystal ,  silicon films which are defined by 
an electrochemical etching process (3) and supported 
by thick layers of polycrystal l ine silicon (4). This 
paper  reports the results of the invest igat ion and 
shows that the deformation is related to the inclusion 
of gaseous contaminants,  especially oxygen, in the 
film structure.  The marked  change in  grain s t ructure  
seen in  degraded films is also described. 

Experimental Method and Observations 
The polycrystal l ine-si l icon films were deposited in  a 

standard, horizontal, r f -heated epitaxial reactor using 
a hydrogen carrier  gas. The deposition tempera ture  
was general ly  II00~ (corrected tempera ture) ,  and the 
final film thickness was about 250 am. While most of 
the films used in  this study were deposited from di- 
chlorosilane, silane and silicon tetrachloride have also 

Key words: dichlorosilane, chemical vapor deposition, oxygen 
contamination, neutron activation analysis. 

been employed with similar results. In  most cases the 
films were deposited directly onto oxidized, 2 in. diam- 
eter, silicon wafers. 

Visual observation dur ing the deposition cycle 
showed that  the deformation occurred dur ing the dep- 
osition, while the ent i re  system was at constant  tem- 
perature,  and not dur ing the cooling cycle. The deg- 
radat ion cannot, therefore, be a t t r ibuted to differ- 
ences in  the thermal  coefficients of expansion be tween 
the various materials  in the s t ructure  but  must  ra ther  
be related to stresses bui l t  into the growing layer of 
polycrystal l ine silicon. In addition, since the incidence 
of degradation was sporadic, it cannot be caused by an 
intr insic property of the materials  system under  in -  
vestigation. 

Several  observations indicated that  the presence of 
gaseous contaminant  atoms in  the reactor gas stream 
dur ing the deposition was of pr ime importance in  caus- 
ing degradation. For example, severe degradat ion was 
encountered when  a cyl inder of silane containing 
gaseous impur i ty  atoms was used to deposit polycrys-  
ta l l ine-si l icon films. Severe degradation has also been 
observed when small  quanti t ies of air were able to 
enter  the reaction chamber through a poorly seated 
end plate. Furthermore,  small  amounts  of deformation 
were usual ly reduced by el iminat ing any small  leaks in 
the reactor. Therefore, we may conclude that  gaseous 
contaminants,  including some consti tuent  of air, lead to 
the degradation. 



682 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  May 1974 

Fur the r  observat ion indicates that  the s t ructure  of 
the polycrystal l ine silicon is especially sensitive to the 
presence of gaseous contaminant  atoms. Even when 
slight deformation was observed during the deposition 
of thick, polycrystal l ine-si l icon layers, high qual i ty  
epitaxial  films could subsequent ly  be grown in the 
same reactor. When severe deformation was observed 
during the deposition of thick polycrystal l ine layers, 
the sense of warping was opposite for s imultaneously 
deposited epi taxial  layers. The polycrystal l ine films 
were  concave upward  while  the epitaxial  layers were  
convex upward,  and the deformation of the epi taxial  
layers was less severe. 

Control led exper iments  indicated that  the degrada-  
tion is not re la ted to the type of wafe r  used. No differ- 
ence in the sever i ty  of degradat ion was seen with  
heavi ly  arsenic-doped wafers  wi th  e i ther  high or low 
dislocation density or wi th  l ight ly  boron-doped wafers.  
Thick polycrystal l ine-si l icon films nucleated on thin 
layers of low- tempera ture ,  silane polycrystal l ine sili- 
con deposited direct ly  on s ingle-crystal  silicon also 
showed similar  amounts of deformation, indicating that  
the degradat ion is not related to the presence of the 
silicon dioxide layer. 

The effect of  t empera tu re  is significant, however .  
Appreciably  less degradat ion was seen at h igher  depo- 
sition tempera tures  when  the same magni tude  of con- 
taminat ion was present. This increase in film qual i ty  
with increasing deposition tempera ture  has been seen 
in different reactors and with silane and silicon te t ra-  
chloride as well  as wi th  dichlorosilane. 

In order  to de termine  the consti tuent of air which 
could cause the degradation, exper iments  were  con- 

ducted in which control led amounts of ei ther  ni t rogen 
or oxygen were  added to the hydrogen/d ichloros i lane  
gas s tream during the deposition of 250 ~m thick, poly-  
crystal l ine-si l icon films at l l00~ (corrected t empera -  
ture) and a rate of 4 ~m/min.  The addition of about 30 
ppm of ni trogen did not induce any degradation, while 
the addition of about 20 and 44 ppm of oxygen  caused 
moderate  and severe degradation, respectively.  

Photomicrographs of a high qual i ty  polycrystal l ine 
film together  wi th  photomicrographs of the moder -  
ately and severe ly  degraded films are shown in Fig. 
1-3. These photomicrographs i l lustrate  the s tructure 
close to the outer  edge of the 2 in. d iameter  wafe r  (a) 
and Ys in. f rom the outer  edge (b).  The high qual i ty  
film is also shown 1/4 in. f rom the outer  edge (c) and 
near the center  of the wafe r  (d).  The location of the 
wafer  on the susceptor was the same in each case. The 
control sample (Fig. 1) has a l a rge-gra ined  s t ructure  
near  the center  of the wafer  wi th  a gradual  decrease in 
grain size toward the edge. This decrease probably re -  
sults f rom the outer  edge of the wafer 's  being cooler 
than the center  since the wafe r  sits on a raised pedes- 
tal. The modera te ly  degraded wafer  (Fig. 2) shows the 
same la rge-gra ined  s t ructure  as the control sample 
near  the center  of the wafe r  wi th  a decrease in grain 
size toward the edge. Immedia te ly  adjacent  to the 
edge, however ,  a marked ly  different s t ructure  is seen 
[Fig. 2 (a) ]. As the wafe r  deformed during the deposi- 
tion, the edges l i f ted f rom the susceptor and became 
cooler. Therefore,  the different s t ructure  may  be re-  
lated to a marked ly  lower  tempera ture  near  the edges 
of the wafer  as well  as to the greater  oxygen inclusion 
in the lower tempera ture  portions of the wafer.  

Fig. !. Photomicrographs of high quality polycrystalline-silicon film with no oxygen added during deposition. (a) Near edge; (b) V8 in. 
from edge; (c) �88 in. from edge; (d) near center of wafer. 
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Fig. 2. Photomicrographs of moderately degraded polycrystal[ine-silicon film deposited with [O2] / [H2]  - -  20 ppm. (a) Near edge; (b) 
V8 in. from edge. 

Fig. 3. Photomicrographs of severely degraded polycrystalline-silicon film deposited with [O2] / IH2]  = 44 ppm. (a) Near edge; (b) 
in. from edge. 

The severely degraded wafer (Fig. 3) again shows 
the same large-gra ined structure near  the center, but  
the grain  size diminishes more rapidly toward the edge 
of the wafer. [Compare position (b) of the severely 
degraded wafer with position (a) of the moderately  
degraded wafer.] Near the edge of the wafer, the 
structure appears to change completely. The faceted 
s t ructure  disappears and is replaced by a moundl ike  
structure. Cracks are also seen in the silicon, probably 
indicating the inclusion of appreciable quanti t ies of 
oxygen into the structure. The film is also much th in -  
ne t  near  the edge than  at the center because of the 
lower tempera ture  near  the edge dur ing  much of the 
deposition. 

In  order to determine if oxygen was actually in -  
cluded into the degraded polycrystal l ine-si l icon films, 
wafers from the depositions shown in Fig. 1-3 were 
subjected to neu t ron  activation analysis. 1 A total sam- 
ple mass of approximately 3g was available for each 
analysis. The average oxygen concentrat ions indicated 
were approximately 370 ppm in the severely degraded 
sample (Fig. 3), 140 ppm in the moderately  degraded 
sample (Fig. 2), and less in the control sample (Fig. 1), 
clearly showing that oxygen was incorporated into the 
s tructure of the degraded polycrystal l ine-si l icon films 
dur ing the deposition. 

Although the oxygen concentrat ion in  the films in-  
creased monotonical ly  with increasing oxygen addition 

1 Analysis  performed by Gulf Radiation Technology, San  Diego,  
California 92100. 

to the reactor gas stream, the increase did not appear 
to be  linear. The amount  of degradation did not appear 
to be a l inear  funct ion of the oxygen flow either, indi-  
cating that  the degradation process accelerated once it 
started. Once the edges of the wafer started lift ing 
from the susceptor and cooling, increasing quan-  
tities of oxygen were probably included into these 
areas of the film. On the other hand, the oxygen con- 
centrat ion indicated by the neu t ron  activation analysis 
was an average over the entire sample. 

A fur ther  series of depositions was performed in 
order to determine the relat ive importance of the 
deposition rate and the oxygen-to-s i l icon ratio in  the 
deposition chamber. The conditions and results of these 
depositions are summarized in  Table I. Some films were 
deposited at the normal  rate of 4 ~ n / m i n  (depositions 
26 and 27) while others were deposited at half  this 
rate (depositions 29, 30, and 31). A control deposition 
at each rate produced films of good qual i ty  (deposi- 

Table I. Deposition conditions and results 

[02] 
n e p o -  Depos i -  
s i t i on  ~ion r a t e  [O2] / [H~] [H~] x Dep. r a te  Degra -  
No. ( ~ ,n / rn in  ) (ppm)  (I0 -6 m i n / g m )  d a t i o n  

26 4.0 0.0 0.0 None  
27 4.0 18.3 4.6 < N o .  29 
29 2.0 18.3 9.2 S e v e r e  
30 2.0 9.6 4.8 < N o .  27 
31 2.0 0.0 0.0 None  
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tions 26 and 31). The same oxygen flow was used for 
depositions at the two rates (depositions 27 and 29) so 
that  the oxygen-to-s i l icon ratio was doubled for the 
lower deposition rate (deposition 29). Markedly less 
degradat ion was observed for the higher deposition 
rate (deposition 27), indicating that  the oxygen- to-  
silicon ratio is more significant than  is the oxygen par-  
tial pressure in  the deposition chamber. The oxygen 
flow was halved in an addit ional deposition at the 
lower rate (deposition 30) so that a comparison of 
different deposition rates could be made for a similar 
oxygen-to-si l icon ratio (depositions 27 and 30). Notice- 
ably less degradation was observed in  the film de- 
posited at the lower rate (deposition 30), indicating the 
importance of the deposition rate, as well  as the oxy-  
gen-to-si l icon ratio, in  determining the film quality.  

Large quanti t ies of ni t rogen have also been found to 
induce severe degradation. Colored regions, probably 
indicating the presence of silicon nitride, as well  as 
cracking of the wafers, were seen. Since moderate  
quanti t ies of ni t rogen do not induce marked  degrada-  
tion, and since both oxygen and ni t rogen (as the pr in-  
cipal consti tuents of air) will probably be present  at 
the same time, oxygen is felt to be the contaminant  of 
greater  concern. 

Discussion 
In  the previous section we have shown that  the 

stress in the deposited films is related to the amount  
of gaseous contaminat ion present in the system, the 
deposition temperature,  and the deposition rate, that  
the stress is tensile ra ther  than compressive, and that  
oxygen can be included into the growing film. 

The origin of the stress may probably best be unde r -  
stood on the basis of the model proposed by Klokholm 
and Berry for the case of polycrystal l ine metal  films 
(5). They argue that  the tensile stress results from the 
in terna l  rear rangement  of deposited atoms beneath  
the growing surface of the film. The deposited mater ia l  
may be considered ini t ia l ly to have a disordered struc-  
ture  and a density less than  that  of the crystal l ine 
material .  Consequently, any anneal ing which produces 
a more near ly  perfect crystal l ine a r rangement  results 
in  a tendency for the deposited layer  to contract. 

The necessity for in ternal  rea r rangement  in the 
present case is probably related to the ease of surface 
diffusion of the depositing silicon atoms and the dis- 
order present in the surface layer  when  it becomes 
bur ied by subsequent ly  arr iving atoms. If the surface 
atoms can reach low energy positions before they are 
buried, l i t t le in terna l  rea r rangement  will be necessary, 
and li t t le stress will be developed. However, a small 
quant i ty  of adsorbed impur i ty  atoms, such as oxygen, 
may severely impede surface diffusion of the deposited 
silicon atoms. The silicon atoms must  then continue to 
rearrange after they have been covered by subse- 
quent ly  arr iving atoms, result ing in the incorporation 
of a highly stressed layer  in the depositing film. 

At a given tempera ture  and a given ratio of oxygen-  
to-silicon atoms arr iving at the surface, the surface 
atoms will have a longer time to rearrange at lower 
deposition rates. Consequently, less in terna l  rear range-  
ment  will be necessary, and less deformation will de- 
velop, as observed. However, more severe degradation 
was seen when the deposition rate was halved and the 
oxygen-to-s i l icon ratio was doubled, indicating that  
the number  of adsorbed contaminant  atoms is more 
significant than is the deposition rate. 

As the tempera ture  increases, several effects will 
occur. Surface diffusion will increase since it is a ther -  

mal ly  activated process. The number  of adsorbed oxy- 
gen atoms will decrease since they can re-evaporate  
more easily, either as oxygen or as SiO. Therefore, sur-  
face diffusion can proceed more easily and less stress 
will develop. On the other hand, the yield s trength of 
the substrate will probably decrease as the temperature  
increases. This decrease must  be less rapid than the de- 
crease in the bending force since less deformation is 
observed at higher deposition temperatures.  

At a first glance, the detr imental  effect of only a few 
parts per mil l ion (about 10 -3 Torr) of oxygen in the 
reaction chamber may  seem unlikely.  However, Adam- 
sky (6) and Khan  (7) have found that the presence of 
even 10 - s  Torr of oxygen may severely affect the 
deposition of germanium films; so the influence of 
several orders of magni tude  greater concentrat ions of 
oxygen in the present  case is not unlikely.  

Murbach and Wilman (8) have investigated the 
effect of oxygen on the stress in evaporated a luminum 
films and have found large stresses resul t ing from the 
formation of oxides at the grain boundaries.  These 
stresses were compressive, however, unl ike  those in 
the present case, indicating that  the presence of silicon 
oxide at the grain boundaries  of the polycrystal l ine-  
silicon films is not dominant .  

The less severe deformation in the s imultaneously  
deposited epitaxial  films indicates that  the atoms can 
reach low energy positions in  these films more easily 
since less surface diffusion is necessary. Then the major  
factor influencing the deformation is the inclusion of 
oxygen into the films. This can cause compressive 
stress and curvature  in the opposite sense from that  in 
the polycrystal] ine-si l icon films. 

Summary 
The degradation sometimes observed during the 

deposition of thick polycrystal l ine-si l icon films for di- 
electrically isolated integrated circuits has been re-  
lated to the inclusion of trace quanti t ies of oxygen into 
the structure of the films. The el iminat ion of this con- 
t aminan t  from the deposition chamber allows the re- 
producible fabrication of high qual i ty films. 
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ABSTRACT 

A technique is described for fabricating diodes and MOS devices from 
vacuum deposited l~olycrystalline silicon films on insulat ing substrates. Ex- 
t remely pure vacuum deposited amorphous silicon films on fused silica sub-  
strates were converted into the crystall ine phase dur ing device processing. 
The samples could be converted either dur ing gaseous diffusion of boron or 
phosphorus at 850~176 to form n-  or p- type layers or dur ing the ini t ial  
oxidation step at 1000~ in  the device definition stage. Fi lm pur i ty  was 
checked by sput ter - ion source mass spectrometry. Gaseous diffusion and oxide 
masking procedures were similar to those used in silicon integrated circuit 
technology. The qual i ty  of the init ial  resul t ing p lanar  devices indicates that 
the process has the potential  for producing a var ie ty  of silicon devices. 

A goal for many  years in  the field of microelectronics 
has been the achievement of active devices from vac- 
uum deposited films on amorphous insulat ing sub-  
strates (1). All  of the current ly  successful th in  film 
devices, in  contrast, are formed epitaxial ly onto single- 
crystal substrates (2, 3). Thin  film major i ty  carrier 
field-effect transistors were produced some t ime ago 
from vacuum deposited germanium (4), t e l lur ium (5), 
and various chalcogenides (6, 7) onto glassy substrates. 
These devices, however, lacked the stabil i ty and ver-  
satil i ty to compete with silicon devices and integrated 
circuits. Field effect devices have recent ly been fab- 
ricated with some success from polycrystal l ine silicon 
deposited by thermal  decomposition of silane onto oxi- 
dized single-crystal  silicon substrates (8). The amor-  
phous oxide layers on these substratets are similar in  
some respects to the fused silica substrates used here. 

It  was believed that  both the polycrystal l ine struc-  
ture  and the impurit ies in  vacuum deposited semicon- 
ducting films prevented their  use in practical devices. 
The formation of controlled n - type  and p- type mate-  
r ial  in  the films was considered extremely difficuIt. 
Vacuum deposited germanium and silicon are amor-  
phous when condensed on ambient  tempera ture  or un -  
heated substrates. Crystal l ine films must  be formed 
by deposition onto hot substrates or by heating to a 
"crystall ization temperature"  after deposition. The 
crystall ine films were, however, always p-type. There 
is controversy over whether  intr insic surface states 
and defects or impuri t ies  kept the film p- type (9, 10). 
There is a strong possibility that  silicon films vacuum 
heated using Pyrex bell jars are p- type due to the 
presence of boron (11). It has been shown that  im-  
purities in germanium (and presumably  also silicon) 
films could be reduced, however, if proper purification 
techniques in the vacuum were employed (12). 

Most of the problems in producing pure films lay in 
the difficulty of de termining the impurit ies present. 
The thickness of the samples and small amount  of total 
mater ial  made analysis practically impossible. Recently 
a sput ter - ion source mass spectrometry study of amor-  
phous and crystallized silicon films was carried out in 
this laboratory (13). It was found that with proper 
precautions pure amorphous films could be produced 
in  the vacuum and that  if these films were heated in 
a pure inert  atmosphere, they could be crystallized 
without the fur ther  introduct ion of impurities. 

In  this paper, the conversion of these pure amor-  
phous films to n - type  and p- type crystall ine films is 
described. It  was found possible to process the amor-  
phous films directly into crystall ine devices using s tan-  
dard silicon integrated circuit techniques, and details 
of this work are presented. It is believed that  this 

Key  words:  s i l icon films, thin film devices ,  thin film device proc- 
essing,  thin film P-n  junct ions,  thin film transis tors .  

685 

study represents the first t ime that  vacuum deposited 
polycrystal l ine silicon films on insulat ing substrates 
have been successfully processed into practical devices. 

Preparation of Amorphous Silicon Films 
The samples were deposited by electron beam heat-  

ing of silicon contained in a well-cooled stainless steel 
crucible with a molybdenum l iner  onto fused silica 
substrates held at temperatures  from 300 ~ to 500~ 
The init ial  pressure was approximately 5 X 10 -9 Torr, 
and the pressure dur ing  deposition was approximately 
5 • 10 -6 Torr. This pressure rise appears to be largely 
due to CO2 from the silicon melt. Details of the deposi- 
tion technique and the sput ter - ion  source mass spec- 
t rometer  study were given in a previous report  (13). 
The impuri t ies  present in the amorphous films 82B 
and 97A used here are approximately those listed in  
the previous report  as 82C, Table II, and 93C, Table III, 
respectively. The substrates were high puri ty  semicon- 
ductor grade fused silica which were polished by the 
manufacturer .  I They were cleaned ultrasonically in 
detergent  and deionized-fil tered 18 megohm-cm 
water. 

Conversion to n- and p-Type Polycrystalline Films 
The amorphous layers were converted to the crystal-  

l ine phase and their  electrical properties studied in 
order to assay the qualities of the layers for device 
application. The t ransi t ion from amorphous to crystal-  
l ine silicon films is a funct ion of both t ime and tem- 
perature  (14). During the conversion the shor t - range 
order of the amorphous phase with a coordination 
number  of 4 is converted into the crystal l ine phase 
having the same coordination number ,  bu t  with longer 
range order. A separate nucleat ion step was not ob- 
served in  the silicon films crystallized here. Figure 1 
shows a plot of t ime to crystallize vs. 1/T. Note that  
the extrapolated port ion of the curve gives a crystal-  
l ization t ime of 3 sec at 850~ Times and temperatures  
considerably greater  than necessary for crystall ization 
were employed in the device processing described here 
and considerable grain growth probably took place. 
The grain size in devices processed according to the 
steps listed in the next  section was estimated by mi-  
croscopic examinat ion  and found to be between 0.5 
and 1~ in diameter. 

In  order to produce n-  or p- type samples, the amor-  
phous films were crystallized directly in  a diffusion 
furnace where either phosphorus or boron dopants 
could be introduced into the film at the same time. 
Standard  diffusion techniques using diborane and 
phosphene gases were employed. Both n-  and p- type 
layers with smooth, uncrazed surfaces and with con- 
trollable resist ivity were achieved. Because of the 

1 U.S. Fused Quar tz  Company,  Fairfield,  N e w  Jersey.  
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Fig. 1. Crystallization time vs. temperature in silicon films 

thinness and polycrystal l ine s tructure of the films, 
diffusions were carried out at 850~176 instead of the 
1000~176 usual ly  used in crystall ine material .  The 
sheet resistances resul t ing from doped and undoped 
crystallizations are given in Table I. 

Conductivi ty type was checked with a thermoelec- 
tr ic probe and in  every case there was agreement  
with the expected dopant type. In  a typical doping 
exper iment  (sample 73B), phosphorus diffusion for 13 
min  at 950~ produced a surface layer  having a sheet 
resistance of 450 ohms/[] ,  while the undoped film, 
fired at the same temperature,  had a sheet resistance 
of 2.6 • 10 TM ohms/[~. Note that the undoped crystal-  
lized sample (Si 73C-2) exhibited a higher sheet re-  
sistance than  the companion unheated amorphous sam- 
ple (Si 73 C- l ) .  Some of this resistance may be due to 
grain boundaries.  In  films less pure, however, crystal-  
lized samples have a lower resist ivity than  their  cor- 
responding amorphous phase. 

In  another  set of controlled diffusions (sample 82B), 
a crystal wafer  of opposite conductivity to the dopant  
was placed alongside the thin films in the diffusion 
furnace. The phosphorus-doped film and the wafer  
showed approximately the same sheet resistance. The 
boron-doped film, however, exhibited a sheet resist- 

Table I. Diffusions in thin silicon films 

T e m p e r -  S h e e t  
T h i c k -  a t u r e  T i m e  r e s i s t a n c e  

S a m p l e  nes s ,  A D o p a n t  t y p e  (~ (min )  o h m / J 7  

Si  73B 4400 n ( p h o s p h o r u s )  950 13 4.5 • 102 
S i  73-4.-1 4400 n ( p h o s p h o r u s )  850 8 2.3 • 105 
Si  7 3 A - 2  4400 p ( b o r o n )  850 8 1.6 • 105 
S i  73(::-1 4400 U n t r e a t e d  - -  - -  4.5 x 10 e 

( a m o r p h o u s )  
S i  73C~ 4400 A r g o n  950 13 2.0 x 101~ 
S i  82B 4270 n ( p h o s p h o r u s )  850 8 1.4 x I 0  a 
p W a f e r  n ( p h o s p h o r u s )  850 8 1.5 • I 0  s 
S i  82B 4 ~ 0  p (boron)  850 8 2.8 • 10 ~ 
n W a f e r  p ( b o r o n )  850 8 2.3 • 10 a 
S i  97A 7 ~ 0  p ( b o r o n )  850 13 6.0 • l 0  s* 
S i  97A 7000 n ( p h o s p h o r u s )  850 15 2.4 X 103. 
S i  97A 7000 U n d o p e d  - -  - -  1.4 • I0~* 

* A f t e r  c o m p l e t e  d e v i c e  p r o c e s s i n g .  
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ance an order of magni tude  higher than  the corres- 
ponding wafer. The reason for this discrepancy is not 
clear. A quant i ta t ive  comparison of film and wafer  
resistance is, of course, f raught  with difficulties. A pre-  
l iminary  correlation of diffusion constants in the films 
was not possible because the diffusion times were of 
the same order of magni tude  as the t ime to come to 
temperature  equi l ibr ium in  the furnace. Note that  the 
last three items listed in  Table I concerning sample 
Si 97A were measurements  made from the test pa t te rn  
(Fig. 2) af ter  the complete device processing which is 
described in  the next  section. 

Device Formation 
The amorphous films were processed into active test 

devices using techniques similar  to those employed in 
s tandard silicon wafer processing for monolithic in te-  
grated circuits (15). The ini t ial  steps in the processing 
consisted of oxidation in dry oxygen for several  hours. 
During this step, the film was converted to its crystal- 
l ine state, thus the conversion was completed before 
diffusion began. This is a slight variat ion in pro- 
cedure over the samples described in  the previous 
section which were converted during diffusion. Di- 
borane and phosphene were used as gaseous diffusion 
sources. The films were subjected to the following 
steps: (i) oxidation at 1000~ in  dry O~ for 3 hr;  (ii) 
photolithography; (iii) p-diffusion at 850~ for 13 rain 
(deposition);  (iv) p-diffusion at 1000~ in  O2 for 2 hr 
and argon anneal  20 hr at 1000~ (v) photolithog- 
raphy;  (vi) n-diffusion at 850~ for 15 rain (deposi- 
t ion) ;  (vii) n-diffusion, 1000~ in  02 for 1 hr (drive- 
in ) ;  (viii) a luminum deposition; (ix) photolithog- 
raphy;  (x) s inter ing at 450~ 

As in the simple doping experiments,  the times and 
temperatures  were less than  those usual ly  used since 
higher diffusion coefficients were expected for the films 
(16). The oxidation steps were designed to result  in 
less than the normal  oxide thickness so that the silicon 
films would not be consumed in the formation of the 
various required oxide layers. The films were annealed 
in argon dur ing the l ightly doped p- type d r ive - in  dif- 
fusion (step iv). The processing sequence for active 
devices was intended to result  in a l ightly doped 
p-diffusion in order to obtain both a high breakdown 
voltage on the diodes and a substrate region for 
n -channe l  enhancement  mode MOSFET's. A th in  high 
concentrat ion n - type  region was used in order to sim- 
plify the processing yet have nonrect i fying contacts 
with the a luminum metallization. The shallow depth 
was intended to be util ized when  this diffusion was 
used for the gate of the junc t ion  field effect devices in 
the test array. 

Device Characteristics 
Three successful device runs  using a special mask set 

were made following the techniques described above. 
A photomicrograph of a test pa t te rn  with the devices 
indicated by letters is shown in Fig. 2. The test mask 
included: junct ion FET's (A), n -channe l  enhance-  
ment  mode MOSFET's (B), two types of p-channel  
depletion mode MOSFET's (C), four-point  probe test 
devices for each diffusion and the substrate (D), two 
large diodes (E),  and two types of Hall mobil i ty  test 
s tructures (F).  With the exception of the junct ion  
FET's, all devices operated to some extent. The n -chan -  
nel enhancement  mode MOSFET's and p - n  double 
diffused diode exhibi ted characteristics useful  for nor-  
mal circuit operation. Typical electrical test data taken 
from the diodes and n -channe l  MOSFET's and small 
Hall configuration are compared with estimated equiv-  
alent  bu lk  data in Table II. The "bulk" data from the 
devices are considered typical of those devices fabri-  
cated in the same laboratory start ing with single- 
crystal silicon wafers. The threshold voltage range for 
the films was determined at drain  current  1 ~A and 
was checked by a plot of the square root of the drain 
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Fig. 4. Cross section of MOSFET 

Fig. 2. Test pattern on silicon film (80x80 rail), letters identify 
devices in the text, 

t ion mode device, i t  is necessary to per fo rm an ex-  
t r emely  shal low and l ight  impur i ty  diffusion. Such a 
diffusion was not attempted, and these devices the re -  
fore showed the ex t remely  low transconductance that  
one would expect  from a thicker  and more  heavi ly  
doped channel region. The t ransconductance for these 
devices was approximate ly  0.1 ~mho. 

The Hall  effect test structures were  only used for 
p-diffusions. The data (Table II) indicate that  the sam- 
ple mobil i ty  is somewhat  less than expected in bulk 
samples. The "bulk" Hall  mobi l i ty  was est imated from 
that  expected for an equivalent  thickness s ingle-crys-  
tal semiconductor  taking into account size and carr ier  
concentrat ion effects (18). The Hall  effect device also 
provided data showing that  the average concentra-  
t ion in the p - type  layer  was about 5 • 1017 car r ie r s /  
cm 3. 

The four-point  probe test devices made it possible to 
evaluate  the effect of each diffusion into the samples. 
The results of these measurements  on sample Si-97A 
are l isted in Table I. Measurements  of the sheet re-  
sistance coupled with  measurements  of film thickness 
yielded the average resist ivi ty in the diffused layer. 
This resist ivi ty was used to calculate the Hall  mobil i ty  
for the p- type  layer  listed in Table II. 

The junct ion diodes appeared to be excel lent  and 
compared wel l  wi th  similar  junctions made in single- 
crystal  films. The forward  and reverse  diode charac-  
teristics are shown in Fig. 5. 

Fig. 3. n-channel MOSFET. Horizontal, i V/div; vertical, 1 ~A/  
div; steps, 0.8V. 

current  vs. gate vol tage in the manner  suggested by 
Richman (17). 

The junct ion FET's  requi red  a ve ry  shallow n + 
diffusion in order  to leave a p-doped channel under  
the n + gate. In the runs where  this device could have  
been fabricated, the n + diffusion was too deep, 

The electr ical  characterist ics of the n-channe l  MOS-  
FET's  a re  shown in Fig. 3, and the cross section of the 
device is shown in Fig. 4. The t ransconductance of 
these init ial  devices is lower  than would  be expected 
in s ingle-crystal  silicon. The capacitance is also low in 
this structure,  however ,  and device operat ing speeds 
may  be acceptable. 

The p-channel  deplet ion mode devices were  a use- 
ful  test vehicle. To fabricate  a good p-channe l  deple-  

Table II. Electrical test data 

F i l m  B u l k  

J u n c t i o n  b r e a k d o w n  v o l t a g e  8V 8V 
gm ( n - c h a n n e l  F E T )  2-25 ~ m h o s  50-200 ~ m h o s  
Diode  r e v e r s e  r e c o v e r y  t i m e  20-60 n s e c  20-50 n s e c  
Threshold  v o l t a g e  1-6V 0.5-1V 
G a t e  b r e a k d o w n  v o l t a g e  15V 80V 
(P - l aye r )  H a l l  m o b i l i t y  20-35 c m 2 / V - s e c  80-90 c m ~ / V - s e c  

Fig. 5. p-n junction characteristics 

Forward Reverse 

Vertical 0.05 mA/div 0.01 mA/div 
Horizontal 0.5 V/div 2 V/div 
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Discussion 
It has been demonstrated that  vacuum deposited 

silicon amorphous films 0.5-0.8~, thick on fused silica 
substrates can be successfully converted into n -  or 
p- type crystall ine films. The amorphous layers may be 
directly processed by s tandard microelectronic tech- 
niques, and polycrystal l ine devices with useful  char-  
acteristics fabricated. Considerable s tudy remains  to 
be done, however, in  order to maximize device qual -  
ity. It  is probable that  both the high pur i ty  achieved in  
the amorphous films and the larger  grain  size de- 
veloped dur ing the processing contr ibute  to the success 
in forming devices. 

It is interest ing to compare the properties of the 
polycrystal l ine films formed here by vacuum deposi- 
t ion and subsequent  hea t - t rea tment  with those formed 
by decomposition of silane onto oxidized silicon wafers 
by Kamins (8, 19). Kamins  measured a Hall mobi l i ty  
in  5~ thick p- type  films with 5 • 101~ carr iers /cm 3 of 
approximately 38 cm2/V-sec, and his data indicate a 
far lower mobil i ty  for films 0.5-0.7~ thick. The films 
formed here with the same carrier concentrat ion and 
approximately one- ten th  the thickness have a mobil i ty  
of 32 cm2/V-sec. Kamins  observed in  p-channel  MOS- 
FET's a ra ther  high threshold voltage which he at-  
t r ibuted to defects and concluded that the polycrys- 
tal l ine films formed by him may not be general ly use- 
ful. While defects and impurit ies general ly  behave 
differently in n -channe l  devices, the threshold voltages 
observed appear similar to those formed in crystal l ine 
devices. One may conclude that the vacuum formed 
layers contain fewer defects, impurities,  and /or  larger 
grains than the chemically deposited polycrystal l ine 
layers. 

Since the presentat ion of this work, King et al. (20) 
have reported s tudying vacuum deposited silicon films 
on oxidized silicon wafers for resistor applications. 
They were able to dope and process their  amorphous 
deposited layers directly into polycrystal l ine resistors 
in a process somewhat similar to that described here. 
The mobilit ies achieved, however, do not appear ade- 
quate for device formation and impurit ies which gen- 
erally plague vacuum deposited films may be present  
in these films. The influence on layer  properties of the 
oxidized silicon substrates used by King et al., and 
Kamins, compared to the fused silica substrates used 
here, should be fur ther  explored. The SiO2 surfaces 
differ in density, surface structure, and impurities, all 
of which affect the qual i ty  of the deposited silicon 
film. 
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Silicon Slice Analyzer Using a He-Ne Laser 

H. J. Ruiz, C. S. Williams, and F. A. Padovani* 
Texas Ins truments  Incorporated, Dallas, Texas 75222 

ABSTRACT 

Design criteria and performance characteristics are presented of an optical 
system capable of detecting imperfections (fractures, scratches, etc.) on the 
polished surfaces of semiconductor materials.  This ins t rument  is also capable 
of providing fast and accurate defect counting and dis t r ibut ion on polished, 
etched semiconductor surfaces. The principle involved is that  of scanning a 
He-Ne laser beam which is focused on the surface of the slice, and analyzing 
the reflected and scattered light via polarizers and photomultipliers.  

It would be very desirable in a production envi ron-  
ment  to have a device which could automatical ly ana-  
lyze the surface quali ty of polished semiconductor sur-  
faces. Such a device would provide a consistent and 
more objective scrut iny of slices than that obtained 
visually by an operator who has to make  a value judg-  
ment  on the appearance of the polished surface under  
strong light i l lumination.  This device should be de- 
signed to be accurate, fast, and nondestructive,  such 
that  the tolerated surface imperfections meet today's 
strict requirements  of polished substrates. 

Minor modifications can make this device into an 
impor tant  tool in a research laboratory. Defects such as 
swirls, which exhibit  a part icular  dis t r ibut ion on pol- 
ished slices after preferent ial  etching, have been shown 
to be correlated to impurit ies and /or  vacancies which 
have been incorporated into the mater ial  dur ing 
growth (1). A given dis t r ibut ion may be correlated 
to crystal -pul l  rate, rotation, or to the thermal  profile 
of the crystal-pul ler  environment .  An accurate knowl-  
edge of the distr ibution of these defects will  be ex- 
t remely helpful in acquiring an unders tanding  of the 
kinetics of impur i ty  incorporation during crystal 
growth. This report  describes below the modifications 
necessary for the ins t rument  to provide accurate defect 
counts and their  dis t r ibut ion over the surface of the 
slice. The focused spot size can be varied from about 
50~, up to the beam diameter size which is 1 mm. The 
size of the focused spot is determined by the size of 
defects to be analyzed. The time required to obtain a 
defect count along the diameter  of a 2 in. slice (see 
Fig. 7) is 3 rain. The time required to assess surface 
qual i ty on a 2 in. slice is estimated to be 10-15 sec. 
Here, surface quali ty assessment refers to the inspec- 
t ion of a slice for scratches, film, fractures, etc., with a 
predetermined amount  of scattered light chosen as the 
criteria for accepting or rejecting a slice. 

System for Surface Quality Inspection 
A schematic diagram of the system used for surface 

qual i ty  inspection is shown in Fig. 1. The main  optical 
element is a bispherical condenser (BC) which is a 
modification of a s tandard optical e lement  often used in  
dark field i l luminators  of microscopes. In the slice 
inspection device, the BC becomes a collector of scat- 
tered l ight rather than a condenser of i l luminat ing  
light. The two reflecting surfaces are aluminized and 
protective overcoated with MgF; the two t ransmi t t ing  
surfaces are antireflection coated. The i l luminat ing  
light is incident on the slice almost normal ly  by pass- 
ing through a hole that  is centered on the BC optic 
axis. The collecting focusing optical system comprising 
the BC and the positive lens was computer designed 
to give an on-axis image of the i l luminated spot on 
the slice. In  the configuration shown, light scattered, as 
from a small surface defect, into the solid angle be- 
tween the cones of half  angles of approximately 32 
and 62 = is collected by the BC and subsequent ly  en -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  words:  surface defects ,  de fec t  c o u n t i n g ,  s l ice inspec t ion ,  

laser analyzer .  

ters the field stop. Specularly reflected laser light, as 
from a mirrorl ike silicon surface, is outside the collec- 
t ion solid angle and, hence, will  not pass through the 
optical system. A long wavelength pass optical filter 
(a Coming  glass filter HR2-61) is used at the field stop. 
The cuton of the filter and the cutoff of the photo- 
mult ipl ier  tube spectral response (110 or S-20) effec- 
t ively form a bandpass filter centered approximately 
at 0.6328 nm. Thus light passing through the field stop 
is restricted to only laser light scattered from the slice 
surface. The polished silicon slice is mounted  on a 
spinning vacuum chuck such that the polished surface 
lies in the object plane of the optical system and also at 
the focus of the laser beam. The laser beam undergoes 
scattering whenever  it encounters a defect on the sili- 
con surface. The scattered light is collected by the BC, 
focused, and passed through a field stop, and then de- 
tected by the photomultiplier .  The laser used was a 
Spectra Physics Model 132. Figure  2(b) is a photo- 
graph of an oscilloscope trace for signals produced by a 
clean, defect-free silicon slice. The slice is being ro- 
tated so that  the laser beam is scanning a circle about 
the center of rotation. Figure 2 (a) i.s a similar picture 
for a slice exhibi t ing film (i.e., surface roughness) and 
a scratch. The scans for Fig. 2(a) and (b) were done at 
a fixed radius from the axis of spin. In  another  mode of 
scan, the He-Ne laser is t ranslated such that  the beam 
moves out toward the edge of the slice as it is spun, 
thus scanning a spiral pat tern  over the surface. The 
scanning of the light is accomplished by t ransla t ing the 
entire optical system, i.e., optics and the laser together, 
which is mounted in a rigid single structure. To mea-  
sure the total light scattered during one spiral scan, 
the electronic signal of the photomult ipl ier  was inte-  
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Fig. I. Schematic diagram of slice inspector 
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Fig. 4. Polarizing arrangement to differentiate scratches from 
fractures. 

Fig. 2. Oscilloscope trace of signal obtained using (a) a slice with 
uniform film and a scratch, and (b) a clean defect-free slice. 

grated (see Fig. 1). The output  of the integrators, 
which is a summation of all the l ight scattered dur ing 
a scan, provides information concerning the surface 
qual i ty of the material.  Figure 3 i l lustrates three dif- 
ferent integrator  outputs: Fig. 3(a) corresponds to a 
clean, defect-free slice; Fig. 3 (b) corresponds to a slice 
with uni form film over the surface; and Fig. 3(c) 
corresponds to a slice exhibi t ing a number  of defects. 
The shape of the electronic signal from the integrators 
is an indication of the surface condition, and the total 
integrated signal (the intensi ty  of the electronic signal 
at the end of the scan) indicates the extent  of surface 
imperfections. 

By elliptically polarizing the incident  beam and in-  
t roducing an analyzer  at the input  to the photomult i -  
plier detecting the reflected light (see Fig. 4), one is 
able to dist inguish scratches from fractures. In  the 
language of silicon mater ial  science, the word "frac- 
ture" refers to a special type of defect that  appears too 
often on silicon slices. A furrow cut into a slice surface 
might  be a scratch or a fracture, but  a fracture in con- 
trast  with a scratch might  be forked and the slice sur-  
face would slope gradual ly  toward the fracture. Thus 
the polarization of a beam is different when reflected 
from the surface near  a fracture whereas when  r e -  
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Fig. 3. Integrated scattered light from (a) a clean defect-free 
slice, (b) a slice with uniform film over the surface, and (c) a slice 
exhibiting a number of defects. 

flected from a point near  a scratch the beam is polar-  
ized just  as it would be from a defect-free surface. The 
polarization ellipse and direction of its major  axis can 
be adjusted by rotat ing the first analyzer  and the quar -  
t e r -wave  plate. The ellipticity of the beam was chosen 
such that after reflection on a clean, defect-free, pol- 
ished silicon slice, the beam would become l inear ly  
polarized, and thus be rejected by the l inear  analyzer.  
Because of surface slopes near  fractures (see Fig. 5) 
these defects will cause the beam to retain some ellip- 
t icity thus allowing a second photomult ipl ier  to detect 
this signal. The beam is shown in Fig. 4 to be incident  
at almost normal  incidence; however, the polarization 
effects could be increased by increasing the beam angle 
of incidence. 

System for Q u a n t i t a t i v e  Analysis of  Surface Defects 
The ins t rument  described in the previous section has 

been slightly modified to provide the capabil i ty for 
accurate defect counting and defect distr ibution evalu-  
at ion on a silicon slice. The slice is no longer mounted  
on a spinner, but  rather  on a t ranslat ional  stage, and 
the He-Ne laser is fixed. The schematic diagram of the 
optics is similar to that  shown in Fig. i. The laser beam 
enters from the left, passes through a 30 cm focal 
length lens, and after being reflected off an aluminized 
prism it is focused on the surface of a silicon slice. If 
the slice is "perfectly" flat and defect-free (an ideal 
mirror)  the laser radiat ion will  be specularly reflected 
onto the other side of the prism and exit  to the right 
out of the system. (The photomult ipl ier  which detects 
reflected light is removed.) However, if the laser beam 
encounters imperfections on the surface of the slice, 
i.e., defects such as pits, dislocations, faults, etc., the 
radiat ion will then be scattered and collected by the 
BC. The collected scattered light is focused by a lens 
into a diffuser scree~ placed in front of the photo- 
mult ipl ier  tube as shown in Fig. 1. The output  of the 
photomult ipl ier  tube is t e rmina ted  by a 1 kohm re-  
sistor, and the voltage developed across this resistor is 

Fig. 5. Microscopic photograph (32 •  of a fracture illuminated 
by polarized light and viewed through a polarizer (analyzer). 
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Fig. 6. System setup for defect counting and distribution evalua- 
tion. 

fed into an electronic logarithmic amplifier (see Fig. 6). 
The output  of the logarithmic converter  drives the Y 
input  to an X-Y recorder while the X input  is dr iven 
by the output  of a l inear  t ransducer  which is coupled 
to a t rans la table  stage that  allows the slice to be 
scanned along a diameter. One thus obtains an output  
of l inear  distance (horizontal) vs. the logari thm of the 
defect density. 

The performance of the ins t rument  is based on the 
assumption that  the defects ..one is t rying to count 
scatter the light in a well-defined stat is t ical  dis t r ibu-  
tion. Thus, let Is be the average light scattered by a 
defect of a part icular  type, let N be the number  of de- 
fects present  in  the sampled area, and K be a constant  
which relates the photomult ipl ier  current  IpM to the 
amount  of light received by the tube. Then 

IpM "- KNIs 

Since Is is constant  for a given defect, and since the 
sampled area remains  unchanged, the photomult ipl ier  
current  is proport ional  to the defect density. Since Is 

has a different value for every k ind of defect, the in -  
s t rument  must  be calibrated for each part icular  defect 
one wants  to study. If the slice under  inspection con- 
tains two types of defects, then one of the defects must  
have a uniform density across the slice such that  an 
accurate count and distr ibution can be obtained on the 
other defect. If two defects, however, show marked 
variat ion in the distr ibution on a slice, then the ap- 
paratus can nei ther  differentiate the two nor be offset 
so that only one defect can be studied. We have found 
this s i tuat ion rare ly  present. 

Some typical results obtained with this ins t rument  
are shown in Fig. 7. Upon Sirtl  etching, a boron-doped 
silicon slice, about 15 ohm-cm, exhibited a distr ibution 
of shallow etch pits which formed a swirl pattern.  The 
laser analyzer was used to scan the slice along a d iam-  
eter, and the results are shown in Fig. 7, which i l lus- 
trates the shallow etch pit density variat ions across the 
slice. A macrophotograph of the slice used is shown 
on the upper  r igh t -hand  corner of the figure with the 
laser path marked. 

Possible Extensions of the System 
Coupling the system, as described here, with a cath- 

ode-ray tube display would prove very  useful  from the 
production s tandpoint  of surface qual i ty inspection. 
The spinner  and /or  t ranslat ion position could be used 
to map out on the cathode-ray tube screen a picture 
of the slice (3). The photomult ipl ier  output  which de- 
tects the scattered light could then be used to control 
the intensi ty of the cathode-ray tube display, thus ob- 
ta ining a picture of the slice with bright  spots appear-  
ing at all scattering centers. The operator could then 
either count the bright  spots (which could also be done 
electronically),  or if all the defects are on the edge of 
the slice, make a judgment  as to whether  the slice 
would pass a given quali ty control test. 

The He-Ne laser in this system could also be re-  
placed by a combinat ion of He-Ne and He-Cd lasers, 
such that  the raster ing beam will  contain two different 
frequencies. Analyzers and/or  filtering schemes could 
then be used to allow the photomult ipl ier  to detect 
either wavelength separately. The relat ive intensi ty  of 
the light scattered at the two wavelengths will  provide 
information as to the relat ive size of different defects 
so long as the defect size is not larger than about 0.1 
~m. This arises from the fact that the intensi ty  of Ray-  

Fig. 7. Variations of shallow 
etch pits across a slice diameter 
as determined with the slice 
analyzer. 
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leigh scattering is proport ional  to the four th  power  of 
the f requency  of the incident radiat ion for scattering 
objects not larger  than the wavelength  of the incident 
light. The detection and differentiation of such small  
defects, however,  might  be below the range of present  
practical application. 

Conclusions 
This ins t rument  is capable of providing an easy, ac- 

curate, fast, and objective method for assessing surface 
qual i ty  on polished silicon slices in production envi ron-  
ment. In a research laboratory,  it also provides an 
accurate and fast method for the counting and dis- 
t r ibut ion determinat ion  of defects on polished surfaces 
of semiconductor materials.  Except  for isolated cases 
where  two different defects show markedly  different 
distributions, one can offset and /o r  calibrate the ins t ru-  
ment  such that  only the defects of interest  are counted. 

Manuscript  submit ted May 31, 1973; revised manu-  
script received Nov. 29, 1973. 

Any  discussion of this paper will  appear  in a Dis- 
cussion Section to be published in the December  1974 
JOURNAL. All  discussions for the December  1974 Dis- 
cussion Section should be submit ted by Aug. l, 1974. 
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Scanning Electron Microscope Studies of 
Premature Breakdown Sites in GaAs IMPATT Testers 
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Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Premature  breakdown sites in P t -GaAs  IMPATT test diodes were  examined  
wi th  the scanning electron microscope operat ing in the electron beam in- 
duced current  mode. Studies were  made on mesa and planar  structures, wi th  
and wi thout  air aging up to 350~ The main  conclusions of these studies are 
that  (i) p remature  breakdown occurs pr imar i ly  at sites of metal l izat ion de- 
fects and roughness around the per iphery  of the diodes; (ii) diode degradat ion 
and the lower ing of the b reakdown voltage fol lowing air aging is manifes ted 
at sites at the edge of the metal l izat ion;  and (iii) very  small  sites of missing 
metal l izat ion ("pinholes")  are sites of diode breakdown.  

The reverse  breakdown voltage in Schot tky barr ie r  
diodes is thought  to be in part  l imited by p remature  
breakdown at the per iphery  of the meta l  where  high 
field gradients are created (1). An identification of 
b reakdown sites and a correlat ion of such sites wi th  
tex tura l  features of Schot tky barr iers  has not yet  been 
made. This paper  reports  on such a correlat ion made 
on P t -GaAs  IMPATT test diode s t ructures  using the 
scanning electron microscope (SEM) in the e lectron 
beam induced current  (EBIC) mode. Exper iments  
were  made on both planar  and mesa structures, some 
of which were  aged at tempera tures  up to 350~ 

Experimental 
Scanning electron microscopy.--The SEM used for 

this s tudy was a Cambridge Stereoscan S-4 equipped 
with  specimen current  amplifier capable of covering 
a current  range of 10-4-10-11A. An EDAX x - r ay  de- 
tector wi th  a Nor thern  707 analyzer  was used for 
x - r a y  analysis of selected regions. Bias was applied 
from a ba t te ry  powered d-c source, current  l imited, 
covering the range 0-90V and 0-300 ~A. Probes were  
constructed wi th  X-Y motion and with  vert ical  mot ion 
adjusted with  a screw. The probes were  mounted  on 
standard 1~/4 in. d iameter  specimen holders, and the 
probe tip consisted of electropolished 0.010 in. tungsten 
wire, gold plated. 

In this s tudy the Schot tky bar r ie r  is made a par t  
of a circuit  which includes a ba t te ry  and the input  to 
an amplifier (Fig. 1). The sample is or iented in the 
SEM so that  the incident beam strikes the act ive sur-  
face; the metal  must  be thin to al low sufficient pene-  
t ra t ion of the electron beam (see below).  The minor i ty  

K e y  words :  Seho t tky  diode,  d iode b r e a k d o w n ,  SEM-EBIC.  

carriers generated by the raster ing SEM beam and 
swept across the deplet ion region constitute a signal 
which is amplified and used to modula te  e i ther  the in- 
tensity or the Y-deflection of the CRT beam. Since 
both beams are t ravel ing  in synchronism the CRT 
beam displays a map of the two-dimensional  distr ibu- 
tion of reverse  current  at the Schottky barrier .  The 
SEM beam current  is typical ly ~10-gA,  and with  one 
e lec t ron-hole  pair  produced per 3.5 eV incident elec- 
t ron beam energy (2) the total  current  generated by 
a 20 keV beam is of the order  of 10-6A, which is la rger  

INCIDENT BEAM ( 5-30 key ) 

+ (O-30O/~A) 

CRT 

Fig. 1. Schematic diagram of circuit for obtaining EBIC signal 
from GaAs IMPATT tester structure. 
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than the zero-bias leakage currents  of most diodes. 
Since the specimen current  amplifier is capable of de- 
tecting less than 1O-gA current,  the e lec t ron-beam 
induced current  (EBIC) is more  than sufficient to 
create a measurable  signal at zero volts applied bias. 
As the reverse  bias is increased a point is reached 
where  the current  begins to rise rapidly wi th  increas-  
ing reverse  bias. It is at this point that  b reakdown re-  
gions are first observed in the EBIC mode. These re-  
gions are sites of avalanche b reakdown or sites of 
current  enhancement  due to other  causes, such as tun-  
neling; in e i ther  case the sites represent  a l imit  to the 
near ly  l inear  response of a diode under  reverse  bias. 
Since no distinction is made in this paper  be tween  
diodes exhibi t ing "soft" and "hard"  I-V character,  
these regions wil l  be called "premature  b reakdown"  
(PB)regions.  When breakdown sites are examined at 
sufficient bias to create currents  in excess of 1 #A, wel l  
into the steeply ascending region of the I -V curve, the 
EBIC signal due to lower  bias leakage is complete ly  
masked by the PB site current.  

The signal created when  the incident  beam strikes 
a PB site under  avalanche conditions is due in part  
to avalanche mult ipl icat ion of the minor i ty  carr ier  
cloud genera ted  by the incident beam, and in part  to an 
incrementa l  increase in negat ive potent ial  at that  site. 
The mult ipl icat ion factor is given by M - :  I ( W ) / I  (0) ,  
where  I (W)  and I (O)  are the minor i ty  carr ier  cur-  
rents at the end and beginning of the deplet ion regions, 
respectively.  M is essentially infinite at the avalanche 
breakdown voltage (3), and this fact alone would  per -  
mit  a PB avalanche site to be imaged. The evidence 
for an incrementa l  increase of negat ive potential  at the 
site of the surface bombarded by the electron beam 
comes f rom two sources. In an ear l ier  work  (4) on an 
SEM study of silicon bipolar  transistors it was found 
that  a 20 keV electron beam directed on a highly 
doped n- type  emit ter  region produced a "pinch off" 
of  an emi t te r -col lec tor  short equivalent  to biasing the 
base by ---1V negative. In the present  work, as wil l  be 
described below, direct ing a 20 keV beam on p la t inum 
at a PB site caused an apparent  lower ing of the 
breakdown voltage by ~2V. Both these observations 
indicate an increase in local potent ia l  of ~ I V  due to 
electron beam bombardment ,  which would have the 
effect of adding a significant increase to the measured  
PB current  at a given reverse  bias setting. 

The beam "penetra t ion"  can be defined as the ex-  
t rapolated value of electron transmission against film 
thickness to zero transmission and is expressed by the 

function (5) Rz----kEo n. The incident e lectron beam 
energy is Eo. For  Au the constants k and n have  the 
values 45 and 1.5, respectively,  over  the energy  range 
5 to 15 keV (9), and the ext rapola ted  range Rz is 
2600A. The ext rapola ted  range is expected to be 
sl ightly higher  at 20 keV, which is the beam energy 
used in these experiments .  Thus, a 2600A thick Pt  
film is a conservat ive upper  l imit  for these exper i -  
ments. It was found that  a 2000A Pt film is sufficiently 
thin to permit  an EBIC signal to be genera ted  at a PB 
site under  the film (see Fig. 11). 

MateriaL--All GaAs IMPATT testers studied and 
repor ted  here  were  made wi th  A u / P t  and Pt  metal l iza-  
tion. Two types of s tructures were  examined.  One is a 
mesa structure, wi th  the active region on the surface 
of the mesa as shown in Fig. 2a. The other  is a planar  

f M E T A L ,  
n -TYPE GaAs - -  / S O - 6 O O O A  THICK 

~ 6 x ,  o' 5/c m3 r / / / / / / / / / / / / / / / / / / / / / / / / g , ,  �9 
6 - 9/.g T H I C K ~  '~ 

/ ~F~-~"- n -  TYPE GoAs 

~ ~ ~ A  ~5 x lOIT/cm3 

(a) 

I 
METAL, o f S i 0 2 ,  ~ 
1500-2000A THICK ~/ 2000A THICK 

........---------,-- 

5-8~/. THICK 

(b) 
Fig. 2. GaAs IMPATT tester structures used in this study. (a) 

Mesa structure, and (b) planar structure. 

Fig. 3. Effect of bias on EBIC image of Pt planar structure. (a) 
Leakage pattern at 1V; (b) stronger leakage pattern at 5V; (c) 
PB sites imaged at 15V (30 ~A). Aged in air 29 hr, 3 5 0 ~  Sample 
7, diode C-5. 
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Table I. Mesa structures 
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Aging*  
M e t a l  
t h i c k -  T i m e  R e m o v e  D i o d e  

n e s s  (A) Au  T (~ (hr)  A u  ? n u m b e r  N u m b e r  

P B  s i tes  

L o c a t i o n  C o r r e l a t i o n t  

3000 Y e s  290 216 No 1 2 
6000 Y e s  345 5 No 2 2 

Y e s  3 4 
50 N o  - -  - -  - -  1 16 

- -  3 12 
1000 Yes  350 11/2 Yes  3 2 

Y e s  350 1 V2 Y e s  5 2 
Y e s  350 1 I/2 Yes 8 2 
Y e s  350 11/2 Y e s  12 1 
N o  350 11/2 - -  14 1 
No 350 1 t/2 - -  15 2 

50 N o  - -  - -  - -  1 3 

E d g e  1 - m e t a l  o v e r l a y  
E d g e  M e t a l  o v e r l a y  
E d g e  3 - m e t a l  o v e r l a y  
E d g e  
C e n t e r  M i s s i n g  P t  
E d g e  1 - m e t a l  o v e r l a y  
E d g e  
Edge None obvious 
Edge Metal overlay 
E d g e  M e t a l  o v e r l a y  
E d g e  1 - m e t a l  o v e r l a y  
C e n t e r  M i s s i n g  P t  

* A g i n g  of  a l l  m e s a  s t r u c t u r e s  w a s  p e r f o r m e d  in  a i r .  
t T h e  t e x t u r a l  f e a t u r e  w h i c h  c o r r e l a t e s  w i t h  a P B  s i te  is 

No e n t r y  m e a n s  t h a t  no  s t u d y  of c o r r e l a t i o n  w a s  m a d e .  T h e  
r e l a t i o n  a p p l i e s .  

i n d i c a t e d :  " N o n e  o b v i o u s "  m e a n s  no  o b v i o u s  f e a t u r e  w a s  f o u n d  a t  a P B  s i te ,  
n u m b e r  p r e c e d i n g  t h e  c o r r e l a t i o n  is t h e  n u m b e r  of P B  s i t es  to w h i c h  t h a t  c o t -  

structure.  All  diodes were  fabricated f rom vapor-phase  
epi taxial  GaAs grown at 900~ A T e ,  Se, S, or Si 
doped 1-3 X 1018/cm3 n- type  GaAs crystal  was the 
substrate material .  An n - type  4-7 X 1017/cm ~ S-doped 
"buffer" layer  of 5-8~ thickness was grown on the 
substrate, and then an additional n - type  6-9 X 1015/ 
cm ~ Si-doped layer  was grown wi th  a thickness of 
6-9~. 

The mesa structures were  formed by sputter  deposi-  
t ion of 50-6000A Pt fol lowed by Au plating. Photo-  
l i thography was used to form an ar ray  of dots of 
d iameter  ranging from 0.010 to 0.050 in. Mesa s truc-  
tures were  formed on the substrate, and then the gold 
was dissolved in I2 solution leaving the s t ructure  de-  
scribed in Fig. 2a. 

The planar  s t ructures  were  formed by deposition of 
~2000 SiO~ at ~275~ fol lowed by the formation of 
photol i thography of an ar ray  of holes in the oxide of 
diameters  0.010-0.050 in. P la t inum was sputter  de-  
posited to a thickness of 1000-2000A, and tape was 
used to remove  the Pt  select ively from SiO~ where  it 
adheres poorly; the Pt  adheres wel l  to the GaAs and 
an ar ray  of planar  diode s t ructures  is produced as 
shown in Fig. 2b. 

The deplet ion depth of this mater ia l  ranges f rom 
2 to 3.5u over  the reverse  bias range 0-90V, which is the 
expected breakdown voltage for 8 • 10tS/cm 8 n - type  
GaAs (7). The minor i ty  carriers are genera ted  by 
the 20 keV electron beam wel l  wi th in  the space charge 
region. Breakdown vol tage is defined arbi t rar i ly  in this 
paper  as the reverse  vol tage at 50 ~A current.  For  all  
diodes examined  in this s tudy the I-V curves at 50 ~A 
were  nonlinear,  and PB sites were  first imaged at bias 
values less than or equal  to the reputed "breakdown 

voltages." As ment ioned ear l ier  no distinction is made 
be tween  soft and hard I -V characteristics, and the 
definition of b reakdown vol tage is therefore  a rb i t ra ry  

IO 

8 - -  

...oA 
7 - -  B 

6 

,5 - -  

I I I I I I I I I I 
0 2 4. 6 8 I0 12 14 16 18 20  

VR (VOLTS)  

Fig. 4. Effect of bias on amplitude of Y-modulation EBIC image 
in leakage region of Pt planar structure. Annealed 350~ 1 hr in 
air; VB = 34V. Four sites were measured. Sample 7, diode A-11. 

Fig. 5. PB sites at edge of Pt mesa structure. (a) Superimposed 
SEE and EBIC images showing location of PB sites; (b) same at 
higher magnification; (c) SEE image showing metallization overhang 
(arrow) responsible for PB site on the left in (b). Sample 2, diode 3. 
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Table I I .  Breakdown voltage data 
(Samples without Au) 

Sample  Diode VR,B • 
n u m b e r  n u m b e r  before  ag ing  

350~ ag ing  

Time (hr) Medium 
VR,B* 

after aging 

Planar structures 7 A-II 38 1 
-- 2 
-- II 
-- 29 

B-2 38 1 
-- 2 

B-6 3"2 11 1 
- -  29 

C-5 29 
A-8 32 1 

2 
8 C-I 2 

-- 18 
84 

9 C-6 ~ 24 
10 B-2 50 24 

]3-6 50 24 
II B-3 35 24 
12 F-8 40 4 

B-6 45 4 
13 A-4 50 4 

B-3 55 4 
14 1 24 133 

2 23 133 
15 1 ~60 

Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Vacuum 
Vacuum 
Vacuum 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 
Air 

34 
28 
26 
21 
34 
36 
22 
30 
20 
20 
31 
26 
63 
60 
68 
40 
4O 
35 
35 
40 
37 
48 
52 
16 
15 

* Reverse breakdown voltage is defined as the reverse voltage at 50 /~A current. 

a n d  i s  n o t  t o  b e  c o n s i d e r e d  a w e l l - d e f i n e d  p a r a m e t e r  
f o r  a p a r t i c u l a r  d i o d e .  

S a m p l e s  w e r e  a g e d  i n  a i r  o v e r  a t e m p e r a t u r e  r a n g e  
o f  2 9 0 ~ 1 7 6  f o r  t i m e s  r a n g i n g  f r o m  1V2 t o  216 h r ;  

o n e  p l a n a r  s t r u c t u r e  w a s  a g e d  i n  v a c u u m  f o r  t i m e s  u p  
to  84 h r .  

Results 
Genera~ response of SEM.--  T h e  e f f e c t  o f  t h e  a p -  

p l i e d  b i a s  o n  t h e  E B I C  i m a g e  f o r  a g i v e n  d i o d e  i s  i l l u s -  

Fig. 6. PB sites at edge of Pt mesa structure. (a) Superimposed 
SEE and EBIC images showing location of two PB sites; (b) Y- 
modulation EBIC image of same area. Both images taken at 30V, 
3.5 ~A. Sample 2, diode 2. 

Fig. 7. PB sites at edge of Pt mesa structure. (a) SEE image 
showing metallization overhang; (b) EBIC image of same area 
showing PB site at overhang. Sample 4, diode 12. 
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Fig. 8. I-V response to electron beam striking PB 
shown in Fig. 7. 

site at overhang 
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t ra ted in Fig. 3. The p lanar  s t ructure  analyzed in Fig. 3 
was made with  20005, Pt, annealed in air at 29 hr  
350~ and has a b reakdown voltage of 20V. At zero 
bias leakage is typical ly  uniform across a diode (Fig. 
3a), but  distinct leakage areas appear  upon application 
of bias (Fig. 3b). P rema tu re  breakdown sites are 
imaged when  more than ~2  ~A current  is drawn and 
can first be imaged at bias voltages f rom 1 to ~15V 
below breakdown depending on the sharpness of the 
I -V curve. The PB sites shown at the edge of the diode 
in Fig. 3c were  imaged at 30 ~A current,  15V reverse  
bias. The large current  response of PB sites wi th  in-  
crementa l  increase of applied bias (under  EBIC con- 
ditions) and the first appearance of PB sites at bias 
values near  breakdown, both demonstra te  that  these 
are in fact sites of b reakdown and not sites of diode 
leakage. 

The change in intensi ty of the EBIC image at a 
leakage area for a constant gain sett ing is not a simple 
function of applied bias. Y-modula t ion  EBIC images of 
diode A-11 on sample No. ? were  photographed at a 
number  of bias settings over  the range 2-20V; the sam- 
ple was aged 1 hr  in air at 350~ and breakdown was 
at 34V. The peak heights were  measured  at four  sites 
and are plotted in Fig. 4. It  can be seen that  the EBIC 
signal is not l inear  wi th  applied bias at any one site, 
and different sites show different responses. It was also 
found that  the EBIC signal from regions be tween  the 
visible leakage areas was at all t imes low and usual ly  
negligible compared with  the signal f rom the leakage 
areas. 

Mesa structures.--Five preparat ions of mesa s t ruc-  
tures were  examined.  These samples contained Pt  met -  
all ization of thickness 50-6000A. Details on the s truc-  
ture  of these samples and results of the SEM studies 
are shown in Table I. Aspects of avalanche behavior  
in the mesa s t ructures  are described in Fig. 5-9. 

F igure  5a shows a superimposed secondary electron 
emission (SEE) and EBIC image of sample 2, diode 3 
af ter  345~ 5 hr  air  anneal. The EBIC image was re -  
corded under  avalanche conditions and shows PB 
sites at the diode edge. This is a typical  observat ion on 
annealed and unannealed  Pt mesa structures. Figure  
5b shows a higher  magnification of two of the PB 
sites; the PB site on the left  is correlated with  the Pt  
overhang shown in Fig. 5c (ar row).  The behavior  of 
diode 2 on the same sample is shown in Fig. 6. A 
superposit ion of SEE and E BIC images (Fig. 6a) shows 
meta l  overhang at PB sites. The Y-modula t ion  EBIC 
image in Fig. 6b shows the fine s t ructure  of these sites; 
the fine s t ructure  is caused in part  by the shape of the 
Pt  over  these regions. 

The effect of electron beam bombardment  of a PB 
site on the I -V characterist ics was examined on sample 
4, diode 12 (Fig. ? and 8). This sample had been heated 
with  Au for 1.~2 hr  at 350~ the Au was then removed  
before SEM study. The EBIC image of the PB site 
(Fig. 7b) corresponds spatial ly to part  of the meta l  
overhang shown in Fig. 7a (circle).  A more  exact  
identification of the location of the PB site was possible 
when  the electron beam was used as a probe, while  
moni tor ing the I -V curve of the diode (Fig. 8). This 

Fig. 9. PB sites away from edge ot Pt mesa structure. (a) EBIC 
image at 30V, 230 ~A showing three PB sites; (b) EBIC image of 
lower left PB site at higher magnification; (c) SEE image of same 
area as (b) showing missing Pt region correspondir~g to PB site. 
Sample 5, diode 1. 

position is marked  b y  a cross in Fig. 7a, and the effect 
of the beam on the diode I -V curve is easily seen (Fig. 
8). This more careful  analysis showed that  the PB site 
was located along a sharp, wel l -def ined crack in the 
overhanging meta l  film. 

As shown in Table I, most PB sites occurred at the 
edge, and a compara t ive ly  small  number  of cases was 
observed where  PB sites were  found on the diode sur-  
face away from the edge. In all mesa structures these 
examined off-edge sites could be correlated wi th  local 
regions of missing Pt  or wi th  other  metal l izat ion de- 
fects. 

Three  off-edge PB sites f rom sample 5, diode 1 are 
shown in Fig. 9a. The h igher  magnification EBIC image 
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Fig. 10. PB sites at edge 
and away from edge of Pt 
planar structure. (a) SEE image 
showing Pt-missing regions 1, 
2, and 3; (b) ERIC image at 
30V, 10 FA showing PB sites at 
defects I ,  2, and 3; (c) EBIC 
image at 15V, 30 /~A after 
aging 29 hr, 350~ in air show- 
ing additional PB sites (defect 
3 is not visible at the low gain 
setting used); (d) enlarged 
SEE image showing additional 
defect 4 resulting from probe 
scratch; (e) EBIC image of 
same region as (d) showing 
edge location of additional PB 
site 5; (f) SEE image showing 
metallization defect at 5. 
Sample 7, diode A-11. 

of the lower  lef t  PB site shown in Fig. 9b corresponds 
spatial ly wi th  the large circular  black area near  the 
center  of the SEE image in Fig. 9c. X- r ay  probe ex-  
aminat ion showed that  the black areas are regions of 
missing Pt;  no other  e lement  was detected in these re-  
gions. The same three  PB sites shown in Fig. 9a were  
seen as microplasmas under  an optical microscope. 
The microplasmas were  seen only at h igher  current  
levels, above 50(} ~A. This observat ion shows that  these 
PB sites are sites of avalanche. It  is not known 
whether  avalanche b reakdown occurs because of high 
field gradients at the edge of the Pt, or if the same 
bulk or surface defect which led to loss of Pt  also 
caused avalanche breakdown.  

It is obvious f rom the above data on the Pt  samples 
that  avalanche tends to occur at the edge of meta l -  
l ization for  samples aged wi th  and wi thout  Au. Break-  
down degradat ion for mesa s t ructures  wi th  less than 
6000A Pt  occurs faster  when  Au is present;  this point 
is i l lustrated by the data for sample 4 in Table II. Thus, 
we concluded that  the lower ing of b reakdown due to 
the presence of Au during aging is manifes ted first at 
the weakest  point in the structure,  namely, at the sites 

of metal l izat ion overhang  around the edge of the 
diode. Other EBIC studies on unaged Pt  mesa struc- 
tures  confirm that  PB sites are located at meta l  over -  
hang positions; i.e., aging is not needed to create the 
Pt  meta l  overhang sites responsible for breakdown.  

Planar s tructures . --Nine preparat ions  of planar  
s tructures were  examined.  The diodes of eight of the 
samples (samples 7-14) had the configuration shown in 
Fig. 2b; the metal l izat ion of the remaining sample 
(sample 15) was grown by electron beam deposition 
through a mechanical  mask;  this s t ructure  contained 
no del iberate  surface oxide. Details on the structures 
of these samples are shown in Table III; avalanche 
behavior  is described wi th  the aid of Fig. 10-11. 

Diode A-11 of sample 7 contained a number  of PB 
sites that  are present  on the diode as formed, plus 
additional sites that  occurred after  aging in air at 
350~ for 29 hr. These data are i l lustrated in Fig. 10 
and 11. Figure  10a shows three  missing Pt  regions on 
the diode which serve as PB sites (Fig. 10b). It  is 
known that  these are PB sites ra ther  than s imply sites 
of increased EBIC signal due to missing metal l izat ion 
because these sites give a significantly s t ronger  sig- 
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Table III. Planar structures 
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Metal  
Sample  t h i ck -  
n u m b e r  ness (A) 

A g i n g  
PB sites 

Time 
T (~ (hr) Med ium Diode No. No. Loca t ion  Correlat ion* 

7 2000 

8 2 O O O  

9 2000 

10 2000 

I1 2000 
12 2000 

13 2000 

14 1000 

15 2000 

- -  A - I I  
3"~ 1 Ai r  A - I I  
350 2 Ai r  A-11 
350 11 Air  A-11 

350 29 Air  A-11 

- -  B - 2  

3 %  1 Air  B -2 
350 2 Air  B-2 
350 11 Air  B-2 
- -  - -  ~ B - 6  

350 29 Air  B-6 

350 29 Air  C-5 
- -  - -  ~ A-8  

350 1 Ai r  A-8  
350 2 Air  A-8  

~ ~ C-1 
350 2 V a c u u m  C-I  
350 18 V a c u u m  C-I  
350 84 V a c u u m  C-I  

- -  - -  C-6 
350 24 Ai r  C-6 

- -  ~ - -  B - 2  

350 24 Ai r  B-2 
- -  - -  - -  B - 6  

350 24 Ai r  B-6 
350 24 Ai r  B-3 

- -  - -  - -  F-8  
350 4 Ai r  F-8 

- -  ~ B - 6  

350 4 Ai r  B-6 
- -  - -  - -  A-4 
350 4 Ai r  A-4  

- -  - -  - -  B - 3  

350 4 Ai r  B-3 
350 133 Ai r  1 

2 

t M a n y  Edge 1-meta l  defec t  
3 Cen te r  Miss ing P t  

M a n y  Edge  1-meta l  defec t  
3 Cente r  Missing P t  
M a n y  Cen te r  None obvious  

t M a n y  Edge  Missing P t  1 Cen te r  

M a n y  Edge 
f M a n y  Edge  None obvious  M a n y  Cen te r  

M a n y  Edge Miss ing P t  
Few Cen te r  

M a n y  Edge  Miss ing P t  
Few Cen te r  

~ 2 5  Edge 

M a n y  Edge  
M a n y  Edge 3-meta l  defects  

M a n y - - n o n e  obvious  
M a n y  Edge 2 -meta l  defects  
M a n y  Edge Some-me ta l  d e f e c t s  

M a n y  Edge  1-meta l  de fec t  

f M a n y  Edge  
M a n y  Edge  

M a n y  Edge 
4 Edge  Metal  d e f e c t s  

F e w  Cen te r  Meta l  defec ts  
2 Edge  
6 Cen te r  

* See t f o o t n o t e  f o r  Table  I. 

nal than the EBIC signal immediate ly  sur rounding  the 
per imeter  of the Pt;  the lat ter  signal, in general, is 
due only to increased current  generated by the elec- 
t ron beam in the semiconductor because of missing Pt. 
In addition, Fig. 10b shows a very high l inear  density 
of PB sites around the edge of the Pt. After aging 
addit ional sites were noted at 4 and 6, and a group at 
6 (Fig. 10c). PB site 4 was due to a probe scratch 
(Fig. 10d), and PB site 5 was correlated with a meta l -  
l ization defect (shown in  Fig. 10f). The group of PB 
sites at region 6 are bet ter  resolved in Fig. 11, par t icu-  
lar ly in the Y-modulat ion EBIC image of Fig. l lb .  The 
SEM studies of the surface of this region showed no 
discernible surface features, and it is concluded that  
the high density of discrete sites is due to contami-  
nat ion or defects at the P t /GaAs  interface or in the 
GaAs. 

Discussion 
Premature  breakdown of unaged A u / P t  mesa, Pt  

mesa, and P t  p lanar  structures occurs mostly at the 
edge of the metallization. Both methods of forming 
diodes leave edges which are rough. The calculated 
effect of junct ion  curvature  on the breakdown voltage 
for GaAs one-sided abrupt  junct ions (8) is listed be-  
low, for the case of an impur i ty  level of 8 • 1015/cm ~ 
and for spherical curvature  of radius r 

r(~)  VB (V) 
oo 85 

I0 60 
1 30 
0.1 9 

The radius of curvature  of metal l izat ion overhang cor- 
related with PB sites is of the order of 0.1~ and less; 
these regions of high curvature  may cause premature  
avalanche with an expected drop in  breakdown volt-  
age of ~90%. This may part ial ly explain the general ly 
low breakdown voltages found on the unannea led  
planar  s t ructures  (theoretical value ~85V) compared 
with the mesa diodes, since the former s tructures had 

a significantly higher l inear  density of PB sites around 
the edge of the Pt  than did the mesa structures. 
Whether  premature  breakdown sites imaged by EBIC 
in  this study are due to avalanche, field emission, or 
tunne l ing  is not known. 

Although air aging degraded both the mesa and 
planar  diodes, breakdown after aging still occurred 
pr imar i ly  at the edge of the metallization. Careful ex- 
aminat ion of the SEE image of some of these regions 
shows that  edge regions appear in different contrast 
compared with the rest of the Pt, including a possible 
preferred metal lurgical  interact ion at the edge as in 
diode A-11, sample 7, after 29 hr, 350~ aging (see 
Fig. 10d). Although dislocation generat ion sources at 
the meta l /GaAs interface have been noted in sample 1 
using transmission electron microscopy, dislocations 
have not been found (9) in  TEM samples prepared 
from GaAs just  below the edge of Pt  metal l izat ion in  
another  diode of sample 7. We therefore tenta t ively  
conclude that  the lowering of b reakdown voltage in 
a i r -annealed  mesa and p lanar  Pt  s tructures is due to a 
change in the properties of the diode which is first 
manifested at the weakest point, namely,  at those sites 
at the edge of metal l izat ion where metal  defects and 
metal  overhang produce the high field gradients. 

A few cases have been observed of breakdown in  Pt  
structures away from the edge in  regions not corre- 
lated with visible surface features (as diode A-11 of 
sample 7, Fig. 11). It  is felt that  impor tant  informat ion 
on breakdown behavior  of GaAs Schottky diodes 
would result  from EBIC study under  conditions where 
edge effects could be made negligible. This could 
be achieved by electrically isolating the edge from the 
rest of the diode, and has been done for Si by use of 
a p + guard r ing (1) and metal l izat ion overlap of oxide 
(10, 11), and for GaAs using a high resistivity guard 
r ing produced by proton bombardment  (12). The ex- 
periments  reported in this paper are being continued 
with the use of proton bombardment  to electrically 
isolate the edge. 
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Fig. 11. High density of PB sites away from edge of Pt planar 
structure. Defect region 6 of Fig. 10c. (a) EBIC image at 17V, 
50 ~A; (b) Y-modulation EBIC image of same area showing the 
discrete nature of the PB sites. 

Regions of missing Pt  serve as sites for p remature  
breakdown (diode 1 of sample 5, Fig. 9; diode A-11 of 
sample 7, Fig. 10). The appearance of these regions 
of missing Pt  or pinholes is due to particle contami-  
nat ion on the GaAs surface prior to metallization. 

Summary 
The in tent  of this work was to obtain informat ion on 

the origin and location of breakdown sites in  Pt  mesa 

and p lanar  GaAs IMPATT tester diodes as a function 
of heat - t rea tment .  The main  results of this study are: 

1. Breakdown sites have been identified using the 
SEM operating in the EBIC mode. These sites have 
been correlated with certain textura l  features of the 
diodes. 

2. Premature  breakdown in  unaged and aged A u / P t  
mesa, Pt  mesa, and Pt p lanar  structures occurs pri-  
mar i ly  at sites of metal l izat ion defects and metall iza-  
t ion roughness around the per iphery of the diodes. In  
the case of p lanar  s tructures some of the roughness 
may have been due to metal lurgical  interact ion be-  
tween the Pt  and GaAs after aging. These regions of 
high curvature  produce high field gradients under  bias 
and may cause premature  avalanche. It is not known, 
however, whether  breakdown results from avalanche, 
field emission, or tunnel ing.  

3. The degradation of Pt  diodes and the lowering of 
the breakdown voltage caused by air aging are man i -  
fested at PB sites at the edge of the metallization. 

4. Very small sites of missing metal l izat ion ("pin-  
holes") have been found to be sites of diode break-  
down. 

5. Leakage occurs in  i r reguar  patches across a diode. 
The I-V characteristics of these patches are different, 
indicating nonuni form properties of the interracial  re-  
gion with respect to leakage. 
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Polarization and Charge Motion in 
MetaI-AI20 -SiO -Si Structures 
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ABSTRACT 

An invest igat ion of the flatband voltage shifts of double insulator  (A1203- 
SiO2) MIS capacitors under  bias t empera tu re  stress has been per formed in 
order  to assess and characterize the stabil i ty of double insulator  IGFET's.  
These shifts were  opposite to the applied bias voltage ("ionic" direct ion),  and 
it was found that  they are composed of two components:  (a) A "fast" com- 
ponent which is l inear  wi th  gate bias vol tage and symmetr ic  wi th  bias polarity. 
Most of the shift occurs in less than 1 rain at all tempera tures  used in this 
work  (65~176 Its magni tude  is t empera ture  act ivated (0.15 eV).  This 
part  of the flatband voltage shift is explained by a bulk polarizat ion of the 
A1203 layer  wi th  a polarizabil i ty that  is independent  of A1203 thickness. (b) A 
"slow" component which is observed under  positive bias. It is characterized 
by a l inear  dependence of flatband voltage shift on the logar i thm of stress t ime 
for t imes larger  than a delay time, which is thermal ly  act ivated (1.2 eV).  
This component  is in terpre ted  to be due to motion of mobile, ionic charge, 
such as sodium, across the A1203 and SiO2 layers. This charge motion is 
grea t ly  reduced by increasing the A1203 thickness. 

A low threshold vol tage p-channel  MIS (meta l -  
insulator-semiconductor)  technology in which a 
double dielectric sandwich of 1000A of SiO2 and 500A 
of A120~ is used as the gate insulator  (1,2) has re-  
ceived considerable interest  in the past. Devices made 
with  this gate s t ructure  and a T i - P d - A u  meta l l iza-  
tion (3, 4) have a nominal  threshold voltage of --1.0V 
if a 10 ohm-cm, <100>,  n- type  silicon substrate is 
used. 

One of the advantages of this technology is the ex-  
cellent threshold voltage control and the inherent ly  
good stabil i ty of the threshold voltage under  b ias - tem-  
pera ture  (BT) stress conditions. 

A discussion of control of the initial threshold vol t -  
age is given by Clemens and Labuda (5). The quest ion 
whe ther  the inherent ly  stable devices show any resid-  
ual threshold voltage shifts during their  operat ing life 
has been t reated by Lampi and Labuda (6) who per -  
formed a rel iabi l i ty  study by bias t empera tu re  aging 
discrete MIS transistors. They found that  under  nega-  
t ive gate bias two apparent ly  independent  types of 
drifts can cause small threshold voltage shifts. One is 
a rapid drift  which shifts the threshold voltage to more 
posit ive values, and the other  one is a long te rm drift  
which shifts the threshold voltage to more negat ive  
values. The la t ter  type, re fer red  to as "slow trapping,"  
was shown because of its large act ivat ion energy to be 
negligible at normal  operat ing tempera tures  and biases 
and can be neglected for most applications. The first 
type is potent ial ly more  impor tant  because it occurs at 
lower  tempera tures  and in shorter  times. On the basis 
of exper imenta l  evidence it can be in terpre ted  to be 
due to polarization of the A1203 layer  and charge 
motion across the insulator  s t ructure (7). The purpose 
of this work  is to invest igate  and characterize this 
rapid initial threshold vol tage shift for both negat ive 
and positive bias and to evaluate  its effect on device 
reliabili ty.  

As test vehicles, MIS capacitors wi th  insulator  struc- 
tures identical  to those in MIS transistors were  used. 
Capacitors instead of transistors were  chosen because 
(a) they are simple to fabricate, (b) interface states 
which can be introduced by b ias - tempera ture  aging 
(8) can easily be detected, and (c) they are geometry  
independent  so that  a one-dimensional  theory  can be 
applied. MIS transistors with short channel  length very  
often show geometry  effects due to the fr inging fields 

K e y  w o r d s :  M I S  d e v i c e s ,  a l u m i n u m  oxide,  sod ium con tamina t ion .  

in the proximi ty  of p-n  junct ions (9), obscuring the 
results of b ias - tempera ture  aging. By observing the 
flatband voltage shifts of MIS capacitors it is possible 
to characterize the physical mechanisms leading to the 
rapid initial shifts in the t rans is tor- threshold  voltage 
ment ioned above. 

Experimental Structures and Techniques 
The double insulator  MIS s t ructure  used in this 

work  consists of a thermal  SiO2 layer  grown on ~100> 
n- type  silicon of nominal  10 ohm-cm resistivity. The 
SiO~ is grown in a wet  oxidat ion at l l00~ with  an 
02 ambient  bubbled through 80~ water,  fol lowed by 
an l l00~ 30-min anneal  in N2. The second insulator  
is a layer  of A1203 deposited pyrolyt ical ly  at 900~ on 
top of the SiO~ (1, 2). Right af ter  A1203 deposition the 
structures are hydrogen annealed at 900~ for ap- 
proximate ly  30 min. The metal l izat ion consists of 1000 
and 2000A of filament evaporated t i tanium and pal la-  
dium, pat terned into 20 • 20 mil  square dots. 

The polarization and charge t ransport  effects were  
invest igated by observing the flatband vol tage shifts 
of these capacitors af ter  b ias - tempera ture  t reatment .  
This was done by making capacitance vs. voltage 
(C-V) measurements  before and after  stressing. The 
stressing was done by heat ing the sample under  bias 
up to the stress temperature ,  keeping it at that  t em-  
pera ture  for the durat ion of the stress time, and then 
cooling it down rapidly to room tempera tu re  under  
bias. The slice was not removed  from the stress ap- 
paratus for making C-V measurements .  A stress ap- 
paratus similar to the one described by Goetzberger  
and Lopez (8) was used. Most of the bias t empera tu re  
stress experiments  were  per formed in air. It was found 
that  the ambient  had very  l i t t le  influence on the re-  
sults. Capacitors stressed in a ni t rogen or argon am-  
bient showed essentially identical  flatband voltage 
shifts. 

The stress tempera tures  were  be tween  65 ~ and 
260~ The upper  l imit  of 260~ was chosen to mini -  
mize competing effects such as carr ier  t rapping at the 
Si-SiO2 interface (slow trapping) as ment ioned above. 
Below 65~ it was difficult to obtain measurable  flat- 
band voltage shifts in reasonable time. The bias vol t -  
ages used were  always less than the values corre-  
sponding to an electric field in the SiO2 of about 1.5 • 
1.06 V/cm (20V for a s tandard s t ructure  of 500A A1203 
and 1000A SIO2). This was done to avoid inject ion of 
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electronic charge from the meta l  contact (10, 11). The 
stress t imes were  in the range of 20 sec to 4000 min  
wi th  most of the points be tween  1 and 1000 min. This 
range was found to be adequate  to invest igate the fast 
init ial  shifts in flatband voltage. 

All  the flatband voltage shifts measured  af ter  bias- 
t empera tu re  t rea tment  were  small, typical ly  less than  
100 mV for a s tandard s t ructure  of 1000A SiO2 and 
500A A120~ stressed at 150~ with  --10V gate bias. 
The shifts if any, resul t ing from room tempera tu re  
stressing were  less than the resolution of the measure -  
ment  system which was about 10 mV. 

Experimental Results and Discussion 
All flatband voltage shifts • reported in this 

work  are opposite in sign to the applied stress bias. 
That means AVFB is negat ive for posit ive bias and vice 
versa. F igure  1 shows the absolute magni tude  of 
AVFB as a function of the logar i thm of t ime wi th  t em-  
pera ture  as a parameter .  This is a typical  plot for a 
s tandard insulator  s t ructure  (500A Al~O3/1000A SiO2). 
The solid lines are for q-10V bias and the broken lines 
for --10V. The salient characterist ics of these curves 
are as follows: under  negat ive  bias there  is an " im-  
media te"  shift, i.e., a shift in a t ime shorter  than 20 
sec, fol lowed by a small  additional shift. This im-  
mediate  component  increases slowly wi th  tempera ture .  
Under  posit ive bias, par t icular ly  at the lower  tem-  
peratures,  one can observe an immediate  shift near ly  
equal  to that  obtained under  identical negat ive  bias, 
fol lowed by a "delayed" shift which increases near ly  
l inear ly  wi th  the logar i thm of time. A delayed shift  
can also be seen under  negat ive bias but  is much 
smaller  than the one observed under  posit ive bias. 
Lampi and Labuda (6) also observe this behavior  
under  negat ive  bias at 100~ and find that  the shift 
saturates at a value which is approximate ly  twice the 
value of the init ial  shift. It  is shown below that  the 
negat ive bias shift is pr imar i ly  produced by a single 
mechanism. 

The delayed component  under  positive bias is seen 
to have a delay t ime of about 10 rain at 125~ At 
higher  tempera tures  and posit ive bias, the observed 
shifts are a l ready increasing functions wi th  the log- 
ar i thm of t ime even for the shortest times. This leads 
one to assume that  the delay t ime is t empera tu re  ac- 
t ivated and shorter  than  20 sec (the shortest  exper i -  
menta l  cycling t ime) at 155~ On the basis of the 
125~ results it is also reasonable to assume that  the 
immediate  component  is also present for posit ive bias 
at the h igher  temperatures ,  in magni tude  equal  to the 
negat ive  bias shifts. 

The above in terpre ta t ion at the flatband voltage 
shifts can be represented in idealized form as shown in 
Fig. 2, which is a plot of the magni tude  of the shift vs. 
logar i thm of time. Under  negat ive gate bias there  is a 
single component  of flatband voltage shift: the im-  
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Fig. 1. Dependence of flatband voltage shift on stress time for 
standard double insulator structure (500~ AI203 on 1000A SiO2) 
with stress temperature and bias polarity as parameters. 
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Fig. 2. Idealized representation of flatband voltage shift as a 
function of stress time. 

mediate  component.  Under  posit ive bias there  are two 
components:  the immediate  component  wi th  equal 
magni tude  as under  negat ive bias and a delayed com- 
ponent increasing logar i thmical ly  wi th  time. Mathe-  
mat ical ly  they are given as follows 

VB < 0: AVFB = --AVP [i] 

VB ~ 0: AVFB =-- --AVp ~; ~ TD 

AVFB : --A~p -- A~D log t/~D t ~ TD [2] 

It must be stressed that this model is intended to take 
into account only the salient features of flatband shift 
under bias-temperature aging. In the remainder of this 
section, experimental results are presented which show 
how AVp, AVD, and ~D vary with bias magnitude, tem- 
perature, and insulator structure. On the basis of these 
results the immediate component is ascribed to po- 
larization of the A1203 layer, and the delayed compo- 
nent to charge transport across the insulator. 

Exper imenta l ly  the immedia te  and delayed compo- 
nents under  posit ive bias shown in Fig. 2 can only be 
separated readi ly  at lower  tempera tures  ( ~ 125~ on 
the basis of shift vs. log (time) plots because the de- 
lay t imes are too short  at h igher  temperatures .  This is 
evident  from Fig. 1. However ,  they  are readi ly  sepa- 
rable on the basis of their  bias dependence. Figure  3 
is a plot of the shift (AVFB) as a function of positive 
applied bias (VB) at 190~ wi th  t ime as parameter .  It 
may be seen that  the shift is a l inear  function of bias 
voltage and that  the slope of this function is estab- 
lished even at the earliest  t ime and remains near ly  
constant thereaf ter .  This behavior  suggests that  the 
immediate  component  is responsible for the slope, and 
the magni tude  of the shift a t t r ibutable  to it is direct ly 
proport ional  to the applied bias. In addition, the  A V F B  

vs. VB curves have  intercepts wi th  the ver t ica l  axis 
which vary  near ly  l inear ly  wi th  the logar i thm of time. 
This suggests that  the delayed component  is responsi-  
ble for the intercept  and that  it is near ly  bias inde- 
pendent,  requir ing  only a small  posit ive bias to pro-  
duce it. A similar  exper iment  under  negat ive  bias 
shows only the immediate  component but  no in ter -  
cepts, consistent wi th  the in terpre ta t ion of Fig. 1. It  
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Fig. 3. Dependence of flatband voltage shift on positive-bias 
voltage with stress time as parameter (constant temperature). 
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must  be noted that  exper imenta l ly  no discontinuity 
exists in • VS. VB as VB goes from posit ive to 
negative. It has been observed that  under  posit ive bias, 
hVFB follows the l inear  var ia t ion wi th  VB down to 
about 0.5V. Below that  value ~VFB rapidly decreases 
to zero as VB is reduced to zero. 

The tempera ture  act ivation of the two components 
can also be seen more  clearly on ~VFB VS. VB plots. 
Figure  4 shows such plots for a stress t ime of 60 min  
with  tempera ture  as a parameter .  Within  exper imenta l  
er ror  and var iabi l i ty  among devices the curves under  
negat ive bias have essentially zero intercepts, thus 
showing only the immedia te  component,  represented 
by the slope, which increases slowly with  t empera -  
ture. More extensive exper imenta l  results, presented 
below, yield an act ivat ion energy of 0.15 eV. The 
posit ive bias curves contain both components. Since 
AT~FR resul t ing from the immedia te  component  is the 
same for both posit ive and negat ive  bias (of equal  
magni tude and at equal  t empera ture ) ,  one can subtract  
the negat ive bias AVFB from the corresponding points 
at positive bias and be left  wi th  only the delayed com- 
ponent. When this is done, near ly  level  lines remain, 
showing the field independence of the delayed com- 
ponent. Repeat ing this procedure for different stress 
t imes results in a different set of near ly  level  lines for 
each stress time. These near ly  bias independent  flat- 
band voltage shifts can now be plot ted as a function of 
the logar i thm of stress t ime resul t ing in plots similar  
to the one shown in Fig. 1 but containing only the de-  
layed component  and not the immedia te  component.  
Figure  5 shows a plot of the logar i thm of the delay 
times of these curves vs. reciprocal absolute t empera -  
ture. It may  be seen that  the points closely fol low a 
straight  l ine indicat ing a the rmal ly  act ivated process. 
The act ivat ion energy calculated from the slope is 1.2 
eV. This value is close to those repor ted  for mobile  
ion t ransport  across an insulator  if the process is domi-  
nated by t rap release (12). 

The results presented thus far  can be re la ted to a 
physical model. The immedia te  component,  which 
varies l inear ly  wi th  applied bias and which is present  
both under  posit ive and negat ive stress is indicative 
of a polarizat ion mechanism. The delayed component,  
observed only under  posit ive bias, which is s t rongly 
thermal ly  act ivated and independent  of bias voltage, 
can be explained by a t rap-re lease  l imited charge 
t ransport  of posit ive charge moving  toward  the Si- 
SiO2 interface or negat ive  charge moving  away from 
it. Addit ional  exper imenta l  evidence is presented be-  
low which  shows that  it is the AI203 layer  which  is 
polarized and that  the charge t ransport  component is, 
most likely, the result  of ionic contaminants penet ra t -  
ing the 500A A1203 layer.  

500~ A t 2 0 3 / t 0 0 0 ~  Si02 ~ '300  STRESS TIME=6OMIN. 
STRESS TEMPERATURE: e125~ 

X 155 ~ 
0 190~ 

0 ~ Z~ 260~ 
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Fig. 4. Dependence of flatband voltage shift on bias voltage ~vith 
stress temperature as parameter (constant stress time). 
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It is ex t remely  unl ikely  that  the SiO2 layer  is 
polarized because this effect has not been observed in 
s ingle- layer  MIS structures. The polarization model  
has been proposed for a phosphosilicate glass film by 
Snow and Deal (13) and for A1~O3 by Nigh 1 and 
Walden et al. (11). Snow and Deal have shown that  

KOXAXPVB 
~ V F B  - -  -- [3] 

KA[ (KA + xp)Xo -~ KOXA] 

where  Ko, xo and KA, XA are the re la t ive  dielectric 
constants and the thicknesses of the SiO2 and the 
alumina layers, respectively,  and xP is the polariza-  
bil i ty of the alumina layer. Equat ion [3] predicts a 
l inear  dependence of ~VFB on the bias vol tage VB as 
was observed above. 

Equat ion [3] can be rewr i t t en  in terms of electric 
field (13) in the a lumina layer, and for xP < <  KA 
simplifies to 

XAxpEA 
AVFB _ _  [4] 

KA 

Equat ion [4] predicts that  wi th  constant electric field 
in the alumina, nVFB increases directly wi th  the alu-  
mina thickness and is independent  of SiO2 thickness. 
Both of these variat ions were  observed exper imenta l ly  
wi th  A1203 thicknesses ranging be tween  500 and 2400A, 
and SiO2 thicknesses be tween  1000 and 4000A. Because 
of the proport ional i ty  of • wi th  alumina thickness, 
interfacial  polarization at the SIO2-A1203 interface, 
as described by Iida et al. (15), can be ru led  out as a 
possible mechanism in our devices. (As an example  
see the results in Fig. 10 for l l00A of A1203 as com- 
pared to those in Fig. 3 and 4 for 500A of A1203.) The 
absence of Iida's instabil i ty mechanism in our  samples 
was probably due to the 900~ hydrogen anneal. The 
average polarizability, xP, at 225~ obtained on 25 sam- 
ples subjected to posit ive and negat ive bias was 0.86 
_ 0.25. 

All the nVFB vs. VB curves at different tempera tures  
were  also analyzed to yield the act ivat ion energy for 
polarizability. The results are shown in Fig. 6 which is 
a plot of log xP vs. 1/T. The best straight l ine fit gives 
an act ivat ion energy  of 0.15 eV. 

It is thus concluded that  bulk  polarizat ion of the 
A1203 layer  is p r imar i ly  responsible for the negat ive 
bias instabil i ty and par t ia l ly  responsible for the posi- 
t ive bias instabil i ty which also has a charge t ransport  
component. The exper imenta l  evidence presented be-  
low elucidates the nature  and location of this charge. 

In order to de termine  in which insulator  the charge 
motion occurs, a BT aging exper iment  was conducted 
using structures wi th  vary ing  SiO~ thicknesses and 

1 The dipolar polarization model  as proposed by H. E. Nigh will 
be t reated in detail in Ref. (14). 
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constant a lumina  thickness, XA. Again, the flatband 
voltage shifts AVFB were measured as a function of 
positive bias voltage VB with tempera ture  held con- 
stant and a fixed stress t ime larger than  the delay t ime 
"I'D. From hVFS VS. VB plots similar to Fig. 3, the in ter-  
cepts • (i) are extracted and plotted in Fig. 7 as a 
function of SiO2 thickness. It was found that  AVFB (i)  
increases l inear ly  with increasing xo. This means that  
the charge is moving across the SiO~ layer. From the 
slopes in  Fig. 7, values for Qj/q of 1.9 X 101~ cm -2 and 
3.06 X 10 ~~ cm -2 for two different slices from the 
same processing lot were obtained. A substant ial  slice 
to slice var iat ion of the amount  of mobile charge in the 
insulator  s t ructure is to be expected if this charge is 
due to some kind of contamination,  such as sodium. 
The var iabi l i ty  of the data plotted in Fig. 7 is too great 
to allow a determinat ion of whether  the charge moves 
through the A1203 as well  as through the SiO2. To 
clarify this point a b ias- tempera ture  stress exper iment  
was conducted in which the bias voltage was cycled 
between positive and negative bias polari ty s tar t ing 
with unstressed samples. The results of this exper iment  
are shown in  Fig. 8 which is a plot of the intercepts of 
~VFB VS. VB plots as a funct ion of t ime within the in-  
dicated stress cycle. In  the first cycle, the intercept is 
seen to rise relat ively slowly, reaching about 210 mV 
after 3900 rain. (On a plot against log t ime it is ac- 
tual ly  a delayed l inear  function as in Fig. 1 and 2.) 
With reversal  of bias, in the second cycle, the in ter -  
cept rapidly relaxes back, settl ing toward 40 mV. With 
reapplication of positive bias ( third cycle) it now rises 
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much more rapidly, requir ing only about 200. min  to 
reach 210 mV. On reversal  (fourth cycle) it rapidly 
relaxes back to about 40 mV. 

The results of the cycling experiments  may  be ex-  
plained as follows: dur ing  the first cycle, positive 
charge slowly moves from the metal-A1203 interface 
through the A1208 by a t rap-release process that is 
thermal ly  activated by a 1.2 eV activation energy. 
Once i t i s  through the A1203 it is rapidly swept to the 
SiO2-Si interface. This charge remains  mobile so that  
on bias reversal (second cycle) it is rapidly swept 
back to the SiO~-A1203 interface where it is retrapped. 
This retrapped charge must  be t rapped much more 
weakly than  ini t ia l ly  since it can be moved back to 
the Si-SiO2 interface much more rapidly than  ini t ia l ly  
( third cycle). Not only is the t ime varying behavior  
consistent with this model but  the magni tudes  of the 
shifts are also consistent. For the given structure, 
1000A SiO2 and 500A A1203, one expects the recovered 
shift to be 1/5 the stressed shift if the charge origi- 
nates at the metal-A1208 interface, moves to the Si-  
SiO2 interface, and then re turns  to the A1203-SiO2 
interface. This is consistent with the observed values 
of 210 mV for the stressed shift and 40 mV for the 
recovered shift. A similar model was previously pro- 
posed by Snow and Dumesnil  (16) in order to explain 
long- term drift effects caused by Na migrat ion in  
metal-glass-oxide-semiconductor  double- layer  capaci- 
tors. 

The influence of A1203 thickness on the charge 
t ransport  component was also studied. Figure 9 shows 
a plot of AVFB VS. VB for different stress times and 
fixed temperature  (225~ for a slice with a s tandard 
SiO~ thickness (~1000A) but  an A1203 thickness of 
about twice the s tandard thickness ( l l l 0 A ) .  It  may be 
noted that  these curves show essentially no intercepts. 
This means that  if there is mobile charge in the in -  
sulator system it has not penetrated the A120~ to any 
significant extent. In  addition, it may be seen, con- 
sistent with previous discussion, that the polarization 
is near ly  symmetrical  with posi t ive/negat ive bias, in-  
creases directly with A120~ thickness (by comparison 
with Fig. 2 and 3), and increases slightly with time. 

Pre l iminary  data on samples with A120'3 thicknesses 
of 1100 and 2400A show that  intercepts do develop 
af ter  long periods of stressing with delay times in -  
creased by a factor of 50 times at l l00A and 1300 times 
at 2400A when compared to the s tandard 500A AI20~ 
thickness. The effectiveness of the AI~O~ as a bar r ie r  to 
ionic contaminat ion is seen to increase near ly  expo- 
nent ia l ly  with thickness. 

An etchback exper iment  was carried out to see 
whether  the qual i ty of the A120~ layer varied with 
thickness. The results are shown in Fig. 10. The A1203 
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layer  as original ly grown (1390A) shows only po- 
larization. When  the same layer  is etched back to 500A 
it shows both components (polarization as well  as 
charge motion) just  as a sample which was ini t ia l ly  
grown only to 500A. This suggests that the ionic pene-  
trat ion properties of the A120~ layer  depend pr imar i ly  
on its thickness and not on the way in which it was 
produced. 

I t  has previously been suggested (17) that  the stress 
gradient  in A1203 on SiO2 is responsible for the inhibi -  
t ion of sodium penetra t ion in the double insulator  
structure. The exper imental  results presented here 
suggest that  the stress, which is an increasing funct ion 
of A12Os thickness, is still the controll ing parameter  
and that  t rap depth is correlated with it. Thus, as the 
stress was relieved in the etchback experiment,  the 
ions became more weakly t rapped and the delay times 
shortened. 

Summary and Conclusions 
A study was made of the flatband voltage shifts of 

double insulator  MIS capacitors after b ias- tempera ture  
t reatment .  The shifts were opposite to the bias voltage 
and larger in magni tude  for positive than  negative 
bias. The delay times of the shifts under  positive bias 
were thermal ly  activated with an activation energy of 
1.2 eV. The flatband voltage shifts were found to be 

l inear ly  dependent  on bias voltage with a t ime-vary ing  
offset for positive bias. This offset increases with in-  
creasing SiO2 thickness, stress time, and temperature.  
It  decreases s trongly with increasing a lumina  thick- 
ness. 

The flatband voltage shifts encountered under nega- 
tive bias can be explained by a bulk polarization of 
the alumina layer under the influence of an electric 
field and elevated temperature. The exact nature of 
this polarization cannot be established from the pres- 
ent data but it can be characterized by a polarizability, 
xp = 0.86 ___ 0.25 at 225~ which was found to be inde- 
pendent of alumina and SiO~ thickness, but which in- 
creases slightly with increasing stress temperature 
(activation energy ---- 0.15 eV) and stress time. Most of 
the polarization occurs after a very short stress time 
(<i rain). 
The flatband voltage shifts encountered under posi- 

tive bias can only be explained if in addition to po- 
larization in the Al2Os layer a charge motion through 
the insulator structure is assumed. This mobile charge 
is probably ionized sodium. The positively charged ions 
are initially located close to the metal-Al203 interface 
and are transported to the AI2Os-SiO~ interface with 
an activation energy of about 1.2 eV. Subsequently 
they enter the SiO2 and are swept rapidly to the 
SiOz-Si interface where they are locked in during the 
cool down under bias. Heating the sample up again 
with reversed bias results in a strong reduction of the 
flatband voltage shift. This means the mobile ions are 
swept back toward the SiO2-A1203 interface. This cycle 
can be repeated several times. The amount of mobile 
charge was found to be slice dependent with typical 
values around 2 X I(P ~ cm -2 depending on stress time 
and temperature. The charge motion through the A1203 
and the AI2Os-SiO~ interface was found to be rela- 
tively slow, the relaxation of the charge from the 
Si-SiOe to the SIO2-A1203 interface was found to be 
very fast (<I min at 200~ For AI20~ thicknesses 
larger than 500A the amount of mobile charge pene- 
trating the Al2Oa in the time frame of the experiment 
decreases sharply. It is estimated that the delay time 
increases over an order of magnitude for each addi- 
tional 500A of A120~. An etchback exper iment  showed 
that  charge penetra t ion at 500A is insensi t ive to the 
way in which the thickness is obtained. It is suggested 
that  the ionic t rapping energy is correlated to the 
average stress in the A1203 layer  which, in turn,  in-  
creases with the A1203 thickness. In  samples with 
1390A of A1203 the amount  of mobile charge was un -  
measurably  small  (<109 cm-2) .  

The implications of these findings on the stabil i ty of 
MIS transistors using the s tandard double insulator  
structures are as follows: replacing threshold voltage 
shift for flatband voltage shift, and including explicit ly 
the l inear  voltage dependence of the polarization com- 
ponent, one can rewrite Eq. [1] and [2] as follows 

VB < 0: AVTN : --KpVB [5] 

VB > 0: AVTP : --KpVB for t --~ ~D 

A V T P  : --KpVB - -  V D  log ( t / T D )  f o r  t > ~D 

[6] 

w h e r e  A V T N  a n d  A V T p  are the threshold voltage shifts 
under  negative and positive bias, respectively. Kp is 
given by 

KOXAXP 
Kp : [7] 

KA[ (KA -~- XP)XO -~- KOXA] 

as introduced in Eq. [3]. VD is assumed to be a con- 
stant  independent  of tempera ture  and materials  pa-  
rameters and TD is the delay t ime introduced in Fig. 2, 
which is tempera ture  activated with an activation en-  
ergy of 1.2 eV and increases sharply with A1203 thick- 
ness. At the highest operating tempera ture  assumed to 
be 85~ the following average numerical  values apply 
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to a s tandard  s tructure (500A A12Ch/10OOA SiO2): 
Kp : 0.006, VD ~ 65 mV/decade, and ~D ~ 200 min. 

For p -channe l  MOS transistors (negative bias) the 
expected shift after 40 years at 85~ with --10V bias 
is approximately 0.06V using the above values. For 
n -channe l  devices the threshold voltage shift under  
identical conditions (40 years, 85~ W10V) is expected 
to be about --0.35V. The p-channel  devices are, there-  
fore, more stable than  the n -channe l  devices, if 500A 
of A12Os and 100{)A of SiO2 are used as gate insulators. 
Since the polarization shift increases l inear ly  with 
A1203 thickness but  the charge t ranspor t  delay t ime 
increases exponential ly,  stabil i ty under  positive bias 
(n-channel )  can be improved by increasing the A12Oz 
thickness. The opt imum occurs when  ~D is equal to 
end of life. Limited data suggest that this occurs at a 
thickness of 1400A. Such an A1203 thickness is prob-  
ably undesirable  both from a processing and circuit 
performance point of view. If one asks, instead, for an 
average end-of- l i fe  shift of 0.2V, then the data suggest 
an  A120~ thickness of about 700A which is much more 
reasonable from both points of view and which gives 
adequate stabil i ty to both n-  and p-channel  devices. 
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ABSTRACT 

Diffusion of boron from sources implanted at 80 keV was investigated 
exper imenta l ly  and mathemat ical ly  over the range 1000~176 for boron 
doses of 1 >< 1014 cm -2, 5 X 1014 cm -2, and 2 X 10 i5 cm -2. Diffusion was in  
steam ambient  and oxide thickness grown ranged from 0.2 to 1.2 ~m. The boron 
diffusion coefficient was determined over the range of temperatures  invest i -  
gated. The segregation coefficient of boron in  the Si-SiO~ system was found to 
range from 1.8 at 1200~ to 10 at 1000~ "Normal" diffusion was observed in 
all  cases except that  of diffusion at 1O00~ for short times. 

Redistr ibut ion in  silicon of a predeposited boron 
source dur ing thermal  oxidation is of technological 
importance in the fabricat ion of bipolar  and MOS de- 
vices and circuits. During such a redistribution, boron 
is preferent ia l ly  segregated into the growing oxide, 
in  addition to diffusing into the bulk  silicon mater ial  
(1). The subject has been investigated for steam and 
dry oxygen oxidation for the cases of ini t ia l ly uni form 
boron concentrat ion (1), predeposition from a B~O8 
source (2), and predeposition from a boron ni t r ide 
source (3). Diffusion from implanted,  preannealed  
sources has been  recent ly investigated for oxidation in 
a "purified argon" atmosphere (4). Oxide thicknesses 

Electrochemical Society Act ive  Member .  
Key words: boron, segregation, coefficient, diffusion,  ion imp lan t a -  

t ion. 

grown in this last invest igat ion were of the order of 
100A (e.g., 200A for oxidation at l l00~ for 2 hr) .  
The segregation coefficient of boron in the Si-SiO2 sys- 
tem, defined as the ratio of boron concentrat ion in the 
oxide at the Si-SiO2 interface to the boron concentra-  
t ion in silicon at the interface, was variously deter-  
mined  to be 3 (1), 9 (2, 3), and 16 _+ 5 (4). In  a recent  
work (5) on boron diffusion in SIO2, the segregation 
coefficient was found to be in the neighborhood of 10, 
with some tempera ture  dependence. The diffusion co- 
efficient determined by  these investigators varied, but  
was in the neighborhood of previous work on boron 
diffusion in silicon by Kurtz  and Yee (6a) and Ful ler  
and Ditzenberger (6b). 

This report  describes exper imental  and mathematical  
invest igat ion of diffusion of boron from implanted,  but  
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not preannealed,  sources under  conditions of steam 
oxidat ion during diffusion. The t empera tu re  range of 
invest igat ion was 1000~176 Under  these condi- 
tions, segregation and diffusion coefficients of boron 
were  de termined  by comparison of exper imenta l  pro-  
files (obtained by incrementa l  sheet resistance) to cal- 
culated profiles obtained by computer  solution of the 
diffusion equat ion and by comparison of exper imenta l  
and calculated sheet resistance of the boron layer.  

E x p e r i m e n t a l  
Substrate  slices were  Czochralski -grown phos- 

phorus-doped,  (111) orientation, and had init ial  re -  
sistivity of 5-7 ohm-cm. Implanted  ions were  B n, ob- 
ta ined from an rf  source using BF~ as the source gas. 
The ion beam was focused and electrostat ical ly 
scanned over  the substrate surface. Implanta t ion  en-  
ergy was 80 keV and implanted  doses used were  
1 • 1014 cm -2, 5 )< 1014 cm -2, and 2 • 1015 cm -2. 
Slices were  misal igned 7 ~ during implanta t ion to 
minimize channeling. Af te r  implanta t ion and immedi -  
ately before  diffusion, slices were  cleaned in an rf  
glow discharge with  oxygen ambient  and then in a 
mix tu re  of sulfuric acid and hydrogen  peroxide.  

Each slice was oxidized in steam atmosphere at a 
t empera tu re  in the range 1000~176 The oxidation 
cycle consisted of a 5-min hea t -up  in dry O~ and sub- 
sequent oxidation in steam ambient  for t imes ranging 
from 15 to 180 min. Resul tant  oxide thickness and re-  
f ract ive index were  measured  by ell ipsometry.  The 
refract ive index of the oxide was found to be inde-  
pendent  of the implanted  dose and the diffusion t ime to 
wi th in  exper imenta l  error.  Oxide thickness vs. steam 
oxidat ion t ime is shown in Fig. 1 for the five t empera -  
tures used. These curves were  calculated using the 
growth kinetics discussed by Grove (7) and using 
values for the oxidation rate parameters  which pro-  
vided the best fit to oxide thicknesses observed in the 
experiment .  The curves of Fig. 1 repl icate  exper i -  
menta l  oxide thickness observations to wi thin  a few 
per cent. The oxidat ion rate parameters  used in Fig. 
1 were  10-20% higher  than those given by Grove (7). 

Oxide layers were  str ipped in di lute HF and slices 
were  r insed in flowing deionized water.  The sheet re-  
sistance was read using a four-point  probe w i t h  l ight 
probe pressure. The depth distr ibution of boron was 
obtained for some slices by profiling using the incre-  
menta l  sheet resistance method (8). Some slices dif-  
fused at 1100 ~ 1150 ~ and 1200~ were  analyzed using 
the ionic probe technique.  

Resist ivi ty data f rom the incrementa l  sheet resist-  
ance analysis were  conver ted to boron concentrat ion 
through use of recent  mobi l i ty  data (4, 9) which in-  

1 

.8 

,2 

I I I I I f i l l  

.1 I I I I I I I l l  
10 20 40  60 80 100 200 

STEAM OXIDATION T~ME (MIN) 

Fig. i .  Oxide thickness vs. steam oxidation time 

dicates higher  hole mobi l i ty  for high boron concen- 
trations than has been indicated previously (10). Ac- 
curacy of the more recent  mobi l i ty  data has been inde-  
pendent ly  corroborated to a certain degree by the au-  
thors using incrementa l  sheet resistance analysis on 
slices having low implanted boron doses. In the case 
of the low dose boron implants  annealed at 900~ with  
no oxidation, use of the previously accepted hole mo-  
bilities to reduce the incrementa l  sheet resis t ivi ty data 
consistently resul ted in calculated integrated doses 
10-20% higher  than the actual dose, whereas  use of 
the more recent  values for hole mobili t ies resul ted in 
calculated in tegra ted  doses wi th in  5% of the actual 
dose. 

A n a l y s i s  
The coordinate system used in formulat ing the dif- 

fusion equation and boundary conditions is shown in 
Fig. 2. Origin of coordinates is taken at the Si-SiO2 
interface. In this coordinate system, the diffusion of 
the boron atoms is governed by 

ON 0 ( D ON ~ dXo ON 
ot = o -T~  -~-y ~ + ~  dt au I l l  

where  N(y,t)  = boron concentrat ion;  D = boron dif- 
fusion coefficient in silicon; m ---- thickness of silicon 
consumed in growing unit  thickness of SiO2, assumed 
to be 0.44; and Xo(t) = SiO2 thickness. 

The initial condition is 

N(y,o) -- f(y,o)  [2] 

where  f(y,o)  is presumed known through LSS theory 
or experiment .  Boundary  conditions are 

N ( ~ , t )  = 0 [3] 

ON dXo 
D -- (k -- m)N(0 , t )  ~ [4] 

Oy dt 

where  k is the segregation coefficient of boron in the 
Si-SiO2 system, k : [N(O- , t ) ] / [N(O+, t ) ] .  This last 
boundary condition is der ived f rom the requ i rement  
of conservation of boron atoms and under  the assum - 
tion that  boron diffusion in the oxide is slow rela t ive  
to the oxidation rate (dXo) / (d t ) .  This last condition 
is met  for steam oxidation. 

The boron diffusion coefficient was assumed to be 
the low-concentra t ion  value Di enhanced by the local 
electric field effect (11). In addition, possible increase 
of the diffusion coefficient due to vacancy solubil i ty 
enhancement  (12) caused by heavy doping was ac- 
counted for by including a mul t ip l ica t ive  factor [1 + 
(AN) / (n i ) ] ,  where  A is a constant be tween  0 and 
1, N is boron concentration, and ni is the intrinsic car-  
r ier  concentrat ion at the diffusion temperature .  Uncer -  

SURFACE AT t = 0  / - S U R F A C E  / A T t = t o  

x = o  y = o  x , y  
y = x-reX o 

Fig. 2. Coordinate system for solution of diffusion equation 
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tainties in energy band  and defect parameters  at dif- 
fusion temperatures  prevent  accurate calculation of A. 
However, estimates (12, 13) range from 10 -1 to 2 • 
10 -2 depending on temperature.  The total expression 
used for the diffusion constant was thus 

ni ~ / 1  + 4 \ - - ~ - /  

[5] 
Implici t  in  this formulat ion is the assumption of total  
activation of boron atoms. This total activation has 
been verified by the authors for the range of doses 
used in  the exper iment  and for anneal  temperatures  in 
excess of 900~ 

Oxide thickness was taken  to be (7) 

kp { [ 4(t W t*)ki 2 ]1/,} 
Xo = 2k'---~ kp {- 1 - -  1 [6] 

where kp and ki are, respectively, the parabolic and 
l inear  oxidation rate coefficients, t is the oxidation 
time, and t* is a parameter  related to the oxide thick-  
ness which exists prior to the beginning  of an oxida- 
t ion cycle. 

The system of Eq. [1] through [4] was solved on a 
computer by finite difference techniques using a 
Crank-Nicolson type approach (14). The nonl inear i ty  
engendered by the concentrat ion dependence of D re- 
quired use of a two-step (i terative) solution algo- 
rithm. Truncat ion  error  of the solution algori thm was 
found to be on the order of 0.01% for the concentrat ion 
levels examined. The output  of the computer solution 
was boron concentrat ion v s .  depth into the silicon, and 
sheet resistance of the boron layer. Sheet resistance 
was calculated using the recent  hole mobil i ty  data 
(4, 9) discussed earlier. 

Results and Discussion 
Figures 3 through 7 show exper imental  values of 

sheet resistance as a funct ion of steam oxidation t ime 
for three boron doses and five diffusion temperatures.  
The max imum error is -+10% in sheet resistance for 
this data. Figures 8, 9, and 10 show boron profiles ob- 

Table ]. Boron peak concentration to surface concentration ratio, 
from ion probe data (15) 

D i f f u s i o n  P e a k  t o  s u r f a c e  
t e m p  (~  c o n c e n t r a t i o n  r a t i o  

1 0 0 0  2 .7  
1 1 0 0  1.8 
1 2 0 0  1.3 

ta ined by incremental  sheet resistance profiling. Ac- 
curacy of this data is est imated to be --+5% for the dis- 
tance scale and -+20% for concentration. Table I gives 
average values of surface-to-peak boron concentrat ion 
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ratios from ion-probe data (15). Accuracy of the ratios 
is est imated to be •  

Boron diffusion coefficients at 1000 ~ 1100 ~ and 1200~ 
were  determined by i terat ing the computer  calculation 
and comparing the part  of the calculated boron profile 
past the peak concentrat ion point to the exper imenta l  
boron profiles shown in Fig. 8 through 10. The init ial  
boron profile was taken to be of gaussian form with  
range 0.285 ~,m and range straggling 0.075 ~ for these 
calculations. These values for range and range s trag-  
gling are different from the theoret ical  values (16). 
However ,  it has been determined through compilat ion 
of results in the l i te ra ture  and independent  exper i -  
ments that  these values best characterize an 80 keV 
boron profile, which is in fact not gaussian (17). No 
explici t  account was taken in the numerica l  solution of 
anneal ing of implanta t ion damage. This anneal ing was 
assumed to occur in times short in comparison with  the 
diffusion times. Within wide bounds, the value of 

segregation coefficient used in this comparison does not 
affect the calculated profile past the peak concentrat ion 
point. 

Various values for the constant A were  used in mak-  
ing the above comparison. No values for A within  
the limits of 10 -1 to 2 • 10 -~ gave profiles signifi- 
cantly different from those obtained for A ---- 0 for the 
dose levels  used in the experiment .  Figure  11 shows 
the boron diffusion coefficient as a function of inverse 
temperature,  as de termined by the comparison. For  
diffusion at 1000~ heavier  weight  was given to match-  
ing exper imenta l  profiles at longer  times. For  this tem-  
perature,  exper imenta l  profiles exhibi ted apparent  en-  
hanced diffusion for short  (e.g., 15 min)  diffusion 
times. Also shown in Fig. 11 are examples of the boron 
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diffusion coefficient  as d e t e r m i n e d  b y  o t h e r  worke r s .  
I t  is seen  tha t  resu l t s  of  th is  w o r k  a re  in g e n e r a l  a g r e e -  
m e n t  w i t h  p r ev ious  resu l t s  o v e r  t h e  r a n g e  of  c o m m o n  
diffusion t e m p e r a t u r e s .  T h e  dif fus ion coefficient  s h o w n  
in  ~Fig. 11 is a p p r o x i m a t e d  b y  

Di ---- 0.0322 exp  ( - - 3 . 0 2 / k T )  [7] 

S e g r e g a t i o n  coefficient  k was  d e t e r m i n e d  by  i t e r a t i o n  
of  t he  c o m p u t e r  solut ion,  us ing  va lues  for  t he  diffusion 
coefficient  ca l cu la t ed  f r o m  Eq.  [7] .  B o r o n  c o n c e n t r a -  
t ion  profi les  and  va lues  of  shee t  res i s tance  ca l cu la t ed  
in  t h e  i t e r a t i on  process  w e r e  c o m p a r e d  to e x p e r i m e n t a l  
profi les  and  e x p e r i m e n t a l  v a l u e s  of  shee t  res is tance .  
S e n s i t i v i t y  of  t he  ca l cu l a t ed  resu l t s  to va r i a t ions  in 
v a l u e  of  t he  s e g r e g a t i o n  coefficient  is i l l u s t r a t ed  in  
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Fig. 12 and  13. This  compa r i son  was  m a d e  fo r  diffusion 
at  1200~ and fo r  b o r o n  dose equa l  to 2 X 10 z5 cm -~. 
Resu l t s  ca l cu la t ed  for  t e m p e r a t u r e s  l o w e r  t h a n  1200~ 
show r e d u c e d  sens i t iv i ty  to k. This  is due  to t he  i n -  
c rease  in  t he  ra t io  of  the  pa rabo l i c  ox ida t ion  r a t e  co-  
efficient to t he  bo ron  diffusion coefficient,  w i t h  de -  
c reas ing  t e m p e r a t u r e .  

F i g u r e  14 shows  the  s e g r e g a t i o n  coefficient  d e t e r -  
m i n e d  in this  w o r k  as a f unc t i on  of  i nve r se  t e m p e r a -  
ture .  The  " e r r o r  ba r s "  in  Fig.  14 ind ica te  t h e  r ange  of  
va lues  of  k fo r  w h i c h  sa t i s f ac to ry  fit to e x p e r i m e n t a l  
da ta  was  ob ta ined .  The  v a l u e  of  k was  found  to r a n g e  
f r o m  1.8 to a p p r o x i m a t e l y  10 o v e r  t he  r a n g e  1200 ~ 
1000~ The  r e l a t i v e  sizes of  t he  bo ron  dif fus ion co-  
efficient and the  pa rabo l i c  o x i d a t i o n  ra te  coefficient  at  
1000~ a re  such  tha t  t he  c o m p a r i s o n  of  e x p e r i m e n t  
and  ca lcu la t ion  is insens i t ive  to t he  v a l u e  of  t he  s eg re -  
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gation coefficient. Thus, the value k ---- 10 at 1000~ is 
an est imation and is not shown in  Fig. 14. It could be 
in  error by a factor of two in either direction. The 
segregation coefficient of Fig. 14 is best fit by the ex- 
pression 

k ---- 2.33 • 10-4 exp (1.135/kT) [8] 

The best-fit calculated boron concentrat ion profiles 
and sheet resistance of the boron layers are super im-  
posed on the exper imental  data of Fig. 3 through 10. 
These calculated quanti t ies  were obtained assuming 
A ---- 0, using the diffusion coefficient of Fig. 11, and 
using values of the segregation coefficient shown as 
exper imental  points in  Fig. 14. Note that  in  the i tera-  
t ion process and in the calculated curves of Fig. 3 
through 10, the segregation coefficient was allowed to 
vary with tempera ture  but  was assumed to be inde-  
pendent  of surface concentration. 

In  comparing the best fit calculated boron profiles 
and exper imental  profiles, it is seen that  agreement  is 

good for all cases but  diffusion for short times at low 
temperatures  (e.g., 15 rain at 1000~ The discrepancy 
evident  in  Fig. 8 may be due to the anneal ing of im-  
p lanta t ion-re la ted  damage, which at 1000~ could take 
an amount  of t ime appreciable compared to 15 min. 
Investigations by the authors of 8 • 1014 cm -2 B 11 im-  
plantat ions annealed without  oxidation at 900~ in-  
dicate a value for the boron diffusion coefficient at 
900~ in  agreement  with Eq. [7]. 

Conclusion 
Diffusion from ion- implan ted  boron layers in  an oxi- 

dizing atmosphere can be successfully predicted by 
numerical  solution of the diffusion equation. Concen- 
t ra t ion enhancement  of diffusion beyond the field- 
aiding effect was not found to be necessary to predict 
profiles for doses used in this work. The boron dif- 
fusion coefficient determined in  the course of this 
work is near that  found by previous workers. The 
boron segregation coefficient was found to be in  the 
range 1.8 to 10 depending on temperature.  
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Standard Free Energy of Formation of Cr20  
F. N. Mazandarany *,1 and R. D. Pehlke 

Materials and Metallurgical Engineering, The University of Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

The s tandard Gibbs free energy of formation of Cr203, AG~ was 
measured using an electrochemical technique incorporat}ng a ThO2-Y203 elec- 
trolyte. The following two cells were investigated 

Cell (I) : Cr,Cr2031ThOf-8 m/o  YOLsICo,CoO 

Cell (II) : Cr, Cr2031ThOf-8 m/o  YO1.51Mn, MnO 

AG~ calculated from emf results for the above two cells are in  good 
agreement,  also in close agreement  with a previous s tudy of the Cr-Cr2Os 
equi l ibr ium by the gas equi l ibrat ion technique. The results of the present in -  
vestigation lead to the following expression for the s tandard Gibbs free en-  
ergy of formation of Cr203 

~G~ (Cr203) ---- --266,600 + 59.78T _ 350 cal 
(1150~176 

The thermodynamics  of the Cr-Cr20~ equi l ibr ium 
has been the subject of numerous  previous invest iga-  
tions. However, the results obtained by various tech- 
niques and investigators are in poor agreement.  

J eann in  et al. (1) equi l ibrated Cr, Cr203 samples 
with H2/H20 mixtures  be tween 1040 ~ and 1300~ to 
determine the s tandard Gibbs free energy of forma- 
t ion of Cr20~. The results of J eann in  et al. were in 
poor agreement  with previous investigations of the 
system (2-4) using a similar technique. However, the 
s tudy of J eann in  et al. was in agreement  with those 
calculated from calorimetric data wi th in  exper imental  
error (1). 

Both Tret jakow and Schmalzried (5), and Pugliese 
and Fi t terer  (6) measured the free energy of formation 
of Cr2Oz between 800 ~ and 1200~ using the solid oxide 
electrolyte technique. These investigators used a cal- 
cia-stabilized zirconia tube as the electrolyte with air  
as the reference electrode and a Cr, Cr203 mixture  as 
the "unknown"  electrode. While the results of these 
investigations agree well  at 800 ~ C, there is as much as 
15 mV difference be tween the measured cell potentials 
at 1175~ indicating a large difference in  the tempera-  
ture  dependence of the free energy. The results of both 
of these investigations are in disagreement with those 
of J eann in  et al. 

The purpose of the present  invest igat ion was to 
measure the s tandard Gibbs free energy of formation 
of Cr20~ using the solid oxide electrolyte technique in-  
corporating a ThOf-Y203 solid electrolyte. The follow- 
ing two cells were investigated 

Cr,CrfO31ThOf.-8 m/o  YOl.~lCo,CoO [I] 
(900~176 

Cr,Cr2031ThOf-6 m/o  YO1.5[Mn,MnO [II] 
(875~176 

Experimental Technique 
Equipment.--The galvanic cell a r rangement  used in  

the present  s tudy is shown schematically in  Fig. 1. The 
cell consisted of a ThOf-Y203 electrolyte pellet, 11, 
sandwiched between two electrodes, 10. A mull i te  tube, 
13, pressed against the upper  surface of electrolyte, 11, 
helped to minimize oxygen transpor.t in the gas phase 
from one electrode to another. A P t  O-r ing was placed 
between tube, 13, and the electrolyte, 11, in runs  in-  
volving cell [I] to improve the separation of the gas 
phases in  equi lbr ium with the two electrodes. 

* Electrochemical  Soc ie ty  S tudent  Member .  
1 Present  address: General  A t o m i c  C o m p a n y ,  L a  Jo l l a .  C a l i f o r n i a  

92037. 
K e y  words:  free  e n e r g y  of  f o r m a t i o n .  Cr2Oa. c h r o m i u m  oxide .  

solid ox ide  e lectrolyte .  
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The cell was fixed at the end of the mull i te  tube, 9, 
by the compression of springs, 15, t ransmit ted  through 
tube 13, and push rod 12. This a lumina  push rod was 
a four-hole insulator;  two holes of which accommo- 
dated a P t /P t -10% Rh thermocouple. A third  hole 
accommodated the lead wire for the inner  electrode, 
10. Both electrode lead wires were Pt-10% Rh, gauge 
26. The photograph of Fig. 2 shows the cell as it was 
fixed at the bottom of the mull i te  tube, 9, of Fig. 1. 

~The cell potentials were measured with a high im-  
pedance (107 ohms) potentiometric vol tmeter  (Keithley 
Model 660). The tempera ture  voltages were measured 
with a Model K-2 L&N potentiometer.  Both ins t ru-  
ments  were checked periodically against a known 
voltage source. The ins t ruments  are rated to measure 
voltages with an accuracy level of ___0.02% of the 
reading. 

Materials.--ThO~-8 mole per cent (m/o)  YO1.5 elec- 
trolyte pellets were obtained from the Zirconium 'Cor- 
poration of America. These pellets were prepared from 
high pur i ty  s tar t ing materials  (9.9.9% Y~O~ and 99.5% 
ThO~) and were sintered at temperatures  exceeding 
1950~ for 24 hr in an Ar/H2 atmosphere to give maxi-  
m u m  density and homogeneity. The electrolyte pellets 
were 2 mm high with a diameter  of 12 mm. Before use 
in a cell, the electrolyte pellets were heated to 1000~ 
for 24 hr in a dry argon atmosphere with Cr chips 
present. Then they were polished on a 50~ wheel be-  
fore use in a cell. The electrolyte pellets were white in  
color before and after use in  a cell. 

The Cr202 electrodes were prepared by mixing 
high pur i ty  Cr powder (99.5%) with analyt ical  grade 

5 

~3 5 914 

Fig. 1. Schematic drawing of cell arrangement. 1, O-ring joint 
assembly; 2, ground glass joint; 3, gas inet and outlet; 4, wax 
seal; 5, electrode lead wire (Pt-]0% Rh); 6, thermocouple (Pt/Pt- 
10% Rh); 7, glass-mullite seal; 8, mullite tube; 9, mullite support 
tube; ]0, electrode; 11, electrolyte; 12, alumina push rod; ]3, mul- 
lite tube; ]4, zirconia support pellet; 15, compression spring; 16, 
tension spring. 
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Fig. 2. View of assembled cell 

Cr2Oz in a 10/1 weight  ratio, and compressing in a steel 
die at about 60,000 psi to obtain pellets wi th  the d imen-  
sions: 6 mm diameter  by 2 mm high. The pressed 
pellets were  sintered in a dry argon atmosphere  for 
24 hr  at 1000~ The sintered pellets were  polished on 
a 50~ wheel  before use in a cell. 

The Mn,MnO electrodes were  prepared by first pul-  
verizing electrolytic grade Mn flakes (99.8%) to obtain 
re la t ive ly  fine Mn powders. The Mn powders then 
were  mixed  with  analytical  grade MnO2 in a 10/1 
weight  ratio and pel let ized at about 100,000 psi. The 
pellets were  placed in a Vycor tube which was evacu-  
ated to 10-~ atm and sealed. The sealed capsule was 
heated to 900~ for 24 hr  to ensure complete conver-  
sion of MnO2 to MnO. 

The Co,CoO electrodes were  prepared  by mixing 
high pur i ty  Co powder  (99.9%) with  analytical  grade 
CoO and pressing at 100,000 psi. No sinter ing was 
necessary for the Co,CoO electrodes after  pressing. 

Procedure.--The assembled cell was placed ver t ica l ly  
in the hot zone of a Pt resistance furnace. The furnace 
t empera tu re  was control led by a P t /P t -10% Rh ther -  
mocouple that  act ivated a proport ionat ing controller.  
Tempera ture  fluctuations in the hot zone were  ap- 
p rox imate ly  •176 The tempera ture  gradient  in the 
hot zone of the furnace was about l~  over  a dis- 
tance of about 1 Y2 in. 

Before the furnace power  was tu rned  on, the cell 
a tmosphere was evacuated several  t imes and filled 
with  purified argon. This prepurified grade argon gas 
was purified fur ther  before  enter ing the cell tube by 
passing over  anhydrous Mg(C104)2, over  act ivated CuO 
(BTS catalyst) ,  over  act ivated Cu (reduced BTS cata-  
lyst) ,  and finally over  anhydrous P205 and ascarite. 

Af ter  the cell was completely  degassed and finally 
filled wi th  argon, the furnace power was turned on to 
heat  the cell to an in termedia te  t empera ture  ( l l00~ 
for cell [I] and 950~ for cell [ I I ] ) .  Af te r  the rmal  
equi l ibrat ion the cell was al lowed to come to the rmo-  
dynamic equi l ibr ium over  the next  5-12 hr. The cr i-  
teria for the a t ta inment  of thermodynamic  equi l ibr ium 
was adopted such that  at constant t empera tu re  the cell 
potential  should not vary  by more than _+0.5 mV over  
a period of 1 hr  and that  such variat ion be random and 
not systematic. 

Upon the a t ta inment  of equi l ibr ium at the first t em-  
pera ture  the furnace t empera tu re  was ei ther  raised or 
lowered by 50~ and the cell was al lowed to equi l i -  
brate  at the new temperature .  This procedure was re-  
peated unti l  an equi l ibr ium measurement  had been 

made at every  25~ in terva l  over  the t empera tu re  
range as a minimum. In this manner,  the cell was 
cycled through the reported t empera tu re  range at least 
twice before the furnace power  was shut off to te rmi-  
nate the run. A typical  run  lasted for 3-6 days. 

Reversibi l i ty  in the cells was general ly  inferred from 
the high stabil i ty of measured potentials and high 
l inear i ty  of cell po ten t ia l - tempera ture  relationships 
which were  unaffected by tempera ture  cycling and re-  
producible from run to run. A fur ther  check of the 
reversibi l i ty  was made by the fol lowing procedure.  
Once cell [I] had equi l ibra ted at 1250~ the cell was 
per turbed  by connecting a 1.5V dry ba t te ry  across the 
leads for 15 sec. The per turbed  cell was then al lowed 
to re -equi l ibra te  overnight .  The steady measured po- 
tential  the next  morning was wi th in  _1  mV of the 
value before the cell was perturbed.  This procedure 
was repeated over  the next  night  passing current  in 
the opposite direction with  similar  results. 

Results and Discussions 
The results of this study from cell [I] obtained from 

the cumulat ive  data of three  independent  runs are 
listed in Table I. The data are represented by the fol- 
lowing least squares l ine  

cell I: E (mV) ---- 706.6 -- 0.0640T • 1.7 mV 
(1173~176 

The s tandard errors of est imate of the coefficients in 
this equation are, respectively,  • mV and ___0.0015 
mV/~  

Similarly,  the cumulat ive  data of two independent  
runs on cell [II] are given in Table I. These data may  
be represented by the fol lowing line 

cell [II]: E (mV) = 90.67 -- 0.0347T • 0.8 mV 
(1148~176 

The standard errors  of est imate of the coefficients in 
this equat ion are, respectively,  • mV and • 

Table I. Summary of experimental data 

Cel l  [I] Cel l  [II] 
Cr,Cr~O3 [ ThO~-Y01.3 I Co,CoO Cr,Cr~O~ [ ThO~Y01.5  I Mn ,MnO 

T, ~ emf ,  m V  T, ~ emf,  m V  
R u n  26 1244.9 610.0 R u n  29 1100.5 139,6 

1265.8 609.2 1144.2 140.4 
1250.9 608.6 1126.2 139.6 
1249.3 611.5 1100.1 138.5 
1247.1 611,7 1072.8 137,6 
1179.2 615.5 1046.2 136.7 
1181.7 614,7 1046.2 136.7 
1131.6 616.6 1015,5 135.7 
1130.7 618.0 1015.1 136.7 
1079.0 619.8 983.3 134.8 
1084.1 618.6 979.1 134.8 
1034.5 625.7 941.8 133.9 
1038.1 623.5 903.2 132.9 

941.0 628.7 912.6 131.4 
994.5 622.2 967.9 135.1 
989.3 627.5 1019.9 136.4 

1035.6 624,2 
R u n  30 1074.7 138.0 

R u n  27* 1186.0 613.5 1101.3 138.9 
1185.7 613.7 1102.7 138.9 
1146.9 614.6 1145.1 140.1 
1052.9 620.5 1166.2 140,5 
1217.5 608.4 1139.2 139.5 
1251.8 606.8 1115.4 138.4 
1272.5 611.1 1110.3 138.2 
1203.3 613.7 1087.3 137.1 
1151,2 614.5 1058.4 136.0 
1151.0 615.9 1057.9 136.0 
1151,2 615.7 i022.5 134.5 

1022.5 134.5 
R u n  28 1278.4 604.4 995.2 133.4 

1219.0 611,1 997.4 133.5 
1208.5 610.5 962.9 132.1 
1158.1 618.5 879.1 130.9 
1157.0 615.5 877.4 130.2 
1158.8 613.5 875.1 131.5 
1111.8 618.3 1013.4 134.1 
1112.3 615.3 1012.5 134.1 

906.1 627.8 985.6 133.0 
906.5 631.8 948.4 132.0 
9O4,7 633.5 
974.4 629.2 

1019,1 623.7 
1121.3 617.3 
1159.5 615.2 

* R u n  27 had  to be t e r m i n a t e d  be fore  any  m o r e  m e a s u r e m e n t s  
we re  m a d e  because  one  e lec t rode  l ead  w i r e  broke .  
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mV/~ The above two lines are shown in Fig. 3 and 
4, respectively, along with those calculated from pre-  
viously published data in  the l i terature.  In  calculating 
the lines for the previous investigations, their  reported 
results for the Cr,Cr203 equi l ibr ium were combined 
with the data of Kiukkula  and Wagner  (7) for the 
Co-CoO equi l ibr ium and those of Alcock and Zador 
(8) for the Mn-MnO equil ibrium. 

Figures 3 and  4 indicate that  the results of this study 
are consistent and in  close agreement  with the data of 
J eann in  et aL (1). The disagreement between the re-  
sults of this study and those of Pugliese and Fi t terer  
(6), and Tret jokow and Schmalzried (5) may have 
resulted from the use of a calcia-stabilized zirconia 
electrolyte by  these investigators. A small amount  of 
electronic conduction in  calcia-stabilized zirconia at 
the very low oxygen potentials  associated with the 
Cr-Cr203 equi l ibr ium (,~10 -22 atm at 1000~ could 
result  in  a continuous t ransport  of oxygen ions from 
the high potential  electrode (air in  these cases) to the 
Cr,Cr203 electrode-electrolyte interface. This con- 
t inuous short-circui t ing of the cell can polarize the Cr 
metal  at the interface substant ia l ly  to give rise to non-  

equi l ibr ium cell potentials that  are below the equil ib-  
r ium potentials (Fig. 3). The calculated l ines from the 
data of these investigators appear too high in  Fig. 4 
for the same reason. Since the equi l ibr ium potential  of 
the Mn, MnO electrode is higher than that  of the 
Cr,Cr203 electrode, the low values reported by these 
investigators when  subtracted from the appropriate 
Mn, MnO potential  gives rise to cell potentials that  
appear too high (Fig. 4). 

The measured cell potentials of this study from cells 
[I] and [II] are related to the s tandard Gibbs free 
energy of formation of Cr20~ by  the expression 

AG~ -- 3[ - -2EF -5 AG~ [I] 

where E is the measured cell potential in mV, F is 
Faraday's constant, 23,066 cal/mV gram equivalent, 
and AG~ is the standard Gibbs free energy of 
formation of CoO or MnO for cells [I] and [II], re- 
spectively. 

Equation [I] was used in conjunction with the mea- 
sured potentials from cells [I] and [II] to calculate 
~G~ The data of Kiukkola and Wagner (7) 
for ~G~ and those of Alcock and Zador (8) for 
~G~ were used in this calculation. The results 
are as follows 

from cell [I] 
AG~ = --266,990 + 60.15T _ 250 cal 

(1173 ~176 

where hH~ ---- --266,990 _+ 400 cal and ASof = --60.15 
+--0.21 ca l /~  

from cell [II] 
•176 = --266,270 -t- 59.55T + _ 100 cal 

(1148~176 

where hH~ ---- --266,270 +__ 240 cal and hS~ = --59.55 
___0.11 cal/~ Considering the uncer ta in ty  in  the 
Co,CoO data (-+10fl cal) and in  the Mn, MnO data 
(--+150 cal) the agreement  be tween the hG~ 
calculated from the two cells (___200 cal) is good. The 
following expression determined by the average of the 
results of cells [I] and [II] is recommended to repre-  
sent the s tandard Gibbs free energy of formation of 
Cr203 based on the results of this study 

AG~ (Cr203) = --266,60.0 -5 59.78T -+- 350 cal 
(1150~176 

where hH~ ---- --266,600 __ 640 cal and ~S~ = -- 59.78 
-+_ 0.32 cal/~ Table II shows a comparison of s tan-  
dard Gibbs free energy of formation of Cr2Oa as re-  
ported by various investigators. The agreement  be-  
tween the results of this s tudy and those of J eann in  
et al. is excellent. 

Summary and Conclusions 
The s tandard Gibbs free energy of formation of 

Cr203 has been measured using the solid oxide elec- 
trolyte technique incorporating a ThO2-Y203 electro- 
lyte with reference to the Co-CoO and Mn-MnO 
equilibria. The two separate measurements  are con- 
sistent and are in  excellent agreement  with the gas 
equi l ibrat ion results of J eann in  et al. 

Table II. Standard Gibbs free energy of formation of Cr803 as reported by various investigators 

A G  ~ ( c a d  

T r e t j a k o w  & 
T h i s  s t u d y  J e a n n i n  e t  aL  (1) S c h m a l z r i e d  (5)  P u g l i e s e  & C o u g h ] i n  (9) 

--266,600 + 59.78T --266,700 + 59.95T --258,600 + 55.2T F i t t e r e r  {6) --271,300 + 61.82T 
T ( ~  (11730-1523~ (1313~176 (100O~176 (1000~176 (298~176 

1173 --196,500 --196,400 --193,800 --193,800 --198,900 
1 2 7 3  --190,500 --  190,400 --188,300 --  186,900 - - 1 9 2 , 6 0 0  
1373 -- 184,500 --184,400 -- 182,800 -- 180,800 -- 186,400 
1448 --180,000 --179,900 -- 178,700 --175,000 --181,300 
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Fibrous Growth of Tantalum Carbide by A-C Discharge Method 
Takehiko Takahashi*  and Kohzoh Sugiyama 

Department of Applied Chemistry, Faculty oJ Engineering, Nagoya University, Nagoya, Japan 

ABSTRACT 

The growth of t an ta lum carbide fiber by an a-c discharge method was 
studied. Maximum growth rates of up to 40 m m / m i n  were obtained under  the 
following conditions: the discharge current  (60 Hz) was 0.4-0.6 mA; the con- 
centrat ions of hydrogen, argon, t an ta lum pentachloride, and propylene were 
4.9, 94.4, 0.2, and 0.5%, respectively; and the reactant  gas tempera ture  was 
400~176 The min imum diameter  of the grown fiber was 3.5~. By x - ray  
diffraction, the s tructure of the grown fiber was identified as t an ta lum car- 
bide (Fm3m).  The tensile s t rength was a relat ively low value of 2.7 k g / m m  2. 

Tan ta lum carbide is characteristic of high tempera-  
ture materials  (rap, 3880~ From considering the 
complexity of the Ta-C phase diagram (1), the phase 
reversion of t an ta lum carbide grown at high tempera-  
ture is also interesting. Fibrous or filamentous growth 
of carbides, nitrides, and borides of the IVa group ele- 
ments  has been investigated by means of the a-c dis- 
charge method by the present authors (2-4). In  this 
method, the growing tip of the fiber can easily be 
heated to or near its mel t ing point even in a gas mix-  
ture of the reactants  heated at 300~176 The for- 
mat ion reaction of t an ta lum carbide is expressed by 

TaC15 -k CxHy + nil2--> TaC ~ 5HCI ~ Cz,Hy, [1] 

where  n is an arb i t ra ry  number ,  x and y are three and 
six in the case of propylene, and C~,H~, represents var i -  
ous hydrocarbon residuals. A rapid growth rate up to 
40 m m / m i n  can be obtained. 

Some investigators have reported the deposition rate 
of t an ta lum carbide by the van Arkel  method and the 
carburizat ion rate of t an ta lum metal  (5). However, no 
papers have dealt with fibrous growth of this com- 
pound. In  this paper, the growth conditions of t an ta lum 
carbide fiber by the a-c discharge method are de- 
scribed. 

Apparatus and Experimental Procedure 
The outl ine of the apparatus is shown in Fig. 1. A 

vertical quartz tube, the inner  diameter  of which was 
27 mm, was used as the reaction tube. The upper  half 
had an inner  tube into which a gas mixture  of hydro-  
gen and 99.3% propylene was introduced. A gas mix-  
ture of chlorine and deoxygenated argon was in t ro-  
duced into the outer zone of the double tube, where 
chlorine reacted with the packed tan ta lum r ibbon to 
form tan ta lum pentachloride. This gas mixture  met at 
the middle of the tube. Two electrodes were inserted 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  t a n t a l u m  carbide ,  f ib rous  g rowth ,  c h e m i c a l  v a p o r  

deposition. 

from the upper and lower ends of the tube via syr inge-  
tyl~e fine quartz tubes and a high a-c voltage was 
applied across them. The electrodes were molybdenum 
wires of 0.1 mm diameter. The a-c source, 60 Hz com- 
mercial power, was fed to a high voltage t ransformer  
regulat ing a source voltage with a Slidac ( t rans-  
former) .  One to th i r ty  megohm resistance was added 
in  series in the discharge circuit to stabilize the cur-  
rent. Within a tempera ture  range of 250~176 and 
a discharge current  of 75 ~A-2 mA, t an ta lum carbide 

2 

1 

Fig. i. Apparatus for tantalum carbide fiber growth. 1, propylene 
inlet; 2, hydrogen inlet; 3, chlorine inlet; 4, argon inlet; 5, titan- 
ium sponge; 6, sulfuric acid; 7, copper wire; 8, tantalum ribbon; 
9, molybdenum electrode; 10, receiver; 11, outlet, 12, a-c high 
voltage; 13, thermocouple (C.A.) 
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fiber g rew on the tips of the electrodes. The  in te r -  
e lectrode distance was kept  constant at 1-5 m m  by 
moving one of the electrodes upward or  downward.  
As the fiber length reached 30 or 50 ram, spontaneous 
fluctuation occurred due to gas convection. Thus grown 
fibers were  broken off by giving a shock to each elec-  
t rode and were  gathered in a quartz receiver.  The 
growth  rate  of fibers under  a given condition was eva l -  
uated by measur ing half  of the moving rate  of one 
electrode re la t ive  to the other, since the growth rates 
of fibers on the upper  and lower  electrodes were  ap- 
p rox imate ly  equal. 

Results and Discussion 
Relation between the temperature o~ gases and the 

growth rate.--The t empera tu re  of the reactant  gases 
had to be held high enough to keep the tan ta lum chlo- 
r ide in the gaseous phase. F igure  2 shows the growth  
ra te  dependence of the t empera tu re  of the reactant  
gases be tween  250 ~ and 650~ The react ion of chlor-  
ine wi th  tan ta lum ribbon began to take place above 
230~ and the amount  of tan ta lum chloride t rans-  
ported by the argon carr ier  to the  discharge zone in-  
creased gradual ly  as the tempera ture  ascended to 
400~ at which point a m a x i m u m  growth rate  of 40 
m m / m i n  was obtained. The decrease in growth rate  
above 400~ may be at t r ibuted to a deficiency of car -  
bon produced in the reactant  gases by pyrolysis of 
propylene.  The d iameter  of the grown fiber was in the 
range of 3.5-12~. As shown in Fig. 2, the diameter  was 
sl ightly affected by the gas t empera tu re  having a 
min imum value  at 400~ In these experiments,  since 
the fiber grown at h igher  tempera tures  exhibi ted a 
smooth appearance microscopically, most of the ex-  
per iments  thereaf te r  were  per formed at 500~ 
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Fig. 2. Variation of growth rate and fiber diameter with reactant 
gas temperature. The growth conditions were: discharge current 
0.15 mA; flew rate of argon, hydrogen, chlorine, and propylene 3.8, 
0.2, 0.008, and 0.01 cm3/sec, respectively; added resistance in 
discharge circuit 30 megohms; and interelectrode distance 2 ram. 
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Fig. 3. Effect of the discharge current. The reactant gas tempera- 
ture was 500~ other conditions were the same as for Fig. 2. 
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lene flow rates were 4, 0.005, and 0.1 cm3/sec, respectively. 
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Fig. 5. Effect of tantalum pentachloride concentration. The re- 
actant gas temperature was 500~ the discharge current was 0.15 
mA; the flow rates of argon, hydrogen, and propylene were 3.8, 0.2, 
and 0.01 cm3/sec, respectively; the inserted series resistance was 
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Fig. 7. Microscopic appearance. The samples were grown under the following conditions with reactant gas temperature of 500~ 

No. 

Series Inter- 
Discharge Flow rate (cm3/sec) resis- electrode 
current tance distance 

(mA) H2 Ar CI2 C3H6 (megohm) (mm) 

a 0.15 0.2 3.8 0.005 0.0025 20 1-2 
b 0.15 0.2 3.8 0.005 0.005 20 1-2 
c 0.6 0.2 3.8 0.008 0.01 30 3-5 
d 0.45 2.4 1.6 0.005 0.01 30 5-8 

(60%) 

E~ect of discharge current.--The most impor tant  
factor affecting growth rate and fiber diameter  was the 
discharge current  as shown in Fig. 3. The ma x i mum 
growth rate  is found at 0.4-0.6 mA. With  lower dis- 
charge currents,  heating of the fiber tips to promote 
fiber growth might be insufficient to overcome the heat 
loss away from the fiber by  conduction, radiation, and 
convection. With higher currents,  however, part ial  
mel t ing and radial  growth accompanied growth along 
the fiber axis. These were the conditions above 0.9 
mA, where the growth rate began to decrease, while 
the diameter  of the fibers increased markedly.  The 
power corresponding to 30-45 mW was 75 ~A dis- 
charge and to 360-540 mW was 0.9 mA discharge. The 
heat loss via radiation is only a tr ivial  portion and was 
roughly estimated by the Stefan-Bol tzmann equat ion 
to be 10 -3 mW. This estimation was obtained assum- 
ing the average tempera ture  to be 3000~ the fiber 
diameter to be 10~, the effective length of fiber for 
radiat ion to be 30~, and the emissivity of t an t a lum 
carbide to be 0.3. Accordingly, most of the heat loss is 
considered to arise from conduction and convection. 

Mixing ratio of hydrogen and argon.--In Fig. 4, the 
effect of the mixing ratio of hydrogen and argon under  
a constant gas flow of 4 cm3/sec (STP) and constant  
propyIene concentrat ion of 2.5% is indicated. The 
growth rate for various discharge currents  increases 

with argon concentrat ion up to 95%, and the growth 
rate increases with discharge current.  The fiber diam- 
eter tends to be th inner  as the argon concentrat ion is 
higher. At an argon concentrat ion near  100%, where 
the propylene concentrat ion was near ly  zero, the prod- 
uct was not t an ta lum carbide but  metallic tanta lum.  

The appearance of the fiber was metall ic when 
grown at low argon concentrat ion and was dull and 
rough at high argon concentration. The effects of argon 
concentrat ion would arise from low thermal  conductiv-  
ity of argon compared with hydrogen. At higher argon 
concentration, therefore, the growing tip is more  easily 
heated to higher tempera ture  than at lower argon con- 
centration. 

E~ect o] concentrations of tantalum pentachlor~de 
and propyIene.--The relat ion between the growth rate 
and the t an ta lum chloride concentration, which is cal- 
culated from the flow rate  of the inlet  chlorine, is 
shown in Fig. 5. The ma x i mum growth rate is found at 
0.2% tan ta lum pentachloride, while the m i n i m u m  
diameter  of grown fiber is found at 0.05%. The deg- 
radat ion of growth rate at a t an ta lum pentachloride 
concentrat ion higher than 0.2% could be a t t r ibuted to 
the collision loss of arc-electrons with the tan ta lum 
chloride molecule. 

Figure 6 shows the effects of propylene concentra-  
tion on growth rate. With a reactant  gas tempera ture  
of 500~ and a discharge of 0.15 mA, the max imum 
growth rate of 18 m m / m i n  was obtained at 0.5% pro-  
pylene concentration. In the previous paper (6), the 
effect of hydrocarbon concentrat ion in the van Arkel  
method was discussed and it was concluded tha t  the 
concentrat ion range below that corresponding to maxi-  
m u m  growth rate was a carbon deficient range, while 
the concentrat ion range above that corresponding to 
the max imum growth rate was a carbon excess range  
where the carbon deposit interfered with the carbide 
growth. By microscopic observation of a fiber grown at 
propylene concentration above 0.5%, however, the car- 
bon deposition on the surface of the fiber could not be 
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found explici t ly in this experiment .  Al though the car-  
bide growth rate  in the van Arke l  method depends on 
the s tructure and carbon number  of the hydrocarbon 
(7), the predominant  factor may be heat  stabil i ty of 
the hydrocarbon.  As the most important  factor is the 
high react ion tempera ture  under  the  conditions of this 
exper iment  (i.e., at re la t ive ly  low tempera tu re  of the 
reactant  gases and sufficiently high t empera tu re  at the 
growing tips),  the influence of the kind or s t ruc ture  of 
hydrocarbons  would be a minor  factor. 

Microscopic appearance and x - r a y  diEract ion.--The 
micrographs of the grown fiber are shown in Fig. 7. 
Figure  7a shows a fiber of 12# diameter  grown at a 
discharge current  of 0.15 mA, and Fig. 7b is a fiber of 
about 10~ grown with  the same discharge current  but  
at a higher  propylene concentration. In Fig. 7b, a 
number  of gaps can be seen, and the distance f rom one 
gap to the next  one was determined to be about 5-7#. 
The growth rate of the fiber shown in Fig. 7b was 
about 20 mm/min ,  which corresponds to a growth rate  
of 5.6 ~/Hz. F rom these results, it is considered that  
fiber growth  took place during the  half  cycle, e i ther  
cathodically or anodically. A fiber grown with  a higher  
discharge current  and a growth rate  of 36 m m / m i n  
was found to show gaps about 10~ apart  as shown in 
Fig. 7c, and the above calculation can be applied again 
wi th  good agreement.  F igure  7d shows a growing tip 
wi th  a taper  indicating that  growth along the fiber 
axis is fol lowed by radial  growth. 

The x - r a y  diffraction samples were  prepared by 
pasting some tens of fibers on a glass plate  wi th  their  
axes paral lel  to the surface. Metallic t an ta lum was 
identified only at zero propylene concentration, and 
tan ta lum carbide, designated as Fm3m, was detected 
at a propylene concentrat ion of 0.12% accompanied by 
weak  peaks of metall ic tantalum. At  propylene con- 
centrations above 0.25%, only tan ta lum carbide was 
detected, and higher  propylene concentrations gave 
broader  peaks as shown in Fig. 8. The diffraction peak 
intensities were  in agreement  wi th  the values of the 
ASTM card (7). In the  figure, no s t ructural  or ientat ion 
was found that  could be a t t r ibuted to the successive 
nucleus formation of carbide on deposited carbon 
which occurred at high t empera tu re  and at high con- 
centrat ion of hydrocarbon. This tendency is different 
f rom the results obtained in the previous papers on 
zirconium boride and t i t an ium nitr ide where  their  
respect ive peaks of (001) and (111) were  weaker  than 
ASTM values. Ramqvis t  (8) reported on the var ia t ion  
of lattice parameter  of tan ta lum carbide with  carbon 
concentrat ion indicating that  the latt ice parameter  in-  
creased l inear ly  wi th  the carbon content, f rom 4.420A 
when C/Ta  was 0.75 fo 4.455A when  C / T a  was 1.0. 
The precise la t t ice  constants, however,  were  not ob- 
tained in this exper iment  because the quant i ty  of the 
grown sample examined was small. Sometimes the 
diffraction peaks 5-TaO were  detected. The oxide 
might  be formed by the hydrolysis of tan ta lum chlo- 
r ide wi th  atmospheric  moisture when  the TaC fibers 
were  taken  f rom the  receiver.  The relat ion be tween 
the discharge current  and the s t ructure  of the product 
was studied, and it was found that  the former  had a 
minor  influence on the tan ta lum carbide structure. 

Tensile s trength and diameter  of the f iber . - -The 
tensile s t rength of the grown fiber was measured at 
room tempera tu re  wi th  a spring balance. A fiber was 
held by epoxy resin be tween two plates, one of which 
was suspended from a spring. The spring hanger  was 
gradual ly  moved upward  unti l  the sample fiber 
snapped and the breaking load was de termined  from a 
calibration curve. The diameter  of the broken fiber 
section was measured  microscopically. The s t rength 
vs. diameter  relat ion is plotted on log-log scale in Fig. 
9. The highest s t rength observed is 27 k g / m m  2, which 
is ve ry  low compared with  zirconium diboride and 
zirconium carbide fibers grown by the same method, 
the strengths of which were  210 and 50 k g / m m  2, re -  
spectively. 
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Fig. 8. X-ray diffraction diagrams. The samples were grown 
under the following conditions: the reactant gas temperature was 
500~ the discharge current was 0.45 mA; the flow rates of argon, 
hydrogen, and chlorine were 3.8, 0.2, and 0.02 cma/sec, respectively. 
Legend: * TaO, 0 TaC, and ~ Ta. 
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Fig. 9. Relation between the fiber diameter and tensile strength 
at room temperature. 

Summary 
Data were  obtained on growth of tan ta lum carbide 

fibers by a weak a-c discharge method. The results 
obtained were  as follows: 

1. To obtain a growth  rate  of 40 m m /m in ,  the t em-  
pera ture  of the reactant  gases must  be be tween  400 ~ 
and 500~ 
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2. The mixing ratio of hydrogen and argon had a 
strong effect on growth rate and appearance of the 
product. Maximum growth rate was obtained at 95% 
argon. 

3. A discharge current  of 75-600 ~A was favorable 
for obtaining a thin fiber. 

4. Some of the fibers produced were identified as 
t an ta lum carbide with a Fm3m structure.  Fibers made 
with low propylene concentrat ion were found to con- 
ta in  metallic tantalum. 

5. Crystal growth took place in the half-cycle of a.c., 
and growth along the fiber axis was followed by radial  
growth. 

6. The highest tensile strength of the fibers produced 
was 27 k g / m m  2 and less. 

Manuscript  submitted Feb. 8, 1971; revised ma nu-  
script received Sept. 7, 1973. 
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A ny  discussion of this paper will appear in a Dis- 
cussion Section to be l~ublished in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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The Oxidation of Two-Phase Aluminum-Copper Alloys 
A. F. Beck, A. J. Brock,* and M. J. Pryor* 

Metal Research Laboratories, Olin Corporation, New Haven, Connecticut 06504 

Despite considerable past study of the oxidation be-  
havior of a luminum and its alloys (1-4), much of the 
work has been conducted on solid solutions with only 
incidental  impurities.  Accordingly, the influence, if 
any, of second phase intermetal l ic  compounds on oxi- 
dation behavior  has not been clearly defined. 

The a luminum-copper  system provides a good op- 
por tuni ty  for s tudying the effect of the tetragonal  e 
phase (CuAl2) on oxidation behavior. The a luminum-  7oo 
rich end of the a luminum-copper  equi l ibr ium diagram 
is shown in  Fig. 1. Oxidation kinetics were determined 
on two solid solution alloys, A l - l %  Cu (A) at 365~ 600 
and Al-4% Cu (C) at 500~ At these temperatures  the 
respective alloy compositions are very close to the 

-- a + e phase boundary.  Two addit ional alloys were 
provided, A1-2% Cu (B) which was examined at ~ 500 
365~ and A1-5% Cu (D) which was examined at '~ 
500~ The alloys (B) and (D) contain 1% by weight 
excess copper at the appropriate oxidation tempera-  ~ 400 
ture. This is equivalent  to 1.85 weight per cent (w/o)  
of the e phase and 1.15 volume per cent (v/o) of this 
intermetal l ic  compound. Detailed compositions of the 
alloys are contained in  Table I. 300 

Ingots of the four alloys measur ing 7.6 X 15.2 • 
91.5 cm were cast after being chlorine fluxed to remove 
dissolved hydrogen. They were subsequent ly  homog- 
enized at 550~ for 8 hr. After cooling to room tem- 2oo 
perature,  the ingot faces were machined to remove 0.32 
cm per side. The slabs were reheated to 800~ and hot 
rolled to a thickness of 0.51 cm. The hot-rol led slab 
was etched in 1.0N NaOH solution at room temperature  

" Electrochemical Society Active Member. 
Key words: oxidation, aluminum-copper  alloys, microstructure. 

for 5 min, rinsed, and dipped in  50% nitr ic acid at 70~ 
for 10 sec. All alloys were cold rolled to a thickness of 
0.37 mm. Specimens of alloys (C) and (D) were held 
at 5O0~ for 72 hr  in order to obtain complete dissolu- 
t ion of e phase in alloy (C) and in order to stabilize 
the dis tr ibut ion of 8 phase in  alloy (D). The alloys 

I I I I I 
L 
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I 2 3 4 5 

WEIGHT % CU 

Fig. 1. Aluminum-rich end of the AI-Cu equilibrium diagram. 
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Table I. Composition of AI-Cu alloys (w/o) 

Alloy Cu Fe  S i  

A 0.97 0.002 0.001 
B 2.02 0.003 0.001 
C 3.92 0.003 0.001 
D 5.07 0.003 0.001 

were  wate r  quenched after  this t reatment .  Alloys (A) 
and (B) were  held at 365~ for 72 hr  and wa te r  
quenched. These two alloys were  then cold rol led to a 
thickness of 0.06 m m  so as to provide larger  areas for 
oxidat ion at 365~ where  the total  weight  gains are 
qui te  small. Af ter  the foregoing thermal  t rea tments  the 
specimens were  etched in 0.5N NaOH solution at 70~ 
for 4 sec fol lowed by a dip in 50% nitric acid at 85~ 
This procedure was repeated 5 times. 

For  oxidat ion at 500~ specimens measur ing 1 X 4 X 
0.037 cm were  used. For  oxidation at 365~ foil speci- 
mens measur ing 4 X 12 X 0.006 cm were  used. These 
specimens were  wound around a glass rod; on re- 
moving the rod spirals wi th  suitably large surface 
areas and low masses were  obtained. Oxidat ion t em-  
peratures  of 365 ~ and 500~ were  selected because at 
the lower  tempera ture  only gamma alumina wi th  
poorly developed long range order  forms as an oxida-  
t ion product. At 500~ in addit ion to the format ion of 
the gamma alumina with  poorly defined long range 
order, well  developed crystal l ine ~-A1203 nucleates 
at the amorphous oxide interface and grows as a series 
of expanding cylinders. The oxidation behavior  of a lu-  
minum-copper  alloys solid solutions up to and includ- 
ing 4% has been described ear l ier  (4). 

In this work, oxidat ion studies were  conducted using 
the same exper imenta l  method  as described previously  
(4). The oxygen pressure used was 76 Torr. F igure  2 
shows the results obtained at 365~ for an A l - l %  Cu 
solid solution (A) and for  an A1-1% solid solution 
containing 1.15 v /o  of ~ phase (B). It may  be seen that  
the kinetic results are indist inguishable be tween  the 
two alloys. The gravimet r ic  results obtained at 500~ 
for the A1-4% solid solution (C) and for the A1-4% 
Cu solid solution containing 1.85 w / o  of e phase were  
also indist inguishable wi th in  the l imits of exper i -  
menta l  e r ro r  and were  also identical to the results r e -  
ported in our ear l ier  publication for the same alloy 
(4). Clearly, the presence of a modest  volume fraction 
(1.15%) of e phase has no detectable effect on over -a l l  

oxidat ion kinetics. 
It was found previously that  the presence of in-  

creasing copper contents in solid solution results in an 
increase in the rate of formation of the amorphous film 
and its thickness albeit  at somewhat  higher  t empera -  

tures than the 365~ used in this study. Accordingly,  
the film formed on alloy (B) af ter  oxidat ion for 100 hr  
was str ipped in 10% mercur ic  chloride dissolved in 
methanol  and examined by transmission e lec t ronmi-  
croscopy (AEI EM6G at 100 kV).  The areas of amor-  
phous film formed over  the e phase are re la t ive ly  easy 
to detect because this phase is subject to somewhat  
more chemical roughening during the specimen clean- 
ing (Fig. 5). Electron opacity measurements  made on 
the amorphous film formed on the e phase suggested 
that  the film was no th inner  and probably somewhat  
th icker  than that  formed on the  solid solution matr ix .  
Further ,  there  were  no discontinuities in the oxide 
film associated with  the e phase particles. 

The film formed on the A1-5% Cu alloy (D) in 16 
hr  at 500~ is shown in Fig. 3. The crystal  density in 
the A1-4% mat r ix  is characterist ic of that  found in 
ear l ier  work (4). However ,  the crystals formed on the 
e phase are ex t remely  small. Since in the solid solution 
regime crystal density decreases and crystal  size in-  
creases with increasing copper content, the oxidation 

Fig. 3. Transmission electron micrograph of oxide film formed 
over a two-phase region of AI-5% Cu alloy (D) after oxidation for 
16 hr at 500~ Magnification 1500X. 
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Fig. 2. Relationships between weight of 3'-AI203 and time for 
A1-1% Cu (A) and AI-2% Cu (B) at 365~ in oxygen at a pressure 
of 76 Torr. 

Fig. 4. Transmission electron micrograph of oxide film formed 
on 0 phase after oxidation for 16 hr at 500~ Magnification 
16,000 X .  
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behavior  of the 0 phase is not characterist ic of this re-  
lationship. The thickness of the gamma alumina crys- 
tals formed on the a mat r ix  is around 170A. The thick-  
ness of crystals formed on the ~ phase is only around 
90A. Some of the crystals formed on the e phase have 
more contrast than those formed on the mat r ix  (Fig. 
4). Since they are substant ial ly thinner,  this suggests 
the crystal l ine oxide has a substant ial ly higher  copper 
content  than that  formed over  the matr ix .  

Electron opacity measurements  were  made on the 
amorphous oxide be tween  the crystals formed on the 
e phase. The results were  somewhat  var iable  from one 
0 phase part icle to another  presumably  because of 
some roughening of this phase in the specimen clean-  
ing. This is shown in Fig. 5, a backside replica of the 
oxide film stripped from alloy (D) after  16 hr  oxidat ion 
at 500~ However ,  the electron opacities measured 

Fig. 5. Electron micrograph of underside of oxide film formed 
on two phase region of AI-5% Cu alloy (D) after oxidation for 
16 hr at 500~ Magnification 6000X. 

S C I E N C E  A N D  T E C H N O L O G Y  May 1974 

at different locations ranged from being approximate ly  
equal to that  measured on the mat r ix  to some 50% 
higher. Selected area diffraction confirmed that the 
film formed over  the e phase was a composite of 
gamma alumina wi th  poorly developed long range 
order and well  defined ~-A1203 crystals. Accordingly,  
the amorphous film formed over  the e phase at 500~ 
is no th inner  than that  formed on the A1-4% Cu mat r ix  
and is probably somewhat  thicker.  Again, no evidence 
of film discontinuity associated with 0 phase particles 
could be found. 

In summary, the presence of 1.85 w / o  (1.15 v /o )  of 
0 phase has no detectable influence on the bulk oxi-  
dation kinetics of A1-Cu alloys at 365 ~ and 500~ 
Local examinat ion of the films formed over  the e phase 
suggests that the amorphous film is no th inner  and is 
probably th icker  than that  formed over  the matrix.  
Crystal l ine ~-A120~ nucleat ion and growth at the base 
of the amorphous film is radical ly modified when there  
is a e phase substrate. Latera l  growth rate  of the crys-  
tals is substantial ly re tarded and their  te rminal  thick-  
ness is only around 50% of those formed on the matr ix.  
Crystal  nucleat ion on the ~ phase appears to be 
strongly or ientat ion dependent  a l though the details of 
this dependency have  not been determined in this 
work. 
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A Method for Determining the Optimum Thickness 
of Graphitic Coatings Used in Electron Devices 

Joseph D. Reardon 

GTE Sylvania Incorporated, Electronic Components Group, 
Electronic Tube Division, Seneca Falls, New York  03148 

In the manufac ture  of CRT devices, evacuated glass 
envelopes are exposed to h igh-energy  electrons. Bom-  
bardment  of glass wi th  15-20 keV electrons causes the 
evolut ion of O2, CO, H2 (1,2),  and CO2 (2). When  
certain glasses are the rmal ly  heated in vacuum, chlor-  
ine (2, 5) and fluorine (2) compounds are  evolved 
which then may  cause cathode poisoning during sub- 
sequent  electron bombardment  (8). Oxygen (3, 4), 
carbon dioxide (4), fluorine (5-8), and chlorine (2-7) 
have  long been recognized as being harmful  to the 
thermionic  emission of oxide cathodes. 

It is common practice, especially in the manufac ture  
of color television picture tubes, to cover some port ion 
of the exposed glass wi th  an internal  conductive coat-  
ing, usual ly a graphi te-s i l icate  mixture.  Al though the 

Key words: e lectron penetration,  graphite-si l icate coating, cath- 
ode ray tubes. 

pr imary  purpose of the internal  coating is to provide a 
conductive path for electrons, the coating can also help 
to preserve  the cathodic emission, providing that  the 
coating thickness is sufficient to shield the  glass en-  
velope from h igh-energy  pr imary  electrons. This in-  
vestigation was under taken  to de te rmine  the opt imum 
coating thickness necessary to completely shield a glass 
surface from 25 keV electrons, the energy of electrons 
in an operat ing color TV picture tube. 

Experimental 
Apparatus.--A schematic diagram of the demount-  

able plaque-scanning apparatus is shown in Fig. 1. A 
standard pumping a r rangement  consisting of a me-  
chanical fore pump and an oil diffusion pump operat-  
ing with  l iquid ni trogen t rapping was used. The ap- 
paratus itself consists of a glass envelope fitted with a 
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Fig. 1. Schematic diagram of the demountable electron penetra- 
tion apparatus. 
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monochrome electron gun  (Sylvania  Type 251B) and a 
detachable faceplate. A stainless steel plaque holder 
w a s  positioned in the faceplate and held in place with 
spring snubbers.  

The glass envelope was equipped with an anode but -  
ton to allow a positive potential  to be applied to the 
plaque. Electrical cont inui ty  between the plaque and 
anode supply was achieved by means of a graphite 
coating. 

The associated electronics include (i) a variable  
anode supply and current  meter, (ii) the deflection 
yoke and scanning electronics, and (iii) the electron 
gun cathode heater and grid supplies. 

Procedure.--Clean 2 in. X 2 in. glass plaques were 
masked so as to leave exposed an area of approxi-  
mately one inch square in the center. Using a hand 
spray gun, a commercial ly available graphite-si l icate 
coating (Dixon 217 coating, Joseph Dixon Crucible 
Company) was deposited on the plaques. By increasing 
the number  of spray passes from one plaque to the 
next, the plaques were coated in varying  degrees of 
thickness from 30,000 to 185,000A. After  the coating 
was allowed to air dry, the masking was removed and 
the plaques were fired in air at 430~ for �89 hr to set 
the coating. 

The coating thickness of each plaque was deter-  
mined using a Sloan surface profllometer. In  all cases, 
the thickness measurements  were taken at several 
places on the coated square. Since considerable peak- 
to-val ley  var iat ion was observed on the thin plaques, 
the average m i n i m u m  thickness was assumed to be the 
effective coating thickness. 

The coated plaques were then individual ly  placed 
in  the demountable  unit. In  all cases, the vacuum 
system was allowed to pump down to the low 10 -5 
Torr region before measurement  was begun. At this 
point the room was darkened and a blue fluorescence 
was observed when the electron beam was allowed to 
strike the uncoa ted  glass. With approximately 5.0 keV 
anode potential  on the plaque, the raster and biasing 
controls were adjusted so as to give an anode current  
of 8 ~A and a surface area of approximately 0.5 cm 2. 

When the electron beam was positioned on the 
coated port ion of the plaque, no fluorescence was noted. 
The anode potential  then was gradual ly  increased. 
Periodically, the raster  size was adjusted to main ta in  
the beam area of 0.5 cm 2. When the blue fluorescence 
was just  visible, the raster size was again checked and 
the voltage recorded. The threshold voltage (the vol t-  
age at which fluorescence is first noted} was deter-  
mined for each plaque. 

Using uncoated plaques, the onset of fluorescence 
was observed at 500 eV. Each of the threshold vol t-  
ages was corrected for the so-called "dead voltage." 

Results and Discussion 
Range-energy  data for graphite-si l icate coatings are 

shown graphically in Fig. 2. The electron range, R, is 

m 
B 

m 

m 

B 

R = 1108 E 1"64 

I 0  i I I I I t i l l  I I I I I I I I  
I0 I00 

ENERGY (KEV) 

Fig. 2. Range-energy data for graphite-silicate coatings 

the measured effective coating thickness. The energy, 
E, is the pr imary  electron energy corresponding to the 
init ial  electron penetrat ion for each coating sample. 
On a logarithmic scale the relat ion between R and E 
is l inear  for film thicknesses between 30,000 and 185,- 
000A. A computer least squares curve fit has deter-  
mined that  the data obeys the empirical relat ion 

R ---- 1108 EL64 [1] 

where R is expressed in angstroms and E in  keV. 
The opt imum coating thickness for any electron de- 

vice may be calculated by simply subst i tut ing the ap-  
propriate operating voltage into Eq. [1]. For the case 
of color TV picture tubes operating at 25 keV, a coat- 
ing thickness of 220,000A is necessary to completely 
shield the glass envelope from high energy electrons. 
Covering the glass envelope of electronic devices with 
graphite-si l icate films in excess of this value should 
help to preserve the thermionic emission of oxide cath- 
odes by reducing the level of harmful  gaseous resid- 
uals. 

The visual detection method used in the invest iga-  
tion for de termining the electron range was chosen 
because of the exper imental  difficulties involved in  
handl ing  graphite-si l icate coatings of the type nor -  
mal ly  used in electron tubes. Kante r  and Sternglass 
(11) have shown that range determinat ions using 
luminescent  detectors give higher threshold energy 
values for electron penetra t ion (smaller effective 
range) than can be expected by either theoretical cal- 
culations or absorption techniques. Calculations based 
upon the Bethe theory of energy loss (9) and the in-  
tegration method of Lane and Zaffarano (10) show the 
calculated integrated path length, I, to be smaller  than  
the exper imental  range (Fig. 3). That is, the experi-  
menta l  range is considerably larger than would be 
expected. 

Sprayed coatings of the type considered here would 
be expected to have a porous structure. This is sup- 
ported by the relat ively low bulk  densi ty  of the graph-  
ite-silicate coating (1.4 g/cm 3 compared to 2.2 g /cm 3 for 
crystal l ine graphite) .  Since it is l ikely that  electrons 
should penetrate,  porous materials  more easily than 
dense substances, the observed high exper imental  
ranges may  be at t r ibuted to the high void content  of 
the graphitic coating. 

Because of the probable dependence of the experi-  
menta l  range data on the void characteristics of the 
coating material,  caution should be exercised in apply-  
ing the electron penetra t ion results obtained for graph- 
ite-silicate coatings to other systems. However, for 
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Fig. 3. Comparison of calculated and experimental ranges of 
electrons in graphite-silicate coatings. 

films which have a high void content  and do not read-  
ily lend themselves to evaluat ion by absorption tech-  
niques, the visual  range determinat ion employed for 
this investigation should give a reasonable approxima-  
t ion of the electron penetration.  
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Brief Cornrnvn cadons 

Anomalous Boron Diffusion in Silicon 
from Planar Boron Nitride Sources 

Joseph Stach* and Alfred Turley 

Solid State Device Laboratory, Department o~ Electrical Engineering, 
The Pennsylvania State University, University Park, Pennsylvania 16802 

This communicat ion describes exper imenta l  results  
of boron diffusions using boron ni t r ide wafers as the 
boron source. High surface concentrat ions are gener-  
ated by the boron ni tr ide diffusion system (1-3). As 
such, nonideal  effects are introduced into the diffusion 
process, the most notable being anomalous diffusion 
profiles which exhibit  dependence on the inert  diffu- 
sion gas ambient.  

Experimental 
The silicon wafers used throughout  the investigation 

were polished, <111> oriented, and 1.5 in. in diameter  
with a 3-7 ohm-cm arsenic doped 10-30 ~m thick 
epitaxial  layer. Prior to diffusion, the silicon was 
cleaned by accepted techniques (4) and stored in cov- 
ered polypropylene containers. The procedures for pre-  
par ing the boron ni tr ide sources were those developed 
in  previous investigations (1, 2). 

Extensive use was made of l inear  four-point  probe 
sheet resistance measurements  in the evaluat ion of the 
diffused layers. The uni t  used consisted of an A&M 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  b o r o n  n i t r i d e ,  b o r o n  d i f fus ion ,  p l a n a r  s o u r c e s .  

Fell four-point  probe head with wear resistant  tung-  
sten carbide probes of a 0.04 m m •  10% tip radius 
loaded in ruby  bearings and spaced 1.00 • 0.01 mm 
apart  with 200g • 2% applied pressure when fully 
depressed; an A&M Fell  four-point  probe head mount ;  
and a K&S Pacific Model 192 resistivity tester con- 
sisting of a 0.001-10 mA • 0.1% full scale current  
source and a 0-20 mV __+ 0.5% full  scale digital volt-  
meter. 

Boron diffusion profiles were  obtained from incre-  
menta l  sheet resistance measurements  (5, 6). Layer  
sectioning of silicon was performed by  anodic oxida- 
tion (7) and a computer program adapted to the work 
of Donovan (8) and I rv in  (9) was used in calculat ing 
profiles from the incremental  sheet resistance data. 

All  diffusions were performed in a Thermco-Spar tan  
60 mm inside diameter  furnace with a flat zone of 15 
in. (•176 Diffusions were performed in helium, ar-  
gon, and ni t rogen ambients  and the effects of these 
ambients  were studied in terms of sheet resistance, 
diffusion profiles, and deposition of surface films dur -  
ing the diffusion process. 
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Figure 1 shows actual diffused profiles for the three 
ambients.  Notice the surface concentrat ions and junc -  
t ion depths. 

NSHe > NSAr > NSN2 [I] 
and 

XjH e < XiA r < XjN $ [2] 
One cannot be sure of the val idi ty of the surface con- 
centrat ions due to the uncer ta in ty  in the measurement  
technique; however, the junct ion depths are significant 
and are supported by Fig. 2 which shows sheet re-  
sistance vs.  t ime with gas ambient  and temperature  as 
parameters.  The sheet resistance is consistent with 
junc t ion  depth measurements  in that  

PSHe > PSA > PSN2 [3] 
The following argument is proposed to explain 

these results. At very high surface concentrations, 
"excess" boron above solid solubility reacts with the 
silicon to form a new phase on the surface. Such a 
phase was visually observed and remained on the sili- 
con surface after conventional borosilicate glass re- 
moval. The thickness of the phase, tph, varied with 
diffusion ambient as follows 

tphHe > ~;phA > tPhN2 [4] 
The relat ive thicknesses of the phase layers were 

determined by comparison of the numbers  of in ter -  
ference min ima  observed on an ul t raviolet-vis ible  
spectrophotometer. The exper imenta l ly  determined 
diffused layer  profiles show that  diffusions which 
formed a heavy borosilicate glass and Si-B phase re-  
sulted in  shallower junct ions and higher sheet re-  
sistances for constant  times and temperature.  This can 
be explained by making the following plausible as- 
sumptions:  (i) the formation of surface films (glass 
and phase) consumes silicon; (if) only "excess" boron 
above solid solubili ty combines with the silicon to form 
a new phase on the surface; and (ii i)  the diffusion co- 
efficient of boron in the surface phase is greater than 
boron's diffusivity in silicon. Assumption (i i i)  was 
based on the observation that for long diffusion times, 
the surface concentrat ion of boron was not reduced as 
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would occur if the phase layer  acted as a diffusion 
barrier.  Busen et  al. (10) have also observed such a 
phase following boron diffusions. They report  that  the 
phase is highly porous, wi th  pore sizes as large as 
0.75~. 

Before profiling or sheet resistance measurements  
were performed, the surface films were removed. This 
amount  of silicon removed might account for the ob- 
served differences in junct ion depth and sheet resist- 
ance if the three assumptions presented are true. 

Ideally, diffusions of this type should follow a com- 
p lementary  error function profile. Diffusions in the 
ni t rogen ambient  showed little or no surface phase 
formation. Two profiles of N2 ambient  diffusions along 
with an erfc profile as shown in  Fig. 3. One sees that  
the real profile differs considerably from the erfc dis- 
t r ibution.  Deeper penetrat ion in the high concentrat ion 
area suggests a concentrat ion dependent  diffusivity 
giving enhanced diffusion at high concentrations; how- 
ever, the concentrat ion gradient  near the surface indi-  
cates that the diffusivity probably  reaches a max imum 
value and then begins to decrease with higher concen- 
trations. A similar type of diffusivity concentrat ion 
dependence for arsenic has been reported by Kennedy  
and Murley (11). Concentrat ion dependence of boron 
diffusion coefficient has been previously reported in the 
l i terature;  but  no quant i ta t ive  data have yet been pre-  
sented (12-14). 

Summary 
Diffusion profiles which indicate concentrat ion de- 

pendent  diffusivity and inert  gas ambient  dependence 
have been exper imental ly  observed when boron diffu- 
sions were performed using boron ni tr ide wafers as 
the boron source at temperatures  between 1100 ~ and 
1200~ Actual profiles show steeper junct ions than 
predicted from an erfc profile. 



724 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  May 1974 

1020  

U 
c t  

CO 

0 
I.- 

1019 

Z 
0 
I.- 

{:E 
I.- 
Z 
h i  

Z 
0 
(J  

I 0  L8 

1017 
o I 2 5 

PENETRATION (MICRONS) 
4 5 

Fig. 3. Diffused impurity profiles indicating anomalous diffusion 
at 120O~ 

Manuscript  submit ted Feb. 6, 1973; revised manu-  
script received Nov. 30, 1973. This was Paper  77 pre-  
sented at the Chicago, Illinois, Meeting of the Society, 
May 13-18, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submitted by Aug. I, 1974. 

REFERENCES 
1. D. Rupprecht  and J. Stach, Paper  176 presented at 

Electrochemical Society Meeting, Cleveland, 
Ohio, Oct. 3-7, 1971. 

2. D. Rupprecht, J. Stach, and A. Turley, Paper  31 
presented at Electrochemical Society Meeting, 
Houston, Texas, May 7-11, 1972. 

3. D. Rupprecht  and J. Stach, Paper  56 presented at 
Electrochemical Society Meeting, Houston, Texas, 
May 7-11, 1972. 

4. R. P. Donovan, "Fundamenta ls  of Silicon Integrated 
Device Technology," Vol. 1, p. 309, Prentice-Hall ,  
Inc., Englewood Cliffs, N. J. (1967). 

5. M. T a n n e n b a u m  and D. F. Thomas, Bell System 
Tech. J., 35, 1 (1956). 

6. E. Tannenbaum,  Solid-State Electron., 2, 123 
(1961). 

7. E. F. Duffek, E. A. Benjamini ,  and C. Mylroie, 
Electrochem. Technol., 3, 75 (1965). 

8. R. P. Donovan, Solid-State Electron., 10, 155 (N) 
(1967). 

9. J. C. Irvin, Bell System Tech. J., 41, 387 (1962). 
10. K. M. Busen, W. A. FitzGibbons, and T. Kloffen- 

stein, Electrochem. Technol., 6, 256 (1968). 
11. D. P. Kennedy  and P. C. Murley, Proc. IEEE, 59, 

335 (1971). 
12. J. J. Chang, IEEE Trans. Electron Devices, 101, 357 

(1963). 
13. E. L. Williams, This Journal, 108, 795 (1961). 
14. N. D. Thai, Solid-State Electron., 13, 165 (1970). 

Complete Removal of Sodium from Silicon Dioxide Films by 
Formation of Phosphosilicate Glass 
Daniel V. McCaughan, Richard A. Kushner, and Sigurd Wagner 

Bell Laboratories, Murray Hill, New Jersey 07974 

Alkali  ion contaminat ion of thermal ly  grown SiO2 
films on silicon is a serious problem in  semiconductor 
technology. One technique which has been used with 
some success in  al leviat ing this difficulty is the forma-  
t ion of a layer  of phosphosilicate glass over either 
gate dielectric or passivating oxide. Phosphosilicate 
films are known to getter mobile ionic impurit ies (1,2). 
Most investigations of mobile charge have been carried 
out with capacitance-voltage methods (3) whose sen-  
sit ivity to charged impurit ies depends strongly on 
their  location in the insulator  and is highest for 
charges at the S i O J S i  interface. The ionic drift  tech- 
niques (4-6) on the other hand do not determine the 
location of charge. A drawback common to all elec- 
trical methods is that they measure either the total or 
the t ime derivative of the dielectric displacement and 
cannot, therefore, dist inguish be tween  ionic migra t ion 
and dielectric polarization on an atomic scale. An ex- 
per imenta l ly  independent  but  less widely used ap- 
proach is afforded by the measurement  of the dis t r ibu-  
t ion of radioactive tracers. Using 24Na tracers, Yon, 
Ko, and Kuper  (7), Kuper  (8), and Buck et al. (9) 
have obtained results which show that sodium, ini t ia l ly  
dis tr ibuted throughout  the SiO2, is part ial ly gettered, 

Key words: gettering, mobile charge, ionic charge, device proc- 
essing. 

during the growth of a phosphosilicate glass layer, into 
the PSG layer. The area density of sodium, in  the ex-  
periments of Kuper  and co-workers (7, 8), 6.4 • 1014/ 
cm 2, and of Buck and co-workers (9), >1 • 1014/cm 2, 
was unreal is t ical ly high. Here we present  evidence that  
sodium ini t ial ly present  only near  the SiO2/Si in ter -  
face in amounts  comparable to those found in con- 
taminated gate oxides (~I012/cm2 Na) is removed to 
less than detection limits dur ing phosphorus diffusions 
of short duration. 

About 1 • 10 TM cm -2 NaC1 containing 1% radioactive 
sodium-22 as a tracer was evaporated onto 5O0O.~ thick 
SiO2 layers thermal ly  grown on ~5  ohm-cm n- type  
(10O) silicon wafers (9, 10). 22Na is a positron emitter  
whose radioactivity was measured by counting the co- 
incident  gamma rays resul t ing from positron annih i la -  
tion. The samples were then bombarded with 1 • 1014 
cm -2 Ar + ions at 500 eV. This procedure drives sodium 
from the vacuum/oxide  interface to the oxide/si l icon 
interface (10-13). 

The apparatus (13) consists of a glow discharge ion 
source with a 2 keV accelerator, a 60 ~ sector mass ana-  
lyzing magnet,  and deflection plates for scanning the 
beam. The target is surrounded by a secondary elec- 
t ron suppressor, and the target current  is measured. 
The energy spread at the sample is a few electron 
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volts. No radioactive sodium was lost dur ing the ion 
bombardment .  After  bombardment ,  1000A were etched 
off the silicon dioxide. This procedure removes all 
sodium not drifted to the S i O J S i  interface, and count-  
ing of the 22Na tracer showed that 1 • 1012 cm -2 total 
sodium remained in the oxide. [Prior experiments  
(10-13) have shown that v i r tua l ly  all of this sodium 
resides in the SiO2, wi thin  about 200A of the SiO2/Si 
interface.] Phosphorus was then diffused into the oxide 
for 4 min  at 925~ in an atmosphere of 0.01% PBr3 and 
0.8% O~ in ni t rogen at a flux of 23 cm �9 sec -1. As de- 
te rmined by etch rate, this procedure converts ap- 
proximately the top 200A of SiO2 to a phosphosilicate 
glass. The samples were again counted for 22Na. It was 
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Fig. 1 (a, top). Profile of sodium in SiO~ after ion bombardment 
and the top 1000.~ removed by etching, leaving a profile of sodium 
at the SiO~ interface only. (b, bottom) Profile of sodium in Si02 
after the phosphorus diffusion step. No sodium remains at the 
Si02/Si interface; etching of the top 300~. (including the phos- 
phorus glass layer) removes all remaining sodium. 

observed that ~80% of the sodium had been removed 
during the phosphorus diffusion. [We believe that the 
bromine gas resul t ing from the oxidation of PBr3 
forms the very stable but  volatile NaBr which then 
evaporates from the SiO2 into the furnace atmosphere. 
At 925~ the vapor pressure of NaBr is 6.8 Torr (14).] 
Removal of the top 350A of the oxide in 15:1 = 
H20:HF, which removes SiO2 at a rate of 200A rain -1 
showed that  all the remaining sodium was contained in 
this top 350A of the oxide, which included the phos- 
phosilicate film. 

The remaining oxide was devoid of any radioactive 
sodium to wi thin  the sensit ivity limits of the measure-  
men t  (4 • 109 total sodium/cm2). Figure 1 i l lustrates 
the concentrat ion profiles of sodium in  this sequence of 
experiments.  

Thus, we have shown that sodium ions mobilized in 
device-type structures by ion bombardment  can be 
completely el iminated by a phosphorus get tering step 
followed by an etchoff of the phosphosilicate layer. 
From past experience we know that sodium, once it is 
made mobile by ion bombardment ,  is equivalent  to 
mobile sodium introduced by any other method. We 
therefore conclude that  mobile sodium in SiO2/Si 
s tructures in the 1011-1012 Na �9 cm -2 range can be com- 
pletely removed by the described procedure regardless 
of its origin or its location. 

Manuscript  submit ted Dec. 17, 1973; revised m a n u -  
script received Jan. 17, 1974. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1974 
JOURNAL All discussions for the December 1974 Discus- 
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q 
ABSTRACT 

The electrical characteristics and changes in s t ructure  when  sintered Ag 
electrodes were cycled in  8.4M or 3.6M CsOH solutions were compared with 
results for similar electrodes cycled in  KOH solutions. The products of re-  
duction were the same in the two electrolytes. Solutions of CsOH gave a 
bet ter  capacity when  the A g  electrodes were cycled repeatedly using slow 
discharges, because the Ag which formed dur ing  reduction had a smaller  
average particle size in  CsOH than  in KOH as a result  of lower ionic mobil i ty  
in  the CsOH. But polarization was higher in  CsOH, so KOH was preferable to 
CsOH at moderate and high rates of discharge. 

Reduction of the silver oxide electrode has usual ly  
been studied in aqueous KOH solutions [(1-7) and 
references in  (8)].  Since the ionic radius and atomic 
weight of Cs are larger  than  those of K, the use of 
CsOH instead of KOH should indicate if the cation of 
the electrolyte has a strong effect on the Ag electrode. 
In  addition, CsOH and KOH solutions having the same 
molar concentrat ion contain different amounts  of 
water. It  is of interest, therefore, to determine some of 
the characteristics of Ag electrodes in aqueous CsOH 
solutions, because results may  differ significantly from 
those obtained in  KOH solutions. 

A previous paper has described the oxidation of 
s intered si lver electrodes in CsOH solutions (9). The 
present work is concerned with reduction or discharge 
of these electrodes and gives the effect of CsOH on 
electrical characteristics and on electrode structure. 

Experimental 
Only a brief  description of exper imental  procedure 

is given here, since details have already been pre-  
sented (9). Test cells contained sintered silver elec- 
trodes whose average dimensions were 43.7 m m  wide, 
36.0 m m  high, and 0.87 mm thick. Part icle size distri-  
but ion  in  an unused electrode was given earl ier  (7). 
Cells contained an excess of electrolyte. Two other 
sintered Ag electrodes served as counterelectrodes. All  
electrodes were wrapped with five layers of ei ther cel- 
lulosic separator or crosslinked polyethylene separator. 
Each cell also c o n t a i n e d  a Ag/Ag20 reference elec- 
trode. Electrodes were always charged (anodically 
oxidized) to oxygen evolution before beginning  a dis- 
charge. The 20-hr constant current  charge rate was 
used except where otherwise stated. Temperature  was 
24 ~ • I~ Discharges began immediately after the end 
of a charge, without  any stand period. Some electrodes 
were always discharged (reduced) using the 20-hr rate 
of constant current,  and others were always discharged 
at the 1-hr rate. Discharges were ended when  poten-  
tial dropped about 200-250 mV below the observed 
Ag/Ag20 potential  plateau. One or more samples were 

Key words: silver oxide, electrolyte, electrode structure, reduct ion.  
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cut from most of the electrodes and cross sections were 
prepared for optical microscopic examination.  

Results 
Capacity changes with cycling.--Figure 1 gives the 

general  t rend of discharge capacity for the first 15 
cycles, the period of greatest change. Each curve given 
in  Fig. 1 is a smoothed composite of measurements  
from two or three electrodes, except only one electrode 
was cycled at the 1-hr rate in  3.6M CsOH. During the 
first cycle of a new electrode the largest capacity was 
obtained in 3.6M CsOH. Capacity in this electrolyte 
dropped rapidly in the first few cycles. 

The rate of capacity loss decreased after a few 
cycles. Rates of loss given in  Table I for slow dis- 
charges were measured start ing at cycle 1, except for 

2.5 
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I 20 HR DISCHARGE RATE 

. " ........... .... . . _ . . . ~ .~____  
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5 CYCLE I0 15 

Fig. 1. Effects of cycling and of discharge rate on capacity of Ag 
electrodes in aqueous CsOH and KOH. Al l  charges were done at 
the 20-hr rate. 
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Table I. Rates of capacity loss per cycle when using the 20-hr 
discharge rate 

2 0 - H r  c h a r g e  ra t e ,  % 

E l e c t r o l y t e  To  c y c l e  15 To cyc le  30 

V a r i o u s  c h a r g e  r a t e s  
f r o m  0.7 to 50 hr ,  % 

To cyc le  15 To cyc le  30 

3.6M C s O H  2.1 - -  2.1 1.4 
8.4M C s O H  0,7 - -  0.9 0.5 
5.5M K O H  2.3 1.4 2.7 1.4 
8.4M K O H  1.g 1.0 1.3 0.8 

l l . 6 M  K O H  1.7 1.2 1.4 0.9 

the rare occasions when  max imum capacity occurred 
at cycle 2 instead of 1. The results given in Table I 
were calculated from data taken from Ref. (7) and (9) 
and the present work. Rates of loss tended to be high-  
est in the most dilute solutions. The loss in  3.6M CsOH 
became low after the ini t ia l  sharp drop in  capacity be-  
tween cycle 1 and 2 (Fig. 1). The rates of loss be-  
ginning at cycle 2 were 0.9, 0.6, and 1.1% per cycle in 
3.6M CsOH, in  contrast to the 2.1, 2.1, and 1.4%, re-  
spectively, given in  Table I. 

Electrode potentials during discharge.--A few dis- 
charges are shown in Fig. 2 for electrodes cycled under  
the conditions of Fig. 1. All  potentials reported in this 
paper are given with respect to the Ag/Ag20 refer-  
ence electrode. Shapes of discharge curves at cycle 4 
can be regarded as typical  for la ter  cycles, since there 
was little change be tween cycle 4 and 15 except for 
the total length  of discharge. The greatest capacity was 
obtained at cycle 1 in  3.6M CsOH. Capacity at cycle 4 
had dropped more rapidly in  3.6M CsOH than  in 8.4M 
CsOH. Results at the 1-hr rate in 3.6M CsOH were not 
included because potentials dur ing most of cycle 1 and 
4 discharge were close to those already shown and 
would make Fig. 2 hard to decipher. These discharges 
in  3.6M CsOH resembled cycle 4 in  8.4M KOH, and at 
cycle 1 lacked the high ini t ial  potential  shown for 
8.4M CsOH. The length of the discharges differed, 
however, according to the t rend indicated in Fig. 1. 

The Ag electrodes in  Fig. 1 and 2 were always 
charged at the 20-hr rate of constant current.  Charge 
acceptance in CsOH decreased when charges were done 
at a higher current  (9). Figure 3 gives examples of 
discharges that  followed three rates of charge. The 
charges lasting approximately 0.8, 4, and 43 hr were 
done at currents  that  were 16, 4, and 0.5 t imes the 20- 
hr  rate, respectively. Capacity that an electrode de- 
l ivered was changed by a factor of two over this cur-  
rent  range. 

Discharge at the AgO/Ag20 potentiaL--Most of the 
active mater ial  is converted to AgO dur ing the charge 
of a s intered Ag electrode to oxygen evolution. The 
remainder  of the active mater ia l  consists of Ag20 and 
Ag in varying amounts  depending on electrode struc-  
ture, electrolyte, and cycling conditions (7, 9-11). Re- 
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Fig. 4. Effect of cycling on the upper or AgO/Ag20 discharge 
potential plateau. Discharges and charges were done at the 20-hr 
rate. 

duction of this AgO gives the famil iar  potential  plateau 
usual ly  found at the beginning  of a discharge,  except 
when  current  is high enough to polarize the electrode 
down to the Ag20/Ag potential  during the ent i re  dis- 
charge. The AgO/Ag20 potential  can be seen at the 
beginning  of most of the discharges in  Fig. 2 and 3. 

Figure 4 shows the var iat ion in  discharge capacity at 
the AgO/Ag20 potential  plateau when electrodes were 
cycled in  three solutions. Since capacity was changing 
rapidly during the first few cycles, as indicated in Fig. 
1, the proportion of a discharge that  took place at the 
AgO potential  did not change in  exactly the same way 
as in Fig. 4. Table II gives the per cent of discharge 
that  took place before potential  fell to the lower or 
Ag20/Ag plateau. Percentages in Table II are averages 
of three electrodes in each electrolyte. The AgO/Ag20 
length reached a m i n i m u m  at cycle 1 or 2. 

Another  factor affecting the length of the AgO/Ag20 
potential  was the rate at which an electrode was 
charged (Fig. 5). The proport ion of a discharge that  
took place at this higher potential  usual ly  reached a 
max imum when a sintered Ag electrode was charged 
at the 5- to 10-hr rate. The curve for 8.4M KOH is re-  
peated in both sections of Fig. 5. Since there was some 
scattering of individual  measurements ,  small  differ- 

Table II. Variation in length of AgO/Ag20 potential when 
electrodes were cycled using the 20-hr discharge rate 

A g O  l e n g t h  ( p e r  c e n t  o f  t o t a l  d i s c h a r g e  l e n g t h )  

Cycle  3.6M C s O H  8.4M C s O H  5.5M K O H  8.4M K O H  11.6M K O H  

1 7 17 23 13 21 
2 24 13 22 10 16 
5 27 20 29 21 26 

10 26 27 3~ 28 32 
15 26 28 31 29 33 
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ences be tween the various curves may not be signifi- 
cant. 

Structural changes during a discharge.--Structure 
was relat ively unform throughout  electrodes that  were 
always discharged at the 20-hr rate. Figure 6 shows a 
low magnification view of an electrode discharged 
unt i l  32% of the total capacity had been removed. The 
Ag20/Ag plateau had been reached when  the discharge 
was 22% completed, so 44% of the AgO had been re-  
duced to Ag20 before formation of Ag began. Then, 
after  the potential  fell to the Ag20/Ag plateau, Ag20 
was reduced to Ag and s imultaneously  some of the 

remaining  AgO was reduced to Ag20. A visual  estimate 
of the ent i re  cross section indicated that  approximately 
65% of the active mater ia l  was Ag20. The highest 
Ag20 concentrat ion was near  grid members,  although 
all areas of the electrode had some Ag20. Ini t ia l  forma- 
t ion of metall ic Ag occurred most often near  the grid 
(Fig. 6). 

Figure 7 gives a higher magnification view of another  
electrode that  had been discharged unt i l  10% of total 
capacity was removed while  at the Ag20/Ag potential  
plateau. All photographs are of cross sections through 
the electrode and, therefore, show cross sections 
through individual  particles and crystals. The surface 
of AgO was reduced to Ag20 dur ing the early par t  of 
the discharge. Porosi ty increased as Ag formed. Some 
AgO usual ly  remained near  the newly formed Ag in  
par t ly  discharged electrodes, as in  Fig. 7. The Ag 
had formed in  the vicini ty of the grid members  and 
near  the surfaces of the electrode, a l though seldom 
actually on the surface when  the 20-hr discharge rate 
was used. The metall ic Ag (white) that  was ent i re ly  
surrounded by Ag20 in Fig. 7 was residual  from the 
preceding charge. The rest of the Ag had formed dur -  
ing the discharge and had rounded,  convoluted shapes 
typical of most Ag particles after  several slow dis- 
charges. 

After  a complete discharge at the 20-hr rate almost 
all oxide had been reduced to Ag (Fig. 8). About  10% 
of a discharged electrode consisted of small  Ag par -  
ticles. These small Ag particles resulted from the re-  
duction of areas that  had contained closely packed 
AgO with li t t le or no Ag present. Large Ag particles, 
the most common form, tended to have smoother sur-  
faces at the end of a discharge than  when  p a r t l y  dis- 
charged (compare top of Fig. 8 with Fig. 7). Some 
crevices in the Ag had been  filled in  dur ing  the addi- 
t ional discharge. 

Dependence of structure on discharge r a t e . - - In  con- 
trast  to a discharge at the 20-hr rate, dur ing  a dis- 
charge at the 1-hr rate only a small  amount  of Ag20 
formed before reduct ion to Ag began taking place 
(Fig. 9). It was typical to have a region 50-100 #m wide 
where Ag20 was forming from AgO. The amount  of 
Ag20 that formed reached a more or less constant  
value, and then the Ag formation rate became equal to 

Fig. 6. Photomicrograph of electrode in 8.4M CsOH at cycle 6 
after a partial discharge at the 20-hr rate had removed 32% of 
capacity. Potential had been at the Ag~O/Ag plateau for 2 hr 
when discharge was interrupted. In this cross section metallic Ag 
is white, Ag20 is dark gray, AgO is light gray, and empty areas 
(formerly filled with electrolyte) are block. Large white object 
is part of the Ag grid. Electrode thickness (from left to right in 
photograph) was 0.87 mm. 

Fig. 7. Electrode that was discharged 37% in 8.4M CsOH at 
cycle 15. Discharge at the 20-hr rate was ended after potential 
had been at the Ag20/Ag plateau for 2 hr. Surface of electrode 
is at the left. Most of the Ag20 and Ag shown here had formed 
from AgO during the partial discharge. Marker indicates 25 #m. 
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Fig. 8. Cross section of Ag particles at the end of cycle 6 dis- 
charge at the 20-hr rate in 8.4M CsOH. Approximately 7% of the 
volume of this electrode contained small particles such as those 
at the bottom of this photograph, and the rest contained larger 
particles as shown at the top. Same magnification as Fig. 7. 

Fig. 10. Electrode discharged 50% at the 1-hr rate at cycle 
30 in 8.4M CsOH, showing border between silver oxides and newly 
formed small particles of granular Ag. One surface of the electrode 
was at the right. Marker indicates 10 ~m. 

charged at the 1-hr rate  is included in Fig. 10. In this 
area the Ag particles were  smaller  than  those shown 
at lower  magnification in Fig. 9. Af te r  electrodes had 
been discharged 35-50% thei r  surfaces were  mostly 
the whi te  color of Ag when  the 1-hr was used, and 
largely  the color of Ag20 when  the 20-hr ra te  was 
used. 

Part icles of Ag that  formed at the 20-hr rate  are 
shown in Fig. 11. The Ag particles that  formed during 
the slow discharge usual ly had 2 ~m as a smallest  di- 
mension, while  many  particles that  formed during the 
1-hr discharge were  about 0.5 ;,m in diameter  and were  
more uniform in size and spacing. Since typical  Ag 
particles were  about four t imes larger  af ter  a 20-hr 

Fig. 9. Active materlal of electrode discharged 45% at the 1-hr 
rate at cycle 6 in 8.4M CsOH. Under these conditions partial 
reduction of AgO to Ag20 was followed by reduction to Ag in 
preference to formation of thick Ag20 layers. Active material is 
predominately AgO at the top of this photograph, Ag20 in the 
middle, and Ag at the bottom. To see the effect of discharge rate 
compare with Fig. 7 at the same magnification. 

the  rate of Ag~O formation. The Ag formed into 
smaller  particles at the 1-hr rate  than at the 20-hr rate  
(Fig. 7). 

The active mater ia l  near  a grid was almost en t i re ly  
AgO at the end of a charge. Af te r  electrodes had been 
discharged 10% at the 1-hr rate  both Ag20 and Ag 
had formed in a na r row area near  the grid. Also Ag 
had formed at the surface of the electrodes in areas 
that  had been mainly  Ag ~ Ag20 at the beginning of 
the discharge, nucleat ing f rom Ag that  remained  
wi th in  the Ag20. The surface of an  electrode dis- 

Fig. 11. Appearance of reduction products in electrode discharged 
32% at the  10-hr rate in 8.4M CsOH at cycle 6. This is a high 
magnification view of another area of the electrode shown in 
Fig. 6. Compare with Fig. 10 at the same magnification to see the 
effect of different discharge rates. 
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discharge, they contained on the order of 64 times as 
much Ag, if a spherical shape is assumed for ease in  
calculation. The Ag20 also formed into smaller  par t i -  
cles when  using the 1-hr discharge rate than  when  
using the 20-hr rate, al though the differences were not 
as great as for Ag. 

Several  cross sections that  included half  the width of 
an electrode were divided into 25 to 30 equal viewing 
areas the size of Fig. 6 and examined at 108 • magnif i-  
cation. The percentage of AgO, Ag20, and metall ic Ag 
was estimated for electrodes discharged at the 20-hr 
rate unt i l  potential  had been at the Ag20/Ag plateau 
for 2 hr. Estimates were also made for electrodes 45% 
discharged at the 1-hr rate. Here the small  particle size 
made it impractical to give separate estimates for Ag20 
and AgO, but  high magnification indicated that  half  
of the oxide was AgO. 

Figure 12 shows the composition of horizontal cross 
sections that  reach the center of two electrodes. The 
left side of Fig. 12 gives the composition at one edge 
of the electrodes and the r ight  side gives the composi- 
t ion at the centers. When the 20-hr discharge rate had 
been used (upper part  of Fig. 12) Ag20 had formed in  
most areas of the electrode, with a slight preference 
for the grid of expanded sheet Ag. The r igh t -hand  
grid member  in the upper  part  of Fig. 12 is also shown 
in Fig. 6. Format ion of metall ic Ag had a definite 
preference for grid members  and for the electrode 
surface dur ing a discharge at the 20-hr rate. Concen-  
trat ions of AgO had become lower at the grid than  
elsewhere. 

When a part ial  discharge was done at the 1-hr rate 
a much higher proport ion of active mater ial  was re-  
duced to Ag (lower part  of Fig. 12). Ini t ia l  formation 
of Ag had taken place preferent ia l ly  at the grid, bu t  
then  formation spread rapidly to more distant areas at 
or near  the surface of the electrode. Metallic Ag con- 
centrat ion was high at the edges of bo th  par t ly  dis- 
charged electrodes (left side of Fig. 12). 

Structural changes that occur with cycling.-- When 
an electrode was charged and discharged at the 20-hr 
rate in  8.4M CsOH the most noticeable difference was 
that  particles had dendrit ic shapes at the end of cycle 
1 discharge (Fig. 13) in  place of the i r regular  shapes 
present  in  the unused electrode (7, 10). The average 
size of Ag particles gradual ly  increased as an elec- 
trode was cycled using the 20-hr discharge rate. The 
change be tween  cycles 1 and 6 can be seen by  com- 
par ing Fig. 13 with Fig. 8 at the same magnification. 
There was l i t t le addit ional  increase in  average size 

Fig. 13. Cross section through typical Ag particles that formed 
at the end of cycle 1 discharge at the 20-hr rate in 8.4M CsOH. 
Some larger particles hod also formed but were less common. 
Marker indicates 25/~m. 

between cycle 6 and 15, but  Ag particles became more 
rounded. Large areas of small  particles developed in  
some places dur ing the first few cycles, but  then the 
size and amount  of small  particles decreased with addi-  
t ional cycling. As for the oxides, the size of AguO 
clumps increased between cycle 6 and 15, and AgaO 
layers on AgO became thicker. 

When the 1-hr discharge rate was used particle sizes 
had less var ie ty  with the greatest s t ructural  change 
being the decrease in  average particle size after the 
first discharge. In  addi t ion,  a moderately large pro- 
portion of the Ag had assumed th in  dendrit ic shapes 
dur ing  the discharge at the 1-hr rate (Fig. 14). The 
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Fig. 12. Composition of active material in partly discharged 
electrodes at cycle 6 in 8.4M CsOH. Upper half is based on a 
cross section of an electrode that had been discharged 32% at 
the 20-hr rate (Fig. 6 and 11). Lower half refers to an electrode 
discharged 45% at the 1-hr rate (Fig. 9). Letter G indicates location 
of the grid members. 

Fig. 14. Partially oriented Ag particles were fairly common after 
cycle 1 discharge at the 1-hr rate in 8.4M CsOH, but most of the 
Ag was in small granular particles such as those shown at the 
center and lower left. Compare with Fig. 13 at the same magnifi- 
cation to see the effect of a single discharge at different rates. 
Both electrodes had the same original structure. 
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proport ion of th in  Ag particles gradual ly  decreased as 
an  electrode was cycled. Thin shapes became rare by 
cycle 15. Areas of very  closely packed small  particles 
were not found at cycle 1 but  developed with cycling in 
8.4M CsOH (Fig. 10 and 15). Thin  Ag particles were 
uncommon after a discharge at the 20-hr rate. 

EfIect of electrolyte on electrode structure.--The 
main  difference be tween  structures in KOH and CsOH 
solutions was that Ag particles tended to be smaller  in 
CsOH. Although s t ructural  differences were not great, 
a smaller  average particle size in CsOH was noted at 
both discharge rates. At the 20-hr discharge rate the 
size difference was greatest in the first few cycles. A n -  
other difference was that smaller  and more porous 
Ag20 formed in CsOH than  in  KOH dur ing  a discharge 
at the 1-hr rate. 

The Ag particle sizes in  discharged electrodes at 
cycles 6 and 15 were probably  not significantly differ- 
ent  between 3.6M and 8.4M CsOH when the 20-hr dis- 
charge rate was used, al though Ag often tended to 
form into larger particles and in  bigger clumps near  
the surface of an electrode cycled repeatedly in  3.6M 
CsOH. When the 1-hr discharge rate was used the 
average particle size was about twice as large in  3.6M 
CsOH as in  8.4M CsOH. Typical particle sizes after dis- 
charges at the 1-hr rate were 0.3-1 ~m in 8.4M CsOH, 
while in  3.6M CsOH 50-65% of an electrode consisted 
of particles 1-2 ~m in their  smaller  dimension with 
most of the remainder  0.4-1 ~m. 

During a charge in 3.6M CsOH the AgO had a ten-  
dency to form into elongated shapes (9). During a 
discharge at the 1-hr rate the elongated AgO was re-  
duced to many  small Ag particles that  remained in 
groups having shapes similar  to the AgO (Fig. 16). 
When similar  elongated AgO crystals were discharged 
at the 20-hr rate the Ag formed into larger  particles 
which usual ly  were not in  noticeably elongated groups. 

Some of the active mater ia l  developed an a l ignment  
when electrodes were discharged at the 1-hr rate in 
3.6M CsOH. These aligned groups of particles often, 
bu t  not always, pointed at a grid member  or at large 
Ag particles in the active material.  The aligned par-  
ticles did not actually touch the grid or large particles. 
Aligned Ag particles were not found in  8.4M CsOH or 

Fig. 15. Small Ag granules typical of the active material at 
the end of cycle 30 discharge at the 1-hr rate in 8.4M CsOH. 
Compare with Fig. 14 at the same magnification to see the effect 
of cycling. The partially oriented Ag particles of Fig. 14 had become 
scarce by cycle 15. 

Fig. 16. An electrode discharged at the I-hr rate at cycle 6 in 
3.6M CsOH showing Ag20 that formed on the surface of AgO 
(left side) and reduction of oxides to Ag (right side). The smallest 
Ag particles that formed at the 1-hr rate in 3.6M CsOH often were 
in groups that retained the shapes of the AgO particles. About 
two-thirds of the electrode consisted of Ag particles two to four 
times larger than those shown here. Marker indicates 20 ~m. 

in KOH, except for a slight a l ignment  in  5.5NI KOH, 
the lowest KOH concentrat ion used. 

Discussion 
Comparison of discharge potentials and of electrode 

structures indicated that the products of reduction 
were the same in  CsOH solutions as in KOH. Discharge 
potentials in KOH were more near ly  level dur ing  both 
plateaus and then fell more rapidly (Fig. 3), indicating 
that reduction in KOH took place under  conditions that  
were closer to equil ibrium. Earl ier  work showed that  
oxidation of Ag also occurred closer to equi l ibr ium in  
KOH than in CsOH (9). This difference probably oc- 
curred because conductivi ty in  8.4M CsOH was lower 
and viscosity was higher t han  in  8.41VI KOH. 

A gradual  decrease in  capacity following slow dis- 
charges is a general  finding. The rate of capacity de- 
crease appears to be relat ively unaffected by charge 
rates. For  example, from Fig. 10 of Ref. (12) one can 
calculate that a sealed Ag-Zn bat te ry  had capacity loss 
rates of about 1.2 and 0.9% per cycle to cycle 15 and 
30, respectively. This ba t te ry  was discharged at about 
the 15-hr rate and charges were done at the 26-34-hr 
rate followed by a float for 2 days at 1.95t7 per cell. 
These rates of loss are in the middle of the range of 
those in Table I despite the differences in  cell con- 
struct ion and in  cycling conditions. 

Reduction of AgO to Ag~O.--Cycle 1 in  3.6M CsOH 
always gave a shorter  AgO plateau than  later  cycles or 
the other electrolytes when  the 20-hr discharge rate 
was used (Table II and upper  part  of Fig. 2). At cycle 
1 a new sintered Ag electrode always accepted more 
capacity in  3.6M CsOH than  in  8.4M CsOH (9). It was 
concluded that  formation of an unusua l ly  large amount  
of AgO resulted in a smoother AgO having a smaller 
surface area, since oxygen evolution potentials were 
about 80 mV higher than  in other electrolytes, al though 
formation of Ag20 and AgO had taken place at normal  
potentials. Less Ag20 formed on the surface of this 
smoother AgO dur ing discharge before Ag20 became 
sufficiently thick that polarization caused electrode 
potential  to reach the Ag20/Ag plateau. Electrode 
capacity dropped rapidly  dur ing  the first few cycles in  
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3.6M CsOH (Fig. 1) and the differences be tween the 
AgO discharge plateau in  3.6M and 8.4M CsOH had 
largely disappeared by  cycle 3 or 4, except for the 
tendency of potentials at the AgO/Ag20 plateau to 
have a fair ly l inear  decrease in 3.6M CsOH rather  than 
the curved form usual ly  found (upper part  of Fig. 2). 
Slow charges promoted formation of AgO having a 
smaller surface area. In  both CsOH and KOH the pro-  
port ion of a discharge that  took place at the AgO/Ag20 
potential  was smallest following a charge at the lowest 
current  (Fig. 5) al though this low current  gave maxi -  
mum total discharge capacity. 

Formation of Ag.- -Supersa tura t ion  of dissolved 
Ag (I) was produced from the beginning  of a discharge 
and cont inued unt i l  near  the final fall in  potential  (3). 
The dissolved species is usual ly  considered to be 
A g ( O H ) z - .  This forms according to Eq. [1] 

Ag20 -t- 2 O H -  -t- H20--> 2Ag (OH)a-  [1] 

Reduction of the dissolved species gives metall ic Ag 

2Ag(OH)2-  + 2e--> 2Ag + 4 O H -  [2] 

The structure of Ag that  formed dur ing reduct ion was 
greatly different t han  the s tructure of the Ag~O, be-  
cause of the dissolut ion-precipi tat ion mechanism 
given in Eq. [1] and [2]. Impor tant  factors in deter-  
min ing  the form of Ag were differences be tween the 
solubil i ty of AgzO in CsOH and KOH, the degree of 
supersaturation~ and the rate of reduction. 

The over-al l  reaction for the formation of Ag from 
Ag20 is obtained by combining Eq. [1] and [2] 

Ag20 ~ H20 + 2e -> 2Ag ~ 2 O H -  [3] 

As a result  of this reaction the hydroxyl  ion concen- 
t ra t ion tended to increase in  the inter ior  of the elec- 
trode. 

During a discharge at the 1-hr rate groups of small  
Ag particles took the shape of the AgO (Fig. 9 and 16). 
During a discharge at the 20-hr rate sufficient t ime 
was available for greater  diffusion of Ag(OH)~- ,  al-  
lowing Ag to grow larger and to deposit in  an or ienta-  
t ion that  differed from the AgO (Fig. 11) al though 
groups of Ag particles still kept shapes much the same 
as the AgO. A small space was often noted be tween 
Ag that  formed dur ing a slow discharge and adjacent  
oxide (Fig. 7). This space indicated that  the soluble 
Ag species had diffused from Ag~O to nearby Ag be-  
fore being reduced. During a fast discharge t ime was 
insufficient for much diffusion of Ag(OH)2- ,  so Eq. 
[2] followed rapidly after Eq. [1]. As a result, Ag 
formed at the site of the Ag20 in small  particles dur ing 
a fast discharge and the variety of particle sizes was 
more limited. 

Results of both the oxidation of Ag in  CsOH (9) 
and the reduct ion of silver oxides indicated that  con- 
centrat ion gradients were higher in CsOH than in KOH 
of the same molarity.  An 8.4M CsOH solution has a 
lower conductivi ty and higher viscosity than 8.4M 
KOH. The lower conductivi ty indicated a lower ionic 
mobility, as one would expect since the Cs + ion is 
larger than  the K + ion. Mobility decreased in  concen- 
trated solutions, probably because of the formation of 
ion pairs in the electrolyte, with KOH main ly  in  the 
form of water -br idged ion pairs and Cs + associated 
directly with the hydroxyl  ion. The formation of ion 
pairs may also have lowered  the A g ( O H ) 2 -  mobil i ty  
in  concentrated solutions, and this would make it more 
difficult for large Ag particles to form, par t icular ly  in  
concentrated CsOH solutions. Therefore Ag did not 
grow into large particles as readily in CsOH as in  
KOH. 

After ini t ial  Ag format ion at the 1-hr rate took place 
near  the grid and close to the surface, Ag formation 
then occurred at the electrode surface at a distance 
from the grid. Most of the active mater ia l  near  a grid 
had been oxidized to AgO by the t ime that  a charge 
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ended, but  in  areas more than  1 or 2 m m  from a grid 
the active mater ia l  was main ly  Ag~O -t- Ag in  elec- 
trodes always discharged at the 1-hr rate (9). The 
lack of AgO formation at a distance from the gr id  
dur ing a charge was the result  of a lowered in terna l  
conductivity and was only found when two conditions 
were met: (a) the original sintered Ag electrode con- 
ta ined a low proport ion of large Ag particles; and (b) 
the electrode was discharged at a sufficiently high rate 
that  average particle size decreased (7, 9). When  an  
electrode was discharged 50% at the 1-hr rate no re-  
duction had occurred in most areas near  the center, 
except wi th in  about 0.05-0.1 mm of the grid, and Ag 
had main ly  formed in areas near  the electrode surface 
that  were not close to a grid. 

A discharge at the highest rate caused the greatest 
hydroxyl  ion concentrat ion gradients between the in -  
terior of the electrode and the bu lk  of the electrolyte, 
from the reaction of Eq. [3]. Because of these concen- 
t ra t ion gradients, reduct ion tended to spread along the 
surface of an  electrode dur ing  a discharge at the 1-hr 
rate, in preference to spreading inward. Under  these 
conditions the reduct ion of AgO was much more diffi- 
cult than  reduction of regions largely Ag20. As a re-  
sult, most active mater ia l  in  regions close to the grid 
remained AgO dur ing the first half of the discharge 
and one or both of the silver oxides almost always 
remained at the surface of the electrode near  a grid 
even though large areas fur ther  away had been  con- 
verted to Ag. The preferred locations for reduct ion to 
Ag were controlled by both diffusion in  the electrolyte 
and conductivi ty in  the electrode. 

The development  of aligned groups of particles, with 
the a l ignment  often pointing at the grid members  and 
at large Ag particles, was believed to be the result  of 
Ag precipitat ing from A g ( O H ) 2 -  on sites where  cur-  
rent  density was highest dur ing a discharge at the 1-hr 
rate. Grid members  dis tr ibuted the current  throughout  
the electrode, with the largest Ag particles in  the 
active mater ia l  forming important  supplementary  low 
resistance current  paths. In te rna l  resistance had less 
of an effect when  discharging at the 20-hr rate, so cur-  
rent  dis t r ibut ion w a s  more even a n d  a l ignment  of 
active mater ial  did not develop. The fact that  al ign- 
ment  was only found in the more dilute CsOH or KOH 
solutions indicated that  mobi l i ty  of A g ( O H ) 2 -  was 
also a factor. Evidence for mobil i ty  of A g ( O H ) ~ -  be-  
ing higher in  3.6M CsOH than  in 8.4M CsOH was that  
Ag particles grew to a larger average size in  3.6M 
CsOH during a discharge at the 1-hr rate. 

Conclusions 
Capacity declined more slowly in CsOH solutions 

than  in  KOH when  Ag electrodes were, cycled using 
slow discharges. At high rates of discharge KOH was 
the preferable electrolyte, because polarization was 
lower as a result  of higher ionic mobil i ty  in KOH. An  
addit ional disadvantage to the use of CsOH was its 
higher cost. Thus CsOH is not a practical replacement  
for KOH under  many  conditions. However, the elec- 
trolyte cost is but  a small  proport ion of the total cost 
of a Ag-Zn or Ag-Cd storage battery.  The preferred 
electrolyte can be CsOH when  it is necessary to obtain 
the best possibie capacity while using slow discharges. 

Metallic Ag began  to form in  both electrolytes while 
large amounts  of AgO remained, because reduction of 
AgO to form large amounts  of Ag20 was more difficult 
than reduction of Ag20 to Ag. The Ag did not have the 
same structure as Ag20, since the formation mecha-  
nism involved a soluble intermediate.  The most ira- 
por tant  factor in  determining the form of Ag was the 
reduct ion rate. Preferred sites for reduct ion to Ag in  
a par t ly  discharged electrode were controlled by a 
combinat ion of diffusion in the electrolyte and electrode 
conductivity. 

Size of Ag particles tended to be smaller  in  CsOH 
solutions than  in  KOH, al though differences were not 



734 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  

great. The re tent ion of smaller  particle sizes dur ing  
cycling was the reason for capacity not decreasing as 
rapidly in CsOH as in KOH when an electrode was 
given a series of slow discharges, since large Ag par -  
ticles were not completely oxidized during a charge. 
The Ag particles that  formed during reduct ion at the 
1-hr rate were smaller  in  8.4M CsOH than  in  3.6M 
CsOH. These size differences indicated that  mobil i ty  of 
dissolved Ag20 was lower in  8.4M CsOH than  in  3.6M 
CsOH, and lower in CsOH than in  KOH of the same 
concentration. 

Manuscript  submit ted Sept. 19, 1973; revised ma nu-  
script received Jan. 28, 1974. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1974 
JOURNAL. All  discussions for the December 1974 D i s -  
cussion Section should be submit ted by  Aug. 1, 1974. 
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ABSTRACT 

Lithium was cathodically deposited on magnesium from 1M LiC104 in 
propylene carbonate. Anodic str ipping measurements  by cons tan t -cur ren t  and 
l inear  potent ia l -scan techniques indicated the presence of both alloyed and 
unal loyed l i th ium on the plated surfaces. The alloying energy was approxi-  
mately  7 kcal /mole of l i thium. The anodic recovery of l i th ium was l imited 
by its diffusion into the under ly ing  metal. Potent ia l - t ime curves recorded on 
open circuit revealed two penetra t ion stages, with D1 = 1.3 • 10 -11 and 
/92 -- 3.9 • 10 -14 crn2/sec. The faster process was a t t r ibuted to the t ransport  
of l i th ium along the grain boundaries,  and the slower, to penetra t ion of the 
magnesium grains. The plated electrodes were insensit ive to added water  
at concentrat ions from 0.01 to 0.1M. 

Dey has reported that  a l i th ium-magnes ium alloy is 
formed by cathodic deposition of l i th ium from a solu- 
t ion of l i th ium perchlorate in propylene carbonate 
(PC) onto a magnesium substrate  at potentials differ- 
ing only slightly from that of pure l i th ium (1). Chem- 
ical analysis of the alloy indicated 100% current  effi- 
ciency for the deposition process. In  the present  in-  
vestigation, the anodic behavior  of th in  alloy layers 
prepared in  this m a n n e r  was examined in dry 1M 
LiC104-PC and in  this electrolyte containing added 
water  at concentrat ions from 0.01 to 1M. The conclu- 
sions from this work will  be of interest  in organic bat -  
tery applications requir ing long- te rm storage of non-  
reserve cells under  humid conditions. A fur ther  result  
was  the determinat ion of diffusion coefficients for 
l i th ium in  magnes ium at room temperature.  

Experimental 
The magnes ium electrodes were polished cross sec- 

t ions of 1.55-mm diameter  wire which was insulated on 
the sides with hea t - shr inkable  Teflon tubing. The ex-  
posed surface was renewed between measurements ,  
when desired, by  polishing with Grade 600A silicon 
carbide paper, followed by buffing on dry  filter paper. 
Contact of the electrode to the external  circuit was 
made through a copper wire attached to the upper  
end of the magnes ium by low-mel t ing  indium solder. 
The magnes ium was h igh-pur i ty  mater ia l  from Gal-  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K ey  words:  al loys,  battery anodes ,  i n t e r m e t a l l i c  d i f fus ion .  

lard-Schles inger  Chemical Manufac tur ing  Corporation, 
with seven specified impuri t ies  totaling less than  0.1%. 
Lithium perchlorate and propylene carbonate were 
purified by procedures that were described in  detail 
elsewhere (2). Gas chromatographic analysis indicated 
10 ppm water  in the dried solvent, while the dried salt 
contained --~ 100 ppm water. From these data, the total 
water  content of the dry 1M LiC104 solution was esti- 
mated to be ~ 1 mM. Solutions containing 0.01-1M 
H20 were prepared by volumetric  additions of water  to 
the dry electrolyte. 

The cell was of a conventional  H design, with a 
f l i t ted glass disk separating the working and counter-  
electrode compartments.  The reference and counter-  
electrodes were both of h igh-pur i ty  l i th ium metal. The 
cell was assembled and housed dur ing the electrochem- 
ical measurements  in an argon-atmosphere  dry box at 
room temperature.  Data were obtained under  open- 
circuit, constant-current ,  and l inear  potent ia l -scan 
conditions on a Pr inceton Applied Research Model 170 
Electrochemistry System. The equivalent  thickness of 
the plated l i thium ranged from 0 to 1.6~. 

Results and Discussion 
Anodic behavior o~ lithium-plated surfaces.--Two 

act ive- l i thium phases were dist inguishable on the 
plated surfaces. This is evident  in the curves of Fig. 1, 
which were obtained by depositing l i thium at --0.05V I 

1 A l l  p o t e n t i a l s  a re  r e p o r t e d  w i t h  respect  to the l i thium electrode 
in  t he  e l ec t ro ly te  used .  
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Fig. 1. Plating at --0.05V, followed by stripping at 10 mV/sec. 
Plating times indicated above curves. 

for different times and stripping immedia te ly  there-  
after with a potential  scan at 10 mV/sec. The first 
anodic peak may be identified by its position near  0.1V 
as that due to the oxidation of unal loyed li thium. This 
peak was sharply intensified by a threefold increase 
in  the plat ing time. The second peak, at 0.4-0.5V, would 
correspond to an alloying energy of ~8  kcal /mole of 
l i thium, if rapid charge transfer  is assumed for the 
electrode reaction. This value is comparable to the free 
energy of formation of --8.9 kcal /mole  for the com- 
pound IAA1, which was estimated by  extrapolat ing the 
h igh- tempera ture  data of Yao, Heredy, and Saunders  
to 25~ (3). The height of the second peak increased 
only slightly with the plating time; apparent ly  part  of 
the alloyed l i thium became inactive or was lost by 
penetra t ion to the inter ior  of the substrate. 

Two anodic processes are also apparent  in  the con- 
s tan t -cur ren t  str ipping curves of Fig. 2, where Q p  

represents the plat ing charge density, ip and is are the 
plat ing and str ipping current  densities, and the corre- 
sponding t ransi t ion times are designated as zl and x2. 
A complete glossary of symbols is provided at the end 
of this paper. At the current  densities applied in  Fig. 
2, the unal loyed l i th ium was oxidized near  0.03V. Most 
of the alloyed l i thium was stripped with an addit ional 
0.25V, i.e., with the expendi ture  of ~ 6 kcal /mole  be-  
yond that required for the unal loyed metal. The total 
l i th ium recovery in  the curves of Fig. 2 was 16-18% of 
the amount  plated. 

The loss of l i th ium from a freshly plated surface 
persisted in experiments  covering a wide range of con- 
ditions. Table I gives the results of immediate and de- 
layed str ipping from surfaces that had been renewed 
by  polishing before the deposition step. Figure  2 is 

I i i ] i I 

i o. z ma/cm z 

I t I 200 
Time (~ec) 

I o . , v  

, I  
�9 I 

I 
i 

I 

4~D I I 
600  

Fig. 2. Potentlal-time curves for immediate stripping at different 
rates. Qp ---- 250 mcoulombs/cm2; ip = 10 mA/cm2; is indicated 
on Curves. 

representat ive of the two-stage, undelayed stripping 
curves. When the standing time was long enough for 
the open-circui t  potential  to rise above 0.05V, only 
the second oxidation stage for alloyed l i th ium was ob- 
served. The recovery charge Q2 for the second str ip- 
ping stage was low compared to the plat ing charge Qp, 
in all of the measurements  reported in  Table L The 
Q2 deficiency could not have been due to a bound 
monolayer,  however, as described by Fried and Barak 
in the str ipping of l i th ium from pla t inum (4), since a 
monolayer  would correspond to ~0.2 mcoulomb/cm 2, 
assuming a roughness factor of unity,  while Qp was 
10-1200 mcoulombs/cm2 in  the present  study. The 
open-circui t  t ransients  provided a clue to the loss of 
l i th ium from the magnes ium surfaces~ These results 
are interpreted in the section on penetra t ion rates. 

The effect of repeated plat ing and str ipping without 
mechanical  renewal  of the surface was also examined. 
It  was found that  the cyclic curves eventual ly  reached 
a steady state, as in  Fig. 3, with unal loyed l i thium as 
the predominant  phase during immediate stripping. 
These  curves and others were unaffected by stirring. 
It  may be inferred from this fact that the disappear- 
ance of l i th ium was a solid-state phenomenon,  ra ther  
than an interact ion with impurit ies in  the solution. 
The delayed recovery of l i th ium from an electrode 
which had been conditioned by cycling at 0.2 mA/cm 2 
is shown in Fig. 4. The recovery charge for alloyed 
li thium, Q2, then increased with the s tanding time, 

Table I. Lithium recovery from fresh electrode under varied conditions 

Plating d a t a  O p e n - c i r c u i t  d a t a  

C.~o QP F i n a l  
( m c o u l o m b s  / ip T i m e  a po ten t i a l ,B  

( m o l e s / l i t e r )  cm~) ( m A / c m  ~) (sec) V vs .  L i  

Stripping data 

is 
( m A / c m  2) 

Q1 ( m c o u -  
l o m b s / c m  ~) 

Q~ ( m c o u -  
l a m b s / e r a  ~ 

--~0.001 

0.1 

I 

10 2 245 0.85 0.2 __o 0 
30 2 500 0.07 0.2 - - ~  3 
40 2 800 0.07 0.2 __o 2 

125 5 240 0.12 0.2 __o 13 
132 5.29 50 0.06 0.4 - - ~  53 
210 2 750 0.12 0.2 __o 13 
250  10 0 - -  0.1 1 1  45 
250  10 0 - -  0.2 13 44 
250  10 0 - -  0 .4  33 40  
250 10 75 0.00 0.2 9 43 
250 10 184 0.07 0.2 __o 38 
530 26.4 435 0.06 0.2 __o 53 
660 26.4  650 0 .04 0.2 __o 74 

1160 52.9 1920 0.06 0.2 __o 67 
530 26.4 574 0.08 0.2 --~ 28 

1160 52.9 1340 0.06 0.2 - - ~  66 
1160 52.9 0 - -  0.2 0 0 
1160 52.9 10 0.09 0.2 0 0 

. A f t e r  p l a t i n g .  
b I m m e d i a t e l y  b e f o r e  s t r i p p i n g .  

A b s e n t  with  delayed s t r i p p i n g .  
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Fig. 3. Repeated plating and stripping in dry 1M LiCIO4-PC. Qp 
- -  50 mcoulombs/cm2; ip _ 0.2 mA/cm2; is = 0.2 mA/cm2; zero 
volt position indicated for each curve. 
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Fig. 4. Lithium recovery from conditioned electrode with delayed 
stripping. Qp = 50 mcoulombs/cm~; is = ip = 0.2 mA/cm 2. 

while  Q1, for  unal loyed li thium, decreased. The per -  
centage recovery  per cycle, based on Q2, was also much  
improved  on the condit ioned electrode compared to 
that  on a fresh electrode (Table I).  Fur thermore ,  when  
an electrode was conditioned at 2 m A / c m  2 and str ipped 
immedia te ly  at this h igher  current  density (20 --~ Qp -'< 
50 mcoulombs/cm2),  Q2 was essential ly zero and Q1 
then accounted for 70% recovery.  

Lithium penetration rates.--The open-c i rcui t  poten-  
t ia l - t ime curves exhibi ted two transit ions similar  to 
those observed under  anodic current.  By the proper  
selection of Qp, it was possible to obtain a measurable  
�9 1, or to observe r2 wi th  an essentially negligible r,. 
This resolution of the t ransi t ion t imes permi t ted  t rea t -  
ment  of the l i th ium loss in two stages, as discussed 
below. It  was found that  ~/T1 and A/T2 were  both l inear  
functions of Qp, passing near  the origin, as shown in 
Fig. 5 and 6, respectively.  The corresponding least 
squares equations are 

~/~1 : 1.11 + 0.03285Qp [1] 

4 0  

3 0  

2 0  

10 

l ' - I  I - 

o 

I I 
4oo  goo  l->Oo 

Qp ( m c o u l / c m 2 )  

Fig. 5. First-stage penetration of lithium into magnesium 
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Fig. 6. Second-stage penetration of lithium into magnesium 

~/z-~ ___ - -0 .07  4- 0 .6067Qp [2]  

where  the z's are expressed in seconds and the Q's in 
mil l icoulombs per square centimeter .  

Severa l  invest igators have repor ted  evidence of film 
formation on l i th ium in propylene carbonate solutions 
(5-8). Al though such films can have a pronounced 
effect on electrode kinetics and double layer  propert ies  
(5, 6), it is ve ry  unl ikely that  filming reactions ac- 
counted for a substantial  part  of the l i th ium loss ob- 
served in the present  study. In wel l -pur i f ied LiC104- 
PC solutions, the film thickness apparent ly  ranges from 
submonolayers  to several  molecular  layers (5, 7), and 
li t t le or no corrosion has been observed visual ly in 
some tests lasting hundreds of hours (7). In contrast, 
the Li-Mg electrodes lost the equivalent  of 50-5000 
molecular  layers in less than 0.5 hr. These results may 
be in terpre ted  on the basis of a sol id-state diffusion 
model  by means of the fol lowing analysis: 

Let  C ~ represent  the concentrat ion of l i th ium in a 
plated layer  that  is adjacent  to pure  magnesium at the 
beginning of the penetra t ion process. As the l i thium 
diffuses, a concentrat ion gradient  is established within  
the magnesium, but  the boundary  concentrat ion re-  
mains at C ~ unti l  the layer  of pure  meta l  is suddenly 
depleted. A transi t ion then occurs in the potent ia l - t ime 
curve. The concentrat ion var iable  is expressed as C ~ -- 
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C, where  C is the l i th ium concentrat ion in the mag-  
nesium as a function of t ime t and distance from the 
surface. This problem is equivalent  to that  involved in 
the Cottrell  method for de terminat ion  of diffusion co- 
efficients by electrolysis at constant potent ial  (9). The 
flux of l i thium across the l i th ium-magnes ium boundary 
on open circuit  is then  

dM _ ] D" 
d-T - co V [3] 

where  M is the weight  of l i th ium per uni t  area and D 
is its diffusion coefficient. The weight  M o of l i th ium 
corresponding to the plat ing charge Qp wil l  have  dis- 
appeared in a t ime T which is found by integrat ing Eq. 
[3] 

d M  --  - -C  ~ [4] 

The result  may  be expressed by Eq. [5] 

1 ~ / ~  M ~ 

T 5-" c o  [5] 

which predicts direct proport ional i ty  be tween  A/~-and 
Q p .  

From the slope of the line in Fig. 5, Eq [5] leads 
to a diffusion coefficient D1 = 1.3 X 10 -12 cm2/sec for 
the first penetra t ion process, if C ~ is taken as the den-  
sity of pure  l i thium. This value may  be compared 
with  4 X 10 -11 cm2/sec for sodium in lead at 20 ~ 
computed from a potentiostatic t ransient  in aqueous 
NaOH (10), and 5 X 10 -12 cm2/sec for potassium in 
zinc, de te rmined  in a membrane  cell (11). For  self-  
diffusion at grain boundaries  in zinc, D is es t imated 
to be  7 X 10 -12 cm2/sec (11). It is probable, the re -  
fore, that  the first-stage penetra t ion of l i th ium into 
magnesium occurs along the grain boundaries.  

Formally,  the same analysis can be applied to the 
data in Fig. 6 for the second-stage penetra t ion process. 
If C ~ is again taken as the density of pure l i thium, 
Eq. [5] yields D2 = 3.9 X 10 -14 cm2/sec. This s lower 
process may  be plausibly in terpre ted  as diffusion within 
the magnesium grains. It must be real ized that  the 
effective interracial  area for the second process wil l  
be larger  than the projected area of the electrode 
if the grain boundaries  have been penetrated,  as v isu-  
alized, before  the second stage begins. If  the t rue  
area were  taken into account, the second diffusion 
coefficient would  be several  orders of magni tude  lower  
than that  reported. For  comparison, the self-diffusion 
coefficient in monocrystal l ine  zinc is ~10 -18 cm2/sec 
at room tempera tu re  (11). 

Kiseleva et al. evaluated  penetra t ion coefficients for 
the cathodic inject ion of sodium into cadmium from 
aqueous NaOH on the basis of a r e a c t i v e  diffusion 
model  (12). In that  system, the in termetal l ic  layer  
g rew periodically,  reaching an incrementa l  thickness a, 
which was equated to the grain diameter,  in a t ime t. 
From the re la t ion 

a 
vT= [6] 

the penetra t ion coefficient P was found to be 5 • 10 -10 
cm2/sec for f ine-grained cadmium and 1.4 • 10 -9 
cm2/sec for coarse-grained.  Equat ion [5] resembles 
Eq. [6] in that  the ratio M o / C  o represents  a layer  
thickness, and the quant i ty  ~ / [ /2  is not ve ry  different 
f rom unity. Thus, the l inear  diffusion model  and the  
parabolic growth law for react ive diffusion give similar  
values for D and P when  the thicknesses a and M ~  ~ 
are about the same. 

The anodic behavior  described in the preceding 
section can be explained on the basis of the three  
penetra t ion processes: (i) The unal loyed l i thium was 
exter ior  l i th ium that  had not yet  penet ra ted  the grain 
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boundaries.  (ii) Most of the al loyed l i th ium which was 
recovered anodically was g ra in -boundary  mater ia l  that  
had become bonded to magnesium. (i i i)  The unre -  
covered l i thium in the longer  exper iments  was l i th ium 
that  had penet ra ted  fur ther  into the magnes ium grains. 

Ef Iec t s  oJ w a t e r . - - T h e  l i th ium-p la ted  electrodes 
showed li t t le sensi t ivi ty to wate r  at concentrat ions 
below 1M. L i th ium-magnes ium alloys have  even been 
recommended for use in aqueous bat ter ies  (13). It  is 
known, however ,  that  wa te r  decreases the exchange 
current  on a f reshly cut l i th ium surface in LiC104-PC 
(6). The recovery  of l i th ium from magnes ium elec-  
trodes that  had been repolished before plat ing in the 
water  solutions is recorded in Tables I and II. The 
charge densities Q1 and Q2 were  essential ly indepen-  
dent of the water  content  unt i l  the la t te r  reached the 
1M level  where  no recovery  was obtained wi th  Qp 
= 250 mcoulombs /cm 2. An electrode f reshly  plated 
at 1160 mcoulombs /cm 2 re ta ined enough of the alloy 
to be detectable on open circuit  for approximate ly  4 
rain. A transi t ion occurr ing at that  t ime apparent ly  
was due to the chemical  react ion of l i thium wi th  water .  

Repeated plat ing and str ipping at constant current  
in solutions containing 0.01-0.1M H20 produced results 
very  similar  to Fig. 3 for the dry  electrolyte.  The 
curves for this condit ioning sequence in 1M H20 were  
significantly different. The cathodic process, which 
may  have  included hydrogen evolution, then  occurred 
at potentials as much as 0.5V below that  of the re fe r -  
ence electrode. Table III  indicates the l i thium recovery  
from conditioned electrodes at various wa te r  concen- 
trations. Both Q1 and Q2 were  measurable  in this se- 
ries and there  was, again, no obvious t rend due to the 
wate r  content  through the level  of 0.1M. Even  at 1M 
H20, some of the plat ing charge was recovered,  ap- 
parent ly  as al loyed li thium, on the condit ioned elec- 
trode. 

Conclusions 
1. Two types of anodically active l i th ium were  

produced on a magnes ium surface by electrodeposit ion 
from a l i th ium perch lora te -propylene  carbonate solu- 
tion. The active mater ia l  appeared to consist of un-  
al loyed l i th ium and of al loyed l i th ium that  had under -  
gone a free energy decrease of 6-8 kcal /mole .  

Table II. Lithium recovery from fresh electrode in water solutions 
with constant plating charge and immediate stripping a 

CH20 Q1 ( m c o u -  Q2 ( m c o u -  Qz + Q= 
( m o l e s / l i t e r )  l o m b s / c m  2) l o m b s / c m  2) ( m c o u l o m b s / c r n = )  

----~0.O01 33 40 73 
0.01 46 27 73 
0.01 31 33 64 
0.05 33 29 62 
0.05 b 34 27 61 
0.1 32 27 59 
0.1 ~ 33 27 60 
1 0 0 0 

Qp = 250 m c o u l o m b s / c m S ;  ip = 10 m A / c m 2 ;  is = 0.4 m A / c m S .  
b S t i r r e d  d u r i n g  p l a t i n g  a n d  stripping. 
c S t i r r e d  d u r i n g  stripping. 

Table III. Lithium recovery from conditioned electrode in water 
solutions with constant plating charge and immediate stripping a 

CH20 Q1 ( m c o u -  Q~ ( m c o u -  Q1 + Qs 
( m o l e s / l i t e r )  l o m b s / c m  2) l o m b s / c m  2) ( m c o u l o m b s / c m  ~) 

--~0.001 24.0 4.1 28.1 
--~0.001 b 25.0 3.8 28.8 

0.01 23.0 2.7 25.7 
0.01 b 28.0 3.7 31.7 
0.05 14.3 11.5 25.8 
0.05 b 15.3 9.5 25.1 
0.1 22.0 5.0 27.1 
0.1 b 21.2 4.0 26.1 
1 0 12.0 12.0 

a Qp = 50 m c o u l o m b s / c m 2 ;  ip = 0.2 m A / c m 2 ;  is = 0.2 m A / c m 2 ;  
Q1 a n d  Q2 ( u n s t i r r e d )  f r o m  5 th  cycle ,  

L a t e r  cycle ,  w i t h  s t i r r i n g .  
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2. The anodic recovery of l i th ium was l imited by 
diffusion into the solid metal  structure,  which occurred 
in  two stages, with a diffusion coefficient of 1.3 • 10 -11 
cm2/sec for the first stage and an apparent  value of 
3.9 • 10-14 cm2/sec for the second. The faster proc- 
ess probably involved the t ransport  of l i th ium along 
the grain boundaries,  while the slower diffusion was 
at t r ibuted to penetra t ion of the magnesium grains. 

3. In  experiments  lasting up to 20 min, the plated 
electrodes showed lit t le sensit ivity to added water  
at concentrations as high as 0.1M; the investigation 
of long- te rm exposure to water  was precluded by the 
diffusional loss of l i th ium metal. In  a 1M water  solu- 
tion, the alloy phase was still detectable, bu t  the re-  
covery of l i th ium was low. 
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SYMBOLS 
a Incrementa l  layer  thickness (Kiseleva equation) 
C concentrat ion of l i th ium in  magnesium 
C ~ init ial  concentrat ion of l i th ium in magnesium 
D diffusion coefficient of l i th ium 
Di diffusion coefficient of l i th ium in  first pene t ra -  

t ion process 
D2 diffusion coefficient of l i th ium in second penet ra-  

t ion process 
/p plat ing current  density 

is str ipping current  density 
M weight of l i th ium per  un i t  area 
M o init ial  weight of l i th ium per uni t  area 
P intermetal l ic  penetra t ion coefficient (Kiseleva 

equation) 
plating charge densi ty 
charge density in first s tr ipping process 
charge density in second str ipping process 
time 
t ransi t ion t ime 
transi t ion t ime for first anodic or open-circui t  
process (unal loyed l i th ium) 

T2 transi t ion t ime for second anodic or open-circui t  
process (alloyed l i th ium) 
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ABSTRACT 

The present  invest igat ion represents a detailed study involving t ransmis-  
sion electron microscopy and electron diffraction of surfaces treated by the 
catalyzing system (SnC12/PdC1JHC1) in conjunct ion with various accelerating 
solutions and in  some cases a subsequent  electroless copper bath. Results give 
addit ional  informat ion demonstrat ing the proper procedure(s)  necessary in  
the  preparat ion of the catalytic system. In  addition it was found the best 
plat ing results are obtained whenever  Pd3Sn is present  on the t reated surface 
prior  to the metal l izat ion step. 

In  the art of electroless plat ing of dielectric sub-  
strates, a number  of catalytic chemical systems are 
used prior to the deposition step. To date, all practical 
systems are based on the combination of t in  and pal-  
ladium. The various available processes can be classi- 

* Electrochemical  Society Act ive  Member .  
Key words; electroless, electron microscopy,  plat ing,  catalysts.  

fled into two systems as follows: (i) sensitization 
step (SnC12/HC1) followed by an activation step 
(PdC12/HC1) and (ii) catalyzation step (PdC12/SnC12/ 
HC1) followed by acceleration (HC1 or NaOH and 
similar) .  

With the increased interest  of commercial applica- 
tions, several investigators have examined the me-  
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Table h Catalyzer a.d accelerator solutions 
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A B C D v 

Shipley  a 9F Stock solution I :  Stock solution:  SnCI~ 0.18M 
SnCls 0.81M SnCls 0.65M SnC14 0.0181~ 
HCl l l .2M HC1 1O.4M HC1 5.4M 

Stock solution I I :  PdCl~ 0.045M PdCls 0.039M 
PdCls 0.113M Aged three weeks 
HCI 3.36M Working solution: 

W o r k i n g  solution: 2 parts DI  w a t e r  
90 ml  DI  Water 1 par t  stock solution 
40 ml  s tock solution I 
20 ml  stock solution I I  

NaOH I ~ M  N a O H  1.2M 
or 

N H , F  • I-IF 2M 
or 

Shipley 19F 
Results  s imi l a r  to Ao w h e n  

cata lyzer  aged  - -  PdsSn 
present  

(Copper d e p o s i t  Fig.  7a, 
8a; w i th  aged  catalYzer 
Fig.  Tb, 8b) 

Cata lyzer  
solution 

Accelerator  
solution 

S u m m a r y  

(Fig. la ,  2a; w i t h  aged  
SnCl4 Fig.  Sa. 6a) 

Ship ley  19F 
(Fig. ib ,  2b, 5b, 6b) 

or 
NH,F  • H F  2M 

(Fig. ~a, 4a~ 
Worm- l ike  clusters  (do not  

fo rm ff aged  SnCl~ is 
a d d e d  to catalyzer)  

PbsSn present  

Results  s imi la r  to B, 
also wi th  r ega rd  to 
ag ing  

NH~F • l tF  2M 
or 

Shipley 19F 
(Fig. 3b, 4b) 

NO evidence  of e i ther  Pd  
meta l  (20) or PctsSn 

s Shipley  Company,  Newton ,  Mass.  
v Append ix  I of Reg. (20). 

chanisms of the above systems leading to the follow- 
ing basic conclusions. 

1. The redox reaction (1-3) between tin(If) and 
palladium(If) is not a prerequisite for the successful 
results of system (i). The substrate used also plays 
a significant role in the chemistry of the catalyzation 
process. 

2. In the system based upon tin(If), palladium(If), 
and HCI, an ionic complex is formed (4-11) rather 
than a colloid based on elemental palladium (12). 

More recently significant improvements in the per- 
formance of system (i) were reported (13-15). These 

improvements were especially noted with respect 
to the successful plating of hydrophobic surfaces as 
well as increasing the density of catalytic sites (15, 16) 
of hydrophiIic surfaces. 

In the plating of dielectric substrates, several in- 
Vestigators (16-19) have examined the nature of the 
treated surfaces as well as the nucleation and growth 
of thin metallic films (cobalt, nickel, and copper). 
It has been generally demonstrated that the nuclea- 
tion and growth of the electroless thin film is ini t i -  
ated at catalytic sites. In the microscopic examination 
of the treated surfaces, investigators (1, 16-19) de- 

Fig. 1. Electron micrographs of a Formvar surface at various 
stages of the electroless deposition process. 
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Fig. 2. Electron diffraction patterns corresponding to Fig. 1 

voted special a t tent ion to the system (i) with com- 
plete omission of system (ii). Only recent ly (20) was 
an at tempt made to elucidate the mechanism of act iva- 
t ion of system (ii). 

In  the current  invest igat ion it was decided to ex-  
amine the dielectric surface at the different stages 
of pretreatment ,  including the early stages of nuclea-  
t ion and growth. This invest igat ion is especially in -  

tended to provide fur ther  insight into various debated 
aspects of this system. Specifically: (i) the makeup 
of the solution; whether  it is a pal ladium colloid or 
ra ther  a t in ( I I )  and pa l lad ium(I I )  ionic complex; 
(i~) preferred technique(s)  i n  the preparat ion of such 
solutions; (iii) the role of the accelerator solution and 
its chemical nature ;  and (iv) the chemical na ture  of 
the catalytic surface prior to plating. 
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Fig. 3. Electron micrographs of the deposits obtained using ammonium bifluoride accelerator. 

Fig. 4. Electron diffraction patterns correspondingto Fig. 3 

Experimental 
In  the present  study, four distinct solutions of SnC1J  

PdCI~ and HC1 were employed. They are given in  
Table I. Immersion time was 2 rain in  both steps, with 
a 1 rain rinse in deionized water  between the steps, 

For  the purpose of evaluat ing the electroless prod- 
uct from the surface t reatment ,  an  electroless copper 
bath was chosen. The compositions were ba th  A, CuSO4, 
5H20 40 ga i t e r ,  KNaC4H406 100 ga i te r ,  and KOH 
40 g/l i ter;  ba th  B, HCHO 130 g a i t e r  and KOH 120 
ga i te r .  Fresh solutions were made for each run  and 
they were mixed in the ratio of 1 part  B to 2 parts A. 
Depositions were carried out at room temperature.  

In  some of the experiments,  aged stannic solutions 
were added to the catalyzer (16). This was done for 
the purpose of comparing the influence of aged s tan-  
nic solutions on the present  system. 

Transmission electron micrographs and electron dif-  
fraction pat terns were obtained from a Hitachi HU-12 
electron microscope operated a t  100 kV. 

Formvar  coated surfaces were floated off in dis- 
tilled water  from the glass base and were mounted  
in the sample holder of the electron microscope. (The 
Formvar  solution consisted of 4g polyvinylformal  in  
1 l i ter  e thylene dichloride.) 

Results and Discussion 
In  Fig. 1 we present  in  succession transmission 

electron micrographs of Formvar  coated surfaces ob-  
tained, using catalytic solution A, with Fig. l a  taken 
after catalyzation, Fig. lb  after acceleration, and Fig. 
lc after 10 sec immersion in  electroless copper plat ing 
bath. Figure 2 shows the corresponding diffraction 
patterns.  From Fig. l a  and lb  it  should be noted that  
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Fig. 5. Electron mlcrographs of the deposit obtained on a Formvar surface using catalytic solution A with additional aged 0.5M SnCI4 

the  d is t r ibu t ion  of act ive components ( s )  is r a the r  
homogeneous.  Comparison of this d i s t r ibu t ion  to  tha t  
ob ta ined  using a convent ional  sensi t izer  (SnC12/HC1) 
shows a m a r k e d  difference [see Ref. (18), Fig. l a ] .  
Inspect ion of Fig. l a  shows a dens i ty  of sites of app rox -  
ima te ly  1012 cen te r s / cm s. These centers  are  composed 
of par t ic les  of app rox ima te ly  20A in size. Af te r  accel-  
era t ion (Fig. l b ) ,  a t endency  for  c luster  format ion  
is evident .  By contras t  to the  c luster  fo rmat ion  in 
convent ional  sensi t izer  [see Ref. (18), Fig. 2a and 2b], 
in the  cur ren t  system, the  clusters  seem to form in 
a worml ike  fashion. This t endency  seems to be p r e -  
served  as wel l  in the  ea r ly  stages of the  meta l l ic  end 
produc t  as seen in Fig. lc. 

F rom the  diffraction pa t te rns  (Fig. 2a and 2b) the  
fol lowing conclusions can be d rawn:  (i) The end 

product  af ter  the  ca ta lyzing s tage is amorphous.  (ii) 
The product  af ter  the  accelera t ion  s tep is face-cen te red  
cubic wi th  la t t ice  pa rame te r s  closely match ing  those 
of Pd~Sn. 

It  should be noted tha t  PdsSn is the  on ly  P d - S n  
compound known to crys ta l l ize  in fcc form (21). 

Table  II  summarizes  the  de r ived  la t t ice  pa rame te r s  
corresponding to Fig. 2b. 

Comparison of the  cur ren t  expe r imen ta l  resul ts  to 
those der ived  from the l i t e r a tu re  (21) for  Pd3Sn, 
offers a convincing proof  tha t  the  n o t e d  deviat ions of 
the  o rde r  of 1% could be best  accounted for  b y  the 
size of the  crys ta l l i tes  p resen t  affecting the definit ion 
of the  diffraction rings. The present  finding is also 
in agreement  wi th  conclusions made  b y  Cohen et al. 
(10), using MSssbauer  spectroscopy.  However ,  these 

Fig. 6. Electron diffraction patterns corresponding to Fig. 5 
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Table Ih Lattice parameters in angstroms corresponding to Fig. 2b Table IlL Lattice parameter comparisons corresponding to Fig. 5b 

Experimental  Der ived  f rom Exper imenta l  
hkl  values Ref. (21) hkl  d~ le  (A) d(a/ao, e/co) (a) dsnos (A)(b) 

111 2.288 2.295 
200 2.010 1.985 110 3.250 3.200 3.350 
220 1.400 1.404 I01 2.608 2.620 2.644 
311 1.207 1,198 200 2.245 2.275 2,369 
222 1.150 1.147 211 1.762 1.740 1.765 
331 0,903 0.912 310 1.442 1.440 1.498 

PthSn: fcc with a = 3.97 (21). 

conclusions are  not  in  agreement  wi th  recent  resul ts  
b y  Rante l l  et al. (20). In  the i r  work,  i t  was con- 
c luded tha t  meta l l ic  pa l l ad ium is p resen t  at the  con- 
clusion of the  acce lera t ion  step, suggest ing tha t  the  
redox  reac t ion  be tween  S n ( I i )  and  P d ( I I )  does t ake  
place.  This lack  of ag reement  was in i t ia l ly  conceived 
as be ing  due to possible differences in expe r imen ta l  
conditions.  

Rante l l  used etched ABS as substrate ,  whi le  we 
have used F o r m v a r  deposi ted  on glass. SeCondly, the  
chemical  composi t ion of both  the  ca ta lyzer  and  the  
accelera tor  solut ions was different.  

The fol lowing addi t ional  exper iments  were  t he r e -  
fore  car r ied  out. Samples  were  p r e p a r e d  using al l  
four  possible combinat ions  of the  two ca ta lyzers  and  
accelera tors  r e f e r r ed  to in Table  I as A and D. The 
resul ts  obta ined  wi th  the  ammonium bifluoride accel-  
e ra tor  are  i l lus t ra ted  in Fig. 3a and 4a for ca ta lyzer  
A and Fig. 3b and 4b for ca ta lyzer  D. F igure  4a shows 
tha t  the  pos t -acce le ra tor  product  in this  case has fcc 
s t ruc ture  wi th  the  same l a t t i c e  constant  as for  the  
deposi t  shown in Fig. 2b. I t  appears  tha t  a l though the  
d is t r ibut ion  of par t ic les  in the  deposi t  is affected b y  
the na tu re  of the accelera tor  its chemical  composRion 
is not. In  Fig. 4b no evidence of meta l l ic  pa l l ad ium 
can be  seen; indeed the  na tu re  of the  deposi t  cannot  
be in fe r red  from the  e lec t ron diffract ion pa t te rn .  
Essent ia l ly  the  same resul ts  were  ob ta ined  using Ran-  
t e l r s  ca ta lyzer  wi th  the  19F accelerator .  I t  is possible  
tha t  the  deposi ts  ob ta ined  wi th  Rante l l ' s  ca ta lyzer  
contain insufficient amounts  of Pd  to be observable  
b y  e lect ron diffraction. I t  is also conceivable  tha t  the  
chemical  na tu re  of the  subs t ra te  p lays  a role  in the  
S n ( I I )  P d ( I I )  in terac t ion  as suggested prev ious ly  by  
Fe lds t e in  (2).  

F igures  5 and 6 show the  effects on (a) the  pos t -  
ca ta lyzer  deposi t  and  (b) the  pos t -acce le ra tor  deposi t  
of the  addi t ion  of 0.SM SnC14, aged for one week,  
to the  9F catalyzer .  (About  1 ml of aged SnC14 to 10 
ml  of the  ca ta lyzer  was used.)  

In  Fig. 5b, i t  should b e  noted tha t  the  worml ike  
micros t ruc ture  has d i sappeared  and ins tead  the cha r -  

<a~ D a t a  f r o m  R e f .  (22)  w i t h  a/ao = 0 .962 a n d  c / c o  = 1.006.  
~ )  C a l c u l a t e d  u s i n g  l a t t i c e  c o n s t a n t  g i v e n  i n  R e f .  (23)  w i t h  ao ---- 

4 .737 a n d  co = 3 .186A.  

acterist ics  of an improved  convent ional  sensi t izer  
(SnC12/HC1) have  resul ted  [see Ref. (16), Fig. 2b]. 
Table  I I I  represents  the  la t t ice  pa ramete r s  corres-  
ponding to the  surface used in Fig. 5b. I t  wou ld  appea r  
tha t  the  presence of an  aged SnC14 component  nu l l i -  
fied the  character is t ics  of the  present  system, wi th  
respect  to the  presence of Pd3Sn and character is t ic  
micros t ructure .  F u r t h e r  work  is in progress  to c lar i fy  
this  point.  

In  the  next  phase of this inves t igat ion F o r m v a r  
surfaces t r ea ted  by  ca ta ly t ic  solutions B and C were  
examined.  In  general ,  surfaces t r ea ted  by  the  cata lyt ic  
solut ion B wi th  and wi thout  the  accelera t ing solut ion 
step showed a diffused micros t ruc tu re  in the  e lec t ron 
micrographs .  The corresponding diffract ion pa t t e rn  
also exhibi ts  an amorphous  characterist ic .  However ,  
aging the  work ing  solut ion (solution B) for  app rox i -  
ma te ly  two weeks  was sufficient to resul t  in a ma jo r  
change. Specifically, the  aged solut ion B exh ib i ted  re -  
sults s imi lar  to Fig. 1 and 2, i.e., the  presence of Pd3Sn 
in the  pos t -acce le ra t ion  deposi t  is evident .  In  both 
cases, good meta l  d is t r ibut ion  was obta ined  fol lowing 
the p la t ing step. Employ ing  unaged  ca ta ly t ic  solution 
C has  p rov ided  resul ts  s imi lar  to those ob ta ined  using 
unaged  cata lyt ic  solut ion B, except  tha t  the  diffraction 
pa t t e rn  revea led  the  presence of SnO~ at the  conclusion 
of the  accelera t ion step. Aged solut ion C exhibi ts  p l a t -  
ing character is t ics  s imi lar  to aged solut ion B. F i g u r e  7 
shows C u  deposits  obta ined  wi th  the  use of (a) f resh 
cata lyt ic  solut ion B fol lowed by  an accelera t ing solu- 
t ion of 1.2M NaOH and (b) same as (a) except  tha t  
the  cata lyt ic  solut ion was aged pr ior  to use for 7 days. 
F igures  8a and b are  the  corresponding diffract ion pa t -  
terns.  Note the  m a r k e d  difference be tween  the  deposits  
in Fig. 7a and b; whereas  in Fig. 7a, there  a re  large  
is lands and a r e l a t ive ly  poor coverage, in Fig. 7b a good 
coverage is obta ined  wi th  smal l  islands. This is also 
seen in Fig. 8a and b, where  the  difference in crys ta l l i te  
size is evident .  Compar ison of Fig. 7b wi th  Fig. le, and 
of the  corresponding diffract ion pa t te rns  (Fig. 8b and 

Fig. 7. Electron micrographs of the electroless copper deposit, in each case the accelerator solution was 1.2M NaOH. 
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Fig. 8. Electron diffraction patterns 

2c) reveals  a s imi la r i ty  in terms of surface coverage, 
in contrast  to tha t  seen in Fig. 7a. 

Final ly ,  it  is in teres t ing to note tha t  the  effect of 
aging the ca ta lyzer  on the copper  deposi t  is also to 
r ende r  the  product  s imi lar  to tha t  employing  an im-  
proved convent ional  sensi t izer  [see Ref. (16), Fig. 3b]. 
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ABSTRACT 

The electro-oxidation of N,N-dimethylani l ine  (DMA) has been studied in  
s t rong ly  acidic aqueous media by cyclic vo l tammetry  and rotat ing r ing-disk  
electrode vol tammetry  coupled with digital simulation. The r ing-disk  data 
are inconsistent  with the s imulat ion of a mechanism involving coupling be-  
tween two DMA cation radicals to produce N,N,N' ,N'- tetramethylbenzidine.  
The results are qual i ta t ively consistent with a mechanism involving depro- 
tonat ion of the DMA cation radical and subsequent  coupling be tween  neut ra l  
radicals. 

The electro-oxidation of N,N-dimethylani l ine  
(DMA) in aqueous media  has been studied in some 
detail by  Adams et al. (1-3). They found  that in acidic 
media the product  was N,N,N' ,N'- te t ramethylbenzidine 
(TMB). Two mechanisms were proposed for the re-  
action. One involved the init ial  product ion of the di-  
cation of DMA at the electrode followed by an attack 
of this dication on a parent  molecule to produce, with 
loss of two protons, TMB. The second mechanism sug- 
gested that the DMA cation radical (DMA +) is formed 
at the electrode and that  two such cation radicals 
couple with loss of two protons to form TMB. Based on 
later  work on t r iphenylamines  (4, 5) and the work of 
Nelson (6) on DMA in acetonitrile, it is now felt t h a t  
the cation radical is the species which is first produced 
at the electrode. There is little data, however, to in-  
dicate the mechanism by which TMB eventual ly  arises 
from DMA +. This paper reports the results of cyclic 
vol tammetry  and r ing-disk electrode vol tammetry  
studies of the electro-oxidation of DMA in strongly 
acidic aqueous media. The results are inconsistent  
with a radical cation-radical  cation coupling mecha-  
nism but  may be consistent with a mechanism involv-  
ing deprotonat ion of the cation radical and subsequent  
reaction be tween  neut ra l  radicals. 

Experimental 
The N,N-dimethylani l ine  (J. T. Baker) was distilled 

from 85% formic acid solution (10 ml  acid/100 ml  
DMA) using the procedure of Rit ter  (14). The 
N,N,N' ,N'- te tramethylbenzidine (Eastman-Kodak)  was 
recrystallized from ethanol  and acetone. All other 
chemicals were reagent  grade and were used wi thout  
fur ther  purification. The water  was deionized. 

The fabrication of the r ing-disk  electrode (15), the 
method of its cal ibrat ion (16), and the compounding 
of the carbon paste (17) have previously been de- 
scribed. The s imulat ion representat ion of the electrode 
used in  this study is given by IR1 = 80, IR2 ~ 92, and 
IR3 -- 158. The electrode was rotated with a motor-  
matic E-550 motor with feedback controller which 
was obtained from Electro Craft, Hopkins, Minnesota. 
All  potentials are reported with respect to the SCE. 

A Wenking Model 66TS10 potentiostat  was used with 
a Hewlett  Packard 7004A X-Y recorder with 17171A 
d-c preamp plug- ins  f o r  cyclic voltammetry,  for ob- 
ta in ing l imit ing disk currents,  and for obtaining r ing 
voltamograms for collection efficiency measurements .  
In  making collection measurements,  a constant current  
obtained from two paralleled 90V batteries in  series 
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with a large variable  resistor was applied to the disk. 
This current  was m e a s u r e d  with a Kei th ly  Digital 
Multimeter,  Model 160. All experiments  were carried 
out in a constant t empera ture  bath at 25.0 ~ _ 0.1~ 

Cyclic Voltammetry Results and Discussion 
The cyclic v o l t ~ o g r ~  in Fig. 1 is typical of those 

obtained for DMA at a carbon paste electrode in 1,6M 
H2SO4 over a range of DMA concentrat ions from 0.5 
to 5.0 raM. This cyclic is Consistent with those obtained 
by Adams (1) in  less acidic media. Peak 1 corresponds 
to the pr imary  oxidation of DMA. The work of Adams 
et al. (4) leads one to conclude that  the cation radi-  
cal, DMA+., is the species which is ini t ia l ly produced 
at the electrode. At the potential  of peak I, any TMB 
that is formed will be fur ther  oxidized to the TMB di- 
cation, TMBox. Peak 5 corresponds to the reduction of 
TMBox to TMB and peak 6 corresponds to the oxida- 
t ion of TMB to TMBox. In  less acidic media, Adams 
(I)  observed no net cathodic current  in the region of 
peak 4, the region in which DMA + would be expected 
to be reduced. It is found that  in  the s t rongly acidic 
media studied here, net  cathodic current  is observed 
in  this region, suggesting an increased stabil i ty of 
DMA +. in more acidic media. 

I t  has been suggested t h a t  peak 4 might  result  from 
the presence of either ortho-para or ortho-ortho 
TMBox rather  than  DMA+.. In  an at tempt to el iminate 
this possibility a bulk  electrolysis of a 1 mM solution 

1.2 1.0 0 

. . . . .  E ' ' ' ' 

3 6 

IO~a 

Fig. 1. Cyclic voltamogram of 1.15 mM DMA in 3M H2SO4 at 
a carbon paste electrode and at a scan rate of 2.4 V/min. 
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of DMA in IM H2SO4 was carried out at a carbon paste 
electrode in  an H-cell. The potential  of the working  
electrode was 0.9V vs. SCE. Halfway through the elec- 
trolysis, a slow potential  scan was-made on the sta- 
t ionary working electrode in the st irred solution. A 
steady-state  anodic current  was observed in the region 
of peak 1, indicat ing the presence in the bu lk  of the 
solution of unoxidized DMA. A steady-state  cathodic 
current  was observed in  the region of peak 5, indicat-  
ing the presence of TMBox in the bu lk  solution. No 
steady-state  current  was observed in the region of 
peak 4. The s t i r r ing was then stopped and a cyclic 
vol tamogram obtained, which was quite similar  to 
Fig. I except for an enhancement  in  peaks 5 and 6. The 
significant point, however,  is that  peak 4 was present  
in  the cyclic voltamogram. These results indicate 
that  the species giving rise to peak 4 is not a stable 
bulk  species bu t  is present  only in  the diffusion layer. 

The remain ing  DMA was electrolyzed and the re-  
suit ing solution was reduced at 0.0V vs. SCE to convert  
the TMBox to TMB. The solution was then neutral ized 
with Na2COs and the products extracted with ether. 
The ether solution was then evaporated to dryness. 
The residue was extracted with benzene and the ben -  
zene solution was chromatographed on silica gel TLC 
plates using benzene, acetone, and methanol  as sol- 
vents. Only a single spot was observed for each of 
these solvents. That  spot corresponded to the para- 
pare TMB. There was no indication of any other prod- 
uct being formed. As a result, it is felt that peak 4 is 
probably due to the reduct ion of DMA+. 

Finally,  ment ion  should be made of peaks 2 and 3 
in  the cyclic voltamogram. These peaks were not re-  
ported in less acidic media. They are definitely not 
background phenomena (as had been suggested) bu t  
appear to be due to the production of DMA +2 and its 
subsequent  reduction. This possibility is being fur ther  
studied. 

With this background, a fur ther  s tudy of the na tu re  
of the coupling reaction to produce TMB was unde r -  
taken. It was felt that  a r ing-disk electrode s tudy of 
the rate of disappearance of DMA + would be the most 
informat ive approach. 

Ring-Disk Electrode Results 
A rotat ing r ing-disk  electrode (RRDE) (7-9) s tudy 

was carried out on solutions which were 0.62, 1.15, and 
4.49 mM in DMA and 3M in H2SO4. A vol tamogram 
typical of those observed at the disk electrode is shown 
in  Fig. 2. Two plateau regions are observed, one cor- 
responding to peak 1 in  Fig. 1 and the other corre- 
sponding to peak 2. The exper imental  procedure which 
was followed involved obta ining such a vol tamo- 
gram for each rotat ion rate on a given solution and 
then applying a constant current  to the disk electrode 
equal to the l imit ing current  for peak 1 (production of 
DMA+).  A vol tamogram was then  obtained for the 
r ing electrode under  these conditions. /k second r ing 
voltamogram was obtained with no current  being 
passed at the disk electrode. Figure  3 shows typical  
r ing voltamograms for a DMA solution as well  as a 
voltamogram for a solution of TMB. Note that  there 
are two plateaus for the DMA solution and only one 
for the TMB solution. The plateau which corresponds 
to peak 4 in  Fig. 1 thus reflects the presence of DMA +. 
But, the actual current  in  this region is the difference 
between the cathodic current  due to reduction of 
DMAt  and the anodic current  due to the oxidation of 
any  TMB present. 

The impor tant  parameter  in  the RRDE exper iment  
is the kinetic collection efficiency, Nk, which is defined 
in Eq. [1] 

Nk : --ir/ id [1] 

where ir is the l imit ing current  at the r ing electrode 
due to the current  id at the disk electrode. The collec- 
t ion efficiencies in  region 4 were de termined for the 

12 1.0 0,8 

I107Aa 

Fig. 2. Disk electrode voltamogram of 1.15 mM DMA in 3M H2SO4 
at a rotation rate of 2500 rpm. Point A is the limiting current for 
region 1. 

5 
f 

a ,' c I t OM, O 

4 /' 
~ 0.2 

E 

Fig. 3. Ring electrode voltamograms at a rotation rate of 2500 
rpm. Curve a, 1.15 mM DMA in 3M H2SO4. Applied disk current 
equal to limiting disk current for region 1. Curve b, 1.15 mM DMA 
in 3M H~SO4. No disk current. Curve c, ca. 1 mM TMB in 3M 
H2SO4. Limiting current applied at disk electrode. 

three solutions above over a range of rotat ion rates 
from 200 to 8000 rpm. The results are presented in Fig. 
4. Each point is the average of from five to ten  separate 
determinations.  Due to electrode filming and other 
problems associated with carbon paste in  3M H2SO4, 
the uncer ta in ty  in  the points i s  about ___10%. In  the 
4.49 mM solution, filming became an even greater  
problem. It is felt that this may  have resul ted in  curve 
c not coinciding with curve a and b. 

Digi ta l  Simulat ion Results and Discussion 
A technique for the digital s imulat ion of the RRDE 

has been presented previously (10-13). This technique 
permits  the calculation of the collection efficiency as a 
funct ion of various dimensionless parameters  for es- 
sential ly any  imaginable mechanism. This technique 
with the modifications ment ioned below has been used 
to calculate the collection efficiency behavior  of two 
possible mechanisms for the oxidation and coupling of 
DMA. 
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Fig. 4. Experimental collection efficiencies for peak 4 as a 
function of 1/~. �9 0.625 mM DMA, 3M HsSO4; O 1.151 mM 
DMA, 3M H~SO4; X 4.49 mM DMA, 3M H2SO4. 

Mechanism I 
The first mechanism which was considered involves 

coupling between two DMA + species and is given 
below 

DMA - -  e - - *  DMA+ (disk) [2] 

ks 
2DMA + .> TMB + 2H + [3] 

The TMB thus produced is subject to further oxidation 
at the disk 

TMB -- 2 e -  -# TMBox (disk)  [4] 

and is also subjec t  to chemical  ox ida t ion  by  DMA~ 

2DMA + + TMB ) 2DMA + TMBox [5] 

At  the  r ing  electrode,  DMA.  + and TMB are  bo th  elec-  
t roact ive  

DMA + + e- --> DMA (ring) [8] 

TMB -- 2e- -~ TMBox (ring) [7] 

Following the procedures outlined in Ref. (10) and 
(13), the collection efficiency, Nk, was calculated for 
the electrode in question and Mechanism I for vari- 
ous values of two dimensionless rate parameters, 
XKTC2 and XKTC3, which are defined by 

XKTC2 = (0.51)-2/Sk2oJ--lvl/SDA--1/aC~ [8] 
and 

XKTC3 = (0.51)-2/Sk3e--lvl/SDA--I/3(C~ s [9] 

function of I/~. This is the same format in which the 
experimental data were presented (Fig. 4). The results 
of the simulation of Mechanism I are presented in 
Fig. 5 for three values of the concentration parameter. 

Note that while the simulated values of Nk are in the 
same range as those observed experimentally, the 
shapes of the simulated curves are distinctly different 
from those obtained experimentally. Furthermore, the 
simulation predicts a distinct concentration depend- 
ence which was not observed experimentally at the 
lower concentrations. This lack of agreement casts 
serious doubts on the acceptability of Mechanism I 
under the experimental conditions. 

Mechanism II 
The second mechanism which was considered took 

account of the apparent increased stability of DMA + in 
strongly acidic media and the apparent first-order 
nature of its disappearance (little if any concentration 
dependence). This mechanism differs from Mechanism 
I in one respect only. In lieu of Eq. [3], the reaction is 
proposed to proceed in two steps. The initial step con- 
sists of the deprotonation of the cation radical, a first- 
order process, to yield the free radical as shown 

CI~, /CI~ 

N 

DMA +. - ) + H + [13] 

The free radical then dimerizes very rapidly (at an 
infinite rate, compared to kl) by the second-order re- 
action 

CI~\ /CHs 

N 

2 ---> TMB [14] 

The net reaction is thus pseudo first order 

DMA + k,) 1/2 TMB [15] 

The collection efficiency was calculated for Mechan- 
ism II for various values of the first-order rate param- 
eter XKT1, where 

where  ~ is the  ro ta t ion  ra te  ( rad ians / second) ,  ~ is the  
k inemat ic  viscosi ty (cmS/sec),  DA is the  diffusion co- 
efficient of, in this case, DMA (cmS/sec).  C~ is the  
bu lk  concentra t ion  of DMA (moles / l i t e r )  and  the  ra te  
constants  re fe r  to Eq. [3] and  [5]. 

Note tha t  

XKTCS/XKTC2 -- (ks/ks) C~ [I0] 

or, since ks and ks are constants, the ratio of XKTC3 
to XKTC2 is directly proportional to the bulk concen- 
tration of DMA. S imi l a r ly  

(XKTC2)2/XKTC3 = (0.51) -~/a (ks/ka)  ~-Zvl/SDA -1/a 
[11] 

Since a l l  te rms in Eq. [11] except  the  ro ta t ion  ra te  a re  
constant  for  a g iven exper iment ,  Eq. [11] reduces  to 

(XKTC2)S/XKTC3 = K~-*  [12] 

Thus, a plot of the simulated values of Nk for a con- 
stant value of XKTC3/XKTC2 as a function of 
(XKTC2)S/XKTC3 is in fact a plot of the expected 
values of Ark for a fixed concentration of DIVLA as a 

60 

40 

N k xlO 3 

20 

0 SO0 400 

Fig. 5. Simulated collection efficiency as a function of 1/~ for 
Mechanism h Curve a, XKTC3/XKTC2 = 1.0; curve b, XKTC3/ 
XKTC2 - -  0.05; curve c, XKTC3/XKTC2 = 0.02. 
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XKT1 = (0.51) -2/8/r vl/3 DA-1/3 [16] 

and XKT3 as defined in  Eq. [9]. Note that  

XKTC3/XKT1 -- (k3 /k l )  (C~ 2 [17] 

while XKT1 is a funct ion only of rotat ion rate for a 
given experiment.  Thus, a plot of the simulated values 
of Nk vs. XKT1 for a constant  value of X:KTC3/XKT1 
is a plot of Nk vs. 1/~ at constant  concentration. The 
s imulat ion results for Mechanism II are presented in  
Fig. 6 for three concentrat ions differing by up to a 
factor of 10. The curves show no concentrat ion de- 
pendence over this range. Furthermore,  for XKT1 
greater than  about 3, the simulated curve has the 
same shape as the exper imental  curve. Quanti tat ively,  
however, the s imulat ion predicts a net  anodic current  
while the exper imenta l ly  observed current  is cathodic. 

This discrepancy may  be explained by considering 
that  if the neut ra l  radical were formed by  deprotona-  
t ion of DMA +, it would seem that reprotonat ion would 
be more probable than  coupling especially in these 
media. This suggests that  the i r reversible  deprotona-  
t ion step in Mechanism II should be replaced by  a 
fast acid-base equi l ibr ium in  which DMA + is con- 
sidered to be a very weak acid. This would be con- 
sistent with the apparent  increased stabil i ty of DMA + 
in  acidic media and would result  in  a s imulated pre-  
diction of a greater  cathodic contr ibut ion to the cur-  
rent  in region 4. 

A second weakness in Mechanism II is the assump- 
t ion that  the oxidation of TMB at the r ing electrode 
is diffusion controlled at the potential  at which the 
measurements  were made (about 0.TV). A glance at 
Fig. 3 would suggest that this is probably not  the case. 
Taking this into account in the s imulat ion would 
decrease the anodic contr ibut ion to the current  in  
region 4. 

Each of the above modifications to Mechanism II 
would result  in a s imulat ion which would bet ter  fit the 
exper imental  data. However, such a s imulat ion would 
have at least four independent ly  variable  parameters  
and even then would involve some simplifying assump- 
tions. Such a s imulat ion is certainly feasible but  it 
should be remembered that  there are only two mean-  
ingful  exper imental  variables, i.e., rotat ion rate and 
concentrat ion of DMA. 

It is s t rongly felt by  the authors that  there are 
l imits beyond which it is fruitless to carry  the s imu-  
lat ion of a proposed mechanism. These limits are dic- 
tated by  both practical and philosophical considera- 
tions. On the practical side, as the complexity of the 
mechanism increases so does the t ime required to 
simulate all of the possible permutat ions  of values 
of the independent  variables. As there are limits on 
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Fig. 6. Simulated collection efficiency as a function of 1/~ for 
Mechanism Ih Results identical for XKTC3/XKTCI = 1.0, 0.1, 
and 0.01. 

the avai labi l i ty of both computer  and investigator 
time, the potential  gain from the s imulat ion of a 
mechanism must  be considered. This potential  gain, 
however, is subject  to philosophical l imitations. 

It  is clear that one can never  prove that  a given 
mechanism is correct: that  is, there is no reason to 
contend that, because the predictions based on a 
specific mechanism are in  agreement  with experiment,  
the mechanism is unique  in  that  respect. We are prone 
to feel that, if a mechanism consisting of two param-  
eters adequately predic ts  the behavior  of a system 
with two observables, the mechanism is probably cor- 
rect, at least in  its significant features. If a mechanism 
containing four or more parameters  is needed to ade- 
quately  fit a system with two observables, we should 
feel much less confident of i t s  uniqueness.  

It is in this lat ter  si tuation that  the authors 
find themselves. It  is felt that  one can safely conclude 
from the results presented here that  the data are 
inconsistent with the mechanism involving cation rad-  
ical-cation radical coupling but  that  the data are not 
necessarily inconsistent with a mechanism involving 
deprotonation of the cation radical before coupling. 
It is fur ther  felt t h a t  even if a more complex me-  
chanism were s imulated and found to fit the data, 
one should not make any stronger s ta tement  than 
that  above without addit ional evidence. It  would seem 
reasonable then, to consider whether  there is any 
other evidence for the deprotonat ion mechanism and 
what  other experiments  might  yield such evidence. 

Carrington, Dravnieks, and Symons (18) have ar-  
gued that "in sufficiently basic medium, hydrocarbon 
positive ions could lose r ing protons." Osa, Yildiz, 
and Kuwana  (19) proposed such a mechanism to ex- 
plain results obtained in  the electro-oxidation of ben-  
zene in  acetonitrile. Drews and Jones (20), in a 
s tudy of the stabilities of the cation radicals of the 
p- ter t -butyl - ,  p- t r imethyls i ly l - ,  and p- t r imethylger -  
myl-N,N-dimethylani l ines ,  proposed the loss of the 
para subst i tuent  and production of the neut ra l  DMA 
radical in order to explain their  results. 

While the fact that  a s imilar  mechanism has been 
proposed by others for similar systems is encouraging, 
additional information on the DMA system itself 
would be desirable. To this end, isotope effect studies 
on this reaction will soon begin. The possibility of 
subst i tut ing DMA in the 3 and 5 positions with groups 
which would be sufficiently bu l ky  as to prevent  coup- 
l ing at the para position is being considered. Mean- 
while, a mass spectrometer s tudy of" what  may be an 
analogous loss of hydrogen from gas phase cation 
radicals is underway.  

Summary 
Rotating r ing-disk electrode studies of the anodic 

oxidation of N,N-dimethylanl l ine  (DMA) in  s trongly 
acidic media are inconsistent  with digital s imulat ion 
results for a mechanism involving the direct coupling 
of the corresponding cation radicals to produce 
N,N,N' ,N'- tetramethylbenzidine (TMB). The experi-  
menta l  results are qual i ta t ive consistent with a me-  
chanism involving deprotonation of the DMA cation 
radical and subsequent  coupling of the neu t ra l  radi-  
cals thus produced. 
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ABSTRACT 

The polarization behavior  of glasslike carbon, pyrolyt ic  graphite, and con- 
vent ional  graphite electrodes, in  acidic solutions with and wi thout  C l - ,  has 
been studied. The electrode surface is covered by carbon oxides of two types 
depending on the electrode potential. Format ion of these oxides is also af- 
fected by the C1- concentration, temperature,  electrode mater ia l  and its prep-  
aration. Electrode processes involving O2, CO, and CO2 were found to occur 
at high current  densities. Transi t ion from the chlorine evolut ion process to 
the over-al l  oxygen electrode process is i rreversible because of i rreversible ex- 
change between adsorbed chlorine and oxygen on the working electrode. 
The Tafel l ine for the chlorine formation reaction on a fresh carbon and /or  
graphite anode has the slope of 130-150 mV/decade,  and the react ion order 
with respect to C1- is unity.  

The main  reaction on graphite anodes in chlorine 
cells (both diaphragm and amalgam types) is, of 
course, evolution of chlorine gas, at more than  99% 
of current  efficiency. Format ion  of some CO, CO2, and 
O2 may take place as a side reaction, and the la t ter  is 
a controll ing factor in  consumption or corrosion of  
the graphite anode dur ing  electrolysis. This is one 
of the serious problems in  the chlor-alkal i  indus t ry  
(1, 2). 

It  is bel ieved that  the charge- t ransfer  reaction of 
H20 and /or  O H -  takes place on the surface of the 
graphite anode, followed by formation of an oxide 
layer. Subsequent  processes, i.e., formation of CO 
and COs (which consumes graphite) ,  occur (2). On 
the other hand, adsorption of C1- and /or  Cl-adatoms 
on the surface of graphite anodes immersed in  aqueous 
solution containing C1- is significant. This retards 
the formation of the oxide layer  and reduces consump- 
t ion of the anode. 

Possible electrode processes and their  s tandard po- 
tentials (E ~ in  volts at 25~ in  acidic solution con- 
ta ining C1- are as follows 

C -b H20 ---- CO -p 2H + -t- 2e 0.52V vs. SHE [1] 

C -t- 2H20 -- CO2 -t- 4H + -t- 4e 0.21V [2] 

* Electrochemical Society A c t i v e  M e m b e r .  
Key words: Cls electrode, 02 electrode, surface oxide, g l a s s l i k e  

carbon, pyrolytic graphite, graphite. 

2H20 ---- O~ ~- 4H + ~- 4e 1.23V [3] 

2C1- = Cl~ + 2e 1.36V [4] 

The s tandard potential  for the chlorine evolution re-  
action is the highest. But the overvoltage for reac- 
tions [1], [2], and [3] is high compared to that  of 
reaction [4], so that  the graphite  anode is useful in  
chlor-alkal i  cells. 

In  solutions free of CI- ,  formation of CO, CO2, and 
O~ occurs after adsorption of oxygen atoms by  the 
graphite anodes, or after formation of a carbon oxide 
layer, or both (3-6). Very few papers concerning the 
characteristics of the oxide layer  can be found (3, 7, 8). 

Experiments  with the l inear  potential  sweep (LPS) 
method and the galvanostatic cathodic t rans ient  (GCT) 
method can be used for s tudying the properties of 
the oxide layer  and of the process of its formation. 
On the other hand, formation of the surface oxide 
is l imited in  concentrated C1- solution because C1- 
and /or  Cl-adatoms cover the graphite surface. Ex-  
change between the surface oxide and chlorine is an 
irreversible process, and hence separate observation 
of these processes can best be made by  means  of the 
nonsteady-sta te  method. 

The electrochemical process may  take place not  
only on the external  surface of a commercial graphite 
anode, but  in  the pores a few mil l imeters  deep (9). 
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Such an electrode is unsui table  for s tudying the proc- 
esses of adsorption and desorption of species on the 
working electrode by  means of the LPS method. Due 
to the large area of effective surface of the porous 
electrode, a large amount  of polarizing current  may  
be consumed for charging of the double layer  capacity 
(10, 11). We can avoid this difficulty by using glasslike 
or glassy carbon (designated GC hereafter) ,  having a 
smooth surface like glass, as the working  electrode. 
Pyrolyt ic  graphite (PG) was also examined. Physico- 
chemical properties of these materials  can be found 
elsewhere (12). 

E x p e r i m e n t a l  P r o c e d u r e  
A GC electrode (0.196 cm ~) and a PG electrode 

(0.2 cm 2) were used. Since the electrical resistance 
of PG was very  dependent  on the direction (12), the 
surface perpendicular  to the deposited layer  was used 
as the working  electrode. A p la t inum wire counter -  
electrode, 0.5 mm diam and 3 cm long, was placed 
in  a compar tment  separated by a s intered glass dia- 
phragm from the compar tment  of the working elec- 
trode. 

The working electrode was oxidized at a noble 
potential  (+2.5V vs. SCE) for a few seconds, then 
reduced cathodically at about --2.0V prior to the 
measurements  to e l iminate  any contaminants  on the 
surface. When the galvanostatic anodic t rans ient  
(GAT) method was used, the electrode was polarized 
cathodically (at --2.0V) before every run.  

The electrode potential  was measured with a Luggin 
probe connected to a saturated calomel electrode 
(+235 mV vs. SHE at 25~ 
The potential scanning rate for the LPS method 

(with conventional  equipment)  was usual ly  200 m V /  
sec. For  the galvanostatic t rans ient  method, both 
anodic and cathodic, a high voltage dry  cell (90V) 
with a high variable resistance (10 megohms) in  series 
was employed as the power source. A sensit ive mer -  
cury relay was of great use for switching from poten-  
tiostatic to galvanostatic polarization. 

The electrolyte used was either 1M HC104, or mix-  
tures of HC104 and NaC104 (ionic s t rength = 1M). 
NaC1 and HC1 were added if necessary to examine the 
influence of C1- on the formation of carbon oxide. 
The tempera ture  was 50 ~ • 0.5~ The electrolyte was 
deoxygenated prior to the experiments.  

Resul ts  
Formation and reduction of carbon oxide and ad- 

sorption and desorption of hydrogen atoms in HCI04 
solutions.--We present  potential  sweep diagrams for 
the GC in  Fig. 1-3, and one for the PG in  Fig. 4. The 

GC E l e c t r o d e  

cl 20- I- z 

o 
-I.5 -I.0 -015 

(C-Oxldu 

(c-o.)~ 

~ ~  0~5 I.O I.~ 
POTENTIAL [v vs. C E ) 

I0 

-20 

-30 

Fig. 1. Potential sweep diagrams with a glasslike carbon electrode 
in ]M HCIO4 at 50~ Sweep rate 200 mV/sec. Curves are num- 
bered in order of runs. 

2 o  

-I0 '~ 

GC Electrode l ~  

o POTENTIAL (v vs. CE) I - -  

(C-O.~II I ~ ~(C. OLldes 

Fig. 2. Potential sweep diagrams with a glasslike carbon electrode 
in 1M HCIO4. Sweep rate 200 mV/sec. 

ol 
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~d \~-o., 
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-i/  
~ (C'OL)de 8 

Fig. 3. Potential sweep diagrams with a glasslike carbon electrode 
in |M  HCIO4. Sweep rate 200 mV/sec. 

electrolyte was 1M HClO4 and the tempera ture  50~ in 
all four sets. The sets differ only in  the l imits of the 
polarization voltage applied, as shown in Table I. 

Note that  evolution of CO, CO2, and O2 occurs at po- 
tentials above ca. + l .TV (13, 14), and that  evolut ion 
of H2 occurs at potentials below ca. --1.gv. Thus, in  
Fig. 1 and 4, the electrodes are completely oxidized 
and  reduced, while  in  Fig. 2 and 3, the effect of part ial  
oxidation o r  reduct ion is observed. 

In  these figures, the sequented order of sweeps is 
indicated by numbers  or by  arrows. Thus, in  Fig. 1, 
the areas enclosed by  successive sweeps decrease, while 
in  Fig. 2, they increase. 

The processes that  occur are identified as follows: 
Had and Hdes represent  adsorption and desorption of H 
atoms, respectively. Also, (C-OH) and (C-OL) rep-  
resent  the higher and lower oxides of carbon, re -  

Table I. Limits of polarization voltage in potential sweep 

L i m i t s  o f  s w e e p  (V vs.  SCE) 
F igu re  

No. Electrode Anode  Cathodic 

1 GC +1.8 --1.9 
2 GC + I . 0  --1.8 
3a GC + I . 0  --0.9 

b + i . 0  --0.24 
4 P G  +1.8 --1.9 
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Pig. 4. Potential sweep curve with pyrolytic graphite electrode 
in 1M HCIO4 at 50~ Sweep rate 200 mV/sec. The curve tends to 
the direction shown by the arrows when the electrode is polarized 
repeatedly. 

spect ively,  and  the  subscr ipts  ad and des refer  to 
format ion  or  reduct ion  of these species. 

The resul ts  for  the  P G  electrode,  Fig. 4, a re  essen-  
t i a l ly  the  same as for  the  GC electrode,  Fig. 1, a l -  
though  the  cur ren t  dens i ty  is surpr i s ing ly  l a rge r  for 
the  PG. The surface became rough  af ter  r epea ted  
scanning over  a wide  vol tage  range.  

In  Fig. 1, the  ~-0.5 and -t-1.3V peaks  of the  anodic 
scan correspond to the  --1.3 and the --0.SV peaks  of 
the  cathodic scan, respect ively.  The oxide l aye r  o n  
the  work ing  e lect rode appears  to be r enewed  if  the  
e lec t rode  is polar ized at  ~-1.TV or  more,  where  oxygen  
evolut ion takes  place. The potent ia l  sweep curve be -  
comes s table  under  such a condition. 

As seen in Fig. 2, the  adsorpt ion  and desorpt ion  of 
(C-OH) does not t ake  place  i f  the  anodie scan is 
l imi ted  to §  The peak  cur ren t  at  --0.5V dur ing  
cathodic scan decreases but  not  to zero, and the new 
peak  at  ca. -~0.1V appears .  I t  corresponds  to the  
-1-0.5V peak  of the  anodic scan. The curves in Fig. 2 
s tabi l ized af te r  severa l  hundreds  of scans. I t  i s  also 
significant that  new peaks  at  ca. -~0.5V (anodic scan) 
and T 0 . I V  (cathodic scan) appear .  

In  Fig. 3, the  hump o f  the  anodie scan Hdes at  ca. 
~-0.1V disappears ,  p rov ided  the  s tar t  of the  sweep, 
m a r k e d  "a," is more  posi t ive than  --0.9V. The ~-0.5V 
peak  for  (C-OL) diminishes,  bu t  is st i l l  p rominen t  
when  the  anodic scan s tar ts  at --0.24V, m a r k e d  "b." 

At  anodic potent ia ls  corresponding to evolut ion  of 
oxidic gases, as in Fig. 1, the  anodic scan peak  at  -~ 1.3V 
a n d  i ts  corresponding cathodic scan peak  at --0.6V in -  
dicate the  format ion  and reduct ion  of a surface com-  
p lex  which  we ident i fy  as a h igher  oxide  of carbon 
(C-OH). When  the anodic scan poten t ia l  is on ly  ~ 1.0V, 
as in  Fig. 2 and 3, a different  anodic scan peak  at  about  
-~0.SV and its corresponding cathodic scan peak  at  
-F0.1V are  observed.  We a t t r ibu te  this  to the  format ion  
and reduc t ion  of a lower  oxide  of carbon (C-OL).  

The  grea t  range  of 1.PV for the  fo rmat ion  and r e -  
duct ion of (C-OH) indicates  tha t  this  is qui te  an i r -  
revers ib le  process. On the  contrary ,  the  range  for  the  
format ion  and reduct ion  of (C-OL) is only  about  0.4V, 

which  indicates  tha t  i t  is an uns tab le  in te rmedia te  and 
tha t  the  process approaches  revers ib i l i ty .  F igu re  3 
shows both  (C-OL)des and (C-OH)des, showing tha t  
some (C-OH) m a y  form even if  the  polar iza t ion  is 
l imi ted  to ~- 1.0V. 

The resul ts  of severa l  hundreds  of exper iments  a re  
summar ized  in Fig. 5. The circles r epresen t  peak  po-  
tentials .  The heavy  l ines represen t  da t a  for  GC, and 
the l ight  l ines for  P G  electrodes.  

Adsorp t ion  and desorpt ion  of hydrogen  seem to be 
i r revers ib le  on graphi te  and carbon, whi l e  they  are  
qui te  revers ib le  on noble me ta l  such as P t  (15). 

The peak  potent ials ,  Ep, vs. pH in the  m i x e d  solu-  
tions are  shown in Fig. 6. The curves for  (C-OL)sd and 
Hdes over lap  as shown above. The po ten t ia l  for  
(C-O~)ad is a lmost  independen t  of pH, whi le  tha t  for  
(C-OH) des is a small  funct ion of pH. On the o ther  hand,  
Had depends  much on pH, and the slope of the  poten t ia l  
us. pH curve is --0.146 V/pH.  The potent ia l  for  Hdes is 
n o t  affected b y  pH. 

This is qui te  reasonable  if  H + -~ e ~ Had is assumed. 
For  example ,  BSld and Bre i t e r  (16) have  descr ibed 
the pH dependency  of the  adsorpt ion  and desorpt ion 
of hydrogen  and oxygen  on Pt. We have  also s tudied 
wi th  carbon and g raph i t e  e lect rodes  in a lka l ine  solu-  
tions, where  H20 -t- e ~r Had 4- O H -  is proposed ( 1 7 ) .  
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Fig. 5. Potential ranges for existing adatoms and intermediates 
in |M HCIO4 at 50~ Heavy lines, glassy carbon; light lines, 
pyrolytic graphite. 
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50~ Potential sweep rate 200 mV/sec. 
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The +0.1V peak of the cathodic scan diminishes when  
the electrode is polarized at more than  W 1.3V. There-  
fore. we consider that  (C-OH) is not reduced to 
(C-OL), or only insignificantly. 

The surface of the working electrode becomes rough 
and  the potential  sweep diagram shrinks when  po- 
larization is repeated between -51.7 and --1.9V. How- 
ever, the curve is stable if anodic polarization is l im-  
ited up to the potential  for (C-OL)ad. 

Determination of carbon oxide and hydrogen ad- 
atoms.--Since the specific peaks for H, (C-OL), and 
(C-OH) overlap as described above, the GCT method 
was employed. 

The test electrode was treated at -1-2.5V for 5 sec, 
then reduced at ca. --2.0V for 10 sec prior to the mea-  
surements.  The electrolysis was carried out at a given 
potential, Est, for about 15 sec to ma in ta in  a steady 
state. Then, the circuit was changed by the mercury  
relay to give the GCT measurement .  

Figure 7 shows an example of the oscilloscope trace 
obtained. Coexistence of (C-OL) with (C-OH) on the 
electrode pretreated at -t- 1.0V is evident, and its reduc-  
t ion potential  in  this photograph agrees with Fig. 5. ~H 
and ~o are the t ransi t ion times for adsorption of hydro-  
gen atom and reduct ion of carbon oxide, respectively. 
The amount  of charge, Qo, for reduct ion of carbon 
oxides was represented as follows 

Qo = Qccou + Q(com = io~o [5 ]  

If adsorption and desorption are electrochemical proc- 
esses 

Q = i c T  = n F r  [ 6 ]  

where r is the amount  of adsorption (moles/square 
cent imeter) ,  and Q the amount  of charge (coulombs/  
square centimeter)  (18, 19). Figure 8 shows that  Q is 
independent  of ic. The Q's for the reduct ion of carbon 
oxide and for the adsorption of hydrogen depend much 
on the "set" potential, Est. 

The Qo and QH on both GC and PG electrodes, as 
functions of Est , are shown in Fig. 9. When Est is less 
than -t-1.0V, Qo and QH increase, and hence the oxide 
and hydrogen adatoms on the electrode both increase. 
The charges diminish suddenly at Est :> -[-1.3V, where  
(C-OL) converts into (C-OH) as described above. 
Since (C-OH) is reduced hardly at all dur ing cathodic 
polarization, its reduction potential  shifts to less 
noble, and overlaps the peak for Had. These results 
agree well with Fig. 1-4. The oscilloscope trace from a 
noble potential  is unsui table  for this discussion because 
To and ~H cannot be determined.  

Adsorption of hydrogen atoms may  take place at the 
active sites on the working electrode after Oad leaves, 
and vice versa. The ratio Qo/QH reaches about 2 at 
noble potentials as shown in Fig. 10, and hence all the 
surface would be covered by Oad, this is, one adatom of 
oxygen would be bound with an active site on the car- 
bon electrode as either (C-OL) or (C-OH). Since only 
higher oxide forms above +l .3V,  complete reduct ion 
is difficult by cathodic polarization, thus it causes de- 
crease in both Qo and QH. 
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Fig. 7. Oscilloscope trace with glassy carbon electrode in IM  
HCIO4. Est = i.0V vs. SCE. ie = 10.5 mA/cm% 

From Fig. 9, the max imum Qo is 5 X 10 -~ and 
7 X 10 -1 coulombs/cm 2 for the GC and PG electrodes, 
respectively. Therefore, the number  of the active sites 
per uni t  area on PG electrode is about 14 times larger 
than  for GC. 

Since the electrode potential  was scanned m a n y  
times (sweep rate 200 mV/sec)  unt i l  the polarization 
curve was stabilized, the working surface of the elec- 
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t rade became rough. The roughness factor of GC elec- 
trode after  such t rea tment  was estimated to be about 
200. It  agrees with the SEM observat ion (20). It  would 
be a major  reason for the large coulombs/square  
cent imeter  described above. 

E~ect of C l -  on ~ormation of carbon ox ide .~ I t  is 
known  that  halide ions easily adsorb on the surface of 
noble metals such as Pt, if the potential  is greater than  
the potent ial  of zero charge (pzc). This disturbs for-  
mat ion  of the oxide layer  on the electrode surface to an  
extent  that  depends much on the electrode material ,  
composition of solution, potential,  and tempera ture  
(21, 22). 

Examples of the potent ial  sweep curves with a GC 
electrode in  1M HC104 containing HC1 are shown in  
Fig. 11. The peak current  for (C-OH)ad at ca. + l . 4 V  
decreases with increase in  the HC1 concentration, the 
potential  for CI~ evolution shifts toward the less noble 
and becomes less than  the potentials for oxidic gas 
evolution (i.e., O2, CO, and CO2). For the cathodic 
scan, the height of the peak for ( C - O H ) d e s  becomes 
lower with increase in  the C1- concentration. The 
+0.SV peak appears on the cathodic scan if electrol-  
ysis is carried out for a long time at potentials higher 
than  needed for chlorine evolution, in  concentrated 
C1- solutions. The peak height is affected by agitat ion 
of solution. This peak represents the reduct ion of C12 
and it is controlled by  diffusion. 

Figure  12 shows Q vs. Est in  both 1M HC104 and a 
mixed solution (1M HC1Oa ~- 1M NaC1). Both Qo and 
QH decrease with addit ion of C1- and depend on the 
C1- concentrat ion (Fig. 13). 

Chlorine electrode vs. oxygen e lec t rode .~I t  is well  
known  that  when  concentrated aqueous chloride solu- 
tions are electrolyzed, the main  reaction at the anode 
is the evolut ion of chlorine gas. In  a competitive reac- 
tion, some oxygen is also evolved. If the anode is some 
form of carbon or graphite, the oxidic gases are 
main ly  CO2, with some CO and  O~. 

Figure 14 shows the potentiostatic polarization 
curves for PG anode in 1M HC104 (broken line) and 
in 1M HC104 -t- 3M NaC1 (solid l ine) .  The oxygen 
electrode process has a Tafel slope of 210-240 m V /  
decade. 

The chlorine electrode process with a fresh anode 
(cathodically reduced at --2.0V before the anodic po- 
larization) shows a Tafel l ine with the slope of 135 
mV/decade, bu t  the curve deviates at noble potentials  
more than  + 1.3V, and the electrode potential  tends to 
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Fig. 11. Potential sweep curves of glassy carbon electrode in 
various solutions at 50~ Sweep rate 200 mV/sec. 
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Fig. 12. Coulombs vs. set potential curves in 1M HCI04 (solid 
lines) and mixed solution of 1M HCI04 and 1M NoCI (broken lines) 
at 50~ 
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Fig. 13. Effect of C I -  on amount of electricity for Had and 
(C-O)des in |M HCIO4 at 50~ Est = 1.0V vs. calomel. Current 
density = 47.5 mA/cm 2. Q = coulombs in 1M HCIO4. Q' 
coulombs in solutions contGining C I - .  
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Fig. 14. Polarization curves of pyrolytic graphite anode at 50~ 
(potentiostatic method). Broken line shows the polarization curve 
of oxygen evolution reaction in 1M HCIO4. 

that  of the oxygen electrode process. A large hysteresis 
of the polarization curve of PG and GC electrodes 
with i nc r ea se  and decrease of the current  was ob-  
tained. On the other hand, a graphite  anode (not 
shown) did not  show such a phenomenon,  bu t  the 
Tafel slope was larger than  the predicted value 
(2RT/F) .  A large area of porous surface of graphite 
anode would be a reason. 

Figures 15-17 are the oscilloscope traces obtained by  
the GAT method. In  HC104 (Fig. 15), charge-up of 
the double layer  capacity is followed by  charge-up of 
the pseudocapacitance due to formation of carbon 
oxide layer  as well~ as oxidation of Had, then  the 
plateau for the over-al l  oxygen electrode process (B) 
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appears .  In  solut ions containing CI - ,  the  poten t ia l  
p la teau  for the  chlor ine  e lect rode (A) appears  a f te r  
cha rge -up  of the  double  l a y e r  capaci tance and the 
pseudocapaci tance  due to oxida t ion  of Had and fo rma-  
t ion of Clad. At  low cur ren t  densities,  only  p la teau  A 
appeared  (Fig. 16), but  p la teau  B was observed  af ter  
few seconds at  h igh cur ren t  densit ies (Fig. 17). 

The t rans i t ion  time, T, depends  on agi ta t ion  of the  
electrolyte ,  thus the  process at  h igh cur ren t  densi t ies  
would  be contro l led  by  diffusion of C1-. The log i vs. 
log �9 curves  are  s t ra ight  wi th  a s lope of ca. --0.5 at  
h igh cur ren t  densi t ies  (Fig. 18). F igure  19 shows the  
polar izat ion curves of the  GC e lec t rode  ob ta ined  b y  
points  A and B in Fig. 16 and 17. Only oxygen  evolu-  
t ion takes  place in HC104 containing a small  amount  of 
C1- (e.g., less than  0.1M), bu t  the  chlor ine evolut ion  
reac t ion  takes  place easi ly  in concent ra ted  C1- so lu-  
tions, at  r e l a t ive ly  low current  densit ies.  I t  is also 
impor tan t  tha t  the  potent ia l  for the  over -a l ]  oxygen  
elect rode process in concent ra ted  C1- solut ion is noble  
in comparison wi th  tha t  in HC104. S imi la r  resul ts  wi th  
P G  and graph i te  anode have  also been  obtained.  

Discussion 
Evolut ion  of mixed  gas containing 02, CO, and C02 

m a y  take  place  at  the  surface of carbon a n d / o r  g r aph -  
i te  anode in  solut ions f ree  of ha l ide  ions (13, 14). Whi le  

I 
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Fig. 15-]7. Galvonostatic anodic transient curves 
Current 

Fig. density 
No. E lec t rode  (mA/cm 9) Solution 

15 PG 52.0 IM HCIO4 
16 PG 25.4 1M HCI04 -f- 5M NaCI 
17 GC 200 1M HCIO4 -t- 5M NaCI 

Center line = 0.SV vs. SCE. Temperature = 50~ 

the mechanism of format ion  of these  gaseous sub-  
stances has not been  clarif ied ye t  in detail ,  the  in t e r -  
mediate,  p robab ly  carbon oxide  or  ada tom of oxygen,  
m a y  form on the e lect rode surface in aqueous solutions 
th rough  the anodic charge t r ans fe r  of H~O or  O H -  
pr io r  to gas evolut ion (14, 23, 24). 

Two peaks at  ca. ~0.5V for (C-OL) and H-1.4V for 
(C-OH) are  observed  i n  1M HC104. The surface of 

the  work ing  e lect rode becomes exceedingly  rough 
when  potent ia l  scanning is r epea ted  at  noble  potent ia ls  
such as ~ 1.7V. Thus, we suppose  tha t  CO a n d / o r  COz 
m a y  form at h igh potent ia ls  th rough  the h igher  oxide  
(C-OH). On the  contrary ,  the  s t rength  of the  bond 

be tween  C- and O-atoms as the  lower  oxide  (C-OL) 
would  be weak,  because the  process of adsorpt ion  and 
desorpt ion is ~ela t ive ly  revers ible .  Therefore,  oxygen  
adatoms can be reduced  cathodical ly .  

(C-OL) converts  into (C-OH) at  noble  potent ia ls  
more  than  ~ l .3V,  and (C-OH) is ha rd ly  reduced  b y  
cathodic polarizat ion.  

The rat io  Qo/QH tends to 2 at noble  potent ials .  I t  
becomes l a rge r  than  2 if the  anode  is polar ized  at  h igh 
potent ia ls  for severa l  minutes  ins tead  of few seconds, 
p robab ly  due to pene t ra t ion  of oxide  in the  porous sur -  
face. I t  can be recognized tha t  the  adsorpt ion  and de-  

F i o IM HCIO 4 "~ 5M NoCI :5. O 
~ - �9 IM HCI04 + S M  NoCl 

| �9 I M H C l O q 4 1 M  I ~ C l  
IOO ! �9 �9 IM H CIO4"I'O.SM Na Cl 2.5 

~ 1.5 

IO l l  t III I I I I I [ 111  I I I 
I.O 

I I I  I I I I 1 1 1 1 1  I I I I I I  I I  
0.I I I0  

T R A N S I T I O N  T I M E  ~' (see) 
Fig. 18. Current density vs. transition time curves at 50~ Open 

circle, glassy carbon electrode; solid symbols, pyrolytic graphite 
electrode. 

G C Electrode C~,. ~'O~" 
o IM HCIO4 .c~.s~ 

�9 + 0.1M No CI I s 

+ O.SM NoCl , /eJ 

�9 "l- I M NoCI .,,,e~'s ~ 

o § SM N oCI . ~ . ~ - - ~ 1 " - ~ "  

I I f I I I I  I I I I I I I I I  I I I I P } I I I  
I I0 I 00  

CURRENT DENSITY (o/den 2 )  

Fig. 19. Polarization curves of glassy carbon anode by means 
of the galvanostatic anodic transient method at 50~ Solid line, 
chlorine electrode process; broken line, over-all anodic (oxygen) 
process. 
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sorption of H-ada tom and the format ion and reduct ion 
of carbon oxide take place at the act ive sites on the 

C H L O R I N E  A N D  O X Y G E N  E L E C T R O D E  PRO CE S S E S  

1 0 0  

electrode by the fol lowing processes 

C - -  Haa~:~C + H + + e [7] 

C ~- H~O~ =~ (C-OL) -k 2H + -~ 2e [8] 

C ~- 1-120 ~-- (C-OH) Jr 2H + + 2e [9] 
and 

(C-OL) ~ (C-OH) at more than ~-1.3V [10] 

The differential  capacitance of the double layer  on 
the GC electrode by the galvanostat ic  method is about 
3.8 m F / c m  2, thus the roughness factor is est imated to 
be about 200. With the assumption of existence of ca. 
1015 atoms of carbon for 1 cm 2 of the t rue  surface (25), 
the amount  of electric charge per  uni t  area for ad- 
sorption of hydrogen atom with  carbon is calculated 
to be 

(1015 F /6  X 10~) (2 X 102) ----ca. 33 mcoulombs /cm 2 

and it is in good agreement  wi th  the max imum  value 
of QH in Fig. 9 (ca. 25 mcoulombs/cm2).  

An unstable oxide layer  of carbon which can be re-  
duced at the potential  of few mil l ivol ts  more  noble 
than of hydrogen evolut ion is called the "oxidic layer ,"  
and is clearly divided from the "oxide layer"  which is 
stable at the same potential  (3, 5, 6). 

We suppose that  so-called " lower  oxide"  may  cor-  
respond to the "oxidic layer,"  on the other  hand, the 
"higher  oxide" would be the "oxide layer ."  These two 
oxides are stable in solutions free of any reducing 
agent. They form on the electrode surface immersed in 
solutions for a long time. The oxide layer  can be re-  
duced easily by HCOOH and hydrogen. But any spe- 
cific profile does not appear  on the open-circui t  po-  
tential  vs. t ime curve obtained in solutions containing 
reducing agent, and its mechanism is not  discussed. 

The  oxide layer  of the electrode formed in solutions 
containing chloride ions reduces exceedingly slowly, 
and the exchange process be tween  adatoms of oxygen  
and chlorine is very  i r revers ib le  wi th  respect to the 
electrode potential.  Displacement of the higher  oxide 
in  s i t u  on the carbon electrode would  be difficult. The 
higher  oxide is displaced as CO and /o r  CO2 at poten-  
tials of +2.5V and then chlorine adatoms can form. 

The specific adsorption of C1- can take p lace  at 
noble potential  above the potential  of zero charge, if  
the surface oxide does not a l ready exist on the elec-  
trode. The pzc for carbon electrode varies from --0.13 
to +0.25V vs. SHE depending on electrolyte  and other  
conditions (26). The differential  capacitance on the 
s t ress-annealed PG in NaF solution (pH ca. 6) has the 
min imum at ca. 0V vs.  SHE (27). 

Therefore,  format ion of the surface oxide is a 
squeeze process on the carbon electrode occupied al- 
ready by chlorine. Transit ion f rom chlorine evolut ion 
to the over -a l l  oxygen  electrode process occurs in 
acidic solution containing C1- at high current  densities, 
but  in alkal ine solut ion the opposite t ransi t ion (from 
oxygen to chlorine) takes place (17). The chlorine 
electrode and the over -a l l  oxygen electrode processes 
in acidic solution are independent  of pH (14, 23, 24). 
But the oxygen electrode process is affected b y  pH in 
alkal ine solution. The chlorine electrode process is still 
independent  of pH in this range. 

The plateau A in Fig. 16 and 17 is the chlorine elec-  
t rode potent ial  because the oxide does not  exist  yet  on 
the electrode. The Tafel  slope of the polarization curve  
for the chlorine electrode process is 130-150 m V /  
decade (Fig. 19) and the react ion order  wi th  respect 
to C1- is about uni ty  (Fig. 20). 

The "super  polarizat ion" phenomena (28) is found 
after  plateau A, then the second plateau B appears 
(Fig. 17). The slope of the log i vs. log �9 curve  is about  
--0.5 (Fig. 18). Therefore,  the process would  be con- 
t rol led by diffusion (29). For  the diffusion controlled 
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process 
iV~ = nF C~ [il] 

where  C ~ is the concentrat ion in the bulk of solution. 
The C1- concentrat ion near  the electrode decreases 
wi th  increase in t ime after  swi tch-on due to slow dif-  
fusion. The chlorine overvol tage  and the formation of 
the oxide layer  on the PG and GC electrodes increase. 
Any slow diffusion process is not observed up to 100 
A/dm2 of the superficial current  density on the graphi te  
anode because of its rough surface. 

The Tafel slope of the polarization curve  for the 
over -a l l  oxygen electrode process in 1M HC104 is 210- 
240 mV/decade  and is independent  of the anode mate -  
rial and the m e t h o d  of polarization measurement .  It  
agrees wi th  reference  data obtained in the phosphate 
buffer solution (14, 24). The potent ial  for the over -a l l  
oxygen electrode process in the solution containing C1- 
is significantly noble compared to that  in HC104, prob-  
ably due to preferent ia l  adsorpt ion.of  C1 on the work-  
ing electrode. 

The PG electrode polarized in a concentrated NaC1 
solution shows the Tafel  l ine wi th  the slope of ca. 135 
mV/decade  (Fig. 14), because the anode surface under  
the s teady-state  polarization is covered by a small 
amount  of the lower  oxide at the potential  range not 
exceeding § and the chlorine electrode process 
takes place sufficiently. At more  noble potentials, on 
the other  hand, all the surface would  be covered by the 
higher  oxide, and hence the potent ial  moves to that  for 
the over-a l l  oxygen electrode process. Since its surface 
oxide is removed slowly with  decrease in the polarizing 
current,  the potential  comes down wi th  a large hys-  
teresis. 

The rate  of the chlorine electrode process is r epre -  
sented as follows 

i = k (C1-) exp ( a F E / R T )  [12] 

where  i is the apparent  current  density, k the ra te  con- 
stant, and a the t ransfer  coefficient. When  the act ive 
sites for the chlorine electrode process are covered by 
surface oxide, Eq. [12] should be corrected (30) 

i '  = k (C1- )  (1 -- O o ) e x p ( a F E / R T ) e x p ( - - ( 1  --  a)fOo) 
[13] 

where  i '  is the current  density at the Covered surface, 
eo is t he  coverage, and SRT is "Temkin 's  parameter ."  
From Eq. [12] and [13] 
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i ' / i  = (1 - -  0o) exp ( - - . f O o / 2 )  [14] 
We assume tha t  the  l ine wi th  the closed points  in Fig. 
14 shows the E vs. i', whereas  the  s t ra ight  l ine wi th  the  
open points  represents  the  E vs. i curve. Since 0o is a 
funct ion of E, i'/i varies  wi th  E as shown by  the  dot ted  
l ine in Fig. 21, which  is eva lua ted  f rom Fig. 14. 

Suppose tha t  #o is a l inear  function of E in a smal l  
range  of potent ial ,  and Eeo=z --  1.62V and Eeo=O "- 
1.125V. F igure  21 also shows eo vs. i'll curves under  
given f 's (solid l ines) .  Note that  )' is positive, thus, it  
is considered that  the  apparen t  ac t ivat ion energy  of 
the  chlorine e lect rode process increases wi th  8o a n d / o r  
E wi th  fo rmat ion  of the  surface oxide, and mutua l  r e -  
t a rda t ion  be tween  Oad and Clad m a y  occur. This wi l l  be 
descr ibed in detai l  in a separa te  paper  (17). 
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ABSTRACT 

Transport modes were determined from examinations of morphology for 
electrochemical oxidation and reduction within electrodes consisting of beds 
of silver spheres 37.2 ~m in diameter in IN KCI and subjected to 5.0 mAcm -2 
applied current density. Oxidation proceeded via silver dissolution, probably 
at dislocation sites, followed by diffusion and, then, deposition of AgCI in 
characteristic, bulbed mounds which grow together to form layers of a p -  
p r o x i m a t e l y  uniform thickness. AgC1 film thickness, for the case of par t ia l ly  
covered under ly ing  silver, was about 3500A and distance from silver dissolu- 
t ion pits to Age1 deposition sites was found to be increased from 4,000 to 
40,000A as the local t ransfer  current  density became larger  wi th in  the sphere 
bed. Reduction of anodically formed AgC1 on par t ia l ly  covered silver pro-  
ceeded by an opposite path: solution and diffusion of AgC1, and deposition of 
silver on preferred sites of sur rounding  bare silver surface. 

The mechanism of AgC1 formation and reduction at 
silver electrodes in KC1 electrolyte has been the sub-  
ject of numerous  publications (1-9). The work of Jae-  
nicke et al. did much to clarify modes of reduction in  
thick films of AgC1, and Briggs and Thirsk (2) con- 
t r ibuted valuable evidence which clarified the anodic 
growth of films thicker than  1-2 #m. Little has been 
done, however, to gain an unders tanding  of the mech- 
anism of growth and reduct ion of AgC1 that  par t ia l ly  
covers silver surfaces before films of AgC1 start  to be-  
come appreciably thick. 

Thin  films of si lver chloride, which par t ia l ly  cover 
the surface of an under ly ing  silver substrate, were first 
studied by Kurtz  (3) who observed anodic growth of 
patches of AgC1 with an optical microscope and noted 
that  complete surface coverage appeared after passage 
of some 8 mA min  cm -2 in 0.1N KC1. More recently, 
Giles (4) suggested that  anodic growth of the AgC1 
phase proceeds by progressive nucleat ion of three-  
dimensional  centers of unspecified geometry and that  
diffusion contributes to the over-al l  processes. In  our 
previous communicat ion (5), we indicated that  the re-  
duction mechanism occurs via solution diffusion and 
su r face  diffusion to growth sites on the silver surface 
and that  AgC1 dissolution becomes rate l imit ing when  
si lver chloride crystalli tes become small. Al though 
these studies have contr ibuted to establishing the over-  
all mechanisms involved, they have not presented a 
clear connection be tween the electrochemical reactions 
and the morphological changes. Direct observations of 
the type of Kurtz  (3) were needed to elucidate the 
phenomenon  of film formation and growth if critical 
distances required by modeling theory were to be de- 
termined exper imenta l ly  (10, 11). 

Recent theoretical work has shown that many  sec- 
ondary electrodes, including the Ag/AgC1 electrode, 
may  be described by a "solution-diffusion" model con- 
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anodic oxidation of silver. 

sisting of a set of e lementary  processes occurring in  
series (10, 11). To apply such theories it is necessary 
to establish the effects of surface morphology on elec- 
trode performance through isolation of morphologi-  
cally dependent,  ra te -de te rmin ing  steps from among a 
series of e lementary  steps and associated changes as the 
electrode undergoes discharge or charge. 

A direct approach was used in  this work by employ- 
ing a scanning electron microscope to examine inner  
surfaces of a porous silver electrode s t ructure  after  
anodic and cathodic t reatment .  The electrode consisted 
of a bed of loose si lver spheres so that  it could be dis- 
mant led  easily and the spheres examined individual ly  
after charging and discharging. The spheres were all 
the same size so that  local current  densities and as- 
sociated morphological t ransformations could be re-  
lated to depth wi th in  the sectioned electrode. This 
technique extends the usefulness of scanning electron 
microscopy (SEM) which has recent ly become popular  
in  electrode studies (12-16). 

Experimental 
Electrode construction and structure.--The porous 

electrode used in  this invest igat ion is shown in  Fig. 1. 
It was constructed in  the following manner .  A disk- 
shaped silver stage, 1.41 cm in  diameter  and 0.30 cm in  
thickness, was slip-fitted inside a truncated,  10 cm 3, 
tubular ,  hypodermic syringe housing. A silver strip, 
spot-welded to the stage and passing through a rubber  
gasket below the stage, served as the electrical con- 
nection to the external  circuit. A bed of silver spheres, 
37.2 • 4.2 #m in  diameter, was placed on top of the 
stage, completing construction of the porous structure. 
Specific resistance of these beds  was measured as ca. 
1.0 ohm-cm. A micrometer  shaft attached to the stage 
permit ted microtoming of the porous s t ructure  into 
sections with an accuracy of • cm. 

External circuit of electrolytic cell .mAn Electronics 
Model C 612 galvanostat  was used to control the im-  
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Fig. 1. View of the sphere bed electrode assemblage. (Section a, 
0.0050 cm thick; subsequent sections, 0.0100 cm thick.) 

posed current,  which was measured with a Greibach 
Model 500 mil l iammeter .  The electrode potential  vs. 
that  of an Ag/AgC1 reference electrode, 4 cm above the 
bed, was recorded cont inuously using a Sargent  MR 
recorder. 

The electrolytic cell consisted of two parts as in -  
dicated in  Fig. 1. The lower part  contained the porous 
electrode and the upper  part  housed the counter  and 
reference electrodes. These parts were joined together 
in  a flush fit using Teflon pipe- thread sealant tape 
wrapped around both parts. The counterelectrode con- 
sisted of a porous silver mat r ix  which was charged in  
a separate cell containing 1N KC1 to form AgC1 in  ex-  
cess of the expected total coulombs passed. The elec- 
t rolyte  was IN KC1 dissolved in t r ip ly  distilled water  
which was deaerated prior to assembly. 

Experimental procedure.--Prior to assembly of the 
working electrode, the silver spheres were immersed in  
concentrated ammonium hydroxide solution, r insed 
thoroughly in  distilled water, and air dried at 105~ 
for about 30 min. Jus t  before use, the silver spheres 
were placed in 1N KC1 and added as a s lur ry  with a 
spatula onto the lowered stage to form the exper imen-  
tal s t ructure that comprised the electrode. After  fill- 
ing, the silver stage was raised unt i l  the spheres pro- 
t ruded above the flat-cut edge of the tubu la r  glass 
housing, and the excess was sliced off with the 
straight edge of a large stainless steel spatula. After  a 
bed thickness of 1.00 cm was secured, assembly of the 
electrolytic cell was completed by attaching the upper  
part  of the cell, placing the counter  and reference elec- 
trodes, and adding electrolyte slowly so as not to dis- 
tu rb  the sphere bed. 

Upon completion of a prescribed mode of charging 
and discharging at room tempera ture  (23 ~ _+ I~ the 
electrolyte was removed from the cell with the aid of a 
small  diameter  Teflon tube, and the upper  part  of the 
cell was detached. The electrode sections were re-  
moved (microtoming) and, after being washed in dis- 
t i l led water  and air dried at 105~ for about 20 min, 
were examined using electron scan microscopy. The 
first section removed was 0.0050 cm thick, and all sub-  
sequent sections were 0.0100 cm. 

Surface morphology was examined using a Cam- 
bridge Stereoscan Model Mark II. For  the given re- 

sults, electrodes were either charged for 11.0 min  or 
charged for 11.0 mi n  and then  discharged for 4.0 min, 
all at rates of 5.0 mA cm -2 applied current  density, 
i.e., experiments  were conducted galvanostatically. 
Polarization dur ing these cycles was be tween 2 and 10 
mV, measured with respect to the frontal  surface. 

Properties of spheres constituting sphere-bed elec- 
trode.--Regularity in  sphere size and shape can be seen 
from the hundreds  of silver spheres shown in  Fig. 2. 
About 20 mil l ion of such spheres are estimated to con- 
st i tute the electrode 1 cm thick, assuming 39% porosity. 
The uniformity  shown here serves to confirm con- 
sistent sphere-module surface area throughout  each 
sliced section of the electrode. Changes in  surface 
morphology can thus be in terpre ted  in  terms of per-  
pendicular  distance of any parallel  p lanar  section from 
the bed's frontal  plane without  the usual  u n k n o w n  
variations in  specific surface area which obscure over-  
all relations between morphology and perpendicular  
distance when microscopic examinat ions are made at 
high magnifications. 

Additionally, each sphere has good sphericity and 
appears to have no appreciable s u r f a c e  roughness, 
aside from na tura l ly  occurring grain  boundaries,  even 
when viewed at 10,000X. A typical  sphere is shown in 
Fig. 3; deviations from this general  shape accounted for 
less than  1% of the particles. Spheres are prepared 
commercially by air quenching of atomized l iquid 
silver of 99.9% purity,  so that  a degree of surface 
smoothness can develop before the droplets solidify. 1 

Average sphere diameter  was determined to be 37.2 
~m with an average deviat ion of ___4.2 ~m. 

After the single anodizing of the spheres and the 
cycle of anodizing and subsequent  cathodizing, an ex- 
ploratory series of scanning electron microscope 
(SEM) photographs were made of sections taken from 
the electrode. Representat ive photographs of this series 
taken from the single charging and the cycle of charge 
with about one-quar te r  discharge are shown in Fig. 
3-10a and 10b-12, respectively. In  these photographs, 
silver chloride appears as a white growth upon the 
darker  silver Surface. 

Decomposition of the AgC1 deposit takes place in  the 
electron microscope if observations are longer  than 
about 15 min  at 20 kV or 60 min  at 10 kV. The smooth, 

1 Spheres  were  purchased  f r o m  Metz Refining Company,  South 
Plainfield, New Jersey .  

Fig. 2. Electrode structure, silver spheres 37 #m in diameter 
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Fig. 3. Typical silver sphere used in the electrode assemblage 

white AgC1 is then observed to be gradual ly  converted 
into a dark spongy mass which could only be metall ic 
silver formed by a disproport ionating reaction, ini-  
t iated by  the electron beam, E ( e - ) .  

AgC1 -t- E ( e - )  -~ Ag -b C1 [1] 

This spongy Ag deposit should not be confused with 
the Ag formed by the electrochemical reduct ion of 
AgC1. The disproport ionation is easily avoided by l im-  
it ing SEM observations to 10 rain or less. 

Results 
Representat ive photographs, selected fro m the over 

one hundred  viewed, are shown in Fig. 3-12. The first 
series, Fig. 3-10a, i l lustrates changes in  surface cover- 
age and morphology upon charging the sphere bed 
electrode for 11 min  at a rate corresponding to an ap- 
plied current  density of 5.0 m A c m  -2. Figures 10b-12 

Fig. 5. Silver sphere with nearly totally reacted surface, taken at 
the electrode's front surface. 

are assembled to i l lustrate  the effect of subsequent  
discharge at the same applied current  density for a 
period of 4.0 rain. 

Reaction prol~le.--After anodizing, surface coverage 
by AgC1 was observed to be increased for spheres 
taken from sections closer to the e lect rode/bulk-elec-  
trolyte interface, i.e., closer to the frontal  p lane of the 
electrode. For example, surface coverage of spheres by 
AgC1 was less than  10% in the seventh section taken 
0.065 cm from the frontal  plane, 30% in the fourth 
section 0.035 cm from the front, and it increased to 
90-95% in the first section (0.005 cm thick).  The reac- 
t ion zone penetrated to a depth of approximately 0.07 
cm, as evidenced by the disappearance Of substant ial  
amounts  of AgC1 at depths greater  than 0.065 cm in the 
remainder  of the electrode. Figures 3-5 show typical 
spheres taken from a depth greater  than  0.065 cm, from 
the fourth and first sections, respectively. The manne r  
of change in coverage by AgC1 is seen by comparing 
these figures. 

MorphoZogy 05 AgC1 growth .~The AgC1 deposits 
appear without  manifestat ions of crystal planes, e x -  

Fig. 4. Silver sphere with partially reacted surface, taken at a 
depth of 0.035 cm. Rare appearance of well-defined crystal planes 
(arrow). Fig. 6. Exampte of AgCI growth at a depth of 0.015 cm 
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Fig. 7. Glancing view, note the characteristic overhang 

hibi t ing rounded, smooth surfaces (Fig. 4 and 5). Oc- 
casional exceptions are seen as in  the lower left part  
of the sphere in Fig. 4 where a cubic crystal has 
formed. Only three such AgC1 crystallites were ob- 
served in examinat ions of hundreds  of spheres in  the 
photographs for the given conditions. 

A change in the form of the AgC1 deposit occurs 
along the electrode's thickness. In  the electrode, at 
depths greater  than  about  0.025 cm, the AgC1 coating 
is more continuous, sometimes branchl ike  in  appear-  
ance, and usual ly  with interconnect ion of branches. 
The over-al l  breadth  of cont inui ty  of the deposit then 
depends on the surface area covered, and this breadth  
may extend to at least 60 gin, half or more of the 
sphere's circumference as shown in Fig. 4. Toward the 
front, the AgC1 assumes the form of relat ively small, 
discrete bulbed mounds, each about 7000A in  effective 
diameter, as shown in Fig. 5. The surface density of the 
AgC1 mounds is then 1.1 • 10 s mounds cm -2. A grad-  
ual t ransi t ion from the continuous form to the bulbed 
form is noted in the sphere bed as samples are taken 
toward the frontal  plane. In  Fig. 6, bulbed mounds  
were formed along with the continuous patches of 
film at a 0.015 cm depth wi thin  the electrode, showing 
an in termixing  f requent ly  seen at this depth. 

Glancing views of the AgC1 layers showed that  
the thickness remained f a i r ly  constant, always less 
than  about 5000A, and the AgC1 deposits usual ly  
formed an overhanging structure at their  per imeter  as 
shown in  Fig. 7. The extent  of overhang of the upper  
portions of the AgC1 deposit beyond the lower AgC1/ 
Ag perimeter  varied, being always less by  about 1000A. 

Morphology of pit growth.--Holes or pits could be 
seen in  the silver after anodic t rea tment  at a surface 
density of about 1.0 • l0 s pits cm -2. Their  surface 
density remained fair ly constant, increasing somewhat 
at silver grain  boundaries  (e.g., see upper  par t  of 

sphere, Fig. 4) and tended to decrease sharply beyond 
zones of pit t ing on the surface which surrounds the 
AgC1 layers (e.g., see Fig. 8a). The area adjacent  to 
the AgC1 layer marked with pits extended far ther  
from the deposit in  sections taken closer to the elec- 
trode's frontal  surface. The observed var iat ion in  this 
extension of pi t t ing is 4,000-40,000A. Consequently, 
the bare silver patches, less than  about 10,000A across, 
were pitted uni formly  throughout  at depths less than 
0.005 cm measured from the front of the electrode. 
Characteristically, pits were angular  in  shape; some- 
times perfect tr iangles were observed. The pits were 
typical ly 3000A across, on the average, but  varied in  
size from 1000 up to 6000A. 

Exploratory examinat ions were made at high mag- 
nification (10,000X) of very  low AgC1 coverage to 
locate the inception of the anodic processes. Then the 
pits were more rounded, sometimes circular, and usu-  
ally smaller, ca. 2000A or less across (Fig. 9). Together 
with these pits, small deposits of AgC1 could be seen 
around the mouths of the pits and as i r regular  deposits 
nearby,  varying in average over-al l  size from 1000 to 
800OA across. The surface densities of the ini t ia l ly 
formed silver chloride deposits and pits were deter-  
mined as 1.1 • 10 s and 1.0 • 10 s cm -2, respectively, 
remaining independent  of depth into the sphere bed. 

Morphology of AgCl reduction.--The morphology of 
AgC1 reduction was examined after a partial, ra ther  
than complete, reduction of the anodically produced 
films had taken place. This was done to identify the 
progress of reduct ion and to describe the cathodic 
process. The respective times of anodic and cathodic 
processes at 5 mA cm -2 were 11 and 4 min. 

After  the part ial  electrochemical reduction of the 
AgC1 coatings, no darkening or s t ructural  change in 
the AgC1 was found as evidence for metall ic silver 
formation in the remaining AgC1 layer  as observed 
after the electron beam disproportionation in the SEM. 
Instead, a t rend toward the formation of isolated AgC1 
mounds could be discerned, and a "smoothing out" of 
the sharp, angular  edges of the pits occurred (e.g., 
compare Fig. 10a and 10b): 

Glancing views of the AgC1 deposits indicated a 
general  loss of overhang or loss of undercut t ing  of the 
amorphous AgC1. A typical view after partial  reduction 
is shown in Fig. 11. Figures 7 and 11 may be compared 
for the appearance before and after cathodic t reat -  
ment  of the anodically formed AgC1, respectively. 

Spheres taken from the same section depth, before 
and after cathodic treatment,  revealed that  the extent  
of the area covered with pits around each AgC1 de- 
posit increased after the cathodic process. Figures 8a 

Fig. 8. Location of pits with respect to advancing silver chloride deposit, a (left), SEM photograph; b (right), graphical representation 
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Fig. 9. SEM of initial stage of anodic process 

Fig. 10. Morphological changes of the silver sudace, a (top), 
After the anodic process; b (bottom), after the anodic and subse- 
quent cathodic treatment. 

and 12a, for  example ,  can be d i rec t ly  compared  to 
show this effect. Here, for  a depth  of 0.065 cm into the  
sphere  bed, i.e., for  the  seventh  section, t h e  zone of 
p i t t ing  was ex tended  f rom 4,000 to 14,000A af te r  the  
4 rain t r ea tmen t  at a ga lvanos ta t ica l ly  he ld  5 m A  cm -2 
ex te rna l  cur ren t  density.  

Discussion 
Anodic process.RThe appearance  of pits in the  s i lver  

wi th  AgC1 mounds  nea rby  indicates  tha t  s i lver  is 
t r anspor t ed  from the pits  to AgC1 sites where  i t  de-  
posits as AgC1. No o ther  morphologica l  change on the  
surface is ev ident  tha t  could account for  this  d isplace-  
ment.  S i lver  could not be apprec iab ly  lost  to bu lk  

Fig. 11. Glancing view showing clearing of overhang (cf. Fig. 7) 

solution; complete  coulombic revers ib i l i ty  of  porous 
Ag/AgC1 elect rodes  was r epea t ed ly  ob ta ined  for the  
given conditions.  The volume of AgC1 deposi ted ap-  
pears  to be l a rge r  than  the  pi t  volume in accord wi th  
the rat io  of the  respect ive  mo la r  volumes,  2.51 to 1. 

Transpor t  of s i lver  is be l i eved  to involve  bu lk  di f -  
fusion. The k n o w n  soluble species have  the  fo rmula  
AgCln+l  -~, 0 ~ n ~ 3 (17), which  are  in mu tua l  equi -  
l i b r ium in aqueous KC1 solutions and which  can be 
precursors  to -AgC1 nuclea t ion  and subsequent  p r e -  
cipitat ion.  Fo r  s i lver  dissolut ion to occur, s i lver  must  
first be oxidized to a stable,  s ingly  c h a r g e d  state, and  
then  the necessary  chlor ide  ions must  combine  wi th  
Ag +, forming species of the  type  AgCI,:+I -~. 

The nea r ly  constant  thickness  of the  AgC1 layers  
suggests tha t  AgC1 growth  occurs along growing  edges 
of the  layers .  This concurs wi th  the  concept of 
AgCln+ 1 -n  t r anspor t  f rom the dissolution Pits aroBnd 
the layers .  Deposi t ion of AgC1 from A g C l n + l - n  specie s 
would  t ake  place  p r imar i l y  at  AgC1 which  is closest to 
the  dissolut ion pits. 

Typ ica l  overhang  of AgC1 shown in Fig. 7 indicates  
that  AgCln+l  - "  species a r r ive  f rom bu lk  solut ion from 
above the  s i lve r  surface at  the  edge of  the  AgC1. This  
is the  s t rongest  evidence for  bu lk  diffusion offered 
here.  Fo r  both  surface diffusion, act ing exclusively,  
and ion t r anspor t  th rough  the  AgC1 product ,  t he re  
should be no overhang  of AgC1. Fo r  bu lk  diffusion, a 
lag in growth  or  r e t a rda t ion  at  the  t h ree -phase  junc-  
t ion is an t ic ipa ted  in v iew of re la t ive  difficulties in 
nucleat ion of AgC1 at  the  s i lver  surface compared  to 
the, AgCI surface. The observat ions  above  are  in  accord 
wi th  those of Giles (4) who used an independen t  
method  to pos tu la te  the  exis tence of an  in te rmedia te  
diffusion t r anspor t  s tep to a growing AgC1 edge, 

On the basis of these observat ions  the  anodic p roc-  
esses a re  summar ized  as fol lows 

Ag-~ Ag + + e -  (dissolution) [2] 

Ag + + (n + 1)C1- -> AgCI~+I - n  

(complex  format ion)  [3] 

AgCI~§ - n  (a) -~ AgCln+l  - ~  (b) 

(solut ion t r anspor t )  [4] 

A g C l n + l - ~  AgCl ( s )  + nC1-  

(deposi t ion and growth)  [5] 

Other  steps, such as embryo  and swarm format ion  
(18), a re  considered i r r e l evan t  to the  presen t  discus-  
sion and have  been  omit ted.  Transpor t  o f  the  s i lver  
bear ing  species is r ep resen ted  b y  Eq. [4] which  is 
be l ieved  to const i tute  the  pr inc ipa l  character is t ics  of 
the  anodic process. No evidence for  surface diffusion 
could be found a l though its exis tence cannot  be  ru l ed  
out because of l imi ta t ions  of the  technique used here.  
The re la t ive  concentra t ions  of s i lve r -bea r ing  spec ies  
in mu tua l  equ i l ib r ium have  been  ca lcula ted  for 1N 
KC1 (5) and would  be expec ted  to change somewhat  
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Fig. 12. Location of pits with respect to receding silver chloride deposit, a (left), SEM photograph; b (right), graphical representation 

during t ransport  to accommodate dr iving concentra-  
tion gradients. Equi l ibr ium constants for equi l ibr ium 
between the species are established (17). 

Cathodic process . - -The absence of darkening, poros-  
ity, or s tructural  change in layers of AgC1 after  part ial  
electrochemical  reduction suggests a corresponding ab-  
sence of extensive cathodic reduction within  the AgCI. 
On the other  hand, the typical change eve rywhere  in 
pit shape by smoothing and buildup on the previously 
sharp edges shows that deposition by reduct ion of 
si lver species occurred at some distance from the AgC1. 
A transport  of s i lver from AgC1 to the surrounding 
surface is thus strongly indicated. This mode also has 
been given as the in terpreta t ion of potentiostatic cur-  
ren t - t ime  curves obtained during reduction of AgC1 
films in an ear l ier  study by the present  authors (5). 

The increase in extension of the zone containing 
the pits surrounding the AgC1 layers occurs when pits 
previously covered by the AgC1 layers are exposed. 
This process is shown in Fig. 12a and 12b; AgC1 located 
along the per imeter  is being preferent ia l ly  removed 
where  the adjacent  bare -s i lver  surface is deplet ing the 
dissolved species. The typical disappearance of the 
overhanging AgC1 upon reduction (Fig. 11) shows 
that  dissolution occurs with t ransport  toward the bulk 
region of the electrolyte.  Other  steps tend to increase 
the extent  of overhang.  For  example,  if dissolution 
was immedia te ly  fol lowed by surface diffusion away 
from the AgC1 along the s i lver  surface, the AgC1 would 
be preferent ia l ly  dissolved at the three-phase  junc-  
tion. Similarly,  if direct reduction of solid AgC1 took 
place at the three-phase  junction, the overhang would 
increase. 

Examinat ions  of the bare-s i lver  surface indicate 
areas of s i lver  deposition at small nodules and at the 
edges of the pits (Fig. 10b). Apparent ly,  e lect roreduc-  
t ion of AgCI,+I  -n occurs at prefer red  sites removed 
by some distance from the dissolution sites in accord 
with theory (18). The solubil i ty of AgC1 is increased 
by complexing from ca. 10 - s  to 10-4M in the presence 
of 1N KC1 (20). 

The above leads to the following set of events com- 
prising the reduction process 

nC1- -~- AgCl(s)  -~ AgCl ,+ l  -n (dissolution and 
complex format ion)  [6] 

AgC1, + 1-" (a') --* AgCln + i -n  (b') (solution transport)  
[7] 

e -  + A g C l n + l - n ~  Ag § (n ~ 1 )CI -  

(charge t ransfer)  [8] 

Steps such as surface diffusion following solution 
transport  have been omitted, and it could not be de-  
termined from which si lver bear ing species electro-  
reduction occurs (Eq. [8]). 

Dissolution and deposi t ion.--I t  has been shown that  
dissolution and deposition occur in both the anodic and 
cathodic processes. It is interest ing to examine  these 
steps with reference to changes in local t ransfer  cur-  
rent density which is known to increase from the rear  
toward the front  of the electrode in accord wi th  the 
corresponding increase in AgC1 coverage (Fig. 3-5). 

The presence of discrete pits in the s i lver  af ter  
anodic dissolution (Fig. 10a) shows that only certain 
sites are attacked. The near ly  constant pit surface den- 
sity, even with strongly varying externa l  conditions 
of t ransfer  current  density, indicates that  the sites are 
determined by propert ies specifically connected with 
the solid. Similarly, the tendency previously noted for 
increased pit t ing at s i lver  grain boundaries (Fig. 4) 
persists throughout  the reaction zone (0.07 cm depth 
of penetrat ion) .  We conclude that  the s i lver  surface 
contains preferred sites at a near ly  constant density. 
These are most l ikely dislocation sites. The observed 
pit surface density of ca. l0 s cm -2 is in fair  accord 
with previously reported dislocation site surface den- 
sity of 1 • 10 - s  cm -2 for s i lver  (21). 

The observed increase in pit ted area wi th  increase 
in local t ransfer  current  under  anodic conditions in an 
outward  direction from the AgC1 deposits shows that  
all pit sites are not exact ly  the same energet ical ly  
with reference to their  distance from the deposits. It  
may be assumed that  at the high anodic t ransfer  cur-  
rents local surface, concentration, and resistance over -  
potentials act to spread the area of pitting. Local t rans-  
fer  current  density gradients are formed rela t ive  to the 
AgC1 deposits and exist together  with the over-a l l  
t ransfer  current  density profile through the electrode. 

At the higher  anodic t ransfer  current  densities, i.e., 
in sections near  the electrode's  frontal  plane, a la rger  
number  of AgCI nucleat ion sites are formed with  a sub- 
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sequent increase in number  of discrete, bulbed mounds 
(Fig. 5). At increased reaction rates, the increased 
concentrat ion of silver bear ing species must  favor nu -  
cleation of AgC1 in accord with developed theories of 
nucleat ion (18). 

Separat ion of pits from discrete AgC1 deposition sites 
(Fig. 6, 9, and 10a) indicates that discrete centers for 
nucleat ion of AgC1 on the silver surface must  exist 
just  as dislocation sites are postulated t~ exist for pit  
formation. At the lowest t ransfer  current  densities, 
before discrete AgC1 particles grow together, the n u m -  
ber of AgC1 particles are counted as 0.9 • l0 s _ 0.2 
• l0 s centers/cm2 according to photographs of the 
type shown in Fig. 9. At the highest t ransfer  current  
density, counting the discrete, bulbed mounds of AgC1, 
we obtain 1.3 • l0 s ___ 0.3 • l0 s centers/cm 2 (Fig. 5). 
The number  of AgC1 nucleat ion centers on the surface 
thus remains essentially constant despite widely va ry-  
ing external  conditions, as with the pits. The corre- 
spondence in surface densities of pit sites and AgC1 
deposition centers suggests a corresponding periodic 
occurrence of associated surface states on the silver. 

During the cathodic process, the sites of AgC1 dis- 
solution are favored where curvature  is sharpest (22), 
as evidenced by loss of overhang (Fig. 11) where con- 
centrations of dissolved s i lver-bear ing species is low- 
est, and where chloride ion concentrat ion is highest, 
as evidenced by per imeter  loss (Fig. 8). Both geo- 
metrical  position and shape together with electrolyte 
concentrations influence dissolution. For electrodeposi- 
tion, the formation of separated nodules of silver in -  
dicates the presence of discrete metal  nucleat ion sites 
(18). 

As seen, when deposition and dissolution act as the 
principal  processes, a range of interactions is possible 
depending on locations, densities, and distances of 
separation of respective sites on the pore walls of a 
porous electrode. 

Modes o5 transport.--The series of t ransport  steps 
during anodic t rea tment  is reconstructed as follows. 
Originally, sites of high potential  energy, such as dis- 
location sites or grain boundaries,  are attacked electro- 
chemically to form rounded pits by silver dissolution, 
e.g., Eq. [1] and Fig. 9. The slightly soluble AgC1 is de- 
posited at nucleat ion sites around the pit as discrete 
nuclei which subsequent ly  grow into bulbed mounds 
(Fig. 6). The mounds cont inue to grow and coalesce 
by diffusion of s i lver-bear ing species through bulk  
electrolyte to eventual ly  form a continuous layer  (Fig. 
8a) which also grows along its perimeter.  Finally,  
cubic crystals of AgC1 are formed when the deposits 
grow to substant ial  proportions (Fig. 4). At the same 
time, the pits become angular  in  shape. Generally,  
the t r anspor t  modes can be simply represented as 
shown in Fig. 13. 

Cathodic t rea tment  involves retract ion of the AgC1 
layer, as indicated, along the perimeter  of the layer  
(Fig. 12). There  is evidence for diffusion through bulk  
electrolyte from the AgC1 deposits (Fig. 11). A sur-  
face diffusion step could not be distinguished from the 
SEM photographs, bu t  definite nucleat ion sites for sil- 
ver deposition were identified (Fig. 10b). Cathodic 
t ransport  modes are simply represented by Fig. 14. 

CL- 
~A A~Ctn~n ELECTROLYTE / I PHASE 

g 14 cc 

e - /  Ag PHASE 
Fig. 13. Graphical representation of transport during anodic 

treatment. 
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CL- -n .CL- 

A ~  C[n+l / ELECTROLYTE 

Ag PHASE 
e -  

Fig. 14. Graphical representation at transport during cathodic 
treatment, 

Parameters af]ecting reaction profile.~Observations 
reported here provide a basis for establishing nu -  
merical  values of physical parameters  for modeling 
theories of electrodes having sparingly soluble re-  
actant or product in a conductive matr ix  (10, 11). Pa-  
rameters  for the tested electrode are summarized in  
Table I. For the determined depth of penetra t ion by 
AgC1 into the sphere bed, 0.07 cm, and from the calcu- 
lated specific surface a r e a  of the spheres in  the elec- 
trode, 986 cm2/cm ~, an average t ransfer  current  density 
of 80 ~A cm -2 could be calculated. 

The chloride content of the electrolyte wi th in  the 
pores of the reaction zone can be calculated as being 
depleted in about 8 rain at the imposed 5 mA cm -2 
superficial cur rent  density by  formation of AgC1 
(Table I) 

C1- ~- Ag = AgC1 -t- e -  [9] 

However, diffusion rates of chloride ion into the pores 
can be estimated to be able to accommodate the C1- 
loss, taking Fick's first law and assuming zero C1- 
in the pores (see Table I).  Values for diffusion coeffi- 
cients of silver bear ing species in 2 and 4N KC1 have 
been reported (5), and the solubil i ty of AgC1 in KC1 
solutions is known  (20). 

Thickness of the anodically formed AgC1 remained 
remarkably  constant for the regime of part ial  silver 
coverage by AgC1, varying from 3000 to 5000A and be-  
ing about 3500A on the average. This finding suggests 
a l imit  on the init ial  m i n i mum pore size and makeup 
particle size for porous silver electrodes. For a struc- 
ture used as a secondary Ag/AgC1 electrode, the small- 
est pores should be larger than at least twice the AgC1 
layer  thickness to prevent  pore blockage, or larger than  
about 2 • 5000A or 1.0 #m. If the porous si lver elec- 

Table I. Physical parameters of silver sphere-bed electrode after 
anodizing in 1N KCI at 5.0 mA cm -2 for !1.0 min 

P a r a m e t e r  Va lue  

D i a m e t e r  of spheres 
S m a l l e s t  pore  d i a m e t e r  f i t t i ng  t h r o u g h  sphere 

bed  
Sphere-bed porosity 
Sphere-bed specific surface area 
Electrode thickness 
Electrode diameter 
D e p t h  of p e n e t r a t i o n  b y  AgC1 depos i t s  in to  elec- 

t rode  
Sur face  a rea  in  r e g i o n  of  p e n e t r a t i o n  depth 
A v e r a g e  t r a n s f e r  c u r r e n t  dens i t y  in  r e g i o n  of 

p e n e t r a t i o n  d e p t h  
E q u i v a l e n t s  of anod ic  c u r r e n t  passed 
E q u i v a l e n t s  of C1- i n  pores  in  p e n e t r a t i o n  depth 

r eg ion  
E q u i v a l e n t s  of C1- d i f fused~into  pores* 
AgC1 depos i t  t h i ckness ,  b u l b e d  m o u n d s  and  

pa tches  
D i a m e t e r  of b u l b e d  m o u n d s  of  AgC1 

37.2 /zm 

5.75 /~m 
38.8% 

986 cm~/cm 3 
1.0O cm 
1.41 em 

0.07 cm 
97.3 cm~ 

80.2 /zA cm-~ 
53.3 /z equ iv .  

38.3 /~ equ iv .  
71.2 Iz equ iv .  

3,500A 
7,000& 

Maximum distance of pits to advancing AgCI 4,0O0-4O,OO0A 
Surface density of pit nuclei 1.0 x 10 s cm-~ 
Surface density of AgCl nuclei 1.1 • l0 s cm-~ 

* This is a l i m i t  ba sed  on  the fo l lowing expression: 
el.SDo (Cb -- Cp) 

N =  
A 

where  N = f lux of  C1-; e = poros i ty ;  t he  1.5 power  is based on the 
p a p e r  of De La  Rue  a n d  Tobias  (23); Do is the  b u l k  d i f fus ion  co- 
efficient,  a s s u m e d  to be 10 -5 em~ see-l ;  Cb is the  b u l k  KC1 concen-  
t r a t ion ,  10 -3 moles /era-3;  Cp is the  c o n c e n t r a t i o n  a t  the  cen te r  of 
the  r e g i o n  of p e n e t r a t i o n  dep th ,  a s s u m e d  to  be  zero;  a n d  A i s  h a l f  
t he  p e n e t r a t i o n  dep th ,  0.035 cm. 
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t rode is thus made of spherical particles or particles 
resembling spheres which a r e  pressed or sintered to- 
gether, the average m i n i m u m  sphere diameters can be 
calculated to be about 6.5 ~,m, if one considers that  the 
smallest pore diameter  for a sphere bed is determined 
by  the diameter  fitting be tween three mutua l ly  touch- 
ing spheres. 

Conclusions 
Anodic oxidation of porous silver electrodes in  1N 

KC1 progresses wi th in  the pores by pit t ing at dissolu- 
t ion sites of silver, probably at dislocation sites, and 
by deposition of AgC1 at some distance from the pits 
at nucleat ion sites. For the regime of part ial  coverage 
of the silver by AgC1, the distance from pit formation 
to AgC1 deposition varies from 4000 to 40,000A, being 
increased with increased local t ransfer  current  density. 
The deposited AgC1 forms bulbed mounds,  about 
3500A high and 70O0A in diameter, which appear to 
grow together to form a coating of more or less un i -  
form thickness, 3500A. For silver electrodes consisting 
of a bed of silver spheres 37 ~m in  diameter, the reac- 
t ion zone characterized by  the presence of AgC1 is 
about 0.07 cm for a superficial anodic current  den-  
sity of 5.0 mA cm -2 applied for 11 min. 

Cathodic reduction of the anodically formed AgC1 
in  these electrodes proceeds via dissolution of the de- 
posits of AgC1, mostly along their boundaries,  and by 
electrochemical reduct ion to silver on the bare-s i lver  
surface. 
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ABSTRACT 

A relat ively simple, fast, and rel iable electrical method for determining 
the surface area of powders is described. The oxygen loss from a flowing 
oxygen-hel ium mixture,  caused by adsorption on the sample at l iquid n i t rogen 
temperatures,  is sensed by a h igh- tempera ture  galvanic cell. Operat ing con- 
ditions are chosen so as to conform to  the one-point  BET method. The method 
is absolute and a direct readout in terms of surface area can be obtained. 

The surface area of a powder is usual ly  determined 
by adsorbing an inert  gas like ni t rogen or krypton on 
the specimen cooled to l iquid ni t rogen temperature.  By 
volumetric  measurements  giving the amount  of gas 
physically adsorbed as a function of gas pressure, the 
amount  of gas required to produce a surface coverage 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words: surface, galvanic cell, particle size, instrument, ad- 

sorption. 

of one monolayer  and hence the surface area itself can 
be calculated. The theory made use of is the BET 
theory (1). The method is accurate but  is very  t ime 
consuming, even when a computer  is available to 
handle  the data. 

The ul t imate accuracy is usual ly  not required;  the 
surface area may then be determined from a single 
adsorption measurement  (2). In  our method, oxygen 
serves as the adsorbate, and an electrochemical cell is 
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used to conver t  the changes in gas concentrat ion by 
adsorption into an electric signal. Oxygen- ion-con-  
ducting high t empera tu re  cells are par t icular ly  suited 
because thei r  response is fast and accurate;  the t rans-  
ference number  for oxygen  ions is ve ry  close to one 
over  a wide t empera tu re  range (3). In the present  
method, oxygen is adsorbed from a flowing oxygen-  
hel ium gas mix tu re  by cooling the adsorbent  to l iquid 
ni t rogen temperature .  The oxygen content  of the m i x -  
ture  af ter  passing the sample is moni tored  cont inu-  
ously by means of the electrochemical  cell which is 
used as an oxygen  pump (4). A suitable vol tage is 
applied so as to obtain the l imit ing current  corre-  
sponding to the total r emova l  of the oxygen from the 
gas stream. The t ime integral  over  the decrease in cur-  
ren t  due to adsorpt ion gives the charge equivalent  of 
the oxygen physically adsorbed on the sample at low 
temperatures .  The charge in turn  is a measure  of the 
surface area if the proper  conditions are chosen. 

A rough calculat ion showed that  for inert  gas -oxy-  
gen mixtures  containing 2-6% oxygen, as requi red  by 
the method, a tubular  solid e lectrolyte  cell of the di- 
mensions genera l ly  used in this labora tory  wil l  pump 
enough oxygen  to a l low a surface area measurement  
to be carr ied out wi thin  a few minutes. Flow rates of a 
few cubic cent imeters  per  minute  can be employed that  
do not present  the sealing problems that  are en-  
countered with  the e lect rolyte  tubes at ve ry  low flow 
rates or in static systems. 

Theoretical 
T h e  B E T  t h e o r y . - - I n  the  der ivat ion of the BET 

theory, as or iginal ly  given (1, 5), the mul t i l ayer  ad-  
sorption equi l ibr ium is der ived by considering the 
detai led balancing be tween  the part  of the surface not 
covered (So) wi th  the part  covered once ($1), then 
the la t ter  wi th  the part  covered twofold  ($2), etc. For  
each pair, the rate  of adsorption is equal  to the rate  of 
desorption 

a~pSi-1 : biSie -E~/RT [1] 

where  Ei is the heat  of adsorption in the layer  cov- 
ered /-fold, ai and bi are constants, and p is the gas 
pressure. 

If V is the adsorbed gas volume and Vm is the vol -  
ume requi red  to cover  a monolayer,  then  

V ziS~ 
- -  - -  - -  C2] 
V~ ZSi  

The simplifying assumptions are made  that, for all sur-  
face fractions covered twice or more  

E ~  = E~  = . . .  = E~ 

b2/a2 = b3/a3 = . . .  = b'c'ai 

The summat ion (5) of Eq. [2] then leads to the form 
of the BET equat ion 

z 1 ( c -  1) 

V ( 1 - -  x) Vmc § V,~c x [3] 

where  x = p / p o  is the re la t ive  pressure of the gas (po 
is the equi l ibr ium vapor  pressure of the condensed 
gas at the t empera tu re  of adsorption),  c is a constant 
: a lb2 /a2b le  r where  EL is the heat  of l ique-  
faction of the gas. In a "BET plot" the funct ion 
x / V  (1 - -  x )  is plot ted vs.  x,  usually giving a s t raight  
line for the range 0.0.5 < x < 0.3 (see, for example,  
Fig. 6). According to Eq. [3], the slope of the l ine is 
(c -- 1)/Vmc, the in tercept  wi th  the ordinate  is 
1/Vmc.  The sum of the two then is 1/Vm.  Thus, Vm, the  
gas volume in cubic cent imeters  (STP) r e q u i r e d  to 
cover  the surface with  one monolayer ,  is obtained. 

T h e  o n e - p o i n t  a p p r o x i m a t i o n . - - T h e  value  of  the 
constant c usual ly is of the order  102. Thus, in Eq [3], 
1 / V ~ c  ~ O. This amounts  to drawing the straight  l ine 
f rom one measured  point in the BET plot through the 

origin. The la rger  the value of x chosen wi th in  the 
range of val idi ty  of the BET equation, the smal ler  the 
error  in the slope wil l  be. The range of val id i ty  usu-  
ally.is f rom x = 0.05 to x = 0.30. With (c -- 1 ) / c  ~ 1, 
Eq. [3] assumes the simple form 

Vm -- V (1 - -  x) [4] 

In terms of the surface area S, Eq. [4] may  be wr i t ten  
a s  

S = N A ( 1  --  x )  [5] 

where  N is the number  of adsorbed molecules  and A 
is the cross-sectional area of the adsorbed molecule.  

In our method  N is subst i tuted by a measured 
amount  of electric charge q which is found by inte-  
grat ion of the loss in pumping  current  due to adsorp-  
tion of oxygen on the sample. From Faraday 's  law 
and a value of A of 1.40 • 10 -15 cm 2 for oxygen, a 
charge q of 1 A-sec corresponds to a covered area ( N A  
in Eq. [5]), of 0.218 m 2. Equat ion [5] then becomes 

S (in m 2) ----0.218 (1 -- x) q (in A-sec)  [6] 

Two different mixtures  were  used in the experiments .  
With a l iquid ni t rogen bath at an average atmospheric 
pressure (in Pi t t sburgh)  of 730 Torr, po for oxygen is 
160 Torr. With 3.23% 02 in helium, (1 - -  x) = 0.85, 
therefore  

S ( i n m  2) = 0.186q ( inA-sec )  [6a] 

With 6.7% 02 in helium, (1 -- x) = 0.67, therefore  

S (in m 2) = 0.146q (in A-sec)  [6b] 

Apparatus and Procedure 
Figure  1 i l lustrates the setup of the  apparatus. The 

oxygen- ine r t  gas mixture ,  contained in cyl inder  C, 
passes through a flow regula tor  F and a f lowmeter  M 
over  the sample S contained in a U-shaped sample 
holder  and then passes through the electrochemical  
cell P in furnace F. 

The cell consists of a tubular  solid e lec t ro lyte  made 
of calcia-doped zirconia which is heated by the fur -  
nace. The t empera tu re  must  be chosen high enough 
that  the current  is not l imi ted by the resistance of the 
electrolyte,  but  only by the amount  of oxygen  ~in the 
mix tu re  passing the cell. An  additional vo lume V and 
a capil lary at the end prevent  the air f rom enter ing 
the cell when  the sample is cooled. A constant vol tage 
E is applied to the electrodes on the  inside and the 
outside of the electrolyte  tube ( t h e - t -  pole is con- 
nected to the outside which is exposed to air) .  The 
current  through the cell is moni tored  by a recorder  R. 

The exper imenta l  procedure  is best i l lustrated by a 
typical  example.  Exper imenta l  details and a close 
examinat ion of the method  will  follow. One hundred  
seven ty - four  mil l igrams of a cobalt oxide (Co304) 
powder  were  placed at the bot tom of the U-shaped 
sample holder. A mix tu re  of 6.7% oxygen  in hel ium 
was passed over  the sample, and the la t ter  was heated 
to 150~ to dr ive  off adsorbed gases. The heater  was 
taken off and the flow was adjusted to give a certain 
current.  This ' results  in the init ial  port ion of the re-  
corder  trace shown in Fig. 2 giving a plot of current  
vs. time. Choice of a suitable voltage and current  is 
discussed below. When the sample holder  was dipped 

F P 

L + I l -  
l 

Fig. I. Schematic of complete apparatus 
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Fig. 2. Current through oxygen pump on cooling 174 mg C0304. 
Shaded area under second current minimum is proportional to 
surface area. Solid vertical line indicates point at which integrator 
is started (Exp. No. 15 in Table II). 
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in a l iquid ni t rogen bath, two current  min ima  were  
observed as may  be seen in Fig. 2. The first port ion 
of the curve  containing the first min imum is due to 
contraction of the gas in the cooled port ion of the 
sample holder. The pure  hel ium in the ballast  vo lume 
V at the exi t  of the cell is here  drawn back into the 
electrochemical  pump. When the cooling is almost 
completed, adsorption of the oxygen  on the sample 
causes the second decrease in current,  a second mini -  
mum, and the re tu rn  to the init ial  constant current.  
The shaded area under  the curve corresponds to an 
electric charge q = 10.6 A-sec. With the 6.7% O2 used 
in this experiment ,  according to Eq. [6b], surface area 
S ---- 0.146 q = 1.55 m 2 for the 174 mg used, or 8.9 m2/g. 

Instead of in tegra t ing the area under  the curve  (by 
weighing the paper or  by p lanimeter ) ,  an electronic 
in tegra t ing device was also used. It is zeroed with  re-  
spect to the base current  and is s tar ted at the first 
max imum as indicated by the vert ical  l ine in Fig. 2. 
The device can be cal ibrated direct ly  in terms of sur-  
face area and is read when  the indicated area no longer  
increases. 

The drawing back of pure  hel ium into the electro-  
chemical  pump during the cooling period el iminates the 
need of a numerical  correction for the change in gas 
volume on cooling the adsorption vessel and makes it 
possible to measure  a signal direct ly  proport ional  to 
the surface area. 

Exper imenta l  
Two gas mixtures  were  used in the experiments ,  first 

3.23% O~ in He, then 6.7% O2 in He. The f lowmeter  
was a Matheson No. 610 f lowmeter  (0-100 cm3/min) 
which was cal ibrated against a bubble flowmeter.  (It 
w a s  requi red  for the tests described below, but it is 
not requi red  for the area measurement  since the cell 
current  i tself provides a more  accurate measure  of oxy-  
gen flow.) Beckman Teflon connectors were  used 
throughout  and provided a sat isfactory seal. The sam- 
ple holder  was a �88 in. OD U-shaped tube of 15 cm 
length. Only the bot tom of the tube was filled wi th  
the sample. Solid e lect rolyte  tubes, made  of "pure"  
calcia-stabil ized zirconia, were  obtained from Zircoa 
Incorporated,  and were  about 4 mm ID, 5 mm OD, and 
18 cm long. Inside and outside electrodes consisted of 
s i lver  paste (Engelhard Industries)  fired on at 800~ in 
two applications. A % in. nickel bellows was at tached 
to the far  end of the electrolyte  tube to avoid damage 
to the la t te r  by stress or shock. 

A t empera tu re  regula tor  kept  the tempera ture  con- 
stant to about I~ Too large t empera tu re  fluctuations 
must  be avoided because they induce changes in the 
cell current.  Cell t empera tures  var ied from 750 ~ to 
850~ with  830 ~ la ter  used as the pre fe r red  t empera -  
ture. To extend the life of the s i lver  electrodes 650~ 
was chosen as a "s tandby" temperature .  A Tacussel 
potentiostat  provided ini t ia l ly  the constant voltage be-  

Table I. Current-voltage characteristic of cell II, 800~ 
5.5 cm3/min, 3.23% 02 

Applied volt-  Current 
age E, m V  4, m A  

200 15.0 
400 34.5 
SO0 44,5 
6OO 53.0 
700 62.0 
800 64.0 
900 64.0 

IO00 64.5 

tween  the electrodes. Later  we used a homemade po- 
tentiostat  which was buil t  into the current  integrator.  
The pre fe r red  voltage chosen in the la ter  exper iments  
was 750 mV. A Moseley recorder  connected across a 10 
ohm standard resistor was used as a current  monitor.  

Results and Discussion 
The first results were  obtained with  a 3.23% 02 in 

He mixture,  corresponding to a p/pO = 0.15. In the 
la ter  experiments,  another  e lectrolyte  tube was used 
(requir ing a s l ightly higher  t empera tu re  and voltage 
of operation) and a 6.7% 02 mixture,  corresponding to 
a p / p o  : 0.33. It  is impor tant  that  the cells are oper-  
ated at a high enough tempera tu re  and vol tage and a 
l ow  enough flow rate  so that  the entire oxygen content  
of the mix ture  is r emoved  on pumping the cell. When 
choosing too high a voltage, the measured current  may  
become too high due to incipient  electronic conduction 
of the electrolyte.  As an example,  in Table I, the cur-  
ren t -vo l tage  characterist ic of the second cell used is 
g iven for a flow of 5.5 cm3/min of the 3.23% 02 mix-  
ture with a cell t empera tu re  of 800~ 

It may  be seen that  up to 700 mV: the current  in-  
creases rapidly. In this range, the current  is de termined 
by the cell resistance and, to a lesser extent,  by cell 
polarization due to the difference in oxygen potent ial  
at the two electrodes. At  about 800 mV, the current  has 
reached a constant value  corresponding to complete  
removal  of the oxygen. This is the min imum voltage at 
which the cell must  be operated if the cell t empera tu re  
of 800~ is chosen. 

Figure  3 shows a plot for the same cell at 830~ ob- 
tained at a constant vol tage of 750 mV with  the 6.7% 
oxygen mixture.  Here  the current  is given as a func-  
tion of flow rate. The la t ter  was measured  by means 
of a bubble f lowmeter  at tached to the end of the cell. 
At low flow rates, the current  is equal  to the faradaic 
current  calculated for the total amount  of oxygen 
passing, as represented by the straight line through 
the origin. The small  deviat ion of the exper imenta l  
points, increasing with  decreasing flow rates, is prob- 
ably due to loss of hel ium in the rubber  hose connec- 
tion to the f lowmeter  and does not affect the rel iabi l i ty  
of the electrical measurements .  Up to about 5 cm3/min, 
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Fig. 3. Plot of cell current v s .  flow rate, as determined by a 
bubble flawmeter, at 750 mV for 6.7% 02 in He. Ceil temperature 
820~ Maximum currents at other voltages are given at 22.8 
cm3/min flaw. Dashed line is calculated faradaic current. 
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Cool i Min 

Fig. 4. Current-time recording 
for 7.5 mg Nuchar charcoal 
(7.38 m 2, 980 m2/g, 3.13% 02, 
Exp. No, 9 in Table i l l  

the current  represents  the  t rue  flow rate  under  the 
g iven conditions. This is the region in which the cell 
should be operated. In the surface area determinations,  
the flow rate was general ly  adjusted so as to give a 
current  about 25% below the max imum current  at the 
chosen voltage. 

At  the r ight  hand marg in  of Fig. 3, the vol tage-  
current  relat ionship is indicated for the constant flow 
rate  of 22.8 cm3/min. At  this high flow rate, the cur-  
rent  appears to be l imited essentially by the electrolyte  
resistance, about 7-8 ohms at 830~ decreasing some- 
what  wi th  current  due to heat ing at the e lect rolyte-  
electrode contacts. There  is no appreciable l imitat ion 
of the oxygen diffusion in the gas phase or in the elec-  
trode, as may  also be concluded from the sudden 
changes in slope from the oxygen l imited to the re-  
sistance l imited region. This is probably helped by the 
choice of hel ium as a di luent  for the oxygen and of 
s i lver  as an electrode material .  

Some of the results of surface area determinat ions  
are presented in Table II. In  the first series, up to 
Exp. No. 11, exper iments  were  per formed wi th  the 
first cell at 800~ with  3.23% oxygen, and at a voltage 
of 0.6V. In the subsequent  experiments,  the voltage and 
tempera tu re  had to be raised, as a l ready discussed, due 
to a la rger  electrolyte  resistance connected wi th  poorer  
si lver coverage of the electrolyte  tube. The h igher  oxy-  
gen concentrat ion (6.7%) used here helps to decrease 
the error  involved in the one-point  approximat ion 
(see section be low) .  In columns 1 to 10, results wi th  
the present  method are given. In columns 11 to 13, re -  
sults wi th  the complete  BET method  a re  presented, as 
obtained by IV, r -adsorpt ion  (except for Co304 which 
was also measured with  oxygen, Exp. No. 15). The 
base current  is given in column 7. With the 3.23% O2 
mixture,  the flow rate  at room tempera ture  is 0.119 

Table II. Surface 

cmS/min per  mi l l iampere  base current,  and with  the 
6.7% 02, it is 0.056 cm 3 rain -1 m A  -1 (ef. Fig. 3). The 
charge given in column 8 is obtained by integrat ion of 
the area be tween  the second current  min imum and the 
base current  (the shaded area in Fig. 2) ; it was carr ied 
out in the ear l ier  exper iments  by mark ing  the record-  
ing on a cellophane film and weighing the cut-out.  
The electronic in tegrator  used in the last exper iments  
typical ly yielded surface area values in agreement  wi th  
those obtained by weighing to bet ter  than 2%. 

In the first experiments,  different powders  were  
measured ranging in specific surface area f rom 0.6 to 
1100 m2/g. The weight  of the samples used in the mea- 
surements  varied from 7.5 to 250 mg, and the actual 
surface areas var ied f rom 0.06 to 7.4 m 2. It  may  be seen 
from the table that  throughout  the wide range of sur-  
face areas, there  is agreement  be tween  the results ob- 
tained by the two methods (columns 10 and 13) to 
wi th in  about 15-30%, except  for the smallest  area 
where  our measured  value is about 50% higher.  As 
will  be shown, the largest  part  of the (general ly  not  
serious) discrepancy is due t o  the difference in pre-  
t rea tment  of the samples before the measurements ,  
stated in columns 5, 6, 11, and 12 and not due to the 
methods themselves.  

Figures 4 and 5 show the current  recording for two 
ext remes  of surface area. In Fig. 4, 7.5 mg of "Nuchar"  
charcoal was measured  (Exp. No. 9 in Table II) .  The 
in tegrated area represents  a charge of 39.7 A-sec and 
a calculated area of 7.38 m2/g. The separat ion of the 
two min ima  is obviously no problem here and also for 
smaller  areas. A similar  recording for 104 mg Co304 I 
is shown in Fig. 5 (Exp. No. 7 in Table II) .  The inte-  
grated area gives a charge of 0.03 A-sec, which corre-  
sponds to an area of only 0.06 m 2. The over lap be tween  
the two min ima  is here  considerable, and the area c o r -  

area measurements 

I 2 3 4 5 6 ? 8 9 

O~ Furnace 
E x p .  A m o u n t ,  Conc. ,  t e m p . .  
No. M a t e r i a l  g % ~  

P r e t r e a t m e n t  B a s e -  Charge 
T e m p . ,  T i m e ,  c u r r e n t ,  q, A r e a ,  

~ r a i n  m A  A - s e c  m~ 

I 0  11 12 13 

K r - B E T  area 

S v e e .  P r e t r e a t e d  
area, i n  v a c u a  Spec .  area, 
m 2 / g  ~ r a i n  m S / g  

Cel l  I 0.60V 
4 CoFe~O, 0.254 3.23 800 60 5 60 1.17 0.218 0.86 
7 Co30,  I 0.104 3.23 800 65 1000 54 0.33 0.06 0.6 
8 Co~O4 I I  0.175 3,23 800 60 60 53 7.30 1.36 7.75 
9 Nuchar char- 0.0075 3,23 800 180 60 73 39.7 7.38 980 

coal  C-115N 
l l a  B o n e  c h a r  0,050 3.23 800 200 60 67 16,5 3.06 61,2 
l l b  0.050 3.23 800 25 60 33 15,2 2.84 56.8 
11c 0.050 3.23 850 ~ 5 0  10 80 16.0 2.98 59,5 

Cell I I  0 .75V 
12a CoFe20~ 0.415 3.23 830 ~ 2 5  55 1.64 0.304 0.73 
12b 0.415 6.7 830 ~ 2 5  55 2.20 0.322 0.77 
15 Co80~ I I  0.174 6.7 830 150 60 78 10.6 1.55 8.9 

16a Bone char 0.0497 6.7 830 25 900 72 18.2 2.68 54.0 
18.5" 

16b 190 120 20.3 2.96 59,7 
16c 340 25 23,1 3,48 68.0 
17 CoFeJOi 0.347 6.7 830 250 900 74 2.34 0.339 0.98 

2.30" 

W i t h  O2: 

140 2340 1,17 
140 900 0.40 
140 2340 10.6 

? ~ 1 1 0 0  

? 70 

140 2340 1.17 

150 90 10.4 
25 15 9.05 

? 70 
140 2340 1.17 

* V a l u e s  o b t a i n e d  by we igh ing  c u t - o u t  a r e a  and by integrating device  r e s p e c t i v e l y .  
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Fig. 5. Current-time recording for 104 mg Co304 (0.06 m 2, 
3.23% 02, Exp. No. 7 in Table II). 
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responding to oxygen adsorption is therefore  re la t ive ly  
uncertain.  The calculated value appears too high by 
about 50%. Nevertheless,  if one is only concerned 
with  the correct  order  of magni tude  of the area, it is 
possible to est imate areas of the order  of 0.01 m 2. It is 
important  that  the cooled volume be kept  small, about 
1 cm 3 or less, otherwise the first min imum becomes too 
broad and covers up the second minimum. 

I t  may  be possible to nar row down fur ther  the first 
min imum by redesigning the react ion vessel and using 
a th inner  glass to improve  the rate of heat  transfer.  
Optimizat ion of the design may lead to improvement  of 
the accuracy of measurement  of low surface areas, but  
also to an extension of the range of measurement  to 
below 100 cm 2. This would  surpass the conventional  
BET method  in range of applicability. Measurement  of 
low areas of this order  of magni tude  have been 
claimed; but  the rel iabi l i ty  is open to doubt. The rea-  
son is that  in a conventional  adsorption exper iment  the 
amount  adsorbed on a small  surface is the small dif-  
ference be tween  two larger  quantities,  viz., (gas vol-  
ume plus adsorbed volume)  minus gas volume. The 
significance of the calculated difference is not easy to 
judge. In the present method  inspection of the curve 
gives an immediate  idea of the significance of the mea-  
surement.  

E~ect of pretreatment.--Most of the discrepancy in 
the  surface areas obtained by the two methods (cf. 
columns 10 and 13 in Table II) is due to the difference 
in p re t rea tment  of the samples before  measurement .  

The values in column 13 were  obtained by the com- 
plete BET method with  k ryp ton  after  pumping,  mostly 
for prolonged periods (15-40 hr)  and at an e levated 
tempera ture  (~140~ This is a much more  rigorous 
degassing t rea tment  than was applied with  our  samples 
in the first experiments.  Even  when applied for the 
same tempera tu re  and time, removal  of vapor  f rom the 
pores of solids in a gas s tream is not as r igorous as in 
a vacuum. A considerably h igher  t empera tu re  would  
have to be applied to obtain the same cleaning effect. 
The values obtained af ter  prolonged degassing at a 
high tempera ture  are not necessari ly more  meaningful  
than those obtained after  mi lder  degassing. The surface 
of the micropores bared by the rigorous degassing 
usually is of no interest,  except  when  the powders  are 
to be used as adsorbents. 

The increase in apparent  surface area on increasing 
the pre t rea tment  t empera tu re  of the cobalt fer r i te  may  
be seen on comparing the results  in Exp. No. 12 
(25~ No. 4 (60~ and No. 17 (250~ Similarly,  in 
Exp. No. 16, a bonechar  was tested af ter  pre-  
t rea tment  at increasingly h igher  temperatures .  It  was 
supplied by the Micromeri t ics  Company as a s tandard 
having a surface area of 70 m2/g. The p re t rea tment  
t empera ture  used by the company is not known. As 
may  be seen, the va lue  of 68 m2/g is reached af ter  de-  
gassing in the 6.7% O2-He mix tu re  for 15 hr  at 340~ 
this is in agreement  wi th  the given value to wi th in  
3%. 

With Co304 II (cf. Exp. No. 15), the complete 
isotherm was also determined with  oxygen as the ad- 
sorbate and after  two different p re t rea tments  in a 
vacuum. The BET plots, in accordance wi th  Eq. [3], 
are shown in Fig. 6. Two good straight  lines were  ob- 
tained, the lower  one after  degassing 90 rain at 150 ~ 
the upper  one af ter  exposure to air overnight  and 
evacuat ion at room tempera tu re  for 15 min. The re-  
spective surface areas were  10.4 m2/g (in good agree-  
ment  wi th  the value obtained with  k ryp ton  as ad- 
sorbate, cf. Exp. No. 8) and 9.05 m2/g. The lower  value 
is in good agreement  wi th  the 8.9 m~/g obtained by our 
method after  p re t rea tment  in a gas s t ream at 150~ 
for 60 min. 

Error involved in the one-point ~nethod.--The er ror  
involved in using the one-point  approximat ion (cf. 
theoret ical  section) depends on the value of c, which 
is a measure of the s t rength  of interact ion of the oxy-  
gen with  the substrate, as wel l  as on the chosen value 
of x. For  the two lines in Fig. 6, the c values are 120 
for the larger  surface area ( lower  line) and 80 for the 
smaller  area. By comparing the expressions for the 
monolayer  gas vo lume Vm in Eq. [3] and [4], one finds 
that  the fractional er ror  involved  in the approximat ion 
is (1 -- x ) / ( 1  -- x ~- cx) .  For  c values of 100, use of 
the 3.2% oxygen mix tu re  (x = 0.15) gives an er ror  of 

Fig. 6. BET plots for oxygen 
on Co~04 (Exp. No. 15, Table II). 
|: after degassing at 150~ 90 
rain in vacuo; I1: after evacuat- - O. 
ing at room temperature for 15 I~ 
min. • 

0,2 

0,0 

I 

II 

O.l 0.2 0,3 0.4 



VoL 121, No. 6 E L E C T R O C H E M I C A L  S U R F A CE A R E A  METER 769 

5.4%, while for the 6.7% oxygen (x = 0.33), as used in  
the later  experiments,  the error is only 2.0%. 

The c values of about 100 are in the range usual ly  
encountered.  The higher the value of c, the less the 
error  involved in  the approximation. It is not  known  
what  the lowest c value could be, but  it probably will  
not be so low as to cause a considerable error in  the 
method. With rare gases l ike krypton,  low values have 
occasionally been o b s e r v e d  (6), bu t  this is not l ikely 
to occur with oxygen. 

The experience with oxygen as an adsorbate is so 
far limited, but  we do not foresee any difficulties. The 
agreement  for Co304 (Exp. No. 15 and 8, Table II) 
with the k ryp ton  value for equal pre t rea tment  is ex-  
cellent. 

Conventional  BET adsorption measurements  are 
usual ly  not made with oxygen because of the possibil- 
i ty of addit ional oxygen uptake at l iquid n i t rogen 
tempera ture  due to chemisorption after pre t rea tment  
of the sample in  a vacuum. This difficulty does not  
arise in  the present  case because, if chemisorption is 
possible, it will  occur at the higher temperatures  be-  
fore cooling and will not inte_rfere with the physical 
adsorption at l iquid ni t rogen temperature.  

The accuracy to wi th in  a few per cent a t ta inable by 
the described method is amply adequate for most prac-  
tical purposes. 
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ABSTRACT 

A curren t - reversa l  chronopotentiometric technique has been developed to 
facilitate the determinat ion of the reaction pa thway of radical anions gen-  
erated dur ing electrolytic reductive coupling reactions. The technique per-  
mits discr iminat ion between dimerization of the anion radicals and a reac- 
tion scheme involving reaction of a radical anion with unreduced start ing 
mater ia l  followed by one-electron reduction. The reduction of trans-4,4-di- 
m e t h y l - l - p h e n y l - l - p e n t e n - 3 - o n e  was studied at mercury  cathodes in d imethyl -  
sulfoxide with a t e t r a - n - b u t y l a m m o n i u m  perchlorate as support ing electrolyte. 
In  the presence of 0.05M water, the reaction proceeds by  dimerization of the 
anion radicals. At higher water  concentrat ions a paral lel  pseudo first-order 
reaction of the radical anions was detected. 

In  an  earl ier  study of t he  electrolytic reductive 
coupling of various a ,~-unsaturated ketones (1), con- 
ditions were established under  which the reduct ion 
proceeded in  an over-al l  one-electron process giving 
good yields of the ~-~ coupled dimers. In  particular,  it 
was found that  te r t -butyls tyrylketone,  1 (trans-4,4-di- 
m e t h y l - l - p h e n y l - l - p e n t e n - 3 - o n e )  formed good yields 
of dimer when reduced in dimethylsulfoxide (DMSO) 
and was less susceptible to polymerization side reactions 
than  were less hindered enones. Therefore, the reduc-  
t ion of 1 was thoroughly studied using cyclic vol tam-  
metry.  Though these studies demonstrated clearly that  
the pr imary  electrode reaction was the reversible, 
one-electron reduction of 1 to its radical anion, 2, the 

Key words: reductive coupling, electrohydrodimerization, r 
saturated ketones, current-reversal chronopotentiometry. 

exact pathway for the subsequent  reactions of 2 could 
not be determined (1) 

O 
II 

C6HsCH=CH--C- -C  (CH3)3 % e 
1 

O-  

~- C6HsCH-- CH = C-- C (CI-h) ~ [i] 
2 

Two schemes were envisioned for the reactions of 
the radical species 2. The first, referred to in this paper 
as scheme A, involved the direct dimerization of 2 to 
form product, 3 
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O-- 
I 

kA C6HsCH--CH=C--C (CH3)3 
z + 2  �9 ~ I [2]  

C6HsCH -- CH---- C-- C (CI~) 3 
l 
O- 

3 

The second scheme (scheme B) envisioned the reac- 
tion of the radical anion, 2, with a molecule of the 
parent, I, to give the dimeric radical anion, 4 

O- 

I 
kB C6HsCH--CH=C--C (CH8)3 

1 + 2 > [ [3] 
C6H~CH--CH = C-- C ( C Hs) 3 

I 
O. 

4 

Since species 4 is assumed to be reducible at a more 
positive potential  than  1, it immediate ly  gains an elec- 
t ron at the electrode surface thereby decreasing the 
port ion of the total flux utilized for the reduction of 1 
by the amount  necessary to main ta in  the surface con- 
centrat ion of 4 at zero. It is also possible instead, that  
species 4 gains the electron in the solution via electron 
t ransfer  from 2 

4 + 2 ~ 3 + 1 [4] 

Peak current  ratios in  cyclic vol tammetry  or double 
potential  step chronoamperometric  data (2) are very 
similar for schemes A and B making exper imental  dis- 
cr iminat ion be tween the two very difficult. 

Petrovich, Baizer, and Ort (3) favored scheme B as 
the predominant  pa thway in the reductive coupling of 
activated olefins. However, most of their  cyclic vol tam- 
metric data can be explained by direct dimerization as 
in  scheme A (1). 

Recent ly  Bard and Puglisi  (4) published results of 
their  studies of the reductive coupling of several acti-  
vated olefins. They employed a rotat ing r ing-disk  
electrode and concluded scheme A was much more im- 
portant  than  scheme B. The same conclusion was 
reached by Lamy, Nadjo, and Saveant  (5) in their  
studies of the reduct ion of various olefinic nitriles, 
esters, and ketones using l inear  sweep vol tammetry.  
These workers based their  conclusions on the observed 
dependence of the peak potentials upon the scan rate 
and substrate  concentration. 

The present  s tudy examines the electrohydrodimeri-  
zation of 1 using a still different technique, cur ren t -  
reversal  chronopotentiometry.  

Experimental 
Reagents.--Dimethylsulfoxide (Matheson Coleman 

and Bell, Spectroquali ty)  was usual ly  used as received. 
When lower water  content  was desired, it was dried 
over molecular  sieves (Matheson Coleman and Bell, 
Type 4A, 4-8 mesh) for several days before use. Tet ra-  
n - b u t y l a m m o n i u m  perchlorate, TBAP (Matheson Cole- 
man  and Bell) was used as received. Occasional inferior  
batches were reprecipitated from ethanol-water .  P re -  
purified n i t rogen (Airco, Inc.) was used for solution 
deaeration. 

The compound 1 was prepared by  condensation ot 
benzaldehyde with 3 ,3-dimethyl-2-butanone followed 
by  recrystal l izat ion from ethanol-water .  

Apparatus.--The electrochemical cell was similar  in 
design to the Type 1 Polarographic Cell available from 
Pr ince ton  Applied Research Corporation (PAR).  A 
hanging mercury  drop electrode uti l izing a mercury-  
coated p la t inum wire support  (6) was used as the 
working electrode. The electrode area was 0.047 cm 2. 
For this electrode the spherical correction to the 
t ransi t ion t ime (7) will be less than  5% for times less 

than  4 sec. The diffusion coefficient of 1 used in this 
calculation was 3.6 • 10 .8  cm2/sec (1). In  the work 
reported herein, the total electrolysis times did not 
exceed 2 sec. 

A PAR Model 170 Electrochemistry System was the 
constant current  source. Timing circuits wi th in  the in-  
s t rument  were used to control the t ime of current  
reversal. Since the procedure for init ial izing the PAR 
170 programmer to accomplish this is not given in the 
manufacturer ' s  instructions, it will  be described here. 
With the programmer  set for pulse excitation, the 
length of the forward electrolysis is given by the 
pulse duration. The final full  scale current  control 
gives the current  for the forward electrolysis period 
and the init ial  full scale Current control gives the cur-  
rent  after the reversal. The exper iment  is ini t iated by 
switching the control keyboard from init ial  to final. 
This means that  anodic current  is flowing before the  
experiment  is initiated. This anodic current  was ex- 
actly compensated by a variable d-c power supply at-  
tached directly to the cell in parallel  to the output  of 
the PAR 170. The external  power supply was varied 
unt i l  the init ial  potential  was about 200 mV positive 
of the chronopotentiometric wave. This power supply 
was manua l ly  switched out of the circuit just  prior to 
ini t ia t ing the chronopotentiometric experiment.  

The potent ia l - t ime t ransients  were recorded on a 
Tektronix Type 564 storage oscilloscope using a Model 
C-12 camera. Electrochemical measurements  were 
made at 23 ~ _+ 2~ In  separate experiments  where the 
temperature  was varied over the range of 25~176 
the apparent  rate constant  increased by almost a factor 
of two for the t5~ increase in  temperature.  This cor- 
responds to a temperature  coefficient of only about 5% 
per degree centigrade and justifies the lack of precise 
tempera ture  control for the major  part  of the work. 

Gas chromatography was employed to determine the 
water  concentrat ion in  the DMSO. A Perk in  Elmer 
Model F l l  Gas Chromatograph with thermal  con- 
ductivi ty detector and a 6 ft Porapak Q column at 
125~ was used. Methanol was employed as an in ternal  
s tandard in  the water  d e t e r m i n a t i o n .  

Results and Discussion 
The reversal of current  direction during a controlled 

current  experiment  is a useful technique for probing 
the rate of chemical reactions following electron 
transfer.  A common way to conduct this cu r ren t - r e -  
versal chronopotentiometric exper iment  is to allow the 
forward electrolysis to proceed to the t ransi t ion t ime 
before the current  direction is changed. If the product 
of the electron t ransfer  can be reconverted to reac- 
tant  at the electrode surface, a reverse t ransi t ion time, 
Tr, will be observed. Furthermore,  if the product is 
stable, the ratio of the reverse t ransi t ion t ime to the 
forward electrolysis time, tl, is always 1/3 when  for- 
ward and reverse currents  are of equal magni tude  (8). 
T h e  "~r/tl ratio is independent  of tl, where tl  i s  less 
than or equal to Tf, the forward t ransi t ion time. 

The rigorous solution for the case of a f irst-order 
following reaction producing electro-inactive product 
(9, 10) demonstrates a dependence of "~r/tl o n  kit1 
where kl is the first-order rate constant. However, at 
constant kit1, the ratio is independent  of tl/vf. Al-  
though no rigorous solution is available for second- 
order following reactions such as reactions [2] and [3], 
quali tat ive considerations lead one to suspect a de- 
pendence of ~r/tl on tl/Tf (at constant k2C*otl, where 
k2 is the second-order rate constant and C*o is the 
bulk  concentrat ion of the s tar t ing mater ia l ) .  Fu r the r -  
more, a distinctly different dependence is anticipated 
for schemes A and B. 

Control of the t ime of reversa l  affects the concen- 
t ra t ion profiles of the various species. During experi-  
ments  with reversals made at low tl/Tf values, con- 
centrations of the parent  species, 1, in the vicini ty of 
the electrode remain  relat ively high whereas the con- 
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centrat ions of the radical anion, 2, are still quite small. 
If scheme B is followed, the shortening of the reverse 
transi t ion t ime should be greater than  if scheme A 
occurs. Mechanism B requires parent,  1, to react with 
the electrochemically produced raclical anion, 2. Ear ly  
in  the electrolysis, abundan t  1 is present  with which 2 
can  react. As tl/Tt approaches one, the opposite is true. 
Scheme A will  have a greater  effect on ~r/tl than 
scheme B since the concentrat ion of ~ is greater  t han  
the concentrat ion of 1. 

To test these assumptions, digital s imulations were 
under t aken  for each mechanism. The technique of 
Feldberg (11) was used to obtain theoretical curves of 
Zr/tl VS. tl/Tf at different values of kAC*otl and  
k~C*otl. In  these simulations, diffusion coefficients 
were assumed equal, electrode geometry was planar,  
a n d  the ratio of reverse to forward current  densities 
was taken as 1/2. This value was chosen as a compro- 
raise be tween two competing effects. While a lower 
value of the reverse current  enhances the relat ive 
difference in  Tr/tl be tween  schemes A and B, it also 
l eads  to distorted potent ia l - t ime curves dur ing the re-  
verse electrolysis due to the fact that  a relat ively 
large fraction of the current  is being used to charge the 
electrical double layer. The former effect is useful  bu t  
the  la t ter  aggravates the already difficult task of ac- 
curately measur ing Zr. 

The rate law for reaction [2] was defined as d[2]/dt  
-- --2k~[212 while that  of reaction [3] was d[2]/dt  
-- d[1]/d~ = -- kB [2] [ l] .  Some of the theoretical 
curves are shown in  Fig. 1 and 2. 

The most dramat ic  difference be tween the two sets 
of curves is the opposite sign of the slopes. For  scheme 
A, zr/tl tends to decrease as t~/Tf increases whereas for 
scheme B the opposite tendency is predicted. This very 
distinct difference simplifies the exper imental  deter-  
mina t ion  of which scheme is operative. 

The simulat ions of scheme B did not  include solu- 
t ion reaction [4], the "ECE nuance" (12). When  re-  
action [4] was included as a rapid reaction always 
in equil ibrium, only minor  differences were observed, 
�9 r[tl changing a few per cent. Small variations were 
also obtained when the diffusion coefficients of dimeric 
species in scheme B were set equal  to half  the diffu- 
sion coefficients of monomeric species. 

A second difference b e t w e e n  the two sets of curves is 
the steepness at low tl/Tf. Those for scheme A drop 
rapidly, while those for scheme B main ta in  almost 
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Fig. 1. Digital simulation for scheme A. Ratio of reverse transition 
time to forward electrolysis time as a function of the ratio of for- 
ward electrolysis time to forward transition time for various values 
of kAC*otl (numbers on curves). Ratio of reverse to forward current 
densities was 1/2. 
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Fig. 2. Digital simulation for scheme B. See Fig. 1 for definition 

of terms. Numbers on curves are kBC*otl. 

the same slope throughout.  In  both sets, the calculated 
Tr/tl ratio becomes smaller  at kCtz increases. As the 
reaction becomes faster, the concentrat ion higher, or 
the forward electrolysis t ime longer, t he  extent  of the 
following reaction increases and Tr/tl decreases. 

The upper  curve in  Fig. 3 shows how the deter-  
minat ions of tl and rr were made from an experi-  
menta l  potent ia l - t ime curve. Lines A and B were 
drawn along the steep portions of the curve. These 
regions correspond to almost all of the applied current  
being used to charge the double layer. Lines C and D 
were d rawn along the two electrolysis regions of the 
curve. Line E was constructed perpendicular  to the 
time axis and through the point of current  reversal. 
Finally,  l ine F was drawn to pass through the point of 
reversal  and have a slope equal to - - � 8 9  of the slope 
of l ine A. The horizontal  distance between the in ter-  
section of lines A and C and l ine E was t aken  to be 
tl. The horizontal distance between the intersection 
of lines B and D and line F was taken as ~ 

Separate experiments  were performed to determine 
Tf. The data analysis i l lustrated in the lower curve of 
Fig. 3 is that of Reinmuth  (13) where ~fis taken as the 
horizontal  distance be tween  l ine G and the intersec-  
t ion of lines H and I. Several  determinat ions of ~f 
were made at differing current  densities. From these 
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Fig. 3. Top, determination of tl  and Tr. Current: 6.32/~A in for- 
ward direction, 3.16/~A in reverse direction. Bottom, determination 
of Tf. Current: !1.90 /~A. Concentration of 1 : ] . 6 3  mM (both 
c u r v e s ) .  
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an average  va lue  of i t r  1/2 was computed. The s tandard 
deviat ion of this number  was always less than  5%. 
This average  was then used to calculate the tf for the 
current  densities used in the cur ren t - reversa l  exper i -  
ments. Using the tl and tr  values obtained as in Fig. 3, 
a point on the tr/t~ vs. t l / t f  curve could be plotted. 
The exper imenta l  points shown in this paper  are aver -  
ages of at least two and usual ly three  or  more  deter -  
minat ions of ~r/t~. 

The exper imenta l  data shown in Fig. 4 were  ob- 
tained using a 1.63 mM solution of 1 and a nominal  tl 
of 1 sec. The curve is theoret ical  for scheme A with  
kAC*otl equal  to 2,24. For  the  conditions of the experi-  
ment,  this corresponds to a second-order  rate  constant 
o f  1.4 X 10 ~ l i ter  �9 mole -~  �9 sec -1. T h e  general  t rend 
of the data in Fig. 4 can leave l i t t le doubt that  scheme 
A ra ther  than scheme B is the principal  pathway.  The 
value  of the rate  constant agrees wi th  that  found by 
cyclic vol tammetry ,  1.3 • 103 l i ter  �9 mole  -~ �9 sec -1 
( I ) .  [Due to a different form of the rate law used in 

the theoret ical  paper  (14), the value given in Ref. (1) 
must  be divided by two to be equivalent  to the ra te  
constants repor ted  in this paper.] 

Str ic t ly  speaking, it can only be reported that  the 
data fit a model  in which 2 reacts by an i r revers ib le  
react ion which is second order  in 2. This react ion could 
be dimerizat ion [2] or any other  react ion scheme 
whose over -a l l  rate  law was second order  in 2. For  ex-  
ample, react ion 2 could en ter  into a rapid equi l ibr ium 
with a small amount  of 3 which in tu rn  underwent  
i r revers ible  protonation. This scheme also has a rate 
law which is second order  in react ion 2. 

It was found ear l ier  (1) that  addition of wa te r  
caused modera te  increases in the apparent  value of kn. 
Similar  results were  obtained in the present  work. 
Cur ren t - reversa l  chronopotent iometr ic  studies of 2.88 
mM 1 under  the conditions of Fig. 4 again gave kA ---- 
1.4 • O.1 • l0 s l i ter  �9 mole -~ �9 s ec -L  Addit ion of 
0.05M wate r  caused the apparent  kA to increase to 2.2 
• 10 ~ and addit ion of another  0.O5M water  gave kA -- 
2.7 X 103 l i ter  �9 mole -1 �9 sec -L  

Some interest ing informat ion concerning the man-  
ner  in which water  affects the react ion is provided by 
the data presented in Fig. 5. These exper iments  were  
performed with  a wa te r  concentrat ion of 0.10M using 
three different concentrat ions of 1 and two different 
values of tl. If  the effect of water  is one of increasing 
the apparent  rate constant without  modifying the 
order  of the rate  equation, a single value  of kA should 
provide an adequate  fit for all the data. This was not 
found to be the case. This may  be seen most clearly 
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Fig. 4. Current-reversal chronopotentiometric data for reduction 
of 1.63 mM 1. tz = 1 sec. Ratio of reverse to forward current 
densities was I / 2 .  Water  concentration: 0.05M. Curve is theoretical 
for kAC*otl = 2.24. 
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Fig..5. Current-reversal chronopotentiometric data for reduction 
of I with 0.10M water. Curves are theoretical for kA = !.35 x 103 
liter �9 mole - 1  �9 sec - 1  and a rate constant for parallel first-order 
reaction of 0.6 sec -1 .  Curve I :  1.01 mM 1, h - -  -0.50 sec; curve 
2 :3 .03  rnM 1, t l  = 0.50 sec; curve 3:1.61 mM 1, h = 1.00 sec. 

for curves 2 and 3 of Fig. 5 which have  almost the same 
value of C*otl and which should be almost coincident 
if the reaction is still s imply second order. 

To fit the data of Fig. 5, inclusion of an irreversible,  
f i rs t-order chemical reaction of 2 occurring s imultane-  
ously wi th  dimerizat ion was required.  The curves in 
Fig. 5 are s imulated curves corresponding to a d imer-  
ization rate constant of 1.35 • 103 l i ter  �9 mole  -1 �9 sec -1 
and a f irs t-order rate  constant of 0.6 sec -1. 

Thus, at moderate  water  concentrations (about 0.05M 
as in Fig. 4) the data for various C 'o ,  tl, and t l / t f  in-  
dicate that  2 reacts by a second-order  process. H o w -  
ever, at water  concentrat ions greater  than or  equal 
to about 0.10M, some pseudo f irs t-order react ion of 2 
must be included. (Inclusion of some scheme B in 
parallel  with scheme A was not successful in fitting the 
data.) 

The nature  of the paral lel  f i rs t -order  react ion is not 
known. Water  at h igher  concentrations may  affect the 
reaction by protonat ing the radical s to form a neut ra l  
radical which may dimerize quickly. Fur the r  reduct ion 
of the neutral  radical to form a two-e lec t ron  reduct ion 
product does not seem to be prevalent  because the 
value of itfl/2/AC*o does not increase under  conditions 
where  the f irs t-order process is dominant. It was also 
found ear l ier  (1) that  reduct ion of 1 in DMSO contain-  
ing 6% water  was one of the best conditions for ob- 
taining high yields of dimer. 

The principal goal of the project  was to assess the 
re la t ive  importance of schemes A and B in the reduc-  
tion of 1. In agreement  wi th  studies of the reduct ive  
coupling of o ther  act ivated olefins (4, 5), scheme A 
was found to be dominant.  
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Chronopotentiometric Investigation of the Oxidation 
of Aluminum in Chloroaluminate Melts 

B. Gilbert, 1 D. L. Brotherton, and G. Mamantov* 
Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37916 

ABSTRACT 

Oxidat ion  of an a luminum electrode in mol ten  A1Cls-MC1 (63-37 mole  
pe r  cent, M = Na or  Li)  has been  inves t iga ted  by  chronopotent iometry .  We l l -  
defined and reproducib le  t rans i t ion  t imes, c a u s e d  b y  the format ion  of a poor ly  
conduct ing A]2C16 l aye r  at  the  e lect rode surface and the deple t ion  of cur -  
r en t - ca r ry ing  a lka l i  meta l  ions, were  observed.  The observat ions  are  in very  
good agreement  wi th  the  theore t ica l  predic t ions  s imi lar  to t h o s e  of Brauns te in  
and co-workers .  In  the range of cur ren t  densi t ies  employed  (up to 300 m A / c m  2 
at  140~ the a luminum electrode behaves  revers ib ly .  

I t  has been  ve ry  recen t ly  shown by Brauns te in  and 
co-workers  (1) that  in mol ten  a lkal i  meta l  f luoride-  
be ry l l i um fluoride mixtures ,  the chronopotent iometr ic  
ox ida t ion  of a be ry l l i um anode resul ts  in a l aye r  of 
nea r ly  pure,  almost  nonconduct ive  BeF2 as the  mobi le  
a lkal i  meta l  ions are  swept  away,  and, as the  result ,  
the potent ia l  of the  be ry l l i um anode rises sharply .  

The impor tan t  f ea tu re  of th is  phenomena  is tha t  the  
bounda ry  condit ions of the  diffusion law are  not de t e r -  
mined  by  deple t ion  of an e lect roact ive  const i tuent  bu t  
by  migra t ion  of the  mobi le  nonelect roact ive  a lka l i  
meta l  ion. A theore t ica l  t r ea tmen t  based on the  con- 
cent ra t ion  'cell pr inc ip le  was deve loped  to exp la in  the  
observed  chronopotent iograms.  

An  a luminum e lec t rode  in mol ten  A1C13-MC1 
(M-a lka l i  meta l  ion) mel ts  should exhibi t  s imi lar  be -  
havior.  Hol leck and Giner  (2) have observed  pass i -  
vat ion phenomena  in the  anodic oxida t ion  of an A1 
elect rode in A1CI~-KC1-NaC1 mel ts  be tween  100 ~ and 
160~ The phenomena  were  a t t r ibu ted  to the  fo rma-  
t ion of a solid sal t  l aye r  at the e lect rode surface, r e -  
sul t ing f rom concentra t ion changes upon cur ren t  flow. 

We were  in te res ted  in exp lor ing  quan t i t a t ive ly  the  
anodizat ion of an A1 elect rode b y  app ly ing  the theory  
developed b y  Brauns te in  (1). Besides being of funda -  
menta l  interest ,  the  resul ts  of such a s tudy  are  c lear ly  
of impor tance  to the  use of A1 anodes in ch loroa lumi-  
na te  melts ,  for  example ,  in ba t t e ry  appl icat ions  (3). 

Experimental 
The e lect rochemical  cell; ins t rumenta t ion,  and  p ro -  

cedure  have  been descr ibed prev ious ly  (4, 5). A n  a lu -  
m i n u m . w i r e  (m5N f rom A l i a  Inorganics)  immersed  in  
mol ten  A1C13-1V[C1 [63-37 mo le  p e r  cent ( m / o ) ]  was 
used as the  work ing  e lec t rode  (surface a rea  _0 .1  
cm2). The reference  e lect rode was an a luminum wire  
(mSN) immersed  in the  same mel t  composit ion and 
separa ted  from the main  compar tment  by  a th in  P y r e x  
membrane .  A p la t inum wire  e lec t rode  w a s  used ~to 
check the  pur i ty  of the  m e l t  by  cyclic vo l tammet ry .  

* Electrochemical  Society  Act ive  Member.  
Pe rm anen t  address: Univers i ty  of Liege, Belgium. 

K e y  words:  mol ten  halldes,  molten  chloroalumina~es, chronopoten-  
t iometry,  a luminum oxidation in melts .  

Each m e l t  was clear  and wa te r l ike  at  the  beginning 
of each exper iment .  Af te r  severa l  days, the  mel t  be -  
came s l ight ly  b rown  and f requent ly  the A1 elect rode 
was covered wi th  a b lack  depos i t ,  poss ibly  a l aye r  of 
a luminum me ta l - r i c h  a l u m i n a  caused by  oxyanions  
coming from the P y r e x  glass (6). At  this  point, the  
measurements  were  no longer  reproducib le  and were  
not included.  

Basic Relationships 
The contro l led  current  oxida t ion  of an A1 elect rode 

increases the concentra t ion of A1CI~ (more  correc t ly  
A12C16) in the  vicini ty  of the  e lect rode and the r e -  
vers ib le  emf should correspond to the  resul t ing  con- 
cent ra t ion  cell 

A1 AIC13-MC1 I A1CI~-MC1 I A1 
I I Yo I Y : Y o + ~ Y  

Such a cell should exhibi t  an emf corresponding to 
(1, 7) 

1 ~ < l + 2 y  ) d~Aici~ dy[1 ] 
E : ~  (1  - -  tA13+) 

3F o 1 -- y dy 

where  y and ~ are  the s toichiometr ic  mole  fract ion 
and chemical  potent ia l  of A1C13, respect ively,  Yo is the  
ini t ia l  s toichiometr ic  mole  f ract ion of A1Clz, and tA$+ 
is the  t ransference  number  of A1 ~+. 

If  we assume tha t  the  t ransference  number  of A1 ~+ 
is essent ia l ly  zero, the  only cur ren t  ca r ry ing  Species 
( re la t ive  to chlor ide)  is the  a lka l i  me ta l  cation and the 
emf becomes 

RT ]" y yo 
E : [ In ln ,  

3F (1 --  y)~ (1 --  yo) ~ 

+ j'.[ l + 2 y  . "YAICI3 
1 - - Y  ) d i n d y  d y ]  [2] 

J~ok  

where  7 is the  ac t iv i ty  coefficient of A1CI~ cor respond-  
ing to above concentra t ion units. The s t anda rd  state 
in this  case is s imi lar  to tha t  employed  by  Hi tch and 
Baes (8) and corresponds to pure  mol ten  A1Ch. 
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The first two te rms in Eq. [2] give the  ideal  emf; 
the th i rd  t e rm corresponds to the  "excess" emf which 
m a y  be  ca lcula ted  i f  the  var ia t ion  of the  ac t iv i ty  co-  
efficient wi th  s toichiometr ic  mole  f rac t ion is known.  

S imi la r  equat ions can be developed for  o ther  sys-  

tems, and, in general, for a system M + n X -  ~ MX~ 
the emf is given by \' 

1 + ( • -  1)y  
du 

[31 

1s  [ 
E---~ (I -- tM.+) 

dy } [4] 

which  gives, if  tMn+ --" 0 

RT f In  g In ~/o 
g = nF (i -- y)n (I -- yo) n 

f " ' ~  ] ~ i n  '~MXn 

dy 

Thus, the  emf of the  cell  does not  fol low the  usual  
Nernst  type  behavior .  However ,  as shown prev ious ly  
(1), i t  is possible to obta in  the  var ia t ion  of concent ra-  
tions of MC1 and A1C13 at the  e lec t rode  surface wi th  
t ime from the solut ion of  the  diffusion equat ion for  
o rd ina ry  chronopotent iometry .  These quant i t ies  can be 
subs t i tu ted  into Eq. [2], as shown below, to obta in  the  
var ia t ion  of cell  emf wi th  time, and, thus, the  chrono-  
potent iogram.  Sand 's  equat ion (9) should be appl icab le  
(1). 

Results 
To obta in  wel l -def ined and reproduc ib le  chronopo-  

ten t iograms it  was necessary  to set the  potent ia l  of the  
a luminum e lec t rode  to the  ini t ia l  equ i l ib r ium poten t ia l  
a f te r  each chronopotent iogram.  In o rder  to get r ea -  
sonable  t rans i t ion  times, high (.-200~ and low 
(~-120~ t empera tu re s  mus t  be avoided.  At  these t em-  
pe ra tu re  ex t remes  the  t rans i t ion  t imes are  e i ther  much 
too long (several  minutes)  or  too shor t  ( the pass iva t -  
ing l aye r  forms ve ry  quick ly) ,  respect ively .  I f  the  
above condit ions are  followed, the  reproduc ib i l i ty  of 
t rans i t ion  t imes is be t t e r  than  5%. 

Typical  chronopotent iograms are  shown in Fig. 1. 
The potent ia l  of the a luminum e lec t rode  was correc ted  
for  the  ini t ia l  IR drop.  The app l icab i l i ty  of Sand 's  
equat ion  is shown in Fig. 2. Each point  is an average  
of 5-8 measurements .  The constancy of the  p roduc t  
iT 1/s shows c lea r ly  tha t  in the  range  invest igated,  the  
oxida t ion  process is contro l led  by  diffusion. This con- 
clusion suppor ts  the  resul ts  of Halleck,  ob ta ined  f rom 
measurements  of the  anodic l imi t ing cur ren t  of a ro-  
ta t ing a luminum elec t rode  (2). 

The "ideal"  emf in Eq. [2] expressed  in te rms of 
equiva len t  concentrat ions,  becomes 

E(v.__..~) i , ' 4 0 m A  Ecv) I i= 3 0  mA 

0.2 ~ 0.2 

0.1 0.1 

Time,(sec) 
I Ji I I | 

0 I0  0 I 0  2 0  

t" 140~  
A-0.2 cm 2 

A I C J 3 - N o C I ( 6 3 - 3 7  m o l e  % ) 

Fig. I .  Typical cbtonoporentlograms obtained in molten AICIs- 
NaCI (63-37 m/o) at 140~ The points correspond to the calcu- 
lated curve based on an ideal behavior (Eq. [5]) .  The experi- 
mental curves were corrected for the IR drop. The applied currents 
am 40 and 30 mA, respectively; A -- 0.2 cm2; t = 140~ 

/ /2" 

V ~ ., I ! I I I I 

0 2 4 6 
Fig. 2. Plot of ~ vs. 1/ i  for the system AICIs-NaCI (63-37 m/o). 

O, t = 140~ X, t -- 130~ 

3FEid, al 

RT 

= l n  I 

- - l n  i 

[1 --  CNaC1VNaCi] [1 -t- (VAICls --  VNaCl)CNaCl] 2 } 

[VAIcI3CNaCI ] 3 

[1 -- C~ [ 1 + (V--mCL3 -- V--NaCl)C~ 2 

[VAIc13CONaCI] 3 
[5] 

where  C ~ and C are  the  ini t ia l  and  ins tantaneous  con- 
centra t ions  (expressed  in equ iva len t s / cm 3) (1) and  V 
is the  par t ia l  mola l  volume.  

The above equat ion can be solved knowing  tha t  at 
any  t ime we mus t  have 

CNa+ - -  C~ --  at  1/2 [6] 

where  
2i 

a --  [7] 
~I/2D1/2AnF 

and 
CNa + - -  CNaCI 

For  t = ~, we have a pure  l aye r  of AIC13 (A12C16) at  
the  e lect rode surface and CNaCl = 0, sO a'T I/2 "-- C~ 
C~ is es t imated  from the  densit ies  of the  mel t  at  
the  inves t iga ted  t empera tu re s  and the s toichiometr ic  
mole fract ions of NaC1 and A1CI3. The densit ies  of  the  
mel t  were  ex t r apo la t ed  from the work  of Boston (10). 

Fo r  A1C13-NaC1 (63-37 m / o ) ,  C~ is 0.00585 equ iv /  
cm s at  140~ F rom this va lue  and Fig. 2, we can de-  
t e rmine  = and the average  interdiffusion coefficient D. 
D was found to be 1 • 10 -6  cm2/sec at  140~ A value  
of D of this o rde r  of magni tude  is not unreasonable  
considering tha t  the  t r anspor t  process involves the  di f -  
fusion of Na + ions in A1Cls-rich melts ;  the  composi-  
t ion of the  mel t  at the  e lec t rode  changes cont inuously  
dur ing  the  chronopoten t iogram from the in i t ia l  com- 
posi t ion (63 m / o  A1Cls) to essent ia l ly  pure  A12Cls. 
We have prev ious ly  r epor t ed  (11) the  d i f fus ion co- 
efficient for T i ( I I )  in A1CI3-NaC1 (6.5-35 m / o )  to be in 
the  range  2.5-6 • 10-6 cm2/sec at  t empera tu re s  185 ~ 
260 ~ The diffusion coefficient for Ti ( I II)  in L iF-BeF2-  
ZrF4 (65.6-29.4-5.0 m / o )  at  500~ was found to be 
1.0 • 10 -6 cm2/sec (12). Lower  values  of D would  be 
expected  in viscous BeF2-r ich mixtures .  F rom the  
above  comparison,  a h igher  value  of D for Na  + in 
acidic ch loroa luminates  used in this  work  would  be 
expected  compared  to the  va lue  of D of 3 • 10 -~ 
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cm2/sec obtained by Braunstein et a! (I) for the dif- 
fusion of Na + in BeF2-NaF (75-25 m/o) at 520~ 

If we make the assumption that the diffusion coeffi- 
cient is constant as the concentration changes, we can 
calculate CNaCl as a function of time from Eq. [6] and 
from that the ideal emf. It was assumed in this cal- 
culation that the partial molal volumes are additive; 
this assumption is only approximately correct for this 
system (10). 

Calculated points are also given in Fig. 1. The "ideal" 
curve is in reasonable agreement with the experi- 
mental curve; however, the calculated points lie 
slightly below the experimental values except in the 
final part of the curve. It can also be seen that the 
calculated curve fits the experimental curve better if 
the transition time is short. 

In our calculation, D was assumed to remain con- 
stant as the composition changes (not a correct as- 
sumption). Furthermore, for the system AICI~-NaCI 
it has been observed (13-15) that above 80 m/o of 
AICI3 and above 193~ two liquid phases occur, of 
which one is probably almost pure A12C16. Hence the 
point where a pure layer of AI~C16 is formed at the 
electrode should occur sooner than in the absence of 
two liquid phases. The time for which ~/ = 0.80 can be 
easily calculated from Eq. [6] and one obtains in gen- 
eral that t,=0.so = 0.26T. Thus, if the observed transi- 
tion time corresponds to the immiscibility, the true 
transition time is about four times longer. For this con- 
dition, the calculated curve exhibits a very fiat region 
with a sudden potential increase when the immisci- 
bility occurs. At this point the concentration of Na + 
ions at the electrode surface is zero. The shape of the 
calculated chronopotentiograrn would be different from 
what we observed. Nevertheless, in the range of our 
working temperatures, the pure AI~CIB produced at the 
end of the chronopotentiogram, or in the region of im- 
miscibility, should be a solid. Such a solid layer can be 
easily observed on the electrode for temperatures 
lower than 120~ and also at very long transition 
times. If this is the case, the measurements are no 
longer reproducible. For temperatures between 130 ~ 

0.2 

O.I 

E(v) A 

IO  

i I i 

0 20 ~0 
Time (sec) 

E (v) 

02 I 

; 
0,! 

1 
, I I ~ l ,., 

o lo 20 15o 
i 

X: 

Fig. 3. Chronopotonfiogram obtained in molten A[C[3-UC[ (63-'~7 
m/o); t : 150~ i : 25 mA; A - -  0.13 cm 2. The points ore 
calculated from Eq. [5] for curve A and from Eq. [5] ~ [11] 
for curve B. 

and 160~ the solid phase is not observed except if the 
transition time exceeds several minutes. Under these 
conditions, the results suggest that the melt is super- 
saturated with A12C16 in the vicinity of the electrode, 
as also noted by HoUeck and Giner (2). 

In the case of AICI~-LiCI, no immiscibility has been 
reported in the literature, although the only paper re- 
porting the phase diagram of this system is rather old 
(13). The experimental and calculated chronopotentio- 
grams for AICI~-LiCI (63-37 m/o) are given in Fig." 3. 

A negative deviation in the first part of the theo- 
retical curve and a slight positive deviation for the 
second half of the curve are observed. The latter ob- 
servation depends mostly on the chosen value of the 
transition time z. z was determined by the method of 
Reinmuth (16). The corresponding average interdiffu- 
sion coefficient is 4.5 • 10 -6 cm s sec -I, higher than for 
the NaCl system as might be expected from the 
smaller size of the lithium cation. 

Over-all, the shape of the experimental curve is 
only slightly different than for the AICI3-NaCI sys- 
tem and also fits the theoretically calculated curve. 
This indicates that the immiscibility did not have time 
to develop in the case of AICI3-NaCI. 

The preceding calculations deal only with ideal emf. 
In order to calculate the effect of the "excess" emf, the 
variation of the activity coefficients with composition 
must be known. Fannln and co-workers (7) have pro- 
posed a least squares empirical polynomial for dln ~/dy 
in which the activity coefficients are calculated from 
vapor pressure measurements. In this case, the excess 
function becomes 

E excess - - :  (1 -- tAl3 + ) 
3 F  o 

(C1 + 2C2z# + 3Cay 2) dy [8] 

However, the values of the coefficients C1, C~, and  
C3 are not given; in any case, this polynomial  was 
determined only in the range 0.55-0.75 mole fraction of 
A1C13. In  view of the fact that  no exper imental  data 
are available for the very acidic melts, we have used 
a very simple funct ion based on the assumption tha t  
the melt  behaves as a regular  solution (17). This as- 
sumpt ion is not  correct due to strong interactions be-  
tween the melt  consti tuents;  however, it is interest ing 
to know in what  way a correction for the activity co- 
efficients wil l  affect the ideal funct ion even if this 
correction is very approximate.  Thus the activity co- 
efficients were estimated from (17) 

RT In-~ : w(1 -- ~)~ [9] 

where to is a constant. 
The excess emf then becomes 

~o ~ o  ( 1 - [ - 2 7 J )  E excess = ,  (i --  tAla+ ) (21# --  2)d~J 
3F 1 -- IJ 

[10] 

This equation contains only one adjustable  pa ram-  
eter, w. Comparison of Eq. [10] with Eq. [8] shows 
that  the third term in  Eq. [8] (3C3y 2) has been ne -  
glected and the constants are related by C2 = - -CI/2  
: z o / R T ;  however, there are no basic differences be-  
tween  the two equations. 

After  in tegrat ion of Eq. [10] and  expressing N as a 
funct ion  of CN~c~, we obta in  

2w 
Eexcess -- 

3F 

_ (1 -- CNaClVNacl)[2 -{- (VAIcls - -  2 V N a c l ) C N a c l ]  

+ 

[1 + (VAIC~ -- VNaCl) C~',cd 2 

(I -- C~ -~ (VAIcls -- 2VNacI)C~ 

[I + (VAic~ -- VNacl) C~ 2 
[11] 
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Since the absolute value of the first term in the 
parenthesis is always larger than that  of the second, 
the value of the parenthesis is negative and the sign 
of the excess funct ion is thus opposite to the sign of 
the constant w. It is also worth noting that  this ap-  
proximate function giving E excess affects mostly the end 
of the chronopotentiogram; this result  is s imilar  to 
that obtained by Brauns te in  et al. (1) An  average 
value of w ~ 7 • 103 j -mole  -1 has been calculated 
to fit the exper imental  curve for the system A1Cls-LiC1. 
The final result  is given in curve B of Fig. 3 for 
which the agreement  between the calculated and ex-  
per imental  values is quite good, par t icular ly  consider- 
ing the approximations involved. 

Conclusions 
Excellent agreement  be tween theory and exper iment  

has been obtained for the anodic oxidation of A1 in  
A1Cls-NaC1 (63-37 m/o)  and in A1Cla-LiC1 (63-37 
m/o) .  It is clear that  the mechanism resul t ing in  the 
chronopotentiogram (formation of a poorly conduct-  
ing A12Cle layer  at the electrode surface and the de- 
pletion of current  carrying alkali metal  ions) is ana-  
logous to that  observed for MF-BeF2 mixtures  (1). 
Since the calculated curves are obtained from assum- 
ing a reversible concentrat ion cell, the observed agree- 
ment  shows that  the A1 electrode behaves reversibly in 
the range of current  densities employed. Fur thermore,  
the applicabili ty of Sand's equation requires that  the 
oxidation process is diffusion controlled. 

Acknowledgments 
This work was supported by the National  Science 

Foundat ion  under  Contract  NSF GP 32433X. A gran t -  
in-a id  from ALCOA Foundat ion  is also grateful ly ac- 
knowledged. The authors are pleased to acknowledge 
useful discussions with Drs. Je r ry  Brauns te in  and 
Catherine Vallet. 

Dr. Gilbert  has received part ial  support  from the 
Fonds National de la Recherche Scientifique of Bel- 
gium. 

Manuscript  submit ted Oct. 26, 1973; revised manu-  
script received Feb. 5, 1974. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be pub l i she d  in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. i, 1974. 

REFERENCES 
i. J. Braunstein,  H. R. Bronstein, and J. Truitt ,  J. 

Electroanal. Chem., 44, 463 (1973). 
2. G. L. Holleck and J. Giner, This Journal, 119, 1161 

(1972). 
3. G. D. Brabson, A. A. Fannin ,  Jr., L. A. King, and 

D. W. Seegmiller, Abstract  26, p. 61, Electro- 
chemical Society Extended Abstracts, Spring 
Meeting, Chicago, Illinois, May 13-18, 1973. 

4. G. Torsi, K. W. Fung, G. M. Begun, and G. Maman-  
toy, Inorg. Chem., 10, 2285 (1971). 

5. G. Torsi and G. Mamantov, J. Electroanal. Chem., 
30, 193 (1971). 

6. G. F. Uhlig, Dissertation, Univers i ty  of Utah, 1973. 
7. A. A. Fannin ,  Jr., L. A. King, and D. W. Seegmiller, 

This Journal, 119, 801 (1972). 
8. B. F. Hitch and C. F. Baes, Jr., Inorg. Chem., 8, 201 

(1969). 
9. P. Delahay, "New Ins t rumenta l  Methods in Elec- 

trochemistry," p. 184, Interscience Publishers,  
New York (1954). 

10. C. R. Boston, J. Chem. Eng. Data, 11, 262 (1966). 
11. K. W. Fung and G. Mamantov, J. Electroanal. 

Chem., 35, 27 (1972). 
12. F. R. Clayton, G. Mamantov, and D. L. Manning,  

This Journal, 120, 1193 (1973). 
13. J. Kendall ,  E. D. Crit tenden, and H. K. Miller, 

J. Am. Chem. Soc., 45, 963 (1923). 
14. U. I. Shvartsman,  J. Phys. Chem. (USSR), 14, 253 

(1940). 
15. V. W. Fischer and A.-L. Simon, Z. Anorg. Allgem. 

Chem., 306, 1 (1960). 
16. W. H. Reinmuth,  Anal. Chem., 33, 485 (1961). 
17. L. G. Boxall, H. L. Jones, and R. A. Osteryoung, 

This Journal, 120, 223 (1973). 

i - 

Electrodeposition of an Amorphous Cobalt Rhenium Alloy 
P. J. Cote, G. P. Capsimalis, and V. P. Greco 

Watervliet Arsenal,  Watervliet, New York 12189 
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We are report ing on the formation of a cobalt-44 
atomic per cent (a/o) rhen ium amorphous alloy by 
electrodeposition from a bath developed by Netherton 
and Holt (1). The bath composition used to obtain the 
amorphous phase is given in  Table I. 

Our  fabrication of a new amorphous metal  is sig- 
nificant in view of the current  interest  in these mate-  
rials and the fact that  relat ively few amorphous alloys 
have been electrodeposited. 

Both x - r ay  and electron diffraction pat terns show 
the diffuse r ings which are characteristic of these ma-  
terials (see Fig. 1). 

Electrodeposition studies were made using the Beck- 
man  "Electroscan 30." Current  density vs. cathode po- 

Key words: amorphous, electrodeposition, coba l t - rhen ium alloy. 

tent ial  scans were obtained in the potentiostatic mode 
and these revealed a break at around --850 mV as 
shown in Fig. 2. These data were taken in a quiescent 
bath. The break is far less pronounced in  the stirred 
baths in which the specimens were prepared. Deposits 
made above the break general ly  result  in  the amor-  

Table I. 

C o n e e n t r a -  
Bath fo rmula  t ion (g/ l i ter)  

CoSO~ 7I~O 60 
Citric acid 66 
NH4ReO, 4 
pH 7.6 
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Fig. 1. This is a typical electron diffraction pattern obtained 
from the amorphous phase. X-ray diffraction gives essentially the 

4~sinO 
same pattern. The first peak position occurs at 

3.0A-L 

3 

~ 2 

-550 -650 -750 -850 

5~THODE P0]E~I& (IIIU.IVOLTS) 

| I 
~950 -i050 

Fig. 2. The current density vs. cathode potential (SCE) shows a 
break which appears to correspond to the deposition of the amor- 
phous phase under suitable bath conditions. 

phous phase, and those made below the break result  
in a mix ture  of amorphous and crystall ine phases. 
Similar  behavior  was reported by  Omi et aL (2) in  the 

electrodeposition of a Co-25 a/o W alloy. They found 
two b reaks  which appear to correspond exactly to the 
transi t ions from amorphous to crystal l ine deposits. 
Although we see a similar  correspondence unde r  the 
proper bath conditions, we also observe this break with 
no rhenium in the bath. An  explanat ion for the above 
is that  the break represents the l imit ing current  den-  
sity for metal  deposition. The subsequent  sharp in -  
crease in slope corresponds to increased hydrogen 
discharge at the cathode. Making the assumption that  
the amorphous phase is a result  of codeposited hydro-  
gen, we can then  unders tand  the relationship between 
crystal l ine s t ructure  and cathode potential. Approach- 
ing the vicinity of the break, there is an increasing 
percentage of hydrogen codeposited. This corresponds 
to an increasing percentage of the amorphous phase in 
the deposit as the cathode potential  is made more neg-  
ative. It  is worth not ing here that according to (1), the 
Co-Re alloy composition is relat ively insensit ive to 
cathode potential  over a wide range. 

At the lower current  densities, the crystal l ine phase 
(hcp) is present  in  an unusua l  form appearing as crys- 
tal l ine cones or columns imbedded in  an amorphous 
matrix.  All the columns appear to be oriented with the 
fiber axis parallel  to the surface normal,  with the 
<100> crystallographic direction along the fiber axis. 
This is based in  p a r t  on the appearance of only the 
{100} and {200} peaks in  the diffraction patterns.  Simi-  
lar  observations were reported by Cargill  (3) for some 
of the NiP glasses produced by both electrodeposition 
and electroless deposition. In  his case the fcc crystal-  
lites had the <111> direction paral lel  to the surface 
normal.  

Annea l ing  this alloy for 1 hr at 300~ results in  sub- 
s tant ial  crystall ization directly to the stable hcp solid 
solution determined by  x - ray  and electron diffraction. 
Electron microscopy and diffraction from the  deposit 
edges show the presence of some fcc crystalli tes and 
whiskers after annealing.  The lattice parameter  of 
these crystallites is about 3.9A. This is consistent with 
ReN0.~5 (ao : 3.92A) and with a metastable  solid solu- 
t ion of cobalt and rhenium. We note that  metastable 
in termediate  phases are commonly seen in  annealed 
glassy metals. 
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script received Feb. 1, 1974; 

A ny  discussion of this paper will appear in a Discus- 
sion Section to be published in the December !974 
JOURNAL. All discussions for the December 1974 Dis- 
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers appearing in 
the Journal  of The Electrochemical  Society,  VoL 120, No. 2, 4, and 6; 
February,  April,  and J u n e  1973. 

Monolayer Formation in the Reduction of Nickel and 
Silver Ions from the LiCI-KCI Eutectic 

G. J. Hills, D. J. Schiffrin, and J. Thompson 
(pp. 157-164, Vol. 120, No. 2) 

D.  Inmanl  and D. G. Lovering:2 In our opinion, the 
results given in the paper  under  discussion could 
equal ly  wel l  be explained in terms of the discharge of 
a layer  of adsorbed nickel ion containing species 
pr ior  to the discharge of the ions diffusing from the 
bulk of the solution. 

As the authors of the paper  being discussed state 
themselves,  the presence of peaks in the potentiostatic 
step response would have been expected on the basis 
of their  model. Fur thermore ,  Fig. 4 of the above-men-  
t ioned paper  is a much scaled-down version of an 
original  figure in a thesis ~ by one of the authors 
(J. T.). In the la t te r  it is possible to discern finite 

intercepts in the T 1/2 v s .  i - 1  plots. This behavior  is 
typical, and often diagnostic, of an adsorption process. 
Again, the l inear  dependence of the peak current  on 
the sweep rate  in the "monolayer  format ion"  region 
(cyclic vo l tammet ry)  is also indicative of an adsorp-  
tion process. 

Thus, as a first approximation,  an AR, SR type of 
discharge mechanism 4 would seem appropriate  on the 
basis of these results. The discharge of adsorbed layers 
of ions in mol ten  salt systems has been indicated on 
several  previous occasions 5 and it is therefore  all the 
more surprising that  the authors have  not considered 
this a t t ract ive a l te rna t ive  explanation.  

The test applied by one of us in a previous study 6 
[increasing the sweep rate  of repet i t ive  ( cyc l i c ) l i nea r -  
sweep vol tammograms until  the supposed adsorption- 
controlled current  peak disappeared] could usefully be 
applied in the present case. Also, since an AR, SR type 
of discharge mechanism seems appropriate,  it would 
be possible to move the start  potential  to a value 
more negat ive than the supposed AR prepeak, ancl con- 
firm pure, diffusion-controlled behavior  of the re-  
maining (SR) current  peak. 

Finally, the results for  Ag I may  also be influenced 
by adsorption processes. The separat ion be tween  the 
two reduct ion modes could not be discerned in the 
chronopotent iograms which may depend on both 
processes. Thus the high values of the diffusion co- 
efficients, calculated on the basis of these chronopo- 
tentiograms, may  reflect the adsorption contr ibut ion to 
the t ransi t ion time. 

G. 3. Hills, D. 3. Schiffrin, and $. Thompson: We are 
grateful  to Drs. Inman and Lover ing for their  discus- 
sion of an a l ternat ive  explanat ion for the predeposi-  
t ion phenomena and we should have given references 
to their  several  papers which are based on the adsorp-  
t ion mechanism. 

However,  our bel ief  is unal tered that  the results 
presented in our  paper  are indicative of a monolayer  

1 Department  of Metal lurgy and Materials  Science, Imper ia l  Col- 
lege of Science  and Technology,  London SW7, Uni ted  Kingdom.  

2 D ep a r t men t  of Chemis t ry  and Metal lurgy,  The Royal Mil i tary  
College of Science, Sh r ivenham,  Swindon,  Wilts, Uni ted  Kingdom.  

s J.  Thompson,  Ph.D. Thesis,  Un ive r s i ty  of Southampton  (1973). 
R. W. M u r r a y  and D. J.  Gross,  Anal.  Chem. ,  38, 392 (1968). 

5For  example ,  R. Narayan ,  D. G. Lover ing ,  and D. Inman ,  Chem.  
Commun . ,  886 (1966); D. Inman ,  D. G. Lover ing ,  and R. Narayan ,  
Trans. Faraday Soe., 64, 2487 (1988); D. Inman ,  R. Sethi,  and  R. 
Spencer,  J. Electroanal. Chem. ,  29, 137 (1971). 

O D. G. Lover ing ,  Trans. Faraday Soe., 67, 2659 (1971). 
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in termedia te  of adatoms. We certainly do not deny that  
this process may  be preceded by a kinet ical ly impor-  
tant  adsorption step but only that  we could not sepa- 
rate  them except  using except ional ly  high sweep rates. 

The involvement  of a monolayer  is based pr imar i ly  
on the charge equivalent  of the predeposi t ion step 
which is close to that  corresponding to a close packed 
monolayer  of meta l  atoms covering an area equal  to 
the apparent  or formal  area of the electrodes. Given 
that  the real  surface area is somewhat  la rger  than this, 
it would  still requi re  an unusual ly  high surface charge 
density of adsorbed nickel ion species to account for 
the observed cathodic c h a r g e  (extremes of z F r •  are 
typical ly ___20 ~coulombs/cm 2, cf. the present  value of 
600 ~coulombs/cm2).  Then there  is the evidence from 
other  systems in which meta l  monolayers  have  been 
observed 7,8 and from the analogous studies of the ad- 
sorption of atomic hydrogen on platinum. More recent  
still is the direct evidence of predeposi ted meta l  mono-  
layers obtained from measurements  of the specular 
reflection of electrode surfaces as a function of over -  
potential  or, as in  this case, underpotential .  9,10 

It is, of course, not correct, as Inman and Lover ing  
assert, that  the absence of a m ax im um  in the po-  
tentiostatic pulse transients  is incompatible wi th  a 
precursor  meta l  monolayer.  What  we t r ied to say was 
that  where  the number  of deposition or nucleat ion 
sites is not restricted, then  la teral  g rowth  f rom pre -  
fer red  sites (which would  give rise to a max imum)  is 
not to be expected. 

On the other  hand, we accept Inman and Lovering 's  
criticism of Fig. 4 in the paper  being discussed. The 
T 1/2 scale is ten times too great  and there  was an in ter -  
cept in the original  thesis figure. 3 However ,  this was 
small, and, in our opinion, wi thin  exper imenta l  error.  
Even so, we do not deny that  the intercept  may  be real  
and that  it may  wel l  be evidence for an adsorption 
process. 

We hope to r e -examine  these systems using an elec- 
troreflectance technique and it may  be that  we shall 
be able to confirm in these systems also the existence 
of a meta l  monolayer .  Whether  or not it is formed 
solely from an adsorbed layer  of meta l  ions might  also 
be evident.  

On Accelerated Pitting and Crevice Corrosion Tests 
J. Degerbeck (pp. 175-182, Vol. 120, No. 2) 

M. Grassiani:  II Referr ing to the author 's  conclusions 
in the paper under  discussion concerning the uncer-  
ta inty  of electrochemical  tests in evaluat ion of lo-  
calized corrosion resistance in calm natural  seawater,  
we should like to quote his own discussion: " the elec- 
t rochemical  specimen having the lowest  pi t t ing po- 
tential  value ought to correspond bet ter  to the crevice 
surfaces at tacked in the field t e s t . . . "  Since most 
of field test exposure led to crevice corrosion (ei ther  
occurring under  fouling or artificially achieved) ,  it 
should be expected that  crevice corrosion occurs at 
lower  potentials than the mean  pitting potential  12 and 

~E. Schmidt  and H. R. Gygax ,  J. Eleetroanal. Chem. ,  12, 300 
(1966). 

S G. W. Tindall  and S. Bruekens te in ,  Anal .  Chem. ,  40, 1051 
(1968). 

9 D. M. Kolb, The  Chemical  Society, Fa r a da y  Division,  General  
Discussion on " In t e rmed ia t e s  in Elect rochemical  React ions ,"  Oxford,  
England,  Sep tember  1973. 

lo j .  D. E. MeIn ty re  and D. M. Kolb, Syrup. Faraday Soc., 4, 99 
(1970). 

11 Chemical  Eng inee r ing  Depar tmen t ,  Un ive r s i t y  os the  Negev ,  
Beer -Sheva ,  Israel.  

M. Grass iani ,  Tribune  du CEBEDEAU,  25, 515 (1972). 
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thus, the whole  basis for comparison be tween  the two 
types of tests becomes unreal.  Fur thermore ,  it should be 
emphasized that  besides the possible contr ibut ion of 
M~S surface inclusions to the lower  pit t ing potentials  
observed on some specimens it is more  l ikely  that  
envi ronmenta l  factor var ia t ion (like var ia t ion of oxy-  
gen content  even under  N2 bubbling, or var ia t ion of 
s t i rr ing by that  bubbling)  could affect the results. 
Our  exper ience  la showed that  full  deaerat ion is diffi- 
cult to achieve or control;  on the other  hand, one can-  
not expect  to reach the " t rue"  anodic behavior  there, 
where  oxygen still cathodically reacts  resul t ing in 
more noble (and apparent)  pi t t ing potentials.  

Finally, potent iodynamic polarizat ion techniques 
should be more  cautiously used in order  to achieve the 
best reproducibi l i ty  wi th  the appropriate  potent ia l  scan 
rate. 

J.  Degerbeck:  The purpose of the study in the paper 
under  discussion was to invest igate  the val idi ty  of 
different tests in predict ing the re la t ive  corrosion re -  
sistance of stainless steels in a specific seawater  en-  
vironment .  Among other  things we found ra ther  a 
good correlat ion be tween  the min imum value of pit t ing 
potential  and number  of crevice attacks in the sea- 
water ;  correlat ion coefficient was --0.83 for one of the 
tests. 

Dr. Grassiani 's  opinion in the above discussion is 
that  it is unreal is t ic  to compare the resistance to ini-  
t iation of pit t ing to that  of crevice corrosion, since 
crevice corrosion occurs at lower  potentials than  pi t -  
ting. Against  this I would  raise the  fol lowing objec-  
tion: 

As there  seem to be certain similari t ies be tween  the 
mechanism of format ion of pit t ing and crevice corro-  
sion, 14,15 and as practical  exper ience and the main  im-  
pression f rom the l i t e ra ture  indicate that  it is not qui te  
unrealist ic to assume that  the re la t ive  resistance of 
different steels to init iat ion of pit t ing is the same as 
thei r  re la t ive  resistance to ini t iat ion of crevice corro-  
sion, I cannot see why  it is unreal is t ic  to correlate  
crevice corrosion from field tests wi th  pit t ing f rom lab-  
ora tory  tests. That crevice corrosion occurs at poten-  
tials lower  than  the pi t t ing potential  is i r re levant .  
Further ,  my opinion is that  f rom a practical  point of 
view, it does not ma t t e r  what  results you compare or 
correlate  as long as the correlat ion is of value  in p re -  
dicting the corrosion resistance in the actual envi ron-  
ment.  

In regard  to the envi ronmenta l  factors ment ioned I 
agree that  they  could affect pi t t ing potent ial  results. 
However ,  in our invest igat ion we per formed every  tr ial  
in each of the tests exact ly  under  the same condi-  
tions. 

I am ful ly  aware  that  the potent iodynamic pit t ing 
potential  tests used in the present  invest igat ion are 
not the "best" ones. What  you gain in accuracy you 
normal ly  lose in time. We prefer red  to make  use of 
ra ther  fast tests. 

Diffusion Coefficients and Kinetic Parameters in 
Copper Sulfate Electrolytes and in Copper Fluoroborate 

Electrolytes Containing Organic Addition Agents 

C. J. Milora, J. F. Henrickson, and W. C. Hahn 
(pp. 488-492, Vol. 120, No. 4) 

L. Grambow and W. Vielstichfle We have  recent ly  
studied the accurate de terminat ion  of t race diffusion 
coefficients via the use of rotat ing electrodes (disk or  

M. Grassiani, Thesis, University of Liege,  Be lg ium (1972). 
~4 J.  M. DeFranoux ,  P a p e r  No. 3, Mar ine  Corrosion Conference  in  

Conjunct ion  wi th  The Sea Horse  Ins t i tu te  of Harbor  Island,  Biar r i tz  
(1969). 

~5I. L. Rosenfeld and I. S. Danilow, Z. Phys .  Chem. ,  226, 257 
(1964). 

~OInstitut f i lr  Physikal ische Chemic der Universit~it Bonn, 53 
Bonn, Germany. 
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ring).17 In determining the Cu § + diffusion coefficients 
in a sulfuric acid electrolyte  and in a fluoboric acid 
e lect rolyte  the invest igat ions of  C. J. Milora, J.  F. Hen-  
rickson, and W. C. Hahn in the paper  under  discussion 
suffer from difficulties in the exper imenta l  procedure  
and a misleading assumption of the exper imenta l  upper  
l imit  of the speed of rotation. Moreover,  an inade-  
quate  formula  was used in the above ,men t ioned  work, 
which results in an e r ror  of calculat ion of  about 4-5%. 

The plot of the obtained data for the l imit ing current  
iL VS. ,~1/2 cannot be ext rapola ted  to zero for either 
e lect rolyte  (Fig. 3 in the paper  under  discussion) : iL = 
a -~ b~ 1/2. Limit ing currents  for rotat ion rates ~2500 
rpm have not been evaluated.  In the a fore -ment ioned  
paper, authors expla in  a nonzero va lue  by "anoma-  
lous" Adams Riddiford effects, claiming that  the Pine 
Ins t rument  ro ta t ing  disk does not possess efficient d i ,  
mensions in the isolat ing part  of the disk. The devia-  
tions for f ~ 250'0 rpm are assumed to be due to tu rbu-  
lent  flow of the electrolyte.  However ,  f rom the data 
presented, a m ax im um  Reynolds number  of about 2000 
can be calculated; the critical value is Recrit ~ 1.5 �9 105. 
We assume that  this anomalous exper imenta l  behavior  
is caused by  the very  high current  density (up to about 
200 m A / c m  2) used: At a scan of 2500 mV/min ,  more 
than 2 • l04 copper: atom layers are fo rmed  during 
one period. This is a thickness of about 1 �9 10 .8  cm. 
On the other  hand, at 2500 rpm the diffusion layer  ~N 
also falls in the range of 1 �9 10-~ cm. Therefore  
realistic data cannot be expected.  

F rom the slope of the curve in Fig. 2 in the work  
being discussed the authors have  calculated the Dcu + * 
values using the Levich  formula  TM (Eq. [1]). I t  is well  
known that  this is a first approximat ion only; one 
should use the Gregory-Riddi ford  equat ion 19 

iL  = n " F " D 213 �9 c| �9 v - 1 / 6  �9 ~1/2 

This results in an increase of the evalua ted  data of 
about 5%. Thus one obtains f rom curve  A (Fig. 2 of 
the paper  under  discussion) 

Dcu+ + = 5.41 �9 10 -6 cm2/sec [2] 

instead of 5.23 �9 10 -6 cmS/sec as given in the paper  
being discussed for the sulfuric acid electrolyte,  and 
f rom curve  B we get 

Dcu+ + = 10.34.10 -6 cmS/sec [3] 

instead of 9.88 �9 10 -~ cmS/sec which the authors in the 
above-ment ioned  work  have  given for the fluoboric 
solution. 

As proof we have measured  in o u r  labora tory  the 
respect ive diffusion coefficients by using a much  lower  
concentrat ion of Cu + + [0.011N CuSO4/1.0N H2SO4 and 
0.0058N Cu(BF4)2/1.0N HBF4, respect ively]  and a 
faster  scan (6000 m V / m i n ) ,  so that  the diffusion layer  
is much  larger  than the rough copper l ayer  deposited. 
F igure  1 of this discussion shows the l imit ing current  
for the H2SO4 elect rolyte  at a rota t ing copper disk 
electrode (A = 0.5027 cm ~) ; the speed of rotat ion 
var ied from 13.7 to 139.3 sec -1 at a t empera tu re  of 
19~ The respect ive plots iL VS. ~1/2 for five different 
tempera tures  are given in Fig. 2. The exper imenta l  
data points lie most ly  on a s traight  line, and the ex-  
t rapolat ion at any tempera tu re  goes th rough zero. 
According to the Gregory-Riddi ford  equation, the fol-  
lowing data are obtained at 25~ 

Dcu+ + -- 5.41 �9 10 -6 cme/sec [4] 

for the CuSO4 solution and 

17 B. Gost isa-Mihelcic  and  W. Vielst ich,  Ber.  B u n s e n g e s .  P h y s i k .  
Chem. ,  76, 19 (1972). 

is V. G. Levich ,  "Phys icochemiea l  Hydrodyna mic s , "  p. 296, Pren- 
tice-Hall,, Inc., Englewood Cliffs, N e w  J e r s e y  (1962). 

19 D. P. Gregory  and  A. C. Riddiford,  J .C~em.  Soc., 3756 (19~) .  
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Fig. 2. iL VS. u�89 for the copper sulfate solution at a copper 
rotating disk electrode at various temperatures. 

Dcu++ = 9.46 10 .8  cm2/sec [5] 

for  the Cu(BF4)2 solution. 
In  the case of the sulfuric acid electrolyte,  the au-  

thors of the  work  being discussed a r r ive  at the same 
result  as we do. For  the fluoboric acid electrolyte,  how-  
ever,  we found a difference of almost 10%. 

To expla in  the vary ing  conductivit ies in the two 
solutions we propose the fol lowing working hypothesis. 
The Cu + + cation is bound in different complexes in 
both solutions. The tetrafluoboric anion does not come 
into consideration for the formation of the  complex;  
we can assume the existence of aquocomplexes  in the  
fluoboric acid solution. More probable is the format ion 
of sulfato complexes in the sulfuric acid electrolyte.  
This assumption would explain the reduced mobi l i ty  
of the Cu + + ions in the sulfuric acid solution, since 
such complexes have a larger  d iameter  than pure  
aquocomplexes.  

Origin of Activation Effects of Acetonitrile and 
Mercury in Electrocatalytic Oxidation of Formic Acid 

H. Angersteln-Kozlowska, B. MacDougall, and B. E. Conway 
(pp. 756-766, Vol. 120, No. 6) 

A. Capon and R. Parsons:~0 The paper  under  discus- 
sion brings some interest ing new informat ion to bear  
on the problem of formic acid oxidation. At the same 
t ime it neglects some of the information a l ready avai l -  

Schoo l  of  C h e m i s t r y ,  U n i v e r s i t y  of  Br i s to l ,  B r i s t o l  BS8  1TS. E n -  
g l a n d .  

able in the l i t e r a t u r ~  1 and it seems to us to ru le  out 
the possibility of formic anhydride playing the role 
of the strongly adsorbed  in termedia te  (P) which poi-  
sons the faster  oxidat ion process. Al though the prop-  
erties of P are subject  to some dispute there  does seem 
to be agreement  21,22 on the  facts that  two to three 
electrons are removed  to produce each CO2 molecule  
f rom P and that  sl ightly more  than one electron per  
site (eps) is r emoved  in its oxidation to CO2, the site 
being measured  in terms of hydrogen adsorption. 
Formic anhydride requires  two electrons to be removed  
for its oxidat ion to produce two molecules  of COs, i.e., 
one electron per  CO2. From the model  shown in Fig. 
9(a) of the paper  under  discussion it appears that  
formic anhydride should occupy six sites so that  oxida-  
t ion would requi re  removal  of one- th i rd  e lectron per  
site. Both these predictions are in disagreement  witL 
the exper imenta l  observations.  

A COH species bonded to three  Pt  atoms in the sur-  
est 

face would  requi re  removal  of one electron per  site 
and three  electrons per  CO~; this is in substantial ly 
bet ter  agreement  wi th  the experiment ,  though the dis- 
crepancies are still  sufficiently large that  it seems 
l ikely  that  another  species may  be present,  but  in 
smaller  amount. The format ion of COH as a predomi-  

$*s 

nant  component  of P appears  to account qual i ta t ively  
for the observed behavior  if  it is fo rmed  by two 
mechanisms, 22 (i) when  adsorbed hydrogen is present  
by reaction of adsorbed carboxyl  radicals wi th  ad- 
sorbed hydrogen, and (ii) in the absence of adsorbed 
hydrogen, by a slow "disproport ionat ion" mechanism 
be tween  adsorbed carboxyl  radicals and formic acid 
molecules. The observations repor ted  in Fig. 8 of the 
paper  under  discussion also seem to fit this proposal 
satisfactorily. The Observed effects of adsorption of 
mercury  on acetonitr i le  would  seem equal ly  easy to 
in terpre t  on this model  as on the hypothesis  of formic 
anhydride as in termedia te  P. 

It should also be emphasized that  t h e  existence of P 
on the surface cannot account for the observat ion of 
the first peak for formic acid oxidation (FA1). If  ex- 
per iments  are per formed under  conditions where  the 
concentrat ion of P is constant (Fig. 20 of Footnote 22) 
the peak remains  wel l  defined and the current  is in-  
dependent  of the direction of the sweep. Thus the rate  
is de termined by a surface reaction, which  is in fact 
the fast route for oxidat ion of formic acid. A peak of 
this type cannot be accounted for in terms of a two-  
step reaction involving a single in termedia te  COOH. 
It  therefore  seems necessary to postulate the existence 
of at least one subsequent  in termedia te  occupying two 
sites. We have suggested 22 that  this may  be C(OH)2 

which could be produced in the react ion 

HCOOH + COOH--> C(OH)2 -{- CO2 W H + + e 

al though this identification is tentative.  An explanat ion 
of this type also accounts for the single peak in formic 
acid oxidation S on pal ladium where  no inhibit ing 
species P is found. 

H. Angerste in'Kozlowska,  B. MaeDougall,  and B. E. 
Conway: Drs. Capon and Parsons direct a t tent ion to 
the quest ion of the number  of electrons per  site (eps) 
requi red  for the oxidat ion of the poisoning in te rmedi -  
ate P that  arises spontaneously in formic acid oxida- 
t ion at Pt. We had ourselves in the paper  under  dis- 
cussion also re fe r red  to this problem in relat ion to the 
previously published 24,25 estimates of this quant i ty  and 
to possible chemical identit ies ~ of this species. 

m A. C a p o n  a n d  R. P a r s o n s ,  J. Electroanal. Chem., 44, 1 (1973). 
A.  C a p o n  a n d  R. P a r s o n s ,  ibid., 45, 205 (1973). 

~ A .  C a p o n  a n d  R. P a r s o n s ,  ibid., 44, 239 (1973). 
~4 S. B. B r u m m e r  a n d  A.  M a k r i d e s ,  J. Phys.  Chem., 68, 1448 

(1964); S. B. B r u m m e r ,  ibid., 69, 1363 (1965) ; Elek trokhimiya ,  4, 
243 (1968); J. Phys.  Chem., 69, 562 (1965). 

is  M. B r e t t e r ,  Electrochim. Aeta,  8, 447 (1963) ; ibid., 10, 503 (1965). 



VoL 121, No. 6 DISCUSSION S ECTI O N  781 

The general i ty  of the activating effect of added 
strongly adsorbed substances on the so-called FA1 oxi- 
dation current  for formic acid (as stated in  the paper 
under  discussion) requires that  a competit ive poison- 
ing effect is involved which diminishes the rate and 
extent  of formation of P in the formic acid oxidation 
reaction, yet  does not block the ma in  reaction process. 
In  the paper  being discussed we gave evidence that  
added competit ive poisons must  act by  a " th i rd-body" 
effect, in ter fer ing  in  the production of P by prevent ing  
close approach of whatever  intermediates  are required 
for its fo rma t ion .  In  the paper under  discussion, we 
proposed the possibility that P was formic anhydride,  
stabilized by  two-site adsorption, that  arose from 
dimerization of adsorbed COOH (I),  the principal  in-  
termediate  in  the ma in  reaction sequence of HCOOH 
oxidation. Format ion of such a poison would be re-  
tarded by the "third-body" effect. In  the l ight of 
Capon and Parsons's  comments, it  is useful  first to re-  
examine the H-blocking and surface-site requi rements  
of formic anhydr ide  species (II) .  Inspect ion of mo-  
lecular  mode l s  of a Pt  (III)  surface latt ice and of 
formic anhydride  indicates the possibility that  the 
lat ter  species is adsorbed with bonding of the two C 
atoms on top of two adjacent  Pt  atoms. This then 
blocks chemisorption of H only on the two Pt  atoms 
involved so that  the eps could be near  one or at the 
least be two-thirds,  i.e., close to the figure Capon and 
Parsons find, and quote from the l i terature.  22 The only 
rea r rangement  required in relat ion to our previous 
picture in the paper being discussed is that  bonding of 
C to Pt  occurs to the top of Pt  a t o m s ,  ra ther  than  
through electrons in  t r igonal  interst i t ial  locations, e.g., 
in the case of the (111) surface. In  fact, it can be 
argued that  this a l ternat ive representat ion of the bond-  
ing of II to Pt  is more consistent with current  ideas 26 
about the disposition of d-orbitals  at t ransi t ion metal  
surfaces, e.g., the orientat ion of dyz and dz2 orbitals. 

The fact that  P can be oxidized, l ike the species 
formed i n  methanol  oxidation, in the PtOH region is 
probably not, however, diagnostic of the na ture  of P, 
since m a n y  organic substances, and impurities, are also 
oxidized over the same potential  range. 

While the " third-body" effect associated with activa- 
t ion of formic acid oxidation receives a simple and 
direct explanat ion of terms of blocking of a dimeriza-  
t ion type of reaction, a similar effect of a competitive, 
monofunct ional ly  adsorbed poison could arise in  a 
reaction such as PtX + Pt  ~ Pt2Y where Y is a species 
requir ing two sites for adsorption compared with only 
one for the reactant  species from which it originates. 

Fur ther  investigations in progress on the activating 
effect of Hg indicate that  the reaction pathway cor- 
responding to the FAt current  (as in the paper under  
discussion) must  be more complex than  the chemically 
most direct pathway 

HCOOH + 2Pt-~ P tH + PtCOOH ~ 2H + + CO2 + 2e 
[1] 

commonly considered in the l i terature,  and must  in -  
volve a second intermediate  adsorbed on at least two 
sites (see below),  produced from --COOH. Competi-  
tive poisoning lifts the inhibi t ion of pathway [1] by 
prevent ing  [ thi rd-body effect (as in  the paper being 
discussed) ] formation of the second intermediate  and 
the ma in  poison (which Capon and Parsons suggest is 
C ~ O H )  and allows an  increase of current  through 

pathway [1]. 
A schematic reaction sequence which could t en ta -  

t ively provide a basis for some of the features of the 
oxidation of formic  acid and the activating effect of 
competit ive poisons is shown below (Fig. 1). 

The main  pathway of the reaction must  proceed 
through intermediates  I and II; in termediate  II is 

See, fo r  e x a m p l e ,  O, J o h n s o n ,  J.  Res.  Ins t .  C a t a l y s t ,  Hokkaldo  
Univ . ,  Zl ,  ! (1973). 
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Fig. !. Schematic reaction sequence 

formed from intermediate  I by  reaction wi th  H and 
part icipation of at least one fur ther  Pt  site. I t  is then 
possible that the pathway through II from I could give 
rise to a current  peak wi thout  the necessity of in -  
yoking 21-~ oxide blocking species, improbable  27 over 
the potential  range of the FAt  peak. The peak current  
could arise since OH decreases with potential,  while 
the oxidation of II increases with potential.  The ki-  
netics of the ma in  pathway are modified by the pres-  
ence of at least two other side products, P1 (probably 
the species C--OH discussed by  Capon and Parsons 

and in  their  papers21-~), which originates in  the H 
adsorption region and P2 which must  be invoked to 
explain t ime-dependent  diminishing currents  in  the 
cathodic sweep after reduct ion of the surface oxide. 

We thus agree with Capon and Parsons that  at least 
two types of poison species, accumulated i n  the side 
reactions, are required if the exper imental  behavior 
is to be more fully accounted for. 

Capon and Parsons 21-2~ have suggested tha t  the sec- 

C/OH 
ond poison is formed by  a disproportionation 

**~OH 
reaction between COOH and HCOOH. 

The disproportionation mechanism proposed by 
Capon and Parsons in the above discussion (cf. Foot- 
note 21) (HCOOH + COOH ~ C(O'I-I)2 + CO2 + H + 

$ $* 

e) for C (OH)2 and that  21-z3 for formation of C ~ O H  
,$ $*$ 

must  themselves be complex and may involve other 
intermediates  [C(OH)2 in the case of C--OH],  as well  

$$ $$$ 

as acid catalyzed dehydrat ion in  the la t ter  case. As 
written,  the reaction schemes of Capon and  Parsons zl-m 
are purely  formal and would not be easily rationalized 
in  terms of organic reaction mechanisms. 

We believe the use of formal reaction schemes, es- 
pecially for heterogeneous reactions, can be misleading, 
as the site occupancy and geometry of the adsorbate in 
relat ion to that  of the lattice must  always be carefully 
considered, as we stressed in  the paper which is being 
discussed. 

/ O H  
We feel that it  is more l ikely that  C is formed 

** ~OH 
by reduction of COOH by the H dissociated from 

@ 

HCOOH and that 
/OH 

C~OH 

H. A n g e r s t e i n - K o z l o w s k a ,  B. E. Conway ,  a n d  W. B. A.  S h a r p ,  
J. E~ectroanu~. C h e ~ . ,  4S, 9 (197S~. 
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is a second intermediate  in  the ma in  reaction path (see 
Fig. 1 above).  

The possibility of relat ively rapid p roduc t ion  of 
intermediate  I1 from COOH W Hads follows from con- 
sideration of molecular  models insofar as Hads will  be 
located close to the = O  funct ion in  COOH at comple- 

t ion of the HCOOH dissociative chemisorption step. 
Reaction of this H with = O  will  be competit ive with 
ionization of H but  the proximity of H to ----O and the 
shielding effect of COOH will  enhance the possibility 

of reaction to form C(OH)2. Format ion of COH (P1) 
0 *  *** 

will na tura l ly  be a slower reaction, since extra  H is 
required other than  that  provided directly by the dis- 
sociation step, and fur ther  geometrical rea r rangement  
is required. 

We suggest that  outside the H region, the dissociation 
of the formic acid oxidation current  wi th  t ime is due 
to formation of P2 (see Fig. 1 above),  e.g., a dimer 
such as formic anhydride.  

The quest ion of accounting for the first anodic cur-  
rent  peak (FAt in the paper under  discussion) which 
Capon and Parsons ment ioned 21 was considered by 
Gilroy and Conway, 2s who first showed in a general  
way how auto- inhib i t ion  effects could also cause cur-  
rent  peaks without  involvement  of the potent ia l -de-  
pendent  traces of oxide species which Capon and Pa r -  
sons invoke. The essential requi rement  was ~ that  a 
step involving an adsorbed intermediate  requires at 
least one extra  site for the production of the next  in -  
termediate.  

The remarks  in the last paragraph of the above dis- 
cussion seem to be based on a misunders tanding.  No- 
where in the paper being discussed have we stated or 
implied that  the formation of the FA1 peak is as- 
sociated with accumulat ion of P1. On the contrary, 
FA1 is a faradaic current  peak for formic acid oxida- 
t ion which we have shown can be modified by additives 
which change the quan t i ty  of P, adsorbed on the sur-  
face. 

During the course of fur ther  work on activating 
effects in the formic acid oxidation, we have accumu- 
lated evidence for the essential features of the reaction 
scheme shown above, especially with regard to the 
effects of electrodeposited Hg. This work will  be re-  
ported in  more detail at a future  date. 

The Anodic Oxidation of Hydrogen on Platinized 
Tungsten Oxides. II. Mechanism of H2 Oxidation on 

Platinized WO3 Electrodes 

B. S. Hobbs and A. C. C. Tseung (pp. 766-769, Vol. 120, No. 6) 
G. V~rtes and  G. Hor~nyi:29 In the paper under  dis- 

cussion the authors claim that  WO~ is an active sup-  
port  in  the catalytic oxidation of hydrogen and a mech-  
anism of H2 oxidation is proposed. These studies are 
very similar to our  catalytic work concerning the be-  
havior of platinized WC and WO3 powders in l iquid-  
phase catalytic hydrogenation. We found, however,  
that  WO:3 cannot he regarded as an active support  in  
these processes. It is known  from the l i terature  that  
two fundamenta l  types of mechanisms in  l iquid-phase 
hydrogenat ion may be distinguished. The first one is 
the atomic or radical mechanism, given by  the follow- 
ing scheme 

H2"-> 2H; S -l- v H ' *  SH~; H~*~--H+ -I- e 

The second one is the ionic mechanism 

H2---> 2H; H--> H + + e; S + re--> S ~- 

S v- § vH + -~ SHy 

2sO. Gi l roy  and  B. E. Conway ,  J. Phys. Chem., 69, 1259 (1965). 
Centra l  Research  Ins t i tu te  for  Chemis t ry ,  H u n g a r i a n  A c a d e m y  

of Sciences, Budapes t ,  H u n g a r y .  

Accepting the mechanism proposed by Benson et al. 3~ 
and by Hobbs and Tseung a support  effect may  be ex- 
pected in the case of hydrogenat ion via ionic mech- 
anism. 

As ment ioned above this effect has not been ob- 
served. The rate of hydrogenat ion of ni trocompounds 
on p la t inum without  support  and with A12fh or WO3 
supports was the same. 

The mechanist ic consideration of Hobbs and Tseung 
is based upon the results of Benson et at. 3051 who found 
that  the reduc t ion  of W03 was possible only if WO3 
was mixed with p la t inum black and if water  was pre-  
adsorbed on the mixture  prior to admit t ing hydrogen 
to the system. If ei ther one of these conditions was not 
satisfied, reduct ion did not take place at all at room 
temperature.  According to Benson et al., WOa is re-  
duced by H ~atoms produced by p la t inum spli t t ing H2 
molecules. The rapid t ranspor t  of hydrogen atoms 
takes place in an adsorbed layer  of water. This ex-  
planat ion does not take into consideration the possi- 
bi l i ty of the existence of electrochemical processes. The 
existence of the process 

WOa + xH + + xe  ~=~ H~WO3 

however, cannot be questioned. ~2,a3 
Thus the t rea tment  of the problem in Benson's 

papers is inadequate,  and the conclusions d rawn on 
the mechanism of the reduct ion cannot be  accepted. 
In  our judgment  there is no exper imental  evidence 
in  the l i terature  which provides the role of H atoms 
on this reduction. On the contrary, there exist several 
exper imental  facts attesting to the possibility of the 
electrochemical reduction of WO3 (reduction by Zn W 
HC1, Sn 2+, etc. as has been stated in Glemser 's  work 
cited above~2). 

In Part  I of the paper under  discussion 33 the authors '  
opinion seemed to be similar to that out l ined above. 
Thus, t he  conclusions d rawn in  Par t  II (i.e., the paper  
present ly under  discussion) ra ther  contradict the pre-  
vious assertions. 

In  addition, it should be noted that  the exper imental  
results reflected in  Fig. 2 of the work under  discussion 
do not prove the existence of the chemical pathway of 
reduct ion (by H atoms) and the support effect. 

This type of curve is well known from catalytical 
l i terature.  Similar  exper imental  results have been ob- 
ta ined for different reactions on varying the concen- 
t ra t ion of the catalyst on an inactive support. These 
problems have been treated extensively, for example, 
in the theory elaborated by Kobozev which gives a 
mathematical  formulat ion of the phenomenon.  34~5 
From this theory it follows that an increase in the 
specific catalytic activity at low catalyst concentrations 
on the support cannot be regarded as a proof of a 
support  effect. 

B. S. Hobbs 36 and A. C. C. Tseung: In  the above dis- 
cussion G. Vertes and G. Horanyi  did not find any dif- 
ference between the rate of hydrogenat ion of n i t ro-  
compounds on unsuppor ted p la t inum and on p la t inum 
supported on A120~ or WO~. They therefore suggested 
that WO3 cannot be an active support for hydrogena-  
t ion reactions and in tu rn  implied that our results are 
invalid. This is a ra ther  surprising deduction. It is 
important  to note that  Vertes and Horanyi  did not 
state the exact exper imental  conditions of their  study, 
i.e., whether  the size of the p la t inum crystallites on 
each of the three samples was the same or whether  the 

ao j .  E. Bensen,  H. W. Kohn,  and  M. Boudar t ,  J.  Catalysis, 5, 
307 (1966). 

M. Boudart ,  M. A. Vannice,  and  J.  E. Benson,  Z. Physik.  Chem. 
N.F., 64, 171 (1969) 

ae O. Glemser  and  C. N a u m a n n ,  Z. Anorg. Allgem. Chem., 265, 
288 (1951). 

B. S. Hobbs and A. C. C. Tseung,  This Journal, 119, 580 (1972). 
J. G. Tolpin, G. S. John,  and E. Field, " A d v a n c e s  in Cata lys is ,"  

Vol. 5, p. 217, Academic  Press,  New York  (1953). 
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is a second intermediate  in  the ma in  reaction path (see 
Fig. 1 above).  
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ionization of H but  the proximity of H to ----O and the 
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implied that  the formation of the FA1 peak is as- 
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hydrogena t ion  resul ts  were  normal ized  to uni t  P t  su r -  
face a rea  or  uni t  P t  weight .  Unless these points  a re  
clarified, i t  is r a the r  point less  to quote the  resul ts  as 
scientific evidence at  all. In  addit ion,  our  tests  were  
done on Teflon bonded  electrodes.  The pores  of our  
cata lys ts  were  bas ica l ly  d ry  and hence pe rmi t t ed  the  
r ap id  diffusion of H2; whereas  l iqu id -phase  hyd roge na -  
t ion could wel l  be l imi ted  by  the ra te  of H2 diffusion 
th rough  the  pores  of the  c a t a l y s t  since they  are  fi l led 
wi th  l iquid.  Thus, it  is impor t an t  to know whe the r  the  
hydrogena t ion  reac t ion  in the i r  case was ma in ly  
l imi ted  by  the  mass t ransfe r  of the  reactants .  

We p r e p a r e d  the  suppor ted  cata lys ts  by  mix ing  a 
s tock p repa ra t ion  of p la t in ized  WO8 wi th  va ry ing  p e r -  
centages of WO3 and then  plot t ing ac t iv i t y /un i t  weight  
of P t  b lack  vs. Pt  loading  (see Fig. 2 in the  pape r  
under  discussion).  The resul ts  c lear ly  showed tha t  a 
synergis t ic  effect was in operat ion.  On the  o ther  hand, 
no such effect was  found in the  case of p la t in ized  
B4C, i.e., regard less  of P t  loading (0.01-0.12 mg P t /  
cm2), the ac t i v i t y /un i t  weight  of P t  loading remained  
unchanged  for  the  p la t in ized B4C elect rodes  (Fig. 5 
of the paper  under  discussion).  

Fu r the rmore ,  Ver tes  and  Horany i  suggested tha t  the  
format ion  of HxWO3 could be via  an e lect rochemical  
process 

WOs + xH + xe  ~:~ HzWOz 

If  this  mechanism is the  ma in  process,  then  i t  is 
impossible  to reconcile  i t  wi th  the  g rea t ly  enhanced  
ac t iv i ty  of p la t in ized WO3 for the  oxida t ion  of h y d r o -  

gen, since if xH + is r equ i red  to form HxWO3, then  the 
suppor t  cannot speed up the ra te  of H2 oxidat ion.  Ben-  
son et al. 3~ gas-phase  studies on the format ion  of HxWO8 
only  involved  the adsorpt ion  of one mono laye r  of H~O 
and hence the  e lec t rochemical  mechanism is r a the r  un-  
l ikely.  Fur the rmore ,  the  fo rmat ion  of HxWO3 by  the 
Zn -~ HC1 reduct ion  process 32 is l ike ly  to involve 
the  format ion  of a H atom which  could then  diffuse 
to the  WO~ surface, resul t ing  in the  fo rmat ion  of 
HxWO3. Moreover,  Po l t e r ak  8~ showed tha t  a WOs crys-  
ta l  can be reduced  to tungs ten  b lue  (HxWO3) when  it  
is p laced  near  bu t  not  touching a cathode undergoing  
H2 evolution,  thus  confirming the  va l id i ty  of our  p ro -  
posed mechanism.  

Final ly ,  Kobozev 's  ma themat i ca l  formula t ions  34 tend  
to agree  r a the r  than  disagree  wi th  our  results ,  since 
we have shown tha t  the  increase  in specific ac t iv i ty  
wi th  decreased Pt  loading reached a m a x i m u m  value  
when  the number  of P t  par t ic les  to WO3 par t ic les  is 
about  1:1 and the ac t iv i ty  decreases thereaf te r .  In  
the  case of the  normal  suppor ted  ca ta lys t  the  increase  
in specific a c t i v i t y  is usua l ly  associated wi th  decreased 
P t  crys ta l l i te  size as the  p la t inum concentra t ion  on the  
suppor ted  ca ta lys t  is reduced.  In  our  work,  w e  have  
carefu l ly  avoided this  pi t fa l l ;  the  c a t a l y s t  samples  
were  p repa red  b y  mix ing  a stock p repa ra t ion  of p l a t -  
inized WO3 wi th  va ry ing  percentages  of WO3, thus 
ensur ing that  the  p la t inum crys ta l l i te  size r emained  
unchanged.  

G. Polterak,  Zh.  Fiz.  K h i m . ,  ~7, 599 (1953). 
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ABSTRACT 

Oxygen, silicon, and hydrogen ions are implanted with doses of 101~ 
I015/cm2 through the oxide of a MOS structure. The development of induced 
levels in Si can be observed. Annealing experiments from room temperature 
to 800~ show the transition from the nonequilibrium incorporation to the 
initial (nonimplanted) state. Hydrogen implantation hinders the restoration of 
a Si-SiO~ interface under  H2 annealing. 

In a previous paper  (1) we showed that  implanta-  
tion of oxygen at a Si-SiO2 interface creates two deep-  
lying levels in Si (Ec -- E = 0.51 and 0.71 eV). When 
we  measured  the oxygen  implanted sample three  
months later, we observed a broad spectrum of sur-  
face states, but  not a t race of the deep lying levels. 
Fur thermore ,  it was shown (2) that  S i l l  implantat ion 
produces a level  Ec -- E at 0.58 eV. These results 
led us to the we l l -known  suggestion that  interface 
states could be explained as the result  of  nonstoichi-  
ometry,  i.e., a local abundance of ei ther  oxygen  or 
silicon, or a disorder at the interface. 

Models corresponding to such an assumption were  
given for example  by Revesz and Zaininger  (3) or  
Kooi (4). According to Kooi 's  model, hydrogen should 
interact  wi th  the unsatura ted  dangling bonds and 
therefore  reduce the number  of surface states. Thus 
we included in our studies an invest igat ion involving 
hydrogen implanta t ion to test this hypothesis. 

Experimental 
The exper imenta l  procedure  was as follows: <100> 

epi taxial  n and p samples of about 1 ohm-cm resis- 
t iv i ty  were  cleaned and oxidized in dry oxygen. The 
l i fet ime of the minor i ty  carriers was bet ter  than 80 
~sec. The oxide thickness was in the range of 500- 
1000A. The samples were  then implanted,  annealed, 
and 0.50 mm diameter  a luminum dots were  evaporated 
onto the oxide. The accelerator  energy was chosen 
to make  the implanta t ion range equal  to the oxide 
thickness. (We used an accelerator  energy of 95 keV 
in order  to implant  Si through 1000A SiO2 f.e.). For  
this purpose we used the range tables of Johnson and 
Gibbons (5). We made two exper imenta l  series for 
each implanted ion species. In one series the anneal ing 
tempera ture  was kept  constant at 500~ and the ion 
dose was var ied from 1010-1015/cm2 in steps of a factor 
of 10. In the other  series the anneal ing t empera tu re  

1 Present  address: I B M  Corpo ra t i on ,  Eas t  F i s h k i l l  Fac i l i t y ,  Hope-  
wel l  Junction, N e w  York  12533. 

Key words:  ~urface states, nonequil ibrium state of i m p u r i t i e s ,  
implantation in  a MOS structure. 

was var ied from room tempera ture  to 800~ in steps 
of 100~ while  mainta ining the ion dose. In this second 
series we used the results of the first series to  choose 
a dose where  the induced levels  could be seen most  
clearly. 

To determine surface state density Nss and, to a rough 
approximation,  the fixed charge density, we used the 
slow ramp technique  (6) in connection wi th  a 71 
AR-Boonton  1 MHz bridge. For the higher  Nss values 
we had to measure  the sample capacitance at a f re -  
quency of 30-50 MHz in order  to get a dispers ion-free  
C-V curve. This was done poin t -by-poin t  wi th  a 33 
B Boonton bridge. 

For  each series a nonimplanted  control sample was 
measured in order  to de termine  the original  surface-  
state density ( <  1010/cm 2 eV-~) .  Because the C-V 

curves give more  informat ion than just  the deduced 
Ns~ (r plots, we ra ther  present the former  ones 
(.~cn = energy measured wi th  respect to the conduc- 

tion band).  

Results 

An implantat ion of Oxygen caused the appearance 
of the two deep lying levels  (Fig. l a - e ) .  The lowest  
dose used of 1010/cm2 was low enough to have  no 
measurable  effect on the surface states compared to 
the control sample. [Radiation damage was r emoved  
in this series by annealing at  500~ in H2 for 2 hr  (7).] 
The number  of states in the levels  grew with  increasing 
ion dose. For  an oxygen dose of 101S/cm2, only the 
upper  level  at 0.51 eV could be seen; the 0.71 eV 
level  disappeared under  the low energy tai l  of the 
0.51 eV level. At a dose of 1014/cm2, the 0.51 eV level  
was close to the upper  detection l imit  of Nss by the 
slow ramp technique. Stabi l i ty  of the samples was 
excellent,  nei ther  leakage currents  nor flatband shifts 
could be observed. Up to the dose of 1013/cm2 flat- 
band voltage was above --1V. For  the 1014/cm 2 sam- 
ple we observed a considerable downward  shift to 
~. - -7V and a donorl ike doping effect. 
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Fig. la-e. n-type samples, oxygen implantation through ~ 500A 
SiO~. 

In the  second exper imenta l  series for oxygen, the  
results of the anneal ing exper iments  are given in 
Fig. l f - j .  With a fixed ion dose of 101S/cm2, which 
gave a good resolution of the peaks, we s tar ted wi th  
an anneal ing t empera tu re  of 400~ The two levels  
can be seen clearly at the re la t ive  values of C/Cox = 
0.775 and 0.805, respectively.  The 500~ exper iment  
was already done in the first series. On comparison, 
one sees that  the ion doses were  not exact ly  the same 
because the 0.71 eV level  is still s l ightly visible. The 0.51 
eV level  did not decrease very  much, but  the 0.71 eV 
level  is reduced to C/Cox = 0.74. Anneal ing at 600~ 
makes both levels disappear;  we see only a broad 
spectrum of surface states. The shape of these curves 
is identical  to that  obtained for a 10120/cm ~ implanted  
sample, annealed at 500~ but  measured  after  an 
aging period of 3 months. Compared to this aged 
sample, the stabil i ty of the 600~ annealed sample is 
re la t ive ly  poor. 

For  each new measur ing cycle, these C-V curves  
were  displaced to the right, as indicated by the 
arrows. The Nss values of the control sample were  
near ly  at tained for the 700~ sample even though 
the same drif t ing behavior  was observed. Finally,  at 
800~ the Nss values, stability, and flatband voltage 
of the control sample were  reached. A summary  of 
the oxygen results is given in Fig. 2a and b, where  
the values of Nss vs. dose and anneal ing t empera tu re  
are plotted. 

The same exper iments  were  repeated with  80Si. (This 
isotope was used instead of ~ssi or sgSi in order  to 

1.0 1,0 . . . . . .  It 0 . , . . . .  
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same kind of samples as before implanted with 
annealing temperature was in the range of 400 ~ 
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Fig. 2a. Induced Nss values vs. oxygen dose, taken either for 
both oxygen levels or at the 0.51 eV level. 
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~ c  ~ o c  ~ o c  , . o c  
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Fig. 2b. Reduction of Nss under annealing. The implantation 
dose was 101"~O/cm 2. The original surface-state density is reached 
at 800~ 

block out the CO and N2 impuri t ies  on the 2sSi l ine 
and the 2sSiH impur i ty  on the 29Si l ine) .  With  vary ing  
Si dose (Fig. 3a-d) we  see again that  a dose of 1010/ 
cm 2 does not measurably  change the number  of sur-  
face states found in the control sample. A t  a dose of 
1011/cm 2, the first hint  of a level  was visible. (The 
overshoot effect and the capacitance hook of the low-  
f requency and h igh- f requency  curve, respectively,  are 
caused by the wel l -unders tood  effects of a e levated 
surface-s ta te  density and the formation of  a deplet ion 
edge region around the A1 dot which acts as a bar r ie r  
against the n channel.) 

F igure  3c shows that  the level  barely  seen in Fig. 
3b actual ly contains three levels  of E~ -- E = 0.93, 
0.63, and 0.34 eV, respectively,  (Fig. 4). A significant 
change in the curves similar  to that  seen in the t ransi-  
t ion from 1013 to 1014/cm 2 for oxygen was a l ready ob- 
served, when we increased the dose f rom 10 TM to 101s/ 

1,0 
C/Clx 

, \  

1010.30Si/cm 2 
500~ 

1011.30Si/cm2 
, _.o~ . _  _ -=~ ?".:.2=-o-:' 

-4  -2  0 2 ~ V 
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T 

1012.30Si/cm 2 
500~ 

0 -4  --2 0 ~ V  

I 1013.30Si/cm 2 
500~ ,2h,H 2..anneal 

O. . . . . .  
--7 --5 -3  ~ V 

Fig. 3a-d. p-type samples, silicon implantation through ~ 500• 
Si02. The dose was in the range of 101~ 2, the annealing 
temperature was 500~ C-V curves were plotted from accumulation 
to inversion (full line) and back (dashed line; not shown for every 
plot). When full and dashed line coincide, only the full line is 
shown. The close was in the range of 101~ 2, the anneal- 
ing temperature was 500~ 
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Fig. 5. Nss (~-'cB) for an H implantation of 1014/cm 2 and 200~ 
annealing temperature. 
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Fig. 6. C-V plot for a 1014 H/cm 2 implanted sample annealed at 
300~ A level at Ec - -  E ---- 0.25 __+ 0.05 eV is seen. 

crn 2 for silicon. The min imum surface-s ta te  densi ty 
is now 1.8.10 t2 eV -1 cm -2, the flatband vol tage 
--7V. For  our highest  dose of 10Z4/cm2 we  obtained 
a straight l ine in the low- f requency  meaning that  Nss 
was always >5.10 TM eV -1 cm -2. F rom these results it 

is clear t h a t a n y  informat ion about an induced level  
must  be accompanied by a s ta tement  of the implan ta -  
t ion and anneal ing conditions. 

We will  not discuss the reduct ion of Nss, VFB, and 
of the drif t  by  anneal ing for implanted  silicon be-  
cause the effects were  ve ry  similar  to those already de-  
scribed for oxygen. This can be seen in Fig. 3e-i. 

Finally,  we want  to repor t  on the  resul ts  of hydro -  
gen implantat ion.  Up to a dose of 101S/cm 2 we did not  
see any change in the C-V plots (not shown) com- 
pared to the control sample. This indicates that  the 
hydrogen is ei ther  dis t r ibuted over  the whole sample 
volume, or it has diffused out. These assumptions are 
fur ther  supported by two facts. First, hydrogen  has a 
ve ry  high diffusion constant of D : 10 -5 cm2/sec at 
500~ (8) which is comparable  to the l i th ium diffusion 
constant of D : 1.8 �9 10 -~ cm2/sec at 1200~ Second, 
exper imenta l  evidence found by Card and Kao (9) 
showed that  for a proton bombardment  at 25 MeV an 
anneal ing t empera tu re  of 300~ was sufficient to re-  
store the init ial  h igh- f requency  curves. With a be t ter  
resolution, however ,  one finds that  this anneal ing t em-  
pera ture  l imit  must  be increased to 500~ At  t empera -  
t u r e s  equal  to or below 200~ a level  Ec -- E = 0.78 
eV for hydrogen is found (Fig. 5). At 300 ~ and 400~ 
this level  disappeared, while  another  level  at Ec -- E 
----- 0.25 (--+0.05) eV appeared (Fig. 6). Only  above 

500~ was no influence of hydrogen  on the surface 
states and fixed charge densi ty observed. 

Discussion 
The main results of these exper iments  are the fol-  

lowing. First, surface states cannot be expla ined as a 
nonstoichiometry effect of oxygen  or silicon. The  oxi-  
dation t empera tu re  is at about 1000~ but any non-  
s toichiometry or at least the surface states due to a 
nonstoichiometry disappear before 800~ are  reached. 
Thus we can only speculate what  the actual source of 
the surface states might  be. The cleanliness of the sam- 
ple prepara t ion obviously influences the number  of 
surface states. I t  cannot be excluded tha t  surface 
states are just  the product  of a small amount  of im-  
purit ies which can never  be avoided. The second, and 
surprising, result  is that  implanted  H does not  ac- 
celerate  the restorat ion of the interface, but  hinders 
it. (For  a sample implanted  with  " iner t"  ions, i.e., N, 
Ar, etc., an anneal ing t empera tu re  of 300~ in H2 is 
sufficient to restore the in terface) .  Therefore,  it is not 
possible to reach lower  device processing tempera tures  
by H implantat ion.  These two  results  together  show 
that  the suggested models  do not correct ly describe the 
influence of oxygen, silicon, and hydrogen  on an 
Si-SiO2 interface. 
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ABSTRACT 

It has been demonstrated that interface demarcation, achieved by trans- 
mitting current pulses across the growth interface, combined with spreading 
resistance measurements, is uniquely suited for the quantitative investigation 
of facet growth and associated dopant segregation behavior. Interface de- 
marcation lines (intercepts of the periodically delineated interface with a 
plane parallel to the growth axis) were used (i) as "rate striations" for the 
de te rmina t ion  of microscopic  g rowth  r a t e s ,  (ii) as " locators"  for the  identif i -  
cat ion of s imul taneous ly  grown areas  in the  co re  and off-core regions, and  (iii) 
as " t ime reference  m a r k e r s ,  for the  i n - t i m e  corre la t ion of g rowth  and segrega-  
t ion behavior .  App ly ing  t h i s  technique to: C z o c h r a l s k i - t y p e  g rowth  of G a -  
doped Ge it  was found tha t  facet g rowth  and segrega t ion  are  m o r e  complex  
phenomena  than  assumed in the  accepted theore t ica l  models.  

The dopant  segregat ion associated wi th  facet g rowth  
has been  ex tens ive ly  inves t iga ted  in semiconductor  
crysta ls  since the  d iscovery  of the  coring effect (1).  z 
These studies, based on macroscopic data, have l ed  to 
the  fol lowing main  conclusions: (i) The tendency  of 
g rowth  facet format ion  dur ing crys ta l  pul l ing by  the  
Czochralski  technique depends  on the g rowth  d i rec-  
tion; it  decreases according to the  sequence:  <111>  
> <100> > <110> (2). (ii) For  a given system the 
rat io  of keff (facet)  to keff (off-facet)  is constant  and 
grea te r  than  one (3);  the  only repor ted  except ion is 
the system G e - G a  where  this r a t i o - i s  smal le r  than  
one (4).  (iii) The ver t ica l  facet g rowth  r a t e  remains  
v i r tua l ly  constant  (under  constant  pul l ing  ra te)  i r r e -  
spect ive of g r o w t h  ra te  var ia t ions  in the  off-facet  
region (5). (iv) The appearance  of ro ta t ional  segrega-  
t ion inhomogenei t ies  in the  core region depends on 
the  facet  incl inat ion re la t ive  to the  hor izonta l  and on 
the the rmal  a symmet ry  (5). (v) Nonrota t ional  dopant  
inhomogenei t ies  exhib i t  no discontinuit ies  f rom the  
core to the  off-core regions (5). 

Inves t iga t ions  compar ing  the segregat ion behav ior  
in core and off-core regions have  been  based  p r i m a r i l y  
on composi t ional  in format ion  obta ined  from t ransverse  
res is t iv i ty  scans across these regions. Because of the  

* Electrochemical  Society  Act ive  M e m b e r .  
Key words:  germanium,  facet  growth,  impurity  segregation,  i n t e r -  

f a c e  demarcation,  crystal- growth.  
The term core in semiconductor crystals refers to the part of the 

crystal  associated wi th  interface- facet  growth and exhibits  a h i g h e r  
dopant concentration than the rest  of  the c r y s t a l  ( w i t h  one reported 
except ion pointed out i n  t e x t ) ;  t h i s  b e h a v i o r  is  r e f e r r e d  to as  co r -  
i n g  e f fec t ;  a core region is not  necessari ly  located in the central 
part of  the c rys t a l .  I n  this paper the term core is b r o a d l y  u s e d  for 
the part of  the c r y s t a l  a s s o c i a t e d  w i t h  f a c e t  growth  wi thout  c o n -  
mldera t ion of dopant segregation b e h a v i o r .  

curva tu re  of the  off-facet  g rowth  interface,  such re -  
sults are  of l imi ted  value  since they  do not  correspond 
to ident ica l  g rowth  interfaces.  

Theoret ica l  t r ea tments  of the  coring effect are  based 
on the concept of in termi t tent ,  rapid,  l a t e ra l  l aye r  
g rowth  on k ine t ica l ly  supercooled facets (6);  the  spe-  
cificity of coring (the var ia t ion  of the  rat io  kcff (facet)  
t o  k e f f  (off-facet)  wi th  r ega rd  to the na tu re  of the 
dopant  and the host  crysta l  is a t t r ibu ted  to chemisorp-  
t ion a t  the  g rowth  interface.  

The present  communicat ion r e p o r t s  on the  successful 
appl ica t ion  of a recen t ly  developed exper imen ta l  ap-  
proach (7) to the  quant i t a t ive  inves t iga t ion  of facet  
g rowth  and segregat ion on a microscale  and to the  
comparison of the  s imul taneous  f a c e t  and  off-facet 
segregat ion  behavior ;  this approach  combines the  in-  
terface demarca t ion  wi th  spreading  resis tance mea -  
surements .  Emphasis  is p laced on the demons t ra t ion  of 
the usefulness and potent ia l  of this approach  r a the r  
than  on the analysis  or  in te rp re ta t ion  Of specific 
facet g rowth  effects. 

Experimental Procedure 
The segment  of the  ge rmanium single crys ta l  em-  

p loyed  in this s tudy was pul led  at  a ra te  of 3.2 c m / h r  
under  seed ro ta t ion  (3.1 rpm)  from a mel t  doped wi th  
gal l ium (2 • 1020 atoms/cmS).  In ter face  demarca t ion  
dur ing growth  (8) was accomplished by  t ransmi t t ing  
cur ren t  pulses (20A) of 0.03 sec dura t ion  at a r epe t i -  
t ion ra te  of 0.5 sec across the growth  interface.  A 2 
mm thick section was obta ined by  cut t ing the  crysta l  
along the ro ta t ional  axis. The plane containing the ro-  
ta t ional  axis was chemical ly  pol ished (Sy ton  HT-30) 
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and etched in 1HF + 1H202 ~- 1CH3COOH for 6 sec 
to reveal the interface demarcation lines (intercepts 
of the periodically delineated growth interface with 
the plane) and the inherent  segregation inhomo- 
geneities. The microscopic dopant concentrat ion profile 
in  the crystal section was then determined through 
spreading resistance scans; a detailed description of 
this technique has been reported elsewhere (7). 

Exper imental  Results 
The present  exper imental  approach is applied to the 

determinat ion of: (i) the microscopic vertical growth 
rate; (ii) the dopant concentrat ion profile; and (iii) 
the dependence of dopant segregation on the vert ical  
growth rate. The growth and segregation behavior  in 
the facet region is then contrasted with that of the 
corresponding off-facet region. 

Figure 1 is a photomacrograh of the germanium seg- 
ment  studied showing the areas analyzed designated 
as A, B, C, and D. The core and off-core regions as well  
as the rotational segregation inhomogeneit ies are 
clearly visible. Interface demarcat ion lines are not 
visible at this magnification. It should be noted that  
interface demarcat ion in  no way interferes with the 
basic growth and segregation behavior  (8). 

Growth rate analysis.--Using the interface demarca-  
t ion lines ( introduced in the present  case at 0.5-sec in -  
tervals) as t ime markers,  the average macroscopic 
growth rate, Vavg-mar of the core region area A (r ight-  
hand side of Fig. 2) is directly determined from the 
number  of demarcat ion lines in  this area (0.086 cm 
long). Vavg-m~c is, thus, found to be 13.4 #m/sec (4.8 cm/  
hr) which corresponds to the sum of the pul l ing rate 
(8.6 ~m/sec) and the s imultaneous lowering rate of the 

melt  level (4.8 ~m/sec).  The vertical microscopic facet 
growth rate, obtained from the spacing of successive 
demarcation lines (Fig. 2), varies between 7 and 16 
~m/sec; the average microscopic growth rate, V'avg-mic, 
is found to be identical with Vavg-mac. The small, r an -  
dom growth rate variat ions observed in the core 
region cannot be correlated with rotat ional  growth- 
rate variations in  the off-core region ( r igh t -hand  side 
of Fig. 2). 

The quant i ta t ive  agreement  between Vavg-mac and 
Vavg-mic indicates the absence of backmelt ing since 
backmel t ing  would result  in Va~g-r, ic > Vavg-mac (9). 
Microscopic growth rate measurements  made in three 
different areas wi th in  the core (A, B, and C) show that 
the random growth rate variat ions are identical in 
magni tude  and take place at exactly the same time 

Fig. 1. Differentially etched 
segment of a Ga-doped Ge single 
crystal pulled with seed rotation. 
The areas analyzed, designated 
as A, B, C, and D, ore 0.086 cm 
long and correspond to a growth 
period of 64 sec. Traces of the 
spreading resistance measure- 
ments in some instances extend 
beyond the areas analyzed. In- 
terface demarcation lines are 
not visible at this magnification. 
Areas A and D are shown under 
high magnification in Fig. 2. 

Fig. 2. Differentially etched 
core area (right-hand side) and 
a corresponding off-core area 
(left-hand side) of a Ga-doped 
Ge single crystal. The core and 
off-core areas shown here under 
high magnification are the A and 
D areas in Fig. I .  The impact 
traces of the spreading resistance 
measurements are visible on both 
crystal areas. The microscopic 
growth rates and the carrier 
(dopant) concentrations are 
plotted as a function of distance. 
For convenience the correspon- 
dence between individual impact 
traces and the carrier concen- 
tration and microscopic rate 
points is indicated for five points 
in each plot. 
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throughout  the core region. Thus, it is apparent  that  
the facet advances, at all times, parallel  to the estab- 
lished growth interface; off-facet growth rate var ia-  
t ions are completely accommodated in the off-facet re-  
gion adjacent  to the facet. 

Dopant concentration analysis.--The microscopic 
dopant distr ibution in  the core region (with a l inear  
resolution of 10 ~m) is obtained from spreading re- 
sistance scans, the impact traces of which can be seen 
in the photomicrographs of Fig. 2. The dopant concen- 
t ra t ion profile of the core area A is given on the  r ight-  
hand side of Fig. 2. Each point on the graph corre-  
sponds to an  identifiable impact trace on the crystal; 
for convenience this correspondence is indicated for 
five points in the lower segment  of the plot by short 
horizontal lines. 

The dopant concentrat ion plot shows segregation in-  
homogeneities with deviations exceeding --+25% from 
the average concentration. The inhomogeneit ies reflect 
unambiguous ly  the rotat ional  periodicity, consistent 
with the etching behavior  observed on the photoma- 
crograph in Fig. 1. The dopant  profile in the core area 
B, not shown here, exhibited essentially the same 
periodic inhomogeneities as area A, but  with a slight 
displacement of the dopant concentrat ion maxima 
and min ima  in  the downward direction. Transverse  
scans across the core indicated only very  small  com- 
positional variat ions in quant i ta t ive  agreement  with 
the  vertical displacements of the concentrat ion maxima 
a n d  minima.  

Analysis of the vertical growth rate dependence ol 
core segregation.--The outs tanding feature of the pres-  
ent approach is that  it allows an exact analysis of the 
growth rate dependence of segregation since both the 
composition and the corresponding growth rate can be 
determined at any point  in the crystal. 

An inspection of the dopant concentrat ion and ver-  
tical growth rate profiles of the core area A, in  Fig. 2, 
indicates that  the Burton, Prim, and Slichter (BPS) 
analysis (10) is not applicable to core segregation since 
significant segregation changes are observed under  
conditions of v i r tua l ly  constant vertical growth rate;  
in some instances even an increase in dopant concen- 
t ra t ion is observed under  conditions of decreasing 
vertical growth rate. These results are consistent wi th  
the established theoretical models which assume that  
core segregation depends on  the horizontal ra ther  than 
on  the vertical growth rates. 

Comparison of the core segregation to the of]-core 
segregation behavior.--The off-core area D ( lef t -hand 
side of Fig. 2) corresponding to the core area A (r ight-  
hand side of Fig. 2) is identified by following the 
uppermost  demarcat ion l ine in  area A to the off=core 
area D. Star t ing with this demarcation line, which rep-  
resents the growth interface across the core and off-core 
areas at the same ins tant  in time, the dopant concen- 
t rat ion and growth rate for the off-core area are 
plotted in  Fig. 2 as a funct ion of distance. 

In  contrast to the core segregation, the segregation 
behavior  in  the corresponding 0ff-core area D is  in  
quant i ta t ive  agreement  with the BPS theory for 
s teady-state  growth conditions; i.e., a plot of 
ln(1/ke~t -- 1) vs. growth (from the data of Fig. 2) 
exhibited a constant  slope over the entire area; the 
value of the corresponding boundary  layer  thickness 
(8) was found to be 320 #m, which is smaller than  the 
value of 580 #In calculated from the Cochran analysis. 
I r regular  small  variat ions in segregation, not  asso- 
ciated with growth rate fluctuations are a t t r ibuted to 
convection-induced boundary  layer  per turbat ions;  they 
do not affect the BPS analysis. 

The dopant  concentrat ion and its var iat ion in  the 
corresponding core and off=core areas, plotted in Fig. 2 
as a funct ion of distance, are v i r tua l ly  identical. This  
result  indicates that  the ratio of kefr (facet) to ke~f 
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(off-facet) is equal  to one under  the present  growth 
conditions, ra ther  than  less than  one as reported pre-  
viously (3). 

Although this result may be valid only for the pres- 
ent experimental conditions, it is, nevertheless, most 
interesting since the dopant concentration variations in 
the off-core region are controlled by the vertical 
microscopic growth rate while in the adjacent core 
region these variations are presumably controlled by 
the horizontal growth rate. 

The direct comparison of the segregation behavior 
in the corresponding areas as presented in Fig. 2 is of 
interest as a spatial dopant distribution analysis. The 
exact comparison of the segregation behavior in the 
corresponding core and off-core regions must be based, 
however, on an analysis of the dopant concentration 
vs. time (as determined from the number of time 
markers); such analysis takes into account indepen- 
dently fluctuating growth rates in the two regions, 
causing changes in the curvature of the growth inter- 
face. The conversion of the concentration vs. distance 
plots of Fig. 2 to concentration vs. time plots is given 
in Fig. 3. This plot indicates virtually identical segre- 
gation behavior in the corresponding regions and, 
thus, no detectable coring effect. 
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Summary 
I t  is shown tha t  the  growth  in ter face  demarca t ion  

technique in combinat ion  wi th  spreading  resis tance 
measurements  const i tutes  a unique expe r imen ta l  ap -  
proach for the  quan t i t a t ive  inves t iga t ion  of g rowth  and 
segregat ion  behav ior  associated wi th  the  presence of 
an interface facet (coring effect) .  

Whi le  the  presen t  communica t ion  is p r i m a r i l y  in -  
t ended  to demons t ra te  the  app l icab i l i ty  and scope of 
the  above expe r imen ta l  approach,  the  l imi ted  amount  
of resul ts  p resented  shows c lear ly  the  complex i ty  of 
these  phenomena.  Thus, segregat ion  inhomogenei t ies  
can appear  in the  core region wi th  the  same per iodic i ty  
(corresponding to the  ra te  of ro ta t ion)  and equal  in 
magni tude  to those in  the  ad jacent  off-core region,  
a l though the ver t ica l  g rowth  ra te  of the  core remains  
v i r tua l ly  constant,  Fur the rmore ,  these inhomogenei t ies  
appea r  in phase in the  two regions and exhib i t  i den t i -  
cal dopant  concentrat ions  under  the  exper imen ta l  con- 
di t ions r epor t ed  in this  s tudy.  The absence of a coring 
effect [keff (facet)  ---- keff (off - facet ) ]  in the  presen t  
case, is in contras t  to ear l ie r  resul ts  showing [keff 
(facet)  > kerf (off - facet ) ] .  In the  l ight  of exper i -  
ments  now in progress  in our  l abo ra to ry  the  p resen t  
da ta  should not be t aken  as r ep resen ta t ive  of Czochra l -  
sk i - t ype  growth  behav ior  but  r a the r  as an indica t ion  
that,  for  a g iven  system, segregat ion  at  g rowth  facets 
is a complex funct ion of the  g rowth  pa rame te r s  and  
pa r t i cu l a r ly  sensi t ive to bounda ry  l aye r  character is t ics  
and the the rmohydrodynamic  behav ior  of the  mel t ;  
fur thermore ,  it  was observed  tha t  the  na tu re  of the  
dopant  affects not  only  the  magn i tude  of coring bu t  
also the  ex ten t  and  s tab i l i ty  of faceting.  
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ABSTRACT 

The in terac t ion  of go ld - t an t a lum t rans is tor  meta l l iza t ions  wi th  sil icon 
subs t ra tes  has been  s tudied as a function of fluorine ion contaminat ion.  An  
N I ~ F  buffered etch solut ion tagged wi th  l l 8 - m i n  h a l f  l ife lSF was used t o  
quan t i t a t ive ly  es tabl ish the  fluorine contaminat ion  as a funct ion of w a t e r  r inse 
t ime  and evacuat ion  t ime before  me ta l  deposit ion.  P inhole  fo rmat ion  in the  
r e f rac to ry  l aye r  due to fluorine ion contaminat ion  wi th  a subsequent  r ap id  
interdiffusion of gold and sil icon dur ing  a 300~ anneal  was shown to be a 
l~robable fa i lure  mechanism for t ransis tors .  

Efforts to increase the  r e l i ab i l i ty  of  mic rowave  power  
t rans is tors  have  led to the  inves t iga t ion  of me ta l l i za -  
t ion sys tems which  adhere  wel l  and effect ively w i t h -  
s tand high t empera tu re  and high cur ren t  dens i ty  w i t h -  
out  degrada t ion  or  fa i lure  due t o  (i) a l loying,  (ii) 
interdiffusion of si l icon and  contact  me ta l  (1), (i/i) 
in terac t ion  of me ta l  and  SiO2 or  o ther  pass ivat ing  
layers  (2),  or  to (iv) e lec t romigra t ion  (3). Me ta l -  
l izat ion systems which  have been ex tens ive ly  inves t i -  
ga ted  and  a re  in presen t  use are  (i)  pu re  a luminum 
or  a luminum wi th  smal l  percentages  of o ther  meta ls  
added  and (ii) gold which  is usua l ly  deposi ted  on a 
r e f rac to ry  l aye r  in  direct  contact  wi th  si l icon or  p l a t i -  
num silicide. The purpose  of the  r e f rac to ry  l aye r  is to 

K e y  words:  surfaces,  metallizatlons, ion contamination, reliability, 
transistors. 

provide  adherence  and to se rve  as a diffusion b a r r i e r  
be tween  the gold and si l icon which form a eutectic 
me l t  at 370~ In  the  presen t  pape r  we r epor t  some 
observat ions  on the re tent ion  of fluorine by  chemical ly  
processed sil icon surfaces and its in terac t ion  at 300 ~ 
400~ wi th  subsequent ly  deposi ted contact  metals .  
These observat ions  lead  to the  conclusion tha t  absorbed  
fluorine is d i rec t ly  responsible  for  the  interdiffusion 
of the  gold and si l icon th rough  the t an t a lum laye r  a t  
e leva ted  tempera tures .  

Experimental 
In  p repar ing  sil icon subs t ra tes  for ohmic contact  

formation,  SiO2 is genera l ly  removed  b y  etching in 
hydrofluoric  acid buffered wi th  NH4F to modera t e  the  
etch rate.  The solut ion m a y  also conta in  a chela t ing 
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agent to prevent metal ions from plating out on the 
silicon. As pointed out by several authors (4-6) such a 
procedure leaves fluorine on the silicon with a concen- 
tration which varies with the rinsing agent and the 
duration and mechanics of the rinse cycle. Due to the 
strength of the F-Si bond (136 kcal/mole) it was 
suggested (4) that the fluorine was chemically ad- 
sorbed with  a surface concentrat ion of the order  of one 
atomic layer. In  this exper iment  it  was necessary to 
measure the concentrat ion without  dis turbing the dis- 
t r ibut ion  and without  desorption in  order to correlate 
metal l izat ion defects with the fluorine concentration. 
For this reason, the radiochemical technique was 
chosen and the etch solution was tagged with the lSF 
isotope. 

Radioactive ISF was prepared according to the re-  
action 160(a, pn) lSF from Li20 by  a-part icle  i r radiat ion 
in  the Naval Research Laboratory cyclotron. Fol low- 
ing procedures worked out by Eisele et al. (7) the 
fluorine was extracted in the form of HlSF wi th in  1 hr  
following i r radiat ion and added directly to the etch 
solution. The specific activity of the resul t ing solution 
was 47,300 cpm/~g of fluorine. 

Pr ior  to metal l izat ion the silicon wafers were dipped 
in  the etch solution for 10 sec, rinsed, and then  counted 
at various intervals  for verification of fluorine contami-  
nation, its concentration, and the absence of other 
radioactive contaminants  such as Na. One sample 
rece ived  a t an ta lum deposition after the first count  
in  order to determine the amount  of fluorine desorp- 
t ion in  the evacuation and subsequent  rf  plasma dis- 
charge. 

Following counting the samples were stored in  am- 
bient  for approximately 16 hr  after which they were 
all placed in  a rf  sput ter  deposition uni t  along with the 
fluorine-free control wafer  for t an ta lum-gold  deposi,~ 
tion. The gold and tantalum were deposited using an 
argon pressure of 5~ and a rf power of 200W. This re- 
sulted in a substrate maximum temperature of about 
100~ The thickness of the tantalum layer was 2000A 
while that of the gold layer was 3000A. After metal- 
lization the wafers were annealed in vacuum at 300~ 
for 8 hr. 
In addition to the radiochemical technique, scanning 

electron microscopy with dispersive x-ray analysis 
and the electron microprobe analysis were used for 
correlation of contamination with the physical prop- 
erties of the layers. Etch pits with associated hillocks 
were also counted. 

Results and  Discussion 
The raw counting data as a funct ion of t ime after  the 

first wafer  was etched is shown in  Fig. 1 with r inse 
dura t ion as the parameter.  The slope of the curves in -  
dicate a half  life of approximately  118 rain which is 
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that  of 18F. Therefore, no other radioactive species was 
involved. The var iat ion of the fluorine ion concen- 
t ra t ion as a funct ion of r inse durat ion is shown in  Fig. 
2. Previous investigations of the effectiveness of the 
acetone rinse (4, 5) are in general  agreement  with the 
results s h o w n  here. The value measured for the Ta-  
metal l ized sample also indicates that  no desorption 
took place in  the sputter  deposition procedure. A scan- 
n ing electron microgram of etch pit and hillock forma-  
t ion with associated energy dispersive x - r a y  spectra 
is shown in  Fig. 3. This type of fault  ra ther  than  a 
general  penetra t ion along all grain boundaries  is 
typical of the gold- tan ta lum system in  the presence of 
fluorine. The x - r ay  spectra (one taken by scanning 
the etch pit and the other taken by scanning the sur-  
rounding  area) show the change in  the relat ive 
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Fig. 3. Energy dispersive x-ray analysis of a typical etch pit (and 
surrounding area) in a gold-tantalum metnllization on a silicon 
wafer contaminated with fluorine (I rain rinse) and annealed at 
300~ for 8 hr. 
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amounts  of Au, Ta, and Si. Fluor ine or other contami-  
nan t  peaks are not evident  in the spectra since the 
concentrat ions are general ly  below the sensit ivi ty of 
this technique. Similarly, x - r ay  spectra of the hillocks 
show them to consist solely of Au and Si. Figure 4 
shows etch pit and hillock counts in  the metal l iza-  
t ion as a function of rinse t ime in correlation with 
the contaminat ion data. The control wafer etch pit 
count was 1O/cm 2, several  orders of magni tude  below 
that of the contaminated wafers. However, the fact 
that  the etch pit count in this case was not  zero 
was surpris ing since the diffusion was being a t t r ibuted 
to the effects of fluorine. This will  be discussed later  
in  connection with anneal ing in ambient  and the t an ta -  
lum reaction with SiO2. 

The reaction of the gold- tan ta lum film with silicon 
substrates of 1.O and 0.008 ohm-cm resistivity was also 
correlated with fluorine contamination.  When annealed 
at 350~ metall izations on high resistivity contami-  
nated samples degraded to greater than  1000 etch p i t s /  
cm ~ in  72 hr  while low resist ivity contaminated sam- 
ples degraded to the same level in only 24 hr. It is 
known  that  (9, 10) surface defects can serve as nu -  
cleation centers for the formation of precipitates of 
foreign atoms. From the present invest igat ion it is be-  
l ieved that  fluorine will  precipitate at silicon surface 
defects, the density of which is greater  in the low 
resistivity silicon. Therefore, subsequent  anneal ing at 
350~ results in enhanced diffusion at silicon defects 
(10) and the subsequent  formation of pinholes in the 
metallization. 

In many cases gold-tantalum metaUizations de- 
posited on clean silicon wafers from which the native 
oxide was not removed have withstood vacuum an- 
neals at 350~ for as much as 800 hr without etch pit 
formation. Furthermore, sarnples identical to the fluo- 
rine-free control wafer mentioned previously showed 
no etch pit formation when annealed in ambient at 
350~ for 8 hr. This is in agreement with Schaible and 
Maissel (8) who found that gold would not diffuse 
through tantalum if oxygen or SiOs were present to 
react with tantalum. This and the foregoing results 
lead us to the conclusion that the absence of oxygen in 
the tantalum grain boundaries or the presence of fluor- 
ine which is available to react with the oxidized grain 
boundary leaves the gold free to diffuse through the 
tantalum and react with the silicon thus causing the 
etch pit or void and hillock formation. Since fluorine 
normal ly  etches t an ta lum the reaction is not neces- 
sari ly confined to the grain boundary.  However, the 
rate of reaction is expected to be much greater  at the 
grain  boundary.  The fact that  this takes place only at 
discrete points along the grain  boundaries  is being in-  
vestigated further.  

A c k n o w l e d g m e n t s  
The authors wish to acknowledge the assistance of 

Dr. Peter Wilkness of the Ocean Sciences Division, 
NRL, and the members of the staff of the NRL Cyclo- 
tron Facility, Nuclear Sciences Division. This work is 
sponsored by the Office of Naval Research. 

Manuscript submitted Aug. 6, 1973; revised manu- 
script received Nov. 2, 1973. This was Paper 162 pre- 
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submitted by Aug. 1, 1974. 

REFERENCES 
1. R. S. Keen, L. R. Loewenstern, and G. L. Schnable, 

Proc. Sixth Annual Reliability Physics Sympo- 
sium, Los Angeles, Calif., Nov. 6-7, 1967, pp. 
216-233. 

2. J. McCarthy, Microelectronics and Reliability, 9, 
187 (1970). 

3. H. B. Hunt ing ton  and A. R. Grone, J. Phys. Chem. 
Solids, 20, No. 1/2, 76 (1961). 

4. G. B. Larrabee, K. G. Heinen, and S. A. Harrell,  
This Journal, 114, 867 (1967). 

5. Werner  Kern, RCA Rev., 31, No. 2, 287. 
6. Song-Jay Wey and  G. Lewis, J. Vacuum Sci. 

Technol., 10, No. 2, 413 (1973). 
7. J. A. Eisele, R. E. Larson, and P. E. Wilkness, 

Intern. J. Appl. Radiation Isotopes, 21, 219 (1970). 
8. P. M. Schaibie and L. I. Maissel, Trans. Ninth 

National Vacuum Syrup., AVS, pp. 190-193 
(1962). 

9. H. J. Queisser, K. Hubner,  and W. Shockley, Phys. 
Rev., 123, 1245 (1961). 

10. G. H. Schuttke, This Journal, 108, 163 (1961). 



Solid-State Coulornetric Titration: 
Critical Analysis and Application to Wiistite 

Robert A. Giddings z and Ronald S. Gordon 

Division o~ Materials Science and Engineering, University of Utah, Salt Lake City, Utah 84112 

ABSTRACT 

A cri t ical  analysis  was pe r fo rmed  on galvanic  cell  techniques which  em-  
p loy  calc ia-s tabi l ized zirconia electrolytes .  The presence of low- leve l  e lect ron 
or  hole conduct ion in the  ionic conduct ing range  of the  e lec t ro ly te  was found 
to be responsible  for oxygen  pe rmea t ion  th rough  the e lec t ro ly te  which  can 
e i ther  oxidize or  reduce a s ing le -phase  oxide  and, hence, l ead  to dr i f t  in the  
open-c i rcu i t  emf wi th  t ime. Taking  oxygen pe rmea t ion  in to  account quant i -  
ta t ively ,  a series of i so thermal  t i t ra t ion  e x p e r i m e n t s  in wiis t i te  was pe r fo rmed  
in which the cell emf was found to be l inear  wi th  composi t ion (i.e., oxygen-  
i ron  mola l  ra t io ) .  These resul ts  a re  in  excel len t  ag reemen t  wi th  a recent  
composite analysis  of al l  t he rmodynamic  da ta  in the  F e - O  system. Previous  
cell  s tudies in which  deviant  behavior  has been  repor ted  are  p robab ly  due 
to imprope r  galvanic  cell  techniques.  No evidence was found to suppor t  the  
e x i s t e n c e  of more  than  one-phase  or  second-order  t r a n s i t i o n s  wi th in  the  
wiis t i te  phase.  

Recently,  considerable  in teres t  has  been  genera ted  
on the use of so l id-s ta te  galvanic  cells which employ  
oxide  e lec t ro ly tes  (e.g. CaO-ZrO2, Y~O~-ThO~) to 
s tudy  the t he rmodynamic  proper t ies  of nonstoichio-  
met r ic  oxide  systems. Since vol tages m a y  be measured  
wi th  h igh  precis ion emf measurements  should l ead  to 
a direct  eva lua t ion  of oxygen  activi t ies wi th  much 
grea te r  accuracy than  is no rma l ly  possible wi th  con- 
vent ional  gas equi l ib ra t ion  techniques.  The precis ion 
of measurement  in combinat ion wi th  the  poss ibi l i ty  of 
coulometr ic  t i t rat ion,  which  allows the  composit ion of 
an oxide to be changed in situ, permi ts  not only  a con- 
t inuous de te rmina t ion  of oxygen  act iv i ty  as a funct ion 
of composition, bu t  also the  composit ion l imits  of the  
phase itself. In  spite  of the potent ia l  advantages,  the  
use of oxide  e lec t ro ly tes  has not  a lways  led  to in-  
creased accuracy in the  measuremen t  of oxygen  ac-  
t ivities.  Severa l  worke r s  (1-4) have repor ted  diffi- 
cult ies in opera t ing  cells which  were  s table  wi th  t ime,  
t he reby  necess i ta t ing the  use of empir ica l  correct ion 
factors to de te rmine  absolute  compositions. 

Severa l  emf measurements  (1, 3, 5-8) of oxygen  ac-  
t ivi t ies  and  phase bounda ry  composi t ion l imi ts  for  
wfisti te exhib i t  r a the r  poor  agreement  wi th  each o ther  
and do not agree wi th  a recent  composite  analysis  of 
the  F e - O  sys tem b y  the  authors  (9). Inc luded  in this  
composite were  seven independent  studies, using e i ther  
CO2/CO gas equi l ib ra t ion  (10-13) or  galvanic  cell 
(3, 8) techniques.  The composite possessed the  fo l low-  
ing proper t ies :  (i) the  pa r t i a l  mola l  free energy  of 
oxygen  (aGo) in wfisti te var ied  l inea r ly  wi th  composi-  
t ion (O /Fe )  2 and t empera tu re ;  a (ii) the  pa r t i a l  mola l  
en tha lpy  (~H--o) and en t ropy  (aSo) of oxygen  va r i ed  
l inea r ly  wi th  composit ion and were  independent  of 
t empera tu re .  EMF or  g rav imet r i c  da ta  which  dev ia ted  
from this l inear  behav ior  were  re jec ted  for  exper i -  
men ta l  reasons (9). 

In  the  presen t  paper ,  a cr i t ical  analysis  of galvanic  
cell techniques,  which  employ  ca lc ia -s tab i l i zed-z i r -  
conia (CSZ) electrolytes ,  is g iven to de te rmine  the 
c a u s e  for  nonl inear  behav ior  (e.g., hGo, aHo, aSo vs. 
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Electric Research and De ve lop m e n t  Center,  Schenectady,  N e w  York 
12301. 

Key  words:  calcia-stabllized zirconia; oxygen  per~neation; e lec -  
tron, hole,  ionic conduction, 

2 0 / F e ,  the ratio of  the n u m b e r  of moles of oxygen to the number  
of moles of iron in the w~istite phase, will be the var iable  to de-  
scribe composit ion in this study, 

a In  Ref. (9) it  is stated incorrectly that  AGo was  l inear  wi th  1/T 
for the composite.  Actual ly  AGo is l inear  wi th  T and log Po~ is 
l inear  wi th  1/T. 

O/Fe)  which has been  repor ted  in severa l  emf studies 
on wfistite (1 ,6 ,7) .  Considera t ion  is g iven to the  
manne r  in which  the l ow- l eve l  e lectronic  conduct ion 
(hole or  e lectron)  presen t  in CSZ causes ceil  ins ta-  
bi l i t ies  due to oxygen  pe rmea t ion  th rough  the  elec-  
t rolyte .  Elect ronic  conduct iv i ty  and oxygen  pe rmea t ion  
measurements  in CSZ are  descr ibed  and assessed as to 
the i r  bear ing  on the  p roper  design and opera t ion  of a 
cell for the s tudy of s ing le -phase  wiisti te.  Resul ts  from 
such a p rope r ly  designed cell a re  also repor ted .  Final ly ,  
a cr i t ical  analysis  of all  ga lvanic  cell da ta  (this and 
previous  studies)  for  wfisti te is given which  shows 
tha t  the  conflicting resul ts  now in the  l i t e r a tu re  can be  
re la ted  to expe r imen ta l  techniques in which  cell in-  
s tabi l i t ies  were  e i ther  ignored  or imprope r ly  t aken  into 
account. 

Experimental Procedure 
Conductivit ies,  oxygen  permeat ion  rates,  and  oxygen 

act ivi t ies  were  de te rmined  using galvanic  cells which 
employed  calc ia-s tabi l ized zirconia  electrolytes .  The 
cell geomet ry  employed  in the  present  s tudy is given in 
Fig. 1. Elec t ro ly te  pel lets  were  fabr ica ted  from Wah 
Chang reac tor  g rade  ZrO~ and reagent  g rade  CaCO3 
to y ie ld  an ove r -a l l  composi t ion of 0.85 ZrO2-0.15 CaO. 
The powders  were  d ry  mixed,  calcined at  1000~ h y -  
d ra ted  [to form Ca(OH)2] ,  pressed  in a 1/2 in. steel  die, 
and fired in an oxygen  a tmosphere  at  1700~ to y ie ld  

Vitreous/~ 
Seal 

ALUMINA 
CRUCIBLE~ 

Pt ELECTRODE 

~ - - ~  0.85 ZrOa- 0.15 CaO 

~ 2rail Pt 
Lead Wire 

FeOy SAMPLE 

Fig. i, Schematic of g-Ironic cell 
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pieces approximately 98% of theoretical density. The 
vitreous seal was prepared from a s tandard 0080 com- 
position glass ground to --325 mesh. The powdered 
glass was painted on the crucible-electrolyte jo int  and, 
as the cell was raised to temperature,  the seal formed 
in situ. Sintered Pt  electrodes were used and the inner  
lead was brought  out of the cell between the crucible 
and the e lect rolyte ,  through the glass seal. The elec- 
trodes were prepared from unfluxed Pt  paste. The 
foregoing procedure permit ted the production of a gas- 
t ight cell chamber with an in te rna l  volume of approxi-  
mate ly  0.5 cm 3 and an electrolyte area of approxi-  
mately  0.4 cm 2. 

Isothermal, coulometric t i t rat ion experiments  were 
performed between 965 ~ and 1112~ using samples of 
loosely packed powdered iron (GAF HP carbonyl  99.6- 
99.9%). Sample sizes were approximately 0.08g. Cell 
potentials and t i t ra t ion currents  (0.5-0.8 mA) were 
monitored with a Kei thley 6IOB electrometer and mea- 
sured with a L&N potent iometer  (14). 

Results 
Due to repeated unsuccessful attempts (14) to pro- 

duce cells which exhibited (timewise stable) emf's 
for single-phase wfistite, a thorough characterization 
of the conduction properties of the electrolyte was 
deemed necessary prior to under tak ing  coulometric 
t i t ra t ion studies. Characterization of the electrolyte 
was ini t ia ted by  first de termining the reversibi l i ty  of 
the electrodes over the range of temperatures  and po- 
tentials to be used in  the study. Then  a polarization 
cell was constructed to determine the magni tude  of the 
low-level  hole conductivity.  Finally,  the rate of oxy-  
gen permeat ion through the electrolyte was measured 
and correlated with previously determined hole con- 
ductivities. After  the rate of oxygen permeat ion (un-  
der open-circui t  conditions) was found to be of suffi- 
cient magni tude  to war ran t  consideration, isothermal, 
coulometric t i t rat ions were performed on a cell con- 
ta in ing a sample of wiistite. Corrections were made to 
the t i t ra t ion data to account for oxygen permeation;  
then the data were analyzed to give emf vs. composi- 
t ion relations. 

Conduct iv i ty  s tud ies . - -D-C ionic conduc t i v i t y . - -Re-  
cently, Brook, Pelzmann,  and Kroger  (15) reported 
nonohmic behavior  for  the cell 

Prowl CSZl O2Pt [I] 

when  operated at 520~ They observed the cur ren t -  
voltage relationships to be dependent  upon the prepa-  
ra t ion technique for the Pt  electrodes. It was expected 
that  electrodes prepared from unfluxed Pt paste would 
behave in  a reversible m a n n e r  if the cell was oper-  
ated at temperatures  over 900~ D-C conductivi ty 
studies were performed to check the reversibi l i ty  of 
the sintered p la t inum electrodes. At all temperatures  
be tween 785 ~ and 1234~ ohmic (i.e. reversible elec- 
trode) behavior  was observed (14). The activation 
energy for the conduction process was 31 kcal/mole,  a 
value which is in good agreement  with oxygen ion 
t ranspor t  as measured by a-c (16, 17) and tracer  (18) 
techniques. 
Hole conduct iv i ty . - -Pat terson,  Bogren, and Rapp (19) 
have shown that  the s teady-state  polarization current  
density in  an anionic conductor (i.e., CSY.) is 

Js8 = Ka.[exp U -- I] + Kcp[l -- exp -- U] [I] 

in which 
K - -  RT/LF [2] 

and 
U -- EF/RT [3] 

E is the thermodynamic emf of the ce11, L is the thick- 
ness of the electrolyte, F is the Faraday constant, e ,  
and r are the electron and hole conductivities for the 
electrolyte equi l ibrated with the oxygen pressure of 
the reversible electrode, and R T  has its usual  meaning.  

In  order to perform polarization measurements ,  a 
blocking electrode must  be established. A blocking (or 
rectifying) electrode is one which allows current  of. 
some species to pass in  only one direction. The blocking 
na tu re  can be accomplished in two ways. Generally,  
electrodes of the polarizing type are constructed from 
materials  which are impervious to the species for 
which blocking is desired (re., O" in CSZ);  if the po- 
larized interface is covered by  the electrode, there  can 
be no supply of the species to the interface. Pat terson 
et al. (19) employed the impervious electrode tech- 
nique in  their  use of a 2.5 mm thick Pt  pellet to cover 
a CSZ electrolyte surface. An al ternat ive method of 
accomplishing the polarizing effect is to encapsulate a 
reversible electrode in  an env i ronment  which contains 
no supply of the blocked species, thereby prevent ing  
that species from enter ing the electrolyte. 

It  was decided to construct the polarization cell 
based on the method of encapsulation. If  proper  po-  
larizat ion behavior  was obtained, it would allow cal- 
culat ion of the electronic conductivi ty as well  as pro- 
vide strong evidence for the in tegr i ty  of the encap- 
sulat ion method. If leaks were present, oxygen from 
the sur rounding  air could enter  the polarized chamber 
and result  in  ohmic behavior  for the current -vol tage  
relationships. The cell used for  the polarization mea-  
surements  is given as 

Pt  air  l CSZlPt  (encapsulated) [II] 

Converted data, according to the method of Pat terson 
et al. (19), are presented in Fig. 2 for temperatures  be-  
tween 932 ~ and 1155~ Linear i ty  was observed be-  
tween the converted current  density and exp U, indi-  
cating proper polarization behavior. Values of log r 
calculated from the intercepts in Fig. 2 are presented 
as a funct ion of the reciprocal tempera ture  in  Fig. 3 
and result  in an activation energy of 52.4 kcal /mole  
for hole conduction. Reasonably good agreement  exists 
between the polarization data of the present  s tudy and 
other reported hole conductivities (19-22). In  addition, 
these measurements  indicate the technique for cell en-  
capsulation was sufficient to provide an env i ronment  
which does not suffer from mechanical  leaks to an am- 
bient  air atmosphere. 

Some comments should be made about potential  
problems which could be encountered when  hot glass 
sealing techniques are used in  cell measurements .  Due 
to high alkali  ion mobili t ies in  glasses a possibility 
exists for the glass to act as a medium for direct oxy- 
gen t ransfer  into the sample chamber. At or near  the 
inner  p la t inum electrode (Fig. 1) lead, oxygen ions 
can be oxidized and released as molecules into the 
sample chamber. Alkali  ions would then diffuse to the 
high oxygen activity side (outside the cell) and the 
l iberated electrons would pass through the short-c i r -  
cuiting lead wire to the outside of the cell where  they 
would reduce other oxygen gas molecules to oxygen 
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Fig. 2. Converted data for the polarization studies 
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Fig. 3. Hole conductivities in calcia-stabilized zirconia: 1, Patter- 
son, Bogren, and Rapp (19); 2, Kitazawa (22); 3, Heyne and Beek- 
marts (21); 4, Smith, Mesaros, and Amoto (20). 

ions. This process would then allow for a continuous 
passage of oxygen into the sample chamber  at a rate 
controlled by alkali diffusion in the glass. In  addition, 
if the p la t inum lead wire contacts the CSZ electrolyte, 
then a similar  process would occur with the t ransfer  of 
oxygen ions from the glass into the CSZ tablet  and 
eventual ly  oxygen molecules would be l iberated at the 
inner  electrode. The rate of this process could be gov- 
erned by  either alkali diffusion in  the glass or oxygen 
ion t ranspor t  in the electrolyte. F ina l ly  the type of 
glass which is used for the seal is also important .  A 
glass containing only al iovalent  ions should be used. 
Variable valent  impuri t ies  (e.g., Fe) should be avoided 
since they a r e  easily reduced and may  lead to some 
bulk  electronic conductivi ty in the glass and, hence, to 
an  in terna l  short-circuit .  

I t  is difficult to estimate the exact magni tude  of 
oXygen t ransfer  into the cell by means of the glass seal. 
However, some comments can be made as to the na -  
ture  of the results which would be observed if oxygen 
permeat ion through the glass or through the CSZ pellet 
because of a lead wire short-circuit  were significantly 
greater  than  direct oxygen permeat ion through the 
electrolyte. Bo th  of these short-circui t ing mechanisms 
should result  in permeat ion rates with fairly low ac- 
t ivat ion energies (i.e., those corresponding to alkali  
conduction in  glasses (15-18 kcal /mole)  or ionic con- 
duction in  CSZ (31 kcal /mole) .  Since the observed 
permeat ion rate (Fig. 3) possessed a much higher ac- 
t ivat ion energy (-~52 kcal /mole) ,  these short-circui t -  
ing, oxygen t ransport  mechanisms can be discounted in  
the present  study. Fur thermore  if oxygen were per-  
meat ing into the cell by these processes one would 
expect to see ohmic behavior  in the polarization mea-  
surements  and not the blocking electrode behavior  
observed in  the present  s tudy (Fig. 2). 

Thus in  galvanic cell studies, in which a n  encap-  
sulated electrode is used, a polarization measurement  
is an impor tant  qual i ty  control check which will  not 
only test for mechanical  leaks  and  lead wire  short-c i r -  
cuits, bu t  it wil l  also test the stabil i ty of the sealing 
medium (glass in  this s tudy) .  

Oxygen permeability studies.--The presence of a 
finite electronic conductivi ty in  CSZ will  allow oxy-  
gen to permeate through the electrolyte under  open- 
circuit conditions. The rate of oxygen permeat ion will  
be controlled by  the migrat ion of electronic defects, 

ei ther holes accompanying oxygen ion migrat ion or 
electrons flowing in  the opposite direction. The perme-  
at ion rate (P) may be expressed in  terms of the 
s teady-state  polarization current  density (refer to 
Eq. [1]) 

cm ~ see = --~ (J,,) [4] 

When the electrolyte is being operated at oxygen 
activities which make holes the predominant  electronic 
species, and when  cell emf's are large (--0.5V) the 
rate of oxygen permeat ion becomes a funct ion of tern,  
perature  only 

8K<rp  
P = [5] 

F 

Experiments (980~176 were designed to mea- 
sure oxygen permeation through a zirconia electrolyte. 
A known amount of i ron was encapsulated in a cell 
and an open-circui t  emf was measured as a function 
of time. Air was used as the reference potential  in 
order to make ~p > >  ~n. For all compositions of FeOy 
wi th in  the wfistite phase field, the emf was large so 
that Eq. 5 was applicable. The permeat ion rate was 
determined from a decay of emf with t ime as the sam- 
ple oxidized from an over-alI  composition of Fe-FexO 
to Fe~O-Fe304. By knowing the width of the  phase 
field in  terms of oxygen content  and having measured 
the t ime necessary for the sample to oxidize across the 
field, a permeat ion rate and, hence, a hole conduc- 
t ivi ty were calculated. A typical permeat ion exper iment  
at 1222~ is given in Fig. 4. Hole conductivities, which 
were calculated from these permeat ion studies, are 
presented in Fig. 3 and are in  good agreement  with 
those calculated from other permeation measurements  
(20) and with the measured hole conductivities (19, 
21, 22). The high activation energy (approximately 52  
kcal) for the permeat ion rate supports the hypothesis 
that the source of cell instabi l i ty  is an inheren t  elec- 
trolyte property related to electronic (hole) conduc- 
tivity. 

When a, >> ~p the rate of oxygen permeat ion may 
be taken from Eq. [4] to be 

8K 
P = ~n [exp U -- 1] [6] 

F 

As such, i t  is expected that  an  instabi l i ty  in  the reverse 
direction (e.g., the reduction of a wiistite sample by 
oxygen permeation controlled by electron conduction) 
would be present  in  a cell with an Fe-FexO reference 
electrode. Rizzo et al. (1, 5, 23) have reported in -  
stabilities in the reducing direction in studies of 
w[istite using cells with Fe-FexO reference electrodes. 
Electron conductivities calculated from their  reported 
instabili t ies in  both t i t rat ion (1,23) and open-circui t  
permeat ion (5, 23) experiments  are plotted in  Fig. 5. 
Electron conductivities reported by Pat terson et at. 
(19) and by Heyne and Beekmans (21) are included 
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in  Fig. 5. Also included in Fig. 5 is one conductivi ty 
calculated from instabili t ies observed in  pre l iminary  
work (14) for the present  s tudy using a cell similar to 
that  employed by  either Rizzo and Smith (8) or Fen -  
der and Riley (7). The good agreement  between the 
measured electron conductivities and those calculated 
from cell instabili t ies strongly suggests that  oxygen 
permeation in a CSZ cell with a Fe-FexO reference 
potential  is controlled by low-level  electron conduc- 
t ion in the electrolyte. 

Factors important in cell design.--In view of the 
foregoing results, it is now possible to make some 
definitive conclusions concerning the proper design 
and operation of galvanic cells which employ CSZ elec- 
trolytes. A standard cri terion for the val idi ty of gal- 
vanic cell operation is that  the emf be stable with time. 
However, since electronic conductivities in CSZ are 
significant in magnitude,  at temperatures  over 900~ 
continuous oxygen t ransfer  is expected and, as such, 
the emf generated by a single-phase specimen would 
be expected to decay continuously with time. There-  
fore, the proper cri terion for the operation of a cell 
should be that  the magni tude  and the tempera ture  
dependence of the cell instabi l i ty  be consistent with 
electronic conduction in the electrolyte. 

The design of a galvanic cell for studies in  single- 
phase, nonstoichiometric oxide systems should min i -  
mize the area of the electrolyte which is used to sepa- 
rate envi ronments  of differing oxygen part ial  pres-  
sures. Control of the max imum tempera ture  of experi-  
menta t ion  is another  method of controll ing the maxi -  
mum observed oxygen permeat ion rate. However, t em-  
perature  l imitat ions are not always satisfactory since 
phenomena of interest may not occur at temperatures  
where permeat ion is insignificant. 

The oxygen potential  gradient  (and thereby the cell 
potential)  can be minimized by choosing a suitable 
reference; however, a l imited number  of meta l -meta l  
oxide systems exist that  behave in such a manne r  as to 
allow their use as reference for galvanic cell measure-  
ments. It should be noted that a relat ively small oxy- 
gen potential  gradient  does not always ensure small  

permeat ion rates. The rate of cell drift  expected when 
the electronic conductivity is due pr imari ly  to electron 
conduction (e.g., Fe-FexO reference potentials) was 
given by Eq. [6]. The exponent ial  dependence of the  
drift  rate with oxygen potential  gradient  (i.e., E) can 
give significant rates of t ransfer  even at relat ively low 
cell voltages. An al ternat ive scale is presented in  Fig. 
5 to i l lustrate the expected electron drift currents  for 
a cell potential  of 100 mV. (The assumed geometry 
was 1 cm 2 of electrolyte area and an electrolyte 
thickness of 0.3 cm.) Drift  currents  in  the mil l iamp 
range can be expected at temperatures  over 1200~ 
for a 100 mV cell potential. 

The final method by which errors due to oxygen per-  
meation through the electrolyte can be minimized is by 
increasing sample sizes. If the size of the sample is 
doubled, the compositional error  per un i t  t ime is 
halved. Increasing sample sizes has its l imitations;  as 
the sample size increases, general ly so does the t ime 
necessary for the a t ta inment  of equi l ibr ium after a 
coulometric t i t rat ion step. Thus, the total compositional 
error encountered is not halved, but  hopefully reduced. 

Some comment should be made as to the type of 
experiments  that  can be conducted with a CSZ elec- 
trolyte in  the determinat ion of oxygen activities in 
single-phase systems. Isothermal t i t ra t ion most readily 
allows for the characterization of exper imental  error 
due to compositional changes encountered through 
oxygen permeation. If the reference potential  is chosen 
to make hole conductivi ty the predominant  electronic 
process, and if the potential  gradient  is sufficiently 
large, then only the t ime necessary for completion of 
the experiment  is needed in  order to define the com- 
positional error. As the cell potential  drops, the oxygen 
t ransfer  rate becomes dependent  upon the potential,  
and, as such, the t ime spent at any incremental  cell 
voltage needs to be measured. EMF vs. temperature  
measurements  for supposedly isocomposition condi- 
tions are, in a strict sense, impossible to perform. 
At low temperatures  and with sufficiently large sample 
sizes, the condition of isocomposition can be nicely 
approximated. As the tempera ture  is raised, the po- 
tential  across the cell will change as will the magni-  
tude of the electronic conductivity. In  order to cal- 
culate the necessary compositional corrections, the 
t ime spent at any tempera ture  and potential  wil l  have 
to be defined. Corrections of this sort are, at best, 
difficult to make, and as such, emf vs. tempera ture  ex-  
periments becomes very poorly defined at high tem- 
peratures. 

In  order to calculate valid thermodynamic  properties 
from galvanic cell measurements,  the system of in ter-  
est should be at equil ibrium. Rigorously, a single-phase 
system contained in a galvanic cell which employs a 
calcia-stabilized zirconia electrolyte can never  be at 
equi l ibr ium in that oxygen is cont inual ly  t ransferred 
through the electrolyte either into or out of the system. 
The condition of equi l ibr ium can be approximated by 
having mass t ranspor t  in the sample be much faster 
than  the rate of oxygen t ransport  into or out of tt~e 
sample chamber. The requirements  that  t ransport  proc- 
esses in the sample be much faster than  permeat ion 
processes in the electrolyte places s t r ingent  restrictions 
on the choice of single-phase materials  which can be 
satisfactorily studied by galvanic cell techniques. 

One advantage of coulometric t i t ra t ion experiments  
is the abil i ty to change in situ the composition of a 
single phase by very small  increments;  thereby allow- 
ing isothermal emf measurements  to be made across 
phases with nar row ranges of composition. However, 
in a phase with a nar row range of composition, even a 
small  amount  of oxygen permeat ion through the elec- 
trolyte can result  in compositional changes that  are a 
large percentage of the total range of nonstoichiom- 
etry. 

Besides problems which can occur due to oxygen 
permeation, one must  also consider the stoichiometric 
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stabi l i ty  of the materials  which are used for the cell 
chamber. If a significant amount  of oxygen can be 
taken up or released by  the chamber  wall, and the 
electrolyte, then compositional errors can be in t ro-  
duced dur ing coulometric t i t ra t ion experiments.  P rob-  
lems of stoichiometric stabil i ty would most probably 
occur when  s tudying phases of very nar row composi- 
t ional ranges (i.e., those in which the emf changes rap-  
idly with small  changes in  composi t ion)or  when  very  
small  samples (i.e., either sputtered or vapor-deposited, 
th in  films which might  be employed to help promote 
equil ibrat ion) are used. The double layer  capacitance of 
the  CSZ electrolyte has been found to be approximately 
4 ~f/cm ~ at 4O0~ (24). If not taken into account, such 
a capacitance would introduce an error of ~ 4 • 10-6 
coulombs for a to ta l  emf change of 1V in  a cell of 1 
crn 2 electrolyte area. This error is insignificant for the 
conditions of the present  study. 

I s o t h e r m a l  c o u l o m e t r i e  t i t r a t i o n . - - B a s e d  on the cri-  
teria for satisfactory cell design developed in  the pre-  
vious section, a cell was designed with the in ten t ion  of 
performing isothermal coulometric t i t ra t ion studies on 
single-phase wiistite 

Pt, FeO~lCSZlAir , P t  [III] 
(y variable)  

Ai r  was used as the reference potent ia l  to insure  that  
the  electronic conductivi ty in  the electrolyte was due 
pr imar i ly  to hole conduction. The use of air as a refer-  
ence also made the expected cell voltages sufficiently 
large ( ~  0.5V) so as to readily allow calculation of 
corrections due to oxygen permeat ion through the 
electrolyte. 

Isothermal coulometric t i t rat ions were performed at 
six temperatures:  980 ~ , 1015 ~ , 1023 ~ , 105.5 ~ , 1075 ~ , and 
1112~ Titrat ions were conducted by  oxidizing the 
sample from the Fe-FexO phase boundary  to the 
FezO-Fe304 phase boundary  (i.e., t i t ra t ion of oxygen 
into the sample).  One isothermal exper iment  was con- 
ducted under  both t i t ra t ion "in" and t i t ra t ion "out" 
conditions to check reversibil i ty.  

The oxygen permeat ion rate through the electrolyte 
was determined by  measur ing the rate of emf decay 
with t ime at 1118~ and at an over-al l  sample com- 
position near  the i ron-r ich boundary.  The decay was 
measured for 12 hr  resul t ing in a 38 mV potential  drop. 
The measured permeat ion rate corresponded to a hole 
conductivi ty in  the calcia-stabilized zirc0nia electrolyte 
of 6.48 X 10 -4  (ohm c m ) - I  at 1118~ in good agree- 
ment  with the previous hole conductivi ty and perme-  
ation experiments  (Fig. 3). All corrections to t i t ra t ion 
data were based on conductivities calculated from this 
s ingular  drift  rate measurement .  Conductivities at 
other temperatures  were calculated using an  activa- 
t ion energy of 52.4 kcal/mole.  

Data for the 1112~ t i t ra t ion are presented in  Fig. 6. 
(An adjustable  coulomb scale has been used in  order  
to organize the curves on a single figure.) Included in 
the figure are the data for emf vs. coulombs taken from 
the measurements  before and after corrections were 
made to compensate for the oxygen permeat ion 
through the electrolyte. Corrections made on the oxi- 
dizing t i t ra t ion data were based on the total t ime of 
the experiment.  During a reducing titration, a potential  
is applied to the cell which reverses t h e  oxygen poten-  
tial gradient  across the electrolyte; and as such, cor- 
rections made on the reducing t i t ra t ion data were 
based only on the t ime the cell was either at or coming 
to equi l ibrat ion after a t i t ra t ion  step. Good agreement  
existed be tween the slopes of the two corrected emf 
vs.  coulomb curves, indicating the measurements  were 
reversible and reproducible. The width of the single- 
phase field determined from the oxidizing t i t ra t ion is 
29.02 coulombs which gives the reported boundary  
composition of 1.1575. The reducing t i t ra t ion indicates 
the width of the phase field to be 29.05 coulombs, which 
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Fig. 6. Isothermal t i t rat ion at  11120C showing composition correc- 
tions. 

corresponds to a composition of 1.1576 for the oxygen-  
rich phase boundary.  

During t i t rat ions performed for this study, difficulty 
was encountered in  precisely establishing the single- 
phase boundaries.  4 In  order to determine compositions 
from the coulometric titrations, it  was decided to ex-  
trapolate the observed, reproducible l inear  behavior  
for single-phase wiistite to the potentials corresponding 
to the Fe-FexO and FezO-Fe304 two-phase equilibria.  
From the intersection of the lines, the coulombs needed 
to cross the phase field could be determined, a n d  as- 
suming a composition for the i ron-r ich  boundary,  com- 
positions could be calculated for the single-phase re-  
gions as well  as for the oxygen-r ich  boundary.  

Boundary  potentials were taken from the composite 
analysis ( 9 ) d e s c r i b e d  earlier. They may  be expressed 
as follows 5 

Fe-FexO E ( m V )  ---- 1354 - -  0.3649 T (~  [7] 

FesO-Fe804 E (mV) -- 1462 

-{- T(0.4838--  0.33491og T) [8] 

The emf vs.  composition data generated in  this study 
for single-phase wiistite were analyzed in  terms of a 
l inear  expression, E --: M (O/Fe)  -{- B (T constant).6 A 
listing of the coefficients for the emf vs.  composition 
relations is presented in Table I. T h e  lines described 
in  Table I are shown graphically in  Fig. 7. Data from 
other galvanic cell measurements  are inc luded in  the 
figure and will  be discussed in  the next  section. In-  
cluded in  Table I is a summary  of the compositions 
corresponding to the wiistite oxygen-r ich  phase bound-  
ary as determined by extrapolat ing the l inear  single- 
phase behavior  to the oxygen-r ich  potential.  These 
compositions are in  excellent  agreement  with the com- 

4 This  p r o b l e m  is no t  u n c o m m o n  i n  t h i s  s y s t e m  and  ha s  been  re-  
ported  in  s e v e r a l  s tud ie s  (1, 10, 12). S i m i l a r  p r o b l e m s  w e r e  en-  
c o u n t e r e d  in  the permeat ion  studies.  Refe rence  is m a d e  to the 
n o n l i n e a r  e m f  t i m e  b e h a v i o r  a t  t he  b o u n d a r i e s  as s h o w n  in  Fig .  4. 

These  e m f ' s  are fo r  Po 2 = 0.18 a tm.  (Pa r t i a l  p r e s su re  of  o x y g e n  
in  a i r  a t  Sa l t  L a k e  City.)  

e Th i s  b e h a v i o r  is  cons i s t en t  w i t h  a l i n e a r  r e l a t i o n  b e t w e e n  AGo 
a n d  OJFe, w h i c h  is characterist ic  of the composi te  data analysis  for 
t h i s  s y s t e m  (9). 
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Table I. Equations describing emf vs .  composition behavior 

J. Eleetrochem. Soe.: SOLID-STATE SCIENCE AND TECHNOLOGY 

Oxygen-rich b o u n d a r y  
* E M F  ---- M ( O / F e )  + B ( V o l t s )  

C o m p o -  P o t e n t i a l "  
T ~ M B s i t i o n  v o l t s  

9 8 0  --  1 . 4 2 9  2 . 4 0 0  1 . 1 4 2 4  0 . 7 6 8  
1 0 1 5  --  1 . 5 4 9  2 . 5 1 4  1 . 1 4 2 9  0 . 7 4 3  
1023 -- 1.561 2.523 1.1438 0.738 
1055 -- 1.647 2.601 1.1453 0.715 
1075 -- 1.651 2.598 1.1489 0.701 
1112 --1.636 2.509 1.1575 0.075 
1112 -- 1.635 2.567 1.1576 0.075 

�9 P o t e n t i a l s  a r e  f o r  a 0 . 1 8  a t m  r e f e r e n c e  p o t e n t i a l .  

posite boundary  (9) (see Fig. 8) and Darken and 
Gurry 's  original diagram (10).. 

Discussion of Reported Cell Measurements 
Several  workers (1, 3, 5-8) have studied single-phase 

wfistite by using galvanic cells with CSZ electrolytes to 
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measure oxygen activities as a funct ion of  tempera ture  
and composition. Considerable disagreement exists be-  
tween the general  funct ional  dependencies observed by 
some of the workers (1, 6, 7) and those reported in  the 
composite analysis (9) and in  the present study. In  the 
present  study some general  criteria have been ident i -  
fied which must  be considered when  a galvanic cell 
with a CSZ electrolyte is used to measure oxygen ac- 
t ivit ies in  a single-phase, b inary  oxide. All  of the 
existing oxygen activity data obtained by  emf tech- 
niques will  be examined  crit ically to determine if the 
exper imental  methods employed by the various 
workers can account for the apparent  discrepancies in  
the data. 

Barbi (6) conducted measurements  with the cell 

Pt, Fe-FexO[CSZJFeOy, P t  [IV] 

He employed an exper imental  technique similar  to that  
of Kiukkola  and Wagner  (25) in that  three pellets were 
contained in a common sample chamber  through which 
argon was passed in  order to control the oxygen en-  
vironment .  EMF vs.  t empera ture  studies were per-  
formed, and Barbi  extrapolated the single-phase, iso- 
thermal  behavior  to the potential  corresponding to the 
oxygen-r ich  phase boundary  to determine the bound-  
ary composition. A marked  discrepancy exists between 
Barbi 's oxygen potentials and oxygen-r ich  phase 
boundary  compositions and those reported in the com- 
posite (9). The oxygen potentials are higher and the 
phase boundary  (which is g iven in  Fig. 8) is oxygen 
deficient. 

The temperatures  employed in  Barbi 's  s tudy (T --  
1000~ are too low for oxygen permeat ion to be im-  
por tant  and as such, an explanat ion  for the anomalous 
activities and boundary  compositions most probably 
lies in  the use of the flowing gas around the wiJstite 
sample. Due to the low equi l ibr ium oxygen pressures 
encountered in  the i ron-oxygen  system (for the Fe,O- 
FesO4 equil ibrium, Po2 = 10-24 atm at 600~ and Po2 "- 
10 - l s  atm at 1000~ it is doubtful  whether  the pur i ty  
of the argon was sufficient to establish a t rue equi l ib-  
r ium between the sample and the gas phase~ It  is ex- 
pected that  the measured single-phase potentials are 
high due to a local oxidation of the sample by  the 
flowing gas phase. If the measured  single-phase poten-  
tials are high, then  an isothermal extrapolat ion to a 
correct boundary  potential  will  result  in  the  boundary  
composition appearing oxygen-deficient relat ive to the 
correct composition. 

Rizzo (23) and Rizzo et al. (1, 5) de termined oxygen 
activities in  single-phase wiistite as a funct ion of tem- 
perature  (1057~176 by employing Cell [III] and 
[IV]. Ti trat ion data taken by  Rizzo using an air  refer-  
ence cell required no compositional corrections in that 
the observed emf's were stable with time, an  unex-  
pected occurrence in  view of the results of the present  
study. An explanat ion for the stabil i ty can be found 
by examining the exper imenta l  cell geometry em- 
ployed by Rizzo. Placed wi th in  the sample chamber  
was a zirconium metal  shield which was used as an 
electrical ground as well  as an oxygen getter  to con- 
trol the part ial  pressure of the oxygen in  the argon 
gas flowing through the sample chamber. Stable emf's 
were  generated by adjust ing the flow rate of the argon. 
It  is postulated that  the result  of the above exper imen-  
tal technique was a dynamic equi l ibr ium for the wrist- 
ite sample which was not representat ive of a t rue 
static equi l ibr ium condition. By adjust ing the argon 
flow rate to give a stable emf, the sample was made to 
lose oxygen to the env i ronment  at a rate equal to the 
rate at which oxygen permeated through the electro- 
lyte, thereby generat ing a s teady-state  situation, not a 
t rue equi l ibr ium condition. I n  all of these measure-  
ments, oxygen activities higher than  those in the com- 
posite were generated for compositions wi th in  single-  
phase wfistite. 
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All of the studies by  Rizzo et  aZ. which employed a 
cell of Type [IV] (where no zirconium getter was pres-  
ent)  exhibited an instabi l i ty  in a reducing direction. 
The preceding discussion has shown the instabi l i ty  to 
be consistent with oxygen permeat ion (refer to Fig. 5). 
However, the use of a flowing gas through the sample 
chamber probably led to the generat ion of metastable 
results in  that  all of the reported activities appear to 
be abnormally high. 

Rizzo and Smith (8) employed a ceU of Type [IV] 
to determine the oxygen activity of w~stite as a func- 
tion of composition at 765 ~ 865 ~ and 965~ They used 
a cell design which encapsulated the wiistite sample 
in a zirconia electrolyte tube with a static vacuum en- 
vironment. Due to the low temperatures employed, the 
massive sample sizes (approximately 10 times larger 
than the samples used in the present study), and the 
low magnitude of the electron conductivity in the 
electrolyte when Fe-FexO is used as a reference at 
these temperatures cell emf's would be expected to be 
stable with time. The linearity in the emf vs. composi- 
tion reported by Rizzo and Smith is consistent with the 
behavior observed in the present study and the com- 
posite analysis. The oxygen-rich phase boundary com- 
positions for wiistite, which are shown in Fig. 8, are 
in good agreement with those calculated from the com- 
posite. 

Using a cell similar to that of Rizzo and Smith, Fen- 
der and Riley (7) measured oxygen activities in 
single=phase wiistite. They reported nonlinearity in 
their isocomposition, emf vs. temperature data. The 
nonlinearity was interpreted in terms of linearity over 
limited temperature ranges, each separated by a defi- 
nite break in the slope of the emf-temperature curve. 
The breaks in slope were attributed to second or higher 
order phase changes occurring within wiistite and simi- 
lar to those reported by Kleman (26). Boundary com- 
positions for the oxygen=rich boundary of wiistite were 
determined by extrapolating the single-phase, iso- 
thermal behavior to the boundary potentials. These 
compositions, which are plotted in Fig. 8, are in 
marked disagreement with the compositions reported 
in the composite and in other cell studies (3, 8), and 
are a direct result  of the breaks in the emf v s .  t empera-  
ture  data. These breaks to lower cell emf's as the tem- 
perature  increases are consistent with data that would 
be generated by a cell instabi l i ty  in  the reducing di-  
rection. 

Fender  and Riley reported that  their  cell was cycled 
over a tempera ture  range between 700 ~ and 1300~ for 
several days with a reproducibi l i ty  of bet ter  than  • 1 
inV. The extreme precision claimed by these workers 
is difficult to comprehend. At the higher temperatures  
( ~  900~176 one would expect substant ial  drift  
currents  due to electron conduction in  the electrolyte. 
(The reader  is referred to Fig. 5 for an indication of 
the expected magni tude  of suchcur ren t s . )  It  should be 
noted that  the curvature  in the emf vs. tempera ture  
data of Fender  and Riley was more pronounced both 
as the tempera ture  and the cell potential  were in -  
creased. Both of these effects are consistent with an 
increased oxygen permeat ion rate through the CSZ 
electrolyte which is controlled by  low-level  electron 
conduction, and, hence, a reduction of the sample. Fen -  
der and Riley report  that  no drift  in cell emf was ob- 
served at temperatures  up to 1350~ a remarkable  
result  when  compared with the results of the present  
s tudy and those of Sockel and Schmalzried (3). 

Sockel and Schrnalzried (3) measured the oxygen 
activity of wiistite as a funct ion of composition by  per-  
forming an isothermal t i t ra t ion at 1200~ using a cell 
of Type [III]. Their  exper iment  was conducted by 
equi l ibrat ing the sample via the gas phase in  a static 
Ns env i ronment  (a procedure similar  to the method 
employed in the present  s tudy).  Compositional correc- 
tions were made on the raw data to account for cell 
instability (i.e., drif t) ,  a l though no explanat ion was 

COULOMETRIC T I T R A T I O N  799 

offered as to the source of the drift. After  compositional 
corrections were made; the emf was found to be l inear  
with composition. The data of Sockel and Schmalzried 
are presented in  Fig. 7, and the composition of the 
oxygen-r ich  phase boundary,  determined from their  
measurement ,  is s h o w n  in  Fig. 8. Excellent agreement  
exists between these data and the composite, both with 
respect to s ingle-phase activities and the composition 
of the oxygen-r ich  boundary.  

Conclusions 
The problem of cell instabi l i ty  is one which has 

arisen f requent ly  in the application of galvanic cells to 
the study of oxygen activities in single-phase oxide 
systems. Even where careful consideration was given 
to exper imental  procedures to ensure an equi l ibr ium 
environment ,  galvanic cells have generated emf's 
which were unstable  with time. A cause of cell in-  
stabil i ty has been identified to be oxygen permeation 
through the electrolyte (i.e., 0.85 ZrO2-0.15 C~O). The 
rate of permeat ion is controlled by  low-level  hole or 
electron conduction which is present  in  the ionic con- 
ducting range of the electrolyte. 

The identification of oxygen permeat ion as a source 
of cell instabi l i ty  provides an impor tant  insight into 
the application of galvanic cells for the s tudy of single-  
phase compounds. In  order to perform reliable mea-  
surements  of oxygen activities, the effect of oxygen 
permeation through the electrolyte must  be minimized 
(i.e., low temperatures  and large sample sizes) or else 
the rate of oxygen permeat ion must  be characterized 
quant i ta t ive ly  so that the composition of the single- 
phase compound can be determined accurately. 

Galvanic cell measurements  of oxygen activities in 
single-phase wfistite (for which the oxygen permeat ion 
rate through the CSZ electrolyte was characterized) 
indicate that the cell emf was a l inear  funct ion of com- 
position be tween 980 ~ and 1112~ A critical analysis 
of all the reported galvanic cell work in wiistite also 
revealed the cell emf was a l inear  funct ion of composi- 
t ion between 765 ~ and 1200~ The oxygen-r ich  phase 
boundary  compositions of w~istite which were deter-  
mined by galvanic cell measurements  are essentially 
those reported in  a recent composite analysis and re-  
ported originally by  Darken and Gur ry  (10). Those 
galvanic cell studies in  which nonl inear  behavior  was 
observed or phase boundary  compositions differed 
markedly  from those of the composite are those in 
which either a static env i ronment  was not provided in 
the sample chamber or else the effect of oxygen perme-  
at ion through the electrolyte was not properly taken 
into account. No evidence was found in  the present  
s tudy to support the existence of more than  one-phase 
or second-order t ransi t ions wi th in  the wiistite phase. 
as reported by  K leman  and Fender  and Riley. 
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ABSTRACT 

Exper iments  were  pe r fo rmed  to cr i t ica l ly  demons t ra te  the  effects of dif-  
fusion on the a luminum deple t ion  and degrada t ion  of NiA1 coatings on supe r -  
alloys.  Pack  a luminized  IN 100 and Mar-M200 were  diffusion annea led  in 
5 • 10 -3 Torr  vacuum at l l00~ for  300 hr. A luminum losses due to oxida t ion  
and vapor iza t ion  were  minimal .  Meta l lographic  and e lec t ron microprobe  anal -  
yses showed considerable  interdiffusion of the  coating wi th  the  substrate ,  
which  c a u s e d  a la rge  decrease in the  or iginal  a luminum level  of the  coating. 
Subsequent  cyclic furnace  oxida t ion  tests were  per formed  at llO0~ using 1 
h r  cycles on prediffused and as -coa ted  specimens.  The prediffusion t r ea tmen t  
decreased the oxidat ion  protec t ion  for  both alloys, but  more  d ramat i ca l ly  for 
IN 100. Ident ica l  oxida t ion  tests of bu lk  NiA1, where  such diffusion effects 
are  precluded,  showed no signs of degrada t ion  at twice the  t ime needed  to 
degrade  the  coated superal loys.  These results,  plus l imi ted  tests showing the 
reduced oxidation resistance of aluminum-poor NiAI, suggest a degradation 
model whereby the coating is first depleted of aluminum by diffusion, 
as opposed to AJzO~ spalling, then rapidly degraded by the formation of spall- 
prone oxides. 

As aircraft gas turbine inlet temperatures have in- 
creased, blade materials have been coated to reduce 
the adverse effects of oxidation. Recent advances in 
directionally solidified eutectics will allow even higher 
blade temperatures (~1100~ and require greater 
protection from coatings. It has been Shown, however, 
that current NiAI coatings fail during cyclic oxidation 
at  ll00~ in times less than  ~i000 hr (i, 2). 

The failure of the coating is generally assumed to 
result from the alternate formation and spalling of an 
A1203 film during cyclic oxidation (3-7). Repetition of 
these processes leads to aluminum depletion and a re- 
sultant acceleration of oxidation. That aluminum is 
removed from the coating is an often demonstrated 
fact. But that this is a result of the initial oxidation and 
AlsO3 spalling has not been conclusively proven. An 
alternative process is possible: the aluminum concen- 
tration of the coating may first be diluted by inter- 

K e y  words: coatings, superalloys, oxidation, sDalling. 

diffusion wi th  the  substrate.  This poss ibi l i ty  is ra i sed  
because bu lk  NiA1 does not appear  to suffer f rom cyclic 
oxidat ion  as severe ly  as NiA1 coatings on supera l loys  
(8). 

It  is impor tan t  to de te rmine  which  mechanism con- 
trols  coating b r e a k d o w n  if improvements  a re  to be 
sought. If  spal l ing of AI2Oa controls, then  coatings r e -  
search should endeavor  to reduce  the  g rowth  ra te  of 
AI2Os and improve  scale adherence.  If, on the  o ther  
hand,  diffusion is the  p redominan t  mechanism,  then  
coatings research  should be  d i rec ted  t oward  min imiz -  
ing diffusion. 

The purpose  of this inves t iga t ion  was to de te rmine  
the re la t ive  impor tance  of diffusion and AlsOs scale 
spal la t ion  to coating breakdown.  To achieve this goal, 
pack a luminized IN 1001 and Mar-M2002 were  vacuum 
annea led  at l l00~ to al low diffusion to proceed inde-  

20.18 C, I0 Cr, 15 Co, 3 Mo, S Ti, 5.5 AI, 1 V, ba lance  Ni, 
0.15 C, 9 Cr, 10 Co, 12.5 W, 1 Nb,  2 T| ,  S AI, ba lance  NI. 
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pendent ly  of oxidation. As-coated  and as-diffused 
coatings were  compared before and after  cyclic fu r -  
nace oxidation at l l00~ The as-coated specimens were  
also compared to thin samples of bulk NiA1 in l l00~ 
oxidation. The extent  of degradat ion was judged by 
specific weight  change, metal lography,  and electron 
microprobe analyses. 

Materials and Procedure 
Cast coupons of IN 100 were  cut into 1.3 X 2.5 X 0.25 

cm test specimens. A direct ional ly solidified bar  of 
Mar-M200 was cut into 0.6 X 2.5 X 0.25 cm test speci- 
mens. Holes 0.3 cm diam were  spark cut in one end of 
the specimens for subsequent  hanging in furnace oxi-  
dation tests. The specimens were  prepared  for coating 
by vapor-blas t ing with  alumina grit  and rinsing in t r i -  
chloroethylene,  then in e thyl  alcohol. 

Bulk NiA1 alloys ranging from 35 to 50 atom per  cent 
(a /o)  a luminum were  a rc-mel ted  into 50g buttons 
from high pur i ty  (99.99%) nickel and aluminum. Thin 
(,-,200#) oxidation specimens of stoichiometric NiA1 
were  produced by mount ing  and hand grinding slices 
of the button. Specimens of various hypostoichiometr ic  
compositions were  sectioned into 0.25 cm thick slices. 

Coating of the superalloys was accomplished by a 
pack aluminizing process described e lsewhere  (9). 
Briefly, the pack process consists of heat ing the speci-  
mens to l l00~ for 16 hr  in a pack of 98 weight  per  cent 
(w/o)  A1203 filler, 1 w / o  A1, and 1 w / o  NaC1 act iva-  
tor. Flushing the pack with  argon at 0.5 l i t e r /min  pre-  
vented oxidat ion during aluminizing. Variations in the 
coating weight  occurred from specimen to specimen. 
The limits for IN 100 specimens were  15.9-19.5 m g / c m  2 
of a luminum;  and the limits for Mar-M200 specimens 
were  19.8-23.3 m g / c m  2. 

Diffusion anneal ing of the coated specimens was 
per formed in a vacuum tube furnace at l l00~ for 300 
hr. The coated  specimens were  first preoxidized in 
l l00~ air for 2 hr  in order  to form an A1~O3 film. This 
was needed to prevent  vaporizat ion of the coating dur-  
ing vacuum annealing. A modera te  vacuum of 5 X 
10 -3 Torr  also prevented  gross a luminum deplet ion of 
the coating by curtai l ing both vaporizat ion and oxida-  

tion. A weight  gain often occurred for both the pre-  
oxidat ion and vacuum anneal ing t rea tments  (0.8 m g /  
cm 2 total  max) .  Since pr imar i ly  A1203 was formed, a 
mass balance calculat ion could be per formed to deter-  
mine the actual amount  of a luminum lost. This loss 
was found to be 0.9 m g / c m  2 or only 4% of the a lumi-  
num deposited during aluminizing. 

The possibility of vaporizat ion losses th rough the 
AI~O~ film during anneal ing was also considered. The 
major  gaseous species over  a lumina  at these condi- 
tions would  be A102, wi th  a vapor  pressure less than 
10 -13 atm and an a luminum loss rate less than 10 -14 
mg/ (cm2-sec) ,  (10 - s  m g / c m  2 for a 300-hr anneal) .  

Cyclic oxidation testing was per formed at 1100 ~ and 
1200~ in ver t ica l - tube  resistance furnaces wi th  a hot  
zone of 30 cm. Specimens were  suspended by plat inum 
wire  hangers at tached to a pneumatic  cylinder.  They 
were  automatical ly  lowered into and raised out of the 
furnaces by means of an electronic t imer / so lenoid  
swi tch /pneumat ic  pump ar rangement  as described in 
Ref. (8). For  l l00~ tests one cycle consisted of 1 hr  
in the hot zone fol lowed by 1/3 hr  in room air. For  
1200~ tests one cycle consisted of 1/10 hr  in the hot 
zone fol lowed by 1/6 hr  in room air. Nominal  heat ing 
and cooling rates were  20~ and 10~ respec-  
tively. Specimens were  weighed every  15 h r  on an ana-  
lyt ical  balance accurate to 0.2 rag. 

Post- tes t  analyses consisted of surface x - r a y  dif-  
fraction, metal lography,  and electron microprobe.  In 
situ surface scales were  identified by diffractometer  
scans using Cu Ks radiat ion with  a LiF  monochro-  
mator.  Metal lographic specimens were  copper-pla ted 
before s tandard mount ing and polishing. Etching was 
accomplished by immers ion in a 33% H20-33% 
CH3OOH-33% HNO3-1% HF solution. Microprobe 
analyses of the polished cross sections were  per formed 
with  a 15 kV, 30 nA electron beam integrated over  a 
40# wide path. 

Results and Discussion 
Pack aluminized IN lO0.--Diffusion anneal ing of 

pack-coated IN 100 at l l00~ for 300 hr  produced some 
very  definite effects. Figure  1 shows a str iking change 

a. As-coated IN 100 b. Diffusion annealed for 300 hr at 1100~ 

Fig. 1. Effect of diffusion on coating structure of aluminized IN 100. X250. 
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Fig. 3. Effect of diffusion on the oxidation of pack aluminized 
IH 100. (1100~ 1 hr cycle furnace tests.) 

in coating s t ruc ture  and an increase  in ove r - a l l  coat ing 
thickness  of 65%. X - r a y  di f f rac tometer  scans iden t i -  
fied ~-NiA1 as the  m a j o r  coating phase  for both  as-  
coated and as -annea led  coatings. Other  phases in the  
annea led  coat ing were  identif ied as -~-Ni a n d / o r  "r 
Ni3A1. These phases p robab ly  corresponded to the  
l igh t -e tch ing  phases and fine precipi ta tes  in the  coat-  

ing, as shown in Fig. lb.  Annea l ing  also fo rmed  a -A12~  
plus some TiO2 ( rut i le)  surface scales. 

Microprobe profiles for a luminum (Fig. 2) showed 
that  the  diffusion anneal ing  t r ea tmen t  decreased  the 
m a x i m u m  a luminum in tens i ty  level  in the  coating by  
40% of the  as -coa ted  value  and increased the  coating 
thickness by  .~60%. (An AlcOa film is ind ica ted  by  the  
sharp  peaks at  the  surface.)  S imi la r  effects occurred  
for  the  specimen cyclicly oxidized (1 h r  cycles) at the  
same t empe ra tu r e  for  the  same amount  of t ime. Here  
the  max imum a luminum in tens i ty  level  was decreased 
by  54% of the  as-coated  value,  and a 10~ surface  de -  
ple t ion zone occurred due to oxidat ion.  This implies  
tha t  deple t ion  of a luminum,  the  accepted cause of 
fa i lure  for NiA1 coatings, occurs to a la rge  ex ten t  b y  
interdiffusion wi th  the  substrate ,  in addi t ion  to the  r e -  
pea ted  spal l ing and fo rmat ion  of an oxide  film. 

The cyclic oxida t ion  behav io r  of the  diffusion an-  
nea led  specimens was m a r k e d l y  poorer  than  tha t  of 
the as-coated  specimens (Fig. 3). On the  average,  
diffusion annea led  specimens showed a negat ive  weight  
change (an indica t ion  of spal l ing)  at  50 hr, compared  
t o  380 h r  for spec imens  wi th  no p reannea l ing  t r e a t -  
ment.  Whi le  considerable  scat ter  in the da ta  exists,  the  
two scat ter  bands  a r e  separab le  to a significant extent .  

Pack aluminized Mar-M2OO.--Diffusion also affected 
NiA1 coatings on Mar-M200, though not  so adverse ly  in 
oxida t ion  testing. The micros t ruc tures  in Fig. 4 show 
tha t  the  1100~ hr  diffusion anneal ing  ac tua l ly  
doubled  the coating thickness.  X - r a y  di f f rac tometer  
scans showed tha t  ~-NiA1 was s t i l l  the  only  coating 
surface phase af te r  anneal ing.  

The  microprobe  profiles in Fig. 5 show tha t  l l 00~  
300 hr  diffusion anneal ing  reduced  the m a x i m u m  a lu-  
minum in tens i ty  level  by  48% of the  as -coa ted  va lue  
and indeed doubled  t h e  coat ing thickness.  Cyclic oxi -  
dat ion (1 hr  cycles) at the  same t empera tu re  for 700 
h r  had  the same effect on the  a luminum profile. No 
addi t ional  effects of oxidat ion,  such as a surface de-  
p le t ion zone, were  apparent .  

The g rav imet r i c  da ta  in Fig. 6 shows tha t  diffusion 
anneal ing  was not so degrad ing  for coated Mar-M200 
oxidat ion  behav ior  as it  was for  IN 100. The average  
oxida t ion  t ime needed  to produce  a negat ive  weight  
change was 270 h r  for  diffusion annea led  specimens 
compared  to 520 hr  for as -coa ted  specimens.  Thus, 

a. As-coated Mar-M200 b. Diffusion annealed for 300 hr at 1100~ 

Fig. 4. Effect of diffusion on coating structure of aluminized Mar-M200; X250. 
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while acknowledging the scatter, the effect of pre-  
anneal ing was apparent.  The improved behavior  of an-  
nealed Mar-M200 coatings compared to the annealed 
IN 100 coatings may be due to the 36% heavier  coat ,  
ings original ly deposited (or 66% thicker coatings after 
anneal ing) .  The result  was that  the coated Mar-M200 
was more protective, on the average, than coated IN 
100. Thus the 300 hr  preanneal ing  t r ea tmen t  repre-  
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Fig. 7. Comparison of NiAl-coated superalloys with bulk NiAI. 
(1100~ 1 hr cycle furnace tests.) 

sented a smaller  fraction of the coating "lifetime," 
and was therefore less harmful ,  for Mar-M200 than  for 
IN 100. 

Comparison of bulk NiAl with coated superalloys.-- 
Two th in  specimens of bu lk  stoichiometric NiA1 were 
oxidized under  the same conditions as IN 100 and 
Mar-M200. The thickness used (200~) was in tended to 
contain no more a luminum per exposed area than  the 
NiA1 coatings on the superalloys; i.e., it approximated 
two coatings back-t0-back.  Yet the cyclic oxidation 
resistance was marked ly  bet ter  than  ei ther  coated IN 
100 or Mar-M200, as shown in Fig. 7. The average t ime 
for a negative weight change was 800 hr for NiA1 com- 
pared to 380 and 520 hr for the coated superalloys. 
Even after 1500 hr  of oxidation the bu lk  NiA1 had not 
yet lost 1 mg/cm 2. More importantly,  the rate of 
spalling, as indicated by these curves, was only half  
that  for the coated superalloys even at twice the 
oxidation time. 

X- ray  diffractometer scans of the bu lk  NiA1 surface 
identified only #-NiAt an(i A120~. However,  on coated 
IN 100 the identified surface phases were A1~O3, spinel 
(ao = 8.10A), TiO2, and ~ and /or  -y'; and coated Mar- 
M200 surface phases were A1203, "y and /or  ~', and some 
NiA1 (800 and 700 hr data for the least spalling speci- 
mens of IN 100 and Mar-M200, respectively).  

No surface depletion or secondary phases were ob- 
served metal lographical ly for b u l k  NiA1, despite con- 
siderable efforts at etching (Fig. 8). However the most 

a. Bulk NiAI after 1500 hr b. Pack coated IN 100 after 800 hr c. Pack coated Mar-M200 after 700 hr 

Fig. 8. Comparative degradation of bulk NiAI and aluminized superalloys, oxidized in ! 100~ furnace tests, 1 hr cycles. Etched�9 X250 
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spal l -resis tant  coated IN 100 and Mar-M200 specimens 
exhibited martensi t ic  NiA1 and -y or 7', indicat ing a 
decrease in  the a luminum content  of the coating from 
about 50 a/o to at least 37 a/o (6, 10). 

Microprobe data on these specimens also bears this 
out (Fig. 9) : v i r tua l ly  no depletion zone was apparent  
for the pure NiA1 specimen, and the over-al l  a luminum 
intensi ty  level was reduced by only ,~16% of its origi- 
nal  value. In  comparison the a luminum intens i ty  level 
for the coated superalloys was reduced by ~49% of the 
original value. 

Since the th in  NiA1 specimens can be considered 
simply as a coating without  the interdiffusional effects 
of a substrate, it is apparent  that significant gains in 
coating oxidation life could be obtained by l imit ing 
interdiffusion with the superalloy substrates. This 
harmful  interdiffusion may  involve both the inward  
diffusion of a luminum and outward diffusion of nickel 
as well as the "contaminat ion" of the coating by the 
substrate alloying elements. 

Degradation modeL--At  this point  it was clear that  
diffusion processes were effective mechanisms in  in i -  
t iat ing coating breakdown.  The data also suggest that  
complete conversion to Ni3A1 is not necessary for rapid 
oxidation and spalling to occur, i.e., accelerated oxi- 
dation was noted for a luminum-dep le ted  ~-NiA1. In  
order to confirm this behavior, supplementary  oxida- 
t ion tests were performed on a luminum-poor  composi- 
tions of bu lk  NiA1. An  accelerated 1200~ test with a 
high cycle f requency (0.10 hr) was used to provide 
easy differentiation between alloys. The gravimetric  
data in Fig. 10 show that, indeed, spall ing was more 
pronounced for compositions having less than  ,-~40 
a/o a luminum. No gradual  t rend with composition was 
observed, ra ther  the gravimetric  curves fell into two 
bands. Metallographic and x - ray  diffraction analyses 
showed that only A120~ was formed and no depletion 
zone occurred for the low-spal l ing alloys, while A1208 
and spinel oxides formed and a 50~ ,~/~' depletion zone 
occurred for the high-spal l ing alloys. Similar  composi- 
t ional effects can probably be expected for l l00~ hr  
cycle testing, but  the test times needed would be much 
longer. [These data are consistent with isothermal 
work in  the Ni-A1 system (11). The experiments  in  
this work indicated that the critical amount  of a lu-  
m inum needed for exclusive Al20z formation lies be-  
tween 30 and 40 a/o at this temperature .]  

Taking the above data into account along with the 
previously discussed effects of diffusion, it appears 
that  a luminide  coating degradation at l l00~ follows 
this sequence. First  the a luminum level is signifi- 
cantly decreased due to diffusion and to a lesser extent  
by repeated A1203 spalling. Only after the a luminum 
content  of ~-NiA1 decreases to where spinel oxides 
form does oxide spalling becomes the predominant  
cause of a luminum loss. Surface depletion zones of ~/-~' 
soon follow, with the final stages of degradation being 
the same as for previously reported models. Thus, 
while diffusion may not account for most of the alu-  
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Fig. 9. Comparison of aluminum depletion for bulk NiAI and 
coated superalloys after cyclic oxidation at 1100~ 
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Fig. 10. Effect of composition on cyclic oxidation behavior of bulk 
NiAI. (1200~ 1/10 hr cycle furnace tests.) 

mi num lost in a severely degraded coating, it is re-  
sponsible for the ini t ia t ion of the coating degradation 
process. 

Admit tedly diffusion may play a less impor tant  role 
at temperatures  below ll00~ The activation energy 
for A1203 growth was calculated to be about 30 kcal /  
mole from Arrhenius  plots of the parabolic rate con- 
s tant  for Ni-42 a/o A1 (11). This is less than the 55 
kcal /mole for self-diffusion in Ni-38 a/o A1 (12). This 
implies that diffusion will become less significant rela-  
t ive to A120.~ growth at lower temperatures.  However 
it is difficult to predict the actual temperature  at which 
diffusion is no longer the controll ing mechanism for 
a luminum loss. 

Concluding Remarks 
Based on a comparison of bu lk  NiA1 and diffusion 

annealed coatings with as-coated superalloys in l l00~ 
cyclic oxidation, the following conclusions appear 
justified: (i) loss of a luminum in the coating by dif- 
fusion with the substrate triggers coating degradation 
rather  than  spallation of A1203 alone; and (ii) this loss 
of a luminum allows oxides other than A1203 to form 
with an increased rate of spalling, which leads to rapid 
coating failure. Thus the long- t ime use of NiA1 coat- 
ings at l l00~ will require a reduction of coat ing/sub-  
strate interdiffusion, possibly by the use of diffusion 
barriers.  

Manuscript  submit ted Sept. 19, 1973; revised manu-  
script received Dec. 13, 1973. This was Paper  88 pre-  
sented at the Boston, Massachusetts, Me e t i ng  of the 
Society, Oct. 7-11, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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ABSTRACT 

Ell ipsomctr ic  results presented in this paper  show that  it is possible to 
grow a uniform Nb oxicie film by plasma oxidation, and the index of re-  
fract ion of this Nb oxide is 2.30. Similarly,  in a previous paper  we showed that  
plasma oxidat ion of Ta produced a uni form Ta o x i d e  film wi th  a ref rac t ive  
index  of 2.21. These results are in contrast to the ear l ier  work  of Lee e t a l . ,  
who fitted their  el l ipsometric  measurements  on the plasma oxidat ion of Nb and 
Ta wi th  two- l aye r  models. It  is shown that  the Nb and Ta oxides in the work  
of Lee  et al. were  not grown to a sufficient thickness to prove definit ively that  
the oxides were  composed of two layers, and that  the i r  data can be fitted 
equal ly  wel l  wi th  one- layer  models. 

In this paper  we would  like to report  on an eli ipso- 
metr ic  s tudy of the plasma oxidat ion of niobium. In 
a previous paper  (1) we repor ted  on a s imilar  study 
on tantalum. In these studies we have found that  it is 
possible to grow uniform oxides on niobium and tan ta -  
lum by plasma oxidation. In contrast, Lee et al. (2), 
in the only previous el l ipsometric s tudy of the plasma 
oxidat ion of tan ta lum and niobium, reported that  the i r  
data were  consistent wi th  two- layer  oxides. In order  
to invest igate  this difference in interpretat ion,  we have 
per formed two- l aye r  calculations on el l ipsometric data. 
It is shown that  the Nb and Ta oxides in the work  of 
Lee e t a l .  were  not grown to a sufficient thickness to 
prove defini t ively that  the oxides were  composed of 
two layers, and it is also shown that  their  data can be 
fitted equal ly  well  wi th  one- layer  models. 

Experimental Procedures 
Since the exper imenta l  a r rangement  and procedures 

have been described in detail  in the ear l ier  art icle on 
the plasma oxidat ion of Ta (1), only a br ief  description 
will  be given here. 

The plasma oxidat ion is carr ied out in a meta l  high 
vacuum chamber  which can be evacuated to 10 -7 Torr  
during sample cleaning or held at a pressure of 0.05 
Torr  of oxygen  under  flow conditions while  the sample 
is be ing  oxidized. The vacuum chamber  has two optical 
windows located so that  in situ ell ipsometric measure -  
ments can be carr ied out dur ing the lJlasma oxidation. 
The el l ipsometer  (3) used is automated and is capable 
of taking a reading per second. It utilizes a He-Ne  laser 
(~ : 6328A) as a l ight  source, the angle of incidence 
is 59.5 ~ , and the angular  resolut ion of the polar izer  
null, P, or  analyzer  null, A, is 0.01% 

With the el l ipsometer  it was possible to test various 
t rea tments  of the surface of the sample to find the one 
that  gave the cleanest surface possible pr ior  to growth  

1Present address: Physikal lshes InstitUt, Robert-Mayer-Str. 2-4, 
6 Frankfurt, Main, Germany. 

Present: address: Department of Physics. University of Waterloo, 
Waterloo, Ontario, Canada. 

Key words: ell ipsometry, refractive index.  

of the plasma oxide. The cr i ter ion used was that  the 
best surface t rea tment  should produce the highest P 
value possible and a stable A value, since a d i r ty  sur-  
face layer  would act pr imar i ly  to reduce the P reading 
from its t rue  clean surface value and by a much 
smaller  amount  lower  or raise the A reading depend-  
ing on whe ther  the surface layer  was absorbing or non-  
absorbing, respectively.  As in the case of Ta (1), the 
best t rea tment  was found to consist of heat ing the 
sample to a whi te  heat  in vacuum. This was accom- 
plished by having the sample in the form of a foil, 0.1 
mm thick, and passing a large current  through it while  
it was in the high vacuum chamber  at a pressure of 
10-7 Torr. Typical ly  this hea t - t r ea tmen t  gave P,A 
readings of 30.0 ~ and 34.7 ~ , respectively.  

The cleaned sample had a wire  spotwelded to it for  
supplying the dr ive current  for the plasma oxidation 
and then the sample was mounted  in place for the op- 
tical measurements  with mica sheets. The top mica 
sheet had a hole, 9 • 18 ram, which defined the active 
area  of the sample on which the oxide was formed. 
The glow discharge cathode, which is a 10 • 4 • 0.5 
cm piece of A1 covered wi th  0.1 mm Ta foil, is located 
8 cm away from the sample wi th  its 40 cm 2 front  sur -  
face facing the sample. A Au probe located close to 
the sample was used to measure  the vol tage of the 
plasma adjacent  to the sample. 

With the sample mounted,  the system was pumped 
down and then  argon gas was admit ted  to a pressure of 
0.05 Torr  and a short  glow cleaning was employed, by 
putt ing --400V on t h e  glow discharge cathode. This 
ensured  that  no wate r  or dust particles were  in the 
sample, and c h a n g e d  the P,A readings by only 0.1% 
The argon gas was then pumped out of the  chamber, 
and the system was flushed several  t imes wi th  oxygen 
to ensure that  all the  argon was removed.  A pressure 
of 0.05 Torr  of oxygen  under  flow conditions was es- 
tablished, --1000V were  applied to the glow discharge 
cathode, and a constant drive current  of 10 m A  was 
injected into the sample to ini t iate  the plasma o x i d a -  
tion. 
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During the plasma oxidat ion the P,A readings were  
displayed digital ly by the automatic el l ipsometer  and 
were  recorded. In addition, the digital  P,A readings 
were  conver ted  to analog signals so that  the curve  in 
the P,A plane could be plotted direct ly on an X - Y  
recorder  during the exper imenta l  run. The vol tage of 
the sample and the vol tage of the nearby  Au probe in 
the plasma were  measured  and recorded during a run. 
The output  of  a digital  clock, together  wi th  the con- 
stant value of the dr ive current  being supplied to the 
sample, a l lowed the total charge q passed through the 
sample to be measured.  Normal ly  P,A readings were  
taken for a period of 20,000 sec to grow 1500A of oxide, 
and with  a t ime of approximate ly  5 sec to take a P and 
A reading we ended wi th  4000 P,A points to character -  
ize a run. 

N b  Results and Discussion 
The qua r t e r -wave  plate used in the phase delay 

section of the el l ipsometer  was measured  and found to 
have  a phase delay of 89.6 ~ and a fas t -s low axis t rans-  
mission ratio of 1. These values w e r e  used to con- 
ver t  the P,A readings into the s tandard quanti t ies  
and ~. [If the phase delay had been exact ly  90 ~ t h e  
conversion would be A = 2P + 90 ~ and ~ ---- A, but  
the sl ightly different value  of the phase delay modifies 
this conversion very  slightly, hut  in a w e l l - k n o w n  way  
(4). The quanti t ies  A and ~ are defined by ~ ---- arg 
Rp/Rs and tan ~ = IRp/Rsl (5), where  Rp and Rs are 
the complex reflectivities for the l ight in and perpen-  
dicular  to the plane of incidence, respectively.]  In Fig. 
1, we present  our el l ipsometric results on the plasma 
oxidat ion of Nb in the form of a plot  of /~ vs. ~. Our  
exper imenta l  data are presented as a solid line through 
the approximate ly  4000 data points defining the curve. 
T h e  scat t ter  of the data is wi th in  the thickness of the 
solid line. The dashed l ine near  the m a x i m u m  in ~ de-  
notes the exper imenta l  region where  the P nulls are 
so broad that  the A values are not wel l  defined, but  
the A nulls remain  qui te  sharp so that  the ~ values 
are accurately known. 

To get the best fit to our  el l ipsometric data on the 
plasma oxidat ion of Nb shown in Fig. 1, we had to 
shift our bare surface P value  from the exper imenta l ly  
measured value of 30.0 ~ to 30.8 ~ while  leaving our 
bare surface A value at the exper imenta l ly  measured  

360 I I t ~ I 
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Fig. I. Ellipsometric results for the plasma oxidation of Nb. The 
solid curve is the experimental results and the open circles denote 
the theoretical fit obtained using a refractive index of 2.30 for the 
Nb oxide. Experimental conditions: sample area 162 mm 2, constant 
drive current 10 mA, oxygen pressure 0.05 Torr, cathode voltage 
--|O00V, wavelength 6328~, and angle of incidence 59.5 ~ Bare- 
surface values: &o - -  151.60 ~ and ~'o - -  34.64 ~ 

value of 34.7 ~ . This shift  in the bare surface value  of 
P by 0.8 ~ corresponds to assuming that  our surface 
t rea tment  of  the Nb sample lef t  a 12A layer  of Nb 
oxide, which is cer ta inly reasonable  since a thin layer  
of thermal  oxide would  form spontaneously as soon as 
the hea ted-out  foil was first exposed to oxygen. Using 
initial P,A values of 30,8 ~ and 34.7 ~ respectively,  the 
index of refract ion of Nb at 0328A is found to be 
3.0 -- i3.6. 

The data of Fig. 1 could be fitted w i th  an oxide of 
constant, real index of refraction of 2.30 growing on 
the bare Nb surface w i th  in i t ia l  A,~ values of 151.60 ~ 
and 34.64 ~ respectively. The theoretical f i t  obtained 
w i th  this index is shown in Fig. 1 as a series of open 
circles. This fit was obtained two ways. First, theo- 
retical P,A curves were generated by vary ing the index 
of refraction of the oxide in  a standard ell ipsometer 
program (4) wh i le  keeping al l  other parameters fixed, 
and a visual fit was de termined  by superimposing these 
theoret ical  P,A curves plot ted on one sheet of paper 
on the exper imenta l  P ,A curve  plot ted on another  
sheet of paper. The visual  fitting procedure  was 
checked la ter  by an automatic  nonl inear  least squares 
fitting el l ipsometer  program which obtained the best 
fit be tween the exper imenta l  and theoret ical  curves by 
adjust ing the real  and imaginary  parts of the index of 
refract ion of the oxide f i l l  to minimize  the least 
squares deviat ion be tween  the exper imenta l  and theo-  
retical  values of P and A for a selected set of points on 
the exper imenta l  curve. Using this program, we found 
almost the same index of refract ion for the Nb oxide 

A 

film, i.e., n ---- n -- ik, wi th  n ---- 2.29 --4-_ 0.01 and k -- 
0.003 _ 0.003. The rms deviat ion in A was found to be 
0.25 ~ Since the er ror  in k is as large as its value, we 
suggest that  it is val id to take k to be zero wi th in  ex-  
per imenta l  er ror  and use the value of 2.30 for the Nb 
oxide refract ive index which gives an almost  perfect  
visual fit be tween  the exper imenta l  and theoret ical  
curves. 

The only previous el l ipsometric  s tudy of the plasma 
oxidat ion of Nb is that  of Lee et al. (2). Our  Fig. 1 
should be compared with  thei r  Fig. 4. Their  exper i -  
menta l  data consist of 15 points that  were  taken  with  
a manual  ell ipsometer,  operat ing at 5461A and an angle 
of incidence of 65 ~ , and their  exper imenta l  points were  
probably taken by stopping the oxida t ion  process at 
par t icular  points to make  el l ipsometric  measurements ,  
a l though this is not stated. Our exper imenta l  data were  
obtained with  an automated  ell ipsometer,  operat ing at 
6328A and an angle of 59.5 ~ that  took data points at 
least every  5 sec while  the oxidat ion process was pro-  
ceeding at constant sample dr iving current.  Our  ex-  
per imenta l  data are presented in Fig. 1 as a solid line 
through the approximate ly  4000 data points defining 
our  curve. 

Lee et aZ. fitted their  e l l ipsometr ie  data on the 
plasma oxidation of Nb with  a two- layer  model  for the 
oxide, Le., an outer  layer  wi th  an index of 2.15 and an 
inner  layer  wi th  an index of 2.37, wi th  the outer  layer  
comprising 40% of the total thickness of the two layers 
at any stage of the growth. Thei r  fit is presented  as a 
solid curve wi th  t h e  exper imenta l  data as super im-  
posed points. As discussed earl ier ,  we  have been able 
to fit our el l ipsometric data on the plasma oxidat ion of 
Nb by a single uniform Nb oxide layer  wi th  an index 
of refract ion of 2.30. This difference in in terpre ta t ion  
of the e l l ipsometry data by  Lee et al. and ourselves is 
discussed ful ly  in the next  section of this paper. 

In Fig. 2 we present  our electr ical  measurements  
dur ing the growth  of the Nb oxide in the  form of p lo t s  
of time, total charge passed q, and sample vol tage V vs. 
oxide thickness. As can be seen in Fig. 2, the  t ime or 
total charge passed q vs. oxide thickness plot is well  
represented by a straight l ine passing almost through 
the start ing point. The vol tage V of the sample wi th  
respect to a Au probe nearby  in the plasma increases 
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Fig. 2. Electrical measurements for the plasma oxidation of Nb. 
The open circles denote the total charge passed through the sample 
vs. the oxide thickness. The crosses denote the voltage of the 
sample with respect to a Au probe nearby in the plasma vs. the 
oxide thickness. 

fairly quickly to a certain value at low thickness and 
then increases l inear ly  with thickness thereafter.  The 
electrical behavior  reported here for the plasma oxide 
on Nb is similar to what  was found for the plasma 
oxide on Ta (1). From Fig. 2, it can be seen that  the 
plasma oxide on Nb is growing at an approximately 
constant  rate of 7.5A per 100 sec. The current  effi- 
ciency, n, was calculated from n -- ( G A v F p ) M  -1,  
where G is the oxide growth rate, A is the sample area, 
v is the valency of the metal  ion, F is the Faraday 
constant, p is the oxide density, and M is the molecular  
weight of the oxide, assuming that the oxide being 
formed is Nb205 with a molecular  weight of 266 and 
a density of 4.4 g /cm s (6). A value of n -- 0.2% was 
found and this is in  the same range as the value of 
0.4% found for the plasma oxide on Ta (1). 

Interpretation of Ellipsometric Measurements of the 
Plasma Oxidation of Nb and Ta 

In  this paper for Nb, and in a previous paper  (1) 
for Ta, we have found that our ellipsometric measure-  
ments  are consistent with a single uniform layer  of 
oxide, with a purely  real index of refraction, being 
formed by  the plasma oxidation process. In  contrast, 
Lee e t a l .  (2) state that their  ellipsometric measure-  
ments  on the plasma oxidation of Ta and Nb indicate 
that the oxide being formed consists of two layers, 
with different indices, that grow simultaneously so that 
each layer  remains a certain fraction of the total 
thickness. In  a s i tuat ion such as this, some questions 
na tura l ly  arise. Are the - two  groups seeing different 
physical behavior? Is the apparent  difference in physi-  
cal behavior just  due to differences in interpretat ion? 
How valid is a given interpretat ion? In  this section we 
would like to address ourselves to answering these 
questions about our experiments  and those of Lee et aL 
on the plasma oxidation of Nb and Ta. 

It must  be clearly understood that  ellipsometric 
experiments  do not measure directly the number  of 
layers in an oxide, the indices of refraction of the 
layers, etc. In an ellipsometrie exper iment  of the type 
used to follow the growth of films, the state of polariza- 
t ion of light reflected from the investigated surface is 
determined and expressed by 4 and ~. Star t ing from a 
point 4o, ~o in the 4,~ plane, characterizing the bare, 
oxide-free surface, 4 and @ change while the oxide film 

is formed generat ing an ell ipsometrie curve. To deduce 
informat ion from the ellipsometric curve, a model of 
the s tructure of the film has to be assumed and then 
the free parameters  of the model can be determined by 
curve fitting. 

The simplest possible model is that  the film is a 
single uni form layer, characterized by  an index of 

^ 
refraction n .= n - -  ik .  This is a two parameter  model 
if the fitting procedure involves varying  both n and k, 
otherwise if k is taken to be zero it reduces to a one 
parameter  model. All the other parameters  involved in 
the calculations, i.e., the angle of incidence 0, the wave-  
length  of the l ight ~, the refractive index of the sur-  

^ 
rounding medium nm, and the refractive index of the 

^ 
substrate  mater ia l  ns should be known.  The start ing 
point 4o,@o, if it i s  t ru ly  characteristic of the bare, 

^ 
oxide-free surface, determines  the value of ns directly. 

The next  more complicated model is that  the film is 
composed of two layers. This can be a five parameter  
model, since each film is characterized by a n n  and a k, 
and there has to be an addit ional parameter  to char-  
acterize the division of the total thickness between 
the two films. If it is assumed that  the two films have 
purely  real indices, i.e., both Ws are zero, then  the two- 
layer  model has only three free parameters.  

Now, while a l imited port ion of an ellipsometric 
curve cannot determine directly parameter  values for 
models, if the ellipsometric data have been  taken  over 
a sufficient thickness range certain general  features of 
the ellipsometric curve can distinguish clearly between 
various possibilities. For  example, in  the open type 
of ellipsometric curve, as shown in  Fig. 1 for the 
plasma oxidation of Nb, a periodicity of 360 ~ in  A of 
the ellipsometric curve indicates that  the oxide film is 
a single uni form layer  with a pure ly  real  index. A 
two- layer  model cannot produce such a periodicity of 
360 ~ in  4, al though for cer ta in  values of indices (purely 
equal) and ratios of thicknesses of the two films, the 
resul t ing ell ipsometric curves can be periodic in 4, 
where the period is a part icular  integral  mul t iple  of 
360 ~ General  features, such as the periodicity in  4, 
are more powerful  in discr iminat ing between various 
models than comparing the accuracy of fitting, since a 
model with more free parameters  can usual ly  be made 
to give a bet ter  fit over a l imited portion of a curve. 

Now with the preceding discussion on ellipsometric 
curve fitting as background, let us examine the ellipso- 
metric data. There are distinct differences in the gen-  
eral features of the data between our experiments  and 
those of Lee et  al. As shown in  Fig. 1 for Nb and in  
Fig. 3 of a previous paper (1) for Ta, our ellipsometric 
data on the plasma oxidation of Nb and Ta shows an 
almost perfect 360 ~ periodicity in  A, since @ is coming 
back almost exactly to its original value after 4 has 
changed by 360 ~ . As we have stated earlier, this general  
behavior  is consistent only with a model involving a 
single uniform layer  with a pure ly  real index, and con- 
sequently we have used such a model  in  fitting our  
data. In  contrast, the ellipsometric data of Lee et aL 
(2) on the plasma oxidation of Nb and Ta have the 
general  feature that , is significantly lower  than  its 
original value as the change in A from its original 
value approaches 360 ~ Lee e t a l .  used a two- layer  
model to fit their  data, but  we would like to show in  
the following that this is not the only model that  will  
reproduce their  exper imental  results since a one- layer  
absorbing film (nonzero k value) has the same general  
behavior  over the thickness range studied. 

We concentrate first on their  results on Ta. Lee et  aL 
have taken  10 ellipsometer readings dur ing  the growth 
of the oxide. Since a reconstruct ion of the exper imental  
points from their  Fig. 3 would be inexact, we calcu- 
lated their  theoretical two- layer  ellipsometric curve 
and picked out 10 points of this curve which have 
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Fig. 3. Comparison of two fitting models for the ellipsometric data 
of Lee et el. on the plasma oxidation of Ta. The solid curve repre- 
sents a single-layer model with index 2.02 - -  /0.049. The dashed 
curve represents the two-layer model used by Lee et al. Where the 
dashed curve is not shown it is superimposed on the solid curve 
within the resolution of the figure, The open circle denotes the bare 
To surface value of the optical parameters, and the growth of the 
oxide corresponds to moving down the solid or dashed curves. The 
arrow indicates the final thickness to which the oxide was grown 
by Lee et al. In the model of Lee et al,, this final oxide thickness 
is 1100~,, composed of an outer layer of 473.~ with an index of 
1.89 and an inner layer of 627A with on index of 2.22. In the single- 
layer model with index 2.02 - -  /0.049 this final oxide thickness is 
1 i 50A. 

about the same positions as the exper imental  ones. 
Since the star t ing point 4~ ~o of the ellipsometric 
curve is not  given, we had to read it from their  Fig. 3. 
Now we fitted a one- layer  model to the selected points 
using a nonl inear  least squares fit computer  program. 

^ 
This yields a refractive index of the oxide of n ---- 
(2.02 • 0.01) -- i(0.049 __ 0.003). All the other pa-  
rameters  were held constant, in part icular  we used the 
same 40, ~o as for the two- layer  model. 

The results of this comparison are shown in  Fig. 3. 
The solid l ine shows the one- layer  fit and the dashed 
lines shows the two- layer  model. The feature to note  
is that the two curves superimpose from the star t ing 
point  (denoted by an  open circle) to wi th in  20 ~ in  
of the last exper imental  point (located by the arrow).  
Obviously, the one- layer  fit and the two- layer  model 
deviate drastically from one another  as the oxide 
thickness is increased beyond the exper imental  range 
published by Lee et al. Indeed, the dashed line on the 
second cycle crossing its counterpar t  on the first cycle 
and rising toward a higher max imum is characteristic 
of such a two- layer  model, and the observation of 
such behavior  would have been very strong evidence 
that  their  oxide film was composed of two distinct 
layers. (Certainly, no combinat ion of n and k in a one- 
layer  model would be able to produce such an  effect.) 
However, their  published data stop at the point  in -  
dicated by the arrow. 

Over the exper imenta l ly  measured thickness range, 
the rms deviation between the one- layer  and two- layer  
curves in  Fig. 3 is 0.35 ~ in  ~, i.e., assuming that  the 
error occurs completely in  ~. This deviat ion is probably 
no larger than  that  be tween the exper imental  points 
and the two- layer  curve. (Lee et al. do not give a 
numerica l  value for the deviat ion for the case of Ta, 
but  from the value given for the case of Nb, and from 
comparing the two diagrams for Nb and Ta, we con- 
clude that  a deviat ion larger  than  0.3 ~ in  ~ is very 
l ikely in the Lee et al. exper iment  on Ta.) 

A similar comparison between a one- layer  fit and the 
two- layer  model of Lee et al. was carried out for the 
case of Nb. The least squares fit computer  program 

^ 
gives a single layer  with the index n : (2.27 • 0.01) 
--i(0.016 _ 0.004). Over the exper imenta l ly  measured 
thickness range, the rms deviat ion between the single- 
layer el l ipsometry curve and the two- layer  m o d e l  
of Lee et al. is 0.25 ~ in ~. This deviation is possibly a 
l i t t le higher than  that  be tween  the exper imental  points 
and the two- layer  curve, bu t  which fit is actually 
bet ter  depends on the exact positions of the experi-  
menta l  values. Once again, the exper imenta l  values do 
not extend into the thickness range where the one- 
layer  fit and the two- layer  model deviate widely, and 
where exper imenta l  points fal l ing on the two- layer  
curve would have ruled out our a l ternat ive  in te r -  
pretation. 

In  conclusion, the almost perfect 360 ~ periodicity in 
exhibited by our ellipsometric data on the plasma 

oxidation of Nb and Ta confirms our in terpre ta t ion that  
the oxide being formed consists of a uni form single 
layer  with a zero (or almost vanishing)  absorption. 
The indices of refraction found for these plasma pro- 
duced oxides are 2.30 in the case of Nb and 2.21 in the 
case of Ta. In  contrast, we have shown that the data of 
Lee et al. on the plasma oxidation of Nb and Ta do not 
have a unique  interpretat ion.  In  addit ion to their  
in terpre ta t ion in terms of a two- layer  model, a one- 
layer model involving a uniform but  absorbing oxide 
fits their  exper imental  data equal ly  well  over the ex-  
per imenta l ly  measured thickness range. In  order for 
Lee et aI. to have tested whether  their  oxide films 
real ly  consisted of two layers, their  ellipsometric 
measurements  should have been carried out to greater 
oxide thickness where the difference be tween  a two- 
layer  model and an absorbing single layer  is readily 
apparent.  

Manuscript  submit ted Ju ly  27, 1973; revised manu-  
script received ca. Dec. 1, 1973. 

Any  discussion of this paper  will  appear in a Discus- 
sion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submit ted by Aug. 1, 1974. 
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ABSTRACT 

Thermal  oxidation of silicon, in the presence of chlorine or bromine  com- 
pounds, effectively improved the dielectric b reakdown characteristics (as 
measured with a voltage ramp) of the resul t ing SiO~ films. At high halogen 
concentrat ions the oxidation rate was erratic;  the optimal init ial  b reakdown 
properties were at ta ined by oxidizing with about one-hal f  of the halogen-  
containing additive that  would cause etching of the Si. Oxidation in  the pres-  
ence of halides increased the resistance of SiO~ films to dielectric b reakdown 
under  accelerated b ias- tempera ture  stressing. The m a x i m u m  time to fai lure 
varied semilogari thmically with HC1 concentrat ion and increased by 0.3 to 
0.65 decade per per cent of HC1 (0-3% HC1 range)  for applied fields from 2 
to 7 MV/cm, respectively. Higher oxidation temperatures  fur ther  improved 
the resistance of HC1 oxides to dielectric wear-out .  The longer wear -out  
times were a t t r ibuted to hydrogen rather  than  the halogen and could be 
achieved by oxidation in  small  concentrat ions of H~O, anneal ing  in  H~, or im-  
p lanta t ion  of H~ or H20. 

Thermal  oxidation of silicon in envi ronments  con- 
ta in ing small concentrations of halogens and halides 
improves properties of the resul tant  SiO~ films (1-8) 
and under ly ing  silicon (9-12). This procedure effec- 
t ively reduces fixed oxide charge (1, 3, 5, 7), interface 
state (1,8), and mobile charge (1-5,7) densities. At 
higher temperatures  (~1150~ SiO2 films prepared 
with HC1 additions seem to neutral ize Na + ion con- 
taminat ion  effects, often introduced dur ing later  proc- 
essing (2-4). 

Superior SiO2 dielectric breakdown distr ibutions 
have also been achieved by oxidation in  HC1-O~ at-  
mospheres at high temperatures  or even by HC1 
cleaning the quartz oxidation tube (13). These 
oxide films were also considerably more resistant  to 
failure as a result  of electrochemical degradation 
under  accelerated b ias - tempera ture  aging (6). Sub-  
stantial  reductions in the Si minor i ty  carrier genera-  
t ion rates have been noted after HC1 oxidation (9, 12) 
or C12 gettering (12, 14) of metall ic impurit ies from 
the Si. 

Get ter ing is general ly  believed to be par t ia l ly  re-  
sponsible, at least, for these beneficial effects, where in  
metal  contaminants  are removed (as volatile halides) 
from the oxide or under ly ing  silicon. Presumably,  Na 
removal gives a lower mobile  oxide charge, while the 
e l iminat ion of recombinat ion centers l ike Cu, Fe, or Ag 
from the silicon results in a lower minor i ty  carrier 
generat ion rate. This gettering model for the t ranspor t  
of impurities,  however, does not explain all properties 
of ha logen-grown oxides, par t icular ly  the Na neu-  
tral ization (2-5) e f fec t  and  flatband voltage insta-  
bilities (15) in  which incorporated chlorine (5, 15-17) 
probably  plays a role. 

This s tudy was under t aken  to more  completely es- 
tablish the influence of hydrogen and halogens on the 
dielectric breakdown properties of SiO~ films. Both ini-  
t ial  b reakdown voltage characterist ics and t ime to 
failure under  accelerated stressing were measured. 

Experimental 
Metal-oxide-semiconductor  capacitor structures were 

fabricated from moderately  doped n -  or p-type,  (100) 
silicon wafers. Silicon dioxide layers were grown at 
850~176 in  atmospheres containing small  concen- 

�9 Electrochemical Society Active Member. 
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oxidation. 

t rat ions of HC1, C12, HBr, CC14, C2HCls, or H20. Oxida- 
t ion times were adjusted because of the enhanced oxi- 
dation rate in  the presence of halogens (15, 19); final 
oxide thicknesses were measured eUipsometrically. 
Halogen gas concentrations were l imited ( ~ 10% HC1, 
10% HBr, or 2% C12) to prevent  silicon corrosion; 
even so, considerable care had to be taken  to ensure 
uniform oxide growth without  localized Si pitting. The 
problem was more severe with other gases; for ex- 
ample visibly nonuni form oxide films often resulted 
from oxidation in 1% CC14 or 3% C2HC13 at 1000~ 
The test structures were completed by depositing 
through a mask, an array of 100 a luminum dots from 
an E-gun  source and anneal ing to remove radiat ion 
damage incurred during metallization. 

Statistical distr ibutions of the breakdown voltages 
of identical ly prepared capacitors were determined 
with an applied ramp voltage by detecting the first 
b reakdown event  [see Ref. (20)];  these results consti- 
tute an init ial  or "time-zero" measure of oxide quality. 
In  addition, the times to failure were also determined 
using accelerated b ias - tempera ture  conditions (6). Past 
work has shown that  the init ial  breakdown distr ibu-  
tions provided a quant i ta t ive  measure of the oxide de- 
fect density (13), while the accelerated testing data 
gave informat ion about the rate at which the dielectric 
s t rength decreased (6). 

Results and Discussion 
Statistical breakdown voltages.--Silicon dioxide films 

that  are thermal ly  oxidized in the presence of halogens 
show improved t ime-zero distributions. The results 
in Fig. 1 show the improvements  obtained with 3 % I-tC1 
or 2% C12 at an oxidation tempera ture  of 1000~ coh~- 
pared with the s tandard SiO2 for 450A films. The maxi -  
mum dielectric s t rength remains constant under  all 
oxidation conditions, but  the average breakdown volt-  
age is increased and the statistical spread is reduced 
for the halogen-oxidized films. The defect density was 
calculated as described in  Ref. (20) by associating 
low-field breakdowns (i.e., those capacitors exhibi t ing 
less than  80% of the ma x i mum dielectric s t rength)  
wi th  oxide film defects; the s tandard films had 100 
defects/cm 2 compared to 40 for HC1- and 12 for C12- 
grown films, respectively. It should be emphasized 
that  the defect density varied with wafer  lot and 
source, cleaning, and cleanliness of the oxidation fur-  
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Fig. 1. HCI and CIz effects on the statistical distributions of 
breakdown strength for S i ~  films grown at 10~~ 

nace, and this var ia t ion could be very large. Over a 
three-year  period with hundreds  of oxidation runs, the 
s tandard  defect density has varied from 16 to over 300. 
Therefore the absolute values of the defect density 
were not as meaningful  as the relat ive fluctuations dur -  
ing a single oxidation since the uni formi ty  wi th in  any 
given run  was usual ly bet ter  than  20%. 

The influence of HC1, C12, CC14, C2HCls, and HBr 
concentrations dur ing oxidation on the defect density 
is portrayed in  Fig. 2. For HCI oxides, the defect den-  
sity was lowest when  about 3 % HC1 was added dur ing 
oxidation. The most substant ial  improvement  appeared 
between 0 and 1% HC1. The 0% defect density plotted 
here was typical of what  could be consistently 
achieved with careful preparation.  Oxides grown in 6% 
and 9% HC1 did not show visible corrosion even though 
breakdown measurements  revealed that  they were in-  
ferior to films grown with lower HC1 concentrations. 
Apparently,  b reakdown distr ibutions reflect corrosion 
effects more  sensit ively than visual observations do. 
Moreover, wafer corrosion could be observed occa- 
sionally under  these conditions if careful procedures 
were not followed: the oxidation tube needed to be 
equil ibrated with the tempera ture  and gas concentra-  
t ion of interest  for a considerable period of t ime (~1  
day) to minimize corrosive effects (18). The use of 
longer oxidation times (to produce much thicker SiO2 
layers) revealed substrate attack and nonuni form oxi- 
dation effects (18) that were not apparent  with the 
thin films used in this study. With all the halogen 
additives tested, lowest defect densities were at ta ined 
at concentrations of about half those necessary to pro-  
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Fig. 2. Effect of halogen added during oxidation on the breakdown 
defect density. 

duce nonuni form films. Films grown in 4% H~O-96% 
02 did not show any  improvement  in t ime zero break-  
down characteristics; apparent ly  the improvement  is a 
result  of the presence of the halogen and not hydrogen 
or water  vapor. 

As with conventional  oxidation, the defect density 
increases with oxidation tempera ture  in  HCl-grown 
oxides (Fig. 3). Higher oxidation temperatures  for HC1 
oxides do, however, cause a relat ively greater  degra- 
dation so that  the beneficial effects of HC1 are no 
longer significant for an oxidation tempera ture  of 
1150~ 

Previous studies have considered various origins of 
the breakdown voltage improvement  seen here. For 
this purpose, low field breakdowns can be roughly 
at t r ibuted to two types of defects (13), electrical and 
physical. The former depend both on the presence of 
electrically charged impurit ies which enhance the in-  
ternal  electric field and on the presence of interface 
states which increase oxide conduction levels and re-  
sult in low field breakdowns. Physical defects reduce 
oxide uni formi ty  and p lanar i ty  and consist of sub-  
strate bumps or spikes, and oxide pinholes, crystal l ine 
regions, and part iculate inclusions. The influence of 
halogen (especially C1) oxidation, on removing, re-  
ducing, or neutral iz ing electrical disorder is well  es- 
tablished (1-5 7, 8, 10-12, 19). Recent work (21) has 
shown that the major i ty  of defects are probably physi-  
cal since proper wafer  cleaning procedures before oxi- 
dation can almost completely el iminate  these defects. 
It can also be postulated that  the halogen might  reduce 
the level of physical defects. Impuri t ies  or particulates 
forming protrusions of the silicon surface may be 
gettered or dislodged by the action of C1. Likewise air-  
borne part iculate mat ter  may react and be diminished 
in  size, if not removed ent i re ly  from the system. 

Accelerated breakdown.--E~ect of halogens.--Di- 
electric degradation was general ly  measured under  
higher temperatures  and fields than  those normal ly  en-  
countered by the gate insulator  in typical FET use, in 
order to reduce the wear -out  t ime to manageable  
values of no more than a few hundred  hours. Figure 
4 displays the distr ibutions of fai lure times observed on 
testing 700A films at 5 MV/cm and 300~ This figure 
reveals an increase in failure times of up to two orders 
of magni tude for films grown in  2% HC1 over those 
grown in pure O= at 1000~ Two rel iabil i ty features 
of HCl-grown oxide films should be noted: the longer 
t ime for 100% failure, and the smaller-spread in  fai lure 
times. The time required for 100% failure (see Fig. 4) 
was defined as tmax and was previously shown (6) to be 
a measure of the wear-out  of a film that is free of sig- 
nificant defects. Thus, the addition of HC1 dur ing 
oxidation apparent ly  retards the electrochemical-type 
degradation (6) that  normal ly  occurs under  acceler- 
ated bias- temperature  stressing. The nar rowing of the 
distr ibution of fai lure times is believed to reflect a 

f P TYPE 
60 AI(-) IMV/CM -SEa 

A N, 3,50 ~. Si 02 

>- 4 0 -  

~ zo 

o o ~  
800 900 I000 I100 1200 

OXIDATION TEMPERATURE (~ 

Fig. 3. Effect of oxidation temperature on defect density for 
standard and HCI oxides. 
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Fig. 4. Statistical failure times for HCI and standard oxides, Both 
oxides were grown at 1000~ 

t ightening of the ini t ial  b reakdown voltage dis tr ibut ion 
since HCl-oxides are more uni form and defect-free to 
begin with;  thus, their  wear-out  times should be less 
scattered. 

A detailed study was made of the effects of HC1 
concentrat ion and oxidation tempera ture  on the ac- 
celerated wear-out  process. Using tmax as the measure  
of oxide quality, this parameter  is shown in Fig. 5 as a 
funct ion of applied field and  HC1 concentrat ion for 
SiO~ films grown at 10O0~ Note that  for a given field, 
the wear-out  t ime increases with HC1 concentrat ion up 
to at least 6% HC1. Between 0 and 3% HC1, log tmax 
varied almost l inear ly  with the HC1 concentrat ion with 
slopes r ang ing  from 0.3 decades/% HC1 at 2 MV/cm 
to 0.65 decade/% HCl at 7 MV/cm. The improvement  

61 o.3 o cAD f-  E=2M CM 
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I AI (+) 300~ 
/ 

L I i , l 

2 4 6 8 I0 

%HCl 

Fig. 5. Effect of HCI concentration on maximum tlme to break- 
dawn. 
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in  wear-out  t ime seems to saturate above 6% HCI. 
On the other hand, the init ial  defect density increases 
when  more than  6% HC1 is used (Fig. 2), and other 
experiments  have shown that  the average fa i lu re  t ime 
for 9% HC1 was indeed even shorter than  that  with 
3% HC1. These experiments  clearly show that  over-al l  
cOmponent rel iabi l i ty  depends on both the ini t ia l  defect 
density and the rate of wear-out ;  the enhanced w e a r -  
out t ime for 9% as Compared to 3% HC1 oxides is 
overshadowed by the higher defect density.  

The influence of oxidation tempera ture  on wear -ou t  
in HC1 oxides is shown in  Fig. 6 where it is seen that  
higher temperatures  give longer failure times. The oxi- 
dat ion tempera ture  does not affect wear -out  times in  
s tandard oxides. At 850~ HC1 oxidation gives no im-  
provement  in wear-out  characteristics Compared to the 
s tandard SIO2, even though Fig. 3 shows that  this oxi- 
dation procedure yields excellent  ini t ial  b reakdown 
characteristics. With an  I150~ oxidation, however,  the 
ini t ial  b reakdown characteristics a re  poor while ac- 
celerated breakdown times are the longest observed 
here. This result  fur ther  demonstrates that  t ime-zero 
and accelerated breakdown mechanisms are influenced 
differently by the presence of HC1 in  the oxidation at-  
mosphere. Nevertheless, both measures of oxide in-  
tegri ty are involved in the over-al l  re l iabi l i ty  of the 
dielectric film. 

Identical  fai lure t imes were  measured  on Oxide films 
grown on both n - type  and p- type  silicon substrates. 
Since HC1 oxidation markedly  reduces minor i ty  car- 
rier generat ion in  the under ly ing  silicon (9-12), mea-  
surements  made with the silicon surface inver ted  could 
be suspect. The results shown in  Fig. 7 verify the 
fact that  the effects are real and not due to a loss of 
field in the depleted silicon surface. Note the improved 
failure times for both electrode polarities. A negative 
bias on the a luminum electrodes gives the longer wear-  

. out t imes for s tandard  oxides; wi th  HC1 oxidation~ the 
relat ive advantage of A1 ( - - )  over A1 ( + )  is even 
greater. For A1 ( + ) ,  tmax was de termined to be ther -  
mal ly  activated with ~H ---- 1.4 eV for temperatures  

350 ~ SiO 2 ( 3 %  HCI) 
A I (+ )  300~ 

IO00~ ----NO HCl 

5 8.5o-  O " O~ 

g3- \\ + \ / \  

" \25o 
0 2 -  
. J  

I -  

0 I I I I 
3 2 4 6 8 I0 

E (MV/CM) 

Fig. 6. Effect of oxidation temperature on accelerated breakdown 
time as a function of applied field, The dashed line represents a 
control oxidation and is valid in the range 850~176 
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Fig. 7. Influence of bias polarity on accelerated breakdown in 
HCI oxides. 

be tween  250 ~ and 400~ This ac t iva t ion  energy  agrees  
wel l  wi th  tha t  obta ined  ear l ie r  for the w e a r - o u t  of 
pure  SiO2 films under  s imi lar  condit ions (6). 

In  contras t  to the  above HC1 oxide  results ,  SiO2 
films grown at 1000~ in the  presence of C12 exhib i t  
shor te r  fa i lure  t imes than  the s tandard  oxides (Fig. 8). 
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Fig. 8. tmax vs. applied field for different CI2 concentrations for 
oxidation at 1000~ 
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Fig. 9. Maximum time to failure for CCI4, C2HCI3, HBr, and 
H20 oxides. 

This finding is surpr is ing  consider ing tha t  C12 addi t ions  
are  super ior  to I-IC1 for improving  to b r e a k d o w n  char -  
acterist ics ( recal l  Fig. 1). Thus, this  s tudy  shows tha t  
HC1 and CI~ oxida t ion  addi t ives  l ead  to m a r k e d l y  di-  
vergent  accelera ted  b r eakdown  character is t ics  in add i -  
t ion to giving different  incorpora ted  C1 profiles in SiO2 
(15, 17), oxide po la r izab i l i ty  behav ior  (15), and oxi-  
dat ion kinetics (18, 19). However ,  both  addi t ives  effec- 
t ive ly  enhance r amp  b r e a k d o w n  vol tage  d is t r ibut ions  
and minor i ty  car r ie r  genera t ion  (12). 

The effects of the  o ther  addi t ives  on w e a r - o u t  is 
po r t r ayed  in Fig. 9. Improvements  can be noted for  
C2HCls, HBr, and H20 grown films, bu t  CC14 gave 
poorer  than  no rma l  characteris t ics .  Table  I summarizes  
severa l  proper t ies  of MOS s t ructures  fabr ica ted  using 
var ious  oxidat ion  ambients .  I t  is seen tha t  C1 can be  
associated with  minor i ty  car r ie r  l i fe t ime improvements  
while  both C1 and Br enhance to or  r amp  b r e a k d o w n  
characterist ics.  Nevertheless ,  only  the hyd rogen -con -  
ta ining compounds promote  SiO2 in tegr i ty  under  the  
accelera ted  b i a s - t e m p e r a t u r e  stressing used here.  
Chlorine, e i ther  as C12 or  in CC14, is indeed  de t r i -  
menta l  to long t e rm SiO~ re l iabi l i ty .  

E~ects o~ hydrogen.--Annealing studies of s t anda rd  
and H,~O grown oxides give addi t ional  informat ion  on 
the hydrogen  effects. F i l m s  grown in 4% H20 at  1000~ 
rema in  h ighly  res is tant  to w e a r - o u t  even af ter  a l/2-hr 
anneal  in Ng., a l though anneal ing  at h igher  t e m p e r a -  
tures  (1100~176 e l iminates  the  hydrogen  im-  
p rovemen t  effect (see Fig. 10). Since one might  ascr ibe 
this enhancement  of w e a r - o u t  resis tance to the  incor-  

Table I. Effect of oxidation addition on minority carrier lifetime, to 
breakdown, and dielectric wear-out 

I m p r o v e s  
Con- dielec- 

Oxida-  Improves  Con- I m p r o v e s  ta ins  t r ic  Con- 
t ion ad- l i fe t ime rains to b reak-  halo- w e a r -  ta ins  
dition (12) C1 down gen out  H 

CCh Yes y e s  Yes Yes No No 
C12 Yes Yes Yes Yes No No 
HCI Yes Yes Yes Yes Yes Yes 
C2HCla Yes Yes Yes Yes Yes Yes 
HBr  No No Yes Yes Yes Yes 
H20 No No No No Yes Yes 
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Fig. 11. Effect of sequential oxidation of 200,i~ in dry O2 and in 
O2 -1- 4% H20. O ,  dry oxide followed by H20 oxide; x, H.20 
oxide followed by dry oxide. 

porat ion of hydroxyl  groups into the oxide, it  should 
be pointed out that inf rared spectroscopy studies (22) 
have demonstrated that  a br ief  anneal  ( <  �89 hr)  at 
1000~ in  O~ is sufficient to remove almost all  these 
species. Composite films made of SiO2 films grown in  
pure O2 and 96% 02-4% H20 ambients  are more re-  
l iable than  s tandard  films, regardless of the order of 
the oxidation steps, al though they are not as reliable 
as films completely grown in  4% H20 (see Fig. 11). 
Silicon dioxide films annealed in  forming gas (20% 
H2-80% N2) also exhibit  somewhat bet ter  wear -out  
characteristics provided the anneal ing tempera ture  was 
high enough (see Fig. 12). With 900~ annealing,  
breakdown times are perceptively lengthened at low 
applied fields while 1050~ anneal ing results in  a 2- 
to 5-fold change. Ion implanta t ion  of either H~ + or 
HsO + appears to lead to higher dielectr ic wear -out  
integri ty  (Fig. 12) bu t  t ime-zero characteristics of im-  
planted oxides were below standard. 

ModeL--An earl ier  s tudy (6) proposed a model  to ac- 
count for dielectric degradation and fai lure in SiO2 
films: energy states in  the SiO2 bandgap are created at 
the inject ing electrode dur ing accelerated b ias - tem-  
perature stressing. When charged, these trap states 
cause a dipole lowering of the inject ing barr ier  and 
allow excessive current  to promote fai lure by a local- 
ized thermal  runaway.  

The mechanism responsible for interface state gen-  
erat ion is still unresolved. Transpor t  of a chemical 
species (either foreign or intr insic  to SiO2) t h rough  
the film or an electrochemical reaction of the electrode 
metal  could contr ibute to this generat ion of t rap states, 
albeit in different ways. 

Oxides grown in the presence of hydrogen or halo-  
gens show the same general  electrical deteriorat ion 
prior to breakdown as do films grown in  100% 02. 
About  the only difference between the two types of 
oxides is the t ime lapse before the observation of 
degradation. Large flatband voltage shifts appear in 
C12 oxides (15) stressed at room tempera ture  so that  
it is not surpris ing that  such films exhibit  early failure 
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Fig. 12. Improvement in tmax as a result of annealing dry oxides 
in forming gas (20%H2) at high temperature ( O ,  500~ ~ ,  
900~ -}-, 1050~ and as a result of ion implantation (Z~, 
1013H2+; A ,  10i3H~O+). 

times. On the basis of our earlier model, it appears that  
dielectric l ifetime improvements  can be a t t r ibuted to 
a slower generat ion rate of the localized trap states 
responsible for bar r ie r  lowering, and a hydrogen 
species is associated with a net  reduction in the gen- 
erat ion rate. There is some other evidence to support  
this model. For example, the importance of hydrogen 
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for anneal ing  out  (at  ~ 500~ surface states in MOS 
s t ructures  is wel l  es tabl ished (23). In  addition, the  
in t roduct ion of atomic hydrogen  at room t empera tu r e  
has been shown to g rea t ly  reduce the  enhanced con- 
duct ion tha t  resu l ted  f rom accelera ted  stressing of 
MOS capaci tors  (6). Annea l ing  studies repea ted  here  
have shown tha t  the  hydrogen  can be in t roduced  e i ther  
dur ing or  a f te r  oxida t ion  a l though it is most  effective 
when  added  dur ing  oxidat ion,  and it also can be  im-  
planted.  

Field enhancement breakdown.--Electric field en-  
hancement  (24-25) due to the  presence of mobi le  ions 
(pa r t i cu la r ly  sodium) has been shown to be one t ime-  
dependent  dielectr ic  b r eakdown  mechanism in SiO~ 
films: Exper iments  were  conducted as pa r t  of this  s tudy  
to ver i fy  tha t  this  sodium neut ra l iza t ion  (2-5) could 
lead to a re l i ab i l i ty  improvement  in in ten t iona l ly  con- 
l amina t ed  films. Oxides  1000A thick were  g rown at  
1150~ in oxygen  containing 0, 3, or  9% HCI; sodium 
levels  of 6 X 1012 and 10 z4 N a + / c m  2 we re  evapora ted  
onto the  film before  meta l  capaci tor  dots were  de -  
posited. 

The cur ren t  th rough  a Na contamina ted  film was 
prev ious ly  (25) shown to reflect the  amount  of field 
enhancement  (and hence decrease of the  effective 
Fowle r -Nordhe im  tunnel ing  distance)  near  the  in jec t -  
ing silicon. As the e lec t r ica l ly  uncompensa ted  sod ium 
was dr i f ted  th rough  the  oxide, the  cur ren t  increased to 
a m a x i m u m  and  then  decayed  provided  the sample  d id  
not b reak  down dur ing  the dr i f t  (see inser t  Fig. 13). 
As can be read i ly  seen, the max imum current  th rough  
the HC1 oxides be low 7 MV/cm was at least  2-4 orders  
of magni tude  lower  than  in the  s t andard  oxide. This 
measurement  is t aken  as direct  evidence tha t  the  in-  
t e rna l  electr ic  field due to the  Na space charge can be 
g rea t ly  reduced because of Na neutral izat ion.  

S u m m a r y  
Oxidat ion of sil icon in 02 wi th  HC1, CI~, CC14, 

C2HCla, or  HBr  addi t ions increased the average  SiO2 
b reakdown  voltage and reduced the s ta t is t ical  da ta  
spread.  The amount  of improvement  observed var ied  
wi th  the  addi t ive  species and its concentra t ion dur ing  
oxidation.  The best  character is t ics  were  obta ined  using 
about  half  the amount  of halogen that  would  cause 
visual  nonuni formi ty  in the  SiO~ films and Si etching. 
The b r eakdown  defect  dens i ty  increased more  r ap id ly  
wi th  oxida t ion  t empe ra tu r e  for HC1 oxides  than  for  
s tandard  oxides. The improvements  were  t en ta t ive ly  
a t t r ibu ted  to the  removal  of heavy  meta l  impuri t ies .  
The t ime to b r eakdown  under  acce lera ted  bias s t ress-  
ing depended  on the species used. Chlorine and CC14 
oxides had  reduced fa i lure  t imes;  HC1, HBr, C~HC13, 
and H~O oxides had  vas t ly  improved  dielectr ic  in-  
tegr i ty .  In  the  range  0-3% HC1 dur ing  oxidat ion,  the  
fa i lure  t imes increased by  0.3-0.65 decades /% HCI for 
appl ied  fields of 2-7 MV/cm, respect ively.  The im-  
p rovement  due to HC1 seemed to sa tu ra te  nea r  6-9% 
HC1 when  oxidat ion  occurred at 1000~ but  increasing 
oxidat ion  t empera tu re  gave longer  fa i lu re  times. The  
measurements  indicate  that  the  basic degrada t ion  in 
al l  the tes ted oxides was the  same as in s tandard  films. 
The improved  wea r -ou t  re l i ab i l i ty  was a t t r ibu ted  to 
the  presence of hydrogen  r a the r  than  halogens, since 
an improvement  was observed in oxides grown in 4% 
H20/O2 or annealed  at high t empera tu re  in hydrogen.  
I t  was observed tha t  Na neut ra l iza t ion  (2-5) could 
lower  the  in te rna l  e lectr ic  field due to the  Na- ion  
space charge and hence provide  another  basis for ob-  
ta ining h ighly  re l iab le  sil icon dioxide films. 

A c k n o w l e d g m e n t s  
Helpful  conversat ions wi th  Y. van der  Meulen, N. 

Chou, J. Eldridge,  and J. Ziegler  are  g ra te fu l ly  ac-  
knowledged.  Ion implan ta t ion  of hydrogen  was sug-  
gested by  A. Fowle r  and pe r fo rmed  by  B. Crowder  and 
N. Penebre .  The au thor  would  also l ike  to express  

i014 Na + ICM 2 / o  oi 

1150~ OXIDATION 0.~,,, - ' I 0  o/X~ " / ' x  
_4 / 

/ / O• / 

~ ox,0AT,O. 
= / X 3% HCl 

-- , , , / x  1:3 9 %  HCI 
o / 

LOG TIME 

n I I I -I0 "" 
6 7 8 9 

E (MV/CM) 

Fig. 13. Current maxima in No-contaminated HCI nxides, Insert 
shows time dependence of current through SiO2. 

gra t i tude  to D .  Ormond for assistance in sample  p rep -  
ara t ion and measurement .  Other  samples and en-  
couragement  were  also p rov ided  by  T. Fennel l ,  G. 
Schmidt,  E. Terner,  and R. Troutman.  

Manuscr ip t  submi t ted  Sept.  14, 1973; revised m a n u -  
script  received Dec. 28, 1973. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be publ i shed  in the December  1974 
JOUSNAL. Al l  discussions for  the  December  1974 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1974. 
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ABSTRACT 

An efficient and  re l iab le  technique for  synthesizing sodal i te  is described.  
This new synthes is  is t e rmed  "s t ruc ture  convers ion method."  It  converts  a 
complex sodium-a luminos i l ica te  s t ruc ture  into a sodal i te  s t ructure  whi le  at 
the  same t ime incorpora t ing  the a lka l i  ha l ide  and ac t i va to r  compounds to 
form cathodochromic (CC) or  photochromic (PC) sodal i te  in one step wi thout  
requi r ing  addi t ional  sensit izing procedure.  Both PC and CC sodali tes  .of h igh 
qual i ty  have been  synthesized by  this method.  The resul ts  of s t ruc tura l  ana l -  
ysis, opt ical  measurements ,  and  e lec t ron beam exci ta t ion  of these mate r ia l s  
a re  presented.  

Mater ia ls  which exhibi t  a photochromic (PC) effect 
(1) a re  of considerable  technical  interest .  They have 
appl icat ions  in many  areas, such as, filter optics (2), 
ho lography  (3), informat ion s torage (4, 5), a n d  dis-  
p l ay  (6-13). In  the  field of high dens i ty  informat ion  
displays,  a s torage ca thode - ray  tube (CRT) requi r ing  
no ref reshing  is pa r t i cu la r ly  advantageous.  The s tor -  
age CRT screen calls for sensi t ive cathodochromic 
(CC) mater ia ls .  The a lkal i  ha l ide  fami ly  wi th  color 
centers  (14), which is a w e l l - k n o w n  system exhib i t ing  
both PC and CC propert ies ,  has been used in some of 
the  appl icat ions  ment ioned  above (4-7).  

Recently,  a series of studies (15-28) has been focused 
on another  ma te r i a l  group, i.e., the  sodalites.  Sodali te,  
Na6A10Si60~.Na2X, is a genera l  name for a group of 
mate r ia l s  or minera ls  in which X is CI~, Br~, I~, (OH)~, 
S, etc. Rigorously,  one dist inguishes them as chloro-  
sodalite,  bromosodal i te ,  etc. When  X takes  the form of 
SO4, CO3, WO4, MOO4, CrO4, etc. they  are  genera l ly  
re fe r red  to as noselites. There  have  been  na tu ra l  
sodali tes  [known as hackmani tes  (29, 30) which ex -  
h ibi t  the  PC proper ty ]  found on m a n y  par ts  of the  
ea r th  (16, 18, 30-33). However ,  synthet ic  sodali tes  
genera l ly  show more  sensi t iv i ty  w i t h  respect  to the  PC 
and CC proper t ies  (27, 26). In  fact, t hey  possess cer-  
ta in  character is t ics  which are  super ior  to the  a lka l i  
halides,  such as ma te r i a l  s tab i l i ty  (nonhydroscopic,  
h igher  mel t ing  t empera tu re ) ,  more  effective colorat ion 
and bleaching behavior  (h igher  efficiency), and  less 
fa t igue (i.e., the  p robab i l i ty  of forming a complex  
center  is smal le r ) .  Therefore,  methods  of synthesizing 
both PC sodali te  and  CC sodal i te  have become tech-  
n ica l ly  impor tant .  

I t  is genera l ly  be l ieved  that  the color absorpt ion  in 
sodali tes  is due to an F - c e n t e r  t ype  impur i ty ,  i.e., an 
e lec t ron t r apped  at  a negat ive  ion vacancy, for ex-  
ample,  a chlor ine vacancy in chlorosodali te.  In  syn the -  
sizing PC sodalites,  in addi t ion to negat ive  ion vacan-  
cies, an impur i ty  ac t iva tor  is necessary since i t  acts as 
an e lect ron donor which, upon u.v. excitat ion,  gives an 
e lec t ron to the  F - c e n t e r  t r ap  via the  conduction band.  
Act iva tors  such as Fe (21) and OH (34) have been  re -  
por ted  to p l ay  a role in the  PC process in sodali te;  

*Electrochemical Society Active Member .  
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display. 

however ,  the su l fu r -doped  sodal i te  seems to be most 
efficient (27) in exhib i t ing  tenebrescence (photo-  
chromism),  in  synthesizing efficient CC sodali tes,  no 
act ivators  are  necessary,  since the  high ene rgy  e lec t ron 
bombardmen t  can d i rec t ly  fill the  F -cen t e r  t rap.  

S ing le -c rys ta l  sodal i te  has been  synthesized (35-37), 
but  most  work  on PC sodal i te  has been  on powder  
mater ia l .  This is because the  PC sodal i te  powder  is 
easier  to make  and is pa r t i cu l a r ly  useful  for  s torage 
d i sp lay  applications.  Severa l  processes for synthesizing 
sodali tes have been  developed in the  past  (15-19, 38- 
48). These can be classified into four  m a j o r  categories:  
(i) hyd ro the rma l  g rowth  (38-40, 15, 16, 19, 22, 23, 41, 
42); (ii) so l id-s ta te  react ion or  s inter ing (43, 17, 18, 
44, 42); (iii) diffusion in zeoli te (19, 45); and (iv) 
a lumino-s i l ica te  gel react ion (42, 46-46). However ,  
most  of these methods  have disadvantages ,  such as 
incomplete  reaction,  low efficiency, h igh cost, and  long 
processing time. They are, therefore ,  not  ve ry  sui table  
for la rge  quan t i ty  indus t r ia l  processing (see Discus- 
sions and S u m m a r y  section be low) .  

In  the  present  work,  a simple, efficient, and  economi-  
cal me thod  of synthesiz ing PC and CC sodali tes is 
described.  This new synthesis  is t e rmed  "s t ruc ture  
conversion method."  I t  converts  a commerc ia l ly  ava i l -  
able molecu la r  s ieve ma te r i a l  (complex sodium a lu-  
minosi l ica te) ,  an a lkal i  halide, and a sul fur  compound 
(used as ac t iva tor  for  PC but  not  necessary  for  CC 
mate r i a l )  into sodal i te  in one step wi thout  requi r ing  
fu r the r  sensit izing procedures.  Both PC and CC soda-  
l i tes  of high qua l i ty  have been synthesized by  this 
method.  Also discussed in this  paper  are  the  resul ts  of 
s t ruc tura l  analyses,  optical  measurements ,  and e lec t ron 
beam exci ta t ion  of these mater ia ls .  

Synthesis Procedure 
The s t ruc ture  conversion method  (SCM) is different  

from hydro the rma l  growth,  so l id-s ta te  s intering,  and  
a luminosi l ica te  gel react ion in tha t  it  is not  a synthesis  
from the oxide and salt  components.  I t  is also different  
f rom the diffusion method  (19) which diffuses a gase-  
ous sulfur  compound and an a lkal i  ha l ide  into a zeoli te 
s t ruc ture  [3 (Na20"A1203"2SiO2) ]. The procedure  of 
the  diffusion method  is that  the  mix tu re  of zeoli te and 
sodium chloride is dr ied  at  low t empera tu r e  and low 
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pressure of 0.05-0.01 mm for 24 hr. The evacuated 
sample is then slowly opened to H2S or 802 and al-  
lowed to come to atmospheric pressure. The diffusion is 
preferably carried out at 250~ to prevent  aggregation 
and pore blocking. At this temperature,  there is no 
s t ructure  change or conversion occurring. However, the 
basic mechanism of SCM is the conversion of complex 
sodium-aluminosi l icate  s tructure into a sodalite s t ruc-  
ture  while at the same t ime incorporat ing the alkal i  
halide (and activator compound) to form CC(PC)  
sodalite. The complex Na-Al-si l icate chosen to be the 
start ing mater ia l  is the type that contains a basic 
bui lding block in the form of a te t rahedron with four 
oxygen ions sur rounding  a smaller  silicon or a luminum 
ion. These te t rahedra are identical to those in  the 
sodalite structure, thus the start ing material,  in  es- 
sence, has a "distorted sodalite s t ructure" or has the 
same basic s t ructural  uni ts  as sodalite. Due to this 
s t ructural  distortion, the mater ial  can have very  large 
"apertures" and "pores" so that  the incorporat ion of 
dopants (alkali  halide) and activators (sulfur com- 
pound) becomes very efficient. There are several dif- 
ferent  groups of mater ia l  that  have this property. The 
readily available one is the commercial molecular  sieve 
material,  l Our experiments  indicate that  these molecu-  
lar  sieves can easily be converted to sodalite. 

Figure 1 describes the synthesis procedure of the 
s t ructure  conversion method. The process of syn the-  
sizing PC sodalites is shown in  Fig. la. The commercial 
Linde molecular  sieve I is used as the star t ing Na-A1- 
silicate. The alkali halide and the sulfur  compound 
used are reagent  grade. These star t ing materials  (all in  
powder form) are mixed in  a quartz boat which is 
then placed in a furnace under  reducing atmosphere. 
The sulfur  compound used can be sodium sulfide, sul-  
rite, or sulfate. Excess sodium halide is always used 
since the excess salt can be leached out after the heat-  
ing process. We have exper imented  with several  dif- 
ferent kinds of sieve material,  namely,  sieves with 
different sizes of pores (Linde 3A, 4A, 5A, 10X, and 
13X type which have channel  sizes, 3, 4, 5, 8, and 10A, 
respectively).  Our results indicate that  the Linde 13X 
molecular  sieve, (Na86 [ (A102) 86 (SIO2) 106] ) "XH20, 
gives the best PC sodalite and Type 4A, (Na12(A102 
(SIO2) 12) .XH20, the next  best. The Linde 3A, 5A, and 
10X sieves which contain potassium and calcium ions 
do not result  in very  sensitive PC mater ia l  by the 
SCM synthesis. Therefore, in describing the physical 
properties of the synthesized sodalites below, we shall 
restrict our discussions to sodalites prepared from the 
Linde 13X and 4A sieves only. 

In  the synthesis of sodalites by the s tructure con- 
version method, there are three basic processing 
parameters,  namely  the furnace temperature,  the re-  

Z Molecular sieve materials are synthetic sodium-aluminosilicate 
(often referred to as zeolites). There are several companies which 
produce them (e.g., Zeolite Chemical Company, Hungerford and 
Terry Inc., Metalene Chemical Company, ete). Materials used in 
this work are from Linde Division, Union Carbide Corporation. 

[ SODIUMALUMINOSILICATE SULPHUR I 
(MOLECULAR SIEVE) I + ~ + COMPOUNDI 

HEAT 
REDUCING GAS 

SODALITE 
(PHOTOCHROMIC) 

(a) 

SODIU MALUMINOSILICATE I + 
(MOLECULAR SIEVE) 1 IHALIDEI 

HEAT SODALITE 
REDUCING GAS " (CATHODOCHROMIC) 

(b) 

Fig. l .  The synthesis procedure of the structure conversion method 
(a) for photochromic sodolites and (h) for cathodochromic soda|ires. 

ducing gas flow rate, and the reaction time. Al though 
sensitive PC sodalites have been made by  the SCM 
over a broad range of tempera ture  (650~176 With 
either forming gas or hydrogen as reducing agent and 
with a variable length of heat ing cycle (6-16 hr) ,  we 
find that  there is an optimal set of conditions which 
gives the most consistent results. It  is: tempera ture  
= 850~ flow rate = 3 l i te r / ra in  forming gas (for a 
2�89 in. furnace tube ) ;  and reaction t ime ---- 8 hr, The 
resul t ing materials  are very sensitive PC sodalites; that  
is, no separate sensitizing step is required. After  wash- 
ing and leaching, the mater ia l  is checked by x - r ay  dif- 
fraction which confirms that  it has a sodalite structure. 
The x - ray  and optical measurements  of the PC sodalite 
will be discussed below. 

The synthesis of CC sodalite is essentially identical  
to that  for the PC sodalite. Figure lb  i l lustrates the 
procedure. Again  we use molecular  sieve mater ia l  as 
the s tar t ing Na-Al-sil icate.  However, in  the  synthesis 
of CC sodalites, the sulfur  compound is found to be 
unnecessary, as has also been pointed out by  others 
(25, 26). Comparing various nonsul fur -doped CC soda- 
lites prepared by the SCM, we find that  the Linde 4A 
type of molecular  sieve is best suited for CC 8odalite 
synthesis. 

Physical Properties 
X-ray diEraction.--The x- ray  diffraction of both the 

molecular  sieves (the s tar t ing mater ia l)  and the re-  
sul t ing mater ial  were measured with a Debye-Scherrer  
powder diffraction camera. The source was CuK~ radi-  
ation: The results indeed confirm that  the s tructure 
conversion is complete. Table I shows the x - r ay  data 
for the Linde 13X sieve and the PC chlorosodalite 
prepared from it by the SCM. The left side of the table 
also lists the National  Bureau of Standards (NBS) dif- 
fraction data (33) for a s ingle-crystal  chlorosodalite 
which was taken from Ice River, British Columbia 
(33). Comparing the result  of the synthesized sodalite 
powder in  the center  column of Table I with the 
single-crystal  data, one notes that  the agreement  is 
indeed very good. It shows not only a matching set of 

Table I. X-roy diffraction data of natural, single-crystal sodalite 
and synthetic sodalite by SCM using Linde 13X and 

Linde molecular sieve 13X 

J C P D S  20-1070 (33) IBM S C - 1 3 X  13X, (NaAl ) seS i~O~-X/ - I=O 

hk!  d, A 1/11 d, A I / Iz  h k t  d, A I / I i  

110 6.3 80 6.29 81 111 14.4 100 
200 4.45 40 4,442 30 320 8.823 50 
- -  - -  - -  3.992 9.5 311 7.516 39 
211 3.63 100 3.631 100 331 5.713 51 
310 2.81 50 2.81 45 333, 511 4.792 17 
222 2,57 70 2.563 66 440 4.404 31 
321 2.38 70 2.373 73 531 4.20 v w  
400 2.22 10 2.22 14 620 3.936 13 
330, 411 2.10 80 2.094 90 533 3.796 62 
420 1,99 30 1.986 30 444 3.60 v w  
332 1.896 30 1,894 29 711, 551 3.50 v w  
422 1.814 30 1.814 20 642 3.33 54 
431 1.743 30 1,741 20 731,583 3.25 v w  
521 1.621 30 1.621 19 733 3.044 20 
440 1.569 60 1.570 53 822, 660 2.938 35 
433, 530 1.523 40 1.523 32 751,555 2.878 61 
442, 600 1.48 60 1.480 49 840 2.787 32 
532, 611 1.441 60 1.441 50 911. 753 2.731 14 
620 1.404 5 ~ - -  664 2.657 34 
841 1,371 30 1.370 22 931 2.616 18 
622 1.339 30 1.339 23 844 2.64 w 
631 1.310 30 1.309 25 882, 1020 2.45 v w  
444 1.281 30 1.282 19 666, 1022 2.399 19 
640 1.231 5 - -  -- 775, 1111 2.25 v w  
652, 633 1.209 60 1.209 46 880 2.198 15 
642 1.189 5 ~ - -  935, 1131 + 2.179 14 
730 1.167 20 1.167 9.8 973, 1133 2.117 13 
681,732 1.129 40 1.t28 25 884, 1200 2.08 v w  
800 1.110 5 - -  991 1.948 12 
554, 741+ 1.093 20 1~94  13 1086, 10100 + 1.763 14 
644, 820 1.078 20 1.078 19 997, 1193 1.716 18 
682 1.019 20 1.017 9.7 + 7  l ines 
752 1.007 20 to  1.309 
840 0.994 30 0.~94 
833, 910 0.982 10 - -  -- 
842 0,969 I0  
655.781+ 0.958 30 0T69 
754, 861+ 0.936 lO 
763, 932 0.917 20 0~16 
844 0.906 20 0.906 9.3 
+ 9 l i ne s  + 4 l i ne s  

to 0.7847 to 0.7913 
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lines but also a set of comparable relative intensities. 
Furthermore, the indices of the observed lines (hkl) 
obey the "even" rule (h -{- k § I -- 2N) pointed out by 
Tomisaka et aL (40). However, one may point out that 
there is one extra line exhibited by the synthetic PC 
sodalite at 3.992,% with relatively weak intensity which 
is not observed in the single-crystal sample. But this 
line has been reported by Tomisaka et uL on a natural 
sodalite powder sample from the Princers Mine, 
Canada. A similar line has also been observed by Wil- 
liams et aL (19) in their synthetic sodalites which were 
prepared by solid-state sintering, or hydrothermal 
growth, using Na2SO4 as activator or by diffusing SO2 
into a zeolite structure. Thus, one may suggest that 
this extra line is related to the sulfur activator incor- 
porated in the powder sodalite. The Linde 13X molecu- 
lar sieve material has a set of diffraction lines entirely 
different from those of the sodalite. This is shown in 
the last column of Table I which agrees with the data 
of Broussard and Shoemaker (49). 

The x-ray diffraction results for PC C1-sodalite pre- 
pared from Linde 4A molecular sieve are shown in 
Table II. Again the synthetic sodalite powder shows a 
set of interplanar spacings which matches very well 
with the single-crystal data. One also notes an extra 
diffraction line. This line corresponds tO slightly larger 
interplanar spacing (4.234A) and intensity than the 
extra line which appeared in the sodalite prepared 
from Linde 13X. Although there is no obvious explana- 
tion for this difference, one may point out that Wil- 
]iams et aL (19) have also observed similar lines cor- 
responding to 4.23, 4.24, and 4.29A spacings in their 
sintered, hydrothermally grown, and H2S activated 
sodalites, respectively. 

Photochromic behavior.--The best way to calibrate 
the sensit ivi ty of a PC sodalite is to measure -its photo- 
induced absorption. We have made optical absorption 
measurements  for various sodalites using a Cary 14 
spectrometer. The sodalite powder is immersed in  a 
l iquid with matching index of refraction. Only su l fur -  
doped samples show u.v. induced coloration. Figure 2 

Table II. X-ray diffraction data of natural single-crystal sodalite 
and synthetic sodalite by SCM using Linde 4A and Linde molecular 

sieve 4A 

J C P D S  20-1070 (33) IMB SC-4A 4A, (NaA1Si)~O~s.SH20 

hkl d, A I /I i  d, A 1/11 hk! d, A 1/11 

110 6.3 80 6.3 81 100 12.33 100 
200 4.45 40 4.452 29 110 8.703 87 
-- ~ -- 4.234 21 111 7.101 56 
211 3.38 100 3.635 100 210 5.507 45 
310 2.81 50 2.813 39 211 5.0 w 
222 2.57 70 2.57 68 220 4.341 16 
321 2.38 70 2.377 70 300, 221 4.101 59 
400 2.22 10 2.22 w 310 3.894 w 
330, 411 2.10 80 2.097 86 311 3.709 74 
420 1.99 39 1.989 23 222 3.54 w 
332 1.896 30 1.897 21 320 3.414 29 
422 1.814 30 1.816 18 321 3.289 63 
431 1.743 30 1.744 2 0  400 3.075 w 
521 1.621 30 1.625 28 322, 410 2.984 71 
440 1.569 60 1.573 49 330, 411 2.899 20 
433, 530 1.523 40 1.526 28 331 2.82 w 
442, 600 1.48 60 1.483 44 420 2.752 26 
532, 611 1.441 60 1.444 47 421 2.686 18 
620 1.404 5 1.409 10 332 2.622 57 
641 1.371 30 1.373 17 422 2.51 10 
622 1.339 30 1.343 19 430. 500 2.44 w 
631 1.310 30 1.313 19 431 ,610  2.413 w 
444 1.281 30 1.285 16 333, 511 2.361 30 
640 1.231 8 1.231 vv ;  432,520 2.288 w 
552, 633 1.209 60 1.212 39 521 2.23 w 
642 1.189 6 - -  - -  440 2.173 14 
730 1.167 20 -- 441, 522 2.13 w 
661,732 1429  40 1.131 ~ 433, 530 2.103 w 
800 1.110 6 - -  531 2.07 w 
554, 741+ 1.093 20 1.096 ~ 442, 600 2.049 27 
644, 820 1.078 20 1.079 10 610 2.023 w 
662 1.019 20 1.021 11 443. 840 + 1.920 16 
752 1.007 29 - -  - -  541 1.892 w 
840 0.994 30 0.998 16 550, 543+  1.739 29 
833, 910 0.982, 10 + 1 l ine  720, 641 1,689 19 
842 0.969 10 a t  0.849 + 8 l i ne s  
655, 761 + 0.958 30 to  1.220 
754, 851 + 0.936 10 
783,932 0.917 20 
844 0.906 20 
+ 9 l i ne s  
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Fig. 2. Ultraviolet induced color absorption in sulfur-doped photo- 
chromic chlorosodalite. 

shows an example of u.v. induced color absorption in 
a Cl-sodalite. The solid line is the absorption before 
u.v. excitation and the dotted line is the u.v. induced 
absorption. The absorption of the background liquid 
with matching index of refraction (1.486) is also shown 
in Fig. 2. The absorption coefficient derived from the 
change in the optical density exceeds 200 cm -1 which 
is by far the highest ever reported for Cl-sodalite. Us- 
ing this value in the Smakula formula (50, 14), one can 
obtain an estimate of the switchable color center den- 
sity which is shown in Table III along with results for 
Br- and I-sodalites. One notes that the absorption 
peaks of C1-, Br-, and I-sodalite (Table III) shift 
progressively towards longer wavelengths, which cor- 
respond to the progressive increase of their lattice 
constants. This correlation (a linear curve for the re- 
lation of peak wavelength vs. lattice constant when 
plotted in log-log coordinates) which is an analog of 
Ivey's relation (14) for color center absorption in 
alkali halides, has also been noted by others (22, 23, 
25). The typical density of switchable centers of PC 

Table III. Lattice constant, absorption peak, absorption 
coefficient, and switchable color center density of various 

synthetic sodalites 

Type  CI Br  I 

La t t i c e  cons tan t ,  A 8.89 8.93 9.02 
Absorption peak,  A 5250 5450 5950 
A b s o r p t i o n  coeff ic ient  206 114 147 

a t  300~ cm -1 
Density of switchable 2.3 x I0 TM I.I • I0 Is 1.5 • 10 Is 

center ,  c m  -s 
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Fig. 4. Cathodochramir characteristics of several nonsulfur=doped 
sodalites. 

Fig. 3. An image produced on the sulfur-doped photochromic 
chlorosodalite: the contrast equals 4:1. 

sodalite synthesized by the SCM is of the order  of 
1018/cmZ. For that density, the mater ial  shows a reflec- 
tive contrast ratio of somewhat bet ter  than  4:1. An 
example of the contrast  and resolution capabilities of 
SCM sodalite is shown in  Fig. 3 for a Cl-sodalite. The 
powder sample was sandwiched be tween  two sheets of 
plastic (3 mils thick) and was exposed to a u.v. l ight 
source [Black Light, 2 b road-band  peaked at 3650A and 
~15W input  power] placed 5 cm above for 5 sec 
through a glass mask (2.5 mm thick).  The two Polaroid 
pictures (Fig. 3) were taken with the mask covering 
the sodalites (top) and with the mask removed (bot- 
tom).  The image has a contrast of about 4: 1, and is 
purple on a white background. 

Cathodochromic behavior.--The electron beam col- 
oration experiments  were performed in  a demountable  
cathode-ray system. Sodalite powders were sprayed 
onto NESA 3 glass plates and were tested with electrons 
of 10-20 kV. Both sulfur-doped and nonsul fur -doped 
sodalites can be colored by an electron beam but  to 
different degrees. In  general  the sulfur-doped samples 
show lower sensit ivi ty in terms of max imum contrast 
(<10:1)  but  higher sensit ivi ty to photobleaching. 
Therefore, they are more suitable for photo-erasable 
cathodochromic screen applications. The nonsul fur -  
doped samples are more sensitive in  terms of both 
max imum contrast (20:1 to 40: 1) and cathodochromic 
efficiency but  are less sensitive to photobleaching. 
Thus, they are suitable for high contrast thermal  eras- 
able cathodochromic screen applications. Comparing 
various CC sodalites (nonsulfur-doped)  prepared by 
the SCM, we find that  Br-sodalites give the best sensi- 
t ivi ty in  terms of coloration for a given e-beam charge 
density. We also find that  the 4A type molecular  sieve 
mater ial  is bet ter  suited for CC sodalite synthesis, i.e., 
better  sodalites can be obtained. Figure 4 shows the 
cathodochromic cl~aracteristic measured for some typi-  
cal nonsul fur-doped CC sodalites. The powder layer  
was 1.5 mils thick. The electron beam energy used was 
20 kV. The contrast ( in transmission) was measured 
with a brightness spotmeter  (Photoresearch Corpora- 
t ion) without  optical filter. One notes that  the Br-  

= Black Light, trade n a m e  of Spectronics  Corporation. 
s Conduct ive  coating,  trade n a m e  of P P G  Industries.  

sodalite is more sensitive par t icular ly  at lower charge 
density than  the Cl-sodalite. One notes also that the 
sensit ivi ty of the sodalite prepared from Linde 4A mo-  
lecular  sieve is superior to that  made from Linde 13X 
molecular  sieve. The Br-sodali te (4A) is most sensitive 
and can be colored to saturat ion with a t ransmission 
contrast greater than 40: 1. This sensit ivity is bet ter  
than  most synthetic sodalites reported in  the l i terature.  

Discussions and Summary 
The earliest work on sodalite sythesis was reported 

by Friedel  and Friedel  (38) who had synthesized soda- 
lite by the hydrothermal  growth method (HTG).  Sub-  
sequently, the HTG method has been used by  many  
people (15, 16, 19, 22, 23, 39-42) with various minor  
modifications or variations. Basically, one starts with a 
mix ture  of A 1 2 0 3 ,  SIO2, NaC1, NaOH (or Na2SO4), and 
water. The mix ture  is first heated at low tempera ture  
to adjust  for a proper amount  of water  and is then 
sealed in a gold or p la t inum tube which is placed in 
an autoclave under  high pressure (~1000 bars) and 
at a temperature  of 350~176 for several days. Noble 
metal  tubes have to be used because of the corrosion 
problem. The result  obtained at this stage is not PC 
(sulfur-doped) or CC (nonsulfur-doped) .  A sensitiza- 
t ion step, heating the mater ia l  at 900~ in  an iner t  
atmosphere or in a reducing atmosphere for some 
hours, is required to activate the material.  Although 
sensitive sodalites (25, 26) have been produced by the 
HTG method, it is obviously an expensive and ineffi- 
cient technique. 

The other commonly used method is solid-state s in-  
ter ing (SSS), which is a dry method. It  starts with a 
stoichiometric mix ture  of a luminum oxide, silicon di- 
oxide alkali halide, and alkali  hydroxide or sulfate 
according to the sodalite formula. This mix ture  is dry 
mil led and then fired at 750~ in  silica dishes. Fi r ing 
and gr inding are repeated m a n y  times to insure more 
complete reaction. A final firing at 9O0~ under  reduc- 
ing atmosphere is required to activate the sodalite. 
The inherent  disadvantages of this technique are the 
lengthy procedures required and the problem of in -  
complete reaction. Sodalites synthesized via a lumino-  
silicate gel (42) also have a similar  drawback. 

In  comparison with the techniques discussed above, 
the structure conversion method (SCM) is much sim- 
pler. It  converts a molecular  sieve mater ial  (complex 
sodium aluminosil icate) with dopants and activators 
into a CC or PC sodalite in a single step. This conver-  
sion may be described more explicitly as follows. The 
molecular  sieve materials  have the basic bui lding 
blocks of s i l icon-oxygen and a luminum-oxygen  te t ra-  
hedra for the sodalite framework. The silicon ion and 
the a luminum ion both have a coordination n u m b e r  of 
four; specifically, they are surrounded by four oxygen 
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ions forming tetrahedra.  These te t rahedra  are con- 
nected together to form a strong framework. The 
framework, while strong, is not rigid. With in  the 
framework, there are cavities and pores which can be 
occupied by other ions and molecules. When the proper 
amounts  of sodium and ionic halogen have been in-  
corporated into the cavities, the f ramework collapses 
to the sodalite structure.  The process of collapse in-  
volves the te t rahedra rotat ing about the twofold axes 
unt i l  the oxygen ions come into contact with the 
sodium ions which themselves are in  contact with the 
halogen ions. This part ial  collapse of the f ramework 
reduces the edge of the cubic un i t  from its ma x i mum 
value of about 9.4 to 8.87A for chlorosodalite. The 
chlorine ion in chlorosodalite can easily be exchanged 
by iodine, bromine, sulfur, etc. However, if the sub-  
sti tuted group is larger than  CI- ,  then the collapse of 
the f ramework is less pronounced. This effect is i l lus-  
t rated (28) by the changes of lattice constant (cdbic 
edge) among various sodalites shown in Table III. 

In  synthesizing PC sodalite, sulfur  ions acting as 
electron donors in  the mater ial  are necessary. The 
sulfur  activator is incorporated in the form of Na2SO4, 
Na2SO3, or Na2S. These sulfur  oxide molecules or ions 
have to diffuse into the aluminosil icate f ramework and 
become reduced (except in the sulfide case) to sulfur 
ions, S =, dur ing t h e  s tructure conversion. Since the 
s tructure conversion is carried out in  a reducing a tmo-  
sphere which prevents  the sulfur  ions from being oxi- 
dized to disulfur ions (27, 42) (and perhaps also pre-  
vents the oxygen ion from replacing the sulfur  ion),  
very sensitive PC sodalites can be obtained in this 
single processing step without requir ing any addit ional  
sensitizing procedure. These sulfur  oxide ions are re la-  
t ively large in  size (in comparison with C1-) ;  there-  
fore, it is not surprising that  the larger pore size (cavi- 
ties and channels)  molecular  sieves, like the 10A pore 
13X sieve, are bet ter  suited for PC sodalite synthesis 
where sulfur  is required. 

In  the case of CC sodalite synthesis, the sulfur  acti- 
vator is not required. Therefore, the channel  size of 
the sieve mater ia l  is not as important  an issue as in  
the case of PC sodalite. In  fact, our exper imental  re- 
sults show that  the Linde 4A sieve (4A pore size) is 
best suited to CC sodalite synthesis. For sensitive CC 
behavior  it is essential to have a halogen deficiency 
(halogen vacancies) in  the sodalite structure.  There-  
fore, it is conceivable that  when  using a 4A sieve 
ra ther  than a 10A sieve as a s tar t ing material ,  a proper 
amount  of halogen deficiency may result, in that  the 
halogen atom, having a radius about twice that  of the 
sodium atom, is more restricted by the 4A channel  
relat ive to the 10A channel.  Furthermore,  the CC 
characteristics of sodalite are somewhat sensitive to 
the perfection of its structure. This has also been ex- 
perienced by Schipper et al. (42) in their  sodalites 
synthesized by the a luminum silicate gel reaction. The 
s t ructural  perfection of the synthetic sodalite can be 
characterized by the A1/Si ratio which should be 1 for a 
perfect sodalite. The Linde 4A sieve has an A1/Si ratio 
equal to 1 whereas the 13X sieve has an A1/Si ratio 
less than  1. This may be the reason that  the 4A sieve 
can be consistently converted to bet ter  CC sodalites 
than  the 13X sieve, even though quite sensitive CC 
sodalites have been synthesized from the latter. 

In  summary,  an efficient and rel iable technique for 
synthesizing sodalites has been developed, which we 
have termed the s tructure conversion method. For both 
PC and CC sodalite synthesis, it is a single-step proc- 
ess requir ing no addit ional sensitization procedure. 
The s t ructure  conversion method would be par t icular ly  
advantageous for industr ia l  processing. It  uses com- 
mercial ly available molecular  sieves as s tar t ing mate-  
rial. The mechanism is one in  which the incorporation 
( through diffusion) of alkali  halides and sulfur  com- 
pounds (required for PC sodalite) is accomplished at 
the same high tempera ture  at which the s t ructure  

change or conversion (distorted sodalite to sodalite) 
takes place. No addit ional sensitizing procedure is re-  
quired. Molecular sieve mater ia l  with larger pore size 
(Linde 13X) is bet ter  suited for the synthesis of PC 
sodalite since it allows more efficient diffusion of rela-  
t ively large sulfur  oxide ions, whereas molecular  sieve 
mater ia l  with A1/Si ratio the same as that  in  sodalite 
(Linde 4A) is best suited for the synthesis of CC soda- 
lite. Using this technique, PC sodalites having switch- 
able color center densities >101S/cm 3 and very sensi- 
tive nonsul fur -doped CC sodalites can be obtained 
routinely.  
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Native Oxide Mask for Zinc Diffusion in Gallium Arsenide 
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ABSTRACT 

This paper reports the first use of an amorphous nat ive oxide on gal l ium 
arsenide to mask against zinc diffusion. Anodic oxides were grown at low 
tempera ture  (--~100~ and stripes were defined in this oxide using s tandard 
photolithographic processing. These samples were diffused, after an appro- 
priate anneal ing cycle, in a closed system using a zinc source (ZnsAs2 ~- GaAs) 
at 612~ for times up to 2 hr. Diffusion depths were measured using a lap 
and stain procedure, and the results showed the oxide to be effective as a 
zinc barrier.  Furthermore,  no anomalous lateral  underdiffusion was observed 
indicative of a high integri ty interface between the oxide and semiconductor. 

The p lanar  process, used to advantage in silicon 
device technology, has not been so fully exploited in 
the gal l ium arsenide technology because no similar 
nat ive oxide had been available. Requirements  of an 
oxide in a typical p lanar  process are that the oxide: 
(i) must  be compatible with photolithography, (ii) 
act as a pinhole-free, high breakdown, field strength 
insulator exhibit ing good adherence, and (iii) serve 
as a mask for the controlled diffusion of dopants. 

Previous at tempts (1 ,2 )  at growing a nat ive oxide 
on GaAs have produced only brittle, crystall ine forms 
of ~-Ga203 or GaAsO4, which are extremely porous to 
Zn. Deposited insulators (3-5) such as SiO2 or Si3N4 
are not opt imum Zn masks because of a large thermal  
coefficient of expansion mismatch result ing in crack- 
ing and l if t ing of such films at relat ively high diffu- 
sion temperatures.  The use of PSG films as a Zn diffu- 
sion mask has been reported (6, 7); however, con- 
siderable lateral  diffusion is observed indicating a 
poor qual i ty insulator-semiconductor  interface. De- 
posited a luminum oxide (8) has been used success- 
fully, al though the lateral  diffusion is a factor of up 
to 2 times the vertical diffusion depth which is un -  
satisfactory for precise l ine definition. 

The use of a nat ive oxide film to mask against Zn 
diffusion is reported for the first t ime in this paper. 
Sample preparat ion including oxidation, anneal ing 
and diffusion procedures critical to proper uti l ization 

*Electrochemical  Society Act ive Member. 
Key words:  anodic oxidation,  electro-optical  device technology,  

compound semiconductors, 

of the oxide as a diffusion mask, and results and con- 
clusions thereof are discussed below. 

Sample Preparation 
N-type  gal l ium arsenide wafers of {111} orientation 

and Se-doped in the 1017-101S/cm3 range were polished 
by lapping with 0.3 ~m a lumina  and etching 75 ~m 
from the arsenic face with a bromine methanol  solu- 
tion for a final wafer thickness of 0.3 mm. 

The wafers were thoroughly degreased in a t r i -  
chloroethylene, acetone, water, methanol  r inse cycle 
prior to anodization. The slices were then placed in 
a 30% H 2 0 2  aqueous solution with pH adjusted to 2 
using H3PO4 (9), and anodized at voltages ranging 
from 100-180V d-c at room temperature  and at 100~ 
(10). Following anodization, the samples were baked 
in a ni trogen ambient  for 2 hr at 250~ A 0.34 mm 
stripe pat tern  on 0.63 mm centers was defined using 
a Shipley AZ-111 photoresist (11). 

Annealing and Diffusion 
A closed system, rout inely  used for GaAs laser 

processing, was utilized for Zn diffusion in this ex-  
periment.  The Zn dopant is derived from a source of 
powdered ZnsAs2 and GaAs, which is also designed 
to mainta in  a partial  pressure of As over the GaAs 
wafer during diffusion. A typical diffusion cycle is 
25 min  at 612~ to obtain a sheet resistivity of 45 
ohms/[:] on a 1-4 X 1018/cm3 p- layer  equivalent  to 
a surface concentrat ion of 1020/cm3 to a depth of 0.33 
~ m .  



Vol. I21, No. 6 N A T I V E  OXIDE M A S K  FOR Zn  D I F F U S I O N  821 

1.0" 

-8  

'2: ~ - - . 6  

.~ -.4 

Zlo o o 
:& ~, $, 

,~ 620~ 
E] 612~ MIN 

o o 

I I 

DIFFUSION TEMPERATURE (~ 

Fig. I. Calcu|otion of junction depth for Zn diffusion from a 
5/50/45 (Ga,As,Zn) source as a function of time and temperature 
for an ideal closed system. Data points show experimental values 
determined on a less than ideal closed diffusion system. 

Fig. 2. Cylinder lapped section of 800A thick oxide stripe geom- 
etry on GaAs substrate. Zn junction depth as indicated by chemical 
staining is 0.85 /~m under the unprotected surface and 0.55 /~m 
under the oxide stripe. 

When anodized samples were Zn diffused subse- 
quent  to the 250~ drying cycle, the oxide took on a 
mottled, discolored appearance. At this relat ively high 
temperature,  the oxide film was not completely stable 
and it reacted with the Zn. It  was found that  by 
anneal ing the oxide at 600~ for 30 min  in dry ni t ro-  
gen this problem could be eliminated. This annea l -  
ing step serves to densify the oxide as evidenced by 
a decrease in  thickness ranging from 25-50% indicated 
in  Table I and increases its chemical stabili ty (10). 
Following the anneal ing step, the oxide remained 
visibly unchanged after Zn diffusion at 650~ for t imes 
up to 2 hr. 

Diffusion depth was measured by  lapping the sam- 
ple with a 0.25 ~m diamond suspended in methyl  ethyl 
ketone on a cylindrical  d rum (12) and then staining 
with a 30% HNO~ aqueous solution to del ineate the 
p -n  junction.  Cylinder  lapped sections showed the 
"standard" Zn diffusion (612~ for 25 min)  to pene-  
trate 0.33 • 0.5 ~m, and showed that  oxides 1300A or 
greater effectively masked the "standard" diffusion, 
while th inner  oxides only a t tenuated the diffusion 
depth. 

Discussion 
The var ia t ion of junct ion depth with time a n d  tem-  

pera ture  for a closed system Zn diffusion in  several 
I I I -V compounds may be wri t ten  as (13) 

xj " - -  Xk/t-exp ( - - E / k T )  [1] 

where t is the diffusion time in hours. Casey and 
Panish (14) have determined X _-- 1930 cm/hrl/2 and 
E ---- 1.33 eV for Zn diffusion in GaAs at temperatures  
below 744~ The theoret ical  junct ion  depth v s .  diffu- 
sion tempera ture  relat ion is plotted with t ime as a 
parameter  in Fig. 1. Exper imenta l  points are plotted 
on the same figure showing good agreement  between 
theory and experiment.  

Table I summarizes the oxide thickness, diffusion 
cycle, and junct ion depth data for the various samples 
used in  this experiment.  Note that  while thicker ox- 
ides were grown and used, only a 1300A thick oxide 
after an appropriate a n n e a l i n g  cycle was required to 

Fig. 3. Cylinder lapped section of 3600A thick oxide stripe geom- 
etry on GaAs substrate. Zn junction depth under the unprotected 
surface r is 0.44/~m and diffusion is masked under the oxide stripe. 

mask against a 3300A Zn diffusion. F igure  2 shows a 
cylinder lapped section of an 800A thick oxide. Note 
that  after diffusing a 0.85 ~m l a y e r  of Zn into the 
unprotected GaAs surface, a 0.55 ~m layer  of Zn pene-  
trates under  the oxide. With thicker oxides (~13O0A), 
however, no Zn penetra t ion through the oxide is ob- 
served. In  Fig. 3 a cylinder lapped section shows 3600.~ 
of oxide acting as a Zn barrier .  In  both cases sharp 
boundaries are observed between diffusion under  the 
protected (oxidized) and unprotected stripes on the 
semiconductor, i .e. ,  no observable anomalous lateral  
diffusion wi thin  resolvable limits occurs indicative of 

a high bond strength, low defect density interface be-  
tween the oxide and semiconductor. 

An estimate of the diffusion coefficient of Zn in the 
nat ive oxide can be made using the model described 
by Baliga and Ghandi  (7). If for a given diffusion 
cycle two different oxide thicknesses are used, the 
r e l a t i v e  diffusion coefficient of Zn in the oxide as 
compared with GaAs can be wri t ten  as 

- - [21 D oxide/DGaAs "-" ~ -  Xj 

Table I. 

8 a m p l e  
tax as- 

g r o w n  (A) A n n e a l i n g  cyc le  
tax a f t e r  

a n n e a l  (A) 
Zn  depth  

Dif fus ion  cycle G a A s  (~m) Ox ide  (~ra) 

Gas-011-1 
Gas-020-4  
Gas-035-3  
Gas-040-3  
C~s-040-4 

1700 
2880 
2375 
4875 

600~ fo r  3 0 m i n  
650~ fo r  1 5 m i n  
600~ fo r  3 0 m i n  
600~ for  3 0 m i n  
6 0 0 ~  3 0 m i n  

800 
800 

1600 
1300 
3600 

612~ fo r  25 ra in  0.33 0,20 
612~ for  120 ra in  0.85 0.55 
612~ fo r  25 ra in  0.35 - -  
612~ fo r  25 ra in  0.33 - -  
620~ for  25 m i n  0.44 - -  



822 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  June 1974 

where d' and d are the oxide thicknesses, and x'j and 
xj are the Zn diffusion depths under  the respective 
oxides. For  samples where the oxide acted as a Zn 
barrier ,  xj : 0. The calculation yields an upper  bound 
on Doxlde/DGaAs 

Doxide/DOaAslupper bound "~ \ X'------~ / [3] 

and for d" -~ 1300A, d ~ 800A, and x'j = 2000A 

S o x i d e / S G a A s l u p p e r  bound ~- 0 .06  [4]  

Thus the diffusion coefficient of Zn in the nat ive  oxide 
is less than  one-s ixteenth  of the diffusion coefficient 
of Zn in GaAs. In  comparison, the diffusion coefficient 
of phosphorous in SiO2 is one- ten th  that  of phos- 
phorous in  silicon and the diffusion coefficient of boron 
in SiO2 is one- thi r t ie th  that  of boron in silicon (15) 
(for a closed system at 1150~ These values indicate 
that the diffusion coefficient of Zn in the nat ive oxide 
on GaAs falls into the realm of usable values for 
diffused device fabrication. I t  should be pointed out 
that  this calculation is of a qual i tat ive nature, used 
here to i l lustrate the Zn mask potential  of the nat ive 
oxide. 

Conclusions 
It  has been shown that  the anodic na t ive  oxide, after 

an appropriate anneal ing cycle, can be used as a mask 
for Zn diffusion in GaAs. Such oxides are grown 
either at room tempera ture  or at 100~ they are 
readily compatible with s tandard photolithographic 
processing, and are easily etched in dilute HC1 (be- 
fore anneal ing at 650~ for 30 min)  which does not 
attack the GaAs surface. 

Since Zn can be diffused through the th inner  oxides, 
such th in  oxides can be used as diffusion buffers to 
prevent  semiconductor surface damage from reaction 
with the diffusant. Thus a combination of thick and 
th in  oxides will  permit  well-control led selective area 
diffusion and protect the GaAs surface from damage 
as well as contaminat ion from the ambient.  

No gross strain was found to be present  after oxide 
growth, following a 250~ dry cycle and after annea l -  
ing at 600~ for 1 hr, as evidenced by viewing the 
sample through crossed polarizers (10) in an infrared 
microscope. This, along with the absence of any ob- 
servable anomalous lateral  diffusion, indicates a high 
integri ty  oxide-semiconductor interface. 

These results suggest a potential  GaAs p lanar  tech- 
nology based on a nat ive oxide. Work is cont inuing at 
present to extend the high tempera ture / t ime  operat-  
ing limits of the nat ive  oxides for use as a diffusion 
mask to other dopants, and potent ial ly as a restricted 
area epitaxy mask. 
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ABSTRACT 

An imaging technique has been developed to facilitate growth of uniform 
diameter  crystals by  the l iquid encapsulat ion Czochralski method. A point 
source of x-rays  is used to produce a shadow image of the growing crystal on 
a scinti l lat ion screen. A high-sensi t ivi ty  TV camera converts the shadow 
image into a real - t ime display on a TV monitor. System components are de- 
scribed, and results obtained from growing GaP crystals are presented. 

In  processing semiconductor wafers into electronic 
devices such as l ight-emit t ing diodes, it is desirable to 

1 Temporary  address: Western  Electric, Montgomery Plant ,  
Aurora,  I l l inois  6050"/. 

Key words:  crystal  growth,  x - r a y  imaging,  gal l ium phosphide. 

have uniformly sized wafers. This allows the use of 
s tandard size masks and fixtures. Uniformly sized 
wafers can be produced by growing crystals of uni form 
diameter, or by centerless gr inding of oversized crys- 
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tals having nonuni form diameters. For  silicon, equip-  
ment  is commercially available to automatical ly con- 
trol the crystal diameter  dur ing growth. Fur thermore,  
the raw mater ial  costs are low enough that centerless 
gr inding is an economically viable process. For gal l ium 
phosphide (GAP), none of the above is true;  commer-  
cial equipment  is not available and mater ial  costs are 
substantial .  In  addition, pulled GaP crystals tend to be 
strained and break easily when subjected to eenterless 
grinding. Because of the above considerations, a pro-  
gram to develop a bet ter  method of producing GaP 
crystals of uniform diameter  was under taken.  This 
paper describes the system which was developed to 
meet  this objective. 

At present, large GaP ingots are grown by using the 
l iquid encapsulat ion Czochralski (LEC) method.~ The 
growth procedure starts by placing polycrystal l ine 
GaP in  a quartz crucible, placing a precast slug of 
B203 on top of the powdered GaP, and heat ing the 
crucible in  a graphite susceptor in a chamber pressur-  
ized to about 800 psi with an inert  gas. At 400~176 
the B203 melts, covers the GaP, and thereafter  in -  
hibits the evolution of phosphorus whose vapor pres-  
sure is about 35 atm at the mel t ing point of GaP. The 
remaining  steps in  the growth procedure are similar 
to those used in normal  Czochralski growth, namely,  
seeding, shouldering, and growth of a uniform diame- 
ter  body. 

As an ingot is being grown, a process which requires 
several hours, some phosphorus escapes from the melt  
and condenses on cold surfaces in the chamber, such as, 
the optical windows used for viewing the growth proc- 
ess. After  a few hours at the GaP mel t ing temperature,  
the normal ly  t ransparen t  encapsulant  gradual ly  be-  
comes clouded with fine particles of P and /or  GaP. 
Furthermore,  thermal  gradients in the ambient  gas 
introduce optical distortions. Together, these factors 
compound the difficulty of accurately determining the 
size and shape of the growing crystal by visual obser-  
vation, which is normal ly  done using a closed-circuit  
TV system. This requi rement  for more reliable, more 
quant i ta t ive  informat ion on which to base control de- 
cisions was the pr imary  incent ive  for developing a 
better  method of sensing the diameter  of the growing 
crystal. 

Several  techniques were examined (2-4) bu t  none 
appeared to offer an adequate solution to the diameter  
sensing problem. It appeared that  an x - r ay  shadow- 
imaging technique would, however, el iminate the visi-  
bi l i ty l imitat ions caused by the bui ldup of phosphorus 
deposits on the optical windows, clouding of the en-  
capsulant, and thermal  gradients  in  the ambient.  This 
paper describes such an x - ray  imaging technique based 
on a closed-circuit TV system. Although developed for 
GaP, it can be also applied to the growth of other 
materials.  

Basically, the technique utilizes a small  x - r ay  source 
to cast a shadow image of the growing crystal onto a 
fluorescent screen. An intensified TV camera is used 
to convert  the x - r ay  shadow image into a correspond- 
ing visible image which is displayed on a TV monitor.  
This approach not only el iminates the above visibi l i ty 
problems, but  the image produced also provides an 
excellent indicat ion of the melt  temperature.  This is 
because the viewpoint  is perpendicular  to the axis of 
rotat ion of the growing crystal, and, consequently, the 
shape of the meniscus at the l iquid-solid interface is 
clearly visible. The meniscus shape has proved to give 
a bet ter  indicat ion of the melt  tempera ture  in  the 
growth area than  can be obtained from any other tem-  
pera ture-sens ing apparatus known to us. s As is com- 
mon knowledge, melt  temperature  is a critical parame-  
ter for both the ini t ial  seeding operation and the 

Recently, a Bridgman technique for growing large GaP crystals 
has been  disclosed by Blum and Chicotka (1). Material produced 
by this technique has not yet been evaluated for manufacturing 
light-emitting diodes. 

A qualitative discussion of m e n i s c u s  shape is given in a related 
paper (5).  

growth of the uniform diameter  port ion of the crystal. 
Within  a few seconds after the seed is first dipped into 
the melt, an experienced observer can tell  from the 
meniscus shape whether  or not the melt  tempera ture  is 
proper for seeding. The shape continues to be an in-  
valuable indicator of melt  temperature  dur ing  subse- 
quent  phases of crystal growth. 

X-Ray Imaging System 
A schematic of the over-al l  x - r ay  imaging system is 

shown in Fig. i. Beryl l ium entrance and exit windows 
are used to maximize the x - r ay  transmission of the 
system. These windows are supported by  stainless steel 
flanges which h a v e  ell iptically shaped openings. In 
Fig. 2, which is a cross-sectional view of the crucible 
assembly, the area enclosed by  the dotted l ine indicates 
the approximate field of view provided by the ellipti-  
cal opening at the exit port. 

Fig. 1. Drawing of the x-ray imaging system showing location of 
various components. 

Fig. 2. Cross-sectional view of the crucible assembly. Obiects 
within the area enclosed by the elliptically shaped dotted line are 
visible in the TV monitor picture. 
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The x - ray  source used in  the present  system has a 
tungs ten  target  tube with a focal spot size of 0.5 ram. 
Output  capabil i ty of the system is 8 m A  at 100 kV. 
Focal spot size is important  in fluoroscopic imaging 
because it affects edge resolution; this is i l lustrated in 
Fig. 3. Assuming that the tube emits radiat ion un i -  
formly over the focal spot area, the extent  of the x - r ay  
penumbra  is proport ional  to both the focal spot size 
and the object- to-screen distance, but  is inversely pro-  
port ional  to the source-to-object  distance. In  our sys- 
tem, the growing crystal is approximately midway be-  
tween the source and the screen, resul t ing in  a 
penumbra  of about 0.5 mm at the plane of the fluores- 
cent screen. 

A tungs ten  target  x - r ay  tube was chosen for the 
present application after s tudying two interre la ted fac- 
tors. For fluoroscopic imaging, the image contrast 
should be as high as possible and the total t ransmit ted  
flux should be the largest value which is consistent 
with acceptable image contrast. An indication of image 
contrast can be obtained from a plot of mass absorp- 
t ion coefficient vs. x- ray  energy. In  Fig. 4 such a plot 
is shown for the materials  used in the present  crystal 

I - - "  
X-RAY SOURCE 

SCINT ILLATOR J 
SCREEN 

Fig. 3. Drawing which illustrates degradation of eclge definition 
of a shadow image when using a finite sized source of radiation. 
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Fig. 4. Log-log plot of mass absorption coetticients vs. wave- 
length for materials in the x-ray path in the crystal puller. 

Fig. 5. TV monitor image during seeding operation: (a) Just prior 
to dipping seed into melt; (b) immediately after seed has contacted 
melt. Ordinarily the seed is blunt tipped rather than pointed as in 
(a). Seed has square cross section with ~ in. sides. 

puller. At a given energy, the vertical distance between 
the curves for two materials  is a measure of the con- 
trast  that can be obtained in  a fluoroscopic image in-  
volving those two materials.  This contrast is relat ively 
independent  of-x-ray  energy in  the low energy region, 
but  rapidly decreases for energies at and beyond the 
onset of Compton scattering. At very high energies, 
image contrast is mostly dependent  on relat ive ab-  
sorber thickness ra ther  than on the types of mater ia l  
involved. For the K= emission of tungsten,  image con- 
trast  is near ly  opt imum between GaP and the various 

Table I. X-ray transmission of apparatus 

Transmission 
I t e m  (%)  

SiO2 l i n e r  ( two  1/4 in. w a i l s )  68 
C a r b o n  s u s c e p t o r  ( two  V4 in. wa l l s )  63 
SiO2 c r u c i b l e  ( two  1/16 in. wa l l s )  83 
R F  coil  ( f ou r  1/32 in.  Cu  w a d s )  1.4 

( f o u r  1/32 in .  AI  wal l s )  78 
Be  w i n d o w s  (one  ~/s in.  t h i c k  a n d  one 

% in. t h i c k )  71.2 
B2Os e n c a p s u l a n t  (3 in. t h i c k  l a y e r )  9.2 

T o t a l  0.033% C u r f  coi l  
T r a n s m i s s i o n  1.82% A1 r f  coil  
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Fig. 6. (a) TV monitor photo- 
graph taken approximately 40 
min after the seeding operation 
shown in Fig. 5b. A gradually 
tapered shoulder was being 
grown in this picture. (b) Video 
waveform of the darkened hoi'i- 
zontal line segment parallel to 
melt level in Fig. 6a. 

Fig. 7. Photograph of a crystal 
typical of those which can be 
grown by means of the x-ray 
imaging system. 

other  mater ia ls  in the crystal  puller.  At the same time, 
the over -a l l  x - r ay  transmission for tungsten radiat ion 
is h igher  than that  of any other  anode mater ia l  com- 
monly avai lable  in commercial  x - r a y  tubes. 

In Table  I, the calculated x - r ay  transmission of the 
components in the crystal  pul ler  is given. Because of 
its high absorption, the original  rf  heat ing coil was 
replaced wi th  one made  of A1. Because of lower  con- 
ductivity, the calculated joule heat ing losses are ap- 
proximate ly  25% higher  than in the original  coil, but  

this was considered a small penal ty  for the substantial  
improvement  in image qual i ty  which was obtained. 

An impor tant  l ink in the imaging system is the fluo- 
rescent screen used for conver t ing the x - r ay  shadow 
image to a visible image. The over -a l l  conversion effi- 
ciency of the screen is dependent  on its thickness and 
quantum conversion efficiency. Because of the com- 
promise that  must  be made be tween  spatial resolution 
and over -a l l  conversion efficiency, re la t ive ly  thin 
screens must be used. Such screens absorb only a few 



826 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY June 1974 

per cent of the incident x - ray  beam. For the present  
application, a brief  study indicated that the best com- 
promise is produced by a ZnCdS screen, Type PFG-4. 4 

An  intensified TV camera is used to view the shadow 
image on the fluorescent screen. The image intensifier 
tube is a Type WE-30677 and the camera tube is a 
Type WX-31792, both manufac tured  by Westinghouse 
Electric. This combination of components has provided 
adequate sensi t ivi ty for viewing the low level image 
of the growing crystal. 

To maximize the s ignal- to-noise ratio of the image, 
the video bandwidth  was tailored to meet  the spatial 
resolution inheren t  in the image. As shown in Fig. 3, 
the edge definition of a shadow image depends on the 
source dimensions. A diffuse edge requires less video 
bandwidth  for faithful reproduction than does a per-  
fectly sharp edge. This means that, for a diffuse image, 
the video bandwidth  can be reduced accordingly, 
thereby reducing the Johnson noise of the circuit. This 
noise is proport ional  to the square root of the band-  
width. 

Results 
Some typical images seen on the TV monitor  during 

the seeding operation are shown in  Fig. 5a and 5b. In  
the  lower figure, the shape of the meniscus is clearly 
visible. As ment ioned earlier, this shape is the best 
indicator of melt  tempera ture  available. The TV 
monitor  image and associated video waveform of a 
selected horizontal scan l ine are shown in  Fig. 6a and 
6b. In  the upper  photograph, the melt  level is above 
the major  axis of the elliptical viewing area. At a 
later date, a crucible lift assembly was added to the 
crystal pul ler  to allow the melt  level to be main ta ined  
coincident with this axis. The dark vertical lines in  Fig. 
6a are due to a calibrated grid attached to the face 
of the TV monitor  and used for visual ly determining 
the crystal diameter. By electronically measur ing and 
appropriately convert ing the t ime in terval  at  shown 
in Fig. 6, the crystal diameter  can be read directly 
on a digital display. Also, the b inary-coded decimal 
(BCD) input  to the digital display can be used to 
implement  a closed-loop system for automatical ly con- 
troll ing the diameter  of the growing crystal. At the 
present  time, we have implemented the visual display 
but  not the closed-loop control system. 

In  Fig. 7 and 8 some recent ly grown crystals are 
shown. Necking of the seed to reduce dislocation den-  
sity is an operation which can be readi ly observed 
and controlled with the x - ray  imaging system. This 
is i l lustrated in Fig. 7 where the seed is still attached 
to the crystal. Through the excellent diameter informa-  
t ion presented in the TV monitor  picture and asso- 
ciated digital readout, the crystal puller  operator has 
all the information necessary to make control decisions. 
A reasonably experienced operator can control crystal 
diameter  to 1/16 in. or better, as i l lustrated in Fig. 7. 
With closed-loop control, it should be possible to pro- 
duce crystals similar  to the one shown in Fig. 8 whose 
diameter of 1.56 in. was controlled to ----- 20 mils by 
manual  operation of the crystal puller. 

Summary and Conclusions 
In  this paper  an al ternat ive method of observing 

LEC crystal growth has been presented. The configura- 
t ion of the system used to implement  this x - ray  imag-  
ing system has been given and some of the performance 
requirements  of the system components have been 
discussed. Photographs of typical TV moni tor  images 
were shown in which the meniscus shape used for 
deriving temperature  information is clearly visible. 
Photographs of crystals grown solely by observation 

4 Manufac tured  by  U.S. Radium Corporation, Cedar Knolls, New 
Jersey  07927. 

Fig. 8. Photograph of crystal whose diameter of 1.56 in. was con- 
trolled to within 20 mils. 

of the fluoroscopic image were shown to i l lustrate the 
diameter control that can be achieved manual ly .  On 
the basis of our experience and the evidence presented 
in this paper, we conclude that x - ray  imaging permits 
a substantial  improvement  in viewing and controll ing 
LEC crystal growth. 
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ABSTRACT 

Ins t rumenta l  parameters  for the determinat ion of the oxygen/si l icon ratio 
in  SiO2 films using Auger electron spectroscopy have been studied and opti-  
mized. In  the case of a b inary  system such as this, the ratio of the Auger  peak 
heights from the two components is a measure of their  relative abundance  and 
can yield meaningful  results when  compared with a standard. This method 
has been utilized to determine the oxygen/s i l icon ratio i n  spin-on glass films 
densified at various temperatures.  The oxygen/s i l icon ratios of nondoped 
spin-on glass films show a general  t rend to increase and approach 2 as densi-  
fication temperatures  increase. The s tructural  r e -a r rangement  of the silica 
ne twork  at ~400~ is also reflected by the oxygen/s i l icon ratios. The oxygen /  
silicon ratio for other commonly used oxide films produced from steam, oxy- 
gen, and CVD was also determined. The techniques and results of this study 
are discussed. 

Auger electron spectroscopy (AES) is a technique 
increasingly being used for the unambiguous  identifica- 
t ion of the elemental  consti tution of a solid surface 
(1-3). In  this relat ively new technique, a beam of 
electrons (typically 1-5 keV) is used to bombard  the 
surface of the solid specimen, giving rise to ionization 
of the atomic levels. The atom subsequent ly  relaxes 
either by the emission of x - r ay  photons or more prob-  
ably (in the energy range 0-2000 eV) by the emission 
of Auger electrons. In  AES, these Auger electrons 
which are characteristic of the surface species are 
detected, thus enabl ing the positive identification of 
the surface elements present. Since the mean  free 
paths of these relat ively low energy Auger electrons 
are rather  short, they can escape without  any signifi- 
cant energy loss only from a region very close to the 
surface. Typically their  escape depth is ~5-10A and 
this is why AES is a t ru ly  surface technique. 

Besides unambiguous ly  ident ifying the surface ele- 
menta l  constitution, AES yields a weal th  of informa-  
t ion regarding the chemical na ture  of the surface spe- 
cies. The differences in  the chemical env i ronment  
are manifest  in the Auger spectra in a variety of forms, 
such as, a shift in the energy of the Auger  electrons, 
changes in the shape and intensi ty  of the Auger peaks, 
changes in  the fine structure, etc. These chemical effects 
in  AES have been discussed in detail by Haas, Grant,  
and Dooley (4). The chemical effects observed in the 
Auger  spectra thus offer valuable informat ion regard-  
ing the chemical na ture  of the consti tuents which sup- 
p lement  the knowledge of the elemental  constitution. 
In  the case of SiO~, these effects are very pronounced 
and are discussed below. 

The present  Auger spectroscopy investigation of 
nondoped spin-on glass has been pr imar i ly  directed at 
a quant i ta t ive  evaluat ion of the oxygen/si l icon atomic 
ratio as a function of the heat - t rea tment .  SiO~ films 
produced from the oxidation of silicon by oxygen and 
steam, as well as chemical vapor deposition (CVD), 
were also studied for comparison. Although AES is 
widely used and the characteristic features in the 
Auger  spectra from all the e lements  are well  estab- 
lished, the technique is still mostly quali tat ive or at 
best semiquanti tat ive.  At the present  time, there are 
no quant i ta t ive  data available which enable one to 
t ranslate  the number  of Auger electrons detected, or 
more commonly, the Auger peak- to-peak height, to 

Key words: densification of SiO~, surface analysis, stoichiometry 
of SiO~ films. 

an absolute value of the surface concentration. How- 
ever, it should be possible to make meaningful  mea-  
surements  of the surface concentrat ion by comparing 
the Auger peak height with that  from a standard. 
Quartz was used as a s tandard in this work. In  the 
case of a b inary  system the ratio of the Auger  peak 
heights from the two components is a measure  of their  
relat ive abundance.  It  is this method which has been 
adopted in  the present  studies on the oxygen/si l icon 
ratio in sp in-on glass. 

Experimental 
The experimental  techniques employed in AES are 

well established (2, 3) and are not discussed here. The 
Auger analysis was made in  a s tandard ul t rahigh vac- 
uum with a cylindrical  mir ror  analyzer  (CMA) in -  
corporating an integral  electron gun (Physical Elec- 
tronics Industr ies) .  The ambient  pressure dur ing the 
exper iment  was typical ly 1-2 • 10 -10 Torr, readily 
achieved without baking the system. Twelve samples 
were mounted  on the carrousel and each sample could 
be rotated in t u rn  to face the integral  electron gun for 
Auger analysis. The beam energy, Ep : 3 keV, beam 
current  Ip : 5 ~A, and the modulat ing signal of 3 eV 
peak-to-peak,  were kept constant  throughout  the ex-  
periment.  The necessity for the use of the moderately 
low beam current  is discussed in the following para-  
graph. As is general ly  the practice, the derivative of 
the energy distribution, dN(E) /dE  is plotted as a 
function of the electron energy, E. The Auger spectra 
were plotted after removing ~20A from the surface 
by Xe-ion sputtering. The Sputter removal is essential 
in order to remove the impurit ies absorbed on the sur-  
face. It is assumed that the elemental  consti tution of 
the glass at 20A below the surface is typical ly char-  
acteristic of the "bulk." 

Before present ing the results, some of the problems 
encountered in  the Auger  analysis of SiO~ and the 
assumptions made in the measurement  of oxygen /  
silicon peak height ratios are mentioned.  The first major  
problem encountered in the AES study of SiO2 is the 
effect the pr imary  electron beam has on the surface. 
It is general ly  recognized that the AES is a non-  
destructive technique. However, the beam parameters  
usual ly employed (typically Ep _~ 1-5 keV, Ip _~ 
10-100 ~A) do have a profound adverse effect on the 
SiO2 surface. Extreme care has to be taken to min i -  
mize this effect. The pr imary  effect of the high pr imary  
current  density is to dissociate the SiO2 into elemental  
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silicon and oxygen. Under  prolonged electron bom-  
bardment  of the sample, the oxygen is desorbed leav-  
ing the surface enriched in "elemental  silicon" as 
evidenced by  the growth of the Auger  peak character-  
istic of e lemental  silicon and the reduct ion in the 
oxygen Auger peak. The assumption is made, al though 
presumptuous, that two separate species, namely,  ele- 
menta l  silicon and SiO2, coexist at the surface. Of 
course, it is quite l ikely that the surface is composed 
of SiO~ where  x ~ 2. In  a separate investigation, we 
established the opt imum beam parameters  required 
to minimize the dissociation effect. A beam current  of 
5 ~A (or lower) is found to be adequate for the ana ly-  
sis without  causing any  noticeable dissociation effect 
in  the t ime required for plott ing the spectrum (~30 
sec). 
The method of measuring the ratio of the oxygen/ 

silicon Auger  peak heights requires that there is no 
marked change in the shape of the silicon or oxygen 
Auger peaks ( in SIO2) due to the chemical effects. 
For SiO~ samples where x ~ 2, no difference in the 
silicon or oxygen Auger  peak shapes was observed. 
This was established after s tudying SiO2 samples pre-  
pared by  a var ie ty  of techniques, e.g., oxidation in 
oxygen at ll00~ oxidation in steam at ll00~ chem- 
ical vapor deposition, and spin-on. Hence, it is valid 
to measure the oxygen/si l icon Auger peak heights ratio 
in order to make a comparison of the oxygen/s i l icon 
content. 

All nondoped sp in-on glass films on silicon wafers 
were prepared by flooding the wafer with solution 
and sp inning for 10 sec at 4000 rpm on a Headway 
Fhotoresist spinner.  The film was then densified for 
30 rain at temperatures  varying from 200 ~ to l l00~ in 
100~ increments.  These densification cycles were car- 
ried out in  oxygen and ni t rogen ambients,  with a 1 
l i t e r /min  flow rate. The film thickness of sp in-on glasses 
is known to be a funct ion of densification tempera ture  
(5). A typical va lue  of film thickness after densifica- 
t ion at l l00~ in ni t rogen was ~4000A. SiO2 films were 
also prepared by other methods commonly used, e.g., 
steam grown films at ll00~ oxygen grown films at 
ll00~ and from the chemical vapor reaction of silane 
and oxygen at 450~ 

Results and Discussion 
Figure  1 i s  a typical Auger  spectrum from a SiO2 

sample. For  purposes of comparison, the low energy 
Auger spectrum from a clean elemental  silicon surface 
is also shown. It is worthwhile  discussing briefly the 
main  features in the Auger  spectra from Si and SiO2 
for a bet ter  unders tanding  of the similarit ies and dif- 
ferences between the two. The principal  Auger peak 
from ~elemental silicon appears at 92 eV (measured at 
the max imum negative deflection in the dN(E) /dE  
curve and has its origin from the L~,3VV transit ion.  In  
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Fig. 1. Typical Auger spectrum of elemental silicon and Si02 

the case of SiCh, the peak "shifts" to 75 eV. Both these 
peaks originate in  silicon following the L2,3VV transi -  
tion, the only difference being the chemical na ture  of 
silicon in the two cases, one in the form of e lemental  
silicon and the other as SIO2. The above "chemical 
shift" is not pr imar i ly  due to a shift in the binding 
energies in  silicon, bu t  ra ther  has its origin in  the 
change in the density of states in  the valence band  
(strictly, changes in the t ransi t ion densi ty) .  There is 
a group of high energy Auger  peaks originating from 
the KLL type transitions, the strongest peak appearing 
a t  about 1620 eV in elemental  silicon (Fig: 1). In  SiO2 
the strongest peak occurs at about 1617 eV following 
a general  shift of all the K LL Auger  peaks by  ~3  eV. 
It is not implied that this measured shift in energy 
is the t rue chemical shift due to the changes in the 
binding energies. The measurement  of the absolute 
chemical shift in  the case of insula t ing surfaces is 
complicated by the possible changes in the surface 
potential. In the case of e lemental  silicon, each KLL 
Auger  peak has two very prominent  plasmon loss 
peaks associated with it. These plasmon loss features 
are very weak in  the KLL Auger spectrum from a 
SiO2 surface. The large chemical shift in the low 
energy Auger spectrum and the plasmon loss features 
in the KLL spectrum are exploited in dist inguishing 
the presence of the two species, e lemental  silicon and 
SiO2. In the present study, the ratio of the ma in  oxy- 
gen, 508 eV Auger  peak height  (Fig. 1) to the silicon, 
75 eV (in SIO2) peak height is measured as character-  
istic of the oxygen/s i l icon ratio of the surface. The 
ratio of the peak heights was determined at twenty  
different areas on each sample and the mean  value 
taken. Although one could measure the oxygen, 508 
eV/silicon, 1617 eV peak heights, the relat ively low 
intensi ty  of the la t ter  introduces a much larger  error. 

The oxygen/si l icon ratios measured from the Auger 
spectra are tabula ted in Table I for the films studied. 
The numbers  in parentheses represent  the oxygen/  
silicon ratio of the respective films normalized to a 
value of 2.0 for quartz. It is of interest  to note that  the 
oxygen/si l icon ratio for the CVD, steam, and O~ films 
are close to 2.0. The higher value for the s team-grown 
oxide (2.05) is in l ine with the general  view that  sur-  
plus H20 and /o r  OH species are incorporated in 
s team-grown oxide films. 

From Fig 2 it is evident  that the oxygen/si l icon ratio 
for the nondoped sp in-on  glass shows a general  t rend 
to increase and approach 2 as the densification tem- 
perature approaches ll00~ This behavior  is most 
l ikely due to the loss of organic solvents at lower tem-  
peratures with oxidation and subsequent  loss of or- 
ganic species at higher temperatures.  This is supported, 
in part, by the lower oxygen/s i l icon ratio for the same 
films densified under  N2. While the solvent loss at 
lower temperatures  would be similar, the lack of suffi- 
cient oxygen for complete oxidation of the organic 
species produces a lower oxygen/s i l icon ratio at higher 
temperatures.  The abrupt  rise in the oxygen/s i l icon 
ratio at ~,400~ is due to a s t ructural  r e -a r rangement  

Table i. Oxygen/sillcon Auger peak height ratios 

N i t r o g e n  O x y g e n  
Temp. .  Temp. ,  

~ O / S i  r a t i o  a"  ~ O / S t  r a t i o  r 

25 3.41 (1.73)** 0.05 25 3.54 (1.81)** 0.08 
200 3.43 (1.74) 0.04 200 3.51 (1.80) 0.08 
300 3.60 (1.84) 0.06 300 3.61 (1.84) 0,04 
400 3.71 (1.90) 0.05 400 3.73 (1.90) 0.03 
500 3.67 (1.87) 0.04 500 3.66 (1.87) 0.05 
600 3.60 (1.84) 0.04 600 3.70 (1.89) 0.05 
800 3.72 (1.89) 0.02 800 3.83 (1,95) 0,04 
900 3.77 (1,92) 0,03 900 3.76 (1.92) 0.04 

1000 3.71 (1.89) 0.04 1000 3.88 (1.98) 0.03 
l l0O 3.78 (1.93) 0.03 1100 3.88 (1.98) 0.04 

Q u a r t z  3.92, (2.00), ~ = 0.06; s t e a m  4.01, (2.05), o" = 0.06; o x y g e n  
3.85, (1.96), ~ = 0.03; CVD 3.83, (1.95), ~ = 0.63. 

* or, S t a n d a r d  d e v i a t i o n  a t  t w e n t y  d i f f e r e n t  a reas  pe r  sample .  
** ( ) ,  O / S i  r a t io  n o r m a l i z e d  to q u a r t z  = 2.00. 



VoL Z21, No. 6 A U G E R  ELECTRON SPECTROSCOPY 829 

4 ,1 ,  
l 

4kO- 

9 .8  

o 
<~ 9.7 

I I ] I I [ I I I I I 

S T E A M  

- - Q U A R T Z  

~ O X Y G E N  
CVD 

$ 

AMBIENT 

e-NITROGEN 

+-OXYGEN 

- 2 0 5  

-2.OO 

i I i I i I i i I I i 
I00  2OO 3OO 4O0 5 0 0  6 0 0  7O0 8 0 0  900 I0O0 lIOO 

TEMPERATURE 

Fig. 2. Oxygen/silicon ratio vs .  densification temperature in 
oxygen and nitrogen ambients. Values on right ordinate represent 
the O/Si ratio normalized to a value of 2.00 for quartz. 

of the silica network. This is supported by changes that  
o c c u r  in  the infrared spectra, etch rate, differential 
scanning calorimetry, and thermal  gravimetr ic  analysis 

data reported in  an earl ier  s tudy which are character-  
istic of s t ructural  r e -a r rangement  (5) in  the silica net -  
work. The slight decrease observed in  the oxygen /  
silicon ratio be tween 900 ~ and 1000~ may  also be due 
to s t ructural  re-arrangements ,  bu t  no addit ional  sup-  
port ing evidence is available at this time. 
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ABSTRACT 

Colorless CuA1S2 was prepared by using either a small  excess of A1 or a 
deficiency of S or Cu. A stoichiometric ratio of the reactants or deficiency of 
A1 yielded a green color product. These crystals showed ESR and optical 
absorption similar to i ron-doped crystals indicating that  trace amounts  of 
Fe +s are responsible for the color. Crystals heated in the presence of elements 
such as Si or Cd lose their  color and ESR spectrum, indicative of a reduct ion 
of Fe +3 to Fe +~. All as-grown and most doped crystals were p-type,  while 
m o s t  crystals doped with a combinat ion of Cd/A1 were n-type.  Colorless 
CuAlS~ fluoresces with a broad peak at about 600 nm. The fluorescence may be 
s t imulated by infrared after exposure to u.v. Mn-doped crystals exhibit  red-  
orange fluorescence. 

CuA1S2 (1) is of interest  since it has a related 
structure and comparable bandgap to ZnS. Thus it 
might have useful fluorescent or semiconducting prop- 
erties. 

Honeyman (2) reports an optical bandgap of 3.35 
eV for CuA1S~ measured on black or deep-green crys- 
tals prepared by  chemical transport.  Optical absorption 
studies show major  peaks at ~900 and 625 nm. Optical 
studies by Bhar and Smith (3) suggest an indirect  gap 
at 1.84 eV. 

Reports of the electrical properties are also in con- 
flict. Honeyman reports n - type  conduction with p29SK 

106-107 ohm-cm while Tell et al. (4) report  p- type  
conduction (~9SK -- 102-108 ohm-cm) on mel t -g rown 
c r y s t a l s .  

To gain a bet ter  unders tanding  of CuA1S2, we have 
studied the optical and electrical properties as func-  
tions of stoichiometry and dopants. 

1 D e c e a s e d .  
K e y  w o r d s :  d o p i n g ,  CtLAIS=, e l e c t r i c a l  o p t i c a l  p r o p e r t i e s .  

Experimental 
Syntheses were carried out in  a m a n n e r  similar to 

that described by Honeyman (2). Elemental  reagents 
were weighed in  desired proportions and sealed in  
dried evacuated silica tubing  (15 mm OD, 13 mm ID, 
15 cm long) with enough iodine to produce a pressure 
of ~1  atm dur ing reaction. Instead of using powdered 
metals as Honeyman did, A1 and Cu wire of 5N pur i ty  
were used. The use of wires instead of powders re-  
duces the contaminat ion by surface oxide. We found 
commercially obtained 5N A1 powder to be highly im-  
pure, containing pr imar i ly  Fe and Si impurities.  Also, 
the commercially obtained 5N Cu and A1 wires were 
not as pure as specified. Our emission spectroscopy 
showed Cu: 2-25 ppm Mg, 0.5-2 ppm Si, and 1-5 ppm 
Fe; AI: 100-500 ppm Mg, 20-150 ppm Cr, 10-50 ppm Si, 
and 10-50 ppm Fe. 

Reactions were carried out in na tura l  gradient  tube 
furnaces. The ends of the silica tubes containing the 
reactants were furthest  in the furnaces while the other 
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ends were  at the outer  extremities.  The t empera tu re  of 
the center  regions was raised to about 800~ Af ter  
about 48 hr, the tubes were  cooled, removed,  and 
shaken to remove  sulfide crusts which had formed on 
the A1 wire  and to break up copper sulfide. The tubes 
were  retired at about 800~176 in the reactant  ends 
and at 400~176 in the cooler ends unti l  all the S 
was taken up. The tubes were  then heated at about 
1000~ wi th  no gradient  for several  days. Crystals gen-  
era l ly  grew as blades out of the crystal l ine mass. 

Some doped crystals were  prepared by heat ing pre-  
viously prepared crystals in the presence of the dopant 
elements,  Zn, Cd, Si, Ge, Sn, and A1, in evacuated 
silica tubes at 400~176 for from 1 to 24 hr  fol lowed 
by a quench in cold water.  Crystals doped with  Fe, Cr, 
and Mn were  prepared by start ing with  the dopant in 
the reactants  and proceeding with  syntheses as de- 
scribed. 

Crystals were  character ized by chemical analyses, 
emission spectroscopy, and x - r ay  powder  diffraction. 
Lattice constants were  refined by least squares tech-  
nique from Guinier  camera data. Electr ical  resistivit ies 
and Seebeck coefficients were  obtained using a two-  
probe, ho t -probe  method with  si lver paste contacts. 

Optical transmission data were  obtained on polished 
crystals using a Cary 14 spectrophotometer .  Absorp-  
tion coefficients were  calculated employing dielectric 
constant data of Honeyman  (2). 

Fluorescent  emission spectra of CuA1S2 and Mn- 
doped CuA1S2 exci ted by 253.7 nm Hg l ight  were  mea-  
sured on powders be tween  300 and 750 nm using a V2m 
Bausch and Lomb monochromator  fitted with  an EMI 
ex tended  S-20 response photomult ip l ier  tube. The 
monochromator  detector  system was cal ibrated against 
an Eppy quar tz- iodine  s tandard lamp. 

ESR was measured  on powdered samples at X band 
using a Varian spectrometer.  

Results ond Discussion 
Color as a func t ion  o~ s t o i c h i o m e t r y . - - T h e  color of 

CuA1S2 is pr imar i ly  the result  of impurities.  The va-  
lence state of the impuri t ies  and the resul t ing sample 
color can be controlled by adjust ing the stoichiometry.  
It can be made colorless or pa le -green  depending on 
the reactant  ratio. Colorless mater ia l  results f rom using 
a small stoichiometric excess of A1 or deficiency of Cu 
or S. Pa le -g reen  crystals form when  ei ther  a stoichi- 
ometric  proport ion of reactants  is used or one with  a 
small  excess of oxidizing power is used, i.e., deficiency 
of A1 or excess S. 

Black crystals formed when  stoichiometric ratios of 
A1 and Cu powders (found to contain Fe and Cr im- 
purit ies)  were  used. This may account for the black 
crystals obtained by Honeyman.  Use of excess A1 
powder,  even with  these impurities,  produced color-  
less material .  

It  was not possible to distinguish among colorless, 
green, or black crystals by chemical analyses or x - r a y  
diffraction. The cell dimensions and ranges refined f rom 
Guinier  camera data f rom four colorless and four  
green samples are: colorless, a ---- 5.333 _ 0.002A, 
c ---- 10.428 _--+- 0.005A; green, a = 5.333 ___ 0.0001A, c ---- 
10.433 • 0.002A. Reported cell dimensions are smaller  
(1,2). We observed smaller  cells on samples prepared  
above l l00~ perhaps indicating loss of S. 

Emission spectroscopy of green and colorless crystals 
showed l i t t le  difference. The ma jo r  contaminants  were  
Si (~500 ppm) and Fe (~30 ppm) ;  all o ther  e lements  
totaled -~20 ppm. 

The nature  of the color-producing species was de te r -  
mined by comparing optical absorption data and ESR 
of colorless and pa le -green  crystals wi th  data from 
iron-  and chromium-doped  crystals. 

Crystals were  doped with  Fe and Cr by incorporat ing 
the dopant in the start ing ratio. Composit ions were  
prepared  of s t a r t i n g  formulas CuA10.99Mo.01S2 and 
Cu0.8~Mo.01A1S2 when  M ----Fe and Cr. The colors of  the 

products differed greatly. Subst i tut ion for A1 produced 
black crystals when  M ---- Fe and da rk -g reen  crystals 
when M ---- Cr. Subst i tut ion for Cu yielded orange 
crystals when M ---- Fe and pink crystals w h e n  M ---- Cr. 

The ESR spectrum of the black, i ron-doped crystals 
was identical to but  s t ronger  than the spectrum ob- 
tained from the pa le -green  CuA1S2. The ESR of the 
orange, Fe-doped crystals was much weaker  and 
different from the black Fe-doped  crystals. No ESR 
was observed in the colorless, undoped crystals. 

We bel ieve that  the iron on the A1 site is t r ivalent .  
Thus the pa le -green  color of the undoped CuA1S2 is 
due to Fe +~. The color can be bleached by reduct ion of 
Fe +~ to Fe +2 when excess A1 is used in the prepara-  
tion. 

The evidence for Fe  +3 as the cause of the color is 
fur ther  substantiated by the optical absorpt ion data 
in Fig. 1. 

The spectrum for the Fe +3 doped crystals is qual i ta-  
t ively  similar to but  much s t ronger  than the spectrum 
of the pa le -green  crystals. It is also similar  to the 
spectrum reported by Honeyman (2) indicating that  
his mater ia l  probably contained Fe. The absorption 
peaks near  11,000 and 16,000 cm -z  correspond to the 
Fe 3+ transitions 6A1(6S) to 4Tl(4G) and 4T2(4G), re -  
spectively, observed in ZnS and other  compounds 
doped with Fe § (5). 

The colorless CuA1S2 showed no absorption due to 
Fe +3 and a sharper  cutoff at the band edge. The ab- 
sence of color can be a t t r ibuted to the reduct ion of the 
valence state of iron due to the reactant  ratio contain-  
ing greater  reducing s trength in the form of excess A1. 

The optical t ransmission data for the Cr-doped 
CuA1S2 are shown in Fig. 2. The  da rk -g reen  and pink 
crystals show very  different spectra. The green crystals 
have absorption bands near  those of Fe +~ and could 
account for the pa le-green  color in the undoped crys- 
tals. The ESR observed for the dark-green,  Cr+3-doped 
crystals, however ,  was different f rom the spectra of the 
pa le -green  undoped crystals, again suggesting that  
Fe  +~ is the major  cause of the color in the undoped 
crystals. This result  is substant iated by Brandt  et al. 
(6). 

Electr ical  proper t ies  and d o p i n g . - - T w o - p r o b e  resis- 
t iv i ty  measurements  2 at room tempera ture  and Seebeck 
coefficients are: colorless crystals p ---- 102-104 ohm-cm, 
20-50 ~V/~ green crystals 104-100 ohm-cm, 20-200 ~V/ 
~ black crystals 10~-10 s ohm-cm, 200 ~V/~ The re-  
sist ivity of the black crystals is in the range found by 
Honeyman (2). The resis t ivi ty  and p- type  character  of 
the colorless crystals agree wi th  Tell et al. (4). The 

e Four-probe resistivities are generally an order of magnitude 
lower, e.g., a green crystal showed p~SK = 2 X 102 ohm-em; Ea : 
0.004 eV, 18 ~V/~ 
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Fig. 1. Absorption coefficients vs. wave number for CuAIS2. 
�9 ~ Honeyman (2); �9 - -  Fe doped; ~ ---- green undoped; 
�9 - -  colorless undaped. 
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Fill. 2. Optical transmission of Cr-doped.CuAIS2 vs. wavelength. 
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high resistivity of the black crystals suggests that  the 
Fe levels act as hole traps. 

Many attempts were made to dope the crystals in 
order to produce n - type  conductivity. Most crystals 
doped with Cd or combinations of Cd/A1 showed n-  
type conductivity, wi th  two-probe resistivities at room 
tempera ture  in  the range p = 101-I0 ~ ob_m-cm and See- 
beck coefficients in the range --100 to --200 ~V/~ 
Crystals doped with Cu, A1, and Si were p-type with 
general ly lowered room-tempera ture  resistivities in 
the range 101-103 ohm-cm and Seebeck coefficients in  
the range 5-50 ~V/~ 

Crystals ei ther black, green, or colorless, when 
heated in the presence of any one of the dopant ele- 
ments  A1, Cu, Zn, Cd, Ga, In, Si, Ge, Sn, etc., became 
pale-yellow. The loss of green color was accompanied 
by a disappearance of ESR, indicative of a reduct ion of 
Fe +3 to its divalent  state. Green crystals from the same 
batch were doped with A1, Si, a n d  a combinat ion of 
Cd/A1, respectively. Absorpt ion coefficients (Fig. 3) 
show a greater  degree of t ransmission at 25,000 cm -1 
than the green mater ia l  and a complete  absence of the 
peak at 16,100 cm -1. The Si- and Al-doped crystals 
show a peak at 25,640 cm -1. This peak is absent in  the 
crystal doped with the combinat ion of Cd/A1. 

The optical and electrical data suggest that  the Ievet 
at 25,640 cm -1 may be associated with an acceptor level  
since it is present in  the best p- type  conductors and 
absent when  Cd, the n - type  dopant, is present. 

It  is suspected that  Cd may subst i tute for Cu since 
the ionic radii of Cu +1 and Cd § are comparable. The 
use of A1 in  combinat ion with Cd should help to keep 
Cd from the A1 sites where  it may  act as an  acceptor. 
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Fig. 3. Absorption coefficients vs .  wave number for CuAIS2 
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Green or colorless crystal s when  heated in  air be-  
tween 400 ~ and 600~ become near ly  black and the 
ESR characteristic of Fe +~ is enhanced. 

Resistivity measurements  on crystals heated in air 
show lowered p- type resistivity in  the range 100-101 
ohm-cm. This is in  contrast to black, as-prepared crys- 
tals and may be the result  of Cu +2 formation on the 
surface. 

Fluorescent properties and Mn doping.--Colorless 
crystals of CuA1S2 exhibit  weak orange fluorescence as 
shown in Fig. 4. This fluorescence may be st imulated 
by infrared radiat ion after prior exposure to ul t raviolet  
radiation. The s t imulated and excitation spectra are 
shown in  Fig. 5. We believe that  the in f ra red-s t imu-  
lated luminescence is due to the energy exchange be-  
tween the Fe +2 and Fe +~ states. This is supported by 
the observation that  the green crystals have a higher 
s t imulated luminescence output  than  the colorless 
crystals. 

Crystals doped with Mn by addit ion of Mn into the 
start ing ratio were near ly  colorless and exhibited 
bright  orange-red fluorescence (Fig. 6). The infrared-  
s t imulated fluorescence was not seen in  these composi- 
tions. 

Bonding and conduction.PCuA1S2 has a wide band-  
gap, can be doped p- and n-type,  and allows incor- 
porat ion of many  dopants. It  may be compared to ZnS 
which has a wide bandgap (3.7 eV) and is iso-elec- 
tronic with a related "tetrahedral"  structure. In  con- 
trast  to ZnS which is a poor n - type  conductor, it is a 
good p- type conductor. It has been speculated that the 
cause of the p- type conduction is the ease of formation 
of Cu vacancies due to the lesser contr ibut ion of Cu to 
the covalent bonding (4). We wish to offer an a l terna-  

_ i I i 

400430 490 5-fO 660 700 ">40 
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Fig. 4. Fluorescence emission of CuAIS2 
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300 400 500 600 700 800 900 1000 1100 1200 1300 
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Fig. 5. Stimulation and excitation spectra of CuAIS2 
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tive mechanism. Since Cu d-orbi tals  have been shown 
to be close to the valence band  in this compound (7) it 
would seem that  if a trace of Cu +2 were present, the 
d 9 level could act as an acceptor state. In  contrast, the 
d l0 level of Zn in  ZnS is very stable. 

When attempts are made to dope ZnS p-type, such as, 
by incorporation of Zn vacancies, the lattice compen- 
sates by loss of S. In  contrast, CuA1S2 with cation 
vacancies can compensate by formation of Cu +~. 

It  would seem from electronegativity differences, a 
rough measure of covalent character, that  the Cu-S 
bonds having the smaller  electronegativity difference 

should be more covalent t han - the  A1-S bonds. Thus 
the valence and conduction band  edges would be pr i -  
mar i ly  composed of Cu-S states since the spli t t ing of 
the more ionic A1-S bonds would be greater. The 
major  conduction would occur in the Cu-S bonds 
where a small amount  of Cu +2 could act as an accep- 
tor. For similar reasons, Cu2S is a good p- type  con- 
ductor while A12S3 is a wide bandgap, practically in-  
sulating, semiconductor. 

It follows from this l imited s tudy that  since CuAIS2 
is greatly affected by impurit ies and stoichiometry, 
fur ther  study will require PreParation of extremely 
pure mater ial  with more carefully controlled impur -  
ity concentrations. 
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ABSTRACT 

Vapor pressure measurements have been made on pure iron pentacar- 
bonyl between -531 ~ and --19~ The experimental results may be expressed 
in the form 

log10 p (mm Hg) = -- (2096.7~ -{- 8.4959 

which corresponds to a heat of vaporization for the liquid carbonyl  of AH = 
(9.588 ___ 0.12) kcal/mole.  This result  confirms and extends the earlier mea-  

surements  made by Trautz and Badstfibner (2) between 0 ~ and 140~ The need 
for careful purification of commercially available iron pentacarbonyl  is em- 
phasized, par t icular ly  for establishing the correct vapor pressure below 45~ 

Vapor pressure measurements  for the l iquid-gas 
equi l ibr ium of Fe(CO)5 were reported originally by 
Dewar and Jones (1) for temperatures  down to --17 ~ 
and by Trautz and Badstfibner (2) for temperatures  
down to 0~ These data agree only at temperatures  
above about 45~ At decreasingly lower temperatures,  

Key words: iron pentacarbonyL vapor l~ressure. 

the measurements  in Ref. (1) are increasingly larger 
than those reported in Ref. (2), and at --7~ they 
deviate by more than  a factor of three from the ex- 
trapolated data in Ref. (2). Unfortunately,  these dif- 
fering results have been quoted independently,  without  
explanat ion for the discrepancy, by incorporat ing the 
data of Ref. (2) in  data collections (3) and those of 
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Ref. (1) in  specification sheets for the carbonyl  (4). 
Since, in the course of absolute l ine- in tens i ty  measure-  
ments  on Fe-atoms produced by shock-heat ing trace 
amounts  of Fe(CO)5 in argon, we required accurate 
vapor-pressure data below 0~ we have made addi-  
t ional  measurements  on the purified carbonyl  at t em-  
peratures between +31 ~ and --19~ which allowed 
us to resolve the discrepancy in  favor of the data re-  
ported in  Ref. (2). 

Experimental Procedure 
The equi l ibr ium vapor pressure of Fe(CO)5 was 

measured by using a precision bourdon- tube  gauge 
with a fused quartz spiral (Texas Instruments ,  Model 
140A), which has a m i n i m u m r e s o l u t i o n  of 3 X 10 -3 
Torr  and a measurement  repeatabi l i ty  of 6 X 20-3 Tort  
[see Ref. (5)].  The gauge w a s  connected to a remov-  
able glass sample-reservoir  and to a h igh-vacuum 
pumping station by an all-glass system. Backstreaming 
of diffusion-pump oil was prevented by  a l iquid ni t ro-  
gen trap, which was separated from the system dur ing  
vapor-pressure measurements  in order to avoid con- 
densation of the iron pentacarbonyl  vapor. The entire 
apparatus was evacuated rout inely to pressures below 
about 5 X 20 -6 Torr  and exhibited a leak rate of less 
than  1 X 10 -9 scc/sec helium. 

The i ron pentacarbonyl  used for vapor pressure mea-  
surements  was obtained by  pur i fy ing technical  grade 
samples of an assayed pur i ty  of bet ter  than  99.5% 
(Matheson, Coleman, and Bel l ) ;  the major  contami-  
nants  were i ron nonacarbonyl  and iron oxide (4). The 
test sample was t ransferred into the sample reservoir  
in a dry ni t rogen env i ronment  in order to prevent  
oxidation by atmospheric oxygen and by water  vapor 
(1). The measurement  apparatus was evacuated, filled 
and flushed with dry ni t rogen before connecting the 
sample-reservoir ,  which contained about 40 cm s of car- 
bonyl  under  n i t rogen atmosphere. Decomposition of 
the carbonyl  by photon absorption (1) was avoided by 
shielding the entire apparatus against room-l ight  with 
c loth-bound tape. 

After  at taching the sample-reservoir  to the system, 
the i ron pentacarbonyl  was solidified at l iquid n i t ro-  
gen temperature,  and the whole system was evacuated 
to a pressure of less than 5 X 10 -6 Tort. Then  the 
measurement  sys tem was isolated f rom the pump sta- 
t ion and its l iquid n i t rogen cold-trap; without  fur ther  
purification, the sample tempera ture  was raised by  
suspending the reservoir in different tempera ture  baths 
which consisted of alcohol-ice mixtures  and /or  water. 
Uniform composition of the bath was assured by con- 
t inued stirring. The bath temperature  was measured by  
an i ron-cons tan tan  thermocouple gauge with an ac- 
curacy of 0.1~ Vapor pressure measurements  for the 
impure carbonyl were obtained at constant tempera-  
tures between about --20 ~ and +50~ and are shown 
in  Fig. 1, together wi th  the data reported in  Ref. (2). 
From these data, it is apparent  that  the impure  l iquid 
iron pentacarbonyl  is contaminated by a substance with 
a gas-phase pressure which becomes increasingly im-  
portant  for temperatures  below about 45~ It is in-  
teresting to note that ou r  data for the impure carbonyl  
agree with those reported in Ref. (1). 

A possible contaminant  with a gas-phase pressure 
larger than  that of the pentacarbonyl  below about 
+20~ could be carbon monoxide, which is adsorbed in 
the l iquid and which is formed (6) whenever  the 
pentacarbonyl  is decomposed under  the influence of 
light or heat to form the solid nonacarbonyl ,  Fe~(CO)9. 
Format ion of solid iron oxide will also free CO. Both 
processes can occur dur ing  packing and storage of the 
pentacarbonyl.  The presence of adsorbed carbon mon-  
oxide appears reasonable since (i) all of the other 
known  and stable decomposition products are solids at 
the temperatures  of interest  and (ii) the impur i ty  
could be removed by distil l ing some of the carbonyl  to 
waste (see below). In  order to remove the impur i ty  
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Fig. 1. Measured vapor pressure of Fe(CO)5 before purification 
(L~) and Jones (1906) data ( 0 ) .  

before measur ing the actual vapor pressure of i ron 
pentacarbonyl  for temperatures  below about +31~ a 
part  of the sample (,~3 cm 3) was distilled to waste 
before each measurement .  The disti l lat ion was accom- 
plished by keeping the sample at a tempera ture  of 
about --12~ and by pumping the noncondensables into 
a separate cold trap at l iquid-ni t rogen temperature.  
The trap was excluded from the system before  each 
measurement .  

Results 
The exper imental  data obtained for the purified iron 

pentacarbonyl  are presented in Table I and are plotted 
in  Fig. 2. The results may be represented by an Ar-  
rhenius  plot of the form 

4.573 log10 p : -- AH/T + B [1] 

which corresponds to the integrated Causius-Clapeyron 
equation for equi l ibr ium between the l iquid and the 
vapor phase. A least squares fit to the data shown in 
Table I results in the expression 

log10 p (ram Hg) : -- (2096.7/T) -{- 8.4959 [2] 

where T is in  ~ Thus, we obtain for the heat of 
vaporization, AH, of the l iquid pentacarbonyl  the value 
(9588 +_ 220) cal/mole. These results may  be compared 
with those given in  Ref. (2). It t u r n s  out that  our ex- 
pression [2] agrees wi th in  + 1.3% and --0.1% with a 
least squares fit to the data of Trautz and Badstfibner 

Table I. Vapor pressures of pure iron pentacarbonyl 

T e m p e r a t u r e  Pressure (log P)obs 
~ m m  H g  - ( log p)c* 

254.16 1.728 -- 0,009 
1.717 --0.011 

266.16 4.369 +0.021 
4.370 + 0.022 

273.16 6,565 --0.003 
6.526 --0.005 

283.16 12.063 - -0 .009  
11.995 - -0 .012  

286.76 15.413 + 0.004 
15.390 + 0.003 

304.10 40.489 + 0.004 
39.025 - -0 .011  

* C a l c u l a t e d  f r o m  Eq.  [2] .  
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Fig. 2. Measured vapor pressure of Fe(CO)5 after purification 
(/-1) and Trautz (1929) data (z~). 

(2) over the tempera ture  range 0~ ~ t ~ 59.9~ and 
which results in a heat of vaporization of 9487 cal /  
mole. Because of the excellent agreement  be tween our 

low- tempera ture  data and those of Ref. (2) over a 
larger temperature  range for pure iron pentacarbonyl,  
we have to reject the data shown in Ref. (1) and 
quoted in Ref. (4). By comparing the data obtained for 
the pure and the impure carbonyl, we estimate a heat 
for desorption of carbon monoxide from the liquid 
pentacarbonyl  of less than  900 cal/mole, if adsorbed 
CO is the cause of the increased vapor pressure at low 
temperatures  for the impure  carbonyl. 
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ABSTRACT 

The vapor pressure as a funct ion of tempera ture  of several commercial 
grades of red phosphorus and a specially prepared crystal l ine sample has been 
measured.  For crystal l ine red P we obta in  a heat  of sublimation, AHs = 31.9 
• 1 kcal/mole.  The commercial grades yield vapor pressures, which above 
450~ are described by the equat ion In p = --(10.8 • 0.4) • IO~/T + (16.5 
_ 0.6). The subl imat ion equi l ibr ium of red P can be util ized for controll ing 
phosphorus pressures, p > 10 atm, with a reproducibi l i ty  of 10% if commer-  
cial P of at least 5N pur i ty  is used. Measurements of the pVT relat ion of 
phosphorus vapor in  the regimes 800~ ~ T ~ 1400~ and 3 arm ~ p ~ 35 arm 
reveal deviations up to 10% from ideal gas behavior. Excellent accuracy in  de- 
scribing the behavior  of phosphorus vapor is obtained when van der Waals 
equat ion is used in conjunct ion with the critical data of Marckwald and 
Helmholz and  a critical coefficient of 0.375 for calculation of both the co- 
volume and  the interact ion parameter.  Considerat ion of the pressure de- 
pendence of the equi l ibr ium constant K ,  for the reaction P4 : 2P2 yielded 
approximate values for the fugacity constant  at 1000 ~ and ll00~ The 
pTx relat ion at the l iquidus in the vicini ty of stoichiometric InP  for ind ium-  
rich and phosphorus-r ich compositions were established by  simultaneous 
vapor pressure and DTA measurements.  The mel t ing point of stoichio- 
metric  InP  is 1335 ~ ___ I~ and the corresponding equi l ibr ium phosphorus 
pressure is 27.5 • 1 atm. T-x  l iquidus data calculated with the assumption of 
ideal behavior of the l iquid are in good agreement  with our exper imental  data. 
In terpre ta t ion  of the l iquidus pressure data yields values of the s tandard en-  
thalpies and entropies at 298~ 

AH~ : 22.1 kcal/mole,  ~S~ -- 15.78 e.u. 
for the reaction 

InP( s )  = In ( s )  + ~/4P4(g) 
and  

AH~ : 36.0 kcal/mole,  ~S~ ~ 25.28 e.u. 
for the reaction 

InP( s )  : In ( s )  W �89 

These results are in  excellent accord with the s tandard en tha lp ies  reported 
by  Panish and Ar thur  and agree wi th in  3 % with l i tera ture  data on the s tan-  
dard entropies of the reactants. The growth of n -  and  p- type  InP  crystals via 
the gradient  freeze technique is discussed and the degree of control of the 
l iquidus concentrat ion is evaluated for various conditions of crystal growth. 

Recently we have reported on the performance of 
several C d S n P J I n P  heterodiodes and of heavily com- 
pensated InP  homodiodes prepared by LPE from Sn-  
solution, and the results of this early work suggest 
that  fu ture  developmental  work might  lead to new 
practical l ight sources and detectors in the near  inf ra-  
red (1). As a result  of this work it was necessary to 
obtain accurate data on phase equil ibria  and vapor 
pressures of the indium/phosphorus  system, which are 
essential for properly controll ing the growth of large 
homogeneously doped p- type  InP  crystals required as 
substrate material .  

For a summary  of the earlier l i terature  on the prop-  
erties of InP we refer the reader to the review articles 
of Folberth (2) and Renner  (3). Various techniques 
for growing InP  single crystals have been evaluated by  
Weisberg et al. and by Richman (4), who considered 
the gradient-freeze method as the most suitable tech- 
nique, since it provides opt imum control of the thermal  
decomposition equi l ibr ium of InP  dur ing  the process of 
crystal growth. Though the gradient-freeze technique, 

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words :  I n / P  phase  d i ag ram,  phospho rus  vapor ,  sub l ima t ion  

equ i l i b r ium of P,  l l l - V  compounds. 

as designed by Weisberg et al., offers an excellent 
choice for growing n- type  InP  crystals, modifications 
become necessary for prepar ing Zn-  or Cd-doped p- 
type InP  crystals, because of vapor t ransport  of the 
dopants in a temperature  gradient. A modified gradi-  
ent-freeze technique was uti l ized by us for prepar ing 
Zn-doped InP  crystals and will be briefly described 
below. 

From the work of van den Boomgaard and Schol (5) 
on the I n / P  phase diagram, it is know n  that  the l iq-  
uidus composition is a strong funct ion of vapor pres-  
sure, and pre l iminary  experiments  (6) on the stoi- 
chiometry of InP  prepared at different phosphorus 
pressures suggest that, similar to the Ga/As (7) and 
G a / P  systems (8), a small homogeneity range exists in  
the solid state a round the stoichiometric In]? composi- 
tion. Maintaining a constant phosphorus vapor pressure 
is, therefore, a necessary condition for prepar ing crys-  
tals of uniform stoichiometry. 

Two methods have been employed in  the past for 
controll ing the phosphorus vapor pressure i n  a closed 
reaction volume: (i) Utilizing the subl imat ion equi-  
l ibr ium of red phosphorus, i.e., controll ing pressure via 
the tempera ture  at which excess solid red phosphorus 
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is held. (ii) Keeping all the phosphorus in the vapor 
phase and controll ing pressure via the tempera ture  and 
the density of the phosphorus vapor. The first method 
suffers from the fact that  it  is possible for part  of the 
vapor to condense, forming metastable yellow phos- 
phorus, which has a much higher vapor pressure at the 
same temperature.  Also, the var ia t ion in the vapor 
pressure curves of commercially available phosphorus, 
which presumably  deviate more or less from an equi-  
l ibr ium state, is unknown.  In  order to establish some 
confidence in  the reproducibi l i ty  and accuracy of con- 
trol via method (i), we report  in  the next  section our 
vapor pressure measurements  of several commercial 
red phosphorus samples in the range 650~176 and, 
for comparison, our measurements  of yellow P and a 
specially prepared sample of monoclinic red P. 

Method (ii) is utilized where the entire closed off 
reaction volume has to be kept  above the critical tem- 
perature  of phosphorus. Then all of the phosphorus is 
inevi tably  in the vapor state and its pressure can only 
be controlled by the quant i ty  of phosphorus ini t ia l ly  
loaded into the capsule and the tempera ture  at which 
it is maintained.  

P reuner  and BrockmSller (9) determined the pVT 
relat ion for phosphorus vapor. They util ized a quartz 
spiral manometer .  Stock, Gibson, and Stamm (10) used 
a quartz membrane  manometer  of similar  sensit ivity 
for their  study. Both investigations were restricted to 
very low gas densities [Ref. (9): 0.05 ----- d --~ 1.3 m g /  
cma; Ref. (10): 0.16 --~ d --~ 1.0 mg/cm~], where the 
assumption of ideal behavior  appears to be reasonable. 
The results of the vapor pressure measurements  of 
Ref. (9) and (10) differ by as much as 10-20%, espe- 
cially for the higher vapor densities. The controversy 
as to whether  the vapor pressure data must  be in te r -  
preted in  the l ight of the two-step reaction 

K, 
P4 ~ 2P2 [1] 

K; 
P~ ~- 2P [2] 

as assumed in Ref. (9), or reaction [1] only (Ref. 10), 
was resolved by Stevenson and Yost (11), who calcu- 
lated the equi l ibr ium constant Kp' of reaction [2] from 
spectroscopic data and showed that  reaction [2] does 
indeed not contr ibute in a measurable  way to the vapor 
pressure at T < 1500~ Utilizing the data of Ref. (10), 
a fair ly constant value of ~H~ for reaction [1] was ob- 
ta ined from K r at various temperatures,  while the 
same test of consistency fails for the data of Ref. (9). 
Thus, the results of Stock et al. have been henceforth 
accepted as a basis for numerous  thermochemical  cal- 
culations and have been incorporated without  fur ther  
exper imental  check into the most recent l i terature  on 
the thermodynamic  properties of phosphorus [see, for 
example, the we l l -known book of S tu l l  and Sinke (12), 
the J.ANAF thermochemical  tables (13), and the report  
of Far r  (14) ]. However, considering the many  possible 
sources of error in the work of Ref. (10), the con- 
stancy of aH% is perhaps less significant than assumed 
by Stevenson and Yost (11). Though we do not doubt 
the val idi ty of their thermodynamic  calculations, an 
independent  check of at least some of the data of Stock 
et al. seemed to be in order. In  addition, knowledge of 
the deviation of phosphorus vapor from ideal behavior  
at elevated pressures would be desirable. This is of 
interest  in crystal growth work and for thermochemi-  
cal calculations concerning the I I I -V and II-IV-V2 
phosphides, which exhibit  decomposition pressures 
typically several tens of atmospheres at their  mel t ing 
points. Thus, a new determinat ion was made of the 
pVT relat ion for phosphorus vapor in the regimes 
800~ --~ T ~-~ 1400~ and 3 atm ~-- p --~ 35 aim. This 
work is presented below in a later  section. 

The l iquidus l ine of the indium/phosphorus  T-x  
phase diagram has been  determined in the ind ium-r ich  

Table I. Literature values of the melting point of InP and of 
the corresponding equilibrium phosphorus pressure 

T.,  ( InP)  p ~  (InP) 
[ ~ C ] [a tm ] Refe rence  

1070 ~ KSs te r  and  U l r i c h  (16) 
1068 • 2 P a n i s h  and  A r t h u r  (26) 
1045 "5  Scha fe r  and  Weise r  (15), Wei se r  (25) 
1062 --  7 60 Van den  B o o m g a a r d  a n d  Scho l  (5} 
1070 9-45 Nashe l sk i ,  O s t r o v s k a y a ,  Y a k o b s o n  (19) 
1070 15.5 F o l b e r t h  (3, 20) 
1058 ----- 3 21 +-- 5 R i c h m a n  (21) 
1055 --  1.5 25 -- 2 Uga i ,  B i t y u t s k a y a ,  a n d  P o p o v a  (40) 
1062 ~ 1 25.7 + 1 Th is  w o r k  

regime by several authors (15-19, 26), but  considerable 
discrepancies exist be tween their  results. Various 
values of the mel t ing point of InP  have been reported 
in the l i terature  and they are listed in Table I. 

DoUbt regarding the equi l ibr ium dissociation pres- 
sure of stoichiometric InP  also exists. For  example, 
by use of In- r ich  pTx data, van  den Boomgaard and 
Schol (5) estimated that  the equi l ibr ium phosphorus 
pressure pm(InP) was 60 atm at the mel t ing point of 
stoichiometric ind ium phosphide (Tm(InP) = 1062 ~ 
_ 7~ Richman (4) and Folber th  (20) state that  stoi- 
chiometric InP  is obtained in crystal growth experi-  
ments  when  the phosphorus pressure is be tween 15-25 
atm. However, no rel iable conclusions regarding 
pm(InP) can be drawn from this observation, since 
the vapor pressure varies drastically with composition 
and the homogeneity range of InP  is very small, so that 
crystals grown from slightly ind ium-r ich  melts may 
still appear to be single-phase mater ial  of stoichiomet- 
ric composition. The formation Of voids, observed by 
Richman (14), in InP  ingots grown at p --~30 atm, is a 
kinetic phenomenon and as such not suitable for p in-  
point ing pm ( InP) .  From a measurement  of the thermal  
decomposition pressure of InP  in  a confined volume, 
Richman (21) concluded that  the equi lbr ium phos- 
phorus pressure is 21 atm at the mel t ing point of InP. 
However, his arguments  are based on a single experi-  
ment  and the extrapolat ion to 21 atm at 1058~ is 
strictly a mat ter  of choice. [Compare Fig. 4, Ref. (21) 
and the discussion in the section on the pTx Diagram 
of the Ind ium/Phosphorus  System below i n  this paper.] 

Thermodynamic data for the thermal  decomposition 
reactions 

InP(s )  ----In(s) + Y4P4(g) [3] 
and 

InP(s )  = In(s )  + 1/zP2(g) [4] 

have been computed by various authors (22-26) in the 
In- r ich  region from data obtained at low total pres-  
sures. For a review of this work we refer to the paper 
by Panish and Ar thur  (26), who determined the heats 
of formation, ~ H ~  = 22.1 kcal mo1-1 and AH~ = 

36.0 kcal tool -I, for reactions [3] and [4], respectively. 
An attempt was made by Panish and Arthur at testing 
the compatibility of the total vapor pressure data of 
Eel. (5) and (21) by calculating the corresponding 
partial pressures of P4 and P2 and relating their tem- 
perature dependence to reactions [3] and [4]. Utiliz- 
ing Kp values for reaction [I] taken from Ref. (13), 
the data of Ref. (21) were found to be compatible with 
the low pressure data, while the results of Ref. (5) 
were not. 

Decomposition pressure curves in the vicini ty of the 
mel t ing point of InP  and above will  be presented later  
in this paper, and the relat ion of these measurements  
to the results of Ref. (5), (21), and (26) wil l  be dis- 
cussed. Also, new data on the pTx relat ion in the 
vicinity of Tm(InP) are presented, which include l iq- 
uidus compositions on the phosphorus-rich side of the 
phase diagram, resul t ing in  reliable values of both 
Tm (InP) and pm ( InP) .  

Vapor Pressure of Solid Red Phosphorus 
The vapor pressure of red phosphorus was deter-  

mined in  the a r rangement  schematically shown in Fig. 
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B3 , 

TCt TC2 

Fig. 1. Arrangement for measuring the vapor pressure of solid 
red phosphorus. F1, F2 furnaces; W, window in F1; Q, quartz 
capsule containing the phosphorus; C, capillary tube containing 
a column of liquid B208; L, anon feed line attached to C by a 
double O-ring seal; B1 to B3, Bourdon gauges (--15 to 15 psi, 
0 to 200 psi, 0 to 600 psi); TC, thermocouple. 

1. The furnace F1 was used to establish a column of 
mol ten B~O8 in capil lary C which closes off the quartz 
capsule Q containing ~ l g  of solid red phosphorus. The 
lat ter  is slowly heated by means  of furnace F2. The 
vapor pressure inside the closed-off volume (v ~ 4 

cm 8) was balanced by  a corresponding argon pressure, 
thus keeping the meniscus of l iquid BsOs in  C at a sta- 
t ionary position. The pressure was read on a set 
of Bourdon gauges, B1 to B3, connected to the argon 
feed line L and the corresponding temperatures  were 
measured with thermocouple TC located in  the re-  
cessed port ion of capsule Q. 

Compared to a quartz Bourdon gauge used as a nu l l  
indicator  in  s imilar  work (9, 10, 21, 27), our  a r range-  
ment  has the advantage that  at bet ter  sensit ivi ty to a 
pressure differential the B~O~ layer  can be main ta ined  
at a temperature  > 900~ This is not possible for a 
quartz Bourdon gauge indicator because of the inabi l -  
i ty to control drift  at t > 800~ due to changes in the 
elasticity of  quartz at such elevated temperatures  
(9, 10). The capabil i ty of keeping the indicator section 
at high temperature,  and of minimizing its volume 
fraction compared to the total  closed off volume, is of 
importance for two reasons: 

1. It permits  s imula t ing  in  the vapor pressure mea-  
surements  of red phosphorus the conditions encoun-  
tered dur ing growth of InP  crystals via the gradient -  
freeze technique in a two- tempera ture  zone ar range-  
men t  as described in Ref. (3) and in a later  section of 
this paper. 

2. Isothermal conditions can be established in the 
measurements  of phosphorus vapor densities at high 
temperatures  and pressures (described below).  Other-  
wise, in terpre ta t ion  of the exper imental  data becomes 
hopelessly confused because of complications due to 
nonideal  behavior  and dissociation. 

The results of experiments  to de t e r mi ne  the vapor 
pressure of several grades of red phosphorus, each of 
at least 5N purity,  as a f unc t i on  of temperature,  and 
the relat ion of these data to the results of other (27), 
are shown in Fig. 2. At temperatures  above 700~ the 
vapor pressures of the commercial grade star t ing mate-  
rials are almost identical  and the data deviate very  
little from a straight line, corresponding to an average 
heat of subl imat ion AHs = 21.4 -+- 0.8 kcal /mole;  valid 
be tween 700 ~ and 950~ For clari ty only 2 sets of our 
data for commercial red P are plotted in Fig. 2 and a 
complete list of the vapor pressure equations observed 
in  the various individual  experiments  is provided in  
Table II. 

The data represented by  full  circles in  Fig. 2 were 
obtained when  pure  white  P was the s tar t ing mater ia l  

TRIPLE POINT 

~ REF. 27 

LIQUID P 4 }  
MATERIALS t AND REF. 27 

i MATERIAL A"~ 
MATERIAL B~ 
MATERIAL C~ THIS WORK 

X MATERIAL F| 
[] MATERIAL F..) 

o 

o ~ 

OL. 
I . I  

I 
1,2 

I 
1,3 

"+\ 

1.4 1.5 
I03/ 'T (OK-' i)  

1.6 

Fig. 2. Vapor pressure p of 
various commercial grades of red 
phosphorus and specially pre- 
pared monaclinic phosphorus as 
a function of temperature T, In p 
= --~Hs/RT -F const. 
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Table II. Sublimation pressure of red phosphorus In p 
- -  AHs/RT ~ K, p [atm] 

~Er, 
[keal/ Range 
mole] K of T [ ~ ]seference Material 

25.9 18.0 505-570 1 
20.0 14.8 290-456 S m i t h  a n d  Bock-  2 
22,8 16.7 808.5-474.5 h o r s t  (27) 3 
25.5 18,4 308,5-486.5 4 
19.7 14.8 320-500 I 
24.0 17.5 310-500 F a r r  (14) I I  
28.0 20 380-560 IV 
28.8 20.6 320-510 V 
18.2 14.0 450-570 A 
22.2 17.0 380-554 ]8 
20.3 16.1 450-559 Th i s  w o r k  C 
20.7 17.1 430-554 D 
22,2 15.8 450-500 E 
31.9 ~ . 7  450-575 F 

(material  A, Table II) ,  which converts above 350~ 
into amorphous red P at a rate such that  the pressure 
drops temporar i ly  with increasing T and then merges 
with the vapor pressure curve of red P. The heat ing 
rate in this exper iment  varied from 3~ below 
500~ to 1.5~ at higher T. The vapor pressure 
curve obtained in  this m a n n e r  corresponds to the vapor 
pressure curve of amorphous red P,  mater ia l  I, re-  
ported by Far r  (14). 

Four  experiments  with commercial red P were also 
performed: (i) mater ia l  B ---- 5N, spongy red P sup-  
plied by a commercial vendor;  (ii) mater ia l  C = 6N, 
dense purple  P, and (iii) mater ia l  D labeled by the 
supplier  as "black" 5N P, both supplied by a second 
vendor;  (iv) mater ia l  E, which is another  batch of 
mater ia l  C. The individual  vapor pressure curves of 
these materials  correspond to those of mater ial  II of 
Fa r r  (14) and mater ia l  3 of Smits and Bokhorst (27). 
The state of the investigated commercial red P is in 
b e t w e e n  the amorphous and the monoclinic crystall ine 
state. 

At  T > 450~ the reproducibi l i ty  of vapor pressures 
of red P from different commercial sources is ,--10%. 
In  our opinion, ut i l izing the subl imat ion equi l ibr ium 
of red phosphorus for controll ing vapor pressure is 
advantageous, compared to other techniques, when  the 
tempera ture  dis tr ibut ion over the closed-off reaction 
volume is nonuniform,  the numerical  value of v is diffi- 
cult to assess and when pressures ~10 atm are desired. 
For T < 450~ considerable deviations from the aver-  
age straight l ine in  the In  p vs. 1/T plot occur and large 
differences exist be tween the vapor pressures of differ- 
ent  batches of commercial red P. Because of this u n -  
cer ta inty in vapor pressure, uti l ization of the subl ima-  
t ion equi l ibr ium appears to us not  suitable for con- 
troll ing phosphorus pressures below 5 atm, unless spe- 
cially prepared crystal l ine mater ia l  is used. 

For  evaluat ing the vapor pressure curve of mono-  
clinic red P, 18g of mater ia l  B were distilled into an 
evacuated quartz ampul.  The resul t ing white P con- 
densate was sealed-off and then heated for 31 days at 
520~ After this t ime interval  the phosphorus had 
been converted into a crystal l ine red mater ia l  com- 
parable to materials  1 and 4 of Smits and Bokhorst 1 and 
V of Farr.  The vapor pressure curve for this mater ia l  
(material  F, Table II) is described by the relat ion 

l n p  -- -- (16.1 • 0.5) • lOZ/T + 22.7 • 0.7 

corresponding to a heat of subl imat ion AHs -- 31.9 • 1 
kcal/mole,  which is somewhat  larger than  the values of 
Ref. (14) and (27). However, considering the ex-  
t remely slow evaporat ion kinetics of monoclinic red P 2 

Z Nesmejanov (28) considers the results of ]sef. (27) as the best 
data for the vapor pressure of red P. Note that the data listed in 
Table 233, of Ref. (28) are not the measured experimental data of 
Ref. (27) but were calculated with an average value of AHs deduced 
from their experiments with materials 1 and 4." 

s In our experiments with material F the temperature was changed 
in steps yielding initial heating rates of 20~ During the first 
hour after each temperature change, considerable deviations toward 
lower pressure readings occurred and these data were rejected. The 
data plotted in Fig. 2 correspond to heating rates "~5~ typically 
encountered 1Ys hr after initiating each temperature change. 

and taking into account that  there is present ly  no re-  
l i ab le  technique available for determining small  resi-  
dues of amorphous red P in  the crystall ine matrix,  the 
observed difference in AHs is only significant insofar as 
it indicates that the materials  present ly  looked at, in -  
cluding our mater ia l  F, may not t ru ly  represent  an  
equi l ibr ium state. 

Density of Phosphorus Vapor in the Regions 
800~  ~ T ~ 1400~ and 3 atm ~ p ~ 35 atrn 

The pressure / tempera ture  relationship for phos- 
phorus vapor of various densities was measured in  
the apparatus shown in  Fig. 3. Pressure measurements  
were made, as in  the afore-described vapor pressure 
determinat ion of red P, by balancing the phosphorus 
pressure inside quartz  ampul  Q by an equivalent  argon 
pressure using a column of l iquid B203 inside C as in -  
dicator. 

The density of the phosphorus vapor was varied be-  
tween 5.6 and 39 mg/cm 8 by  evaporat ing known 
weights of P inside Q. The volume of Q varied slightly 
from exper iment - to -exper iment  (uQ ~ 44 cm 3) while 
the volume of C could be kept constant (capillary 
length to the meniscus 22 cm, vc ---- 0.57 cm3). The 
error  in determining the total  closed-off volume is 

Fig. 3. Apparatus for measuring the pVT relation for phosphorus 
vapor in the range 800~ ~ T ~ 1400~ and 3 atm ~ p ~ atm. 
Q, quartz ampul; C, capillary containing a column of liquid B203; 
F1 to F4, furnaces; HT, 18 in. long sodium-filled heat tube (Dy- 
natherm Corporation); W, window in F1. 
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est imated to be < 0.5%. Measurements  of v~ pr ior  to 
and af ter  performing the exper iment  were  reproduc-  
ible wi th in  0.2%, so that  vo lume changes due to plas-  
tic flow of the quar tz  tubes at the h igher  T can be 
neglected. 

For  establishing isothermal  conditions a ver t ical  a r -  
rangement  of four  independent ly  heated furnaces F1 to 
F4 were  used (Fig. 3). Q and part  of C are located in 
an 18 in. long sodium-fil led isothermal furnace l iner  
HT (Dynatherm Corporation) heated by F3 and F4. 
The t empera tu re  distr ibut ion in this section is uniform 
wi th in  2~ for all t empera tures  T > 750~ F2 is used 
to ex tend  the isothermal  zone as far  as possible towards 
the B208 section heated by F1. Since the  B203 was kept  
at T ~ l lS0~  to provide  sufficiently low viscosity, a 
t empera tu re  gradient  is necessari ly int roduced be-  
tween F1 and F2 when  Q is at T < l lS0~ However ,  
the volume fract ion of phosphorus vapor  near  the B208 
layer,  which is then  at a different tempera ture ,  can 
always be kept  below 0.5% of the total  volume. This 
corresponds to a m a x i m u m  error  in average t empera -  
ture  of < 2 ~ when  Q is at 800~ 

Tempera tu re  measurements  were  made using P t /  
Pt-10% Rh thermocouples,  cal ibrated in the same ar-  
rangement  against the mel t ing  points of Ag, Au, and 
Cu, and are correct  wi th in  _ 1% 

The accuracy of the Bourdon gauges used in this 
work  is _ 1% which is the l imit ing factor in the ac- 
curacy of our  experiments .  Before  closing-off by the 
l iquid  B2Oa, some Ar  was always t rapped in v which 
expands l inear ly  wi th  T and a small  correct ion in the 
phosphorus pressure readings for this Ar  background 
was made. The er ror  int roduced by the background 
correction is neglectable for the high vapor  density ex-  
per iments  (--~ 0.1%), but  becomes substantial  (1%) in 
the lowest  vapor  density experiments .  

F igure  4 shows a family  of exper imenta l ly  de te r -  
mined  curves 

p : p (p, T) [5] 

for various phosphorus vapor  densities p = n / v  as 
parameter ,  where  n is the number  of moles P4 in the  
absence of dissociation. For  comparison, also, dashed 
lines, g iven by the re la t ion 

p = (1 -t- a ) p R T  [6 ]  

a r e  plot ted in Fig. 4 and represent  the corresponding 
vapor  pressures for ideal behavior  of phosphorus vapor  
of  different density. The degree of  dissociation a : 
a(p, T) of P4 molecules, which are predominant  at low 
temperatures ,  into P2 molecules, was deduced f rom 
values of the equi l ibr ium constant for the dissociation 
of P4 

p2p2 4a 2 
K p  = ~ = - - .  p o  [7] 

PP4 1 - -  a 

The values of Kp are tabulated in Ref. (13). s The de- 
viat ion of the exper imenta l  points f rom the dashed 
l ine corresponds to the er ror  of  convent ional  vapor  
pressure calculations based on the assumption of ideal  
behavior.  

Comparison of the exper imenta l ly  de termined  vapor  
pressure curves wi th  the corresponding ideal gas 
curves yields the fol lowing general  observations: 

1. In the tempera ture  and vapor  density regimes 
considered here, sizable errors can be made in calcu- 
lating phosphorus vapor  pressures assuming ideal be-  
havior  in the vapor  phase (see Table I I I ) .  

2. All  exper imenta l  curves rise at a faster  rate  wi th  
tempera ture  than the corresponding ideal gas curves 
and they are shifted at the lower  tempera tures  to lower  
pressures as expected from van der Waals equat ion 

n R  n2a 
p -- �9 T --  - -  [8] 

v - -  n b  v ~ 

S N o t e  t h a t  a c t u a l l y  t he  r ec ip roca l s  of  Kp, as de f ined  b y  Eq.  [7], 
are  l i s t ed  i n  Ref. (13), because  P~ is t a k e n  as  s t a n d a r d  s ta te  o f  
p h o s p h o r u s  v a p o r .  

P H A S E  E Q U I L I B R I A  A N D  V A P O R  P R E S S U R E S  
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Fig. 4. Phosphorus vapor pressure as a function of temperature 
T for various vapor densitieS as parameter. 

Curve No. 1 2 3 4 5 6 
p[mole/liter] 0.045 0,181 0.225 0.254 0.284 0.314 

Open symbols and x represent data obtained on heating, full 
symbols and -I- represent data obtained on cooling. The dashed 
lines are the corresponding vapor pressure curves for ideal gas be- 
bQvior, calculated with Kp token from Ref. (13). For the lowest 
vapor density, curve I,  the calculated ideal gas values agree 
within the limits of accuracy with the experimental data. 

b is the  co-vo lume of the phosphorus molecules  and a 
is an interact ion parameter .  

Calculations of a and b f rom exper imenta l ly  deter -  
mined values of the critical t empera tu re  Tk and of the 
critical pressure pk, assuming a critical coefficient s = 
0.375, 4 yields a = 32.4 atm l i ter2/mole 2, b = 
0.121 l i t e r s /mole  for Tk = 968~ Pk = 82.2 arm (27) 
and a 30.1 atm l i ter2/mole  2, b = 0.109 l i t e rs /  
mole  for  Te = 993.8~ Pk = 93.3 arm (29), respec-  
t ively.  At the higher  vapor  densities and at modera te  

p~V~ 
s =- , w h e r e  V~ i s  the  cr i t ica l  v o l u m e .  

RT~ 

Table III. RMS deviation of vapor pressure curves calculated by 
ideal gas law, van de Waals equation, Eq. [9] and [10], and 

Redlich-Kwong equation, respectively, from experimentally 
determined vapor pressure curves in the regimes 800~ ~ T 

1400~ and 3 otm ~ p ~ 35 arm 

A = - _=, ([pexp - pc,~c]/pe,p) 2 ~ [%] 

(Curve  No. Idea l  v a n  d e r  Eq.  [9] R e d l i c h ' s  
F ig .  4) gas Wools  & [10] Eq.  

1 1.1 1.0 1.0 1.3 
2 2.6 2.8 1.0 9.5 
3 2.7 3.5 1.2 9.4 
4 3.8 2.8 0.8 12.4 
5 5.3 2.0 1.9 15.3 
6 7.1 3.4 1 ~  16.8 
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Fig. 5. p 'V /p  diagram constr,cted from the data Fig. 4. - - -  
Isotherms p 'V  = RT, - -  smooth average p.V = RT -I- Bp, 
- - - - -  Boyle curve calculated with critical data of Ref. (29). 

T, c o n s i d e r a b l e  b e t t e r  fit of  t h e  e x p e r i m e n t a l  d a t a  is 
o b t a i n e d  w i t h  Eq. [8] t h a n  w i t h  Eq.  [6] a n d  t h e  c r i t i ca l  
d a t a  of  Ref.  (29) y i e l d  b e t t e r  r e su l t s  t h a n  t h o s e  of  
Ref.  (27).  

F i g u r e  5 s h o w s  a p . V / p  d i a g r a m  c o n s t r u c t e d  f r o m  
t h e  da t a  s h o w n  in  Fig.  4. The  d a s h e d  l ines  p a r a l l e l  to 
t h e  absc issa  r e p r e s e n t  idea l  behav io r ,  i.e., p . V  = RT, 
fo r  va r ious  i s o t h e r m s  t a k e n  in  i n t e r v a l s  of  100~  b e -  
t w e e n  800 r a n d  l l 0 0 ~  w h e r e  d i s soc ia t ion  is neg l ig ib le .  
The  d a s h - d o t  l ine,  l o w e r  p a r t  of Fig.  5, r e p r e s e n t s  
t h e  Boy le  c u r v e  ca l cu l a t ed  f r o m  t h e  cr i t ica l  da t a  g i v e n  
i n  Ref.  (20),  i.e., all  e x p e r i m e n t a l  va lues  of  p ' V  s h o u l d  
be  b e l o w  t h e  c o r r e s p o n d i n g  idea l  gas  va lues .  The  sol id  
l ines  t h r o u g h  t h e  e x p e r i m e n t a l  po in t s  c o r r e s p o n d  to  
t h e  e q u a t i o n  

p . V  - -  R T  4- Bp [9] 

Tak ing  the  s lopes  B a n d  u s i n g  the  p a r a m e t e r s  a a n d  b 
c a l c u l a t e d  f r o m  t h e  c r i t i ca l  d a t a  o f  Ref .  (29),  o n e  o b -  
t a in s  t h e  e m p i r i c a l  r e l a t i o n  

a 
B = b [10]  

RTx 

w h e r e  1.03 --~ x -~ 1.06 fo r  800 ~ ----- T --~ l l 0 0 ~  
A c o m p a r i s o n  of  t h e  r o o t - m e a n - s q u a r e  d e v i a t i o n  of 

t h e  e x p e r i m e n t a l l y  "de t e rmined  v a p o r  p r e s s u r e s  f r o m  
v a p o r  p r e s s u r e  c u r v e s  c a l c u l a t e d  by  Eq. [6], [8], [9], 
a n d  [10], r e spec t i ve ly ,  is g i v e n  in  T a b l e  III.  O u r  da t a  
w e r e  also c o m p a r e d  w i t h  v a p o r  p r e s s u r e  ca l cu la t ions  
a c c o r d i n g  to t h e  e q u a t i o n s  of  Red l i ch  a n d  K w o n g  (30) 
a n d  B e r t h e l o t .  Tak ing  t h e  cr i t ica l  da t a  of  Ref.  (29) 
fo r  ca l cu l a t ing  the  s econd  v i r ia l  coeff icients  B = b 

- -  a / R T  a/2 w i t h  s : 0.3335 (Red l i ch )  a n d  B : b - -  
a / R Y  z w i t h  s = 0.281 ( B e r t h e l o t ) ,  it  w a s  f o u n d  t h a t  
t h e s e  e q u a t i o n s  a r e  no t  su i t ab l e  fo r  d e s c r i b i n g  t h e  b e -  
h a v i o r  of  p h o s p h o r u s  v a p o r  in  t h e  c o n s i d e r e d  r e g i m e s  
of  p a n d  T, as e x p e c t e d  f r o m  t h e  e x p e r i m e n t a l  r e s u l t  
x ~ 1. C o n s i d e r i n g  t h e  u sua l l y  l a r g e  dev i a t i ons  of  e x -  
p e r i m e n t a l l y  d e t e r m i n e d  cr i t ica l  coeff ic ients  f r o m  0.375, 
t h e  d a t a  o f  Ref.  (29) p r o v i d e  a s u r p r i s i n g l y  a c c u r a t e  
bas i s  fo r  t h e  ca l cu l a t ion  of  p h o s p h o r u s  v a p o r  p r e s s u r e s  
acco rd ing  to Eq. [9] a n d  [10]. 

In  d i scuss ing  the  b e h a v i o r  of  p h o s p h o r u s  v a p o r  at  
T > 1200~ w h e r e  s izable  dev i a t i ons  f r o m  l i n e a r i t y  
b e c o m e  a p p a r e n t  in  t h e  p vs. T plo t  (Fig.  4), t h e  fo l -  
l o w i n g  i n t e r r e l a t e d  p h e n o m e n a  h a v e  to be  t a k e n  in to  
account: 

1. The  i n c r ea s e  in  p r e s s u r e  a t  T ---~ 1200~ due  to 
d i s soc ia t ion  of  P4 m o l e c u l e s  acco rd ing  to Eq.  [1] b e -  
comes  l a r g e r  t h a n  t h e  e r r o r  l imi t s  in  t h e  v a p o r  p r e s -  
s u r e  d e t e r m i n a t i o n .  

2. The  c r ea t i o n  of  P2 spec ies  in  t h e  v a p o r  p h a s e  
causes  c h a n g e s  in  t h e  v i r ia l  coefficients.  

3. Kp b e c o m e s  a f u n c t i o n  of  p r e s s u r e  due  to n o n i d e a l  
b e h a v i o r  of  p h o s p h o r u s  vapor .  

F i g u r e  6 s h o w s  a p lo t  o f  log  Kp vs. p f o r  t w o  i so-  
t h e r m s  at  1273 ~ a n d  1373~ r e s p ec t i v e l y .  F o r  c o m -  
par i son ,  t h e  d a t a  of  Kp o b t a i n e d  at  t h e  h i g h e s t  p r e s -  
s u r e  c o n s i d e r e d  in Ref.  (9) a n d  (10), r e spec t i ve ly ,  a re  
also p lo t t ed .  5 The  s t r a i g h t  l ines  t h r o u g h  t h e  da t a  po in t s  
c o r r e s p o n d  to t h e  e q u a t i o n  

log K~, = kl  + k2p [11] 

w h e r e  kl  a n d  k2 a re  cons t an t s .  L e t  

= �9 K~ [12] 
Kf = /P4 ~P4 

w h e r e  fP4 a n d  JP2 are t h e  fugac i t i e s  of  P4 a n d  P2, r e -  
spec t ive ly ,  a n d  ~ = ]i/Pi are  t h e  c o r r e s o n d i n g  fugac i t y  
coefficients .  Since ,  b y  def ini t ion,  lira 7i ---- 1, t h e  f u -  

p-->0 
gac i ty  c o n s t a n t  K I b e c o m e s  iden t i ca l  w i t h  Kp at  t h e  
l imi t  p -~ 0. N e g l e c t i n g  t h e  i n t e r a c t i o n  b e t w e e n  d i f f e r -  
en t  m o l e c u l a r  species ,  7i m a y  be  r e l a t e d  to t h e  s econd  
v i r ia l  coefficients,  Bi, of  t h e  c o r r e s p o n d i n g  c o m p o n e n t  
gases  b y  

~i = e x p  (B~p/RT) 
a n d  

BP 4 -- 2BF2 
In Kp ---- In K! -~ �9 p [14] 

RT 

w h i c h  c o r r e s p o n d s  to Eq. [11]. H o w e v e r ,  s ince  s eve ra l  
s i m p l i f y i n g  a s s u m p t i o n s  a re  m a d e  in  d e r i v i n g  Eq. [14] 
a n d  the  accu racy  of  Kp is p o o r  (,,~20%),6 i t  is p r e s e n t l y  
no t  c l ea r  as to  w h e t h e r  or  no t  Eq. [14] p r o v i d e s  a va l id  
d e s c r i p t i o n  of t h e  p r e s s u r e  d e p e n d e n c e  of  Kp. 

The  va lues  of  log Kf o b t a i n e d  b y  e x t r a p o l a t i n g  t h e  
s t r a i g h t  l ines  (Fig.  6) to p ---- 0 a r e  t a b u l a t e d  in  Tab le  

aThe values of Kp obtained for the very low P in Ref. (9) and 
(10) are generally somewhat smaller, but no conclusions regarding 
the pressure dependence of Kp may be drawn from this observa- 
tion, since the interpretation of their experimental data depends 
entirely on the assumption of ideal behavior, which is most likely 
satisfied, so that the variation of Kp with p must be related to some 
systematic error in their work. 

, In our work the limitation in the accuracy of K~ results from a 
large relative error in ~ due to the suppression of dissociation at 
high p. Though at a given T larger values of ~ are obtained at the 
lower densities considered in Ref. (9) and (10), the accuracy of 
their vapor density calculations is severely limited due to several 
sources of error related to the considerably nonuniform temperature 
distribution in their apparatus, which is not a factor in our work. 
A consideration of the propagation of error in calculating K~ from 
the experimental pVT relation reported in Ref. (9) and (10) re- 
veals, therefore, a similar error level of K~ as encountered in our 
work at comparatively high pressure, 
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Fig. 6. Pressure dependance of the equilibrium constant Kp 

far the reaction P4 = 2P2. 
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Table IV. Values of the equilibrium constant of the reaction 
P4 : 2P2 at 1000 ~ and 1100~ 

T[~ Log Kt  Log  Kp L o g  Kp* L o g  Kp*�9 

1273 -- 1.30 -- 1.46 -- 1.41 -- 1.45 
1373 -- 0.65 -- 0.82 -- 0.79 -- 0.78 

1 ~ b5 1060 97 �9 
2[_ 1 I 

MELTING POINT OF 
STOCHIOMETRIC inP 

K~ = a v e r a g e  v a l u e  of  K~. 
�9 Ref.  (9). 

"" Ref .  ( i0) .  

LIQUIDUS COMPOSITION 
~ ]~ n0.53 P0.47 

IV and compared to the average values of Kp deduced 
from the data in Ref. (9) and (10). They are 10-20% 
smaller  than  the corresponding data of Ref. (9) and 
(10), while averaging our data, i.e., neglecting any 
pressure dependence of Kp, leads to values Ilog /~pl 
which are ,-,5% larger  than  the data of Ref. (9) and 
(1O). For a definitive evaluat ion of the fugacity con- 
stant  of phosphorus vapor, new accurate measurements  
at low total pressure are required. An exper iment  of 
this na tu re  is present ly being set up and the results of 
this work will  be reported in a future  publication. 

p.T-x Diagram of the Indium/Phosphorus System 
in theVic in i ty  of the Mel t ing Point of InP 

The p - T - x  relat ion of the indium/phosphorus  sys- 
tem at l iquidus compositions near  stoichiometric I nP  
was evaluated in a sl ightly modified version of the 
previously described apparatus shown in  Fig. 3. For  
performing DTA measurements  s imultaneously with 
the vapor pressure determination,  an indenta t ion  was 
provided in the bottom of Q, into which two thermo-  
couples were inserted;  one for monitor ing the sample 
tempera ture  T and the other for determining the tem- 
perature differential AT between the sample and an 
outside thermocouple which meastires the envi ron-  
menta l  tempera ture  inside the heat tube HT. Both T 
and aT were recorded on a Leeds and Northrup Ser. 
600 two-pen  recorder, which was calibrated by means 
of a Leeds and Northrup Cat. No. 8686 potentiometer.  
Most of the voltage, generated by the T-measur ing  
thermocouple, was compensated by means of Leeds and 
Northrup Model C set point  un i t  to permit  sensitive 
recording in  the vicinity of the mel t ing point  of InP.  

Vapor pressure curves obtained dur ing thermal  de- 
composition of pure InP  are shown in Fig. 7. Undoped 
n- type  InP, prepared by gradient-freeze technique 
from 6N indium at 25 atm phosphorus pressure, was 
used. P re l iminary  analyt ical  results indicated an  excess 
of ---10 TM indium atoms/cm 8. In  the course of the ther-  
mal  decomposition reaction the surface of the InP  is 
fur ther  depleted of phosphorus, so that  an equi l ibr ium 
between the solid and a l iquid solution of InP  in In  is 
established, the composition of which varies with T 
according to the l iquidus l ine of the I n / P  system. The 
ratio of the amount  of l iquid and solid depends on the 
amount  of indium phosphide mlnp put into Q, on the 
free volume v filled with phosphorus vapor, and on 
temperature.  For a given v/mlnP there exists a t em-  
perature T~, at which all InP  is dissolved, character-  
ized by a discontinuity in  the decomposition pressure 
vs. T curve. The composition of the l iquid at Tm can be 
calculated from v and mInP util izing the vapor density 
data of the previous paragraph. 

Since the same pressure values are obtained in 
l iquid state on heating as well as on cooling we are 
sure that  the melt  is always in equi l ibr ium with the 
vapor phase and a calculation of the composition xi ,  
of the l iquid at the mel t ing point Tm from mInp, v, and 
P,n appears to be reasonable. Although the heat ing and 
cooling rates in the vicinity of the mel t ing point  were 
reduced from l ~  to 0.2~ the realization of 
equi l ibr ium in solid state is less clear. Considerable 
supercooling of the melt  was observed and no data for 
solid mater ia l  were taken on cooling in the pre l iminary  
experiments  with pure InP. The consistency of our 
data and the absence of a steep pressure rise at the 
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Fig. 7. Thermal decomposition pressure of indium phosphide. 
-I-, data of Ref. (5); x, data of Ref. (21); ~, data of Ref. (26). 
[~, This work, large free volume of phosphorus vapor, increasing T; 
I I ,  same experiment, decreasing T; V , O ,  this work, small free 
volume of phosphorus vapor, increasing T. 

melt ing point indicate, however, that  the solid material  
was near  to equi l ibr ium dur ing the heat ing cycle. 

For  comparison we have plotted the vapor pressure 
curves of Ref. (5) and Ref. (21) in Fig. 7. The data 
of Ref. (5) are not compatible wi th  our results. The 
vapor pressure curve of Richman deviates somewhat 
from our curve towards lower pressures, bu t  the two 
curves join near  the mel t ing point and extrapolate to 
p ~ 24 aim at 1062~ v which may  be regarded as a 
lower l imit  of pm ( InP) .  Clearly, the values of p ~ ( I n P )  
given in Ref. (15) and (20) are much too low. Our 
vapor pressure curve joins smoothly to  the low pres- 
sure data of Ref. (22) to (26). The two highest total 
pressure points, taken from the work of Panish and 
Ar thur  (26), which overlap in pressure range with 
our measurements,  are in  excellent agreement  with our 
data. 

In  order to extend our measuremen t s  to more phos- 
phorus-r ich compositions, a set of experiments  were 
performed with additions of phosphorus to the InP. 
The vapor pressure curves obtained in these experi-  
ments  are shown in  Fig. 8. After  evaporat ion of the 
added red P the vapor pressure increases l inear ly  with 
tempera ture  up to the mel t ing point with a slope cor- 
responding to the expansion of the generated phos- 
phorus vapor. Note that no deviat ion from l inear i ty  
due to dissociation is observed at T ~ 1200~ i.e., some 
of the phosphorus vapor diffuses at these higher T 
into the solid InP  particles, which have much lower 
equi l ibr ium vapor pressure u p  to T near  to T~ (com- 
pare Fig. 7). At Tm = 1335~ discontinuities occur in  
all vapor pressure curves, which are identified as being 
approximately Tm(InP) .  s In  case the phosphorus pres-  

~ A t  1058~ t a k e n  as T~n(InP) in  Ref. (21), b o t h  c u r v e s  w o u l d  
e x t r a p o i a t e  to a p r e s su re  <:20 a tm.  

SThe  fac t  tha t ,  r e g a r d l e s s  o f  the  a m o u n t  of P added ,  t he  s ame  
m e l t i n g  p o i n t  is  o b s e r v e d  on hea t i ng ,  ind ica tes ,  t h a t  e i the r  no 
e q u i l i b r i u m  b e t w e e n  the  so l id  a n d  t he  v a p o r  is  r e ached  v i a  so l id-  
s t a te  d i f fus ion ,  i.e., t h a t  the  m a j o r  pa r t s  of t he  I n P  g r a i n s  r e m a i n  
a t  n e a r l y  s t o i e h i o m e t r i e  composit ion,  or the liquidus is ex t reme ly  
fiat. 
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Fig. 9. Pt/PI 10% Rh-thermocouple voltage v s .  time curves 
monitored during melting in Expt. 3, performed in a modified 
version of the apparatus Fig. 3. Linear trace corresponds to ambient 
temperature Ta provided by HT, the other curve represents the 
changes in the InP-sample temperature Ts. 

sure at T,~ is much smaller  than pm ( InP) ,  phosphorus 
is released from the melt, result ing in  a sudden rise in 
pressure, unt i l  its composition corresponds to equi-  
l ibr ium with the vapor phase. On the other hand, a 
pressure drop is observed due to condensation of P into 
the melt, when  the phosphorus pressure at Tm exceeds 
pm(InP) .  The former is clearly the case for curve 1 
(Fig. 8) while the lat ter  applies for curve 4. Thus, 
wi th in  the range of our  experiments,  the l iquidus 
compositions are established on both the ind ium-r ich  
and phosphorus-rich sides of InP. 

In  the two experiments  with highest phosphorus 
additions, (curves 3 and 4) DTA measurements  were 
performed s imultaneously with the vapor pressure de- 
terminations.  Figure 9 shows thermocouple voltage vs. 
t ime traces, monitored dur ing mel t ing in  Expt. 3, which 
correspond to the sample temperature  Ts and to the 
ambient  temperature  Ta, respectively. While the tem-  
perature  Ta of the heat tube  HT (Fig. 3) increases 

l inear ly  with a rate of O.2~ a distinct plateau is 
observed in the sample temperature  at 1334.8~ Since 
the pressure dur ing the entire mel t ing period remains 
constant at 26.9 atm we conclude that these values of 
Tm and Pm must  be very close to the l iquidus tempera-  
ture and pressure of a stoichiometric InP  melt. The 
l iquidus composition calculated for Expt. 3 from minp, 
m~, and v, uti l izing the vapor pressure information of 
a previous section of this paper, amounts  to XIn = 0.51 
_ 0.01. 

A plot AT -~ Ta -- Ts vs. Ts obtained dur ing mel t -  
ing for Expt. 4 is shown in Fig. 10. Also, the variat ion 
of vapor pressure in  this in terval  of Ts is shown as 
dashed curves. The thermocouple voltage vs. t ime re-  
cording, corresponding to Ts, is shown in the inset to 
provide some informat ion on the kinetics of melting. 
After  heat ing the melt  at a rate of 0.2~ up to 
,~1100~ it was cooled at the same rate through the 
mel t ing tempera ture  without  any sign of solidification. 

Fig. 10. Simultaneous plot AT 
and p vs. /'8 obtained during 
melting in Expt. 4, ~ AT; 
- - -  p ;  Inset: Thermocouple volt- 
age traces corresponding to Ts 
vs .  time t ;  thick lines first heat- 
ing cycle, thin lines third heat- 
ing cycle. 
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Fig. 11. Plots of (a) p, (b) Ts,and (c) AT vs. time obtained 
during solidification from the supercooled melt in Expt. 4 during 
the first cooling cycle. 

However, a sudden rise in tempera ture  was observed 
upon supercooling by ~10 ~ accompanied with an in -  
crease in phosphorus pressure. 9 

Figure  11 shows recordings of Ts and AT vs. t ime 
obtained in  Expt. 4 (Fig. 8) during solidification from 
the supercooled melt. Also, in Fig. 11, the behavior  
of vapor pressure is shown, which, after complete so- 
lidification of the melt, exhibited a value similar to 
that  obtained prior to melting. A closed hysteresis loop 
in  vapor pressure is thus obtained on cycling be tween 
1310 ~ and 1350~ The supercooling tempera ture  
1325~ and the value of the highest plateau tempera-  
ture T~ = 1331 ~ are reproducible wi th in  1 ~ bu t  a t ime 
lag exists be tween the tempera ture  and pressure vs. 
t ime curves l~ so that  the pressure at Tp differs from 
the equi l ibr ium vapor pressure at the l iquidus tem-  
perature  Tm ~ T v. The release of phosphorus dur ing 
solidification is most revealing since it indicates that 
the solid formed by crystall ization is more ind ium rich 
than  the melt, which supports our  conclusion that  in  
Expt. 4 a l iquid at the phosphorus-r ich side of the I n / P  
phase diagram has been attained. The l iquidus com- 
position calculated from minp, rap, and v for Expt. 4 
amounts  to XIn ---- 0.50 • 0.01, while from the pressure 
drop at the mel t ing point one obtains a l iquidus com- 
position of XIn = 0.494. 

g R i c h m a n  (4) reported supercooling by as m u c h  as 50~ in  crys-  
tal growth e x p e r i m e n t s  a t  ~ 2 5  arm.  Th is  wa s  conf i rmed  in Expt.  No. 
3 w h e r e  a m u c h  l a r g e r  s u p e r c o o l i n g  of 5 Y C  was  obse rved .  

1o N o t e  t h a t  t he  m a x i m u m  AT occur s  a t  a l a t e r  t i m e  than the first 
steep increase in T, 
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Both the AT vs. T and Ts vs. t curves shown in  Fig. 
10 indicate a wider  tempera ture  range of mel t ing in  
the first mel t ing process (thick lines) than  after sev- 
eral successive mel t ing/ f reez ing cycles ( thin l ines) .  
An explanat ion for this observation can be given by 
assuming that a phosphorus-rich layer  is formed dur ing 
the first heating cycle via solid-state diffusion of P 
into the ini t ia l ly stoichiometric InP. This mater ia l  
starts mel t ing at 1332~ which is accompanied by  a 
release of phosphorus, so that the vapor pressure curve 
bends upward. After mel t ing of the outermost P- r ich  
layer  of the InP  the still stoichiometric part  melts and 
phosphorus is s imultaneously condensed into the mel t  
leading to a rapid decrease in pressure. In  the subse- 
quent  solidification cycle a more homogeneous solid is 
formed, which is slightly less ind ium rich than  the 
original mater ia l  if a finite homogeneity range is as- 
sumed for the solid. The tempera ture  range of mel t ing 
thus decreases and the mel t ing point of 1334.7~ in -  
dicated by the AT vs. T and T vs. t curves for the thi rd  
mel t ing cycle shown as th in  l ines in  Fig. 10, is lower 
than  the mel t ing point of stoichiometric InP.  

From the above-described vapor pressure behavior  
and tempera ture  characteristics, observed in Expt. 3 
and 4, we conclude, that the mel t ing point  of stoichi- 
ometric InP  is Tm(InP)  ---- 1335 ~ +_ I~  and that  the 
corresponding l iquidus equi l ibr ium pressure is 
pm(InP)  = 27.5 _ 1 arm. Knowing  the mel t ing point  
of InP  and taking the estimated entropy of fusion 
AS f from the work of Panish and Ilegems (31) the l iq-  
uidus of the I n / P  system may  be calculated by the 
equat ion 

T(xp)  = Tm(InP)  / r  [15] 

1 R 
(I, (~ )  =I-~ - -  in 4xp(l -- xp) 

2 AS F 

which was derived by Wagner  (32) and has been  suc- 
cessfully applied for calculating the l iquidus l ine of 
the Ga /Sb  system by  Schottky and Bever (33). The 
application of Eq. [15] relies on the assumption of ideal 
behavior  of the liquid, which seems to be satisfied for 
the I n / P  system as indicated by  the results of Ref. 
(26) and (31). Table V shows a comparison of our ex- 
per imenta l  p T x  results wi th  calculated l iquidus  data, 
which supports the conclusions of Ref. (26) and (31). 

In  Table VI the l iquidus total pressure data are 
separated into part ial  pressures of P2 and P4. Assuming 
the activity coefficients of In  in the l iquid being ~1, 
these data may be combined with the results of Eq. 
[15] for calculating free energy changes for the re-  
actions 

InP(s )  = I n ( l )  + 1/4P4(g) [16] 
and 

InP(s )  = In ( l )  + �89 [17] 
according to 

AG~ = - - R T  In  (xln[pp4/atm]l/4) [18] 
and 

AGo(17) = - - R T l n  (X~n[pp2/atm]l/2) [19] 

The free energy changes Eq. [18] and [19] can be re-  
lated to the free energy changes of reactions [3] and 
[4] at 298~ by calculating the "Sigma" functions (34) 

Table V. Calculated liquidus temperatures* and experimental 
liquidus temperatures and pressures** of the In/P system in the 

vicinity of stuichlometric InP 

xp T~, c~lc [~  T.~xp [~ pm [a tm]  

0.43 1331.2 1331.0 --  1 11 
0.46 1333.8 1334.0 ~ 1 18 
0.47 1334.3 1334.0 ~ 1 23 
0.49 1334.9 1334.8 ----- 1 26.6 
0.51 1334.9 1334.7 ---- 1 29.9 

* A s s u m i n g  idea l  b e h a v i o r  of  t he  me l t ,  Eq. [151. 
** E x p e r i m e n t s  Fig .  7 and  8, e x c e p t  h i g h e s t  Tm of F ig .  7, s ince 

c a l c u l a t i o n  o f  Xp f r o m  v a n d  D%InP is u n c e r t a i n  fo r  s m a l l  v. 
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Table VI. Partial pressures of P2 and P4 at the liquidus of the In/P-system in the vicinity of stoichiometric InP and the heat of 
dissociation of InP according to Eq. [3] and [4] at 298~ 

T.t pet PPs Z(s) (T) Z(4) (T) AH~s(3) A H ~ ( 4 )  
[~  l a t i n ]  l a t i n ]  [ c a l / ~  mo le ]  [ c a l / ~  mo le ]  [ c a l / m o l e ]  [ c a l / m o l e ]  

1303.0 2.60 0.39 -- 1.207 - 2 . 4 1 2  22134 36083 
1327.0 1O.01 0.99 --0.912 --1.772 22150 35897 
1331.2 1O.Ol 0.99 --0.951 --1,871 22272 36142 
1333.8 16.72 1.28 --0,804 --1.724 22120 36018 
1334.3 21.53 1.47 --0.716 --1.623 22011 35897 
1334.9 25.03 1.57 --0.719 -- 1.633 22025 35926 
1335.0 25.90 1.60 --0.741 -- 1.654 22055 35957 
1334.9 28.21 1.69 --0.722 -- 1,623 22029 35913 

w 
A S ~ ( 3 )  = 15.78 e.u,, AHsvs(3) = (22,100 ~-_ 83) c a l / m o l e .  
ASsm(4) = 25.28 e.u., AHem(4) = (35,979 _ 87) c a l / m o l e .  

~ (3) AGo(16) 1 f429 
(T) T --  ~ ~--,298 ~Cp(3) dT 

y:~9 AC~(3) : I  ~ T 
- -  ACp(16) dT 9s d ln T + T 429 

s -- 29 ACp(16) d l n T - f  
A H F I n  

aH~ (3) 

T 
A S F I n  

T 
and 

~ ( 4 )  hGo(17) 1 f429 
( T )  r - + ~- . ,298 

~- ~ 0 2 9 8  ( 3 )  [ 2 0 ]  

ACp (4) dT 

-- y : 4 :  h C p ( 4 ) d l n T  +1 f i :9hC~(17 ) dT 

~ F A/-IFIn  A S F I n  -- 29 ACp(17) d l n T  ~ 

~H%gs (4) 
= + ~So298(4) [21] 

T 

where AHrIn : 780 cal /g-a tom and hSFIn : 1.817 e.u. 
are the heat and entropy of fusion, respectively, for 
In  at its mel t ing point 429.32~ (12) and ACp(i) is the 

IOOC 

e 
500 Y 

X 

W 

Fig. 12. Arrangement for preparing n-type InP crystals F1 to F3, 
furnaces; Q, evacuated quartz ampul containing a boat with the 
melt and excess red P; W, window in F1. 

change of heat capacity for reaction i ( i  = 3, 4, 16, 17), 
for example hCp(16) = C~[In(1)] + Y4Cp[P4(g)] --  
Cp[InP(s) ] .  The values of Z (3) (T) and :~(4) (T) 
listed in Table VI were calculated using heat capacity 
data given in Ref. (13) for P4(g) and P2(g), data given 
by  Hul tgren  et aL (35) for In, and the data of Pankra tz  
(36) for InP. Columns 7 and 8 of Table VI show ~H%98 
values for reactions [3] and [4], respectively, calcu- 
lated from the :~(T) values with hS%98(3) = 15.78 e.u. 
and AS%cs (4) = 25.28 e.u,  respectively, which provide 
the best fit of the exper imental  data. Assuming that the 
s tandard entropies of In(s )  and P2(g) and P4(g) are 
known correctly [Ref. (12) and (13)], we obtain from 
the above given hSa29s values for reactions [3] and [4] 
a s tandard entropy of InP  S~ = 14.76 e.u. and 
S%9s(InP) = 14.60 e.u., respectively. The average of 
these two numbers  ASo29s(InP) = 14.68 e.u. is about 
3% higher than  the value o f  Piesbergen (37), 
S%9s(InP) = 14.28 e.u., bu t  wi th in  the error l imits of 
our evaluation. The average values of ~Ho29s(3) and 
AHo29s(4) are v i r tua l ly  identical  with the values of 
Panish and Ar thur  (26).11 

Growth of InP Crystal from the Me l t  
With the informat ion acquired on vapor pressures 

and the pTx relat ion in the indium/phosphorus  system 
near  to the mel t ing point  of stoichiometric indium 
phosphide, the degree of control of the l iquidus com- 
position under  the conditions of crystal growth may be  
evaluated. Figure 12 shows an a r rangement  util ized by 
us for gradient-freeze crystal growth of n - type  InP.  
Furnace  F1 was used to br ing  a boron ni t r ide boat con- 
ta in ing indium to a tempera ture  of 1065~ and the 
excess red phosphorus in the other section of the evac- 
uated quartz tube Q was then heated slowly by  means 
of F2 to ma in ta in  finally a phosphorus pressure of 
27.5 atm. After  synthesis of the InP, the tempera ture  
of F1 was lowered at a l inear  rate 15~ unt i l  the 
melt  was solidified. A window W was provided in  F1 
to facilitate proper remel t ing for seeding purposes as 
described by Richman (4). In  o rder  to minimize 
heterogeneous nucleat ion at the bottom of the boat, a 
th i rd  furnace F3 was used to set up a vertical  tempera-  
ture  gradient  of ~ 4~ 

Considering the slope of the vapor pressure curve of 
solid red P at 27.5 atm and assuming that  the tem- 
perature  of the excess phosphorus is controlled to 
wi th in  ___ 1 ~ the pressure dur ing  this crystal growth 
procedure is constant to __- 0.65 atm and reproducible 

~ N o t e  added  i n  p roof :  We w o u l d  l i ke  to  no te  t h a t  t he  a b o v e  
a g r e e m e n t  of  ou r  da t a  w i t h  those  d e r i v e d  b y  o the r s  m a y  be fo r -  
t u i t o u s  a n d  does no t  p r o v e  the  I n / P  so lu t i ons  are,  i n  fac t ,  i d e a l  
so lu t ions .  T h e  e x p e r i m e n t a l  d a t a  of  t h i s  p a p e r  m e a n w h i l e  h a v e  been  
used b y  M. B. P a n i s h  (41) in  a s i m p l e  s o l u t i o n  "calcula t ion  a s s u m i n g  
that the  excess  f ree  e n e r g y  of m i x i n g  GEM of  the  b i n a r y  s o l u t i o n  is 
of  the  f a r m  G~M = a X ( 1  -- X) w h e r e  X is t he  mo le  f r a c t i o n  of one  
c o m p o n e n t  and  a = a ( T , p )  is  an  i n t e r a c t i o n  p a r a m e t e r .  A d i sag ree -  
m e n t  r e su l t s  b e t w e e n  v a l u e s  of a ca l cu l a t ed  f r o m  v a p o r  p r e s su re  
da t a  a n d  f r o m  l i q u l d u s  da ta ,  r e s p e c t i v e l y ,  w h e n  e x i s t i n g  t h e r m o -  
d y n a m i c  da t a  fo r  t he  s t a n d a r d  r e f e r e n c e  s ta te  p r e s su re  o f  l i q u i d  P 
are  used. The  w o r k  of P a n i s h  shows  t h a t  th i s  d i s a g r e e m e n t  can be 
r e m o v e d  by  a p p r o p r i a t e  m o d i f i c a t i o n s  in  the  r e f e r ence  s ta te  p res -  
su re  and  t h a t  our  da t a  a n d  the data of  o the r s  are  also cons i s t en t  
w i t h  t he  s i m p l e  s o l u t i o n  model .  H o w e v e r ,  t he re  ex i s t s  no  m e a s u r e d  
v a l u e  fo r  ,AS F for  InP ,  a is  close to  zero o v e r  a w i d e  r a n g e  of T 
a n d  b o t h  m o d e l s  y i e l d  a c a l c u l a t e d  l i q u i d u s  l ine  w i t h i n  t he  e r r o r  
l i m i t s  of  the  e x p e r i m e n t a l  data .  There fo re ,  a t  the  p r e s e n t  t ime ,  t he  
d i s t i n c t i o n  b e t w e e n  t he  i dea l  s o l u t i o n  m o d e l  and  the  s i m p l e  s o l u t i o n  
m o d e l  fo r  t he  I n / P  s y s t e m  is, in  ou r  op in ion ,  a m a t t e r  of  choice,  
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to wi thin  --, S a t m  if commercial P is used. The change 
of the l iquidus composition with pressure implied by 
our  xp-data  is Ox/Op ---- 4.5 X 10 -3 atm -1. With the 
above-described technique for pressure control, the 
l iquidus composition is constant wi thin  __. 3 X 10 -3 
and may vary from one exper iment  to another  wi thin  
1.35 X 10 -2. Because of the var iabi l i ty  in commercial 
sources of red P, Richman (4) held the entire quartz 
ampul  above the critical temperature  of P, thus con- 
troll ing pressure via the tempera ture  of F2. In  this 
mode of operation, the reproducibl i ty of phosphorus 
pressure depends on the reproducibi l i ty  of the free vol- 
ume of Q, which requires s tandardizat ion of the glass 
blowing procedures, and on a careful de terminat ion of 
the amounts  of P used up for synthesis and for estab- 
l ishing 27.5 atm pressure. The nonuni form tempera ture  
dis t r ibut ion of the assembly, which changes dur ing 
crystal growth, makes rel iable vapor pressure calcula- 
tions difficult and we feel, therefore, that  ut i l izat ion of 
the subl imat ion equi l ibr ium is the more reliable tech- 
nique for vapor pressure control, especially if a mate-  
rial  exhibi t ing a well-characterized vapor pressure, as 
for example our mater ia l  F, is used. 

However, ut i l ization of the subl imat ion equi l ibr ium 
of red P for pressure control and optical observation 
of the seeding process is inadequate for preparing Zn-  
or Cd-doped p- type InP  crystals under  conditions of 
relat ively large tempera ture  gradients. Continuous loss 
of ZnP2 from the melt  via vapor t ransport  to the colder 
parts of Q leads to a nonuni form dopant dis t r ibut ion in 
the InP  ingot and increases the danger  of explosions, 
since ZnP2 crystals sticking to the inner  walls of Q 
create strains and often cause cracking of Q dur ing the 
cooling down procedure. 

Zn-doped p- type InP  crystals were, therefore, grown 
under  almost isothermal conditions for the entire 
quartz ampul  containing prereacted InP  plus the re-  
quired amounts  of P and ZnP2 to establish at the mel t -  
ing point a phosphorus pressure of 27.5 atm and the 
desired dopant concentrat ion in the melt. In  order  to 
accomplish crystal growth with a reasonable rate, a 
compromise has to be made be tween the applied cool- 
ing rate of the furnace and the tempera ture  gradient, 
which were in  our experiments  6~ and 0.2~ 
respectively. Since boats of 12.5 cm length were used, 
the average tempera ture  of the quartz ampul  at the 
t ime the solidification process is complete is about 
2.5~ lower than  at the t ime of seeding. This corre- 
sponds to a change of the l iquidus composition of 2 • 
10 -4 . Crystals were grown by this technique which 
exhibited resistivities typical ly 0.07 ohm-cm, corre- 
sponding to 10 TM holes/cm S and Hall mobilit ies of 92 
cm2/Vsec. A similar degree of control of the l iquidus 
composition may be at ta ined dur ing zone mel t ing of 
InP  in an a r rangement  as described by Folber th  and 
Weiss (38). Fur the r  details of the preparat ion of I nP  
crystals, characterization of their  pur i ty  and defect 
structure, and a discussion of kinetic effects dur ing InP  
crystal growth, will  be presented elsewhere (39). 

Summary 
The vapor pressure curves of solid red phosphorus 

have been measured for various commercially avail-  
able products and a specially prepared monoclinic 
material .  The heat of subl imat ion of monoclinic red P 
was calculated to be ~H, ---- 31.9 _ 1 kcal/mole.  The 
commercial products yield vapor pressures which, 
above 450~ are described by the equat ion In p ---- -- 
(10.8 __. 0.4) X IOS/T + (16.5 _ 0.6). The subl imation 
equi l ibr ium of red P can be util ized for controll ing 
phosphorus pressures p > 10 atm with a reproducibil i ty 
of 10% if commercial P of at least 5N pur i ty  is used. 

Measurements of the pVT relat ion of phosphorus 
vapor in the regimes 800~ --  T --~ 1400~ and 3 atm 
--~ p ~ 35 atm reveal deviations up to 10% from ideal 
gas behavior. Excellent accuracy in  describing the be-  
havior of phosphorus vapor is at tained by use of van 

der Waals equation, the critical data of Marckwald and 
Helmholz, and a critical coefficient of 0.375 for cal- 
culat ing both the co-volume and the interact ion param-  
eter. Consideration of the pressure dependence of Kp 
results in approximate values for the fugacity constant 
at 1000 ~ and ll0O~ 

The pTx relat ion at the l iquidus in  the vicinity of 
stoichiometric InP  for ind ium-r ich  and phosphorus- 
rich compositions was established by  s imultaneous 
vapor pressure and DTA measurements .  The mel t ing 
point of stoichiometric InP  is 1335 ~ --_- I ~  and the cor- 
responding equi l ibr ium phosphorus pressure is 27. 5 +_ 
1 atm. The T-x l iquidus calculated on the assumption 
of ideal behavior  of the l iquid is in  good agreement  
with our  exper imental  data. In terpre ta t ion  of the l iq-  
uidus pressure data yields values of the s tandard en-  
thalpies and entropies at 298~ 

AH~ : 22.1 kcal/mole,  ASo29s -- 15.78 e.u. 

for the reaction 

InP(s )  = In(s )  + u P~(g) 
and 

AHo298 ----" 36.0 kcal/mole,  ~S%9s -- 25.28 e.u. 

for the reaction 

InP(s) = In(s) + %4 P2(g). 

These results are in excellent accord with the standard 
enthalpies reported by Panish and Arthur and agree 
within  3% with  l i tera ture  data on the s tandard en-  
tropies of the reactants.  

The growth of n -  and p- type InP  crystals via the 
gradient-freeze technique is discussed and the degree 
of control of the l iquidus  concentrat ion is evaluated 
for various conditions of crystal growth, 
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Since the  crys ta l  s t ruc ture  de te rmina t ion  of a 
te t ragonal  modificat ion of e l emen ta ry  boron b y  Hoard  
et al. in 1958 (1) severa l  o ther  authors  (2-4) have  
recen t ly  r epor ted  the  p repa ra t ion  of this t e t ragona l  
boron "po lymorph"  by  chemical  vapor  deposi t ion on 
carbon substrates.  In  our  own sys temat ic  inves t iga-  
tions of the  vapor  deposi t ion of e l emen ta ry  boron (5) 
however ,  we have  shown that  i t  is impossible  to p re -  
pa re  this  so-ca l led  " I - t e t r agona l  boron" B4sBz in a 
pure  form and tha t  it  can therefore  no l o n g e r  be con- 
s idered  a t rue  po lymorph  of e l emen ta ry  boron. We 
suggest  that  the  format ion  of this boron "modification" 
in the r epor t ed  exper iments  (2-4) was induced in 
such a way  tha t  the  deposi ted boron picked up some 
carbon from the subs t ra te  and reac ted  on the surface. 
This resul ted  in the nuclea t ion  and g rowth  of crystals ,  
which  ac tua l ly  were  te t ragona l  boron carb ide  and not  
pure  t e t ragona l  boron. The purpose  of this  note is to 
give a cr i t ical  r ev iew of the  crys ta l  s t ruc ture  of the 
hypothe t ica l  " I - t e t r agona l  boron" and its re la t ions  
to the two nonmeta l  bor ides  B48B2C2 and B48B2N2. 

In  o rder  to produce the basic icosahedra l  f r ame-  
work  of the  la t t ice  of Hoard  et al. in a reproduc ib le  
manne r  we have  developed a new p repa ra t ive  method  
(6). Pyrolys is  of BBr~-CH4-H2 mix tu res  on Ta sub-  
s t ra tes  at  1200~ yie lds  the  boron- r i ch  t e t r agona l  
boron carb ide  B48B2C2 (lat t ice constants:  a --  8.722 
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and c ~ 5.080A; densi ty:  2.43 g / m l ) ,  whi le  pyrolys is  
of BBr3-N2-H2 mix tures  on BN subs t ra tes  at  1400~ 
yie lds  a bo ron- r i ch  boron n i t r ide  B4sB2N2 (lat t ice con- 
stants:  a ---- 8.646 and d ----- 5.127A; densi ty:  2.46 g / m l ) .  

By s ing le -c rys ta l  s t ruc ture  analysis  of both  the  
B-C and B-N phases (space group:  P42/nnm) inc lud-  
ing very  precise in tens i ty  measurements  (6) we de te r -  
mined  the absolute  e lec t ron densit ies  in the  holes of 
the  icosahedraI  f r a m e w o r k  by  Four i e r  sections and 
by  least  squares techniques.  This gave an R factor  of 
5.8% for B48B2C2 and 5.5% for  B48B2N~. In  this w a y  
it was possible to localize the  carbon and n i t rogen 
atoms and the single boron atoms and to a t tach  them 
to definite in te rs t i t i a l  icosahedra l  holes. As a resul t  
we found that  in B48B2C2 and B48B2N2 the uns table  
B4sB2 la t t ice  is s tabi l ized b y  carbon or  n i t rogen  atoms 
forming br idges  be tween  the  B12 icosahedra.  

The unit  cells of  the  t e t r agona l  nonmeta l  bor ides  
(Fig. 1) contain a to ta l  of f if ty boron and two carbon 
or  n i t rogen atoms. F o r t y - e i g h t  boron a toms form 

111 
four  B12 icosahedra,  centered  in the  posi t ion 4e 444' 

133 313 331 
) ,  which  is in  agreement  wi th  the  

444' 444'  444 
B48B2 s t ruc ture  of  Hoard  e t a / .  The r ema in ing  boron 
and the respect ive  carbon and n i t rogen atoms occupy 
the  posit ions 2a, 2b, 8i, and  8h be tween  the  icosahedra  
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Fig. 1. Unit cell of tetrogonal E48B2C2 and B48B2N2 projected 
along the c-axis direction and including the bonding possibilities 
of the single boron atoms (dashed circles) distributed statistically 
around 4b. For clarity the borons in 2a and 8h are omitted here. 
The carbon and nitrogen atoms respectively are represented by 
hatched circles. 

(see Table  1). Wi th in  the  icosahedra  we  found boron-  
boron distances ranging  f r o m  1.774 to 1.859A in 
B4sB2C~ and from 1.777 to 1.885A in B48B2N2, wi th  an 
average  B-B dis tance of 1.809 and 1.808A for B4882C2 
and B4sB2N2, respect ively,  which are  ve ry  s imi lar  to 
the  values found in e l emen ta ry  boron. Of the  twelve  
icosahedra l  boron atoms, six have bonds to ne ighbor -  
ing icosahedra,  among them four wi th  B-B distances 
of 1.670A (B4sB~Cz) and 1.660A (B48B2N2), respec-  
t ively,  and  two wi th  B-B distances of 1.686A 
(B4sB2C2) and 1.710A (B48B2N~), respect ively.  Of the  
remain ing  six icosahedra l  boron atoms two are  bonded  
to carbon and n i t rogen atoms, respect ively,  in the  

position 2b 0 0 ~ - , - ~ - 0  wi th  a B-C dis tance of 

1.629A and a B-N dis tance of 1.589A, and four  are  
s ta t i s t ica l ly  bonded  to two single boron atoms in the  
s ta t i s t ica l ly  occupied posi t ions 8i and 8h. The B-B 
distances to the  atoms in 8i and 8h a r e  respect ive ly  
1.622 and 1.728A for B48B~C2 and 1.611 and 1.703A for 
B4sB~N~ 

The boron atoms in the  posi t ion 2a mere ly  fill i n te r -  
s t i t ia l  holes and have  no bonding functions,  whereas  
the  posit ions 2b deserve  special  at tent ion.  They act as 
br idges  wi th  covalent  bondings  be tween  four  icosa- 
hedra.  In  contras t  to the  proposal  of Hoard  et al. 
(1) the  posit ions 2b are, however ,  occupied by  carbon 
or  n i t rogen  and not  by  boron atoms. The four  icosa-  

Table h Occupation of the intericosahedral sites in 
B48B2C2 and B4s B2N2 

E q u i v a l e n t  
p o s i t i o n  a n d  C o o r d i n a t e s  
n u m b e r  of  x y z 
e l e c t r o n s  - -  - -  - -  

A t o m  p e r  s i te  a b c 

( in  B4sB~C~) 2a  0.64 0 0 0 
B (5) f in  B4sB~N~) 0.0'/ 

( in  B4sB~C~) 8i  0.49 0 .4330 0 0 
B (6) ( in  B4sB~N~) 1.15 0.4306 

( in  B4sB2C~) 0.56 0 .8557 
B ( 7 )  ( in  B4sB2N2) 8h 0 0.5 0.13 0.8655 
C ( in  B~sBzC~) 5.45 

2b  0 0 0.5 
N ( in  B ~ B ~ I z )  6.55 

hedra  su r rounding  the  C and N atoms form flat tened 
t e t r a he d ra  due to a t e t r agona l  c/a ra t io  of 0.58 and 
0.59, respect ively.  

A fu r the r  difference re la t ive  to the  former  s t ruc ture  
proposal  was found in the  two single boron  atoms pe r  
uni t  cell, which are  s ta t i s t ica l ly  d i s t r ibu ted  over  16 
positions, namely  8i and 8h a round  the  posit ions 4c 

(0 0 0001  ~ - , ~ -  ~ - /  (see Table I ) .  The holes 

a round  4c, w h i c h  are  su r rounded  by  four icosa- 
hedra,  measure  app rox ima te ly  3.5A in diameter .  There-  
fore they  are  too la rge  to accept  jus t  one bonding 
boron a tom in a fixed cent ra l  posi t ion as a l ink  
be tween  all  four  icosahedra.  The  boron  a toms are  
thus found to be d isplaced t oward  eve ry  two of the  
four sur rounding  icosahedra  shown in Fig. 1, which  
finally y ie lds  the  s ta t is t ical  dis t r ibut ion.  The  dis-  
p lacement  from the  center  of the  t e t r ahed ra l  holes 
is about  0.6A. I t  arises from the  geometr ic  bonding 
condit ions in the  r ig id  icosahedral  f ramework ,  in 
which the BI~ icosahedra  are  to be l inked  b y  s t rongly  
di rec ted  covalent  bondings.  

The ins tabi l i ty  of the  basic B4s f r amework  i tself  and 
the necessi ty of incorpora t ing  addi t ional  fore ign atoms 
into the  te t ragona l  la t t ice  to stabil ize it, resul ts  from 
geometr ic  as wel l  as f rom electronic requirements .  
The geometr ic  p roblems  arise f rom the character is t ic  
packing difficulties in th ree -d imens iona l  ne twork  of 
icosahedral  s t ructures .  In  the te t ragona l  B4s f r ame-  
work,  only  six of the  twelve  ex te rna l  in te r icosahedra l  
bonds, fo rmed by  each icosahedron, are  r ad ia l ly  d i -  
rec ted  along the quasi-f ivefold axis. These  six, whi ls t  
d i rec ted  outward,  would  devia te  by  more  than  25 ~ 
f rom the favorable  pentagonal  axis producing  a s t ra in  
sufficiently la rge  to prec lude  them from the  p re fe r red  
geometry.  To a l levia te  these packing difficulties, at 
least  two in terposed single a toms per  cell  are  re -  
quired,  each of which should possess four  valence 
electrons and should be able  to form four bonds 
d i rec ted  along the quasi-f ivefold axes of four  icosa- 
h e d r a  located at  the  ver t ices  of a f lat tened t e t r ahedron  
a round  the posi t ion 2b. Su i tab le  foreign atoms to 
s tabi l ize the  te t ragona l  f r amework  are  carbon and 
ni trogen,  as the  covalent  rad i i  (B, 0.82 and C, 0.77A) 
and e lect ronegat iv i t ies  (B, 2.07 and C, 2.50 Paul ing 
Units)  of B and C are  similar .  Since the  electron 
deficiency of B12 icosahedra  (cy. below) is counter -  
ba lanced  by  the  great  e lec t ronegat iv i ty  of N (3.07 
Pau l ing  Units) ,  the  smal ler  covalent  rad ius  of N 
(0.74A) m a y  be compensated  in par t  by  contract ing 
the cell  in the  a -ax is  direct ion and b y  wi thd rawing  
the e lec t ron densi ty  from the  boron f ramework.  A 
fu r the r  improvement  of the  packing difficulties in the  
icosahedral  f r amework  is achieved by  fur ther  in t e r -  
posed single boron atoms located a round  the  posi t ion 
4c, which, however ,  can l ink  only two icosahedra,  as 
the  spat ial  separa t ion  of the  four icosahedra  a round  
4c al lows only two at  a t ime to come toge ther  close 
enough for bonding.  

To descr ibe the  electronic s t ruc ture  of the  t e t r ag -  
onal  f r amework  we use the  concept of c losed-shel l  
configuration of B12 icosahedra,  pos tu la ted  by  Lon-  
gue t t -Higgins  and Roberts  (7).  According to this  
approx ima te  theory,  the  hypothe t ica l  B4sB2 cannot 
be of a c losed-shel l  type,  since there  would  be a deficit 
of severa l  e lectrons per  uni t  cell  r e la t ive  to that  of a 
closed shell. Each boron a tom possesses one s- and 
th ree  p-orbi ta ls .  The unhybr id ized  set of 48 atomic 
orbi ta ls  of one B12 icosahedron can be combined into 
twelve  equiva lent  ou tward -po in t ing  s -p  hybr id  
orbi taIs  and 13 bonding  and 17 an t ibonding  molecular  
orbi tals ,  which  lie ma in ly  wi th in  the  icosahedron and 
are  separa ted  b y  a subs tant ia l  ene rgy  gap. As the  
ou tward -po in t ing  hybr ids  in teract  only  s l ight ly  wi th in  
the  icosahedron, these twelve  orbi ta ls  p rovide  a single 
rad ia l  s -p  hyb r id  orb i ta l  at  each ve r tex  of the  icosa- 
hedron,  which can form a s t rong a -bond  be tween  the 
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icosahedron and any  external  group. In  order to 
achieve in te rna l ly  a closed-shell configuration while 
forming s imultaneously  twelve externa l ly  directed 
e-bonds, a regular  B12 icosahedron requires 38 valence 
electrons, two more than  can be supplied by the 
twelve boron atoms. Twelve of the electrons are used 
to form the external  bonds whilst  the remaining  26 
are delocalized in  the th i r teen bonding orbitals inside 
the icosahedron. At least part  of the deficit of two 
electrons per B12 icosahedron should be t ransferred 
from addit ional  intericosahedral  atoms. 

To perform a count of the electrons per un i t  cell 
for B48BsC2 and B4sB2N2 we used the occupancy n u m -  
bers in Table I, which were derived for the occupa- 
t ion of the intericosahedral  sites by the two boron 
and the two carbon or ni t rogen atoms, respectively. 
The occupancy numbers  were calculated by  systematic 
var ia t ion and least squares analysis. Since we were 
working on a relat ive scale the figures refer to fully 
occupied icosahedral position, i.e., five electrons per 
site. As can be seen from Table I, in B48B2C2 the 
total number  of electrons for the four intericosahedral  
atoms per cell is 20.6, giving a calculated electron 
deficit of 1.4 electrons per uni t  cell which is possibly 
t ransferred to the B12 icosahedra. In  B48B2N2 how- 
ever, this t ransfer  is much lower i.e., only 0.6 elec- 
trons per cell. Although conclusions regarding t rans-  
fer of charge as derived from even the best x - ray  
data must  be regarded with reserve, B4sB~C2 and even 
more B48B~.N2 do not seem to completely provide con- 
ditions necessary for the proposed closed-shell con- 
figuration of BI~ icosahedra. 

Nevertheless, the nonmeta l  borides B,sB~C2 and 
B4sB2N2 are, in  addit ion to BeBI~ (8) and A1Be(BI~)e 
(9), two stable phases with the lattice of the hypo-  
thetical " I - te t ragonal  boron," which can be prepared 
in  a reproducible m a n n e r  and in which the tetragonal  
icosahedral f ramework is stabilized by suitable foreign 
atoms. For the BeBI~ and the A1Be(B12)2, however, 
unequivocal  at tachments  of the foreign atoms to defi- 
ni te  inters t i t ia l  icosahedral sites are lacking, as yet 
there exists no accurate determinat ion of the absolute 
electron densities in the icosahedral holes. 

The existence of the so-called "I- te t ragonal  boron" 
B4sB2 as a t rue  polymorph of e lementary  boron, postu- 
la ted by Hoard et al. (1), mus t  be definitely excluded. 
In  a paper  published in  1967 (10), Hoard and Hughes 
expressed some doubts on the existence of this phase 
bu t  were unable  to establish the presence of impur i -  
ties or fur ther  improve their  s tructure determination.  
It  seems that the rel iable determinat ion of such sta- 
bil izing atoms failed because of the ineradicable in -  
accuracy of the available x - r ay  data (R- index 11.4%) 
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ra ther  than by the proposed variable degree of in -  
te rna l  disorder. 

F ina l ly  there is the question of the actual  analytical  
composition of the crystals, on which Hoard et al. 
carried out their  s t ructure investigations. In  the 
original paper from 1958 the shortness of the bond 
between the 2b and an icosahedral boron atom was 
first related to a possible replacement  of the 2b boron 
atom by carbon, nitrogen, or even oxygen impurities.  
However, in the following sentence they emphasized 
the absence of carbon and oxygen in  the preparat ion of 
their crystals and ni t rogen was excluded as an "un-  
likely" impuri ty,  also without  direct analysis. Merely 
on the basis of a total analysis for boron the replace- 
ment  of "no more than one-fourth,  more probably, no 
si.gnificant fraction" of the 2b boron atoms by  other 
impuri t ies  was admitted. In  order to re ta in  the in ter -  
pretat ion for the occupancy of the 2b sites by  boron, 
Hoard et al. explained an observed excess electron 
density in  the position 2b by an addi t iona l  partial  
occupation of the positions 2a or 4b. The only im-  
pur i ty  taken into consideration for this occupation 
was tan ta lum arising from the filament. The max imum 
degree of filling of 2a sites should correspond to an 
atomic tan ta lum to boron ratio of about 1/1400 in the 
crystal. These conclusions were, however, not ver i -  
fied by direct analysis. 

Manuscript  received Nov. 2, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be pub!ished in the December 1974 
JOURNAL. All discussions for the December 1974 Discus- 
sion Section should be submit ted by Aug. 1, 1974. 
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D I S C U S S I O N  

' S| : :CT ION I I IF 

This  Discuss ion Sect ion  inc ludes  d i scuss ion  of  papers  appearing  in 
the  Journal oS The Electrochemical Society,  Vol. 119, No. 10; Octo-  
b e r  19'/2; and  Vol. 120, No. 11; N o v e m b e r  1973. 

Chlorine Adsorption at a Titanium Surface 

T. Smith (pp. 1398-1406, Vol. 119, No. 10) 

I. H. Khan 1 and Y. Rajapakse: 2 We w i s h  to make the 
fo l lowing  comments  on the recent calculations by  

1 N A S A - A m e s  Research Center,  Moffett  Field,  California 94035. 
S tanford  Univers i ty ,  Stanford,  California 94305. 

Smith in the paper under  discussion of the diffusion and 
segregation coefficients and activation energies for chlo- 
r ine on t i tanium. 

First, examinat ion of the equations in the Appendix 
of the paper being discussed shows that a factor K/l  
has been omitted from the expressions for C (x, t) (Eq. 
[A-14]),  Cs(t) (Eq. [A-15]),  and Cs(oo) -- Cs(t) (Eq. 
[A-17]).8 The correct expressions are 

I n  Ec!. [A-14] of  t he  w o r k  b e i n g  d i scussed  t he  coeff ic ient  of  e x p  
(--kaeDt/l  ~) s h o u l d  be  the r e s i d u e  as s ----- s . .  H o w e v e r ,  t h e  coeffi- 
c i en t  g i v e n  in  the  p a p e r  u n d e r  d i s cus s ion  di f fers  f r o m  the  res idue 
by a fac to r  of Kfl .  
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c(x, t) 

Co 

1 

l + K  

[1] 

Cs(t) = lKCo/( l  q- K)  

Cs(or -- Cs(t) 

: 2ColK 2 e - t / n / [ l ( l  + K) + K2K12] . . . .  [3] 

It  is to be noted that the first term in the series in Eq. 
[2] gives the one- te rm approximat ion for C s ( ~ )  -- 
Cs(t) valid for large values of t. 

Second, we will consider the solutions of Eq. [3]- 
[5] in the paper under  discussion for the three un -  
knowns K, Co, and K1 

21K2Co/[l(l + K) + K~K12] _ a 

IKCo/(I + K) = b 

K1K/l -- - - t an  ~1 

where a is the coefficient of e x p ( - - t / n )  and b is C(oo) 
and they are determined experimental ly.  El iminat ing 
Co between the first two equations, we obtain 

(KI 2 -- 2d)y 2 + (1 -- 2d)y + 1 -" 0 [4] 

where y = K / l  and d ---- b/a. 
For this quadrat ic  equat ion to have real roots, the 

discr iminant  must  be positive. Since d is positive and 
K~ lies between ~t/2 and ~r, a necessary condition for real 
roots is 

(~ ~ K 1 - -  1/2 [5] 

For the exper iments  in the work being discussed the 
value of d is 0.57. The condition for real roots is obvi-  
ously violated. Hence, it is not possible to calculate the 
values of the diffusion and segregation coefficients and 
activation energies. 

Third, we have at tempted to calculate the diffusion 
and segregation coefficients for sulfur on the surface of 
Ti. Our exper imental  data yield a vaCue of about 1. 
Condition [5] is again violated, and our at tempts were 
unsuccessful. The fai lure to calculate the diffusion and 
segregation coefficients, using our exper imental  data as 
well as those in the paper  under  discussion, based on 
corrected Eq. [1]-[3] suggests that the assumptions 
made in  the above-ment ioned work for the mathemat i -  
cal model may not be valid. 

Last, the solution of Eq. [4] depends on the value of 
d, which in tu rn  depends on C ( ~o ). It  should be pointed 
out that  C (oo) may not  necessarily be determined by 
Auger  peak height. In i t ia l ly  the Auger  peak height in -  
creases with t ime and hence with surface impur i ty  con- 
centration. Subsequently,  the peak attains its max imum 
height and does not increase any fur ther  with time. 
This max imum does not necessarily mean  that the sur-  
face concentrat ion has reached its equil ibrium. This 
may instead be due to the fact that the Auger peak 
height is insensit ive to surface coverage greater  than 
a few atomic layers. 

In  view of the considerations ment ioned above, it is 
apparent  that it is not possible to calculate the diffusion 
and segregation coefficients as well as the activation 
energies for surface diffusion and segregation, using 
the method described in the paper under  discussion. 
Hence, the mathematical  model as well  as the method 
of analysi% calculated results, and conclusions in the 
above-ment ioned paper need reconsideration. 

Minority Carrier Generation Studies in MOS Capacitors 
on N-Type Silicon 

D. R. Young and C. M. Osburn (pp. 1578-1581, Vol. 120, No. 11) 

W, Zechnall:4 In the paper under  discussion values 
of the surface generat ion velocity are reported which 
were determined from the intercept of the Zerbst plot 5 
with C i n v / C -  1 = 0. However, a theoretical calcula- 
t ion carried out in our laboratories shows that  such an 
intercept can be obtained even without  assuming any 
influence of surface generation. In  our calculation we 
used the exact expression of the volume generat ion 
rate which is given by the theory of Shockley, Read, 
and Hall  e,~ 

Uvol : (p �9 n -- nt)2/(~no(P + hi) + Tpo(n + hi) ) [1] 

n and p are the densities of electrons and holes in the 
space charge region, and ~no and ~po the low-level  l ife- 
t imes of electrons and  holes. To describe the t ime 
behavior  of a MOS capacitor dur ing the whole t rans i -  
ent this equation must  be applied instead of the 
following simple approximat ion 

Uvol : n.J (~no + ~o) [2] 

which was used both by  Zerbst and the author  in  the 
above-ment ioned work. 

This approximation is valid for the t rans ient  be-  
havior of a MOS capacitor itt the case of large devia- 
tions from thermal  equi l ibr ium only. Applying the 
Zerbst  analysis resul t ing from Eq. [2] to our  n u m e r -  
ical results which were calculated without  any influ- 
ence of surface generation, we obtain the Zerbst plots 
d rawn in  Fig. 1. 

The Zerbst plots show an intercept  with Cinv/C -- 1 
: 0, whose magni tude  is inversely proport ional  to 
the generat ion l ifetime Zgen : ~no + Zpo. Applying the 
method of Zerbst to determine the surface generat ion 
velocity from the intercepts, we obtain a value of 1.3 
cm/sec from curve a (Fig. 1) and a value of 0.13 
cm/sec from curve b. These values are v i r tua l  ones, 
because the calculation was carried out for volume 
generat ion only. Thus, the very  small  values of sur-  
face generat ion velocity reported in the paper  under  
discussion are a consequence of the large values of 
generat ion l ifetime measured. The calculation shows 
that  a reasonable value of surface generat ion velocity 
cannot be obtained from the intercept  of the Zerbst 
plot. 

Ins t i tu t  fiJr Theore t i sche  E lek t ro techn ik ,  Techn i sche  Hochschu le  
Aachen ,  51 Aachen ,  West  G e r m a n y .  

~ . . Z e r b s t ,  Z. Angew. Phys., 2~, 30 (1966). 
Shoek ley  a n d  W. T. Read ,  Phys. Rev., 87, 835 (1952). 

R. N. Hall ,  ibid., 87, 387 (1952). 
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Fig. 1. Zerbst plots obtained from the results of a theoretical 
calculation. Substrate impurity concentration 1015 c o - 3  (n-type), 
oxide thickness 1200A, voltage step from 0 to --10V. Values of 
generation lifetime: a, ~gen = 11 Fsec; b, ~gen = 110 ~sec, 
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D. R. Young and C. M. Osburn: The authors would 
l ike to thank W. Zechnall  as well as T. W. Collins s 
for their  more complete Shockley, Read, Hall analysis 
of minor i ty  carrier  generation. Clearly the use of 

s T. W. Collins, Ph.D. Dissertation, Univers i ty  of California, Davis,  
California (1973); IEDM Technical  Digest, p. 342 (1973). 

Zerbst plots to obtain a surface generat ion velocity is 
in error  since other mechanisms give the appearance 
of surface generation. To correctly in terpre t  lifetime 
and surface generat ion from pulsed capacitance re lax-  
ation curves, it is necessary to use the exact solution. 
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ABSTRACT 

A secondary cell based on the copper (If)- (I) and (I)-(0) couples in aceto- 
nitrile has been constructed and studied at room and low temperatures. The 
over-all cell reaction is Cu ++ + Cu(s) ~ 2Cu +. A positive compartment 
consisting of a graphite sheet in contact with an acetonitrile solution of cop- 
per (II) perchlorate was separated by an anionic ion-exchange membrane from 
a negative electrode of copper metal in acetonitrile. Lithium or sodium per- 
chlorate was added to the negative compartment to decrease internal re- 
sistance. The cell develops an open-circuit potential of 1.35V and is reversible 
at coulombic efficiencies of close to 100%. A test unit was carried through 
more than 45 charge and discharge cycles at room temperature. Discharge 
characteristics are poorer at --14~ than at room temperature. The anionic 
ion-exchange membrane used as a separator was stable to the solvent, 
chemicals, and potentials used, and effectively blocked transport of copper (If) 
species. About 90% of full charge was retained after a wet stand of 2 months. 

The electrochemical  stability, low viscosity, and low 
freezing point (--45~ of acetonitrile, CH3CN, suggest 
i t s  usefulness as a solvent  for batteries designed to 
operate at low ambient  tempera tures  (1-3). In this 
solvent the copper ( I I ) -  (I) couple has been found to be 
revers ible  (4) ; Biallozor (5) found that, al though elec- 
trodeposit ion of copper( I )  on pla t inum from aceto- 
nitr i le  solution is i rreversible,  the overpotent ia l  is re la-  
t ively  low. Owing to appreciable stabilization of cop- 
pe r ( I )  by acetonitr i le  (AN),  the standard potentials of 
the c o p p e r ( I I ) - ( I )  and c o p p e r ( I ) - ( 0 )  couples differ 
by 1.283V (6). Cells of the type 

Cu[CuCIO4,ANI ICu (CIO4)2, CuC104,AN]C 

in which the electrode reactions on discharge are Cu + + 
+ e --> Cu + and Cu(s)  ~ Cu + + e, were  assembled 
a n d  tested at two temperatures .  

Experimental 
Materiais.--Technical-grade acetonitr i le  (Matheson, 

Coleman, and Bell) was purified by method  D1 de- 
scribed by Coetzee and co-workers  (7), wi th  some 
modifications. The commercial  product was refluxed 
with  Call2 (Ventron) at a ratio of 10 g/ l i ter .  Because 
no hydrogen evolut ion was observed, st irr ing was con- 
t inued for only 3 hr  instead of the recommended  2 
days. Af te r  addit ion of 5g of P4010 (Brit ish Drug 
House) to each l i ter  of decanted material ,  the mix tu re  
was disti l led in an all-glass still  under  high reflux 
ratio. The first 5% and last 20% of the still output  were  
discarded. The resul t ing product was refluxed over  
Call2 (5 g a i t e r )  for 1 hr, then distil led s lowly under  
a high reflux ratio. Again the first 5% and last 20% of 
the still output  were  discarded. The collected product  

Key words: batteries, acetonltrile, copper. 

was placed in a t ight ly  stoppered glass bottle and 
t ransferred to a dry box unti l  needed. All  flasks were  
oven dried at least 2 hr  at llO~ before use. The wate r  
content, de termined by Karl  Fischer t i tration, was less 
than 5 • 10-4M. 

The preparat ion of Cu(C104)2.4CHsCN was as de- 
scribed in Ref. (6) ; the mater ia l  had a pur i ty  of 99.6% 
on the basis of analysis for copper by aqueous EDTA 
titration. 

NaC104 (anhydrous, G. F. Smith Chemical  Com- 
pany) was dried for 20 hr  under  vacuum, t ransferred 
to a dry box, and then used immediately.  

LiC104.3H20 (G. F. Smith Chemical  Company) was 
recrystal l ized from water  and dried under  vacuum, 
first at 80~ for 24 hr, and then at 100~ for 48 hr. The 
salt was stored in a dry box in a t ight ly  closed oven-  
dried reagent  bottle. 

The negat ive  electrode of the ba t te ry  was 20 gauge 
electrolytic copper wire  wound on a polyethylene 
frame. The wire  was cleaned by immersion in concen- 
t ra ted HC1 for 2 min, then rinsed with  distil led water.  
The wire  and f rame were  dried immedia te ly  under  
vacuum overnight  and placed in a dry box for final 
assembly of the cell: Visual inspection of the wire just 
before assembly showed no evidence of a surface film. 

The positive electrode was an 8 by 8 cm sheet of 
0.32 or 0.63 cm pressed graphite.  Each sheet was rinsed 
in distil led water  and dried under  vacuum 8-10 hr  at 
room tempera ture  before use. 

Migration of copper( I I )  to the negat ive  electrode of 
the charged cell would result  in self-discharge. There-  
fore an Amfion A-60 anionic ion-exchange membrane,  
consisting of a polyethylene backbone containing 
qua te rnary  ammonium anion-exchange sites, was em-  
ployed as a permselect ive  separator. The membrane  
was conver ted from the original  chloride form to the 
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perchlorate  by soaking it in aqueous 1M NaC104 for 1 
hr, then was stored in a fresh port ion of 1M NaC104 
until  needed. When a cell was to be constructed, a 12 
by 12 cm section of membrane  was soaked several  
hours in technica l -grade  acetonitri le.  Upon soaking, the 
la tera l  dimensions increased about 10% over  the 
wa te r -we t  form, the thickness decreased, and the flexi- 
bi l i ty  increased markedly.  The wet  membrane  was cut 
to a final size of 10 by 10 cm, and bolt holes were  
punched along the edges; it was then dried under  vac-  
uum overnight  and t ransferred to a dry box immedi-  
ately before final assembly of the cell. 

Apparatus.--Experiments were  per formed in a ni t ro-  
gen atmosphere in a Kewaunee  Scientific Equipment  
glove box, wi th  P4010 as desiccant. 

The test cell is shown in Fig. 1. The geometr ic  cross- 
sectional area was 64 cm 2. Contact with the graphi te  
electrode was made by a pla t inum wire  press fitted into 
a hole dri l led through the polyethylene  case into the 
graphite.  

Voltages were  measured with  a Heath EU-805 Uni- 
versal  Digital Ins t rument  (UDI) and an Orion Model 
701 Digital pH mete r  coupled with  Heath  EUW-20A 
and EU-20B chart  recorders. The control led-potent ia l  
charging source, two Burgess No. 6 1.5V heavy-du ty  
dry cells in parallel,  was placed in series wi th  a 20 ohm 
current  l imit ing resistor. Galvanostat ic  charging and 
discharging were  accomplished with a Sargent  Model 
IV Constant -Current  Coulometer.  Control  circui try 
was breadboarded with a Heath  EU-801A Analog-Digi -  
tal Designer (ADD).  

Cells were  assembled in the dry box in the ful ly 
charged state. By means of a syringe, a solution of 
Cu(C104)~_ in acetonitr i le  was introduced into the 
cathodic compartment ,  and a solution of LiC104 or 
NaClO4 in acetonitr i le  into the anodic compartment .  
Theoret ical  capacity was var ied by changing the con- 
centrat ion of copper( I I )  salt introduced. The LiC104 
and NaC104 solutions were  about 0.9M, which is near  
the solubil i ty limits of these salts. In all the cells 
studied, the quant i ty  of copper metal  present in the 
negat ive electrode was in excess of that  required for 
complete reduct ion of the copper( I I )  added to the 
posit ive compartment .  The cells were  cycled ei ther  by 
discharge through a constant resistance fol lowed by 
recharge at controlled potential  or by galvanostat ic  
discharge and recharge. Discharges through constant 
resistance were  to varying depths, whereas  control led-  
potential  recharge was to full  charge as indicated by a 
final charging current  of less than 0.5 mA. Discharges at 
constant current  were  to exhaust ion as indicated by a 
cell vol tage of 0, whereas  constant -current  recharges 
were  terminated  when 1.60V was reached. After  t e rmi-  
nation of the first recharge process, cells were  al lowed 
to stand overnight ;  then recharge was continued, usu-  
al ly at a lower  current  level, unti l  acceptance of only 
a small increment  of charge at the lowest  current  level  
of 4.65 mA indicated full  charge. The overnight  stand 

Fig. I .  Sketch of disassembled cell 

reduced the effects of concentrat ion polarizat ion caused 
by the re la t ively  low solubil i ty of copper( I )  per -  
chlorate in acetonitrile.  

Low- tempera tu re  studies were  conducted in a dry 
box by immersing a cell in a bath  of dry ice and e thyl -  
ene glycol at -- 14~ 

Results and Discussion 
Cell tests.--A series of galvanostat ic  discharges and 

charges were  made at various levels  of current,  and the 
voltage was recorded as a funct ion of time. A typical  
discharge cycle is shown in Fig. 2 for a current  level  
of 9.65 mA. The ear ly  part of the discharge occurs at 
about 1.2V and is fol lowed by a long shoulder before 
a sharp break downward  at about 0.5V. On the same 
figure is plotted the voltage of the copper ( I I ) -  (I) posi- 
t ive electrode against an AgI0.01M AgNO~ reference 
electrode, connected to the posit ive compar tment  by a 
Luggin capil lary and a bridge of Li'C104 in acetonitrile. 
As expected, polarizat ion occurs pr incipal ly at the 
positive electrode. Li th ium and sodium perchlorate  
performed equal ly  well  as inert  electrolyte;  essentially 
no difference was observed be tween  them. 

Vol tage- t ime curves were  extrapola ted to zero t ime 
on the basis of readings obtained 30 and 60 sec after  
commencement  of discharge, and the resul t ing poten-  
tial was plotted against current  leve l  (Fig. 3). A least 
squares t rea tment  yielded an intercept  of 1.352 __+ 
0.007V, which is taken to be the open-circui t  voltage. 

Del iverable  capacity to 0.65V cutoff under  load is 
plotted against current  drain in Fig. 4. Data were  ob- 
tained under  conditions of continuous discharge after 
full  charge. 

Coulombic efficiencies (charge/discharge)  were  in 
the range of 1.11-0.92 for e leven galvanostat ic  cycles. 
The mean coulombic efficiency was 1.021 • 0.054. After  
lengthy discharge the cell tended to accept less than 
100% recharge. This tendency is a t t r ibuted to polariza-  
tion during the necessarily long recharge that  caused 
early terminat ion of the recharge process at the 1.60V 
cutoff. 

Cycle tests.--A series of discharges to varying depths 
through constant resistance, fol lowed by recharge at 
controlled potential, were  made. Cur ren t - t ime  curves 
for discharge and recharge are shown in Fig. 5 and 6 
for the twen ty - th i rd  cycle of one cell, a cycle carr ied 
to ex t reme depth. Most of the cycling was by automatic 
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Fig. 2. Constant-current discharge at 9.65 mA for 
CulCuCIO4[ICu(CIO4)2,CuCIO4!C in acetonltrile as solvent. Geo- 
metric area ~ 64 cm 2. Solid line represents Eee]l. Dotted llne 
represents the potential of the positive electrode relative to an 
AgI0.01M AgNOa in an reference electrode. 
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Fig. 5. Discharge through 120 ohm load for CulCuCIO;ll 
Cu(CIO4)2,CuCIOr in acetanitrile as solvent. Twenty-thlrd cycle. 

switching from discharge to charge when  the cell volt-  
age fell to 0.9V, followed by a switch back to discharge 
when  the charging current  fell to 0.5 mA. No deteriora-  
t ion in  cell performance was noted after 45 cycles. Cur-  
ren t - t ime  curves for the first eleven cycles were in-  
tegrated with an Ott p lanimeter  to yield coulombic 
efficiencies; values of 1.00-1.12 were obtained, with a 
mean  of 1.031 • 0.036. The cell has good shelf-life 
properties. A ful ly charged cell lost only 12% of charge 
after a wet stand of 2 months, and full  recharge was 
accepted. 
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Fig. 6. Controlled-potentlal recharge for CulCuClO41lCu(CIO4)2, 
CuCIO4IC in acetonitrile solvent. Twenty-third cycle. Cell heavily 
polarized by discharge at commencement of recharge. Initial cur- 
rent > 35 mA; charging voltage = 1.55V; series resistance - -  
20 ohms. 

Disassembly of cells that had been extensively cycled 
revealed that, dur ing recharge, copper(I)  tended to 
replate onto the copper wire as loosely adherent  nod-  
ules, many  of which fell to the bottom of the cell, 
thereby removing the copper from fur ther  reaction. 
Also, the anion-exchange membrane  was considerably 
distended by  osmotic pressure in the positive compart-  
ment  as a result  of exclusion of copper (II) species from 
the negative compartment.  Both the copper electrode 
and the membrane  showed yellow discoloration, prob-  
ably from copper oxide and hydroxide species formed 
by reaction with water. The graphite electrodes were 
clean and showed no sign of deterioration. 

Low-temperature studies.--Discharge performance at 
--14~ was dist inctly below that  at room temperature.  
A discharge at 4.65 mA delivered only 94 m A - h r  to 
0.65V cutoff at --14~ whereas 356 and 248 m A - h r  
were obtained at the same current  level at room tem-  
perature. The discharge curve was similar  to that  
shown in  Fig. 2. Cell impedance at 1000 Hz at full 
charge increased from 5 ohms at room tempera ture  to 
about 20 ohms at --14~ The marked  drop in  cell 
capacity and the increase in  in ternal  resistance are at-  
t r ibuted to mass- t ranspor t  l imitat ions at the lower 
temperature.  

S u m m a r y  
A secondary cell consisting of the copper ( I I ) - ( I )  and 

( I ) -  (0) couples in  acetonitri le is reversible, is capable 
of repeated cycling, and holds charge well  over ex- 
tended periods. Cell performance is appreciably d imin-  
ished at lower temperatures.  Electrodeposited copper 
metal  is loosely adherent  under  the conditions studied 
and is poor in quality. The use of an anionic ion-ex-  
change membrane  as a separator provides low resist-  
ance to current  flow. The membrane  studied was stable 
to the solvent, chemicals, and potentials used, and it 
effectively blocked t ransport  of copper(II)  species. 
The cell may be discharged to great depth without ap- 
parent  effect on subsequent  performance. 
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Formation Processes of the Lead-Acid Battery Negative Plates 
D. Pavlov, V. Iliev, G. Papazov, and E. Bashtavelova 

Bulgaria~z Academy ol Sciences, Institute of Physical Chemistry, 
Division ol Electrochemical Power Sources, Sofia 13, Bulgaria 

ABSTRACT 

The advance of the processes within the bulk of the negative plate upon 
formation in  sulfuric acid was studied by electron-microprobe and x - r ay  
diffraction experiments  and by microscopic observations. It was found that 
besides the electrochemical reaction of the formation of sponge lead there 
were also chemical reactions of the formation of lead sulfate which remain  
included in  the lead network of crystals. The electrochemical reduction of lead 
sulfate takes place after the consumption of lead oxide and tribasic lead sul- 
fate present in  the paste. The e lementary  chemical and electrochemical re-  
actions as well as their mutua l  relationships are determined as the basis of 
these measurements.  

The change in total porosity and pore size distr ibution dur ing formation 
of the lead-acid bat tery negative plate was studied. Upon formation, both the 
pore radii and the porosity of the active mass increase. The electrocrystal-  
lization processes of lead during formation are also discussed. Upon reduct ion 
of 3PbO �9 PbSO4 �9 H20 and PbO a lead crystal network is formed in  the first 
stage. During the second stage, lead, obtained by reduction of lead sulfate, is 
deposited on the network. 

The technology of lead-acid bat tery  plates includes 
the following stages. By the mixing of a part ial ly oxi- 
dized lead powder with a sulfuric acid solution a paste 
is obtained which consists of lead hydrate,  lead monox-  
ide, and basic lead sulfates. Besides these compounds 
the negative plate paste also contains bar ium sulfate 
and an expander.  After pasting on a grid and curing, 
the paste is subjected to formation. During formation, 
the lead monoxide and the basic sulfates are t rans-  
formed by electrochemical reactions into active mate-  
rial, i.e., lead at the negative plate and lead dioxide at 
the positive one. 

The influence of bar ium sulfate, of the expander,  and 
of the conditions of formation on the properties of the 
negat ive plate have been studied previously (1-11). 
The microstructure  of the lead crystals obtained upon 
formation, as well as the way in which these crystals 
grow, has already been investigated (12-15). The 
chemical and electrochemical reactions which take 
place upon formation have been presented by Pavlov 
(15). 
The aim of the present paper is to establish the ele- 

mentary chemical, electrochemical, and crystallization 
processes which occur during the formation process 
and to elucidate their mutual relationships. 

Experimental 
Traction bat tery  plates with dimensions of 285 X 180 

X 4 mm were formed. They were produced with a 
paste containing 4.5% sulfuric acid, bar ium sulfate, and 
expander. The formation was effected in  two cells, each 

Key words:  lead-ac id  battery, lead-acid bat tery  technology, l e a d  
electrode,  format ion of  the  lead e lectrode,  react ions  in porous  
masses .  

consti tut ing two positive and one negative plate. A 
sulfuric acid solution of density 1.05 was used in a 
volume of 3000 cm s. For  every gram of paste there was 
1.89 cm 3 of sulfuric acid solution. Immediate ly  after 
pouring the solution in the cells, a current  density of 
10.00 mA / c m 2 was applied. The following parameters 
were checked dur ing formation at 2 hr  intervals:  (i) 
density and temperature  of the sulfuric acid solution; 
(ii) distr ibution of lead over the cross section of the 
plate; (iii) distr ibut ion of lead sulfate over the cross 
section of the plate; (iv) phase composition at the sur-  
faces and in the bu lk  of the plate; (v) total porosity 
and pore size dis tr ibut ion at the surfaces and in  the 
bulk  of the plate. 

Samples were taken of the negative plates for de- 
terminat ions (ii)- (v). In  order to el iminate differences 
along the height and width of the plates, mater ia l  was 
taken from three different locations of the plates. The 
samples were collected in the following manner .  At 
2 hr intervals  the formation process was stopped. The 
negative plates were removed from the cells and 
washed with water. Three portions were removed from 
each plate, each containing four grid rectangles. The 
plates were then re turned  into the cells, the current  
was corrected, and the formation process was resumed. 
The six samples were abundan t ly  washed with water  
and dried in a ni t rogen atmosphere. The samples taken 
from one of the negative plates were used for observ- 
ing the distr ibution of lead along the cross section of 
the plate and for determining the distr ibution of lead 
sulfate across the cross section of the plate. The sam- 
ples from the second negative plate were used for 
phase composition and porosity studies. 
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Determination of the Elementary Chemical and 
Electrochemical Reactions 

Change in the sulfuric acid concentration in the bulk 
o] the electrolyte during ]ormation.--The format ion of 
the ba t te ry  plates takes place in a sulfuric acid solu- 
tion. Lead monoxide  and the basic sulfates are unstable 
in sulfuric acid. This is why  chemical sulfatization re-  
actions of the lead monoxide  and of the basic sulfates 
take place paral lel  wi th  the electrochemical  reactions. 
The part icipat ion of the  sulfuric acid in the chemical 
reactions leads to a change in its concentrat ion wi th in  
the bulk of the electrolyte.  The density changes of sul-  
furic acid wi th in  the bulk of the electrolyte  during 
formation are represented in Fig. 1. Two stages can be 
observed on this curve. During the first stage sulfuric 
acid penetrates  into the plates and reacts wi th  the 
pastes, and hence its concentrat ion in the bulk of the 
electrolyte  decreases. During the second stage the sul-  
fate products obtained during the first stage are 
formed. Sulfuric acid is evolved as a result  of these 
reactions. It  leaves the plates thus increasing the sul- 
furic acid concentrat ion in the  bulk of the electrolyte.  

Advance of the reactions of formation of lead across 
the cross section of the plate.--The samples were  en-  
closed in a luminum molds and soaked under  vacuum 
with  polyester  resin. Af ter  hardening  of the resin, the 
samples were  machined unti l  the cross section of the 
plate appeared clearly. Af ter  dry  polishing the cross 
section was observed under  a microscope and photo- 
graphed on color and b lack-and-whi t e  films. Such 
micrographs are i l lustrated in Fig. 2. It  is easily seen 
that  the  formation of lead begins first at those portions 
of the m e m b e r  grid that  are closest to the solution. 
Lead forms zones which advance at the surface of the 
plates (Fig. 2b). In those portions of the  plate  surface 
not a l ready occupied by the lead zones the paste reacts 
wi th  sulfuric acid and whi te  lead sulfate  zones origi-  
nate (Fig. 2b). Af te r  the lead zones have covered the 
surface of the plate  they  advance into the paste (Fig. 
2c-e).  F rom the photographs it is seen that  a thin layer  
of whi te  crystals occurs at the boundary  be tween  the 
lead zone and the unformed paste. Between  the sixth 
and the eighth hour  of formation the entire cross sec- 
tion of the plate is occupied by the lead zone. The for-  
mat ion process ends at the four teenth  hour, when  the 
lead mass has become da rk -g ray  in color. 

Determination of the distribution of lead sulfate 
across the cross section of the plate.--The samples 
selected for these studies were  placed in cylindrical  
a luminum molds which were  filled with  epoxy resin. 
Af te r  hardening of the resin the mold was cut so that  
the sample was divided into two identical  halves. Af ter  
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Fig. 1. Change in the electrolyte density within the bulk of the 
electrolyte during formation. 

Fig. 2. Micrograph of the crass section of the negative plate 
during formation, a, Prior to formation; b-e, plates during forma- 
tion (the dark patches are the lead zone); f, fully formed plate. 

dry  polishing, a conduct ive 100-150A thick carbon layer  
was deposited on the cross section. The determinat ion  
of the sulfur  distr ibut ion across the cross section of the 
plate was carr ied out wi th  a Hitachi  XMA-5 electron 
microprobe. The electron beam was scanned repeatedly  
across a 240 • 240~ area and the intensi ty  of the sulfur 
l ine was recorded. In this way  the average sulfur  con- 
tent  over  the scanned areas was determined.  The elec-  
t ron beam was then scanned on the fol lowing point. 
These measurements  made  it possible to establish the  
distr ibution of  lead sulfate along the  cross section per -  
pendicular  to the plate surface. 

F igure  3 represents the results of the measured  rela-  
t ive amounts  of lead sulfate (free and bonded in the 
basic sulfate) .  The thickness of the plate  is plotted in 
re la t ive  units on the abscissas axis. From the figure it 
can be seen that  lead sulfate is first formed at the sur-  
face of the plate. Then it advances slowly into the inner  
parts of the paste. At the eighth hour  of format ion lead 
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Fig. 3. Change in the distribution of the total amount of lead sul- 
fate along the cross section of the plate during formation. 

sulfate is almost uni formly  distr ibuted across the en-  
t i re  cross section of the plate. The reduct ion of lead 
sulfate takes place after the eighth hour  along the en- 
tire c r o s s  s e c t i o n  of the plate. However, this process is 
most rapid at the surface of the plate (Fig. 3). 

The results of these measurements  indicate that  the 
processes of sulfatization of lead oxide and of tribasic 
lead sulfate take place from the surface toward the 
inter ior  of the plate. From Fig. 2 it is seen that  the 
advance of the lead zone follows a similar  path. The 
end of the sulfatization of the paste occurs at about the 
same t ime when the lead zone occupies the entire plate. 
This indicates that  a relat ionship exists between the 
processes of formation of lead and lead sulfate. After  
t h a t ,  the reduct ion of lead sulfate occurs in the whole 
lead zone but  most rapidly in  the surface portions of 
t h e  plate. 
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Phase composition studies of the paste during forma- 
tion.--The samples were divided across the cross sec- 
t ion into three portions: two at the surfaces and one in 
the bulk. The surface portions were joined together. 
After grinding, the samples were x - rayed  with a TuR 
M-61 diffractometer with filtered copper radiation. 

The quant i ta t ive  x - ray  phase analysis is based on the 
equation 

xi x! 
I i - - K ~ - ' K  

piZxjm~ mm 

where It is the in tensi ty  of the analytical  x - r ay  reflec- 
t ion of the phase we wish to determine, K is an ap- 
paratus constant, xi the weight percentage of the i th  
phase in the mixture,  pi is the density of the i th phase, 
mj is the specific absorption coefficient of x- rays  by the 
j th  phase, and m is the average absorption coefficient 
of the sample. 

i n  a three-component  system, when  the in tensi ty  of 
the analyt ical  reflection of a given phase is referred to 
the sum of the intensit ies of the analyt ical  reflections of 
the three phases, the average absorption coefficient, m, 
and the apparatus constant, K, are el iminated from the 
equation. For the first phase the relat ive in tensi ty  is 
given by the expression 

I I  Xl 

I1"~I2~'I3 P1 ( ~/~1 X2"~ - xs ) - -  "~- - -  
pl pg p8 

For a given sample the term included in brackets re- 
mains constant in the expressions referr ing to the three 
phases. 

The aim of the present  invest igat ion is to establish 
the e lementary reactions which take place dur ing for- 
mat ion of the plate. It  is therefore sufficient to find 
the changes in the amounts  of the individual  phases 
present  in the paste dur ing formation, and it is not 
necessary to determine their  absolute contents. In  this 
case the x - r a y  diffraction method may  be used only for 
determining the changes in the relative intensit ies of 
the reflections. The error introduced in this deter-  
mina t ion  depends on the densities of the components. 

The analysis of the x-ray diffraction pat terns  indi-  
cates that  the cured paste of the negative plate con- 
sists of considerable amounts  of tet. PbO and tribasic 
lead sulfate and minor  amounts  of lead. The following 
x - ray  reflections were used in the s tudy of the change 
in the amounts  of each phase: d = 3.26A for 3PbO �9 
PbSO4. �9 H20, d = 3.00A for PbSO4. The reflection with 
d -- 3.12A corresponds to tet. PbO (the strongest re- 
flection in the pat tern)  and overlaps with the 3.13A 
reflection of 3PbO �9 PbSO4 �9 H20 (I = 35). The 2.86A 
reflection corresponds to lead (I = 90 of the pat tern)  
and overlaps with the 2.84A reflection (I = 10) of 
3PbO �9 PbSO4 �9 H20. 

Figure 4 i l lustrates the change in  the relat ive in-  
tensities of the reflections of the individual  phases at 
the surface and in  the bu lk  of the plate dur ing forma- 
tion. It  should be noted that the numerical  values of 
the relat ive intensities do not  reflect the relative 
amounts  of the phases in the mixture.  It is seen that  
during formation, lead oxide and tribasic sulfate react 
with sulfuric acid thus leaving lead sulfate in the paste 
adjacent  to the surfaces. The formation of lead in  the 
first 4 hr occurs only at the surface parts of the plate 
by electrochemical reduction of lead oxide and tribasic 
sulfate. After  the eighth hour, the reduct ion of the lead 
sulfate formed dur ing formation begins. This reduction 
begins first at the surface, and at the fourteenth hour  
the negative plate is ent i re ly  formed. 

Elementary chemical and electrochemical reactions 
and their mutual relationships.--From the results of 
Fig. 2-4 a model can be suggested for the e lementary 
chemical and electrochemical reactions and for the 
elucidation of their  mutua l  relationships. This model 
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Fig. 4. Change in the phase composition of the negative plate 
during formation, d ~ 3.12A, tet. PbO + 3PhO �9 PbSO4 �9 H20. 
d - -  3.26A, 3PbO �9 PbSO4 �9 H20, d ~- 3.00A, PbSO4. d - -  2.86A, 
Pb + 3PbO - PbSO4 �9 H20. O ,  At the surface of the plate; 4,, 
in the bulk of the plate. 

should include the e lementary  reactions which occur 
from the two star t ing compounds of the paste, lead 
oxide and tribasic lead sulfate. 

Figure 5a diagrammatical ly  shows the reactions 
when  lead oxide is the s tar t ing compound. Divalent  
lead ions and O H -  ions are formed upon dissolution of 
the oxide (reaction [A] ). The lead ions may  participate 

I 
Q H* * OH & HzO QmP~*+ 2 me-- mPb 

I I J .  
@ PbO+H20 ~--20H-§ Pb 
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I 
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H § I 
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I 
- 2 + 2 -  60H +4Pb +S0~3PbO.PbSO~.H20 +21--Iz01 , 

Q kb2++ S!4 z- PbS04 

plate s e t u t i o n  

in  the electrochemical react ion [1'] in  which lead is 
formed, and in the chemical reactions [3] and [4], 
which are conducive to tribasic lead sulfate and lead 
sulfate. The hydroxyl  ions participate not only in  re-  
action [3] but  also in  the neutra l izat ion reaction [2]. 
On the one hand reaction [2] influences the dissolution 
rate of PbO (reaction [A]) ,  and on the other, controls 
the pH of the pore solution at the considered place in 
the paste. I t  should be stressed that  the na ture  of the 
lead ions which are in  equi l ibr ium with lead oxide, tr i-  
basic sulfate, and lead sulfate, and which participate in  
the electrochemical reaction [1'], depends on the pH 
of the solution. At low pH the lead ions are free Pb 2 + 
ions; at pH > 6 they are bonded in complexes such as 
Pb(OH)  +, Pb(OH)2, P b ( O H ) ~ - ,  and HPbO2-.  For 
simplicity let us assume that  only Pb 2+ ions originate 
in  the pores. This means that the rate of the decom- 
position reactions of the complexes are infinitely large. 

If the flow of sulfuric acid arr iving from the bu lk  of 
the electrolyte toward a given location of the plate 
which contains lead oxide is smaller  t han  the dissolu- 
t ion rate of lead oxide (reaction [A]) ,  the pH of the 
pore solution will be close to neutral .  As a result  re- 
action [3] occurs in the paste, and tribasic lead sulfate 
crystals will  grow. If the sulfuric acid flow from the 
bu lk  of the electrolyte to the given location is larger  
than  the dissolution rate of lead oxide (reaction [A]),  
the pH of the solution will be low, reaction [4] will  
take place, and lead sulfate will  form. In  the pres-  
ence of an  electrode surface (lead mass) close to t~e 
location, the electrochemical reaction [1'] takes place. 
This reaction is the electrochemical reduct ion of lead 
oxide to lead. The equi l ibr ium potential  of this reaction 
is given by Eq. [ l 'a ]  

P b O + 2 e + 2 H  + = P b + H ~ O  

E = 0.248 -- 0.059 pH [l 'a]  

Figure 5b gives the diagram of the e lementary  chem- 
ical and electrochemical reactions which occur when  
3P bO .  PbSO4.  H~O is the start ing material .  As a re-  
sult of the dissolution of tribasic lead sulfate (reac- 
t ion [B]) the pore solution contains Pb  2+, OH- ,  and 
SOi ~- ions. The Pb 2+ ions may participate both in  the 
electrochemical reaction 1" and in the chemical re-  
action [4]. Whether  reaction [4] will  occur or not de- 
pends on the accession of sulfuric acid from the bu lk  
of the electrolyte. If this flow is larger  than  the dis- 
solution rate of 3PbO.  PbSO~. H~O the pH of the 
pore solution will be low. Reaction [4] will  then take 
place, yielding lead sulfate. The lead ions which are 
generated upon dissolution of 3PbO �9 PbSO4 �9 H20 par -  
ticipate in  the electrochemical reaction [1"]. The equi-  
l ib r ium potential  of the P b / 3 P b O "  PbSO4" H~O elec- 
trode is g iven by the equat ion 

a 4- 

Q6H** 6OH-= 6H20 (~) nPb~+2ne ~ Pb 

t , t , 
(~)3PbOPbSO 4 H20+2H20 --"- 6OH-+ 4Pb 2 + SO~- 
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Fig. 5a. Diagram of the elementary chemical and electrochemi- Fig. 5b. Diagram of the elementary chemical and electrochemi- 
cal reactions with PbO as starting material, cal reactions with 3PbO" PbSO4" H20 as starting material. 
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3PbO �9 PbSO4 �9 H20 + 8e + 6H + 
-- 4Pb + SO42- + 4H20 

E ---- 0.030 -- 0.044 pH -- 0.007 log aso42- [l"a] 

When lead oxide and tribasic sulfate are consumed 
in the paste or are located at a distance which does not 
ensure a flow of Pb 2+ ions toward the electrode sur- 
face and which could participate in the electrochemical 
reactions [1'] and [1"], reduct ion of the lead sulfate 
begins. This process may take place provided the elec- 
trode potential is more negat ive  than the equi l ibr ium 
potential  of the Pb/PbSO4 electrode 

PbSO4 -5 2e = Pb -5 SO4 2- 

E = --0.356 -- 0.029 log aso42- [l'"a] 

Sulfuric acid originates as a result of the reduction of 
lead sulfate and diffuses back into the bulk of the elec- 
trolyte. 

The electrochemical reaction takes place at those 
locations of the lead zone which are in contact with 
lead compounds forming with lead electrodes with the 
most positive equilibrium potentials. These are the 
electrochemical reactions [1'a] and [1"a] which take 
place until the eighth hour of formation. When PbO 
and 3PbO �9 PbSO4 �9 H20 are consumed, reaction [l"'a] 
will take place and lead sulfate will be reduced. 

Lead ions are consumed when the electrochemical 
reaction takes place in the solution layer at the 
boundary with the lead crystals. In order to maintain 
the electroneutrality of the solution in the pores of the 
plate, in this layer the consumption of the positive 
charges of the Pb 2+ ions must be compensated. This 
may be achieved by migration of H + ions from the 
bulk of the solution toward this layer and of sulfate 
ions in the opposite direction. These flows control the 
advance of the lead zone along the thickness of the 
plate. If the migration flows are hindered at a given 
place in the plate, the pore solution there is charged 
negatively by SO42- and OH- ions. This decreases the 
rate of the electrochemical reaction Pb 2+ + 2e ---- Pb 
since the number of negative ions at this place in- 
creases. This decreases the rate at which the lead zone 
advances along the cross section of the plate. The 
migration flows are largest at the surface of the plate. 
Hence, the lead zone advances first along the two sur- 
faces of the plate, and only after having covered them 
continues toward the bulk of the plate. 

Evolution of the Pore Structure of the Plate during 
Formation 

By following the changes in  phase composition dur -  
ing formation one can determine the way in which the 
volume fraction of the plate occupied by mat ter  is 
bui l t  up. The plate shows good working parameters  
when  there is a max imum access of sulfuric acid to 
lead. This is achieved when the active mass is very 
porous. Such a s tructure originates dur ing plate forma- 
tion. It is therefore desirable to determine the influence 
of the formation processes on the bui ld ing up of the 
porous s tructure of the active mass. Table I gives the 
densities and the molar  volumes of lead and of the lead 
compounds present  in the plate (16). From Table I it 
can be seen that  there is a considerable difference in  
the molar volumes of lead and lead compounds. 

Table II gives the changes in the molar  volume dur-  
ing certain chemical and electrochemical reactions. The 

Table I. 

Molar v o l u m e ,  
Compound Dens i ty ,  g /cm~ cm3/mole  

P b  11.34 12.28 
PbSO~ 6.23 47.96 
PbO oft .  9.64 29.15 
P b O  tet.  9.36 23.88 
3PbO.  PbSO~' ~ 6.60 152.00 

Table II. 

Reactions 

S t a r t i n g  p r o d u c t  E n d  p r o d u c t  

PbO P b  -- 23 
3PbO 'PbSO~-H20  + 60 
PbSO~ + i00  

3PbO.PbSO~.H20  P b  --52 
PbSO4 + 23 

PbSO4 P b  -- 60 

R e l a t i v e  v o l u m e  change 
w i t h  respec t  to  t he  
i n i t i a l  p roduc t ,  % 

molar volume increases dur ing all reactions of sulfa- 
t ization of lead oxide and tribasic sulfate. In  all electro- 
chemical reduction reactions the same volume de- 
creases. 

The porosity of the active mass is expressed by  two 
parameters:  total porosity and pore size distribution. 
The changes in these parameters  in the surface and 
bulk portions of the plates were followed dur ing  for- 
mation. The samples for these measurements  were 
taken and dried together with the samples for the 
phase composition studies. 

The measurements  of total porosity and pore size 
distr ibution were carried out with a Carlo Erba 65 AG 
mercury  porosimeter. The formation of lead amalgam 
was avoided by creating a th in  stearic acid film (17). 
The samples from the surface and bulk  portions were 
soaked in a 1% stearic acid solution in chloroform for 
6 hr. They were then  t ransferred to watch glasses and 
dried at 105~ A determined amount  of mater ia l  was 
weighed and introduced in the glass cell of the poro- 
simeter. The results obtained are given in Fig. 6. The 
curves of the surface and in ternal  portions of the plates 
are plotted and compared with that  of the unformed 
plate. 

These measurements  show that upon formation of 
the negative plate the pore radii and the total !corosity 
increase. Prior  to formation the pore radii  range be-  
tween 0.1 and 0.3~. After formation, the tcore radii vary 
between 0.6 and 8~, with a predominat ion of 1-4~ 
pores. The active mass has a porosity about 15% larger 
than  that  of the unformed plate. However, if we take 
into account the data of Table II, it becomes clear that 
this value is too low. This discrepancy is caused by the 
f ragmentat ion of the samples dur ing preparation.  The 
fragments break down at the locations of the largest 
pores where the active mass is most brittle. These pores 
are thus lost in the measurement .  

Two stages may be recognized in the evolution of 
total porosity. During the first one (unt i l  the sixth 
hour) the total porosity of the surface decreases. This 
indicates that  the chemical reaction products predomi- 
nate over the electrochemical reaction products. During 
this stage the porosity in the inter ior  of the plate re-  
mains constant. This shows that  the effect of the sul-  
fatization reactions is compensated for by the effect of 
lead formation. Dur ing  the second stage the total 
porosity both of the surfaces and of the inner  parts 
increases. This is connected with the reduct ion of lead 
sulfate. 

From Fig. 6 it can be seen that  at the beginning  of 
formation, part of the pores decreases in radius. These 
pores are located at those points of the paste where 
only chemical sulfatization reactions have t aken  place. 
From Table I it is seen that  the molecular  volume of 
the products (lead sulfate and tribasic lead sulfate) is 
larger than  that of the s tar t ing compounds (lead 
oxide). On the other hand, at the exterior of the plate, 
where a lead zone has formed, the pore radius has 
increased (Fig. 2h). With the advance of formation the 
lead zone increases, as does the pore radius. Unt i l  the 
sixth hour, this effect is larger at the surface parts than 
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Fig. 6a. Change in pore size distribution and volume porosity 
until the eighth hour of formation. 

in  the bulk. This is in  good accord with the results of 
the phase composition studies. 

From Fig. 6 it  is seen that  at the eighth hour  of for- 
mat ion the pore size dis tr ibut ion in the inter ior  of the 
plate becomes identical  with that  of the surface parts. 
It  can be assumed that  after this moment  the reaction 
of formation of lead at the surface and in  the bu lk  
takes place at the same rate. Hence, the pore size dis- 
t r ibut ion  curves after the eighth hour  have the same 
shape. 

Eiec t rocrys ta i l i za t ion  Processes dur ing  Format ion  
of the  N e g a t i v e  P la te  

From the consideration of the e lementary  chemical 
and electrochemical reaction mechanism it becomes ap- 
parent  that  the evolut ion of the lead active mass takes 
place in  two stages. During the first stage the lead 
crystals are formed at the expense of dissolution of 
lead oxide and tribasic sulfate. The crystall ization 
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Fig. 6b. Continuation of Fig. 60. Subsequent change in the pore 
size distribution and volume porosity after the eighth hour of 
formation, e ,  Unformed plate; O ,  at the surface of the plate; X ,  
in the bulk of the plate. 

process occurs at a pH of the pore solution higher than  
that  of the bu lk  solution but  lower than  6 (the upper  
l imit  of stabil i ty of lead sulfate).  During this stage a 
network of lead crystals is bui l t  up. This network be-  
gins from the grid members,  grows first at the surface, 
and then in the interior of the plate. This lead network 
includes lead sulfate crystals. The growth of the lead 
crystals is controlled by the flow of lead ions which 
arr ive from the lead oxide and tribasic sulfate which 
are being dissolved. At a defined thickness of the plate, 
paste density, and manufac tur ing  technology conditions 
can be created which could ensure a directed growth 
of the lead crystals from the surface towards the center 
of the plate. Such a microstructure  of the active mass 
has been observed (14). 

During the second stage the lead sulfate crystals are 
reduced. They are dissolved and Pb 2+ ions lose their  
charge on the pr imary  ne twork  of lead crystals. This 
process occurs at a pH of the pore solution smaller than  
that of the bu lk  solution. This gives rise to the sec- 
ondary s tructure of the active mass. It  may be con- 
cluded that the bui ldup of the active mass of the nega-  
t ive plate depends on current  and paste density, sul-  
furic acid concentrat ion in  the electrolyte, and tem-  
perature.  The determinat ion of the effect of each of 
these individual  parameters  is of part icular  interest  
since it will  widen and increase our knowledge of the 
e lementary  processes which take place upon formation 
of the negative plate. 

Manuscript  received Jan. 22, 1974. 
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A n y  discussion of this paper  wil l  appear  in a Discus-  
sion Section to be publ ished in the June  1975 JOURNAL. 
Al l  discussions for the  June  1975 Discussion Section 
should be submi t ted  by  Feb.  1, 1975. 
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ABSTRACT 

Anodic t an ta lum oxide dissolves s lowly and un i formly  in hydrogen  fluoride 
almost  sa tu ra ted  wi th  ammonium fluoride. When the oxide is implan ted  wi th  
heavy  ions at fiuences of a round  1016/cm2, the  dissolution accelerates;  im-  
p lan ted  wi th  the same fluence of hydrogen,  i t  decelerates.  S imi la r  effects have  
been repor ted  in the l i t e ra tu re  for impur i t ies  incorpora ted  from the e lec t ro-  
ly te  dur ing anodization, and so the  changes in the  dissolution ra te  can be 
ascr ibed to the  physical  presence of the  impur i t ies  themselves.  Acce lera ted  
dissolut ion can be cor re la ted  wi th  the  concentra t ion profiles of implan ted  
atoms. This provides a new method  for measur ing  the lat ter ,  and one tha t  is 
pa r t i cu l a r ly  useful  for elements,  such as neon, which have no long- l ived  
radioisotopes.  The na ture  of the accelerat ing process could not be de te rmined  
owing to l imita t ions  in da ta  and analysis.  

Anodic  t an ta lum oxide dissolves s lowly and ve ry  
un i fo rmly  in concentra ted  mix tures  of hydrofluoric  
acid and ammonium fluoride. Thin un i form layers  can 
therefore  be removed in succession, and this forms the 
basis of a sectioning technique (1) for measur ing  the 
range  profiles of implan ted  rad ioac t ive  ions (2). Im-  
plantat ion,  however ,  is accompanied by  rad ia t ion  
damage,  and the l a t t e r  is known to change the p rope r -  
ties of mater ia ls .  To ensure  the precis ion of the  m e a -  
surements ,  therefore,  i t  was necessary  to find out  
whe the r  implan ta t ion  affected the  oxide  dissolution. 
Exper iments  wi th  s table  isotopes, pe r fo rmed  at flu- 
ences of 1016-1017/cm2, showed that  indeed it d id  (3). 
The implan ta t ion  of hydrogen  s lowed the  dissolution, 
but  the  implan ta t ion  of o ther  e lements  accelera ted  it. 

This difference be tween  hydrogen  and o ther  implants  
indica ted  tha t  rad ia t ion  damage  was not responsible  
for the changes in dissolution rate.  F u r t h e r  confirma- 
t ion was suppl ied  by  reanodizing implan ted  samples to 
grea te r  thickness.  The anodizing cur ren t  is thought  to 
flow th rough  the oxide by  the  s imultaneous r ea r r a nge -  
ment  of a number  of atoms, both  tan ta lum and oxygen,  
to new posit ions (4, 5), so that  any  s t ruc tura l  changes 
due to rad ia t ion  damage should anneal  out. I f  the  
change in dissolution ra te  remains,  therefore,  it  must  
be a t t r ibu ted  to the cont inued presence of the  im-  
p lan ted  species. Exper iments  wi th  implan ted  rad io-  
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dissolution, impurity effects. 

active k ryp ton  and copper show tha t  this  is precisely  
wha t  happens;  on reanodizat ion,  the  k ryp ton  stays in 
the  oxide and the  accelera ted  dissolution effect s tays 
wi th  it, whi le  the copper migra tes  out of the  oxide en- 
t i rely,  and no accelera ted  dissolut ion is observed (3). 
Impur i t ies  incorpora ted  from the solution dur ing  anod-  
ization, should therefore  behave  s imilar ly ,  and this is 
indeed observed.  

Effect of Impurities Incorporated during Anodization 
Radioact ive 32p and 3~S are  found in the  outer  layers  

of films formed in phosphate  and sulfa te  e lect rolytes  
containing ~ 2 p o 4 - - -  and 35SO4--  (6, 7), and nuclear  
microanalysis  has shown that  n i t rogen is incorpora ted  
from ni t r ic  acid e lect rolytes  (8). Though there  is no 
definite proof  that  these impur i t ies  are  present  as the  
oxyanions,  this seems probable  in view of the  oxygen  
analyses  by  Amsel  et al. (8). Natura l ly ,  the  amount  of 
impur i ty  incorpora ted  varies  wi th  the exper imenta l  
condit ions and is ve ry  small  in the  di lute  aqueous elec-  
t ro ly tes  no rma l ly  used (6, 1). In  concent ra ted  e lec t ro-  
lytes,  however,  it  can be large.  Anodic  films formed in 
these e lectrolytes  are  scarcely  oxides, and the i r  p rop -  
ert ies are  indeed significantly different.  The difference 
is, however ,  res t r ic ted  to the  outer  layers  of the  f i l l  
containing the impur i ty ,  since the  inner  layers  appear  
to be s imi lar  in al l  respects  wi th  films formed in di lute  
e lect rolytes  (6, 9, 10). 

Accelera ted  dissolut ion of these outer  l ayers  in H F  
reagents  has been  observed for films formed in con- 
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centrated H2S04 (8, 9), HCOOH (11), and Na2B407 in  
ethylene glycol (9). The acceleration increases with 
electrolyte concentrat ion (8, 9), and hence presumably  
with the impur i ty  concentrat ion in  the film. Nuclear 
microanalysis indicates that the S O 4 - - : T a  ratio in the 
outer layer  of films formed in  95% H2SO4 is about 
0.75: 1, and it is found that  such layers dissolve at about 
eight times the normal  rate (8). For comparison, the 
1016 S4Kr+/cm2 i l lustrated in  Fig. 2 of Ref. (3) are 
mostly present  in the first 300A of oxide, to give an 
average K r : T a  ratio of 0.15:1; and the accelerated 
str ipping that results is, on average, about twice the 
normal  rate. The effects observed with incorporated 
sulfate and implanted krypton  are therefore approxi-  
mately  in proportion. 

Not all incorporated impuri t ies  accelerate the dis- 
solution, however, as examinat ion  of the films formed 
in 85% H3PO4 will  show. A report  (6) that  the outer 
layers of these films show accelerated str ipping is in  
error, because the film thicknesses were determined by 
reciprocal capacity measurements.  Similar  measure-  
ments  on films formed in concentrated formic acid did 
not ta l ly with thicknesses obtained by optical and 
weight gain methods (11). If the corrections indicated 
in  Ref. (11) are applied to the measurements  reported 
in  Ref. (6), the la t ter  will  agree with (9) and (11) that  
the outer  layer  of films formed in 85% H3PO~ dissolve 
at about two thirds the normal  rate. Phosphate im- 
pur i ty  therefore decelerates the dissolution. Deceler- 
ated dissolution has also been observed with implanted 
hydrogen atoms (3), where'  it was a t t r ibuted to the 
formation of hydrogen bonds. A similar  chemical rea-  
son may well  be responsible for the effect with phos- 
phate. 

Studies with phosphate-s2P electrolytes have shown 
that the s2p is incorporated un i formly  throughout  the 
outer layer  of the oxide (6, 7), and fur ther  experiments  
(6, 9) show that this layer  dissolves at a constant  rate. 
The deceleration thus appears to be related to the con- 
centrat ion profile of the presumed phosphate-s~P, and a 
similar comment is probably t rue for sulfate-ssS (6, 9). 
It should be noted, however, that  recent measurements  
with an ion microprobe mass spectrometer (12) suggest 
that the phosphorus is not incorporated uniformly,  but  
is concentrated toward the outer edge of the outer 
layer. Obviously, fur ther  work is needed to resolve 
this discrepancy. 

The dissolution of anodic t an ta lum oxide is thus af- 
fected by  impurities,  however these are incorporated. 
It  is then  reasonable to suppose that any change in  the 
dissolution rate will  be proport ional  to the local con- 
centrat ion of the impur i ty  atoms, and hence that  the 
variat ion in the dissolution rate  will  be related to their  
concentrat ion profile. The present  paper shows that 
this variat ion can indeed be used to measure the con- 
centrat ion profiles of implanted atoms. 

Exper imental  Procedure 

Chemically polished t an ta lum foils, 3.5 X 1.0 X 0.037 
cm (0.015 in.),  were anodized to the required thick- 
ness at 1 mA/cm 2 and 25~ in  0.1M H2SO4. A small 
area, 0.5 X 0.8 cm, in  the middle of one face was then 
implanted with the appropriate fluence, usual ly  1016/ 
cm 2, of noble gas ions in a mass separator. The fluence 
was monitored by determining the amount  of charge 
deposited on the foil. Oxide thicknesses on the im-  
planted and  nonimplan ted  areas were then  measured  
by means of a spectrophotometric method (1). Though 
calibrated for nonimplanted  oxide, the method can be 
applied, with reasonable confidence, to oxides im- 
planted with up to 1016 ions/cm 2 (3). The anodic film 
was then sectioned by dissolution in  HF almost satu-  
rated with NH4F (1), and the thicknesses on both areas 
measured after the removal  of each oxide layer. More 
complete details can be found in  Ref. (3), where the 
identical procedure was used. 

The implanted atoms came to rest only in  the surface 
layer  of the anodic film. When sectioning began, there-  
fore, this surface layer  dissolved more rapidly than 
usual, and so the oxide thickness, X, on the implanted 
area decreased faster than  that, Xn, on the nonim- 
planted area. Once the surface layer  had been removed, 
the remaining  oxide on the implanted area was oxide 
that had not been implanted at all. It  therefore dis- 
solved at the same rate as the oxide on the non im-  
planted area, so that the film thickness on both areas 
now decreased at the same rate. The heavy lines in  the 
top part  of Fig. 1 i l lustrate this process schematically. 
An al ternat ive and more convenient  method (3) of 
presenting the results is given in the bottom part  of 
the figure, where the implanta t ion differential, which 
is defined as the oxide thickness remaining on the im-  
planted area less that  remain ing  on the nonimplanted  
area, is plotted against the oxide thickness dissolved 
from the lat ter;  i.e., ( X  - -  Xn) vs.  (Xn(1) -- Xn), 
where Xn(1) is the init ial  thickness on the non im-  
planted area. 

The experimental  measurements  were in the form 
of a series I : 1 ,2 , . . . ,  N of oxide thicknesses, X ( I ) ,  
remaining on the implanted area as a function of the 
corresponding thicknesses, Xn (I), remaining on the 
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Fig. I. Schematic diagrams to illustrate the relation between the 
various parameters discussed in the text. The experimentally 
measurable quantities defined in Ref. (3) are the initial implanta- 
tion differenHal (I), the final implantation differential ( I lL and 
the magnitude of the accelerated stripping (111). The upper dia- 
gram shows how the thicknesses on the implanted area, X, and the 
nonimplanted area, Xm vary with time, while the lower illustrates 
the corresponding variation in the implantation differential, 
X - -  Xm as a function the oxide thickness dissolved from the 
nonimplanted area, Xn(1) - -  Xm All experimental results, both 
here and in (3), are presented in the format of the lower illustra- 
tion. The constant of integration, C(4), has been drawn as a nega- 
tive quantity in these diagrams; experimentally it was found to be 
positive. 
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nonimplanted  area. The s tandard errors in  each mea-  
surement,  EX(I )  and EXn(I) ,  were calculated as de- 
scribed in (1). The problem was, therefore, to correlate 
the variat ion in X with the concentrat ion profile of the 
implanted atoms. 

Mathematical Analysis 
Range profiles for ions implanted in  anodic t an ta lum 

oxide are normal ly  distr ibuted wi th in  exper imental  
error  (2). Using the nomencla ture  of previous papers, 
these profiles can be described by 

] Y [1] 
~/(~) .c(3) ~ :c(3) J 

where Y is the local concentration of implanted ions 
in  units  of number /cub ic  angstrom; X is the distance in  
angstroms from the meta l /oxide  interface; F is the 
fluence of implanted ions in  uni ts  of number /angs t rom,  
equivalent  to 10 -16 times the number / squa re  centi-  
meter;  C(2) is the distance in angstroms between the 
profile mode and the meta l /oxide  interface; and C(3) 
is the s tandard deviation, also in angstroms, of the 
range profile. 

Since the concentrat ion profile remains  close to a 
normal  dis t r ibut ion on fur ther  anodization (4), Eq. [1] 
can be applied with little error to reanodized samples 
as well. 

As a first attempt, the accelerated dissolution of the 
oxide may be at t r ibuted to the ins tantaneous dissolu- 
t ion of a certain volume, C(1) A a, in the immediate 
vicinity of each implanted ion. When one cubic ang-  
strom of implanted oxide is dissolved at the normal  
rate, therefore, it will  be accompanied by an addit ional  
C(1) - YA 3 dissolved instantaneously.  If  the dissolu- 
t ion rate for the nonimplanted  oxide is given by 

dXn/dt = --B [2] 

that for the implanted oxide will be 

dX/d t  = - - B ( 1 %  C(1) �9 Y) [3] 

where the negative signs occur because the sectioning 
decreases both X and Xn. The simultaneous integrat ion 
of Eq. [2] and [3] then describes the relationship be-  
tween X and Xn, as i l lustrated in the upper  part  of 
Fig. 1. 

It  is, however, much more convenient  to e l iminate  
the time variable. Dividing Eq. [2] and [3] by dt/dXn 
= - -  1/B gives 

dXn/dXn ----- 1 [4] 
and 

dX/dXn ---- 1 + C(1) �9 Y [5] 

as indicated in  the lower part  of Fig. 1. The s imul tane-  
ous integrat ion of Eq. [4] and [5] is now taken with 
respect to Xn, and can be performed numerica l ly  by 
means of a Runge-Kut t a  procedure (13) on a com- 
puter. The integrat ion is, of course, t aken  in  the direc- 
t ion of decreasing X and Xn. 

Figure 1 shows the connection be tween the param-  
eters C(1),  C(2),  and C(3),  and the quanti t ies  previ-  
ously defined (3). Range profiles in anodic t an ta lum 
oxide are not complete normal  distributions, because 
they are t runcated  by the oxide surface (2). The Runge-  
Kut ta  procedure must  therefore be started well beyond 
the oxide surface. In  the present  analyses it  was started 
at an  oxide thickness equivalent  to C(2) -/- 5C(3);  
that  is, five s tandard deviations before the mode. A 
constant of integration, C(4) ,  is necessary; as i l lus- 
t rated in Fig. 1, this is s imply the difference between 
X and Xn at the start of the procedure, not at the start 
of the experimental  measurements  themselves. Though 
actual ly drawn as a negat ive quanti ty,  C(4) may be 
positive; its physical significance is discussed later. 

Best estimates for the four parameters  were obtained 
by applying the least squares fitting procedure des- 
cribed in (2). The independent  variable  was Xn, and 

the dependent  variable X. To make the fit, X was com- 
puted for the N values of Xn and the values of the four 
parameters adjusted unt i l  the sum of the squares of 
the differences between observed and calculated values 
for both X and Xn was minimized. Besides giving best 
estimates for the parameters,  the procedure also pro- 
vided s tandard errors in  these estimates, and a chi- 
square probabil i ty measurement  or fitting probabili ty,  
p (x 2) N-4, for the goodness-of-fit. 

The least squares fitting procedure has, however, 
certain limitations, and these became effective in  the 
course of this work. Since they have not been studied 
to any  extent, either here or elsewhere, a detailed dis- 
cussion is impossible; a few qual i tat ive comments are 
all that  can be presented. 

The fewer the exper imental  points, and the more in-  
accurate they are, the less the informat ion that can be 
extracted from them in  a least squares fit; that  is, the 
fewer the parameters  that  can be characterized, the 
more inaccurate they are, and the greater the difficulty 
of dist inguishing be tween al ternat ive  expressions of 
fit. It has been recommended that the number  of ex- 
per imental  points should be at least three times the 
number  of parameters  to be fitted (14), so that  at least 
twelve points were required here. With twelve to six- 
teen points per sample, the modal values, C(2),  were 
general ly  reasonable but  the s tandard deviations, C (3), 
were f requent ly  not. This recommendat ion is, however, 
only a rule of thumb, and so it is not very surpris ing 
that there should be occasions on which it does not 
apply. When the number  of points was raised to more 
than six times the number  of parameters  to be fitted, 
that is, to twenty- four  or more points, reasonable re- 
sults were always obtained with both parameters,  as is 
demonstrated later. 

One criterion for the satisfactory fit of a number  of 
samples is that the fitting probabilit ies should be 
scattered about 0.5; that  is, some should be bet ter  than 
average and some should be worse. The fits made here 
with twenty- four  or more points all gave fitting prob- 
abilities of bet ter  than 0.908, which is ra ther  too good 
to be true. Too good a fit will  be obtained if the error 
in each exper imental  point has been overestimated; 
this does not seem l ikely here, since the magni tude  of 
these errors is well established (1, 2). Alternat ively,  
too many  parameters  could have been used in the fit- 
ting; again this does not seem likely, because the sys- 
tem can hardly  be described with less. The obverse of 
this a rgument  is that the exper imental  data are insuf-  
ficient to characterize the number  of parameters  used, 
and this explanat ion is believed correct. 

The least squares fitting procedure is thus being 
pushed rather  close to its l imit  in the present work, 
and so there is some addit ional uncer ta in ty  in the fig- 
ures quoted. The mathematical  significance of any com- 
parisons is therefore less reliable than  usual. 

Testing the Proposed Correlation 
For test purposes, samples with known  concentrat ion 

profiles were required. These were prepared by im-  
plant ing 84Kr+ and S~Kr+ jo int ly  at 40 keV to a total 
fluence of 1016 ions/cm2; the stable S4Kr+ provided the 
fluence required for the dissolution measurements,  
while  the radioactive s'~Kr+ acted as the tracer needed 
for the measurement  of the concentrat ion profile. Two 
such samples were used, one as implanted, while the 
other was reanodized by 2308A; the results have been 
i l lustrated in Fig. 2 of Ref. (3). The test of the correla- 
tion, then, was whether  the parameters  C (2) and C (3) 
determined from the dissolution analysis would agree 
with those obtained from the radioactive measurements  
wi thin  their  combined exper imental  errors. 

The range profile in the implanted sample gave 

C(2) ---- 1708__2A; C(3) ---84_+2A 

by SSKr analysis, and 

C(2) ---- 1712___9A; C(3) ---- 100_+15A 
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by dissolution analysis. Similarly,  the specimen im- 
planted and then reanodized gave 

C(2) ~-2432_13A; C(3) -- 102• 

by 85Kr analysis, and 

C ( 2 )  - - - - 2 4 3 3 •  C ( 3 )  - - - -88•  

by dissolution analysis. Since the difference be tween 
any pair of measurements  is less than  twice the root 
mean  square of the component  s tandard errors, the re-  
sults apparent ly  agree. 

I n  reaching this conclusion, however, several other 
factors must  be taken into account, besides the un -  
certainty in  the least squares fitting procedure de- 
scribed previously. 

(i) It has been assumed that the range profile Sot 
S4Kr+ (SSKr+) implanted to 10 TM ions/cm ~ at 40 keV is 
normally distributed.--This assumption is certainly 
justified for krypton ions implanted at fluences up to 
10 TM ions/cm ~, as demonstrated previously (2). The 
present  sample shows that it is justified for 10 ~6 ions/  
cm 2 as well, since the fitting probabil i ty,  p(xU)~8, ob- 
ta ined with the SSKr analysis was 0.863, well  above the 
acceptance limit of 0.025 (2). 

( i i )  It has been assumed that the S4Kr concentration 
profile remains normally distributed on ]urther anod- 
i~ation.~As discussed elsewhere (4), reanodization has 
the effect of folding a normal  dis t r ibut ion into the 
original profile. If the la t ter  is a complete normal  dis- 
t r ibution,  the final profile will  also be normal ly  dis- 
tr ibuted, and its s tandard deviation will  be equal to the 
square root of the sum of the squares of the component  
s tandard deviations. When the init ial  profile is a t r u n -  
cated normal  distribution, however, the final profile 
cannot be normal ly  distributed. The departure  from 
normal i ty  will  depend on the degree of t runca t ion  and 
on the relat ive magni tudes  of the component  s tandard  
deviations. If the t runcat ion  is small and the s tandard 
deviation of the folding dis tr ibut ion large, the depar-  
ture from normal i ty  will be negligible, as demonstrated 
by the 5 keV l~Xe  samples reanodized in previous 
work (4). 

In  the present  work, however, the krypton  ions were 
implanted at 40 keV. Though the degree of t runca t ion  
is much the same for both 5 and 40 keV (2), the rela-  
tive magni tude  of the s tandard deviat ion folded in will  
be much less for a broad 40 keV profile than  for a na r -  
row 5 keV one. It  is not surprising, therefore, that  the 
normal  dis t r ibut ion should give a poor fit (p(x2)lO 
0.001) to the reanodized sample by SSKr analysis. By 
contrast, the fit obtained with the dissolution analysis 
(P (x 2) 10 ---- 0.958) was excellent. 

(iii) Equation [5] contains the assumption that C(1) 
is a constant independent of the stripping rate I l l . -  
Three oxide specimens were implanted wi th  10 TM 39 

8 6 3  

keV 40Ar+/cm 2 in the same series of implantat ions  to 
ensure reproducibi l i ty  (3), and then analyzed in  three 
different samples of the HF-NH4F str ipping agent. The 
proportions of HF and NH4F were adjusted (1) to ob- 
ta in  str ipping rates in a ratio of approximately 1:2:4, 
and the samples were main ta ined  at 26~ by  means of 
a water  bath. Average str ipping rates were calcu- 
lated by dividing the total str ipping t ime into the total 
thickness removed from the nonimplan ted  area. The 
results are given in Table I, from which it will  be seen 
that  the three C (1) values are indeed similar. 

(iv) Equation [5] also requires that C(1) be inde- 
pendent o] the implantation ]tuence F . - - I n  this same 
series of implantations,  an anodic oxide was implanted 
with 2 • 10 TM 39 keV 4~ 2. Table I shows that  
the value of C(1) was again similar to those obtained 
at 1016 ions/cm 2. 

(v) The proposed correlation must give acceptable 
(p(xZ)N_4 > 0.025) fits to the experimental data.--The 
ini t ial  implanta t ion  differential, I, is always negative 
with these heavy ions, and may be taken as a first 
estimate for C(4).  As indicated in  Fig. 1, it must  be 
corrected for that  portion of the normal  distr ibution 
extending beyond the oxide surface, and since this cor- 
rection is l~ositive, the effects tend to cancel. The ini t ial  
implanta t ion  differentials for the three 1018 4~ 
samples in Table I averaged --16A, while C (4) aver-  
aged q-10A; the t runcat ion  correction was therefore 
-{-26A. This positive result  with C(4) may  perhaps be 
interpreted as a swelling of the oxide s tructure due to 
the implanta t ion of the argon ions. Such an effect would 
normal ly  be masked by the sput ter ing responsible for 
the observed negative implanta t ion  differential. When 
2 X 10 TM 4~ 2 were implanted,  C(4) was twice 
as large, exactly as expected from this interpretat ion.  

(vi) The proposed correlation must give reasonable 
estimates ~or C(1).mThe crude hypothesis, that each 
implanted ion is embedded in a volume C( 1 ) A  3 which 
dissolves instantaneously,  thus accounts ra ther  well  
for the observations considered so far. It  but  remains 
to examine  C (1), which for the sample implanted with 
2 • 10 TM 40Ar+/cm2 was found to be 337A 8 (Table I).  
An estimate for C(1) may  readily be obtained from 
the magni tude  of the accelerated str ipping (labeled III 
in Fig. 1) corrected for the t runcat ion  effect; the result  
is 322A. That is, the implanta t ion  of 2 40Ar+/A 2 of sur-  
face gives rise, on average, to the removal  of 322A 3 
by accelerated stripping, so that  each implanted  4OAr § 
gives rise to the removal  of 161A 3. This figure is just  
less than  ha l f  the computed one, and so the la t ter  
must  be in  error. 

(vii) Correction for C(I) . - -The fault  is, however, 
readily corrected. For  every cubic angstrom removed 
from the implanted area by ordinary  dissolution, an 
additional C (1) �9 YA 8 will  be removed by accelerated 

Table I. Parameters for 39 keV 4~  range profiles determined from dissolution analyses 

Standard errors have been quoted. Interpolation of the range data in (2) suggests that the modal range 
should be about 230A and the standard deviation 150A 

A v e r a g e  I m p l a n t a t i o n  V o l u m e  S t a n d a r d  I n t e g r a t i o n  N u m b e r  0 f  
s t r i p p i n g  f luence ,  per  ion,  M o d a l  r a n g e ,  dev ia t ion ,  cons tant ,  e x p e r i m e n t a l  

rate ,  A / r a i n  F i o n s / A  2 C(1 ) ,  A8 (X(1 )  -- C ( 2 ) ) ,  A C(3 ) ,  A C ( 4 ) ,  A po ints ,  N p(x~)~-4  

dX/dX. = 1 + C(1).Y = 1 + C(1)/(~/(2~r).C(3)).exp(--((X -- C(2))/(X/2.C(3)))s) [5] 

21.0 1 392 -~ 6 216 _ 3 148 -4- 4 11 -~ 4 34  0.986 
50.9 1 386 + 6 213 -4- 3 147 -~ 4 12 + 4 35 0 .974 

116.7 1 866 "~ 6 225 • 3 145 _ 4 7 ~- 4 32 0.999 
50.1 2 337 + 8 224 • 4 150 • 6 2 2 ~  • 8 31 0 .908 

(C(1) .Y)~ (C(1) .Y)-~ 
dX/dX. = exp(C(1).Y) = I + C(1).Y + - -  + . . . + - -  + . . . [8] 

80.1 2 224 • 5 223.5 • 4 168.5 • 6 24  ~ 7 31 0 .928 

dX/dX. = 1/(1 -- C(1).Y) = 1 + C(1).Y + (C(1).Y)s + �9 . . + (C(1).y)• + . . . 

80.1 2 161 -" 4 223 - -  4 191.5 "- 6 

[71 

25.5 ~ 6 31 0.858 



864 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  July  1974 

str ipping due to the implanted ions it contains. This 
addit ional volume will itself contain implanted ions, 
and these will give rise to the removal of a fur ther  
(C (1) �9 Y) 2A3 by accelerated stripping. The argument  
repeats in  such a way that  Eq. [5] becomes 

dX 
: I + C ( 1 )  " Y +  (C(1)  . Y ) 2 + . . .  

dXn 
+ (C(1) �9 Y ) "  + . . .  [6] 

Since this a rgument  assumes that there is no overlap 
between adjacent  C(1) cells, C(1) �9 Y <  1; hence [6] 
may be wr i t ten  

dX 1 
- -  - -  [7] 
dXn (1 -- C(1) " Y) 

A least squares fit of Eq. [7] gave C(1) as 161A 3, ex- 
actly as required; that is, the quant i ty  l a b e l e d / ( C ( 1 ) )  
in  Fig. 1 is now just  2 �9 C(1).  Table I shows, however, 
that  though C(2) and C(4) remained the same as be-  
fore, C(3) ballooned from the expected 150A to 192A; 
Eq. [7] is not, therefore, satisfactory either. 

(viii) A second correction.--But it is not realistic to 
suppose there will be no overlap between adjacent 
C(1) cells. The ions are implanted at random, and so 
some will come sufficiently close to cause overlap. The 
proport ion that  do so will  obviously increase with in -  
creasing fluence. Some relat ively s traightforward 
mathematics,  based on the fraction of the over-al l  
volume present in the C(1) cells, showed that Eq. [7] 
would convert  to 

dX 
-- exp (C(1) �9 Y) [8] 

dXn 

when overlap was taken into account. The least squares 
fit of Eq. [8] gave results in termediate  to those from 
Eq. [5] and [7], for reasons that are obvious from 
the series expansions in  Table I. 

(ix) Further corrections.--Even with these correc- 
tions applied, therefore, the correlation is still not 
realistic. The second correction permits adjacent  C(1) 
cells to overlap completely, which would mean  that  
two 4~ ions come to rest in exactly the same place 
to form S0Kr++! Fur thermore,  it is unreasonable  that  
the individual  C(1) cells should dissolve ins tan tane-  
ously at an infinite rate;  they would dissolve at some 
mult iple  of the normal  rate. Again, the boundary  be-  
tween the C(1) cells and the rest of the oxide is un -  
l ikely to be sharp. The rate of dissolution will decrease 
with distance from the implanted ion and may also 
vary  with direction. Almost certainly, the rate would 
change once the implanted atom itself had been dis- 
solved. 

These several factors can only be described with the 
aid of additional parameters.  Previous discussion has 
shown that the available measurements  are barely  ade- 
quate to characterize the four parameters  that mus t  
be used; they would therefore be quite incapable of 
resolving more. The conclusion must  be, then, that  it is 
impossible to determine the mechanism of the acceler- 
at ing process from the available data, and hence that 
it is impossible to determine the t rue correlation be-  
tween the concentrat ion profile and the accelerated 
dissolution. 

Nevertheless, the fit of Eq. [5] has given good values 
for the mode and s tandard deviation of the krypton 
and argon profiles studied. Provided sufficient experi -  
menta l  points are taken, therefore, this accelerated 
dissolution may  be used to measure range profiles at 
fiuences of 1016/cm=. 

Concentration Profiles Measured by Accelerated 
Dissolution 

When Eq. [5] was fitted to the samples reported in 
the previous paper (3), reasonable results were ob- 
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Fig. 2. Accelerated stripping observed with I0 TM 2~ 
implanted at 25 keV. Error ellipses have been drawn around some 
of the points at radii equal to twice the standard errors to indicate 
the magnitude of the 95% confidence limits around each point. 

tained for the modes and poor results for the s tandard 
deviations. These samples had not, however, been  in-  
tended for least squares fit analysis, and so relat ively 
few points had been taken. The use of accelerated dis- 
solution for range profile measurements  may be il lus- 
t rated by reference to the 25 keV 20Ne+ sample of 
Fig. 2; the modal range was found to be 257 ___ l lA,  and 
the s tandard deviat ion 183 __+ 25A. For comparison, 
range parameters obtained with various radioisotopes 
(2) may be extrapolated to 25 keV ~0Ne+, and give a 

modal range of about 280A and a s tandard deviation 
of about 180A; the two estimates are thus in reasonable 
agreement. 

This accelerated dissolution method for measur ing 
range profiles is par t icular ly  useful with elements, 
such as the neon discussed above, for which no long- 
l ived isotopes exist. 

Conclus ions  
1. Implanta t ion of impuri t ies  changes the dissolution 

rate of anodic t an ta lum oxide in  buffered HF, and these 
changes are very similar  to those reported with im- 
purities incorporated from the electrolyte dur ing 
anodization. 

2. This observation provides additional evidence that 
the radiat ion damage accompanying ion implanta t ion  
is not responsible for the observed effects. 

3. The implanta t ion of heavy ions accelerates the dis- 
solution, and this acceleration can be correlated em- 
pirically with the range profile. 

4. The mechanism of the acceleration is, however, so 
complex that  it cannot be elucidated from the avail-  
able experimental  evidence. 

5. If the ions are implanted at a fluence of about 
]016/cm 2, an  empirical correlation can be used to mea-  
sure their concentrat ion profiles. 
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ABSTRACT 

Argon, krypton,  xenon, and radon have been used as markers  for measur-  
ing the t ransport  numbers  of metal  and oxygen dur ing the anodic oxidation 
of tantalum. With in  experimental  error, the results are independent  of marker  
concentrat ion over five orders of magnitude,  and so the markers  do not in -  
fluence the t ransport  mechanism by their  presence, or by any radiation 
damage accompanying their  implantat ion.  Neon behaves in the same way as 
the heavier  gases and is thus also suitable as a marker .  

An oxide film on a metal  surface will  th icken only 
if metal  atoms, or oxygen atoms, or both migrate  across 
it. The actual mechanism can be identified by label ing 
a thin layer  in the oxide  with a suitable marker .  On 
fur ther  oxidation, the metal  atoms migrat ing outward 
through the marked  layer  give rise to new oxide be-  
tween it and the ox ide /env i ronment  interface. Simi-  
larly, oxygen atoms migra t ing inward form new oxide 
between it and the meta l /oxide  interface. The final 
position of the marker  is thus determined by its posi- 
t ion in  the ini t ial  oxide, as modified by  the subsequent  
metal  and /o r  oxygen migrat ions to either side. By 
measur ing the position of the marker  before and after 
the oxidation event, therefore, the relative migrat ion 
of metal  and oxygen may be determined. 

Though this concept is simple enough in theory, it 
presents one very formidable difficulty in practice. This 
is the difficulty of establishing that  the chosen marker  
real ly is behaving as a marker.  Two requirements  must  
be met: the marker  must  not itself migrate  dur ing the 
oxidation event, and it must  not interfere with the 
oxidation process; that is, it must  be both immobile and 
inert. 

These questions have been discussed at length  in a 
recent report  on the anodic oxidation of t an ta lum (1). 
Because the metal  and oxygen migrat ions in  this 
system are associated with the passage of an electric 
current,  their  relative magni tude  can be specified in  
terms of t ransport  numbers.  Atoms of the heavier  
noble gases were used as markers,  and their  immo-  
bil i ty tested against the following argument .  If one of 
the noble gases is immobile, they all will be, and hence 
the t ransport  numbers  measured with the different 
gases should be exactly the same. Very precise mea-  
surements,  using a sectioning technique (2) to measure 
the concentrat ion profiles of radioactive noble gas 
isotopes (3), showed, however, that they were not 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: tantalum, anodic oxidation, ion implantation, markers. 

exactly the same. The t ransport  numbers  measured with 
41Ar, 79Kr, and 125Xe were all slightly different from 
one another, and the differences were significant at the 
2.5% probabi l i ty  level. FUrthermore, the measurements  
were in the correct order for a real effect, since 79Kr 
gave the in termediate  result. The small  mobil i ty  re- 
vealed was in terpre ted as a nonrandom Brownian  mo-  
tion, and an appropriate correction was made to obtain 
best estimates for the t ransport  numbers.  Noble gas 
markers  must  therefore be regarded as almost, but  not 
quite, immobile. 

No changes in the anodizing behavior  had been de- 
tected with the markers  present, and so they were pre-  
sumed to be inert.  These experiments  had, however, 
been conducted with radioisotopes of the noble gases, 
and so the implanted concentrations were very low; 
not more than about 260 atoms per mi l l ion matr ix  
t an ta lum and oxygen atoms in fact. [Due to an un -  
for tunate  miscalculation, the concentrat ions quoted in 
the previous paper  (1) are ten  times too large.] 

Experimental Procedure 
A fur ther  test for the marker  behavior  of the noble 

gases was to implant  them at much higher fiuence, so 
that their  effect on the t ransport  mechanism, if any, 
would be enhanced. The max imum fluence obtained in 
the previous experiments  with radioisotopes had been 
about 1013/cm2; by implant ing  stable isotopes as well, 
the total fluence could easily be raised to 1016/cm 2 or 
more. Radioactive (---1013 SSKr/cm2) and stable iso- 
topes (10 TM S4Kr/cm:2) were therefore implanted at the 
same time into a small  area, 0.5 • 0.8 cm, on the face 
of a 3.5 X 1.0 cm anodized tan ta lum foil, according to 
the procedure described elsewhere (4). Under  these 
circumstances, the radioisotope acted as a tracer for 
the much larger quant i ty  of stable isotope, and so the 
concentrat ion profile of both isotopes together could 
be determined by the usual sectioning technique (2). 
With in  exper imental  error, these profiles were found to 
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be normal ly  distr ibuted (5), both before and after 
fur ther  anodization, and so their  modes could be used 
as measures of marker  position. Transpor t  numbers  
were then  calculated from the formula derived in 
Ref. (1), viz. 

t m =  (hf - -  C(2) - -  r ) / ( h f  - -  hi) 
t o  : (C(2) -}- r -- h i ) / ( h f  -- hi) [1] 

where tm and to are the t ransport  numbers  of the metal  
and oxygen, respectively, hi is the ini t ial  oxide thick-  
ness, hf the oxide thickness after fur ther  anodization, 
C(2) the modal position of the gas in the final oxide, 
and r the modal  range of the gas as implanted.  

Implan ta t ion  fluences of 1016/cm2 give rise to noble 
g a s  concentrations of several atom per cent in the sur-  
face layers of the oxide. Not surprisingly,  such massive 
concentrat ions of impur i ty  alter the properties of the 
anodic film. Thus oxide loaded with noble gas dissolves 
more rapidly in the HF-NH4F reagent  used for sec- 
t ioning (2), and so the film thickness on the 0.5 • 0.8 
cra implanted area thins faster. The difference (film 
thickness on the implanted area less that  on the sur-  
rounding nonimplanted  area) has been defined as the 
implanta t ion  differential (4), and it varies as sectioning 
proceeds. A typical (not best) result  is i l lustrated in  
Fig. 1. The rate of change in  the implanta t ion  differ- 
ential  is determined by the accelerated stripping rate 
on the implanted area, and this in t u rn  can be re-  
lated to the local concentrat ion of noble gas impuri ty .  
It  is therefore possible to use this var ia t ion in  the im-  
planta t ion differential to measure the noble gas con- 
centrat ion profile (5). Accelerated str ipping thus pro-  
vides an al ternat ive method for measur ing  t ranspor t  
numbers  at high gas concentrations, and the 10 TM 

~ K r  + SSKr/cm2 sample in Table I shows that  the 
results agree, wi th in  exper imental  error, with those 
obtained from the radioisotope measurements .  

Pilot measurements  with an ell ipsometer indicate 
that  a high concentrat ion of noble gas impur i ty  alters 
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tantalum oxide implanted with 10 TM 25 keV 2~ and re- 
anodized from an initial thickness of 913,~ to a final thickness of 
3048A. The amount stripped is the total oxide thickness removed 
from the nonimplanted area during the sectioning process (2); the 
implantation differential is the film thickness remaining on the 
implanted area less that remaining on the nonimplanted area. 
Error ellipses have been drawn at radii of twice the standard 
errors around some points to indicate the magnitude of the 95% 
confidence limits around each paint. The dashed line indicates the 
result for a sample, in the same series of implantations (4), that 
had not been reanodized. The original results are given in Fig. 2 of 
Ref. (5). 
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Table I. Comparison of transport numbers for oxygen in the anodic 
oxidation of tantalum, as determined by radioisotope and 

accelerated stripping methods and Eq. [1] 

Erro r s  q u o t e d  are l eas t  squa res  e r ro r s  of  fit, c a l cu l a t ed  a c c o r d i n g  to  
Eq. [11] in  Ref. (1); the  m e a s u r e m e n t s  a t  10 TM i o n s / c m  2 m a y  we l l  b e  
sub j ec t  to a d d i t i o n a l  e r r o r  o w i n g  to  changes  in  the  op t i ca l  charac -  
t e r i s t i c s  of the  ox ide  (4). A n o d i z i n g  cond i t i ons :  1 m A / c m  ~, 0.1M 

H2SO~, 25~ w i t h  a p p r o x i m a t e l y  2000A of ox ide  added .  

The  t r a n s -  The  t r ans -  
po r t  n u m b e r  po r t  n u m b e r  
m e a s u r e d  by  m e a s u r e d  by  A t  a 

A t  a r a d i o a c t i v i t y  acce le ra t ed  f luence 
Noble  gas f luence of  was  s t r i p p i n g  was  of 

~ l t n  1011/cm ~(a) 0.749 ~--. 0.002 
l ~ X e  1012/cm2(a) 0.746 "4- 0.003 
79Kr 1 0 ~ / c m  ~(a) 0.743 "4- 0.003 
S~Kr + S~Kr 1016/cm2(b) 0.744 --+ 0.0U7 
~lAr 1013/cm2(") 0.741 ----- 0.003 

~ A r  

2ONe 

0.744 ~ 0.006 101~/cm = 

0.760 -~- 0.010 1016/cm = 

0.761 • 0.006 101B/cm ~ 

(a) D a t a  f r o m  Ref. (1).  
(b) I l l u s t r a t e d  in  Fig .  2 of  Ref.  (4). 

the optical properties of the anodic film, par t icular ly  
after fur ther  anodization (4). A change in  the optical 
properties will introduce systematic errors into oxide 
thicknesses measured by the spectrophotometric 
method (2), and hence into all the quanti t ies  appearing 
on the r igh t -hand  side of Eq. [1]. Transport  numbers  
measured  with high concentrat ions of noble gas are 
therefore inherent ly  less accurate than those measured 
at low concentrations. 

Discussion 
Table I shows that the t ransport  numbers  are inde-  

pendent  of fluence over the five orders of magni tude  
studied. The radon atoms implanted  at a fiuence of 
1011/cm 2 will come to rest approximately 100 matr ix  
atoms apart, and so there will, in  effect, be large 
stretches of un implan ted  oxide be tween them. Any  in-  
terference with the t ransport  mechanism in  the na tura l  
oxide should therefore be very slight. By contrast, the 
implanta t ion  of 10 TM S4Kr+ and 85Kr+/cm2 puts the 
krypton atoms in almost nearest  neighbor positions to 
one another. The similari ty of the t ransport  numbers  
under  these extreme conditions then  strongly suggests 
that  noble gas markers  do not  affect the t ranspor t  
process by their  presence, or by any radiat ion damage 
accompanying their  insertion. The implication, there-  
fore, is that  the noble gas atoms present in  high con- 
centrat ions must  be as mobile, or more correctly, as 
immobile, as those implanted at low concentration. 

High concentrations of noble gas impur i ty  could also 
affect the over-all  kinetics of the anodization process. 
Since anodization normal ly  gives rise to oxide film of 
uniform thickness (2), any change in  the kinetics 
on the implanted area dur ing  fur ther  anodization may 
be expected to give a final oxide thickness different 
from usual. This would be manifest  as a nonzero im-  
planta t ion differential. Reference to Fig. 1, and the 
corresponding Fig. 2 of Ref. (4) for krypton,  wil l  show 
that  the implanta t ion differential was negative im-  
mediately after reanodization, so that  the final thick- 
ness on the implanted area was less. This observation 
was general ly t rue  of reanodized samples containing 
10 TM noble gas atoms/cm 2 and suggested that the anod- 
ization was slightly inhibi ted by this quant i ty  of noble 
gas. Such in terpre ta t ion must  be viewed with caution, 
however, in view of the uncer ta in ty  attaching to film 
thickness measurements  at high concentrations of im- 
purity.  Nevertheless, from the magni tude  of the effect 
observed at 1016/cm2, it is quite clear that the effect at 
1013/cm 2 would be negligible, and hence that  the noble 
gas markers  would indeed be effectively iner t  at the 
lower fluence. 

Because accelerated str ipping does not depend on the 
nuclear  properties of the implanted  atoms, it could be 
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Fig. 2. Accelerated stripping, or lack of it, observed with im- 
planted helium. Similar results were obtained with implantations at 
40 and 55 keV. 

used to extend the t ransport  number  measurements  to 
neon, for which no long-l ived radioisotopes exist. The 
result, as indicated in  Fig. 1 and Table I, was the same 
within  exper imental  error as those obtained with the 
heavier  noble gases, and so neon is also suitable as a 
marker  species. A fur ther  extension to hel ium proved 
impossible, since no accelerated dissolution was ob- 
served with this element  (Fig. 2). Either  hel ium does 
not accelerate the stripping, or it was not present, 

having diffused out again immediately after implanta-  
tion. The lat ter  seems quite possible, since it diffuses 
rapidly in  vitreous SiO2 and GeO2 (6). 

Conclusions 
1. Up to 1016/cm 2, the implanta t ion fluence of a 

noble gas marker  has no effect on the measurement  of 
t ransport  numbers.  

2. Noble gas markers  do not, therefore, influence 
the t ransport  mechanism dur ing anodization, either by  
their  presence or by any radiat ion damage accompany- 
ing their  implantat ion.  

3. Implanted  in  trace amounts,  101~/cm ~ or less, 
noble gas markers  have no effect on the kinetics of the 
anodization process and are therefore effectively inert. 

4. Neon behaves in the same way as the heavier  
noble gases and is thus also sui table as a marker.  
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ABSTRACT 

A recent ly developed, simple technique for de t e rmin ing  cathode mass 
t ransfer  coefficients in  full scale e lectrowinning cells is discussed. The ap- 
proach involves the determinat ion of the l imit ing current  for mass t ransfer  
controlled codeposition of silver in the cathode deposit. A rotat ing disk elec- 
trode was used to establish the val idi ty of the method. Examples demonstrate  
the usefulness of the method for mapping local values of the mass t ransfer  
coefficient on the cathode under  typical na tura l  and forced convection flow 
regimes in  e lectrowinning cells. 

Recent at tempts to develop pol lut ion-free meta l -  
lurgical technology have led to renewed effort in  elec- 
trochemical research [see for example (1-3)].  A major  
effort has been directed towards operation of electro- 
winn ing  cells at increased current  densities either by 
optimizing cell design or by employing forced convec- 
tion. For example, by employing a current  redis t r ibut-  
ing anode (4, 5), smooth, compact, and uni form cop- 

Z Present  address: Hooker  Chemical  Corporation, Niagara  Falls, 
N e w  York 14300. 

Key words:  natural convection,  forced convect ion,  mode l  cells. 

per was electrowon at cur rent  densities 15% higher 
than those obtainable in conventional  cells using the 
identical electrolyte. Other approaches utilize forced 
agitation in the electrolytic cell by sparging with gas 
(6, 8) or by electrolyte recirculat ion (7). In  order to 
assess the potential  of a l ternat ive  cell designs resul t-  
ing from such developments, it is desirable to have a 
rapid, convenient  method of de termining local values 
of the cathode mass t ransfer  coefficient (k) in  situ in  
full scale electrowinning cells. 
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The mass t ransfer  coefficient (k),  defined as D/8 
(see Eq. [1]), has previously  been determined by mea-  
surement  of l imit ing current  (9-11, 20), in ter ferometr ic  
methods (12, 13) and by Brenner ' s  freezing method  
(14) 

icu+2 --  2F kcu+2  (Ccu+2, bulk - -  CCu+2, surf) 

Dcu+s 
: 2F (Ccu+2, bulk -- Ccu+2. surf) [1] 

8Cu+2 

In the first method, the local l imit ing current  density 
(iL) values are obtained by measur ing iL at various 
points on the surface of a ver t ical  plate, which contains 
small  cathodes that  are insulated f rom one another  and 
provided with  potential  probes. Di lute  electrolytes are 
usual ly used in these measurements  to minimize the 
l imit ing current.  For  measur ing k in concentrated 
electrolytes used in practice, a modified approach has 
been used. Limit ing current  measurements  are re-  
corded using a movable  probe electrode (5) placed in 
close proximi ty  to the working electrode. This tech-  
nique has been used to gather  informat ion on the 
degree of electrolyte  agitat ion at the cathode in con- 
vent ional  e lect rowinning cells. However ,  the hydro-  
dynamics at the probe are not the same as at the 
cathode surface and hence these measurements  are of 
only l imited value.  Fur thermore ,  evaluat ion of the ex-  
tent  of mass t ransfer  from iL is made  uncer ta in  by the 
area changes at the electrode since the deposits are 
powdery  at the l imit ing current  density. 

It  should also be pointed out that  the value of the 
mass t ransfer  coefficient measured  under  l imit ing cur-  
rent  density conditions is not necessari ly the same 
value  as that  prevalent  under  normal  operat ing con- 
ditions (cf. Eq. [1]) since k depends on the current  
density itself. 

In te r fe rometr ic  methods are based on differing re -  
f ract ive indices of the e lect rolyte  in the diffusion layer  
and the bulk solution, arising from the concentrat ion 
changes near  the cathode during electrolysis. In  Bren-  
her 's  freezing method, the electrolyte  near  the cath-  
ode is suddenly frozen, and a thin section of the solid is 
shaved off for analysis of the composition of the 
layer.  

While these techniques are ve ry  useful, par t icular ly  
for bench top systems, they requi re  complicated ex-  
per imenta l  arrangements .  As such they cannot be 
readi ly  used to de termine  mass t ransfer  coefficients in 
large scale cells using concentrated electrolytes.  

Principles of the Present Method 
The tediousness of the earl ier  methods for measur ing 

mass t ransfer  coefficients is largely  overcome in the 
present method. This involves determinat ion  of l imi t -  
ing current  density for the deposition of an ion which 
is codeposited at its max imum or mass t ransfer  con- 
t ro l led  rate. This can be achieved by selecting an ion 
which is reduced at more  positive potentials than  that  
of the ma jo r  reducible  species. Thus, in the case of 
ei ther  copper or nickel e lect rowinning using sulfate 
electrolytes, s i lver  can be used. Since the s tandard 
potential  of s i lver  is ,--460 mV more noble than that  of 
copper, Ag + (at low concentrations) should plate at 
its mass t ransfer  control led (l imiting) current  density 
(iL,Ag+) at the normal  operat ing cathode potent ial  
( ~  -- 100 mV vs. Cu/CuSO4 sat 'd) .  F rom an analysis of 
the Ag content in the cathode deposit, iL.Ag+ can be 
calculated. F rom this value and the bulk concentrat ion 
of Ag + in the electrolyte,  the mass t ransfer  coefficient 
for Ag + deposition can be calculated f rom Eq. [2] 

i L ~ +  
kAs+ = [2] 

FCAg + 

This value reflects the actual operat ing conditions at 
the cathode and does not suffer the usual l imitat ions of 
a measurement  made at the l imit ing current  for copper. 

The assumption that  the codeposition of Ag was mass 
t ransfer  controlled was verified using a rotat ing disk 
electrode. 

Experimental 
Cu and Ni e lectrowinning electrolytes for the ro ta t -  

ing disk electrode studies were  prepared f rom Analar  
grade chemicals using disti l led water.  The copper 
electrolyte  was used wi thout  purification. However ,  
the nickel e lectrolyte  was ini t ial ly purified by acti- 
vated charcoal and H~Ch t rea tment  to reduce pit t ing of 
nickel deposits. Copper was deposited at a t empera -  
ture  of 25 ~ and 55~ from the electrolyte  containing a 
few ppm Ag + (added as Ag2SO4) under  galvanostat ic  
conditions at a current  density of 3.5 A/d in  2, using a 
stainless steel rotat ing disk electrode (rde) at various 
angular  velocities. The rotat ing disk assembly was 
made by Pine Ins t rument  Company. The electrode 
surface was polished to a mi r ro r  finish with  0.05~ alu- 
mina on Buehler  microcloth prior  to each experiment .  
Af ter  each run  the deposited copper was str ipped for 
analysis. The Ag concentrat ion in the meta l  and elec-  
t rolyte  was determined by atomic absorption spectro- 
photometry.  A similar  approach was used for the 
nickel rde studies except  that  a t i tanium cathode was 
used. Kinemat ic  viscosity measurements  of the elec- 
t rolytes were  made  using an Ostwald viscosimeter.  

A model  e lect rowinning cell constructed of Plexiglas  
was used to obtain informat ion on the  mass t ransfer  
profiles in a full  height  cell. The rec tangular  cell was 
110 cm high with  a cross section of 6.5 • 50 cm and was 
in fact a 50 cm wide section of a full-size industr ial  
cell. The cell contained two Pb-6% Sb anodes and a 
stainless steel cathode, (electrode gap 2.6 cm).  Elec-  
t rolyte recirculat ing through the cell at 4.6 l i t e r s /min  
was ini t ial ly genera ted  and continuously replenished 
by leaching electrolytic grade copper dril l ings in the 
presence of air. The electrolyte  contained 25 g / l i t e r  
Cu and 100 g / l i t e r  H2SO4 and the cell was operated at 
25~ Under  s teady-state  conditions the copper concen- 
t ra t ion in the electrolyte  could be mainta ined within  
--+2 g / l i t e r  by controll ing the air flow rate to the leach-  
ing tank. When operat ing with  electrolyte  je t t ing to 
provide agitation, the cell contained only a single 
anode and cathode (spacing 5 cm gap).  

The chloride level  in the original  electrolyte  was re-  
duced to a negligible .value (1 ppm) by precipi tat ion 
with  Ag2SO4, and the s i lver  concentrat ion in the elec- 
t rolyte  was adjusted to about 10 ppm prior  to starting 
the plating run. During the run the s i lver  leve l  in the 
cell was slightly depleted (~10%)  so that  an average 
of init ial  and final values was used for the calculations. 

An additional series of tests using air sparging at 
55~ with  electrolyte  containing 60 g / l i t e r  Cu, 140 
g / l i t e r  H2SO4, 5 g / l i t e r  Fe and small concentrations 
of Ni, Co, and As were  completed in a modified model  
cell measuring 110 X 6 • 15 cm. 

Results of Rotating Disk Experiments 
According to Levich's  theory  for mass t ransport  by 

convect ive diffusion to a rotat ing disk electrode the 
l imit ing current  density is given by (18) 

iL,Ag+ ---- 0.62 nFDAg+2/3y-1/6wl/2CAg+ [3] 

where  D is the diffusion coefficient of the ion, ~ is the 
kinematic  viscosity of the electrolyte,  ~ is the angular  
veloci ty of the rotating disk electrode, and CAg+ is 
the bulk concentrat ion of Ag + ion. It follows from this 
equation that: (i) iL/CAg+ is proport ional  to ~1/2 and 
(ii) at constant w, iL is proport ional  to the bulk con- 
centrat ion of Ag + ion. 

The exper imenta l  curves plotted in Fig. 1 and 2 
show that  iL/CAg+ w a s  proport ional  to ~1/2 in both cop- 
per and nickel e lect rowinning electrolyte.  At constant 
angular  veloci ty of the rotat ing disk electrode, iL was 
direct ly proport ional  to CA~+ (see Fig. 3). These results 
are in accordance with theory  and showed that  Ag co- 
deposition was diffusion controlled. 
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Electrowinning electrolytes usual ly  contain frothing 
agents to prevent  acid mist ing and addit ion agents to 
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Fig. 5. Dependence of iL/CAg+ on duration of electrolysis 

studies, Dowfax 2AO was added as a frothing agent and 
Jaguar  + as an addition agent. The influence of these 
additives on Levich plots was examined, and it was 
found that  the l inear i ty  and slope of iL/CAg+ plot with 
~1/2 was unaffected by the additives. With no additives 
the slope in  Fig. 3 was 1.171 (s tandard error 0.344) and 
with the additives the slope was 1.106 (s tandard error 
0.339). Varying the applied current  densi ty also had 
no effect on the results (see Fig. 4), which were also 
independent  of the dura t ion of electrolysis (Fig. 5). 
The presence of i ron (5 g/ l i ter)  in  the electrolyte did 
not affect the measurements  (see Fig. 4). 

Uniform distr ibut ion of silver in  copper was con- 
firmed by electron probe and chemical analysis of 0.185 
mm thick copper deposits. 

The diffusion coefficient of Ag + ion in  various Cu 
electrowinning electrolytes at 25 ~ and 55~ calculated 
from these and other Levich plots is presented in 
Table I along with DAg+ values reported in the l i tera-  
ture. It  is seen that  the present  values are in  close 
agreement  with DAg+ values obtained by  t rans ient  
techniques. The diffusion coefficient of Ag + ion in Cu 

Table I. Diffusion coefficient of Ag + ion 

K i n e m a t i c  
E l e c t ro ly t e  DAg+ v i s cos i t y  

Method  u s e d  (g / l i ter)  Temp.  (~ (cm2/sec) (cen t i s tokes)  Refe rence  

I P r e s e n t  results  Cu: 60 55 1.487 X i 0  -~ 0.825 iL VS. r P ~ l o t  
H~SO4:140 

2 P r e s e n t  results  Cu: 60 65 1.610 X 10 -5 0.625 iL VS. CAS + p lo t  
H~SO4:140 

3 P r e s e n t  results  Cu: 25 55 1.962 • 10 -~ 0.6000 iL VS. rp~lot 
H2SO4:100 

4 Presen t  results  Cu: 25 29 4.291 • 10-5 1.1108 iL VS. r p ~ l o t  
II2SOi: I00 

5 itl/= ana lys i s  AE in  0.1M KNOa 25 1.55 x 10-5 - -  (15) 
g itl/~ ana ly s i s  A g  in  0.1M KNOa 25 1.73 X 10 -5 - -  (10) 
7 ttl/~ a n a l y s i s  A g  i n  0.2M KNOs 25 1.536 • 10-5 - -  (17) 
8 Present  results  Ni:  80 55 0.701 X 10 -s 1.059 ~L VS. ~ p l o t  

Na~SO,: 150 
I~BOa: I0 

(pH = 3.2) 
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electrowinning electrolytes containing 60 g a i t e r  Cu and 
140 g/ l i ter  H2SO4 is 1.55 __ 0.06 X 10 -2 cm2/sec, at 55~ 
In  less concentrated electrolytes (Cu:25 g/ l i te r ) ,  the 
diffusion coefficient of Ag + ion was 1.96 X 10-~ cm2/sec 
at 55~ and 4.29 X 10 -6 cm2/sec at 25~ 

Results and Discussion of Model Cell Experiments 
In  order to optimize the design of e lectrowinning 

cells it is impor tant  to know the local values of the 
cathode mass t ransfer  coefficient since the max i mum 
current  density used dur ing  electrowinning is deter-  
mined largely by the area of the cathode characterized 
by  the lowest mass t ransfer  coefficient (i.e., having the 
poorest agitation).  For  example, if the current  density 
in  a given copper e lectrowinning system were gradu-  
ally increased, the cathode deposit would first become 
rough and impure  in this region o f  p o o r  agitation. The 
most desirable conditions for improved electrowinning 
operations therefore require large mass t ransfer  coeffi- 
cients that  are uniform over the entire cathode. The 
usefulness of the present  method in  design and opti-  
mization of electrodeposition systems can be i l lus-  
t ra ted by typical  examples from our model cell in -  
vestigations of copper e lectrowinning cell performance. 

Since the present  exper imental  work was performed 
with the pr imary  objective of developing a method to 
assess the performance of various electrolytic cells, no 
at tempt has been made to discuss in detail the hydro-  
dynamic pat terns in conventional  and forced convec- 
t ion cells which has been reported elsewhere (19). All 
the results are reported in  terms of kAg+ ra ther  than  
kcu2+ for reasons discussed later. 

In  a convent ional  copper e lectrowinning cell there 
are two different hydrodynamic regimes acting on the 
cathode surface. The electrolyte flow pat te rn  induced 
by  bubbles of anodic oxygen is shown schematically 
in  Fig. 6. The upward  flow of electrolyte along the 
anode is dr iven by the pump action of anodic gas. The 
electrolyte near  the cathode is characterized by r an -  
dom tu rbu len t  flow in  the top 5-10 cm. Below that  a 
downward flow is developed over the face of the cath- 
ode, with the downward velocity decreasing toward the 
bottom of the cell. In  the lower part  of the cell the 
flow regime is essentially na tura l  convection resul t ing 
from density differences caused by electrodeposition. 

The vertical  mapping of the cathode mass t ransfer  
coefficient (kAg+) for such copper e lectrowinning con- 
ditions in  the model cell is also shown in  Fig. 6. These 
results refer  to a vertical  mapping along the center l ine 
o f  t h e  c a t h o d e .  

At the top of the cathode the agitat ion caused by 
the anode gas results in a fair ly high mass t ransfer  c o -  
e f f i c i e n t  kAg+ -- 51 X 10 -5 cm/sec, compared to the 
value of kAg+ ---- 28 X 10 -2 cm/sec at the cathode 
bottom where  na tura l  hydrodynamic conditions pre- 
dominate. 

The electrolyte agitation in  an electrowinning cell 
c a n  be enhanced by  employing forced convection, which q,oo ,/,, 
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Fig. 6. Vertical distribution of kAg+ in conventional copper 
electrowinning cell. 

results in significantly improved mass t ransport  (i.e., 
increased k) at the cathode surface. A series of tests 
were carried out to measure  the vertical dis t r ibut ion of 
the mass t ransfer  coefficient for both electrolyte jet ted 
and air sparged systems. 

In  the electrolyte recirculat ion system the electro- 
lyte was jet ted upwards over the cathode surface from 
a position near  the cell bottom (see Fig. 7). Air  sparg- 
ing was provided by  means of a perforated PVC tube 
sparger with 40 rail vertical holes set at 5 cm spacing. 

In  the electrolyte jet ted system kAg+ at the bottom 
of the cathode was 150 X 10 -5 cm/sec and only 72 X 
10 -5 cm/sec at the top (see Fig. 8) indicat ing significant 
mass transport  enhancement  occurred only at the bot- 
tom of the cell. Although kAg+ at the top of the jet ted 
cell was about 40 % higher than the value at the top of 
the na tura l  convected cell, this can be a t t r ibuted to the 
higher current  densi ty used in the je t ted r un  (i.e., in -  
creased agitation from anode gas). The air sparged re-  
sults on the other hand  (see Fig. 8) indicate that  the 
mass t ransfer  coefficient (kAg+) was essential ly un i -  
form at 300 X 10 -2 cm/sec over the ent i re  cathode. 

The results presented in  Fig. 9 show the effect of 
the air sparging rate on the cathode mass t ransfer  co- 
efficient. For example, at a low air sparging rate (spe- 
cific air flow 3.7 cm/min)  kAg+ was 100 X 10-5 cm/sec 
while at the higher flow (specific air flow 46 cm/min)  
the mass t ransfer  coefficient kAg+ was 300 X 10 -5 cm/  
sec. The specific air flow rate is defined as the air flow 
rate per horizontal cross section between electrodes. 
The effect of anodic oxygen evolut ion was not notice- 
able during these tests s imply because the amount  of 
Oe evolved was small  relat ive to the quant i ty  of air 
sparged. Similar results were obtained at a more nor-  
mal e lectrowinning operating temperature  of 55~ as 
shown in Fig. 10. 

Conversion of Mass Transfer Coefficients 
In  real e lectrowinning systems, the flow regime con- 

sists ei ther of mixed l a mi na r / t u r bu l e n t  flow as in  the 
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Fig. 7. Diagram of electrolyte jetted and air sparged operation 
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case of conventional  copper or zinc cells, or essen- 
t ial ly tu rbu len t  flow as in  the case of forced convec- 
t ion systems. 

The calculation of kcu+2 from kAg+ tracer data de- 
pends on the par t icular  flow regime acting on the cath- 
ode. Thus, for electrodeposition in  all flow regimes 
except l aminar  na tura l  convection the copper mass 
t ransfer  coefficient can be calculated using Eq. [4] (18, 
22) 

Dcu+2 '~213 
kcu+, = kay+ ( D---~+ / [4] 

For na tu ra l  convection in  laminar  regime kcu+2 can be 
calculated using Eq. [5] (23) 

Dcu+2 ~3/4 
;r = kA,+ ( ~ /  [5] 

If exper imental  values of Dcu+2 are not available for 
the par t icular  electrolyte systems under  study, the de- 
sired values can be estimated from the correlation pub-  

lished by  Hannaer t  (21) 

47 X 10 -e  
Dcu+21s~ = cm2/sec [6] 

5.o+r 

118 x 10 -8 
Dcu+2S0~ = [7] 

5 . 0 + r  

where r -- ionic s trength = Zz~C~ (moles/ l i ter) .  
While the calculations of the kcu+ 2 from either equa-  

t ion are straightforward, the correct form of the 
equation required for the t ransi t ional  flow regime en-  
countered in most current ly  operating cells (i.e., non-  
agitated) is not evident. While this may  cause some 
theoretical discrepancy, the kcu + 2 values calculated for 
real copper electrolytes using Eq. [3] and [4] are in  
agreement  wi th in  a few per cent as shown by the 
following example. 

For  the 60 g/ l i ter  Cu, 140 g/ l i ter  H~SO4, 5 g/ l i ter  
Fe electrolyte, at 55~ DAg+ = 1.55 X 10 -5 cm/sec. 
Using the generalized correlation (21) Dcu+2 for this 
electrolyte was estimated at 1.0 • 10 -5 cm/sec. There-  
fore using Eq. [2] and [3] to calculate lcAg+ gives the 
following results: kcu+2 = 0.75 kAg+ and kcu+2 = 0.73 
kAg+. This small difference is wi th in  the experimental  
error involved in applying the silver method to full 
size cells (-~ •  since the results achieved in the 
full height model cell cannot be as reproducible as 
those obtained with the rde. This is not due to any 
failing of the method but  ra ther  for example, diffi- 
culty in  main ta in ing  uniform spacing be tween elec- 
trodes, analysis  for small q~anti t ies of silver, etc. 

The calculated kc~+2 values are slightly lower than  
the corresponding kAg+ values, and l imit ing current  
densities calculated using kCu+2 are also slightly lower 
than  values based on kAg+. 

Since the proposed method can be readi ly used to 
provide rout ine measurement  of cathode mass t ransfer  
coefficients in  e lectrowinning operations, it provides a 
means of removing guess work from cell optimization 
and development studies. 

Conclusion 
The mass t ransfer  controlled codeposition method 

has been  shown to provide a convenient  means of ob- 
ta ining quant i ta t ive  information useful in optimizing 
electrowinning cell design. The exper imental  error  
involved in applying the silver method to full  size cells 
is about 5%. Such studies are of considerable impor- 
tance since the max imum current  density used dur ing 
copper electrowinning is determined by  the area of the 
cathode having the poorest agitat ion (or characterized 
by the lowest mass t ransfer  coefficient). 
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LIST OF SYMBOLS 

C concentration in bulk of electrolyte (mole/cm 3) 
D diffusion coefficient (cm~/sec) 
F Faraday constant (coulomb/equiv)  
iL l imit ing current  densi ty (A/cm 2) 
k cathode mass t ransfer  coefficient (cm/sec) 
z charge of ion 
5 diffusion layer  thickness (cm) = zFDC/iL 
v kinematic  viscosity (cm2/sec) 
~, angular  velocity (radians/sec) 
r Y.z~2Ci (moles/ l i ter)  See Ref. (21). 
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ABSTRACT 

The rest potential  of the front side of a Pt  foil diaphragm in  O2-saturated 
acid solution was recorded while the back side of the foil was anodized at a 
constant  current.  The rest potential  of the front side rose to a value of 0.05V 
less noble than the reversible value of 1.229V. This behavior is caused by the 
increase of dissolved oxygen in Pt  produced by anodization which affects the 
rate of the local cell on the front  side. From the effects of foil thickness on 
the rest potential,  a value for the diffusion of oxygen along the grain  bound-  
aries in  Pt  was estimated at 1.56 • 10 -12 cm2/sec. 

The rest potential  of a prereduced, bright  Pt  elec- 
trode in  O~-saturated acid solution is never  observed 
to be much more noble than  about 1.06V. If, however, 
a Pt  electrode is s trongly preoxidized, the reversible 
O2 potential,  1.23V, is observed (1-7) on such a Pt  
electrode in  O2-saturated solutions. At one time, con- 
siderable controversy existed (8) over the reasons 
why the rest potential  on prereduced bright  Pt  does 
not  reach the theoretical reversible value of 1.23V. In  
more recent times, there is significant agreement  on 
the point (1, 9-16) that  the 1.06V potential  is a mixed 
potential  (17) and the Pt/O2 system is a polyelectrode 
(18). However, disagreement arises concerning the 
na ture  of the oxidation reaction of the local cell. It is 
general ly  agreed that  the reduct ion reaction is the 
4-electron O~/H20 react ion 

02 -~ 4H + + 4e ~ 2H20 [1] 

Those mechanisms which involve a peroxide couple are 
discounted because either the potential  relationships 
do not correspond to exper imental  observation or a 
source of H 2 0 2  is required  since H20~ is consumed 
ra ther  than  generated. 

It was proposed (12) that the oxidation reaction of 
the local cell mechanism is the P t / P t - O  reaction 

Pt  ~- H20 ~ P t -O ~- 2H + ~ 2e [2] 

because Pt  is not iner t  and Eq. [2] can take place 
under  the driving force of the local cell. Because the 
way in  which the local cell is set up, a layer  of ad- 

" Electrochemical Society Active Member. 
Key words: oxygen electrode, platinum, rest potential, dissolved 

oxygen.  

sorbed oxygen, Pt-O, is formed on the Pt  surface. 
Wroblawa and co-workers (14) rejected Eq. [2] for 
the reason that a complete layer  of Pt -O would be 
formed in  a few hours with the appearance of a 1.23V 
rest potential, a si tuation which, of course is contrary 
to observation. On the prereduced Pt, Wroblawa and 
co-workers (14) suggested instead that the oxidation 
reaction is the oxidation of impurities. Such a mecha- 
nism appears to be highly un l ike ly  because it is im- 
probable that not only the same amount  but  also the 
same kind of impurit ies would be present in  the great 
variety of systems in which a value of about 1.05V has 
been reported (11-14, 16, 19, 20). 

If a steady-state removal  of Pt -O could take place 
so that the P t -O coverage would remain  at 0 ,-- 0.3 at 
a rest potential  of 1.06V as observed exper imenta l ly  
(21), the local cell mechanism involving Eq. [2] could 
be considered favorably once more. There is ample 
evidence in the l i terature (21-31) that oxygen can be 
dissolved in  Pt  al though some workers (32-35) reject 
this concept in preference to surface or so-called phase 
oxide layers. It is suggested here that when a pre-  
reduced Pt electrode is placed in  O2-saturated acid 
solution oxygen is adsorbed on the Pt  surface unt i l  a 
potential  in the vicinity of 1V is reached after which 
oxygen may be dermasorbed into the surface of the 
metal. When the rate of formation of Pt -O by local cell 
action equals the rate at which oxygen is dissolved 
in the Pt metal, a s teady-state  coverage is reached at 

~ 0.3 and the rest potential  is about 1.05V (21). 
Suppose one were able to charge the Pt  metal  with 

dissolved oxygen to the point of saturation. At this 
point, no more oxygen could be dissolved, and the sur-  
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Fig. 1. Diagram of two-compartment cell 

face would become covered with  a layer  of e lectroni-  
cally conducting Pt-O. Since the local cell could no 
longer  exist, the potent ia l -de termining  reaction would  
become Eq. [1] and the observed potential  would  be 
the revers ible  oxygen potential.  

In this report,  evidence, obtained from monitor ing 
the potential  on the front side of a Pt  d iaphragm while  
the back side is anodized, 1 is presented as strong sup- 
por t  for the O2/H20, H +, P t - O / P t  mechanism of the 
Pt/O2 rest potential. 

E x p e r i m e n t a l  
All  measurements  were  made on Pt  (99.9-{- % pure)  

foil (0.00127, 0.00254, and 0.00508 c m  thick) in 2N 
H2SO4 made with  t r ip ly  distilled H20 from an all 
quartz  still. The Pt  foils to which Pt  lead wires were  
spot welded were  cleaned by successively soaking in 
concentrated HNO3 fol lowed by flaming in a burning 
H~ jet. This procedure was repeated unti l  all colora- 
tion of the H2 flame disappeared. A two-compar tment  
cell made of Teflon (see Fig. 1) was cleaned by soaking 
in aqua regia, then concentrated HNO3, and finally by 
leaching in t r ip ly  distil led H20 for at least a week 
with  f requent  changes of water.  The cleaned Pt  foil 
was clamped between two halves of the leached cell 
using polyethylene washers  as shown in Fig. 1. If no 
leaks were  found around the washers, the celt was 
filled with 2N H~SO4 solution, and the cell tops sealed 
with  mol ten  polyethylene.  By observing the  foils wi th  
a br ight  l ight behind them, it was possible to reject  
them if any pinholes were  present. The cell electrodes 
were  then  preelectrolyzed anodically for at least 16 hr  
against removable  Pt  wire  cathodes. 

After  the preelectrolysis  procedure, H2 was bubbled 
through both sides of the cell until  the potential  of the 
foil became zero wi th  respect  to the Pt  gauze counter 
and auxi l iary  electrodes in each compartment .  These 
steps were  taken to ensure that  all adsorbed and dis- 
solved oxygen in the Pt  as wel l  as any peroxides gen-  
erated by the preelectrolysis  were  removed from the 
system. All  gases used were  prepurif ied by passing 
them through a mul t icomponent  purification train be-  
fore enter ing the cell. A probe- type  saturated calomel 
reference electrode (SCE) was inserted through the 
cell top into the left  hand compartment ,  and the poten- 
tial of a Pt /H2 electrode vs. SCE was determined.  
Finally, purified oxygen was bubbled through the left 
hand compartment ,  purified ni t rogen through the right, 
and the rest potential  (vs. SCE) of the front  side of the 
foil was fol lowed wi th  a General  Radio Elec t rometer  
Model 1230A. All  potentials in this report  are recorded 
wi th  respect  to the normal  hydrogen electrode unless 
stated otherwise. 

1 One of  t h e  r e v i e w e r s  n o t e d  t h a t  t h i s  meta l  foil d i a p h r a g m  tech-  
n ique w a s  u s e d  b y  F r u m k i n  a n d  Aladzhalova (40) and  by Kobosev  
a n d  Monblanova  (41). I t  m i g h t  also be n o t e d  t h a t  S c h u l d i n e r  a n d  
H o a r e  (42) used this same technique to s tudy  the Pd-H~ system.  

Anodizat ion at constant current  of the back side of 
the foil against a large Pt  gauze counterelect rode was 
begun when  the rest potential  of the front  side of the 
foil reached about 1V. In a couple of cases as shown in 
Fig. 2, the potential  was permit ted  to come to a steady 
state, 1.04V < E < 1.06V (requir ing 19 to 24 hr)  before 
anodization was begun. If  there  were  no pinholes in 
the foil or no leaks be tween  the cell compartments ,  
the potential  on the front  side of the cell was not 
affected when  anodization of the back side was begun; 
otherwise,  the potent ial  of the front  side shifted im-  
media te ly  towards more  noble values. The potential  
of the back side during anodization had values be tween  
2.040 and 2.090V (i ---- 6.1 mA/cm2) .  At the end of the 
run, H~ was bubbled again in the left  hand compar t -  
ment,  and the value  of the SCE vs. Pt /H2 was re-  
checked. Values of SCE before and after  agreed within  
2 or 3 mV. The tempera tu re  of all exper iments  was 
ambient  (24 ~ _ I~ 

Resul ts  
The rest potential  of a Pt  foil 0.00127 cm thick is 

plotted as a function of t ime in Fig. 2 (circles) and the 
point when anodization of the back side of the Pt  dia- 
phragm was begun is indicated by the arrows. Also in- 
cluded in Fig. 2 is the rest potential  ( tr iangles) of a Pt  
gauze auxi l iary  electrode in the left  hand compart-  
ment.  The data shown in Fig. 2 were  repeated at least 
three times on different samples of Pt  foil wi th  s imilar  
results being obtained in each case. Before anodization 
was begun, the potential  of both the foil and auxi l iary  
gauze rose wi th  t ime to a v i r tua l  steady va lue  (1.045V, 
foil; 1.040V gauze).  When the anodization of the back 
side of the foil was begun, no changes were  observed 
in the potent ial  for about 2 hr, af ter  which the poten-  
tial of the foil began to shift towards more  noble 
values. Eventual ly ,  a s teady value  of 1.180V was 
reached after about 2 days whereas  the Pt  gauze auxi l -  
iary oxygen electrode reached the steady value  of 
1.055V. 

To be certain that  a good seal was formed be tween  
the two cell compartments,  the foil area (2.81 cm 2) 
was made much  larger  than the area exposed to the 
electrolyte  (0.786 cm2). Since the rest potential  reached 
a steady value of about 50 mV less noble than the re-  
versible value, it was suspected that  an area effect may 
be operative. To check this, three  sizes of Pt  foil were  
used. In Fig. 3, the data obtained on 0.00127 cm thick 
Pt  foils of two different total (one side) areas (2.81 
and 5.28 cm 2) are presented. The origin of these plots 
is the t ime when anodization of the back side was be- 
gun. The rest  potential  of the larger  area foil came to 
a steady value of 1.121V. When a foil wi th  an area of 
1.15 cm 2 was used, leaks developed in every  case (4 
a t tempts) ,  and the desired data could not be obtained. 

Plots of the rest potential  obtained on Pt  foils of 
three  different thicknesses, 0.00127 cm (area = 2.81 

~5 / I I I I r I J 
1229 V 

~ . 1 0  

_ 0 5  

o 
0, _ I I f 

5 5 0 2 3 4 
T~ME (days) 

Fig. 2. A plot of the rest potential of the front side of a Pt 
diaphragm (0.00127 cm thick, 2.81 cm 2 in area) as a function 
of the time for which the back side was anodized (6.1 mA/cm 2) 
(circles). Arrows indicate when anodization was begun. Triangles 
represent data for auxiliary Pt gauze electrode. 
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Fig. 3. A plot of rest potential of 0.00127 cm thick Pt foil 
with areas of 2.81 cm 2 (circles) and 5.88 cm 2 (triangles) as a 
function of time for which the back side was anodized. 

cra~), 0.00254 (area = 2.88 cme), and 0.00508 cm (area 
---- 3.01 cm 2) are g iven in Fig. 4 where  the origin is 
the t ime when  anodization of the back side was begun. 
In these instances, the front  side had not come to a 
steady value  before anodization was begun because it 
was found that  the final result  was not affected by the 
t ime when  anodization was begun. Of course, the  init ial  
delay or induction period observed in Fig. 2 is masked 
by the drif t ing potent ial  in Fig. 3 and 4. Af te r  about 
3 days, the potential  on the th icker  foils reached a 
steady rate  of increase equal  to about 4 mV/day .  If  it 
can be assumed that  this rate  is mainta ined unti l  a 
value of 1.180V (the potent ial  reached by foils wi th  an 
area of about 2.9 cm 2) is obtained, it can be determined 
that  the requi red  t ime for 0.00254 cm foil would be 9.5 
days and for 0.00508 cm foil, 25.0 days. 

Discussion 
When the prereduced Pt  electrode is placed in 

O2-saturated acid solution, the rest  potential,  E, drifts 
to more  noble values and the coverage, 0, of the meta l  
surface wi th  Pt-O, increases. It  has been shown by a 
number  of workers  [e.g., (3, 21, 36, 37)] that  E rises 
l inear ly  wi th  0. At  s teady state, dE/dt = 0 and E has a 
constant value lying in the potential  range be tween 
1.04 and 1.06V. Also, do/dt = 0, and e has a constant 
value in the range lying be tween 0.25 and 0.80. Under  
these conditions, P t -O  is formed by the local cell cur-  
rent  density, iloc, as fast as it is dissolved in the Pt  
metal.  Therefore,  the rate  of disappearance of Pt-O, 
--dx/dt, must  be equal  to iloc. The Pt  meta l  acts as a 
vast reservoi r  for dissolved O. If, for  example,  one as- 
sumes that  in the saturated state one O atom is asso- 
ciated wi th  each uni t  ceil of the face centered cubic 
lattice, there  wouId be, on the average,  one O atom 

I i I I ! 
. . . . . . . . . . .  1 2 2 9  V 

12 - -  6 5 d ~ s  

| 

o~l I, I I I I 
o 1 2 3 4 5 

TIME (days) 

Fig. 4. A plot of the rest potential of Pt foils (area ,~2.9 cm 2) 
of three thicknesses (0.00127 cm, circles; 0.00254 cm, triangles; 
0.00508, squares) as n function of the time for which the back 
side of the Pt diaphragm was anodized. 

for every  4 P t  atoms. F rom the density of Pt  (21.45 
g/cm3),  the charge in forming an O atom (3.2 • 
10-19C) and the value of iloc (8.2 • 10 -7 A / c m  2) 
(38), it would requi re  about  190,000 days to saturate  a 
cubic cent imeter  of Pt  wi th  dissolved oxygen  for one 
side exposed to the local cell current.  For  this reason 
this s teady-sta te  rest  potent ial  seems to remain  in= 
definitely. 

It has been found (21) that  anodization at high po-  
tentials, ~2V, causes large amounts of O to be dis- 
solved in Pt  metal.  As the back side of the P t  foil dia-  
phragm is anodized, the concentrat ion of dissolved O, 
Ca, increases to a point where  it becomes more  diffi- 
cult  to dissolve the P t -O  on the front  side. Conse- 
quently,  --dx/dt  or iloc wil l  fall. Then --diloc/dt = 
K ( d C J d t )  where  K is a proport ional i ty  constant. To 
increase the dr iving force for P t -O dissolution, the 
chemical potential  of the P t -O  layer  must  increase by 
an increase in 0; as a result,  E increases (3) in agree-  
ment  with the data in Fig. 2=4. 

If Ca reaches the saturat ion value, Co, dCJdt  = 0 
and ilo~ = 0 because no more  P t -O can dissolve. In this 
case, 0 reaches a value  of uni ty  and E assumes the 
value of the revers ible  oxygen  potential  1.229V (3) 
since the only potential  de termining process available 
is the O2/H20 reaction, Eq. [1]. ~ However ,  dissolved 
oxygen can escape from the Pt  foil which is outside of 
the polyethylene washers  and which is not in contact 
wi th  the solution. Here  O atoms can diffuse to the sur- 
face where  they combine and escape to the envi ron-  
ment  as O2 molecules. Al though the rate of oxygen 
penetrat ion at escape f rom the meta l  latt ice may  be 
smaller  than the rate  of migra t ion  wi th in  the  lattice, 
there  is a leakage of oxygen  to the atmosphere,  and 
hence, an area effect because oxygen can exi t  at all sites 
to the Pt  surface. At those sites exposed to air, the P t -O  
film is less stable than at those sites exposed to the 
O2-saturated electrolyte.  This rate  of loss of Ca in-  
creases with increasing values of Ca (chemical  poten-  
tial of dissolved oxygen)  unt i l  the rate  of increase due 
to anodization of the back side equals the ra te  of loss 
due to escape from the solut ion-free  Pt  surface. At this 
point, dCa/dt = 0 and Ca equals the s teady-s ta te  value, 
Css. In this situation, iloc, e, and E reach s teady-sta te  
values. The area data, in Fig. 3, show that  the rest  
potential  in the steady state, Ess, depends on the area 
of the Pt  foil exposed to the externa l  atmosphere.  

The discussion so far  suggests that  as Ca increases 
and both 0 and E increase, i~oc should decrease. To 
check on this, polarizat ion measurements  on the front 
side were  made at very  low currents  af ter  the anodiz- 
ing current  on the back side of the foil was discontin-  
ued. The measur ing technique using a high resistor 
made from a pencil  l ine d rawn on a strip of Mylar  film 
and placed in the constant current  circuit has been de- 
scribed before (38). These data were  difficult to ob- 
tain because only a few points could be made before  
the polarization of the electrode caused changes in the 
system which shifted the rest potential. A sample of 
the data from which iloc was est imated is shown in Fig. 
5 for two different runs made  on foils exhibi t ing an E 
of 1.155V. The summary  of data in Table I shows one 
other  value of iloc obtained at E = 1.180V. Indeed, ilor 
decreases as Ca, e, and E increase. 

The data in Fig. 2 show an induction period after  
anodization was begun. Such behavior  is to be expected 
because at E = 1.06V, C~ is ve ry  small, and t ime is re -  
quired to increase Ca to the point where  it affects iloc. 
Also, this behavior  predicts that  an effect of foil th ick-  
ness on the rest potential  should be found in agreement  
wi th  the data of Fig. 4. Foils of the same area but  of 

2 i t  was  p o i n t e d  ou t  b y  one  of  the  r e v i e w e r s  t h a t  a v a l u e  of  
= 0.65 was  f o u n d  b y  L a l t i n e n  and  E n k e  (43) on P t  a t  1.23V i n  

N~ a n d  a v a l u e  of 0 = 0.71 by  S c h u l d i n e r  et  aZ. (44) on  P t  a t  1.23V 
in  H2. B o t h  of these  g roups  of r e sea rche r s  o b t a i n e d  0 a t  P t  elec-  
t rodes  w h i c h  were  po l a r i zed  to 1.23V w h e r e a s  Hoa re  e t  at. (3) ob-  
t a i n e d  ~ a t  P t  e l ec t rodes  w h i c h  e x h i b i t e d  1.23V a t  rest .  Th i s  d i f fe r -  
ence  in  e x p e r i m e n t a l  c o n d i t i o n s  m a y  accoun t  fo r  the  d i f fe rences  i n  
r e p o r t e d  v a l u e s  of 0 a t  1.23V. 
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increasing thickness require a longer t ime at constant  
current  to reach a value of Ca which affects iloc because 
of the increased volume of metal. If we may  assume 
the relationship 

t = kd" [3] 

where t is the t ime to reach a given value of E; k, a 
constant; d, the foil thickness; and n, an exponent, the 
slope of a plot of log t vs. log d yields a value for n. 
Such a plot for the times to reach 1.1V, tl.~, and steady 
state, tss, is given in Fig. 6. Lines wi th  a slope of 2 are 
d rawn through the points and thus a l ikely value for n 
is 2. Equat ion [3] is similar to the t ime lag relationship. 

D - "  d 2 / 6 t l a g  [4] 

where D is the diffusion constant and tlag is t ime re-  
quired to reach steady state. In  this case, k ~ 1/6D, 
n ---- 2, and t ]ag= tss. If the data from Fig. 4 are substi-  
tu ted into Eq. [4], a value of D can be obtained as 
tabulated in Table If. This average value of D (1.56 • 
10 -12 cm2/sec) is in  fair agreement  with that (4.4 X 
10 -11 cm2/sec) obtained before (26). This value of D 
seems to be large for the diffuson of the relat ively large 

Table I. Values of the local cell current density 
at various rest potentials 

E Slope  ~ dEIdi OE 
(V) 0 (ohm X I0~) (A/cm2 • I0  9) 

( 38 )  

1.060 0.28 8000 320 
1.155 0.80 29 8.84 
1.180 0.95 1.4 1.80 
1 . 2 2 9  1 ~ 0 

Table II, Determination of diffusion constant of 0 through Pt metal 

t .  d d~ D (ern2/ 
( d a y s )  (cm • 108) (cm ~ • 10 e) sec • 10 ~) 

2.3 1.27 1.61 1.36 
9.5 2.54 6.45 1.32 

25.0 5.08 25.9 2.0 
A v e r a g e  1.56 

O atom through the Pt  lattice (39) and indicates that  
the oxygen diffuses through the Pt  along grain  bound-  
aries. 

Unfortunately,  it is not  possible to estimate a value 
for Css since it is not known  what  fraction of the anodic 
current  is consumed in the process producing dissolved 
oxygen, Ca. Consequently,  dCJd t  cannot  be deter-  
mined 

In  summary,  these data support  the conclusions that  
oxygen can be dissolved in  Pt, that the rest potential  is 
made up of the O2/H20 and the P t / P t - O  reactions, 
that a steady rest potential  is reached when  the rate of 
Pt-O formation equals the rate of its disappearance by 
dissolution in  the metal,  and that  the reversible oxy-  
gen  potential  can be observed if a conducting complete 
layer  (0 ---- 1) of adsorbed oxygen can be main ta ined  
on the Pt  surface. 

Manuscript  submit ted Nov. 7, 1973; revised manu-  
script received Feb. 14, 1974. 

A ny  discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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A complexity of processes occurs when  lead is anod= 
ically polarized in  aqueous electrolytes. Anodic dis= 
integrat ion (1), formation of oxides PbO, #=PbO2, 
a=PbO2 (2-6), and the formation of oxysalts (7) have 
been postulated in addit ion to the simple generat ion 
of Pb + + ions. Most of the work to date concerns the 
formation of these oxides and oxysalts when  Pb is po= 
larized in H2SO4. However, there are other electrolyte 
systems where the polarization behavior  is more de= 
finable, and an unders tanding  of these processes would 
contr ibute  considerably to solving some unanswered  
questions of behavior  of the common lead-acid cell. In  
the present study, Pb  dissolution was investigated in 
aqueous HNO3 solution with a view of relat ing the 
polarization characteristics to surface oxidation steps 
in  a typical  nonprecipi ta t ing medium. 

Oxidation steps and subsequent  film formation have 
been characterized by  a systematic study of the current  
(i)=potential  (E) relat ion followed by analysis of the 
polarized electrodes by x=ray diffraction and scanning 
electron microscopy (SEM). The i-E relat ionship was 
obtained by potential  sweep vol tammetry  (PSV) 
which has been widely used in  studies on the dissolu= 
t ion and deposition of metals (8=11). 

Lead wires with a diameter  of 1.5-5 mm and 
99.9999% purity,1 supplied by Electronic Space Prod= 
ucts, Incorporated, Los Angeles, California, were used 
for this study. Several  potential  sweep experiments  
were carried out, and the i=E curves obtained were 
reproducible at sweep rates of 1=100 mV/sec. Figure  1 
shows one of the typical i=E curves obtained. Two dis= 
t inct  waves with broad maxima, one at _~0.65V and  the 
other at _~1.35V, were obtained dur ing the forward 
(anodic) sweep. The black film began to form on the 
electrode surface at --~0.6V and remained visible un t i l  
the potential  reached _0.25V dur ing the reverse 
(cathodic) sweep. Some spalling o f  the electrode oc= 
curred dur ing the potential  sweep. The effect of 
changes in  sweep rates on the na tu re  of the i=E be- 

, Electrochemical  Society  Act ive  M e m b e r .  
Key words:  e lectron microscopy,  potential  swe e p  vo l tammetry .  
1 T y p i c a l  i m p u r i t i e s  i n  p p m  are Fe  < 0.1, Ce 0.1, and Mg 0.1. 

havior is given in Fig. 2. Curve a, which was obtained 
at 1.0 mV/sec, shows a prominent  wave with a broad 
max imum at _~l.2V. Curve b, which was obtained at 
91 mV/sec, showed no waves dur ing the anodic sweep; 
however, two waves were obtained with maxima at 
~0.6V and ~ l . 3 V  during the reverse sweep. Curve c 
shows the i=E behavior  at a sweep rate of 200 mV/sec 

IOOC - 

500 

0 

I ' I ' 

0 0,5 1,0 1,5 

V, vs, NHE 
Fig. I. i-E relation obtained for Pb in 1.0M HNO3 at a sweep 

rate of 9 mV/sec. 

I ) I i 

1.5 .~. / /  

1.0 ~ ~  ~ ~ -  

0 
0 0,5 1,O 1,5 

v, vs, NHE 

Fig. 2. i-E relation obtained for Pb in 1.0M HNO3 at various 
sweep rates. Curve a (dashed line), 1 mV/sec; cu -v^ h (solid line), 
91 mV/sec; curve c (dotted line), 200 mV/sec. 
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in  which oxidation waves are total ly absent. Curren t  
density values showed only a slight increase when  the 
sweep rate is increased from 1 to 9 mV/sec, bu t  the 
increase was appreciable at 90 mV/sec. However, when  
C.D. values are considered for the reverse sweep 
alone, they show lit t le response to changes in  sweep 
rate, par t icular ly  at high sweep rates. 

The i-E behavior  of Pb in  NaOH has been reported 
earlier, and two oxidation waves were also found (12). 
In  HNO3, the oxidation waves appear only at low 
sweep rates, which suggests that convective conditions 
in the electrolyte play a positive role in the configura- 
t ion of the i-E curves. Mass t ransfer  by diffusion also 
influences the i-E behavior,  as reflected by the high 
C.D. values at 90 mV/sec (curve b) .  The appearance 
of oxidation waves at low sweep rates for Pb in  HNO3 
is similar to that  reported for Zn in alkal ine solutions 
by Powers and Breiter (13). The oxidation waves indi-  
cate that  more than two oxidation steps are involved 
when Pb is polarized. The two waves can be associated 
with the formation of different oxides with different 
structures and solubilities. The first wave obtained at 
~O.7V may  correspond to the formation of PbO and the 
second wave at _1.35V to that of PbO2. The oxidation 
steps involved are 

Pb -~ Pb  + + 4- 2e [1] 

Pb 4- H20-> PbO 4- 2H + 4- 2e [2] 

PbO -5 H20 -+ PbO2 4- 2H + 4- 2e [3] 

The indications obtained for the formation of PbO and  
PbO2 are prel iminary.  Hence, a detailed analysis of the 
electrode surface after potentiostating, at various po- 
tentials  from 0.5 to 1.66V was carried out by x - r ay  dif-  
fraction and SEM in order to substantiate  our propo- 
sition. Very rapid dissolution occurs when  an anodic 
potential  is impressed on the electrode. In  addition, the 
electrode surface gradual ly  turns  black due to the 
accumulat ion of minu te  dark particles. The particles 
do not appear to originate as a result  of chemical or 
electrochemical react ion in  solution, bu t  ra ther  as a re-  
sult of electrochemical reaction at the electrode surface 
producing dist integrated Pb and /o r  oxides. The po- 
larized anodes were r insed with distilled water  and 
acetone and dried carefully in  a desiccator in  a m a n n e r  
which would not dis turb any  film present  on the sur-  
face. X- ray  diffraction and SEM studies were done 
immediate ly  after each potentiostatic experiment.  For  
the SEM studies, the entire electrode was scanned. 
The lead wires were of proper diameter  and length 
to allow them to be mounted  directly in  a Debye-  
Scherrer camera. Table I lists the results of the x - r ay  
analyses. PbO(or thorhombic)  is obtained on the sur-  
face from 0.5 to 1.78V while indications of/~-PbO2 are 
obtained only at potentials approximately  1.5V or 
greater. X- r ay  identification was largely based on di-  
rect comparison with diffraction pat terns for pure  
PbO (yellow) and ;~-PbO2. Since only very small  
amounts  of the oxide formed on the electrode, only~the 
major  lines of the x - r ay  pa t te rn  were visible, thus 
making the identification rather  difficult. It  may  be 
noted that  x - r ay  analyses of cycled electrodes also 
give evidence for the formation of PbO and ~-PbO2. 

Figure 3 shows an SEM micrograph of a Pb anode 
which was polarized at O.6V for 20 min. There is no 

Fig. 3. Scanning electron micrograph of an anodically polarized 
Pb electrode showing faceted surface structure. Magnification 
1000• 

evidence of pitting, and, in fact, there is pronounced 
faceting, the na ture  of which is dependent  on the in -  
dividual  grain  orientation.  The pyramids are probably 
formed by (111) planes, but  due to their  elongated 
nature,  the surface or ientat ion is more probably (211) 
ra ther  than  (100). It may also be assumed from this 
that the (111) faces are less active for anodic dissolu- 
t ion in HNO3 solutions. Faceted surface textures are 
quite common and have been reported dur ing  the 
anodic dissolution of Cu (16), electrodeposition of Fe 
(17) and Ni (18), and chlorinat ion of Mo and W (19). 

Table I. X-ray diffraction data 

Potential d (exper i -  
(V) Electrolyte menta l )  d (ASTM) Substance 

0.5 0.2M HNOB 3.06 3.07 PbO (or thorhombic)  
2.96 2.95 PbO (or thorhombic)  

0.72 1.0M HNO3 3.06 3.07 PbO (or thorhombic)  
2.96 2.96 PbO (or thorhombic)  

1.22 1.0M HNO~ 3.06 3.07 PbO (or thorhombic)  
2,96 2.96 

1.5 1.0M HNO3 3.8 - -  Unidentifiable 
3.45 3.50 ~-PbO~ 

Fig. 4. Scanning electron micrograph of an anodically polarized 
Pb electrode showing faceted surface structure and oxide particles. 
Magnification 3000• 
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Fig. 5. Scanning electron micrograph of an anodically polarized 
Pb electrode showing very minute particles of disintegrated Pb 
and a lump of ~-Pb02. Magnification IO00x. 

Figure  4 shows an SEM micrograph of a Pb  anode 
which has been polarized at 0.3V for 40 min. Besides 
the protruding parts of lead crystals, some other crys- 
tal l ine mater ia l  is seen on the surface. I t  occurs ma in ly  
in the spaces dividing the individual  crystals of Pb, 
and from x- ray  analysis it appears that the mater ial  is 
PbO(or thorhombic) .  This potential  may correspond 
to the onset of nucleat ion of the PbO. 

Figure 5 shows the SEM micrograph of Pb which has 
been anodically polarized at 1.3V. The SEM was taken  
after r insing the electrode in distilled water  and dilute 
ammonium acetate solution, which dissolves all other 
oxidation products except PbO2. The surface contained 
numerous  minu te  particles. It  was felt that  this mor-  
phology may represent  the various stages of uneven  
dissolution which eventual ly  resulted in disintegration. 
The single large particle shown appears to have a 
different morphology and is thought  to be ~-PbO2, as 
shown by x - ray  analysis. The visible evidence of 
spalling of the electrode in Fig. 4 shows that disinte- 
grat ion of the anode is probably occurring. Therefore, 
the black film obtained dur ing polarization may be due 
to the finely divided particles of Pb produced as a re-  
sult of disintegration as well as of oxides. 

Anodic film formation of Pb has been discussed at 
length by several authors (20). We have shown the 
formation of disintegrated Pb, PbO (yellow),  and 
~-PbO2, and faceting when  Pb is polarized in  HNO3. 
The vol tammetr ic  curves and their  strange dependence 
on sweep rate indicate that oxide film formation is a 
function of the hydrodynamic  conditions in  the elec- 
trolysis cell, and for the formation of PbO and PbO~ 
that current  must  be supplied for a certain mi n imum 
amount  of time. In  a fast sweep rate study, most of 
the current  is util ized in  the discharge of Pb + + ions. 
Mass-transfer  effects of Pb + + ions thus produced im-  
pede the t ransport  of H20 molecules to the electrode 
surface. As is evident  from Eq. [2] and [3], I-I20 is 
crucial in the formation of PbO and  PbO2. 

Manuscript  submit ted Jan. 28, 1974; revised manu-  
script received March 15, 1974. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1975 
JOURNAL. All discussions for the June 1975 Discussion 
Section should be submit ted by Feb. 1, 1975. 
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Hafnium, an electropositive metal,  is not deposited 
from aqueous electrolytes because of the decomposition 
of water  at lower potentials. Therefore, o~her solvents 
must  be considered for e lectrowinning of hafnium. 

Fused salt media are known  as excellent solvents for 
HfC14. One of the problems associated with electro- 
winn ing  of hafnium from fused salts relates to the 
apparent  absence of a significant amount  of a reduced 
state of hafn ium in the bu lk  of the fused salt. There-  
fore, when  HfC14 is used as the sourcd of hafn ium 
a d d e d  to the electrolyte, it becomes necessary to pro-  
vide a suitable complexing agent to stabilize the melt;  
i.e., to re ta in  the HfC14 in  the melt  at the operating 
temperature.  The presence of reduced states of haf-  
n ium in the immediate vicinity of the cathode does not 
ameliorate this situation. 

Most e lectrowinning research has been confined to 
low HfC14 concentrations (<10% HfC1D in fused salt 
melts and operating temperatures  of about 800~ 
(1-4). The vapor pressure of HfC14 over most such 
melts  at this tempera ture  is significant so that  a grad- 
ual loss of HfC14 from the melt  occurs. In  cells used for 
e lectrowinning hafnium, it is quite difficult to operate 
with a "hot-top" design to prevent  condensation of 
HfC14 emanat ing from the melt;  thus the concentrat ion 
of HfC14 in the melt  is gradual ly  depleted as HfC14 
condenses and deposits in exit ports, seals, etc. Such 
condensation of HfC14 in the upper  portions of the cell, 
for example, in the cathode removal  chamber, in -  
evi tably leads to the fur ther  problem of cell contami-  
nat ion result ing from subsequent  and unavoidable  ex- 
posure to moisture (air).  HfCI4 may  also escape from 
the cell through the anode (chlorine) off-gas vent  and 
in fact may be of sufficient quant i ty  to plug this vent  
when a significant vapor pressure of HfC14 over the 
salt mel t  develops at the operating temperaure  of the 
c e l l .  

Thus, one of the objectives of the present  work was 
to determine whether  more suitable fused salt elec- 
trolytes could be found for the electrowinning process. 

The problem of solubil i ty of the vapor, HfC14, in  
molten alkali  and alkaline earth chlorides is directly 
related to the phase diagrams of the b inary  systems 
MC1 = XC14 (Fig. 1). Any  desired composition may be 
obtained by exposing the melt  to the reactive HfC14 
vapor, providing that the pressure is main ta ined  at the 
value required by the composition and temperature.  
However, to be considered as potential  electrolytes for 
e lectrowinning hafnium, the solutions must  have de- 
composition pressures which are negligibly small so 
that  the bath will re ta in its metal  tetrachloride con- 
tent  under  normal  operat ing conditions in an iner t  gas 
atmosphere but  otherwise in an open electrolytic cell. 
According to Flengas et al. this condition restricts the 
useful composition of the chloride solutions to ranges 
represent ing the MC1-M~XC16 subsystem, and to salt 
components that produce complex M2XCI6 compounds 
of max imum thermodynamic  stabil i ty (8). 

Flengas et al. have stressed the fact that solutions 
containing XC14 in  excess of the amount  required to 

* Electrochemical  Soc ie ty  Act ive  Member. 
** Electrochemical Society Student Member.  
Key  words: fused salts, eutectics,  react ive  metals .  

form the M2XC16 species are thermal ly  unstable  and 
cannot be considered as potential  electrolytes. 

Howell et al. (5) conducted studies on the prop- 
erties of the low temperature  eutectic region, as well  
as of the high temperature  eutectic region of the b inary  
systems MCI-XCI4. According to the phase diagram 
and vapor pressure results obtained by these investi-  
gators, the range of l iquid composition for melts with 
vapor pressures below 100 mm Hg is reasonably wide 
for practical use as an electrolyte in  the regions of 
both eutectics. 

The objective of the present  work, then, was to 
conduct comparative studies of the electrolysis of melts 
in the system MC1-HfCI4 corresponding to the lower 
mel t ing eutectic and the higher mel t ing eutectic to 
qual i tat ively determine which was the bet ter  system 
for fur ther  study. As far as we could determine, no 
exper imental  electrolytic work has been performed 
over the range of HfCI~ contemplated herein. 

Investigation 
It should be made clear at the outset that  the im-  

mediate goal of this work was not to produce pure 
metal, but  only to define the most promising areas 
with respect to HfC14 concentrat ion in mol ten salt baths 
where stabil i ty of the bath  coupled with the abil i ty 
to produce metallic hafn ium were of paramount  im-  
portance. 

Materials.--Sodium chloride and potassium chloride 
were of Analar  purity. Pure  hafnium tetrachloride was 
supplied by Teledyne Wah Chang, Albany,  Oregon, and 
by Amax Speciality Metals, Incorporated, Akron, New 
York. Both companies purified the HfC14 by  special 
treatments.  The only element  of interest  in the HfC14 
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Fig. 1. Generalized phase diagram of the system MCI-XCI4. M 
stands for Li, Na, or K; X stands for Zr or Hf. 
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was the oxygen content  which cannot easily be deter-  
mined  directly. Carefully conducted subl imat ion tests 
indicated that the mater ia l  supplied was completely 
volatile thus indicat ing the absence of HfO2 per se; 
however, there exist strong suspicions that  HfOCI2 
(anhydrous)  is volatile so we have assumed that, 
regardless of any  precautions taken, a small  quant i ty  
of oxygen would probably be present  in  all baths 
made. The presence of large amounts  of oxygen in  
the bath was known to preclude the development  of 
massive crystal l ine deposits of metall ic hafnium; never -  
theless, the black, powderl ike deposits expected would 
show characteristic metall ic crystal l ine s tructure under  
proper magnification, and further,  would indicate the 
presence of metal l ic  hafn ium by  the br i l l iance of the 
sparks produced by the bu rn ing  of a small  sample in  
an open flame. While it is accepted that  these analyt ical  
methods were crude, it was shown that  they were 
satisfactory for the specific evaluat ion required. Emis-  
sion spectroscopy and oxygen analysis were employed 
pr imar i ly  to verify the acceptabili ty of the above- 
described techniques. 

Equipment.--Two different types of cells were used. 
For the low melt ing eutectic, glass cells were used 
which afforded visual observations of the anode and 
cathode dur ing  the electrolysis experiments.  (The heat- 
ing furnaces were designed with windows such that  
visual observation of the melt  could be made.) All 
of the low mel t ing runs  formed water-c lear  melts of 
low viscosity at temperatures  below 300~ so that 
visual observation was an exceedingly simple matter.  

For the higher mel t ing eutectic, a glass-l ined steel 
cell was found to be the most practical. Initially,  graph-  
ite rod (1/4 in. r was used as the anode in both 
types of cell. Late r, as explained below, 1/4 in. C- 
nickel rod was used in  the glass cells with the low 
tempera ture  eutectic melts. Various metal l ic  rods were 
used for cathodes; e.g., 1/16 in. Type 304 stainless steel, 
1/4 in. mild steel, and, for the higher tempera ture  
melts, 1/8 in. nickel rods. All appeared to perform well. 

In  most cases, the eutectic was first made in a special 
melter.  The HfC14 and salts were weighed and added 
to the mel ter  vessel in a dry box. After  appropriate 
evacuation and argon backfill steps, the mel ter  vessel 
was placed in  a furnace and slowly heated to about 
100~ above the mel t ing point of the mix and held 
there, usual ly  overnight.  The mel ter  vessel was con- 
structed to wi ths tand considerable pressure. After  
cooling, the solidified mel t  was removed from the 
mel ter  in a dry box and broken to ~1 /8  in. size pieces 
which were stored in  sealed containers. "Black" salt 
found at the bottom of the mel t ing vessel was re-  
moved since it was known  to contain most of the 
oxygen-conta in ing  species of hafn ium (11). 

Procedure.--For the low tempera ture  melts, a new 
glass cell was made for each experiment.  The anode 
and cathode were first cemented into the openings 
provided with a Saureisen cement 1 and allowed to set 
in a drying oven. The premelted salt was added to 
the cell and the feed port was sealed. The cell was 
now evacuated several times, backfilling as required 
with argon. The cell was placed in  its special furnace 
and slowly heated unt i l  complete mel t ing was ob-  
served. The tempera ture  was fixed at 310~ for most 
of the low tempera ture  runs;  composition of hafn ium 
tetrachloride in  the NaC1-KCI ( I : IM)-HfCI~ was 63 
mole per cent (m/o) .  The experiments  were conducted 
at cell voltages ranging from 5 to 20V which gave 
anode and cathode current  densities ranging from 19 
to 77 A/d in  2. Electrolysis was main ta ined  as long as 
reasonable voltages could main ta in  the current  flow 
but  rare ly  longer than a few hours. During these 
relat ively short runs, any attack of the glass container  
by a reduced state of the hafn ium was felt to be 
negligible. 

Z Saure isen  Seal ing  Cement  (No. 33, Powder ) ,  Saure i sen  C e m e n t  
Company,  P i t t sburgh ,  Pennsy lvan ia .  

For the high temperature  euteetic experiments,  a 
glass-l ined steel cell was used. The anode and cathode 
were cemented into the cell top and ceramic sleeves 
were employed to obtain suitable electrical insulation. 
Since the melt  could not be observed, somewhat  longer 
periods of heating were provided to assure that  a 
homogeneous melt  had been obtained (electrical con- 
ductivi ty of the melt  was no measure of the homo- 
geneity of the mel t ) .  A tempera ture  of 565~ was 
used for most of the high tempera ture  experiments.  
The system used consisted of 27 m/o  HfC14 and 73 m/o  
salts (NaC1/KC1). The cell voltage ranged from 2.5 to 
7.0V, and anode and cathode current  densities varied 
from 9 to 59 A / d m  2 and from 19 to 115 A / d m  ~, re- 
spectively. 

Discussion 
The crude exper iments  s t rongly indicated that  the 

low tempera ture  eutectic was unsui table  for electrol- 
ysis of hafnium. Of concern was the observed instabi l -  
ity of the melt  resul t ing in profuse loss of tetrachloride 
vapor. Without special precautions, the gaseous te t ra-  
chloride condensed in, and would consequently plug, 
the chlorine off-gas line. Perhaps of even greater con- 
cern was an observed inabi l i ty  to produce metall ic 
hafn ium deposits from the low mel t ing eutectic bath. 
This was unexpected since the electrolysis could be 
visually observed. In  most cases observed, the cath- 
odic deposit bui l t  up readi ly in a typically dendrit ic 
form of growth. The ready evolution of chlorine from 
the anode was also easily observed and verified by the 
wet KI  test. However, after water  leaching, much of 
the deposit appeared to have been dissolved and that  
which remained was decidedly not hafn ium metal. 
During leaching, no unusua l  reactions were observed 
nor was there any evidence of hydrogen formation or 
evolution. 

One final interest ing observation that  has been un -  
explained so far was the disintegrat ion of graphite 
anodes wi thin  the melt  dur ing electrolysis of only the 
low mel t ing hafn ium eutectic. (No such degradation 
occurred in  the very similar ZrC14 eutectic.) The graph-  
ite rods swelled and disintegrated below the melt. It 
is of interest  to note that graphite held up satisfac- 
tori ly in the high tempera ture  eutectic melts  contain-  
ing either HfC]4 or ZrC14. Nickel anodes were sub- 
sequent ly  used for all of the low temperature  eutectic 
experiments  and these held up well. 

The high tempera ture  eutectics appeared to be much 
more stable as evidenced by the lack of copious quan-  
tities of tetrachloride vapor fumes emanat ing from 
the chlorine purge port. Some fuming was observed 
which would indicate that fur ther  testing might  evalu-  
ate RbC1 or CsC1 along with KC1 as recommended by 
Flengas (8). 

Adherence of the deposit to the cathode gave no 
problem in any of the baths tested. All cathodes were 
cleaned well before each r un  which, according to Leba-  
deva (10), is a basic requi rement  for an adherent  de- 
posit. 

Small  metall ic crystalli tes of hafn ium were readily 
produced from the high tempera ture  melts. Current  
efficiency was estimated to be about 70% in the high 
temperature  experiments.  Since no at tempt was made 
in these tests to produce mater ial  of high purity,  only 
one sample was analyzed for oxygen; it indicated ap- 
proximately 1% oxygen. Several of the metall ic sam- 
ples were converted to the oxide for analysis by  emis- 
sion spectroscopy. The resul t ing hafn ium oxide spectra 
were very clean, indicating only trace quanti t ies  2 of 
any impurity.  These analyses confirmed our belief that 
for the short reduct ion periods employed, attack of 
the glass containers by reduced states of ha fn ium was 
not important.  

2 Less than  the lower  l imi t  for  wh ich  a specific analyt ica l  concen- 
t ra t ion can normal ly  Tore determined.  
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Conclusions 
In  the series of p re l iminary  screening tests, it was 

not possible to produce metall ic hafn ium from the low 
melt ing eutectic; furthermore,  the instabi l i ty  of this 
melt  makes it unat t rac t ive  for use as a commercial 
electrolyte. 

The high tempera ture  eutectic not only appeared to 
be much more stable, but  it consistently gave crystal-  
l ine metall ic depsits of hafnium. 

Acknowledgment 
The support  rendered by the National  Research 

Council of Canada is grateful ly acknowledged. 

Manuscript  submit ted Nov. 2, 1973; revised m a n u -  
script received Feb. 25, 1974. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1975 
JOURNAL. All discussions for the June  1975 Discussion 
Section should be submit ted by Feb. 1, 1975. 

REFERENCES 
1. J. R. Nettle, J. M. Hiegel, and D. H. Baker, Jr., U.S. 

Bureau of Mines, Report of Invest igat ion 5851, 
Washington, D. C. (1961). 

2. D. R. Spink, In te rna l  Reports, Carborundum Metals 
Company, Incorporated, (1958 and 1969). 

3. C. A. Hampel, Editor, "Encyclopedia of Electro- 
chemistry," pp. 692-693 and 1188-1191, Reinhold 
Publ ishing Corporation, New York (1964). 

4. G. M. Martinez, M. M. Wong, and D. E. Couch, 
TMS-AIME, 245, 2237 (1969). 

5. L. J. Howell, R. C. Sommer, and H. H. Kellogg, 
J. Metals, 209, 193 (1957). 

6. D. R. Spink, Personal  research. 
7. L. J. Howell and H. H. Kellogg, TMS-AIME, 215, 

143 (1959). 
8. S. N. Flengas and P. Pint,  Can. Met. Quart., 8, 151 

(1969). 
9. J. E. Dutrizac and S. N. Flengas, Advances in Ex-  

tractive Metallurgy, Proc. of Syrup., Apri l  17-20, 
1967, Inst i tute  of Mining and Metallurgy, London, 
England (1968). 

10. K. P. Lebadeva and A. M. Baraboshkin,  Electro- 
chem. Molten Solid Electrolytes, 3, 83 (1966). 

11. D. R. Spink, TMS-AIME, 224, 965 (1962). 

Effect of Sodium Ions on the Electrochemical Reduction of 
Diethyl Fumarate in Dimethylsulfoxide and Acetonitrile 

Michael D. Ryan and Dennis H. Evans 
Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin 53706 

The publication costs of this article have been assisted by the National Science Foundation. 

Childs et aL (1) studied the electrochemical reduc-  
tive coupling of diethyl  fumara te  (trans-CeH502CCH = 
CHCO2C2Hs), 1, in  N,N-dimethylformamide (DMF). 
Their  a t tent ion was focused on the dimerization mech-  
anism with t e t r a - n - b u t y l a m m o n i u m  iodide as sup- 
port ing electrolyte. Using double potential  step chron-  
oamperometry,  these workers showed that  the ini t ia l ly  
formed radical anions reacted by  a second-order,  i r re-  
versible, dimerization reaction in contrast to more 
complex schemes which had been  proposed earlier. 
This conclusion was confirmed for 1 and other activated 
olefins by la ter  studies using rotat ing r ing-d isk  elec- 
trode vol tammetry  (2), l inear  sweep vol tammetry  (3), 
and current - reversa l  chronopotent iometry (4). 

Childs et al. (1) noted that the addition of sodium 
or l i th ium ions to the support ing electrolyte caused 
a substant ia l  increase in  the rate of dimerization of 
the radical anions of diethyl fumarate.  Li th ium also 
had the effect of decreasing the importance of poly- 
merizat ion side reactions as evidenced by an increase 
of the coulometric n -va lue  to unity.  An analogous ef- 
fect of sodium and l i th ium has been reported for the 
reduction of some a,;~-unsaturated ketones in  dimeth-  
ylsulfoxide (5). The increased rate of dimerization 
was ascribed to ion pair formation be tween the rad-  
ical anions and the metal  cations with the neut ra l  ion 
pairs reacting more rapidly than the anion radicals. 
A quant i ta t ive  study of the effect of sodium on the 
reduct ion of phthalaldehyde in N,N-dimethylforma- 
mide has been  reported by Lasia (6) who treated 
his data in terms of the following reactions (A ---- 
phthalaldehyde)  

E1/2 
A-5  e ~ A ~ [1] 

K 
A ~ -5 Na + ~---NaA' [2] 

Key words: electrohydrodimerization, cyclic voltammetry, ion 
pairs. 

2 A ~ kl> - A A -  [3] 

A ~ -5 NaA" k2> - A A N a  [4] 

2 NaA" - ~  NaAANa [5] 

If the rate of the ion pai r ing reaction [2] is rapid 
enough so that  the reaction can be assumed to be at 
equil ibrium, and if sodium is present  in  excess, the 
observed dimerization rate constant, kobs, may be re- 
lated to K, kl, k2, k3, and Csa by the equat ion 

kobs = (kl -5 k2KCNa -5 kaK2CNa2) / (1 -5 KCNa) 2 [6] 

where K is the formation constant for the ion pair  
(M -1) and CNa is the molar  concentrat ion of sodium. 

This paper presents results for the reduct ion of 1 
in the presence of sodium in  dimethylsulfoxide 
(DMSO) and acetonitrile (AN).  Though these sol- 
vents have similar  dielectric constants, the tendency 
for ion pair formation is much greater  in  AN than in  
DMSO. Fuj inaga  et al. (7) noted that formation con- 
stants for the ion pairs of the radical anions of naph-  
thoquinones and metal  ions are greater in  AN than  in 
DMSO. As pointed out by Krygowski  (8), this is con- 
sistent with the concept of donicity (DN) defined by  
G u t m a n n  (9). A high donicity solvent such as DMSO 
(DN _-- 29.8) stabilizes the unpa i red  meta l  ions by 
solvation in contrast to a lower donicity solvent such 
as AN (DN ---- 14.1) in  which solvation of metal  ions 
is weak and ion pair  formation is favored. 

Experimental 
Materials.--Dimethylsulfoxide (DMSO) and aceto- 

ni t r i le  (AN) were Matheson Coleman and Bell Spec- 
t roqual i ty  solvents. Water content  as de termined by  
gas chromatography was about  30 mM for each sol- 
vent. Te t r a -n -bu ty l ammonium perchlorate (Matheson 
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Coleman and Bell) was recrystallized from acetone- 
water  and vacuum dried at room temperature.  A n h y -  
drous sodium perchlorate (Matheson Coleman and 
Bell) was found to contain less than  1 mole per cent 
(m/o)  water  by  determining loss of weight after 
vacuum drying at 200~ (10). Diethyl  fumarate  (Al-  
drich) was used as received. 

Appara tus . - -The  voltammetr ic  cell has been de- 
scribed elsewhere (11) as has the digital  data acqui-  
sition system and  procedures for analysis of cyclic 
vol tammetr ic  data (12). A silver reference electrode 
(SRE) comprising a silver wire in contact with 0.10M 
t e t r a - n - b u t y l a m m o n i u m  perchlorate and 0.010M silver 
n i t ra te  in DMSO was used for the DMSO studies and 
an aqueous saturated calomel electrode (SCE) was 
used in AN. The hanging mercury  drop electrode area 
was 0.029 c m  2. 

Exper imenta l  procedures . - -Exper iments  were per-  
formed at a tempera ture  of 24 ~ • I~ For sodium 
perchlorate concentrations less than  0.10M, sufficient 
t e t r a -n -bu ty l ammonium perchlorate was added to as- 
sure an ionic s t rength of 0.1M. 

Rate constants were determined using the method 
described by Olmstead, Hamilton, and Nicholson (13) 
where the anodic peak current,  i'a, is measured from 
zero current  ra ther  than  from an extension of the 
cathodic peak. The theoretical results were extended 
to switching potentials necessary for this research but  
not encompassed in the work of Olmstead et al. by 
applying digital s imulat ion techniques (14). The rate 
law for dimerization of the radicals, R, was wr i t ten  
as - -dCa/d t  ~- 2kCR 2 where k is the second-order  
dimerization rate constant. Olmstead et al. omitted the 
2 in  their  formulat ion of the rate law. 

Results and  Discussion 
Peak potentials and observed rate constants, kobs, 

as a function of sodium concentrat ion for DMSO as 
solvent are presented in Table I. The rate  constants 
are averages of individual  values obtained from at 
least three different scan rates in  the range of 0.5-50 
V/sec. The shapes of the voltammetric  peaks, the 
peak current  ratios, and the dependence of the cathodic 
peak potential  on scan rate were all consistent with 
an irreversible dimerization following reversible elec- 
t ron t ransfer  (13). 

There are several constants which must  be eva lu-  
ated in Eq. [6]. The dimerization rate constant  for the 
radical anions, kl, was taken as kobs in  the absence of 
sodium ions. The value found was 1.4 • 108 l i ter .  
mole - l sec  -1. The evaluat ion of K is based on the de- 
pendence of the peak potential  on sodium concentra-  
tion. Two factors cause the peak potential  to move 
in  the positive direction as the sodium concentrat ion 
increases. First, the ion pair  formation (reaction [2]) 
causes a positive shift in  the potential.  This would 

Table I. Dependence of peak potential and kobs on sodium 
concentration for the reduction of diethyl fumarate in DMSO a 

kobs X 10 -s, 
CNa, M Ep b l i t e r . m o l e  -2 sec -1  

0.0 -- 1 .728 1.4 
0 .004  -- 1 .724 3.4 
0.0063 -- 1."/24 4.7 
0 .010 --1. '717 6.6 
0.016 - -  1.`TU 11 
0.025 - -  1.705 17 
0.040 -- 1.699 24 
0.064 -- 1.692 35 
0.10 - -  1.692 38 
0.16 -- 1.684 60 
0.25 --  1.6'74 9'7 
0.40 -- 1.659 170 
0.63 --  1 .645 445 

a 0.96 m M  d i e t h y l  f u m a r a t e ;  24~  t e t r a - n - b u t y l a m m o n i u m  p e r -  
c h l o r a t e  a d d e d  to  s o l u t i o n s  c o n t a i n i n g  l o w  s o d i u m  c o n c e n t r a t i o n s  
to b r i n g  to ta l  i o n i c  s t r e n g t h  to  a b o u t  0 .1M. 

b V vs.  SRE;  0.050 V l s e c .  

I I i 1 

-1.70 

b, 

~y 

-174 

I I I I 
-2 -1 

log [Na +] 

Fig. i. Corrected peak potentials for reduction of diethyl fumarate 
in DMSO as a function of sodium concentration. Concentration of 
diethy| fumarate, 0.96 mM; scan rate, 0.050 V/sec. Peak potentials 
corrected for effect of chemical reactions following the initial 
electron transfer (see text). 

be observed even if the radicals did not dimerize. 
Second, the chemical reactions of the anion radicals, 
reactions [3]-[5], also cause a positive shift in t~he 
peak potential. Since the two effects are additive, 
we may correct the observed peak potentials for the 
effects of the second factor by applying the theory 
for an irreversible dimerization reaction following a 
reversible electron transfer  reaction (13) to the ob- 
served peak potentials and rate constants in  Table I. 1 

Peak potentials corrected in this m a n n e r  are pre-  
sented in Fig. 1. The residual dependence of peak po- 
tential  on sodium concentrat ion should be due only 
to the first factor (ion pair formation) and the data 
should be in terpretable  in terms of the equat ion (15) 

( E p ) c o r .  : El~2 - -  0.0285 + 0.0592 log(1 + K C N a )  [ 7 ]  

where El/2 is the half-wave potential  for reaction [1]. 
The curve in  Fig. 1 is that  predicted by Eq. [7] with 
El/2 = --1.704V vs. SRE and K -- 5.8 M -1. 

The final two rate constants, k2 and kj, can be ob- 
tained by finding the values which best fit Eq. [6] 
using the exper imenta l  values of kobs and the kl and K 
which were evaluated above. Figure 2 shows the curve 
predicted by Eq. [6] for K = 5.8 M -z, kl -- 1.4 • 103 , 
k 2  = 5.0 X 104, and k3 = 3.1 • 105 l i t e r .mole - l sec  -1. 
The ionic s t rength was substant ia l ly  greater  for the 
four highest sodium concentrat ions than it was for 
those of 0.1M and below. This could have affected the 
rate constants though the impor tant  reactions in this 
region of concentrat ion (reactions [4] and [5]) are 
not ion- ion  reactions and should not be highly depend- 
ent on ionic strength. An al ternat ive fit for sodium 
concentrations of 0.10M and below gives k2 ---- 6.8 • 
104 and k.~ = 2.0 • 105 l i t e r -mole - l sec  -1. The model 
assumes that the rate of ion pair ing is much greater 
than the dimerization reactions. Ion pair ing rate con- 
stants are known to be large. For  example, the over-al l  
rate constant for sodium exchange in  the 2,5-di-tert .-  
buty l - l ,4 -benzoquinone  radical anion-sodium ion pair  
is about l0 g liter-mole-Xsec -1 (16). In  summary,  for 
DMSO as solvent, ion pair ing is weak but  the rate 

a T h i s  p r o c e d u r e  is  b a s e d  on t h e  f a c t  t h a t  t h e  b o u n d a r y  v a l u e  
p r o b l e m  c o m p r i s i n g  r e a c t i o n s  [ 1 ] - [ 5 ]  is  of  t h e  s a m e  f o r m  as  t h a t  
so lved  by  O l m s t e a d  et at. (13) w h e n  i t  is a s s u m e d  t h a t  r e a c t i o n  [2] 
is f a s t  a n d  t h a t  t h e  d i f f u s i o n  coef f ic ien t s  of  t h e  r a d i c a l  a n i o n  a n d  
ion  p a i r  a r e  i d e n t i c a l .  T h e  f o r m u l a t i o n  t r e a t s  t h e  s u m  of t h e  r a d i c a l  
a n i o n  a n d  ion  p a i r  c o n c e n t r a t i o n s  as  a n e w  v a r i a b l e .  T h e  r a t e  con-  
s t a n t  i n  t h e  f o r m u l a t i o n  i s  kobs f r o m  Eq.  [6]  a n d  t h e  s t a n d a r d  po -  
t e n t i a l  i n c l u d e s  the  e f f ec t  of  r e a c t i o n  [2] ,  i .e . ,  i t  is  g i v e n  b y  E ~ + 
0.0592 log (1  + KC~a) .  H e n c e ,  t h e  t h e o r e t i c a l  d a t a  of Ref .  (13) m a y  
be  u s e d  to e v a l u a t e  kobs. F u r t h e r m o r e ,  t h e  sh i f t s  i n  p e a k  P o t e n t i a l  
as t he  s o d i u m  c o n c e n t r a t i o n  is  c h a n g e d  a r e  d u e  to b o t h  t h e  k i n e t i c  
e f fec t  a n d  t h e  sh i f t  in  t h e  f o r m a l  p o t e n t i a l .  T h e  t w o  e f f e c t s  are  
a d d i t i v e .  
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Fig. 2. Observed rate constants for dimerization of radical anions 
of dlethy[ fumarate in DMSO as a function of sodium cancentration. 
Concentration of diethyl fumarate, 0.96 raM. Curve is Eq. [6 ]  
w i t h K =  5 .8M - 1 , k l  = 1.4 X 10 ~,ks  = 5.0 X 104 , andks  = 
3.1 • ]05 l i ter.mole-lsec-L 

of di.merization of the ion pairs is about two orders 
of magni tude  greater than  that of the free radical 
anions. At low sodium concentrations, the dimerization 
proceeds by reactions [3] and [4], and as the sodium 
concentrat ion is increased, reaction [5] becomes im-  
portant  while reaction [3] wanes. 

When AN was used as solvent, the dimerization re- 
actions were extremely rapid in the presence of sodium 
ions. With as little as 2 mM sodium, no oxidation peak 
was obtained for a cyclic vol tammogram of 0.29 mM 
1 at 50 V/sec. This means that kobs is greater  than  
about 106 l i t e r -mole - l sec  -1. This greatly enhanced 
rate is due to the greater tendency for ion pair forma- 
tion in AN as compared to DMSO. Even at low sodium 
concentrations, the ion pair is the predominant  form 
of the anion radical, i.e., KCNa ~ 1. Under  this con- 
dition (and k3 > k2 > kl as was observed in DMSO) 
Eq. [6] reduces to kobs ---~ ks and the observed rate 
constant is no longer a funct ion of sodium concentra-  
tion. As a result, the kinetic effect on the peak poten-  
tial for the reduct ion of 1 in AN will  be a constant 
and any shift in peak potential  as the sodium concen- 
t rat ion is varied must  be a t t r ibuted to the ion pair ing 
(reaction [2]). The effect is described by Eq. [7] 
which predicts that the peak potential  should shift 
59 mV for a tenfold change in  sodium concentrat ion 
when  the ion pair is the predominant  species (KCNa 
> >  1). 

Peak potentials for the reduction of 1 in AN are 
presented in Fig. 3 along with a line of the theoretical 
59 mV slope. These data are consistent with a reaction 
scheme in which most of the radical anions exist as 
ion pairs, and the dimerization proceeds by reaction 
between these ion pairs (reaction [5]). 

I I I I 

> 

-1 38 

I I I I,, 
- 2  -1 

log INn +] 

Fig. 3. Peak potentials for reduction of diethyl fumarate in AN 
Os a function of sodium concentration. Concentration of diethyl 
fumarate, 0.29 raM; scan rate, 0.100 V/sac. 

In  conclusion, it has been  possible to correlate the 
data for the reduction of 1 in DMSO containing sodium 
to the mechanism given by reactions [1]-[5]. The 
ion pair formation constant and the three rate con- 
stants were evaluated. In  AN, the same mechanism 
is probably active but  the formation constant  of the 
ion pair is large enough that only the pa thway involv- 
ing dimerization of ion pairs is observed. 
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In  1919 Richards and Daniels published their  de- 
tailed work on concentrated thal l ium amalgams (1). 
These results were used by Lewis and Randall  in  
their  classical thermodynamic  t rea tment  of concen- 
t ra ted solutions (2). Richards and Daniels made very 
precise emf measurements  ( •  ~V) on the concentra-  
t ion cell 

T1 (Hg), awl.l/T1 +, X - ,  solvent/T1 (Hg), aT1.2 [1] 

In  cell [1], awl.1 and aTi.~ are the activities of T1 in  the 
amalgams and X -  is the anion. Richards and Daniels 
also made some measurements  on the cell 

T1 (Hg)/T1 +, X - ,  solvent/T1 [2] 

but  refer to these measurements  as being "only ap- 
proximate." It is noted that  the emf's of cells [1] and 
[2] are independent  of the na ture  of X -  and of the 
solvent. Cowperthwaite et al. (3) made very precise 
emf measurements  (___0.02 mV) on cell [2] using a 
5% T1 amalgam. The Nernst  relat ion for cell [2] is 

E 2  : E~  - -  (2"3RT/F) log (N212) [ 3 ]  

where N2 and  ~2 are, respectively, the mole fraction 
and rat ional  activity coefficient of T1 in the amalgam. 
Eo2 is defined by 

E ~  -~- E~  - -  E~ [4] 

where E~ is the s tandard potential  of the T1 amal-  
gam [the reference state is infinite di lut ion (2)] and 
EOT1 is the s tandard potential  of solid thall ium. E~ is 
evaluated by plott ing the function E' against N2 and 
extrapolat ing to N2 = 0. E' is defined by 

E' = E2 -{- (2 .3RT/F)  log N2 [5] 

A problem arises in the evaluat ion of Eo2 because the E2 
values of Richards and Daniels are, supposedly, based 
on approximate values for the solid T1 electrode. 
Cowperthwaite 's  values for cell [2] using a 5% T1 
amalgam can be combined with Richards's and Daniels 's 
data for cell [1] to obtain E2 values as a funct ion of 
N2, but  Cowperthwaite et al. do not state the accuracy 
of the concentrat ion of the 5% amalgam. This lat ter  
method was used by  the present  author (4, 5) but  it 
was pointed out by Singh et al. (6) tha t  these Ez values 
differ by as much as 23 mV (positive) from those 
values based on Richards's and Daniels 's approximate 
measurements .  Since the E2 data of Richards and Dan-  
iels are widely quoted, par t icular ly  in recent works 
in  nonaqueous solvents (4-8), it is impor tant  to have 
accurate values, and this then is the purpose of this 
communication.  

Experimental 
T1NO3 and 1/8 in. T1 wire (Apache Chemicals, 

99.999% pure)  were t reated as follows. The T1 wire  
was r insed in  dilute H2SO4 and distilled water  and 
dried for 12 hr  at 60~ in a vacuum oven. The as- 
received T1NO3 was dried under  identical conditions. 
Reagent grade (Fisher Chemicals) dimethylsulfoxide 
(DMSO) was used as the solvent and was treated for 
2-4 weeks with Type 4A molecular  sieves. These chem- 
icals were t ransferred to an  argon-fil led VAC dry 
box in  which the oxygen content was less than 1 ppm. 

* Electrochemica l  Soc ie ty  Active  Member .  
K e y  words :  t ha l l i um ama lgams ,  s t a n d a r d  Dotentials,  ac t iv i ty  eo-  

efflcients. 

An oxide film did form on the T1 wire dur ing the 
t ransfer  but  was scraped off and the T1 would remain  
clean and bright  for several weeks in the dry box. 
A stock T1 amalgam of ~10% T1 by weight was pre-  
pared with t r iply distilled Hg. More dilute amalgams 
were prepared by adding Hg to this stock amalgam. 
A Mettler H15 balance was used for all weighings 
inside the dry box. The electrolyte used was ,~0.1M 
T1NO~ in DMSO. 

The electrochemical cell consisted of five compart-  
ments, three of which contained T1 amalgam and the 
remaining  contained T1 wire. The cell was filled in 
the dry box, sealed by wet t ing the ground joints with 
electrolyte, removed to the laboratory, and placed in 
a water  bath. Four  temperatures  of 15 ~ 20 ~ 25 ~ and 
35~ were employed; regulat ion was ----. 0.02~ 

A Keithley 610C electrometer was used for the emf 
measurements  of cell [2]. The output  of the electrom- 
eter was measured with a Systron Donner  1103 
counter  with a Model 1936 integrat ing DVM plug in. 
Using a calibrated Weston cell as a standard,  the 
accuracy of the emf readings was _ 0.03 inV. 

Results and Discussion 
All emf readings were stable to wi th in  the accuracy 

limits of the ins t rumenta t ion  (• mV).  The bias 
potential  between the two T1 electrodes was, wi th in  the 
stated accuracy, zero for all measurements .  Some 
problems did arise with several measurements  at 15~ 
DMSO freezes at 18.5~ but  can be supercooled in the 
presence of an electrolyte if the cooling is carried out 
slowly. During the measurements  on 0.038, 0.081, and 
6.005% T1 in Hg, the tempera ture  was cooled rapidly 
from 35 ~ to 15~ and the solution froze. Warming  and 
recooling resulted in erratic readings and bias poten- 
tials of ~0.5 mV. The emf data for these amalgams 
were not recorded at 15~ but  were obtained by ex- 
t rapolat ion as explained below. 

The results of the measurements  are given in Table 
I. Over the temperature  range studied, it was found 
that the temperature  coefficient, dE/dT, for any given 
amalgam is constant wi th in  the limits of the experi- 
mental  error. This result  is in  agreement  with those of 
Richards and Daniels. Because dE/dT is constant, the 
emf values for the three discarded points at 15~ 
could be evaluated by simple extrapolat ion to wi thin  

10. 

20 -  

E" 
{ . v )  

30 -  

I I 
0.05 0.10 

N2 

Fig. 1. Plot of E' (Eq. [5]) vs. N2 (mole fraction of TI) 
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Table I. Experimental results for cell [2] 

885 

Weight  
per cent  

TI N~ 15~ 

E2 (mY) log  f~ 

20~ 25~ 35~ 15~ 20~ 25~ 35~ 

0.038 0.000375 (228.71)*" 
0.081 0.000792 (209.96) 
0.260 0.002547 180.31 
0.332* 0.003254 173.93 
0.790 0.00759 151.06 
1.526 0.01498 132.08 
2,477 0.02432 117,24 
4.670 0.04588 95.03 
6.005 0.05900 (86.24) 
9.799 0.09635 64,90 

232.17 235.67 242,63 0.00245 0.00258 0.00254 0.000245 
213.14 216.33 222,64 0.00612 0.00533 0.00507 0.00507 
182.90 185.56 190.90 0.01732 0.01788 0.01775 0.01085 
176.38 178.86 183.81 0.02239 0.02355 0.02464 0.02633 
153~9 155.27 159.64 0.04573 0.04659 0.04598 0.04432 
133.93 135,82 139.62 0.09130 0.09026 0.08904 0.08603 
118.83 120.52 123.96 0.14045 0.13943 0,13726 0.13166 
96.42 97.86 100.69 0,.25309 0.24895 0.24443 0.23650 
87,23 88.43 90.81 0.29769 0.29777 0.29481 0.28900 
65,98 67.16 69.52 0.45808 ~45010 ~44137 0;42427 

* The data for this amalgam is taken from Ref. (I). 
** Values in parentheses are extrapolated (see text); error is _0.0S inV. 

__.0.05 mY. These extrapolated E2 values are given in  
parentheses in  Table I. The plot of E' (Eq. [5] ) against  
Ns at 20.0~ is shown in  Fig. 1. In  this figure, the 
diamond points refer  to the present  results and the 
circles refer to the data of Richards and Daniels. It  is 
seen that  Richards's and Daniels 's values lie wi th in  
0.03 mV of the l ine drawn through the diamond shaped 
points (this is wi thin  the accuracy of the present  emf 
measurements) .  The extrapolat ion of E" to Ns = O for 
the present  data is s impler than  with Richards's and 
Daniels's original data because E" vs. N2 becomes l inear  
below the point for N2 = 0.003254 (the 0.332% T1 
amalgam).  Above this point, the plot is non l inear  
which results in a sl ightly less accurate value for 
E~ (see below).  Table II gives the present  values of 
E~ as a function of temperature.  Also included in  
Table II is the s tandard free energy change, AG%, for 
the reaction of cell [2], i.e., for 

TI(Hg) = T1 + Hg [2'] 

A least squares analysis was performed on the data in  
Table II and the resul t ing values for the s tandard en-  
thalpy and entropy (both are assumed to be inde-  
pendent  of temperature)  are, respectively, AH~ = 
646.1 • 4.9 cal mole -1 and AS~ = --0.398 • 0.016 eu. 
These errors are the statistical s tandard deviations of 
the least squares slope and intercept, respectively. A 
more realistic estimate of these s tandard deviations 
can be obtained by combining the variances of the 
statistical analysis and the exper imental  error. This 
then  gives 

/ 
Table II. Standard potentials and free energies for reaction [2] 

E~ dG~ 
~ (mV) (cal mole-*) 

15.0 32.99 780.8 
20.0 33.06 762.4 
25.0 33.16 764.7 
35.0 33.33 768.6 

AH% -- 646.1 __ 5.0 cal mole -1 

~S~ _-- --0.40 _ 0.22 eu 

The rational activity coefficients were calculated 
from Eq. [3] and are given in Table I. The valueg of 
f2 at 20.0~ are ~2% higher than those calculated by 
Lewis and Randall I who evaluated fe from Richards's 
and Daniels 's data and are therefore based on the non-  
l inear  extrapolation. If Lewis's and Randal l ' s  data for 
f2 are used in Eq. [3] to calculate E~ at 20.0~ an 
average value of 32.78 mV is obtained. The difference 
be tween this and the present  value for E~ is much 
greater than the exper imental  error and is therefore 
significant. Values for the activities of Hg in the amal-  
gams were calculated from the Gibbs-Duhem equation 
and the results are, essentially, identical to those of 
Lewis and Randall.  It is evident  therefore that  if 
Richards's and Daniels 's s ta tement  on the approximate 
na ture  of their  E2 values is t aken  literally, errors can 
result. This by  no means vitiates previous results 
(4, 5) but  ra ther  requires slight adjus tments  as sug- 
gested by Singh et aL (6). 

Manuscript  received Jan. 25, 1974. 
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Numerous methods for adding oxide ion to n i t ra te  
melts for use in  electrochemical studies have appeared 
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in the l i terature  (1). No real ly  convenient  source ap- 
pears yet to be available. In  recent  publications (2, 3) 
Fredericks and Temple, in  s tudying the p la t inum-oxy-  
gen electrode in fused nitrates, have used carbonate 
ion as a source of oxide ion. Between 250 ~ and 350~ 



886 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July  1974 

they give the react ion 

CO~ 2- ~ CO2 + O~- [1] 

This is based on ear l ier  work  of Kust (4-6) who first 
proposed the reaction. In the presence of a p la t inum-  
oxygen electrode, the oxygen flow was considered to 
dr ive the reaction to complet ion by sweeping out the 
carbon dioxide. The react ion was also assumed to pro-  
ceed in the absence of the oxygen al though in some 
cases an unspecified amount  of dichromate  was added 
"to enhance the evolut ion of CO~" (4). 

In contrast to the above, Zambonin (7) has repor ted  
that  carbonate ion is stable in ni trate  melts  from 230 ~ 
to 330~ 

In none of the above references was the system in- 
vest igated sufficienctly thoroughly to al low an un-  
equivocal  conclusion regarding the reaction. While 
pursuing our previous electrochemical  studies in ni-  
t ra te  melts  (8-10), we have found it necessary to study 
the mat te r  further.  As a result, it has been established 
that  carbonate ion is stable in fused KNO3 at 350~ up 
to 100 hr. Purging with  oxygen or n i t rogen has no 
effect. If dichromate is added, it reacts stoichiometri-  
cally according to the equat ion 

Cr2072- + CO3 ~- ~ 2CRO42- + CO2 [2] 

This react ion has also been proposed by others (1I) .  

Experimental 
Reagent  grade chemicals were  uti l ized throughout  

this work. The KNO3 was dried in a vacuum desiccator 
at 130~ for 24 hr  and then stored at 110~ •2Cr207 
and K2CO3 were  dried at l l0~  for at least 24 hr. The 
mel t  consisted of 10g KNO3 at 350~ mainta ined in a 
fused salt bath. K2CO3 was added as pellets formed in 
a laboratory press. The mel t  was al lowed to stand at 
350~ for various t imes up to 100 hr  undis turbed or 
while being purged with  ei ther  oxygen or ni t rogen gas. 
It was then frozen, dissolved in boiled distil led water,  
and t i t ra ted with  standardized HC1. 

The colorimetric indicators methyl  red and phenol-  
phthale in  were  used wi th  boiling in some titrations. In  
others, a Corning Series 500 Combinat ion Electrode 
was used to moni tor  the pH curve. This was used in 
conjunction with  a Sargent  Constant Rate Buret  
(Model C) and a Model SR Recorder  wi th  a pH re-  
cording adapter. In all cases a very  pronounced classi- 
cal weak-base  t i t rat ion curve with  two end points, 
one in the region of pH 9 and the other  at 5.5, was 
obtained. Blank runs showed that  any salt error  due to 
the KNO3 was negligible. The volume of t i t rant  to the 
first end point was equal  to that  f rom the first to the 

second. The t i t rat ion errors were  less than 1%. Thus, 
wi thin  this accuracy carbonate is stable and the only 
base present for the given conditions. 

To study the effect of dichromate,  known amounts 
were  added to a KNO3 mel t  at 350~ containing a 
known amount  of carbonate in various mole ratios up 
to 1: 1. Upon addit ion of the dichromate, a vigorous 
evolut ion of gas was observed and the orange color of 
the dichromate changed to the easily dist inguishable 
yel low of chromate. Titrat ions as described above 
showed, that  af ter  the reaction, carbonate was present  
in the mel t  in an amount  equal  to the init ial  less the  
number  of moles which would have  been used up by 
react ion [2]. When dichromate was added in an amount  
s toichiometrical ly equivalent  to the carbonate, no car-  
bonate end points were  found on titration. Instead, 
an inflection point was observed at pH 3.5 accompanied 
by a visually observable change from the yel low of 
chromate to the orange of dichromate. The volume 
of HC1 consumed corresponded to the amount  of di- 
chromate original ly added according to the known stoi- 
chiometry 

2CrO4 ~- + 2H + --> Cr2072- + H20 [3] 
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In  a recent  paper the author  proposed a method of 
de termining the respective rate laws for part ial  proc- 
esses in  mixed potential  systems (1). This method has 
recently been applied to electroless copper plat ing sys- 
tems (2). The emphasis in  that work (2) and sub-  
sequent  publications (3, 4) was toward a determinat ion 
of the reaction orders in  order to elucidate the reaction 
mechanism. However, the resul t ing reaction orders 
made an exact elucidation impossible: it was possible 
only to make general  remarks concerning possible 
mechanisms (3, 4). One may  question the val idi ty of 
an indirect  analysis par t icular ly  when  nonintegra l  re-  
action orders are obtained and an atomistic mecha-  
nism cannot be proposed (2-4). This note will provide 
a means of testing the analysis fur ther  and wil l  ind i -  
cate how addit ional informat ion associated wi th  the 
rate law can be obtained. 

Since only selective pieces of data are used in  the 
determinat ion of the reaction orders for the partial  
processes (1, 2), it is possible that an incorrect anal -  
ysis and /o r  poor data could lead to incorrect rate laws. 
A typical  test of the val idi ty  of a rate law in chemical 
kinetics is the determinat ion of the specific rate con- 
stant  using all of the rate data. At a fixed tempera ture  
the computed rate constant should be reasonably con- 
stant. Therefore, the computat ion of the rate constants 
for the partial  processes provides a means of testing 
both the theoretical analysis and the qual i ty  of the 
data. Fur thermore,  computat ion of the s tandard  spe- 
cific rate constants for the part ial  processes leads di- 
rectly to a complete numerical  representat ion of the 
rate laws. 

Casting Eq. [15] and [16] of Ref. (2) in the form of 
Eq. [4a] and [4b] of Ref. (1), respectively, and re- 
ar ranging yields 

( _ r a )  exp (~b0a - r  
~a 

k~ = [1] 
[HCHO]0.1s [OH-]0.1s 

and 
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Key words: copper, corrosion, electrode kinetics, electroless plat- 

ing, mixed potentials, partial processes, standard specific rate con- 
stants. 

( _ r e )  [HCHO]6.23 exp (~ r176 - -  r176 / 

k~ = [2]  
[Cu2+]1.7 [OH-]0.1s 

where koc includes the l igand concentrat ion and reac- 
t ion order (2). The data used in the analysis are given 
in Table I. The plat ing solutions and plat ing rates are 
from recent work (5) while the mixed potentials were 
given elsewhere (2). The Tafel slopes were those of 
Paunovic  (6) with an appropriate correction for tem- 
perature.  The s tandard electrode potential  of the for- 
maldehyde reaction was computed in  the manne r  de- 
scribed previously (3, 4) using data from Pourbaix  (7). 
The s tandard electrode potential  of the copper-cupric 
ion reaction was found in Pourba ix  (7). The s tandard 
potentials were not corrected for the change in  tem- 
perature  since the values of the tempera ture  coeffi- 
cients were not known for both part ial  processes. 

The values of the s tandard specific rate constants 
computed from Eq. [1] and [2] are given in  Table I. 
The mean  value of the anodic constant at 40~ was 
9.40 X 10 -~ ~m/hr  M 0.36 with a s tandard deviation of 
1.9 X 10 .-8 ~m/hr  M0.a6; the mean  cathodic constant at 
40~ was 1.38 X 10 -4 ~m/hr  M 1.65 with a s tandard de- 
viat ion of 0.53 • 10-4 ~m/hr  M 1.~ The precision of the 
computed values of the rate constants is a significant 
corroboration of both the theoretical analysis (1) and 
the exper imental  data (2, 5). 

A question which often arises in analyses of this type 
is, What is the effect of the temperature  coefficient of 
the s tandard potential  on such computations? Since the 
temperatUre coefficient of the copper-cupric ion sys- 
tem is known (8), this effect will be ascertained for the 
cathodic part ial  process. Since the mixed potential,  r 
is measured with respect to a saturated calomel elec- 
trode (SCE) in the same solution, the s tandard po- 
tential  of the copper-cupric ion system, i.e., V~ of Eq. 
[2], must  also be measured with respect to SCE. The 
hypothetical  cell for that combinat ion is 

SCE/ /Cu2+/Cu  (s tandard conditions) [3] 

with a potential  

Table I. Data for electroless copper plating solutions 

M i x e d  
P l a t i n g  ra~e, p o t e n t i a l ,  k %  x 10 a k %  • 10~ 

CuSO~, M N a O H ,  M H C H O ,  M T e m p ,  ~ # m / h r  m V  vs.  S C E  /~rn/hr  M o.~ /~m/hr  M 1,~ 

0.05 0 .25 0.33 31 2.28 --  700 7.02 0.31 
0.01 0.25 0.33 40 1.68 - - 7 8 0  10.8 1.31 
0.025 0.25 0.33 40 2 .57 --  725 7.18 1.08 
0.05 0.25 0,33 40 3.56 --  685 7.50 1.02 
0.10 0.25 0.33 40 4 .77 -- 640 7.32 1.03 
0.05 O. 125 0.33 40 3.35 -- 650 9.80 2.18 
0.05 0.375 0.33 40 3.90 --  645 9.03 2.30 
0.05 0.25 0.16 40 3.55 - - 6 7 0  12.0 1.16 
0.05 0.25 0.65 40 3.80 - -  690 11.5 1.15 
0.05 0 .25 0.33 50 8 .10  --  675 30 .9  4.55 
0.05 0.25 0.33 60 11.2 - -  665 46.9  11.8 
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~b~ (VS. S C E )  : ~b~ - -  ~bsCE,H [4] 

The temperature  coefficient of the cell is 

d~b~ + d~b~ + ,H d~bSCE,H 
(vs. SCE) -- [5] 

dt dt dt 

where the "isothermal" tempera ture  coefficients on the 
r igh t -hand  side of Eq. [5] can be computed according 
to de Bethune et al. (8). The exponent  in Eq. [2] be-  
comes 

- -  ~/oT - -  ~b~ +,H,25 ~ ~OSCE,H,25 

dr176 
- , i  

(vs. SCE) ( t - -  25) J [6] 
dt 2 

If Eq. [6] replaces the exponent  in Eq. [2], a new 
set of s tandard specific rate constants may be com- 
puted. This subst i tut ion was performed and the results 
are shown in Table II. In  all cases the result ing rate 
constant was from 10 to 40% lower than  that  computed 
"ignoring" the tempera ture  coefficient. The mean  rate 
constant  at 40~ was 1.11 • 10 -4 ~m/hr  M 1.~5 wi th  a 
s tandard deviation of 0.43 X 10 -4 ~m/hr  M 1-6~. While 
the rate constants computed using the temperature  
coefficient correction are more correct than  those com- 
puted ignoring it, the improvement  probably does not 
just i fy the additional computations, par t icular ly when  
the temperature  coefficient is u n k n o w n  and must  be 
computed from the s tandard  reaction entropy [see 
Ref. (8)].  However, in some mixed potential  systems 
the effect could be more dramatic. In  the present  
work, the differences between the mixed and s tan-  
dard potentials were on the order of 800 mV. There-  
fore, the temperature  correction represented only a 
small  fraction of the exponential  term. In  corrosion 
systems, for example, where this difference might only 
be a few hundred  millivolts, even a small tempera ture  
correction could lead to big differences in the com- 
puted rate constants. 

The present work indicates that the theoretical anal -  
ysis (1) is self-consistent and offers a means for the 
determinat ion of the complete rate laws for part ial  
processes in mixed potential  systems. Further ,  the pro- 
cedure for effecting these determinations is out l ined 
here and elsewhere (1, 2). 
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Table II. Comparison between calculations ignoring and considering 
the temperature coefficient of the standard electrode potential 

k~ x l0 t/km/hr iVP .e5 

Ignored Considered 

0.31 0.28 
1.12 0.90 
1.08 0.87 
1.02 0.82 
1.03 0.83 
2.18 1.75 
2.30 1.85 
1.16 0.93 
1.15 0.93 
4.55 3.22 

11.8 7.42 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussion for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

SYMBOLS 
d differential operator 
k o s tandard specific rate constant, uni ts  de- 

pendent  on reaction orders 
M concentration, moles / l i ter  
- - r  plating rate, ~xn/hr 
t temperature,  o C 
;~ Tafel slope (base "e"), V 
~o s tandard electrode potential, V 
~o mixed potential, V 
[x] concentrat ion of species "x", M 

Subscripts 
a per ta ining to anodic part ial  process 
c per ta ining to cathodic partial  process 
Cu/Cu 2+ per ta ining to copper-cupric ion electrode 
H with respect to the s tandard hydrogen elec- 

trode 
SCE with respect to the saturated calomel elec- 

trode 
T at tempera ture  "T," ~ 
25 at 25~ 
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ABSTRACT 

Cobalt and Co-Fe alloys containing from 1 to 90 weight per cent (w/o)  
Fe sulfidize according to a parabolic rate relat ion at 700~ in H~/H2S atmo- 
spheres corresponding to ps2 = 6 • 10 -6 and 8 • 10 - s  atm. Austenit ic alloys 
(0-13 w/o  Fe) sulfidize less rapidly than  ferrit ic alloys (25-100 w/o  Fe) ,  
m in imum values of the parabolic rate constant being found at ~ 4  w/o Fe for 
both values of Ps2. The scale on austenitic alloys is (CoFe)gSs at ps2 -- 8 X 10 -8 
atm and at Ps2 ~ 6 • 10 - s  atm this sulfide is Part ial ly overlayed by 
(CoFe)t-~S.  This lat ter  sulfide decomposes on cooling to form a two-phase 
mix ture  of (CoFe)~Ss and (CoFe)3S~. Ferri t ic  alloys form a mixed (CoFe)1-xS 
monosulfide at both sulfur  pressures. The high sulfidation rates of the ferrit ic 
alloys are ascribed to the high concentrat ion of defects in the cation lattice of 
the monosulfide whereas the lower sulfidation rates of the austenitic alloys are 
controlled by the relat ively low diffusivity of metal  in  almost stoichiometric 
(CoFe) 9Ss. 

Commercially available cobalt-base alloys f requent ly  
contain minor i ty  amounts  of i ron (1). The well-  
known  susceptibili ty o f  i ron to sulfur  corrosion (2) 
suggests that  its presence in these alloys may be detri- 
menta l  to their  performance at high temperatures.  
This paper reports the effects of alloy iron content  on 
the sulfidation rates of Co-Fe alloys in H2/H~S atmo- 
spheres. 

The sulfidation of pure cobalt has been investigated 
under  a number  of conditions. Parabolic kinetics have 
been found for the scaling reaction in the temperature  
range 400~176 at sulfur  pressures of 100-400 mm Hg 
by Davin (3) and at a pressure of 1 atm by Mrowec 
et al. (4). The former demonstrated that  the parabolic 
rate constant, kp, was proportional to Ps21/2 at 700~ 
In  both cases a duplex sulfide scale was produced. This 
scale has been identified (5) as consisting of Co,-xS 
in the outer layer  and Co9Ss in the inner  layer. 

Studies (6) of the sulfidation of pure cobalt in  
H2/H2S atmospheres have produced similar results al-  
though the Ps2 dependence of the rate has not been de- 
termined. For corrosion by sulfur  vapor and by H2S, 
marker  experiments  indicated that cobalt was the 
mobile species wi th in  the scale. 

The sulfidation properties of i ron have been reviewed 
by Haycock (2). Quite different phenomena are ob- 
served according to whether  the env i ronment  consists 
of sulfur  or of H2S. In  the former case, parabolic k i -  
netics are found and quant i ta t ive  agreement  with 
Wagner 's  theory is obtained (7). In  the lat ter  case, 
l inear  kinetics are found, the resul tant  scale being 
highly porous in nature.  The reasons for this difference 
in behavior  are not understood. 

* Electrochemical  Society Act ive  Member .  
Z Present  address: Ontario Research Foundation, Sheridan Park,  

Mississauga, Ontario, Canada. 
K e y  words: parabolic kinetics,  (CoFe)gSs, (CoFe)S. 

Experimental 
Alloys were prepared by vacuum mel t ing the re-  

quired proportions of cobalt (>99.997 w/o pure) and 
i ron (>99.975 w/o pure) .  The actual i ron contents of 
the alloys were 0.93, 4.1, 9.6, 49.9, and 90.0 w/o. Alloy 
rods were annealed in an argon atmosphere at 1200=C 
for ten days, machined to a uniform diameter  ( ~  10 
mm),  and cut into disks with a wire saw. The disks 
were metal lographical ly polished to 1~ diamond abra- 
sive and stored under  acetone prior to use. 

Sulfidation kinetics were determined gravimetr ical ly 
using a McBain balance assembly. The apparatus has 
been described elsewhere (8). The reaction was in-  
vestigated at T ---- 700 ~ __ 5~ and Ps2 equal to 8 • 10 - s  
atm and 6 • 10 -6 atm. The sulfur  partial  pressures 
were controlled by mixing  H2 and H2S in  known  pro- 
portions, the required H2/H2S ratio being obtained 
from the known standard free energy change of the 
reaction (9) 

H2Sr = H2cg) + Yz Sscg) 

Cross sections of the sulfidized samples were ex- 
amined metallographically.  Phases present  in the scale 
were determined by  electron microprobe analyses. 
Point  counts obtained from the probe were analyzed 
with respect to Co and Fe standards. Systematic cor- 
rections were applied to the data for atomic number  
and mass absorption (10). 

Results 
Kinetics.--The reaction kinetics were invar iably  

parabolic, as shown in  Fig. 1 and 2, al though induct ion 
periods were occasionally found. As can be seen from 
the plots, the ini t ial  reaction stages were not observed. 
The time taken for the balance to reach mechanical  
equi l ibr ium was the reason for this delay. It was al-  
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Fig. 1. Parabolic plots for sulfidation of Co-Fe alloys at T - -  

700~ and Ps2 = 8 • 10 -s  atm. 
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(tls)'/2 
Fig. 2. Parabolic plots for sulfidotien of Co-Fe allays at T = 

700~ and Ps~ = 6 X 10 - 6  arm. 

lowed for by fitting the data by l inear  regression to the 
equat ion 

~W/A  + W' = (kpt)1/2 

where h W / A  is the weight change per un i t  area found 
after time, t. It  is this equation which has been em- 
ployed in  plott ing Fig. 1 and 2. Values for W' are shown 
on the figures. 

Variat ion of the parabolic rate constant wi th  iron 
alloy content  is shown in Fig. 3. A m i n i m u m  in  the rate 
at about 4 w/o Fe is apparent  for both Ps2 values. This 
figure shows that  at all alloy compositions a higher re-  
action rate is associated with the higher Ps2 value. 

Scale morphologies and constitutions.--In all cases 
the sulfide scales were t ight ly adherent  to the metal  
and remarkab ly  compact and pore free. Representat ive 
examples are shown in Fig. 4, 5, and 6. Apart  from the 
case of pure cobalt, all alloys developed scales of large 
grain  size. Additional,  smaller  grains were found at the 
scale-metal  interface on the ferritic alloys. 

At Ps2 = 8 X 10 -8 arm a single layer  scale is always 
formed; at Ps2 ---- 6 X 10 -~  atm regions of an additional, 
two-phase scale are found at the sulfide-gas interface. 
The extent  to which this addit ional layer  covers the 
inner  layer  is variable wi thin  the util ized exposure 
periods, but  in general  increases with increasing alloy 
i ron content up to 49.9 w/o Fe when  total coverage is 
achieved. A single-phase scale was found, however, on 
the 90.0 w/o  Fe alloy. 

The constitutions of the sulfide layers wi th in  the 
scales, as determined by  microprobe analyses, are 
summarized in  Table I. Only in the case of the 49.9 
w/o Fe alloy was it possible to analyze separately the 

30 
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I I I I �9 
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O'b.- . . . .  

Fer r i t i c  
F Arrays 

I I I I 
2O 4O 6O 80 I00 

W/O IRON AHOY CONTENT 

Fig. 3. Variation of parabolic rate constant, kp, with iron alloy 
content: e--Ps2 = 6 X 10 -e  arm; I - -ps2  = 8 X 10 - s  arm. 

two phases in an outer sulfide layer. They proved to be 
(CoFe)gSs and (CoFe)sS4. For the other alloys, the 
regions of the two phases were of a size comparable to 
the probe beam and consequently only an average 
composition could be measured.  

Concentrat ion profiles in the scale consti tuents were 
also measured. Results for the scales formed on 4.1, 
9.6, and 49.9 w/o Fe alloys at Ps~ = 6 X 10 -8 atm are 
shown in  Fig. 7, 8, and 9. 

Discussion 
The fact that all the alloys sulfidized according to 

parabolic kinetics, together with the observation that 
the resul tant  scales were compact, implies that  the 
reactions are diffusion controlled. It is then  reasonable 
to assume that the alloy-scale system can be described 
with the aid of a thermodynamic  framework since local 
equi l ibr ium conditions would prevail. 

As a first step, we employ the concentrat ion profiles 
i l lustrated in Fig. 7-9 and those from the other sul-  
fidized alloys to construct the 700~ section of the 
Fe-Co-S phase diagram shown in Fig. 10. It is apparent  
from this diagram that the sulfidation properties of the 
austenitic alloys (0-13 w/o Fe) and of the ferrit ic al- 
loys (25-100 w/o  Fe) may convenient ly  be distin- 
guished. 

The simiIari ty in appearance of the two-phase sulfide 
scales (Fig. 4-6) suggests that  the identification of 

Table I. Microprobe identifications of sulfidation products* 

A l l o y  p % / a t m  I n n e r  l a y e r  O u t e r  l a y e r  

Co 8 x I0 -s Co0Ss 
6 x 10-" CogSs Two phase; average com- 

position 
CoS 

Co-4.1 w/o Fe 8 x 10-s Co~Fe~S~ 
6 X 10 -6 Co~aFe2S45 Two phase; average com- 

position 
Co~Fe2S~o 

Co-9.6 w / o  Fe 8 • 10 -8 Co5oFe5S46 
6 X I0 -e Co52Fe4S4~ Two phase; average com- 

position 
Co~Fe6Ss, 

Co-49.9 w / o  Fe  8 x 10 -8 (FeCo)5oS~o 
6 x 10 -6 (FeCo)5oS~o Two  phase ;  Co85Fe10Ss6 + 

( s e e  Fig.9)  Co~FeoS4~ 

Co-9O w / o  Fe 8 X 10-s Fe45Co5S50 
6 X I0  -~ Fe42Co6S5~ 

* M a x i m u m  r a n d o m  er ro rs  are e s t i m a t e d  a t  4% a t  the  60% leve l ,  
3% at  the  35% level ,  2% a t  the  20% leve l ,  a n d  0.5% a t  t he  1% level .  
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Fig. 4. Cross sections of sulfidized Co-4.1 w/o Fe alloy. Lefthand micrograph (X216) ps~ - -  6 X 10-8 atm, t ~ 40 min; right- 
hand micrograph (X620) Ps2 ~ 8 X 10 -8  atm, t ~ 140 min. 

Fig. 5. Cross sections of sulfidized Co-9.6 w/o Fe alloy. Lefthand micrograph (X620) ps 2 - -  6 X !0 - e  atm, t ~ 3.5 min, right- 
hand micregraph (XIO00) Ps2 ---- 8 X 10-e atm, t = 150 min. 

Fig. 6. Cross sections of sulfidized Co-49.9 w/o Fe alloy. Lefthand micrograph (XSO0) Ps2 -"  6 X 10 -0  arm, t ~ 60 mln; right- 
hand micrograph (X620) Ps~ - "  8 X 10 -8  atm, t = 50 min. 



892 J. Eleetrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1974 

6 o L  ' ' ] Co 

O. o 
S 

4 c  
Z 
o 

0 

uO 2C 

Fe 
O~ = : -- e " i �9 T 

I0  2~0 3 0  

DISTANCE (microns) 

Fi 9. 7. Concentration profiles in scale shown in the lefthond 
micrograph of Fig. 4. Distance measured from scale-alloy interface. 

60 

t~ 
0 _  

4 o  

Z 
0 

if) 
0 

o 
o 20 

Co 
- u u 

o o o o o 

o o 
[3 o i3 o 

Fe @ 

0 -- -- ~ ~ e ~ w e II u ;" @ I e I e II II -- = -~ ~ l  I l l I J'l 

20 40 60  
DISTANCE (microns) 

Fig. 8. Concentration profiles in scale shown in the lefthand 
micrograph of Fig. 5. Distance measured from scale-alloy interface. 

I I , . , J . ~ l  I 

Single ph~el TWO phose 
layer I layer 

6C 

~ 4r - ~ - 

0 L I 1 I I 
20 4O 6 0  80  lO0 

DISTANCE (microns) 

Fig. 9. Concentration profiles in scale shown in the lefthand 
micrograph of Fig. 6. Distance measured from scale-alloy interface. 

these phases achieved for the 49.9 w / o  Fe alloy applies 
as wel l  to the other  alloys. Assuming that  this is the 
case, the sulfidation products of the various alloys can 

co, ,s 7 
CogSe , ~ /  

/ ~ / / / i / /  

i i  / i i  / 

// / 

-uAustenite 

/ \x x 

Ferrite 

Fig. 10. Partial 700~ isotherm of the Co-Fe-S system as deduced 
from the composition paths found in the sulfidized alloy samples. 
Composition paths are shown as dotted lines. 

be summarized as in Table II. A common pattern,  ac- 
cordingly, is apparent  in the morphological  develop-  
ment  of sulfides on austenitic alloys. This pa t te rn  may 
be explained in terms of the thermodynamics  of the 
b inary  Co-S system. 

From the data of Rosenqvist  (11), the fol lowing 
equi l ibr ium Ps2 values at T = 700~ are est imated 

9/4 Co + S~(g) : 1/4 Co9Ss, Ps2 : 8.0r X 1O -- 10 atm 

2Co9Ss + S2(g) = 18COS, Ps2 = 2.8 • 10-7 atm 

Thus at the exper imenta l  Ps2 values of 8 X 10 - s  and 
6 • 10 -6 atm, pure cobalt is expected to form a CogSs 
scale at the low sulfur pressure and a duplex scale of 
CogSs overlaid by CoS at the high pressure. Since CoS 
undergoes a eutectoid decomposition at 460~ to Co9Ss 
and C03S4 which is not suppressed by quenching (11), 
it is to be expected that  Col -~S  wil l  appear  at room 
tempera ture  as a two-phase  layer  if it is a stable prod-  
uct layer  at the react ion temperature .  

The pat tern  of sulfide products predicted for pure 
cobalt is precisely that  found for the austenit ic alloys. 
The formation of (CoFe)9Ss and ( C o F e ) l - x S  is not 
surprising in v iew of the similari t ies in size, polariz-  
ability, and ionization potential  of Co 2+ and Fe 2+. For  
the same reasons, the thermodynamics  of the mixed  
sulfides are closely similar  to those of the cobalt sul-  
fides. Since COl-xS and F e l - x S  are isotypic, the two 
sulfides are mutua l ly  soluble in all proport ions (Fig. 
10). The highly ordered C09S8 s t ructure  (12), however ,  
has a l imited solubil i ty capacity for substi tutional ca- 
tions. Consequently,  the (CoFe)gS8 phase field extends 
into the te rnary  Co-Fe -S  isotherm over  a finite com- 
positional range. 

Turning now to the ferr i t ic  alloys, we note from 
Rosenqvist  (11) tha t  at 700~ 

2Fe -{- Ss(g) = 2FeS, Ps2 = 2.9 • I0 -n arm 

and that no lower sulfides exist. The formation of 
(CoFe)1-xS on these alloys is therefore readily ex- 
plicable on the same grounds as enumerated above for 
the austenitic alloys. Fel-xS is stable at room tempera- 
ture and, therefore, a two-phase layer structure is not 
to be expected in the quenched scales formed on the 
iron-rich alloys. The appearance of such a product near 
the gas interface of the scale on the 49.9 w/o Fe alloy 
indicates that (CoFe)1-xS in this region of the scale 

Table Ii. Phase identification of sulfide scales 

1am 2 ---- 8 x 10 -s a t m  los s = S • 10 -e a t rn  

I n n e r  Ou te r  I n n e r  
l a y e r  l aye r  l aye r  O u t e r  l aye r  

A u s t e n i t e  (CoFe)gSs - -  (CoFe) DSs (CoFe)gS8 + (CoFe) 8S4 

F e r r i t e  
49.9 w / o  Fe  (CoFe)I-~S ~ (CoFe) l -xS (CoFe)gSs+ (CoFe)~S4 

90.0 w / o  Fe  (CoFe) 1-~S - -  (CoFe) 1-~S 
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was essentially Col-~S while the sulfide nearer  the 
metal  was essentially Fel-xS.  Reference to the concen- 
t ra t ion profile of Fig. 9 shows that indeed the fraction 
of Coi-xS in  the mixed sulfide increases with increas- 
ing sulfur  activity. If the behavior  of this solid solu- 
t ion is near ly  ideal, this observat ion is consistent with 
the fact that  Col-~S coexists with sulfur  at a higher 
pressure than  does Fel-xS.  A similar effect is found, 
al though to a lesser degree, for the (CoFe)1-~S scale 
formed on the 90.0 w/o  Fe alloy. 

The influence of alloy iron content  and sulfur  pres- 
sure on the sulfidation kinetics can be explained qual i -  
tat ively in terms of the defect s tructures of the sulfides. 
While Co9Ss is practically stoichiometric, and hence 
exhibits relat ively low cation diffusivity, the monosul-  
tides exhibit  large degrees of nonstoichiometry (11). 
Fe l -xS  exhibits at T = 700~ a wider  existence range 
(50-57 a/o S) than Col-xS (50-54 a /o  S). Nonstoi-  
chiometry in the monosulfides is known to arise 
through cation vacancy formation, the vacancy concen- 
t ra t ion increasing with sulfur  pressure. Thus 
(CoFe) 1-xS is expected to possess a high cation diffu- 
sivity, the diffusivity increasing both with iron content  
and sulfur  pressure. 

The sulfidation properties of the alloys are now ex- 
plicable. In  the case of the ferritic alloys, faster reac- 
t ion rates are found at the higher sulfur  pressure em- 
ployed and the 90.0 w/o Fe alloy sulfidizes more 
rapidly than  the 49.9 w/o  Fe alloy at both sulfur  pres- 
sures because (CoFe) I-~S of increasing iron content  is 
the sole reaction product. Sulfidation of the austenit ic  
alloys is presumably  controlled largely by diffusion 
through the (CoFe)9S8 scale and is consequently 
slower than  in  the case of the ferri te alloys. The local- 
ized appearance of (CoFe) l -xS  to u l t imate ly  form an 
outer scale layer  is presumably  due to the difficulty of 
nucleat ing this phase. The nucleat ion and rate of 
growth of (CoFe)1-zS on the (CoFe)9Ss layer  of sul-  
fidized austenite  is apparent ly  related to i ron content.  
The more widespread nucleat ion and rapid growth of 
the former sulfide with increasing alloy iron content  is 
consistent with the fact that  Fe l -xS  is more stable than  
Co,-~S. 

A detailed description cannot present ly  be given for 
the min ima  found in  the parabolic sulfidation rates at 
~ 4  w/o Fe (Fig. 3) since the defect s t ructure  and dif-  
fusion mechanism for C09Ss are unknown.  However, 
we may surmise that the (CoFe)gSs phase field na r -  
rows as the iron content increases. Such an effect will  
lead to a d iminut ion  of the growth rate. S imul tane-  
ously, at the higher sul fur  pressure, the amount  of 
(CoFe)I -~S formed increases with .iron content. The 
superposition of these two effects leads to a m i n i mum 
in the rate constant as the alloy iron content  increases. 
At the lower exper imental  value of Ps2 the monosulfide 
is not stable for alloys of small  i ron content, and hence 
none is formed on the austenitic alloys. Consequently,  
only a decrease in the parabolic rate constant was ob- 
served with increasing i ron content  in  the austenit ic 
alloys. The rate increases, however, for the ferrit ic al-  

loys where the iron content is so high that  the stable 
reaction product is the monosulfide, (CoFe)1-xS. 

Summary 
The sulfidation of cobal t - i ron alloys at 700~ in hy-  

drogen sulf ide-hydrogen atmospheres is controlled by 
cation diffusion through the sulfide scale and parabolic 
kinetics result. Ferri t ic  alloys sulfidize faster than do 
austenitic alloys because the scale on the former is 
composed ent i re ly  of high diffusivity (CoFe) l -xS  
whereas on the la t ter  it is composed largely of the low 
diffusivity (CoFe)9Ss. A mi n i mum in the sulfidation 
rate is found in the austenit ic alloy range at ,~4 w/o 
Fe alloy content. This effect is thought to result  from 
the s imultaneous decrease in diffusivity of (CoFe)9Ss, 
and increase in  ease of (CoFe) 1-xS formation wi th  in- 
creasing iron content. 

The morphology of the sulfide scales on austenitic 
alloys is the same as that of the scales on pure cobalt. 
Similarly, the ferri te alloys sulfidize so as to produce 
the same morphology as that found for pure iron. This 
close similari ty between, respectively, cobalt-r ich 
mixed sulfides and pure cobalt sulfides and between 
i ron-r ich mixed sulfide and pure iron sulfide is a con- 
sequence of the very similar chemistry of cobalt and 
iron. 
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ABSTRACT 

The geometry and optical properties of the phosphor screen in a cathode- 
ray picture tube have been studied in connection with the phoshor particle 
size distribution. The specific surface area, Sw (cm2/g phosphor), which de- 
termines the amount of light scattering in the screen, is equal to (k/p) (~) -i, 
where p is specific gravity of phosphor, @2 is the mean surface particle size, 
and k is constant. Geometry shows that the total surface area of phosphor 
particles densely arranged in a single layer on the faceplate is independent of 
the particle size and is constant. The total surface area of the phosphor par- 
ticles in the screen, therefore, depends on the number, L, of particle layers, 
rather than on the gross thickness. L is equal to 1.65w(p~) -I, where %0 is 
the screening weight (g/cm2). The usefulness of L as a determinant of the 
brightness of a phosphor screen has been demonstrated. It was found experi- 
mentally that the optimum number of the particle layers producing maxknum 
luminescence with m i n i m u m  scattering is about 1.4. 

In  cathode-ray picture tubes, phosphors are used as 
electron-to-visible  light transducers.  The phosphor is a 
powder containing a wide dis tr ibut ion of sizes, usu-  
ally be tween 1 and 30 ~,m. Layers of these phosphor 
particles make up the screen of the cathode-ray pic- 
ture tube. 

The calcium tungstate  screen used in x-ray image 
intensifiers has been studied by Coltman, Ebbighausen, 
and Altar  (1) with the view to de termining the energy 
conversion efficiency from x-rays  to light (5%) and the 
optical properties of the screen to optimize screen 
thickness. The optical properties of the screen of cal- 
cium halophosphate phosphor used in fluorescent lamps 
have been studied by But ler  and Homer (2) and by 
Bo and Takeyama (3) in  order to determine the opti- 
mum screen thickness for the absorption and scatter- 
ing of the exciting ul t raviolet  light and of the emitted 
light. 

The cathode-ray picture tube screen differs some- 
what  from the screens for x - ray  image intensifiers and 
fluorescent lamps in  the excitation mechanism, the k ind 
of phosphors used, and the method of making the 
screen. In  the case of the picture tube screen, the 
amount  of the emitted light depends on the electron 
beam accelerating voltage and beam density; the pene- 
t rat ion range of the electron beam into the  phosphor 
crystal is determined by the accelerating voltage, and 
the amount  of the emitted light at a given voltage de- 
pends on the beam density (4). When the phosphor 
particle size is larger than  the electron penetra t ion 
range, the l ight  is produced in  the particles ar ranged 
on the first, gun-s ide layer  of the phosphor screen and 
must  t ravel  through the phosphor screen to reach the 
observer. Minimization of the absorption and scattering 
of the emitted light by the phosphor particles must  be 
considered in determining the opt imum thickness of a 
phosphor screen in a cathode-ray picture tube. 

This report  describes an optical and geometrical 
analysis of the phosphor screen in  a cathode-ray pic- 
ture  tube. In  the first part  of the paper the optical 
properties of the turb id  screen are discussed in order 
to determine the contr ibut ion of scattering and absorp- 
t ion by the phosphor particles. Then the number  of 
particle layers in  a screen is discussed. The opt imum 
number  is determined exper imental ly  in  the final sec- 

* Electrochemical Society Active Member. 
Key words:  phosphor screen, particle size distribution, television, 

cathodoluminescence.  

tion, where it is demonstrated to be a useful  parameter  
in the construction of phosphor screens. 

Optical Properties of the Turbid Screen 
Although the individual  phosphor particles are more 

or less t ransparent ,  the resul t ing screen is t rans lucent  
or turbid. The absorption and scattering of this as- 
sembly of phosphor particles must  be considered in 
determining the total optical properties of the view- 
ing screen. It is difficult to estimate exactly the con- 
t r ibut ion of each individual  phosphor particle; there- 
fore, the macroscopic contr ibut ion of all the phosphor 
particles taken together are considered in  this paper. 

The optical properties of the turbid  phosphor screen 
can be evaluated by Kubetka 's  model (5) which is il- 
lustrated in Fig. 1. The light is considered to be gener-  
ated at x ---- 0. The light in tensi ty  at x can be expreseed 
by the following differential equations 

d~ 
---- -- ( a  -~ ~)i  -~ flj [1 ]  

dx 

~j 
- -  - -  (~ -}- f l ) j  + Bi  [2 ]  

dx 

where i and j are l ight intensities for the directions 
indicated in  Fig. 1, and a and ~ are respectively ab-  
sorption and scattering coefficients of the screen. The 
a and ~ differ essentially from the absorption coefficient 

x = O  

~ X = d  

Fig. 1. Optical model of a turbid screen 
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Fig. 2. Emission and reflectance spectra of ZnS:Ag:CI blue 
phosphor. Reflectance spectrum was obtained with phosphor screen 
of 2 mm thickness that gives R| 

defined in the Lamber t -Bee r  law and are de termined  
with  the phosphor screen. With the boundary  condi- 
tions, i = io at x ---- 0 and j ---- 0 at x ---- d, the solutions 
of Eq. [1] and [2] are hyperbolic  functions, and the 
reflectance R (x) and t ransmit tance T (x) of the screen 
of thickness x are expressed by the equations 

sinh "tx 
R ( x )  = [3] 

a sinh 7x + b cosh 7x 

b 
T (x) = [4] 

a sinh -~x -{- b cosh 7x 

where  a ---- 1 + s/F, b = (a 2 -- 1) 1/2, ~ = jSb -- (~ + 
2~/~) 1/2. Then, R| and T| as x --> ~o are given by  

R| l / ( a  + b ) , T = = O  
Therefore  

a = - -  +R= , b = - -  
2 R| 

The ratio of the absorption to the scattering of the 
screen (c = s /0)  is given by 

1 -}- R~ ~ 
c = - -  1 [6] 

2R| 

Thus, a, b, and c are calculated f rom Eq. [5] and [6] 
using R| which is obtained by measurement  of a thick 
phosphor screen. 

Figure  2 shows the emission and reflectance spectra 
of a commercial  ZnS:Ag:C1 blue phosphor used for 
color TV picture tube screen. The spectra were  ob- 
tained using a thick screen (2 mm)  which gives R=. As 
listed in Table I, the c-values  calculated in the spectral  
region of the emission are small  enough to neglect  the 
(~/~)2 term for the optical propert ies of the phosphor 
screen. Similar  results are obtained for green and red 
TV phosphors. Since, in the region of interest, c 
0.00005 = ~//~, ~ > >  a, and the solution of Eq. [1] and 
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[2], in tegrated from 0 to d is 

T(d)  ---- (1 § ~ d ) - I  [7] 

Equat ion [7] indicates that  the optical propert ies of 
the ca thode-ray  picture tube  screen in the spectral 
region of cathodoluminescence depend on the scat ter-  
ing coefficient of the screen. 

Figure 3 shows a photograph of the particles of the 
commercial  blue ZnS: Ag: C1 phosphor. The photograph 
was obtained wi th  a scanning electron microscope at 
magnification of 10,000. Light  scat ter ing at the bound- 
ary surface of the particles can be assumed to be the 
source of the l ight  scattering of the phosphor screen. 
In general, l ight scattering is a complex function of 
particle shape, roughness, and refract ive  index, and 
for our simple shapes it may  be a simple function of the 
total surface area of the particles involved. The cal- 
culation of the total surface area of the phosphor pow- 
der is complicated by the fact that  the particles are not 
of equal  size, but, rather,  are distr ibuted in size. Esti-  
mat ion of the total surface area of the phosphor par-  
ticles involved, therefore,  must  be made statistically 
in accordance with  the part icle size distribution. 

Exper imental ly ,  several  methods of determining par-  
ticle size are available. It  was found in all cases that  
the part icle size distr ibution was not a normal  (Gaus-  
sian) distr ibution but fol lowed a log-normal  distr ibu- 
tion (6). Figure  4 shows the part icle size distributions 
of the blue ZnS:Ag:C1 and the red Y202S:Eu phos- 
phors on log-normal  probabil i ty graph paper. The f re-  
quency (probabil i ty)  of the distr ibution for each phos- 
phor was calculated from sedimentat ion and micro-  
scopic data fal l ing in a specified size interval .  In the 
microscopic method  it was requi red  to count 200 par -  
ticles, at least, to get a good reproducibil i ty,  ___5% 
error. 

Geometric Arrangement  of Particles in the Screen 
Specific surface area oS partic~es.--The total  surface 

area, S, and the total  weight,  W, of the phosphor pow-  
der in a screen are calculated f rom the fol lowing equa-  
tions (7, 8) 

s: s: S = ksno 2 dO; W = kvpnO 3 dO [8] 
The specific surface area Sw ( =  S / W ) ,  therefore  is 
given by 

Sw = S / W  = k v p  " ~ ~ ~ nO 3 dO (cm2/g) 

[9] 

Table I. R| c, and O values for ZnS:Ag:CI blue phosphor 

Wavelength 
(nm) R= e values 0 values 

360 0.50 0.2500 0.707 
370 0.63 0.1087 &466 
380 0.74 0.0457 0.302 
390 0.82 0.0196 0.198 
400 0.89 0.0068 0.117 
410 0.93 0.0026 0.072 
420 0.g6 0.008 0.040 
430 0.98 0.0003 0.920 
440 0.99 0.00005 0.010 
450 0.99 0.00005 0.010 

Fig. 3. Scanning electron micrograph of particles of ZnS:Ag:CI 
blue phosphor under X 10,000 magnification. 
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98 Y202 S : E u  ZnS:Ag:C{ times 32 (bigger or smaller) ,  i.e.,--r : g~2, can be cal- 
m i c .  s e d .  

culated. The number  of particles of size gr required 
95 m ic. sed. to arrange a s ingle- layer  screen on the faceplate is //// {I-21"~. Then, the total surface area, $ 1 ' ,  for particle size 
80 g02 is seen to be 

7 0 g~n~2g-~, [ 16] 

(~ 50 Thus, the surface area per phosphor layer  is not only a 
40  } . /  constant, but  is independent  of particle size. 

30 / /  Light out from a multilayered screen.mWhen the 
20 light scattering in the phosphor screen is proport ional  
10 to the total surface area of the phosphor particles, 

Eq. [7] can be rewr i t ten  as 
5 1 

I I I I I I ' i , , i T ( L ) - - ~  [17] 
2 2 " 3 4 5 6  8 1 0  3 4 5 6  8 1 0  15 

I + ~ L  

When the cathodoluminescence Bo is produced in 
p a r t i c l e  s i z e  i n  ) J rn  the particles arranged on the first, gun-s ide layer  of 

Fig. 4. Particle size distribution of Y202S:Eu and ZnS:Ag:CI the phosphor screen, the observed screen brightness 
phosphors plotted on log-normal probability paper. Distribution for B 
each phosphor was obtained by calculation from weight sedimenta- is defined relat ively as ~ o  (L)  in  order to be con- 

t ion (sed.) and microscopic (mic.) data. sistent with the relat ion T (L) _-- i/io where i is defined 
B 

k - as in  Eq. [1] Then, the screen brightness - - ( L )  
Sw - -  ~ (02 ) - I  (cm2/g) [10] ' Bo 

P can be expressed as 
where 

= n0 ~ de nr ~ de (cm) [11] ~ (L) = ~ [18] 
Bo 1 + EL 

p is density, 0 is particle size, and k = ks/kv. Thus, the Equat ion [18] shows the dependence of the screen 
specific surface area of the phosphor powder, Sw, is brightness on the number  of phosphor layers. A screen 
calculated by the mean  surface particle size O--~. The brightness function, (1 -- Bo/B), can be defined as 
l ight  scattering in the phosphor screen_ is connected di- Bo 
rectly to the mean  particle size ~ by  the relat ion 1 -  ~ - - - - / ~ L  [19] 

~ Sw ~-, (r -1. Consequently, it is reasonable to use B 
the mean  surface particle size ~b2 in  discussing the ge- Note that  Bo used in this report  is a different arbi t rary  
ometry and optical properties of the phosphor screen, constant for each screen series because of different 
as wil l  be verified by Fig. 9. particle size distr ibutions and excitation conditions 

The number ol phosphor layers.--The total number  and B and Bo are never  measured in absolute uni ts  but  
of phosphor particles (N) in  a screen of screening in terms of photomult ipl ier  readings. 
weight (w) on a un i t  screening area is given by Experimental 

/ ( L| ) Phosphorsandscreeningpreparation.--Inthe study 
N = 6w ~p n03 dO (cm) [12] of phosphor screens of different particle size, the phos- 

phors should be similar in  the dispersion of their  size 
The number  of the particles which are densely ar-  dis t r ibut ion and in  crystal form in  order to avoid var i -  
ranged in a single layer  on uni t  screening plate is ances due to the packing of the phosphor particles in 
given by  the screen. A yellow emit t ing (Zn,Cd)S: Ag: C1 phos- 

N ~/3" f'"Jo phor was selected in this study because it was rela-  
-- 2/ n02 de (cm -2) [13] t ively easy to control both the dispersion and crystal 

L form of the powder. Phosphors having four different 

Therefore, the number  of phosphor layers (L) in  a mean  particle sizes (r ~ 6, 10, 15, and 25 ~m) were 
screen of the screening weight w (g phosphor/cm ~) is prepared by firing the mixture  of ZnS and CdS (1:1 
calculated to be ratio) at various temperatures.  X- ray  diffraction anal-  

L -- 1.65 w/(pr [14] ysis shows that all of the phosphors were of the hexa-  
gonal crystal form (zinc wurtzi te) .  The particle size 

If the shape factor varies, the factor 1.65 would be distr ibution of the phosphors was determined by the 
different from 1.65. It is important  to note that L is a weight sedimentat ion method. The mean  particle size, 
statistical number  defined in terms of ~2 and is not be, was calculated from these sedimentat ion data. Table 
easily related to a physical description of the actual II gives the statistical parameters of the phosphor 
physical a r rangement  in a real screen. It is nonetheless particles. All of the dispersions, ~2, of the particle size 
a useful  concept in describing the optical properties dis t r ibut ion were about the same. 
of the phosphor screen. 

Now we consider the total surface area of the phos- Table II. Statistical parameters of particle size distribution of 
phor particles densely arranged in  a single layer  on the (Zn,Cd)S:Ag:CI phosphors used to screen study 
faceplate of the cathode-ray tube. The area of the face- 
plate is fixed. When the phosphor particles of number  ~ is the mean weight particle size determined from weight sedi- 

- -  m e n t a t i o n  data.  rr is  s t a n d a r d  d e v i a t i o n  of l o g - n o r m a l  d i s t r i bu t i on .  
n having particle size (r are densely arranged in a 
single layer  on the faceplate, the total surface area 
(SD of the n particles is expressed by  sample No. ~. ~ 3 ,~ 

S~ = ~n(~2) 2 [15] ~ (~m) s 10 15 25 
- -  , Ca (/.tin) 7 11 19 29 

The total surface area for other sizes, O2, which are g ~ 0.37 0.35 0.37 0.35 
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The phosphor screen was prepared as follows. The 
phosphor powder was suspended in  1% potassium sili- 
cate solution (Kasil No. 1). Then the phosphor sus- 
pension was poured into 0.5% bar ium ni t ra te  solution 
having glass plates on the bottom of the container.  
The heights of bar ium ni t ra te  solution were 10 cm 
for 6 and 10 ~rn powders and  were 20 cm for 15 and 25 
~m powders. The screening weight of the phosphor 
was determined by weighing the glass plate before and 
after screening. 

Measurements.--The phosphor screens of different 
screening weights were mounted  in  a demountable  
cathode-ray apparatus in  which eight screens could be 
mounted  at one time. The screen brightness, B, in rela-  
tive units, under  excitations of 10, 17.5, and 25 kV 
electron beams, were measured at the glass side ( t rans-  
mit ted light) with a Spectraspot Brightness-Photom- 
eter. The purpose of the measurements  was to deter-  
mine the dependence on w and L. Since the raster size 
and electron beam current  were not under  control, the 
relationship between the brightness, B, and acceler- 
at ing voltage cannot be seen in  the following results. 

Results and Discussion 
Particle size and electron penetration range.--Fig- 

ures 5 and 6 show the results of the screen brightness 
tests under  i0, 17.5, and 25 kV electron beam excita- 
t ion for phosphor particle sizes 32 = 6 and 10 #m. When 
the screen was made with 6 ~m phosphor powder, the 
opt imum screen thickness (mg/cm 2) shifted to high 
screening weight with increase in  the accelerating 
voltage (Fig. 5). With phosphor powders above 10 
~m, however, the opt imum thickness did not change 
with accelerating beam voltage (Fig. 6). 

These results indicate decidedly that  the electrons of 
energy less than  25 kV do not penetrate  through the 
first particle layer  of the phosphor screen (gun side) 
when  the screens are composed of particles larger than  
10 ~m (Fig. 7a). If the phosphor particle size is smaller  
than  the electron penetra t ion depth, the electron beams 
penetrate  the second particle layer  through the first 
particle layer, resul t ing in  a shift of the opt imum 
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% =  6~m 
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0 1 2 3 4 5 6 

phosphor screening weight (mg/cm 2 ) 

Fig. 5. Screen brightness function (1 - -  Bo/B), in arbitrary 
units, of phosphor screens of 6 ~m powder as a function of screen- 
ing weight. Bo is an arbitrary constant which is different for each 
beam accelerating voltage. Variable is accelerating voltage. 
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Fig. 6. Screen brightness function, (1 - -  Bo/B), of phosphor 
screens of 10 /~m powder as a. function of screening weight. Bo is 
arbitrary constant which is different for each beam accelerating 
voltage. The screens were excited by electron beams of 10, 17.5, 
and 25 kV. 

lOkV 25kV 10 kV 25 kV 

(a) (b) 
Fig. 7. Penetration model of lO and 25 EV electron beams into 

small phosphor particles (a) and into large phosphor particles (b). 

screening weight  wi th  the beam accelerating voltage 
(Fig. 7b). It can be said that  the penetra t ion depth of 
25 kV electron beams into (Zn,Cd)S:Ag:C1 phosphor 
is about 10 ~an, which coincides with the penet ra t ion  
range estimated by  extrapolat ion of Feldman's  re-  
sults (9). 

Optimum number of phosphor particle layers.--Fig- 
ure 8 shows the normalized relat ive screen brightness 
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phosphor screening weight (mg/cm 2) 

Fig. 8. Normalized relative brightness, (B/Bo), of phosphor 
screens for various particle size powders as a function of the 
screening weight. (Each curve is normalized at its maximum 
brightness Bo.) 
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Fig. 9. Brightness function, (1 - -  Bo/B), of phosphor screens 
for various particle size powders as a function of L, the calculated 
number of particle layers. Bo is a different constant for each 
particle size powder screen and is assumed to be unity for L = 1.4. 

for different phosphor particle sizes. It can be seen that  
the opt imum screening weight varies with phosphor 
particle size as follows: 2.0 mg /cm:  for 6 ~m, 2.8 rag/  
cm 2 for 10 ~m, 4.3 mg/cm 2 for 15 ~rn, and 8 mg/cm 2 
for 25 ~m. If an opt imum phosphor screen requires a 
certain number  of phosphor particle layers, higher  
screening weight is required for large particle size. 
Figure 9 shows the same data of Fig. 8 but  the ab-  
scissa is expressed in terms of L, the n u m b e r  of par-  
ticle layers, instead of the screening weight. All  of the 
data fit one curve from which the opt imum value of L 
is calculated to be 1.4. For screens having more than 
1.4 layers, the brightness decreases with the increase 
in L in accordance with Eq. [19]. The scattering coeffi- 
cient per phosphor layer  (fl) is determined from the 
slope to be 0.28. 

Demonstration of the significance of L . - - I n  order to 
see the meaning  of the opt imum number  of phosphor 
particle layers, a screen containing a P4 phosphor 
(used in  B&W television) was studied. A P4 phos- 
phor is a whi te-emi t t ing  mixture  of a blue ZnS: Ag: C1 
(455 nm peak) and a yellow (Zn,Cd):Ag:  C1 (550 nm 
peak) phosphor. Since the absorption band  of the 
yellow phosphor extends to the spectral region of 
the blue phosphor luminescence (Fig. 10), yellow phos- 
phor particles laid down under  the blue emit t ing par-  
ticles in the screen should absorb the blue lumines-  
cence, resul t ing in a color shift to yellow; Fig. 11 shows 
the screen brightness function, (1 -- Bo/B), at 455 and 
550 nm of P4 phosphor screens of various L-values. Bo 
is normalized at max imum intensi ty  for each curve. 
The mean  surface particle size of the phosphor pow- 
der was 9 ~m. This result  can be interpreted as follows. 
When the screening weight is increased to a value 

100 

/ A yellow/ \ . . / ///" ~" x~ ~ ref,ectance 

400 500 600 700 

wavelength in nrn 

Fig, 10. Emission and reflectance spectra of the P4 blue and 
yellow sulfide phosphors used in black and white television screen. 
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Fig. 11. Screen brightness function, (| - -  Bo/B), at 455 and 
550 nm of P4-phosphor screens as a function of the number of 
particle layers, L. Bo is a different constant for each color bright- 
ness and is assumed to be unity for L - -  1.4. 

corresponding to L = 1.4 layers, the luminescent  color 
of the screen does not change, indicating that both the 
blue and yellow phosphor particles just  fill in the un -  
covered spaces on the screen plate; consequently the 
points for L ~ 1.4 fall on one l ine in  Fig. 11. Above the 
opt imum 1.4 layers, excess ye l low-emit t ing  particles on 
the viewing side of the screen absorb the blue lumi-  
nescence, giving rise to two lines in  Fig. 11 for 550 and 
455 nm emission. Since nei ther  phosphor absorbs yel-  
low luminescence, the 550 nm intensi ty  decreases with 
the slope determined from the curve in  Fig. 9. The 
steeper slope of the 455 nm curve in Fig. 11 is due to 
absorption of the blue light, plus scattering. 

These results (Fig. 9 and 11) definitely indicate that 
the extra  particles in  the screens with more than  1.4 
layers are not involved in the cathodoluminescence and 
merely  contr ibute to the scattering and absorption of 
the emitted light. The opt imum number  of particle 
layers, therefore, is the max imum number  of particle 
layers to cover the faceplate with min imum scattering. 

The fact that cont inuum model appears to apply to 
the slopes of the curves having more than  1.4 particle 
layers in  Fig. 9 and 11 indicates that there is mul t ip le  
scattering of the generated light even though there are 
only a few particle layers. 

The optimum number  of particle layers may vary 
slightly with the change in the shape factor of the 
phosphor particles (crystal form),  differences in  the 
dispersion of the particle size distribution, and in the 
screening method especially when  one includes an 
a luminum reflecting layer. In  a practical phosphor 
screen, therefore, a more accurate value of L (opti- 
mum)  should be determined exper imenta l ly  in  each 
case. 

S u m m a r y  

It  has been shown that the optical properties of the 
screen of a cathode-ray picture tube are main ly  gov- 
erned by scattering by the phosphor particles. It has 
been shown that the total surface area of particles ar-  
ranged in a mul t i layered  screen depends only on the 
number  of layers of the phosphor particles and not on 
the particle size. The light output  is shown theoret i-  
cally and exper imental ly  to depend on a statistically 
defined number  of layers, L. Approximately 1.4 par-  
ticle layers represent  the opt imum screen construc- 
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tion; the opt imum particle size is equal to the electron 
penetra t ion depth, 10 #m at 25 kV. 
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The Kinetics of Silicon Deposition on Silicon by 
Pyrolysis of Silane 

A Mass Spectrometric Investigation by Molecular Beam Sampling 

R. F. C. Farrow 
Ministry oS Defence, Royal Radar Establishment, Malvern, Worcestershire, England 

ABSTRACT 

The kinetics of silane pyrolysis on a silicon (111) surface has been in-  
vestigated mass spectrometrically by molecular  beam sampling over the 
s i l a n e  pressure range 1 X 10 -5 to 4 >< 10 -1 Torr and specimen temperature  
range 20~176 Si lane decomposition was found to occur by the mechanism 

Sill4 (gas) --> SiI-I~ (adsorbed) --> Si~+ 2H~ 

where both the amount  of adsorbed silane and decomposition rate depend 
l inear ly  on silane pressure. The activation energy for decomposition was 17 
• 2 kcal mole -1 and the surface reaction efficiency (a) was found to obey the 
equation 

a = 5.45 exp (--17 X 10~/RT) 

At silane pressures Ps ~ > 5 X 10-8 Torr, small  quanti t ies of disilane formed 
by the bimolecular  surface reaction 

SiH4(ads) + SiH4(ads) -> Si2He -{- H2 

w e r e  detected with an activation energy for production of 56 • 6 kcal mole -1. 
,Measurements of silicon growth rate as a funct ion of silane pressure sup- 

ported the first-order mechanism for decomposition. The condensation co- 
efficient (~) of silicon adatoms, determined from measurements  of the silicon 
growth rate as a function of tempera ture  and the surface reaction efficiency, 
was found to be less than 0.3 over the entire tempera ture  range 700~176 
indicat ing that the major i ty  of silicon adatoms were desorbed. This-behavior  
was accounted for on the basis of a step flow model for silicon growth and an 
activation energy for surface diffusion of 36 +__ 6 kcal mole -1 derived. Addi-  
t ion of arsine to the silane was found to inhibi t  silane pyrolysis. The measure-  
ments  suggest an activation energy of 18 _ 3 kcal mole -~ for desorption of 
arsenic adsorbed on the silicon (111) surface. Additions of more than  1% di- 
borane to the silane, on the other hand, resul ted in  a significant increase in  
silane reaction efficiency. 

The pyrolysis of silane (Sill4) on silicon is a reac- 
t ion widely used in  the electronics industry  in  the 
production of homoepitaxial  silicon layers. Several 
investigations have been reported (1-4) on the vac- 
uum deposition of silicon on silicon by silane pyrolysis 
but  the conclusions of the various investigators con- 
cerning the kinetics of the decomposition reaction and  
the pressure dependence of silicon growth rate differ 
widely. Thus, activation energies for silane decom- 
position ranging from 1O kcal mole -1 (3) to 37 kcal 
mole -1 (1) have been reported. Moreover, there is 
considerable disagreement as to the mechanism and 
order of the decomposition reaction. Joyce and Bradley 

Key words: silicon, silane, reaction kinetics. 

(1) found the growth rate to vary  as silane pressure 
Ps 1.8 whilst more recent investigations (3, 4) have re-  
vealed a l inear  dependence of growth rate on pressure 
suggesting a first-order decomposition reaction. 

No investigations have been reported in  which the 
gas phase products of silane pyrolysis, as a function of 
specimen tempera ture  and si lane pressure, have been 
detected, identified, and recorded. The aim of the pres-  
ent work was to carry out such an investigation, in -  
cluding a study of the influence of arsine and diborane 
on silane pyrolysis, and to correlate reaction kinetic 
data with silicon growth rate measurements  in  an at-  
tempt to resolve the existing disagreements ment ioned 
above. 
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Experimental Procedure 
The pyrolysis of s i lane was studied using the molec- 

ular  beam sampling system shown schematically in  
Fig. 1. The system incorporated three apertures, a 0.12 
X 10 mm sampling slit (A1) and two 1 • 10 mm beam 
collimating slits (A~ and Aa). High speed differential 
pumping of the two coll imating chambers and the de- 
tection chamber  was provided by three 1500 l i ter  sec -1 
oil diffusion pumps (P1, P2, P3), each fitted with mo-  
lecular sieve traps, and a thermoelectr ical ly cooled 
chevron baffle to prevent  back diffusion of the silicone 
(Type 705) oil. Base pressures in  the low 10 -10 Torr  
pressure range, with negligible contr ibut ion from hy-  
drocarbon species, were achieved in  all four chambers 
after system bakeout at 300~ Valve V was closed 
after bakeout. 

The molecular  beam of products was detected by an  
Electronic Associates, Inc. Model 250A quadrupole 
mass spectrometer (ion source M). Two methods of 
discr iminat ing the molecular  beam of products from 
the isotropic background were used. In  the first, used 
for all product species except those of disilane which 
were at a very low concentration, the molecular  beam 
was modulated at 10 Hz by a 12-blade chopper wheel 
(C) rotated by a magnetic  rotary drive. The modu-  
lated ion currents  of molecular  beam species were then 
monitored by phase-sensi t ive detection (psd). Pres-  
sures of products in  the reaction chamber  down to 
10 -5 Torr  could be convenient ly  detected by  this 
method. For the detection of the very weak disilane 
species (pressures in the reaction chamber ranging 
from 10-~ to 10-? Torr) ,  the molecular  beam ion cur- 
rents could be measured with greater  statistical ac- 
curacy, than by continuous psd, by recording the ion 
currents  of the species with the chopper in the open 
and closed positions and taking the difference as the 
molecular  beam contribution.  

Ini t ia l  silane pressures in  the reaction chamber  in  
the range 10 -3 to 1 Torr  were measured using a capaci- 
tance manometer .  Silane and dopant gas pressures be-  
low 10 -3 Torr  were derived from an ion gauge reading 
of pressure in  the first coll imating chamber, the re la-  
t ion between the reaction chamber  pressure and that  in 
the coll imating chamber  having been established from 
a previous calibration experiment.  This method el imi-  
nated the need for ion gauge filaments in  the reaction 
chamber which would have been undesirable  from the 
point  of view of pyrolysis on the filament and other 
possible side reactions. The gases used in  these ex- 
per iments  were supplied by  the Mattheson Company, 
Inc. The si lane was of semiconductor grade (>50 ohm- 
cm deposited mater ia l)  used undiluted;  the arsine and 
diborane were also of semiconductor grade, diluted to 
5% in helium. 

The silicon specimens used in this work were bars, 
20 X 3 X 0.4 ram, of 10 ohm-cm, P- type  mater ia l  
with the 20 • 3 mm faces parallel  to the (111) plane to 
wi th in  ___3 ~ They were supplied by  Chisso, Inc. Both 
major  faces of the bar  were polished using the Mon- 

Si l l  4 BzH6 
- AsH 3 

LI~ ~L2 
I 
S 

A I 

I 

V 

A3 

, ?l 
Fig. 1. Schematic diagram of molecular beam sampling system 

santo method. The chemical precleaning t rea tment  be- 
fore loading consisted of ul trasonic cleaning in  a sol- 
vent  followed by  several cycles of a ni tr ic  acid/  
e thanol /HF cleaning procedure (6). The specimens 
were held in  thick, h igh-pur i ty  tan ta lum clips and 
heated resistively. Specimen temperatures  were mea-  
sured using a partial  radiat ion optical pyrometer  and 
were corrected for emissivity using the data of Al len 
(7).  

The specimen was heated to 1250~ in a background 
pressure of less than 10 -9 Torr  for a few minutes  be-  
fore each run  to remove init ial  oxide and carbon con- 
taminat ion  of the silicon surface (5). 

The thickness of deposited epitaxial  silicon layers 
was determined using three independent  methods: (i) 
measurement  of the thickness of the specimen before 
and after deposition, (ii) measurement  of the di- 
mensions of stacking fault  defects which originated at 
the subst ra te- layer  interface, and (iii) the bevel-s ta in  
technique. Agreement  be tween the three methods was 
well  wi thin  experimental  errors. 

Results and Analysis of Data 
Molecular beam sampling of silane pyrolysis.--The 

pyrolysis of silane was monitored over the specimen 
temperature  (Ts) range 20~176 and at silane (re- 
actant) pressures in  the range 10 -5 to 4 X 10 -1 Torr. 
The temperature  dependence of product species for an 
ini t ial  silane pressure at 20~ of Ps ~ -- 10 -4 Torr  is 
shown in  Fig. 2. The onset of pyrolysis is marked by  a 
rise in  the molecular  hydrogen signal and a s imul tane-  
ous fall in  each of the Si, S i H , ( n  : 1 t o  4), and H 
signals. The relat ive ratios be tween the Si, Si l l , ,  and H 
signals did not change significantly with temperature,  
indicat ing that unreacted silane and molecular  hydro-  
gen were the only detectable products in  the reaction 
chamber  for this value of Ps ~ and that  the Si, SiHn, and 
H signals could be a t t r ibuted to the f ragmentat ion of 
silane in  the mass spectrometer ion source. The ob- 
servation of molecular  hydrogen as a pyrolysis product 
was consistent with the over-al l  decomposition reaction 

Sill4--> Si -F 2H9. 

Surface reaction efficiencies were derived both from 
the H~ product signal and the decrease in  the unreacted 
silane signal On the basis of the following arguments.  
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Fig. 2. Temperature dependence of molecular beam 'products at 
Ps ~ -" 10 -4 Torr. 
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We define the surface react ion efficiency ~ as the 
probabil i ty  that  a silane molecule  decomposes on 
striking the silicon surface. Fur thermore ,  let 

Ps I, PH T be the par t ia l  pressure of silane and hy-  
drogen, respectively,  i n  the react ion chamber  at a 
specimen tempera tu re  Ts. 

Rl the inlet  rate of silane into the reaction chamber  
in molecules  per unit  time. 

ns, nH the rate  of collisions of silane and hydrogen 
molecules, respectively,  wi th  the specimen in molecules  
per  uni t  area per unit  t ime per  uni t  pressure. 

As the total  effective react ion surface area (0.8 cm ~ 
in the present  case). 

Ao the effective area (including conductance factor) 
of the sampling slit (1.2 X 10 -2 cm 2 in the present  
c a s e ) .  

Ss, SH the speed of the sampling slit in molecules per 
unit t ime per  unit pressure for si lane and hydrogen, 
respectively.  

Then, af ter  s teady-sta te  conditions are at ta ined in the 
react ion chamber,  for silane 

Rl -- a~sPsTAs -- SsPs w --~ 0 [1] 

and for hydrogen 

2ansPsTAs -- Sz~PH T = 0 [2] 

Now wi th  pressures Ps I,  PH T sufficiently low (i.e., 
~10 -3 Torr)  that  the mean  free path X in the react ion 
chamber  is much  grea te r  than the chamber  dimensions 
(,~5 cm),  in teract ion be tween  molecules can be ne-  
glected and molecules s tr iking a surface in the react ion 
chamber  are direct ional ly randomized. Under  these 
conditions, nsPs T, nHPH T, SsPs T, and SHPH w can be 
replaced by 

Ps  T PH T PsTAo PHTAo 

respectively,  where  ms and mH are the molecular  
masses of silane and hydrogen, respectively.  Fu r the r -  
more, since Ri remained at a steady value de termined  
by the init ial  sett ing of the leak value for a par t icular  
initial silane pressure Ps o 

Ps~ Ri = [3] 

Hence from Eq. [1] and [3] 

A~ ( Ps~ ) 
= = 1 [4]  

As Ps I 
and f rom Eq. [2] 

= =  2 A o "  " ( P H  T ) [5] 
As \ P s  T / 

Equations [4] and [5] were  used to der ive  a as a 
function of t empera ture  and pressure from the sampled 
H2 and SiI-t4 species. The relat ionship be tween  the 
(sampled) molecular  beam intensities of these species 
and the part ial  pressures of H2 and Sill4 in the react ion 
chamber  was established f rom a previous cal ibrat ion 
exper iment .  Significant depar ture  f rom l inear i ty  in the 
relat ionship occurred only at Ps T, PE T > 2 X 10 -2 
Torr. Der ivat ion of = f rom Eq. [5] involved  a detez-  
ruination of the re la t ive  sensi t ivi ty of the mass spec- 
t rometer  for H2 and Sill4. A known 3% SIH4-97% H2 
gas mix tu re  was used in this determination.  

Values of a, calculated using Eq. [4], are plot ted as 
a function of silane pressure at three different tempera-  
tures in Fig. 3. It is seen that  for Ps T < 10 -8 Torr, = is 
independent  of pressure but apparent ly  decreases wi th  
Ps  T for Ps  T ~ 10 -3 Torr. Values of ~ calculated using 
Eq. [5] agreed wel l  at all pressures wi th  those calcu- 
lated using Eq. [4] and showed an identical  pressure 
dependence to that  shown in Fig. 3. We bel ieve that  
this pressure dependence is due to a b reakdown in 
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Fig. 3. Surface reaction efficiency, c~, for silane pyrolysis as a 
function of pressure. 0 ,  Calculated from Eq. [4] ,  Ts =- 1156~ 
~ ,  calculated from Eq. [6] ,  Ts = 1156~ ~ ,  calculated from 
Eq. [8] ,  Ts ---- 1156~ e ,  calculated from Eq. [4] ,  Ts ---- 
1076~ A ,  calculated from Eq. [4] ,  Ts = 987~ 

val idi ty  of Eq. [4] and [5] ra ther  than to a genuine 
depar ture  from the f i rs t -order  react ion mechanism in- 
dicated by the pressure independent  react ion efficiency 
below Ps T ---- 10 -8 Torr. Equat ions [4] and [5] were  
der ived on the basis of molecular  flow conditions in the 
react ion chamber.  However ,  at pressures Ps T ~ 10 -3 
Torr  in the react ion chamber,  the mean  free path for 
silane wil l  become less than the d iameter  (,~ 5 cm) 
of the p ipework  forming the walls of the reaction 
chamber.  Thus, over  the pressure range 10 -3 Torr  
(Knudsen number  ~/d = 1) to 10 -1 Torr  ( k /d  = 10-2), 
there  will  be a t ransi t ion from molecular  to s t reamline  
flow of molecules  be tween  the silane en t ry  por t  and 
sampling slit (18). The existence of s t reamline  flow in 
the react ion chamber  is supported by the observat ion 
that, at pressures Ps T > 10 -3 Torr, silicon deposition 
occurred not only on the specimen but on one of the 
specimen clips, the one fur ther  down line in the direc-  
tion of s t reamline flow be tween  the silane en t ry  port  
and the sampling slit. As suggested in the discussion, 
this observat ion can be explained by t ransport  of sill- 
cob from the specimen down the s treamlines to the clip. 

Under  s t reamline flow conditions, it is expected that  
only silane molecules wi th in  the boundary layer  of 
flow over  the specimen wil l  be able to diffuse to the 
specimen surface and that  a considerable fraction of 
silane molecules enter ing the react ion chamber  will  
bypass the specimen on s t reamlines  outside the bound-  
ary layer.  The fract ional  decrease in silane signal ob- 
served when the specimen is heated to a g iven tem-  
pera ture  will  thus be less than in the molecular  flow 
regime since the flow of silane molecules  outside the 
boundary  layer  wil l  remain  unaffected by the specimen 
tempera ture  but  wil l  contr ibute  to the sampled silane 
signal. For the same reason, the ratio of the H2 to silane 
signals at a g iven tempera tu re  wil l  be less than in the 
molecular  flow regime. Thus the t ransi t ion from mo-  
lecular  to s t reamline flow would account for the ap- 
parent  systematic decrease in ~ wi th  pressure shown 
in Fig. 3. 

A quant i ta t ive  estimate of the effect of s t reamline 
flow in the react ion chamber  on the react ion efficiency 
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der ived from the sampled species was made in the 
fol lowing way: let 

AT be the cross-sectional area of s t reamline flow over  
the specimen (AT = ~D2/4 : 19.6 cm 2 in the present  
case, since silane was carried to and from the specimen 
in 5-cm diameter  p ipework) .  

AB the cross-sectional area of flow wi th in  the speci- 
men  boundary  layer. 

IH r the mass spectrometer  signal for the  H2 pyrolysis 
product at a specimen tempera ture  Ts. 

Is T the mass spect rometer  silane signal at a specimen 
tempera ture  Ts. 

Is ~ the mass spect rometer  silane signal at ambient  
temperature .  

QH/Qs the mass spect rometer  sensit ivi ty ratio for I-I2 
and silane molecules. 
Then 

/s  ~ R~ I 
[6] 

IsT = Rl - -  A s  ~'Ri 1 --  A--!B ~' 

AT AT 

where  a' is the proport ion of silane flow in the bound-  
ary layer  region which is decomposed and is g iven by 

ansPs T aAs 
~' = = [7] 

SsPs T ~- ansPs T Ao + aAs 

where  Ps T is the silane pressure in the boundary  layer  
and can safely be assumed equal  to that  outside the 
layer  for the low volumetr ic  flow rates and react ion 
efflciencies in the present  experiments.  In der iving Eq. 
[7], silane molecules  in the boundary  layer  were  as- 
sumed to diffuse randomly  to the specimen surface. In 
addition, the conductance of the source slit at silane 
pressures of Ps T ~ 1 Torr  was assumed to be the same 
(0.14 l i ter  sec -1) as in the molecular  flow regime. The 
val idi ty  of this la t ter  assumption was confirmed by 
molecular  beam intensi ty measurements  which showed 
that  the source slit conductance was constant up to Ps T 

2 Torr. Equat ion [6] becomes equivalent  to Eq. [4] 
in the l imit  when all molecules enter ing the react ion 
chamber  may  take part  in random diffusion to the 
specimen surface, i.e., for AB/AT  : 1. 

In the case of the H2 pyrolysis product  we have 

IH T ~ 2a'RiAB/AT QH 2 QH 

AB a'Ri Qs -- A._I._T _ 1 Qs [8] 
l sr  Ri --  "~T ABe' 

which becomes equivalent  to Eq. [5] in the case o f  
AB/AT  ---- 1. An est imate of AB/AT  in the s t reamline 
flow regime at Ps r ~ 1 Torr  was made on the basis of 
the expected boundary layer  width, g iven by (14) 

V' 5 ~ ,  --U-- ~-~ 2.2 c m  [9]  

where  I was taken as the distance (0.9 cm) from the 
leading edge of the specimen clip to the center  of  the 
specimen; v the kinemat ic  viscosity for silane at 1 
Torr, 20~ was 59 cm 2 s e e - i ;  and U the flow veloci ty 
was 10.7 cm see -1 at the specimen position for the 0.14 
l i ter  sec-1 silane flow. 

Assuming the boundary  layer  cross section to be 
circular  wi th  a diameter  of 25, a value of AB/A,r = 0.77 
would be expected. However ,  this value can be con- 
s idered only as an order  of magni tude  estimate since 
Eq. [9] is s tr ict ly applicable only to flow over  an in-  
finitely wide flat plate and takes no account of edge or 
end effects which are l ikely in the case of a finite 
specimen. It  is possible, for example,  that  AB/AT  -- 
0.77 is an overes t imate  as a result  of "pinch-in" of the 
boundary layer  over  the specimen which was both 
th inner  and less wide than the leading specimen clip. 
Moreover,  since both the specimen and clips were  rec-  
tangular  in cross section, the assumption of a circular  

cross-section boundary  layer  might  also be expected 
to lead to an overes t imate  of AB/AT.  We have  found, 
in fact, that react ion efficiencies der ived f rom sampling 
data in the s t reamline flow regime using Eq. [6] and 
[8] with AB/AT : 0.25 (see the two half-shaded points 
in Fig. 3) agree well  with values calculated using Eq. 
[4] and [5]. 

It may be concluded from the molecular  beam sam- 
pling data that  the invariance of react ion efficiency 
over  the silane pressure range 10 -5 to 10 -3 Torr  is 
consistent both with a l inear  var ia t ion of adsorbed 
silane with  pressure and wi th  the first-order,  unimo-  
lecular surface react ion 

Sill4 (adsorbed) -> Si -F 2i.i2 

Fur thermore ,  the preceding calculations of react ion 
efficiency in the s t reamline flow regime show that  the 
sampling data at pressures above Ps T = 10 -3 Torr  are 
not necessarily inconsistent wi th  the view that  this 
mechanism is valid up to Ps T --- 1 Tort.  

The broad line in Fig. 4 shows the t empera tu re  de-  
pendence of silane react ion efficiency measured  at var i -  
ous initial silane pressures Ps ~ and plot ted on an Ar -  
rhenius scale. The line shown was the best fit (within 
5%) to the ~ values der ived using Eq. [4] and [5] and 
represents  the equat ion 

[ - 1 7  X 103 ] [10] 
a = 5.45 exp RTs  

where  R is the molar  gas constant, 1.98 cal mole -~ 
deg -1. Moreover ,  values of a (calculated using Eq. [6] 
and [8] wi th  As~AT ---- 0.25) der ived f rom sampling 
data in the s t reamline flow region at Ps ~ ---- 4.10 -1 Torr  
were  also well  represented by Eq. [10]. The t empera -  
ture dependence of the apparent  react ion efficiencies at 
Ps o ---- 2.10 -1 Torr  calculated using Eq. [4] are also 
shown in Fig. 4 for the purpose of comparison with  the 
corrected reaction efficiencies represented by the broad 
line. It is seen that  whilst  the effects of s t reamline  flow 
lead to an apparent  reduct ion in react ion efficiency, 
they have  no effect on the slope of the  Arrhenius  plot. 

Disilane (SiH~)~ was detected as a pyrolysis product 
at silane pressures Ps o > 5 X 1O - s  Torr. The molecular  
beam ion currents  of disilane species detected at Ps o ---- 
1.05 X 10 - i  Torr  as a function of specimen tempera ture  
are summarized in Table Ia and the total  molecular  
beam ion currents  for silane and disilane recorded at 
Ts ---- 1123~ at four  initial silane pressures are given 
in Table Ib. The tabulated ion currents  have  been car-  
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Fig. 4. Surface reaction efficiency, ~, for silane pyrolysis as a 
function of temperature. 
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Tab|e la. Disilane species detected at Ps ~ : 1.05 x i0 -1  Torr; electron energy 90 eY 

Ion currents • 10nAatm/e 
Dis i l ane  S i l a n e  

TIC* • 10hA TIC X 107A 

T s  (~ 56 5"/ 58 59 60 61 62 63 64 56 ~ 64 28 ~ 32 

20 O 0 0 0 0 0 0 O 0 0 35.4 
884 0.4 0.7 0.4 O 0 O 0.3 0.2 0 2 35.2 
910 1.4 1.9 1.5 O 1.6 0.8 1.3 0.6 0.2 9.3 35.0 

1010 2,4 3.7 5.5 1.O 8.8 3.5 4.3 1.0 0.4 30.6 34.3 
1059 5,9 9.9 16.6 5.5 27.5 10.3 13.2 2.6 0.9 92.4 33.3 
1123 8.V 14.5 26.0 8.3 40.0 15.7 20.3 3.4 0.8 137.7 31.7 
1123 22 36 65 21 100 39 51 8.5 2.0 
11235 30 41 64 21 1O0 31 51 -- -- 

* TIC = total ion current 
$ Ref,  (8). 

Table lb. Total ion currents for disilane and silane species recorded at Ts ---- |123~ 
electron energy 90 eV 

TIC  s l l ane  TIC d i s i l ane  
T I C  s i lane  T I C  s i lane T I C  dis i lane  (correced) (corrected} 

Ps ~ Ts = 20~ Ts = I123~ Ts = I123~ Ts = 1123~ Ts = 1123~ 
(Tort) • 10~A • 10vA x 10hA x 1O~A • 10UA 

5 • 10 -z 3.0 1,73 1.7 1.5 1,7 
19 x 10 -s 10.6 6.94 20.5 3,2 24 

S x 10-= 24,3 21.6 66.0 6.65 106 
1.05 x 10 -1 35.4 31.7 137.7 13.0 507 

rected for background ion currents  recorded at Ts 
20~ 

The re la t ive  intensities of disilane species observed 
at Ts : 1123~ are compared wi th  Potzinger  and 
Lampe 's  (8) disilane mass spectrum in the last two 
lines of  Table Ia. The agreement  is genera l ly  good, 
considering that  errors in the very  small disilane ion 
currents  recorded in this work  are expected to be about 
5%. The disilane species at 63 and 64 amu, not recorded 
by Potzinger  and Larnpe, can be assigned to combina-  
tions of disilane species containing Si 29 and Si 3~ 

In order to extract  react ion kinetic information from 
the pressure dependence of the detected disilane spe- 
cies, two main  correction factors had to be taken into 
account. Firstly, at the values of Ps o (>5  • 10-~ Torr)  
at which disilane was detected, significant a t tenuat ion 
of the sampled molecular  beam species occurred as a 
result  of collisions be tween  the beam molecules and 
background gas (predominant ly  silane) in the first 
coll imating chamber. Moreover,  since the molecular  
diameter  for disilane is greater  than for silane, this 
a t tenuat ion wil l  result  in a preferent ia l  e l iminat ion of 
disilane from the sampled beam. The detected silane 
and dlsilane total  ion currents  have therefore  been 
corrected (to a first approximat ion)  for this at tenua- 
tion effect assuming the mutual  cross section for colli-  
sion be tween  disilane beam molecules and silane back-  
ground molecules to be ~(1.5 cs) 2 compared wi th  ~ s  2 
for s i lane-si lane collisions, where  ~s is the silane mo-  
lecular  diameter.  The disilane total  ion currents (TIC) 
at Ts : 1123~ corrected for this effect are given in 
the last column of Table Ib. Secondly, in the case of the 
silane TIC a fur ther  correction was necessary since the 
pressure range of the observations coincided with  the 
transi t ion f rom molecular  to s t reamline flow in the 
react ion chamber. Over  the pressure" range of this 
transition, the proport ion (AB/AT) of the silane TIC 
due to silane which had interacted wi th  the specimen 
decreased from uni ty  in the molecular  flow regime to 
0.25 in the s t reamline flow regime. The effective values 
of AB/AT over  the transi t ion range were  calculated, 
using Eq. [6], f rom the values of Is~ w measured  
over  this range. The values of silane TIC corrected for 
this effect and for a t tenuat ion due to scattering are 
listed in column 4 of Table Ib. A log-log plot of cor-  
rected disilane TIC against corrected silane TIC gave a 
straight line of slope 2.1 • 0.1. This result  is consistent 
wi th  the expected bimolecular  surface react ion for pro-  
duction of disilane 

Sill4 (ads) +S i l l4  (ads) -~ Si2H6 -~ H2 

where  the silane molecules are adsorbed on adjacent  
surface sites. 

The act ivat ion energy for disilane product ion at 
Ps o ~ 1.05 • 10 - I  Torr  was der ived f rom an Arrhenius  
plot of the ratio of disilane TIC to silane TIC (see 
Table la) .  This plot gave a straight l ine wi th  a slope 
corresponding to an act ivation energy of 56 • 6 kcal 
mole - I .  The two correction factors discussed in the 
preceding paragraph had no effect on the tempera ture  
dependence of silane or disilane TIC. 

Silicon growth rate measurements.--~Silicon growth 
rates were  measured  over  the silane pressure range 
Ps w : 10 -3 to 1 Torr  and at tempera tures  from 700 ~ 
to 1200~ Silicon layers grown above 800~ were  
epi taxial  wi th  low stacking fault  densities (see Dis- 
cussion). The silicon growth rate  was taken as the 
thickness of deposited silicon divided by the deposition 
time. Continuous moni tor ing of the pyrolysis products 
during deposition confirmed that  the rate  of si lane de- 
composition was constant over  the period of deposition. 

The pressure dependence of the growth  rate at Ts 
z 987~ is shown in Fig. 5. It  is seen that  the observed 
growth rates all l ie wi th in  exper imenta l  er ror  on a 
s traight  l ine of slope unity. This result, taken together  
wi th  the pressure independent  reaction efficiency indi- 
cated by the molecular  beam sampling data, provides 
strong evidence for first-order, unimolecular  decom- 
position of silane over  the ent i re  pressure range cov- 
ered. 

The tempera ture  dependence of the silicon growth 
rate, R~ measured at Ps T : 10 -1 Torr  is shown by the 
closed circles in Fig. 6. Up to Ts ~ 1070~ the growth 
rate  follows an exponent ia l  rate  dependence with  an 
act ivat ion energy of 10 _ 1 kcal mole -1. The fall  in 
growth  rate at Ts > l l00~ can be a t t r ibuted to the 
onset of appreciable silicon evaporation.  

F rom the measured  values of silicon growth  rate  and 
surface react ion efficiency (see crosses in Fig. 6), the 
silicon condensation coefficient, ~, defined as the frac-  
tion of silicon atoms produced by the pyrolysis of 
silane which are incorporated into the silicon layer, 
was calculated in the fol lowing way:  

On the silicon (111) surface, a growth rate  of R mi -  
crometers  per  minu te  (~m/min)  corresponds to a con- 
densation rate of 8.34 • 101eR atoms cm -2 sec -1. Fu r -  
thermore,  the rate  of production of free silicon atoms 
per unit  area of specimen surface at Ps I : 10 -1 Tor t  is 
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aPsTns  ---- 3.6 X 10 TM a a t o m s  cm -2  sec  -1  
h e n c e  

= 0.232 X 10 - ~  R/~ [11] 

T h e  v a l u e s  of  a c a l c u l a t e d  u s i n g  Eq.  [11] a r e  i n d i c a t e d  
b y  t r i a n g l e s  in  Fig.  6. I t  c a n  b e  s e e n  t h a t  ~ is less  t h a n  
0.3 o v e r  t h e  e n t i r e  t e m p e r a t u r e  r a n g e  cove red .  Th i s  
r e s u l t  is in  a g r e e m e n t  w i t h  t h e  c o n c l u s i o n  of  H e n d e r s o n  
a n d  H e l m  (4)  t h a t  t h e  m a j o r i t y  of  s i l i con  a d a t o m s  a r e  
d e s o r b e d  f r o m  t h e  g r o w t h  s u r f a c e  a n d  is c o n s i d e r e d  
f u r t h e r  in  t h e  D i s c u s s i o n  sec t ion .  

E]Iect ol arsine on silane pyrolysis .--The effec t  of  
a r s i n e  o n  s i l a n e  p y r o l y s i s  w a s  i n v e s t i g a t e d  b y  a d d i n g  
c o n t r o l l e d  c o n c e n t r a t i o n s  of a r s i n e  to t h e  s i l a n e  e n t e r -  
i ng  t h e  r e a c t i o n  c h a m b e r  w h i l s t  c o n t i n u o u s l y  m o n i t o r -  
i ng  t h e  p y r o l y s i s  p r o d u c t s .  I t  w as  f o u n d  t h a t  t h e  a d d i -  
t i o n  of  a r s i n e  l ed  to a p r o g r e s s i v e  d e c r e a s e  i n  t h e  effi- 
c i e n c y  of  s i l a n e  p y r o l y s i s  w i t h  t ime .  A t  Ts ---- 932~ a n d  
P s  ~ ---- 2 X 10 - I  Torr ,  f o r  e x a m p l e ,  t h e  s i l a n e  r e a c t i o n  

ef f ic iencey fe l l  to 50% of  t h e  i n i t i a l  v a l u e  a b o u t  9 sec 
a f t e r  a c o n c e n t r a t i o n  of  P ~  ~ = 1% a r s i n e  
w a s  a d d e d  to  t h e  s i l ane .  T h e  s i l a n e  r e a c t i o n  eff ic iency 
u n d e r  t h e s e  c o n d i t i o n s  a s y m p t o t i c a l l y  a p p r o a c h e d  a 
l o w e r  l i m i t  of 20% of  t h e  i n i t i a l  va lue .  S i m i l a r  e x p e r i -  
m e n t s  a t  h i g h e r  a r s i n e  c o n c e n t r a t i o n s  s h o w e d  t h a t  t h e  
t i m e  c o n s t a n t  for  t h e  fa l l  i n  s i l a n e  r e a c t i o n  ef f ic iency 
d e c r e a s e d  w i t h  i n c r e a s i n g  a r s i n e  c o n c e n t r a t i o n  b u t  t h a t  
t h e  l o w e r  l i m i t  to  t h e  s i l a n e  r e a c t i o n  eff ic iency r e -  
m a i n e d  u n c h a n g e d .  T h e  t e m p e r a t u r e  d e p e n d e n c e  of  
t h i s  l i m i t i n g  r e a c t i o n  ef f ic iency m e a s u r e d  a t  P s  ~ = 2 • 
10 -1 T o r r  is s h o w n  i n  Fig. 4. T h e  v a l u e s  s h o w n  w e r e  
c a l c u l a t e d  u s i n g  Eq.  [4] a n d  m a y  b e  c o m p a r e d  w i t h  t h e  

v a l u e s  a lso s h o w n  i n  Fig. 4 fo r  P s  o ---- 2 X 10 -1  T o r r  
m e a s u r e d  in  t h e  a b s e n c e  of  a r s ine .  I t  c a n  b e  s e e n  t h a t  
t h e  a c t i v a t i o n  e n e r g y  fo r  s i l a n e  p y r o l y s i s  h a s  b e e n  i n -  
c r e a s e d  b y  18 kca l  m o l e  -1.  

EfIect o~ diborane on sflane pyrolysis . --The effec t  of 
d i b o r a n e  on  t h e  s i l a n e  p y r o l y s i s  was  i n v e s t i g a t e d  b o t h  
in  t h e  s a m e  w a y  as fo r  a r s i n e  a n d  b y  m o n i t o r i n g  t h e  
p y r o l y s i s  of  s i l a n e  o n  a n  i n i t i a l l y  b o r o n - c o v e r e d  s u r -  
face.  

T h e  a d d i t i o n  of  less  t h a n  1% d i b o r a n e  to t h e  s i l a n e  
h a d  no  d e t e c t a b l e  effect  o n  t h e  eff ic iency of  s i l ane  
pyro lys i s .  A t  c o n c e n t r a t i o n s  a b o v e  1%, h o w e v e r ,  t h e  
ef f ic iency of  s i l a n e  p y r o l y s i s  w a s  m e a s u r a b l y  i n -  
c reased .  F o r  e x a m p l e ,  a t  Ts  - -  850~ a n d  P s  ~ ---- 4 • 
10-5  Torr ,  t h e  s i l a n e  r e a c t i o n  eff ic iency i n c r e a s e d  f r o m  

_-- 0.3 to  0.9 % o v e r  a p e r i o d  of  s e v e r a l  m i n u t e s  a f t e r  
t h e  a d d i t i o n  of  10% d i b o r a n e  to t h e  s i lane .  S i m u l t a -  
n e o u s  m e a s u r e m e n t s  of  t h e  d i b o r a n e  p r e s s u r e  in  t h e  
r e a c t i o n  c h a m b e r  s h o w e d  t h a t  t h e  d i b o r a n e  r e a c t i o n  
eff ic iency ( c a l c u l a t e d  f r o m  t h e  f a i l  i n  d i b o r a n e  p r e s -  
s u r e  u s i n g  a n  e q u a t i o n  a n a l o g o u s  to Eq. [4] ) i n c r e a s e d  
f r o m  0.3 to 0.8% o v e r  t h e  s a m e  per iod .  T h e  t e m p e r a t u r e  
d e p e n d e n c e  of  t h e  e n h a n c e d  s i l a n e  r e a c t i o n  eff ic iency 
u n d e r  s t e a d y - s t a t e  c o n d i t i o n s  is s h o w n  in  Fig.  4. Th i s  
s h o w s  t h a t  t h e  a c t i v a t i o n  e n e r g y  fo r  s i l ane  p y r o l y s i s  in  
t h e  p r e s e n c e  of  10% d i b o r a n e  h a s  b e e n  r e d u c e d  to 
11 _+ 1 kca l  m o l e  -1. T h e  c o r r e s p o n d i n g  r e d u c t i o n  in  t h e  
a c t i v a t i o n  e n e r g y  fo r  d i b o r a n e  p y r o l y s i s  w a s  f r o m  
16 ___ 2 kca l  m o l e  -1  to  12 +_ 1 k c a l  m o l e  -1.  F u r t h e r  i n -  
c r e a s e  of  t h e  d i b o r a n e  c o n c e n t r a t i o n  l ed  to  a n  e v e n  
g r e a t e r  e n h a n c e m e n t  of  b o t h  s i l a n e  a n d  d i b o r a n e  r e -  
a c t i o n  efficiencies.  I n  Fig. 4 i t  c an  b e  s e e n  t h a t  t h e  ac-  
t i v a t i o n  e n e r g y  of  s i l a n e  p y r o l y s i s  h a s  b e e n  f u r t h e r  
r e d u c e d  to 7 ___ 1 kca l  m o l e  -1 fo r  po(B2Hg)/Ps ~ = 5. 
T h e  a c t i v a t i o n  e n e r g y  of  d i b o r a n e  p y r o l y s i s  u n d e r  
t h e s e  c o n d i t i o n s  w a s  11 __ 1 kca l  m o l e  - i .  

T h e  ca t a ly t i c  effect  of d i b o r a n e  o n  s i l a n e  p y r o l y s i s  
was  i n v e s t i g a t e d  f u r t h e r  b y  m o n i t o r i n g  s i l a n e  p y r o l y s i s  
o n  a n  i n i t i a l l y  b o r o n - c o v e r e d  su r face .  A c l e a n  s i l i con  
(111) s u r f a c e  w a s  e x p o s e d  to d i b o r a n e  a t  a p r e s s u r e  
po(B2H6)  ---- 0.76 X 10 -8  T o r r  a t  Ts = 1035~ fo r  300 
sec  w h i l s t  t h e  d i b o r a n e  p y r o l y s i s  w a s  c o n t i n u o u s l y  
m o n i t o r e d .  A p a r t  f r o m  u n r e a c t e d  d i b o r a n e ,  o n l y  m o -  
l e c u l a r  h y d r o g e n  w a s  d e t e c t e d  as a p y r o l y s i s  p r o d u c t  
s u g g e s t i n g  t h e  o v e r - a l l  d e c o m p o s i t i o n  

B2H6-* 2B + 3H2 

T h e  d i b o r a n e  r e a c t i o n  ef f ic iency ( c a l c u l a t e d  u s i n g  a n  
e q u a t i o n  a n a l o g o u s  to Eq. [4] ) i n c r e a s e d  f r o m  a n  i n i t i a l  
v a l u e  of 0.8 to  45% a f t e r  a b o u t  30 sec, r e m a i n i n g  a t  t h i s  
v a l u e  fo r  t h e  r e m a i n i n g  270 sec. Th i s  sugges t s  t h a t  
c o m p l e t e  b o r o n  c o v e r a g e  of  t h e  s i l i con  s u r f a c e  was  
a t t a i n e d  a f t e r  30 sec. A f t e r  300 sec, t h e  s p e c i m e n  t e m -  
p e r a t u r e  was  r e d u c e d  to 20~ t h e  d i b o r a n e  l e a k  v a l v e  
c losed  a n d  t h e  d i b o r a n e  p u m p e d  away .  S i l a n e  was  t h e n  
a d m i t t e d  to a p r e s s u r e  P s  ~ ---- 1.2 X 10 -5  T o r r  a n d  t h e  
s p e c i m e n  t e m p e r a t u r e  r a p i d l y  i n c r e a s e d  to 1035~ 
w h i l s t  t h e  s i l a n e  p y r o l y s i s  w a s  c o n t i n u o u s l y  m o n i -  
to red .  T h e  t i m e  d e p e n d e n c e  of  s i l a n e  r e a c t i o n  eff ic iency 
is s h o w n  in  T a b l e  II  w h e r e  t h e  t i m e  zero  c o r r e s p o n d s  
to t h e  t i m e  a t  w h i c h  t h e  s p e c i m e n  t e m p e r a t u r e  r e a c h e d  
a s t a b l e  v a l u e  of Ts ---- 1035~ T h e  i n i t i a l  s i l a n e  r e a c -  
t i o n  eff ic iency w a s  100% a n d  t h e  t i m e  d e p e n d e n c e  of  
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Table II. Time dependence of silone reaction efficiency, c~, 
measured on an initially boron-covered surface for 

Ps ~ ~ 1.2 x 10 - 5  Torr , / 's  ~ I035~  

Time 
(see) 0 130 250 370 480 630 760 I000 1330 

a (%) I00 27 8 5.5 4,3 3.3 2.7 2.1 1.8 

over the first 250 sec is well  represented by 

a = exp (--102 at) [12] 

Assuming that  the init ial  rate of fall of a is the same 
as the init ial  rate of coverage of the surface with sili- 
con, a value of a ---- 0.25 for the ini t ial  condensation co- 
efficient of silicon on the boron-covered surface at 
Ts -- 1035~ was estimated on the basis of the known  
impingement  rate (nsPs T) of silane on the surface at 

: 100%. Even after 1330 sec (after which time the 
boron layer  should have been  bur ied  by  m a n y  silicon 
layers) ,  the silane reaction efficiency (1.8%) was still 
considerably higher than  the value (0.85%) measured 
on a clean silicon (111) surface. This difference cannot 
be a t t r ibuted to the polycrystal l ini ty of the deposited 
silicon (see Discussion) and may have been due to 
boron diffusing to the reaction surface from the bur ied 
boron layer. 

D i s c u s s i o n  

Although in situ analysis by Auger spectroscopy or 
reflection high energy electron diffraction (RHEED) 
to establish the level of contaminat ion of the silicon 
(111) surface in  the present  work has not been possi- 
ble, we believe the surfaces on which our s tudy of 
silane pyrolysis and silicon deposition (in the absence 
of arsine and diborane) is based to be at least as im-  
pur i ty  free as the "clean" (<1013 impur i ty  atoms 
cm -2) silicon surfaces at tained recent ly by  Henderson 
and Helm (4) by argon ion cleaning. This belief is sup- 
ported by several experimenta~ results. Firstly, the ab-  
sence of both three-dimensional  nucleat ion and an 
induct ion period, when  silicon layers ranging in  th ick-  
ness from a monolayer  to several microns were de- 
posited on the ini t ia l ly "flashed" specimen, implies (5) 
the lack both of surface carbon contaminat ion and of 
carbon-conta in ing species in the reaction chamber. 
Secondly, whilst  it is conceivable that  "flashing" may  
br ing  Ni to the specimen surface and change the sur-  
face concentrat ion of silicon dopant, this ini t ial  sur-  
face was rapidly covered with a freshly deposited 
epitaxial  silicon layer  dur ing the silane reaction kinetic 
measurements .  In  fact, no difference in reaction rates 
measured on the ini t ia l ly "flashed" and freshly de- 
posited surface could be detected. Final ly,  electron 
microscopic and optical examinat ion  of layers several 
micrometers thick, deposited at Ts > 800~ in the re-  
action chamber, revealed that  the surfaces of the layers 
were essentially featureless except for a low density 
(102-10 ~ cm -2) of stacking faults. No pits or growth 
pyramids were detected. This suggests that our layers 
were of similar qual i ty to those deposited by Hender-  
son and Helm under  "clean" conditions. Below 800~ 
the qual i ty of the silicon layers progressively decreased 
and below 750~ the layers became polycrystalline, 
probably  as a result  both of the decreasing surface 
mobil i ty  of silicon adatoms and the correspondingly 
increasing effect of trace impuri t i tes  in the silane and 
from the specimen environment .  

The molecular  beam sampling data and growth rate 
measurements  provide strong evidence that, on a clean 
silicon (111) surface, silane decomposition occurs by  
the reaction 

Sill4 (gas) -> SiI-I4(adsorbed) --> Si + 2H~ 

where both the amount  of adsorbed silane and the de- 
composition rate depend l inear ly  on silane pressure. 
The first-order dependence of adsorbed silane on pres- 
sure is typical  (9) of Langmui r  adsorption behavior  

where the surface is only sparsely covered by a 
weakly adsorbed reactant, in this case silane. Fur ther  
evidence for weak adsorption of silane on silicon is 
provided by the fact that only a small fraction of the 
molecules impinging on the specimen surface decom- 
posed and that adsorption of silane molecules on ad- 
jacent  sites, leading to disilane production, was a rare 
event  for all specimen temperatures  and silane pres-  
sures covered in the present work. 

As recently pointed out (4), both the low value 
and tempera ture  dependence of the silicon condensa-  
t ion coefficient can be adequately accounted for on the 
basis of a step-flow model for silicon growth. In  this 
model, it is assumed that silicon adatoms are incorpo- 
rated into an atomic step if they diffuse to the step edge 
before desorbing. The mean  distance, d, which an 
adatom may diffuse before desorbing is ~/DT---~ where 
is the mean  stay t ime for adatoms given by 

~ 1/r exp (AGdes/RTs) [13] 

where v is an atomic frequency and AGdes is the free 
energy of activation for adatom desorption. D is the 
surface diffusion coefficient given by 

D ~ a2r exp (--AGsd/RTs) [14] 

where a is the distance of an adatom jump  and z~Gsd 
the free energy of activation for surface diffusion. Then 

d : x/D--~  a e x p  [ (AGdes --hGsd)/2RTs] [15] 

Now, in the presence of step sources such as disloca- 
tions, the mean  step separation is not expected to be an 
exponent ia l  funct ion of tempera ture  and the tempera-  
ture  dependence of the condensation coefficient will be 
pr imar i ly  controlled by d. Under  these conditions, the 
slope of the In r vs. 1/Ts plot will correspond to 
(~AGdes -- AGsd)/2R. From the data in  Fig. 6, we obtain 
AGdes - -  AGsd : 14 • 5 kcal mole -1 and, assuming 
that  AGdes equals the Si-Si bond energy (50 kcal 
mole -1) (10), then aGsd -- 36 kcal mole with a s tan-  
dard deviation of at least 6 kcal m o l e - l ;  a value in te r -  
mediate between previous estimates which range from 
4.2 kcal mole -1 (11) to 58 kcal mole -1 (2) and com- 
pares reasonably well  with Henderson and Helm's 
(4) recent value of 26 kcal mole -1. 

Hir th and Pound  (12) have shown that with decreas- 
ing tempera ture  the separation be tween  monatomic 
steps on a close-packed crystal surface approaches a 
steady-state value of d'~  6~/D% which corresponds to a 
low temperature  l imit  of a = 1/3 for the condensation 
coefficient. From Fig. 6 it is seen that  the measured 
values of r show no departure  from exponent ia l  rate 
behavior  with decreasing tempera ture  at ~ ,-~ 1/3 and 
would approach a low tempera ture  l imit  of un i ty  if this 
behavior  continued at temperatures  below 700~ This 
i s n o t  inconsistent with the predictions of Hir th and 
Pound, since as they have pointed out, if the spacing 
be tween monatomic ledges, macroscopic steps, or crys- 
tal edges becomes smaller  than  ~/Dz, then the con- 
densat ion coeffiecient wil l  tend to unity.  This is to be 
expected in  the present  case in  view of the increasing 
polycrystal l ini ty  of silicon layers grown at Ts < 700~ 

Silicon layers deposited under  arsenic inhibi ted 
growth conditions and those deposited in  the presence 
of more than  0.2% diborane were polycrystal l ine at all 
growth temperatures.  The possibility that the con- 
siderable changes in  si lane decomposition rate, ob- 
served on the addition of arsine or diborane, may not 
have been due to arsine or diborane directly but  to 
polycrystal l ini ty of the reaction surface can be dis- 
counted, however, since no significant (i.e., > 5%) re-  
producible difference between silane decomposition 
rate on an epitaxial silicon (111) surface and that on 
a polycrystal l ine surface, measured at the same tem- 
perature  in the absence of arsine or diborane, could be 
detected. 
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The inhibi t ion of silane decomposition in the pres-  
ence of arsine was also observed (3) in an ear l ier  
series of investigations by the present  author. More-  
over, Gupta (15) and Evers teyn and Put  (13) 
have recent ly  observed this effect in convent ional  
atmospheric pressure reactors. The small  number  
[As (solid) /S i  (solid) < 10-~] of arsenic atoms incor- 
porated into silicon l a y e r s g r o w n  under  g rowth - in -  
hibited conditions in both of these investigations sug- 
gests that  only a small  fraction of the silicon surface 
is covered with  adsorbed arsenic adatoms. Since the 
silicon surface is sparsely covered wi th  silane, one is 
led to the conclusion that, for a low coverage of ar-  
senic to produce such a drastic effect on the rate  of 
silane decomposition, e i ther  the arsenic atoms block 
off certain sites on the silicon surface which are act ive 
in inducing silane pyrolysis or that  adsorbed silane 
molecules are strongly at t racted to adsorbed arsenic 
atoms and that  decomposition is then s t rongly h indered  
by strong bonding be tween  the arsenic atom and the 
act ivated silane complex. Fur the r  studies of the ar -  
senic-influenced silicon surface using R H E E D / A u g e r  
techniques would be necessary to throw fur ther  l ight 
on the mechanism involved.  Whichever  mechanism is 
appropriate,  one may  assume that, under  inhibi ted 
growth conditions, desorption of an arsenic adatom 
from the surface is the ra te - l imi t ing  step for silane 
decomposition. Thus the 18 kcal mole -1 increase in ac- 
t ivat ion energy for silane decomposition on the addi-  
tion of arsine may be identified with  the act ivat ion 
energy for desorption of arsenic adsorbed on the sili- 
con (111) surface. 

The catalytic effect of boron on silane pyrolysis sug- 
gests that  silane molecules are at t racted to boron ad- 
atoms on the silicon surface and that  decomposit ion of 
the silane is not h indered by a strong bond be tween  
the act ivated silane complex and the boron adatom. 
One possible reason for a weaker  bond between boron 
and the act ivated silane complex than be tween  arsenic 
and the complex is that  boron (Group 3) is e lectron 
deficient compared with arsenic (Group 5). This sug- 
gestion is consistent wi th  the fact that  phosphine as 
well  as arsine has been found (13) to inhibit  silane 
pyrolysis, whilst  diborane has the opposite effect. 

Our  conclusions on the mechanism, react ion order, 
and activation energy for silane pyrolysis on a clean 
silicon (111) surface are in agreement  wi th  those of 
Henderson and Helm (4). The values of surface reac-  
t ion efficiency given by Eq. [10], however ,  are some 
40 to 50% higher  than those der ived from Henderson 
and Helm's  published values [see Table I of Ref. (4)] 
of the rate constant for silane decomposition. This dis- 
crepancy is, however,  not surprising in view of the 
large standard deviations in the values (___10% for our 
own values and at least •  for Henderson and 
Helm's) .  Care was taken in the present work to mini-  
mize errors  in this quant i ty  from possible pyrolysis on 
the Ta specimen clips and uncertaint ies  in effective 
reaction surface area. Thus, very  thick (2 mm) Ta 
clips were  used which remained cold (<150~ even 
during specimen heat ing at 1150~ The silicon speci- 
men  was thin (0.4 ram) so that  the ends of the speci- 
men near  the clips remained cold and a ve ry  sharp 
tempera ture  gradient  existed over  only a short length 
of specimen between the clips and the 80% of specimen 
surface area over  which the tempera ture  was uniform 
to • 10~ The effective reaction surface area was de-  
termined from the dimensions of the uni formly  de- 
posited silicon layer  examined after  unloading. It  is 
interest ing that  noticeable deposition of silicon oc- 
curred on only one of the specimen clips, the one fur -  
thest  down line in the direction of s t reamline flow 
between the silane inlet port and sampling slit. This 
suggests that  the deposition resul ted not from pyrolysis 
on the clip but  from condensation of silicon desorbed 
f rom the specimen and carr ied down line to the cold 
Ta clip. This observat ion supports the conclusion that  

the major i ty  of silicon adatoms are desorbed from the 
growth surface. Direct mass spectrometr ic  detection of 
the coll ision-free beam of silicon desorbed from the 
specimen was not possible in the present  work  because 
of the very  small  solid angle subtended by the speci- 
men  at the detector  and the large m / e  ~ 28 peak due to 
f ragmentat ion of silane in the ion source. 

In view of the excel lent  agreement  be tween the 
present  work and that  of Henderson and Helm (4), 
where  in both investigations care was taken to estab- 
lish and mainta in  clean specimen surface conditions 
using ul tra  high vacuum techniques, it seems l ikely 
that  previously reported (1, 2) depar tures  f rom first- 
order  kinetics of silane decomposition resul ted at least 
in par t  from specimen surface contamination. Joyce  
et  al. (5) have, for example,  shown that  even small 
fractions of a monolayer  of carbon contaminat ion can 
result  in considerable changes in silicon growth  mor-  
phology and have demonstra ted that the silicon sur-  
faces on which Joyce  et  al. (2) carried out silane re-  
action kinetic studies were  contaminated by carbon 
and possibly SIO2. Fur thermore ,  we have found that  
del iberate  carbon contaminat ion of the silicon ( I l l )  
surface by pyrolysis of e thylene can lead to a reduction 
in silane pyrolysis rate compared with that  on a clean 
silicon ( i l l )  surface. Moreover,  in the ear ly  work  of 
Joyce and Bradley (1), the silicon growth exper iments  
were  carried out in a poor background (PB ~ 10 -6 
Torr)  vacuum envi ronment  wi th  l ikely specimen con- 
taminat ion from pump oils and residual gases. In the 
more recent  pre l iminary  molecular  beam study (3) of 
silane pyrolysis involving the present author, first- 
order  reaction kinetics were  found but an act ivat ion 
energy for silane decomposition of only l0 • 1 kcal 
mole - I  was reported. We now bel ieve that  this value 
was systematical ly low by several  kcal mole  - I  as a 
result  of contamination of the silicon ( l l l )  surface 
with boron (result ing from an immedia te ly  preceding 
exper iment  involving heavy boron doping) released 
from the system walls dur ing specimen heating. 

Conclusions 
The pyrolysis of silane on a silicon ( I l l )  surface has 

been invest igated mass spectrometr ical ly  by molecular  
beam sampling over  a wide silane pressure P s  r ~ 10-s 
to 4 • 10-I Torr)  and specimen tempera ture  (Ts 
20 ~ to 1200~ range. The results are consistent with 
the mechanism 

SiH4 (gas) --> SiH4 (adsorbed) --> Si + 2H2 

where  both the amount  of adsorbed silane and decom- 
position rate  depend l inear ly  on silane pressure, indi-  
cating sparse coverage of the silicon surface with  silane 
over  the pressure and tempera tu re  ranges covered. 

Values of the surface react ion efficiency, a, for  silane 
decomposition have been calculated both from the fall 
in silane pressure in the react ion chamber  and from 
the production of molecular  hydrogen. Good agreement  
be tween values der ived by the two methods was ob- 
tained and the react ion efficiency was found to obey the 
equat ion 

a ---- 5.45 exp (--17 • 108/RT)  

An apparent  dependence of a on silane pressure above 
Ps ~ ---- 10 -3 Torr  was a t t r ibuted  to the effects of 
s t reamline flow in the react ion chamber. 

Small  quantit ies of disilane were  detected at silane 
pressures above 5 • 10 -3 Tor t  and were  a t t r ibuted to 
the bimolecular  react ion 

Sill4 (ads) -~ S i I~ (ads )  --> Si2H6 -{- H2 

where  the silane molecules are adsorbed on adjacent  
surface sites. 

Measurements  of silicon growth rate as a function of 
silane pressure up to P S  T -~- 1 Torr  supported the first- 
order mechanism for silane decomposition. The con- 
densation coefficient, ~, of silicon adatoms, de termined 
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from measurements  of the silicon growth rate as a 
funct ion of temperature  and the surface reaction effi- 
ciency, was found to be less than 0.3 over the entire 
tempera ture  range 700~176 indicating that  the 
major i ty  of silicon adatoms were desorbed. This be-  
havior was accounted for on the basis of a step-flow 
model for silicon growth and an activation energy for 
surface diffusion of 36 __. 6 kcal mole -1 derived there-  
from. 

Addit ion of arsine to the silane was found to inhibi t  
silane pyrolysis whilst, in  contrast, addit ion of more 
than  1% diborane to the silane considerably enhanced 
the silane pyrolysis rate. 

The results of the present  investigation are in ex-  
cellent agreement  with those of Henderson and Helm 
(4) whose measurements  were made on silicon (111) 
surfaces with <1013 impur i ty  atoms cm -2. Previously 
reported departures, both from first-order silane py-  
rolysis and from the present  activation energy of 17 _ 
2 kcal mole -1, are attributed, at least in part, to speci- 
men  surface contamination. 
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ABSTRACT 

SNOS capacitors, which have a polycrystal l ine silicon gate and a n i t r ide-  
oxide gate insulator, are fabricated using a wide range of insulator  thicknesses 
and high temperature  anneals. The insulator  charge depends on the oxide and 
ni tr ide thickness, and the charge level is most sensitive to the final anneal ing 
step before metallization. A premetal  anneal  in  H2 is required to produce a 
low fast state density. VFB shifts under  b ias - tempera ture  stress result  from 
charge accumulat ion at the ni t r ide-oxide interface. 

The metal - insula tor-s i l icon capacitor is a convenient  
tool for s tudying the oxidized silicon surface (1-4). 
This paper describes the characterization of SNOS 
capacitors which have a polycrystal l ine silicon gate 
electrode and a silicon ni tr ide-si l icon dioxide gate di- 
electric. The gate insulator  charge, Qeff, and fast sur-  
face-state density, Nfs, depend on the part icular  process 
used to fabricate the capacitor. The flatband voltage 
shift, ~VFB, under  b ias- temperature  stress depends on 
the fabricat ion process, stress voltage, stress tempera-  
ture, and stress time. This shift is caused by the differ- 
ence in ni t r ide and oxide conductivity (5). 

Key words: silicon gate, nitride-oxide dielectric, VFB stability, fast 
surface states. 

Sample Preparation 
SNOS capacitors were prepared on 1'/4 and 2*/4 in. 

silicon substrates. Capacitors with a boron-doped Si 
gate were made on n- type substrates while p- type sub- 
strates were used  to make samples with a phosphorous- 
doped Si gate. A variety of anneal ing cycles, film thick- 
nesses, and diffusion processes were studied. Table I 
outl ines the process sequence for capacitors with a B- 
doped Si gate. The process steps appropriate for a P-  
doped Si gate are shown in parentheses. 

Experimental Techniques 
The high frequency (1 MHz) MOS C-V technique 

was used to measure  teq the equivalent  gate dielectric 
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Table I. Process sequence 

1. 2 ohm-cm,  n- type  substrate 
(p-type substrate) 

2. Gate oxide, 970~ O2 
3. Gate nitride, 800~ NI-~ + SiH~ + N2 
4. Nitride anneal 
5. Silicon gate, 800~ SiI-L* + H2 
6. BBr8 deposition, 905~ 

(POOh deposition, 870~ 
7. BBr3 drive in and reoxidation,  1050~ O2 

(POCI~, 1000~ steam) 
8. Premetal  anneal  
9. Etch silicon gate pa t te rn  (20 mi l  dots) 

10. Backside AI 
11. Sinter 400~ 1 hr,  Ns 

thickness, and Qeff. The equivalent  thickness was cal- 
culated using Eq. [1] 

K o x  K o z e o A g  
teq = t, ox -~ tn  -- -- - -  [ 1 ] 

Kn Cmax 

Qeff was obtained from Eq. [2] 

Cmax 
Qef f  - - -  [VFB - -  ~bms] [2 ]  

Ag 

The fol lowing values were  used for the gate to sub- 
strate work  function: eros = ~-0.83 (n substrate, B- 
doped Si gate) and ~ms ---- --0.80 (p substrate, P -doped  
Si gate) .  

The fast surface-s ta te  density was measured  by the 
quasi-stat ic technique (6). Data was obtained by 
sweeping from inversion to accumulat ion at a sweep 
rate  of 0.05 V/sec. The value quoted for the fast state 
density is the number  of states per cm ~ be tween  ~s = 
0 and ~s ---- 2r  

All wafers  used for VFs stabil i ty studies were  first 
checked for mobile ion contaminat ion by the high tem- 
pera ture  quasistatic C-V technique (7). In this tech-  
nique, the capacitor is heated to 200~ and a ramp 
voltage (] ---- 0.02 Hz) is applied. As the ramp voltage 
decreases from -t-5 to --5V, the current  through the 
capacitor, I = AgCmosdV/dt, and the gate voltage are 
recorded on an x - y  plotter.  Curve 1 of Fig. 1 shows a 
typical  trace. When the ramp voltage reaches --5V a 
+10V (for teq -~- 5 0 0 A )  fixed bias is applied to the gate 
as the ramp vol tage is removed.  Af ter  the sample is 
stressed for 75-175 sec the fixed bias is r emoved  and 
the ramp voltage, which is then W5V, is reapplied. The 
cur ren t -vo l tage  curve is again recorded as the ramp 
sweeps f rom ~ 5 to --5V. The presence of mobile ions 
is revea led  by the bump on the post-stress curve  
(curve 2). The mobile  ion density per cm 2, Ni, is 

[ tnKox ] Ni = AKIKt 1 -~ [3] 
qAg 

In Eq. [3] Kl is the ver t ica l  scale of Fig. 1 in amperes /  
inch, Kt is the number  of seconds/ inch for the hor i -  

Poststress . ~  -V -A 

- Prestress (#1) 

! I I I 
-4 -2 +2 +4 

Vg r v ]  

Fig. I. Mobile ionic charge measurement at 2000C 

zontal scale, and A is the cross-hatched area in square 
inches. The factor [1 W tnKox/toxKn] appears in Eq. [3] 
because the mobi le  ions move  only in the SiO2 layer.  

Af ter  the mobile  ion density was checked to be less 
than 5 • 10 j~ cm -2, VFB shifts were  measured  by the 
fol lowing procedure. A high f requency C-V was mea- 
sured before the sample was stressed in the dark at 
e levated temperature .  Af te r  the stress was completed 
the sample was rapidly cooled to room tempera tu re  
under  bias and a second C-V trace was made. 

Experimental Results 
q e f f  and Nfs  w e r e  measured  for a var ie ty  of annealing 

cycles as well  as for several  oxide and nitr ide th ick-  
nesses. All  ni t r ide and premeta l  anneals were  done for 
0.5 hr. 

The following ni t r ide anneals were  used: no anneal, 
H2 at 900~ N2 at 1050~ and N2 at l l00~ These an- 
neals had no significant effect on ei ther Qeff or Nfs. This 
step was therefore  el iminated f rom the process se- 
quence and the remainder  of the data in this paper was 
obtained from devices processed wi th  no ni t r ide anneal. 

The premeta l  anneal  great ly  influences Qeff and Nfs. 
Table II shows Qeff and Nfs for various premeta l  an- 
neals. Several  conclusions are evident  from this table: 
(i) A N2 anneal  produces a low or negat ive Qerf and a 
high Nfs. The H2 anneal  results in a low Nfs. (ii) The 
capacitor wi th  a P-doped  Si gate has a lower  Qeff than 
the corresponding sample wi th  a B-doped Si gate. (iii) 
"For samples wi th  a B-doped Si gate, the 900/300 di- 
electric has a lower  Qeff than the 300/300 insulator. 

Table III contains addit ional  data on the  tox and tn 
dependence of Qeff. This table shows the same t rend as 
Table II, that  is, Qeff decreases as tox increased, and tn 
is held constaat. (The devices represented in this table 
had a 800~ premetal  anneal  in H2.) All  data in the 
remainder  of the paper, wi th  the except ion of Table V, 
were  obtained from capacitors processed with  the 
800~ premetal  anneal  in H2. 

Figures 2 and 3 show that  Qeff is a function of the 
silicon gate thickness and diffusion junct ion depth for 
devices wi th  a B-doped Si gate. Qcff increases as Xj 
increases o r  tpolySi decreases. The value  of Xj is the 
junct ion depth in a s ingle-crysta l  silicon moni tor  
wafer. Except  for these two figures, all data in the 
paper  were  obtained from capacitors wi th  a silicon 
gate thickness of 0.7 ~m and Xj = 1.25 ~n.  

Table II. Q e f f  and Nfs for various premetal anneals 

Pre-  
Oxide Nitr tde meta l  

Gate  thick- thick- Oeff /q Nfs anneal* 
dopant ness (A) ness (A) (cm-S) (em-~) (~ 

B 300 300 3.7 • 10 n 0.5 • 10 n H2, 800 
B 300 300 3.3 0.5 H2, 900 
B 300 300 0.1 5.0 N~, 900 
B 300 300 --1.3 7.0 N2, 1050 
B 900 300 3.1 none 
B 900 300 2.5 H~,800 
B 900 300 2.3 H2, 900 
P 300 300 1.3 0.5 Hs, 800 

A l l  annea l s  are  0.5 hr .  

Table Ill. Qeff for units with a B-doped Si gate* 

Oxide IWitride 
thick- thick- Qeff/q 

heSS (A) ness (A) (cm -s) N~B (cm -s) 

400 100 4.3 • I0 n <0.5 • 10 n 
400 200 3.1 <0.5 
300 300 3.7 <0.5 
400 300 3.4 <0.5 
600 300 3.1 <0.5 
900 300 2.5 <0.5 

* 800~ premetal anneal in H2 and no nltride anneal 
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The VFB s tab i l i ty  of SNOS capaci tors  wi th  a boron-  
doped Si ga te  was measu red  for a wide  range  of bias 
t empe ra tu r e  stress conditions.  F igures  4, 5, and  6 show 
the time, t empera tu re ,  and  vol tage dependence  of ~VFB 
for capaci tors  wi th  a 300/300 gate  insulator .  These de-  
vices had  a 800~ p reme ta l  anneal  in H2 and no n i t r ide  
anneal.  F igu re  7 shows ~VFB VS. t for a s imi lar  device 
which  had  a P - d o p e d  Si gate. Note tha t  AVFB (-t- s tress)  
> AVFB ( - -  stress) for capaci tors  wi th  a B-doped  Si 
gate whereas  the  reverse  is t rue  for a P - d o p e d  gate 
electrode.  

The  da ta  in Fig. 4-7 can be descr ibed  b y  the  fo l low-  
ing equat ion 

AVFB - - "  C exp ( - -pAH) (VG)ra ( t)n [4] 

Stress Time (Hours} 

Fig. 4. VFB shift for stress ot 200~ ~ 10V 

3001300 Gate 
8 Doped SI Gate 

1.0 

> 
<i 
~ 0 , 1  

1000IT 
Fig. 5. AVFB temperature dependence for a 30 rain stress 

This equat ion gives a good fit to the  expe r imen ta l  da ta  
over  the  fol lowing range  of stress condit ions:  VG, 
8-20V (for the  300/300 gate)  ; t, 0.5-500 hr;  T, 85~176 
The pa rame te r s  ca lcula ted  f rom capaci tors  wi th  a 300/ 
300 gate dielectr ic  are:  ~H, 0.35-0.45 eV; ~ ,  3.5-4.0 eV; 
n, 0.35-0.5 eV. 

Table IV  shows the dependence of ~VFB on the NHs: 
Sil l4 ratio used to deposit the sil icon nitr ide. The data 
indicates tha t  improved  s tabi l i ty  is achieved by  using a 
h igher  NHs: S i I ~  ratio.  Wi th  the except ion  of the  de-  
vices r ep resen ted  in Table  IV, all  capaci tors  were  fabr i -  
cated wi th  NH3:SiI-I4 = 133: 1. 

Table  V shows the effect of var ious  n i t r ide  and p re -  
meta l  anneals  on the VFB stabi l i ty .  The n i t r ide  anneals  
have l i t t le  impact  on hVFB, whereas  the  p remeta l  an-  
neal  in N2 grea t ly  increases the  VFB shift  for 12ositive 
stress. Table  VI contains the  resul ts  of VFB s tabi l i ty  
measured  on capaci tors  wi th  var ious  oxide and n i t r ide  
thicknesses.  A n  improvemen t  in VFB s tab i l i ty  is 
achieved by  reducing tn. VFB s tabi l i ty  is discussed in 
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Table IV. 

a. AVFB fo r  a + IOV s t ress  a t  200"C 

AVFB (0.5 h r )  AVFs (40 hr)  
N I - ~ / S i I ~  (V) (V) 

211 -- 0.95 - -  
133/1 - -  0.17 -- 0.80 

10,00011 - -  0 .30  - -  0 . 6 6  

b. AVTB for  a -- 10V s t ress  a t  200"C 
AVFs (0.5 hr)  AVFB (40 hr)  

NI-IsISiH4 (V) (V) 

211 + 0.90 - -  
133/1 + 0.8 + 0.64 

1O,O00/1 + 0.28 + 0.39 

Table V. 

a. AVFB for  a 12.5V 17 hr ,  300~ s tres s  

AVFs ( -  s tress )  
N i t r i d e  a n n e a l  AVFB ( + s t ress)  ( v )  

( v )  

N o n e  -- 1.15 + 0.92 
900"C, h y d r o g e n  -- 1.30 + 0.90 

1OSO~ n i t r o g e n  -- 1.40 + 0.93 
1100"C, n i t r o g e n  -- 1.20 + 0.93 

b. AVFB for  a 10V, 17 hr ,  20O~ s tres s  
P r e m e t a l l i z a t l o n  ~VFB ( +  s t ress)  AVFB (-- s tress )  

a n n e a l  (V) (V) 

800~ h y d r o g e n  -- 0.6 + 0.45 
900 oC, n i t r o g e n  -- 4.2 + 0.50 

Table VI. AVFB for a stress at Eox ---- 2 x 106 V/cm, 200~ 
30 rnin 

== 

0. I 

300/300 Gate 
P DO~ Si 
C,~e / 

~ / / / ' ~ r e s s  ( ~,VFB >0) 

VFB <0} 

Stress Time {Hours) 

Fig. 7. VFB shift for a stress at 200~ _ iOV 

the next  section, and VFB shifts will  be shown to result  
from the dual dielectric instabili ty.  

Discussion 
Several  process parameters  affect Q e f f  of the SNOS 

capacitors which have a B-doped Si gate. A ni t r ide 
anneal  in H2 or N~ has li t t le impact on Qerf. It is felt 
that this anneal  does not influence Qerf because the de- 
vices are exposed to subsequent  high tempera ture  
processing dur ing the diffusion and these process steps 
wash out any effects of the ni t r ide anneal.  

The premetal  anneal,  which is the last high tem- 
pera ture  process step, has a significant effect on Qeff 
and Nrs (see Table II) .  A premetal  anneal  in  N2 pro- 
duces a low or negative Qeff but  a high Nfs. The low or 
negative Qeff is produced by negative charges t rapped 
in  the acceptor-like surface states which are located 
near  the Si conduction band  edge. A low Nfs results 
if a premetal  anneal  in  H2 is used. Creation and reduc-  

O x i d e  N i t r i d e  
t h i c k ,  t h i c k -  ~VFB ( +  stress)  AVFB (-- s tress )  

n e s s  ( A )  n e s s  (A) (V) (V) 

300 300 -- 0.17 + 0.00 
400 200 -- 0.13 + 0.03 
400 100 -- 0,061~ e +0.025 Kox 

E o x = ~  t e q f t o x  + t N - -  
teq KN 

AQ,,o 
AV++ --.= , ,, tm 

Kneo 

t ion of fast states by  N~ and H~ anneal ing has been re-  
ported by Deal eta+. for MNOS capacitors (8). 

An increase in  the polysilicon gate thickness or a 
reduct ion in  Xj reduces Qeff of SNOS capacitors wi th  a 
B-doped Si gate (see Fig. 2 and 3). A similar  effect was 
reported by Fuj imoto et al. for SNOS capacitors with 
a P-doped Si gate (9). The reduct ion in  Qeff is achieved 
by minimizing the boron penet ra t ion  into the SigN4. 

The dependence of Qeff on tax and tn indicates that the 
charge at the ni t r ide-oxide interface, Qno, makes a 
major  contr ibut ion to Qeff. Equat ion [5] relates Qno to 
Qeff assuming that  Qno is the only charge in  the gate 
dielectric 

tn Kox 
Q'~  = ~eq Kn ' Qno [5'1 

The t rend of data from Table III  (except for %x --= 
400A, tn = 100A) agrees with Eq. [5], i.e., an increase 
in  tax or a reduction in  tn reduces Qeff. 

The VFB stabili ty data cannot be explained by  mo- 
bile ion motion or by slow surface state trapping. The 
mobile ion density is less than  5 • 101~ cm -~. This 
density can produce a ma x i mum VFB of 75 mV for the 
capacitors with a 300/300 gate dielectric. VFB shifts 
are observed in the 300/300 gate which are much larger 
than  75 mV. The absence of hysteresis in  the room tem-  
perature C-V curves is indicative of a small  slow sur-  
face-state density. Slow surface-state t rapping pro- 
duces a positive T~FB shift under  positive stress and a 
negative VFB shift for negative stress. However, the 
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exper imen ta l  da ta  is of  the  opposi te  polar i ty ,  i.e., 
5VFB > 0 for negat ive  stress, and therefore  s low-s ta te  
t rapp ing  cannot  produce the observed VFB shifts. 

The dual  dielectr ic  ins tabi l i ty  model  predic ts  tha t  
charge  accumulates  at the n i t r ide -ox ide  interface  when  
the capaci tor  is b iased  because Jn =2 ~ Jox. Fo r  our  sam-  
ples Jn > >  Jox when  the  bias is first applied.  In  this 
case a posi t ive stress produces  a negat ive  AVFB and 
conversely.  As charge  accumulates  at  the  interface,  
Eox is increased and En is reduced  unt i l  Jox : Jn. If  
the  ini t ia l  cur ren t  densi t ies  are  subs tan t ia l ly  different, 
a la rge  amount  of charge wil l  accumulate  at the  
n i t r ide -ox ide  in te r face  before  the VFB shift  sa turates .  

The dual  dielectr ic  ins tab i l i ty  model  predic ts  a VFB 
shift  which  is a funct ion of the  stress t empera ture ,  
t ime, and vol tage  (5, 10, 11). This behavior  is observed  
in the  SNOS capacitors.  The model  predicts  a reduct ion 
in hVFB if the  n i t r ide  res is t iv i ty  is increased.  This 
increase  has been  accomplished in th ree  ways:  by  using 
a high NH3:SiH4 ra t io  dur ing  the n i t r ide  deposi t ion 
(12), by  using a th ick polysi l icon gate, and  by  using a 
shal low B diffusion to dope the gate electrode.  The last  
two methods  minimize  the  reduct ion in n i t r ide  re -  
s is t iv i ty  due to boron pene t ra t ion  into the  SiaNa. I m -  
proved VFB s tabi l i ty  was also achieved by  reducing the 
n i t r ide  thickness.  This improvemen t  is expec ted  ac- 
cording to Eq. [6] which re la tes  Z~VFB to ~Qno 

ta 
~VFB = - -  ~Qno [6] 

gnfo 

A deta i led  knowledge  of the  oxide and n i t r ide  con- 
duc t iv i ty  vs. field curves,  the  var ious  ba r r i e r  heights  
and  the t rap  dis t r ibut ions  throughout  the  n i t r ide -ox ide  
insula tor  is necessary to predic t  the  time, tempera ture ,  
and  vol tage dependence  of the  VFa shift.  No such a t -  
t empt  was made  in this  study.  However ,  the  qual i ta t ive  
agreement  be tween  the exper imen ta l  da ta  and the  
model  gives good evidence that  the  dual  dielectr ic  in-  
s tab i l i ty  is the  cause of the  VFB shifts in our  SNOS 
capacitors.  
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ABSTRACT 

A new heat - t ransfer  surface, i.e., a "dendritic" heat sink, is presented. The 
preparat ion of the dendrites by forming a "brush" of nickel powder on a sur-  
face with a magnet  and plat ing them in place with electroless nickel to form a 
dendrit ic finned surface is described. It is shown that, in  addit ion to increased 
hea t - t ransfer  rates due to the compact hea t - t ransfer  area, the un ique  char- 
acteristics of the cavities on a dendri t ic  surface improve the boil ing mode of 
heat- t ransfer .  Despite their  small size, dendrit ic heat sinks in a PC88 cooling 
l iquid can dissipate about 6W from the surface (about 0.1 • 0.1 in. or 2.54 • 
2.54 mm)  of a silicon chip at 45~ The thermal  performance of the dendrit ic 
s t ructure  and the rel iabi l i ty  of the dendrit ic heat sinks are discussed. 

A new hea t - t ransfer  surface, called a "dendritic" 
heat sink, is presented and analyzed. The dendri t ic  
s t ructure  is prepared by forming a "brush" of nickel 
powder on a surface with a magnet  and plat ing the 
needles of the brush with electroless nickel to form 
a dendrit ic finned surface. Dendrit ic structures are 
found to be especially useful for providing heat sinks 
on small  components such as integrated circuit chips 
(Fig. I). 
In addition to the increased heat-transfer rates due 

to the extended heat-transfer area that the dendritic 
heat sinks provide, it is found that the unique char- 
acteristics of the cavities on a dendritic surface improve 
the boiling mode of heat-transfer. The nature of these 
cavities and the associated surface roughness are ana- 
lyzed. The dendritic structure forms "reentrant" type 
cavities (Fig. 2), which heretofore have not been pos- 
sible to manufacture on a large scale, and which remain 
active even in the absence of noncondensable gases. 
Consequently, the dendritic cavities provide numerous 
nucleation sites continuously, thereby allowing boiling 
at lower wall superheat than that possible with con- 
ventional engineering surfaces. The performance of 
these cavities is analyzed from theoretical considera- 
tions and related to experimental observations. 

Thermal tests show that the cooling efficiency of the 
dendritic structure in "FC-88" (trademark of Minne- 
sota Mining and Manufacturing Company) cooling liq- 
uid is as good or better than that of a solid molybde- 
nuIn I stud which has up to 20 times the weight of the 
dendritic structure. 

It is also noted in Fig. 3 that the bubble nucleation 
on the dendrites is initiated close to the heated sur- 
face while in a stud or in a thick chip the heat must 
be conducted through a relatively large metal mass be- 
fore it can be dissipated by boiling. 

The reliability aspects of the dendritic heat sinks 
are also discussed. For example, it is shown that due 
to the light weight of the dendrites, the projected 
reliability of flip-chip solder joints to the chip package 
("C-4" joint) (I) is improved by 17% over the con- 
ventional copper heat sink. The rel iabi l i ty  of dendri tes 
is discussed with respect to the results of various en-  
v i ronmenta l  tests. Mechanical tests indicated that  as 
much as 1300g are required to shear dendri tes  from 
the back of a 2.125 mm (85 rail) chip. 

Key  w o r d s :  b o i l i n g  heat-%ransfer,  e l ec t ro less ly  p l a t ed  hea t  s ink,  
e l ec tron ic  c o m p o n e n t s  coo l ing ,  n u c l e a t i o n  sites. 

z Moly  h e a t  s i n k s  w e r e  u s e d  b e c a u s e  of t h e i r  b e t t e r  t h e r m a l  ex-  
p a n s i o n  character i s t i c s  to m a t c h  that  of  s i l icon.  W h i l e  a b e t t e r  
m a t c h  is e x p e c t e d  to y i e l d  b e t t e r  m e c h a n i c a l  (hence,  the rmal}  in -  
t e g r i t y  at  the  m e t a l - m e t a l  in ter face ,  it  s h o u l d  also be n o t e d  tha t  
e v e n  a b e t t e r  h e a t  c o n d u c t o r  such  as  a c o p p e r  h e a t  s ink  w i t h  the  
s a m e  sur face  cha rac t e r i s t i c s  as m o l y  is e x p e c t e d  to  g i v e  c o m p a r a b l e  
bo i l ing  h e a t - t r a n s f e r  coeff ic ients  at  the  m e t a l - l i q u i d  in te r face ,  w h i c h  
is the  p r i m a r y  r e g i m e  w i t h  w h i c h  we are concerned .  Also  no  a t -  
t e m p t  w a s  m a d e  to  c o m p a r e  c o n d u c t i o n  across  the  p l a t e d  in ter face  
to  o t h e r  t y p e  b o n d e d  inter faces .  

Preparation of Dendritic Heat Sinks 
A "skeleton" s tructure is formed by al igning magnet ic  

powder such as low expansion NiFe alloys in  a mag-  
netic field, followed by a plat ing step which fixes the 
powder in position and joins the s t ructure  to the chip. 

To assure good adhesion of the electroless nickel 
plate to the silicon of the chip, the back of the chip is 
roughened by sandblasting, plated with a flash of 
pal ladium by a dip in 0.1% pal ladium chloride solution, 
and annealed at 125~176 Ini t ia l ly  the device side of 
the chip is covered by a layer  of a resist mater ia l  for 
protection against sensitizing and the subsequent  plat- 
ing steps. 

A diverging magnet ic  field is then generated in the 
area above the chip by placing the pointed pole of a 
bar  magnet  undernea th  the chip. A small amount  of a 
ferromagnetic powder is placed on the chip. In  the di- 
verging field the powder particles are at tracted toward 
the chip. An attracted particle becomes a magnet  by 
itself, at tract ing more particles. Strings of particles 
result, which stand up away from the surface of the 
chip. Adjacent  strings repel each other since they are 
magnetized with their  nor th  and south poles in the 
same direction (Fig. 4). Near the pole of the bar  mag-  
net, the strings of particles are forced closer to each 
other by the stronger field at the pole. A brushl ike 
s tructure results. The height and width of the struc- 
ture  can be controlled by the amount  and the size of the 
powder particles, by  mechanical ly  holding the particles 
in  a mold (Fig. 5), and by  the shape and spacing of 
the magnet.  

After  the "skeleton" brush  has been formed, the as- 
Sembly is immersed into an electroless plat ing bath and 
plated with a 10-25 ~ (Y2-1 rail) thick coat of metal, 
e.g., nickel. The chemical reducing agent in the electro- 
less bath supplies the electrons for the reduct ion of 
the metal  salt at the catalytic surface. No electrodes are 
required and the bath has a " throwing power," i.e., the 
abil i ty to plate in recesses, cavities, etc. which is l im-  
ited only by the necessity to resupply the ions of the 
metal  and the reducing agent. Convection and  diffu- 
sion in  the plating bath usual ly  are sufficient to supply 
the surfaces of the ferromagnetic particles and of the 
semiconductor chips with the metal  ions and reducing 
agent, resul t ing in a metal  deposit of uni form thick- 
ness, even in recesses be tween the powder particles. 
Consequently, mechanical ly  strong and well-bodied 
needles ("dendrites") are formed by a relat ively th in  
metal  layer. The plating metal  layer  closely duplicates 
the roughness of the ferromagnetic particles as well as 
cavities formed by the particles. The powder par t i -  
cles, before being put on the chip, are activated for 
electroless plat ing by the usual  procedures, such as a 
dip in  a pal ladium chloride solution. 

g12 
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Fig. 2. Microsectioning of a dendrite with a "reentrant" cavity 
(500 X ) .  

Fig. 1. SEM micrograph of dendritic heat sink 

The p la t ing  fixes the  s tr ings of powder  par t ic les  in 
posi t ion and joins them to the  surface of  the  chip. 

Heat  s inks have been formed on in tegra ted  circuits 
b y  using nickel  powder  of different  par t ic le  sizes 
[carbonyl  nickel  powder  of 2-4 ~m diameter ,  reduced  
nickel  powder  of i r r egu la r  par t ic le  size and shape f rom 
Fisher  Scientific Company,  or from Baker  and A d a m -  
son Chemical  Company,  "Kovar"  ( low expansion Fe, 
Ni, Co al loy)  powder  f rom B.S.A. Metals Powders  
Limited,  Birmingham,  England,  and others] .  

F igures  6-8 give a scanning e lect ron microscope pic-  
ture  and a microsect ion of a typical  heat  s ink on a chip 
formed by  the above method.  ~ 

Many  dendr i t ic  hea t  s inks can be formed s imul tane-  
ously on a wafe r  before  dicing if an e lec t romagnet  is 
used wi th  a pole piece which is somewhat  l a rge r  than  
the wafer  and  which has a small  ind iv idua l  pole at 

~ S c a n n i n g  e lec t ron  mic roscope  p ic tu res  w e r e  t a k e n  b y  E. K .  
Brand i s ,  IBM Corpora t ion ,  Hopewel l  Junc t i on ,  New York  12533, 
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Fig. 4. Magnetic aligning of ferromagnetic particles 

each chip site on the wafer  (Fig. 9). With  the magnet  
tu rned  off, a l aye r  of nickel  powder  of uni form th ick-  
hess is deposi ted on the wafer  by  forming a suspension 
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Fig. 5. Preparation of dendritic heat sinks 
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Fig. 8. Microspection of a dendritic heat sink IOOX SEM photo- 
graph. 

Fig. 9. Multiple plating of dendritic heat sinks 

Fig. 6. Dendritic heat sink 81X SEM photograph 

Fig. 7. Dendritic heat sink 100X SEM photograph 

of the powder  in a l iquid and al lowing the powder  to 
settle on the wafer.  When the magnet  is turned on, the 
powder  particles are a t t racted to the individual  poles 
and can be plated as described to form a heat  sink on 
each chip site. F igure  10 shows a wafe r  wi th  dendri t ic  
heat  sinks formed by this procedure.  

Fig. 10. Dendritic heat sink formed on a wafer 

Wafers wi th  dendri t ic  heat  sinks have been diced by 
the standard procedure of s lur ry  dicing. The cuts were  
clean with  no damage to the dendri tes (Fig. 11). 

Thermal Evaluation of Dendritic Heat  Sinks and 
Analysis of Dendritic Structures 

Thermal  evaluat ion of dendri t ic  heat  sinks was per -  
formed on chips of various sizes which  are noted be-  
low. The dendri tes were  approximate ly  0.75 mm (30 
mils) high and made out of nickel powder.  The chips 
were  C-4 (1) jo ined and powered,  and the chip tem- 
peratures  were  obtained f rom measurements  made of 
t h e  VBE Of the diodes in the chips. The diodes were  first 
calibrated. 
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Fig. 11. Wafers with dendritic heat sink after dicing 

A series of thermal tests on dendritic heat sinks, as 
we l l  as on slotted solid moly  studs for comparison, was 
made under identical conditions. The reference tem- 
perature of the underside of the substrate directly be-  
low the chip was monitored with a thermocouple.  

Figure 12a shows that the chip temperature on the 
dendrite was about 2~ lower than the moly  stud. Sub- 
strate temperatures were the same for both modules.  
Initial boil ing of the dendrite and stud were 0.25 and 
0.50W, respectively.  Both modules  were boil ing 
throughout at 1W. The "sawtooth" effect (described 
later) was only  1~176 in each case. 

Al though the dendrites are 1/10 and 1/20 the weight  
of the stud, there is approximately 3X the surface 
area. 8 The large surface area, cavities, and crevices 
contribute to the thermal efficiency of this heat sink. 
The geometry of the cavities is also important for 
heat dissipation when  FC-88 becomes contaminated. 

Thermal studies made in a mult i l iquid (2) system 
("Coolanol 45" trademark of Monsanto Chemical  Com- 
pany over "FC-88" trademark of Minnesota Mining and 
Manufacturing Company) have led to some interesting 
cooling characteristics. Figure 12b shows a thermal 
comparison of  a m o l y  stud with a dendritic heat sink. 
A large "sawtooth effect" (large drop in temperature 
when  boi l ing starts) is observed only  with the moly  
stud. It was found that the secondary coolant (Cool- 

s Surface profile measurements  made  by  Mtcromerit ics  Instru-  
ments  Corporation, Norcross,  Georgia,  y ie lded the fo l lowing results  
on the  dendritic heat  sinks: specific surface area /we ight ,  219 crnE/g; 
specific surface area/unit ,  2.19 cm~-/dendrite. These  numbers  should 
be compared wi th  those for the stud: 2.55 crn=/g and 0.57 cme/stud,  
respectively.  Also the porosity measurements  using mercury  under 
pressure indicate that  reentrant cavit ies  exis t  in the surface of  the 
dendrites.  These  surface studies w e r e  conducted by S .  P .  Carbone, 
I B M  Corporation, Hopewel l  Junction, N e w  York 1 2 5 3 3 .  
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Fig. 12r Chip temperature vs. chip power (dendritic, stud) in 
FC88. 
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Fig. 12c. Chip temperature vs. chip power (dendritic, .plain) in 
FC88 with a layer of Coolanol 45 on top. 

anal 45) was ~0 .1% soluble  in FC-88. This contami- 
nant preferential ly wets the heat s ink to form a film. 

The Coolanol 45 film acts as a thermal insulator on 
the stud and bubbles do not nucleate on this smooth 
surface ("hot area boil ing").  Boil ing starts w h e n  the 
temperature becomes high (>70~  Once boil ing 
starts, it is vigorous and strips the film. Then heat is 
conducted away rapidly and the stud approaches its 
normal cooling curve. If the power is left  be low 3W 
(natural convection) ,  the chip temperature can remain 
above 70~ This is much higher than the 62~ chip 
temperature at 5.5W. The dendritic curve exhibits  nu-  
cleate boil ing from 0.SW power with a small  "saw- 
tooth" (1~176 

The "fouling" problem can be critical in computers 
not only  if contamination is a l lowed to accumulate over 
some period, but also if  the parts are not thoroughly 
cleaned initially.  

Figure 13a, shows the chip temperatures obtained 
with solid heat sink mounted chips. The "sawtooth" 
effect seen in the figure represents a 30~ jump which 
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Fig. 13. Chip temperatures vs. chip power with solid heat sink 
mounted chip (heat sink dimensions given in Fig. 12a). 

results in  83~ at approximately 3W. However, soon 
after the in i t ia t ion of boiling, the tempera ture  drops 
down to a normal  level and at approximately 6W 
reaches an average chip tempera ture  of 72~ 4 After 
cleaning the part  in  boil ing TF Freon, the "sawtooth" 
was reduced to a few degrees as seen in  Fig. 13b. Note, 
however, that  the cleaning did not change the tempera-  
ture in the boiling regime. The effect of cleanliness is 
to ini t iate boil ing at lower power levels. 

In  the case of dendrit ic heat sinks, the contaminat ion 
caused a rise in chip tempera ture  of only 3~ and 
thereafter the temperature remained constant for 5700 
hr. These dendrit ic chips have been  operating in a 
cooling loop for 6400 hr. The slight effect of contami-  
nat ion on boiling from the dendrites and the better  
thermal  performance of dendrit ic heat sinks can be at-  
t r ibuted to the surface characteristics of the den-  
dritic structures. 

It  is known that surface condition is an impor tant  
variable in boiling heat- t ransfer .  Many types of com- 
mercial ly available surfaces (machined, rolled, or 
drawn)  have been investigated and studies in this area 
have been published (3). It has been found that  a sub-  
stantial  decrease in  the nucleate-boil ing wall  super-  
heat can be obtained by artificially changing the size 
and dis tr ibut ion of cavities on the surface. 

What is perhaps more impor tant  is the na ture  of the 
cavities which influence the bubble  nucleat ion process. 
Bubbles form at a heated surface from cavities which 
already have some gas or vapor present, i.e., so-called 
active cavities (see Fig. 14a). As the wall  surrounding 
the active cavity is heated, heat is t ransmit ted  to the 
l iquid-vapor  interface where evaporat ion takes place, 
thereby causing the bubble  to grow. The bubble  con- 
t inues to grow unt i l  an equi l ibr ium condition is reached 
which is governed by the relationship 

28 
~P = pb -- Pl = [1] r 

where Pb is the pressure inside the bubble ;  pz is the 

4 To obtain the junction temperature, usually 6oa is added which 
yields 78~ at approximately S W .  
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pressure inside the liquid; 8 is the surface tension of the 
liquid; and r is the radius of the spherical bubble.  

Then, as the bubble  detaches from the surface, a por-  
t ion of the vapor is t rapped inside the cavity as 
shown in  Fig. 14b. This t rapped vapor becomes the 
nuclei for the next  bubble. Depending upon the bub -  
ble size and the proximity  of other cavities, this vapor-  
t rapping process can induce neighboring inactive cavi- 
ties filled with pure l iquid into activity. 

The amount  of wall  superheat  needed to grow and 
detach a bubble  of a given size compatible with the 
l iquid properties may be computed from Eq. [1] after 
relat ing the tempera ture  (T) to the pressure (p) with 
the perfect gas approximation in the Clausius-Clapey-  
ron equation (4). Thus 

RvTsat' ( 28 ) 
Tv -- Tsat ~ Lpi r Pg [2] 

where Tv is the tempera ture  of the pure vapor and 
hence that  of the wall, approximately;  Tsat is the satu-  
ra t ion temperature  of the l iquid; Rv is the gas constant 
of the vapor; L is the la tent  heat of vaporization; Ps is 
the partial  pressure of any iner t  gases present  in  
the cavity; and (Tv -- Tsat) ~ AT is the wall  superheat. 
Note that  Eq. [2] is obtained from Eq. [1] by  let t ing 
Pb = pv -~- Pg where pv and pg, are, respectively, the 
partial  pressures of pure vapor of the l iquid and any 
other gases that may be present  in the bubble.  

It is seen from Eq. [2] that  less superheat  is re-  
quired when noncondensable  gases are present  in the 
bubble  which can be verified easily by experiments.  It  
is also suggested by Eq. [2] that  at relat ively high gas 
pressures (pg), it is possible to form bubbles  at wall  
temperature  below the sa turat ion temperature  of the 
liquid, i.e., in subcooled liquid. (An extreme example 
is the forced flow of air through a tube submerged in 
a body of liquid.) It is sometimes possible to form 
bubbles in subcooled liquids even in the absence of 
inert  gases in  the cavities in the wall  surface. Some 
cavities can contain pure vapor even at highly sub-  
cooled temperatures.  To explain this, Rohsenow (5) 
considers two cases of different contact angle ~ and 
opposite curvature  of the interface: p~ > P] in Fig. 14c 
and pv < Pl in Fig. 14d. As the surface is allowed to 
cool below the saturat ion tempera ture  of the liquid, if 
the cavity in Fig. 14c contains pure vapor only, the 
l iquid-vapor  interface collapses and the cavity be- 
comes filled with liquid, i.e., becomes inactive. "As 
cavity (d) cools down, however,  the interface recedes 
into the cavity, decreasing the radius of curvature  and 
reducing Pv. Since Pv decreases, Tsat of the vapor de- 
creases; the interface does not collapse and the cavity 
with vapor already in it is ready as an active bubble  
nucleat ion site when  the wall  surface is subsequent ly  
heated" (5). 

It is clear from the discussion above that  if cavities 
which behave as shown in Fig. 14d can be found, boil-  
ing can be ini t iated at these cavities at all t imes at a 
given constant temperature.  It  can be shown that  one 
such cavity, called a "reentrant"  cavity, is that which 
has a small opening at the surface with a larger  diam- 
eter cavity below it (see Fig. 15). 

ADVANCING 
L IQUID-VAPOR 

(a~ (b) 

L IQUID  

r 

(c) (el) 

Fig. 14. Nucleation from cavities [from Ref. (5)] 

LIQUID 

~ ~~"////INTE R FACE 
Fig. 15. Idealized "reentrant" cavity 
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Experiments  indicate that  with the surface cavities 
such as shown in  Fig. 2, boil ing does indeed commence 
repeatedly at the same wall  temperature.  On conven-  
t ional surfaces, on the other hand, the commencement  
of boil ing is not always consistent with a given wall  
temperature.  

In  boil ing experiments  with dendrit ic heat  sinks, the 
l iquid was boiled for long periods of t ime to drive off 
the noncondensable  gases such as air. Furthermore,  the 
exper iments  were conducted in a mult if luid boil ing 
setup. In  this scheme two immiscible liquids are used, 
where  the heavier  p r imary  l iquid (e.g., FC-78) is in 
contact with the heat sink. Once the gases are forced 
out from the pr imary  coolant the secondary coolant 
(Coolanol 45) on top of the pr imary  coolant forms a 
bar r ie r  between the boil ing l iquid and  the ambient ,  thus 
forming a "sealant" against  air. In  this manner ,  it was 
assured to the extent  of the solubil i ty of air in the 
liquids, that  the bubbles  were not activated by the 
presence of noncondensable  gases, bu t  ra ther  by pure 
vapor in  active cavities. 

It was also found, as ment ioned before, that  boil ing 
on a dendri t ic  surface commences at a lower tempera-  
ture  than that  measured on an ordinary  surface. For  
example, it is clear in  Fig, 12c that  nucleat ion is prev-  
alent  at much  lower power levels on "dendrit ic chips" 
than on plain chips. This leads to the impor tant  result  
that, since at low power dissipation the corresponding 
surface temperatures  are small, any  finite tempera ture  
" jump" in  t ransi t ion from na tura l  convective mode to 
boiling is negligible. In  comparison, on surfaces where 
boil ing does not  start  unt i l  high power levels are 
reached, the unpredic table  " jump" in  the t ransi t ion 
region may be high as seen in  Fig. 13a. 

The early boiling, i.e., at low wall  superheat, on dent  
dritic surfaces may be explained by the fact that  the 
expected distr ibution of active cavities is much larger 
with dendrites than with ordinary  roughness. In  addi-  
tion, it is known that, aside from the shape of the 
cavities, roughness alone has an effect on the stabil i ty 
of a bubble.  For  example, a surface roughness param-  
eter  can be related to the contact angle that a bubble  
forms with the surface which in t u rn  is associated with 
wet tabi l i ty  (6). The stabil i ty of the contact angle can 
then be determined as a funct ion of the surface rough-  
ness parameter.  Since the roughness of dendri t ic  sur-  
faces is very irregular,  it is expected that the prob-  
abil i ty of finding uns table  bubbles,  i.e., early detach- 
ing bubbles, is high. The boiling process need not wait  
unt i l  a par t icular  nucleat ion condition for some par-  
t icular  surface is reached. Boiling commences at the 
lowest wall  tempera ture  governing the thermal  be-  
havior of any one of the many  dendri t ic  cavities. 

The i r regular i ty  or randomness of these cavities goes 
down to a very  small  scale, as evidenced by Fig. 16, 
which shows a var ie ty  of surface structures even at 
5000X. 

The configuration of the dendrit ic cavities promote 
boil ing as well  as convective cooling since the i r regu-  
larities provide large surface area. Due to the large 
area per un i t  volume, a dendrit ic finned surface is ex-  
pected to be advantageous in  air cooling also. 

Reliability Tests on Dendritic Heat  Sinks 
The rel iabi l i ty  aspects related to dendrit ic heat. sinks 

can be addressed from two perspectives. One is the 
rel iabi l i ty  of the dendrites themselves, and the second 
is the influence of the. dendrites on the rel iabil i ty of the 
total system. 

On the la t ter  perspective we placed four chips with 
dendrit ic heat sinks in  two board cooling loop sys- 
tems in  order to determine if the dendri tes do come 
loose af ter  long periods of operation in  a boil ing me-  
dium and contaminate  the system. The results showed 
that  after 6400 hr of operation, no contaminat ion at-  
t r ibutable  to the dendri tes was detected. In  order to 
assess the rel iabil i ty risk in  an accelerated manner ,  we 

Fig. 16. Dendritic cavities and surface irregularities ta 1600X 
and 5000X. 

have also done shear tests on dendrites. A dendrit ic 
s t ructure can wi ths tand up to 1300g in  shear. This 
should be compared with a shear failure of the C-4 
solder connection (1) of the chip with the package at 
about 1000g. In  relat ion to the solder joint  itself, the 
light weight of, the dendrit ic heat sinks contributes to 
the improved rel iabi l i ty  of the C-4 joints in fatigue. For  
example, assuming an ellipsoidal model for the C-4 
configuration, and a solder volume of 0.001 mm 3 (70 
mils ~) it was shown (7) that  the C-4 pad height 
reaches 0.081 mm (3.23 mils) for the 12 mg dendrit ic 
heat sink. 

As a comparison, calculations project a delta rel i-  
abil i ty of ~17% relative to the 180 mg molybdenum 
heat sink due to the increased height of the solder 

F~g. 17. Honeycomb-like dendritic heat sink made From 2-4# 
nickel powder. 
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pad. Iner t ia l  effects due to a higher mass of the stud 
heat s ink have not been considered in this calculation. 

Another  concern was the possibility of the plat ing 
solution being trapped in  the porous surface of the 
dendrites. Such inclusions, if present, might  affect the 
mechanical  strength, corrosion resistance, etc. of the 
heat sinks. 

Ultraviolet  spectrographic analysis shows that  the 
plat ing bath  contains more than  10% each of nickel, 
phosphorus, and sodium. Dendrites made from various 
nickel powders and annealed in  ni t rogen to 350~ also 
contain more than  10% nickel, and be tween 1 and 10% 
phosphorus, but  the sodium content  is below the sensi- 
t ivi ty of the analysis, i.e., <0.1%. These results seem to 
indicate that very li t t le of the plat ing bath is t rapped 
pe rmanen t ly  in the heat  sinks dur ing  plating. 

Still another  concern was that since the heat sinks 
consist of a ferromagnetic material ,  high f requency 
a-c currents  in  the circuits on the other side of the 
chips might  be affected. Three chips were a-c tested 
prior to growing dendri tes on them. The a-c test re-  
sults indicated no change of the a-c characteristics of 
the chips. 

Several  dendrit ic heat sinks on chips of different 
types have been subjected to various env i ronmenta l  
tests. No measurable  degradat ion has been detected. 

Two chips of 2.85 ~< 2.70 m m  (0.112)< 0.106 in.) with 
nickel dendrites were heated to 330~ in ni t rogen for 2 
min  and cooled to room temperature.  The heat cycle 
was repeated 10 times. No cracks were observed under  
the microscope (50X) on the dendrites or between the 
dendrites and the silicon chips after this t reatment .  A 
shock test involved ten impact blows, each in two di-  
rections, with a peak acceleration of 4500g _+ 10% and 
a pulse durat ion of 200 _+ 5 #sec. The shock direction 
was both paral lel  and perpendicular  to the plane of the 
chip. None of the four samples tested was visibly af-  
fected or damaged by the shock test. 

The two chips with dendrites which had been heat-  
treated as described were vibrat ion tested. The chips 
were vibrated in  three planes, v ibrat ion in  each plane 
as follows: (i) sweep from 20 to 2000 Hz and r e tu rn  
for 20 rain; (ii) between 20 and 28 Hz, constant  ampli-  
tude of 0.35 in. peak; and (iii) between 28 and 2000 Hz, 
constant acceleration of 15g peak. None of the samples 
were visibly affected or damaged by  the vibrat ion test. 

Other chips with dendrit ic heat sinks were subjected 
to 85~ RH test for 504 hr. The two chips without  
the dendrites were used as controls. Fif ty s tandard 
electrical tests on all modules showed no failure. There 
was no visible corrosion. 

Three chips were also subjected to 50 cycles of wet 
thermal  shock from 0 ~ to 100~ in FC 40 fluorochemi- 
cal liquid. Two chips had dendrit ic heat sinks on them 
while the third, without  dendrites, was used as control. 
Fif ty  s tandard electrical tests on all modules showed 
no failures. 

Conclusions 
The dendri t ic  s t ructure  brings together on a single 

surface m a n y  different types of roughness, such as 
might  be generated artificially by subsequent ly  d raw-  
ing, filing, sandblasting, etc. the single surface. As dis- 
cussed above, on such surfaces, the boil ing process need 

not wait  unt i l  a part icular  nucleat ion condition for 
some part icular  surface roughness is reached, but  a 
whole "spectrum" of suitable roughnesses is available, 
yielding always some nuclei  for boil ing at the lowest 
wall  temperature.  Exper iments  discussed above have 
shown that  on such surfaces superheat ing (boiling de- 
lay) becomes negligible. Consequently,  a max imum 
cooling effect for l iquid cooling is achieved. Air  cooling 
with dendrit ic heat sinks is also possible. This together 
with the large surface area, low weight, and  high me- 
chanical s t rength makes the dendrites sui table for use 
as an  excellent heat sink in  the cooling of integrated 
circuit chips. The rel iabi l i ty  of the dendri t ic  heat sink 
and of the plated chip itself also seem to be excellent, 
though these results are based on a re la t ively small  
number  of samples. The preparat ion of dendri t ic  heat 
sinks is simple and inexpensive.  
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ABSTRACT 

The partial pressures of the gaseous species in equilibrium with solid 
silicon in the Si-H-CI system are presented as a function of temperature for 
different Cl/H ratios and total pressures. Computations were performed using 
our recently determined value of AHf~ (SiHCl3,g) -- --116.9 kcal/mol. Ex- 
perimental data concerning the deposition and dissolution of silicon over a 
temperature range of 1200~176 are compared to the equilibrium data and 
general conclusions drawn about the probable reaction mechanisms involved, 
especially for decomposition of the compounds SIC14 and SiHCh. Particular 
emphasis is put on attempting to integrate the diverse body of experimental 
data that exists for silicon deposition from SiCI4-H~ and SiHCIs-I-12 mixtures 
at high temperatures. 

A previous article (1) presented a thorough ther-  
modynamic  evaluat ion of the Si-H-C1 system in  terms 
of the increase or decrease of the amount  of silicon in  
the gaseous phase as a funct ion of tempera ture  and 
C1/H ratio. One of the purposes of this work is to pre-  
sent the partial  pressure of the various species in equi-  
l ibr ium with solid-phase silicon as computed using 
the same thermodynamic  data published in  that  paper. 
It  is also in tended to present  a general  discussion to 
assist in  unders tanding  the complexity of reaction 
mechanisms that can be involved during high tem- 
perature processing of semiconductor silicon. Com- 
parisons are made, where possible, between well char-  
acterized experimental  data and that of the computed 
equilibrium situation. 

Equilibrium Concentration of Individual Species 
Calculations based on earlier reported thermody-  

namic data (1) considered fourteen gaseous species to 
be in  equi l ibr ium with solid silicon. The gas phase 
composition based on these data is shown as a func-  
t ion of temperature  for different C1/H ratios in  Fig. 
la-c. The gaseous species Si, C12, and Si2C16 do not 
appear on the graphs due to their  low equi l ibr ium par-  
tial pressures, while SiI-I4, SIC1, SiCl~, and Cl appear in  
only some of the plots. All  the aforementioned species 
can be ignored when  describing the equi l ibr ium state 
of the system under  the conditions indicated while 
main ta in ing  ~99% accuracy. At temperatures  higher 
than  1700~ or C1/H ratios lower than  0.01 it becomes 
necessary to consider some of these species. An ex- 
ample of the calculated part ial  pressures of the minor  
consti tuents at conditions of 1600~ and 1 atm is shown 
in  Table I for various C1/H ratios. The part ial  pres-  
sure of hexachlorodisilane exhibits a max imum in the 
tempera ture  range of 1200~176 for a given C1/H 
ratio. 

The three C1/H ratios chosen have a part icular  sig- 
nificance wi th  respect to exper imental  conditions. The 
l o w e s t  value, 0.01, is typical of conditions used for 
epitaxial  deposition and vapor etching of silicon, while 
0.1 represents  typical conditions for high temperature  
polycrystal l ine silicon deposition. The highest value, 
1.0, is common to conditions for silicon dissolution 
(chlorosilane synthesis) or for chlorosilane dispropor- 
t ionat ion reactions. 

* Electrochemical Society Active Member. 
* Present address: Consortium fur Electrochemische Industrie 

G.M.B.H., 8 Munchen 70, Zielstattstr. 20, West Germany. 
Key words: decomposition, deposition, kinetics, reduction, silicon, 

thermochemical equilibrium. 

The effect of pressure on the equi l ibr ium composi- 
t ion of the gas phase is seen by comparing Fig. lb  and 
2. At reduced total pressure, SiCI~ and  SiCI~ become 
somewhat more predominant  at the expense of the hy- 
drogen containing species. From a thermochemical  
standpoint,  iner t  gas di lut ion has a similar effect on the 
Si-H-C1 system as does reduct ion of total pressure; i.e., 
an init ial  system containing a chlorosilane in hydrogen 
will reach the same equi l ibr ium point, wi th  respect 
to all species except H2 and the iner t  gas, unde r  com- 
parable conditions such as PT = 0.1 atm and 0% iner t  
gas as opposed to PT ---- 1.0 atm and 90% iner t  gas as 
long as the sum of part ial  pressures of the silicon con- 
ta in ing species is considerably lower than  the total 
pressure. These systems are expected to differ sub-  
s tant ial ly  in  practice, however, due to changes in gas 
kinetics. 

General Trends in Experimental Data 
All experimental  data available in the l i terature  can 

be categorized into two different graphical systems 
using the following terms: ~ ---- fractional silicon yield 
from a chlorosilane, R : silicon deposition rate, and x 
: mole fraction of chlorosilane in hydrogen. 

10-1 z i t I I t I t I ~ J 

PH 2 ~_ (~.99 

HCI 

10-2 

SiHCI 3 

. ~ SiCi 4 ' 

~ 10_3. 

'~ 10- 4 

10-5 

10-6 
300 500 700 900 1100 1300 1500 1700 

TEMPERATURE, K 

Fig. I r  Temperature variation of the equilibrium gas phase 
composition at I atm total pressure and CI/H -- 0.01. 
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lO. , , / .  , 
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Fig. lb. Temperature variation of the equilibrium gas phase com- 
position at ! arm total pressure and CI/H = 0.10. 
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fig. 1c. Temperature variation of the equilibrium gas phase com- 
position at 1 atm total pressure and CI/H = !.0. 

T h e  f i rs t  s y s t e m  i n d i c a t e s  t h e  t e m p e r a t u r e  f u n c t i o n  
of  ~ (Fig.  3a)  o r  of  R a t  a c o n s t a n t  v a l u e  of  x. T h e  
s e c o n d  o n e  p o r t r a y s  t h e  c o r r e l a t i o n  of  ~ o r  t h e  p r o d u c t  
x �9 ~ (Fig.  3b)  to  t h e  m o l e  f r a c t i o n  x a t  a f ixed  t e m -  
p e r a t u r e .  T h e  e n t i t y  x �9 ~1 is a m e a s u r e  of  t h e  p o t e n t i a l  
s i l i con  y i e l d  p e r  v o l u m e  of  gas  m i x t u r e  a n d  c a n  b e  r e -  
l a t e d  to  t h e  d e p o s i t i o n  r a t e  R in  g r a m s / h o u r  o r  
m i c r o n s / m i n u t e  v i a  t h e  a b s o l u t e  or  l i n e a r  f low ra te ,  d e -  
p e n d i n g  o n  t h e  g e o m e t r y  of  t h e  r e a c t o r  sys t em.  F o r  t h e  
f i rs t  sy s t em,  t h e  n a t u r e  of  t h e  t e m p e r a t u r e  f u n c t i o n  zs 
s imi la r ,  i r r e s p e c t i v e  of  w h e t h e r  11 or  R is u s e d  as t h e  
p a r a m e t e r .  I n  t h e  case  of  v a r i a b l e  compos i t i on ,  h o w -  
ever ,  t h e  s h a p e s  of  t h e  c u r v e s  a re  d i f f e r e n t  fo r  ~ as 

10-1 . . . . . . . .  I ~H2 i I 

HCI 

10"2 f S  

SiCI 4 iCl 2 

10-3 
< 

~ 10-4 

10-5 

10"6 , , , . . . . . . .  , 
30(] 500 700 900 1100 1300 1500 170Q 

TEMPERATURE, K 

Fig. 2. Temperature variation of the equilibrium gas phase com- 
position at 0.1 atm total pressure and CI/H = 0.10. 
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Fig. 3o. Yarlation of silicon yield with temperature 
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Fig. 3b. Variation of "rl end "rl �9 x with mole fraction of S i C I 4  

c o m p a r e d  to x �9 ~1 (o r  R ) .  Th i s  is s h o w n  b y  s c h e m a t i c  
d r a w i n g s  in  Fig.  3a a n d  b. 

I f  t h e  y i e ld  o r  g r o w t h  r a t e  of  s i l i con  is p l o t t e d  v s .  

t e m p e r a t u r e ,  a m a x i m u m  g e n e r a l l y  occu r s  b o t h  e x p e r i -  

Table I. Equilibrium partial pressures of minor components for various CI/H ratios at 1600~ and 
1 atm total pressure 

P a r t i a l  p r e s s u r e ,  a t m  

CI/I'I Si SiCl SiCls Si~C16 C1 CI= 

0.01  8 • 10-8 1 X 10 -e 1 • 10 -'z 9 X 10 -z4` 8 X 10-~' 5 • 10 -~L 
0 .10  8 X lO-S 7 X 10 .6 3 X 10 ~ 6 • 10 -9 5 • 10 -e 2 X 10 -9 
1 .00 8 • 10-8 2 X 10 ~ 6 X 10 .4 2 • 10 -0 1 X 10 ~ 2 X 10 -s 
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menta l ly  and theoretically somewhere between 1000 ~ 
and 1700~ showing a shift toward lower tempera ture  
with increasing mole fraction of the chlorosilane. The 
fit of the exper imental  data with theory varies widely 
depending on reactor geometry and flow rate. With in  a 
given system, the exper imental  yield curve shows a 
peak that is more nar row than  that  of the correspond- 
ing theoretical curve, bu t  which coincides fairly well  
in terms of its maximum. This is demonstrated in Fig. 4, 
where conversion rates exper imenta l ly  determined 
dur ing the growth of polycrystal l ine silicon are com- 
pared with calculated data. In  the case of the curves 
given by Wolf and Teichmann (2), there exists ap- 
preciable difference be tween the ~ values at low and 
high flow rates. In  contrast to the yield gradients on 
both sides of the peak, the maxima  are near ly  u n -  
changed in magnitude.  

Plots of yield or growth rate vs .  mole fraction can 
be par t icular ly  informat ive in the SiCI4-H2 system 
where the dissolution of elemental  silicon is observed 
at relat ively low chlorosilane concentrations. The dia-  
gram in Fig. 5 indicates that  the exper imental  output  
of silicon per  uni t  volume is less than  the calculated 
value at low mole fractions as expected. However, 
at higher mole fractions, the exper imental  curve gen-  

CALCULATED 

~ m  ~ EXPERIMENTAL 

.4 
SIRTL & REUSCHEL (3) 
6.5% SiHCI 3 " ~  
2000 I/hr ~" ~ ,  e 

/ "~ 
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~ ~" "~ "*" LOW FLOW RATE 
b p ,  ~ ~ / ~  I 

% HIGH FLOW R A T E  
I 

,s" 

0 I I I I I I 

10oo 12oo 140o 160o 

TEMPERATURE, K 

Fig. 4. Temperature comparison of polycrystolline silicon deposi- 
tion yields from SiHCIs-H2 mixtures. 
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Fig. 5. Comparison of calculated and experimental relative 
weights of deposited silicon as a function of the mole fraction of 
SiCI4. 

eral ly intersects the corresponding theoretical curve 
before it reaches the ~ ---- 0 l ine (threshold l ine) .  Simi- 
lar  results are obtained (see Fig. 6) when  the l inear  
growth rate of silicon is plotted vs .  the mole fraction 
of trichlorosilane. 

When sufficient informat ion about the l inear  flow 
rate in  a vertical reactor is available, quant i ta t ive  com- 
parisons can be made between theory and experiment  
based on the simplified model of a gas stream imping-  
ing perpendicular ly  on a target. In  this case the maxi -  
mum theoretical deposition rate, assuming that  all 
impinging molecules react at the surface, is 

R = (~i lpg/ps)  �9 104 (#/min)  [1] 

where p~ and ps are the corresponding silicon densities 
of the input  gas and the substrate, and It is the l inear  
flow rate in  cent imeters /minute .  The lat ter  term is ob- 
ta ined from the relat ion 

f l  = f v / A  [2] 

where Iv is the volumetric flow rate (cubic cent imeters /  
minute)  and A is the cross-sectional area (square 
centimeters) of the reactor at the position of the sub-  
strate. The theoretically calculated growth rates ex-  
pressed in mic rons /minu te  are mathemat ical ly  inde-  
pendent  of the gas flowing past the substrate in con- 
trast  to rates expressed in  g rams /minu te  which require 
a correction term (6). 

Figure 6 demonstrates an effect s imilar  to that  in 
Fig. 5 with the basic difference being the ratio of gas 
flow to silicon surface area due to use of an epitaxy 
reactor. This diagram also shows the shift of the theo- 
retical threshold 2 value by reducing the total pressure. 
The deviation of exper imental  threshold points from 
calculated ones is due to kinetic effects as shown by 
plots of our experimental  data (see Appendix)  in  Fig. 
7a and b. The measurement  of an equi l ibr ium system 
by extrapolat ion of data to zero growth rate  and zero 
flow rate indicates that  the approach to equi l ibr ium is 
highly sensitive to the flow rate, especially at its low 
values. 

A compilation of threshold data in the chlorosilane- 
hydrogen system is given in Table IIa. Even though 
some of the theoretical values seem to be closely ap- 
proached, and in  one case even exceeded, lack of suffi- 
cient experimental  details makes it difficult to examine 
these data thoroughly. It is clear, however, that mea-  
sured threshold values occur at higher mole fraction 
than calculated values. If the threshold point  is ap- 
proached from the region of silicon dissolution (by in-  
tent ional ly  adding and changing the hydrogen chlo- 
ride partial  pressure) ,  the si tuat ion described in  Table 
IIb is found. It can be seen that just  the inverse effect 

2Thresho ld  is defined here  as the  condit ions  of  exper im en ta l  
p a r a m e t e r s  t h a t  a l l o w  n e i t h e r  a net  deposit ion nor net  e tch ing  of  
so l id  s i l icon,  i.e., c o n d i t i o n s  t h a t  a l l ow  no ne t  transfer  of  s i l icon to 
or f rom the  gas  phase.  

lo 

20 x 10-1 CALCULATED 

~ ~ ~ EXPERIMENTAL 

BRADSHAW (5) 
a. 1635 K, 1.0 ATM 

f " ~  ~ ~ b. 1635 K, 0.132 ATM 

o I I 
0.2 0.4 0.6 0,8 

XSIHCl 3 

Fig. 6. Theoretical and experimental deposition rote dote as o 
function of SiHCI3 mole fraction at different total pressures. 
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3 ~ 1370 ml/min 

1500 K 

0 ~  
0.12 0.14 0,16 0,18 0.20 0.22 0.24 

XSiCI4 

Fig. 7r  Silicon deposition rotes (extrapolated to zero) as a 
function of SiCI4 mole fraction for various total gas flow rates. 

Table Ila. Threshold values of chlorosilane-hydrogen mixtures 

Mole  f r a c t i o n  
Temper- 

R e f e r e n c e  (a) a ture ,  ~  Exper. Calc. xe -- ~'e 

(7) 1630 0.08 0.11 -- 0.03 
(8) 1523 0.15 0.14 0.01 
(7) 1470 0.18 0.17 0.01 
o,) 1500 0.22 0.15 0.07 

(8) 1523 0.26 0.14 0.12 
(9) 1543 0.28 0.13 0.15 
(3) 1530 0.30 0.14 0.16 

(10) 1473 0.38 0.17 0.21 
(3) 1370 0.40 0.23 0.17 
(5) 1635 0.55 0.36 0.19 

(a) S i l i c o n  t e t r a c h l o r i d e  w a s  u s e d  i n  a l l  c a s e s  a t  a t o t a l  p r e s s u r e  
o f  1 a t m  e x c e p t  f o r  t r i ch lo ro s i l ane  i n  Ref.  (5) a t  0.132 a tm.  

(b) Th i s  w o r k  ( s e e  A p p e n d i x ) .  

Table lib. Threshold values of chlorosi|ane-H2-HCI mixtures 
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Fig. 7b. Threshold values at different flow rates as a function of 
SiCI4 mole fraction. 

of the above-ment ioned  phenomenon appears;  the ex-  
per imental  threshold values show a shift toward lower  
C1/H ratios. 

Discussion of  Exper imental  Da ta  
This section does not aim at a thorough mathemat ica l  

t rea tment  of complex diffusion effects as has been done 
by others (5, 11, 12, 15-19). It a t tempts  to correlate  
our theoret ical  equi l ibr ium curves, which we feel  are 
ve ry  accurate, wi th  exper imenta l  facts and to expla in  
deviations on the basis of different kinetic models. 

If  a gaseous compound is decomposed on a heated  
substrate,  surface reactions wiU be the l imit ing factor 
in cases of high flow rates, supported by high concen- 
trat ions and lower  temperatures .  Each one of these 
parameters  alone can be  of sufficient influence to es- 
tablish a surface controlled mechanism. The number  
of active sites at the phase boundary  is another  cri t i -  
cal factor that  may be used to determine  the char-  
acter  of a heterogeneous reaction. 

Kinetically controlled deposition.--As long as the 
situation in a reactor  is completely  control led by sur-  
face kinetics, a direct correlat ion of exper imenta l  dep-  
osition rates wi th  the corresponding equi l ibr ium si tua- 
tion calculated for given substrate tempera tures  is im-  
possible. For  silicon, this was demonstra ted by the 
work  of Theuerer  (9) and Bracken (14) where  a l inear  
function could be found in a log R vs. 1/T plot for both 
SiC14/H2 and SiHC1JH2 mixtures  on s ingle-crysta l  
substrates at tempera tures  up to 1350~ Of course, the 
exper imenta l  data have to be lower  than the equil ib- 
r ium values, but  the slope of such a curve is indicat ive 
only of the act ivation energy of the ra te - l imi t ing  step 
in surface kinetics. Different substrate orientat ions and 
thei r  influence on silicon deposition rates have been 
studied (14, 20, 21) elsewhere.  Similar  investigations on 
germanium (22) supported the opinion that  significant 
differences in growth rates occur only in surface re-  

Refe r -  T e m p e r -  
ence  a tu re ,  ~  Exper .  C a l c .  C o m m e n t s  

(11) 1403 0.008 0.52 --0.51 xs l~  4 = 0.001 
(12) 1573 0.021 0.28 --0.26 x s i c ~  = 0.040 
(13) 1503 0,031 0.38 --0.35 xstcl~ = 0.023 
(13) 1503 0.041 0.38 --0.34 xste]~ = 0.024 
(13) 1503 0.070 0.38 --0.31 xs lc l  4 = 0.031 
(14) 1488 0.IIi 0.113 --0.002 Xsinc] 8 = 0.040 

act ion- l imited systems, wi th  (111) being the least  re -  
active crystal face. The contrary situations, repor ted  
by Sheftal '  and Givargizov (23) for the GeC14-H2 sys- 
tem, can be in terpre ted  in terms of reactants  being con- 
siderably contaminated wi th  oxygen. In this case, the 
impuri ty  is able to block active sites but  may  favor  the 
formation of two-dimensional  growth on a (111) 
plane. When the surface react ion rate becomes com- 
parable with or greater  than the diffusion rate  of the 
different gaseous compounds in the diffusion layer, a 
discussion of the real  equi l ibr ium situation is much 
more meaningful .  

Di~usion-controlled deposition.--The near ly  propor- 
tional displacement of exper imenta l  and theoret ical  
low flow rate data, as shown by curve b in Fig. 4, can 
be described as result ing f rom mass t ransport  l imi ta-  
t ion based on Sedgwick's  (6) approach for calculating 
deposition rate data according to Eq. [3] 

R = J �9 ~ �9 F [3] 

Here, the silicon deposition rate  in g rams /minu te  is 
s imply formulated as the product  of the  flux (J, g rams /  
minute)  of silicon into the reactor, the fract ional  ther-  
modynamic  efficiency (~) under  isothermal conditions, 
and the fract ional  part  (8) of the gas s t ream that  
actually reaches equi l ibr ium conditions at the phase 
boundary.  Since equi l ibr ium can be assumed to be 
established in the vicini ty of the phase boundary  at 
low flow rates and high tempera tures  (1200~176 
the result  of inefficient contact (8 < 1.0) of the  gas 
s tream with  the substrate is schematical ly shown in 
Fig. 8 where  ~ is assumed to have a constant value. 
A similar  mass t ransport  l imi ted react ion has been 
reported by Silvestr i  (22) in the Ge-H-C1 system 
and could also be found in Shepherd 's  paper  (12) 
after  comparison with  our theoret ical  data. 

The introduction of the factor ~ certainly is a way  
to describe and unders tand a number  of exper imenta l  
curves on a general ized basis and seems to work  well  
in many  cases where  the process is more  or less con- 
t rol led by diffusion. This is favored  by low flow rates, ~ 
high temperatures ,  and a large number  of active sur-  
face sites. In particular,  it applies to the growth of 

3 The  e x p e r i m e n t a l  a p p r o a c h  of zero f l o w  c o n d i t i o n s  i n  Fig .  7b, 
for  ins tance ,  m a y  n e v e r  r e a c h  t h e  t h e o r e t i c a l  v a l u e  f o r  t h e  s a m e  
r e a s o n .  
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polycwsta l l ine material as such or to epitaxial deposi- 
t ion processes where polycrystal l ine material is s imul-  
taneously formed as a by-product  on the susceptor. 
The tempera ture  funct ion of ~ dur ing  growth of poly- 
crystal l ine silicon is shown in  Fig. 4. Whereas curve 
b seems to fit Sedgwick's approach, curves c and e 
show considerable deviations from such a model in 
both high and low temperature  regions. Before we 
t ry  to explain this phenomenon,  the basic reversible 
reactions in  the SiHCla/H2 and SiC14/H2 systems shall 
be  pointed out 4 

SiHCIs = SiCI~ ~- HCI [4] 
SIC14 -F H2 "-- SIC12 -F 2HC1 [5] 

SIC12 --  [SiCls] [6] 

[SiCI~] + H~ = [Si] + 2HC1 [7] 

[SiCls] -t- [SIC12] = [Si] -1- SIC14 [8] 

High flow rates at low temperatures  favor a surface 
reaction like [7] as the ra te-control l ing step. Support  
is given to this assumption by kinetic investigations in 
the system B-H-C1 (24, 25) where  the reduct ion of 
adsorbed boron-chlor ine  compounds to elemental  boron 
is claimed to be reaction controlling. Occasionally, con- 
current  blocking of active centers by  traces of oxygen 
may also contr ibute  to the slope of curves c and e. 
A similar  reason has been suggested by Silvestri  (22) 
in  his invest igat ion of germanium deposition from 
GeCI~-H~ mixtures.  

At high temperatures,  however, low surface mobil i ty  
of the reactants cannot be the reason for increased 
deviat ion from the calculated values. The high equi-  
l ibr ium part ial  pressures of silicon dichloride and hy-  
drogen chloride in this tempera ture  region (see Fig. 
lb  and e) certainly play a major  role in  the reaction 
mechanism responsible for the s trongly negative yield 
gradient.  As the reactive diffusion layer  marked ly  
increases in  thickness at higher temperature,  homo- 
geneous reactions of type [4] and [5] can take place 
there to a larger extent.  Since addit ion of hydrogen 
chloride to the reaction mix tu re  has been reported 
to suppress silicon growth more than  expected as com- 
pared to equi l ibr ium conditions (see Table I Ib) ,  it 
can be assumed that  HC1 being preformed in t h e  
diffusion layer  will  exert  the same influence on silicon 
deposition in  such a case. 

Transitionally controlled deposition.--The analysis of 
epitaxial  silicon deposition rates as a funct ion of the 
mole fract ion of chlorosilanes (Fig. 5 and 6) calls 
for an explanat ion as to why the theoretical curves 
reach the threshold point  at a lower chlorosilane con- 
centration. A different kinetic model must  be used 
since control by  an un inhib i ted  heterogeneous reaction 
over the ent i re  range  of the mole fraction of the 
chlorosilane would result  in  the exper imenta l  curves 
being forced to remain  wi th in  the envelope of the 
calculated ones, as shown by the idealized si tuat ion 
in  Fig. 8b and c. Data by Runyan  et al. (7), in  the 
case of SiC14-H2 and GeC14-H2 mixtures,  indicate a 
t ransi t ion be tween two different deposition mechan-  
isms since both depressions and protrusions on a (111) 

B r a c k e t s  indicate  nongaseous  species.  

T = C O N S T A N T  

Fig. 8a-c. Effect of contact 
efficiency, #, of the gas stream 
on the deposition parameters of 
silicon from SiCI4-Hz mixtures. 

XSiCI4 

surface were enhanced at lower chloride concentra- 
tions while they disappeared at higher concentrations. 
This means that at higher excess of hydrogen the 
chlorosilane molecules impinging upon the surface are 
immediately reduced to silicon at or near the point 
where they hit the surface. At higher chlorosilane 
concentrations the original molecules or their first 
reaction product, SIC12, are forced to travel along the 
surface until they reach an active site (growth step) 
where elemental silicon can be formed. Normally, the 
concentration of hydrogen chloride generated by re- 
actions of type [4] or [5] would be high enough here 
to suppress silicon deposition according to reaction 
[7] (see Fig. Ic). As the SiCI2 molecules, however, are 
strongly concentrated along the edge of a growth 
lamella (reaction [6] ), conditions are ideal for a re- 
action of type [8] where no HCI is generated to coun- 
teract silicon deposition. Presently, however, we are 
unable to exclude another model according to which 
an incomplete reaction to form SiC12 is followed by 
a more efficient reaction of type [7] near  the threshold 
region. Similar thoughts already were developed in 
an earl ier  paper (3). 

At a first glance it is surpris ing to see the threshold 
value in Fig. 6 shifted to lower mole fractions by 
applying reduced pressure. As the summary  reactions 

SiHCla ~- H2 = [Si] ~- 3HC1 [9] 
and 

SIC14 -t- 2H2 = [Si] -{- 4HC1 [10] 

show an increase in  gaseous compounds by one mole 
each, the contrary case might  be expected. A more 
thorough examination,  however, reveals that  the par-  
tial reactions [4] and [5] are of the same character. 
When a tempera ture  region is discussed where  the 
partial  pressure of SIC12 is no longer negligible, re- 
actions producing this molecular  species are thermo-  
dynamical ly  favored because the reaction entropies 
of reactions [4] and [5] simply are higher by 4-5 eu 
as compared to reactions [9] and [10]. 

Irrespective of most different types of equipment  
and exper imental  conditions general  outlines can be 
given as to what  extent  either surface-control led or 
diffusion-controlled reactions are expected to play the 
predominant  role. In  Table III  the contr ibut ion of the 

Table III. Influence of experimental conditions on kinetics of 
silicon deposition from SiHCI3-H2 and SiCI4-H2 mixtures 

Diffusion Surface 
Variables controlled controlled 

L i n e a r  f low ra te  LowSa M e d i u m  H i g h  5b 
Mole  f r a c t i o n  ch loro-  Low 6a M e d i u m  H i g h  eb 

s i l ane  
S u b s t r a t e  t e m p e r a t u r e  H i g h  7~ M e d i u m  L o w  ~ 
T e m p e r a t u r e  g r a d i e n t  

(near  sur face)  L o w  M e d i u m  H i g h  
Sur face  s i te  dens i t y  H i g h  M e d i u m  L o w  
S i l i con  sur face  pe r  r e -  

ac t ion  v o l u m e  H i g h  M e d i u m  L o w  

~a <~0.3 cm / see ;  ~b ~ 3  cm/sec .  
6a ~0 ,01 ;  6b ~ 0 . I  
7a <=1300=K; 7b ~1550~  
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Fig. 9. Schematic plot of deposition rote vs. temperature based 
on different kinetic regimes. 

most influential  parameters  is demonstrated in  form 
of a chart. A fair ly rel iable prediction can be made 
about the most probable kinetic regime of a par t icular  
reaction system from the six different choices depend- 
ing on whether  the balance of checked conditions lies 
to the left or right of center. 

The Arrhenius equation.--Basically, the shape of 
the log R vs. 1/T curve (Fig. 9) arises due to the 
existence of three different kinetic regimes. At lower 
temperatures,  curve a characterizes the activation en-  
ergy of the ra te- l imi t ing  reaction at the silicon sur-  
face. At medium temperatures  curve b describes a 
slightly increasing efficiency due to the conditions of 
diffusion-limited mass transport.  The subsequent  de- 
crease in  growth rate at the highest temperatures  
(curve c), besides the thermodynamic  aspects, can be 
explained by reactions in  the diffusion layer  leading 
to enhanced etching effects on the silicon surface, as 
stated above. In  the case of monosilane, the same 
phenomenon (26) is a t t r ibuted to homogeneous nu -  
cleation. 

Depending on the tempera ture  range being invest i -  
gated, as well  as the concentrat ion and na ture  of the 
silicon compound, one or two out of these three p r in -  
cipal stages have not been revealed in  most of the 
published exper imental  curves. Evidently,  one has to 
be cautious in  calculating activation energies wi th in  a 
tempera ture  range where  an  overlapping of surface- 
controlled and diffusion-controlled reactions on the 
background of the theoretical max imum yield curve 
does not allow a simple applicat ion of the convenient  
Arrhenius  equation (33). 

Thus, different act ivation energies of the  silicon 
deposition reaction have been reported for different 
compounds under  various exper imental  conditions 
(Table IV).  However, a family of curves recent ly ob- 
tained for different chlorosilanes at concentrat ions of 
0.1% each (34) seems to indicate the same activation 

Table IV. Literature data on activation energies of silicon 
deposition reactions 

Activat ion 
Reaction mix tu re  energy  (kcal /mol)  Reference 

SiH2C~-H~ 6 (27, 28) 
13 (29) 

SiHCIs- I~ 18 (14) 
22 (30, 31) 

SiCh-H~ 37 (9) 
40-46 (8) 

(16) 
50 (32) 

energy at lower temperatures.  This is interpreted,  at 
least in the concentrat ion range mentioned,  as the 
migrat ion of silicon ad-atoms being the ra te- l imi t ing  
step. Addit ional  experiments  would be welcome to 
test the validity of this model in different concentrat ion 
ranges and to fur ther  characterize its atomic nature.  

Summary 
A thorough thermodynamic  analysis of the Si-H-C1 

system was made to assist in  unders tand ing  what  gas 
phase species can be involved in the high temperature  
reactions occurring dur ing silicon deposition under  
various conditions. Exper imenta l  data from the l i tera-  
ture were then processed to point  out existing trends. 
Attempts to clarify these t rends were made by con- 
sidering the probable reactions occurring unde r  both 
diffusion-controlled and kinet ical ly controlled regimes. 
Mixed regimes were considered and a method was 
offered to tabular ly  determine the probable controll ing 
regime. The l imitat ions of applying the Arrhen ius  
equat ion to deposition rate data were discussed. 

Manuscript  submit ted April  13, 1972; revised manu-  
script received Oct. 22, 1973. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

APPENDIX 

Threshold Experiments 
The epitaxiaI deposition un i t  consisted of a metered 

supply of pure hydrogen (accurate to be t te r  than • 
10% volume flow), a thermostat ical ly controlled SIC14 
saturator  capable of main ta in ing  a H2/SiC14 gas phase 
ratio wi th in  an accuracy of < 4-0.1% independent  
of the H2 flow, and a pedestal reactor. The reactor 
was such that the feed entered from the bottom and 
exited at the top. The surface of the silicon wafer 
substrate to be deposited upon  was pointed downward 
(see Fig. 10). This configuration was used to reduce 
errors clue to thermal  convection. Substrate  tempera-  
tures were measured with a 0.65~ disappearing fila- 

( ~  
( ~  

E .~ (~  
C~ 

I i 

VENT 

A 

C 

D 

u / 
FEED PORT 

F 
, /  

U 
Fig. 10. Bottom feed epitaxial reactor. A, Quartz substrate- 

susceptor cylinder; B, SiC coated graphite susceptor; C, quartz 
support hooks; D, silicon wafer substrate; E, induction coil; F, 
stainless steel baseplate; G, quartz window. 
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men t  pyrometer and correc ted  for emiss iv i ty  using a 
s tandard  curve obta ined  by  pr ior  cal ibrat ion.  Subs t ra te  
t e m p e r a t u r e  measuremen t  accuracy was be t t e r  than  
•176 The thickness  of the  deposi ted sil icon l aye r  
was de te rmined  by  convent ional  measurement s  on 
s tacking faul ts  and is considered precise  to wi th in  
5-10%. 

The subst ra tes  were  8 mils  th ick by  28 mm d iamete r  
polished,  f loat-zoned silicon wafers  of  [111] or ien ta -  
tion. P r io r  to mount ing  in the  reactor,  subs t ra tes  were  
sequent ia l ly  c leaned u l t rasonica l ly  in t r ichloroethylene ,  
acetone, and methanol  fol lowed by  dry ing  under  a 
hea t  lamp. 

Convent ional  silicon ep i tax ia l  p rocedure  was used 
except  the  p re -c lean ing  in H2 at > 1200~ was car r ied  
out  for 2-5 min  ins tead of the  usual  15-30 min. This 
p rocedure  lef t  a sufficient amount  of oxide on the 
surface such that  surface or ig ina ted  s tacking faul ts  
could easi ly  be generated.  Deposi t ion was pe r fo rmed  at 
a corrected t empe ra tu r e  of 1225 ~ _ 6~ 
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ABSTRACT 

The etching ra te  in di lute  acids of i ron oxide thin  films p repa red  e i ther  by  
sput te r ing  in CO/CO2 mix tu res  or  by  low t empera tu r e  chemical  vapor  dep- 
osit ion techniques,  m a y  be modified by  i r rad ia t ion  wi th  an a rgon- ion  cw 
laser.  Depending on the exposure  t ime and power  levels  used, laser  i r -  
r ad ia t ion  m a y  (i)  leave the film unaffected, (ii) g rea t ly  reduce  its so lu-  
bil i ty,  or  (iii) comple te ly  remove the film. Fo r  exposures  ranging  f rom severa l  
seconds to a few minutes,  the  power  level  necessary  to produce  low solubi l i ty  
is severa l  hundred  mi l l iwat t s  pe r  square  mi l l imeter .  F i lm  evapora t ion  begins  
at  a few wat ts  per  square  mi l l imeter .  By r a p id ly  t rans la t ing  the  film th rough  
the  focal point  of a laser  beam, regions of reduced  solubi l i ty  in the  form of 
a l ine as na r row as 1 #m have  been  obta ined  at  wr i t ing  velocit ies of 2000 c m /  
sec. I t  is proposed that  wi th  these techniques,  i ron oxide  "see th rough"  masks  
for use in in t eg ra ted  circuit  technology m a y  be wr i t t en  di rect ly .  

I t  has recen t ly  been  shown tha t  i ron  oxide films 
are  sui table  as "see th rough"  masks  for use in in-  
t egra ted  circuit  technology. These films m a y  be made  
by  chemical  vapor  deposi t ion (CVD) using Fe (CO)5  
(1) or  by  rf  spu t t e r ing  of Fe  or Fe~Os electrodes in a 
CO-CO2 a tmosphere  (2). Chemical  analysis  (3, 4) in-  

* Elec t rochemica l  Socie ty  Act ive  Member .  
K e y  words: photomasks, laser irradiation, thin films. 

dicates the  films are  a mix tu re  of Fe~O3 and Fe2 (CO3)s. 
An  essential  a t t r ibu te  of these films is the i r  r ap id  ra te  
of solut ion in 6M HC1. In  this  repor t  we inves t iga te  
the  poss ib i l i ty  of changing the e tching ra te  of these 
films using a cw laser  beam as a hea t ing  agent.  

Clear ly  the etching ra te  of i ron  oxide films and 
ways  of modi fy ing  i t  a re  of g rea t  impor tance  in the  
use of i ron oxide as a mask  mater ia l .  In  par t icu lar ,  
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MacChesney et al. have shown that  the etching ra te  in 
6M HC1 of CVD iron oxide films is quite  dependent  
on the substrate t empera ture  during deposition. Fi lms 
prepared at about 200~ dissolve very  slowly (t --~ 
1 hr)  in 6M HC1, whereas  films prepared  at 160~ 
or lower  dissolve in less than 1 min. Sul l ivan (3) has 
also shown that  hea t - t rea tments  can convert  a "soluble" 
film to an "insoluble" film. These results suggested 
that localized heat ing might  be used to produce in- 
soluble pat terns  of iron oxide in a soluble iron oxide 
film. Electron beam heat ing of i ron oxide films has been 
studied and is discussed in the accompanying art icle 
(5). There  have  been a few reports  in the l i te ra ture  of 
inorganic mater ia ls  in which the rate of solubil i ty has 
been modified by electron beam irradiat ion (6, 7) and 
a report  by Fitzgibbons and Har twig  (8) in which the 
solubil i ty of an amorphous film of TiO2 was modified 
both by electron beam irradiat ion and by exposure to 
u l t raviole t  radiation. In the present  work  we have 
found that  by controll ing the intensi ty of an incident 
laser beam the films may  be made to behave ei ther  as 
positive or as negat ive resists. Linewidths  as small  as 
1 ~m have been obtained at laser beam scanning ve-  
locities of 2000 cm/sec.  

Experimental 
Two sources of ~2500A thick iron oxide films were  

used in this investigation. Some were  prepared  by 
sput ter ing from an Fe electrode in an 80% CO-20% 
CO2 plasma and the others, which were  prepared  com- 
mercia l ly  by the CVD method, were  purchased f rom 
Towne Laboratories in Somervil le ,  New Jersey.  The 
samples were  i r radiated wi th  a Coherent  Radiat ion 
Model 53 Argon- Ion  Laser. In general  the 5145A out- 
put  was used. A few irradiat ions were  carr ied out at 
4880A but these showed no observable differences in 
the resul t ing changes to the iron oxide film. The out-  
put power  of the 1.5 mm diameter  beam at 5145A was 
held constant at e i ther  1.5 or 2.5W. 

Two series of exper iments  were  performed.  In the 
first, for  various exposure  times, the average  power  
threshold requi red  to reduce the solubil i ty of the i ron 
oxide film was determined.  The measurements  were  
made by operat ing the laser at constant power  and 
then controll ing the power  density at the film by 
focusing the beam and varying the position of the 
sample in the d ivergent  cone of light, as shown in Fig. 
la. The samples were  i r radiated for a constant t ime 
ranging f rom 10 sec to 5 min. Lenses wi th  focal lengths 
ranging from 5 to 9 cm were  used. The resul t ing 
thresholds were  determined by calculat ing the aver -  
age power  density over  the appropriate  cross-sectional 
area. In these exper iments  the most consistent results 
were  obtained from the CVD films possibly because 
they had a very  homogeneous thickness range, and the 
results quoted are those obtained from these films. 

In a second series of experiments,  iron oxide sam- 
ples were  attached to a 6 in. d iameter  turntable  as 
shown in Fig. lb. By using synchronous motors, ro ta-  
t ion speeds ranging from about 0.1 to 2000 rpm were  
obtained giving sample velocities of about 0.1-2000 c m /  

LA LENS ~ = ( / ~  ~ , "  Fe203 COATED SUBSTRATE 

~ X-Y POSITIONER 

Fig. la. Schematic drawing of experimental arrangement for 
static sample irradiations. 
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Fig. lb. Schematic drawing of experimental arrangement for mov- 
ing sample irradiation. 

sec. The turntable  motor  was at tached to a p la t form 
which was la tera l ly  t ranslated so that  the laser beam 
interacted with  the substrate in a series of quas i -para l -  
lel  arcs. Samples were  placed at the focal point  of a 
lens wi th  a 6 mm focal distance and the beam intensi ty 
was a t tenuated by insert ion of neutra l  density filters. 
With this system, measurements  of the min imum line- 
widths and the feasibil i ty of high speed wri t ing  were  
determined.  In these exper iments  only sput tered films 
(1000 and 2500A thick) were  studied. In the fol lowing 
discussion only results  for the 2500A thick films a}e 
presented. The th inner  films behaved in a s imilar  fash- 
ion except  that  smaller  l inewidths were  obtained in 
general.  

Al though most measurements  were  made on samples 
deposited on glass or fused silica substrates, films de- 
posited on sapphire substrates were  also studied to ex-  
plore the importance of the rmal  conductivity,  and to 
ver i fy  that  the observed solubil i ty changes were  not 
s trongly substrate sensitive. Af te r  i r radiat ion and mi-  
croscopic inspection, the films were  t rea ted  with  6M 
HC1 for about 2 min  to see if any insoluble mater ia l  
had been produced. Any resul t ing insoluble mater ia l  
could be left  in a 6M HC1 bath for 1 hr  wi thout  ap- 
parent  change, establishing a ratio of grea ter  than 25 
for the etch rate difference before and after  irradiation. 
Exposure of this mater ia l  for a few minutes  to a re-  
ducing solution containing powdered i ron in 6M HC1 
would dissolve the i r radiated samples (9). 

Results and Discussion 
The effect of laser  i r radiat ion on soluble iron oxide 

films is a critical function of the laser power  density 
and of exposure time. At insufficient exposure  the i r -  
radiated section will  dissolve in 6M HCI in about the 
same t ime as the unexposed films and there  is no visual 
evidence of change. At more  powerful  exposures the 
film is made insoluble and there  is a noticeable dark-  
ening of the film where  exposed. The optical absorption 
spectrum of an exposed film is compared wi th  that  of 
a typical  unexposed CVD film in Fig. 2. The results are 
similar  to those obtained on heat ing iron oxide films in 
an oven to about 475~ (10). Because of the strong ab- 
sorption at 589 nm by this insolubilized film one would  
probably  prefer  to use a l ight  source of longer  wave-  
length than the often used sodium d-l ine if  one wishes 
to make  use of the i r radia ted film as a see through 
mask. It should be pointed out that  spectra in ter -  
mediate  be tween the ext remes presented in Fig. 2 
should be obtainable at sl ightly lower  laser powers. In 
these exper iments  in which the laser beam was in-  
cident on the sample for t imes be tween  10 sec and 5 
rain, the threshold flux sufficient to yield an insoluble 
residue after etching in 6M HC1 was determined.  The 
limits for several  exposure t imes are indicated in Table 
I. It  is seen that  there  is a wide range of power  den-  
sities in which the solubil i ty is reduced, but  there  are 
problems in determining precise limits for the range 



VoL I2I, No. 7 

ioo 

IRON OXIDE 927 

90 ~- 

8 0  

70 

A B 

50 

20 

I0 

0 J 
iO0 4 0 0  500  600  700 

WAVELENGTH (nm)  

Fig. 2. Optical absorption spectra for iron oxide films, a, Not 
laser irradiated; b, laser irradiated. 

z 
0 60 

~E 

N 40 

of conditions. At low power densities fogging occurs as 
the la teral  heat conduction becomes increasingly im-  
portant.  Furthermore,  at this end, the degree of etch 
rate varies fairly continuously,  approaching the u n -  
irradiated value at lower power densities. At the high 
power densi ty end, the film cracks and bubbles,  with 
occasional breakage of the glass substrate. As the 
power is increased, the i ron oxide is completely re-  
moved from the substrate so that  the process effectively 
leads to a positive resist. Quali tat ively similar results 
were obtained with iron oxide deposited on a sapphire 
substrate but  the thresholds were about 50% higher. 

To study in  greater detail the exposure needed to 
modify the solubil i ty of i ron oxide films upon laser 
irradiation,  and to determine the m i n i m u m  l inewidths 
readily obtainable,  samples were placed on the rotat ing 
table and passed through the focal point of the laser 
beam. As with the static experiments,  several different 
stages of change in  the film could be identified, de- 
pending on the incident  laser intensity.  At the highest 
intensities, the laser beam left a completely t ransparen t  
path with insoluble iron oxide boundaries  (Fig. 3a). At  
lesser intensities some globules of insoluble mater ial  
remained in  an otherwise t ransparent  path (Fig. 3b). 
At still lower intensit ies the laser beam left a darkened 
path which was found to be insoluble in 6M HC1 (Fig. 
3c). F ina l ly  at the lowest intensit ies there was no 
effect on the appearance or solubil i ty of the film. The 
velocities in  these exper iments  ranged from 0.5 to 2000 
cm/sec. At low scan speeds, low laser powers and long 
focal length lenses were used. The long focal length  
lenses gave rather  large (~100 ~m) diffraction l imited 
spots, so that  the resul t ing lines were correspondingly 
wide. At high scanning speeds, higher laser powers 

Table I. Power density requirements for negative resist formation 
in iron oxide in static experiments 

Exposure t i m e  M i n i m u m  p o w e r  M a x i m u m  p o w e r  
(see) d e n s i t y  ( r n W / m m  ~) d e n s i t y  ( r o W / r a m  2) 

10 1000 3000 
30 800 2000 

300 500 1500 

Fig. 3. Scanning electron microscope view of laser irradiated iron 
oxide films from kinetic experiments, a, Edge between completely 
evaporated iron oxide line on right and unreacted iron oxide film 
on left. Total width of line was 36 Fro. b, Line of insoluble iron 
oxide globules and voids. Iron oxide in areas above and below this 
line has been removed by dissolving in acid. c, Line of insoluble 
iron oxide. Iron oxide in areas above and below this line has not 
been removed by dissolving in acid as yet. After dissolving in add 
a small amount of granularity will be noted at the edges of the 
line. 
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Table U. Linewidths of iron oxide films (ca. 2500,~ thick) on fused 
silica made insoluble by laser action as a function of 

scan speed and power density 

Scan speed Powe r  densRy Linewidth 
(cm/sec)  ( W / m m  2) {~m) 

3 3 x 102 70 

30 3 X 10 ~ 7 

2000 10 ~ 1 

were used along with short focal length lenses to ob- 
ta in  a high flux density. Therefore, the widths of the 
lines we obtained were, in some cases, as small  as 1 
urn. In  Table II some typical  scan speeds, l inewidths,  
and power densities are listed for conditions under  
which the iron oxide films were reduced in solubili ty 
(i.e., the formation of a negative resist). Since near  the 
focal point the cross section varies rapidly, accurate 
power density measurements  were not made. The 
values reported in the table correspond to the approxi-  
mate center  of the power range for negative resist for- 
mation. It should be pointed out that at the l imit  of the 
range studied, lines as nar row as 1 ~m were obtained 
at wri t ing speeds as high as 2000 cm/sec. 

The ul t imate  l imit  to the resolution obtainable and 
max imum wri t ing speed with which solubil i ty changes 
may be effected no doubt may  be extended beyond the 
limits obtained in this investigation. The purpose of 
this study was only to demonstrate  the general  feasi- 
bi l i ty of laser induced solubil i ty changes. Narrower  
l ines should be obtainable by reducing the focal length  
of the lens. Similarly,  faster wri t ing speeds should be 
possible by increasing the power density at the sample 
surface. 

The details of the s t ructure  of both the sputtered 
and the CVD films are not yet well  understood, nor  are 
the changes which occur upon selective heating. In i -  
t ia l ly  it was felt that  the presence of carbon in  the 
films had l i t t le effect on the etch rate and it was crys- 
tal size that dominated solubil i ty properties (1). How- 
ever, chemical analyses (3, 4) have now shown that 
the films typically contain --25% Fe2(CO~)3 in  Fe2Oz, 
and infrared spectra have confirmed the presence of 
carbonate in the films. Fur thermore,  in  CVD films de- 
posited on substrates held at 200~ and found to be in -  
soluble, chemical analysis indicated there was no 
carbon present. Although it is not known which effect 
is dominant  it is now felt that  both crystal l ine size and 
also the presence of i ron carbonate may  influence the 
solubility. In this study, in addition to the before-  
ment ioned visible absorption measurements ,  a few 
pre l iminary  reflection electron diffraction measure-  
ments  have been made in an effort to determine the 
differences be tween the laser exposed insoluble films 
and unexposed films. Diffraction pat terns of the laser 
t reated films were sharper  than the pat terns obtained 
from unt rea ted  films, corresponding to a substant ial  in- 
crease in  crystall i te size. From the d-spacings the i r -  
radiated films were identified as a-Fe2Os. This is con- 
sistent with other studies in  which air annealed films 
give Fe203 and vacuum annealed films give Fe304 and 
Fe~08 (5). 

From the results presented here it is clear that  laser 
induced changes in  the solubil i ty of i ron oxide films 
may have application in the production of integrated 
circuits. The usefulness of i ron oxide films as photo- 
resist mater ial  with high temperature  stabil i ty is worth 
exploring. At relat ively low laser intensit ies the film 
becomes insoluble and thus acts as a negative resist, 
whereas at high laser intensit ies the film may be com- 
pletely vaporized giving a positive resist. It  was ob- 
served that the edge definition surrounding this va-  
porized area was substant ia l ly  sharper than  that  ob- 
ta inable from metall ic films and other oxide films that  
lack such crystal l ini ty changes. This is possibly due 
to a higher power threshold for removal of the crystal-  
lized border mater ia l  than for removal of the amor- 
phous mater ia l  (11). Exposure could be carried out by 
placing a conventional  mask over the sample. How- 
ever, in view of the short exposure times shown to be 
needed in the present study, the mask step may be 
completely eliminated, and, with a programmed laser 
beam, a pat tern might  be wr i t ten  directly on the photo- 
resist material.  (At a scanning speed of 2000 cm/sec 
a 1 ~m wide path will cover a 1 by 1 cm area in about 
5 sec assuming no overlap and no t ime loss at the be-  
g inning and end of a pass.) Such a technique would 
also be par t icular ly  appropriate for making iron oxide 
masks for thin-f i lm circuits on ceramic where min i -  
mum linewidths are ~,50~. 
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ABSTRACT 

Fe~O3 films of the type used for see- through masks dissolve much more 
slowly in  6M HC1 after i r radiat ion with the electron beam of a scanning elec- 
t ron microscope. The ratio of the t ime to dissolve i r radiated mater ia l  to the 
time to dissolve uni r radia ted  mater ia l  is 25 or greater. The films behave, there-  
fore, as negative resists. I r radiat ion studies were conducted over a voltage 
range of 5-30 kV, a current  range of 5 • 10-s-7 • 10-TA, and scanning rates 
in  the range 1-50.0 mm/sec.  On glass substrates at room tempera ture  a min i -  
mum current  of 1 • 10-TA is required at a beam diameter  of approximately 
1 ~rn. At 7 • 10-vA, Fe~O3 flakes from the substrate thus establishing a prac- 
tical max imum current  for the process. In  general,  the l ine width of the Fe203 
made insoluble increases with, increasing voltage and decreases with increas-  
ing scanning rate. For  a scanning rate of 500 mm/sec  and a beam current  of 
4 • 10-VA at 10 kV, a l ine width of 0.8 ~rn is obtained. Edge definition is ex-  
cellent. Transmission electron microscopy shows the irradiated, insoluble par t  
of the f i l l  to be a mix ture  of Fe304 and a-Fe~O3. Similar  results are obtained 
for Fe208 films deposited onto oxidized silicon and silicon, al though the la t ter  
requires a somewhat higher threshold current.  Use of this process is suggested 
for direct construction of see- through masks without  intermediate  steps in -  
volving organic resists. Because of their  dimensional  and thermal  stability, 
Fe~O8 resist f i l l s  should also be useful  as masks for processes involving high 
temperatures.  These include ion implantat ion,  sputtering, and possibly dopant  
diffusion. 

Fe~Os films prepared by  reacting Fe(CO)5 and  02 
at temperatures  below 165~ dissolve wi th in  a few 
minutes  in 6M HC1 (1) at room temperature.  Due to 
this ease of etching, coupled with desirable optical and 
mechanical  properties, the so-called soluble Fe203 films 
have been used recent ly for see-through masks (2) in  
integrated circuit manufacture .  In  contrast, Fe~O3 films 
prepared at temperatures  of 200~ and higher by the 
same reaction are re la t ively insoluble. A film of the 
high tempera ture  form of the same thickness (ca. 
2500A) requires 50 min  or more to dissolve in the same 
solvent. MacChesney et al. (1) have a t t r ibuted this 
difference in rate of dissolution to differences in  grain 
size in  the deposited films. This led to speculation that  
techniques could be developed for changing the crys- 
talli te size in selected areas and, using the consequent  
large change in  rate of dissolution, the Fe208 f i l l  
would then behave as a resist material .  As we shall 
show later, the chemistry involved in  these reactions 
is not as simple as ini t ia l ly  thought. Nevertheless, elec- 
t ron beam ir radiat ion and laser i r radiat ion (3) have 
been used successfully to change the rate of dissolution 
of F~203 f i l l s .  The use of localized electron beam i r -  
radiat ion to decrease the dissolution rate of soluble 
FesOs f i l l s  in selected areas is the topic of this paper. 

Inorganic  materials  are not usual ly  thought  of as re-  
sist materials.  We are aware of three other studies of 
inorganic systems, however, where substant ial  changes 
in  the rate of dissolution as a result  of electron beam 
irradiat ion have been reported. O'Keeffe and Handy 
(4) found that  electron beam ir radiat ion of SiO2 could 
increase the etch rate by  a factor of 3. Hill (5) studied 
the electron i r radiat ion of A1203 and Ta20~ films and 
noted a decrease in  the rate of dissolution. Fitzgibbons 
and Hartwig (6) i r radiated a gel=like film of TiO2 and 
obtained an insoluble film. 

Experimental 
Material.--Amorphous Fe203 films which dissolve 

quickly in  6M HC1 can be prepared either by chemical 
vapor deposition (CVD) (1) or by sput ter ing ( 8 ) . / t l -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words: photomasks,  electron irradiation, thin fi lms. 

though patterns have been written on films prepared 
either way, only the results on CVD films will be pre- 
sented since results on the sputtered films showed 
greater spread in results possibly because they were 
less homogeneous in thickness. The CVD fills used 
(2500A thick) were from a commercial source (Towne 
Laboratories, Somerville, New Jersey). For transmis- 
sion electron microscopy (TEM), films of Fe208 de- 
posited on carbon coated glass substrates were obtained 
from the same source. 

l~trumentation.--All electron beam exposures were 
carried out with a Cambridge Stereoscan Mk Ila scan- 
ning electron microscope (SEM) equipped with a 
beam blanking unit, a specimen current amplifier, and 
a 400~ final aperture. Accelerating voltages of 5-30 kV 
were used and specimen currents  ranged from 5 • 
10 - s  to 1 • 10-6A. The electron beam was approxi-  
mate ly  1 ~m in diameter  or less with a current  densi ty 
of up to 50 A/cm 2. The focused beam scanned the Fe208 
f i l l  in two perpendicular  directions to yield grid pat -  
terns of various sizes. Most pat terns measured 1 m m •  
1 mm and were wr i t ten  at beam speeds up to 500 m m /  
sec. The SEM was also used for subsequent  evaluat ion 
of the patterns, and t ransmission electron microscopy 
~TEM) was carried out with a Siemens Elmiskop 1A. 

Experimental Procedures 
Since Fe203 f i l l s  are sufficiently conductive all cur-  

rent  measurements  were obtained by grounding them 
via a current  amplifier. Condenser lens currents  were 
var ied to yield various sample currents,  and the beam 
was then focused. The size of scanned area and the 
l ine speed determined the beam speed and the frame 
speed was set to yield be tween 100 and 250 lines per 
frame. 

All exposures were evaluated visual ly (most of the 
pat terns were readily seen with the unaided eye) as 
well as with a low power l ight microscope. Subsequent  
immersion in 6M HC1 for approximately 2 rain dis- 
solved the unexposed areas. Some of the remaining  
grid pat terns were then evaluated with the SEM. 

For  TEM, an  Fe203 film (,--1000A) deposited on car- 
bon coated glass was floated onto a water  surface and 
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mounted  on a copper grid. Pat terns  were  then wr i t ten  
wi th  the SEM in a s imilar  fashion but no etching t rea t -  
ment  was given in this case. 

Results 
At 5 kV some pat terns  wr i t t en  at 3 X 10-TA and at 

beam speeds of 0.1 and 0.25 m m / s e c  were  observable  
during the first period of the etching process. These 
pat terns  were  removed  f rom the substrate by 6M HC1 
along with  the unexposed film. This is not surprising 
since calculat ion indicates that  most of the energy loss 
in the Fe2Os film occurs above the f i lm-substrate in ter -  
face for these conditions (8). Thus a layer  of acid- 
soluble film remains be tween  the i r radia ted film and 
the substrate. 

At 10 kV all pat terns remained af ter  etching. How-  
ever,  a min imum current  of 1 X 10-TA is requi red  to 
form an insoluble film. The max imum effective beam 
speed changed drast ically wi th  current  increase. At 
1 X 10-TA the m a x i m u m  effective beam speed was 1 
mm/sec,  at 2 X 10-7A 50 mm/sec,  and at 3 X 10-~A up 
to 500 mm/sec .  At the la t te r  two currents  the resul t ing 
l ine width was 0.8~ (cf. Fig. 1) leading to a calculated 
current  density of 40 AJcm 2. When the beam speed 
at 3 X 10-~A was slowed down the line width  broad- 
ened to 1.2~ at 250 m m / s e c  and 1.5# at 100-25 mm/sec .  
One of the remarkable  features of these lines is the 
excel lent  edge definition as indicated in Fig. 1. Simi-  
larly, at 4 X 10-7A and 250 mm/sec  the line width  was 
1.5~ and at 25 mm/sec  2#. Fur the r  slowing down of 
the beam resulted in flaking of the wr i t ten  path leaving 
a bare central  area wi th  a wall  of unetched mater ia l  
on ei ther side of the path (cf. Fig. 2). 

Similar  results were  obtained at 20 and 30 kV wi th  
increases in line width by approximate ly  a factor of 2 
at comparable  beam speed and current  levels. 

The electron i r radiated films that  remain  on the glass 
substrate af ter  etching are quite  difficult to dissolve 
in 6M HC1. They are not noticeably at tacked in less 
than an hour. This leads to a ratio of dissolution t imes 
for the i r radiated mater ia l  to the uni r radia ted  mater ia l  
of at least 25. 

Measurements  of a less thorough nature  have been 
made with  Fe203 on an oxidized (2000A) silicon slice 
and also on an unoxidized silicon slice. With the oxi-  
dized silicon the electron beam and wri t ing  parameters  
are essentially the same as for the glass substrate. 
With the unoxidized silicon much slower scanning rates 
are requi red  indicating perhaps that  the greater  the r -  

Fig. i. Pattern written at !0 kV 3 X 10 -7  and 500 mm/sec 
beam speed. 

Fig. 2. Pattern written at 10 kV 4 X 10 -7  and 10 mm/sec beam 
speed. 

mal conductivi ty of silicon as compared wi th  glasses 
affects the process. 

Transmission electron micrographs clear ly  show the 
pat tern  wr i t ten  by the electron beam as a ma t r ix  of 
crystall ized mater ia l  wi th  crystal l i te  sizes up to 0.5 ~n.  
Selected area diffraction of the unexposed squares and 
exposed line support  this observation. While the un-  
exposed areas yield ra ther  broad ring pat terns be-  
cause of crystal l i te  sizes well  below 100A, the exposed 
areas show a number  of superimposed s ingle-crystal  
pat terns  (cf. Fig. 3). For  more  detailed identification 
of the mater ia ls  involved  in the reaction process, sam- 
ples were  prepared by anneal ing films in air and in 
vacuum as well  as by beam exposure wi th  the lines 
closely spaced to yield large areas of total ly  exposed 
material .  Severa l  large area electron diffraction pat- 
terns were  obtained. The unexposed film, as wel l  as 
films annealed in vacuum at 300~ for 2 hr  and in air 
at 450~ for 1-5 hr  yield similar  broad diffuse ring pat-  
terns, al though changes in color and rate of solution in 
6M HC1 are c lear ly  obtained. Sharp ring pat terns  were  
obtained for these films when  exposed in the TEM at 
high current  levels for less than 1 min. A square ex-  
posed in the SEM at 10 kV and 3 X 10-7A, and also 
films annealed at 450~ for 15 hr  in air and in vacuum 
gave rise to sharp ring patterns.  The d-spacings were  
determined using densi tometer  tracings and an Au 
standard diffraction pat tern  and compared to data in 
the ASTM powder  diffraction file. The film annealed 
in air was identified as a-Fe203. The vacuum-annea led  
film was FesO4, and the mater ia l  exposed to the elec- 
t ron beam a mix tu re  of the two iron oxides. 

Discussion 
The original  hypothesis on which this work  was 

based was that  we could heat  an Fe~O8 film wi th  an 
electron beam to obtain larger  crystall i tes and that  
these larger  crystallites, fol lowing MacChesney's  sur-  
mise, would have  a much slower rate of  solution in 
6M HC1. The results tend to confirm these ideas but  
the s in ter -mechanism of grain growth involved  is not 
yet  resolved. At the outset, one might  expect  some 
correlat ion be tween  the product of the m ax im um  scan- 
ning speed and the current.  However ,  as indicated 
earlier, this does not hold as the scanning rate  in- 
creases. In this discussion no reference has been made 
to the heat  of crystal l ization which should become in- 
creasingly significant as the scanning ra te  increases. 
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Fig. 3. Transmission electron micrograph of pattern written into Fe20s film at 3 X 10 -~ 10 kV and 100 ram/see beam speed. Selected 
area diffraction patterns from unexposed and exposed area show crystallization due to beam exposure. 

Before any meaningfu l  discussion of the kinetics of this 
crystall ization process can be made, the heat of reaction 
and activation energy of the process must  be deter-  
mined. In  addition, it is now known that there is a sig- 
nificant amount  of carbonate in  the film (9, 10) and 
the slowing down of the dissolution process in acid 
might be explained, with our present  meager knowl-  
edge of the system, simply in terms of the loss of an 
acid soluble carbonate on heating. These are probably 
not the only approaches available to an unders tanding  
of this interest ing process. However, more experi-  
menta l  informat ion is needed to characterize the re-  
act ion(s)  involved. Since inorganic resist materials  
could have advantages over organic resists in some 
processes, bet ter  unders tanding  of the chemistry and 
physics of this system may enable a more efficient 
search to be made for other inorganic resists. It  would 
be surprising if Fe203 were unique  in its properties. 

From the results obtained it is evident  that one should 
be able to "write" contact or projection Fe203 masks 
using a programmed electron beam. Wri t ing machines 
have already been bui l t  and used in various labora-  
tories using organic resists. Here, the FeeO~ will be 
both the mask mater ial  and the resist material .  The 
fact that the ratio of dissolution t ime of the exposed 
Fe~O3 to dissolution t ime of the unexposed Fe203 is so 
large means that  the solution process need not be 
closely controlled. The danger  of undercut t ing,  pres-  
ent when organic resists are used, is eliminated. We an-  
ticipate that  the consequent cut in  processing steps 
will result  in masks with fewer defects and concomi- 
tant  savings. 

Summary 
The rate of solution in 6M HC1 of Fe2Oz films of the 

soluble type used in making see-through masks has 
been made drastically sIower by a factor of 25 or 
greater  by i r radiat ion with electrons in  a SEM. For 
2500A films on a glass substrate a m i n i mum current  of 
1 • 1O-TA at 10 kV is required. At higher than  7 • 
10-~A at 10 kV the films distort and may detach from 
their  substrates. The total voltage range studied was 
5-30 kV. Scanning rates from 1 to 500 mm/sec  were 
used. In  general,  the l ine width of insolubilized 
Fe2Oa increased with increasing voltage and with de- 
creasing scanning rate. Similar  results were obtained 
on silicon substrates with 20O0A of thermal  SiO2. One 
can also write on unoxidized silicon substrates using 
different exper imental  parameters.  

The films before electron i r radiat ion are amorphous. 
After  wri t ing in  the SEM, the films are a crystall ine 
mix ture  of a-Fe~Os and Fe~O4. 
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ABSTRACT 

Previous analyses of the l iquidus and solidus lines in I I I -V pseudobinary 
systems are combined and extended. (i) The ideal, strictly regular, athermal,  
and quasiregular  models are investigated for each phase. (ii) A quant i ta t ive  
measure, ~(~ of a fit is defined and determined. (iii) All sets of values for 
the parameters  of a model giving a value of ~ less than a critical value (7 ~ 
16~ characterizing the exper imental  accuracy are determined and treated 
on an equal footing. It  is found that  the strictly regular  l iquid-quas i regular  
solid model is the simplest model giving satisfactory fits for all of the seven 
systems chosen as the best defined experimental ly.  Moreover these fits are 
obtained over a range of values of the three model parameters.  As a conse- 
quence, thermodynamic  properties of the l iquid are not closely specified by 
the analysis. In  contrast, for the solid at one temperature,  T ---- m, we find 
AGM xs : (b ~ 200)~1y2, where the y's are mole fractions and m and b are 
determined from the fits: m and b are correlated to the properties of the I I I -V 
components, and m is 0.98 ~ 0.03 of the average of their mel t ing points while, 
wi thin  • cal, b is proportional to the sixth power of the fractional differ- 
ence in their  lattice parameters.  Three of four other systems with data satisfy 
these correlations. Seven others with no data are discussed. The stabil i ty of 
a quasiregular  phase is discussed and the conditions for the formation of nor-  
real and "inverted" miscibil i ty gaps established. 

The nine  I I I -V b inary  systems containing either A1, 
Ga, or In  on the one hand and P, As, or Sb on the other, 
all show a single, z inc-blende s t ructure  compound at 
50 atom per cent (a /o) .  The eighteen te rnary  systems 
formed by taking at least one element  from each of the 
above two groups all have a single pseudobinary sec- 
t ion between two I I I -V compounds. Considerable, 
though by  no means complete, data is available for the 
pseudobinary sections. Foster and Scardefield (1,2) 
and Foster, Scardefield, and Woods (3, 4) have recent ly  
determined solidus points for four of these in which a 
complete range of solid solutions is formed. A thermo- 
dynamic analysis by Foster and Woods (5, 6, 3, 4) in-  
dicates that six pseudobinary sections can be satisfac- 
tori ly fit on the assumption that the l iquid phase is 
essentially ideal while the solid phase is a thermal  
(zero enthalpy of mixing, nonzero excess entropy of 
mix ing) .  Panish and Ilegems (7) obtain what  they con- 
sider somewhat  poorer fits on the assumption that  
both l iquid and solid phases are strictly regular  (non-  
zero enthalpy of mixing, zero excess entropy of mix-  
ing) .  The la t ter  authors were in  general  not pr imar i ly  

* Electrochemical  Society Act ive  Member.  
K e y  words:  inverted miscibi l i ty  gap, Gibbs free  energy  of  mix ing ,  

lattice parameter ,  miscibi l i ty  gap.  

concerned with an opt imum fit in the pseud0binary 
section, but  ra ther  with acceptable over-al l  fits in both 
the t e rnary  proper and in the pseudobinary section. 

For eleven pseudobinary sections Stringfellow (8) 
has obtained quali tat ive agreement  using a strictly 
regular  model in which the adjustable parameters  are 
fixed by considerations independent  of the experi-  
menta l  l iquidus and solidus lines. Subsequent ly  he has 
recalculated (9) the interact ion parameters  for the 
solid solutions. A proport ional i ty  constant occurring in 
his calculation is chosen so that the interact ion param-  
eters agree as closely as possible with those obtained by 
Panish and Ilegems (7). Steininger  (10) has shown for 
a number  of b inary  and pseudobinary systems that, 
given either the l iquidus l ine or the solidus line, the 
other can be calculated accurately assuming ideal solu- 
tions. Moreover, this is the case even when an  ideal 
solution model does not fit the individual  l iquidus and 
solidus lines well. 

In  this paper we present the results of computer fits 
to those seven, III-V, pseudobinary sections for which 
the data seem most reliable. Our working premise, 
which proved correct, was that the quasiregular  l iquid- 
quasiregular  solid model, containing a max imum of 
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four adjustable  parameters,  two for each phase, is suffi- 
ciently flexible to lead to satisfactory fits. The objec- 
tives are to combine and extend the previous analyses 
by: 

1. Obtaining, hitherto unavailable,  quant i ta t ive  mea-  
sures of all fits obtained. This measure, denoted by 6, 
is defined in the next  section. 

2. Establishing the simplest var iants  of the general  
model (those with the max imum number  of zero values 
for the four adjustable  parameters)  that  give satis- 
factory fits for all the systems. 

3. Determining the sensit ivi ty of a to the exact values 
of the adjustable  parameters.  Thus an essential par t  
of our invest igat ion is not only to determine the min i -  
mum r attainable,  but  also to fix the range over which 
the adjustable  parameters  can be changed without  
significantly increasing r above this m in imum value. 

,After defining a quant i ta t ive  measure  of fit, 6, a 
critical value is adopted for each system below which 
a must  fall if a fit is to be considered satisfactory. Then 
all sets of values for the adjustable  parameters  giving 
a value of �9 less than  the critical value are to be 
considered on equal terms with that  parameter  set 
that  gives the min imum value. Admittedly,  an element  
of arbi trar iness in the specification of a critical value 
for ~ cannot be avoided in practice. Nevertheless, this 
is preferable  to a procedure in which no specification 
is made and the best fit obtained is taken as unique.  
Among the specific interest ing results obtained wi th in  
the general  objectives, are answers to the following 
questions: (a) Does the ideal l iqu id-a thermal  solid 
model, proposed by  Foster and Woods, describe the 
I I I -V pseudobinaries bet ter  than  an ideal l iquid-  
strictly regular  solid model? (b) Is the two parameter ,  
ideal l iquid-quas i regular  solid model bet ter  than  the 
two parameter,  strictly regular  l iquid-s t r ic t ly  regular  
solid model? (c) Which, if any, thermodynamic  prop- 
erties are most closely and rel iably fixed as a result  
of the fits to the l iquidus and solidus lines? 

We find that  ideal l iquid-a thermal  solid and ideal 
l iquid-s t r ic t ly  regular  solid models give essentially 
the same fits except for GaAs-GaSb.  However, the com- 
puter  fits show there is no basis for choosing either 
of these models over the more general  ideal l iquid- 
quasiregular  solid model, since satisfactory fits are ob- 
tained for a significant range in the adjustable param-  
eters of the solid phase. The ideal l iquid-quas i regular  
solid model gives satisfactory fits for five of the seven 
systems and appears slightly inferior to the strictly 
regular  l iquid and solid model, which gives satisfactory 
fits for six systems. The simplest var iant  of the full  
quasiregular  model that  fits all seven systems with the 
present ly available data is the three parameter,  strictly 
regular  l iquid-quas i regular  solid model. For each sys- 
tem, satisfactory fits are obtained along a l ine segment 
in  the plane of the two adjustable parameters  for the 
solid phase. Thus al though the thermodynamic  prop- 
erties of the pseudobinary l iquid phase are not closely 
defined, the excess Gibbs free energy of mixing  of 
the solid phase is defined at one temperature,  T -- m, 
to wi thin  __+200 cal in terms of a parameter,  b. Correla-  
tions are found between these parameters  and the 
properties of the I I I -V compounds defining a pseudo- 
b inary  section. The parameter,  m, is 0.98 • 0.03 of 
the average of the mel t ing points. The paramter,  b, 
is proportional to the sixth power of the fractional  
difference in  the room temperature  lattice parameters.  
Analysis of '  four addit ional III-V pseudobinary sec- 
tions shows these correlations hold well  for two sys- 
tems, fair for the third, and not at all for the fourth. 
The discrepancy in  the last case is most l ikely due to 
significant errors in the exper imental  solidus points 
and a calculated solidus line, believed to be more 
accurate, is given. The seven remaining  pseudobinaries 
for which there are no data are also discussed in view 
of the empirical correlations found. 

The plots of only a few phase diagrams are given 
in  this paper. The disposition of the exper imental  points 
can be seen in  plots already given in Ref. (1-6) or, 
for all the I I I -V pseudobinaries, in  Ref. (7). More- 
over, on page size graphs the agreement  between ex-  
per imental  points and the calculated phase diagrams 
would look near  perfect when  the fits are wi th in  
16~ or, as in  most cases here, wi thin  10~ 

Before present ing the results, the necessary thermo-  
dynamic background is out l ined in the next  section 
along with a discussion of some relevant,  general  prop- 
erties of a quasiregular  phase that  have not been given 
previously. 

Thermodynamic Background 
A binary  phase is called a simple solution (11) if 

the excess Gibbs free energy of mixing can be repre-  
sented in  terms of a composi t ion- independent  param-  
eter, FL, as 

AGM xs ---~ s [1] 

where xl and x2 are the mole fractions of components 
1 and 2, respectively. We assume throughout  that f~ 
depends l inear ly  on the temperature,  T, i.e. 

= W -- V T  [2] 

Solutions described by  Eq. [1] and [2] have been called 
quasiregular  in the past and, al though objections (7) 
have been made against this terminology, we use it 
in  favor of the lengthy phrase "l inear tempera ture  
dependence, simple solution." It follows immediately 
that the enthalpy and excess entropy of mixing  are 
given by 

~HM = W x i x s  [3] 
and 

~SM xs : YXlX2 [4] 

so that Eq. [2] is t an tamount  to the assuming that  
AHM and ASMXS are  independent  of T. Special gases 
of the quasiregular  model of a phase include the ideal 
model (W = V -- 0), the str ict ly regular  model (W 
0, V = 0), and the a thermal  model (W ---- 0, V ~ 0). 

A quasiregular  solution described by Eq. [1] and [2] 
can become unstable  relat ive to in terna l  decomposi- 
tion, i.e., a miscibi l i ty gap can form. The behavior  
of this phenomenon can be elucidated by determining 
the zeros of the first and second composit ion-deriva-  
tives of the Gibbs free energy of mixing. Since the 
argument  follows that  widely given (11, 12) for strictly 
regular  solutions, it is not repeated here. However, 
the m a i n  results and how they differ from those for 
the strictly regular  solution have not been  previously 
discussed and so are summarized. A miscibil i ty gap, 
whose extremes at any T are symmetric  about x = 
1/2, is present whenever  ft ~ 2RT, where R is the gas 
constant. In  view of Eq. [2] this condition can be 
wr i t ten  as 

W ~- (V  -.b 2 R ) T  [5] 

The critical tempera ture  at which the miscibil i ty 
gap disappears, Tc, is determined by taking the equali ty 
sign in  Eq. [5], i.e. 

Tc = W / ( 2 R  -{- V) [6] 

Thus for the special case of an athermal  solution, W = 
0, the critical temperature  is zero. In  contrast tct the 
s i tuat ion for strictly regular  solutions, there are two 
kinds of miscibil i ty gaps possible: the normal  type 
that disappears for T > Tc and an inver ted miscibil i ty 
gap that appears for T --~ Tc and becomes wider  as 
the tempera ture  is increased. The former type is pos- 
sible for strictly regular  solutions, but  not the latter, 
The si tuation can be summarized by reference to Fig. 
1 in which the W - V  plane is divided into four quad-  
rants  by the lines W ---- 0 and V = --2R. No miscibil i ty 
gap occurs for values of W and V in  quadran t  I, s 
is negative at all temperatures,  and Tc from Eq. [6] is 
negative. In  quadrant  II a normal  miscibil i ty gap oc- 
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Fig. 1. Structure of the W-V parameter plane for a quasiregular 
solution. 

curs for temperatures  be tween 0 ~ and oo~ From Eq. 
[6] the critical temperature,  To, is the same for all 
values of W and  V lying on a straight l ine through 
the point, W : 0, V -- --2R, and ranges in  value from 
0~ along the l ine W = 0 to infinity along the l ine I7 = 
--2R. The l ine labeled Tc -- 1000~ is obtained by 
subst i tut ing 1000~ for Tc in  Eq. [6]. Thus below this 
l ine and above the line, W -- 0, ( in  region IIA) Tc 
lies be tween 0 and 1000~ In region III  an inver ted  
miscibil i ty gap occurs at all temperatures,  12 is posi- 
t ive at all temperatures,  and Tc is negative. In  region 
IV inverted miscibil i ty gaps occur above a critical 
tempera ture  that  ranges from zero along the line, W m 
0, to infinity along the line, V = --2R. Thus, in  region 
IVB an inver ted miscibil i ty gap occurs only for t em-  
peratures above a critical tempera ture  which lies above 
1000~ It can be appreciated that  these general  prop-  
erties of a quasiregular  solution are a useful  guide 
in  fitting phase diagrams. Thus, if a continuous range  
of solid solutions are formed at 1000~ only those 
values of W and V in the contiguous regions IIA, I, 
and IVB need be considered. 

Although we are unaware  of the existence of in -  
verted miscibil i ty gaps in  any inorganic system, they 
have been observed in the t r i e thy lamine-wate r  (13) 
and ethyl e ther -e thyl  acetate (14) systems. Closed 
miscibil i ty gaps, t e rmina t ing  at an upper  and lower 
consolute temperature,  have been  observed for a n u m -  
ber  of systems (14) including nicotine-water ,  ~-pico- 
l ine-water ,  etc., but  this more complex behavior  is 
not describable in  terms of the quasiregular  model 
with temperature  and composi t ion- independent  pa-  
rameters, W and 17. 

For a quasiregular  solution the chemical potentials 
of the two components are determined by  Eq. [I] 
and the definition of the Gibbs free energy of mixing  

hGm -- AGM xs + R T ( x l  In  xl  + x2 In x2) [7] 

= x1~i + x2~ [8] 
and are given by 

~1 = R T  In xl + ~a:'z ~ + ~t ~ [9] 

~2 = R T  In x2 + 12xl 2 -{- ~ ~  [10] 

where ~1 ~ and ~2 ~ are the chemical potentials of pure 
1 and pure 2, respectively, and are for the pure solids 
when Eq. [1] is applied to a solid solution. When  
Eq. [1] is applied to a l iquid solution then  ~ ~  and ~2 ~ 
are taken as the chemical potentials of, respectively, 
pure l iquid 1 and pure l iquid 2. The assumption that  
any  one of Eq. [1], [9], or [10] holds over the ent i re  
composition range leads to the other two, provided 
~t does not depend on composition. (If the chemical 
potential  is known for one component, that  for the 

J u l y  1 9 7 4  

other can be obtained by an integrat ion of the Gibbs- 
Duhem relation.) On the other hand, the assumption 
that  ~1 is given by  Eq. [9J with a parameter  s that  
depends on composition, leads to equations for /,GM xs 
and #2 that are different than  Eq. [1] and [10]. 

The phase lines describing the coexistence of two 
phases in a b inary  system are determined from the 
condition that the chemical potential  of each compo- 
nent  be the same in both phases. For  a coexisting l iquid 
and solid these are 

#I(L) -- #I(S) [II] 

~s(L) = #s(S) [12] 

where L and S identify, respectively, the liquid and 
solid phases. Utilizing Eq. [9] and [10] and (with the 
conventional definitions for ~I~ #i ~ (S), etc., cited 
after Eq. [10]) assuming ACp = 0 between the liquid 
and solid phases of both pure 1 and pure 2 leads to 
the two equations 

R T  l n  x l  -t- 12LX2 2 

- -  R T  i n  Yl + asU22 Jr AH1 ( T / T 1  - -  1) [13] 

RT In xs -{- aLXl 2 

: R T  In y2 -~- fIsYl 2 "Jr A H 2 ( T / T s  -- 1) [14] 

where Yl and Y2 are the mole fractions in the solid 
solution, R is the gas constant, ~H1 and T1 are the heat 
of fusion per mole and mel t ing tempera ture  of pure 1, 
and • and T2 are the analogous quanti t ies  for pure 
component 2. 

Since we are a t tempt ing quant i ta t ive  fits of phase 
diagrams it seems appropriate to comment on the 
"approximation" that led to the last terms in  Eq. [13] 
and [14]. For simplicity these comments are made with 
reference to Eq. [13], and hence component 1, alone. 
Completely analogous comments hold for Eq. [14] and 
component 2. The last te rm in Eq. [13], AH1 ( T / T 1  - -  1), 
is commonly identified as an approximation for the 
difference between the chemical potential  of pure 
solid 1 and that  of pure l iquid 1. The approximat ion is 
admit tedly correct in the near  vicini ty of the mel t ing 
point, T1, but  is somewhat in  doubt for the wide tem- 
perature  ranges over which it must  often be used, e.g. ,  
for I I I -V pseudobinaries involving GaSb the extreme 
temperature  ranges are 712~176 for the pseudo- 
b inary  with InSb and 712~176 for that  wi th  GaP. 
An accurate expression for the desired chemical po- 
tent ial  difference depends on obtaining the heat  capac- 
i ty difference be tween solid and l iquid over tempera-  
ture  ranges where one of these phases is uns table  or, 
at best, metastable.  Exper iments  at elevated pressures 
would general ly  extend the tempera ture  range of one 
phase so that its heat capacity at normal  pressure could 
be obtained by extrapolation. Obtaining the heat  ca- 
pacity of the other phase outside its normal  tempera ture  
range would depend on the abil i ty of prepar ing a 
supercooled liquid, possible in  some instances, or on 
the unl ikely  possibility of preparing a superheated 
solid over a wide tempera ture  range. Alternat ively,  
the measured heat capacities for each phase in  the 
neighborhood of the mel t ing point  can be extrapolated 
outside the normal  tempera ture  range for each phase 
and the correction term calculated and added to 
A H I ( T / T 1 -  1). Following this course wi th  the mea-  
surements  of Lichter and Sommelet  (15) we arr ive at 
a ACp for GaSb given by  

ACp (cal /~  = Cp (L) -- Cp(S) 

= 1 . 4 - - 3 ( 1 0  -8 ) ( T - - 9 8 5 )  [15] 

This leads to correction terms that  are 1.4% or less 
of the ma in  term for all temperatures  be tween 525 ~ 
and 1500~ and therefore negligible. However, the 
val idi ty of the extrapolat ion for hCp can be questioned 
for temperatures  increasingly removed from the mel t -  
ing point. Thus from a fundamenta l  point  of view, 



Vol. 121, No. 7 Q U A N T I T A T I V E  FITS  TO I I I - V  P S E U D O B I N A R I E S  935 

Table I. Properties of III-V compounds 

C o m p o u n d  A I P  AIAs AISb GaP GaAs GaSb In P  InAs  InSb 

Trap (~ 2530 1770 1057 1485 1240 712 1070 942 525 
AH fusion 40.92" 34.0" 19.53 26.37* 25.18 15.8 19.7" 18.4 11.41 

(kcal/mole)  
so (A)  * * 5.451 5.662 6.136 5.451 5.653 6.096 5.869 6.058 6.479 

" Es t imated  values  f r o m  F o s t e r  a n d  W o o d s .  
�9 * Ret.  (17). 

the ent i re  discussion above seems operat ional ly mean-  
ingless. Therefore we redefine the chemical potentials 
of  the pure components. At and above the mel t ing 
point, T1, ~1~ (L) is the chemical potent ial  of the stable 
phase, pure  l iquid 1. At and below the mel t ing  point, 
~ ~  (S) is the chemical potential  of the stable phase, 
pure solid 1. Below T~, ~ ~  (L) is the chemical potential  
of a hypothetical  l iquid  phase, which coincides with 
real l iquid phase at T~, but  otherwise is defined by  the 
equat ion 

~I~ : # i ~  - - A H I ( T / T I - -  I ) ; T < T 1  [16] 

Above TI, ~i ~ (S) is the chemical potential  of a hypo- 
thetical solid phase defined in  terms of that  of the real 
l iquid phase by  

~1~ : ~ I ~  ~-AH~(T/T1--  1 ) ; T > T 1  [17] 

Similar  definitions are adopted for component  2. With 
these definitions the last terms in  Eq. [13] and [14] are 
exact by  definition and the assumption that  ACp = 0 
for each pure component  is unnecessary.  

Computational Procedure 
The exper imental  l iquidus points, (Tj.expt,'xj), and 

the exper imental  solidus points, (T~,expt, Yk) were taken 
from tabulations,  or more often, scaled from graphs. 
The basic equations are [13] and [14] with ~s  and 
~L depending l inear ly  on tempera ture  as shown in  Eq. 
[2]. The computer calculation starts with init ial  guesses 
for the solid parameters,  Ws and Vs, and the l iquid 
parameters,  WL and VL. (In a given calculation some 
or all of these may be fixed throughout  the calcula- 
t ion at any  desired value including zero. The lat ter  
s i tuat ion corresponds to one of simple variants  of 
the general  quasiregular  l iquid-quas i regular  solid 
model. Thus, if all four parameters  are fixed at zero, 
one has the ideal l iquid- ideal  solid model.) The first 
exper imental  l iquidus composition is then inserted 
into Eq. [13] and [14] along with the ini t ial  values 
for Ws, Vs, WL, and VL, and these two s imultaneous 
equations are solved for t h e  l iquidus tempera ture  for 
Xl, Tl,calc, and the composition of the coexisting solid. 
This procedure is repeated for each of the N l iquidus 
points. The M exper imental  solidus compositions, Yk, 
are then inserted one at a t ime into Eq. [13] and [14] 
and these solved s imultaneously  for the solidus tem- 
perature  for Yk, Tk,calc, and the composition of the 
coexisting liquid. A residual  function, or s tandard de-  
viation, a, is calculated using the equations 

0-2 -- 0~LIQ ~_ r L [18] 
and 

N 

~SLIQ --~ ~ ( r j , c a l c  - -  TJ,expt)2/N [19] 
j = l  

M 

0"2SOL " -  ~--~ (Tk,calc - -  T k , e x p t ) 2 / M  [ 2 0 ]  
k = l  

The values of the adjustable  parameters  are then 
changed in  a systematic " t r ia l -and-error"  m a n n e r  
based on the simplex minimizat ion technique of Nelder 
and Mead (16). For  each set of values of Ws, Vs, ~/~L, 
and VL a value of a is calculated. The cyclic calculation 
continues unt i l  a m in imum value is found. It  should 

be noted that  the over-al l  residual  funct ion ~ is con- 
structed from those for the solid and l iquid with equal 
weight given to each, regardless of the relat ive n u m -  
bers of l iquidus and solidus points. Thus the calcu- 
lated l iquidus and solidus l ines must  indiv idual ly  fit 
the data well  if a low ~ is to be attained, and a very 
good fit to a large number  of solidus points cannot 
offset a poor fit to a few l iquidus points. 

Experimental Data 
The II I -V compounds along with their  mel t ing 

points, heats of fusion, and lattice parameters  (17) 
are given in  Table I. Est imated values are indicated by 
an asterisk. The values for mel t ing points and heats of 
fusion, both estimated and weighted experimental  
values, are the same as those used by Foster and 
Woods (1-6). Their  papers should be consulted for the 
l i terature  references. Panish and Ilegems (7) used es- 
t imated values for the heats of fusion of.GaP, InP, and 
AlAs that  are 1-3 kcal different. The pseudobinaries 
analyzed and the number  of l iquidus points and solidus 
points used are listed in Table II. Critical values of a 
were assigned on the assumption that  ordinar i ly  an 
accuracy of 7~ can be expected for the l iquidus and 
solidus points. Using Eq. [18], [19], and [20] this gives 
a value of 10 ~ when  both l iquidus and solidus points 
are available. For G a P - I nP  the four l iquidus points 
were obtained by extrapolat ion of a fit to the te rnary  
l iquidus using a strictly regular  model (18). We still 
assume an accuracy of 7 ~ for these points but  recognize 
this may bias the si tuat ion in  favor of models assum- 
ihg a strictly regular  liquid. For GaAs-GaSb the four 
solidus points are confined to a nar row composition 
range near  pure GaAs and the solidus l ine drops very 
sharply with temperature.  Consequently, the critical 
value of ~SOL was doubled to 14~ giving a critical 
value of 16~ for ~. For InAs- InSb  there is significant 
scatter among independent  data sets in  certain com- 
position intervals  along both the l iquidus and solidus. 
Consequently, we have increased the critical value to 
l l ~  for both phase lines to give a critical value of 
16~ for ~. 

Results 
Ideal liquid-quasiregular solid modeL--The general  

type of result  obtained is shown in Fig. 2 for GaAs-GaP 
where labeled contours of constant ~ are shown in the 
Ws-Vs plane. Contours for the lower values of interest  
are of the same elongated shape but  too closely spaced 
to be presented clearly. Therefore they are omitted in 
favor of a "best-fit l ine segment" with a table giving 
the variat ion of r for a few values of Vs along the best- 

Table II. (a) Pseudobinary systems analyzed, (b) percentage 
difference in lattice parameters, (c) numbers of liquidus and 

solidus points used, and (d) critical values adapted fur 

b 
200Aao 

a ao(1) + ao(2) C d 

AIAs-GaAs 0.I 0-8 7 
GaP-InP 7.5 4-8 i0 
GaAs-InAs 6.9 2-8 10 
GaSb-InSb 6.1 9-15 10 
GaP-GaAs 3.6 0-7 7 
GaAs-GaSb 7.5 7-4 16 
InAs-InSb 6.7 18-15 16 
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Fig. 2. Contours of constant <r and the best-fit line in the Ws-Vs 
plane obtained with the ideal liquid-quasiregular solid model for 
the GaAs-GaP pseudobinary. Variation of ~ along the best-fit line: 

VS --15.6 - - 6  0 +8 .0  +14.7 

er 10.0 5.0 1.8 5.0 10.0 

fit line. The best-fit  l ine segment was obtained by fix- 
ing Vs, finding the lowest  possible value  of ~ and the 
value of Ws associated with  it, then connecting all such 
points in the Ws-Vs plane. It is seen that  �9 varies 
slowly along the best-fit l ine but  rapidly at r ight  angles 
to it. Thus al though the smallest  value at tained for 
is 1.2~ at Ws : 1.8 kcal  and Vs : 2.0 eu, the value 
of c, does not reach 10~ unti l  one moves  along the 
best-fit  l ine to Vs = 14.7 eu or to Vs : --15.6 eu. Even 
if the critical value of # is revised downward  to 5~ 
all of the Ws-Vs values for --6--~ Vs--~ + 8  are to be 
considered equal ly  good on the basis of the current ly  
avai lable exper imenta l  data for the pseudobinary.  A 
similar  result  is shown in Fig. 3 for GaSb-InSb.  How-  
ever, for  clarity, no contours are shown, only the best-  
fit l ine segment.  Instead, the upper  half  of the l ine  cor-  
responding to a critical t empera tu re  of 798~ as calcu- 
lated using Eq. [6], and the lower half  of the l ine cor-  
responding to a critical t empera ture  of 985~ for an 
inver ted  miscibil i ty gap are shown. It can be antici-  
pated that  if the best-fit l ine segment were  extended 
to intersect  these lines of constant critical t empera -  
ture  that  the value of �9 would increase rapidly since 
the exper imenta l  data show no miscibi l i ty  gap in the 
798~176 interval .  

All  of the systems analyzed show the same behavior  
as seen in Fig. 2 and 3, differing only in the position 
of the best-fit  line, the lowest value of # at tained on it, 
and the rate  of change of ~ along it. The data can be 
summarized by giving the Slope and intercept  of the 
best-fit  l ine along with  Fig. 4, showing the var ia t ion of 
a along the best-fit  l ine in a plot of r against Vs. How-  
ever, to avoid the incorrect  assumption that  ~ increases 
infinitely rapidly in a direction perpendicular  to the 
best-fit  line, the best-fit  l ine is wr i t ten  as 

Ws = mVs + b ___ 5 [21] 

Here  m and b are the slope and intercept,  respectively,  
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Fig. 3. Best-fit line and lines of constant critical temperature, 
Te = 798 ~ and 985~ obtained with the ideal liquid-quaslregular 
solid model for the GaSb-lnSb pseudobinary. See Fig. 4 for the varia- 
tion of ~r along the best,fit line. 
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Fig. 4. Ideal liquid-qaaslregular solid model. Variation of 
with Vs along the best-fit line in the Ws-Vs plane. For InP-GoP 
the values of ~ are given at the left-hand side of the figure. 

of the best-fit  line, while  8 is the amount  Ws can be 
moved from its best-fit position in a direction perpen-  
dicular  to the best-fit  l ine before ~ increases by 5~ 
Then Eq. [21] along with  Fig. 4 can be used to del ine-  
ate a long rec tangular  area in the Ws-Vs plane that  
includes and somewhat  exceeds the elongated oval-  
l ike area for which �9 is less or equal  to O'MIN + 5. These 
parameters  are listed in Table III  for the various sys- 
tems. Also given are the m in im um  value  of �9 and 
the values of Ws and Vs for which ~ reaches the listed 
cutoff value. The cutoff value  of # is identical  to the 
critical value assigned in Table II if  a good fit is ob- 
tained. Final ly  the value of ~ is g iven for the ideal 

Table III. Summary of results for the ideal liquid-quasiregular solid model 

GMIN, Cutoff 
m, *K b, cal & cal *C Fit in #, ~ 

Values at cutoff 

L o w  H i g h  

Ws(cal) V s ( e U )  Ws(ca l )  Vs(eu) 
Ideal  liquid and solid 
0" GSOL ~LIQ 

A 1 A s - G a A s  1800 0.0 300 8.0 G o o d  7 
G a P - I n P  1491 2900 30.0  B a d  32 
G a A s - I n A s  1342 2550 200 8.3 G o o d  I0  
GaSb-lnSb 872.7 1418 300 4.9 Good 10 
G a P - G a A s  1649.5 31 200 1.2 G o o d  7 
G a A s - G a S b  1194 4650 200 16.2 G o o d  18 
InAs-lnSb 930 2300 18.4 Bad 21 

- - 360  - - 0 . 2  7560 4.2 6.8 6.8 0 
- - 7 5 5 6  - - 7 . 5  8363 3.0 86 85 10 
- -  6308 - -  6.6 5905 2.5 55 53  16 

- -  10,800 - -  14.0 9534 9.3 32 16 28  
- -  16,247 - -  9.8 + 16,666 + 10.3 1.7 1.7 0 

--4902 --8.0 --723 --4.5 199 199 13 
68 - -2 .4  5741 3.7 95 93 17 
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l iquid- ideal  solid model,  which is seen to be satis- 
factory for  only two systems. 

I t  is seen that  five of the seven pseudobinaries are fit 
satisfactorily and three of these are fit ve ry  well. The 
fit for InAs- InSb is unsatisfactory but close enough to 
be considered doubtful.  The fit for GaP-InP is bad. In 
both of these cases the lowest  value  attained for ~ cor- 
responds to a high value for ~LIQ and a satisfactory value 
for aSOL, i.e., the model  does not fit the l iquidus points 
well. At the cutoff values listed in Table III  for these 
two systems the value of asoL has increased by 5 ~ over  
the min imum value attained. If the est imated l iquidus 
points for G a P - I n P  are excluded, a satisfactory best fit 
of 7~ is obtained while  the best-fit  l ine is essentially 
unchanged. 

The InSb-InAs  pseudobinary seems the  best defined 
exper imenta l ly  of all those considered. Therefore,  we 
conclude the l iquid in this p seudob ina ry  is not  ade- 
quate ly  described as ideal. This is perhaps not surpris-  
ing in v iew of the complicated nature  of the Sb-As 
binary  system in which the l iquidus shows a min imum.  
However ,  one would  also expect  some difficulty in fit- 
t ing the l iquidus for the GaSb-GaAs system. That this 
does not occur may  be due to the fact that  the Sb-As 
interactions are reduced in significance at the higher  
tempera tures  encountered in the GaSb-GaAs pseudo- 
binary. 

The values of Ys giving the lowest  a when  Ws = 0 
(indicated by the short ver t ical  bar  on each curve of 
Fig. 4) are what  would  be calculated from the values 
of Vs/RT given by Foster  and Woods (3-6). Therefore,  
our  results include theirs  and yield a quant i ta t ive  mea-  
sure of the fits possible wi th  the ideal l iqu id -a the rmal  
solid model. More important ly ,  by  comparison with  
the value of a for Vs = 0, s tr ict ly regular  solid, it is 
seen that  the ideal l iqu id-a thermal  solid model  is not 
significantly bet ter  than the ideal l iquid-s t r ic t ly  regu-  
lar  solid model  except  for GaAs-GaSb.  Fur thermore ,  
there  is no basis for categorizing the solid solutions 
more  specifically than as quasiregular .  

In v iew of the general ly  wide ranges of values for Ws 
and Vs that  lead to satisfactory fits, especially for 
those systems for which the smallest  values of ~ are 
attained, the values calculated for the enthalpy and 
excess entropy of mixing of the solid solutions are sub- 
ject  to such a wide uncer ta in ty  as to be meaningless.  
In  contrast, the  values calculated for the excess Gibbs 
free energy  of mixing, as wel l  as those for the chemi- 
cal potentials are more  closely defined at one t empera -  
ture  be tween  the mel t ing points of the pure com- 
pounds. This can be seen by insert ing the value  of 
Ws from Eq. [21] for the best-fit  l ine segment  into Eq. 
[1], [9], and [10]. One obtains 

AGMxs(S) = {(m --  T)Vs + b • 8}yly2 [22] 

glXS(S) : {(m -- T)Vs + b • 8}y~ 2 [23] 

~2xs(S) = {(m -- T)Vs + b • 8}yt 2 [24] 

As a concrete il lustration, fits wi th  a ~ 7~ are ob-  
ta ined for  GaP-GaAs  along a best-fi t  l ine segment  for 
all values of Vs be tween  --9.8 and +10.3 eu. Equal ly  
acceptable values for the excess entropy of mix ing  
of the 50 mole  per cent (m/o)  solid therefore  range 
from --2.5 to +2.5 eu whi le  those for the enthalpy of 
mix ing  range from --1.0 to + 1.0 kcal /mole .  In contrast, 
the value calculated for hGMxs(s) for 50 m / o  is b = 
--200 • 200 ca l /mole  at T = m = 1637~ (about half-  
way be tween  the mel t ing points of GaAs and GAP). 
Therefore  for each system analyzed, the most signifi- 
cant thermochemical  quanti t ies  fol lowing from a fit of 
the phase lines are the excess Gibbs free energy of 
mixing and the chemical  potentials of the solid phase 
at a t empera ture  T = m. In other  words, the interac-  
t ion pa ramete r  for the solid, as,  is closely defined as a 
result  of a fit of the phase diagram only near  one t e m -  
perature,  T = m, where  it is equal  to b. 

Finally, the GaAs-GaSb system is unique among 
those analyzed in that  the exper imenta l  solidus points 
are not distr ibuted well  across the composition range, 
but  are concentrated in the 85-100 m / o  GaAs in terval  
due to difficulty in obtained equi l ibrated samples. This 
provides an opportuni ty  to i l lustrate an element  of 
flexibility possessed by the quasiregular  model  of the 
solid which is not shared by a str ict ly regular  model. 
In Fig. 5 three  different calculations of the phase lines 
using the ideal l iquid-quas i regular  solid model  are 
shown. The tempera ture  scale is magnified to show the 
desired detail  and as a consequence only the l ow- t em-  
pera ture  port ion containing no exper imenta l  points 
is seen. For all three  calculations the l iquidus line is 
essentially the same and fits the exper imenta l  points 
well  wi th  ~Lm = 6~ The values used for Ws and Vs 
are listed in the figure caption and all  fal l  along the 
best-fit  l ine segment given in Table III for GaAs-GaSb.  
The best fit of the solidus points is obtained wi th  curve 
1 and is somewhat  bet ter  than those obtained with  
curves 2 and 3. Note that  curves 1 and 3 are wi thin  
15~ of one another  and curves 2 and 3 are wi thin  
3~ of one another.  However ,  curves 1 and 2 corre-  
sFond to a complete range of solid solutions from 0~ 
to the respect ive solidus lines. In contrast, curve 3 
shows a narrow miscibi l i ty gap in the solid solution 
that  extends from 45 to 55 m / o  GaAs at a peritectic 
t empera ture  of 734.5~ An opt imum fit using a strictly 
regular  model  for the solid is significantly poorer  as 
can be inferred from Fig. 4. Moreover,  the values re -  
quired for Ws are near  4300 cal so that  the sole option 
is a miscibi l i ty gap in the solid solut ion f rom 0~ to 
over  712~ 

Strictly regular liquid and solid.--Contours of con- 
stant ~ plotted on the plane of the two adjustable pa- 
rameters,  Ws and WL show the same elongated form 
as for the previous model. The results can again be 
presented by listing the parameters  of the best-fit  l ine 
segment 

WS = SWL + i '-~- ~ [25] 
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Fig. 5. Detail in low-temperature range of GaAs-GaSb phase dia- 
gram calculated using ideal liquid-quasireguMr solid model. Liqul- 
dus lines coincide for all three calculations. The peritectic shown 
is for curve 3 only. 

Solidus Ws(cal) Vs(eu) o'SOL(~ 

1 --2514. --6.0 15.6 
2 0.0 --3.385 18.6 
3 +608.2 --3.854 20.4 
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Table IV. Summary of results for the strictly regular liquid-strictly regular solid model 

Values  a t  cutof~ 

L o w  H i g h  
Cutof f  

s i, ca l  8, ca l  a~z~, ~ F i t  in  r ~ WL(cal)  Ws(cal)  Wn(cal )  Ws(ca l )  
S t r i n g f e l l o w ' s  parameters 

WL(cal)  Ws(cal )  ~(oC) ffLIQ 

"0.342 
A1As-GaAs  0.475 
G a P - I n P  0.424 
G a A s - I n A s  0.509 
G a S b - I n S b  0.620 

" ' 0 . 804  
G a P - G a A s  0.708 
G a A s - G a S b  0.175 
I n A s - I n S b  0.240 

--S 
--60 270 8.2 Good 7 --250 --179 1600 539 
2960 150 8.5 Good 1O + 1200 3496 + 1700 3681 
2500 7.8 Good 10 --1060 1970 220 2621 
1400 4.1 Good 10 --1320 582 500 1710 

50 
50 160 1.1 Good  2.8 --2500 -- 1720 + 2500 § 2060 

4270 31 Ba d  33 -- 1500 4270 --430 4457 
2200 13 G o o d  16 + 170 2241 660 2358 

1270 0 12 - -  
2695 3630 33 29 
2695 2815 89 32 
2695 1846 52 49 

1252 985 1 - -  
467 3355 185 20 
467 2288 14 10 

" U p p e r  v a l u e s  f o r  �9 a n d  t a p p l y  f o r  W~ > 400. 
�9 " U p p e r  v a l u e s  fo r  s a n d  i apply for W~ ~ O. 

and by showing the var ia t ion  of ~ along this l ine seg- 
men t  in a plot of a against WL. The slope, s, and in te r -  
cept, i, of the best-fit l ine are listed in  Table IV along 
with the parameter  8 which has the same definition as 
previously. For  two systems the best-fit  l ine consists 
of two segments. Also shown are the lowest value of 
a and the values of WL and Ws for specified cutoff 
values of o-. 

For comparison the values (8) of WL and the re-  
vised values (9) of Ws given by Stringfellow and the 
associated values of ~ and alto calculated by  us are 
given in  the last four columns. (The associated values 
of r can be calculated using Eq. [18].) With the ex-  
ceptions of the A1As-GaAs, GaP-GaAs,  and InAs- InSb  
systems, the values of a are more than  20~ over the 
10~176 critical values chosen by  us as characterizing 
a good fit. With the exception of the GaAs-GaSb sys- 
tem, eLm is one to two times as large as aSOL for the five 
systems wi th  l iquidus points, while o'SOL is 23~ or less. 

The var ia t ion of a along the best-fit  l ine is shown 
in  Fig. 6 for the various systems. Using the same criti-  
cal values of �9 as before, the fits for six of the systems 
are satisfactory. Comparison of the fits in  Fig. 6 for the 
strictlY regular  model with those in Fig. 4 shows that  
four pseudobinaries are fit to bet ter  than  10~ with 
both models. The strictly regular  model  fits the GaP-  
InP  system much bet ter  with O'Mm ---- 8.5 ~ as opposed to 
30 ~ the InAs- InSb  system slightly bet ter  with 
O'MIN ~--- 13 ~ as opposed to 18.4~ and the GaAs-GaSb 
system significantly worse with O'Mm --- 31 ~ as op- 
posed to 13.9 ~ . On the basis of fits to the phase l ines  we 
would judge the strictly regular  model  to be slightly 
superior  at present  and, when  it is remembered that  
there is a general  pauci ty of l iquidus points, to be 
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Fig. 6. Strictly regular liquid and solid model. Variation of 
with WL along the best-fit line in the Ws-WL plane. For GaSb-GaAs 
the values of cr are given along the left-hand side of the figure. 

potential ly superior when more l iquidus points are 
obtained. 

Table IV shows that, except for GaP-InP,  there is 
a wide percentage spread in  the values of WL asso- 
ciated with a-values less than  the cutoff value. There-  
fore, the enthalpy of mixing  of the l iquid phase does 
not emerge from an analysis of the phase lines as a 
sharply defined quanti ty.  In  contrast  the var iat ion in  
Ws is considerably less for three systems, so that  the 
enthalpy of mixing  of the solid phase is defined to 
wi th in  _100 cal out of a total of 2000-400.0 cal for GaP-  
InP, GaAs-GaSb, and InAs-InSb.  For all  systems ex-  
cept G a P - I nP  the range obtained for the enthalpy of 
mixing of the solid includes the value obtained from 
the ideal l iquid-quasi regular  solid model for the excess 
Gibbs free energy of mixing of the solid at the in ter -  
mediate tempera ture  T ---- m (b in  Table III) .  

Quasiregular liquid-ideal solid.--The mi n imum 
value of ~SOL, obtainable with the quasiregular  l iquid-  
ideal solid model will  be close to that obtained with 
the ideal l iquid-ideal  solid model shown in the next  
to last column of Table III. The mi n i mum value obtain-  
able for a must  be no smaller  than  this, and therefore 
the quasiregular  l iquid-ideal  solid model will  give 
unsatisfactory fits for at least five of the seven systems 
considered. This model is not pursued further.  

Strictly regular liquid-quasiregular solid.--The l iq-  
uidus and solidus l ines for all seven systems are satis- 
factorily fit by one, if not both, of the two parameter  
models discussed in  the sections on Ideal l iquid-quas i -  
regular  solid model and Strict ly regular  l iquid and 
solid. Therefore it has already been established in  
principle that the strictly regular  l iquid-quas i regular  
solid model, which contains these simpler models as 
special cases, will give a satisfactory fit for all seven 
systems. It  therefore is the simplest var iant  of the full 
quasiregular  model that  will  satisfactorily fit all seven 
systems. It  has been applied here only to those four 
systems for which there are more than  two l iquidus 
points. For each of these systems it was found that  for 
a fixed value of the l iquid parameter,  WL, that  satis- 
factory fits were obtained along a best-fit l ine in  the 
Ws-Vs plane, similar to the si tuat ion with the ideal 
l iquid-quasi regular  solid model for which WL ---- 0. 
Enough different values of WL were used to establish 
the absolute m i n i m u m  in ~. The results are summarized 
in  Table V which lists several values of WL for each 
system, including WL = 0 for comparison, the slope, ~n, 
and intercept on the Ws axis, b, of the best-fit l ine 
(Eq. [21]), the mi n i mum value of a obtained for the 
fixed value of WL, and the value of Vs at which the 
mi n i mum occurred. Similar to the si tuation for WL = 0, 
which is discussed in the section on Ideal l iquid-quas i -  
regular  solid model and summarized in Table III, the 
value of ~ varies slowly along the best-fit l ine and gen- 
erally there is a wide range of Ws or Vs values along 
this l ine for all of which ~ is less than  the critical 
value characterizing a satisfactory fit. 
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Table V. Summary of results for the strictly regular 
|iquid-quasiregular solid model 
Asterisk entry  indicates best fit 

WL, ca] 

Ws = m Vs  + b Best  fit 

m ( ~  b (cal) 0"MIN (~ Vs(eu)  

G a P - I n P  2000 1482 3808 14 --1.5 
1500" 1482 3616 8.1 --1.0 
1O0O 1482 3397 12.8 -- 1.0 

0 1491 2900 30 --2.0 
GaSb-InSb 300 874 1686 7.5 -- 1.0 

0 875 1418 4.9 0 
--250* 863 1338 4.0 0 
--500 868 1115 4.6 0 
--800 876 868.6 6.4 --0.5 

GaAs-GaSb O 1194 4650 16.2 --6.2 
--500* 1194 4550 15.2 --5.5 

-- 1000 1194 4500 17.0 --5.0 
--1500 1210 4200 25.6 --4.0 

I n A s - I n S b  0 930 2300 18.4 + l.O 
450* 987 2180 12.6 + 1.O 
g00 987 2250 20.5 + 1.O 

The general  features of Table V are: (i) a satisfac- 
tory fit is obtained with some value of WL for each 
system; (ii) the lowest value of ~ is not much lower 
than  that  obtained with one of the s impler  models 
when the simpler model gives a satisfactory fit; (iii) 
the parameter  m, defining the slope of the best-fit l ine 
does not vary  much over the range of WL shown; and 
(iv) the parameter  b defining the intercept  of the best-  
fit l ine on the Ws axis does not vary much with WL 
except for the G a P - I n P  system, where large values of 
WL are required to obtain a satisfactory fit. 

For the GaP- InP  system r values less than  the 
adopted critical va lue  of 10~ are obtained only for 
values of WL between 1000 and 2000 cal. By interpola-  
t ion of the data in Table V this range can be nar rowed 
to about 1300-1700 cal. For the GaSb- InSb  system a 
range of WL values even wider  than the -{-300 to --800 
cal range shown allows values of ~ less than  the 10~ 
critical value, the very  slow var ia t ion of ~ along a best-  
fit Ws-Vs l ine (see Fig. 4) being accompanied by  a 
similar  slow variat ion with WL. Values of ~ less than  
6~ are obtained for values of WL between --700 and 
-{-150 cal. For the GaSb-GaAs system the value of WL 
must  lie between 0 and about --600 cal in  order to at-  
ta in  a value of ~ below 16~ For the InAs- InSb  sys- 
tem the value of WL must  lie by interpolat ion be tween 
about § and -{-650 cal in  order to a t ta in  a ~ below 
16~ 

It appears that  when a system is fit well by the ideal 
l iquid-quas i regular  solid model, that  analysis using the 
strictly regular  l iquid-quas i regular  solid model will  
improve the fit but  will  not greatly change the param-  
eters m and  b of the best-fit l ine along which the 
values of Ws and Vs giving satisfactory fits lie. There-  
fore, we infer that  the values of m and b given in Table 
III  for the three systems not analyzed with the strictly 
regular  l iquid-quas i regular  solid model (because of a 
paucity of l iquidus points) can be grouped with the 
values of m and b in  Table V for those systems that  
were analyzed. 

Discussion 
From Table IV and V it can be seen that the l iquid 

parameter,  WL, is not closely fixed as a result  of fitting 
the l iquidus and solidus lines and no clear regulari t ies 
are apparent.  For this reason and because there are 
only three systems for which more than  four l iquidus 
points have been measured (the four points of the 
GaP- InP  system are est imated),  the quasiregular  l iq-  
u id-quas i regular  solid has not been used. At present  
it appears that this model will be capable of providing 
a satisfactory fit when more l iquidus points are avail-  
able, indeed the str ict ly regular  l iqu id-quas i regular  
solid model may also. More important ,  we infer  from 
the calculations discussed thus far that  the full quasi-  
regular  model will still yield a best-fit  l ine in  the 
Ws-Vs plane that is close to those given in  Table V and 
III. I n  other words, a fit of the l iquidus and solidus 

Table VI. Solid solution parameters m and b from computer fits of 
pseudobinary sections 

2m/  (Tz + T2) b, cal  b (ca lc ) ,  cal 

A 1 A s - G a A s  1.Ol 0.O ~--- 300 O.O 
G a P - I n P  0.96 3616 4" 200 3948 
G a A s - I n A s  0.98 2550 • 200 2589 
G a S b - I n S b  0.97 1338 • 400 1233 
G a P - G a A s  1.ol  31 • 200 56 
G a A s - G a S D  0.96 4550 -4" 200 4299 
I n A s - I n S b  0.98 2180 ----. 150 2180 

lines by the models discussed has afforded a char-  
acterization of the thermodynamic  properties of the 
solid phase that most l ikely will  not be basically 
changed by application of the quasiregular  model to 
both phases. This characterization is shaped by the 
choice of the quasi regular  model of a phase as a gen-  
eral  framework. But it is also influenced by the 
procedure of adopting a critical value of a and accept- 
ing on equal terms all fits with �9 values less than  this, 
ra ther  than  simply taking the one fit with the min i -  
mum value of a. The lat ter  would lead to a unique  
value of Ws and Vs and a definite enthalpy and excess 
entropy of mixing  of the solid. The former leads to the 
result  that for the solid phase at one temperature,  
T : m, the excess Gibbs free energy of mixing  is equal 
to b with an uncer ta in ty  of about __.200 cal. We wish 
now to discuss these parameters.  

Table VI shows the ratio of m to the average mel t ing 
point ( in ~ of the two I I I -V compounds defining a 
pseudobinary section, the value of b obtained from the 
computer fits, and a calculated value, b (calc), obtained 
from the equat ion 

{ 2 ( a l - - a 2 )  } 6 
b (calc) : 237.5(10 s) " (al -{- a2) [26] 

where al and a2 are the room tempera ture  lattice pa- 
rameters  of the I I I -V compounds. It  can be seen that  
m is 0.98 __ 0.03 of the average mel t ing points of the 
I I I -V components in  all cases and that  b(calc)  is 
wi th in  250 cal of the center of the range in  b deter-  
mined  from the computer  fits. The case of G a P - I n P  is 
interest ing in that t h e v a l u e  of b for WL : 0 does not 
fit the empirical correlation given by Eq. [26]. How- 
ever, as WL is changed toward 1500 cal in  order to 
obtain a fit bet ter  than  the critical value of 10~ the 
value of b increases sufficiently to agree with b (calc) 
to wi thin  232 cal. The correlat ion of b with fractional 
lattice parameter  difference is also shown in  Fig. 7 
where b is plotted against the sixth power of this 
variable.  Based on the premise that  the I I I -V solid 
solutions can be described as strictly regular, St r ing-  
fellow (9) has presented arguments  that  the interac-  
t ion energy ought to vary as the square of the lattice 
parameter  difference and the negative 4.5th power of 
the average lattice parameter  of the two pure I I I -V 
compounds. If the values of b given in  Table VI are 
plotted against this variable and a best straight l ine 
drawn, the fit is decidedly inferior to that  afforded by  
Eq. [26]. 

The values of b given in  Table VI are wi th in  500 
cal of the values for the solid parameter,  Ws ob- 
ta ined by  Panish and Ilegems (7) using a strictly 
regular  model for both the l iquid and solid phases. 
However, the thermodynamic  in terpre ta t ion  of the two 
quanti t ies is different as discussed previously. More- 
over it is not clear how closely the value of Ws in the 
strictly regular  model is defined using the available 
pseudobinary and te rnary  data. As indicated in  the 
section on Strictly regular  l iquid and solid, the pseudo- 
b inary  data alone does not always suffice to yield a 
closely defined value for Ws. 

Encouraged by  the remarkable  correlat ion estab- 
lished for m and b in  Table VI, we postulate that  for 
all eighteen III-V pseudobinary sections that:  (i) the 
strictly regular  l iquid-quas i regular  solid model will  
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Fig. 7. Intercept b of the best-fit line in the Ws-Ys plane for 
various pseudobinory systems (from Tobies III and Y), plotted 
against the sixth power of fractional difference in room tempera- 
ture lattice parameters of II l-Y components. Ao = Ial - -  a2I, 
a = ( ! /2)  (al -]- a2) 

give a satisfactory fit of the l iquidus and solidus lines 
as more l iquidus and solidus points are obtained, and 
(ii) the excess Gibbs free energy of mixing will be 
given by 

AGMxs(S) = bylY2 

[ 2 ( a 1 - - a 2 )  ] 6 
: 237.5 (108) ~ "~ a2) NlY2 cal/mole [27a] 

at 

T = m : 0.495 (T1 -F T2) [27b] 

We are aware of no exper imental  thermochemical  data 
to check this correlation. Unfortunately,  its application 
to pseudobinary phase diagram calculations is some- 
what  restricted because in effect it only predicts the 
best-fit l ine in the Ws-Vs plane along which the values 
of Ws and Vs giving a m in imum a must  lie. The range 
of, say Vs-values giving satisfactory fits, or the value 
of Vs giving the best fit, are unknown.  The value that  
ought to be used for the l iquid parameter,  WL, is also 
left unspecified. However, it would appear from the 
systems analyzed that the Vs-values ought to be gen-  
erally small, be tween about -{-2 and --5 eu. Moreover 

for the systems analyzed there is a measure of inde- 
pendence between the liquidus and solidus lines so that 
the assumption of an ideal liquid does not greatly af- 
fect the position of the calculated solidus line although 
it may well  lead to a poor fit of the liquidus. With these 
facts in mind  some comments can be made about those 
pseudobinary sections for which there is no data, while 
for four pseudobinaries, for which there is data, the 
applicabili ty of tt~e empirical  correlation can be 
checked. 

If the lattice parameters  differ by no more than  4% 
from their  average value for a par t icular  pair  of I I I -V 
compounds forming a t e rna ry  system, then  GM xs for the 
solid solution in the pseudobinary section will  be 200 
cal/mole or less. In  th is  case the solid solution can be 
fairly well described as ideal in  the tempera ture  in ter -  
val between the mel t ing points of the pure  compounds. 
(Of the remaining seven te rnary  systems with no data, 
AIP-GaP, AlP-AlAs, and AIAs-GaAs fall in this cate- 
gory.) 

On the other hand when this difference is 9.9% or 
greater, as is the case of AIP-AISb, GaP-GaSb, and 
InP-InSb, then b is 22,000 cal/mole or greater. The 
possibility of a miscibility gap in the solid solution can 
be examined by constructing a best-fit line according to 
Eq. [21] on a plot such as Fig. I with ~n and b given 
by Eq. [27b] and [26], respectively. The following 
common conclusion is reached. Unless the values of Vs 
giving satisfactory fits are either larger than 36 eu or 
smaller than --80 eu, all three systems will show a 
miscibility gap in a temperature range between the 
higher melting point and at least as low as the lower 
melting point. Specifically, either a normal miscibility 
gap with Tc greater than the higher melting point 
(--3.97 < Vs ~ 36), or an inverted miscibility gap with 
T~ less than the lower melting point will form (--80 
Vs < --3.97). The large magnitudes required of Vs to 
avoid a miscibility gap seem unlikely to be en- 
countered. 

For the AIAs-AISb system, for which the lattice 
parameters differ by an amount that is 8.08% of the 
average parameter, the calculated value of b is 6340 
cal/mole and the situation is intermediate. Except for 
a short segment, the predicted best-fit line in the 
Ws-Vs plane lies between the line of constant critical 
temperature equal to 2043~ the melting point of AlSb, 
and that  of constant  critical tempera ture  equal to 
1330~ the mel t ing point of A1Sb. Values of Vs greater 
than  --3.7 are associated wi th  a normal  miscibi l i ty gap 
with 1330~ --~ T~ ~ 2,0/43. Values of Vs less t h a n  --4.2 
are associated with an inverted miscibil i ty gap with Tc 
in  the same range. Only for --4.2 < Vs < --3.7 is there 
complete solid solution in the 1330~176 interval.  

There are four remaining pseudobinary sections for 
which there is experimental  data but  which were not 
discussed in the main  section of this paper. They were 
analyzed using the ideal l iquid-quas i regular  solid 
model and again a best-fit l ine was found in  the 
Ws-Vs plane. The results are summarized in Table VII. 
In  the case of the first two systems there is excellent 
agreement  between the parameters  of the best-fit line, 
m and b, as obtained from the computer fits and the 
values calculated for these parameters  from the corre- 

Table VII. Results from ideal liquid-quasiregular solid model for four additional systems 

No. of 
liquidus and 
solidus points 

Bes t  St  
F r o m  Eq.  [28] 

Bes t -S t  l i ne  and  [27b] 

ReL ~r~XN (~ Vs (eu) m (~ b (cad m b 

A I A s - I n A s  0-6 
A I S b - G a S b  10-6 
AiSb-InSb 13-13 

** 4-13 
InP-InAs 3-3 

2 6.6 -- 1.5 1610 2050 1564 2268 
"19 ,20 ,21  28 0 1150 0 1111 O 
"19, 22, 23 28.7 + 4 1012 180.5 1064 625 

19.4 + 2 990 159 1064 625 
24 17 > +  12 1261 970 1228 25 

* Solidus points from cooling c u r v e s  are  discarded. 
** E l i m i n a t e  liquidus points of Ref.  (23). 
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lations represented by Eq. [27b] and [26]. The fact that  
~rMIN for the A1Sb-GaSb system is no lower than  26~ 
can be a t t r ibuted in large part  to the scatter of the ex- 
per imental  d a t a  and in  part  to the fact that  the two ,ooo 
l iquidus points between 55 and 100 m/o  GaSb are 
about 40 ~ below the calculated liquidus. 

The poor fit obtained for the A1Sb-InSb system is 
essentially all due to the scatter in  the data. The l iq-  
uidus points of Goryunova  (23) are some 35~ higher 
than  those of Koster and Thoma (19) in  the 20-45 m/ o  
A1Sb interval.  The solidus points of Goryunova  (23) 
show a scatter of about  ___ 12~ between 0 and 60 m/o  
AISb and are about 20~ higher than the point of 
Wooley and Smith (22) at 15 m/o  A1Sb. In  spite of this, 
the agreement  of the value of m obtained from the ~- 
computer analysis with that  calculated from Eq. [27b] 
is wi th in  5%. The value of b is about 450 cal below the 700 
value of 625 cal calculated from Eq. [26], somewhat  
more than  the _ 250 cal deviation expected. If the l iq-  
uidus points of Goryunova are eliminated, the results 
shown in  the asterisk en t ry  of Table VII are obtained, c o o  

The value of ~MIN is lowered to about the l imit  set by 
the scatter of the solidus data, bu t  the values of m and 
b obtained are in poorer agreement  with the predicted 
values. When the l iquidus points of Goryunova et al. 
are used, and those of Koster and Thoma eliminated, a 
value of 28.6~ is obtained for ~ I N  (eLm being 22.6~ 
even with the strictly regular  l iquid-quas i regular  solid 
model. Therefore we conclude the l iquidus points of 
Goryunova et al. are seriously in error, especially in  
the 25-45 m/o  A1Sb interval .  The phase lines have been 
calculated using the ideal l iquid-quas i regular  solid 
model and are shown along with exper imental  points 
in  Fig. 8. The lower solidus l ine was obtained using 
Ws = 625 cal, Vs : 0 eu, a point on the predicted best-  
fit line. Decreasing Ws by 200 cal to 425 cal, the uncer -  
ta in ty  in  the intercept, b, of the best-fit  line, yields the ,,oo 
upper  solidus line. Both calculated solidus lines are 
wi thin  5~176 of one another  and are 15~176 below 
the experimental  points between 25 and 50 m/o  of A1Sb. ,o5o 
We would conjecture the actual solidus l ine lies closer / 

to those calculated than  to the exper imental  points. 
For  the InP- InAs  system the value of m agrees with ~ ,oo 

that calculated from Eq. [27b] but  the value of b is 
significantly larger than  the calculated value of 25 cal. 95o 
The poor fit is almost ent i re ly  due to the three solidus 
points being significantly below the calculated line. In  
view of the poor agreement  with our  correlation and 
because the solidus points (24) appear to have been  
determined from cooling curves, we conclude the 
solidus points are significantly in error. Therefore pos- 
sible solidus lines were calculated in the following 
manner .  The l iquidus points were fit alone using the 
strictly regular  l iquid-quas i regular  solid model with 
fixed values of Ws and Vs satisfying the theoretical 
best-fit l ine equat ion (m : 1228, b : 25). For Ws : 
1253 cal, Vs = 1.0 eu, a best value of 3~ is obtained 
for O'Li Q with W L  " -  30 cal. For Ws : 25 cal, Vs : 0.0 
eu, we find ~Lm = 3~ at WL -- 70 cal. The solidus lines 
generated with either set of parameters are wi th in  2~ 
of each other, as are the l iquidus lines. The calculated 
lines are shown in  Fig. 9 along with the exper imental  

InSb-AlSb O 

9 o a f  o 

8 0 0  

O O 

O 

O r l  

V ~ J 5 0 0  " 

o!l o ' z  ' ' ' ' ' ' 0.5 0.4 0.5 ols o.r o.s 0.9 ,.0 
X A I S b  

Fig. 8. Pseudobinary section for AlSb-lnSb. The lines are calcu- 
lated using ideal liquid-quasiregular solid model with points on 
predicted best-fit line, Ws = 625 col, Vs = 0 eu (lower, dashed 
solidus), and with Ws = 425 cal, Vs = 0 (upper solidus). Experi- 
mental data are shown as points. Circles, Goryunova et al. (23); 
triangles, Koster and Thema (19); squares, Wooley and Smith (22). 

r 

InAs- lnP 

,oo o', 0'2 o'.~ oi, 0'.5 oI~ o ' . T  o'8 o', ,.o 
XlnP 

Fig. 9. Pseudobinary section for InP-InAs. Solid lines calculated 
using strictly regular liquid-quosiregular solid model and predicted 
values for W s  and Vs. Circles represent experimental paints of 
Koster and Ulrich (24). 

points. The small  separation of the calculated lines is 
in quali tat ive agreement  with the exper imental  results 
of Wagner  and Thompson (25). 

Finally,  calculated l iquidus and solidus points are 
given in  Table VIII for six of the seven systems con- 
sidered in  the ma in  part  of the paper. The GaAs-GaSb 

Table VIII.  Calculated liquidus and solidus temperatures, T(I) and T(c), in ~ 

XCD 
A B - C D  o r  YcD O 0.05 0 . I  0.2 0.3 0.4 0.8 0.6 0.'/ 0.8 0.9 0.95 1.0 

A I A s - G a A s  T(1) 1770 1748 1724 1697 1668 1634 1596 1549 1489 1404 1240 
T ( c )  1770 1692 1625 1522 1450 1397 1357 1326 1300 1277 1257 1248.6 1240 

G a P - l n P  T(1) 1485 1464 1442 1420 1396 1370 1339 1301 1250 1171 1070 
T(c )  1485 1373 1292 1207 1167 1144 1129 1118 1107 1096 1084 1077 1070 

G a A s - I n A s  T(1) 1240 1223 1204 1184 1162 1136 1107 1073 1031 982 942 
T ( c )  1240 1166 1118 1062 1031 1010 995 984 973 963 952 947.3 942 

GaS l>- InSb  T(1) 712 701 688 674 659 641 622 599 573 546 525 
T(c )  712 673 645 609 587 572 561 553 546 538 532 528 525 

GaP-GaA_s  T(1) 1485 1469 1452 1433 1413 1391 1367 1340 1310 1276 1240 
T ( c )  1485 1462 1440 1402 1370 1343 1320 1300 1282 1267 1253 1248 1240 

I n A s - I n S b  T(1) 942 926.4 910 892 873 851 826 794 753 688 525 
T ( c )  942 787 695 617 587 572 563 556 aS0 543 535 530 525 
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system, discussed in  connection wi th  Fig. 5, is omit ted.  
The ideal  l i qu id -quas i r egu la r  solid mode l  was used  for  
the  A1As-GaAs and G a P - G a A s  systems having no ex -  
pe r imenta l  l iquidus  points. The s t r ic t ly  r egu la r  l iqu id-  
quas i regu la r  solid model  was used for the  others.  In  
eve ry  case the  values  of the  model  pa ramete r s  giving 
the best  fit were  used as given in Table  V or  Table  I I I  
and Fig. 4. We bel ieve  the  ca lcula ted  points  in Table  
VII I  a re  the  best  present  es t imates  and are  especia l ly  
he lpfu l  for those systems l ike G a S b - I n S b  and InSb-  
InAs where  there  is not iceable  scat ter  in the  exper i -  
men ta l  sol idus points. 
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ADDENDUM 
Af te r  submiss ion of this  paper  for  publ ica t ion  a r e -  

de te rmina t ion  of the  solidus l ine in the  G a A s - G a S b  
sys tem appea red  in p r in t  (26). F ive  solidus points  a re  
given, which ex tend  as low as 30 m / o  GaAs. Moreover  
a per i tec t ic  t e m p e r a t u r e  of 745~ wi th  a misc ib i l i ty  gap 
from 38 to 61 m / o  GaAs is est imated.  A fit of 13~ can 
be obta ined  to the  l iquid  and solidus points  wi th  WL = 
--500 cal, Ws --  5566 Cal, and Vs = 1.5 eu. However  
a l though the  ca lcula ted  misc ib i l i ty  gap  extends  f rom 
near  40 to near  60 m/o ,  the  ca lcula ted  per i tect ic  t em-  
pe ra tu re  is only  733~ Using the quas i regula r  model  
for  both  l iquid  and solid one can obta in  a per i tec t ic  
t empe ra tu r e  of 740~ and a 45-55 m / o  misc ib i l i ty  gap 
only if i t  is assumed that :  (i) the  value  of 712~ for 
the  mel t ing  point  of GaSb is low b y  at least  4~ or  
(ii) the  va lue  of 15.8 kca l /mole  for  the  hea t  of fusion 
of GaSb is h igh b y  2.2 kcal.  The requ i red  e r rors  are  
g rea te r  to account for  the  repor ted  per i tect ic  t e m p e r a -  
ture  of 745~ and misc ib i l i ty  gap ex tending  from 40 to 
60 m/o .  We feel  these assumptions  are  unl ikely .  There -  
fore e i ther  the expe r imen ta l  per i tec t ic  t empe ra tu r e  and 
misc ib i l i ty  gap are  cons iderably  in e r ror  or  the  quas i -  
r egu la r  model  is inadequa te  for G a A s - G a S b  and most  
l ike ly  for  all  I I I -V  pseudobinar ies  in which the la t t ice  
pa ramete r s  of the components  differ by  more  than  7% 

of the i r  average  value.  I t  is apparen t  tha t  more  da ta  on 
the  misc ib i l i ty  gap in  G a A s - G a S b  solid solut ions a re  
h ighly  desirable.  
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Thermal Nitridation of Magnesium at Lower Temperatures and 
Pressures of the Nitrogen Atmosphere 
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ABSTRACT 

The dependence of the thermal  ni t r idat io~ of polycrystal l ine magnes ium 
specimens, located in  pure nitrogen, on time, temperature,  and pressure has 
been  investigated. Parameters  of the experiments  were chosen with regard 
to the conditions of ni t r idat ion in  a d-c and rf  discharge plasma. The tempera-  
ture  dependence was measured up to 500~ and was not detectable below 
300~ The long term kinetic plot at intermediate  tempera ture  450~ follow- 
ing the init ial  period, can be approximated by a logarithmic dependence, and 
the best explanat ion of the ni t r idat ion mechanism seems to be Fehlner  and 
Mott's conception based on boundary  diffusion. The value of the activation 
energy of the process calculated from the l inear  parts of the ni t r idat ion 
curves at different temperatures  was 19.2 kcal/mole.  The pressure dependence 
of the ni t r idat ion was measured in the range of 0.2-400 Torr  and could best be 
described by a pl/4 dependence. 

Although definite analogies exist be tween oxidation 
and nitr idation,  much less a t tent ion has been given to 
ni t r ide systems and the theoretical approach to gas- 
solid reactions is concerned with oxidation only. 

The present paper describes the thermal  growth of 
magnesium nitr ide on polycrystal l ine magnesium in  N2 
under  the same conditions (pressure and temperature)  
as we used for experiments  in  d-c and rf glow dis- 
charges (1). The results allow us to dist inguish be-  
tween thermal  effects and those effects due to the 
plasma, in  the ni t r idat ion process. The authors of exist- 
ing publications on this subject  general ly  aimed at 
finding the most effective methods of producing the 
ni t r ide and therefore investigated the thermal  process 
at higher temperatures  and higher gas pressures than 
occur in  a discharge plasma [summarized in Ref. (2, 
3) ]. A few studies on kinetics under  widely varying  
conditions have been reported: these include linear, 
parabolic, and logarithmic laws of ni t r idat ion and 5-50 
kcal /mole  activation energy for this process (4-11). 

Experimental Arrangement and Procedure 
The metal l ic  samples were used in  the form of round  

specimens (diameter  10 ram, thickness 0.45-0.7 nun )  
cut from a magnesium sheet which contained the fol- 
lowing amounts  of impurit ies:  Mn, 1.41%; Zn, 
0.003%; Fe, ~ 0.001%; Cu, 0.0005%; Pb, Ni, Si, A1, 
0.0005%; and Ag, ~ 0.0002%. Although there was a 
relat ively high content of Mn compared with the sam- 
ples used in Ref. (5), the agreement  of our results in -  
dicates that  it has no significant effect on the mag-  
nesium nitr idation.  

The surface of the specimens was cleaned by  a 
chemical t reatment :  they were immersed in dilute 
ni t r ide acid, washed in  distilled water  and ethyl al- 
cohol, and dried. The specimens prepared in  this way 
were placed into molybdenum glass ampoules whose 
volumes (30 ml-2 liters) were large enough to ensure 
that the N2 pressure decrease due to the chemical re-  
action would not exceed 5%. Outgassing of the am- 
poules and specimens was achieved by heating them to 
200~ while pumping cont inuously with an oil diffusion 
pump to a pressure of 10 -6 Torr. Finally,  the ampoules 
were filled with spectroscopically pure ni t rogen to the 
appropriate pressure (measured by an oil manometer)  
and sealed. The thermal  t rea tment  was accomplished 
in an oven of 0.75 m 8 volume whose temperature  was 
measured by a thermocouple and main ta ined  auto- 
matical ly  at a constant value. 

Key words: magnesium thermal nitridation, kinetics. 

The concentrat ion of the magnesium nitr ide pro-  
duced dur ing  the ni t r idat ion period was determined 
immediately after opening the ampoule by the follow- 
ing chemical method: the ni t r ide was dissolved in  1N 
hydrochloric acid so that the ni t rogen bound  in the 
nitr ide changed into ammonium ions according to 

MgSN2 + 8HC1 ~ 3MgCI~ + 2NI-I4C1 

The quant i ta t ive  determinat ion of NH4 + after the re-  
action with the Nessler agent (alkaline solution of 
mercu ry ( I I ) -po ta s s ium iodide) was carried out by a 
colorimetric method. The sensit ivity of the chemical 
analysis was 5 • 10 -3 mg NH4+/liter.  The average 
error of the whole analytical  determination,  including 
the colorimetric measurements,  was about 6%. The 
film thickness was calculated using the factor 1 ~g 
NJcm~ = 130A. Each point plotted on the graphs is an 
average value taken from at least four measurements.  

Results and Discussion 
The process of magnes ium ni t r ida t ion  was invest i -  

gated in  a tempera ture  range from 200 ~ to 500~ and 
pressure range from about 0.2 to 400 Tort.  The results 
are summarized in  Fig. 1-4. 

We have found the first signs of measurable  ni t r ida-  
t ion at a tempera ture  of about 300~ in agreement  
with Ref. (5, 9). Higher values given, e.g., in  Ref. (4, 6) 
may probably be ascribed to a lower sensit ivity of the 
methods used for the ni t r ide determination.  At tem- 
peratures higher than  500~ the invest igat ion became 
difficult due to the relat ively high vapor pressure of 
magnesium (12) and the film formation was then in-  
fluenced by magnesium subl imat ion (1, 5, 6, 8, 9). The 
dependence of the extent  of n i t r idat ion on tempera ture  
has an exponential  character, as expected. 

In  most of our measurements,  the specimens were 
exposed to ni t rogen for a t ime comparable with the 
analogous plasma experiments.  In  addition, we have 
also investigated the kinetics of the magnesium ni t r ida-  
t ion at the intermediate  temperature  450~ for 10 hr  
(Fig. 1). During this long period a film thickness of 
about 1300A was achieved. To in terpre t  the course of 
the ni t r idat ion curve in Fig. 1, some of the theories 
and models which have been proposed to explain in te r -  
mediate temperature  oxidation (13-15) might  be ap-  
plied. After an ini t ial  period, which lasted about 20 
min, the average film thickness was about 75A. The 
sensit ivi ty of the chemical method of analysis was suf- 
ficient to yield a measure of the n i t r ida t ion  after I0 
min  from the beginning of the experiment.  After  this 
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Fig. I .  Time dependence of nitridation of magnesium at 450~ 
and p = 1.2 Tort ( ~  is weight of nitrogen uptake per unit suOace 
are=). 

t ime we have always observed an  increase of the 
ni t r idat ion rate. It  seems that  the process of successive 
heat ing of the ampoules, gas, and specimens, and the 
associated t ransient  thermal  phenomena,  was the ra te-  
determining process in  the ini t ial  stages of reaction. 

The long term kinetic plot is approximately logari th-  
mic in form. Such a kinetic form is predicted by the 
Cabrera-Mott  model (16) of high field ionic t ranspor t  
and also by the Fehlner-Mott  model (17) of grain  
boundary  diffusion coupled with a bimolecular  process 
for grain  growth. Perrow et al. (18) employed t rans-  
mission electron microscopy to s tudy the s tructure of 
thin nickel oxide films (thicknesses comparable with 
those of our magnesium films) formed on polycrystal-  
l ine metal  substrate and found that  the ma in  defects 
inside the films were the boundaries  between the small 
oxide crystallites which acted as low resistance diffu- 
sion paths especially at in termediate  temperatures.  
The character of the boundaries  among various 
oriented grains of the  metal  substrate is often t rans-  
mit ted to the growing film and anomalous structures 
can arise as Finch and  Quarell  (19) found for mag-  
nesium oxide films formed on magnesium. I t  is quite 
l ikely that n i t r idat ion of magnes ium involves a com- 
plex heterogeneous mult is tage process since existing 
oxidation theories cannot unequivocal ly  describe the 
details of the present  results. 

In  Fig. 2 parts of the n i t r ida t ion  curves (without  the 
init ial  periods) are plotted for specimens exposed to 
n i t r idat ion at different temperatures  for 1 hr  only, the 
t ime impor tant  for our  plasma experiments.  A pressure 
of about 1 Torr  was chosen for the same reason. For  
the small  film thickness of about 300A a phase bound-  
ary  reaction determines the growth rate resul t ing in  a 
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Fig. 2. Linear parts of nitridation curves at different tempera- 
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Fig. 3. Plot of logarithm of linear rate constant vs. I / T  

l inear  relat ion between weight  gains and time. The 
l inear  dependence in this period is unders tandable  and 
can be explained by the fast growth of ni t r ide crystal-  
lites at the beginning  of the gas-solid reaction. 

The value of the rate constant  at 450~ calculated 
from the curve in  Fig. 2 is equal  to 3.8 X 10-~ mg /cm 2 
hr  and is in  good agreement  with the value 4.0 • 10 -a  
mg/cm 2 hr, given by Sthapi tanonda and Margrave (5). 
Their published results and those in  Ref. (11) are only 
suitable for a comparison with our  data from the point 
of view of the s imilar  exper imental  conditions. A plot 
of log klin vs. 1/T is shown in  Fig. 3. The value of the 
activation energy of the process calculated from this 
dependence is 19.2 kcal /mole  [22.3 kcal /mole in  Ref. 
(5)].  In  Ref. (6, 7) values of 49.9 and 31.7 kcal /mole  
were found for very thick films where lattice diffusion 
is the ra te-control l ing process and the magnesium 
ni t r idat ion has a parabolic t ime dependence. The rela- 
t ively low value of Q obtained in  our case supports 
the suggested mechanism of ni tr idat ion.  The value 5.8 
kcal /mole reported by  Belin (8) for the domain of 
exponential  dependence of nitr idation,  when  the n i -  
tride film grew on well  outgassed Mg, shows that  the 
pur i ty  of the surface of the specimens plays an impor-  
tant  role in the whole process. 

The dependence of the n i t r ida t ion  rate on the gas 
pressure at 450~ and after 30 rain reaction is shown 
in  Fig. 4. We can state that  the influence of gas pres-  
sure for the very short exposure periods is relat ively 
small  and that  it can be best approximated by  a fourth 
root dependence. It  appears to be consistent with the 
assumption of a boundary  diffusion mechanism rather  
than  with the porous model adopted in  Ref. (5) on the 
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Fig. 4. Extent of reaction after 30 mln at 450~ at different 
pressures. 
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basis of the fact that  the ratio of molar  volumes of 
magnesium to magnesium nitride is smaller than unity. 
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ABSTRACT 

Rates of oxidative vaporization of Cr208 on preoxidized resistively heated 
chromium were determined in flowing oxygen at a pressure of 0.115 Torr for 
temperatures from 1000 ~ to 1300~ Reaction controlled rates were obtained 
from experimental  rates by a gold calibration technique, and these rates were 
shown to agree with those predicted by thermochemical analysis. The activa- 
tion energy obtained for the oxidative vaporization reaction corresponded 
numerically with the thermochemical enthalpy of the reaction. A theoretical 
equation is given for calculating the rate from thermodynamic data using 
boundary- layer  theory. 

Numerous investigators have studied the kinetics of 
chromium(III)  oxide (Cr2Os) scale formation on 
chromium and chromium-containing alloys heated in 
oxidizing environments (1-8). Gravimetric measure- 
ments above 1000~ yield a net weight loss which has 
been shown to be due to the loss of the gaseous species 
chromium(VI) oxide (CrOs) formed from the reaction 
of the Cr20~ protective scale with oxygen (3). The 
volatilization of CrO3 has been incorporated into the 
analyses of the kinetics of oxidation of materials with 
Cr2Os scales (7, 9). However, Caplan and Cohen (5), 
Hagel (3), and Graham and Davis (10) appear to be 
the only investigators to have measured explicitly the 
oxidative vaporization of Cr203. 

Caplan and Cohen (5) established that CrO3 was the 
species which accounted for the evaporation of chro- 
mium oxide when Cr203 was heated in oxygen, al- 
though they did not identify CrO3 in the vapor phase. 
Grimley et al. (11) subsequently identified this mole- 

Key words: oxidation, vaporization, kinetics, chromium, thermo- 
dynamics, activation energy. 

cule in the vapor phase by  mass spectrometry. Hagel 
(3) measured the rate of weight loss of Cr2OS heated 
in oxygen and obtained a vaporization-temperature 
relationship which he used to correct his scale forma- 
tion data. Hagel's vaporization corrections may be 
valid for his data obtained in a single experimental 
arrangement. However, his vaporization data cannot be 
considered as valid for other experimental arrange- 
ments (6, 9) because the volatilization reaction was 
undoubtedly gas diffusion controlled under the condi- 
tions of his experiments (furnace tests with static oxy-  
gen pressure of 76 Torr).  The danger in using furnaces 
to study reactions that yield volatile products has been 
explained by Fryburg (12). Experimental techniques 
required to obtain meaningful data for such reactions 
have been described by Fryburg  and Petrus (13, 14) 
for the oxidation of platinum. They showed that above 
a certain gas pressure (dependent on sample size and 
geometry) oxidative vaporization reactions become 
limited by mass transport  through a boundary layer. 
Bartlett  (15) has developed mass transport  equations 
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which adequately expla in  exper imenta l  results over a 
wide range of temperature,  pressure, and flow rate for 
the oxidation of both p la t inum and tungsten.  Consider-  
ations such as these mus t  be applied when  studying the 
oxidative vaporization of Cr~O3. 

Recently Graham and Davis (10) investigated the 
oxidative vaporization of hot-pressed and sintered 
samples of Cr203 in  free and forced convection in the 
pressure range from 10 - s  to 1 atm. They proper ly  
treated the mass t ranspor t  problem and showed that  
the total pressure and flow dependencies were con- 
sistent with the assumption that  the rate controll ing 
step was the diffusion of CrOs(g) through a s tagnant  
boundary  layer. However, this s tudy was made only 
at 12O0~ and rates were not measured in  the reaction 
controlled regime. 

The work reported here was under taken  to deter- 
mine  the rate of oxidative vaporization of Cr~Os (s) in 
molecular  oxygen and its dependence on temperature.  
The work was part  of a s tudy of the enhanced oxida- 
t ion of Cr~Os and chromium produced by exposure to 
oxygen atoms [see following paper (16)]. The experi-  
menta l  a r rangement  used in  the program was dictated 
by  requirements  of the oxygen atom study. While this 
a r rangement  did not lend itself to a simple theoretical 
mass t ransport  analysis, meaningfu l  rate data were ob- 
tained by the use of a gold cal ibrat ion technique. 

Exper imental  
Samples.--Test samples (12 cm long by  0.3 cm wide 

and  0.04 cm thick) were prepared from a chromium-0.1 
weight per cent (w/o)  y t t r ium alloy made from iodide 
chromium by arc mel t ing  and drop casting into a 
water-cooled copper mold. The small  y t t r ium addit ion 
improves oxide adherence. Samples were diamond 
sawed from hot rolled sheet of the alloy. Sample sur-  
faces were cleaned with a dental  abrasive uni t  (using 
50 ~m a lumina  powder and ni t rogen gas) and anodi-  
cally electropolished in  a 2% sodium hydroxide solu- 
t ion for from 1 to 3 min  with a current  density of 0.3 
A-cm-% Prior  to testing, samples were washed with 
hot water  and  r insed in ethanol. 

Emission spectrographic and chemical analysis of 
samples yielded the following typical impur i ty  analysis 
in  parts per mill ion:  230 iron, 10 a luminum,  8 copper, 5 
calcium, 2 magnesium, 60 carbon, 50 oxygen, 5 nitrogen, 
and 5 hydrogen. 

Apparatus.--A schematic diagram of the exper imen-  
tal a r rangement  is shown in  Fig. 1. The sample was 
supported vert ically by a fixed clamp at the top and a 
movable clamp at the bottom to allow for thermal  
expansion when the sample was heated. The bottom 
clamp was mounted  in  a l inear  bal l  bushing in such a 
fashion that it was free to move vert ical ly but  con- 
s trained from rotating. 

The test chamber was evacuated with two 425 l i ters-  
min  -1 mechanical  pumps. A 400 l i ters-sec-1 oil diffu- 
sion pump was also available for high vacuum pump-  
ing. Gases were admitted into the system through a 
Pyrex  tube (1.4 cm OD) connected to a flow control 
and a mixing  manifold.  The glass tube was ar ranged 
so that  incoming gas impinged directly onto the flat 
side of the sample. Research Grade gases were used in 
all experiments.  

Gas pressures in  the test chamber were measured 
with a vacuum thermocouple gauge; the filament was 
heated by a 30.00 mA current  from a regulated d-c 
power supply. Thermocouple voltages were read to the 
third decimal place with a digital voltmeter.  The 
thermocouple gauge was calibrated for oxygen against  
a McLeod gauge. For other gases and gas mixtures,  
cal ibrat ion was against a fused quartz precision pres-  
sure gauge. 

Tempera ture  control for the resistively heated sam- 
ple was facilitated by a P t -P t13%Rh thermocouple 
(0.127 mm diameter  wire) spot welded to the back face 
of the sample at its midpoint.  This thermocouple was 
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Fig. I. Schematic of apparatus: 1, movable platinum resistance 
thermometer; 2, chromium sample filament; 3, shield; 4, platinum 
target; 5, eight sided rotatable target holder; 6, cooling reservoir; 
7, rotatable seal; 8, gas inlet; 9, microwave discharge cavity; 10, 
vacuum chamber; ! I ,  shutter; 12, vacuum pump; 13, window. 

the pr imary  element  for a precision set-point,  pro-  
portional controller-indicator.  The output  of the con- 
trol ler  was used to drive a voltage controlled 100A 
d-c power supply. The power supply output  was fed to 
the sample through insulated, water-cooled feed- 
throughs and flexible copper braid. 

For all exper imental  conditions the sample tempera-  
ture  was held constant  with t ime to at least _0.5~ 
Temperatures  were also measured with a micro-optical  
brightness pyrometer  (~ = 650 nm) to supplement  the 
thermocouple. The pyrometer  was sighted through a 
shut terable  window onto the back surface of the sam- 
ple and the pyrometer - read  temperatures  were cor- 
rected for window absorption and sample emissivity. 
Corrected pyrometer  temperatures  measured next  to 
the thermocouple junc t ion  were found to be in  agree- 
men t  with the thermocouple- indicated temperatures  if 
a value of 0.7 was used for the sample emissivity. This 
value is consistent with l i tera ture  values (17) for the 
emissivity of oxidized chromium. 

The pyrometer  was used ma in ly  to survey the length 
of a sample for tempera ture  gradients. Samples were 
discarded if the central  port ion opposite the opening to 
the collection target was not uni form in  tempera ture  to 
wi th in  _5~ 

Products vaporizing from the sample passed through 
an opening (2.6 cm on a side) in  a water-cooled copper 
shield and were condensed on a cooled p la t inum target. 
Eight targets (5.1 cm on a side and 0.125 m m  thick) 
were clamped against an eight-sided copper mount ing  
block by 'copper  frames screwed to the block. The block 
in  t u rn  was attached to a cylindrical  copper reservoir 
through which coolant was circulated. The whole as- 
sembly could be ex terna l ly  rotated relat ive to the 
sample so that a designated target  could be brought  
into position opposite the sample. Targets not directly 
in front  of the sample were masked from the sample 
by the copper shield. In  addition, the opening in the 
shield could be closed with an external ly  controllable 
water-cooled shutter.  Target to sample distance was 
approximately 1.8 cm. 

Ethanol  was used as the coolant for the target  as- 
sembly. It  was cooled in  a dry  ice-alcohol bath. Tests 
were made prior to actual exper iments  to determine 
target  tempera ture  as a funct ion of sample tempera-  
ture  and time. For these tests a thermocouple was at-  
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tached to the face of a target  facing the sample. These 
tests demonstrated that  the target  temperaure  could be 
held below 70~ for indefinite periods of t ime when  the 
sample tempera ture  was 1300~ Lower sample tem-  
peratures yielded proport ionately lower target  t em-  
peratures. 

Procedure for Cr2Oa(s) oxidations.--Cleaned chro- 
mium samples were preoxidized in situ before an oxi- 
dation exper iment  by heating to the desired oxidation 
tempera ture  for one-hal f  hour  in 0.115 Torr of flowing 
oxygen. For the temperatures  of the experiments  
(100O~176 approximately 0.01 mm (0.4 mil)  
oxide scales were formed as shown in  Fig. 2. 

Oxidation runs at each pressure and temperature  were 
started by opening the shutter  and collecting effusate 
on a target  for a measured length of time. At 1000~ 
runs extended for 8-10 hr  per target, but  at I250~ runs  
were only of the order of 10 min  in  length. Genera l ly  
between 5-25 ~g of chromium were collected on a given 
target. After  a series of runs  (one for each of the 
eight targets) was completed, the sample was cooled 
and the block and targets were warmed to room tem- 
perature.  Clean dry air was admit ted to the system 
and the targets were removed for condensate analysis. 
The condensate was dissolved from each target  with a 
stream of distilled water  and the resul t ing solution was 
diluted to a measured volume. Each solution was quan-  
t i tat ively analyzed for chromium content  by atomic 
absorption spectroscopy. The spectrometer was cali- 
bra ted with solutions prepared from a purchased s tan-  
dard potassium dichromate solution. The analysis 
method had a sensit ivity of 0.02 ppm chromium; sam- 
ple solutions were usual ly  held in  the range from 0.2 
to 2 ppm. 

Procedure for gold calibrations.--In order to obtain 
"reaction controlled" rates from our exper imenta l  
rates, it is obvious that  we must  determine the fraction 
of the CrOa formed that  is actually condensed on the 
target. This is the "collection fraction" of the apparatus. 
In  addition, the oxidative vaporization may be diffusion 
l imited (12, 13,18). If so, we must  determine the frac- 
t ion of CrO3 volatil izing from the specimen surface that  
diffuses through the boundary  layer  to the target. This 
is called the "escape fraction." 

These two fractions were determined by measur ing  
the rate of evaporation of gold r ibbons in the appara-  
tus. The gold was 99.99% pure with silver and silicon 
being the major  metall ic impurities.  The gold samples 
were made the same length and width as the chromium 
samples bu t  the thickness was only 0.025 cm. Gold 
samples were cleaned in  aqua regia and r insed with 
water  and ethanol. 

The gold samples were mounted  and heated in  an 
identical m a n n e r  to the chromium samples. Because of 

Fig. 2. Microstructure of typical oxidized specimen of Cr-O.1% Y 
showing oxide scale. Etchant: 10% sulfuric acid/chromic acid. 

the high thermal  conductivi ty of gold, tempera ture  
gradients were unavoidable:  usual ly  a tempera ture  
drop of about 20~ existed over the length from the 
midpoint  to the top or bottom edge of the collection 
opening. Temperatures  were measured with the optical 
pyrometer  at 0.5 cm intervals  over the 2.6 cm collec- 
t ion opening. Rates of evaporat ion were calculated and 
summed for 0.5 cm increments  along the sample using 
the average temperature  of each increment.  

Exper imental  runs  were performed at temperatures  
around 1000~ both under  good vacuum conditions 
(<5  • 10 -6 Torr) and under  the conditions of the oxi- 
dation experiments:  with flowing oxygen at 5 l i ters-  
hr  -1 (STP) and 0.115 Torr  pressure. Between 25 and 
50 ~g of gold were collected on each p la t inum target. 
The quant i ty  of gold on each target was determined by 
dissolving the gold in  a s tream of concentrated nitr ic 
acid, di lut ing with water  to a measured volume, and 
analyzing the solut ion by atomic absorption spectros- 
copy. The sensi t ivi ty  of the gold analysis was, 0.1 ppm. 

Thermochemical  Predictions 
Fryburg  and Petrus  (13) showed that  kinetic data, 

obtained from a s tudy of the oxidative vaporization 
of plat inum, could be correlated with equi l ibr ium ther-  
modynamic data. It  is useful to reverse this process 
and to predict kinetic behavior  from thermodynamic  
data. Kellogg type (19) equi l ibr ium thermochemical  
diagrams aid in  such predictions, as demonstrated by 
Gulbransen  and Jansson (20-23) for the chromium- 
oxygen system. Gulbransen  and Jansson employed the 
free energy of formation (~G~ and equi l ibr ium con- 
stant  (log Kp) data for the gaseous chromium-oxy-  
gen molecules CrO, CrO2, and CrO8 as compiled by 
Schick (24) from the original  mass spectrometric 
studies of Grimley et al. (11). The diagrams show that  
the impor tant  molecular  species in  equi l ibr ium with 
Cr20~(s) and O~(g) should be CrOs(g) and CrO~(g) 
in  the temperature  range 1000~176 and at oxygen 
pressures greater  than 10 -6 arm. The results of a recent 
t ranspira t ion s tudy of the Cr208-O2 system by  Kim and 
Belton (25) which apparent ly  yielded more rel iable 
data for CrO3 (g) were employed by Kohl  and Stearns 
(26) to construct revised diagrams which showed that  
the CrOs molecules should be greater  than  an  order 
of magni tude  more abundan t  than  indicated by  GuN 
bransen  and Jansson. Recent mass spectrometric 
studies on the vaporization of CrO3 (c) by Schafer and 
Rinke (27), McDonald and Margrave (28), and Wash- 
b u r n  (29) have established the existence of several 
"new" chromium oxide vapor species: (CrOs)3, 
(CRO3)4, (CRO3)5, CrsO~, Cr4010, and Cr~O18. In  addi- 
tion, Cry(g) has been identified by Kan t  and Strauss 
(30). Therefore we have recalculated diagrams for the 
chromium-oxygen system and included the new vapor 
species. 1 

A thermochemical  diagram at 1500~ is shown in  
Fig. 3. The diagram was constructed by  the methods 
out l ined by Gulbransen  and Jansson (20). For  Os pres- 
sures greater  than  10 - s a t m ,  CrOs(g) is still the pre-  
dominant  vapor species above Cr~Os(s) bu t  the new 
species Cr307 (g) becomes more impor tant  than  
CrO2(g) for O~ pressures greater  than 10 -1 arm. The 
slope of the CrO3(g) l ine in  the Cr2Os(s) phase region 
is ~ and can be expected to describe the dependence 
of CrO3 (g) pressure on oxygen pressure [as shown by 
Graham and Davis (10) ]. 

From the respective diagrams at different tempera-  
tures one can obtain the vapor pressures of each spe- 
cies as a funct ion of tempera ture  for any  given oxygen 
pressure. Thus, in  Fig. 4 we have plotted the vapor 
pressure of the major  species over the Cr208 (s) phase, 
for an oxygen pressure of 1.51 • 10 -4 arm (0.115 

I T h e r m o d y n a m i c  data  for  Cr(g) ,  CrO(g) ,  and e r o s ( g )  w e r e  t aken  
from Schlck (24). Data  for Cr2Oa(s) w e r e  calculated f r o m  h G ' f  
va lues  g iven  by Wicks  and  ]]lock (31). T h e r m o d y n a m i c  data  for 
CrO~(g) and  the  " n e w "  c h r o m i u m - o x y g e n  molecules  are given in 
the fo l lowing paper  (16). 
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Fig. 3. Equilibrium thermochemical diagram for the chromium- 
oxygen system at 1500~ Arrow indicates experimental oxygen 
pressure (1.51 • 10 -4  atm). 
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Fig. 4. Equilibrium vapor pressures of various oxide species of the 

chromium-oxygen system over Cr203(s) vs. ( I /T)  under an oxygen 
pressure of 1.51 • 10 -4  atm. 

Torr) ,  against reciprocal temperature.  From this figure 
it is obvious that  CrOs(g) will  be the major  vapor 
product in  the oxidative vaporization of Cr208 (s) un-  
der our experimental  conditions over the entire tem- 
perature  range of this study. The slope of the CrOs (g) 
l ine in Fig. 4 is related to the enthalpy change for the 
reaction 

1 
CrsOs(s) -]-~--O2(g) : CrO3(g) [1] 

2 4 

In  the case of the oxidative vaporization of plat inum, 
the enthalpy change was shown to be equivalent  to the 
energy of activation for the reaction (13) and thus it 
is not unreasonable  to expect the same kind of cor- 
relat ion in the present studies. 

The vapor pressure of CrOs(g) can be expressed 
analyt ical ly  as 

--1.247 • 164 
log Pcros<g) (atm) : -k 3.20 

T 

3 
-}" "~'logPos<g) (atm) [2] 

over the tempera ture  range 1270~176 where the 

July 1974 

thermodynamic data s have been taken from the work 
of Kim and Belton (25). Using the Her tz -Langmuir  
equation and the vapor pressure of CrO3(g) from Eq. 
[2] one can calculate the rate of vaporization of 
CrOs(g) and /or  the rate of loss of chromium due to 
vaporization of the oxide. The rate of loss of chromium 
is given by  

rncr (g-cm-2-sec -1) = Pcros(g) (2~RTMcros) -1/2Mcr 

Mcr 
= 44.35 Pcroscg) (atm) [3] 

Mcrosl/ST1/S 

where M is the appropriate molecular  weight. We have 
used this equation ~ to calculate the predicted maxi -  
mum rate of oxidative vaporizations of Cr2Os (s). This 
rate corresponds to "reaction controlled" conditions un -  
inhibi ted by mass t ransport  through a boundary  layer. 

Results and Discussion 
Pre l iminary  cal ibrat ions.--Oxidat ive vaporization 

reactions obey l inear  kinetics, that is, the rates are 
time independent .  P re l iminary  experiments  validated 
the t ime independence of the rates for the oxidative 
vaporization of Cr2Os. In  addition, oxidative vaporiza- 
t ion reactions may be diffusion l imited (12, 13, 18). Ex-  
periments at different oxygen pressures and experi-  
ments  with iner t  gas additives (14) indicated that  the 
oxidation was slightly diffusion l imited for our  ex- 
per imental  arrangement .  The experimental  conditions 
were dictated by the fast-flow, intermediate-pressure  
requirements  of our oxygen-a tom oxidation studies 
described in the following paper (16). The oxygen-  
atom output  optimized at an oxygen pressure of 0.115 
Torr  with a flow rate of 5 l i t e r s - h r - z ( S TP ) .  Conse- 
quently,  all the results reported in  this paper were ob- 
ta ined at one pressure and one flow rate; namely,  0.115 
Torr and 5 l i te rs -hr  -1 (STP).  

To obtain reaction controlled rates it was necessary 
to correct the measured rates. This was done by de- 
te rmining  the "escape fraction" of the CrOs (g) formed 
in the oxidation reaction. In  addition, the geometrical 
collection fraction for the apparatus was required. 
This fraction allowed correction for the fact that  even  
in  the absence of a boundary  layer  not all of the vapor 
product reaches the collection target  (due to finite size 
of target, shield, etc.). Both the escape fraction and 
the geometrical collection fraction were determined 
exper imental ly  using gold samples of the same width 
as the Cr-0.1Y samples. 

The geometrical collection fraction was obtained by 
comparing the measured rate of evaporat ion of gold in  
a vacuum of <10 -5 Torr with the rate calculated from 
the vapor pressure data of Hul tgren  et al. (33). Two 
gold samples were used and measurements  were made 
at temperatures  be tween 1000 ~ and 1012~ An average 
value of 0.455 _ 0.05 was obtained for the geometrical 
collection fraction. 

The escape fraction was obtained by comparing the 
measured rate of evaporation of gold in a vacuum of 
<10 -5 Torr with the rate measured under  the condi- 
tions of the oxidation experiments;  namely,  0.115 Torr 
of oxygen flowing at 5 l i t e r s - h r - l ( S T P ) .  Numerous 
experiments yielded an average value of 0.335 ___ 0.04 
for the escape fraction. 

Reaction controlled rates were calculated from our 
exper imental ly  measured rate by dividing the mea-  
sured rate by the product of the escape fraction and 
geometrical collection fraction, namely  0.153 ___ 0.03. 
The error  we have associated with this product  arises 
from the precision of our experiments  and does not in- 
clude errors arising from inaccuracies in  the vapor 

s T h e  r e s u l t s  of  K i m  a n d  h e l t o n  (35) w e r e  o b t a i n e d  i n  a t e m -  
perature r a n g e  of  1600~176 W e  h a v e  adjusted their  vapor 
p r e s s u r e  e x p r e s s i o n  to  o u r  t e m p e r a t u r e  r a n g e  b y  use of  the heat  
c o n t e n t s  o f  CrO3(g) ,  O~(g) ,  a n d  Cr2Os(s) .  

3 N o t e  t h a t  t h i s  e q u a t i o n  is  s l i g h t l y  d i f f e r e n t  f r o m  t h a t  given 
p r e v i o u s l y  b y  K o h l  a n d  S t e a r n s  (26) a n d  R a p p  (33). T h e  p r e v i o u s  
e q u a t i o n  w a s  no t  d i m e n s i o n a l l y  correct  and yielded results  about 
40% too high. 
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pressure of gold. We estimate this inaccuracy to be as 
much as ___50%. Because of the magni tude  of this pos- 
sible error we have not corrected our escape fraction 
for the fact that the atomic weight and other atomic 
parameters  of gold are different from those of CrOz (g). 
Calculations indicate that  the diffusivity of CrO3(g) is 
about 10% greater  than  the diffusivity of gold. In  addi-  
tion, we have assumed that  the escape fraction is in- 
dependent of the tempera ture  of the sample. This as- 
sumpt ion is based on the fact that  for the oxidative 
vaporization of p la t inum the escape fraction was shown 
to be independent  of sample tempera ture  (14). 

Analysis o~ oxide scale and identification of oxide 
condensate.--Numerous samples of our oxide scales 
were subjected to x - r ay  diffraction. The analyses al- 
ways confirmed that the scale was Cr208. 

Two samples were subjected to ion microprobe mass 
analysis: 4 one was unoxidized start ing mater ial  and the 
other was a sample which had undergone several oxi- 
dative vaporization experiments.  Yt t r ium was detected 
in the oxide layer  of the reacted sample at a concentra-  
t ion approximately four t imes that detected in  the bu lk  
unoxidized sample. Samplings in  different regions of 
the oxidized sample showed the y t t r ium content  to 
vary  by a factor of five, while comparable data taken  
from the unoxidized sample showed y t t r ium to be 
constant. The spectrum obtained from the oxidized 
layer  a l so  revealed increases in  the levels of all metal-  
lic contaminants,  especially Fe, A1, Ca, and Mg. In  
addition, the e lements  Si, Mn, Na, and Co were ident i-  
fied as low-level  metall ic impurities.  From these re-  
sults it is concluded that  the nonvolat i le  oxide forming 
metall ic impuri t ies  tend to concentrate in  the surface 
oxide layer  on the oxidized chromium where chro- 
mium has been lost by  vaporization. However, because 
our oxide scales were general ly  removed between ex-  
periments,  this effect should not have been cumulat ive 
and should not have affected our results. 

The oxide condensate obtained in  these experiments  
formed a reddish b rown deposit on the p la t inum ta r -  
gets. When collected on polished p la t inum targets the 
condensates were always readily soluble in  water, 
forming yellow-colored solutions. If the p la t inum be-  
came etched (from cleaning in aqua regia) the de- 
posits were often only par t ly  soluble in  water  and re-  
quired 1:1 HC1 or fusion with K~S~Os. For all the ex- 
periments  reported here only polished p la t inum tar -  
gets were used, and the targets were cleaned with 
I~Sg_Os. In  addition, the oxide deposits were always 
dissolved as soon as feasible after a series of experi -  
ments. 

At tempts  to identify the deposits by  electron diffrac- 
t ion were unsuccessful and only Cr~Oa was identified. 
Apparent ly,  the hydrocarbon background in  the elec- 
tron diffraction uni t  reduced the CrO8 to Cr2Os. We 
have assumed that  the deposits were CrO3(s) based 
on their  redd ish-brown color, their  water  solubil i ty 
(Cr~O~ is insoluble in  H20),  the yel low coIor of the 
water  solutions, the thermochemical  predictions, and  
the findings of Caplan  and Cohen (5) and of Gr imley  
et al. (11). 

Pressure dependence.--Experiments were performed 
to determine the order of the reaction with respect to 
the pressure of oxygen. Thermodynamic  analysis in -  
dicates that  the rate should depend on the a/4 power 
of the oxygen pressure. Runs were made at a given 
tempera ture  in which the total pressure  and gas flow 
rate were main ta ined  constant, and the oxygen par-  
tial pressure was varied by  di lut ion with n i t rogen gas. 
The oxygen pressures were varied from 0.115 to 0.070 
Torr. Greater  di lut ion with ni t rogen seemed to produce 
a permanent  decrease in  the rate of oxidation and re-  
sulted in an hysteresis effect with changing pressure. 
Nitrogen was used as the di lut ion gas because its mo-  

~ W e  w i s h  to  t h a n k  Applied Research Laboratories, S ~ l a n d ,  
California, for providing the ion microprobe analyses. 

lecular  weight, collision cross section, and collision in- 
tegral are near ly  the same as those of oxygen. Thus, by 
keeping the total pressure of O~-N~ mix ture  constant, 
the escape fraction should also remain  constant. A log- 
log plot of our rates of oxidation vs. the part ial  pres-  
sure of oxygen for a tempera ture  of 1200~ is presented 
in Fig. 5. A l ine of slope = a/4 has been d rawn through 
the points. It  is evident  that  the rate obeys a 3/4 de-  
pendency on oxygen pressure wi th in  exper imental  pre-  
cision. 

Temperature dependence.--The effect of tempera ture  
on the rate of oxidative vaporization was measured 
over the range from 1000 ~ to 1300~ at a constant oxy- 
gen pressure of 0.115 Torr. Measurements  at lower tem-  
peratures were impractical because of the unreason-  
ably long times involved in  collecting a measurable  
condensate. A typical  set of results is shown in  Fig. 8 
in  the form of an Arrhenius  plot. The exper imental  
rates, corrected for geometrical and diffusion-limitation 
factors, are represented by the circled points. The solid 
l ine through these points was derived from a least 
squares fit of the data, and yields an activation energy 
of 61.5 ___ 5 kcal-mole - l  for the oxidation process. 

We have extensively invest igated the effect of va ry-  
ing several exper imental  parameters  on the value ob- 
tained for the activation energy. Parameters  varied in- 
cluded sample, oxygen pressure (0.050, 0.075, and 0.115 
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Fig. 5. Pressure dependence of oxidative vaporization of Cr203 
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Torr) ,  flow rate (2 and 5 l i t e r s -hr -1) ,  sample- target  
separation (1.8 to 3.0 cm), and sample composition 
(Cr-0.1Y and Ni-40Cr).  Although the actual rates 
varied with some of these parameters,  the temperature  
dependence did not and the energy of activation was 
found to be the same wi th in  exper imental  precision of 
___ 5 kca l -mo le -  1. 

Included in Fig. 6, as the dashed line, are the pre-  
dicted rates calculated from Eq. [3] for a pressure of 
0.115 Torr. As noted earlier, the exper imental  energy of 
activation and the enthalpy of reaction may be ex- 
pected to be numerica l ly  equal for oxidative vaporiza- 
t ion reactions of the type being considered. Actual ly 
the two quanti t ies are different by a small  amount  due 
to a tempera ture  term that  arises from the Hertz-  
Langmuir  equation. The energy of activation can be 
calculated from the enthalpy of the reaction by the 
relationship (34) 

E a c t / R  ---- A H ~  - -  T / 2  [4] 

The enthalpy in this tempera ture  range is ~H~ = 
57.1 kcal-mole -1. Thus the calculated energy of activa- 
t ion is 55.7 kcal-mole -1 as given in  Fig. 6. 

The exper imental  rates are not exactly comparable to 
the rates calculated from thermodynamic  data because 
the temperature  of the oxygen in  our experiments  is 
not at the tempera ture  of the specimen, in  fact, it is 
probably closer to room temperature.  5 To facilitate 
comparison we have adjusted our exper imental  rates 
by mul t ip ly ing by the factor 6 (300/T)1/2, where room 
temperature  has been taken as 300~ These adjusted 
results are given as the squared points in  Fig. 6. The 
line through these points was derived from a least 
squares fit and yields an "adjusted" energy of activa- 
t ion of 59.9 m 5 kcal-mole -~. This value may be com- 
pared with our calculated value of 55.7 _ 2 kcal- 
mole -1 and is found to be in  agreement  wi th in  experi-  
menta l  error. The rates represented by the squared 
points may be compared with the calculated rates and 
are seen to be roughly one-hal f  of the calculated rates. 
This is probably wi th in  the experimental  error of our 
measurements  which depend directly on the accuracy 
with which we could measure the vaporization rate of 
gold in our  apparatus. In  addition, we have probably 
underest imated the temperature  of the gas in  the 
boundary  layer. 5 If so, the "adjusted" rates may have 
been reduced too much and a value closer to the ex- 
per imental  rates may be more accurate. In  any case, 
the agreement  is quite good for this type of measure-  
ment.  

Theoretical rate equation.--We have shown that the 
kinetics of the oxidative vaporization of Cr203(s) in  
the reaction controlled region can be adequately de- 
scribed by the equi l ibr ium thermodynamic  data. It is, 
therefore, possible to derive an equation for the rate of 
oxidative vaporization in  any pressure region under  
various flow conditions, requir ing only the equi l ibr ium 
constant  of the reaction and the Nusselt number  ob- 
ta ined from dimensionless fluid correlations. The de- 
velopment  parallels that of Bart let t  (15). 

The oxidation process is represented by the reaction 

kf 
1/2 Cr~O~(s) W 3/4 O2(g) ~--- CrO~(g) [4] 

kb 

s The quan t i ty  of impor tance  in expe r imen t s  invo lv ing  gas-sol id 
react ions  is the collision flux of the  gas wi th  the  solid. This  de-  
pends  on the  pressure  and the  t empera tu re  of the  gas. When  a 
small  d i ame te r  f i lament  is heated  in a bulb conta in ing  gas  at  a 
pressure  low enough that  the  m e a n - f r e e  path  is comparable  to the 
d iamete r  of the bulb (Knudsen  region},  all the  gas  molecules  s t r ik -  
i ng  the wi re  have  a t empera tu re  equal  to tha t  of the bulb. As the 
pressure  is increased  a n d / o r  the d i amete r  of the wi re  is increased,  
the gas molecules  s t r ik ing  the  wi re  will h a v e  t empera tu re s  ap-  
p roach ing  the wi re  t empera tu re .  In  the  viscoelast ic  pressure  region 
one  usual ly takes  the gas  t empera tu re  in the boundary  layer  as the  
ave rage  of the wi re  and bulb t empera tu re .  In  our  expe r imen t s  the 
rat io  of the m e a n - f r e e  pa th  to the r ibbon wid th  was  about  0.2. 
While  this  is not  in  the K n u d s e n  region,  i t  is fa i r ly  close and for 
the sake of s impl ic i ty  we  have  a s sumed  tha t  the  gas  s t r ik ing  the  
c h r o m i u m  r ibbon is a t  room tempera tu re .  

e The collision flux, Z, va r ies  as T-x/2 as indicated by  the  wel l -  
k n o w n  kinet ic  theory  equat ion Z = p(21rMRT)-~/2. 

At pressures where the mean  free path (~) of the 
CrO3 (g) is large compared with the width (L) of the 
chromium ribbon, all the CrO~ (g) formed escapes from 
the r ibbon and the rate is reaction controlled. At higher 
pressures where ~/L ~ 1, some of the volatilizing 
Cr03 (g) will be back reflected to the chromium r ibbon 
where it will  decompose and the rate will  be diffusion 
limited. In  this case the rate will  be determined by the 
rate of mass t ransport  of CrOs(g) through a s tagnant  
boundary  layer of oxygen (because Pcro3 ~ Po2). 
The mass flux of CrO3(g) across the boundary  layer  is 
given by 

kmMcros (Pcros,s -- Pcros,8) 
~hD -- [5] 

P t  

where T~D is in g -cm-2-sec-1 ;  km is the mass t ransfer  
coefficient which can be calculated from boundary  
layer  theory (mole -cm-2-sec -1) ;  Pcros,s and Pcros,8 
are the steady-state values of the partial  pressures of 
CrO3(g) at the surface of the chromium r ibbon and at 
the outer edge of the boundary  layer, respectively; and 
Pt is the total pressure or the s tagnation pressure in a 
flowing system~ 

Generally,  Pcros,8 ---- 0 and Eq. [5] reduces to 

I~%D : kmMcro3Pcros ,s /Pt  [ 6 ]  

The rate of formation of CrO3 (g) by chemical reaction 
is given by 

? h a  : M c r o 3  (kfPo2,s 3/4 - -  k b P c r o a , s )  [ 7 ]  

where kf and kb are the forward and backward rate 
constants of the reaction, respectively. Po2,s is the 
partial  pressure of oxygen at the surface of the chro- 
mium ribbon. 

However, because Pcro3(g) ~ PO2, Po2,s can be 
taken equal to the pressure in  the system: Po2. We have 
tacitly assumed in Eq. [7] that  the condensation co- 
efficient of CrO3(g) on the chromium is one. 

The exact value of Pcro3.s is unknown.  However, it 
can be el iminated from Eq. [6] and [7]. In  addition, 
from consideration of the mass balance, 7~ D = T~R; and 
by definition, Ke = kf/kb. Performing these operations 
and substitutions, we obtain 

McroskbKePo2 3/4 
r  [8] 

1 ~- k b P t / k m  

The backward rate constant kb is s imply the surface 
collision frequency of CrOs(g) molecules in  mole-  
cm-~-sec -1 per uni t  pressure, and is given by the 
kinetic theory expression 

k b  : ( 2 ~ t M c r o s R T )  - 1 / 2  [9 ]  

Inser t ing this expression into Eq. [8], we obtain 

( 2~McrosRT) - 1/~McrosKePo28/4 
W%D : -  [10] 

1 W (2~McrosRT)-l/2Pt/km 

where R is in e rg -mole -1 -K  -1 and P is in  dyne-cm -2. 
Equat ion [10] is valid at all pressures and at tem- 

peratures for which reaction [4] occurs. At low pres- 
sures where 1 > >  (2~McrosRT)-l/2Pt/km, Eq. [10] 
reduces to 

7~%D = (2~McrosRT)-I/2Mcro3KeP028/4 [11] 

which is analogous to Eq. [3] except it is in  uni ts  of 
grams CrO3(g) rather  than  grams Cr. The rate of oxi- 
dation is proportional to Po23/4 and is reaction con- 
trolled. At high pressures where 1 ~ (2;~McrosRT) -1/3 
Pt/km, Eq. [10] reduces to 

~h D "--" Mcro3kmKePo23/4/Pt  [12] 

The mass t ransfer  coefficient, kin, is related to the Nus- 
selt number  (Num) for mass t ransfer  by the relat ion 
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NumPtDcros 
km --  [13] 

LRTg 

where  Dc~os is the  diffusion coefficient of CrO3 in 
cm2-sec -1 and L is a character is t ic  d imension of the  
sample,  i.e., the  r ibbon  width.  

Al l  of the  quant i t ies  in these two equat ions ( [12] and  
[13]) are  known  except  the  diffusion coefficient and  
the Nusselt  number .  The former  can be calcula ted f rom 
the Chapman-Enskog  equat ion and the  Nusselt  number  
is obta ined  f rom semiempir ica l  corre la t ions  used  ex-  
tens ively  in  engineer ing analyses  (35). 

Summary of Results 
Exper imen ta l  ra tes  for  the oxida t ive  vapor iza t ion  of 

Cr203 in low pressure,  flowing oxygen,  when  correc ted  
for geometr ica l  and dif fus ion- l imit ing factors, agree 
wi th in  expe r imen ta l  e r ro r  wi th  rates  ca lcula ted  from 
equi l ib r ium the rmodynamic  data. 

The expe r imen ta l ly  de te rmined  pressure  and t em-  
pe ra tu re  dependencies  also agree  wi th in  exper imenta l  
e r ror  wi th  the  dependencies  p red ic ted  from equi l ib -  
r ium the rmodynamic  data. Both exper imen t  and the r -  
modynamic  da ta  show tha t  the  react ion var ies  as the  
3/4 power  of  the  oxygen  pressure.  The exper imenta l  
energy  of act ivat ion,  ad jus ted  for  the  fact tha t  the  
oxygen is not at  the  t empera tu re  of the  specimen, was 
59.9 _4- 5 kca l -mole  -1 and the en tha lpy  ca lcula ted  for  
the  react ion was 55.7 __ 2 kca l -mole  -1. 

P red ic ted  on these findings one can conclude tha t  the 
ra te  of oxida t ive  vapor iza t ion  of Cr~O~ in oxygen  can 
be calcula ted rea l i s t ica l ly  f rom equi l ib r ium t h e r m o d y -  
namic data.  A n  equat ion is de r ived  for  calculat ing the  
ra te  under  any conditions of t empera ture ,  pressure ,  
and flow condit ion using the rmodynamic  da ta  and the 
Nusselt  number  obta ined  from dimensionless  fluid 
correla t ions  
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ABSTRACT 

Rates of oxidative vaporization of Cr203 have been found to be markedly  
enhanced in  the presence of oxygen atoms. Investigations were conducted 
over the temperature  range 200~176 For Cr203 the enhancement  was about 
109 at 550~ in  oxygen containing 2.5% atoms. Rapid oxidative vaporization 
of bare chromium was observed below 800~ the rate being about one-hal f  
that  of Cr203. Results are in terpre ted in  terms of thermochemical  analysis. 

Some years ago one of us demonstrated that  oxygen 
atoms caused a marked  enhancement  in  the rate of 
oxidation of p la t inum (1, 2). Subsequently,  Rosner and 
Allendorf  (3) extended these studies to molybdenum 
and tungsten  obtaining similar enhancements  in  the 
rates of oxidation. Madix (4), using atomic beam tech-  
niques, found an enhanced oxidation of germanium and 
silicon with oxygen atoms. All of these metals form 
volatile oxides in the tempera ture  range in  which the 
enhanced oxidation was discovered. 

This paper reports on the enhancement ,  by oxygen 
atoms, of the oxidative vaporization of an oxide; 
namely,  Cr~O~. The normal  oxidation reaction is repre-  
sented by the equat ion 

1/2Cr203 (s) 4- 3/4 02 (g) -~ CrO8 (g) [1] 

In  oxygen, at reduced pressures, this oxidative vapori-  
zation is detectable above roughly 900~ [see preced- 
ing paper (5)].  In  part ial ly atomic oxygen, the rate is 
enhanced so markedly  that  oxidation is readily mea-  
sured down to 200~ We have determined the rate of 
oxidative vaporization of Cr~Os in  part ial ly atomic 
flowing oxygen at a total pressure of 0.115 Torr* from 
200 ~ to 1250~ The exper imental  rates were corrected 
by the method given in the preceding paper (5) to give 
"reaction controlled" rates. Oxidative vaporization 
rates were also calculated from the equi l ibr ium ther-  
modynamic  data for comparison. 

Dur ing  the course of this invest igat ion we observed, 
below 800~ a direct oxidative vaporizat ion of chro- 
mium metal  by  the oxygen atoms. This has also been 
noted by Sutcliffe (6). As a result, measurements  were 
also made of the rate of oxidative vaporization of elec- 
tropolished chromium in  part ial ly atomic oxygen. 

Experimental Procedure 
The main  features of the exper imental  a r rangement  

and the procedures used in  this invest igat ion were de- 
scribed in the preceding paper (5). As before, samples 
were prepared from a chromium-0.1 weight per cent 
(w/o)  y t t r ium alloy. In  the present  experiments  the 
oxygen was dissociated by a 100W, 2450 MHz micro-  
wave power supply with a slotted wave guide [item 9, 
Fig. 1 of Ref. (5)].  The amount  of dissociation in the 
region of the oxidation sample was determined with a 
p la t inum resistance thermometer  [item 1, Fig. 1 of 
Ref. (5)],  similar to one used previously (1), that  
could be moved directly in  front of the specimen in the 
flow stream of oxygen. The sensing element  of this 
thermometer  was made from pla t inum r ibbon 0.025 mm 
thick, 0.25 mm wide, and 3 cm long. The central  2 cm 
was tapped off with 0.025 mm diameter  wires for po- 

Key words:  o x i d a t i o n ,  v a p o r i z a t i o n ,  k i n e t i c s ,  c h r o m i u m ,  thermo-  
dynamics ,  o x y g e n  a t o m s ,  a c t i v a t i o n  e n e r g y .  

This pressure was the optimum for oxygen atom production. 

tentiometric readings. The p la t inum r ibbon was oper- 
ated at 900~ a tempera ture  at which the recombina-  
t ion coefficient for oxygen atoms is close to one (7, 8). 
The percentage of oxygen atoms in the oxygen can be 
obtained from the measured joule heat ing result ing 
from the recombinat ion of the atoms, knowing the 
heat of recombinat ion and the pressure of the oxygen 
[see Ref. (1) for details]. Corrections = were made for 
the heating resul t ing from O2 (lAg) molecules that  are 
also formed in the discharge (9, 11). 

Research Grade oxygen was used. This gas contained 
less than 1 ppm of water  vapor so it was necessary to 
add 5% of n i t rogen (also Research Grade) to the oxy-  
gen in order to produce a more useful  concentrat ion of 
oxygen atoms. 3 With the n i t rogen added we obtained 
about 2.5% oxygen atoms at the sample, a n d  with the 
pure oxygen we obtained about  1.2%. 

The procedure for conducting experiments  was simi- 
lar  to that described in  the preceding paper  (5). For 
Cr203 oxidations the chromium r ibbons were all pre-  
oxidized at a high temperature:  1100~176 This was 
done, as before, in situ for one-hal f  hour  in the flowing 
oxygen at 0.115 Tort, and the thickness of Cr208 scale 
formed was 0.01 mm (0.4 m i d  or greater. The tem- 
perature of the specimens was obtained from the read-  
ing of the thermocouple spot welded onto the back. 
This was checked wi th  the micro-optical  pyrometer  at  
the higher temperatures.  

In  addition, it was necessary to stabilize the discharge 
before the oxidations could be performed. The first 
stabilization of the day required  30 mi n  r u n - i n  t ime to 
obtain constant oxygen atom output. If the arc was 
shut off during the day, 5 to 10 min  r u n - i n  was suffi- 
cient. During these arc stabilizations the shutter  was 
kept closed so that  the specimen was not exposed to 
any atoms. The oxygen atom output  was very  stable 
after the ini t ial  r u n - i n  and was reproducible from day 
to day as long as the oxygen inlet  tube remained clean. 
Over long periods of time the output  dropped slowly. 
Periodically, the inlet  tube was removed and cleaned 
in  5% HF followed by copious r insing wi th  distil led 
water. 

The oxide condensate formed in these experiments  
was always readi ly soluble in  water, and we have as- 

s A u x i l i a r y  e x p e r i m e n t s  w e r e  r u n  i n  w h i c h  a l o n g  s i l v e r  ribbon 
w a s  p l a c e d  in the g a s  i n l e t  t ube ,  j u s t  d o w n s t r e a m  f r o m  the dis-  
charge.  T h i s  e f f e c t i v e l y  r e m o v e d  al l  t he  o x y g e n  a t o m s  as  indicated  
b y  b l a c k e n i n g  of  o n l y  t h e  u p s t r e a m  e n d  of  the  s i lver (9). The  
b l a c k e n i n g  r e s u l t s  f r o m  f o r m a t i o n  of  A g O  (1O} b y  the  o x y g e n  
a t o m s .  T h e  r e s i d u a l  h e a t i n g  c a u s e d  b y  t h e  02 (lAg) in the gas w a s  
f o u n d  to be  10% of  h e a t i n g  o b t a i n e d  w i t h o u t  the  s i lver r i b b o n .  
T h i s  p e r c e n t a g e  r e m a i n e d  t h e  s a m e  w i t h  o r  w i t h o u t  the  n i trogen 
a d d i t i o n  to t h e  o x y g e n .  

T h e  w a t e r  v a p o r  in  t h e  o x y g e n  w a s  m a i n t a i n e d  as  l o w  as  p o s -  
s ib le  to prevent  c o m p l i c a t i o n s  f r o m  the react ion (12) 

*/2Cr203(s) + I/2 02 + I/2H~O(g) -~ CrO~OH(g) 
The added Ns is dissociated in the discharge and the nitrogen 

atoms react very rapidly with 02 and/or NO to form oxygen atoms. 
No nitrogen a t o m s  r e a c h  the sampte. 

952 
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sumed it  was CrO~ based on the reasoning used in  the 
preceding paper (5). As before, the water  solutions 
were analyzed for chromium by atomic absorption 
spectroscopy.  

Thermochemical Predictions 
Equi l ibr ium thermochemical  diagrams have proven 

useful  in  describing the chemistry of oxidation and 
vaporization for m a n y  meta l -meta l  oxide-oxygen sys- 
tems (13-18). The preceding paper  (5) demonstrated 
that the thermodynamic  description could also be cor- 
related with the kinetic behavior  for the oxidative 
vaporization of a condensed phase metal  oxide, Cr~O~, 
reacting with molecular  oxygen. Here we extend the 
use of thermochemical  diagrams to provide a descrip- 
t ion of the oxidative vaporization of condensed phase 
chromium and Cr~O~ reacting with atomic oxygen. The 
effect of adding atomic oxygen is equivalent  to increas-  
ing the chemical potential  of oxygen. 

Thermochemical  diagrams for the chromium-atomic 
oxygen system at 800 ~ and 1500~ are given in  Fig. 1 
and 2, respectively. (Details of the method of construc- 
t ion and sources of thermodynamic  data are given in  
the Appendix.)  For  comparison we give a diagram for 
the chromium-molecular  oxygen system at 800~ in 
Fig. 3. A similar  diagram at 1500~ was given in  Fig. 3 
of the preceding paper  (5). 

The atomic oxygen thermochemieal  diagrams differ 
markedly  from the molecular  oxygen ones in  several 
respects. In  addition to Cr and Cr2Oa condensed phases, 
a CrOa condensed phase is present at high oxygen atom 
pressures. Whereas the complex chromium-oxygen 
molecules are relat ively un impor tan t  in  the molecular  

Cr(s) CrzO3(s) CrO3ff) 

0 -- (Cr03) 3 

(Cr03):)'-~/~ CrO 3 "~(CrO:) 4 
-10 I / t~ /~ ' r401;  --'Cr03)5 E Cr4010 -, 

~-20 ~ ~ Cr L 1Cr0314~//~/I ~ 

I \  \ C rO --, ~ ~ .~ Cr307 
~ / / / / t L , !  ~ * * ~ -  C r ' o 1 3 C r 2  

~ /"%.._ / II IIl"-(Cr03)~ \ 
/ .~ " / l \  / . . . .  XT". . lL l f l  _, 

/  /IV' ' 'YXIITP  
- 4 ~  I / ]4~ Y ~/11 I I I I 

-48 -40 -32 -74 -16 -8 0 
L~J P0~g), atm 

Fig. 1. Equilibrium tbermochemical diagram for the chromium- 
atomic oxygen system at 800OK. Arrow indicates experimental oxy- 
gen atom partial pressure (3.8 • 10 -e  arm). 

Cr(s) Cr203(s) Cr03({) /- (Or03) 3 
C- ~ ( . ~  CrO 3 

Cr ~ ~ - ( C r 0 3 )  4 

(_) 

/ (Cr03) ~ ~,// / /~ -  (CrO~), \Cr 
- ,  C . ~ j  Or301/ J 3 ~ / ~ '  i4 , 

-24 -20 -16 42 -8 -4 0 
Lo~ P0(9)' arm 

Fig. 2. Equilibrium thermochemicol diagram for the chromium- 
atomic oxygen system at ]$00~ Arrow indicates experimental 
oxygen atom partial pressure (3.8 X 10 -6  atm). 

0 1 Cr(s) 

-10 

~-~o~ 

CrzO3(s) 

~ ' ~  .~(Cr03) 3 

/ \  I l /  I / t ' ~ / )  I 
-48 -40 -3Z -?4 -16 -8 0 

Log Po~g), atm 

Fig. 3. Equilibrium thermochemical diagram for the chromium- 
oxygen system at 800~ Arrow indicates experimental oxygen 
pressure (1.51 • 10 - 4  atm). 

oxygen case, the polymeric (CrOs) ,  and CrnOs,-~, 
molecules (• ---- 3, 4, and 5) are the predominant  
species in the vapor phase at high oxygen atom pres-  
sures, par t icular ly  over the CrO8 phase. In  addition, 
the actual vapor pressures of the oxides are markedly  
higher in the atomic oxygen case. At 800~ comparison 
of the vapor pressure of (CRO3)3 under  our  oxygen 
atom part ial  pressure of 3.8 • 10 -6 atm (denoted by 
arrow in  Fig. 1) with the vapor pressure of CrOa under  
our  molecular  oxygen part ial  pressure of 1.5 X 10 -4 
arm (denoted by arrow in  Fig. 3) indicates an enhance-  
ment  in oxide vapor pressure of about 10 TM . The oxida- 
tive vaporization rate should be enhanced by a similar 
factor. At 1500~ the si tuat ion is a l i t t le different. Un-  
der our oxygen atom concentrat ion (denoted by  arrow 
in Fig. 2), the polymers of CrO8 are not stabilized at 
this higher tempera ture  and the ma in  oxide product 
is again the monomer,  CrO3. Comparison of the vapor 
pressure of CrO8 from Fig. 2 at Po = 3.8 X 10-8 atm 
with the vapor pressure from Fig. 3 of the preceding 
paper (5) at Po= = 1.51 X 10 -4 atm, indicates an en-  
hancement  of about 10~. 

It  is instruct ive to plot the vapor pressures of the 
various oxide species against Y -1 for our  oxygen atom 
partial  pressure, Po = 3.8 X 10 -6 atm, as presented 
in Fig. 4. The polymers of CrO3 are stabilized over 

Cr203(s) Cr03(~) 

-4 

o>'_8 ,_x 

0- -10-' $ 
"12 i._~m 
-14 
-16 

7 8 

(Cr03)3 7 P0 = 3. axlO -6 atm 

~ ~ ~ ~ ~ ~ , ~ " ~ =  j 
"-..4ro3 

9 10 11 12 13 14 15 16 17 18 19x10 -4 
Reciprocal Temperature, T -1, K -1 

I I I I 1 I I I I 

12001000 800700 600 500 400 300 250 
Temperature, T, ~ 

Fig. 4. Equilibrium vapor pressures of various oxide species of the 
chromium-atomic oxygen system vs. reciprocal temperature under 
an oxygen atom partial pressure of 3.8 • 10 -6  arm. 
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CrOj(1) and are the principal  vapor species up to the 
Cr2Oj-CrOs phase boundary  at a tempera ture  around 
950~ At temperatures  above this, the pressure of the 
polymers decreases dramatical ly and the monomer  of 
CrOs becomes the most abundan t  oxide species as in  
molecular  oxygen. Because the rate of oxidative va-  
porization should vary  with the vapor pressures, we 
conclude that  the rate in  oxygen atoms should increase 
with temperature  to 950~ and then fall abrupt ly  with 
increasing temperature.  

For comparison with our  corrected exper imenta l  
rates of oxidative vaporization of Cr208, rates have 
been calculated from the oxide vapor pressures ob- 
ta ined from the thermochemical  diagrams using the 
Her tz -Langmuir  equation, as in the preceding paper  
(5). However, in  this case more than  one oxide species 
were significant. Therefore rates were calculated for 
each species and the individual  rates summed to give 
the total rate of oxidation. 

Results and Discussion 
General 

The rates of oxidation presented in this paper have 
been corrected for a "geometrical factor" and a "dif- 
fus ion- l imita t ion factor" (escape fraction) as described 
in the preceding paper (5). No corrections have been 
made for the fact that  the diffusing CrOs moiety may 
change with temperature,  exhibi t ing slightly different 
diffusivities. This would be a secondary effect. All rates 
reported here were obtained with an oxygen flow rate 
of 5 l i te rs -hr  - i  (STP) and a pressure of 0.115 Torr  in 
the main  chamber. Turn ing  on the microwave dis- 
charge to produce atoms had negligible effect on the 
pressure. 

The rates of oxidation of Cr~O3 measured at different 
temperatures  in oxygen containing 2.5% O atoms are 
shown in Fig. 5 (upper solid curve) .  Also shown for 
comparison are rates of oxidation of Cr203 in molecular  
oxygen (dashed curve),  which vary  from 0.5 mg-cm -2-  
hr  -1 at 1300~ to 0.005 m g - c m - 2 - h r  -1 at 1900~ Ob- 
viously, the rate of oxidation of Cr203 has been greatly 
enhanced by the small  concentrat ion of oxygen atoms. 
Rapid oxidation rates, near ly  10 m g - c m - 2 - h r  -1, were 
observed in the region around 550=C. 

Unexpectedly,  a rapid, direct oxidative vaporization 
of chromium metal  was observed below about 800~ 
This occurs par t ly  because of the rapid removal  of the 
Cr203 by the oxygen atoms at temperatures  at which 
Cr203 can reform only slowly. Consequently,  rates of 
oxidation of electropolished chromium were also de- 
termined and these results are shown in  the lower solid 
curve of Fig. 5. 

It  is informative to express the oxidation results in 
terms of the "oxidation probabi l i ty  ''4 of the oxygen 
atoms, co. These have been calculated from the rates 
and the measured flux of oxygen atoms, and are pre-  
sented in  Fig. 5 along the r igh t -hand  ordinate. The 
max imum values, which occur at 550~ are eo ---- 3 X 

10 -~ for Cr2Oz oxidation and eo -- 1.4 X 10 -2 for the 
Cr oxidation. In  the high tempera ture  region (950 ~ 
1250~ ~o ---- 2 • 10 -8 for the Cr203 oxidation. 

The peculiar tempera ture  dependence of the Cr2Oa 
rates displayed in  Fig. 5 is similar to that  predicted 
from thermochemical  diagrams. We believe it arises 
from the fact that  the oxygen atoms stabilize the poly-  
mers of CrO3 at the lower temperatures  and the oxida- 
tive vaporization reaction proceeds via the reaction 

Cr2Oj(s) + O(g) ~ (CrOj),~(g) [2] 

where n ---- 3, 4, and 5. That  is, the CrO3 evaporates as 
fast as it is formed by the oxidation reaction, and in  
polymeric form. However, at 550~ the polymers ap-  
parent ly  become unstable  on the surface of the speci- 

The "oxida t ion  probabi l i ty"  as used by  Rosner  (3) is a d imen-  
sionless react ion probabi l i ty  defined as the rat io  of  the  f lux o f  m e t a l  
a t o m s  (regardless  of the i r  chemical  state of aggregat ion} a w a y  f r o m  
the  r eac t ing  sur face  to the  collision flux of O(g)  wi th  the  s u r f a c e .  

10xlO 3 
-- 2. 5% O ATOMS IN 0.115 TORR 02 _ 3xlO- 2 

-- (a) Cr203ls) + O(g)- (CrO3)n(g) 

_ (b) Cr(s) + O(g)- (CrO3)n(g) 
n = 3,4, 5 / 

' 
N= (C) ~ Cr203(s) - 2 

�9 .b - 

.~- ~ 

d 
l I - 0  

0 500 1000 1500 

Temperature, T, ~ 

Fig. 5. Oxidative v=porizatio, of CrsO3 and chromium i .  partially 
atomic oxygen. 

men and have difficulty forming. As the tempera ture  
increases, the probabi l i ty  of formation decreases. The 
rate drops because the monomer  cannot  evaporate at 
this low temperature.  Evaporat ion of the monomer  be-  
comes significant only above 800~ and above this 
tempera ture  the oxidative vaporization proceeds via 
reaction 

1/2Cr2Oj(s) + 3 / 2 0 ( g )  -~ CrOj(g)  [3] 

The rates for chromium (lower solid curve) display 
the same type of tempera ture  dependence (from 200 ~ 
to 800~ and the same explanat ion would apply to 
these data. The oxidation, in  this region, is represented 
by the reaction 

Cr(s)  + O(g) --> (CrOs)n(g) [4] 

where  n = 3, 4, and 5. 

Oxidation of Cr203 
Results in temperature range 200~176 rapid 

removal  of the Cr203 from the preoxidized chromium 
observed in this tempera ture  region resul ted in  rates 
that  were t ime dependent  even though one would  ex- 
pect t ime- independent  rates for this type of reaction 
that should follow l inear  kinetics. This was especially 
noticeable around 550~ A series of 1-min runs  at this 
tempera ture  yielded a rapidly decreasing rate that  
leveled off at a value equal to that  of the electropol- 
ished chromium (lower solid curve) .  Therefore, indi-  
vidual exper imental  values have not been given for 
the rates of oxidation of Cr203 in  the range 200~176 
The curve represents the ma x i mum values observed 
and should correspond to the rate for a thick layer  of 
CreO3 on the chromium substrate. The oxidation proc- 
ess occurring in  this tempera ture  region is represented 
by reaction [2]; namely,  Cr2Os(s) + O(g)  -~ 
(CrOj ) ,  (g), where  n = 3, 4, and  5. 

Because of the semiquant i ta t ive  na ture  of the Cr203 
results in  this lower tempera ture  region, it was not 
possible to determine the order of this reaction with 
respect to oxygen atoms. However, an Arrhenius  plot 
of the results in  the region 200~176 presented in  
Fig. 6, indicates that  the reaction is occurring with a 
small activation energy. The points have been taken 
from the smoothed curve presented in Fig. 5 (upper 
solid curve),  and obviously do not give a l inear  curve 
on the Arrhenius  plot. We have d rawn two straight 
lines through the data mere ly  for the purpose of cal- 
culat ing the activation energies. The lower tempera-  
ture  value, 8.4 kcal-mole -1, was probably  less affected 
by the rapid removal  of Cr208 and is probably the 
more reliable value. In  any  event  both values are 
small  and in the range observed for meta l -oxygen  atom 
reactions (2, 3). 
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Fig. 6. Arrhenias plot of the oxidative vaporization of Cr2Os in 
partially atomic oxygen from 200 ~ to 550~ 

Results in temperature range 900~176 
900~ the reported rates of oxidation of Cr2Os in  oxy-  
gen atoms were t ime independent  and not complicated 
by  removal  of Cr203; the rate of removal  of Cr~O3 was 
less in  this region and the rate of formation by  oxida- 
t ion of the under ly ing  chromium by  normal  oxygen was 
greater. We did, however, observe a tempera ture  hys-  
teresis effect in  this tempera ture  regime; runs  repeated 
at a given tempera ture  were higher than  previously 
if the specimen had been  oxidized at a higher tem-  
perature  in the t ime intervening.  The effect appeared to 
be caused by a great ly  increased roughening of the 
oxide surface which occurred around 1200~ and /o r  
by a greater  thickness of oxide scale that  formed at the 
higher temperatures.  In  any event, the rates in  this 
temperature  regime were obtained from specimens that  
were all preoxidized at 1300~ This procedure el imi-  
nated the temperature-hysteres is  effect. 

The oxidation process in  this temperature  region is 
represented by reaction [3] ; namely,  1/2Cr208 (s) + 
3/2 O(g)  ~ CrOs(g).  The rates of this reaction appear 
to be independent  of tempera ture  from 950 ~ to 1250~ 
(see Fig. 5); they are near ly  constant  up to llO0~ 
above which they increase due to the addit ion of oxide 
from the oxidation by oxygen molecules. The two 
simultaneous reactions seam to be addit ive and inde-  
pendent  of each other. 

Results of detailed studies of the rates in  this region 
are shown in  Fig. 7, where we have plotted the rate 
arising from only  the oxygen atoms against the tem-  
perature.  The rate arising from the oxygen molecules 
has been  subtracted from the total rate;  below 1100~ 
this correction is insignificant and at 1250~ it  is 
roughly 33% of the total rate. It  i s  evident  from Fig. 
7 that  indeed there is l i t t le activation energy required 
for  the reaction of oxygen atoms with Cr~Os in  this 
tempera ture  regime. A l inear  least squares analysis of 
an Arrhenlus  plot of this data yielded an Eact ~ 0.57 
kcal-mole -1. This low activation energy for the oxygen 
atom reaction is s imilar  to the results obtained with 
the metals  p la t inum (2) and molybdenum and tungs ten  
(3). 

1. Ox 10 -3 
7 

0 . 8 -  
5 

0 . 6 -  

O. - 

O. 
9OO 

PO = 2'9x10-3 torr (3.8xlO -6 atm) 

/rEac t = O. 57 kcal mole -1 
/ 

I I I I 
10OO 1 loo 1200 13{}0 

Temperature, T, o C 

Fig. 7. Oxidative vaporization of Cr~Os by oxygen atoms from 
950 ~ to 1250~ 

We have invest igated the effect of vary ing  the oxy-  
gen atom concentrat ion on the rate in  this tempera ture  
regime. The concentrat ion of oxygen atoms was low- 
ered by removing the 5% N2 from the oxygen stream. 
While only two concentrat ions were available by  this 
technique, the runs  could be cycled readi ly between 
the two oxygen atom concentrat ions and the points 
presented represent  the average of "several runs.  5 In  
addition, the origin represents a bona fide point. 

The results at a tempera ture  of 1050~ are presented 
in  Fig. 8, where the rate is plotted against the three-  
halves power of the part ial  pressure and of the colli- 
sion flux of the oxygen atoms. The results indicate that  
the reaction is 3/2 order wi th  respect to oxygen atoms. 
The 3/2 order is unusua l  because the reaction of oxygen 
atoms with metals always exhibits f irst-order kinetics 
(2, 3). In  addition, oxygen atom recombinat ion on solid 
surfaces usual ly  follows first-order kinetics (6). How- 
ever, in  this case the 3/2 order is predicted by the 
stoichiometry of the oxidative reaction 

1/2Cr208(s) + 3 / 2 0 ( g )  = CrOs(g) [5] 

It  appears, therefore, that  the ra te -de te rmin ing  step 
must  be quite complicated,  involving the formation of 
an activated complex on the surface consisting of three 
oxygen atoms and a Cr20s moiety 

Cr~O3(s) + 3 0 ( g )  ~ 2CrOs(g) [6] 

It is surpris ing that  the activation energy for such a 
complex react ion should be as low as 0.5 kcal-mole-*.  

Comparison with thermodynamic predictions.--As in 
the reaction of Cr203 with molecular  oxygen [see pre-  
ceding paper (5)] the rate data can be compared with 
rates predicted from thermodynamic  data. This com- 
parison is presented in  Fig. 9 where we have plotted 

The standard deviation of the mean o f  t h e  i n d i v i d u a l  r u n s  w a s  ~4%. 
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Fig. 8. Oxidative vaporization of Cr203 vs. the 3/2 power of the 
oxygen atom collision flux at 1050~ 
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Fig. 9. Experimental and calculated rates of oxidative vaporiza- 
tion of Cr203 in partially atomic and molecu|ar oxygen. 

the  logari thm of the rate against the temperature.  We 
have also included the comparison in  molecular  oxy-  
gen from our preceding paper and have extrapolated 
these to 200~ using a l inear  extrapolat ion of log rate 
vs. T-1. The calculated and exper imental  rates in  
part ial ly atomic oxygen are in quali tat ive agreement;  
both indicate a marked  enhancement  in the oxidation 
rate and exhibit  a max imum in the rate at in termediate  
temperatures.  Nevertheless, there is a large difference 
in  the values of the rates 6 and in  the temperature  at 
which the max imum occurs. Both of these factors are 
dependent  on the concentrat ion of oxygen atoms on the 
surface of the Cr203. We believe the disparity arises 
from the fact that the concentrat ion of oxygen atoms 
on the surface is much less than  the equi l ibr ium value 
corresponding to the gaseous partial  pressure. This 
results from rapid recombinat ion of the adsorbed oxy-  
gen atoms on the hot surface. While it has been shown 
that  Cr203 at room temperature  has a very low re -  
combinat ion coefficient for oxygen atoms (6, 19), the 
recombinat ion coefficient increases rapidly with in-  
creasing temperature  (6).~ This might  offer an ex-  
planat ion for the drop in rate at 550~ However, we 
feel that  destabilization of the Cr02 polymers is a more 
plausible explanat ion because of the thermodynamic  
data presented in  the section on Thermodynamic  Pre- 
dictions. 

Enhancement in the oxidation ra te . - - I t  is interest ing 
to consider the enhancement  in the rate of oxidation of 
Cr203 effected by this small concentrat ion of oxygen 
atoms in the gas phase. The enhancements  have been 
calculated at different temperatures  from the results 
given in  Fig. 9, and are presented in Fig. 10. We have 
given here the enhancement  calculated from both the 
experimental  and the calculated rates. The enhance-  
ments  are t ru ly  enormous at the lower temperatures,  
the exper imental  values being 1028 at 200~ and 109 at 
550~ At 1000~ the enhancement  is 100. Of course, 
with larger concentrations of oxygen atoms, the en-  
hancements  would be even greater. In  this respect, 
more valid values for the enhancements  can be ob- 
tained by comparing the "oxidation probabilit ies" of 
the oxygen atoms and of the 02 molecules in  the oxida- 

s I t  s h o u l d  be  n o t e d  t h a t  t h e s e  e x p e r i m e n t a l  ra te  da ta  i n  o x y g e n  
a t o m s  h a v e  n o t  b e e n  c o r r e c t e d  [as  w a s  done  in  p r e c e d i n g  p a p e r  (5)] 
f o r  the  fac t  t h a t  t h e  t e m p e r a t u r e  o f  t h e  o x y g e n  w a s  n o t  t h e  s a m e  
as  the  sample .  T h e  c o r r e c t i o n  is  i n s i g n i f i c a n t  in  c o m p a r i s o n  to  t h e  
d i s c r e p a n c y  b e t w e e n  t h e  e x p e r i m e n t a l  and  ca lcu la t ed  ra tes .  

T i t  s h o u l d  be n o t e d  t h a t  an  o x y g e n  a t o m  r e c o m b i n a t i o n  c o -  
e f f i c i ent  c h a n g i n g  w i t h  t e m p e r a t u r e  w o u l d  affect  t he  v a l u e  of  t h e  
e n e r g y  o f  a c t i v a t i o n  o b t a i n e d  f r o m  t h e  da ta  t h a t  w e  h a v e  p r e s e n t e d  
in  Fig.  6 and  7. In  fac t ,  th i s  m a y  a c c o u n t  for  l ack  of l i n e a r i t y  
t h r o u g h o u t  t h e  e n t i r e  t e m p e r a t u r e  r a n g e  d i s p l a y e d  by  t he  da t a  for  
r eac t i on  [2] p r e s e n t e d  in  Fig .  6. C e r t a i n l y  t h e  r e c o m b i n a t i o n  co- 
eff ic ient  on  Cr2Oa i s  i n c r e a s i n g  in  t h i s  t e m p e r a t u r e  r a n g e  (6). T h i s  
w o u l d  h a v e  t h e  e f f e c t  o f  d e p r e s s i n g  t h e  h i g h e r  t e m p e r a t u r e  da ta  
a n d  m a y  a lso  i n d i c a t e  t h a t  the  v a l u e  of  8 kcal -mole-~ s h o u l d  be  
t h e  p r e f e r r e d  v a l u e  for  t h e  e n e r g y  of a c t i v a t i o n  for  r eac t i on  [2]. 

The  da ta  fo r  r eac t i on  [3] p r e s e n t e d  in  Fig.  7 f a l l  n i c e l y  on a 
s t r a i g h t  l i ne  and  y i e l d  a v e r y  r ea sonab le  v a l u e  for  the  e n e r g y  of  
ac t i va t i on .  I t  a p p e a r s  t h a t  the  o x y g e n - a t o m  r e c o m b i n a t i o n  co- 
ef f ic ient  on  Cr2Os in  t h i s  t e m p e r a t u r e  r a n g e  is e i t h e r  c o n s t a n t  or  
c h a n g e s  l i t t l e .  

102o 
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10 ~ - " x ~  PO = 3" 8x10-6 atm 
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lo s -  ",,.,, 

o I I "'-- I 
10~00 600 1000 1400 

Temperature, T, ~ 
Fig. |0. Enhancement of oxidative vaporization of Cr203 in 

partially atomic oxygen. 

tive vaporization of Cr20~. Table I i l lustrates such a 
comparison for the temperature  range 1000~176 
where the analogous reactions [1] and [3] are occur- 
ring; that is, oxidation to the CrO3(g) monomer  is 
taking place. The eo for the oxygen atoms is constant 
and is given in  column 2. The Eo2 have been calculated 
from the smoothed data of the preceding paper (5) and 
are given in column 3. The enhancement  is given in  
column 4 and varies from 104 at 1000~ to 40 at 1300~ 

Oxidation of Chromium 
A very interest ing discovery of this work was the 

occurrence of the rapid, direct oxidative vaporization 
of chromium metal  by oxygen atoms in the region 
below 800~ The rates of oxidation of electropolished 
chromium in oxygen atoms (lower solid curve of Fig. 
5) were time independent ,  as one would expect for 
such a reaction. Below about  800~ the chromium 
ribbons remained bright  and shiny after a series of 
oxidations wherever  they had been exposed to the oxy- 
gen atoms, though some bright  green Cr203 was formed 
toward the ends of the r ibbons near  800~ The rates 
were fair ly reproducible and were general ly  about 
one-hal f  the rates observed for Cr203, based on the 
amount  of product. The rates displayed the same pe- 
culiar dependence on tempera ture  that the Cr203 rates 
did, and we explain this behavior  on the same basis. 
The reaction occurring is represented by reaction [4]; 
namely,  Cr(s)  + O(g) --> (CrO3)n(g),  where n = 3, 
4, and 5. 

We have investigated the order of this reaction at 
a temperature  of 450~ The results are given in  Fig. 11 
where the rate of oxidative vaporization of chromium 
is plotted against the partial  pressure and the collision 
flux of oxygen atoms. The results follow first-order 
kinetics quite nicely. The oxygen atom concentrat ion 
was varied as described above. The points represent  
the average of several runs and the origin again rep- 
resents a bona fide point. The first-order kinetics for 
the reaction of chromium with oxygen atoms is in  
agreement  with the results found for the other metals. 
The ra te -de te rmin ing  step is probably similar to that  
postulated by one of us for plat inum, molybdenum, and 
tungsten  (2) ; namely  

Table I. Comparison of oxidation probabilities of 0 atoms and 
02 molecules in the oxidative vaporization of Cr203 

Temp,  ~ ~o eo s co/e% 

1000 2 • 10 --a 2.4 X 10 -7 S.S x 10 a 
1100 g x lO-m 2.9 X 10 -s 6.9 x 10 ~ 
1200 2 • 10 -s 1.3 • 10 -~ 1.5 • 102 
1300 2 • 10 ~ ~.3 x 10 -~ 8.8 • 10 ~ 
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CrOs(ads) Jr O(g) "--'TCrO3(ads)---7 (CrOs),(g) [7] 

The "oxidation probabilities" of the oxygen atoms in 
this reaction have been calculated and are presented in 
Fig. 5. Because the reaction is first-order, the "oxida- 
tion probability" is equivalent to the "collision effi- 
ciency" which is defined as the fraction of oxygen 
atoms striking the surface that react. The maximum 
value of the "collision efficiency" occurs at 550~ and 
is eo ~ 0.014, i.e., one oxygen atom reacts in every 70 
atoms that strike the chromium metal. This may be 
compared with the "collision efficiency" of oxygen 
atoms in the platinum metal oxidation (2), eo ---- 5 )< 
10-6, and with the "oxidation probability" reported 
for molybdenum and tungsten (3) which vary from 
about 0.1 to 0.5 depending on the temperature. It 
should be noted, however, that the chromium-oxygen 
atom reaction occurs at noticeably lower temperatures 
than the reaction of the other metals. This results 
par t ly  from the high volati l i ty of CrO3 down to 200~ 
but  it also indicates that  the activation energy for the 
reaction must  be low, as observed with the other met-  
als. An  Arrhenius  plot of our  rate data for electro- 
polished chromium in  the tempera ture  range 200 ~ 
550~ is presented in  Fig. 12. A least squares analysis  
of this data yields an activation energy of 7.2 kcal-  
mole -z. This is in  good agreement  with the values 
found by  Rosner (3) for similar reactions of molyb-  
denum and tungsten  with oxygen atoms; namely  6 
kcal-mole -z and 4 kcal-mole-1,  respectively. These 
results emphasize the fact that  these meta l -oxygen  
atom reactions c a n  occur at any temperature  above 
which the oxide product is volatile. We have also shown 
in  this paper that the same is probably  true for oxide- 
oxygen atom reactions, in which a lower valent  oxide 
can be oxidized to a higher valent, volatile oxide. 

Summary and Implications 
We have shown that  the oxidative vaporization of 

Cr~Os is markedly  enhanced by oxygen atoms over the 
entire temperature  range of this study: 200~176 
A rapid direct oxidative vaporization of chromium 
metal  also occurs in  the presence of oxygen atoms from 
200 ~ to 800~ The kinetic parameters  for the reactions 
studied are summarized in  Table II. 
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Fig. 12. Arrhenius plot of oxidative vaporization of chromium in 
partially atomic oxygen from 200 ~ to 550~ 

Based on the high reactivi ty of oxygen atoms and the 
low activation energy found for the oxidative vaporiza- 
t ion of Cr203, we predict that  an enhanced oxidation in 
oxygen atoms should be exhibited by  any  oxide for 
which there exists a stable, gaseous oxide of high 
volat i l i ty with the metal  in a higher valence state. Of 
course the enhancement  would occur only in the tem- 
perature  and pressure range where the higher valent  
oxide was volatile and abundant .  The following sys- 
tems fulfill these criteria 

B2Os(s) -~ BO2(g) 
A1203(s) --> A102(g) 
UsOs(s) -* UOs(g) 
UO2(s) ~ UO~ (g) 
ReO2 (s) --* Re2OT(g) 
ReOs (s) -> Re20~ (g)  
Mn203 (s) -~ Mn207 (g) 
MnOs (s) --> Mn207 (g) 
V2Os (s) --, V4010 (g) 

It is evident  from this s tudy that  the high rate of re-  
moval  of the so-called protective oxide Cr2Os and the 
subsequent  high rate of removal  of under ly ing  chro- 
mium metal  by oxygen atoms poses a serious problem 
in the selection of materials  for reen t ry  vehicles which 
experience high heat ing rates under  conditions such 
that high oxygen atom concentrations are present. 

Our measurements  on the chromium-atomic  oxygen 
system have revealed some interest ing phenomena and 
raised some interest ing questions. More sophisticated 
methods, such as high pressure mass spectrometry and 

Table II. Summary of kinetic parameters 

T e m p e r a t U r e  Eaet, 
R e a c t i o n  range ,  ~  O r d e r  k c a l - m o l e  -a eo 

CroO= + 0 -*  (CrOs)n(g) 200-~ 550 8 0.2 • 10 "~ -* 3 x 10-2 
V2Cr~08 + 3/2 0 -*  CrO2(g) 800 -* 1250 ~ '2  <~1 2 • 10 ~ 
Ca" + 0 - *  (CrOa).(g)  200- *  550 1 7 0.1 • 10-=-~ 1.4 x 10 -2 
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ToMe A-I. Equilibrium constants for the chromium-oxygen system 

l o g  Kp fo r  f o r m a t i o n  o f  species  f r o m  re fe rence  s t a t e  Cr(s)  a n d  Oz(g) 

Temp ,  CrO~ CrOs (CrOs)s (CrOs)~ 
~ O(g) Cr20a (s) CrOs(1) Cr(g)  Cr2(g) CrO (g) (g) (g) (g) (g) 

(CrO,)5 Cra07 Cr,Ozo CrsO~ 
(g) (g) (g) (g) 

500 -- 22.939 105.04 48.704 -- 33.610 -- 56.595 -- 16.090 9.821 31.03 140.51 188.84 
600 -- 18.547 85.253 38.893 -- 26.723 -- 45.490 -- 12.472 9.403 25.23 112.56 150.71 
700 --15.449 71.138 31.943 --31.813 -- 37,582 --9.896 7.382 21.10 92.78 123.71 
800 --13.101 60.568 26.772 --18.137 --31,669 --7.973 6.609 18.01 77.82 103.30 
900 --11.272 52.343 22.75 --15.284 --27.086 --6.483 6.002 15.60 66.21 87.47 

I000 -- 9.806 45.775 19.53 - -  13.006 - -  23.434 -- 5.296 5.512 13.68 56.93 74.80 
1100 --8.606 40.382 16.90 --11.147 --20.459 --4.331 5.105 12.10 49.34 84.44 
1200 --7.604 35.915 14.71 --9.804 -- 17.990 --3.532 4.782 10.80 43.01 55.80 
1300 --6.755 32,118 12.85 --8.302 --15.914 --2.862 4.466 9.689 37.65 48.49 
1400 --6.027 28.888 11.26 --7.191 --14.143 --2.292 4.208 8.750 33.06 42.23 
1500 -- 5.395 26.044 9.88 -- 6.233 -- 12,620 -- 1.803 3.980 7.912 29.08 36.80 
1600 --4.842 23.803 8.67 --5.398 --11.296 --1.380 3.776 7.204 25.60 32,05 

236.57 135.57 184.87 232.84 
188.70 109.21 148.66 186.79 
154.80 90.64 123.03 154.34 
129.18 76.59 103.65 129.80 
109.30 65.69 88.62 110.76 

93,40 58.98 76.59 95.53 
80.39 49.85 66.75 83.07 
69.55 43.90 58.55 72.69 
60.37 38.87 51.61 63.90 
5 2 , 5 1  34.56 45.67 56.87 
45.69 30.83 40.51 49.85 
39.73 27,56 36.00 44.14 

high t empera tu re  ESCA are  requ i red  to pursue this  
s tudy  and should yie ld  va luable  information.  
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A P P E N D I X  
Thermochemical  d iagrams were  constructed fol low- 

ing the method  out l ined by  Gulbransen  and Jansson 
(14-18). Thermodynamic  da ta  for O (g), Cr(g) ,  CrO(g) ,  
and CrO2 (g) were  taken  d i rec t ly  from Schick (20) ; the  
log K ,  s values for Cr203 (s) were  ca lcula ted  from aG~ 
values given by  Wicks and Block (21). Thermodynamic  
da ta  for Cr2(g) were  t aken  from Kan t  and Strauss  
(22). The da ta  for the  condensed phase of CrO3 (rap = 
470~ are  given by  Schick to 800~ The values  of log 
K ,  to 1600~ were  obta ined  by  l inea r ly  ex t rapo la t ing  
the low t empera tu r e  values  given in Schick vs. re -  
ciprocal  t empe ra tu r e  up  to 1600~ For  CrOs(g) ,  the  
values of log Kp were  obta ined  by  use of the  re la t ion-  
ship: log Kp,cro3(g) ---- log Pcro3(g) + �89 log Kp,cr2o3(s) 
- -  ~ log Po2(g). The values of log Pcro3(g) as a function 
of temperature and oxygen pressure were taken from 
the work of Kim and Belton (12) for the temperature 
range 1500~176 The values of log Kp,cro3(g) at 
lower temperatures were obtained by linear extrapola- 
tion of the high temperature values vs. reciprocal tem- 
perature down to 500~ 

The mass spectrometrically determined vapor pres- 
sure data of Washburn (23) for the (CrOa)3, (CRO3)4, 
(CrOs)5, Cr3Ov, Cr4Olo, and Cr5013 molecules over 
CrO3(s) were used to obtain the necessary thermody- 
namic data for these molecules. The reliability of ther- 
modynamic data derived from Washburn's measure- 
ments are based on the assumption that the complex 
chromium-oxygen molecules observed in the mass 
spectrometer were in equilibriurn with the condensed 
phase CrO3 and with each other in the Knudsen cell 
source. Washburn's vapor pressure measurements cov- 
ered the t e m p e r a t u r e  range  of 415~176 By combin-  
ing his vapor  pressures  and heats  of subl imat ion wi th  
our  selected value  s of 4.0 kca l -mole  -1 for the heat  of 
mel t ing  of CrO3 (s),  values  were  obta ined  for the  heats  
of vapor iza t ion  and for the  vapor  pressures  of the  
ch romium-oxygen  molecules  over  CrO5 (1) at  t e m p e r a -  
tures  above 470~ These vapor  pressures  were  ex-  
t r apo la t ed  l inear ly  v s .  reciprocal  t empe ra tu r e  to 
1600~ The log Kp values for  the  molecules  were  ob-  

8 L o g  Kp stands fo r  the  l o g a r i t h m  (to the  base  10) of  the  e q u i l i b -  
r i u m  cons t an t  fo r  the  r eac t i on  of f o r m i n g  the  g i v e n  c o m p o u n d  f r o m  
its e l e m e n t s  in  t h e i r  s t a n d a r d  states. 

The  se lec ted  v a l u e  of AHm(CrOs) of 4.0 kcal -mole-Z is  o b t a i n e d  
b y  c o n s i d e r a t i o n  of  the  v a l u e s  l i s t ed  b y  C o u g h l i n  (24) of 3.77 kca l -  
mo le - l ,  Sch i ck ' s  (20) e s t i m a t e  of 5.36 kca l -mo le -L  a n d  t he  e x p e r i -  
m e n t a l  v a l u e  of 3.9 kca l -mole-~  r e c a l c u l a t e d  f r o m  the  da ta  g i v e n  by  
M c D o n a l d  a n d  M a r g r a v e  (25). 

ta ined  by  use of expressions of the  type  

log Kp,(cro3)3(g) ~ log P(cro3)3(g) -~- 3 log gp,cro3(1) 
and 

log Kv,cr2oT(g) = log PcrsO7(g) ~- log Po2(8) 

-- log P(cro3)3(g) -]- log Kp,(CrO3)3(g) 

from 500 ~ to 1600~ Washburn found that the oxygen 
partial pressures in his Knudsen cell were a factor of 
10 -10 less than that expected from thermodynamic cal- 
culations. Therefore in order to calculate the equilib- 
rium 02 partial pressures at the various temperatures 
it is assumed that CrO3 vaporizes congruently and that 
the sum of the number of moles of Cr807, Cr4Ol0, and 
Cr5013 equals the number of moles of O~(g). The val- 
ues of log Kp for all of the species under consideration 
are given from 500 ~ to 1600~ in Table A-I. The not- 
well characterized CrOs(c) phase was not considered 
in the present treatment because calculations showed 
that even higher oxygen pressures were needed to 
stabilize this phase than were needed to stabilize CrO3. 

The par t ia l  vauor  pressures  of the  molecular  species 
were  calculated by  considerat ion of the  express ion for 
the  equi l ibr ium constant  in  te rms of the act ivi t ies  of 
reactants  and products  for the  appropr ia te  chemical  
reactions,  and use of the  re la t ionship  

log/~reaction ~ ~] log Kp,productS - -  ~ log Kp, reac t an t s  
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Thermodynamic Properties, Transference Numbers, and 
ionic Mobilities in Molten Lithium Chloride-Cadmium 

Chloride Mixtures from EMF Measurements 
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ABSTRACT 

Thermodynamic and transference properties of.the system LiCI-CdCl2 were 
investigated at 650~ by emf measurements. For a study of thermodynamic 
properties, a cell using a porcelain conductive only to lithium ions was em- 
ployed to separate the two salt compartments, whereas for the study of trans- 
ference properties a liquid junction between the two salt compartments was 
established through a coiled quartz tube filled with alumina powder. Results 
are presented for the relative Gibbs partial molar free energies of both com- 
ponents and transference numbers and mobilities of cations relative to chlo- 
ride ion over the entire composition range of the system. 

Porcelains or glasses conductive only to alkali  ions 
have been recent ly used (1-5) as membranes  in  con- 
centrat ion cells to determine the thermodynamic  prop-  
erties of mol ten  alkali  hal ide-metal  halide mixtures  
from emf measurements .  A potassium ion conducting 
glass has also been used (6) as a membrane  in  solid- 
state cells to determine the free energy of formation of 
double salts of KC1 with MgC12, CaC12, SrC12, and 
BaCl~. In  the present studies, a porcelain conductive 
only to l i th ium ions (1) was used as a membrane  to 
s tudy the thermodynamic  properties of l i th ium chlo- 
r ide-cadmium chloride mixtures  at 650~ from emf 
measurements  on concentrat ion cells of the type 

Cl~ (g) -C ] LiCI (1) l 

( - - )  
A 

Li + conducting 

porcelain 

LiC1 
[ (I) [C-CI~(g) [I] 

CdCh 
( + )  

B 

The transference numbers  of the cations relat ive to 
the chloride ion in  mixtures  of l i th ium chloride-cad- 
mium chloride were also determined in  the present  
studies from emf measurements  on concentrat ion cells 
with t ransference of the type 

Cl~(g)-C [ LiCl(1)[ A1~Os LiC1 
powder I CdCls (1) [ C-Cls(g)  [II] 

(--) ( + )  
A B 

The l iquid junc t ion  be tween  the two salt compartments  

"Electrochemical Society  Act ive  Member .  
* P resen t  address: Powe r  Sources  Technical  Area,  Electronics 

Technology and Devices  Labora to ry  (ECOM), For t  Monmouth,  
N e w  Jersey 07"/03. 

Key  words:  concentrat ion ce l l  w i th  transference,  e m f  measure -  
ments ,  Gibbs free  energies  of  mix ing ,  ionic mobil it ies ,  transference 
numbers,  l i thium chlor lde-cadmium chloride mixtures ,  

was established (7, 8) through a coiled quartz tube 
filled with a lumina  powder. The t ransference numbers  
determined in  the present  studies were combined with 
the equivalent  conductance data of Bloom et al. (9) to 
calculate the cation mobilit ies relative to the chloride 
ion in l i th ium chlor ide-cadmium chloride mixtures.  
The emf method has been previously used by several 
workers to determine the transference numbers  of 
cations relatiwe to the common anion in  mixtures  of 
mol ten chlorides (7, 8), fluorides (10), and nitrates 
(11). 

Experimental Procedure 
Reagent grade l i th ium chloride and  cadmium chlo- 

ride (Fisher Scientific Company)  were purified by the 
s tandard t rea tment  (1, 7, 8) with hydrogen chloride 
gas. The cell designs for cells [I] (1, 6) and [II] (7) 
have been described in  detail elsewhere. For emf mea-  
surements  on cell [I], l i th ium chloride was contained 
in  a porcelain tube (McDaniel Refractory) made of 
mullite,  SiO2, and containing approximately 1% 
Li20. The porcelain tube was placed in a Vycor con- 
ta iner  (57 mm diameter)  containing the l i th ium chlo- 
r ide-cadmium chloride mixture.  The mole fraction of 
l i th ium chloride in  the mix ture  was var ied from 0.1 to 
0.9 by addition of weighed amounts  of purified l i th ium 
chloride. For  emf measurements  on cell [II], the por-  
celain tube was replaced by a Vycor tube  connected to 
the outer Vycor container by a coiled quartz tubing  
filled with predried a lumina  powder (Grade T-61, 120 
mesh, A luminum Company of America) .  The l iquid 
junc t ion  be tween l i th ium chloride and the l i th ium 
chlor ide-cadmium chloride mix ture  was established 
through the a lumina  powder in the coiled quartz tube. 
The powdered a lumina  was found ideal for these ex-  
periments  since it not only prevented any gravi tat ional  
flow from one side to the other but  was also inert  to 
any  cation exchange that  usual ly  occurs (7) be tween 
the l i th ium chloride and quartz frit  membranes.  

Spectrochemical grade graphite rods (Ultra Carbon 
Company) were used as electrodes. Chlorine and hy-  
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Table I. Cell potentials as a function of lithium chloride mole 
fraction in lithium chloride-cadmium chloride mixtures at 650~ 
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r ECell,* V EOell,~ V 

-1200 

- 1000  

0.I 0.222 0.0385 
0.2 0.159 0.0348 
0.3 0.121 0.0311 
0.4 o.o90 0.0270 - 800 
0.5 0.088 0.0213 
0.8 0.047 0.0168 ILl 
0.7 0.030 0.0116 --I O 0.8 0.017 0.0064 2r 
0,9 0.0085 0.0034 ~, 

_~ -600 
Li* conduct -  

* C e n  [I]: (g)Ch-C I LiCI(D ing porcelain [ LiCI-CdCI2(1) I C-CI~(g) 
( - )  (+) 

AI=O3 LICI-CdCI~(1) I c-c~(g) t Cell [II]: (g)CI~-C I LiCI(D powder 
( - )  (+) 

C.)_ 

"".3 
-400  

-200 
drogen chloride gases (Matheson Company) were used 
directly from tl}e cylinders. A wi re -wound  furnace was 
used to heat the cell assembly and the tempera ture  was 
controlled at 650~ wi th in  _2~ with a Honeywell  
Brown Pyrovane  tempera ture  controller. 

Results and Discussion 
The emf measurements  on cells [1] and [II] were 

carried out at 650~ over the entire composition range 

Ju ly  19 74 

0 
0 1.0 

e E 

LiCI / E  - 

12 

0.2 0.4 0.6 0.8 

XL i  CI 

of the LiC1-CdC12 mixtures.  The emf values were ex-  
t remely stable and reproducible wi th in  "+_-_0.5 inV. The 
emf data, mean  values of two separate experiments  for 
both cells [I] and [II], are summarized in  Table I. 

The electrode reactions at the negative and positive 
electrodes in cell [I] are, respectively, given by 

L i C l ~  Li + + �89 Ch + e -  [1] 

�89 Cl~ + Li + + e -  ~ LiCI(CdC12) [2] 

with the porcelain conducting only Li + ions from the 
left- to r igh t -hand  compartment .  The over-al l  cell re-  
action for cell [I] is thus given by 

LiC1 (1) --> LiC1 (CdC12) (1) [3] 

Thus, on passage of 1 faraday of electricity, 1 mole of 
l i th ium chloride is t ransported from the le f t -hand  com- 
par tment  of cell [I] to the r igh t -hand  compartment .  
The relat ive part ial  free energy of l i th ium chloride 
(GMLicl) is, therefore, given by  

GMLicI = - - F E c e l l  [4] 

where F is the Faraday constant. The relat ive part ial  
free energy of l i th ium chloride (GMLiCl) Was calculated 
by use of Eq. [4] and the data over the whole composi- 
t ion range of the mixtures  are presented in Table II. 
The activities (aLtc0 and  partial  excess free energies 
of l i th ium chloride (GELicl) in the mixtures  were then  
determined by use of equations 

GMLiCl = 2.303 RT log aLlCl [5] 

GELicl = GMLicl -- 2.303 RT log XLiCl [6] 

The activities (aLiCl) and partial  excess free energies 
of l i th ium chloride (GELIcl), SO obtained, are also sum- 

Fig. i. Excess partial molar free energies of lithium chloride and 
cadmium chloride as a function of lithium chloride mole fraction in 
LiCI-CdCI2 mixtures at 650~ 

marized in  Table II. A plot of GELic1 VS. l i th ium chlo- 
ride mole fraction is shown in  Fig. 1. 

The excess part ial  molar  free energy of cadmium 
chloride in the mixtures  was obtained by graphical 
in tegrat ion of the Gibbs -Duhem equat ion 

f~LJOl GELIcI XLic1GELic1 
GEcdcI2 = (1 - -  ;~LiCl) 2 dXLiCl 1 - -  ;~LiC1 [7] 

For  the purpose of in tegrat ion of Eq. [7], the l imit ing 
value of CrELicl w a s  obtained by  extrapolat ing the 
GELic1 VS. XLIC1 plot presented in Fig. 1 to zero mole 
fraction of l i th ium chloride. 

The relative part ial  molar  free energies (GMCdC12) 
and activities (acdc12) of cadmium chloride in the mix-  
tures were then obtained by use of the relations 

GMcdcI2 ---: 2.303 RT log aCdCl2 [8] 

: 2.303 RT log XCdCl2 -~- GEcdc I2  

These data are also summarized in  Table II. 
The excess integral  molar  free energy of mixing, gE, 

in mixtures  of l i th ium chlor ide-cadmium chloride was 
calculated from the excess thermodynamic  quanti t ies  
presented in  Table II by use of the equation 

gE : XLicIGELicI ~_ XCdC12GECdCl2 [9] 

The excess integral  molar  free energies (gE) as a func-  
t ion of l i th ium chloride mole fraction are summarized 
in  Table II. 

Table II. Thermodynamic quantities of lithium chloride and cadmium chloride in mixtures of 
lithium chloride-cadmium chloride at 650~ 

GMLIOI GELIO! GMCdOI 2 GECdCI= g~ 
r (cal/mole) (cal/mole) aLim (cal/mole) (cal/mole) acdc]~, (cal/mole) 

0.1 --5120 --897 0.081 ~199 --6 0.897 --96 
0.2 --3667 -- 716 0.135 --449 --40 0.783 --175 
0.8 --2791 --593 0.216 ~739 --84 0.868 --237 
0.4 --2076 --395 0.323 --1127 --190 0.541 --272 
0.5 --1522 --251 0.436 -- 1578 --307 0.423 --279 
0.6 -- 1084 -- 147 0.554 --2114 --434 0.318 --262 
0.7 --692 --38 0.686 --2841 --633 0.212 --217 
0.8 --392 0 0.800 . . . .  
0.g --198 0 0.900 . . . .  
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From the data presented in  Table II, it is seen that  
t h e  mixtures  of l i th ium chloride and cadmium chlo- 
ride show a slight negative deviation from Raoult 's  law 
over most of the composition range. 

In  contrast  to cell [I], the current  in  cell [II] is con- 
ducted by the cadmium and chloride ions as well  as by 
t h e  l i th ium ions. The emf of cell [ I I ]  is, therefore, 
g i v e n  by (12) 

Ecell  = - -  " ~  tl3d/~LlCl - -  ~ "  t=d~cdCl2 [10] 

w h e r e  F is  t h e  F a r a d a y  c o n s t a n t  a n d  t13 a n d  t ~  are, 
respectively, the t ransference numbers  of the l i th ium 
ion (cation 1) and cadmium ion (cation 2) relat ive to 
t h e  chloride ion (anion 3); ~L~Cl and ~CdCl2 are the 
chemical potentials of l i th ium chloride and cadmium 
chloride in the mixture,  respectively. The derivat ion 
of Eq. [10] has been discussed in  detail by Wagner  
(12). Now, making  use of the Gibbs-Duhem equat ion 

~LiCI 
d/~cdCl2 -- d~LiC1 [11] 

1 -- XLlCl 

and the following other relations 

d/zLtCl = 2.303RT log aLicl [12] 

t l a  ~ t2s = 1 [13] 

2X'LiCI 
r = [14] 

1 --]- X'LICl 

Equat ion [10] can be , rewr i t ten  as 

2.303 RT ~B tla -- X'LICI 
d log  [15] J~ aLiCl Ecel l  : F 1 - -  X'LiCI 

where XLiO, X'LiCI, and aLic1 are, respectively, the mole 
fraction, equivalent  fraction, and activity of l i th ium 
chloride in the LiC1-CdC12 mixture.  Par t ia l ly  differ- 
ent iat ing Eq. [15] with respect to log aLic1, we have 

( 0Ecell ) 2.303RT ( tla--X'LlCl )B 
= . . . . .  [16] 

a log aLiCl B F 1 - -  X'LiCI 

Using the activity values of l i th ium chloride in the 
l i th ium chlor ide-cadmium chloride mixtures  deter-  
mined  from emf measurements  on cell [I], the te rm on 
the left side of Eq. [16] can be obtained by graphical 
differentiation of the Ecen vs. log aLiCl plot presented in  
Fig. 2. 

The t ransference numbers  of the l i th ium ion (t18) 
and the cadmium ion (t23) relat ive to the chloride ion 
are then determined by use of Eq. [10] and [13], re-  
spectively. The t ransference number  data, so obtained, 
are summarized in  Table III. 

The mobilit ies of the l i th ium ion (b13) and cadmium 
ion (b23) relative to the chloride ion are related (7,13) 

L I T H I U M  C H L O R I D E - C A D M I U M  CHLORIDE 

0.05 

_J >o 
_J 
.J 
t~ 
o 

w 

0.04 

0.03 

002  

O.Ol 

o 
o 

LOG OLicl 

Fig. 2. Ecen vs. log OL~Cl plot for the cell: 
LiCI (I) I C-CI2(g). Cl~(g)-C I LiCl(I) I] CdCl2 

I I I t , I  I 
-0.2 -0.4 -0.6 -0.8 -I 0 -I.2 
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- 1 . 4  

to the cation t ransference number  (tla and taa) and 
equivalent  conductance (k) of the l i th ium chloride- 
cadmium chloride mix ture  by the equations 

t l a ~  
b13 = [17 ]  

a:'LIcIF 
and 

b ~  = [ 18 ]  
X'Cdc12F 

The equivalent  conductance (~) of l i th ium chloride- 
cadmium chloride mixtures  at 650~ was obtained from 
the specific conductance and density data of Bloom 
et al. (9) and combined with the exper imental ly  deter-  
mined  cation t ransference numbers  (t13 and t23) to ob- 
ta in  the cation mobilit ies relat ive to the chloride ion by 
use of Eq. [17] and [18]. These data are also sum- 
marized in Table III. The cation mobilitie8 are also 
plotted in  Fig. 3 as a funct ion of the l i th ium chloride 
mole fraction. The alkali ion was found to have rela-  
t ively larger mobi l i ty  as compared to the cadmium ion 
over the whole composition range of the mixtures.  
This behavior  is s imilar  to the behavior  in  systems 
LiC1-PbCl2 (7,14), IAC1-CeCla (8), NaCl-CeCl~ (8), 
KC1-PbC12 (15), KC1-CaC12 (7), KC1-MgC12 (7), and 
KC1-CeCI.~ (8) where the alkali  ion has been found 
to have a relat ively larger mobi l i ty  than  the mobili t ies 
of the second cation in the mix ture  over most of the 
composition range. 

Summary and Conclusions 
Thermodynamic  properties, cation t ransference n u m -  

bers, and cationic mobili t ies in  l i th ium chloride-cad- 
mium chloride mixtures  at 050~ were determined 

Table III. Transference numbers and mobilities of lithium ions (h3, bz3) and cadmium ions ( t ~ , / ~ )  
relative to the chloride ion in mixtures of lithium chloride-cadmium chloride at 650~ 

a E  
At (crn= bu X 10 a b= X 10 a 

XLICl X'LICI" a log aLiCl t~ t~a ohm-1 equlv-D (cm2 sec-1 V-D (cm 2 sec -I V-D 

O.O O.O - -  - -  1.000 87.58 0.60 
0.1 0.053 -- 0,0080 0.094 0.908 63 1 .'~'8 0.63 
0.2 0,111 -- 0,0155 0.186 0,814 69 1.30 0.68 
0.3 0.176 --0,0210 0.271 0.729 75 1.20 0.69 
0.4 0.250 --0.0335 0,387 0.613 80 1.28 0.68 
0.5 0.333 -- 0.0430 0.489 0.511 88 1,34 0.70 
0.6 0.429 -- 0,0515 O. 590 0.410 98 1,40 0.73 
0.7 0.538 -- 0.0600 0.690 0.310 109 1.48 0.'/6 
0,8 0.66"/ --0.0700 0.791 0.309 125 1.54 0.81 
0.9 0.818 --0.0770 0.895 0.105 146 1,85 0.87 
1.0 1.0 - -  1.000 - -  1 7 3 . 4 8  1.80 - -  

XLiCl  
�9 X t L i C l  ~- 

~ - -  XLiCI 
t H. Bloom, 1. W. Kaaggs, J. J. Monoy, and D. Welch (9). 
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Fig. 3. Mobilities of Li + (bla) and Cd + + (B~) ions relative to 

the chloride ion as a function of lithium chloride mole fraction in 
LiCI-CdCI2 mixtures at 650~ 

from emf measurements  on concentrat ion cells with 
transference. The system showed slight negative devi- 
at ion from Raoult 's  law and l i thium ion was observed 
to possess relat ively larger mobil i ty  than  the cadmium 
ion over the entire composition range of the l i th ium 
chloride-cadmium chloride mixtures.  
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Nitrogen Doping Behavior in GaP 
Using NH3 as the Dopant Source 
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Efficient green luminescence in GaP arises from the 
decay of excitons bound to ni t rogen atoms which oc- 
cupy phosphorus sites (1). The most efficient green 
LED's have utilized l iquid phase epi taxy (LPE) layers 
where ammonia was the source of ni t rogen (2-5). Us- 
ing this approach, efficiencies as high as 0.33% have 
been achieved for encapsulated 15 • 15 mil  die oper-  
ated at 10 mA (6). Nitrogen incorporat ion as a func-  
t ion of ammonia  partial  pressure PNH3 (in a ,~1 atm H2 

E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  l i g h t  e m i t t i n g  d iodes ,  l i q u i d  phase  e p i t a x y ,  i m p u r i t y  

i nco rpo ra t i on .  

carrier) has been reported by several workers (2, 7) 
for doping levels in the 10 TM atoms/cm ~ range I where 
the highest efficiencies are obtained. Basically, it has 
been found that the N concentrat ion increases l inear ly  
with PNH3 unt i l  PNH3 ~ 10 -a atm, at which time the N 
concentrat ion reaches a constant value. The morphol-  
ogy of the LPE becomes disturbed at this and higher 
values of PNH3. The ini t ial  l inear  behavior is consistent 
with the isoelectronic behavior  of N in GaP while the 
l imit ing value corresponds to the PNH8 over l iquid Ga in  

1 The  n i t r o g e n  c o n c e n t r a t i o n s  h a v e  b e e n  corrected in accordance 
w i t h  the  r ecen t  w o r k  of L i g h t o w l e r s  et  aL (8). 
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equi l ibr ium with solid GaN, P*I~H3 (9). Using a model 
due to Phil l ips and Van Vechten (10), Str ingfel low 
(i1) has computed the temperature  dependence of N 
and the corresponding l imit ing values of P*NHa. These 
calculations and those of Thurmond  and Logan (9) as- 
sume that  NI-Iz does not dissociate under  the high tem-  
perature  conditions of LPE. In  the exper imental  phase 
of the la t ter  work, this condition could be met provided 
a new quartz furnace tube and a low oxygen (and water  
vapor) ambient  was used. 

Although NI-I~ is thermodynamical ly  uns table  at ele- 
vated temperatures,  catalysts [e.g., Pt  and W (12)] are 
general ly  required to promote NHa decomposition, 
which can be described by the following equation 

NI--~ --> (1 -- m) N}-f4 + ,.-~ 1% 1~= -F -~-.% 1-'~ [1] 

where x is the mole fraction of consumed NH3. This 
reaction has been studied by Ban (13) using a t ime-of-  
flight mass spectrometer. His results, using an H2 car- 
rier gas, indicate that  over the tempera ture  range 
700~176 x ~ 0.03 for quartz and graphite catalysts. 
The relat ively high ~ stabil i ty under  these condi- 
tions suggests that  both quartz and graphite are suit-  
able s t ructural  materials  for growth reactors which 
utilize NI~.  However, dur ing the course of developing 
a multislice LPE system for GaP green LED's (5), we 
observed, as shown in Fig. 1, that  the incorporated N 
level was substant ia l ly  lower than  previously reported 
(2,7).  Moreover, for this system which util ized a 
quartz reactor and graphite boat, the incorporated N 
level was found to be subl inear  with the inlet  NH~ 
pressure for low flow rates (50 cm3/min).  (All flow 
rates are the room tempera ture  flow rates.) Fur ther ,  for 
a given PNH3, the incorporated N level increased with 
the total gas flow rate. These results suggested that  
N incorporat ion was kinet ical ly  controlled, perhaps 
as a result, of NH~ decomposition. The work described 
here was under taken  to determine the extent  of NI-I3 
decomposition for typical LPE conditions which are 
appropriate for green LED's and to study the (cata- 
lytic) effect of graphite and quartz on NHa stability. 
While the quant i ta t ive  results are specific to the opera-  
t ion of our LPE system (5), the results are thought  to 
be general ly  applicable to other systems ( including 
vapor epi taxy systems) which utilize NH3 and the same 
construction materials,  viz., quartz and graphite. 

Return ing  to Fig. 1, we note that if NH~ decomposi- 
t ion were significant, the value of PNH3 over the growth 
solution could be substant ia l ly  lower than  the values 
deduced from the relat ive inlet  NH8 and H2 flow rates. 
The actual values of pNH.~ were therefore determined 
by t i t ra t ing the exit gas with a solution of known  pH 
(9). Since these values were t ime invariant ,  the outlet 
pressure should near ly  equal the NH~ pressure over the 
melt. At room temperature,  where NHs is stable, the 
inlet  and outlet pressures were determined to be equal 
by the t i t ra t ion method and  agreed wi th in  10 % of the 
value calculated from the inle t  flow rates. At typical 
LPE temperatures  (~-.1000~ however, the outlet 
pressure was general ly  found to be lower than  the in -  
let pressure. This behavior  is i l lustrated in  Fig. 2, 
where  it is shown that  for a total  flow rate of 50 en",_~/ 
rain (the volume of the reactor tube is ~5  liters with a 
diameter  of 7 cm at the location of the graphite boat) ,  
the ratio of outlet to inlet  values of PNHS decreases 
monotonical ly with increasing inlet  PNHs; that  is, t h e  
higher the inlet  PNH3 for a given flow rate, the greater 
the amount  of NH8 consumed wi th in  the reactor. Note 
also that  when  He is subst i tuted for H2 as the carrier 
gas, t h e  N I ~  consumption is substant ia l ly  increased. 
This result  is qual i ta t ively consistent wi th  the decom- 
position reaction given by Eq. [1]. Using the curve in 
Fig. 2, one can approximate the outlet PNI-I3 values cor- 
responding to the data in  Fig. 1. The corrected values 
given by  the crosses in  Fig. 1, lie reasonably well on a 
l inear  extrapolat ion of published data for higher dop- 
ing levels. This agreement  clearly demonstrates that  
the actual PNHS in  the system controll ing the incorpo- 
rat ion is more accurately measured at the outlet ra ther  
than at the inlet  due to NI-Iz decomposition. As one 
might  infer from Fig. 1, for higher flow rates (shorter 
residence time) NH3 stabil i ty is enhanced, which is 
borne out by the increased outlet PNHz values for a 
given inlet  PNH.~. 

The results of Ban (13) and of Thurmond  and Logan 
(9) indicate that  for graphi te-quar tz  systems, negli-  
gible NH~ decomposition occurs, al though the lat ter  
suggest that  under  certain conditions quartz can be-  
have as a catalyst. To identify the s t ructural  mater ia l  
catalyzing or reacting wi th  NH~, measurements  were 
made at room tempera ture  and at 1026~ with and 
without  the g~'aphite boat, using a high PNH~ value 
(3 X 10 -~ atm) to provide a worst case situation. The 
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from an initial temperature of I015~ as a function of inlet NH3 Fig. 2. The variation of the ratio of effluent to inlet values of 
partial pressure. The crosses are corrected values as discussed in NH3 partial pressure at ,,~1000~ for various conditions. The values 
the text. refer to typical LPE canditions except where indicated (see text). 
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results shown in  Fig. 2 clearly show that  the graphite 
boat and not the quartz reactor is causing the NH~ con- 
sumption. Additionally,  we find that  the type and sur-  
face area of the graphite effects NH~ stability, al though 
this was not extensively studied. From a practical 
standpoint,  viz., the growth of N-doped LPE material ,  
we believe that  the influence of graphite  on the sta- 
bi l i ty  of NHs is a general  effect whose magni tude  wil l  
depend upon the specific system geometry. However, as 
shown in  Fig. 1, the use of high flow rates (500-1000 
cm3/min) makes it possible to control lably achieve 
high N levels, appropriate for green LED's under  con- 
ditions approaching those where NI-I~ is stable. 

During the lat ter  stages of this work, gas chroma- 
tography was used to identify and monitor  some of the 
major  gas species present  in the reactor at various 
temperatures  and under  actual LPE conditions. A 
GOW-MAC gas chromatograph, Model 69-570, was 
used. This uni t  permits  continuous flow of the reac- 
tor effluent gas through a sampling coil, with a bypass 
to flush the sample gas into the appropriate column. 
The purest available grade of He was used as the car- 
r ier  gas. Three columns were employed in this work. 
A 5A Molecular Sieve (V4 in. OD X 4 ft) column was 
used to detect O~. and N2 with detection limits of 10 
and  0.5 ppm, respectively. The high detection l imit  for 
O~ results from H2 interference (the major  const i tuent  
of the effluent gas). However, this could be lowered 
to ,-.0.1 ppm by using a He ambient  wi th in  the reactor. 
A Porapak "Q" (V4 in. OD • 4 ft) column was used 
for detecting CI-I4 with a detection l imit  of 0.5 ppm and 
a Chromasorb 103 (u in. OD • 3 ft) column was used 
for NH3 detection to ,~3 ppm. All columns were ma in -  
tained at room tempera ture  except the lat ter  which 
was main ta ined  at 70~ Since the sensit ivi ty improves 
with decreasing detector ( thermistor  bridge) tempera-  
tures, the chromatograph was modified so that  the 
Chromasorb column was thermal ly  isolated from the 
detector, thus permit t ing the column to be operated at 
elevated temperatures  whi le  main ta in ing  the detec- 
tor at room temperature.  

Gas cal ibrat ion was accomplished with an exponen-  
tiaI d i lut ion flask (EDF) (I4),  using He as the car-  
rier. Each gas at 100% concentrat ion was injected into 
the EDF with a syringe, and the detector cell output  
was measured at known t ime intervals.  The peak and 
integrated output  signals, Co, corresponding to the in i -  
t ial ly injected and thus known  gas concentrat ion was 
determined from the following equat ion 

c --- Co exp -- 1~lv [2] 

where c is the detector output  (proport ional  to the gas 
concentrat ion) at t ime t, ] is the flow rate through 
the EDF, and v is the EDF volume. Generally,  the 
value of co was chosen to be in the range where mea- 
surements  were to be made. Finally,  the delay t ime 
(after inject ion into the appropriate column) for de- 
tecting the output  signal serves as a s ignature  for the 
specific gas involved. 

Since oxygen is deleterious to the efficiency of GaP 
green LED's and, as suggested previously (9), may 
contr ibute  to NH~ dissociation, the reactor effluent at 
room tempera ture  was analyzed for Os and N2 using a 
He ambient  for increased sensitivity. As indicated else- 
where (5), the loading end of the reactor is enclosed in 
an  N~ filled enclosure to minimize entrance of air into 
the reactor. This was just  one of m a n y  precautions to 
minimize O2 contamination.  The present  results indi -  
cate that  such enclosures are quite effective. For  ex-  
ample, 50 rain after loading and using a reactor flow 
rate of ~500 cm3/min, the O2 level in the exit gas was 
reduced to 6 ppm compared to 55 ppm for N2; after 
150 min, these values dropped to <2 and 34 ppm, re-  
spectively. After  overnight  flushing these values fell to 
,--1 and ~5  ppm and correspond to a background level  
of air resul t ing from leaks in  the extensive gas panel  
used for vapor doping the LPE layers (5). 
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Table I. Concentration of N~ and CH4 in reactor exit gas for 
various reactor temperatures using a flow rate of 500 craB/rain 

Concentration (ppm) 

25~ 700~ 850~ 925"C I015~ 

N~ fi-10 14 16 32 50 (230)* 
CH. <0.5 <0,5  2 22 200 (2000)" 

* Parentheses  denote 50 cmS/mIn ~ow rate. 

For a 500 cm3/min flow rate, PNH3 (inlet) ~ 10 -3 
atm, and a H2 carrier  gas, the determined CI-I4 and N2 
concentrations for various temperatures  are given in  
Table I. The conditions at 1015~ are those which 
correspond to actual LPE condit ions for green LED's. 
First, these results indicate that  substant ial  levels of 
CI-I4 are generated wi th in  the reactor at elevated tem- 
peratures;  addit ional experiments  deleting NHz from 
the gas stream show that  most of this results from the 
direct reaction of graphite with the H~ carrier. De- 
creasing the flow rate to 50 cmS/min, increases the 
CI-I4 level to ~2000 ppm at 1015~ The presence of 
such high levels of CH4 may  affect the gaseous reac- 
tions in  vapor epi taxy systems but  does not appear to 
be of consequence for LPE. These results also show 
that the N~ level increases monotonical ly  with reactor 
temperature,  reaching -~50 ppm at 1015~ This in-  
creasing decomposition of NH3 with increasing tem- 
perature has the effect of displacing the curve in  Fig. 
2 downward with increasing temperature.  Decreasing 
the flow rate to 50 cm3/min, increases the N2 level to 
~230 ppm, with a corresponding decrease in  the efflu- 
ent pNu3 value. As expected, when one deletes the NH3 
or the graphite boat, the ini t ia l  (25~ N2 value for 
all reactor temperatures  is measured. Using the mea-  
sured N2 levels, the corresponding concentrations of 
consumed NH3 according to Eq. [I] are twice the N2 
values. The values deduced from the t i t ra t ion and 
chromatographic measurements  of pNH3 indicate that  at 
least half  of the consumed NH~ is decomposed into its 
e lemental  constituents.  

The NH3 dissociation behavior  described above es- 
sential ly relates to the doping of the growth solution. 
We find that under  identical growth and doping con- 
ditions, the incorporated N concentrat ion also depends 
on substrate orientation.  The results shown in Fig. 1 
are for { l l l } P  (or B-face) or iented substrates. The N 
concentrat ion for {10~}} and { l l l } G a  (or A-face) ori-  
ented crystals are respectively 50 and 75% lower than 
for { l l l } P  crystals grown s imul taneously  in the same 
melt. Orientat ion dependence of the dis t r ibut ion coeffi- 
cient has been explained in  terms of surface band 
bending (15) ; however, it is not clear how this model 
is applicable to isoelectronic impuri t ies  such as N. We 
note that the present  results are consistent with the 
"available site" model  (16), where in  impuri t ies  which 
subst i tute on a Group V site (P site for N) are incorpo- 
rated more readi ly on the corresponding Group V face. 
Fur ther  work is needed to ful ly unders tand  these 
effects; however, it is clear that the higher  N concen- 
t ra t ion for the { l l l } P  or ientat ion is desirable for effi- 
cient green LED's. 

In  conclusion, we find that  contrary to previous 
work (9, 13), NI-I3 can rapidly dissociate at elevated 
temperatures  in  the presence of graphite. The decom- 
position is undesirable  not only  for N incorporat ion in  
GaP but  also, for example, halogen t ransport  methods 
for growing GaN, InN,  etc. In  exper imental  systems 
where t h e  mass of graphite is small, this problem will  
not be serious. However, for large capacity, commer-  
cial- type systems, such as the one studied in  this work, 
as much as 95% of t he  avai lable NI~  can be decom- 
posed. (We note that  in  Ban 's  reactor, the surface area 
of the graphite l iner  was 25 cm 2, while the LPE boat 
we use has an  area of ~400 cm%) Consequently,  for 
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systems where  graphi te  is the  on ly  prac t ica l  s t ruc tu ra l  
mater ia l ,  values of flow rate,  inlet  PNHs, etc., mus t  be 
found to give the des i red  PNH3 values  appropr ia t e  to 
the react ion zone. In  our  case, moni tor ing  the NI-I8 con- 
cent ra t ion  in  the  effluent gas, de te rmined  by  e i ther  
t i t ra t ion  o r  chromatography,  was e x t r e m e l y  useful  for  
es tabl ishing op t imum doping conditions. We note tha t  
reduct ion  of the  effective surface a rea  of g raphi te  com- 
ponents,  e.g., by  apply ing  pyro ly t ic  coatings, is a 
means  of minimizing cata lyt ic  NH3 decomposit ion;  this  
was not  found necessary,  however ,  for r ep roduc ib ly  
achieving high efficiency LED's. Final ly ,  p r e l im ina ry  
da ta  on the or ienta t ion  dependence  of N incorpora t ion  
suggests that  the  { l l l } P  or ienta t ion  is p re fe rab le  for  
efficient LED's. 

Manuscr ip t  submi t ted  Oct. 29, 1973; revised manu-  
script  received Feb. 24, 1974. 

A n y  discussion of this paper  wi l l  appear  in a Discus- 
sion Section to be publ i shed  in the  June  1975 JOURNAL. 
Al l  discussions for the June  1975 Discussion Section 
should be submi t ted  b y  Feb.  1, 1975. 
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Epitaxial growth of CdSe on sapphire has been re- 
ported previously by using an organometallic CVD 
process (i) and also, very recently, by using a vacuum 
evaporation technique (2). In general, CVD methods 
are often preferable since they provide a greater de- 
gree of flexibility and control as one could adjust the 
input vapor concentrations to achieve precise stoichi- 
ometry. In a previous work (3) we demonstrated the 
single-crystal epitaxy of ZnSe and CdS on sapphire by 
reaction of the Group II metal vapors with the Group 
VI hydride gases in an open-flow system. We have now 
extended this technique to the preparation of CdSe. 

We report in this paper the epitaxial growth of high 
purity, single-crystal CdSe on sapphire, as well as on 
CdS, by using the hydride CVD technique. Also in- 
cluded are some electrical data obtained on the epi- 
taxial layers. 

The CVD apparatus is similar to that previously used 
for epitaxial growth of other II-VI compounds (3), but 
with one important modification to be described 
shortly. The cadmium was transported as vapor by 
passing 100 craB/rain H~ over molten Cd at --500~ the 
selenium was introduced from a separate inlet as gase- 
ous hydride, 20 CmSlmin HsSe; and an additional 500 
cmS/min H2 was used as carrier gas. The cadmium and 
H2Se vapors were carried downstream and reacted to 
form CdSe on a substrate at ~700~ 

Two substrate materials were used almost exclu- 
sively; these were single-crystal wafers of sapphire 
with (9001) orientation and CdS single-crystal wafers 
of both (0001) and (0001") orientations. The sapphire 
substrates, ~10 rail thick and ,~1 cm 2 in surface area, 
were supplied with a mirror-smooth finish by Insaco 
(Quakertown, Pennsylvania), and were used with no 

* Electrochemical Society Active Member. 
Key words: chemical vapor deposition, heteroepitaxy, CdSe,  r e -  

sistivlty, photosen~Itivlty. 

fu r the r  surface pol ishing pr io r  to the ep i tax ia l  growth.  
The CdS subst ra tes  (~20 mi l  th ick  and ,~1 cm 9) were  
cut from m e l t - g r o w n  boules  obta ined f rom Eagle-  
P icher  (Miami, Oklahoma) ,  and were  chemical ly  pol-" 
ished with  a 30% HC1 solut ion in wa te r  

In o rder  to achieve ep i t axy  consis tent ly  and r ep ro -  
ducibly,  we found it  impor tan t  to p rehea t  al l  subst ra tes  
in ~100 cm3/min H2 for severa l  minutes  unt i l  the  t em-  
pe ra tu re  reached to about  600~ before  inser t ing them 
in the  deposi t ion zone. 1 Pe rhaps  more  impor tant ,  we 
found it  necessary to sepa ra te  the cadmium and H2Se 
vapors  unt i l  t hey  meet  and  react  ve ry  near  the  sub-  
s t rate .  This was accomplished by  ex tend ing  the Cd 
vapor  inlet  tube to a locat ion as close as 1 cm from the  
substrate,  whi le  keeping the H2Se in le t  tube  at  about  
10 cm ups t ream from the Cd inlet.  Without  separa t ing  
the  reac tan t  gases and placing one of the  gas inlets  in 
close p rox imi ty  of the substrate ,  m a n y  whiskers  and 
pla te le ts  were  found to form inside the  CVD a ppa ra -  
tus ahead of the  deposi t ion zone. When  this occurred,  
the deposi ted layers  on var ious  substrates,  pa r t i cu la r ly  
on sapphire,  were  nea r ly  a lways  polycrys ta l l ine .  

Wi th  the above g rowth  conditions, we have  obta ined 
re la t ive ly  high deposi t ion rates:  the  average  va lue  is 
3 ~ /min  on sapphire ,  2 /~/min on (0001) CdS, and 1 
~ /min  on (0001) CdS. Emission spec t rographic  analysis  
showed the deposi ted layers  to be high pur i ty  wi th  the  
m a j o r  meta l l i c  impur i t ies  of ( 1  ppm Cu, 3 ppm Si, 
and 3 ppm Mg. 

Typical  micros t ruc ture  of a s -g rown  epi tax ia l  l ayers  
on sapphi re  is shown in Fig. l ( a ) .  The hexagonal  
g rowth  features  shown here,  as wel l  as in Fig. 2 (a) and 
Fig. 2(b)  for  CdSe on (0001) and (0001) CdS substrates,  
respect ively,  are  character is t ic  of ep i t axy  of a w u r t -  

~While detailed examinations are lacking, there appeared no 
deleterious thermal etching of the substrates after the preheating. 
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Fig. I. As-deposited CdSe epitaxial layer on (0001) sapphire: (a) microstructure, (b) x-ray Laue pattern. The <~0001> axis of CdSe 
is perpendicular to the plane of the paper. 

Fig. 2. Microstructure of as-deposited CdSe epltaxial layer on (a) (0001) CdS and (b) (000~) CdS. The x-ray Laae patterns for these 
CdSe layers are very similar to that shown in Fig. l(b). 

zite s t ructure mater ia l  g rown with  the c-axis  perpen-  
dicular  to the surface. The x- ray  Laue pat tern  of Fig. 
1 (b) proves this, and that  the wel l - reso lved  sharp dif-  
fract ion spots indicate a high degree of single crystal-  
linity. In the present  work  onIy the hexagonal  s t ruc-  
ture  was observed for CdSe deposited in the substrate 
t empera ture  range invest igated of 550~176 al though 
the cubic form is known and is f requent ly  obtained, 
mixed  with  the hexagonal  form, in vacuum-evapora ted  
CdSe on various substrates heated up to about 400~ 
(4). 

All  the epi taxial  CdSe layers grown without  in ten-  
tional doping showed high resist ivi ty 2 and photosensi-  
t ivity. Dark resist ivi ty values measured  at room t e m -  
pera ture  for the undoped CdSe were  be tween  5 • 10 e 
and 1 X 107 ohm �9 cm and, wi th  As doping by in t ro-  
ducing a small flow of AsH3 during epitaxial  growth, 
a resist ivi ty value as high as 1.2 • 109 o h m - c m  was 
obtained. Because of the high resist ivi ty we were  un- 
able to determine  the free carr ier  concentrat ion by 
conventional  Hall-effect  measurements .  However ,  as- 
suming a Hall mobi l i ty  of 65-650 cm2/V-sec, the la t te r  
being a value repor ted  for me l t - g rown  CdSe crystals 
(5), we ar r ive  at a free carr ier  concentrat ion of 10 ~ -  

2 All  w e r e  n-type,  doped or undoped, consistent w i th  the wel l -  
k n o w n  difficulty of  obtaining p- type  CdSe. 

1010/cm s for the 107 o h m .  cm mater ia l  at room tem-  
perature.  The CdSe can easily be made more  conduc- 
tive, if desired, e i ther  by increasing the Cd vapor  flow 
or by decreasing the H2Se flow; for instance, by using 
2.5 cm3/min H2Se which is only a tenth  of the flow rate  
described above, we obtained CdSe of ~102 ohm �9 cm. 

The ratio of two resistance values (one measured  in 
the dark and the other  obtained by i l luminat ing the 
same specimen with  a microscope lamp),  which was 
taken  arbi t rar i ly  as a measure  of the photosensitivity,  
was 3000 for the 107 o h m . c m  material .  This single- 
crystal  layer  had a low electron t rap density at room 
tempera ture  of --~1014/cm ~, as measured  wi th  the "dark 
current  doubling" method  of Rose (6). By contrast, a 
vacuum-deposi ted  polycrystal l ine CdSe film (4) wi th  
a dark resist ivi ty and a resistance ratio s imilar  to that  
of the 107 ohm"  cm layer  ment ioned  above, had one 
order  of magni tude  larger  t rap density of 1.4 • 1015/ 
cm 3. It might  wel l  be that  the lower  trap density i s  
re lated to improved crystal l ini ty of the epi taxial  layer.  
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A suitable source of Sb has not been developed for 
doping epitaxial Si layers even though Sb would be 
preferable to As or P because of its lower diffasivity. 
St ibine (SbI-I~) might  be a possible source of Sb, but  
its instabi l i ty  at ambient  temperatures  could offer 
problems in  dopant control. 

Previously t r imethyls t ib ine  (TMSb) had been suc- 
cessfully used in  our laboratories as a source of Sb in 
forming alloys of GaAsl-xSbx (1), and Git t ler  and 
Porter  (2) have prepared Sb-doped SiO2 from a mix-  
ture of TMSb, Sill4, and 02. It was of interest  to deter-  
mine  if TMSb could also be used to introduce Sb into a 
growing layer  of Si at the re la t ively high growth tem- 
perature.  

The apparatus used in these studies is shown sche- 
matical ly  in  Fig. 1. The TMSb (bp = 80.6~ was kept 
in  a stainless steel reservoir  w i t h  the tip of the inlet  
tube above the surface of the liquid. The Si source was 
SiI-I4 in a carrier gas of Pal-purified H2 (total flow = 6 

* Electrochemical Society Active Member. 
Key words: epltaxy, silicon, doping, antimony, metalorganlcs, 

sapphire. 

l i t e r s /min) .  Chemically polished (111) p- type  Si and 
mechanical ly polished (101-4)- and (011-2)-oriented 
A1208 were used as substrates. The la t ter  A1208 ori-  
enta t ion leads to (100)Si overgrowth; the former to 
( l l l ) S i  overgrowth (3). A 15-rain H2 etch of the sub-  
strates at --1250~ preceded Si deposition. The films 
on Si substrates 'were nomina l ly  10 and 25 tzm thick and 
grown at 1050~ at a rate of ,~0.6 ~m/min;  those on 
A12Oz, 1.5-1.85 ~m thick, and grown at ,~1075"C at 
about the same rate. 

Only resist ivity (4-point probe) measurements  were 
made on the as-grown Sb-doped films on Si substrates, 
while Hall-effect measurements  were made on the Si-  
on-sapphire  (SOS) films after their  properties were 
stabilized by anneal ing in  dry O2 at l l00~ for 1 hr. 

The ini t ial  depositions were performed with the 
TMSb main ta ined  at --45~ by means of a chloroben- 
zene slush; but  it was found that the TMSb vapor 
would require excessive di lut ion in order to produce 
films with doping levels in the 1018-10 TM cm -8 range. 
The TMSb vapor pressure was, therefore, reduced by 
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Fig. 1. Schematic diagram of 
chemical vapor deposition ap- 
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using a dry ice-acetone slush to lower the  TMSb bath  
tempera ture  to --78~ The results of these pre l iminary  
studies are recorded in  Fig. 2 and 3, in which the elec- 

trieal properties of the films are plotted vs. the flow 
rate of H2 over TMSb at --78~ 

Figure 2 depicts the resistivity data obtained for the 
homoepitaxial  growth of relat ively thick Sb-doped Si 
films on ( l l l ) S i .  At resistivities less than about  0.15 
ohm-cm, i.e., for carrier  concentrat ions greater  than 
5 • 1016 crn -3 (4), the resist ivity vs. flow rate curves 
for the 1O and the 25 gm thick films are in  good agree- 
ment,  but  at higher resistivities the curves do not coin- 
cide. This deviation, which occurs at flow rates less 
than about 15 ccpm, is not believed to indicate that  
there is a systematic dependence of resist ivity on thick- 
ness or a l imitat ion on the use of TMSb as a source for 
low concentrat ions of Sb. It was probably  the result  of 
the very l imited number  of experiments  made dur ing 
this p re l iminary  s tudy and inefficient equi l ibrat ion of 
the relat ively low H2-TMSb flows with the SiI-I4 and 
much higher H2 flows before these components were 
introduced into the reactor. 

Figure 3 shows that TMSb is an effective source of 
Sb dopant for both ( l l l ) S i  and (100)Si th in  films 
grown on A120~. It  is also of interest  that  the donor 
concentrations in (100) Si films grown on (01]'2) A12Oz 
tend to be consistently higher than  in  ( l l l ) S i  films 
grown simultaneously on (101-4) A1203. 

The plots in Fig. 2 and 3 do indicate that the higher 
H2 flow rates and, therefore, increased concentrat ions 
of TMSb produce decreases in  resistivity and increases 
in  donor concentrat ion in  Si epitaxial  films, as ex-  
pected. 

In  summary,  these pre l iminary  studies have demon-  
strated the feasibility of using TMSb as a source of 
Sb for doping epitaxial  Si layers. Fur ther  studies are 
required in order to (i) learn  how to control the doping 
better, (ii) establish the doping limits possible using 
TMSb, and (iii) determine if carbon is a contaminant .  
A preferable process for producing homogeneously 
doped layers would involve the use of prepared cylin- 
ders of carrier gases containing controlled amounts  of 
TMSb. 
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Soft reverse-breakdown characteristics in Si devices 
have been a recurr ing problem for the semiconductor 
industry.  Extensive l i terature  (1-8) has been pub-  
lished concerning causes and mechanisms for soft j unc -  
tions. The undesired electrical characteristics have 
been a t t r ibuted to both defects and impurities.  Precipi-  
tates, dislocations, stacking faults, and other unspeci-  
fied defects have been proposed as culprits. 

The aim of this s tudy was to make  a large n u m b e r  of 
diodes and transistors by using a simple processing 
scheme and then to investigate the correlation be tween 
degraded electrical characteristics and any defects re-  
vealed by etching. 

Experimental Procedure 
Polished (100) -oriented, Czochralski low-dislocation 

wafers, P-doped with 0.7-1.2 ohm-cm resistivity, were 
obtained from various suppliers. A r ing-dot  type struc-  
ture  was used for the devices. The base and emit ter  
windows were respectively 125 and 75 ~ra in  diameter. 
Approximately  3000 devices were made on each wafer. 
The processing steps are listed in  Table I. 

Electrical evaluat ion was accomplished by  measur-  
ing the collector-base and collector-emitter reverse 
breakdown voltages, BVcB and BVCEO, Oil a curve 
tracer, general ly  at 10 ~A, al though on occasion 1 or 5 
~A were used. Defects were revealed by Sirtl  etching 
(9) for short times (20 to 120 sec). 

Defects Produced by Oxidation and Reoxidation 
Several  groups of wafers were processed through the 

procedure outl ined in Table I. Following base reoxi-  
dation, the diodes were evaluated by measur ing BVcB. 
Depending on several variables, the most important  
being the ambient  dur ing the high temperature  opera-  
tions, yields for various wafers ranged from about 50 
to more than  90%. A BVcB value of --~60V was ex-  
pected based on the resist ivity and procedure em- 
ployed, and any value substant ia l ly  below this was 

Key  words:  defects ,  silicon, soft  Junctions. 

Table i. Device processing sequence 

Temperature  (~ 

Ini t ia l  clean 
Ini t ia l  ox ida t ion-s team 1050 
Photoresist  
Base (B) predeposi t ion (BN) 870 
Dr ive - in  (1% oxygen)  1150 
Reox ida t ion-s t eam (x~ ~ 2.1 p~n) 1050 
Photores is t  
Emi t t e r  (P) diffusion (POC18) (xj  ~ 1.1 #m) 1000 

considered to represent  a loss in  yield, as was a 
"rounded knee" in  the I -V curve. Upon processing 
through the emit ter  cycle, a fur ther  reduct ion in  yield 
was usual ly  observed. 

Since in some cases reduced yields were  measured 
after base reoxidation, a number  of wafers processed 
to this point were etched to determine if defects were 
present  that  could be responsible for the leakage. Two 
types of defects were revealed by etching, as shown in 
Fig. 1. One type (Fig. la ) ,  which is bow-shaped, has 
been identified by transmission electron microscopy 
(TEM) as an extrinsic stacking fault  bounded by F rank  
part ial  dislocations. Other authors have made similar 
determinat ions (10). The depth of the stacking fault  is 
thought to be ~1 /5  to 1/10 of its length (11), indicat ing 
a depth of ~1  to 2 ~m for the stacking fault  present  
following reoxidation. Such defects are fairly common 
in (100) steam-oxidized Si wafers containing non-  
homogeneities. The other defect (Fig. lb ) ,  which is 
ki te-shaped upon etching, is observed only wi th in  diode 
regions. Pre l iminary  TEM analysis (12) shows the de- 
fect to be a rod-shaped precipitate ex tending  into the 
Si. 1 The densities of both defects vary  widely, but  ob- 
servations of  many  samples give a general  density of 
stacking faults in  the mid-104 to mid-105/cm 2 range 
averaged over the regions between diodes. The stack- 
ing faults are general ly observed outside the diode 
regions, but  apparent  traces of stacking faults are 

i The defec t  wil l  be referred to as a rod In th is  paper. 

Fig. 1. Etching defects following base reoxidation: (a, left) region between diodes; (b, center) degraded reverse characteristic, and (c, 
right) good reverse characteristics. 
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Fig. 2. Correlation between electrical characteristics (BVcB at 
5 FA) and rod defects after base reoxidation. 

sometimes present  wi th in  the diode regions. The rod 
defect has a density of ~2  • 105/ClTt 2 averaged over the 
diode regions, a value comparable to the stacking fault  
density. It is noted that  many  diodes are free of these 
defects (Fig. lc) .  They appear to form most f re-  
quent ly  in  areas of the wafers that have stacking faults 
between the diodes. 

The stacking faults revealed by etching are oriented 
in the <110~  directions. This is characteristic of stack- 
ing faults in  Si, since they form on (111) planes which 
intersect  with a (100) surface in  the <110> directions. 

Since defects were detected after the base reoxida-  
t ion step, wafers were etched sequential ly  following 
each of the previous high temperature  operations to de- 
termine the step at which defects are introduced. 
Stacking faults were observed in wafers which had 
been subjected to the ini t ia l  oxidation and remained 
the only defects revealed by etching after boron pre-  
deposition and drive-in.  It was only after the base re-  
oxidation step that  rods were observed. It was found 
that  the format ion of these defects dur ing reoxidation 

could general ly be avoided by  using a highly oxidizing 
ambient  at the d r ive - in  stage. 

The etching exper iments  suggested that  the rods 
might be responsible for the observed degradation of 
the base-collector characteristics. Two studies were 
carried out to determine whether  this was the case. The 
first of these studies was based on the correlation that  
previous authors have established between light emis- 
sion from microplasmas and electrical breakdown (13, 
14). Diodes (on several wafers) that  exhibited poor 
breakdown characteristics following the base reoxida-  
t ion step were biased to a voltage where l ight emission 
could be observed. The light levels were general ly  low. 
Photographs were taken of l ight emission patterns,  the 
diodes were then Sirtl  etched, and the etch pat terns  
were photographed. Comparison of many  light emission 
photographs with the corresponding etching photo- 
graphs showed that  every light emission spot corre- 
sponded to a rod defect, indicat ing that the defects are 
responsible for breakdown. Every  etch defect could not 
be correlated with a l ight spot, bu t  this is probably a 
consequence of the difficulty in  observing and photo- 
graphing the light spots. 

Direct evidence that  the rod defects are responsible 
for degrading the collector-base reverse characteristics 
is provided by the second study, in  which a large n u m -  
ber  of diodes on one wafer were first probed electri-  
cally and then etched to reveal  the defects present. 
The results are shown in Fig. 2. For  each of the diodes, 
the left side of the figure gives the value of BVc~ 
measured at 5 ~A, and the r ight  side gives the number  
of defects observed after etching. The figure also in-  
cludes a sketch of the wafer, on which the area where 
data were taken is indicated by cross-hatching. It  is 
seen that  the max imum voltage, 60V, was obtained for 
every diode that was free of defects- -even one located 
in an area where all the other diodes were degraded. 
On the other hand, a significantly lower voltage was 
obtained for every diode that contained even one de- 
fect. This correlation strongly supports the conclusion 
that the reduction in device yield observed after the 
base reoxidation step is due to the formation of rod 
defects. 

In  view of the adverse effect of the rods on device 
yield, it is of considerable interest  to know the nuclea-  

Fig. 3. Relationship of rods to stacking faults: (a, left) formation of rods on stacking faults and (b, right) rods and stacking faults 
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Fig. 4. Etching defects following emitter diffusion: (a, left) small defects and linear defects in emitter, good reverse characteristic 
and (b, right) small and large defects in emitter, degraded reverse characteristic. 

t ion mechanism, whether  they are precipitates and if 
so, their  chemical composition, and especially how to 
formulate  the processing sequence to either prevent  
their  formation or render  them harmless. 

With regard to the nucleat ion of the rods, an obvious 
question is whether  the stacking faults are the nuclea- 
t ion sites. Some informat ion concerning this question 
is provided by Fig. 3. The photograph on the left shows 
several rod defects. In  one case the defect formation on 
the F rank  partial  dislocations at the end of the stack- 
ing fault  is observed. A similar development,  more 
ful ly matured,  appears on the same photograph. A n-  
other diode with a poor reverse characteristi= is shown 
in the photograph on the right. Based on these etching 
studies, it appears that in  some instances the rods are BVcEo 
nucleated by F rank  part ial  dislocations associated with 
stacking faults, bu t  that  in  general  this is not the case. 5G 54 48  42  

5C 544842 
Defects Produced by Emitter Diffusion 

Let us go one step fur ther  and examine etching be- 5C S(] 48  42  
havior following emit ter  diffusion. L inear ' e tch  defects 6E SG S 42  
associated with the high concentrat ion phosphorus dif- 5(~ 5G 4 8  4 2  
fusion are evident  with the emit ter  region ( inner  
circle in Fig. 4a and b) .  Two other types of etching de- SG 5(~ 48  4 2  
fects are also observed wi th in  emit ter  regions: (i) 6C 504842 
small defects wi thout  an apparent  preferred orienta-  
tion; (Fig. 4a and b) (ii) larger  defects, oval in  shape, 6C 506042 
with apparent  ~100> orientations, which are prob-  
ably traces of the rod defect previously observed 
(Fig. 4b). In  order  to determine whether  ei ther 
type of defect causes degradation of the emit ter-  .- ." 
collector reverse characteristics, a large number  of 
diodes on one wafer  were first probed electrically 
and then etched to reveal defects, the same pro- S S S S 
cedure used to investigate the defects formed in S S S S 
base reoxidation. The results are summarized in  Fig. 5. S S S S 
The electrical data, which are given on the left side of 
the figure, show that for each diode either BVcEo was 54 3 S S 
greater  than  40V, or the emit ter  and collector were 51 50  S S 
shorted or showed poor electrical characteristics. The 
measurements  were made on two areas of the wafer, 
one with high device yield and the other with low 

yield. It was found that  the small, unor ien ted  defects. 
do not degrade the junctions,  since m a n y  diodes con- 
ta ining several of these defects exhibited hard break-  
down. On the other hand, the large (100)-oriented 
defects are clearly associated with collector-emitter  
shorting. The n u m b e r  of these defects observed in each 
diode is given on the r ight  side of Fig. 5. It  is seen 
that  every diode containing one or more  defects ex- 
hibits shorting or poor electrical characteristics, while 
every diode without  defects exhibits hard breakdown. 
Thus, the only shorted diode in  the high yield region 
is also the only one containing a defect, and the three 

NUMBER OF 
LARGE DEFECTS 

S = C-E S H O R T  

O 0 0  0 
0 0  O 0  
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0 O 0 0  
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1 0 1 5 6  IO 

8 1 0 8  4 
3 9 5 !10 
0 3 5 5  
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Fig. 5. Correlation between electrical characteristics (BVcEo) 
and large etching defects after emitter diffusion. 
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hard breakdown diodes in  the low yield region are the 
only ones without  defects. Use of an oxidizing ambient  
dur ing  the base d r ive - in  cycle reduced the number  of 
defects produced dur ing emit ter  diffusion. 

Conclusions 
A simple processing scheme has been examined to 

determine the nature  of defects which form, the steps 
dur ing which they form, and their  effect on yield. Oxi- 
dation induced stacking faults were observed follow- 
ing the first high temperature  operation A rod defect 
formed dur ing the base reoxidation step and correlated 
with light emission spots as well  as soft and low break-  
down on a one- to-one  basis. Upon processing through 
the emit ter  cycle, another  defec t - -presumably  resul t -  
ing from the rod defect--formed and correlated on a 
one-to-one basis with collector-emitter  shorts. 

In  some cases the part ial  dislocations associated with 
the extrinsic stacking faults were the nucleat ion sites 
for the rods. In  other cases, rods were observed to be 
separate from stacking faults. Use of a strongly oxidiz- 
ing ambient  dur ing base dr ive- in  tended to suppress 
the formation of defects dur ing subsequent  processing. 
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Analytical Determination of Boron in Chemically Deposited 
Polycrystalline Silicon 

M. Briska and A. Kiofsky 
IBM Laboratories, D.703 Boeblingen, West Germany 

The publication costs of this article have been assisted by IBM Corporation. 

Polycrystal l ine silicon has become increasingly in-  
teresting in semiconductor technology, i.e., for self- 
al igned MOS devices. It can be formed by chemical 
vapor deposition (CVD) in  the way described by 
Eversteyn and Put  (1). 

Doping of the films is achieved by conventional  im-  
pur i ty  diffusion into the deposited layer  or by codepo- 
sit ion of the dopant  out of the gas phase. 

A first correlation be tween resistivity and doping 
concentrat ion for phosphorous and boron-doped poly- 
crystall ine films was established recently by Fripp and 
Slack (2) for a doping range from 5 X 1015 to 7 • 101~ 
B atoms/cm 8. 

For the doping concentrat ions of the polycrystal l ine 
layers these authors took the values which they found 
for s imultaneously deposited poly and single crystal-  
l ine epitaxial layers via resistivity measurement  and 
Irvin 's  curves (4). 

For m a n y  purposes higher p-doping levels (1017-1020 
atoms/cm ~) are used which correspond to boron 
amounts  in the microgram range, which is, as shown 
in the following, accessible to quant i ta t ive  chemical 
analysis. The analyt ical ly determined values are com- 
pared with the sheet resist ivity of the polycrystal l ine 
silicon layers. 

Experimental Procedure 
Preparation of the polycrystalline Si film.--The B- 

doped polycrystal l ine Si films (0.6~ thick) were pre-  
pared by the pyrolytic decomposition of SiH4-H2 and 
B2H6-Ar gas mixtures  in a conventional  induct ion 
heated reactor. The decomposition temperature  was 

Key words:  boron determination,  silicon films, sheet  resistivity.  

920~ By variat ion of the B2H6-Ar part ial  pressure 
one is able to produce p-doping levels of the polycrys- 
tal l ine Si films in the range of 1017-102o B atoms/cm s. 
All these films were grown over a th in  SigN4 film on 
silicon wafers. 

Performance of the chemical analysis and the sheet 
resistivity measurements.mFor the chemical analysis 
the back side of a wafer  was covered (by evaporation) 
with a Cr -Cu-Au film of 2000A. This is to protect the 
back side of the Si wafer from the NaOH attack when  
dissolving the polycrystal l ine Si film on the front side. 
The Si film is dissolved in 25-50 ml  0.4% NaOH at 
100~ The complete dissolution is achieved when the 
b rown-b lue  color of the SizN4 under lay  appears. The 
amount  of silicon dissolved is determined by weight 
difference. 

The NaOH solution is concentrated and t ransferred 
into a 20 ml volumetric  quartz flask. Corresponding to 
the expected B concentration, 2-4 ml  of the solution, 
containing 20 mg NaOH, are pipetted into a Pt  crucible 
and evaporated to dryness at l l0~ The residue is 
moistened with 0.1 ml  H20 and 1 ml  0.1% curcumine 
solution in  CH3COOH is added. The solution remains 
for 7-8 min  at room temperature.  Then 1 ml  H2SO4/ 
CH~COOH 1:1 is added and the whole mixture  is kept 
for another  25 min  at room temperature.  After that  the 
mix ture  together with 25 ml  water  is t ransferred into 
a quartz separation funnel .  The B-curcumine  complex 
is extracted with 6 ml  cyclohexanone containing 1% 
phenol, adjusted with acetone to a total of 10 ml. The 
absorbance of the solution is measured against water  
at 555 m n  and compared with those of a boron s tandard 
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solution. The optical pathlength is 5 cm. The detection 
l imit  of the method is 10 ng. 

The sheet resistivity measurements  were performed 
by  four-point  probe measurement  and thickness mea-  
surements  by infrared spectrometry. 

Results 
In  Fig. 1 the results are graphically exhibited. The 

number  of boron atoms/cm a found by chemical ana ly-  

sis are plotted on the abscissa and the corresponding 
sheet resistivity on the ordinate. We included into this 
graph values found by Fripp and Slack (2). For their  
values, the abscissa does not represent  boron concen- 
t ra t ion bu t  electrically determined carrier concentra- 
tion. 

The exper imental  error both in  sheet resist ivity mea-  
surements  and chemical boron concentrat ion cannot 
account for the fairly high spread of the single mea-  
surements.  Also variat ion in  thickness, which affects 
the resist ivity of polycrystal l ine films (3) is believed 
not to be responsible for the effect as all films had con- 
stant  thickness of 0.6~ with a variat ion of less than  
__.3%. Traps at grain boundaries  leading to inconsistent 
resistivity measurements  are used as explanation.  It  is 
shown that at higher boron concentrations the resistiv- 
ity of the polycrystal l ine film approaches that  of single 
crystal l ine films of the same carrier  concentration. 

The fair ly constant  level in  resistivity of 3 • 10 -8 
ohm-cm for dopant concentrat ions > 5 • 10 TM atoms/  
cm 8 is explained by the solid solubil i ty of boron in  
silicon at the film preparat ion temperature  of 920~ 
which results in  a calculated resistivity l imit  of 2.5-3 X 
10-8 ohm-cm (1). 
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Previous investigators (1-4) have shown that  the 
surface photovoltage (SPV) method can be used to 
measure the minor i ty  carrier  diffusion length in semi-  
conductor materials.  The conventional  SPV method 
uses the surface junct ion  formed in  bu lk  materials  due 
to the existence of surface states. The SPV method 
associated with l ifetime gradient  or resistivity gradient  
in  semiconductor by electron i r radiat ion has been re- 
ported previously (5). More recently, the SPV method 
has been applied to epitaxial  semiconductor layers 
(6). In  the present work we extend the conventional  

K e y  words:  surface photovol tage  method ,  si l icon solar ce l l ,  
ra|nority carrier diffusion length.  

SPV method to a diffused junc t ion  such as that  found 
in  the silicon solar cell. The purpose of this paper is to 
show that  the minor i ty  carrier  diffusion lengths mea-  
sured with the diffused junct ion  and with a surface 
junc t ion  are identical. This extended SPV method pro- 
vides a means to nondestruct ively measure minor i ty  
carrier diffusion lengths before and after diffusion 
processing, using the same measurement  technique. In  
addition, the SPV method uses capacitive contacts to 
el iminate contaminat ion to the devices. This contact 
contaminat ion would interfere with subsequent  device 
fabricat ion processes and wi th  the diffusion length 
measurement  itself. 
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Theory 
The theory of the SPV method has been studied 

previously (3-9); however, the theory is briefly out-  
l ined here for completeness. The induced surface 
photovoltage (Vsp) in  p- type  mater ia l  is a funct ion of 
excess minor i ty  carriers (an)  at the surface. The mi-  
nor i ty  carriers are injected by i l luminat ion  through the 
front surface of the specimen, an  depends on the inci-  
dent  photon flux density (r the optical absorption co- 
efficient (a),  and the minor i ty  carrier  diffusion length 
(L). For  the one dimensional  case, Moss (7) has shown 
that 

~,~(I - -  R)~L 
An "- 

( D / L  + S)  (1 + aL) 

where At is the quan tum efficiency, R is the reflection 
coefficient, D is the minor i ty  diffusion coefficient, and 
S is the surface recombinat ion velocity. In  the ex-  
tended SPV method, it  is more appropriate to consider 
S as the junct ion  recombinat ion velocity. The assump- 
tions in  obta ining the above relat ionship are 

I. adl < <  1 
II. d > >  L 
Il l .  p > >  a n  
IV. d, < <  L 
V. a d >  l 

where d is the specimen thickness, dl is the depth of 
the surface junction~ and p is the major i ty  carrier  
concentration.  

Vsp is some funct ion of An at the depth of the junc -  
tion, but  its exact dependence need not be known. The 
incident  monochromatic photon flux is adjusted as the 
wavelength is varied to make Vsp constant. In  the 0.8 
and 1.03 ~m wavelength  range used in the measure-  
ment,  % R, and S are essentially constant. Hence ~b will  
be a l inear  funct ion of 1/a. The diffusion length is de- 
termined from the intercept  of this straight l ine at 
r -- 0 on the r vs. 1/a plot. 

It  is important  to examine whether  each of the basic 
assumptions of the SPV method is still valid when  ex- 
tended to silicon solar cell diffused junctions.  

I. adl < <  1. The depth of a solar cell diffused junc -  
t ion (dD, obtained from theoretical error funct ion cal- 
culations or from exper imental  results (10), is about 
0.25 ~rn. The in terna l  electric field in  the n region is 
estimated to be 104 V/cm, using impur i ty  gradient  data 
derived from Hall and resistivity measurements .  The 
field-free region is est imated to begin at a depth of 
0.7 ~ra beneath  the i l luminated  surface for 10 ohm-cm 
cells and even less for a 0.7 ohm-cm cell. The wave- 
length region used in  the SPV measurement  is from 
0.8 to 1.03 ~a .  The corresponding a values are 890 and  
33.0 cm -1, respectively (11). The m a x i m u m  product  of 
adl in  the s tudy is therefore about 6.23 • 10 -3, and the 
condition adl < <  1 is amply  satisfied. 

II. d > >  L. The thickness of the solar cell diodes 
(d) was about 300-400 ~rn. The measured minor i ty  
carrier  diffusion lengths shown in Fig. 1-4 are 170 and 
70 ~m for the 10 and 0.7 ohrn-cm material ,  respectively. 
d is only about a factor of two larger than  measured L 
for 10 ob.m-cm cells. Phil ips (6) has shown, however, 
that  the d > >  L condition can be relaxed and ~b VS. a-1 
will  ma in ta in  a l inear  relationship. In  fact, Bullis and 
Baroddy (12) have concluded from their  exper imental  
results that as long as d > 1.2L, the L values obtained 
in the SPV method are relat ively independent  of d. 

III. p > >  An. Solar cells were made using the same 
mater ia l  and processes as for the junc t ion  devices used 
for SPV measurements .  The short circuit current  of the 
solar cells was measured over a range of i l luminat ion  
in tensi ty  which included the l ight level used in the 
SPV measurements .  The short circuit current  was 
l inear  with intensity,  indicating the excess minor i ty  
carrier density, An, was much leas than  the major i ty  

carrier concentrat ion p in the base region of the diode. 
Hence, the condition p > > An is also fulfilled. 

IV. dl < L. Since dl ---- 0.25 ~ n  and L --  70 ~rn for 
0.7 ohm-cm cells, and 170 ~rn for 10 ohm-cm cells, the 
condition dl < L is always met. 

V. ad > 1. The cell thickness is about 3-4 • 10-~ cm 
and values of a range from 890 cm -1 at wavelength of 
0.80 #m to 33 cm -1 at 1.03 ~m. ad > 1 is general ly  satis- 
fied except at longer wavelengths ( >  1.03 ~ ) .  

Experimental Arrangement 
The exper imental  a r rangement  is similar to that  re- 

ported elsewhere (1-3). A small area of the specimen 
is i l luminated by  a mechanical ly  chopped light beam 
from a monochrometer.  The i l luminated  area is held 
constant. The in tensi ty  is controlled by varying  the 
voltage of the l ight source, so that  the relat ive photon 
flux density is only proport ional  to the product of the 
thermopile reading and the wavelength.  The photovolt-  
age is coupled through a dielectric to a conducting 
glass contact on the front surface and through a me-  
tallic pressure type back contact to a phase sensitive 
detector. The detector is tuned  to the chopper fre- 
quency. The relat ive photon flux density is measured 
by a thermopile. The samples measured were of typical 
solar cell configuration, al though they had no evapo- 
rated metal  contacts. The phosphorous diffused n - type  
junct ions were about 0.25 #m deep. p- type base mate-  
rials of two different resistivities were used: 10 and 
0.7 ohm-cm. 

Typical results  are shown in  Fig. 1 and 2. Measure-  
ments  were made on each diode for differing values of 
Vsp. All the results show a l inear  dependence of Kr on 
1/a with a constant intercept at K~b = 0, where K is 
a rb i t ra ry  normalized constant. The minor i ty  carrier  
diffusion length obtained by  the SPV method is 170 
, m  for the 10 ohm-cm cells, and 70 ~m for the 0.7 ohm- 
cm cell. Cells were then etched in a solution of 2 parts 
acetic, 3 parts nitric, and 1 part  hydrofluoric acid for a 
time sufficient to remove the n layers, while still ma in-  
ta in ing d > L. The etched specimens were then  mea-  
sured by the conventional  SPV technique. The results 
are shown in Fig. 3 and 4. The minor i ty  carrier diffu- 
sion lengths are in  good agreement  with the values 
obtained from the measurements  of the diffused junc-  
t ion diodes. The minor i ty  carrier  diffusion lengths 
measured by the x - r ay  method (13) on the solar cells 
also agree with the values obtained by the SPV 
method. 

Discussion and Conclusion 
Experimental  errors main ly  originate from two 

sources, energy flux density cal ibrat ion of the thermo-  

K~ 
100 / 

-~ 80- , ~ / ~  vsP ~ 2.0~v 

-200 - I00 0 I00 200 300 GM 

Fig. 1. Relative photon flux density (K(;b) vs. the inverse of the 
optical absorption coefficient (a) for typical i0 ohm-cm silicon 
solar cell. 
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Fig. 3. Relative photon flux density (Kr vs. the inverse of the 
optical absorption coefficient (a) for the 10 ohm-cm silicon base 
material. 

pile  readings  and uncer t a in ty  in = - t  value  because of 
the  wave leng th  resolu t ion  of the  spectrometer .  F rom 
the es t imate  of the  sens i t iv i ty  of the  mic rovo l tme te r  
(_1.0 ~V), the  thermopi le  read ing  e r ror  could be 
___10% at low Kr  values  and ___2% at high K~ values.  
Because of the  na tu re  of the  var ia t ion  of a -1 wi th  
wavelength ,  the  unce r t a in ty  in  a -1  is ~_2% at  shor t  
wave length  and •  at  longer  wavelengtl~s. 

In  conclusion, our  resul ts  show tha t  the mino r i t y  
car r ie r  diffusion lengths  obta ined  f rom solar  cell  d i f -  
fused junctions,  and  from the  same bu lk  ma te r i a l  wi th  
the  n-regions  removed  by  etching, a re  ident ica l  wi th in  
exper imen ta l  e r ro r  by  using the  SPV method.  The 
minor i ty  car r ie r  diffusion values obta ined here  also 
agree  wi th  those obta ined  by  the x - r a y  method.  These 
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Fig. 4. Relative photon flux density (Kr vs. the inverse of the 
optical absorption coefficient (a) for the 0.7 ohm-cm silicon base 
material. 

resul ts  indicate  tha t  the  basic assumptions  of the  SPV 
method  are  indeed sti l l  va l id  for diffused junctions,  as 
wel l  as for surface  junctions.  The . resu l t s  fu r the r  sug-  
gest  that  the  influence of energy  band  bending  on the  
n - r eg ion  of solar  cells is negligible.  This is to be ex-  
pected since the  solar  cell  n - reg ion  is heav i ly  doped 
(almost  degenera te ) ,  and since the  surface of n -  or  
p - t y p e  bu lk  sil icon ma te r i a l  usua l ly  exhibi ts  n - t y p e  
behav ior  (14). I f  this  were  not  the case, the  minor i ty  
car r ie r  diffusion lengths  obta ined  would  not  have  been 
identical .  
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ABSTRACT 

Conductances, viscosities, and densities have been determined at 25 ~ in- 
tervals between --50 ~ and 125~ for moderately concentrated solutions of 
Bu4NI, KSCN, and NH4Br in N,N-dimethylformamide. Results are sum- 
marized for the fitting of the experimental data as functions of tempera- 
ture and molality to appropriate equations by computer least squares pro- 
cedures. Activation energies of viscous flow and conductance, molar conduct- 
ance-viscosity products, and specific conductance maxima also are discussed. 

N,N-dimethylformamide,  hereafter  designated DMF, 
has several advantageous physical properties such as a 
convenient  and broad l iquid range (--61 ~ to 153~ a 
medium dielectric constant (36.7 at 25~ and low 
viscosity (0.796 cP at 25~ Previous typical studies 
(1-4) dealing mostly with dilute solutions at one or 
more temperatures  between 15 ~ and 50~ have shown 
DMF to be an excellent electrolytic solvent. The p r in -  
cipal objective of the research reported here in  has 
been to extend the existing knowledge about DMF as 
an electrolytic solvent by obtaining and discussing 
matching conductance and viscosity data for moder -  
ately concentrated solutions of three salts in DMF at 
eight temperatures  over an unusua l ly  broad 175 ~ 
range. Concentrat ions of salts ranged up to 6, 8, and 
30% by weight (approximate upper  limits of solubil i ty 
at --50~ for NH4Br, KSCN, and Bu4NI, respectively. 

Experimental 
DMF (Fisher Certified) was rendered anhydrous  by 

refluxing over freshly ignited calcium oxide and then 
fractionated at 10 mm using a lm  disti l lat ion column 
packed with 6-mm porcelain saddles. A 60% middle  
fraction was re ta ined for use in preparat ion of solu- 
tions. The values for the conductance, viscosity, and 
density of the solvent at 25 ~ were in good agreement  
with those previously reported (1). 

Eastman Grade BuiNI, Mall inckrodt Analyt ical  Re- 
agent NHiBr, and Baker Analyzed Reagent KSCN 
were dried for several days in a desiccator over an- 
hydrous bar ium perchlorate and used without  fur ther  
purification. Subsequent  Karl  Fischer analyses on 
similarly dried compounds gave a max imum water  
content of 0.01%. 

Solutions in  glass-stoppered flasks were prepared on 
a weight basis using calibrated weights and applying 

* Electrochemical Society Active Member. 
i Present address: College of Pharmacy, University of Kentucky, 

Lexington, Kentucky 40506. 
Key words: conductance, viscosity, density, electrolyte, N,N-di- 

methylformamide, activation energy. 

appropriate buoyancy corrections. Sufficient amounts 
of the solutions were prepared to permit separate por- 
tions of a solution to be used for the determinations of 
conductance, viscosity, and density. All measurements 
on each solution were completed within 18 hr after its 
preparation. 

Each conductance cell was U-shaped with the two 
arms connected with smaller tubing which primarily 
controlled the magnitude of the cell constant. Stan- 
dard tapered glass connections with marked positions 
made possible the reproducible placement of electrode 
inlet tubes in the cells. Platinum electrodes, 15 mm in 
diameter and welded to nickel lead wires, protruded 
from firm mountings in the ends of the inlet tubes 
into the solution. The electrodes were platinized (6 
coulombs-cm -2) following the recommendation of 
Jones and Bollinger (5). Cell constants at 25 ~ ranging 
from 6.301 to 41.47 cm -I, were based on resistances of 
several aqueous potassium chloride solutions of known 
molarities and on the corresponding conductance data 
of Lind, Zwolenik, and Fuoss (6). The values for the 
constant of a cell at temperatures other than 250 were 
calculated from the value at 25 ~ and the cell d imen-  
sions by the method of Washburn  (7). 

Resistances o f  the solutions contained in  the con- 
ductance cells were m e ~ u r e d  with a Dike-Jones 
bridge assembly manufac tured  by the Leeds and 
Northrup Company. For resistances exceeding 30,000 
ohms, the cell was shunted in parallel  with 30,000 
ohms and the series cell resistance was computed 
from the measured parallel  resistance. Resistances of 
solutions measured at 50, 1O00, and 2000 Hz were found 
to have negligible f requency dependence. No solvent 
corrections were applied to the conductances of the 
nonaqueous solutions since the conductance of the sol- 
vent  in each case was <0.01% that of the solution. 

The equipment  and procedures which were used in  
the determinat ion of viscosities and densities have 
been discussed thoroughly in previous articles (8, 9). 
Densities were necessary for calculating absolute vis- 
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Table I. Molar conductances, viscosities, and densities of solutions of Bu4NI, KSCN, and NH4Br in 
N,N-dimethylformamid6 from --50 ~ to 125~ 

Mola l i t y  -- 50" -- 25" 0 ~ 95" 50" 75" I00  ~ 125" 

M o l a r  c o n d u c t a n c e s ,  oh r n - l - c m~ - mole  -1 
Bu~NI  

0.0729 9.80 20.4 33.0 47,1 61.8 77.0 92.4 108.8 
0.1522 7.62 16.41 27.0 38.8 51.3 64,0 77.0 90.7 
0.240 6,01 13,57 22.8 33.2 44.2 53.6 67.0 78.2 
0.306 5.20 11.98 20.5 30.1 40.3 51.0 61.7 72.7 
0.376 4.45 10.59 18.37 27.3 37.0 46.9 57.0 67.5 
0,491 3.47 8.82 15.75 23.9 32,8 42.1 51.7 61.5 
0.563 2,99 7.85 14.31 21.9 30.3 39.1 48.0 87,3 
0.692 2.32 6.47 12.21 19.16 28,9 35,0 43.3 52.0 
0,798 1.856 5,56 10,84 17.23 24.5 32.1 40,0 48.4 
0.908 1.497 4.76 9.55 15.56 22,3 29.6 37.3 45.8 
1.015 1,227 4,14 8.55 14.19 20.6 27.6 34.9 42.6 
1,157 (') (~) 7.40 12.54 18.57 25,2 32.0 39.5 

K S C N  
0.1026 13.18 26.6 42.9 58.9 76.3 93.7 110,4 128.5 
0.214 10.83 22,6 36.1 50.8 65.5 80.2 94.3 109,1 
0.317 9.37 19.90 32.2 45.4 58.9 72.1 84.7 97.2 
0.429 8.02 17.57 28.8 41,0 53,4 65,5 76,9 88.0 
0.542 6.92 15.59 26.0 37.4 48.8 60.0 70.7 81.3 
0.732 5.39 12.81 22.0 32.1 49,4 52.6 62.3 72.0 
0.782 4.97 12,21 21.1 30.9 41,0 51.0 60.5 69.6 
0.905 4.27 i0 .87 19.45 28.5 38.2 48.2 56.8 65.8 

NI-I4Br 
O. 1041 7.97 14.93 22. I 29.3 36.2 42.6 48.3 53.0 
0.229 5.68 10.83 16.12 21.4 26.4 31.0 35.2 39.0 
0.351 4.50 8,81 13.29 17.75 22.0 25,8 29.4 32.6 
0.488 3.65 7.31 11.22 15.21 18.93 22,4 25.5 28.5 
0.628 3,05 6.32 9.89 13.47 16,87 20,0 22.9 25.8 
0.778 2.52 5.49 8.74 12.05 15.27 18.20 20.9 23.5 

V i scos i t i e s ,  c e n t i p o i s e s  
Bu~NI  

0.0729 4.06 1.984 1.230 0.860 0.643 0.504 0.409 0.336 
0.1522 4.66 2.19 1.333 0.910 0.677 0.528 0.425 0.349 
0.240 5.46 2.44 1.441 0.988 0.726 0,562 0.452 0.370 
0.306 6.13 2.68 1.562 1.042 O. 762 0.587 0.469 0.384 
0.376 6.95 2.91 1.663 1.107 0.799 0,613 0.489 0.400 
0.491 8.67 3.38 1.868 1.216 0.869 0.659 0.523 0.424 
0.563 9.82 3.67 1.988 1.281 0.909 0,685 0.542 0.439 
0.692 12.48 4,32 2.25 1.412 0,984 0.739 0.582 0.471 
0.798 15.46 4.95 2.50 1.535 1.057 0.786 0.615 0.496 
0.908 19.23 5.71 2.77 1.670 1.137 0.838 0.650 0.521 
1.015 23.63 6.57 3.08 1.815 1.229 0,890 0.687 0.548 
1.157 (~) (a) 3.51 2.02 1.332 0.959 0.736 0.584 

KSCN 
0.1026 4.09 1.998 1.240 0.870 0.650 0.509 0.412 0,340 
0,214 4.72 2.22 1.354 0.933 0,697 0.544 0,437 0,359 
0.317 5.39 2.46 1.473 1.005 0.742 0.574 0.462 0.378 
0.429 6.22 2.75 1.612 1.082 0.790 0.609 0.487 0.387 
0.542 7.26 3.06 1.744 1.163 0.843 0.645 0.515 0.420 
0.732 9.47 3.68 2.04 1.322 0.943 0.711 0.564 0.455 
0.782 10.30 3.88 2.11 1.366 0.967 0.731 0.575 0.466 
0.905 12.23 4.42 2.33 1.482 1.038 0.778 0.609 0.490 

N H , B r  
0.1041 4.24 2.07 1.257 0.875 0.653 0.509 0.411 0,338 
0.229 4.82 2.25 1.361 0.937 0,698 0.541 0,434 0.356 
0.351 5.50 2.47 1.472 1.002 0.737 0.571 0.458 0.374 
0.488 6.33 2.77 1.615 1.079 0.789 0.606 0.484 0.395 
0.628 7.31 3.06 1,751 1,160 0.842 0.643 0.512 0.416 
0.778 8.71 3.45 1.927 1.268 0.910 0.688 0.547 (a) 

D e n s i t i e s ,  g r a m - c m  -s, x I0~ 
Bu~NI  

0.0729 10204 9964 9727 9495 9254 9014 8771 8515 
0.1522 10258 10019 9784 9553 9313 9076 8834 8579 
0.240 10313 10072 9839 9611 9374 9137 8904 8647 
0.306 10352 10115 9883 9652 9414 9170 8942 8694 
0.376 10388 10147 9920 9695 9459 9225 8989 8741 
0.491 10458 10219 9990 9764 9530 9298 9066 8821 
0.563 10490 10255 10025 9800 9567 9331 9106 8863 
0.692 10551 10316 10092 9865 9631 9404 9177 8936 
0.798 10601 10363 10138 9919 9686 9459 9236 8995 
0,908 10651 10413 10186 9966 9739 9512 9288 9050 
1.015 10690 10452 10230 10013 9788 9558 9340 9104 
1.157 (4) (a) 10290 10071 9844 9617 9406 9168 

KSCI~ 
0.1028 10208 9967 9734 9503 9260 9020 8777 8521 
0.214 10264 10024 9794 9563 9325 9086 8846 8593 
0.317 10316 10080 9849 9620 9380 9144 8906 8654 
0.429 10371 10134 9907 9678 9440 9205 8971 8721 
0,542 10429 10191 9962 9735 9498 9264 9035 8790 
0.732 10517 10279 10055 9823 9591 9359 9128 8882 
0.782 10543 10304 10076 9851 9620 9389 9157 8915 
0.905 10599 10364 10136 9914 9681 9450 9221 8981 

N I ~ B r  
0.1041 10231 9986 9753 9519 9279 9037 8791 8537 
0.229 10303 10061 9827 9596 9356 9115 8871 8616 
0.351 10376 10133 9898 9669 9430 9196 8949 8694 
0.488 10456 10215 9984 9751 8514 9273 9032 8780 
0.628 10534 10295 10061 9826 9590 9353 9118 8865 
0,778 10619 10376 10144 9914 9676 9440 9203 8952 

(o) S o l u b i l i t y  e x c e e d e d .  
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cosities and convert ing concentrations from a weight 
to a volume basis. 

The temperature  was controlled wi thin  0.05 ~ at 25 ~ 
and higher temperatures  with a Model H-1 high tem- 
perature bath (Cannon Ins t rument  Company) and 
within  0.2 ~ at 0~ and lower temperatures  with a 
manua l ly  controlled low-tempera ture  bath which also 
has been described elsewhere (10). 

All determinat ions were made in duplicate with very 
good precision except in about five cases at the lowest 
temperatures  where differences as great as 0.5% were 
observed. Mean values for the exper imental  data were  
fitted to various equations by least squares analyses 
performed with an IBM 360/65 computer  using double 
precision For t ran  IV programming.  

Results and Discussion 
The exper imental  data are presented in tabular  

form in Table I. Also any part  or all of the data can be 
calculated wi thin  specified limits through the use of 
equations and constants provided in this article. 

The molar  conductance for each of the three elec- 
trolytes in DMF increases with increasing temperature  
and decreasing concentrat ion in a typical manner .  For 
corresponding concentrations and temperatures,  the 
molar  conductance of NH4Br is significantly less than 
those of KSCN and Bu4NI indicating that  NH4Br is 
less dissociated than the other two electrolytes in 
DMF. 

The viscosities of solutions of each salt in DMF in-  
crease with increasing concentrat ion and decreasing 
temperature  as expected. Two other trends observed 
from the viscosity data for each system were that  the 
temperature  coefficient of solution viscosity increases 
with increasing electrolyte concentrat ion and that the 
relative viscosity (~/~o) decreases with increasing 
temperature.  

The nonl inear  na ture  of plots of In ~ vs. 1 /T  and in  
A vs 1 /T  clearly indicates that simple Arrhenius  ex- 
pressions for describing the tempera ture  dependence 
of viscosities and conductances, in which Evis or Econ 
is a constant, are not applicable. Moreover, Girifalco 
equations such as log ~ = A -b B / T  - b D / T  2 and log 
A ---- A '  -k B ' / T  --k D ' / T  2, which previously had been 
found to describe very well the behavior  of other non-  
aqueous salt solutions of comparable concentrations 

over a 75 ~ range (II), were not satisfactorily applica- 
ble to the data for the DMF-salt solutions over the 
broader 175 ~ range in this study. 

Taking into account theoretical considerations, com- 
putational advantages, and agreement between ob- 
served and calculated values, viscosity and molar con- 
ductance data as functions of temperature were fitted 
finally to the following equations, respectively 

n ---- exp (~ -{- ~ / T  -{- 7 / T  2 -~ 8 / T  3 -}- ~/T 4) [1] 

k = exp -- (~' + ~' /T  -{- 7 ' /T  2 -{- ~ ' /T  3 "-}- g / T  4) [2] 

Equivalent  forms of Eq. [1] and [2] are expanded 
Arrhenius  expressions such as ~ ---- A exp (Evis /RT)  
and A ~- A' exp ( - -Econ/RT)  in which Evis and Econ 
are not constants but  functions of temperature.  Also, 
the common logari thm forms of Eq. [1] and [2] are 
related to expanded Girifalco equations (11, 12). The 
above equations may be changed to common logari th-  
mic form by dividing each constant listed in  Table II 
and Table III by 2.30258. 

The parameters  obtained through fitting mean  ex-  
per imental  values of ~1 and A to Eq. [1] and [2], using 
a nonl inear  least squares program of the type de- 
scribed by Wentwor th  (13), are compiled in Tables II 
and III, respectively. The deviation data in these tables 
confirm that the equations apply excellently to the ex- 
perimental  data over the entire 175 ~ range. Specifi- 
cally, the mean  and max imum deviations respectively 
between calculated and observed values are --~0.27% 
and --~0.62% for viscosities and --~0.35% and --~0.56% 
for molar  conductances. 

Viewing viscous flow and conductance as rate proc- 
esses, activation energies of viscous flow and conduct- 
ance for the DMF-sal t  solutions were calculated using 
Eq. [3] and [4] which were obtained by taking the 
na tura l  logari thm expressions for Eq [1] and [2] and, 
in each case, differentiating with respect to 1 / T  and 
mul t ip ly ing  the result  by R 

E,.is ---- R d ( ln  ~]) /d (1 /T)  

-- R ( p  - k 2 7 / T  § 3 5 / T  2 q- 4e/T 3) [3] 

E~o~ -- - -R d ( l n  A ) / d ( 1 / T )  

-- - - R ( ~ '  -b 27 ' /T  -b 38 ' /T  2 + 4~'/T ~) [4] 

Table II. Parameters for viscosity data fitted to Eq. [1] 

Molality a ~ X 10 "4 ~ x 10 -6 ~ X 10 -s 

% Deviation 

�9 X 10 -1~ Mean Max 

Bu~NI 

0 .0729 - -6 .67979  3.93703 - 0 . 9 4 2 9 9  1.04163 - -  0.19 0.33 
0.1522 - -6 .57499  3.87787 - 0.93257 1.05150 - -  0.20 0 .64 
0.240 - -7 .06236  4 ,39228 - -1 .09956  1.23844 - -  0 .24 0.52 
0.306 --6.51637 3.92317 --0.86168 1.11743 -- 0.17 0.53 
0.376 --2.82177 --0.81575 1.19416 --3.19129 3.21214 0.12 0.23 
0.491 --3.24929 --0.14065 0.06764 --2.86289 3.11727 0.18 0,28 
0.563 --1.90624 --1.65988 1.65716 --4.28396 4.21352 0.16 0.27 
0.602 -- 1 .96809 -- 1 .51280 1.54545 - -4 .00784  4 .04009 0.24 0.47 
0.793 - -0 .24693  - -3 .63962  2.64360 - -6 .09231  6 .68834 0.27 0.62 
0.908 - -0 .71064  - -3 .19408  2.42636 - -6 .01732  5.80355 0.20 0.46 
1.015 - -0 .28967  - -3 .89144  2 .66584 - -6 .62854  6.25122 0.21 0 .49 
1.157 (~) --5.73477 3.60121 --0.93291 1,28618 -- 0.12 0.20 

K S C N  
0.1026 - -6 ,62288  3 .89224 - -0 ,92875  1.02647 - -  0.19 0 .49 
0.214 - -7 .02664  4.31806 -- 1.06279 1.17449 - -  0 ,14 0,36 
0,317 --6.70901 4.12704 -- 1.01026 1.13836 - -  0.21 0.55 
0.429 - -6 .67089  4 .07384 -- 0.99767 1.14185 - -  0.20 0.50 
0.542 --6.78765 4.26466 -- 1.07132 1.2412.2 -- 0.21 0.47 
0.732 --2.73731 --0.74589 1.25131 --3.46193 3.55898 0.25 0.44 
0.782 --1.52721 --2.23084 1.94150 --4.88330 4.66479 0.10 0.22 
0.905 --1.53832 --2.21234 1.94695 --4.00874 4.71961 0.20 0.53 

NI-LBr 

0.1041 --6.51090 3.77465 ~0.89328 0,99793 -- 0.15 0.33 
0.229 - -7 .10271 4 .36206 - -1 .07207  1.18404 ~ 0.15 0.31 
0.351 - -4 .95708  1,82308 0.06531 - -1 .05978  1.66561 0.16 0.28 
0.488 - -5 .09779  2 .14634 - -0 .12743  - -0 .58292  1.27185 0 .14 0.30 
0.628 - -4 .54121  1.41057 0.25742 - -1 .46382  2 .01366 0 .14 0.26 
0.778 (b) 3 .07716 -- 7.39030 4.23382 - -9 .18443  7 .62064 0.10 0.19 

(a) F o r  0 ~ to 126~ on ly .  
(b) F o r  - - 5 0  ~ to  100~ on ly .  
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Table II!. Parameters for molar conductance data fitted to Eq. [2] 

% D e v i a t i o n  

Mola l i t y  a '  ~' x 10 -a 7' x 10 -6 6' x 10 -s e' x 10 -lo Mean M a x  

Bu4NI 
0.0729 --8.32474 2.33964 -- 0.50130 0.52711 0,21833 0.16 0.33 
0.1522 -- 7.72966 1.82593 --0.26312 0.02933 0.62895 0.16 0.32 
0.240 --2.79075 --3.83966 2.21576 --4.74978 4.07944 0.06 0.15 
0,306 --5.23386 --0.92125 0.95793 --2.36085 2.41081 0.06 0.13 
0.376 --5.60280 --0.41944 0.74239 --1.95017 2.13994 0.18 0.37 
0.491 --3.57716 --2.91577 1.91897 --4.36575 4.00476 0.14 0.35 
0.563 --3.79676 --2.55974 1.75680 --4.05099 3.80564 0,18 0.33 
0.692 --4.63305 --1.45158 1.26171 --3.08219 3.14785 0.22 0.48 
0.798 --4.57179 --1.66310 1.45639 --3.67086 3,76724 0.24 0.45 
0.908 --3.37465 --3.16124 2.17327 --5.15866 4.93877 0.16 0.40 
1.015 --2.83439 --3.78326 2.46618 --5.76868 5.44788 0.21 0.52 
1.157(~) --25.30201 25.96365 -- 12.17285 26.04913 20.27341 0.11 0.21 

K S C N  
0.1026 --8.23446 2,28513 --0.55854 0.73166 0.01156 0.23 0.37 
0.214 --7.61868 1.80197 --0.35324 0.30170 0.38149 0.22 0.47 
0.317 --5.01662 --1.03852 0.84785 --1.94275 1.95624 0.14 0.26 
0.429 --3.68732 --2.20522 1.33952 --2.87135 2,63502 0.16 0.34 
0,542 --5.97288 0.33508 0.23886 --0.78988 1.20201 0.15 0.36 
0.732 --5.35378 --0.35407 0.58063 -- 1.52751 1.82042 0.14 0 ~ 9  
0.782 -- 1.78965 --4.64481 2.51306 --5.35911 4,65215 0.12 0.27 
0.905 --1.64330 --4.77686 2.58138 --5.52058 4.82065 0.35 0.56 

NH4Br 
0.1041 1.76140 --7.87552 3.66932 --7.26734 5.59581 0.04 0.10 
0.229 -- 1.85282 --3.34385 1.77170 --3.68689 3.14916 0.12 0 ~ 8  
0.351 --2.28834 --2.63240 1.47104 --3.14510 2.81267 0.14 0.30 
0.488 --4.35162 29.41617 0.27200 --0.77098 1.09092 0.19 0.46 
0.628 --6.23888 2.23322 - 0.62549 0.81643 0.08145 0.19 0.41 
0.778 --3.14582 --1.38116 0.98414 --2.33969 2.40549 0.24 0.53 

(") F o r  0 ~ to 125"C only .  

Table IV. Energies of activation of viscous flow and conductance,* and their ratios, 
for selected solutions and temperatures 

--25* 25* 75* 

M o l a l i t y  Evi s Eeo• Evl . /Eeo,  Evi s Econ Evi J E e o .  Evl  s Econ Evis/Econ 

Bud~I 
0.0729 2805 2858 0.981 2239 2156 1.038 2182 1930 1.130 
0.491 3557 3506 1.015 2635 2518 1.046 2443 2183 1.119 
1.015 4673 4471 1,045 3165 3008 1.052 2762 2524 1.094 

KSCN 
0.1026 2797 2739 1.021 2238 2037 1.099 2181 1785 1.222 
0.542 3333 3097 1.076 2518 2157 1.167 2350 1772 1.326 
0.905 3813 3480 1.096 2791 2352 1.167 2576 1903 1.383 

NI-I~r 
0.1041 2855 2349 1.215 2286 1707 1.339 2212 1376 1.608 
0.488 3196 2625 1.218 2471 1785 1.384 2339 1426 1.640 
0.778 3450 2879 1.198 2614 1897 1.377 2430 1513 1.606 

* In calories. 

Table V. Parameters for density data fitted to Eq. [5] 

M o l a l i t y  

% D e v i a t i o n  

a --b x 107 - -c  x 109 M e a n  Max  

Bu4NI 
0.0729 1.2174 8420 191 0.03 0.05 
0.1523 1.2216 8372 189 0.03 0.05 
0.240 1.2283 8521 150 0.04 0.09 
0.306 1.2366 8800 105 0,03 0.06 
0.376 1.2329 8370 158 0.04 0.07 
0.491 1.2448 8734 91 0.04 0.05 
~563  1.2494 8841 68 0.03 0.06 
0.692 1.2543 8799 03 0.03 0.06 
0.798 1.2502 8851 43 0.04 0.07 
0.908 1.2684 9021 11 0.04 0.06 
1.015 1.2676 8888 18 0.05 0.07 
1.157 1.2639 8356 89 0.03 0.09 

K S C N  
0.1026 1.2152 8250 216 0.03 0.05 
0.214 1.2212 8327 189 0.03 0.05 
0,317 1.2257 8293 168 0.03 0.05 
0.429 1.2306 8302 174 0.03 0,06 
0.542 1.2433 8811 83 0.03 0.06 
0.732 1.2493 8636 106 0.03 0.06 
0.782 1.2531 8758 79 0.04 0,06 
0.905 1.2581 8724 78 0.03 0.04 

NH~Br 
0.1041 1.2200 8415 195 0.03 0.06 
0.229 1.2251 8282 210 0.04 0~05 
0.351 1.2324 8322 196 0.05 0.08 
0.488 1.2412 8367 188 0,03 0.05 
0.628 1.2250 8804 110 0.03 0.07 
0.778 1.2621 8727 120 0,04 0.06 

Values of Evis and Econ at --25% 25 ~ and 75 ~ calcu- 
lated using Eq. [3] and [4] are presented in Table IV 
for a few typical solutions of the three salts in DMF. 
Generally,  the values of Evis and Econ increase with in -  
creasing salt concentrat ion and decreasing tempera-  
ture. Except for the most dilute Bu4NI-DMF solutions 
at the lowest temperatures,  Evls > Econ. Values of 
Evis/Econ (also included in Table IV) in  some cases 
are close to un i ty  and for all solutions increase with 
increasing temperature.  

Values of the molar  conductance-viscosity product, 
An, have ranges of 23.0-40.6, 32.2-53.9, and 10.%33.6 
ohm- l -cm2-mole  -1 cP for DMF solutions of Bu4NI, 
KSCN, and NH~Br, respectively. For the four most 
dilute Bu~NI-DMF solutions, the An product exhibits 
a max imum near  --25 ~ or 0~ for all other solutions of 
the three salts, the An product decreases with increas- 
ing temperature  and increasing salt concentration. The 
relat ively low products for the NH4Br-DMF solutions 
are a t t r ibuted pr imari ly  to the low values of 2, for 
NH4Br. 

The results for both activation energies and An prod- 
ucts general ly reflect closer correlation between con- 
ductance and viscosity behavior for the Bu4NI-DMF 
system than for the KSCN-DMF and NH4Br-DMF sys- 
tems. 
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Table VI. Parameters for viscosity data fitted to Eq. [6] 

T e m p ,  "C ch c~ cI e ,  r 

% D e v i a t i o n  

M e a n  M a x  

Bu~NI 
--50(") 6.41064 --26.46795 95.47505 --131.11560 78.57181 0.34 1.10 
--25 (~) 2.55284 --6.41797 21.91092 --25.75996 14.15160 0.23 0.S8 

0 I~0619 --1.37847 5.26508 --5.27606 3.11139 0.29 0.86 
25 0.97528 --1.32846 4.29308 --4.092~8 1.94320 0.15 0.28 
50 0.67856 --0.56305 2.00400 --1,76582 0.85188 0.20 0.45 
75 0.50383 --0.19283 0.84151 --0.57095 0.29931 0.16 0,32 

100 0.43238 --0.31328 1.02566 --0.79959 0.33578 0.12 0.37 
125 0.34375 --0.16783 0.60869 --0.41139 0.17083 0.18 0.43 

K S C N  
--50 4.38290 --7.71205 3.20801 --42.96557 28.28358 0~0 0.64 
--25 2.91676 --8.55493 25.42371 --28.20817 13.33046 0.08 0.18 

0 1.27800 --1.12263 4.24987 --4.24634 2.35721 0.21 0,51 
25 1.08323 --2,04301 6.02563 --6.30015 2.83674 0.07 0.13 
50 0.55492 0.36107 --0.41385 0.69732 --0.10536 0.09 0.20 
75 0.43671 0.26701 --0.25043 0.38682 --0.02320 0.05 0.10 

10O 0.39150 --0.02378 0.30461 --0.12483 0,08768 0.10 0.19 
125 0.32420 --0.00651 0.16848 0.01569 0.00735 0.11 0.25 

NH~Br 
- 5 0  7.84156 --31.73239 93.66864 --109.19230 51.06860 0.06 0.12 
--25 2.95857 --7.41657 20.08976 --20.31220 8,82221 0,22 0.44 

0 1.55737 --2.84313 8.25324 --8.38331 3.64842 0.16 0.32 
25 1.11844 --2.29168 6.89750 --7.73695 0.34922 0.06 0.13 
50 0.56027 0.35277 --0.32016 0.33634 0.09432 0.10 0.21 
75 0.50652 --0.22447 1.01540 --1.10020 0.56905 0.03 0.05 

100 0.49392 --0.79717 2.41538 --2.87844 1.18139 0.00 0.00 
125 (b) 0.32916 --0.03527 0.20221 --0.02443 -- 0.02 0.04 

(r Does not  include da tum fo r  1,157 molal  solution. 
(b) Does n o t  i n c l u d e  d a t u m  f o r  0.779 rnolal solution. 

Table VII. Parameters for molar conductance data fitted to Eq. [6] 

T e m p ,  ~  c l  Cs Ca C~ es 

% Devia t ion  

M e a n  M a x  

Bu~NI 
--50 (~) 16.550 --30.577 23.817 -- 12.456 
--25 (~) 32.942 --58.072 50.968 --31.780 

0 51.623 --85.835 72.721 --41.547 
25 73,873 --127.018 121.486 --7~869 
50 99.047 --185.180 212.635 --151.046 
75 124.253 --240.096 294.455 --217.258 

100 148.772 --286.487 349.128 --249.881 
125 183.038 --391.824 534.685 --406,414 

KSCN 
--50 21.652 --39.060 54.690 --55.467 
--25 38.066 --44.887 39.268 --39,294 

0 66.620 --119.211 189.558 --t98.228 
25 86.425 --118.740 139.092 --129.748 
50 120.922 --216.048 329.506 --319.245 
75 155.534 --314.123 524.653 --521,951 

100 171.670 --277~89 356.680 --307.477 
125 198.700 --299.722 318.203 --230.281 

N H ~ r  
-50  16.352 --35.658 33.823 --12.798 
--25 29.654 --62.097 57.594 --20.692 

0 44.593 --96.737 95.136 --35.762 
25 57.467 --132.527 134.591 --51.761 
50 73.700 --163,125 164.712 --62.229 
75 88,176 --200.067 207.100 --79.637 

I00 99.662 --225.220 232.329 --88.705 
125 110.702 --225.718 272.978 --107.871 

3,927 0.30 0.65 
10.160 0.11 0,33 
11.710 0.14 0.24 
20.859 0~16 0.46 
45.329 0.13 0.45 
66,429 0.17 0.57 
73.560 0.26 0.95 

123.350 0.32 0.94 

21.794 0.26 0.79 
16.844 0.05 0.12 
79.779 0.11 0.25 
49.863 0.16 0.35 

121.420 0.05 0.12 
202.732 0.08 0.14 
111.254 0.05 0.11 

76.258 0.23 0.40 

m 

m 

0.07 0.16 
0.17 0.37 
0.19 0.40 
0.16 0.36 
0.23 0.52 
0.24 0.43 
0.21 0.48 
0.02 0.05 

(-) Does  not include d a t u m  for  1.157 molal  solution. 

The densities for the DMF-sal t  solutions as a func-  
t ion of temperature  are described excellently by the 
following quadrat ic  equat ion 

p : a + b T  + cT 2 [5] 

Parameters  for fitting the density data to Eq. [5] along 
with deviation data are compiled in Table V. 

The viscosity, molar  conductance, and density data 
as similar functions of molal i ty can be described ex- 
cellently by the following general  polynomial  equa-  
t ion in which Y : n or A or p 

Y " -  C 1  "~ cem 1/'z + c3m + c4m 3z2 + . . .  [6] 

Results for fitting the exper imental  data by normal  
least squares analyses to Eq. [6], together with corre- 
sponding deviation data, are summarized in  Tables 
VI-VIII,  respectively. 

Equations are not  provided for calculating the spe- 
cific conductances (K) of the salts in DMF as functions 
of tempera ture  and molal i ty;  however,  ~ can be cal- 
culated from molar  conductance and other data as 
follows 

K ---- AC/1000 = A p m / ( l O 0 0  + ~nM2) [7] 

in  which C is the molar i ty  (moles of solute per l i ter  of 
solution) and m is the molal i ty (moles of solute per  
1000g of solvent) .  For the NH4Br-DMF system, ~ ex-  
hibits a ma x i mum for the 0.732 molal solution at --50 ~ 
a nd  otherwise increases continuously with increasing 
concentrat ion at all other temperatures.  For the Bu4NI- 
DMF system, K exhibits max imum values for 0.376, 
0.563, 0.692, 0.908, and 1.015 molal  solutions at --50 ~ 
--25 ~ 0% 25 ~ and 50 ~ respectively, whereas ~ in-  
creases with increasing concentrat ion at 75 ~ and higher 
temperatures.  This type of behavior  for the Bu4NI- 
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Table VIII. Parameters for density data fitted to Eq. [6] 

Temp, % D e v i a t i o n  

~ c l  c~ X 10 3 c3 X 1 0  3 c4 • l O  S M e a n  M a x  

B u d N I  

--50 1.01514 --0.551 8.205 - - 2 . 8 0 7  0.01 0.04 
--25 0.99193 -- 5.839 9 . 2 5 6  --3.390 0 .0 2  0.06 

0 0.96674 2.080 8.163 --2.783 0.02 0.03 
25 0.94350 1.568 6.430 --2.866 0.01 0.03 
50 0.91902 3.126 8.341 --2.762 0.01 0.04 
75 0.89621 --4.498 9.808 --3.460 0.03 0.10 

100 0.86942 8.454 8.077 --2.526 0.02 0.05 
125 0.84518 -- 1.501 10.178 --3.581 0.01 0.04 

K S C N  

-- 50  1 . 0 1 7 0 2  - - 9 . 2 6 1  7 . 0 1 2  --  1 . 3 6 8  0 . 0 1  0 . 0 2  
--25 0.99108 --0,007 5.704 -- 7.514 O.O1 0.02 

0 0.96764 --0.669 6.162 -- 1.076 0.01 0.02 
2 5  0 . 9 4 3 2 2  6 . 7 7 2  4 . 6 4 8  - - 0 . 2 8 1  0 . 0 2  0 . 0 5  
50  0 . 9 1 6 9 2  1 . 7 2 2  3 . 2 6 0  0 . 5 8 9  0 . 0 1  0 . 0 2  
75 0.89337 13.368 4.202 0.099 0.0I 0.03 

1 00  0 . 8 7 0 3 1  3 . 4 6 2  6 . 5 0 4  - - 1 . 2 2 7  0 . 0 2  0 . 0 4  
1 25  0 . 8 4 4 1 6  6.324 6 . 4 2 5  - -  1 . 1 0 4  0 . 0 2  0 . 0 7  

N I L B r  

- - 5 0  1 . 0 1 9 6 7  --  1 6 . 7 4 3  9 . 1 4 7  - 2 . 0 7 4  O.01 0 . 0 1  
- - 2 5  0 . 9 9 5 1 6  - - 1 8 . 3 7 4  9 . 8 4 2  - - 2 . 6 0 6  0 . 0 0  0 . 0 1  

0 0 . 9 7 3 5 2  - - 2 7 . 6 0 4  1 1 . 3 5 6  --  3 . 3 7 1  0 .0 1  0 . 0 2  
25  9 . 9 4 4 5 6  3 . 6 6 0  6 . 0 6 1  - - 0 . 5 3 5  0 . 0 1  0 . 0 3  
50  0 . 9 2 3 0 3  --  1 1 . 3 8 7  8 . 8 8 9  - - 2 . 1 3 1  0 .0 1  0 . 0 2  
75  0 . 8 9 7 2 0  - - 3 . 4 6 1  7 . 6 2 5  --  1 . 6 2 6  0 .0 2  0 . 0 4  

100  0 . 8 7 4 0 5  - -  1 1 . 7 5 1  9 . 1 9 7  - - 2 . 1 7 1  0 . 9 1  0 . 0 1  
155 0.85032 --21.021 10.698 --2.885 O.O0 0.00 

DMF system has been observed previously for other 
nonaqueous systems (14) but  differs from that  re-  
ported for solutions of electrolytes in water  and 
ethanol for which a max imum in K tends to occur at 
approximately the same concentrat ion at each tem-  
perature (15, 16). For any electrolyte solution in  which 

exhibits a max imum as a funct ion of concentrat ion 
at some temperature,  it is noteworthy that  ~ decreases 
with increasing concentrat ion for concentrations above 
the maximum. In  such a case, the effect of introducing 
addit ional  conducting particles or ions is more than  
counterbalanced by the effect of an increase in vis- 
cosity and a concomitant decrease in  ionic mobilities, 
or by the effect of increased ionic association, or both, 
resul t ing in a net  decrease in  the specific conductance 
of the system. 

Related conductance-viscosity studies on moderately 
concentrated solutions of electrolytes in other pure and 
mixed nonaqueous solvents over the same 175 ~ range 
will be presented in subsequent  articles in this series. 
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SYMBOLS 
:t molar  conductance, ohm- l -cm2-mole  -1 
n absolute viscosity of solution, cP 
~]o absolute viscosity of solvent, cP 
T temperature,  ~ 
R molar  gas constant, c a l -mo le - l -deg  - l  
Ev~ act ivat ion energy of viscous flow, cal 
E c o n  activation energy of conductance, cal 
p density, g-mli ter  -1 
Y general  variable in Eq. [6] 
m molality, mole-kg -1 
C molarity,  mo le - l i t e r -  1 

specific conductance, o h m - l - c m  -1 
M2 molecular weight of salt, g-mole -1 
In logari thm to base e 
log logari thm to base 10 
~, 8, 7, 8 , ,  constants in Eq. [1] and [3] 
a', ~', 7', 5', ~' constants in Eq. [2] and [4] 
a, b, c constants in  Eq. [5] 
cl, c2, ca, c4, constants in  Eq. [6] 
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ABSTRACT 

Anode current yield variations with current density have been measured 
in the nominal I: 1 and I: 2 molar NaCI-A/CI3 molten electrolytes by an anodic 
stripping procedure. In the range of apparent current densities 0.03-6.30 mA 
cm -2, the brutto electrode reaction was found to be a faradaic three-electron 
oxidation. Subvalent ion effects could not be positively established. Experi- 
mental difficulties in removing final traces of impurities limit the precision of 
coulometric determinations in these systems; however, the anodic stripping 
procedure does provide a sensitive means of detecting corrosion losses of 
aluminum. 

I t  has recent ly been  reported (1, 2) that the anode 
current  yields for a luminum dissolution in mol ten  
NaC1-A1Cls solvents are appreciably higher at low 
current  densities than  required for the three-electron 
oxidation reaction 

AI(0) - 3e-  ~ A t ( l i D  [1] 

As early as 1857 (3), high current  yields for the anodic 
dissolution of a luminum were recorded, and they have 
since been observed for a var ie ty  of electrolytes; aque-  
ous (4, 5), organic (6-8), and nonaqueous (1, 2, 9). In  
general, the al ternat ive explanations to account for 
these deviations from a faradaic three-e lect ron oxida- 
t ion are (i) the formation of subvalent  a luminum ions, 
(ii) spallat ion or electrophoretic removal  of colloidal 
a luminum particles, and (iii) chemical corrosion, i.e., 
direct electrolyte or impur i ty  attack on the anode sur-  
face. 

Delimarskii  et al. (1) found that the anode current  
yields in  the NaC1-A1CI3 ( l :2M) electrolyte at 160~ 
were dependent  on the anodic current  densities for the 
range 10-150 mA cm -2 and, for all  experiments,  the 
anode current  efficiencies were usual ly  >100% and ex-  
ceeded the cathode current  efficiencies (weight losses 
corresponding to faradaic three-e lect ron oxidation of 
a luminum are 100%). From studies in the equimolar  
NaC1-A1Cls melt  at 300~ Storozhenko (2) deter-  
mined current  yields >100% for the anodic dissolution 
of annealed a luminum anodes and, similarly, the cur-  
rent  yields increased with decreasing anodic current  
densities, to reach a value 230% at the min im um in-  
vestigated current  density of 0.11 m A  cm -2. Del imar-  
skii and co-workers considered that  chemical corrosion 
or losses from spallat ion were unable  to explain the 
magni tude  of their  anode current  yields, whereas the 
results of Storozhenko are stated to have been cor- 
rected for losses due to chemical corrosion. Accord- 
ingly, both sets of data were in terpre ted by  the as- 
sumption that considerable quanti t ies  of un iva len t  
a luminum ion are formed under  the conditions of 
anodization, especially at current  densities of 10 mA 
cm -2 and lower. 

I t  was of interest  to examine this phenomenon in 
more detail as the presence of free or complex un i -  
valent  a luminum ion in  larger than  trace quanti t ies  
might  have significant consequences in many  of the 
chemical or electrochemical studies, in par t icular  

�9 Electrochemical Society Active Member .  
Key words: fused salts, NaC1-A1CI~ melt ,  a l u m i n u m  electrode, 

subvalent a luminum,  Al(I)  ion. 

chloroaluminate solvents, e.g., materials  corrosion in 
a luminum deposition or ba t te ry  electrolyte applica- 
tions. The in t roduct ion of un iva len t  a luminum would 
arise from commonly used melt  purification pro- 
cedures, which involve either equi l ibrat ion with me-  
tallic a luminum (10) or preelectrolyses be tween  alu-  
m i n u m  electrodes (2, 11). In  addition, on the basis of 
the above exper imental  findings (1, 2), potentiometric 
techniques which involve anodization to determine 
melt  pC1- and alkali  metal  chloride-A1Cl~ equi l ibr ium 
compositions, such as the one adopted in this lab-  
oratory (12), would be susceptible to the anode cur-  
rent  yield variat ions wi th  current  density. In  order to 
reexamine the dependence of the anode current  yields 
on current  densities, a coulometric procedure was 
chosen in which a constant quant i ty  of a luminum was 
electrodeposited on an iner t  electrode substrate and 
then stripped from the electrode. This method enabled 
precise in situ measurements ,  whereas the precision 
of gravimetric  methods is l imited by the presence on 
the electrodes of solidified salt which has to be re-  
moved before weighing or accounted for quant i ta-  
tively. 

Experimental 
Melt purification.--Preelectrolyses were carried out 

in a cell, similar in all essential details to one previ-  
ously described (11), and under  a purified ni t rogen 
atmosphere (Vacuum/Atmospheres  Company dry box 
with HE-493 Dr i -Tra in) .  To the cell, containing an 
a luminum anode rod (6.35 mm diameter, Johnson 
Matthey Specpure grade) and an A1 wire  spiral cath- 
ode (23 rail, Alfa Inorganics, m5N pur i ty ) ,  were added 
2 g-mole quanti t ies of a luminum chloride (Fluka A.G., 
i ron-free)  and sodium chloride (Fisher Scientific Com- 
pany) and the tempera ture  was raised to between 
175 ~ and 200~ Before electrolysis was commenced, 
dark coatings formed on both electrodes in  the mol ten 
electrolyte; Uhlig (13) noted that  s imilar  coatings 
were formed for the 40-60 mole per cent (m/o)  NaC1- 
A1Cla system. The impure, straw colored melt  was then 
electrolyzed for 10 days with an anodic current  density 
of ~0.25 mA cm -~, to produce a clear, colorless melt. 
At the end of the electrolysis, the anode surface was 
dark and pulverulent .  No dark coating appeared on 
a clean A1 anode rod introduced into the purified melt, 
nor  did one occur with subsequent  anodization of this 
rod. Attempts to analyze these dark coatings are de- 
scribed in a later  section of this paper. 
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Gravimetric coulometry.--The current  efficiency for 
Al deposition was determined with a Sargent  coulo- 
metric  current  source. A luminum foil samples (10 rail, 
Alfa Inorganics, m5N puri ty)  were weighed and used 
as cathodes at a current  density of 1.4 m A c m  -$ (geo- 
metrical area) for 20,000 sec (i = 48.25 mA) .  The 
a luminum electrocrystallized from this purified melt  
in a fine, dendrit ic form, cf. (14). Samples were care- 
fully removed from the melt  and placed in a frit ted- 
glass sintered crucible, ini t ia l ly washed in dried di- 
methyl  sulfoxide, thoroughly washed with distilled 
water, and finally dried in vacuo and reweighed. The 
cathodic deposition efficiency calculated on the basis of 
three electrons was 100.0 • 0.4% (standard deviation a, 
five experiments) .  

Anodic stripping.--Preliminary deposition and s t r ip-  
ping experiments  were made in the purification cell, at 
175 ~ • 2~ with a PAR Model 170 electrochemistry 
system (Pr inceton Applied Research Corporation) in  
the constant current  mode. A mult ipurpose ins t rument  
(15) coupled to a Houston Ins t ruments  X-Y recorder, 
Model 2000, was used to record cyclic voltammograms. 
The reference electrode comprised a spiral of A1 wire 
(Alfa Inorganics, m5N puri ty)  contained in a fine 
fri t ted-glass sintered compartment ;  the auxi l iary elec- 
trode was an A1 wire spiral immersed in  the bulk  solu- 
tion. Two types of solid working electrodes have been 
used: (i) a 1/s in. diameter  tungsten  rod electrode 
(Alfa Inorganics, m3N8 puri ty) ,  and (ii) a 3 mm 
diameter  vitreous carbon rod electrode (Atomergic 
Chemetals Company, Type V 25-52). The tungs ten  rod 
was sealed into a Pyrex glass tube using a bead of 
u ran ium glass, ground flat on an emery wheel, and 
polished with 600 grit  silicon carbide powder. F ina l  
t rea tment  consisted of lapping on a polishing wheel 
to a mi r ror -br igh t  finish with Type B Alumina  powder 
(Fisher Scientific Company) ,  thoroughly r insing with 
distilled water, and drying at l l0~  in vacuo. The 
vitreous carbon electrode was sealed into a Pyrex  glass 
tube with the procedure described by  Gupta  (16), and 
its surface was prepared in an identical manne r  to that  
of the tungs ten  electrode. These electrodes were im-  
mersed into the mol ten electrolyte at least 2 hr  before 
commencement  of experiments,  and, immediately prior 
to each experiment,  they were t reated by cyclic po- 
tent ial  sweeps from +0.40 to + 1.80V vs. A1 reference 
in  similar melt  composition, for a few minutes,  to 
minimize effects from electroactive impurities.  Cyclic 
vol tammograms shown in Fig. 1 indicate the extent  
to which the background currents  vary  when  these 
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Fig. 1. Cyclic voltammetry of melt background; sweep rate v : 
444 mV sec-1; (A) C electrode, t = 0; (B) C electrode, t = 24 
hr; (C) W electrode, t - -  0; (D) W electrode, t = 24 hr; C elec- 
trode area, 0.071 cmS; W electrode area, 0.079 cm 2. 
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Fig. 2. Anodic stripping curves at various current densities in melt 
A, W electrode. 

electrodes were immersed for 24 hr. The results of the 
pre l iminary  experiments  are i l lustrated in  Fig. 2 and 
summarized in Table I. Cathodic depositions were made 
at 100 ~A currents  for 100 sec and the a luminum was 
immediately stripped at 2, 5, 10, 20, 50, 100, 200, and 
500 ~A anodic currents  with appropriate recorder t ime 
base settings. The t ransi t ion time, ~, was determined 
from the emf / t ime curves by extrapolat ion of the maxi -  
m u m  gradient  values at the completion of stripping. 
The precision of the technique is est imated to be of the 
order __.1% for all current  densities used; however  re-  
producibil i ty was slightly bet ter  for the tungs ten  elec- 
trode than  for the carbon electrode, which may have a 
higher content  of electroactive impurities. The com- 
position of the melt  used for pre l iminary  experiments,  
melt  A, was calculated to have a pC1- of 1.31 by  the 
potent iometr ic-anodizat ion procedure of Boxall et al. 
(12), using an assembly program for a PDP-12 digital 
computer. 

Corrosion experiments . - - I t  was of importance to in -  
vestigate whether  or not the deviations from 100% 
relat ive efficiencies in  Table I at the lower current  
densities represented a dependence of the current  yield 
on the anodic current  density because of a greater  
contr ibut ion from subva len t  ion formation to the net 
dissolution mechanism, or indeed, if the relat ive effi- 
ciency loss could be ascribed to side reactions or cor- 
rosion processes. A l u m i n u m  was deposited on the 
tungs ten  electrode at 109 #A for 100 sec and the elec- 
trode was left on open circuit for 1000 and 5000 sec be-  
fore str ipping at an anodic current  of 100 ~A. The 
measured relative efficiencies were 97.6 _ 0.5% (a, five 
experiments)  and 91.1 __ 0.8% (~, five experiments)  
for 1000 and 5000 sec, respectively, which indicated 

Table h Anodic stripping efficiency variation with current density 
as percentage of the cathodic deposition charge at 175~ 

Apparent  current  W electrode C electrode 
density* (mA cm-2) r (%) ~ (%) 

0.03 95.8 89.5 

0.06 97.8 95.7 

0.13 99.2 9'/.2 

0.25 90.0 98.8 

0.63 09.8 98.6 

1.26 100.0 100.0 

2.82 100.0 99.8 

6.30 100,0 98.6 

* Ca lcu l a t ed  for the geometrical  area of the W electrode,  Ys in .  
diameter.  
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that under  these conditions corrosion losses of the 
freshly deposited a luminum were occurring. The 
sources of oxidizing agents in a "purified" mel t  are 
either (i) the cell and its component parts, (ii) the 
electrode substrates or their  insulat ion sheaths, (iii) 
the dry box atmosphere, or (iv) residual impurit ies in  
the chemicals. Certain of these variables could be ex- 
cluded by redesign and Fig. 3 is a schematic of a re-  
vised cell. Exper iments  with melt  compositions B, C, D, 
and E were made in  this cell. The mel t  compositions 
were varied by the addition of solid A1C13, followed 
by preelectrolyses. 

Analyses of dark coatings.--There have been reports 
that a dark deposit forms on the surfaces of a luminum 
anodes (1,2) in alkali  metal  chloride-A1Cl~ electro- 
lytes. Delimarskii  et al. have suggested that  this is in 
good agreement  with the hypothesis of disproportiona- 
t ion of monovalent  a luminum during anodization, ac- 
cording to reaction [V], to produce finely dispersed 
a luminum metal. Correspondingly, Storozhenko sug- 
gested that, at current  densities <60-80 mA cm -2, the 
fraction of un iva len t  a luminum ions became greater 
than the equi l ibr ium value and that  a luminum powder 
appeared in  the anolyte region and on the anode. As no 
dark coatings were observed to form on a luminum 
surfaces after melts had been purified by sufficient 
periods of preelectrolyses, it is possible that the coat- 
ings are associated with an impur i ty  in the system 
which diffuses or is electrophoretically attracted 
toward the anode. To obtain samples for analyses, the 
dark coating was scraped from an anode and extracted 
from the solidified salt with l iquid SO2 (17). A quali-  
tat ive emission spectrographic determinat ion showed 

I 

Fig. 3. Revised electrochemical cell. A, Asbestos heat insulation; 
B, furnace; C, 14/20 ground joint for reference and counterelec- 
trodes; D, 14/20 ground jaintfar working electrode; E, uranium 
glass-tungsten seals; F, AI reference electrode (unsheathed); G, 
W rod working electrode sealed into Pyrex tube with uranium glass; 
compartment for thermocouple (nat shown); H, 45/50 ground joint; 
J, melt; K, AI lining for cell, 10 mil (AIfa Inorganics; m5N purity). 

the major  metall ic consti tuents in the residue to be Si, 
B, Sn, Mn, and A1, in agreement  with the results of 
Fung, Mamantov, and Young (10) for analyses of 
da rk-brown deposits found in NaC1-A1CI3 melts with 
elemental  a luminum. 

Results and Discussion 

The data in  Tables I and II indicate that  there is no 
dependence of the anode current  yield on the current  
density, wi thin  the exper imental  accuracy of these 
results, if the variations from 100% relat ive anode dis- 
solution efficiencies are ascribed as due ent i rely to cor- 
rosion losses. As the cathodic current  yield was deter-  
mined to be 100.0 +_ 0.4% at 175~ on the basis of three 
electrons, the anode dissolution for the current  den-  
sity range 0.03-6.30 mA cm -2 may be described by the 
reverse of this reaction. The magni tude  of the mean  
corrosion rate found in melt  A at 175~ (~10% in 
5000 sec) represents an a luminum loss of 9 X 10 -12 
mole cm -2 sea -1 and compares to a m i n i m u m  corro- 
sion value quoted by Delimarskii  et al. (1) of 1 • 10 -9 
mole cm --~ sec -~. Skala (18) has reported a corrosion 
rate for iron in a te rnary  KC1-NaC1-A1Cls melt  (14- 
22-64 m/o)  of 2 • 10 -1~ mole cm -2 sec -1 and has sug- 
gested that  the most active impurit ies to cause the 
oxidative losses are hydrogen compounds. Del Duca 
(19) found anode current  efficiencies of 100 _ 1% and 
98 _+ 2% at current  densities 0.3 and 0.5 mA cm -2, re-  
spectively, for a luminum dissolution in an equimolar  
NaC1-A1C13 melt. Figure 2 i l lustrates that the anodic 
polarization increases to higher potential  values vs. A1 
reference with increase in the anodic str ipping cur-  
rent  density. In  melt  A, the dissolution of a luminum 
from a charge of ~-1 mcoulomb polarized the A1 elec- 
trode about -5600 mV at 6.30 m A  cm -2, which very 
approximately represents the emf difference between 
an A1 electrode in NaC1 saturated NaC1-A1C13 and one 
in the l :2M melt  composition. The corresponding po- 
larization increase found in the nominal  l :2M melt  E 
was of the order -{-50 mV at 500 ;~A. Holleck and Giner  
(20) have reported similar passivation phenomena of 
the A1 electrode in  a t e rnary  KC1-NaCI-A1C18 melt. 

Table II. Anodic stripping efficiency variation with current density 
as percentage of the cathodic deposition charge; aluminum-lined 

cell, W electrode 

Apparent current Melt B Melt C Melt D Melt E 
density* (mA cm -~) r (%) r (%) T (%) �9 (+) 

0.03 99.8 94.2 99.5 98.2 

0.06 98,0 92.3 98.7 97,5 

0.13 99.5 98.0 97.7 g8.2 

0,25 99.5 98.9 99.2 98.0 

0.63 100.0 97.6 99.8 97.6 

1.26 100.0 98.7 98.6 97.6 

2.52 99.4 98.8 97.0 97.5 

9.30 99.0 99.4 98.7 97.5 

E m f  vs .  satd.  re fer -  
ence ,  175~ (mY) +39.5 +39.5 +433 +810 

Approx.  p CI-, 175~ 1.31 1.31 4.75 6.25 

Temp,  ~ 175 300 175 165 

Relat ive  yield af ter  Not de te r -  93 "~- 5 98 • i 96 -- 1 
corros ion  m i n e d  (5000 sec) (1000 sec) (1000 sec) 
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Several  factors may contr ibute  to the discrepancy 
between the current  yields determined by this study 
and the results obtained earlier (1 ,2) ;  in previous 
studies higher contents of impurit ies may have been 
present and the corrosion rates at open circuit may 
have been smaller than those experienced under  con- 
ditions of anodic polarization. In addition, it is feasible 
that the systems may not have achieved an equi l ib-  
r ium state with respect to subvalent  a luminum forma- 
tion. Wagner  (21) has derived i l lustrat ive equations to 
determine current  yields from electrolyses of solutions 
containing an electroactive metal  present  in several 
cationic valency states. Following this example, and 
disregarding all reactions of the divalent  a luminum 
state to simplify discussion, the reactions at the anode 
can be wr i t ten  

k, 
AI(0) -- e -  > AI( I )  [II] 

k2 
AI(I)  -- 2e-  > AI( I I I )  [III] 

ks 
AI(0) -- 3e -  ) AI( I I I )  [IV] 

where kl, k2, and ks are the net rates of the reactions 
in mole uni t  area -1 sec -1. Then, wi thin  the restrictions 
imposed by Nernst ian behavior, diffusion, transference, 
and ionic charge balance of the Wagner  steady-state 
model, the number  of moles, e, of a luminum dis- 
solved at the anode per faraday of electricity passed 
is given by the expression 

kl + k3 
E ~  

k l  -~- 2 k 2  -}- 3ks 

The l imitat ions implicit  from a considerat ion of the 
electrode kinetics in this manne r  should be recognized. 
(i) If k2 : ks : 0, AI(I)  ions will  be formed in  ac- 
cordance with reaction II, and , : 1. (if) If kl : k~ 
: 0, then A1 (III) ions will be formed by reaction [IV] 
only, and s : 1/3. (iii) If ki ~ 0 and ks > 0, the dif- 
fusion of AI(I )  ions from the bulk  electrolyte to react 
at the anode according to reaction [III] would give 

< 1/3. (iv) A value of , : 1/3 is not unique  to (if). 
If kl : k., and k3 ~-~ 0, , : 1/3, and without  a knowl-  
edge of all  the rate constants for each discrete reaction 
step involved, the steady-state concentrat ion of A1 (I) 
ions at the electrode surface cannot be calculated. The 
occurrence of the homogeneous disproportionation re-  
action, if sufficiently high concentrations of A1 (I) ions 
are able to accumulate in  the vicinity of the anode 

3AI(I)  ~ 2 A l ( 0 )  + AI( I I I )  [V] 

could fur ther  complicate analyses of the causes under-  
lying the anode current  yield values. 

For the reverse of reaction IV] as writ ten,  Storo- 
zhenko (2) has determined from the solubilities of 
a luminum in te t rachloroaluminate  melt  equi l ibr ium 
constants of 24.7 X 10 -6 (200~ 33.8 X 10 -e  (300~ 
and  59.1 • 10-6 (400oC). These values may be com- 
pared to the thermodynamic  functions calculated by  
Foster et al. (22) for the gaseous phase equilibria;  for 
the reverse of reaction IV], the equi l ibr ium constants 
are 10 -~-6.~ (227~ and 10 -14.0 (427~ Univalent  a lu-  
m inum compounds have been studied fairly exten-  
sively in the vapor phase at high temperatures,  q.v. 
the compilation of thermochemical  data for A1C1 (23) 
(references therein)  and Ref. (24, 25). However, scant 
informat ion is available with regard to the stabil i ty of 
subvalent  species of a luminum in either l iquid or solid 
phases. 1 A priori no correlation between the relat ive 
stabilities in  the vapor and the solution phases is pos- 
sible, as the changes of the free energy and entropy 

Despite varied experimental approaches (26-29) no compound ol 
suhvalent aluminum, stable at room temperatures, has yet been 
characterized unequivocally; Kinsella (29) was unsuccessful both 
wi th  sol id-s ta te  p r e p a r a t i v e  methods ,  w h i c h  seemed  to  b e  mos t  
p romis ing  f r o m  a t h e r m o d y n a m i c a l  s tandpoin t ,  a n d  e lec t ro ly t ic  t ech-  
n iques  invo lv ing  anodiza t ion .  
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accompanying dissolution of a molecule, such as alu- 
minum monochloride in a molten salt, depend on prop- 
erties specific to the solute and the solvent phase. 
Lower oxidation states of certain metals are known to 
be stabilized in chloroaluminate melts with high alu- 
minum chloride contents, e.g., Cd22+, Pb + Sn2 + (80), 
and Hg32+ (31). Possible reasons for this stabilization 
have been discussed by Anders (32), Skala (18), and 
Mamantov (33). These include, firstly, steric factors 
and charge densities of anions which affect the stability 
of low valent cations and, secondly, increased stabi- 
lization is expected to occur as the solvent media are 
made increasingly acidic in the Lewis sense. This is 
because low valence state cations are generally less 
acidic than those in higher valence states. Neverthe- 
less, the equilibrium constants for the reverse of re- 
action [V] in an equimolar melt composition as de- 
rived by Storozhenko would necessitate a considerable 
increase in stabil ization of un iva len t  a luminum species 
in comparison with the respective gaseous phase equi-  
libria. Unti l  the impuri t ies  that  cause a luminum loss 
can be eliminated, or at least their  effects quant i ta -  
t ively monitored, the a luminum solubil i ty studies are 
liable to the same indeterminate  errors as would be 
nonequi l ib r ium anodic current  yield measurements .  
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ABSTRACT 

The purpose  of this  work  was to find an e lec t ro ly te  which increased the 
ra te  of p ropane  e lec t ro -ox ida t ion  over  that  observed in phosphor ic  acid. The 
monohydra te  of t r i f luoromethanesulfonic  acid has been demons t ra ted  to have 
a posi t ive effect. The l imit ing current  at  135~ was more  than  1000% grea te r  
t han  tha t  observed  in phosphoric  acid under  comparable  conditions. Hydrogen  
oxidat ion  was shown to be more  facile in CF3SO3H ' H20. Exper iments  are  de-  
scr ibed which provide  some insight into the  na ture  of the  e lectrochemical  
oxida t ion  process. 

Direct  oxidat ion  hydroca rbon  ai r  fuel  cells have 
been the goal  of many  invest igators  since Grubb  and 
Niedrach  (1) r epor ted  the e lec t ro -ox ida t ion  of sa tu-  
ra ted  hydrocarbons .  The rates  for the oxida t ion  of h y -  
drocarbons  were  ve ry  low and could not  be considered 
for  a pract ical  fuel  cell  system. Since that  t ime, 
numerous  a t tempts  have been made  to develop e lec t ro-  
catalysts  which exhib i t  super ior  ac t iv i ty  for hyd roca r -  
bon oxidat ion.  This approach did not develop a ma te -  
r ia l  which  demons t ra ted  a per formance  and economy 
which wa r r an t ed  the advanced deve lopment  of h y d r o -  
carbon ai r  fuel  cell  systems. Ano the r  approach toward  
the improvement  of the e lec t ro-oxidat ion  of hyd roca r -  
bons is to invest igate  o ther  electrolytes ,  the subjec t  
of the  present  paper .  

I t  was demons t ra ted  b y  Cairns (2, 3) in the mid  
1960's that  the e lec t ro ly te  had a considerable  effect on 
the ra te  of oxida t ion  of alkanes.  The highest  cur ren t  
densit ies were  suppor ted  in hydrofluoric  acid. Hydro -  
fluoric acid could not be considered sui table  due to the  
great  chemical  ac t iv i ty  of the  system. Though o ther  
acid e lect rolytes  have been examined,  phosphor ic  acid 
is the  e lec t ro ly te  most commonly used in hydroca rbon  
ai r  fuel  cells (4, 5). 

An  analysis  of the  p rob lem indicates  tha t  cer ta in  
specifications are  necessary for the  ideal  (hypothet ica l )  
e lectrolyte .  These specific proper t ies  include:  

(i) The e lec t ro ly te  should be a good medium for the  
efficient react ions of hydrocarbons  and air. 

(ii) The e lec t ro ly te  mus t  be a good medium for ionic 
cha rge  t ranspor t .  

(iii) The e lec t ro ly te  should be a good solvent  for 
the  reactants,  the  hydroca rbon  and air. 

* Electrochemical  Society Act ive  Member.  
Key words:  electrolyte,  performance enhancement ,  anion adsorp- 

tion, reaction mechanism, limiting current,  propane oxidation, 
CF3SOaH. I-~O. 

(iv) The e lec t ro ly te  must  act as a sui table  medium 
for mass t r anspor t  for the  diffusion of mate r ia l s  to 
cata lyt ic  surfaces and remova l  of products  of the  re -  
action. 

(v) The e lec t ro ly te  mus t  be physical ly ,  chemically,  
and e lec t rochemical ly  s table  over  the  opera t ing  t em-  
pe ra tu re  and potent ia l  range.  

(vi) The elec t ro ly te  should not  in te r fe re  wi th  the 
cata lyt ic  reactions.  

(viii) The e lec t ro ly te  should not be s t rongly  react ive  
wi th  the cell construct ion mate r ia l s  or mat r ix .  

Based on these specifications, the  l i t e ra tu re  was ex-  
amined  for possible acid e lec t ro ly tes  (6). A promising 
sys tem of compounds is the  perf luoroalkane sulfonic 
acids. These acids have high acid s t rengths  and are  ex-  
cel lent  ionic conductors  (7). The s implest  acid, t r i -  
f luoromethanesulfonic  acid, forms a s table monohydra te  
which melts  at 34~ and boils at  96~ mm Hg. The 
objec t ive  of this  research  was to inves t iga te  the  elec-  
t rochemical  oxida t ion  of p ropane  in t r i f luoromethane-  
sulfonic acid monohydra t e  and compare  the  resul ts  
wi th  those for  the  react ion of p ropane  in 85% phos- 
phoric  acid. 

Experimental 
Apparatus.--Electrochemical measurements  were  

conducted in a t h r e e - c ompa r tme n t  glass cell  of ap-  
p rox ima te ly  30 ml  capaci ty  in which the work ing  and 
counte rcompar tments  were  separa ted  b y  a medium 
glass frit.  A Luggin  capi l la ry  p rov ided  contact  be tween  
the work ing  e lect rode and the dynamic  hydrogen  
e lect rode sys tem (8). Al l  potent ia ls  given wil l  be wi th  
reference  to the  DHE. The work ing  e lect rode assembly 
was removable  so different  e lect rode mate r i a l s  could 
be invest igated.  In  the  deve lopment  of the  current  po-  
ten t ia l  curves a p la t inum mesh (99.99%) of approx i -  
ma te ly  4 cm s "real"  surface area  was uti l ized. A 
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smooth p la t inum wire (99.99%) of approximately 0.5 
cm 2 "real" surface area was used in  the experiments  
determining the adsorption of propane on t h e  elec- 
trode. The counterelectrode was a platinized p la t inum 
mesh connected to a Pt  wire lead. Potentials  were con- 
trolled by a Wenking Potentiostat  (Model 66TS3). 
Pre t rea tment  steps were effected by switching poten-  
tiometers into the input  circuit of the potentiostat  us-  
ing mercury-wet ted  relays fired at times from 1 msec 
to 10 sec regulated by a bank  of wave form genera-  
tors (all wave form generators were Tektronix  Model 
162). A digital panel  meter  (Electronic Research Com- 
pany, Model 4000) was used to read all voltage and 
cell current  values in  the development  of the current  
densi ty-potent ia l  curves. The cell current  values were 
obtained using the digital panel  meter  in parallel  wi th  
a known resistance. Charging curves were displayed 
on a dual beam oscilloscope (Tektronix Type 555 with 
a Type 1A7 vertical plug in) and photographed with 
a Polaroid camera (Tektronix 75 ram/lens,  Series 125). 
All  experiments  were repetit ive runs  to establish the 
reproducibi l i ty  of results. An air oven main ta ined  cell 
tempera ture  to _+0.5~ of the desired value. 

Materials.--Trifluoromethanesulfonic acid was ob- 
tained from 3M Company, Minneapolis, Minnesota. The 
acid monohydrate  was prepared by the method of 
Gramsted and Hazeldine (7) and redisti l led 3 t imes 
at atmospheric pressure, collecting the fraction be-  
tween 184~176 The resul tant  product is a white, 
needlelike, crystal l ine product (rap 33.8~ Fisher  
reagent  grade phosphoric acid was purified by reflux- 
ing 1 volume 30% H202 with 2 volumes of 85% I-I~PO4 
and reconcentrated to 85% I-IsPO4 (9). High pur i ty  
hel ium 99.995% and ins t rument  grade propane 99.5% 
min imum pur i ty  were obtained from the Matheson 
Company. The hel ium used for purging was deoxy-  
genated by passing over a bed of copper turn ings  at 
400~ The hel ium was appropriately humidified to 
ma in ta in  the HzPO4 concentrat ion at 85% regardless of 
cell temperature.  

Experimenta~ techniques.--The surface area of the 
electrode was determined by using a cathodic galvano-  
static pulse after a series of potential  pre t rea tment  
steps. This "real" electrode area was calculated as- 
suming a value of 210 ~coulombs/cm 2 as the max imum 
cathodic galvanostatic charge associated wi th  the depo- 
sition of a monolayer  of hydrogen on the electrode 
surface (1O). The potential  pre t rea tment  step provided 
a reproducible electrode surface for charge measure-  
ments  as previously described by Brummer  et aL (11) 
and Gi lman (12). 

Current  density ("real" a rea) -poten t ia l  diagrams 
were constructed at several temperatures  from 55 ~ to 
135~ for the background (using hel ium),  for hydro-  
gen, and for propane. In  performing the current  vs. 
potential  runs, a potential  value was set and the sys- 
tem allowed to equil ibrate  for 5 rain before the cur-  
ren t  value was recorded. The potential  was scanned in 
the anodic direction and back toward the open-circui t  
potential  to establish the hysteresis in the system and 
electrolyte stability. 

Work was begun on the adsorption characteristics of 
propane in  CFaSOsH-H20 using the galvanostatic 
method of Brummer  et al. (11). A series of potential  
steps are imposed on the electrode followed by a gal-  
vanostatic pulse. The potential  was raised from open 
circuit to 2.00V for 10 sec in  CFsSO3H.H20. It  was 
found that the 2.OOV step vs. 1.35V step used for phos- 
phoric acid was necessary to obtain a reproducible 
surface area determination.  All  other steps used were 
the same for CF3SO~H-H20 and for 85% HsPO4. The 
2.00V step was followed by a 0.1 msec step at 0.05V. 
This was followed by an adsorption step at a selected 
potential  and time. The difference between the poten-  
tial t ime curves of hel ium run  in  the electrolyte (back- 
ground) vs. propane in the electrolyte gives a measure  
of the charge due to adsorption of propane on the elec- 
trode. 
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Fig. i, Current density-potential diagram comparing the electro- 
chemical oxidation of propane on smooth platinum at 135~ in 
CFaSO6H �9 H20 and in 85% H3P04. 

Several experiments  were performed using the 
mult ipulse  potent iodynamic method (13). After  the 
pre t reatment  potential  steps and an adsorption poten-  
tial step a voltage ramp was imposed on the electrode. 
The current  changes and the potential  ramp on the 
electrode were followed using an oscilloscope. 

Results and Discussion 
The principal  objective of this effort was to deter-  

mine  if the subject electrolyte enhanced the electro- 
oxidation of propane compared to that  observed in 85% 
HsPO4. In  order to have a direct basis for comparison 
with our  cell, a number  of the experiments  performed 
by Brummer  e t a / .  (11) in  HsPO4 were repeated. Our 
results were general ly  in  good agreement  wi th  those 
reported earlier where the l imit ing currents  at 135~ 
occurred between 0.5 and 0.6V. The accumulat ion of 
charge on the electrode surface was found to be very 
potential  dependent  with the greatest adsorption oc- 
curr ing at about 0.3V. A significant port ion of the re-  
action in te rmedia tes  on the electrode desorbed when 
the working electrode was cathodically pulsed. The 
remaining intermediates could only be removed when 
the potential  was raised to a highly oxidizing level. 

The first experiments  were to examine the electro- 
chemical oxidation of propane in  CF3SOsH.H~O and 
compare these results with those in 85% I-IsPO4 at 
135~ This comparison is presented in Fig. 1. At all 
potentials, the current  density values are higher for 
the react ion in CF3SO3H'H20 than  in  85% H3PO4. The 
l imit ing current  density value in CF~SOsH.H20 is ap- 
proximately 82 ~A/cm 2 and in 85% I-I~PO4 the l imit ing 
c u r r e n t  density is approximately 5.5 ~A/crn2. Thus, on 
a strictly comparative basis, the oxidation of propane 
was enhanced by a factor of 15 in  the acid monohy-  
drate. 

Table I shows the tempera ture  dependence of the 
propane reaction in  the acid monohydrate.  The data 
for the reaction of propane in 85% HsPO4 at 135~ are 
also shown for comparison purposes. 

The effect of tempera ture  can be observed on the 
reaction of propane in CF3SOsH-H20 compared to the 
reaction of propane in 85% H~PO4 in Table I. The cur-  
rent  density values, at a set potential, increase with 
tempera ture  in  CF~SOsH-H20, which is as expected. 

Table h Summary of propane current density data for 85% H3P04 
and CF3SO3H �9 H20 at several potentials 

65% 
P o t e n t i a ]  H3PO4 CFsSO~H.H20 CF3SO~H-H~O CF3SO3H.H20 
v s .  D H E ,  a t  1 3 5 ~  a t  9 5 ~  a t  1 1 5 ~  a t  1 3 5 ~  

V / r  ~ / ~ A / c m ~  / ~ A / c m  -~ / ~ A / c m S  

0.4 1.4 0,68 1.3 25.0 
0.5 5.3 2.8 4,5 53.0 
0.6 4.7 7.2 9.4 66.0 

L i m i t ~ g  
current  5.5 2 4 . 0  16 .0  8 2 . 0  
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At all temperatures,  the l imit ing current  values for 
CFsSOaH-H20 are higher than  the I imiting current  
value for 85% I-I~PO4 at 135~ At 115~ the l imit ing 
current  densi ty value for the reaction of propane in  the 
acid monohydra te  appears to go through a m i n i mum 
value. It  is felt that there is insufficient data to state 
at this t ime that  this is a t rue min imum.  The l imit ing 
current  density value at 115~ is, however, a repro- 
ducible value. The implicat ion that  a m in imum  exists 
in the l imit ing current  density at 115~ awaits fur-  
ther  testing at 110 ~ and 120~ Some experiments  were 
run  at 55~ where the system exhibi ted anomalous 
behavior  on a day to day basis indicat ing a lower tem- 
perature l imit  for cell operation. 

The tempera ture  dependence of current  density at 
0.50V is shown in the Arrhen ius - type  plot of Fig. 2. 
This potential  was chosen so as to compare the activa- 
t ion energy calculated for CFsSOsH-H20 with those 
calculated by  Cairns (2) for several inorganic acids. 
The value calculated for the oxidation of propane in 
CFsSOsH.H20 is 13 kcal /mole as opposed to a value 
of approximately 16 kcal /mole  for the oxidation of pro- 
pane in  such electrolytes as H2SO4, HF, IQPO4, and 
CsCO2. The reasons for the decrease in  activation 
energy are not apparent  from this data; however, one 
of the implications of this lower activation energy is 
that  to achieve a reaction rate of propane equivalent  
to that observed in CF3SOsH.H20 at 135~ it would 
be necessary to operate at a much higher temperature  
in 85% HsP04. 

Previous results in  HC104, H2SO4, and H~PO~ ind i -  
cate that  two general  classes of intermediates are 
formed on the electrode, one which desorbs on cathodic 
pulse and another  which does not (2, 10). The former  
consists of hydrocarbon radicals or fragments.  The 
nondesorbable  class consists of a highly oxidized 
species, considered to be a carbon bonded to at least 1 
oxygen atom, and a polymeric carbon material .  Using 
the galvanostatic method in  CFsSOsH.H20, the anodic 
charging curve with propane was observed to have a 
single wave instead of the characteristic double wave 
observed in  H~PO4. Furthermore,  the total charge due 
to adsorbed intermediates was very low, often barely  
dist inguishable from a charging curve under  helium. 
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80.0 

60.0 

40.0 

2.0 - 

ACTIVATION ENERGY 
13 Kcal/MOLE 

, I , I , I , I 
2.0 2.4 2.6 2.8 3.0 I/T x 1 0  3 

Fig. 2. Log of the current density (at an anode potential of 0.5V) 
as a function of reciprocal absolute temperature for the oxidation 
of propane on smooth platinum in CFsSOsH �9 H20. 

In  order to determine whether  the highly oxidized 
species could be formed on the electrode, exper iments  
were performed using carbon dioxide as the reactant. 
Following potential  pre t rea tment  steps as described 
above, CO2 is adsorbed on the electrode at 0.15V. The 
intermediate  thus formed is considered to be the 
same as the highly oxidized species formed in  the 
anodic oxidation of hydrocarbons in inorganic acids 
(14). The anodic charging curve for "reduced" CO2 in 
CFsSO3H'H20 was similar to those obtained using 
propane and helium. All anodic charging curves ob- 
tained in CF~SOsH.H20 were analogous to the "re- 
duced" CO2 anodic charging curve in  HsPO4 (15). 
These results indicate that  the adsorbed polymeric 
carbon mater ial  formed dur ing the oxidation of pro- 
pane in HsPO4 is not present  in the acid monohydrate.  
The formation of the polymeric mater ial  is considered 
to be an undesirable  side reaction. The oxidation of 
propane in  the acid monohydra te  would appear to pro-  
ceed by a more s traightforward reaction path. 

A single oxidation peak for propane in  the acid 
monohydra te  is indicated from results obtained from 
the mult ipulse  potent iodynamic method. Whereas these 
results are pre l iminary  they are reproducible. It  is ob- 
vious that  addit ional work must  be performed on the 
adsorption of propane on smooth p la t inum to elucidate 
the mechanism of the oxidation process in the electro- 
lyte. However, all of the results to this point suggest 
that  the mechanism is different from that  observed for 
propane in I-~PO4. 

An invest igat ion of the current -potent ia l  behavior  
of hydrogen in CF~SOsH'H20 could offer an addit ional 
insight into the behavior  of the electrolyte. It  has been 
previously demonstrated that  higher oxidation rates 
are supported in  acid electrolytes wi th  lower ten-  
dencies of acid anion adsorption on p la t inum (4). As- 
suming more active sites are available for reaction, 
enhanced oxidation of hydrogen would be observed in 
the acid monohydrate.  The current  densi ty-potent ia l  
curves for hydrogen at a p la t inum electrode in phos- 
phoric acid and at two temperatures  of CF3SOsH-H20 
are shown in Fig. 3. The l imit ing current  value in 85% 
H3PO4 at 135~ is approximately 20 ~A/cm 2. The l imit-  
ing current  values for CFsSO3H.H20 at 95 ~ and 115~ 
are approximately  75 and ~ 118 ~A/cm 2. At a 20~ 
lower temuerature,  the oxidation of hydrogen in  
CFsSOsH'H20 is almost 6 times more rapid than  the 
reaction of hydrogen in 85% HsPO4 at 135~ As is 
clear from the graph, at all potentials the current  den-  
sities are higher at a given potential  in CF3SOsH'H20 
at 115~ than  in  85% HsPO4 at 135~ It is significant 
that  enhancement  of the oxidation of both hydrogen 
and propane oxidation in CFsSOsH'H20 as compared 
to 85% HsPO4 was ol~served. A possible factor in the 
enhancement  is the reduced amount  of acid anion ad- 
sorption result ing in addit ional active sites on the elec- 
trode as a resu l t  of a reduced amount  of electrolyte 
adsorbed on the electrode. 

0.3 

0.2 

o., 

~ 0.0 

~0.1 

x 
0 " 85% H3PO4AT 135 C 7 ? / 
o osc / ,  / /  
. -<,,.o,,.,,o.,,,, o / / . /  

J , , 1 1 ,  I I i , ~ , , , l l  J J i I , I I I I  
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Fig. 3. Current density-potential diagram for the oxidation of 
hydrogen on smooth platinum in 85% H3P04 at 135~ and in 
CF3SOsH �9 H20 at 95 ~ and 115~ 
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One impor tant  consideration is the stabil i ty of the 
acid monohydrate,  at elevated temperatures,  over sev- 
eral  weeks or months. Experiments  were conducted 
over a 6 week period in which the l imit ing current  
density values were compared with valUes in freshly 
prepared acid monohydrate.  Over the 5 week period, at 
135~ the l imit ing current  density declined to 78 ~A/ 
cm 2, which is close to the value of 82 ~A/cm 2 in freshly 
prepared acid monohydrate.  Although over t ime the 
electrolyte developed a slightly darker  appearance, it 
must  be emphasized that there was no significant de- 
crease in the electrochemical performance of the reac- 
t ion of propane in CF3SO~H'H20 over 6 weeks. 

Vapor pressure data available indicates the electro- 
lyte would be unsui table  for use at 150~ or above (7). 
By altering the chain length of the alkane group this 
problem may be alleviated. Increase in  chain length 
decreases the vapor pressure. If no loss in the activity 
of the reaction of propane occurs, the lowering of the 
vapor pressure would be desirable. Fuel  cell construc- 
t ion materials  specifically designed for phosphoric acid 
fuel cells may  not be useful in the CF3SO3H-H~O. In  
that  case new cell materials  would have to be de- 
veloped. 

Conclusion 
Trifluoromethanesulfonic acid monohydra te  increases 

the performance of a p la t inum wire electrode in the 
electro-oxidation of propane and hydrogen. Results 
wi th  propane in  CFsSOsH-H20 indicate a different 
over-al l  process as compared to that  observed in 85% 
H~PO4. Much needs to be learned about the physical 
characteristics, such as vapor pressure and gas solu- 
bilities, in CF~SOaH.HeO before it can be used as an 
electrolyte in a practical fuel cell. However, the en- 
hancement  observed with tr if luoromethanesulfonic 
acid monohydra te  indicates that  the perfluoroalkane- 
sulfonic acids as a class of compounds are~worthy of 
fur ther  exper imenta t ion  for hydrocarbon air fuel cell 
use. 
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ABSTRACT 

Transference numbers  of the cations relat ive to the chloride ion in  mol ten 
mixtures  of alkali chloride-cerium chloride were determined from emf mea- 
surements  on concentrat ion cells with t ransference of the type 

(g) H2, HCI -- C (g) ( - - )  I MC1 I A120~ MC1 - -  p o w d e r  I I C HCI'H~ CeCla ( + ) 

where M is Li, Na, or K. The cells were operated with a mixture of hydrogen 
and hydrogen chloride gases instead of chlorine gas to minimize the possibility, 
if any, of the oxidation of cerous chloride to ceric chloride. The emf measure- 
ments were carried out at 850~ and results are presented over the entire 
composition range of the systems studied. It was also shown that, in these mix- 
tures, the alkali ions possess a relatively larger mobility than the cerous ion. 

Transference properties of molten salt mixtures  have 
been extensively studied (1, 2) in  the past. However, 
even though a large n u m b e r  of these studies have been 
devoted to mol ten halide mixtures,  data on the t rans-  
ference properties of mol ten  alkali  chloride-cerium 
chloride mixtures  are nonexistent.  In  the present  
studies, t ransference numbers  of cations relat ive to the 
chloride ion in molten mixtures  of LiC1-CeClz, NaC1- 
CeC13, and KC1-CeC13 were determined from emf mea- 
surements  on concentrat ion cells with t ransference of 
the type  

(g) H2, H C 1 - - C  MCI I A1203 I MCI I 
( - - )  powder CeC13 

A B 

C - - H C I ,  H2 (g) [I] 
( + )  

where M is Li, Na, or K. These cells were operated with 
a mixture  of hydrogen and hydrogen chloride gases 
instead of chlorine gas to minimize the possibility, if 
any, of the oxidation of cerous chloride to ceric chlo- 
ride. The emf method has been employed by several 
workers to determine the transference numbers  of 
cations relative to common anion in  mixtures  of mol ten 
chlorides (3, 4), fluorides (5), and nitrates (6). 

Experimental Procedure 
Reagent grade chemicals (Fisher Scientific Com- 

pany) were used in these experiments.  Sodium and 
potassium chlorides were melted under  vacuum, re-  
solidified, and stored in  an argon atmosphere. Li th ium 
chloride and cerous chloride heptahydrate  (CeC13. 
7H20) were dehydrated by heating at 110~176 for 
24 hr under  a flowing atmosphere of hydrogen chloride 
(HC1) gas. The temperature  was then  raised to about 
50 ~ above the mel t ing points of l i th ium chloride 
(610~ and cerous chloride (822~ and the hydrogen 
chloride gas bubbled  for another  3-4 hr. In  case of 
l i th ium chloride, the t rea tment  with hydrogen chloride 
gas was followed by bubbl ing  chlorine gas for 2-3 hr  
to remove the black organic impurities.  The tempera-  
ture  was then lowered and anhydrous l i th ium and 

* Electrochemical Society Active Member. 
Key words: alkali chloride-cerium chloride mixtures, concentra- 

tion cells with transference, emf measurements, molten salt mix- 
tures, transference numbers. 

cerous chlorides, so obtained, were stored in  an atmos- 
phere of argon gas. 

The cell design used for the emf measurements  and 
other exper imental  details have been described ear- 
lier (3). Briefly stated, a 5-in, long quartz tube (25 mm 
diam) closed at the bottom and containing the pure 
alkali chloride was placed in  an outer Vycor container 
(57 mm diam) containing the alkali  chloride-cerous 
chloride mixture.  The l iquid junc t ion  be tween the 
alkali  chloride and alkali chloride-cerous chloride mix-  
ture  was established through a coiled quartz tubing  
(6 mm diam) filled with predried powdered a lumina  
(Grade T-61, 120 mesh, A luminum Company of Amer-  
ica). The mole fraction of the alkali  chloride in the 
mix ture  was varied from 0 to 0.9 by the addit ion of 
weighed amounts  of purified alkali  chloride. The pow- 
dered a lumina  was found ideal for these experiments  
since it not only prevented any gravi tat ional  flow from 
one side to the other but  also was inert  to any cation 
exchange that usual ly  occurs (3) be tween the alkali  
chlorides and the commonly employed quartz frit  
membranes.  

Spectrochemical grade carbon rods (Ultra Carbon 
Company) were used as the electrodes. The hydrogen 
and hydrogen chloride gases were used directly from 
the cylinders. A wi re -wound  cylindrical  furnace was 
used to heat the cell assembly and the tempera ture  of 
the cell controlled wi th in  •176 with a Guardsman-  
West tempera ture  controller. The emf measurements  
were made with a Leeds and Northrup K-5 poten-  
tiometer. 

Results and Discussion 
Designating the alkali ion (M +), cerous ion 

(Ce+++) ,  and chloride ion (C1-) as ions 1, 2, 3, 
respectively, the emf of cell I is given by  (3, 7) 

I ~ ' B  / "~ 1 B 
Ecell : - - ~  | .  t l 3 d ~ M c l - - - - | ,  t2ad~CeCl3 [1] 

F L'A ~'A 3F 

where F is the Faraday constant and ~MCl and ~CeCl8 
are, respectively, the chemical potentials of alkali 
chloride and cerous chloride. The t ransference numbers  
(t13 and t23) of the alkali ion (cation 1) and cerous 
ion (cation 2) are defined relative to the chloride ion 
(anion 3) and are related to each other by  the equa-  
t ion 
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t l 3 + t ~ =  1 [2] 

Equat ion [1] can be simplified (4) and rewr i t ten  as 

2.303 R T  l "B tl~ - -  x'13 
Eee l l  : F J A  " 1 - -  X'13 

d 1ogaMcl [ 3 ]  

where x'13 and aMCZ are, respectively, the equivalent  
fraction and activity of the alkali  chloride in the mix-  
ture;  R and T have their  usual  thermodynamic  sig- 
nificance. The equivalent  fraction (x'13) is related to 
the mole fraction (x13) by the equat ion 

X13 
x'19 = - -  [4]  

3 -- 2Xla 

Par t ia l ly  differentiating Eq. [3] with respect to 
log aMch we have 

, [5] 
c~log aMCl/a F 1 -- X 13 

Since the activities of alkali chlorides in molten mix- 
tures of alkali chloride-cerium chloride are known (8), 
the term on the left side of Eq. [5] can be obtained 
by graphical differentiation of Ecell VS. Iog aMCl plots. 
The transference number of the alkali ion (t13) rela- 
tive to the chloride ion can then be obtained by use 
of Eq. [5]. The transference number of the cerous 
ion (t~) relative to the chloride ion, by definition, is 
given by Eq. [2]. 

At a given composition of the molten salt mixture, 
the transference numbers of the cations (tla and t2~) 
relative to the chloride ion are related (2) to their 
respective mobilities by the equations 

t13 ~. 
b13 - -  - -  [ 6 ]  

xhaF 
and  

t25~ 
b~ = ~ [7] 

x'~3F 

where b13 and b~  are, respectively, the mobili t ies of 
the alkali  ion (M +) and cerous ion (Ce + § relat ive 
to the chloride ion; x ' ~  and x'2~ are the correspond- 
ing equivalent  fractions of the alkali chloride and 
cerium chloride in the mixture ;  and k is the equivalent  
conductance of the mol ten  salt mixture.  Since no con- 
ductivi ty measurements  have been  reported in the 
l i terature  for the alkali  chloride-cerium chloride mix-  
tures, the cation mobili t ies (b~a and b23) cannot be 
calculated from the transference number  data alone. 
It is, however, possible to calculate cation mobi l i ty  
ratios from the t ransference numbers.  Thus, combining 
Eq. [6] and [7], we have 

Table I. Cell'r potentials as a function of alkali chloride mole 
fraction in the alkali chloride-cerium chloride mixtures at 850~ 

LiCl-CeCh NaCl-CeCls KCl-CeCh 
x, a lka l i  
ch lo r ide  aLiCl* Ecel l ,  V aNaCl* Ecel l ,  V aKCI* Ecel l ,  V 

0.00 -- 0.1425 0.1720 -- 0.2364 
0.I0 0.048 0.1213 0.~2 0.1611 0.0026 0.2280 
0.20 0.I00 0.1100 0.031 0.1493 0.008 0.2100 
0.25 0.135 0.1026 0.043 0.1370 
0.30 0,168 0.0972 0.058 0,1355 0.~7 0.2006 
0.35 0.200 0.0800 0.081 -- 0.025 0.1927 
0.40 0.243 0.0824 0.107 0.1186 0.037 0.1810 
0.45 0.285 0.0738 0.133 0.1090 -- -- 
0.475 -- -- 0.060 0.1654 
0.50 0.3"~ 0.0680 0.173 0.~-81 - -  - -  
0.52 - -  -- -- 0.090 0.1510 
0.55 0 . ~ 0  0.0589 0.223 0.0875 
0.60 0.448 0.0523 0.284 0.0705 0 . 1 ~  0.1"2-72 
0.05 0.535 0.0434 0.359 0.0630 
0.67 -- -- -- -- 0 .~ '0  0.1018 
0.70 0.611 0.0380 0.445 0.0498 
0.733 . . . .  o.~o o~32  
0.75 0.680 0.0280 0.544 0.0363 0.465 0.0678 
0.80 0.754 0.0238 0.653 0.0308 0.604 0.0470 
0.85 - -  0,761 0.0183 0.710 0.0300 
0.873 0 . ~ 5  0,0152 -- -- -- - -  

0 . 6 6 4  - - 0.830 O.OllO 
0.8"~ 069 . . . .  o.o19o 

r e e l 1 :  (g) H ~ , H C I  -- C I M C l J  Al~03 M C I |  C -- HCl .  I ~  (g) 
( - - )  [ [ p o w d e r  CeC18[ ( + )  

w h e r e  M is Li ,  N a  o r  K .  
* F r o m  Ref.  (8). 

mixtures.  These data are summarized in  Table I. The 
activities of the alkali  chlorides in  these mixtures  are 
known (8) at 825~ Assuming that the excess free 
energies of mixing remain  constant  as the tempera-  
ture is increased from 825 ~ to 850~ the activities were 
recalculated at 850~ and are also summarized in 
Table I. 

In  an effort to determine the magni tude  of "liquid 
junct ion  potential" be tween pure mol ten potassium 
chloride and cerium chloride, Bronstein (9) measured 
the emf of the cell 

C, C12 [ (  _ ) KCI[  Vycor 1 K C l g l a s s  [quartzflit CeCl~ C12, C (  -{- ) 

[ I I ]  

At 850~ the emf of cell [ I I ]  was found to be 0.600V. 
This value is considerably higher than  the value of 
0.236V obtained in the present  studies employing cell 
[I] where  MC1 now refers to KC1 and mole fraction of 
KC1 in the r igh t -hand  half-cel l  is zero. The higher 
emf in cell [II] may be due to exchange of K + from the 
melt  with the quartz fri t  so that  over a period of time, 
the quartz frit would behave as a K + conductive mem- 
brane. This explanat ion seems plausible in  view of the 
value of 0.572V obtained by Egan (8) for cell [III] at 
825~ 

(g) H2, H C I - - C  IKC1 t K+ t 10mole% KC1 IC-HC1, H2(g)  
( - - )  glass 90 mole % CeCh ( -{- ) 

[ I I I ]  

~13 $13 X'23 
--  - - - -  [8] 

b~  ts3 x'13 

The mobil i ty  of the alkali  ion relat ive to the cerous 
ion (b12) is s imilar ly obtained by  combining Eq. [6] 
and  [7]. Thus 

hi2 -- b l a - -  b ~  = �9 [9] 
X ' I 3  X'2Z, F 

Since by definition, t23 = 1 -- t13 a n d  x'2~ = 1 -- x'13, 
Eq. [9] can be simplified as 

( t 1 3 - - x ' 1 8 )  ~- 
b12 : h i 3  - -  b23 : ~ -  [10] 

X'13 X'23 

The emf measurements  on the mol ten  salt mixtures  
LiC1-CeC13, NaC1-CeC18, and KC1-CeC13 were carried 
out at 850~ over the ent i re  composition range of the 

Behl and Egan (3) noticed a similar exchange of Li + 
from the melt  with a quartz frit  in their experiments  
with the system LiC1-PbC12. The a lumina  powder used 
to establish the l iquid junct ion  in cell [I] was found to 
be inert  (3) toward any exchange with alkali  ions 
from the melt. 

The plots of Eceu vs. log aMc1 based on data presented 
in Table I for the mol ten  salt mixtures  LiC1-CeCI~, 
NaC1-CeC13, and KC1-CeCI~ are, respectively, shown 
in  Fig. 1-3. From these plots, the term (OEcell/O log 
aMCl) was determined at various mole fractions by 
graphical differentiation and subst i tuted in  Eq. [5] to 
obtain the t ransference numbers  of the alkali  ions 
(t13) relative to the chloride ion. The transference 
numbers  of the cerous ions ( t~)  were then determined 
by use of Eq. [2]. These data are summarized in  Table 
II. 

The transference numbers  (t13) of alkali ions rela-  
tive to the chloride ion in mixtures  of mol ten  alkali  
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0.1 0.0357 
0.2 0.0769 
0.3 0.1250 
0.4 0 . 1 3 1 6  
0.5 0.2500 
0.6 0.3333 
0.7 0.4375 
0.8 0.5714 
0.9 0.7500 

L iC l -CeCl s  N a C l - C e C l s  K C l - C e C l s  

t~ t~  b~ /  b= t~  t~ b ~ /  bzs t~  t~  b~ /  b~ 

* xm = m o l e  f r a c t i o n ;  z ' ~  = e q u i v a l e n t  f r a c t i o n .  

0.114 0.886 3.48 0.103 0.897 3,10 0.096 0.904 2.87 
0.284 0.716 4.78 0.218 0.782 3.35 0.226 0.774 3.51 
0.415 0.585 4.97 0.333 0.667 3.50 0.321 0.679 3.31 
0.516 0.484 4.80 0.461 0.539 3.85 0.413 0.587 3.17 
0.613 0.387 4.75 0.573 0.427 4.04 0.502 0.498 3.02 
0.701 0.229 4.69 0.692 0.308 4.49 0.635 0.365 3.48 
0.796 0.204 5.02 0.783 0.217 4.64 0.837 0.163 6.60 
0.881 0.119 5.55 0.846 0.154 4.14 0.952 0.048 14.88 
0.965 0.035 9.19 0.914 0.086 3.54 0.980 0.020 16.33 

chloride-cerium chloride were found to be greater 
than  the equivalent  fraction (x'z3) of the alkali chlo- 
ride in the mix ture  over the entire composition range. 
If/;13 = 32'13 over the whole composition range of the 
mixture,  it can be seen from Eq. [3] that  the emf of 
cell [I] would be zero over the whole composition range 
of mixtures.  Examples of such behavior  have been re-  
ported in  l i terature for the systems AgNOa-NaNO3 
(10) and NaC1-KC1 (3). Further ,  in such cases, Eq. 
[10] predicts that  the cation mobilit ies b13 and b23 
would be identical over the whole composition range. 
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Fig. 1. Ecell ys. log aLICI plot for the system LiCI-CeCIa. Open 
and closed circles represent data of two separate experiments. 

I 
- I .6  

0.04 

t I I ~ t l 
-04 -0.8 -I.9 -1.6 -2.0 - 2 4  

LOG a NoCl 

I I I I I I 

VoL 121, No. 8 

-2.~ 

Fig. 2. Ecell vs. log ONaC1 plot for the system NaCI-CeCI3. Open 
and closed circles represent data of two separate experiments. 

This has been exper imenta l ly  demonstrated in the case 
of the system AgNO3-NaNO3 (11). Since h3 > x13 over 
the whole composition range of the alkali  chloride- 
cerium chloride mixtures,  it can be seen from Eq. [10] 
that the alkali ions possess relat ively higher mobilit ies 
than the cerous ion over the entire range of composi- 
t ion of these mixtures.  Plots of the term (t13 -- x'18) 
vs. x'13 for the systems LiC1-CeC13, NaC1-CeC13, and 
KC1-CeC13 are presented in Fig. 4. There is close simi- 
lar i ty  in behavior  of the three systems. The cation mo-  
bi l i ty ratio (b13/b2s) in alkali chloride-cerium chloride 
mixtures  was also determined by use of Eq. [8] over the 
whole composition range, and the data are summarized 
in Table II. The mobi l i ty  (bls) of the alkali  ion rela-  
tive to the chloride ion was found to be much greater  
than the mobil i ty  (b23) of the cerous ion relat ive to the 
chloride ion. These results are not surpris ing in view 
of the smaller equivalent  conductance (12) of pure 
cerium chloride as compared to the equivalent  con- 
ductances (12) of pure alkali  chlorides. The mobilities 
of the alkali  ions in the systems KC1-PbC12 (13), LiC1- 
PbC12 (14), KC1-CaC12 (3), KC1-MgC12 (3), and LiC1- 
CdC12 (4) have also been found to be greater than  the 
mobilities of the second cation in the mix ture  by a 
similar order of magni tude  over most of the com- 
position range of the mixtures.  

Summary and Conclusions 
The emf method was employed to determine the 

t r ans fe rence  numbers  of the cations relat ive to the 
chloride ion in mol ten mixtures  of LiC1-CeC13, NaC1- 
CeCI~, and KC1-CeC18 at 850~ Even though the in -  
dividual  cation mobilities relat ive to the chloride ion 
in these mixtures  could not  be calculated due to the 
absence of any conductance data, it was possible to 
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0.08 

0.04 
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Fig. 3. Ecell v s .  log aKCl plot for the system KCI-CeCIs. Open 
and closed circles represent data of two separate experiments. 
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Fig. 4.  ( t ls  - -  x'13) vs. x'13 plots for the systems LiCI-CeCIs 
(0 ) ,  NaCI-CeCI3 (&), and KCI-CeCI3 (I-1). 

show that  the alkali  ions possessed relat ively larger 
mobil i ty  than the cerous ion over the whole composi- 
t ion range of the mixtures.  

Acknowledgment 
The author would like to thank  Dr. J. J. Egan, 

Brookhaven National  Laboratory, Upton, New York, 
for making available the thermodynamic  data on alkali  
chloride-cerium chloride mixtures  and for many  help-  
ful suggestions. 

SCIENCE AND TECHNOLOGY Augus t  1974 

Manuscript  submit ted Oct. 25, 1973; revised manu-  
script received March 6, 1974. This was Paper  269 
presented at the Chicago, Illinois, Meeting of the So- 
ciety, May 13-18, 1973. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in  the June  1975 
JOURNAL. All discussions for the June  1975 Discussion 
Section should be submit ted by Feb. 1, 1975. 

REFERENCES 
1. B. R. Sundheim, "Fused Salts," B. R, Sundheim, 

Editor, McGraw-Hil l  Book Co., New York 
(1964). 

2. A. Klemm, "Molten Salt Chemistry," M. Blander,  
Editor, Interscience Publishers,  Inc., New York 
(1964). 

3. W. K. Behl and J. J. Egan, J. Phys. Chem., 71, 1764 
(1967). 

4. W. K. Behl, This Journal, 121, 959 (1974). 
5. K. A. Romberger and J. Braunstein,  Inorg. Chem., 9, 

1273 (1970). 
6. M. Okada and K. Kawamura, Electrochim. Aeta., 

15, 1 (1970). 
7. C. Wagner, "Advances in Electrochemistry and 

Electrochemical Engineering," Vol. 4, pp. 1-46, 
P. Delahay, Editor, Interscience Publishers, Inc., 
New York (1966). 

8. J. J. Egan and J. Bracker, J. Chem. Thermody- 
namics, 6, 9 (1974). 

9. H. R. Bronstein, J. Phys. Chem., 73, 1320 (1969). 
10. R. W. Laity, J. Am. Chem. Soc., 79, 1849 (1957). 
11. F. R. Duke, R. W. Laity, and B. Owens, This 

Journal, 104, 299 (1957). 
12. G. J. Janz, "Molten Salt Handbook," Academic 

Press, New York (1967). 
13. F. R. Duke and R. A. Fleming,  This Journal, 1@6, 

130 (1959). 
14. A. Klemm and E. V. Monse, Z. Naturforsch., 12a, 

319 (1957). 

Electrode Kinetics of the Alkali Metals in 
AICl -Propylene Carbonate Solution 

Jacob Jorn~ *,1 and Charles W. Tobias* 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory, and Department of Chemical Engineering, 
University of California, Berkeley, California 94720 

The publication costs of this article have been assisted by the University of California. 

ABSTRACT 

Kinetic parameters  of the deposit ion-dissolution process for solid alkali  
metals in alkali  metal  chloride-A1C18-propylene carbonate solution were 
evaluated using micropolarizat ion measurements  at 25~ The exchange cur-  
rent  densities were evaluated at different molalities of the alkali  metal  chlo- 
rides, and the cathodic t ransfer  coefficients were calculated from the concen- 
t ra t ion dependence. 

Interest  in  nonaqueous high energy batteries is re- 
flected in  an increasing number  of investigations con- 
cerning the electrochemical behavior  of active metals 
in  nonaqueous solvents. So far very few investigations 
have reached the stage of evaluat ing kinetic param-  
eters of the charge t ransfer  process. The feasibility of 
electrodeposition of all the alkali metals from the cor- 
responding solutions of the alkali  metal  chlorides in 
A1C13-propylene carbonate has been demonstrated (1). 
Lithium, sodium, potassium, rubidium, and cesium 
were deposited at ambient  temperature,  showing stable 
and reversible behavior. The alkali metal  chlorides are 
practically insoluble in  PC, however in  the presence of 

* Electrochemical  Society Act ive  Member .  
1 Presen t  address :  D e p a r t m e n t  of Chemical  Eng inee r ing  and Mate-  

r ial  Sciences, Wayne  State  Univers i ty ,  Detroit ,  Michigan 48202. 
K e y  words :  electrode kinet ics ,  alkal i  metals ,  p ropylene  c a t . h a t e ,  

exchange  cu r ren t  densi ty ,  t r ans f e r  coefficient. 

A1C18, a complex is formed between the chloride and 
A1C13 according to the reaction 

MC1 + A1C18 = M + + A1C14- [1] 

where M represents the alkali  metal. This reaction is 
responsible for high solubil i ty and conductivity of all 
the alkali metal halides in PC; it allows the study of 
the electrochemical behavior of alkali metals with a 
common anion species. 

In  the present work, kinetic parameters of the dep- 
osit ion-dissolution process for solid alkali metals in  
alkali  metal  chloride-A1C13-PC solutions have been 
evaluated using micropolarizat ion measurements  at 
25~ The micropolarization experiments  were con- 
ducted over a range of alkali metal  chloride molalities 
(0.01-1.0M) in  constant uni t  molal i ty  solutions of AICI3 
in  PC. 
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Previous Work 
Despite the increasing interest  in dissolut ion-dep-  

osition processes in nonaqueous solutions, few invest i -  
gations dealt  direct ly wi th  the kinetics of the electrode 
process. Moreover,  most of the l i te ra ture  dealt  exclu- 
sively wi th  l i th ium systems. Al though the work  of 
Harr is  and Tobias (2) included deposition tests of 
active metals  from cyclic esters, these were  most ly  
qual i ta t ive  in nature  and did not reach the stage of 
systematic kinetic measurements .  

The electron t ransfer  kinetics of L i /L i  § react ion in 
PC was studied by several  laboratories.  Burrows and 
Jasinski  (3) measured the exchange current  density of 
Li(s)  in 1M LiC104-PC at 28~ using micropolar iza-  
tion measurements .  However ,  the repor ted  exchange 
current  density appears too low (0.0275 mA/cm2) ,  
probably due to the inclusion of an ohmic drop in the 
potential  measurements .  Meibuhr  (4) measured  the 
exchange currents  of l i thium in different LiC104 con- 
centrations in PC, at tempera tures  up to 70~ At 28~ 
for 1M LiC104-PC solution, the exchange current,  io ~- 
0.95 mA/crn  2, and the t ransfer  coefficient, a = 0.67, 
were  calculated f rom the l inear  polarization curves 
and f rom the concentrat ion dependence of the ex-  
change current.  The solution was st i rred by bubbling 
argon, and the ohmic drop was excluded using a pulse 
technique. The Nernst ian behavior  of the l i thium elec-  
t rode was confirmed by concentrat ion cells. The en-  
thalpy of solvation at zero polarization was est imated 
as 8.5 kcal /mole ,  and the react ion order  was one, which 
reaffirmed the assumption that  the charge t ransfer  was 
the ra te -de te rmin ing  step. In a second article, Meibuhr  
(5) studied the anion effect on the electrode kinetics 
of L i /L i  + in PC. The exchange currents  for unit  
molar i ty  solutions of LiA1C14, LiPF6, and LiBF4 are 
0.40, 0.29, and 0.5 m A / c m  2, respectively.  The t ransfer  
coefficient for LiA1C14 was ~ = 0.8. The wate r  content 
of the solutions had a major  influence on the elec- 
trode performance.  Scarr  (6) measured the kinetics of 
l i thium electrode in different concentrations of LiC104 
in PC. Fi lm formation and two levels  of act ivi ty were  
observed, depending on the pre t rea tment  of the elec- 
trode. The film was broken at high currents.  The ex-  
change current  density of a f i lm-free electrode in 1M 
LiC104 PC solution is 1.78 _ 0.33 m A / c m  ~. General ly,  
good agreement  was found be tween  Meibuhr 's  and 
Scarr 's  results, which are complementary,  since Scarr  
worked  at modera te ly  high currents, whi le  Meibuhr 's  
work  is restr icted to the zone of l inear  cur ren t -po ten-  
tial dependence. Butler,  Cogley, and Synnot (7) s tud- 
ied the aging effect on the kinetics of l i th ium in 
LiC104 solution in PC. Even when  the solvent was 
quite "dry"  (<0.001M H20),  the exchange current  
dropped from 10.2 m A / c m  2 at 1 sec after the exposure 
of the freshly cut l i th ium surface, to 1.6 m A / c m  2 after  
1 hr. The effect of water  was also dramatic;  the pres-  
ence of 0.02M H20 reduced the exchange current  to 
0.026 m A / c m  2 after  1 hr. It seems that  most measure-  
ments  were  taken on aged surfaces; the exchange cur-  
rents of fresh surfaces may have no practical meaning.  
The effect of water  content on the behavior  of l i thium 
electrodes in LiC104 (8,9) showed t h a t  LiOH was 
formed on the electrode during the deposition of li th- 
ium from LiC104 solution in PC. 

The anodic polarization of l i thium in 1.0M A1Cla PC 
solution was invest igated by Jackson and Blomgren 
(10), using an in te r rupter  and a constant load pulse 

technique. Severe  polarization of the concentrat ion 
type was observed, which could be caused by the for-  
mat ion of LiCl layer  during the anodic discharge. Suf-  
ficient s t i rr ing removed the product which dissolved 
in A1C13 solution and el iminated the concentrat ion 
polarization. 

In a s tudy of the anodic behavior  of sodium in 
NaC104 PC solution, Meibuhr (11) reports  that  the 
exchange current  depends strongly on the Na + con- 
centration. At 1M NaC104 and at 19~ the exchange 
current  was 0.21 m A / c m  ~. 

The behavior  of l i thium in related solvents is re -  
ported in several  papers. The electrochemical  behavior  
of Li in solutions of LiCIO4, KPF6, and of KCNS in 
e thylene carbonate was repor ted  by Pistoia et aL 
(12, 13). Ethylene carbonate was proposed as a su- 
perior  solvent for high energy batteries due to its 
h igher  conductance and lower  viscosity, and due to the 
bet ter  anodic polarizat ion characteristics found for 
Li in LiC104-EC solution. 

The kinetics of L i (Hg)  in LiC1 solution in DMSO 
was reported by Cogley and But ler  (14, 15). The 
Tafel equat ion with  cathodic t ransfer  coefficient a = 
0.75 was obeyed over  the current  density range of 10-5 
to 3 • 10 - s  A / c m  2. The exchange currents  were  in the 
order  of 0.1-I.0 m A / c m  2. 

Tiedemann and Bennion (22) compared thei r  kinetic 
measurements  of Li in dimethyl  sulfite to similar  mea-  
surements  in PC, however  it should be kept  in mind 
that their  measurements  were  per formed in different 
solvent, and medium effects must  be considered as 
part ly responsible for the h igher  exchange currents in 
dimethyl  sulfite; the effect of the medium on the elec- 
trode kinetics is discussed in detail  by Jorn4 (1). 

Experimental 
The micropolarizat ion measurements  of the alkali 

metals  were  per formed in the same s ix-compar tment  
cell where  the cell potentials were  measured  (1, 16). 
The galvanostat ic  exper iments  were  conducted be-  
tween two alkali  meta l  electrodes where  the central  
one served as the working electrode. The central  work -  
ing electrode was prepared  in the glove box by sealing 
an approximate ly  5 cm long port ion of a br ight  alkali  
meta l  wire  in epoxy resin. The end of the wire, not 
sealed in epoxy resin, was used for an electr ical  con- 
tact by at taching it to an al l igator clip. The other  end 
of the coated wire  was cut at a r ight  angle to the wire  
to expose the bright  alkali  meta l  surface wi th  an area 
equal to the cross-sectional area of the wire. The other  
alkali  meta l  electrodes were  s imply the original  br ight  
wires. Alkal i  metals  react slowly wi th  epoxy resin. 
The polarization exper iments  were  per formed within  a 
few hours after  the exposure and no signs of reaction 
be tween  the metals  and the resin were  observed 
throughout  the measurements .  In addition, the small 
bias potentials be tween  the coated and uncoated elec- 
trodes (1) indicate this effect to be negligible. In the 
case of rubidium and cesium, the working electrodes, 
as well  as the counterelectrodes,  were  prepared  by 
pouring the mol ten  metals  into the cup electrodes (1, 
16). The  solutions were  s t i rred during the micro-  
polarization exper iments  by a small  magnet ic  s t i r rer  at 
the bot tom of the central  cell, just  under  the electrode's  
surface. The st i rr ing was somewhat  less efficient in the 
cases of Rb and Cs because the s t i r rer  was undernea th  
the cup, while the active surface of the electrode was 
facing upward.  The small currents  employed insured 
that  concentrat ion overpotent ials  were  negligible, even  
in the cases of Rb and Cs. 

Preanodizat ion was found necessary to obtain repro-  
ducible results. The standard procedure was to anodize 
the working electrode for 10 min  at a current  density 
of 0.1 m A / c m  2 prior  to each micropolar izat ion cycle. 
The potential  was measured be tween  the central  work -  
ing electrode and one of the two TI(Hg)/T1C1 refer -  
ence electrodes. The current  was increased first in the 
anodic direction, then back toward the cathodic di- 
rection, then back to the equi l ibr ium state. The cur-  
rent  was applied by a constant current  power  supply, 
Model C 612 Electronic Measurements,  and was mea-  
sured by a Kei th ley  6(~1 Electrometer.  The potential  was 
measured by an AC/DC Differential  Vol tmeter  (John 
Fluke  Model 887-A). The cells were  suspended in 
constant t empera ture  baths at 25 ~ and 35~ • 0.01~ 
The preparat ion of the electrodes and the assembly of 
the cells have been described previously (1, 16). Pro-  
pylene carbonate (Jefferson Chemical  Company, Hous- 
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ton, Texas) was distilled in  a low pressure disti l lation 
column packed with stainless steel helices; the reflux 
ratio was 60 to 100; and the head tempera ture  was 
65~ The solutions were treated with molecular  sieves 
4A. This t rea tment  increased the stabil i ty of the alkali 
metals in  the solutions. Gas chromatographic analysis 
showed the water  content  to be always below 50 ppm. 
All operations were conducted inside the argon glove 
box (1, 16). Addit ion of AlCls to PC results in  violent  
reaction, accompanied by high heat of solution and 
darkening of the solution. This was avoided by adding 
the alkali metal  chloride first, then adding the A1C13 
very slowly while cooling the solution with a cooling 
mixture  of chloroform-carbon te t rachlor ide-dry COs 
(1). Solutions prepared in this way were almost color- 
less. The stabil i ty of the solutions increased as the 
ratio of the alkali metal  chloride to AiC13 molalities 
approached unity.  

Because of the relat ively low conductivi ty of the so- 
lutions (10-L10 -2 o h m - l - c m - 1 ) ,  it  was necessary to 
correct the overpotentials for ohmic drop be tween the 
working electrode and the tip of the reference elec- 
trode's connection. The ohmic drop was determined by 
a rapid current  in te r rup te r  technique, in  which the 
constant current  was interrupted,  and the potential  
was traced on a fast oscilloscope. The immediate  drop 
in  the potential  was the IR drop, and the ohmic re-  
sistance was calculated by dividing it by the total cur-  
rent. The ohmic drop was then subtracted from the 
total overpotential.  Rectangular  wave form pulses 
were derived from an E. M. Test Pulser, Lawrence 
Berkeley Laboratory. The potentials were observed on 
a Tektronix Oscilloscope, and the potential  trace was 
analyzed from the polaroid prints. The oscilloscope 
was operat ing at 0.01-1.0 msec/cm and 50-200 mV/cm. 
The ohmic drop was determined at four different cur- 
rents for each cell, both in anodic and cathodic direc- 
tions. The currents  employed dur ing the pulse mea-  
surements  were higher than  the currents  employed 
during the micropolarization experiments,  and it has 
been assumed that the current  dis t r ibut ion remained 
unchanged.  Typical oscilloscope traces of the potential  
dur ing  current  in ter rupt ions  both in the cathodic and 
the anodic directions, are presented in  Fig. 1. Cur-  
rents were in  the order of 0.1-1.0 mA, and the calcu- 
lated ohmic resistances were in the order of 100-300 
ohms. The calculated resistance from the four mea-  
surements  agreed wi th in  10%. 

The polarization experiments  were conducted at 
different alkali  metal  chloride molalities in  AiC13 
(1M)-PC solution and 25~ 

Results 
Micropolarization of the alkali metals in their chlo- 

ride solutions in AICl3 (1M)-PC.--Micropolarizations 
of the alkali  metals in  different molalities of alkali 
metal  chlorides in A1C18 (1M)-PC solution are pre-  
sented in Fig. 2-6. The temperature  was held constant 
at 25 ~ • 0.01~ The overpotentials  are IR free, and the 
ohmic drop was estimated from the current  in te r rup te r  
technique. At low overpotentials,  l inear  behavior  was 
observed for all the metals;  deviat ion from l inear i ty  
was observed at potentials above approximately 50 
mV, where the nonl inear  Tafel behavior  became ap-  
preciable. 

The exchange current  densities were calculated from 
the slopes of the l inear  polarizations, assuming single 
electron charge t ransfer  controlled mechanism accord- 
ing to the equat ion 

i RT ~ 
ia ~ = .  [2] 

A F 0~1~=o 

and the results are presented in each figure (Fig. 2-6). 
Enthalpy of activation at zero polarization.--]VIicro- 

polarizations of the l i th ium electrode in  different LiC1 
concentrat ions in A1CI~ (1M)-PC were performed at 
three different temperatures:  25 ~ 30 ~ and 35~ Fig-  

Fig. 1. IR drop determination in the six-compartment cell using a 
current interrupter technique. Rb/RbCI(O.IOM) in AICI3(1.0M)- 
PC at 25~ Top, cathodic current, I = 1.0 mA; bottom, anodic 
current, ! = 0.5 mA. Vertical scale, 50 mV/cm; horizontal scale, 
1 msec/cm. 
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The value  of hHo* is wi th in  the order  of magni tude  
expected for soft metals. A similar  value of 7.1 kca l /  
mole  was obtained for the sodium electrode in NaC104 
solution in PC (1). 

The micropolar izat ion behavior  of a cesium electrode 
in CsAIC14 (0.25M) solution in PC is presented in Fig. 
8. The plot of ia ~ vs. 1/T is presented in Fig. 9, f rom 
which the entha lpy  of act ivation at zero polarization 
is 10.4 kcal /mole .  A somewhat  lower  exchange current  
density was obtained for the Cs electrode at 23.5~ At  
this t empera tu re  cesium is solid, whi le  the other  t em-  
peratures  employed are above the mel t ing point of 
cesium, i.e., 28.5~ 

Discussion 
Micropolarizations of the alkali  metals  in alkali  

metal  chloride solutions in A1C13 (1M)-PC were  pre-  
sented in Fig. 2-6. The apparent  exchange  current  den-  
sities were  calculated from the slopes at the point of 
zero current.  A l inear  behavior  can be observed for all 
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the alkali  metals  over  a wide range of alkali  meta l  
chloride concentrations. Using a low current  and mod- 
erate s t i rr ing ensured the e l iminat ion of concentrat ion 
overpotential .  The apparent  exchange current  densities 
were  not corrected for the nonuniform current  densi- 
ties across the surface of the electrodes. The in- 
fluence of the nonuni formi ty  of the current  across the 
electrode is discussed in the Appendix,  where  it is 
shown that, despite re la t ive ly  low conductivities, this 
correction is negligible for the present  case, because 
of low exchange current  densities. 

The comparison of the magni tude  of the exchange 
currents  to corresponding values in the l i te ra ture  is 
restr icted to the l i th ium system, because no informa-  
tion is available for the rest of the alkali  metals. The 
exchange current  density of Li in LiA1C14 (1M), ac- 
cording to the present  results, is 1.02, 1.5, and 2.0 
m A / c m  2 at 25 ~ 30 ~ and 35~ respectively.  These val-  
ues are in general  agreement  wi th  the exchange cur-  
rents of 0.40, 1.05, 1.49, and 2.35 m A / c m  2 repor ted  by 
Meibuhr  (5) for LiA1C14 (1M) at 19 ~ , 35 ~ , 46 ~ , and 
55~ respectively.  A plot of the exchange current  den-  
sities vs. 1/T is presented in Fig. 7, and the calculated 
enthalpy of act ivat ion at zero polarization, hHo* ---- 8.6 
kcal /mole,  is in agreement  wi th  an entha lpy  of 6.4 
kcal /mole ,  reported by Meibuhr  (5). Kinetic measure-  
ments of Li in LiClO4 solutions in PC were  per formed 
by Meibuhr  (4) and Scarr  (6). The exchange current  
densities in LiC104 (1M) solut ion were  0.95, 1.8, 3.4, 
and 5.25 m A / c m  2 at 28 ~ 43 ~ 58 ~ and 67.5~ respec- 
t ively  (4), and 1.78 m A / c m  2 at 23~ (6). The i ~ values 
for LiC104 solution in PC are of the same order  of 
magni tude  as those obtained here  for LiA1C]4. But ler  
et al. (7) found that  the current  density changes sig- 
nificantly during the first few minutes  af ter  the prep-  
aration of a clean fresh Li surface. However ,  all 
ear l ier  experiments,  as wel l  as the present ones, were  
performed on aged surfaces, which is a more  practical  
condition. Preanodizat ion of the surface was neces- 
sary to obtain reproducible  results. It  is not clear 
whe ther  this procedure removes  adsorbed impuri t ies  
or breaks an insulating film on the electrode. Scarr  (6) 
reports  two levels  of activities of Li electrode in LiCIO4 
solution in PC, depending on the pre t rea tment  of the 
surface, and the lower  level  of act ivi ty was associated 
with  film formation. 

The exchange current  densities for the rest of the 
alkali  metals  are lower  than those for Li. The wide 
differences in the exchange currents  in the alkali  metal  
series are discussed in detail  e l s ew he re ( I ) ,  where  the 
medium effect and the influence of the individual  ionic 
energetics on the electrode kinetics is discussed with 
regard  to the behavior  of the alkali  meta l  amalgams. 
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The free energies of t ransfer  of the alkali  metal  ions 
from water  to A1C1s-PC solution are: --0.6, --4.2, 
--4.7, --3.1, and --5.0 kcal /mole for Li +, Na +, K +, 
Rb +, and Cs +, respectively (1). A large negative free 
energy of t ransfer  means that the ion is on a low 
energy level, s t rongly solvated, and as a result, the 
exchange current  density is low. The low exchange 
current  densities of some of the alkali  metals might  
also be the result  of their  reactivity toward impurities,  
water  traces, and possibly the solvent itself. This is 
especially t rue for potassium, which showed reactivi ty 
toward PC solutions which had not been treated with 
molecular  sieves. 

The exchange current  density of a Na electrode in 
NaCI(0.5M) solution in  A1C13 (1M)-PC is 28 ~A/cm 2 
at 25~ which can be compared qual i tat ively to a value 
of 12 ~A/cm 2 for a Na electrode in  NaC104(0.5M) solu- 
t ion in  PC at 19~ (11). 

The reported exchange current  densities are sub- 
jected to the influence of the films formed due to the 
inherent  reactivity of the alkali metals with PC. Fi lm 
formation was observed on Li electrodes in PC (6, 23). 

The t ransfer  coefficients of the electrochemical re-  
action at the alkali metal  electrode interface can be 
calculated from the dependence of the exchange cur-  
rent  densi ty on the concentrat ion of the reduced ion 
(19, 20) 

0 l o g  ~,a o 
1 -- ae = .  [4] 

0 log ~nM + 

where ~c is the cathodic t ransfer  coefficient. Figure  10 
presents the plot of log /a ~ vs. log mMcl for all the 
alkali metals, as well as the calculated ~c. The cathodic 
t ransfer  coefficient for Li is a~ = 0.75, in agreement  
with ~c ---- 0.8 reported for LiA1C14 in PC, and ac = 
0.62-0.72 for LiC104 in PC (4-6). The l i th ium system 
was fur ther  investigated at three different tempera-  
tures, 25 ~ 30 ~ and 35~ The plots of log i~ o vs.  log 
mLicl at the three temperatures  are presented in Fig. 
11, and the parallel  lines show that the t ransfer  coeffi- 
cient does not change over this temperature  range. An 
average ar ---- 0.75 _+ 0.05 was calculated for the three 
temperatures.  

The behavior  of the alkali metals in the Tafel region 
should be investigated in  the future. Cyclic polariza- 
tions were obtained for K. Rb, and Cs and are 
covering the Tafel region (1). Although the polariza- 
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Fig. 10. Determination of the cathodic transfer coefficients of 
the alkali metals in AICIs(1M)-PC. 
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Fig. i l .  Determination of the cathodic transfer coefficients of Li 
in AICIs(IM)-PC at  25% 30 ~ and 35~ 

tions include the ohmic drop between the working 
and the reference electrode, Tafel behavior  can never-  
theless be observed qual i ta t ively in  some of these fig- 
ures. It is believed that  the exchange currents  in  this 
region are higher than  the values obtained in  the 
micropolarization experiments  because of continuous 
renewal  of the active surface and the breakage of pos- 
sible film formation at high deposition or dissolution 
rates. 
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APPENDIX 

Nonuniform Current Distribution and Ohmic Drop 
Effects in Micropolarization Measurements 

Under  nonuni form current  density conditions, the 
exchange current,  i o, determined from the l inear  po- 
larization, depends on the location of the reference 
electrode, because the measured overpotential  is re-  
lated to the local current  density which differs from 
the average current  density. The correction can be ob- 
tained by solving the secondary current  distr ibution 
subjected to a boundary  condition of l inear  polariza- 
tion. The present analysis follows the t rea tment  of 
Tiedemann, Newman, and Bennion (21) concerning the 
error in measurements  of electrode kinetics caused by 
nonuni form ohmic potential  drop to a disk electrode. 

The correction for the apparent  exchange current  
i~176 w a s  solved for the general  a rb i t ra ry  loca- 
t i on  of the reference electrode (21), and is plotted 
against J 

FroP 
J = (aa + ac) R T ~  

J represents, in a way, the throwing power of the sys- 
tem. 

The exchange current  densities reported in  the pres- 
ent work are the apparent  ones; however, the correc- 
tions are negligible. Considering the extreme condi- 
tions, r ---- 0.5 cm, ~ ---- 5 X 10 - s  o h m - L c m  -1, i ~ ---- 1.0 
mA / c m 2, and assuming (ac + ~a) ---- 1, we can estimate 
the largest possible J for the present  systems to be 

J - - 4  

Since the reference electrodes were located far away 
from the disk electrode, the correction, according to 
curve B in  Fig. 1 (21) is about i~176 = 1.1, which 



1000 J. Electvochem. Soc.: E L E C T R O C H E M I C A L  

is negligible, especially since the errors in the exchange 
current  values are probably more than 10%. It should 
be ment ioned here that the extreme conditions given 
above were realistic only for the l i th ium system. For 
the rest of the alkali  metals the exchange current  
densities are ten  times lower, and the conductivities 
are somewhat higher, both resul t ing in lower J, and 
the correction is probably in  the order of 1%. 
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ABSTRACT 

The mass transfer of a dilute species in a liquid in a propagating crack is 
treated. The analysis includes the effect of convective flow of the liquid. The 
results of the calculations show that the crack tip is devoid of the minor 
species, and that the mass flux of this component is also negligible in this 
region. Therefore, minor components could not behave as "critical" species in 
such systems. Calculation of the flux distribution allowed the determination of 
the potential distribution in the crack. 

The fai lure of s t ructural  materials  such as metals  
and their  alloys by stress corrosion cracking is a com- 
plex phenomenon which involves the in terplay  of 
metallurgical,  mechanical,  and envi romenta l  influences. 
For  an alloy of a part icular  metal lurgical  condition in 
a constant environment ,  the crack propagation may be 
invest igated as a funct ion of stress intensity,  1 a me-  
chanical variable. It is general ly  found for t i t an ium 
and a luminum alloys (1-3) that  the rate of crack ex-  
tension is dependent  on the stress intensi ty  at low 
stress levels but  becomes independent  of the stress 
intensi ty  at higher levels. Several  workers  (4-6) have 
suggested that the process l imit ing the crack growth 
rate at high stress intensit ies is related to mass t rans-  
fer of components in  the environment .  "Cavitation" 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  s t r e s s  c o r r o s i o n  c r a c k i n g ,  m o l t e n  salt ,  co r ros ion ,  

c o n v e c t i v e  di f fus ion .  
1 T h e  s tress  i n t e n s i t y  is  r e l a t e d  to  the  s tress ,  f l a w  size,  and  spec i -  

m e n  g e o m e t r y  for  mater ia l s  w h i c h  o b e y  the  l a w s  o f  l i n e a r  e las t i c  
fracture mechanics (i, 2). 

caused by l imitat ions on the fluid flow in a propagating 
crack could also l imit  the cracking rate, eis discussed 
recent ly (7). 

The alloy t i tan ium-8% a l u m i n u m - l %  molybdenum-  
1% vanadium has been found to be susceptible to stress 
corrosion cracking in  mol ten  LiC1-KC1 eutectic (8). A 
plateau velocity of 1 cm/sec was observed at high 
stress intensities, and the crack extension rates were a 
funct ion of stress intensi ty  at lower stress intensities. 
The presence of the plateau velocity could not be ex- 
plained by cavitat ion (7), so the possible role of mass 
t ransfer  has been investigated. Possible sl~ecies which 
could l imit  the rate of crack extension in the mol ten 
salt envi ronment  are Li +, K +, or some impur i ty  such 
a s  H 2 0  (or O H - ) .  The first two are ruled out by the 
dependence of the cracking rate on electrical potential  
(8, 9). Water was present in  the commercial eutectic 

mater ia l  at about 1 ppm (reported as O H - ) ,  and the 
SCC tests were carried out unde r  potential  conditions 
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where  water  was react ing at mass t ransfer  l imited 
rates. However ,  when  addit ional  wa te r  was del iber-  
ately added to the melt,  the  crack veloci ty was un-  
changed. The water  concentrat ion could not be var ied 
over  wide l imits because of l imited solubility, so the 
tests were  not as conclusive as one would  like. There -  
fore, the mathemat ica l  t rea tment  of the mass t ransfer  
of dissolved water  to a crack t ip  was studied, and the 
present  contr ibution presents the results of that  study. 

The rate  of electrode reactions in electrolyt ic  systems 
is influenced by activation, ohmic, and concentrat ion 
effects. The activation and ohmic influences are domi-  
nant  at low currents  and high concentrat ions of re-  
acting species, and the in terplay be tween  the two de- 
te rmine  the distr ibut ion of current  in the system. In 
situations where  the concentrat ion of the react ing 
species becomes depleted at the electrode, the rate  of 
react ion and current  distr ibution on the electrode are 
de termined  by the re la t ive  accessibility of various 
parts of the surface to mass t ransfer  of the react ing 
component.  Even if the surface is uni formly  accessible 
to mass transfer,  the potential  dis tr ibut ion near  the 
electrode may  be nonuniform. Variations in the elec-  
tr ical  potential  along the surface may  lead to discharge 
of other  species besides the one under  mass t ransfer  
control. Nonuniform potential  distr ibutions would  be 
important  in systems where  the electrode is large and 
where  there  are two or more electroact ive species in 
solution. Of par t icular  interest  in the present s tudy is 
the potential  distr ibution associated wi th  the mass 
t ransfer  behavior  in the crack and its possible role in 
determining the distr ibution of other  (anodic dissolu- 
tion) reactions wi th in  the crack. 

Model 
The physical  model  to be t reated here  is sketched in 

Fig. 1. The crack is wedge shaped, wi th  a geometr ical ly  
sharp tip, and extends through the thickness of the 
material .  The coordinate system moves  wi th  the crack 
tip, so that  the sides of the crack appear  to move  with 
the veloci ty V (1 cm/sec  for LiC1-KC1) away from the 
tip. The flow pat tern  of the l iquid has been determined 
from a t rea tment  of the fluid mechanics of the system 
(7) and is shown also in this figure. The assumption is 
adopted here  that  these veloci ty  profiles are not  
changed by the mass t ransfer  processes which we are 
considering. This is justified by the small  concentrat ion 
of the species of interest  and may be checked by using 
the results which are obtained below. This inclusion of 
convect ive effects on mass t ransfer  has not been con- 
sidered previously for stress corrosion calculations. 

The s teady-s ta te  veloci ty profiles in the l iquid were  
found to be (7), for a small  crack angle, 20w 

Vr = -- ~-  1 -- 3 - -  (radial  component)  [1] 
Ow 2 

vo = - ~ -  1 (angular  component)  [2] 
Ow 2 

r 

0 w 

V 

Fig. 1. Fluid flow m a propagating crack 

These relationships are valid near  the crack tip and out 
to distances f rom the crack tip of 

r = O  47 
Ow2V 

where  the notat ion O ( ) denotes "order  of magni -  
tude of." With the physical propert ies  of mol ten  LiC1- 
KC1 2 and a crack angle, 20w, of 10 -2 radians, this 
amounts to 

r = O(10+a cm) 

At greater  distances from the crack tip, inert ial  and 
pressure forces determine  the  fluid flow characteristics, 
except  near  the crack walls where  viscous forces are 
also important.  We shall not be interested in such large 
distances from the crack tip except  for completeness. 
Also, seepage of l iquid in from the sides of the  crack 
for plates of finite thickness becomes impor tant  at dis- 
tances from the crack tip where  the thickness is of the 
same order  as owr. 

The equat ion of convect ive diffusion for this system 
is, at steady state 

oc ve oc [ o~c 1 ac 1 02c 
Vr a~- f - -D  ! ~ + - - - - + - -  J [3] 

r 00 \ Or 2 r Or r 2 - ~ - /  

where  c = concentration, D = diffusion coefficient, and 
Vr, vo are given in Ref. (1) and (2). 

The boundary  conditions are 

c = 0 at crack wal l  [4] 

c-~ c| at 0 ---- 0, r--> r [5] 

An  auxi l ia ry  condition is 

0c 
- - 0 a t e = 0  [ 6 ]  

00 

since by symmet ry  there  is no t ransfer  of mater ia l  
across the crack center  line. Equat ion [3] is val id for 
uncharged species, or for charged species where  mi -  
grat ion effects are not important .  Migrat ion makes 
no substantial  contr ibut ion to Eq. [3] for our case be- 
cause the concentrat ion of any minor  species is small 
as compared to that  of K +, Li +, and C1-. The boundary  
conditions are appropriate  when  the species, H20, is 
being consumed (reduced) at l imit ing current.  Since 
most of the stress corrosion tests have been carried out 
under  potentiostatic conditions, almost to the l i thium 
deposition potential,  this is justified. We are also as- 
suming that  the discharge of wa te r  does not  intro- 
duce a passive film on the surface which would  change 
the discharge characteristics. Ti tanium displays no 
passivation characterist ics in the mol ten  salt, so this 
assumption may  be reasonable. 

Mathematical Treatment 
For cracks of small angle, the 0-dimension can be 

scaled accordingly, and the distance f rom the crack 
tip can be made dimensionless in such a way  that  dif-  
ferent  regions of mass t ransfer  are revealed.  

Introduct ion of the new variables  

0* ---- (0/0w) 
rV 

r* = (Ow) 2 
D 

into Eq. [3] yields 

1 0c 1 (1 - 0 *~) 0c 
- -  - -  ( 1  - -  3 0  *~)  0*  

2 ~ + -2 r* 00* 

1 02c 2 [ 02c 1 0e ) 

- r *~ oo,~ I- Ow t, ~ + t-Z" or---: 
[7] 

The las t  two terms, which contain the contr ibution of 
radial  diffusion, may  be discarded except  for ve ry  small 

2The  viscosity,  ~, of mol ten  LiC1-KC1 at  375~ is 1.33 x l0 s 
cm2/sec. The velocity,  v,  of cracking in the plateau is 1 cm/sec .  
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values of r*. All  the  other  terms are of order  unity, 
but  these two terms are of order  0w 2 or 10 -4 for v* of 
order  unity. Since appreciable mass t ransfer  occurs 
only at la rger  values of r*, we neglect  these radial  dif-  
fusion terms in the remainder  of this work. 

The radial  convection te rm (first t e rm on the left)  
and the angular  diffusion te rm (first te rm on the r ight)  
are the most important  terms for r* of order  unity. The 
second te rm on the lef t  (angular  convection) will  be-  
come important  at la rger  values of r*. At tempt ing a 
separat ion of variables on the two dominant  terms 
leads one to expect  a solution of the form 

e- -K/r*  
c ~ I(o*) 

where  K is the separat ion constant and f is a function 
to be determined.  The expectat ion t h a t  the angular  
convection te rm would become impor tant  at la rger  
values of r* suggests that  additional terms could be 
added to this solution in the form 

e- -K/r*  e - -K/r*  
c ~  $o(0") + r* - - f l ( o * )  

T* s T*s  

e- -K/r*  
+ r * '  $ 2 ( e * )  + . . . .  

The equat ion for the concentrat ion can be recognized 
as an ordinary  per turbat ion expansion for the solution 
of Eq. [7]. We are finally led to adopt the form 

e- -K/r*  
c = - -  Z,~ (r*)nfn(0*) [8] 

where  K is a constant and the fn'S are functions to be 
determined.  Subst i tut ion into the equat ion of con- 
vect ive diffusion gives 

1 
1o" + -- (I -- 3o*~)Kfo : 0 

2 

] o : 0 a t 0 *  : 1, f o ' : 0 a t  0* = 0  [9] 

K is an e igenvalue  and ]o is arbi t rar i ly  set equal  to 1 
at 0* = 0. F o r n  = 1,2, 3, - - -  

1 1 
In" + -~ (i -- 30*')Kfn : --0"(I -- 0"~)I',~-i 

2 
1 
--(i--30 *2)(n-3/2)]n-1=gn [10] 
2 

With this form for c, the neglected radial diffusion 
terms become of the same order as the retained terms 
when r* is of order 0w. The solution to Eq. [9] is 

I /-~-R" 

( 3 K  ~1/8 -- - -  " W - -  /~ 2 
fo = ao \ - ' - ~ /  e 1F1 

2 2 1 / " ~ ' - -  �9 
, y ,  N,-Vo [11] 

4 

where  1Fl(b, d, x) is the confluent hypergeometr ic  
function. The function has a series form (10) 

b b (b + I) 
1Fi(b, d, x) -'-" 1 + - ~ x  + 2!d(d -k 1) x2 + . . . . .  [12] 

K is chosen such that 

f o : 0  at 0 " : 1  

(i.e., 1F1 -- 0 at 0* = 1) [13] 

August  1974 

Also, ao is chosen arbi t rar i ly  so that  

] o = l  at 0 " = 0  

The solution will  be renormal ized by "matching"  with  
the outer  diffusion layer  solution (see be low) .  

For  the solution to the nonhomogeneous equat ion 

1 
I n "  Jr "~ (1 -- 30*S)Kfn "- gn 

we t ry  ~ 

~n = ho(O*) g~o(O*)do 

- -  fo(O*) gnho(O*)do + Bnfo(O*) [14] 

Since fo is an eigensolution of the homogeneous equa-  
tion, a solution is possible only if 

I Lgn~odO -- 0 

This is t rue for n : 1, and it is this requ i rement  that  
dictates the power  s of r* in the leading te rm of the 
solution in Eq. [8]. The value of Bn in the above solu- 
tion must be selected to mee t  the requi rement  

f :  gn+lyodO : 0 

Although Eq. [12] provides an analytic solution to 
Eq. [9] for each e igenvalue  K, it is not in a convenient  
form for the calculat ion of the higher  fn'S. From Eq. 
[13] it is also difficult to de termine  the eigenvalues 
accurately,  but it does allow one to est imate the 
eigenvalues.  Therefore,  a numerical  technique dis- 
cussed by Newman (11) was used for the calculation 
of eigenvalues and eigenfunctions. This then  al lowed 
the numerical  integrat ion of the ordinary, inhomo- 
geneous, linear, second order  differential  Eq. [10] for 
the ~fn'S. The eigenvalues so obtained were  checked b~ 
using condition of Eq. [13]. 

The equation for 50, Eq. [9], is an ordinary, homo-  
geneous, second order differential  equation. It is non- 
linear, however ,  since K is unknown.  A second differ- 
ential  equat ion is introduced 

dK 
---- 0 [15] 

d0* 

and both fo and K are unknowns.  Equations [9] and 
[15] are a nonlinear  system of two, coupled, ordinary  
differential equations with boundary  conditions 

]o - - 0 a t 0 * = l  
~o = l a t 0 * = 0  
$o' = 0 a t  0* = 0 

The equations can be l inearized about a t r ial  solution, 
producing a series of coupled, l inear  differential  equa-  
tions. In finite difference form these give coupled, t r i -  
diagonal matr ices  which can be solved on a high 
speed, digital computer.  The nonl inear  problem can 
then be solved by i terat ion [see Newman  (12)]. 

The solution for fn is then determined numer ica l ly  
by evaluat ing the integrals in Eq. [14]. The l inear ly  
independent  solution for the homogeneous Eq. [9] was 
actually determined by finite difference methods but 
wi th  different boundary conditions from those used for 
•o. 

The mass flux to the walls is de termined from the 
der ivat ives  of the :f's at the wail. 

The results of these calculations are shown on Fig. 2 
and Table I. In Fig. 2, only the first three  ]'s are plotted 
al though the first nine were  used to calculate the con- 
centrat ion profiles. ]o has a ra ther  simple behavior,  

~0 0* d0* is a second solution of the homo-  8Here  ho = fo(0*) los(0 *) 
geneous equation. 
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Table I. Derivates of the fn's at the wall (O ---- !) 

fo '  = - -  1 . 0 8 3 0  
f l "  = --0.07550 
f2 '  = - - 8 . 8 6 6  x 10-~ 
fs '  = + 1 . 7 4 4  x 1 0 "  
~4' = - - 3 . 2 9 7  x 1O -~  
i s '  = + 1 . 3 3 5  x 1 0  - s  
re '  = - - 6 . 8 9 3  x 10  -1~ 
f ' : '  = + 4 . 5 0 1  x 10  - n  
f s '  = - - 3 . 4 5 5  X 10  - ~  

1.0 

beginning at the value of 1 a t  the crack centerl ine and 
decreasing to 0 at the wall. The higher terms have a 
more complicated behavior. For small  values of r*, the 0. 5 
first term in  the series (Eq. [8]) is dominant  and in-  
volves only fo. For larger r*, the higher terms become 
important  and serve to give a concentrat ion profile 
which shows the greatest change near  the wall. This 
is shown in  Fig. 3 for two different values of r*. At the 
largest value of r* (r* ---- 20), the concentrat ion profile 
is compared to that calculated from the boundary  layer  
results (next section) to demonstrate  how well  the two 
agree. More is said about this later. 

In  Fig. 4 is shown the concentrat ion profile down the 
crack centerline. From these results it is seen that  at 
r* ---- 0(1) the concentrat ion is already very small, and 0 
by the t ime r* becomes of the order of ew, where the 0 
radial diffusion terms become impor tant  in Eq. [7], c/c= 
is of the order of 10 -~47. 

These calculations were made for the first e igen-  
value, Ko, where  

Ko -- 7.65902 
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Fig. 4. Concentration profile along crack centerline 

The next  higher eigenvalue was found to be 

K1 = 150.03633 

The complete solution would be expected to be a l inear  
combinat ion of the eigensolutions with the associated 
eigenvalues. Since the solution for K1 could not be 
matched with the boundary  layer  region, and the 
associated concentrat ion profiles across the crack 
showed an oscillatory behavior, with the concentrat ion 
even becoming negative, the contr ibut ion of this solu- 
t ion to the complete solution must  be negligible. 
Higher eigenvalues and eigensolutions were expected 
to show similar behavior  and therefore were ignored. 
The lowest solution was judged to be quite adequate 
for matching all the boundary  conditions. 

Diffusion layer region.--For large values of r*, the 
concentrat ion profile showed the greatest variat ion 
near  the crack wall, and the concentrat ion approached 
a constant  value near  the crack centerline. The bound-  
ary  layer  type behavior  leads one to search for such 
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a region which would describe the asymptotic char-  
acteristics of the region just  examined for large values 
of r*. 

Adopt the variables  

r *  --- T* 

y = r*(1  -- 0*) 

Introducing these variables into Eq. [7] and ignoring 
the radial  diffusion terms, we  have  

- -  - - 2 +  r - - - 3  -~- Or* 

"~U = Oy~ 2 L X r * /  ~ r * / j  

Now, terms of  order  y/r* and higher  are neglected to 
yield 

ac a~e 
[17] 

at* Oy ~ 

with boundary  conditions 

c - - 0 a t y : 0  
C ---- C| a s  y - >  oo  

Implici t  in these assumptions is the expectat ion that  
most of the concentrat ion var ia t ion wil l  occur near  the 
wall  in this region. Also, the second boundary  condi-  
t ion above expresses tha t  the concentrat ion approaches 
a constant far  f rom the crack wall, and that  this con- 
stant is the bulk concentration. 

Since this is a diffusion layer  region, we  t ry  a 
s imilar i ty t ransformat ion of Eq. [17]. The s imilar i ty  
var iable  is 

Y 
g(v*) 

and Eq. [17] is t ransformed into two ordinary differ- 
ential  equations 

d2c dc 
- -  -F 2.1 ~ = 0 [18] 
dll 2 dTt 

dg 
g -  - -  2 [19]  

dr* 

The solutions to these equations are 

2C| L ~  
c : "k~ e-X~dx = c| er f (~)  [20] 

g : (4r* + 4ro*) 1/2 [21] 

Equat ion [20] is the e r ror  function solution which 
is comm6nly encountered in diffusion layer  problems 
and is tabulated by Abramowitz  and Stegun (13). The 
constant %* in Eq. [21] may  be arb i t rar i ly  chosen to 
give the best '2hatch" wi th  the solution from the re-  
gion where  r* : 0(1) [see, for example,  Van Dyke 
(14) ]. 

The concentrat ion profile given by Eq. [20] has been 
shown al ready in Fig. 3. The comparison there  indi- 
cates that  the diffusion layer  solution provides a good 
description of the asymptotic behavior  of Eq. [8] for 
values of r* of about 20 and above. 

In Fig. 5 the flux to the wall  is plotted as a function 
of r*. The solid line was calculated from the solution 
obtained in the r* = 0(1) region. The dotted l ine was 
calculated f rom the diffusion layer  results. There  is a 
g o o d  m a t c h  for  values of r* grea ter  than about 10. 
This could be v iewed as the inner l imit  of val idi ty  of 
the diffusion layer  results. One also notes that  for 
r* -- 0(1),  the flux has decreased marked ly  to near  
zero. For  r* = 0(0w), the flux is so small  as to be in-  
significant. 

Matching ol results.--Figures 3 and 5 indicate that  
the results f rom the two regions agree and may  be 
"matched."  The procedure  for doing this was as lo t -  

10 0 I I I I 
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r * = 2.015807 
O 
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0 i0 20 30 40 50 
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Fig. 5. Flux to the wall 

lows. It was noted that  the concentrat ion along the 
crack centerl ine approached an asymptotic value as r* 
approached 20 (see Fig. 4), which was the bulk con- 
centration, c~. Both sides of Eq. [8] were  divided by 
c~ to produce a dimensionless equation. Using c/c| -~ 1 
as r* -> 20 (e* ---- 0), one may  renormal ize  the equation 
(essentially renormal ize  fo at 0* = 0). The normaliza-  
tion factor was found to be 5.580046. The renormal ized 
Eq. [8] is then 

e - - K ~  

c / c .  --  - -  N (r*)" in (0*) [22] 
r .11~ n = O  

where  N = 5.580046. Equat ion [22] was then  used to  
calculate the concentrat ion profile across the crack. The 
agreement  be tween  the inner  region and the diffusion 
layer  region was good at large r*. It was found that  
the match could be improved,  however,  by choosing a 
value of to* (see Eq. [21]) of 

to* : 2.015807 

The results have been given in Fig. 3 and 5. The justifi- 
cation for choosing to* to give the best match has been 
discussed by Van Dyke (14). Thus, Eq. [8] gives an 
adequate  description of the results for 0w ~ r* ~ 20. 
The diffusion layer  solution should be used for larger  
values of r*. 

Other regions.--Far from the crack tip, outside the 
diffusion layer, the concentrat ion is constant and is 
identical to the bulk concentration. That is, there  is 
no effect of diffusion in this region and no other  
mechanism to create concentrat ion differences. 

For  values of r* of the order  of ~w, all terms in Eq. 
[7] are important.  The concentrat ion and flux to the 
wall  have a l ready decreased to such a low level  that  
one can ignore them for the purposes of this paper. For  
r* = O(ew) 

r = O = O(10-3  cm) 

At still smaller  values of r*, i.e., r* = O(0w 2) or 
r* ~ 10-~ cm, only the diffusion terms are important  
in Eq. [7]. Here again, the exceedingly small values 
of concentrat ion and flux make  this region unim-  
portant  for the present  t reatment .  
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Potent ia l  Distr ibut ion in the Crack  
The resul ts  of the  flux d is t r ibut ion  calculat ion can 

be used to eva lua te  the  potent ia l  d is t r ibut ion  in the  
system. We s tar t  wi th  the  equat ion  for  the  d ivergence  
of the  cur ren t  

a (fir)  + 0 (i8) = 0  [23] 
Or Oo 

since the re  is no bu i ldup  of charge anywhere .  In tegra -  
t ion of this  equat ion wi th  r e s p e c t  to 0, f rom O to 0w, 
yields  

If  we in t roduce  

Or 

where  ~ is the  conduct ivi ty,  and assume tha t  var ia t ions  
of potent ia l  are  p redominnnt ly  rad ia l  

Or ~r ~ + io = 0 [241 
S=Ow 

The cur ren t  and  flux to t he  wal l  are  re la ted  b y  

nFD 0c 
io ~- 

efe~ r O0 ofew 

This is appropr iate for  e i ther  of  the reactions 

O H -  + e- -~ l~H2 -~ O -s 
or 

H20 + e--~ �89 + OH- 

Equat ion  [24] becomes 

8 ( t O 0 )  n F D ~ c  
Or ~ ' r  ~0w = 0  [253 

V {30 o=0w 

The potent ia l  may  now be calculated f rom the f lux 

0c 
l 

I f rom Eq. [22] d is t r ibut ion  by  de te rmin ing  -~"  . O=Ow 

or [20]. Since bo th  equat ions are  wr i t t en  in te rms o f  
r* and 0", we wr i t e  Eq. [25] as 

( ) nFDc, O(c/c=) 
O , r *  O ~  ~Ow ~- 0 

0T* 0T* r * 0 w  ~ 0 "  0 " = 1  

In tegra t ion  twice wi th  respect  to r* y ie lds  

nFDc= fr* 1 
0,* - Oo = .o'~';--'o -;;" 

y : *  dr*dr* [26] 
1 0(c/c=) 

r *  ~ 0 "  0 . = 1  

In t roduct ion  of Eq. [22] into [26] gives 

nFDc'N ~ o f : "  1 
0r*  - -  0o = g0w s = r *  

~o r* e ~ K o / r *  
4,s/-------%---- ( r* )~f . ' (0  * = 1)dr*dr*  [27] 

A s imi lar  equat ion m a y  be  wr i t t en  for the  poten t ia l  
var ia t ion  in  the  diffusion l aye r  region. 

The potent ia l  va r ia t ion  in the  solut ion for 1 -~ r* 
20 was ca lcula ted  f rom Eq. [27] by  numer ica l  S imp-  

son integrat ion.  Fo r  the  diffusion l aye r  region, t h e  in-  
tegra t ion  could be car r ied  out  d i rec t ly  to obta in  an 
analyt ic  result .  The resul ts  of these calculat ions are  
shown in Fig. 6. In  the  region be tween  the crack t ip  
and r* _~ 1, t he re  is negl igible  cur ren t  flow and the re -  
fore a negl igible  potent ia l  variat ion.  La rge r  cur ren t  
flow in the  ou te r  regions of  the  crack  cause l a rge r  po-  

~ o  
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Fig. 6. Potential as a function of distance from the crack tip 

ten t ia l  differences in  the  solution. The potent ia l  dfffer- 
ence be tween  two points  would  be  d i rec t ly  propor -  
t ional  to the bu lk  concentra t ion of the  r eac tan t  and in-  
verse ly  propor t iona l  to the  square  of the  crack angle. 

The calculat ion of the  potent ia l  drop down a crack 
for a specific sys tem m a y  be helpful .  We shal l  calcu-  
la te  the  total  potent ia l  drop down the  crack. The outer  
l imit  of the va l id i ty  of the  model  is where  seepage of 
l iquid  in from the  sides becomes impor tant .  Fo r  a 
specimen 1 crn thick, seepage becomes impor tan t  where  
the  th ickness  is of the  same order  as 0wr. Therefore  

r=I/0w----2X l0 scm 

where 20w is 10-2 radians. Since 

r* ( V = r  ~-o~) 
then  in t roduct ion of the  veloci ty  of cracking (1 c m /  
sec) and  a diffusion coefficient of 10-~ cm2/sec, yields  

r *  = 500 

The tota l  potent ia l  difference be tween  this  poin t  and 
the crack t ip is 

(0500 - -  0 o )  = 3 3 . 9  nFDc= 
For  c| ---- 8.2 • 10 - s  moles/cm3 (i.e., 1, ppm w e i g h t ) ;  
K ---- 1.2 m h o / c m  [ref. (15)] ;  F _-- 9.65 • 104 cou lombs /  
equiv;  n --  1; D = i0 -5 cm2/sec; Ow 2 ~ 0.25 • 10-4; 
and 0~oo --Oo ---- 890 mV. In  o rde r  to have  a po ten t ia l  
drop  of this magni tude  over  a crack length  of 1 cm, 
the  concentra t ion would  have to be l a rge r  b y  about  
200, or  the  crack angle  would  have  to be smal le r  by  an 
order  of magni tude.  

Summary 
As a summary ,  Fig. 7 indicates the different  regions 

that  have been revea led  in this inves t igat ion and the 
different  modes of mass t r ans fe r  in them. Again,  for  
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/ V ~ ( O w  2 ) 
r* = 0(0 w ) 

/ LARGE r = 
Fig. 7. Regions of mass transfer. Region I, diffusion only; region 

II, all terms important; region IEI, radial diffusion negligible; re- 
gion IV, radial convection, angular diffusion; region V, concentra- 
tion constant. 

distances nearer  the crack tip than  10 -8 cm, the solu- 
t ion is essentially devoid of the reactive species, and 
their  flux is also negligible. 

Conclusions 
From the results of this study, it may be concluded 

that minor  components being consumed in a crack at 
rates l imited by mass t ransfer  have vanishingly small  
concentrations near  the crack tip. In  addition, the 
flux or minor  components is extremely small in the 
crack tip region. It is unl ike ly  that such species would 
be impor tant  as critical species in  crack extension 
processes. More specifically, small amounts of O H -  
H20, or O2 dissolved in  mol ten LiC1-KC1 cannot be 
critical species in the cracking of Ti 8-1-1. 

Figure 7 contains informat ion which should be use- 
ful for other systems. For example, Ti 8-1-1 is sus- 
ceptible to cracking in  aqueous halide solutions (1) 
with crack velocities which range from 10 -8 to 10 -1 
cm/sec. A luminum alloys crack in aqueous solutions 
(2) with velocities between 10 - s  and 10 .8  cm/sec. 
Beck and Grens (5) have presented a model for SCC 
in aqueous solutions which neglects convective effects. 
The Beck-Grens model would therefore be appropriate 
for describing events in  the crack tip region only 
(region I in  Fig. 7). The size of region I for aqueous 
solutions would be (i) for t i tan ium alloys 

rVOw ~ 
r * I  --" O ( 0 w  2 )  - -  - -  

D 

and 

or 

(~ r , = O  

10 -4 cm < ri < 10 -2 cm 

for the range of velocities given above, and (ii) for the 
velocities given for a luminum alloys 

10 -2 cr~ < rl < 10 a 

These estimates should be regarded as the outer limits 
of distance from the crack tip for which the Beck- 
Grens (5) type t rea tment  could be used. Other com- 
parisons with the Beck-Grens model are difficult to 
make because of the different assumptions involved in 
their  t rea tment  as compared to ours. 

The present  results are useful in  assessing the im-  
portance of minor  components in controlling the po- 
tential  drop down cracks. For the mol ten  salt system, 
it appears that the concentrat ion of H20 would have 
to be larger than 1 ppm before a sizable potential  drop 
would be expected. The full  t rea tment  of the super- 
position of anodic processes on the mass t ransfer  
l imited processes of minor  components will  be pre-  
sented in a subsequent  paper. It should be noted from 
Fig. 6, however, that  the tip of the crack is less cath- 
odic than  the mouth  of the crack, wi th  the present  
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assumption of a cathodic process occurring at a mass 
t ransfer  l imited rate. This could permit  a different 
process to occur anodically at the crack t ip even 
though the external  surface is cathodically polarized. 

It is tempting to extrapolate the results to solutions 
of higher concentration. One would be led to conclude 
that none of the reactive species could get to the 
crack tip, no mat ter  what  the bu lk  concentration. 
However, this conclusion is probably not justified, be-  
cause it is doubtful  if the same analysis could be used 
for more concentrated solutions. One could expect in 
such solutions that  the mass t ransfer  processes could 
change the fluid flow characteristics, with results 
which might be quite different than  those found here. 

Manuscript  submit ted Sept. 6, 1973; revised manu-  
script received March 15, 1974. This was Paper  244 
presented at the Chicago, Illinois, Meeting of the So- 
ciety, May 13-18, 1974. 

Any discussion of this paper  will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

LIST OF SYMBOLS 
c concentrat ion (moles/cm 3) 
D diffusion coefficient (cm2/sec) 
]n(0*) functions defined in Eq. [8] 
1FI confluent hypergeometric funct ion 
gn(8*) functions defined in  Eq. [10] 
ho function defined in  Footnote 3. 
K constant defined in Eq. [8] 
N normalizat ion factor 
r radial  dimension (cm) 
r* dimensionless variable 
vr radial component of l iquid velocity in  crack 

(cm/sec) 
v0 angular  component of l iquid velocity in crack 

(cm/sec) 
V velocity of crack propagation (cm/sec) 
y dimensionless variable  
~1 similari ty variable 
0 angular  dimension 
0w crack angle 
0* reduced variable 

conductivity (mho/cm) 
v fluid kinematic  viscosity (cm2/sec) 

potential  (V) 
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ABSTRACT 

In crevices where the in terna l  i ron is not short-circuited to external  metal, 
the corrosion rate is determined by the l imit ing cathodic current  for oxygen 
reduction. This l imit ing current,  and accordingly the corrosion rate, is inde-  
pendent  of pH and C1- concentrat ion but  is suppressed to a constant  value 
when  the height of the crevice is less than the thickness of the oxygen dif- 
fusion layer. When iron in the crevice is short-circuited to external,  open 
plat inum, the ini t ia l  crevice corrosion rate is independent  of crevice height  
bu t  increases with increasing C1- concentrat ion and area of external  elec- 
trode. At constant C I -  concentration, the crevice corrosion rate of in terna l  
i ron short-circuited to o~en external  iron decreases with increasing chromate 
ion concentration. At a constant chromate ion concentrat ion which does not 
give protection, the crevice corrosion rate is greater  the greater  the chloride 
ion concentrat ion for short times, but  at longer times the rates are essentially 
independent  of bulk  chloride concentration. 

Rosenfeld and Marshakov (1) have shown that  
crevice corrosion usual ly  proceeds in two main  stages: 
(i) ini t iat ion by differential aeration and (ii) propaga- 
tion by  crevice acidification. Initially,  the sheltered 
metal  in  contact with a restricted oxygen supply be-  
comes anodic relat ive to the open metal  to which it is 
connected. At longer times, the presence of the crevice 
plays a different role, that of causing corrosion prod- 
ucts to accumulate wi th in  the crevice so as to change 
the local solution composition and pH. 

Reports that not only crevices (1, 2) but  also stress- 
corrosion cracks (3, 4) and pits (5, 6) acidify locally 
has led to the view that all three forms of localized 
corrosion share the uni fying feature of be ing  "occluded 
corrosion cells" (7) having restricted exchange with 
bulk  electrolyte and thus common solution chemistries. 
Thus, most recent  studies have utilized the thermo- 
dynamic, ra ther  than  kinetic, approach, with emphasis 
on factors such as resul tant  crevice solution chemis- 
try, pH, and electrode potential  (8-11). Little recent 
work has been done on the polarization kinetics of 
metals under  crevices. One exception has been the cor- 
relat ion between the shape of cyclic anodic polarization 
curves for various engineering alloys in  3�89 % NaC1 
with their longer range performances in na tura l  sea- 
water  (12). Polarizat ion curves have been reported in 
s o m e  well-defined but  synthetic, generalized "occluded 
corrosion cells" sans crevices, in which the " internal"  
metal  was activated by anodic polarization (13) or by 
deaerat ion (14). Other investigators have reported cur-  
r en t - t ime  (15) and potent ia l - t ime (10, 16), bu t  not 
current -potent ia l  relationships. 

The purpose of this study was to take up the sys- 
tematic approach of Rosenfeld and Marshakov (1) in 
order  to investigate in  an organized m a n n e r  kinetic 
aspects of a fairly simple crevice system. I ron was 
chosen, par t ly  because of the at tent ion given this metal  
in  a wide variety of open systems. The effect of var i -  

* Electrochemical  Society Act ive  Member.  
Key  words:  corrosion, crevices,  iron, e lectrochemical  polarization, 

chloride ion, chromate ion, oxygen  reduction. 

able crevice height, chloride ion concentration, and 
chromate inhibi tor  is considered. 

Experimental 
Electrode.--Ferrovac E high pur i ty  iron with the fol- 

lowing impurit ies was used in this study: 0.007 C, 0.01 
Mn, 0.002 P, 0.007 S, 0.006 Si, 0.025 Ni, 0.007 Cr. An  i ron 
electrode (11/4 in. diameter)  was encased in a Teflon 
holder by pressing the cylindrical  i r on  bar  through an 
undersized opening in the Teflon. The uppermost  r im 
of Teflon was machined away, and the electrode edge 
masked with alkyd varnish, a mater ia l  found suitable 
in prevent ing the formation of unintent ional ,  micro- 
scopic crevices (17). Before use, the exposed iron face 
(7.9 cm 2 projected area) was dry-polished through 3/0 
emery papers and washed with ethanol. 

Crevice assembly.--The electrode holder was ma-  
chined to fit into the cell as shown in Fig. 1. A central  
feature of the assembly is the provision for an adjust-  
able crevice height. The crevice was formed by posi- 
t ioning the optically polished bottom surface of a glass 
disk a measured distance from the iron surface by  
means of a micrometer  attached to the disk top. Two 
small holes (<1 mm diameter)  through the glass disk 
led to Ag/AgC1 reference electrodes, prepared by 
chl~rodizing silver wire (18). These Luggin capillaries 
enabled measurement  of the electrode potential  at the 
center and near  the edge of the crevice. Thus, electro- 
chemical processes wi thin  the crevice could be moni-  
tored. The solution in  the capillary section was the 
same as the bulk  electrolyte and was kept from drain-  
ing into the crevice by fi l ter-paper plugs packed into 
the capillary bottom. Electrode potentials were thus 
measured vs. Ag/AgC1 in the test solution but  were 
converted to potentials vs. a commercial Ag/AgC1 
standard electrode. 

Solutions.--Sodium chloride solutions were used: 
(i) with sodium chromate inhibi tor  (pH ---- 8.4), to 
study the ini t iat ion of crevice corrosion on passive iron, 
and (ii) without  inhibi tor  (pH ---- 5.5), to study active 
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Ag/AgC[ REFERENCE ELECTRODES 

~ ~ LUGGIN 

ll ..'i i;i  

" ~ ~ TO POTENTIOSTAT 

/ TEFLON HOLDER 

Fig. 1. The crevice corrosion cell. (Micrometer assembly and 
auxiliary electrode not shown.) 

crevices. The 3 �89 % NaC1 solution (wt /vo l )  was of par -  
t icular  interest  because the chloride ion concentrat ion 
(0.6N) is the same as in natura l  seawater.  All  solutions 
were  prepared from reagent  grade chemicals and 
double-dis t i l led water  prepared  in a quar tz  still. Dur -  
ing all experiments ,  the cell e lectrolyte  was open to 
the air and quiescent.  

Procedures.--For the CrO4=/C1 - solutions, a r ing-  
shaped piece of iron (area ~- 50 cm 2) cut f rom the 
same bar  as the crevice iron was used as the ex te rna l  
open electrode. This spl i t -e lectrode a r rangement  al-  
lowed measurement  of current  be tween  active in ternal  
and passive externa l  electrodes. Af t e r  15 min  immer -  
sion in a given solution, the two parts  were  short -c i r -  
cuited through a Wenking potentiostat  used in a two-  
electrode configuration (19), which essentially uses the 
potentiostat  as a zero resistance ammeter .  Electrode 
potentials  of in ternal  and externa l  iron and crevice 
corrosion current  were  recorded for approximate ly  48 
hr  of coupling. Chromate  ion and chloride ion concen- 
trat ions were  varied, but  the crevice height  was fixed 
at 10 mils (0.25 mm)  for this set of experiments .  

Two types of crevices were  invest igated for the 
chromate- f ree  solutions: (i) "isolated" crevices, in 
which internal  iron was not connected to ex te rna l  
metal, and (ii) "coupled" crevices, in which internal  
iron was short -c i rcui ted to ex te rna l  metal.  

The former  configuration al lowed study of local cell 
act ivi ty  wi th in  a crevice, and the la t ter  s imulated the  
more  practical  case in an over lapping joint, for  ex-  
ample, where  meta l  wi th in  the crevice is in electr ical  
contact wi th  meta l  outside the crevice. 

The effect of crevice width, pH, and C1- ion concen- 
t rat ion was studied for the "isolated" crevice. The nar -  
rower  "isolated" crevices were  polarized galvano-  
stat ical ly using a series of var iable  resistors in series 
wi th  a 45V bat tery  (Rext ~ Rcell). (Use of the poten- 
tiostat in the normal  th ree-e lec t rode  configuration 
yielded oscillations in current  for the na r rower  
crevices, but  there  were  no problems wi th  th icker  
crevices or wi th  the two-e lec t rode  configuration for 
"coupled" crevices.) 

For  "coupled'  crevices in the chromate- f ree  solu- 
tions, a pla t inum gauze electrode was used as the open, 
ex terna l  electrode in order  to confine corrosion to the 
internal  iron. Crevice iron and externa l  p la t inum were  
immersed  (uncoupled) for 24 hr  to reach s teady-sta te  
potentials prior  to coupling through the potentiostat  
in the two-e lec t rode  configuration. Evans polarizat ion 
diagrams were  determined for different crevice heights, 
C1- concentrations, and externa l  areas. 

Results and Discussion 

Inhibitor-Free Solutions 

Isolated crevices.---Polarization cu rves  w e r e  de te r -  
mined af ter  24 hr  immersion in 0.6N and 0.06N NaC1 
solutions. S teady-s ta te  open-circui t  potentials were  es- 
tabl ished in about  10 hr, as shown in F ig .  2. In all 
cases, open-circui t  potentials measured  at the crevice 
center  were  identical  wi th  potentials measured  near  
the crevice edge. 

Figure  3 shows typical  polarizat ion curves in 0.6N 
NaC1 for both the open sample and for "isolated" 
crevices, i.e., crevice meta l  not coupled to open ex-  
ternal  metal.  In all cases, the cathodic branch was de- 
te rmined  first, open circuit  was reestablished, and the 
anodic branch then determined.  For  cathodic polar iza-  
tion, electrode potentials measured  via  the Luggin  
capi l lary at the crevice center  were  the same as those 
near  the edge. For  anodic polarization, there  were  
slight differences be tween  the two locations (5-20 mV) 
in a few cases, but  only at high anodic overvoltages.  

- 550  

-600  

-65C =_ 
uJ 

- ]  = 0.6 N 

i 

- - - _ �9 o- 

~(lO rail CREVICE ~ o o.- 
- ' tO0 c c c 

I I I 
o s ,o ,~ 2'o 2s 

TIME IN HOURS 

Fig. 2. Establishment of steady-state open-circuit potentials for 
open and crevice iron in 0.6N NaCI. 
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Fig. 3. Polarization curves for open iron and iron in "isolated" 
crevices in 0.6N NaCI after 24 hr immersion. 
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The shape of the cathodic curves in Fig. 3 is charac- 
teristic of a diffusion controlled process. The over-al l  
cathodic reaction in  near ly  neut ra l  solutions is the re-  
duction of oxygen (20) 

O~ + 2H20 + 4e -  -~ 4 O H -  [1] 

The anodic branches are act ivation controlled, with 
Tafel slopes of 40-60 mV/decade.  All anodic curves 
were well behaved, and none displayed the peculiar  
property observed by Rosenfeld and Marshakov (1), in  
which some anodic curves started out in  the direction 
of more negative potentials before tu rn ing  back to- 
ward more positive potentials. 

For both the crevices and open sample, the corrosion 
rate at open-circui t  potential  is equal  to the l imit ing 
cathodic current  for oxygen reduction, according to 

'~net = iFe Jr  ~02 = 0 [ 2 ]  

With  these " isolated" crevices, the l im i t i ng  cathodic 
current  density for oxygen reduct ion is less than that  
for the open sample, and correspondingly so is the i ron 
corrosion rate, as shown in Fig. 3. This same effect has 
been seen by Rosenfeld and Marshakov (1). 

At higher negative potentials than in Fig. 3, the pre-  
dominant  cathodic reaction is hydrogen evolution (21) 

4H20 + 4e-  -* 4 O H -  + 2H2 (gas) [3] 

(E ~ = --0.83V vs. NHE --  --1.03V vs. Ag/AgC1), 
ra ther  than  oxygen  reduction. With extensive cathodic 
polarization, the shape of the polarization curve 
changed from diffusion control to activation control, 
and exhibited a Tafel slope of 120 mV/decade,  charac- 
teristic of hydrogen evolution (22). In  the oxygen re-  
duction region, the polarization behavior  was inde-  
pendent  of pH and C1- ion concentration, as required 
by Eq. [1] and shown in Fig. 4 for a 10 rail crevice. 

The effect of the "isolated" crevice is thus to stifle 
the oxygen reduction reaction, even for a relat ively 
wide opening of 125 mils (3.19 mm) ,  as seen in Fig. 5 
for O.06N NaC1. The l imit ing cathodic rate is fur ther  
suppressed to a constant value for crevice heights be-  
tween  5 and 20 mils (0.13-0.51 ram).  The crevice height 
of 20 mils (0.51 mm) is Significant in that  it is approxi-  
mate ly  the thickness 8 of the oxygen diffusion layer  
near  the electrode surface calculated from (23) 

D 
il.c = n F  -- C [4] 

8 

where i1.~ is the mass- t ransfer  l imited cathodic current  
density for the open sample (0.20 mA/7.9 cm~), n = 4 
electrons t ransferred per mole O2 according to Eq. [1], 
and C and D are the diffusion coefficients and concen- 
tration, respectively, of oxygen. With D = 1.65 • 10 -5 

iO-3 

�9 � 9 1 4 9  �9 OPEN IRON 

~ 10-4 

Z EVICES 
t-- 

rrLuZ f _ ~  125 m i l s  

= ~  o �9 5 m i l s  
~ �9 I0 m i l s  

,f,,, , , , , , ,  
0 -I00 -200 -300 

OVERVOLTAGE IN MILLIVOLTS 

Fig. 5. Effect of crevice height on the cathodic polarization of 
iron in 0.06N NaCI. 

cm2/sec (24) for 0.05N NaC1 at 25~ and C = 8.2 mg /  
l i ter (25), Eq. [4] gives: 8 = 0.063 cm, or 25 mils. This 
value agrees with that of Rosenfeld and Vashkov (26) 
who calculated the thickness of the diffusion layer  to 
be 0.50 mm (20 mils) for iron in 0.5N NaC1. Experi-  
ments  by  Rosenfeld and Marshakov ( lb )  with variable 
crevices gave 6 = 0.25-0.50 ram. 

Thus in  crevices not coupled to outside open metal, 
when  the crevice height is comparable to the thick- 
ness of the oxygen diffusion layer, diffusion of oxygen 
into the crevice is impeded and hence the corrosion 
rate is reduced, according to Eq. [2]. 

All polarization curves reported were steady-state  
curves. Figure 6 shows potent ia l - t ime dependence for 
the galvanostatic cathodic polarization of a 20 mil  
crevice in  0.06N NaCI. For the lowest applied currents, 
only a few minu tes  were necessary to establish a 
steady-state potential, but  several hours were neces- 
sary to reach a steady potential  near  the l imit ing 
cathodic current  for oxygen reduction. 

Coupled crev ices . - -The  effect of activating the crev- 
ice iron was studied by coupling it to external,  open 
plat inum. This a r rangement  simulates practical cases, 
as in  an overlapping joint,  for example, where  metal  
wi thin  the crevice is in electrical contact with metal  
outside the crevice. The i ron in  the crevice was con- 

i0-~ 
I0 MIL CREVICES 

[CI-] pH Ecorr (Ag/AgCI) 
2 "  o ~ ~:~ - - : ~ ,  - 

�9 0.06 5.5 -685 

z a 

1 
4r  

I0" I , , , l , , , I , , , I , , 
+ I00 0 -I00 -200 

OVERVOLTAGE IN MILLIVOLTS 

Fig. 4. Effect of pH and E l -  ion concentration on the polariza- 
tion of iron in 10 mil (0.25 ram) "isolated" crevices. 
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F i g .  6 .  Establishment of equilibrium p o t e n t i a l s  during t h e  g a l -  

vanostatic polarization of iron in a 20 rail (0.50 ram) crevice in 
0.06N NaCI. 
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Fig. 7. Effect of C I -  ion concentration and area of external plat- 
inum on the polarization behavior of the couple: iron (10 rail 
r (open). 

nected to the externa l  p la t inum gauze using the po- 
tentiostat  in the two-e lec t rode  configuration (19). This 
a r rangement  forces the cathodic react ion (oxygen re-  
duction) to continue outside the crevice at the p la t -  
inum surface after  the oxygen wi th in  the crevice has 
been consumed, and the anodic reaction (iron dissolu- 
tion) is confined to the crevice. Typical  Evans polar i -  
zation diagrams are shown in Fig. 7. Initially, the iron 
and plat inum were  uncoupled for 24 hr, so that  each 
electrode reached its own steady-state  potential. These 
open-circui t  potentials for uncoupled iron and un-  
coupled pla t inum (zero current  flow) tend toward  
the bottom of the diagram. With increased current  
flow, these two potentials approach each other  and 
near ly  coincide except  for a modera te  IR drop (at 
most 50 mV).  The current  at the intersection of the 
iron and plat inum polarization curves is the short-  
circuit  corrosion current  for that  couple. 

As with  the "isolated" crevices, the electrode po- 
tentials of iron at the crevice center  and near  the 
crevice edge were  e i ther  identical  or displayed but  
small  differences (5-15 mV).  

Figure  7 also compares the crevice corrosion cur-  
rent  for the "isolated" (uncoupled) crevices to that  
for the i ron /p la t inum couples. In the former  case, 
the crevice corrosion current  is only 1 X 15-5A (Fig. 
4), and is determined by the rate of oxygen reduct ion 
within  the crevice. As seen in Fig. 7, the corrosion ra te  
of the coupled crevices is also under  cathodic control 
but  is de te rmined  by the rate  of oxygen  reduct ion at 
the open electrode outside the crevice. 

Table I summarizes the results of various exper i -  
ments  which invest igated the effect of crevice height, 
chloride ion concentration, and area of ex terna l  plat-  
inum on the corrosion rate of the couple: iron (crev-  
i c e ) /p l a t i num (external ) .  

Table I shows that  the presence of the crevice in- 
creases but  sl ightly the corrosion current  compared 
to the open sample (e.g., 1.8-2.1 m A  for crevices cou- 
pled to pla t inum gauze in 0.06N NaC1 vs. 1.5 m A  for 
the open iron coupled to the same plat inum gauze).  
Thus even a crevice as na r row as 3-10 mils does not 
hinder  the corrosion of iron in the crevice once the 
i ron has been act ivated by coupling to an external  
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cathode. However, the crevice does restrict the attack 
to the metal  near  the crevice edge, as was also the 
case for the CrO4=/C1 - solutions. 

Figure  7 shows that  for a given crevice height  and 
chloride content, a decrease in area of the externa l  
cathode causes a decrease in crevice corrosion current.  
The ratio of open to shel tered meta l  has been shown 
to be important  in longer  range, more practical  im-  
mersion tests. For  example,  Ellis and LaQue (27) 
have reported a l inear  increase in weight  loss wi th  
increasing externa l  area for stainless steel in flowing 
seawater.  

Table I shows that  increasing the bulk chloride ion 
increased the corrosion current,  for  a given external  
area and crevice height. However ,  a change in crev- 
ice height  for a given externa l  area and chloride con- 
tent  (ei ther  0.06N or 0.6N) had no effect on the 
crevice corrosion rate. The explanat ion may be that  
the concentrat ion of chloride ions enter ing the crevice 
is not s trongly dependent  on the crevice height.  Work 
by Ulanovskii  and Korovin  (28), has shown that  the 
increase in C1- ion concentrat ion during the anodic 
polarization of graphi te  is about the same for 0.2 mm 
(i.e., 10 mil)  as for 0.6 mm (24 mil)  crevices. 

Table I also shows that  the measured crevice corro- 
sion current  was not affected by nuances in the ex-  
per imental  procedure. With 0.6N NaC1, the short-circui t  
current  was the same for galvanostat ic  polarization as 
for potentiostatic polarization. Also, it made  no differ- 
ence if the plat inum externa l  electrode was positioned 
horizontal ly or ver t ical ly  (same area in each case). 
In some cases, the short-circui t  current  measured  by 
the potentiostatic method was checked wi th  a simple 
zero-resistance ammeter  (29). The two values always 
agreed within  5%. 

The average pH within  the crevice was measured 
after  each run for the 0.06N NaC1 solutions. The bulk 
electrolyte  was slowly pipet ted off below the crevice 
level;  and the crevice was opened. The average crev-  
ice pH was 4.7 • 0.3, as measured  both by nar row 
range pH papers and the mic ro -pH electrode. This 
same value was recent ly  measured  for iron in 3 ~ %  
NaC1 in another  s tudy in this labOratory by Bogar and 
Fuj i i  (9), who sampled crevice electrolytes wi th  a 
microcapi l lary and touched the ext rac ted  drops to 
nar row-range  pH papers. 

An accumulat ion of ferrous ions wi thin  the crevice 
has been found (2, 12) to accompany the low pH. 
Possible equi l ibr ium reactions leading to an increase 
locally in H + ions involve the hydrolysis  of ferrous 
ions entrapped wi th in  the crevice, and have  been sum- 
marized by Peterson (2). Detai led s tep-by-s tep  mech-  
anisms for dissolution wi th in  crevices have not been 
determined.  However ,  Fig. 7 does show that  in the 
ear ly  stages of the corrosion process, the C1- ion 
does not st imulate the anodic reaction. At constant 
potential  (and constant pH = 4.5, in v iew of the 
above),  the anodic rate is lower  for the h igher  C1- 
ion concentration, in agreement  wi th  result  for open 
iron in deaerated systems (30, 31). 

Chromate Solutions 
E~ect of coupling.--Results for a typical  exper iment  

in which iron within  the crevice (7.9 cm 2 area) was 
coupled to open, ex terna l  i ron (,-~50 cm 2 area) are 
shown in Fig. 8. The t ime axis is logari thmic for i l lus- 

Table I. Short-circuit current for iron coupled to platinum 

E x t e r n a l  ca t hode  S h o r t - c i r c u i t  c u r r e n t  i n  m A  

C I -  conc.  T y p e  A p p r o x .  area  3 mi l s  10 mi l s  20 mi l s  O p e n  

0.06N W i r e s  3 crng -- 0 . 2 0  - -  0.17 
G a u z e  175 c m  z 2.1  1.8,  2 .1  ~ 1.5 

0 . 6 N  G a u z e  175  c m  s - -  2 .9 ,  2 .8 ,  2 .5  <a) 3 .2 ,  <b) 3 .0  - -  

(e) H o r i z o n t a l l y  p o s i t i o n e d  p l a t i n u m  cathode .  
(~) G a l v a n o s t a t i c  r u n .  
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Fig. 8. Effect of coupling iron within a |0 rail (0.25 mm) crevice 
in 0.006N NasCr04 -I- 0.6N NaCI to open external iron. (Area of 
crevice iron ---- 7.9 cm ~, area of external iron = 50 cm2). 

t rat ion purposes only. For the first 15 min  of the 
experiment,  the crevice iron and external  i ron were 
uncoupled, i.e., each at its own open-circui t  potential.  
At 15 min  time, the electrodes were short-circuited 
using the potentiostat  in the two-electrode configura- 
tion. Upon coupling, the potentials of the crevice i ron 
and external  i ron shifted toward each otl~er but  were 
not identical  due to an IR drop between the crevice 
inter ior  and outer electrode. In  all experiments,  the 
ini t ial  shift in potential  upon coupling was larger  
for the crevice i ron t h a n  for external  iron. At the  
end (48 hr) of the exper iment  shown in  Fig. 8, the 
potential  difference be tween crevice iron (laden with 
corrosion products) and passive external  i ron was 
only 7 mV. The max imum potential  difference for this 
exper iment  was 34 mV at 0.5 hr  time. 

Figure 8 shows that  there was no difference in  elec- 
trode potential  between the crevice center and crev- 
ice edge before coupling. After  coupling, the potential  
of the crevice edge was usual ly  in termediate  be tween  
that  of the crevice center and external  iron, as seen 
in  Fig. 8. But at the end of every experiment,  there 
again was no difference in  potential  between the two 
locations in  the crevice. This suggests that  at long 
times the occluded in terna l  electrolyte develops a un i -  
form composition throughout  the crevice. 

Figure 8 also shows the current  between inner  and 
outer i ron surfaces when  coupled. The current  reached 
a max imum at about 2 hr, and then gradual ly  decreased 
with time. 

This decrease in  current  can be a t t r ibuted to two 
related effects. First, as the crevice iron becomes ac- 
tive, the accumulat ion of ferrous ions wi th in  the crevice 
causes a decrease in  local pH, as discussed earlier. 
(For all cases except 0.6N C1-/0.6N CrO4 =, where 
there was li t t le crevice corrosion, the measured crevice 
pH after 48 hr  was in  the range 4.5-6.0, as compared 
to the bu lk  pH of 8.4) In  going from neut ra l  to acidic 
solutions, the anodic polarization curve for active iron 
is shifted to lower current  density values at constant  
potential  for open i ron in  deaerated IN chloride (32, 
33). Using open i ron in bulk  solutions deaerated by 
in tent ional  degassing as a "scaled-up model" for crevice 
iron in small  volumes deaerated by  oxygen consump- 
tion, then the anodic part ial  curve for crevice iron 
will  intersect the cathodic curve for open iron at a 
decreased current.  As shown in  Fig. 8, and was typi -  

cal, the electrode potential  of the crevice i ron was 
essentially constant after the max imum in crevice cor- 
rosion current  had been reached. 

If there is an increase in  C1- content wi th in  the 
crevice, as predicted (5b) or observed with artificial 
crevices (8, 13, 34, 35), this will  also cause a decrease 
in anodic current  according to the "hal ide-inhibi ted" 
mechanism of i ron dissolution (30). Only if there is 
a drastic increase in chloride concentrat ion (approx- 
imately 3-6M) coupled with an intense acidity (pH 
< 0) will there be acceleration of the anodic reaction 
caused by  the conjoint  action of C1- and H + ions 
(31, 38). 

Secondly, insoluble corrosion products which accu- 
mula te  wi th in  the crevice form a resistive barrier.  For 
the exper iment  in Fig. 8, gross bleeding of rust  out 
of the crevice was first noticed at about 10 hr  time. 
All crevices which underwen t  corrosion were heavily 
laden with corrosion products after t e rmina t ion  of the 
48 hr  runs. 

The effect of the chromate ion is seen in Fig. 9 
which shows the crevice corrosion current  at a con- 
stant  chloride ion concentrat ion of 0.6N. The crevice 
corrosion current  decreases with increasing amounts  of 
chromate inhibitor.  Duplicate runs  in Fig. 9 show that  
the trends are clear al though the exact shapes of the 
curves are not identical ly reproducible. 

The effect of the chloride ion is shown in Fig. 10, 
which plots the crevice corrosion current  for a con- 
stant  chromate ion concentrat ion of 0.006N. In  the 
early stages of the process, the corrosion current  is 
greater the greater  the C1- ion concentration. How- 
ever, at longer times, all the crevices exhibit  essen- 
t ial ly the same rate. This suggests that the long- te rm 
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Fig. 9. Effect of chromate ion concentration on the crevice cor- 
rosion of iron at constant chloride ion concentration. 
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Table II. Comparison of electrode potentials for crevice iron 
and external iron coupled in Cr04=/CI - solutions 

(Eexternal -- J~cre~ice, center) In r~V 

[CrOi--] [CI-] Max. AE 24 h r  48 h r  

0.006N 0.6N 34 (0.5 hr)  9 7 
21 (1.5 hr)  14 17 

0.06 0.S 24 (4.5 hr)  12 15 
0.6 0.6 14 (I  hr)  5 

5 (2 hr)  ~ 

O.O06N O.O06N 99 (14 hr)  "/1 58 
106 (24 hr)  106 87 

0.006 0.06 73 (1 hr)  44 57 
0.006 0.6 34 (0.5 hr)  9 7 

21 (1.5 hr)  14 17 

crevice corrosion rate is controlled by the common 
local chemistry set up in each of the occluded cavities. 
In  each case, the band  of rust  a round the crevice mouth  
serves to restrict  exchange of the local and bulk  elec- 
trolytes. 

Potential di~erence between inner and outer sur- 
]aces.--Table II compares the electrode potentials be-  
tween the in te rna l  active iron and the external  passive 
i ron when coupled in  CrO4=/CL - solutions. The poten-  
tial of the crevice edge was measured with the refer-  
ence electrode located wi th in  the crevice top, as shown 
in  Fig. 1. The potential  of the open, external  i ron 
was measured with a similar  reference electrode lo-  
cated outside the crevice. The electrode potential  of 
the crevice was more negative than  that  of the open 
metal  due to a restricted oxygen supply to the crevice 
(1, 5, 37), but  the potential  difference between the 
two was fair ly small, i.e., 10-100 mV for the active 
crevices (i.e., excluding the 0.6N C1-/0.6N CrO4 = solu- 
tion, which showed lit t le crevice corrosion). Data for 
duplicate runs  in  Table II show the max imum poten-  
t ial  difference between the crevice center, and the open 
i ron was reproducible to wi th in  15 mV. 

Steady-state  potential  differences be tween inner  and 
outer stainless steel surfaces in  3�89 % NaC1 have been 
recent ly reported to be 50-150 mV (10, 16). According 
to Korovin  and Ulanovskii  (37), when  the oxygen 
concentrat ion in seawater is lowered from 9 to 1 
mg/l i ter ,  the change in potential  of a 13% chromium 
steel coupled to p la t inum is shifted bu t  85 mV in 
the negative direction. This informat ion as well  as 
the data reported here shows that  ne i ther  the ini t ia t ion 
nor  cont inuat ion of crevice corrosion requires a large 
potential  difference between inner  and outer  metal  
surfaces. As noted by Kar lberg  and Wranglen  (10), 
the concept that  there is a large potential  difference 
between the crevice and external  metal  is based upon 
potential  measurements  of uncoupled, unpolarized com- 
ponents in solutions of differing oxygen content. As 
shown in Fig. 8, the potential  difference between the 
inner  and outer surface is much la rger  before coupling 
than  after. 

Distribution of crevice attack.--Attack in  the crevice 
was not uniform. In all cases, attack was most severe 
around the edges of the iron surface near  the crevice 
opening. This observation is consistent with tha t  of 
Kar lberg  and Wranglen  (10) who noted that attack 
with 13 and 17% chromium steels always started near  
the mouth  of the crevice. 

A mathematical  analysis of current  dis t r ibut ion in 
a system similar to but  not identical  wi th  an active 
crevice has been given by  Waber  (38). Current  flow 
between a coplanar anode and cathode in contact and 
both under  a th in  film of electrolyte was  concentrated 
at the anode/cathode juncture .  It  was shown that  the 
zone of attack would spread inward  with increasing 
thickness of the electrolyte layer  and with increasing 
conductivity. 

Summary 
For isolated crevices ( in ternal  i ron not short -c i r -  

cuited to external  i ron)  : 

1. The anodic corrosion rate was determined by  the 
l imit ing current  for oxygen reduction. 

2. The l imit ing cathodic current ,  and hence the cor- 
rosion rate, was less than  that  for the open sample. 

3. For crevice heights less than the thickness of the 
oxygen diffusion layer, the l imit ing cathodic current,  
and hence the corrosion rate, was suppressed to a 
constant value. 

4. The l imit ing cathodic cur ren t  for oxygen reduct ion 
was not dependent  on pH nor  CI -  concentration. 

For coupled crevices ( in te rna l  i ron short-circuited 
to external  i ron or p la t inum)  : 

1. The init ial  cur rent  depended on the chloride ion 
concentrat ion and area of external  electrode but  not 
on the crevice height. 

2. In  the CrO4=/C1 - solutions, the crevice corrosion 
currents  increased with t ime to maxima but  then de- 
creased. 

3. At constant  chloride ion concentration,  the crevice 
corrosion current  decreased with increasing chromate 
ion concentration. 

4. At constant chromate ion concentration, the crevice 
corrosion current  was greater  the greater  the C1- ion 
concentrat ion for the early stages of the process, 
but  at longer times the corrosion rates were the same. 

5. Attack wi th in  the crevice was not un i form and 
was most severe near  the crevice mouth. 

Manuscript  submit ted Ju ly  2, 1973; revised m a n u -  
script received March 26, 1974. 

Any discussion of this paper  wil l  appear in  a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by  Feb. 1, 1975. 
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ABSTRACT 

The passive layer  was formed potentiostatically on i ron in basic solution 
containing various chelating agents :o-phenanthrol ine ,  malonic acid, 8-hy-  
droxyquinoline.  0.15N borate-0.15N boric acid solution was also used for com- 
parison. A cathodic potential  pulse was applied to the passivated iron in  the 
same solution, and cathodic reduction was then carried out galvanostatically 
in  basic solution without  chelating agents. The cathodic pulse reduced ad- 
sorbed oxygen on passive iron, and the coverage by adsorbed oxygen de- 
creased depending upon the properties of the chelating agents, o -Phenan -  
throl ine did not influence the coverage of adsorbed oxygen since it diffused 
away in  the form of the fe r rous-o-phenanthro l ine  from the metal  surface. 
The coverage by adsorbed oxygen in the solution containing malonic acid 
and 8-hydroxyquinol ine  was low, and the cause was a t t r ibuted to the re-  
placement  of adsorbed oxygen by oxalic acid or metall ic chelate. The thicker 
passive layer  was produced in the borate-boric  acid solution, and the a d -  
sorbed oxygen was replaced by  the r ing polymer which exists predominant ly  
in  the mixed solut ion and acts as a corrosion inhibitor.  

Exper imental  conditions necessary to achieve the 
passivity of i ron are well  known;  however,  there are 
few papers (1-3) which treat  the effects of chelating 
agents or other organic compounds on passivated iron. 
Passivation should be influenced by  chelating agents 
in  solution since the sorbed layer  on the passive film 
plays an impor tant  role in passivation as previously 
reported (1, 2). 

In  this paper, the effect of chelating agents on the 
t rans ient  behavior  of passivated i ron was studied under  
the same conditions as those described previously (4). 

Experimental 
Iron samples were the same as those used before (4). 

0.01M sodium borate was used for pre t rea tment  and 
for cathodic reduction. The solution was deaerated 
with purified ni t rogen and preelectrolyzed at 80 ~A/ 
cm 2 for 48 hr. The 0.01M sodium borate solutions used 
for anodization contained O.002M of the following ana-  
lytical grade chelating agents: o-phenanthrol ine ,  
malonic acid, a n d  8-hydroxyquinoline.  A solution of 
0.15N borate and 0.15N boric acid was used for com- 
parison. All  were deaerated with purified ni t rogen for 
48 hr, but  not preelectrolyzed. 

The exper imental  techniques were the same as those 
described previously (4). Passivation was performed 

* Electrochemical Society Active Member.  
1 Present  address, Depa r tmen t  of Applied Chemistry,  Yamaguchi  

University, Ube, Yamaguchi -Ken ,  Japan.  
Key words: chelating agents, passivated iron, coverage. 

potentiostatically for 20 mi n  and the specimen was 
then subjected to a single cathodic potent ial  pulse. 
The specimen was then washed twice wi th  0.01M 
sodium borate solution and cathodic reduct ion was 
carried out in 0.01M sodium borate at 20.9 #A/cm 2. The 
change in potential  with t ime was followed by an X-Y 
recorder equipped with a preamplifier having an input  
impedance of more than  1018 ohms. 

Results 
Current-time curves.--A cathodic potential  pulse 

was applied to the passivated iron which had been pre-  
anodized in solutions containing chelat ing agents. The 
response current  of the pulse at 1460 mV is shown in  
Fig. 1 and 2 for 0.01M borate solution containing 
0.002M o-phenanthro! ine  and 0.002M malonic acid, 
respectively. 0.002M 8-hydroxyquinol ine  and 0.15N 
boric acid-0.15N borate solution were also used as 
chelating agents. 

For  the preanodizing potential  of 1460 mV, the re- 
sponse current  depended upon the chelating agent and 
the pulse amplitude, except with 0.002M 8,hydroxy-  
quinol ine (not shown).  With less noble preanodizing 
potentials such as 900 mV, the response currents  were 
appreciable for all chelating agents studied. 

Logarithmic current-time curves.--The log of re-  
sponse current  of various pulses at 1000 mV is shown 
in Fig. 3 and 4 for 0.01M borate solution containing 
0.005M o-phenanthrol ine ,  and 0.002M 8-hydroxyquino-  
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Fig. 2. Response current density of various cathodic potential 
Fig. i. Response current density of various cathodic potential pulses during preanodizing at 1460 mV in O,01M Na2E~07 con- 

pulses during preaaodlzing at 1460 mV in O.01M Ha2E407 contain- 
ing O.O02M o-phenanthroline, raining O.O02M malonic acid. 

line. In  the ini t ia l  s tage of pulsing, the  logar i thmic  
cur ren t  is l inea r ly  re la ted  wi th  t ime. This was also 
t rue  in al l  solutions, but  the  slope of the  s t ra ight  l ine 
depended  upon the  solut ion used. 

Current-preanodizing potential curves . - -The  re-  
sponse cur ren t  of the  300 mV pulse at  5.0 msec was 
plot ted  against  preanodiz ing  potent ia l  for various solu-  
tions in Fig. 5. In  each solution, a min imum cur ren t  
densi ty  was  observed  near  the  oxygen  evolut ion  po-  
tential .  The current  increased wi th  decreasing p r e -  
anodizing potent ia l  and passed th rough  a max imum.  
General ly ,  if the  solut ion contained a chelat ing agent,  
the  response cur ren t  of a cathodic potent ia l  pulse  be -  
came lower  than  that  in solut ions wi thout  chela t ing 
agents.  At  potent ia ls  more  noble than  800 mV the  
response cur ren t  in 0.15N borate-0.15N boric  acid 
solut ion was the  same as in solutions containing chela t -  
ing agents. 

Cathodic reduction.--After the  solut ion had  been 
subjec ted  to a pulse, the  solut ion was rep laced  by  a 
0.01M bora te  solut ion containing no chela t ing agent.  
Typical  reduct ion  curves are  shown in Fig. 6. The 
cathodic decay curves were  s imilar  in each case, i.e., 
they  decayed through  two plateaus.  The passive l aye r  
which  had  been  formed anodical ly  in each exper i -  
menta l  solut ion was reduced  at first plateau,  i.e., 
a round  --200 mV (RHE).  Hydrogen  evolved  at  the  
second plateau,  i.e., around  --270 mV (RHE).  The 
l a t t e r  potent ia l  depended  upon the solut ion in which  
the specimen had  been anodized. These potent ia ls  cor-  
responded to --920 mV (SCE) for the  complete  re-  
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Fig. 3. Logarithmic dependence of response current on time 
during preanodizing at 1000 mV in O.01M Na2B407 containing 
O.O05M o-phenanthroline. 
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Fig. 4. Logarithmic dependence of response current on time dur- 
ing preanodizlng at I000 mY in 0.01M Na2B40? containing, 0.002M 
8-hydroxyquinoline. 
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Fig. 5. Response current density at pulses duration of 5.0 msec 
vs. preanodizing potential in various solutions. ~ O ~ ,  0.001M 
Nu2B401" without chelating agent; - - A ~ ,  with 0.002M o-phen- 
anthroline; ~ Q - - ,  with 0.002M malonic acid; ~ A , - - ,  with 0.002M 
8-hydroxyquinoline; ~ [ - ] - - ,  0.15N borate-0.15N boric acid. 

duct ion of the  passive l aye r  and to --1000 mV (SCE) 
for the hydrogen  evolution,  respect ive ly  (5). 

The amount  of charge needed for reduct ion of the  
passive l a y e r  can be es t imated  f rom Fig. 6 and is 
p lo t ted  vs. preanodiz ing potent ia ls  in Fig. 7. There  is 

"0 

n 

I I i I 

I00 

-I00 

- 30( 

[ I I I 
0 I00 200 :300 

Time ( sec ) 

Fig. 6. Cathodic reduction curves. Anodized first in ( - - I I ~ )  
0.01M Na2B40~" containing 0.002M malonic acid; ( - - A - - )  0.15N 
borate-0.15N boric acid; ( ~ / - I - - )  0.01M Na2B407 containing 
0.002M 8-hydroxyquinoline; ( - - A , ~ )  0.01M Na2B40~ containing 
0.002M o-phenanthroline; ( - - O  m)  0.01M Na2B407 at 1220 inV. 
All specimens were reduced in 0.01M Na2B407 without chelating 
agent at 20.9/~A/cm 2. 

approx ima te ly  a l inear  re la t ionship  be tween  p reanod-  
izing potent ia l  and the amount  of charge in agreement  
wi th  Nagayama ' s  and Cohen's  resul t  (5). As shown 
i n  Fig. 7, the  i ron pass ivated  in 0.002M malonic  acid, 
0.002M 8-hydroxyquinol ine ,  or  0.15N borate-0.15N 
boric acid needs more  charge to reduce the  passive 
film than  that  fo rmed in pure  0.01M bora te  solution. 
In  the  solut ion wi th  o-phenanthrol ine ,  however ,  the  
amount  of charge needed was smal le r  and  decreased 
wi th  increas ing o -phenan th ro l ine  concentrat ions.  

Discussion 
From many  exper imen ta l  facts, i t  was suggested 

prev ious ly  (4) tha t  cathodic potent ia l  puls ing did not  
affect the  const i tut ion of so-cal led  bu lk  oxide, but  only  
the sorbed l aye r  on the surface of pass ivated  iron, and 
tha t  the  react ion [I] occurred under  puls ing 

MexO~ --  O + H 2 0  -~- 2e --> NIexOy -F 2 O H -  [I] 

where  MexOy is the  passive film and - -O  is the  ad- 
sorbed oxygen on passive film. The response current  of 
the pulse was expla ined  by  the cathodic reduct ion of 
the  adsorbed  oxygen,  since the  t r ans ien t  cur ren t  
caused by  discharging the e lect r ic  double  l aye r  could 
be neglected in a potent ios ta t ic  exper imen t  using a 
high response potent iostat .  

In  Fig. 8, the cur ren t  at  zero t ime is pIo t ted  on a 
logar i thmic  scale as a funct ion of e lect rode potent ia l  
for various preanodiz ing potentials .  The e lect rode po-  
tent ia l  was obta ined  by  subt rac t ing  the pulse ampl i tude  
f rom the preanodiz ing  potent ia l  as done before  (4). 
The l inear  re la t ionship  be tween  it=o and the e lect rode 
potent ia l  holds in 0.01M bora te  solut ion containing 
0.005M o-phenanthro l ine .  This re la t ionship  was not in-  
fluenced by  the presence of the  chelat ing agents  added 
in 0.01M borate,  and also he ld  in 0.15N borate-0.15N 
boric  acid solution, as shown in Fig. 9. 
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containing 0.002M o-phenanthroline; ( - - ~ - - )  0.01M Na2B40; 
containing 0.006M o-phenanthroline. All specimens were reduced 
in 0.01M NasB40~ without chelating agent at 20.9 FA/cm 2. 
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Fig. 9. The response current at the time of zero vs. the electrode 
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0.01M Na2B40z with no chelating agent; - - •  with 0.002M 
malonic acid; ~ @ ~ ,  with 0.005M o-phenanthroline; and - - A - - ,  
with 0.002M 8-hydroxyquinoline. 
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Fig. 8. The response current at the time of zero vs. the electrode 
potential for the speclmens preanodized at various potentials in 
0.0IM NasB4Oz containing 0.005M o-phenanthroline. 

As discussed previously (4), the slope in Fig. 9 cor- 
responds to the left-hand side of the following equation 

alogi) ~F 
t=o -- 2.303 X RT 

From this result, a was estimated to be 0.1. This 
value was constant, independent of the presence of the 
chelating agent. 

The intercept at the electrode potential of zero in 
Fig. 9 gives the current density, i'c=0 given by Eq. [7] 

V----0 

in Ref. (4). i* for various preanodizing potentials in 
various solutions is indicated in Table I. If the value 
of ko is known, the concentration of adsorbed oxygen 
on passivated iron can be calculated. 

ko was estimated by the same method as that dis- 
cussed before (4). That is, if the logarithm of the left- 
hand side of Eq. [5] in Ref. (4) is plotted vs. the elec- 
trode potential, the intercept at the electrode potential 
of zero should give ko/2.303. Based upon such con- 
sideration, Fig. 10 was constructed. The logarithm of 
the left-hand side of Eq. [5] is linearly related with 
the electrode potential in each solution. Also, the slope 
of the straight line is always constant, ko was calculated 
from the value of the intercept which depended upon 
the solution used, and the result is indicated in Table I. 

Finally, the concentration of adsorbed oxygen on 
passivated iron was calculated by using Eq. [7] in 
Ref. (4) and ko obtained above. The result is shown 
in Table L In each solution, the concentration of ad- 
sorbed oxygen increased with increasing preanodizing 
potential. This behavior is discussed below by con- 
sidering the coverage of passive iron by adsorbed oxy- 
gen. 

The coverage e was obtained under the assumption 
that the coverage e* at 1360 mV in the solution without 
the chelating agent is equal to 1.0. The result is plotted 
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Table i. The concentration of adsorbed oxygen on passivated iron 
before applying cathodic potential pulse at various preanodizing 

potentials 

P r e a n -  
o d i z i n g  

potential i*o C*o (10 -xo 
( m V )  ( m A / c m 2 )  m o l e / c m ~ )  

In0.005Mo-phenanthroline 1220 51.0 1.36 
ko : 1.94 x 102 (see-D 1100 26.2 0.70 

900 13.5 0.36 
760 7.11 0.19 
550 1.05 0.03 
320 0.27 0.01 

I n  0.002M malonlc acid 
ko = 3.57 X IO s (see -x ) 

I n  O.002M 8-hydroxyquinoltne 
ko = 5.29 x 102 (sec -1) 

I n  borate-borlc acid ( P H 8 . 4 1 )  
ko = 6.90 X 102 (sec-D 

1350 68.9 l.OO 
1240 27.6 0.55 
1200 27,6 0.40 
1100 17.9 0.26 
I000 12,4 0.18 

780 4.82 0.07 
560 2.50 O.O0 

1350 75.6 0.74 
1250 42.9 0.42 
lOOO 9.80 O.lO 

780 5.90 0.06 
560 1.95 0.02 

1350 206 1.55 
1220 127 0.95 
l l O 0  74.6 0.56 
1000 38.0 0.29 

780 15.6 0.12 
550 6.90 0.05 
320 2.20 0.02 

against preanodizing potential  in Fig. 11. At each pre-  
anodizing potential, the concentrat ion of adsorbed 
oxygen decreased by the addit ion of the chelating 
agent in  solution. Especially, with malonic acid and 
8-hydroxyquinol ine,  the coverage was low. Each che- 
lat ing agent used is discussed below. 

o-Phenanthroline.--When the iron was anodized in  
solutions containing o-phenanthrol ine,  the i ron surface 
became intensely red. This color disappeared on fur-  
ther  anodization. 

Ferrous iron forms a red complex with o -phenan-  
throl ine according to the following (6) 

1 0 4 ~ i I f I f I 

o io  3 
II 

Q 

I 102 1 . . . . . .  o o 

0 
I l I I t r I 

200 400 600 800 I000 1200 1400 
Potent ia l  ( mv ) 

Fig. 10. - -  (0log i /Ot)t=o vs. the electrode potential. - - A ~ ,  
Borate-boric acid (pH, 8.41); and ~ X - - - ,  0.01M Na2B407 with 
8-hydroxyquinoline (0.002M); - - @ - - ,  with malonic acid (0.002M); 
~ 1 - ] ~ ,  with no chelating agent; and ~ 0 " - - ,  with o-phenanthro- 
line (0.005M). 

I,O L I I l [ I 

(D 
0"5 

0 . 0 ~  200 400 600 800 I0001200 1400 
Potentiol ( mv ) 

Fig. 11. The coverage 8 vs. the anodizing potential. - - O - - ,  
0.01M Na2B407 without chelating agent; and - - X - - ,  with 0.005M 
o-phenanthroline; and - - / k ~ ,  borate-boric acid (8.41, pH); 
- -@--- ,  0.01M Na2B407 with 0.002M malonic acid; and ~J - I - - ,  
with 0.002M 8-hydroxyquinoline. 

3 t F:  

This is also a fe r r ic -o-phenanthro l ine  complex, but  its 
color is light blue. 

The appearance of the red color and its subsequent  
disappearance indicates the formation of the complex 
on the surface and its consequent diffusion to the bu lk  
of the solution. Obviously, another  possibility is the 
conversion of the "compound" on the surface to a less 
intensely colored state. 

Given the former explanation,  adsorbed oxygen 
exists on the passivated iron without  being disturbed 
by o-phenanthrol ine .  This is supported by the deduced 
observation that coverage by adsorbed oxygen was 
comparable in  the solution with or without  a chelating 
agent. 

Malonic acid.--As shown in Fig. 7, the amount  of 
charge needed for reduction of the passive film formed 
in solutions containing malonic acid was very large 
compared with the other solutions. The in terpre ta t ion 
of this large amount  of required charge is as follows. 
Malonic acid is known  to be oxidized anodically ac- 
cording to the following reaction (7) 

COOH 
I 

CH2 ~- 3 0 2- ~ COOH W CO~ ~- H~O ~- 6e [III] 
F I 
COOH COOH 

The s tandard potential  for reaction [III] has not yet  
been measured exactly. However, it is known  that this 
reaction can occur without  accompanying oxygen evo- 
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lu t ion  on p la t inum (7). If i ron is anodized in the solu- 
tion containing malonic acid, reaction [III] may occur 
s imul taneously  with the oxidation of iron. 

The reduction curve may  involve reduction of anodi-  
cally produced oxalic acid as well  as the passive film. 
The following mechanism should be considered (7) 

COOH 
I CliO 
COOH + 2H + + 2e ,~ I + H20 [IV] 

COOH 

The aldehyde produced can be fur ther  reduced to 
alcohol depending upon the reduct ion conditions. The 
bulk  solution used for reduct ion did not contain any 
chelating agent, but  oxalic acid may still be adsorbed 
on passive i ron after replacing the solution with one 
without  the chelating agent. 

Figure  11 shows that  the coverage of adsorbed oxy- 
gen in the solution with malonic acid is lower than  that  
without the chelating agent. The lower coverage in  this 
solution can be explained by the adsorption of oxalic 
acid. 

8-Hydroxyquinoline.--In the solution containing 
0.002M 8-hydroxyquinoline,  a small response current  
was observed for the whole range of preanodizing po- 
tentials,  as shown in  Fig. 5. In  the cathodic reduction, 
8-hydroxyquinol ine  affected the hydrogen overpoten-  
tial, as indicated in Fig. 6. The amount  of charge 
needed for reduction was approximately the same as 
that  in the solution without  chelating agent. 

The solution pH in this exper iment  was always 9.2. 
At this pH, 8-hydroxyquinol ine  should be dissociated 
as shown below 

+H* IV] 

8-Hydroxyquinol ine is known  to be a corrosion in-  
hibitor  for a luminum,  and an a luminum chelate on the 
metal  surface has been postulated (8) because the sur-  
face loses its metall ic luster. 

In  the case of iron, a metal  chelate is believed to 
form on the surface since the response current  was 
very small. I ron has six electrons in d-orbitals.  In  the 
excited state, these electrons can be arranged in such 
a way that two electrons with opposite spin direction 
occupy each of three d-orbi tals  (9). Therefore, there  
are two unfilled d-orbitals.  These orbitals may be oc- 
cupied by the lone paired electrons of n i t rogen and 
oxygen in 8-hydroxyquinol ine.  

The lowest coverage was observed with 8-hydroxy-  
quinoline, as shown in Fig. 11. An  iron chelate on 
passive i ron could account for this exper imenta l  fact. 
That is, a part  of the adsorbed oxygen would be re-  
placed by the produced metall ic chelates, and hence 
the coverage of adsorbed oxygen should decrease, as 
indicated in  Fig. 11. 

0.15N borate-O.15N boric acid.--This solution has 
been used for the s tudy of the passivity of i ron (5, 
10-12), and its buffer property is the focus of a t ten-  
tion. However, borate is a corrosion inhibi tor  (13). 

An equivolume mixture  of 0.15N borate-0.15N boric 
acid has a pH of 8.41, and there is the evidence that  
polymers are present in the mixed solution (9). The 
predominant  species appears to be the r ing  polymer 
as shown below 

HO \ 
B-O 

/ \ 

O B-- OH [vI] 

�89 
HO / ~H 
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The coverage of adsorbed oxygen on iron passivated 
in this solution was lower than  in  0.01M borate. This 
may be due to the displacement of adsorbed oxygen 
by this polymer. 

It was found that  the passive layer  produced in  this 
solution was thicker than that  in  0.01M borate. This 
can be seen from the observation shown in  Fig. 7 
where the amount  of charge for the reduction of the 
passive layer  in this solution was larger than  that 
formed in  0.01M borate. The polymer shown above 
appears to act as a corrosion inhibi tor  which causes a 
thicker film and a smaller coverage of adsorbed oxy- 
gen in  this solution than  has been seen previously. 

Conclusions 
The passive layer  was formed on i ron in  solutions 

containing various chelating agents, and a cathodic 
potential  pulse was applied to the specimen. Adsorbed 
oxygen on passive i ron was reduced by the cathodic 
pulse, and the coverage by adsorbed oxygen decreased 
depending upon the properties of the chelating agents. 
o -Phenanthro l ine  reacted wi th  iron to form the fer- 
rous-o-phenanthro l ine  complex which diffused away 
from the metal  surface after passivation. This agent 
did not influence the existence of adsorbed oxygen. 
The coverage by  adsorbed oxygen in  the solution with 
malonic acid and 8-hydroxyquinol ine  was lower than  
that without the chelating agent. The lower coverage 
was at t r ibuted to the replacement  of adsorbed oxygen 
by oxalic acid or metall ic chelate. The thicker passive 
layer  was produced in the borate-boric acid solution, 
and the adsorbed oxygen was replaced by the ring 
polymer which exists predominant ly  in the mixed 
solution. 
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V electrode potential  (vs. RHE) 
RHE reversible hydrogen electrode 
i current  density (~A/cm 2) 
t t ime (sec) 
n number  of electrons 
F Faraday constant 

t ransfer  coefficient 
T absolute tempera ture  
i ' t=0  current  density at t : 0 and V ---- 0 

V = 0  

ko rate constant at 0V vs. RHE 
0 surface coverage by adsorbed oxygen 
8* surface coverage by adsorbed oxygen at 1360 

mV 
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ABSTRACT 

Composite oxide films on a luminum were  produced by react ion with  boil-  
ing wate r  fol lowed by anodic oxidat ion in a phosphate e lectrolyte  tagged with  
p32 tracer. The amount  of phosphorus remaining in the film was fol lowed dur-  
ing stepwise dissolution. It was found that  the phosphorus concentrat ion in 
the barr ie r  port ion of this film was two orders of magni tude  lower  than in a 
conventional  anodie oxide. The amounts of hydrous oxide and bar r ie r  oxide 
in the composite film were  determined using a combinat ion of film stripping 
and meta l  dissolution procedures. The weight  of bar r ie r  oxide was only 75% 
of the weight  of a convent ional  anodic oxide, while  the dielectric constants 
of the two films were  about the same. Some impor tant  propert ies of the 
hydrous oxide were  in fer red  f rom the behavior  observed in these exper i -  
ments.  

When a luminum is first reacted wi th  hot water  and 
then anodically oxidized, the resul t ing film consists of 
a bar r ie r  oxide layer  next  to the meta l  and a layer  of 
pseudoboehmite,  a hydrous oxide, at the outer  surface. 
The barr ie r  port ion consists of both anodic oxide and 
dehydra ted  hydrous oxide. The unusual  anodization 
kinetics and special propert ies  of these composite 
oxides have  been discussed in previous papers (1, 2). 
In those studies it was possible only to est imate the 
individual  amounts of bar r ie r  oxide and hydrous oxide 
in the final film since no technique was avai lable  for 
direct measurement  of these quantities.  One est imate 
indicated that  about 25% less bar r ie r  oxide was needed 
to support  a par t icular  voltage during anodization than 
was the case for a conventional  anodic oxide (2). 
This h igher  field s t rength did not appear to be ac- 
companied by any significant change in dielectric con- 
stant. We have now invest igated this more  r igorously 
and find that  this ear l ier  est imate was essential ly 
correct. These results are presented here. 

A mechanism has been proposed by Vedder  and 
Vermilyea  (3) for the growth of the pseudoboehmite 
layer  during react ion with  water .  They have proposed 
that  g rowth  of the film occurs by t ransport  of hy-  
drolyzed t t l  species through the l iquid  phase to deposi-  
t ion sites, and that  sufficient film porosity is ma in -  
tained to support  this mechanism, even  af ter  long re-  
action times. On the o ther  hand, a mechanism pro-  
posed for the growth of the composite oxide bar r ie r  
layer  stipulates the presence of an inner  region of the 
pseudoboehmite  layer  that  is impermeable  to the anod-  
izing electrolyte  (2). There  is c ircumstant ial  evidence 
for such a region, based on dielectric measurements  
(4). To help resolve this issue, composite oxides were  

* Electrochemical  Society  Act ive  Member.  
1 Present  address: United Chemi-Con, Inc., R&D Labora tory ,  West  

Springfield, Massachusetts  01089. 
Key words:  anodic oxide,  hydrous a luminum oxide,  pseudo-  

boehmite  film, phosphorus distribution. 

anodized in a phosphate e lectrolyte  tagged with  p32, 
and the act ivi ty  of the film was measured  after  suc- 
cessive thinning in a convent ional  I-IsPO4-CrOs s t r ip-  
ping solution. Phosphate  anions are s t rongly adsorbed 
onto a luminum oxides (5), thus assuring a high p82 
content  in the composite film. The results presented 
here  are in te rpre ted  as support ing the existence of an 
inner  region that  is impermeable  to solvated anions. 

Experimental 
General.--Specimens with an area of 100 cm 2 were  

cut f rom 99.99% A1 foil, e lectropolished in a pe r -  
chloric acid-acetic anhydr ide  bath, rinsed, and then re -  
acted with  boiling distil led wate r  for 5 min. Anodic 
oxidat ion was done at a constant current  to 175V in an 
electrolyte  of e i ther  0.01M NaH2PO4 or 100 g / l i t e r  
H~BO~ at 9O~ 

The outer  port ion of the film, which is the hydrous 
oxide layer, was dissolved in a s t i rred solution of 5% 
H3PO4 ~ 2% CrO~ at 85 ~ __ 0.1~ Dissolution was done 
in a stepwise manner  wi th  a measurement  of specimen 
weight  af ter  each step, the weight  change being as- 
sumed as due to loss of hydrous oxide alone. However ,  
it was recognized that  some nonuniform at tack on the 
film can occur, causing a slight dissolution of the bar -  
r ier  port ion as well.  Therefore,  an individual  specimen 
was occasionally removed  from this sequence and re -  
anodized to 175V in order  to replace such bar r ie r  
oxide, and the weight  gain, which is ent i re ly  bar r i e r  
film, was used as a correction on the str ipping weight  
loss. Specimen weights  af ter  s tr ipping and after  re-  
anodization were  measured  with  an accuracy of _10 
/~g. In some instances, the capacitance at 120 Hz was 
measured  Jn a neutra l  ammonium borate  solution. 

After  stripping, the remaining oxide was recovered  
by dissolving the A1 meta l  in warm 10% Br2-methanol,  
then rinsing the oxide in warm methanol ,  and drying. 
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The oxide was weighed before and after heat ing for 
2 hr  at 900~ to remove any  s t ructural  water. 

p3~ tracer measurements . - -Radioact ive  p32 was 
added to the formation electrolyte as chloride-free 
phosphoric acid (obtained from New England Nuclear 
Corporation).  The small  addit ional  quant i ty  of radio-  
active mater ial  had no appreciable effect on the solu- 
t ion concentrat ion or its pH. The amount  of tracer used 
resulted in  an init ial  counting rate of several thou-  
sand counts per minute ;  this necessitated a fairly large 
coincidence correction dur ing the first periods of film 
stripping, bu t  had the advantage of permit t ing an ap-  
preciable counting rate as the boundary  of the phos- 
phorus-containing film was approached. The counting 
rate was also corrected for isotopic decay of the tracer 
(half-l ife of p32 is 14.3 days).  

Absolute values of the phosphorus content  of the 
films were determined by  comparison with the activity 
of s tandard volumes of the anodizing solution. Aliquot 
portions of the electrolyte in the form of fine droplets 
were distr ibuted uni formly  over the surface of a sheet 
of nonanodized a luminum with the same counting 
geometry as the anodized specimens. (The effective 
area of the anodized specimen, however, is twice that  
of the geometric area presented to the Geiger-Muel ler  
tube, since both sides of the foil contr ibute  to the 
counting rate. This is because the foil used is only 0.075 
mm thick and thus essentially t ransparent  to the 
E-particles emitted by 1 ~ [Emax = 1.7 Mev].) The a lu-  
m inum foil was then dried at 50~ and counted; no 
corrections for self-absorption were necessary. 

A 0.01M NaH2PO4 solution was used to anodize three 
specimens each at constant currents  of 1.0 and 0.3 m A /  
cm 2. These were rinsed in distilled water  for 1 hr  to 
remove superficial phosphate ion, then washed with 
acetone, and air  dried before measur ing the activity, 
weight, and capacitance, in  that  order. The films were 
stripped in 30 sec steps, r insed for 10 min  after each 
step, and the sequence of measurements  repeated. 
Single specimens were removed after 1, 2, 2�89 and 4 
rain str ipping times and reanodized in nontracer  elec- 
trolyte to get a correction for bar r ie r  film attack. Ac- 
t ivi ty  measurements  w e r e  stopped after a total of 3 
rain stripping, but  weight and capacitance measure-  
ments  were continued with two specimens for a total 
str ipping t ime of 9 rain. The oxide remaining  on the 
four specimens removed early from the str ipping se- 
quence was quant i ta t ive ly  recovered after dissolving 
the metal  substrate in  b romine-methanol  solution. 

Results 
The weight losses obtained dur ing str ipping of the 

tracer specimens are shown in  Fig. 1. The open circles 
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Fig. i. Weight less of composite oxides in 5% H3PO4 -I- 2% 
CrO3 solution at 85~ Symbols represent average for all speci- 
mens ( O )  and results with single specimens anodized at 0.3 mA/ 
cm 2 (F-I) and at 1.0 mA/cm ~ (A) .  Filled symbols represent weight 
gain during reanodization of single specimens. 

represent the average for all specimens at that  time. 
There was no significant difference between the aver-  
ages of the specimens anodized at 1 mA / c m 2 and at 
0.3 mA / c m 2. For times of 4 min  and longer, only one 
specimen from each current  density was still being 
stripped. The filled circles represent  the weight gain 
of single specimens dur ing  reanodizat ion after the in -  
dicated str ipping time. Initially,  it had been hoped that  
capacitance measurements  could be used as a measure 
of barr ier  film dissolution dur ing  stripping, bu t  the 
capacitance increase was always much larger than  
predicted from the weight gain. This indicates that  the 
small amount  of barr ier  attack was localized, ra ther  
than  uniform across the film. After  correcting for bar -  
rier film loss, it was found that the weight of the 0.3 
mA / c m 2 sample remained constant  between 4 and 9 
min  str ipping times, while the 1.0 mA/cm~ sample lost 
only an addit ional 3.50 ~g/cm 2 over this t ime interval .  
After 9 rain stripping, the average corrected weight 
loss was 46.4 ug/cm ~. This represents the weight  of 
hydrous oxide in  the composite film. 

The average weight of a pseudoboehmite film pro- 
duced dur ing a 5 m i n  reaction with boil ing water  is 
63.5 ~g/cm 2 (4). The difference between this figure and 
46.5 ~g/cm 2 (17.0 ;~g/cm 2) represents the hydrous oxide 
converted to barr ier  film, 26.8% of the ini t ial  amount.  

The oxide remaining  on each of the four samples that 
had been stripped for times of 4 min  or less before re- 
anodization was recovered after dissolving the metal  
in b romine-methanol  solution. Adding the corrected 
str ipping weight loss to this weight gave the total 
composite oxide weight. The average for the four sam- 
ples was 102.4 ~g/cm 2, with a range of 97.1-110.8 ~g/ 
cm 2. The average weight of bar r ie r  oxide was found 
to be 55.9 ;Lg/cm 2, obtained by subtract ing the 46.5 ~g/ 
cm 2 of hydrous oxide from the. total weight. 

Because of the similari ty of exper imental  conditions 
to those used previously (1), it was expected that  cur- 
rent  efficiency of anodic oxidation would be 100%, as 
in the earlier case. Rather than  make this assumption, 
the weight of anodic oxide was calculated by  subtract-  
ing from the weight of bar r ie r  oxide the contr ibut ion 
from converted hydrous oxide. That  is, remember ing  
that the pseudoboehmite contains about 27% water  
(1, 6), the weight of A1203 from converted hydrous 
oxide is 0.73 X 17.0 ~g/cm 2 which, when  subtracted 
from the total bar r ie r  weight gives an average weight 
of anodic oxide of 43.5 ~g/cm 2. The average charge for 
anodic oxidation was equivalent  to 44.9 ;~g/cm 2, for an 
average current  efficiency of 96.6%. With in  the ac- 
curacy of this experiment,  this is not significantly dif- 
ferent from 100%. 

A summary  of these film weights is presented graph-  
ically in Fig. 2. It should be pointed out here that  there 
is no in tent ion to claim that  the anodic oxide and con- 
verted hydrous oxide exist as distinct layers, an in-  
ference that might  be d rawn from the bar  graph in 
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Fig. 2. Weight and distribution of oxide films produced by anodic 
oxidation to 175V. Note that weights are only for AI203, the 
weight of water in each oxide has been subtracted. 
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Fig. 2. The dis t r ibut ion of the oxide from the two 
sources is not known at this time. Shown for compari-  
son is the weight of a conventional  175V anodic bar -  
r ier  oxide formed in an identical phosphate electrolyte 
at 1 mA/cm 2 and a tempera ture  of 98~ (7). The com- 
posite oxide is able to support this voltage with 25% 
less barr ier  film. This is in  agreement  with previous 
results arr ived at by less rigorous methods (1, 2). 

The reciprocal capacitance of the conventional  film 
was 31.7 cm2/~f compared with 22.2 cm2/#f for the 
composite oxide anodized at 1 m A / c m  2. The reciprocal 
capacitances are almost in  the same proportion as the 
barr ier  film weights, indicating that  the dielectric con- 
stants of the two films are about the same. 

In  this experiment,  there seemed to be no effect of 
current  density on the amount  of hydrous oxide con- 
verted to barr ier  film. To verify this, some measure-  
ments  were made at essentially the same conditions, 
but  using 100 g a i t e r  HsBOs in place of the phosphate 
electrolyte and covering a range of current  densities 
from 0.1 to 10 mA/cm ~. The average corrected str ip- 
ping weight loss was 47.0 ~g/cm ~ and varied by only 
• 3% over the full range of current  density. Moreover, 
this figure differed by only 0.5 ~g/cm 2 from the cor- 
responding value obtained in  the phosphate electrolyte. 
Thus, nei ther  current  density nor electrolyte had any 
effect on the conversion of pseudoboehmite to bar r ie r  
oxide. 

In  this experiment,  it was found that  the charge re-  
quired to reach 175V decreased by 7% for a tenfold 
increase in current  density (0.256 coulomb/cm 2 at 0.1 
mA/cm 2 and 0.238 coulomb/cm 2 at 1.0 mA/cm2).  This 
is the same dependence as found for conventional  ba r -  
rier oxides (8). 

Phosphorus distribution.--The activity of each speci- 
men  decreased sharply as the hydrous oxide was re-  
moved by stripping. From the relationship between p32 
activity and weight of total phosphorus, the average 
phosphorus remaining in the film after each strip was 
found to be as shown in Fig. 3. There was very li t t le 
variat ion among samples, and no dependence on the 
current  density used dur ing anodization. For example, 
for each of the first four strips the range of activity 
was less than  • 5%, while for the last two strips this 
increased to about • 10%. Activity measurements  were 
stopped when the measured activity dropped to the 
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Fig. 3. Phosphorus content of composite oxide during stepwlse 
dissolution. The vertical 5ne represents weight of hydrous oxide 
determined by extended stripping. 

magni tude  of the background correction. This occurred 
before all the hydrous oxide was dissolved. The ver t i -  
cal l ine in Fig. 3 represents the weight of hydrous 
oxide in these composite films. 

The curve in  Fig. 3 should not be considered a pro- 
file of the phosphorus distr ibution through the pseudo- 
boehmite because the highly porous na ture  of the film 
makes it l ikely that  dissolution occurred preferent ial ly  
along pores and channels most accessible to the solu- 
tion. These same regions would presumably  be the 
places where phosphate anions were ini t ia l ly  specifi- 
cally absorbed, al though additional inward  diffusion 
may have occurred under  the driving force of the 
anodization field. The fact that  the same phosphorus 
distr ibution was obtained at both 0.3 and 1.0 mA/cm 2, 
with their  corresponding immersion times in  the ano- 
dizing solution of about 830 and 245 sec, indicates that  
this is a s teady-state  dis t r ibut ion governed by the 
porosity gradient  in the film. 

After stripping 39.5 ~g/cm 2 of hydrous oxide all 
but  0.0127 ~g/cm 2 phosphorus, about 1% of the init ial  
phosphorus, had been removed. The remaining phos- 
phorus was in  the small amount  of hydrous  oxide still 
on the surface and in the barr ier  film. Only 2 ~g/cm2 of 
bar r ie r  film had been dissolved at this time. These fig- 
ures can be analyzed in two ways. First, since the ini- 
tial weight of pseudoboehmite was 63.5 ~g/cm ~, the 
remaining phosphorus could be considered to have 
been distr ibuted in 24.0 ~g/cm 2 of hydrous oxide, for 
an average concentrat ion of 5.3 • 10 -4 ~g P/~g oxide. 
In  the second calculation, the remaining  phosphorus 
could be treated as being wholly in the barr ier  film. 
Since the weight of barr ier  film was found to be 55.9 
pg/crn 2, this is equivalent  to an average concentrat ion 
of 2.3 • 10 -4 ~g P/~g oxide. These concentrations can 
be compared with the phosphorus in  a conventional  
175V anodic oxide formed in  the tagged phosphate 
electrolyte at 1 m A / c m  2 and 98~ In  that  case, the 
average concentrat ion was found to be 2.3 • 10 -2 #g 
P/~g oxide (7), or about 100 times the level in the 
composite oxide barr ier  film. 

Discussion 
The very low concentrat ion of phosphorus in the 

portion of the pseudoboehmite film incorporated into 
the barr ier  layer  indicates that this inner  portion of 
the hydrous oxide was essentially impermeable  to 
phosphate anions. There does not appear to be a sharp 
boundary  defining this region, but  ra ther  a porosity 
gradient  through the film, so that other ions might  be 
excluded from a greater or lesser thickness depending 
on their  size and penetra t ing ability. In  the present  
case, the 17.0 ~g/cm 2 of pseudoboehrnite incorporated 
into the barr ier  film represents a thickness of 710A, 
using a density of 2.44 g/cc (6) for the pseudoboehmite. 
The over-al l  thickness of the init ial  hydrous oxide 
layer  was about 4000A (4). 

According to the model proposed by  Vedder and 
Vermilyea (3) for the growth of hydrous oxide, hy -  
drolyzed a luminum species are produced at the base of 
the film and are then transported,  through solution 
that has penetrated the film, to deposition sites. This 
picture is not compatible with our finding that  the 
inner  portion of the film is impermeable  to solvated 
species. An al ternate  model for the growth of hydrous 
oxide has been proposed (9). 

The dissolution rates in 5% I-I8PO4-2% CrOs of the 
hydrous and composite films, as calculated from the 
slopes of the plot of weight loss vs. t ime in  Fig. 1, are 
about 0.3 and 0.015 ~g/cm2-sec, respectively. The rate 
of dissolution of a conventional  bar r ie r  oxide formed 
in phosphate electrolyte is reported to be 0.29 ~g/cm ~- 
sec (7); this is just  about the same as the stripping 
rate of hydrous oxide. This was very surprising, since 
it was expected that the porosity and large specific 
surface area of the hydrous film (4) would promote 
much more rapid dissolution than for a compact bar -  
rier oxide. Perhaps the in terna l  surfaces on which Ns 
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adsorbs dur ing  a BET measurement  are not accessible 
to solvated species. It  is also possible that the macro-  
scopic porosity observed in  electron micrographs (3, 
10) is a property of the dry state only, and that water  
is imbibed into the s t ructure  to produce swelling and 
a reduct ion in  porosity when  the film is wet. 

The very low stripping rate of the composite oxide 
barr ier  film may be due to the presence of v-alumina,  
which, when produced by thermal  oxidation, has been 
observed to be only very slowly dissolved, if at all, 
by the str ipping solution (11). Jackson and Waddell  
(12) have reported that  the surface of the bar r ie r  film 
of a composite oxide formed in  a boric acid electro- 
lyte is ~-AlsO3, with a small  amount  of amorphous 
oxide dis tr ibuted in  the crystal l ine oxide. Our own 
electron diffraction studies confirmed the presence of a 
-/-alumina surface, for films formed in both borate and 
phosphate electrolytes. The phosphate film had a 
higher degree of crystal l ini ty and showed a (511) pre-  
ferred orientation. 

The usual  product of the dehydrat ion of boehmite is 
,~-alumina (13). The ~-a lumina  in the composite oxide 
might  be the result  of field-assisted dehydration. The 
(511) orientat ion found in one sample could result  
from slippage of the oriented pseudoboehmite layer  
dur ing  dehydration.  On the other hand, ,y-alumina has 
been found in  conventional  anodic oxides (1) so the 
origin of this phase is not certain. 

We have no ready explanat ion for the higher field 
sustained by the composite oxide dur ing anodic oxida- 
tion. There are examples in  the l i terature of systems 
where the field s t rength of the oxide has been in-  
creased, for example, by incorporation of anions (14), 
but  this has been accompanied by a decrease in dielec- 
tric constant. This coupling is not present in  the com- 
posite oxides, for which the dielectric constant  appears 
to be about the same as for a conventional  film. The 
w-alumina phase is not known to be a par t icular ly  good 
insulator  or dielectric so the mere presence of this 
phase cannot explain the effect. It was thought that  the 
unusua l  electrical properties might  arise from a par-  
t icular  or ientat ion of the ~-oxide on the surface, but  
al though a phosphate-formed film showed a preferred 
or ientat ion that  was missing from the bora te- formed 
specimen, they had identical field strengths. It has been 
suggested that  the special properties of this film may  
be due to the presence of a hydrogen a luminum spinel 
s t ructure  (2). The informat ion obtained in the present  
experiments  was not of a na ture  to test this hypothesis. 

Since current  density had no effect on the amount  of 
pseudoboehmite converted to bar r ie r  oxide, bu t  the 
amount  of anodic oxide deposited decreased with cur-  
rent  density in the expected fashion, the net result  is 
that  the weight of composite barr ier  film showed a 
lesser dependence on current  density than  in  the case 
of a conventional  anodic oxide. 

The same anodization kinetics and film properties 
were obtained using borate or phosphate electrolyte. 
Shimura  (15) also found only a small effect of electro- 
lyte type on anodization kinetics of composite oxides. 
These observations are in  accord with the idea that  
film growth by cation t ransport  does not occur at a 
surface in  contact with electrolyte, but  ra ther  at the 

barr ier  oxide/hydrous oxide interface (2). New barr ier  
film is produced by  a reaction between A1 cations and 
pseudoboehmite (e.g., A1 +3 + A1OOH + H20 -~ AI2Oa 

3H +) and/or  by a reaction between cations and 
water  released from the pseudoboehmite by  a prior 
dehydrat ion step. 

Conclusions 
1. The innermost  region of the pseudoboehmite film 

produced in boiling water  is essentially impermeable  
to phosphate anions and  presumably  other solvated 
species of similar size. 

2. From the relat ively slow stripping rate of the 
hydrous oxide it is inferred that  the large in terna l  area 
measured by ni t rogen adsorption is not accessible to 
aqueous solution at ordinary  temperatures  and pres- 
sure. 

3. Previous estimates of hydrous oxide conversion 
and reduced barr ier  film weight in  the composite oxide 
have been confirmed by direct gravimetric  analysis. 

4. The amount  of pseudoboehmite t ransformed to 
barr ier  film is independent  of the current  density used 
during anodic oxidation. 
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ABSTRACT 

A n  acid electroless  cobalt  p la t ing  ba th  was deve loped  which  ut i l izes d i -  
me thy lamine  borane  (DMAB) as the  reducing agent  and which  provides  
b r igh t  deposi ts  at over  13 ~m/h r  at 70~ The bath,  s l ight ly  modified, is also 
usable  at  room t empera tu r e  for  deposi t ion on pa l l ad ium-ac t iva ted  noncon-  
ductors.  Addi t ions  of even small  quant i t ies  of hypophosphi te  to the  DMAB 
ba th  resul ted  in fa i lure  to achieve deposit ion;  the  effect of hypophosphi te  
addi t ions on the single e lect rode potent ia ls  was de te rmined  and the resul ts  d is-  
cussed. Eleetroless coba l t -boron  deposits  w~re found superior,  in some re -  
spects, to electroless n icke l -phosphorus  for  p rov id ing  protect ion for  steel  
against  corrosive attack.  A double  l aye r  deposi t  of e lectroless  nickel  plus 
electroless cobalt  topcoat  p rovided  more  effective pro tec t ion  for  s teel  than  
e i ther  deposit,  alone, of the same tota l  thickness.  Chromat ing  t r ea tments  were  
found effective for  r e ta rd ing  the tendency  for ta rn ish ing  of cobal t  dur ing  
salt  exposure.  The magnet ic  proper t ies  of some electroless  coba l t -boron  de-  
posits were  de te rmined;  the  coercivi ty  was cons iderably  lower  than  tha t  of 
electroless cobal t -phosphorus  deposits.  

Electroless cobal t  deposi t ion was first descr ibed by  
Brenner  and Riddel l  (1). Since tha t  t ime, a grea t  deal  
of in teres t  has been shown in the  electroless cobal t  
deposits because of the i r  ab i l i ty  to be read i ly  p la ted  
upon su i tab ly  ac t iva ted  plast ic  (2) and because of  the  
wide var ie ty  of magnet ic  proper t ies  a t ta inable .  Elec-  
troless cobal t  deposits  have  been employed  for high 
quali ty,  high dens i ty  recordings and for  compute r  
s torage e lements  in high speed switching devices (3). 
The magnet ic  deposits  are  produced  f rom hypophos-  
ph i te -based  baths  and consist of coba l t -phosphorus  
(4-10) or  t e r n a r y  al loys of cobal t  and phosphorus  plus 
an addi t ional  meta l  e lement  (11-18). 

I t  is wel l  known  tha t  from baths  containing hypo-  
phosphi te  reducing agent,  e lectroless  cobal t  deposi ts  
can be produced only from a lka l ine - type  baths  w h e r e -  
as nickel  deposits  are  produced from both a lka l ine  and 
acid baths  (19). The ac id : t ype  electroless nickel  ba ths  
have  en joyed  the g rea te r  commercial  acceptance be-  
cause of h igher  deposi t ion ra tes  and e l iminat ion  of un-  
p leasant  ammonia  fumes. In  the  desire  to develop a 
useful  ac id - type  electroless cobal t  p la t ing  bath,  a t t en -  
t ion was d i rec ted  to the  use of o ther  reducing agents.  
Dimethy lamine  borane  (DMAB),  for example ,  is a more  
powerfu l  reducing agent  than  hypophosphi te  and is 
capable  of provid ing  electroless cobal t  deposi ts  f rom 
both acid and a lka l ine  ba ths  (20, 21). 

The studies repor ted  here in  were  conducted to de-  
velop acid electroless cobal t  p la t ing baths  and to de-  
t e rmine  some character is t ics  of the  baths  and p roper -  
t ies of deposits.  

Experimental 
Pre l imina ry  studies involved  p repa ra t ion  of acid-  

type  electroless cobal t  p la t ing  baths  containing cobalt  
sulfate, d ime thy lamine  borane  (DMAB),  and an or -  
ganic radical  (to funct ion as buffer, exal tant ,  a n d / o r  
chelate)  such as acetate, lactate,  ci trate,  succinate, or  
glycolate.  Succinate was indicated f rom these expe r i -  
ments  to be the  most effective addi t ive  of the  group for 
provid ing  sound deposits  at  high rates.  

Exper imenta l  electroless cobalt  p la t ing baths  were  
p repared  wi th  reagent  grade  chemicals  except  for 
DMAB 1 which was 99~-% puri ty.  A the rmos ta t i ca l ly  
control led  wa te r  ba th  was used to hea t  and ma in ta in  
solutions wi th in  1.0~ of the des i red  tempera ture .  

Key words: electroless plating, cobalt, nickel, amine borane, 
hypophosphlte. 

i Cal le ry  Chemica l  C o m p a n y ,  Cal lery ,  P e n n s y l v a n i a  16024. 

Copper  panels  (2 • 2.5 cm) were  a lka l ine  cleaned, 
chemical ly  polished, and  pa l l ad ium ac t iva ted  [30 sec 
in a solut ion of 0.1 g / l i t e r  PdCI~ and 0.1 m l / l i t e r  HC1 
(38%) a t  25~ thorough ly  rinsed, dried, and  re -  
weighed. Deposi t ion tests were  conducted for  a 1 h r  
per iod  wi th  an a rea  to volume ra t io  of 1: 20. 

The effect of ba th  const i tuent  concentrat ion,  ba th  
pH, and ba th  t empe ra tu r e  on electroless  cobalt  deposi -  
t ion ra te  was determined.  

The effect of hypophosphi te  addi t ions  to an  acid-  
type  electroless  cobalt  p la t ing ba th  (ut i l iz ing DMAB 
reducing agent)  on deposi t ion ra te  was determined.  
The s t eady-s t a t e  potent ia l  of 13 gm electroless cobal t -  
boron p la ted  specimen in the  baths  of mixed  DMAB- 
hypophosphi te  was also de termined.  The specimen was 
successively immersed  for  5 rain per iods  into baths  
(at  70~ containing 0, 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, and 
82 g a i t e r  sodium hypophosphi te  monohydra te .  The 
potent ia l  of the  specimen was measured  at  the  end of 
each 5 rain immers ion  per iod  vs. a sa tu ra t ed  calomel 
e lect rode immersed  into the  ba th  for 5 sec. A Hewle t t  
Pa c ka rd  410C Vacuum Tube Voltmeter ,  wi th  input  
resis tance of l0 s ohms was used for  t ak ing  the po ten-  
t ia l  measurements .  S imi la r  tests were  conducted with  
an a lka l ine  cobalt  ba th  2 containing var ious  propor-  
tions of DMAB and hypophosphi te  and with  the  acid 
and a lkal ine  ba th  in which the cobalt  sa l t  was re -  
placed wi th  the  mola r  equiva lent  of nickel  sulfate.  

The abi l i ty  for clean, nonact iva ted  copper  to spon-  
taneous ly  in i t ia te  depos i t ion  of cobal t  f rom the  acid-  
type  electroless p la t ing ba th  at 70~ was de te rmined  
as a function of DMAB concentrat ion.  Potent ia l  mea-  
surements  were  also made.  Deposi t ion tests were  con- 
ducted on other  subst ra tes  including steel, electroless 
nickel,  plat inum, and pa l l ad ium-ac t iva t ed  plastic.  

A heavy  (about  200 ~m) deposit  of electroless  co- 
ba l t  was appl ied  to steel  and hardness  measurements  
made  pe rpend icu la r  to the surface using a Vickers  in-  
dentor  wi th  50g load applied.  The deposi t  hardness  was 
also de te rmined  a f te r  h e a t - t r e a t m e n t  at  250~ in an 
a i r  oven. 

Electroless cobalt  deposits  were  analyzed  for  com- 
position, i.e., cobalt  (e lect rodeposi t ion method) ,  boron 
(atomic absorpt ion  method) ,  carbon (Leco Automat ic  
Carbon De te rmina to r ) ,  and n i t rogen (Kje ldah l  dist i l -  
l a t ion- t i t r a t ion  method) .  

~35 g / l i t e r  COSO4 .YHsO, 80 g / l i t e r  Na~C~-I~O7.2H20, SO g / l i t e r  
NH4C1, 60 m l / l i t e r  N I ~ O H  (28% NHs);  80~ 

1023 
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Electroless cobalt deposits were applied to steel Hull  
Cell panels 3 (6.7 X 10 cm) from the acid-DMAB bath 
in  nominal  thicknesses of 2.5, 5, and 10 ~ n  and tested 
for corrosion resistance dur ing exposure to 5% neut ra l  
salt spray. For comparative purposes, tests were also 
conducted with conventional  electroless nickel-phos-  
phorus 4 plated steel panels. A set of panels was also 
prepared with a double layer deposit consisting of ap- 16.0 
proximately 7.5 ~m electroless nickel followed by a 
topcoat of 2.5 ~m electroless cobalt and subjected to the 
salt spray test. Triplicate panels were prepared for 
each type and thickness of deposit was tested. The steel ~: 
panels were prepared for electroless plat ing as follows: ~12 .0  
(i) 1 min  in 50% (volume) hydrochloric acid (38%) o S 
at 25~ (to remove protective zinc coating), cold water  ~, 
r inse (CWR);  (ii) 5 min  in  orthosilicate soak alkal ine E 
cleaning bath  at 85~ and soft brist le  brushing,  CWR; a; 
(iii) 1 min  in  50% (volume) hydrochloric acid (38%) ~ 8.0 
a t  25~ CWR. " 

(.9 
Chromating t reatments  were applied to electroless z 

cobalt, freshly deposited on steel, by immersion for 10 
see in  200 g/ l i ter  Na2Cr20~-2H20 --6 mlAi te r  H~SO4 ~ 4.0 
(sp. gr. 1.84) or in  Alodine 1200S 5 (7.5 g/l i ter,  pH 2.1) 
at 25~ rinsed, and dried. The specimens were evalu-  
ated for tarnish resistance dur ing salt spray exposure. 

Cobalt deposits were applied to chemically polished 
and pal ladium-act ivated copper panels from the fol- 
lowing baths: 

Co-B Co-B Co-P  
Bath const i tuent  (acid) (alk)  (alk) 

C o b a l t  su l fa te ,  CoSO4 �9 ~ ( g / l i t e r )  25 30 30 
DMAB, (CHz) 2Hi~BI'][a 4 4 - -  
S o d i u m  h y p o p h o s p h t t e ,  NaH2PO~ �9 H20 (g / l i t e r )  - -  - -  20 
Sodium succ ina te ,  CdW4Na~O~ �9 6 ~  (g / l i t e r )  25 
Sodium ci t ra te ,  NaaCeH~O~ �9 2I-I~O ( g / l i t e r )  - -  80-  80 
A m m o n i u m  chlor ide ,  NI-]hC1 (g / l i t e r )  - -  50 50 
A m m o n i u m  h y d r o x i d e  (28% NI-I~), NI-I~OH ( m l /  

l i t e r )  ~ 60 60 
T e m p e r a t u r e ,  ~ 70 80 80 

pH 5,0 9.0 9.0 

The coercive force of various thicknesses of the de- 
posits was determined using a v ibra t ing sample mag-  
netometer.8 

Results and  Discussion 
The effect of d imethylamine  borane (DMAB) con- 

centrat ion on deposition rate was determined from 
solutions containing 25 g a i t e r  cobalt sulfate heptahy-  
drate and 15 g a i t e r  sodium succinate hexahydrate.  
Results are shown in Fig. 1. The baths were adjusted 
to pH 5.0 with sulfuric acid solution and were oper-  
ated at 80~ Deposition rates increased essentially 
l inear ly  with DMAB concentrat ion to a max imum at 
about 4 ga i te r .  At above this DMAB concentration, 
catalytic particles formed in  the solution which tended 
to settle to the beaker  bottom and resulted in  rapid 
bath decomposition. 

The effect of succinate concentrat ion on deposition 
rate was determined from solutions containing 25 
g a i t e r  cobalt sulfate heptahydrate  and 4 g a i t e r  DMAB 
at pH 5.0 and at 80~ (see Fig. 2). When no succinate 
was present, spongy cobalt formed wi th in  the solution 
accompanied by  rapid bath decomposition, and vir-  
tual ly  no deposition was produced on the pa l ladium- 
activated copper specimen. Satisfactory bath stabil i ty 
was provided by the presence of 10 g a i t e r  or more of 
the succinate in the bath. Succinate also provided 
buffering action, i.e., prevented rapid change in  bath 
pH dur ing deposition. Deposition rates were highest 
and essentially constant at sodium succinate hexa-  
hydrate  concentrat ion of 15-30 ga i te r .  A 25 g a i t e r  
concentrat ion was adopted for addit ional  studies. 

The effect of bath pH (measured at 25~ on deposi- 
tion rates was determined. Both ini t ia l  pH and the pH 
after completion of deposition test are shown in  Fig. 3. 

s R. O. H u l l  C o m p a n y ,  I n c o r p o r a t e d ,  C l e v e l a n d ,  Ohio  44102. 
4 B a t h :  25 g / l i t e r  N iSO~.  6H~O, 9 g / l i t e r  NaCsHaO2, 22.5 g/ l i t er  

NaH:~/:'Os �9 H~O, 0.001 g / l i t e r  P b  (C.,_I~O-.~) ~ - 3H-zO; p H  4.6; 85~ 
A m c h e m  Produc t s ,  I nco rpo ra t ed ,  A m b l e r .  P e n n s y l v a n i a  19002. 

e P r i n c e t o n  A p p l i e d  Resea rch  Corpora t ion ,  P r i n c e t o n ,  N e w  J e r s e y  
08540. 
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Fig. 2. Effect of succinate concentration on electroless cobalt 
plating rate. Bath: 25 g/liter COSO4-7H20, 4 g/liter DMAB; 
pH 5.0; temp. 80~ 

The deposition rate increased marked ly  wi th  bath  pH. 
Baths of pH above about 5.5 tended to be unstable  and 
deposits formed on beaker  walls and bottom. 

It is interest ing to note that  baths at pH 4.5 or lower 
increased in pH dur ing the deposition test, while baths 
at pH 5.5 or above decreased. Normally, electroless 
plat ing baths decrease in  pH dur ing use because hy-  
drogen ions are a product  of the reaction (19, 22). 
However, DMAB is subject  to acid catalyzed hydrolysis 
(24) leading to consumption of H + 

(CI-Iz)2HN �9 BHs -5 3H~O -5 H + 

-~ (CI%)2NI-I~ + -5 H, BO3 -5 3H2 

Indeed, it was found that even when no electroless 
plating was occurring, baths (80~ at pH 4.5 or below 
increased in pH with time, and that gassing was evi- 
dent within the solutions. At bath pH of 5.0, little 
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Fig. 3. Effect of bath pH on electroless cobalt plating rate. 
Bath: 25 g/liter COSO4.7H:20, 25 g/liter C4H4Na204" 6H20, 
4 g/liter DMAB; temp. 80~ 

change in pH resul ted  dur ing  (or wi thout )  deposi t ion 
and subsequent  tests were  conducted wi th  baths  at this 
pH unless otherwise  noted. 

Electroless cobal t  deposi t ion r a t e s  were  l i t t le  affected 
b y  cobalt  sal t  concentra t ion wi th in  the  range  of 15-45 
g / l i t e r  and  tests were  cont inued wi th  ba ths  containing 
25 g a i t e r  cobal t  sulfa te  hep tahydra te .  

The ra te  of cobalt  deposi t ion increased wi th  increas-  
ing ba th  t empera tu re  in a manne r  typica l  of most  
electroless  p la t ing  ba ths  (24-26) (see Fig. 4). At  90~ 
the ba th  was subject  to spontaneous product ion of 
cobal t  par t ic les  and rap id  decomposition.  At  80~ the 
ba th  was s table  dur ing  the 1 h r  p la t ing tests but  there  
was  a t endency  for ca ta ly t ic  par t ic les  to form in the  
ba th  dur ing  more  ex tended  plat ing per iods  t he reby  
causing ba th  decomposition.  The ba th  can be made  
much less suscept ible  to such decomposi t ion by  in t ro-  
ducing t race  amounts  of a ca ta ly t ic  poison (e.g., 1-2 
rag / l i t e r  lead acetate  t r i hyd ra t e  or  th iourea) .  How-  
ever,  at ba th  t empera tu re s  of 80~ or  above, was te fu l  
consumption of DMAB by  hydro lys i s  is p robab ly  s ig-  
nificant (23) and it is thus  advisable,  f rom a p rac -  
t ical  s tandpoint ,  to opera te  the  ba th  at lower  t em-  
pera tu res  except  where  ve ry  high deposi t ion ra tes  a re  

BATH 
16.0 INSTABILITY 

EI2.0 
s 

~ 8.0 

4X 

I ! I 
~0 40 so  eo  70 80 

BATH TEMPERATURE, ~ 

Fig. 4. Effect of bath temperature on electrnless cobalt plating 
rate. Bath: 25 g/liter COSO4 �9 7H20, 25 g/liter C4H4Na204 �9 6H20, 
4 g/liter DMAB; pH 5.0. 

of p r i m a r y  importance.  At  70~ the ba th  is operable  
wi thout  the  necessi ty  of addi t ion  of ca ta ly t ic  poison 
stabilizers,  and hydrolys is  losses are  minimized.  

Deposi t ion ra tes  a re  qui te  low at a ba th  t empe ra tu r e  
of 40~ or lower.  However ,  the  ba ths  can be  used  even 
at room t empera tu re s  (22~176 for app ly ing  thin, 
conduct ive deposi ts  to pa l l ad ium-ac t iva t ed  noncon-  
ductors,  p rov ided  the ba th  pH is increased  to about  6.3. 

There  was a t endency  f o r  gas pi ts  to form on the  
electr01ess cobalt  deposits. Workpiece  movement  was 
helpful  in a l lev ia t ing  this condition, bu t  addi t ion  to the 
ba th  of about 15 g / l i t e r  or more  sodium sulfate  also 
reduced  the  t endency  for  p i t t ing  to occur. The presence 
of sodium sulfate  in the  ba th  had  no apparen t  dele-  
ter ious effects and did not affect deposi t ion rate.  

The electroless  p la t ing ba th  of p re fe r r ed  composit ion 
is 25 g a i t e r  cobal t  sulfate  (COSO4.7H20) ,  25 g a i t e r  
sodium succinate (C4H4Na204-6H~O), 15 g / l i t e r  so-  
d ium sulfate  (Na~SO4), and 4 g / l i t e r  d ime thy lamine  
borane  [ (CH3)~HNBH~]. The ba th  at  p,H 5.0 and  at  a 
t empera tu re  of 70~ produces  b r igh t  electroless  co- 
bal t  deposits  at  a ra te  of about  13 ~m/hr .  

Baths of mimed DMAB-hypophosphite.--The effect 
of hypophosphi te  addi t ions  to the  electroless  cobalt  
p la t ing ba th  on deposi t ion ra te  at  70~ is shown in 
Fig. 5. As l i t t le  as 1 g a i t e r  sodium hypophosphi te  
monohydra t e  subs tan t ia l ly  reduced  the  deposi t ion ra te ;  
4 g / l i t e r  or  more  p reven ted  deposi t ion ent i re ly .  I t  was 
thus demons t ra ted  that,  not only  is hypophosphi te  re -  
ducing agent  unable  to provide  electroless  cobalt  dep-  
osit ion f rom acid solutions, but  its presence prevents  
deposi t ion from a DMAB bath.  The s t eady-s ta te  mixed  
potent ia ls  of an electroless cobal t  specimen in the 
baths  of increasing hypophosphi te  concentrat ions  are  
also shown in Fig. 5. The curve of potent ia ls  vs. hypo-  
phosphi te  concentra t ion closely para l le led  tha t  of dep-  
osition rate.  

The deposi t ion potent ia l  for  cobal t  in the  electroless 
pla t ing ba th  (70~ pH 5.0), but  from which  the re -  
ducing agents  were  excluded,  was de te rmined  b y  ap-  
p ly ing  increasing cathodic cur ren t  in ve ry  smal l  in-  
c rements  to a gold electrode.  The  cathode poten t ia l  
at which the f i r s t  signs of cobal t  deposi t ion appeared  
was about  --0.67V (SCE).~ 

7 S i m i l a r  t e s t s  w e r e  c o n d u c t e d  in  t h e  s a m e  bath but  w i t h  23.4 
g / l i t e r  NiSO4 �9 6H~O p r e s e n t  i n s t e a d  of  t h e  coba l t  sal t ,  T h e  depos i -  
t ion p o t e n t i a l  f o r  n i c k e l  w a s  d e t e r m i n e d  t o  be about  - -0 ,59V ( S a E ) .  
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Fig. 5. Effect of hypophosphite additions to bath on electroless 
cobalt plating rate and potential. Bath: 25 g/liter COSO4- 7H20, 
25 g/liter C4H4Na~O4 �9 6H~O, 15 g/liter No2504, 4 g/liter DMAB; 
pH 5.0; temp, 70~ 
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It  can be seen f rom Fig. 5 tha t  when  about  2 g a i t e r  
or  more  of the  hypophosphi te  is present  in the  bath,  
the  s t eady-s t a t e  mixed  potent ia l  of the  ca ta ly t ic  sur -  
face is not  a t ta ined  at  which cobalt  can be deposi ted 
and is at  a level  character is t ic  for  baths  containing 
hypophosphi te  alone. Gassing at  the  pa l l ad ium-ac t i -  
va ted  specimens was observed in al l  solutions, though 
the ra te  was cons iderably  decreased in the  baths  f rom 
which deposi t ion was not  obtained.  The act ion of hy -  
pophosphi te  m a y  be considered analogous to lower ing  
the hydrogen  overvol tage  of a surface and thus p re -  
vent ing the  meta l  deposi t ion from occurring.  

The effect of hypophosph i t e -DMAB combinat ions  in 
a lka l ine  electroless  cobal t  p la t ing baths,  f rom which 
deposits  a re  produced when  e i ther  reducing agent  is 
present  alone, on deposi t ion ra te  and  potent ia l  are  
shown in Fig. 6. Marked  antagonism is indica ted  be-  
tween  the  hypophosphi te  and  DMAB from the  dep-  
osit ion ra te  measurements ,  and  solut ions wi th  r e l a -  
t ive ly  l i t t le  hypophosphi te  behave  more  l ike  ba ths  
containing only  hypophosphi te .  The hypophosphi te  
might  be considered as p re fe ren t i a l ly  adsorbing or  de -  
hydrogena t ing  on the surface  t he reby  nul l i fy ing  the 
presence of DMAB. The decrease in s t eady-s ta te  
mixed  potent ia l  of electroless  cobal t  is most  p ro -  
nounced in the  solutions containing l i t t le  hypophos-  
phi te  and i t  decreases more  g radua l ly  wi th  fu r the r  
increases in hypophosphi te .  

S imi l a r  studies of  nickel  deposi t ion ra te  in mixed  
hypophosph i t e -DMAB baths  were  conducted f rom both 
acid and a lka l ine  solutions. Marked  antagonism was 
not exhib i ted  for the  n ickel  p la t ing ba ths  (see Fig. 7). 
Nickel  deposi t ion ra tes  f rom the a lka l ine  ba ths  were  
not  g rea t ly  affected by  the re la t ive  propor t ions  of h y -  
pophosphi te  and  DMAB (see Fig. 8). I t  is ev ident  tha t  
the  me ta l  ions also provide  some in terac t ion  wi th  one 
or  both  of the  reducing agents as wi tnessed  b y  the 
differences in behav ior  of the cobal t  and  nickel  baths.  

Deposition on various  substrates.--Substrates tha t  
are  sufficiently ca ta ly t ica l ly  act ive to spontaneously  
in i t ia te  deposi t ion by  immers ion  in the  (25-25-15-4) 
electroless  cobalt  p la t ing ba th  (pH 5.0, 70~ are  steel, 
e lectroless  nickel,  pa l ladium,  or  gold. A luminum is 
spontaneous ly  plated,  p re sumab ly  by  first p rovid ing  a 
d isplacement  deposit  of cobalt.  A thin  immers ion  zinc 
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60 ml/liter NH4OH (28% NH3); temp. 80~ 

SCIENCE AND TECHNOLOGY Augus t  1974 

, ol 
b: 
,c 

m.c 
E 

E 

~ S.O 

-I 
........... ~p._C~CEy_T_~_T_~_N.g.C~_ ......... 
0 4 8 19' 16 .  

SOD. HYPOPHOSPHITE (H20) CONCENTRATION,gl Jb 

Fig. 7. Effect of DMAB-hypophosphite combinotions on electro- 
less nickel ploting rote. Both: 23.4 g/liter NiSO4.6H20, 25 g/ 
liter C~H4N~O4" 6H20, ]5 g/liter No2SO4; pH 5.0; temp. 70~ 

I0.0 

S,O 

E 
o 

~4c 
L9 z 

d 
Z.O 

I I ! 
0 4  3 2 I 0 

DMAB~NC'ENTRATION. g / J  
I0 15 20 

SOO. HYPOPHOSPHITE (H,40) CONCENTRATION~g/,~ 
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deposit  on a luminum, by  t r ea tmen t  in zincate solution, 
is des i rable  for  rapid,  uni form coverage wi th  cobalt.  

Copper,  brass, silver,  p la t inum,  t i tanium,  or  s tainless 
steels usua l ly  do not in i t ia te  electroless cobalt  deposi-  
t ion unless one of the  fol lowing steps are  taken:  (i) 
ac t iva t ion  of the  surface by  nuclea t ion  wi th  a cata-  
ly t ica l ly  active me ta l  such as pa l lad ium;  (ii) contact  
in the  solut ion wi th  an ac t ive ly  p la t ing  meta l ;  (iiO 
momen ta ry  appl ica t ion  of sufficient cathodic cur ren t  to 
app ly  a th in  cobal t  film e lec t rolyt ica l ly .  Nonconductors  
a re  read i ly  p la ted  af ter  pa l l ad ium act ivat ion (27). 

The effect of DMAB concentra t ion on the potent ia l  
of e lect rolyt ic  copper  (99.9% pur i ty )  in the  cobalt  
p la t ing ba th  is shown in Fig. 9. The potent ia l  became 
more  negat ive  wi th  increased  DMAB concentrat ion,  
and though gassing was vis ible  in al l  ba ths  containing 
DMAB, deposi t ion was usua l ly  not  ini t iated.  However ,  
occasional ly spontaneous in i t ia t ion  occurred  as i l lus-  
t r a t ed  by  the dot ted  l ine in Fig. 9 and has even oc- 
cur red  in the  baths  containing only 4 g / l i t e r  DMAB. 
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Fig. 9. Effect of DMAB concentration on the steady-state poten- 
tial of copper in electroless cobalt plating bath. Bath: 25 g/liter 
CoSO4" 7H20, 25 g/liter C4H4N~O4" 6H~O, 15 g/liter Na2SO~; 
pH 5.0; temp. 70~ 

The explanat ion for this phenomena is not known, but  
catalytic particles that  enter  the bath  may provide the 
ini t ia t ing influence by chance contact. P la t inum is 
more catalytically active than  copper, acquiring a po- 
tent ial  of --0.54V in the 4 g a i t e r  DMAB baths, but, as 
ment ioned earlier, did not ini t iate cobalt deposition. 

It  was found that  when  the succinate of the elec- 
troless cobalt plat ing bath  of preferred composition 
was subst i tuted by the equivalent  molar  quant i ty  of 
sodium malonate,  deposition was more l ikely to be 
spontaneously ini t iated on copper, and deposition rates 
were unaffected by the substi tution. It  thus appears 
that  the succinate has an inhibi t ing effect on the cata- 
lytic ini t ia t ion of cobalt deposition on copper and that  
malonate  can be used in  place of succinate in  the bath  
if spontaneous deposit ini t ia t ion on copper is desired. 

Deposit properties.--Composition--The composition 
of electroless cobalt deposits from the preferred (25- 
25-15-4) bath (pH 5.0, 70~ was determined to be: 
cobalt, 96.0% by  weight;  boron, 1.7% by  weight; car- 
bon, 0.97% by weight;  and nitrogen, 0.05% by weight. 
The presence of carbon and ni t rogen indicates organic 
or organometal l ic  compounds in the deposit. 

Hardness.--Electroless cobal t -boron deposits were 
found to have a hardness of 270 kg /mm 2 (Vickers) in  
the as-plated condition. After  heating 24 hr at 250~ 
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Fig. 10. Coercive force of electroless cobalt deposits produced 
from various baths. 

the hardness increased to 480 k g / m m  2. Addit ional  heat-  
ing at 250~ fur ther  increased the hardness to a maxi -  
mum of about  640 k g / m m  2 after  a total  heat ing t ime 
of 4 days. 

Magnetic properties.--The coercive force of electro- 
less cobalt deposits produced from three baths are 
shown in  Fig. 10. The coercive force of the cobalt-  
boron deposits was constant, over the range of thick- 
ness tested, at about 8 oersteds. The coercive force of 
cobalt-phosphorus deposits was considerably higher 
and increased with decreasing deposit thickness. 

Corrosion prevention.--The results of salt spray expo- 
sure tests on electroless cobalt and nickel plated steel 
panels are shown in Table I. All  of the electroless co- 
balt  or electroless nickel deposits were quite protec- 
tive to steel for up to 48 hr salt spray exposure. With 
longer exposure times, the protective value of the 
coatings increased with thickness. The electroless 
nickel deposits were somewhat more protective of 
steel than cobalt deposits. However, edge corrosion 
was very pronounced with electroless nickel coated 
specimens while the electroless cobalt plated steel was 
resistant  to edge corrosion. 

The corrosion potential  of electroless cobalt-boron 
deposits, immersed in 50 g/ l i ter  sodium chloride solu- 
t ion for 24 hr, was --0.60V (SCE). Steel and electroless 
nickel in  the s a l t  solution have corrosion potentials 
of --0.63 and --0.35V, respectively. The pronounced 
edge corrosion encountered with electroless nickel 
plated steel is undoubtedly  the result  of the adverse 
electrochemical relationship of the couple. The poten- 
tials would indicate cobalt and steel to be much more 
galvanieal ly compatible in salt solution than  nickel 
and steel. 

From the corrosion potentials it can be predicted 
that a double layer  deposit of electroless nickel-phos-  
phorus followed by a topcoat of electroless cobalt-  

Table I. Corrosion resistance of electroless cobalt or nickel plated steel 

Depos i t  Cor ros ion  r a t i ng*  a f t e r  e x p o s u r e s  to sa l t  spray ,  a v g  of 3 
t h i c k -  

Depos i t  hess , / zm 24 h r  48 h r  72 h r  96 h r  168 h r  

Electroless  cobalt  3 5 4 3 + 3 (sl. E) 2 (E) 
Electroless  cobalt  S 5 5 4 3 + 3 (sl. E) 
Electroless  cobalt  10 5 5 5 5 3 + (sl. E) 
Electroless  n i cke l  3 4 (E) 4 (E) 4 (E) 3 + (E) 2 + (E) 
Electroless  n i cke l  6 5 (E) 5 (E) 5 (E) 5 (E) 5 (E) 
E lec t ro less  n i c k e l  12 5 5 (E) 5 (E) 5 (E) 5 (E) 

* R a t i n g s  ( e x c l u d i n g  e d g e s ) :  5 = no basis m e t a l  a t t a c k ;  4 = t r aces  of  bas i s  m e t a l  a t t a ck ;  3 =  s l i g h t  bas is  m e t a l  a t t a c k ;  2 = m o d e r a t e  basis 
meta l  a t t a c k ;  1 = considerable  basis  m e t a l  a t t ack .  E = e d g e  corrosion; sl. E = s l i g h t  edge  corros ion.  
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boron would probably provide synergistic protection 
because of the abil i ty of the cobalt to sacrificially pro-  
tect the nickel layer  from corrosive penetration.  This 
relat ionship with the synergistic protection of electro- 
deposited nickel double layers has been well estab- 
lished (28-30). Double layer  deposits (7.5 ~m electro- 
less nickel-2.5 ~m electroless cobalt) on steel were 
found capable of prevent ing  basis metal  attack (even 
at edges) dur ing 168 hr  salt spray exposure and were 
superior to the same total thickness of either layer  
alone. 

Tarnish resistance.--Electroless cobal t-boron deposits 
tarnish rapidly dur ing salt spray exposure to produce 
a tenacious, unattract ive,  mottled, b lue -b rown  film. 

Consideration was given to blackening the electro- 
less cobalt deposits in  order to avoid the tarnishing 
during salt spray exposure and also to provide a non-  
reflective surface often desired for mi l i tary  equipment.  
Some success was achieved in providing a blackened 
surface by immersion for 10 min  in  10 g a i t e r  potas- 
s ium persulfate solution at 25~ 

Immersion of electroless cobalt deposits in  a di- 
chromate-sulfuric  acid solution greatly improved the 
resistance of the surface to tarnishing;  the surface re-  
mained bright  and untarn ished  after 72 hr  salt spray 
exposure. The solution was mildly  corrosive to the co- 
bal t-boron,  removing about 0:I #m dur ing  the 10 sec 
immersion.  No visible film was produced by the t rea t -  
ment.  

The proprietary chromating solution was noncor-  
rosive to the electroless cobalt and also substant ia l ly  
improved resistance to tarnishing though not quite as 
effectively as the other solution. Longer immersion 
times (e.g., 30 sec or more) in the proprietary solu- 
t ion resulted in the impar t ing of a visible iridescent 
film that  provided improvement  of the deposit in re- 
sistance to basis metal  corrosion during salt spray ex-  
posure. 

The chromate t reatments  described above may be 
valuable for application to thin, magnetic, electroless 
cobalt deposits since even slight atmospheric corro- 
sion can significantly alter the magnet ic  properties 
(9) .  

Conclusions 
An acid electroless cobalt plat ing bath at pH 5.0 of 

the following composition is capable of producing 
bright  deposits (96.0% Co, 1.7% B, 0.97% C, 0.05% N) 
at a rate of about 13 ~m/hr  at 70~ 25 g/ l i ter  cobalt 
sulfate (CoSO4.7H20) ,  25 g/ l i ter  sodium succinate 
(C4H4Na204 �9 6H20), 15 g/ l i ter  sodium sulfate 
(Na2SO4), and 4 g/ l i ter  d imethylamine borane 
[ (CH3)2HNBH3]. 

Steel, electroless nickel, gold, a luminum (zincate 
t reated) ,  or pal ladium-act ivated nonconductors sloonta- 
neously init iate electroless cobalt deposition from the 
acid bath; copper, silver, brass, or p la t inum usual ly  do 
not init iate deposition. 

The hardness of as-plated electroless cobalt deposits 
is 270 kg /mm 2 (Vickers) and can be increased to 640 
kg /mm 2 by heating at 250~ The coercive force of co- 
ba i t -boron  deposits are relat ively low at about 8 
oersteds. 

Electroless cobalt deposits can provide effective pro-  
tection for steel against corrosive attack. Synergistic 
protection is provided by a double layer  deposit con- 
sisting of electroless nickel-phosphorus and electroless 

cobalt topcoat. A chromating t rea tment  improves re-  
sistance of the cobalt to tarnishing. 

The presence of even small  quanti t ies of hypophos- 
phite in  electroless cobalt plat ing baths with DMAB 
results in  marked reduction of deposition rate or cessa- 
t ion of deposition. 
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ABSTRACT 

Sodium-tungsten bronzes of the general  formula Na~WOs (0.34 < x ----- 0.89), 
with high and low pla t inum contents, were investigated regarding their  
electrocatalytic activity towards the reduction of oxygen and hydrogen per-  
oxide in  sulfuric acid solutions. Contrary to the findings of some other work-  
ers NazWO~ are found to be poor catalysts for the cathodic reduct ion of oxy-  
gen. The presence of p la t inum in  the bronze at concentrat ions in the 1000 ppm 
range does not increase significantly the catalytic properties of the bronze 
electrode. Sodium tungs ten  bronzes are relat ively good catalysts for the cath- 
odic reduction of hydrogen peroxide in acid solutions. The reaction is first- 
order with respect to the H202 concentrat ion and zero-order with respect to 
the H + concentration. The steady-state Current-potential  curve exhibits a 
slope of 2 RT/F and, at more cathodic potentials, a characteristic inhibi t ion 
inflection. In  contrast to other electrodes the cathodic reduct ion of H20~ on 
NazWO3 occurs at potentials less cathodic than  those required for the reduct ion 
of oxygen.  

Sodium-tungs ten  bronzes containing traces of plat i-  
n u m  have been reported to exhibit  good electrocata- 
lytic activity for the oxygen reduction reaction (1-6). 
These findings st imulated considerable interest  bu t  
other reports (7-10) failed to confirm the exceptionally 
good catalytic behavior  reported by Bockris et al. 
(1-6). In  the present  study bronzes of the general  
formula NazWOa (0.34 < x ~ 0.89), with high and low 
pla t inum contents, were investigated regarding their 
electrocatalytic activity towards the oxygen reduct ion 
in  IN H~SO4. Since hydrogen peroxide is in  some cases 
an intermediate  in the reduction of oxygen to water, the 
irreversibi l i ty of the over-al l  reduct ion of oxygen in 
these cases can perhaps be due to the reduct ion of H20~ 
to H~O. Because this problem had not been explicit ly 
considered previously on sodium-tungsten  bronzes, 
it was also investigated in  the present  work. 

Experimental 
Sodium-tungs ten  bronze samples with an x value 

be tween 0.34 and 0.89, and p la t inum content from 1 up 
to 1200 ppm were investigated. The preparat ion and 
analysis of these samples were described recent ly (11). 

A three-compar tment  cell was used with a rotat ing 
disk electrode system. Steady-state  current -potent ia l  
curves were automatical ly recorded with the system 
described recent ly by B~langer (12). Some runs  were 
performed with a conventional  galvanostatic setup and 
the results were found to be the same both with the 
potentiostatic and the galvanostatic methods. For the 
reduction of oxygen long times were necessary to 
reach the steady-state values, especially in the low 
current  region and dur ing the first scan. Polarization 
times up to 8 hr were used with the galvanostatic 
method with potential  variat ions corresponding to 
about 40 mV. Reproducible results were usual ly  ob- 
tained with the potentiostatic method using 10 mV 
potential  step per 5 rain. The rotat ing disk technique 
was used to el iminate diffusion effects al though there 
was no significant increase of current  with increasing 
rotat ing speeds in the l inear  sections of the cur ren t -  
potential  curves. Unless otherwise noted, the measure-  
ments  were carried out at a rotat ion speed of 900 rpm. 
The ins t ruments  and the cells employed, as well  as the 
details on  the electrode mount ing  and gas purification, 

* Elect rochemical  Society Active Member .  
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tungsten bronze. 

were similar  to those used in  our  previous work (13- 
15). 

All solutions were made from sulfuric acid 
(ULTREX, J. T. Baker Chemical Company) ,  sodium 

sulfate (J. T. Baker  Chemica! Company, certified), un -  
stabilized hydrogen peroxide (Fisher Scientific Com- 
pany, certified), and conductivity water. The peroxide 
concentrat ion was determined by t i t ra t ion with potas- 
sium permanganate  after the completion of a set of 
measurements .  Great  care was taken to el iminate im- 
pur i ty  effects by working under  carefully controlled 
conditions. No preelectrolysis was conducted in  the 
present work, however ,  since it was previously noted 
that preelectrolysis tends to produce impurities,  espe- 
cially from the anode (13). 

The oxygen gas (99.99%) and the mixtures  oxygen-  
hel ium (1 and 10% O2) used in  the present study were 
passed through a gas t ra in  which included in  order, 
silica gel, active carbon, silica gel, ascarite and a glass 
wool filter to remove water, organics, and  CO2. 

A hydrogen reference electrode in the same solution 
or a Hg/Hg2SO4 (1N H2.SO4) electrode was used as 
reference electrode. All electrode potentials are given 
with respect to a s tandard hydrogen electrode. 

Experiments  were carried out at room tempera ture  
unless otherwise specified. 

Results 
The electrocatalytic reduction of oxygen.--Open 

circuit potentials were poorly reproducible, and it took 
a long t ime to reach a stable value. After 1 hr  of sta- 
bilization, the rest potential  was usual ly  around 0.4V, 
with extreme values from 0 to 0.6V. The open-circui t  
potential  did not  vary  significantly whether  oxygen, 
helium, or hydrogen was bubbled  into the electrolyte. 

A Tafel relat ionship for the cathodic reduction of 
oxygen was obtained only over a short range of po- 
tentials, i.e., from about 0.1 to --0.2V (Fig. 1). In  this 
potential  range the current -potent ia l  curve is free of 
hysteresis between the ascending (potentials acquir ing 
more negative values) and descending curves. When 
the potential  is increased cathodically, interference 
from the hydrogen evolution reaction seriously affects 
the results and pronounced hysteresis was observed 
between the ascending and descending curves. Tafel 
slopes ranging be tween 120 and 280 mV/decade were 
obtained, most of them exhibi t ing a value around 200 
mV/decade.  
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Fig. I. Potentiostatic, steady-state (point-by-polnt) current-poten- 
tial relationships on Nao.65WO3 at 900 rpm. Curve A: for the 
reduction of oxygen (in O2-saturated I N  H2SO4). Curves a-e: for 
the reduction of H202 in He-saturated 1N H2SO4 solutions con- 
taining (a) 0.0046, (b) 0.0094, (c) 0.046, (d) 0.093, and (e) 0.18M 
H202. 

The addit ion of p la t inum in  the bronze sample in-  
creases the rate of the oxygen reduct ion reaction by a 
very small  amount  only  (Table I) .  The composition of 
the bronze samples devoid of p la t inum has no signi-  
ficant effect on the catalytic behavior  of this mater ia l  
for the oxygen reduct ion reaction (Table II) .  

The electroreduction of hydrogen peroxide.--Open- 
circuit potentials.--Open-circuit potentials of sodium- 
tungs ten  bronze electrodes in 1N HeSO4 solutions in  
the presence and absence of hydrogen peroxide are 
shown in Fig. 2 as a funct ion of pH. The various pH 
values were obtained by adding small amount  of solid 
NaOH to the electrolyte. The measurements  were car-  
ried out only at pH --  3 since at greater  pH values the 
sodium-tungs ten  bronze is attacked and catalytic de- 
composition of H20~ occurs. The open-circui t  potential  
has low reproducibili ty,  and long times (at least 24 hr) 
were needed to reach a stable value. At a given pH, 
the mixed potential  depends on the H202 concentrat ion 
but  no clear relat ionship was found. At a given H2Oe 
concentrat ion the open-circui t  potential  depends l in -  
early on pH with a slope of about 80 m V / p H  (Fig. 2). 
The results did not depend significantly on whether  the 
solution was saturated with oxygen or helium. An 
open-circui t  potential  vs. pH curve with a slope of 
about 30 mV/pH was found in the absence of H202 and 
O~ (Fig. 2). 

Table I. Effect of platinum on the rate of the oxygen reduction 
reaction on Nao.eW03 

C u r r e n t  d e n s i t y  
P t  c o n t e n t  a t  E = - -0 .17V 

( p p m )  ( m A  �9 em-~) 

2 0 .07-0 .15  
IO0 0 . 1 2 - 0 . ! 9  
200 0.19 
500 0.20 

1200 0.26 

Table II. Effect of the x value in NaxWO3 on the rate of the 
oxygen reduction reaction 

(Samples with platinum content in the ppm range) 

Current density  
a t  E = - O . l ~  r 

x v a l u e  ( m A  �9 e m - D  

0.34 0.07-0,19 
0.58 0,07-0.15 
0.64 0.08-0.15 
0.82 0.12 
0.89 0.11 
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Fig. 2. Rest potential vs. pH for a Nao.65WO~ electrode in the 
presence and absence of H202 in 1N H2S04 + small amount of 
solid NaOH. He-saturated 0.1M H20~ (Z~), 02-saturated 0.1M 
H209 (A) ,  He-saturated (C)),  02-saturated (e ) .  

Steady-state current-potential relationships.--No de- 
tectable spontaneous decomposition of H202 was ob- 
served on Na~WO~ in acidic media. The reduct ion cur-  
rent  can, therefore, be a t t r ibuted only to the reduct ion 
of HeO2. Steady-state  current -potent ia l  curves for 
several concentrations of H202 are presented in  Fig. 1. 
At potentials anodic enough to avoid interference from 
the hydrogen evolut ion reaction, the current -potent ia l  
relationships present  no hysteresis between the ascend- 
ing and descending curves. A Tafel region is observed 
between 0.5 and 0.2V with a slope of about 120 mV/  
decade, i.e., 2 • 2.3 RT/F. At potentials more cathodic 
than about 0.2V a characteristic inhibi t ion inflection of 
the type discussed by Gilroy and Conway (16) is ob- 
served. The dependence of the current  density in the 
inflection region on the rotat ion speed (Fig. 3) indi-  
cates that the reduct ion of H202 is first-order with re-  
spect to hydrogen peroxide concentrat ion and that  the 
process is under  combined diffusion and kinetic control. 

0.2 I I I 

T•OA5 
t E 

0.t0 

I I I 
0 0.0t 0.02 0.O5 

w-t/2(rod -4/2" sec. t/2) 

Fig. 3. Plots of 1/i in the inhibition inflection region vs. ~,-t/g 
for the reduction of H202 in He-saturated IN H2SO4 + 0.052M 
H202 on Nao.65WO3. s = 0.2V (O),  0.1V (I-I), 0.0V ($), and 
--0.W (A). 
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The anodic oxidation of H~O2 was at tempted on 
sodium-tungs ten  bronzes, but  it was found that  these 
electrodes show no activity for this reaction. 
Reaction orders.--The plot of the reaction rate vs. the 
H~O2 concentrat ion (Fig. 4) indicates that  a reaction 
mechanism first-order with respect to hydrogen per-  
oxide takes place at constant  potential.  The react ion 
order with respect to hydrogen is close to zero be tween 
p t t  approximately 0 and  1.8. At pH values higher than  
about 2, the shape of the current -potent ia l  curve in  the 
inhibi t ion region is sl ightly different from that  ob- 
served at lower pH. This behavior  suggests that  the 
electrode surface changes in  this pH range. Impedance 
measurements  carried out in  solutions of pH around 3 
exhibited a peak in  addit ion to those found at lower 
pH (15). This peak was a t t r ibuted  to the dissolution 
of the bronze electrode. This side reaction may in ter -  
fere with the hydrogen peroxide reduct ion reaction 
and prevent  the determinat ion of the true reaction 
order over a wide pH range. 
Apparent heat of activation.--Arrhenius plots of the 
current  density at constant potential  vs. 1/T give an 
apparent  heat of activation equal to 8.3 kcal /mole (Fig. 
5). A hydrogen electrode in 1N H2SO4 was used as the 
reference electrode. The activation energy has not been 
corrected for the tempera ture  coefficient of the re-  
versible H202-H~O potential, nor  for changes in H202, 
H~O, or H + activity as a funct ion of temperature.  
Neglecting the changes in activity coefficient and tak-  
ing - -0 .658  m V / ( ~  as the (dEo/dT)isoth (17) for the 
H202/H20 couple, t h e  heat of activation at constant 
overpotential  would be about 10 kcal/mole.  
E]Ject of the bronze composition.--The rate of the 
peroxide reduction reaction was found not to depend 
significantly on either the ~ value in NaxWO3 (for x 
between 0.34 and 0.89) or the p la t inum content of the 
bronze electrode (between a few ppm up to 1200 ppm).  

The electroreduction of 03 -k H202.--Investigations 
in 1N H2SO4 solutions containing O2 and I-I~O2 were 
carried out to detect any possible coupling of the O2 
and H202 reduct ion processes. The sum of the cur ren t -  
potential  curves for the oxygen reduct ion alone (in 
O2-saturated 1N H2SO4) and for the hydrogen perox-  
ide reduction alone (in He-saturated 1N H2SO4 -t- 
H202) is equal  to the exper imental  curve for the re-  
duction of O3 -t- H202 carried out at once (in 02- 
saturated 1N H2SO4 + H20~). This result  indicates the 
absence of coupling between the two reactions. 

' T " l ' i l i  I I I I I I t i i  I I I I I l i l l l  ~1. 
/ 

/ x  
40-2  

> 40-3 

. . J  

10-4 

--l , , , ~ I  l I I I t l t l l  t i t , i f , i t  
40-3 40-2  40-4 

Conc. I-I~02 (M) 

Fig. 4. A plot of the current density at 0.2V (x) and at the cur- 
rent maximum ( 0 )  vs. the concentration of H202 in He-saturated 
1/q H2S04 on Nao.65W03 at 900 rpm. 

I I r I r I 

> 

. . o  

t 0 - 4  I I i 
3.0 

I I I 

T -4  (OK-t) x t03  
3.5 

Fig. 5. Current density vs. T - 1  plots for Nao.ssWO3 (x) and 
Nao.65WO3 ( O )  in He-saturated 1N H2SO4 -I- 0.05M H202. The 
apparent heat of activation calculated from these plots is 8.3 
kcal/mole. 

Discussion 
Reduction of HzO2.--The reduct ion of H202 on 

NaxWO3 is found to be first-order with respect to the 
H~O2 and zero-order with respect to H + ions. The 
Tafel slope is close to 2 • 2.3 RT/F. The same reaction 
orders were found on Hg (18) and Pt (19-20), where-  
as a first-order reaction with respect to both H202 and 
H + was found on pyrolytic graphite and active char- 
coal (21). A Tafel slope of 2 • 2.3 RT/F was also 
found on pyrolytic graphite (21), whereas on p la t inum 
a very high slope yielding (1 -- a) = 0.2 was obtained 
(19). The same mechanism as that advanced by Bagot- 
skiy et al. (18) for the reduct ion of H202 on Hg is 
proposed for NaxWO3. The current -potent ia l  relat ion 
may be represented by 

/ (1 % 

= rH2o l e x p  ( - } RT / [1] \ 

with the following mechanism 

rds 
H202 + e -  ) OHads -t- O H -  

I-IsO + 

homogeneous 
) OHads -~- 2H20 [2] 

The O H -  produced by the electron t ransfer  reactions 
[2] and [3], in  acidic solutions, is immediate ly  neut ra l -  
ized by HzO +. Assuming ~ = !/2, the observed Tafel 
slope is consistent with the proposed mechanism. 

The current  density at the max imum of the current -  
potential  curve is proportional to the concentrat ion of 
H202 in the solution (Fig. 4), suggesting that  the maxi -  
mum may be associated with the diffusion l imit ing 
current  for the reduct ion of peroxide. However, the 
plot of 1/i vs. ~-z/2 (Fig. 3) indicates that diffusion 
plays only a minor  role in the reaction kinetics at, or 
near, the ma x i mum of the current -potent ia l  curve. 
The inflection in the current -potent ia l  curve should 

HsO § 
OHads -t- e -  --~ O H -  ) 2H~O [3] 

homogeneous  
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therefore be a t t r ibuted to some kind of inhibi t ion phe-  
nomenon. 

Following earlier suggestions by Bagotskiy and 
Vasilev (22), inhibi t ion and passivation in  oxidation 
reactions were discussed quant i ta t ively  by Gilroy and 
Conway (16), and found to be either the result  of an 
inhibi t ing species produced in a competing reaction, or 
of self- inhibi t ion arising from the decomposition of 
adsorbed radicals. Since inhibi t ion of the reduct ion of 
H202 has not been observed on other electrodes (18- 
21), it may be assumed that the sodium-tungs ten  
bronze electrode plays an important  role in the in-  
hibi t ion process. Furthermore,  it is unl ike ly  that  a 
parasitic oxidation reaction of the bronze itself is re-  
sponsible for the negative Tafel slope, since the shape 
of the current -potent ia l  curves does not depend on the 
concentrat ion of H202. 

Since the position of the current -potent ia l  curves is 
a funct ion of H 2 0 2  concentration, it is suggested that, at 
a given potential, the same fraction of surface sites are 
blocked independent ly  of the H202 concentration. This 
si tuation can arise from a parallel  reaction such as the 
hydrogen bronze formation 

NaxWO3 + zH + + ze -  -~ NaxHzWO3 [4] 

This reaction has been shown to occur in the potential  
range in which the inhibi t ion region begins, i.e., about 
0.2V (13). The activity of NazHzWO3 for the reduction 
of H202 may be much lower than that  of NazWOs. If 
this is the case, the n u m b e r  of active sites decreases 
with the progress of reaction [4]. 

The inhibi t ion of the cathodic reduct ion of H202 on 
NaxWO3 may, therefore, be described as the result  of 
a competit ion for surface sites between peroxide and 
proton. This phenomenon is similar to that described 
by Gilroy and Conway (16) for the case of anodic 
oxidation in competit ion with oxide formation. In  the 
present study, the reverse situation, i.e., cathodic re- 
duction occurring in competition with hydride forma- 
tion, has been shown to take place. 

To take into account the preceding results, the re-  
action mechanism can be formulated as follows 

S + H 2 0 2  ~ S(H202)ads [5] 

rds 
S(H202)ads -l- e- ~ S(OH)ads -~- OH- 

I-hO + 
> S ( O H ) a d s  "~- 2H~O [6] 

homogeneous 

H30 + 
S(OH)ads + e -  ~ S + O H -  > S ~- 2H20 

homogeneous 
[7] 

where S represents an  undefined surface adsorption 
site at the bronze electrode (see the text following 
Eq. [3]). As ment ioned earlier, the above sequence of 
reactions [5] to [7] would be proceeding in competi- 
t ion with the parallel  reaction [4] suggested here. 

The mixed potential  established at the bronze elec- 
trode is a complex one and does not seem to be de- 
fined pr imari ly  by the H202/O2 couple. The presence of 
H202 seems to have more effect than  that  of oxygen. 
The behavior  of Na~WO3 differs, substant ia l ly  from 
that of the noble metals for which the mixed potentials 
are defined by the H2OJH20 and OJH202 couples. It 
also depends on pH (about 60 mV/pH)  but  is inde-  
pendent  of the hydrogen peroxide concentrat ion (23). 
The poor reproducibil i ty of the results obtained with 
NaxWO3 prevent  one from drawing definite conclusions 
from these measurements.  Since sodium is leached out 
of the electrode (13-15, 24) it is possible that  the 
mixed potential  depends on Na +. 

E~ect  of  the x -va lue  and plat inum content  of  the  
NaxW03 electrodes on the reduction of oxygen  or hy -  
drogen perox ide . - -Frumkin  et aL (25) have suggested 
that  the electrocatalytic properties of an electrode de- 

pend main ly  on the chemical composition, i.e., elec- 
tronic properties, of its surface and not on its bulk  
properties. Several studies (13-15, 24) have shown 
that  sodium depletion occurs at the sodium tungsten 
bronze surface. Consequently,  the surface composition 
of a polarized NaxWO3 electrode changes l i t t le as a 
function of the bulk  x value (15). It is therefore not 
surprising that the bulk  x value in NaxWO8 has no 
significant effect on the rate of the oxygen reduction 
reaction (Table II) .  Similar  results were found for the 
hydrogen peroxide reduction (see above) and the 
hydrogen evolution reaction (26). 

In  Table I the rate of the oxygen reduction reaction 
on NaxWO3 is found to depend only slightly on the 
p la t inum content of the electrode. This finding is in 
sharp contrast with the result  of Bockris et aL (6) who 
found that the rate of oxygen reduction is accelerated 
several thousand times by the presence of 400 ppm of 
p la t inum in  the bronze electrode. In  the present  work 
and other related studies (13-15) the p la t inum content 
of the NaxWO3 electrode in the range 0-12(}0 ppm was 
found not to have a significant influence on the var i -  
ous electrochemical phenomena investigated. In  par-  
ticular, the flatband potential  of the semiconducting 
surface layer did not change with the p la t inum con- 
tent  (15). Therefore this e lement  does not influence 
the electronic s tructure of the catalytic surface. 

The results reported by Bockris et al. (6) for the 
reduction of oxygen on p la t inum-free  bronze samples 
are quite similar to those observed in  the present  
work. The chief discrepancy between the results of 
Bockris et al. (6) and those of the present  s tudy [and 
of other investigations (7-10) ] occurs with the samples 
containing plat inum. It may therefore be suggested 
that the p la t inum incorporat ion differs substant ial ly 
from one investigation to the other. However, a bronze 
sample containing about 1200 ppm of Pt  and prepared 
in Bockris' laboratory 1 was tested by the present  author 
and found to behave similarly to the samples invest i-  
gated in the present  study. This is not surpris ing be- 
cause of the similari ty of the methods of preparat ion 
(11, 24, 27). Therefore, it is un l ike ly  that  the method 
of preparat ion is the only factor responsible for the 
discrepancy. Exper imental  factors may be the cause of 
some of the difference, al though it is not evident  why 
results obtained with p la t inum-f ree  samples do not 
differ substant ia l ly  from one study to another.  

Conclusions 
1. Sodium-tungs ten  bronzes are relat ively good 

catalysts for the cathodic reduct ion of hydrogen per-  
oxide in acid solutions. 

2. Sodium-tungs ten  bronzes are poor catalysts for 
the oxygen reduction reaction, in agreement  with pre-  
vious work (7-10). 

3. The presence of p la t inum in the bronze at con- 
centrations in  the 1000 ppm range does not increase 
significantly the catalytic properties of the bronze. 

4. The electrocatalytic properties of the bronzes do 
not depend significantly on the x value in  Na~WO3. 

5. There is no coupling effect between the oxygen 
and hydrogen peroxide reduction reactions. 
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Electrochemical Redox Patterns for Pyridinium Species: 
1-Methylnicotinamide and Nicotinamide Mononucleotide 

Conrad O. Schmakel) K. S. V. Santhanam, 2 and Philip J. Elving* 
The University of Michigan, Ann Arbor, Michigan 48104 

ABSTRACT 

The deta i led  mechanisms for  the e lect rochemical  reduct ion  in aqueous 
med ia  of py r id in ium species have  been  e luc ida ted  on the basis of the  elec-  
t rochemical ,  spectrophotometr ic ,  and chemical  proper t ies  of two such species 
and the i r  reduct ion  products:  1 -me thy l -3 -ca rbamoy lpy r id in ium ion (1-meth-  
y lnicot inamide;  MCP +) and nicot inamide mononucleot ide  (NMN +). An  ini -  
t ia l  revers ib le  pH- independen t  one-e lec t ron  ( I e )  addi t ion to the  py r id in ium 
ion to produce a free radical  is fol lowed by  its i r revers ib le  d imer iza t ion  to an 
appa ren t  6,6' species. At  more  negat ive  potential ,  the  free radical  is reduced  
to an apparen t  1,6 d ihydropyr id ine  species (2e reduct ion product ;  NMN + may  
form some 1,4 i somer) ;  the  d imer  is s table to reduct ion wi th in  the  avai lable  
potent ia l  range.  At  sufficiently posit ive potential ,  bo th  l e  and 2e reduct ion  
products  can be oxidized back to MCP + or  NMN +. Rate  constants  for the free 
radical  d imer iza t ion  at 30 ~ is 6 X 107/ mo1-1 sec -1 for MCP + and 2 X 106l 
mo1-1 sec -~ for NMN+;  act ivat ion energies  a re  4.1 kcal  tool -1 for MCP + and 
3.6 kca l  mo1-1 for NMN +. Whi le  MCP + is negl ig ib ly  adsorbed,  i ts d imer ic  
and d ihydropyr id ine  products  are  s t rongly  and mode ra t e ly  adsorbed,  r e -  
spect ively;  NiVIN + and its reduct ion products  are negl ig ib ly  adsorbed.  Both 
reduct ion products  are  suscept ible  to ac id-ca ta lyzed  hydrolys is ;  the  ra te  in-  
creases wi th  decreasing pH; at any  given pH, the d imer  is less s table  than 
the  d ihydropyr id ine  species. 

Among the pr inc ipa l  components  in the  e lec t ron 
t ranspor t  chain in biological  ox ida t ion- reduc t ion  reac-  
tions are  pyr id inoprote ins ,  which ut i l ize pyr id ine  nu -  
cleotides as coenzymes. A basic unders tanding  of the  
e lect rochemical  redox behavior  of pyr id ine  nucleot ides  
should contr ibute  to a be t te r  unders tanding  of the  elec-  
t ron  t r anspor t  chain, since the  site of both  bio]ogical  
and electrochemical  redox ac t iv i ty  in the  pyr id ine  nu -  
cleotides is the  py r id ine  ring. Of the  re levan t  nucleo-  
tides, n icot inamide  mononucleot ide  (NMN +) (Fig. 1) 
is the  s implest  one s t ruc tura l ly ;  its behav ior  would  

* Electrochemical  Society Active Member.  
1Present  address: Abbott  Laboratories,  Scientific Divisions, North 

Chicago, Illinois, 60064. 
2 P e r m a n e n t  address: Tara  Inst i tute  of Fundamenta l  Research, 

Bombay 5, India. 
Key  words:  dihydropyridines,  dimerization, free radicals, me thy l  

ntcotinamide,  nieot inamide mononueleotide.  

provide  the  basis for unders tand ing  tha t  of the la rger  
pyr id ine  nucleot ides  such as NAD + (nicot inamide 
adenine  dinucleot ide;  also called d iphosphopyr id ine  
nucleot ide or DPN + ) and NADP + (nicot inamide 
adenine dinucleot ide phosphate ;  t r iphosphopyr id ine  
nucleot ide or  TPN +).  

The polarographic  behavior  of many  1-subst i tu ted  3- 
ca rbamoy lpy r id in ium ions 8 (1-14) has been inves t i -  
ga ted  on the basis of the i r  being model  compounds for 
unders tand ing  the polarographic  behavior  of NAD +. 
However ,  only  in the  case of the  1 -me thy l -3 - ca rba -  
moy lpy r id in ium ion (1-methyln ico t inamide ;  MCP + ) 
(Fig. 1) have extens ive  da ta  been collected. Al though 

a These have  included the following where  the N(1) subst i tuent  
is indicated: CI-~ (I-10), C~H~ (2), CsH7 (2), C4ttD (2), CH~C~I~ 
(2, 8), CH.:-CH2SOa- (8), CI-I2CeI4~SO3- (8), D-glucopyranosidyl  (9, 10), 

D-glucopyranosidyl te t raaceta te  (6, 9, 10). 
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Table I. Buffer and background electrolyte solutions a 

Buf fe r  
No. PH r a n g e  C o m p o s i t i o n  

9 
+ ~ C \ N I ' I ~  2 2.0-0.0 Na~HPO4 �9 7I-I20 + c i t r ic  ac id  

+ e ,  H 1 0.0-1.0 HC1 + KC1 

b H m o n o h y d r a t e  + KCI  
3 3.9-5.9 HOAc + N a O A c  
4 9.0-10.0 K:CO~ + KHCOs  

3 5 9.0-10.0 K2COs + KHCOs + KClb 
TTT 6 9.0-10.0 K2COa + KHCOs + Et4NCIe 

7 9.0-10.0 N I ~  + NH~C1 
8 I I .0-12.0  K O H  + KCI 

Fig. 1. Reaction paths for the electrochemical behavior of 1- 
methyl-3-carbamoylpyridinium ion (MCP+; 1-methylnicotinamide), 
nicotinamlde manonucleotide (NMN+), and their reduction prod- 
ucts. In the case of NMN +, the CH~ group is replaced by a 
ribosophosphate group and same of the dihydropyridine species (111) 
may be present as the 1,4 isomer. 

there is general  agreement  concerning the over-al l  
process for MCP +, there is considerable disagreement  
on specifics, e.g., under  similar  conditions E1/2 for the 
first of the two polarographic waves seen has been re-  
ported (1-3, 7) as varying  from --0.94 to --1.11V. Two 
recent papers (15, 16) report  polarographic pat terns  
for MCP +, which are more complex than those seen 
by other investigators or in the present  study. Wave I 
is reported (7, 17, 18) to be due to a reversible le proc- 
ess, but  the over-al l  electrochemical process is i r re-  
versible due to subsequent  dimerizat ion (1, 17, 18); 
however, the dimerizat ion rate constant  obtained by 
cyclic vo l tammetry  (18) differs by m a n y  orders of 
magni tude  from that  obtained by pulse radiolysis (19). 
Other inconsistencies in the l i terature  involve potential  
data, presence or absence of catalytic hydrogen evolu-  
tion, 4 chemical and electrochemical properties of the 
reduction products, correlation of ul traviolet  spectral 
properties of the la t ter  with structure, and the role of 
adsorption phenomena.  

NMN + is in  m a n y  respects a more realistic model 
compound for unders tanding  NAD + and NADP + than  
MCP+; the electronic s t ructure  of the pyr idine r ing in 
NMN + is more closely related to that  of the coenzymes 
because of the similar  induct ive effects of the N-sub-  
stituents, e.g., the action of dilute base on MCP + is 
different from that  on NMN + and NAD + [the amide 
group of MCP + is readily hydrolyzed, but  the nucleo-  
tides cleave at the nicot inamide-r ibose l inkage (20)]. 
In  addition, NMN +, like the coenzymes, has a bu lky  
N-subs t i tuent  which presumably  is effective in  deter-  
min ing  the isomeric form of the initial  electrochemical 
reduction product, e.g., a 4,4' as opposed to a 6,6' dimer. 
NMN + enjoys the same freedom from the adenine 
moiety as does MCP +, which simplified in terpre ta t ion 
of ul t raviolet  spectra (here characteristic only of the 
pyr id ine  r ing) and el iminates adsorption due to the 
adenine moiety (21). The two previously reported elec- 
trochemical studies (15, 22) of NMN + are f ragmenta ry  
and some of the results seem questionable;  interest ing 
results obtained for NMN + by Berg and Hanschmann 
(23, 24) have, unfortunately,  not yet been piJblished. 

Because of the uncertaint ies  in  the reported behavior  
of MCP + and the lack of informat ion on NMN +, the 
electrochemical behavior of these two compounds was 
systematical ly investigated with emphasis on the use of 

A ca ta ly t i c  h y d r o g e n  e v o l u t i o n  r eac t ion  occurs  w h e n  a com- 
p o u n d  is p r e s e n t  whose  p r o t o n a t e d  a d d u c t  u n d e r  t he  e x p e r i m e n t a l  
c o n d i t i o n s  is  m o r e  eas i ly  r educ ib le ,  i .e.,  has  a l o w e r  a c t i v a t i o n  en-  
e rgy  in  respec t  to ne t  a d d i t i o n  of an  e l ec t ron  to the  p ro ton ,  t h a n  t he  
u n c o m p l e x e d  p r o t o n  i tself .  

= The  f inal  ion ic  s t r e n g t h  of  b u f f e r  so lu t i ons  u sed  i n  a l l  experi-  
ments  was  0.SM u n l e s s  o t h e r w i s e  s ta ted .  

b KC1 c o n c e n t r a t i o n :  0.4M. 
e Et.,NC1 c o n c e n t r a t i o n :  0.4M. 

rapid per turba t ion  techniques to s tudy intermediate  
species and adsorption, and on the detailed examina-  
t ion of final products prepared by macroscale electroly- 
sis. 

Experimental 
Chemicals, apparatus, and procedures used have 

largely been described (25). 

Chemicals.--The reported analyt ical  data and spec- 
trophotometric assay indicated sufficient pur i ty  for 
polarographic study of the following: nicot inamide 
mononucleotide (NMN+) (Sigma; P - L  Biochemicals),  
reduced nicot inamide mononucleotide (NMNH) 
(Sigma),  and 1-methy l -3-carbamoylpyr id in ium chlo- 
ride (MCP +) (Sigma).  

The buffer solutions used, prepared from reagent 
grade chemicals, are listed in Table I. 

Results and Discussion 
D.-C. polarography.--1. MCP+.--Above pH 9, MCP ~ 

exhibits two well-defined waves (Table II; Fig. 2A). A 
catalytic hydrogen wave 4 (Fig. 3), whose height in-  

i i i i i 
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Fig. 2. Electrolysis of 1-methyl-3-carbamoylpyridinium ion (1.20 
raM) in pH 10 KCI/carbonate buffer. D-C polarograms: A, before 
electrolysis; B, after electrolysis at --1.25V; C, after electrolysis 
at --1.80V. Background polarogram shown for each case. 
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Table II. Variation in polarographic behavior of 1-methyl-3-carbamoylpyridinium ion with pH 
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W a v e  I W a v e  I I  

B u f f e r  Cone . ,  W a v e  W a v e  
No.  p H  ~ - -EI/~,  V s lope ,a  m V  fb - -EI /$ .  V s l o p e , ,  m V  Ib 

2 3.7 0.32 1.03 58 3.6 ~ - -  
2 4.4 0.32 1.04 51 3.0 ~ - -  
3 5.2 0.96 1.05 48 s 
2 5.8 0.32 1.04 60 2.110 - -  
2 7.2 0.32 1.02 54  1.85 1.55 
2 7.4 0.77 1.02 50 1.78 1.55 
2 7.7 0.50 1.02 52 1.78 1.56 

t 7.8 0.45 1.04 50 1.98 
2 8,0 0,32 1.02 56 1.90 1.55 
4 9.2 0.90 1.05 44 1.8 1.65 
4 9.4 0.32 1.03 53 1.90 1.59 
5 9~4 0.32 1.03 51 1.95 1.58 
7 9.7 0.50 1.03 50 1.91 1.53 
6 9.8 0.50 1.10 60 1.80 1.62 

�9 1L1 0.38 1.03 56 1.81 1.59 
8 12.0 0.50 1.03 53 1.90 1.60 
8 12.8 0.50 1.04 d d 1.60 

N 

13.2r 
10.2e 

6.5 e 

- -  3.80 
s 1.8 

89  1.92 
86 1.98 
76 2.06 
65 1.82 
84 1.73 
88 1.81 

d d 

�9 W a v e  s lope  c a l c u l a t e d  a s  ( Z l l t  - -  E3/4). 
b D i f f u s i o n  c u r r e n t  c o n s t a n t .  I = id /Cm2/Zt l /e .  
e L i m i t i n g  c u r r e n t s  o f  t h e s e  w a v e s  e x h i b i t  p a r t i a l  k i n e t i c  c h a r a c t e r  d u e  to  m e r g i n g  c a t a l y t i c  h y d r o g e n  w a v e ;  I v a l u e s  c a l c u l a t e d  f o r  c o m -  

p a r i s o n .  
d 1 - M e t h y l - 3 - c a r b a m o y l p y r i d i n i u m  ion  i s  u n s t a b l e  in  b a s i c  so lu t ions .  
* P h o s p h a t e  bu f f e r ,  0 .3M i o n i c  s t r e n g t h .  
t B o r a t e  bu f f e r ,  O.SM i o n i c  s t r e n g t h .  
s P o o r l y  d e f i n e d  w a v e .  

creases with decreasing pH, begins to merge with wave 
II below pH 8 and with wave I below pH 3. 

At pH 9.6, both waves are diffusion controlled (h and 
tempera ture  variat ion) ,  of equal height (diffusion cur-  
rent  constant, I, magni tudes  correspond to le faradaic 
processes), and proport ional  to concentrat ion (I is 1.94 
__. 0.05 for both waves between 0.05 and 4.7 raM). 

Ell2 for wave I is pH- independen t  (average value: 
--1.03V). Addit ion of surface-active Et4N + (pH 9.4 
buffer 6) shifts it 70 mV more negative. Increase in  
ionic s t rength  of pH 9.4 KC1/carbonate buffer from 0.1 
to 2.0M shifts ElI2 from --1.02 to --I.04V. E~/2 shifts 
with concentrat ion at low concentrat ion (--1.06V at 
0.05 mM and --1.10V at 0.01 raM). Wave I is due to a 
reversible electron transfer, e.g., slopes of the wave 
(Ell4 - -  E3/4) and log [i/(i~ -- i ) ]  vs. E plot are gen-  
eral ly  of the magni tude  expected for a reversible le 
cathodic wave followed by an irreversible chemical 
reaction (26, 27); the log plot is not always strictly 
l inear  over the entire rising port ion of the wave. Such 
deviations are probably due to the dimerization and 
adsorption phenomena subsequent ly  discussed. 

Above pH 9, E1/2 for wave II is v i r tual ly  pH- inde-  
pendent,  but  depends somewhat on background elec- 
t rolyte  nature.  Increase in  ionic s t rength of pH 9.4 

KC1/carbonate buffer from 0.1 to 2.0M shifts Et/2 from 
-- 1.64 to -- 1.55V. Increase in  MCP + concentrat ion from 
0.01 to 4.7 mM shifts El~2 from --1.52 to --1.63V. Based 
on its slope, wave II involves an irreversible electron 
transfer.  Below pH 8, the wave II current  depends on 
pH, being due to a faradaic reduction plus catalytic 
hydrogen evolution 4 due to reduct ion of the protonated 
product;  the combined wave is peak-shaped (Fig. 3). 
At pH 7.4, the total wave II current  decreases with 
increasing t (il proport ional  to h-0-23), suggesting that  
an adsorbed species is the catalyst for hydrogen evolu- 
tion. At pH 6.7, an increase in  phosphate buffer capac- 
ity from 0.004 to 0.04M increases the wave II height 
fivefold to a magni tude  about 20 times that  of wave I. 
2. NMN+. - -NMN + displays a single cathodic wave 
(wave I) below pH 6 (Table III) .  At pH 1, the wave 
is i l l-defined (it has kinetic character) and occurs near 
background discharge. With increasing pH, wave I de- 
creases in height to a l imit ing value at pH 4-5 (equiv-  
alent  to a le reduction) and becomes diffusion con- 
trolled; the height remains  constant  to pH 10-11, where 
it begins to decrease because of hydrolysis. El~2 is in-  
dependent  of pH up to pH 5, becomes about 80 mV 
more negative between pH 5.0 and 7.5, and then is 
constant  up to pH 12; the shift is due to the secondary 

Table III. Variation in polarographic behavior of NMN + with pH 

W a v e  I W a v e  I I  

B u f f e r  Cone . ,  W a v e  W a v e  B a c k g r o u n d  
No.  p H  r a M  --EII~,  V slope,a  m V  Ib X c --E1/2,  V s lope ,  a m V  Ib xe s h i f t  a, m V  

1 1.0 0.30 0.88 89 6.0 . . . . .  260 
2 2.1 0.30 0.91 81 3.7 0.20 . . . .  230 
2 2.9 0,28 0.91 81 2.30 0.33 . . . .  280 
2 4.4 0.29 0.89 63 1.59 0.45 . . . .  180 
3 5.0 0.28 0.90 68 1,40 0.51 . . . .  250 
3 5.0 0.48 0.98 50 . . . . . . .  
3 5.4 0 .29 0.90 70 1.41 - -  - -  - -  - -  290 
2 6,1 �9 0.32 0.92 86 1.36 0.50 1.58 -- 11~ -- 0.14 0 
2 7.10 0.32 0.96 65 1.36 0.50 1.60 97 1,87 0.19 0 
2 8.0 �9 0.32 0.97 60 1,30 0.51 1.64 100 1 .80 0.38 0 
4 9.0 0 .26 1.08 50 1.3 - -  1.72 - -  - -  - -  
4 9.3! 0.28 1.03 50 1.38 -- 1,73 90 1.47 -- 0 
5 9.3 0,28 0.96 65 1.43 -- 1.63 89 1.82 -- 0 
5 9.3 k 0.28 0.93 71 1.43 1.56 79 1.65 -- 0 
4 9 . 4 *  0 . 2 9  0 . 9 8  6 7  1 . 3 7  0~'1 1.63 92 1.64 0.35 0 
6 9.6 0.29 1.08 56 1.28 0.50 1,64 83 1.49 0,51 
8 11.8 t 0.26 0.98 64 . . . . . .  0 

�9 W a v e  s lope  c a l c u l a t e d  as  (E~/4 - -  Ea /D.  
b D i f f u s i o n  c u r r e n t  c o n s t a n t ,  I = id/Cm~/~tl/8. I n  o r d e r  to  c o m p a r e  r e l a t i v e  w a v e  h e i g h t s ,  I v a l u e s  h a v e  b e e n  c a l c u l a t e d  in  s o m e  cases  fo r  

w a v e s  w h o s e  l i m i t i n g  c u r r e n t s  a r e  no t  d i f fu s ion  c o n t r o l l e d .  
P o w e r  of t h e  c o r r e c t e d  m e r c u r y  h e i g h t  i n  i = K h~. H e i g h t  d e p e n d e n c e  d e t e r m i n e d  u s i n g  3-6 m e r c u r y  h e i g h t s .  

a S h i f t  i n  b a c k g r o u n d  d i s c h a r g e  in  t h e  p r e s e n c e  of  t h e  e l e c~ roac t i ve  spec i e s  c o m p a r e d  to t h a t  fo r  t h e  s u p p o r t i n g  e l e c t r o l y t e  a lone .  
�9 T r i t o n  X - 1 0 0  (0 .0001%) a d d e d  to o b t a i n  p o t e n t i a l  d a t a  f o r  f i r s t  w a v e .  
t NMN+ is u n s t a b l e  in  b a s i c  so lu t ions .  
J I o n i c  s t r e n g t h  = 0.10M. W a v e  I I  i l l - d e f i n e d .  
k I o n i c  s t r e n g t h  = 2 .0M.  
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Fig. 3. D-C and a-c polarograms of 0.77 mM |-methyl-3-car- 
bamoylpyridinium ion in pH 7.4 McHvaine buffer. (Cf. Fig. 4 
caption for curve identification.) 

phosphate dissociation of NMN + [the corresponding 
pKa for AMP is between 6.0 and 6.7 (28)]. MCP +, as 
expected, does not exhibit  a similar  E1/2 shift. 

At pH 6, where the background discharge potential  is 
identical to that  for background alone, il for wave II 
is kinet ical ly controlled and greater than  that of wave 
I, since it resu l t s - - s imi la r ly  to MCP + - f r o m  s imul tane-  
ous formation of the 2e product by a second le addi-  
t ion to the pyr idine r ing and catalytic hydrogen evolu-  
tion. Below pH 6, the wave II height increases rapidly 
with decreasing pH, which accounts for the positive 
shift in background discharge, i.e., unless polarographic 
sensit ivi ty is very low, the rising portion of wave II 
serves as discharge. Above pH 6, wave II decreases in 
height, reaching at pH 9 a height identical to that  of 
wave I; above pH 10, it is obscured by reduction of 
nicot inamide formed by NMN + hydrolysis. 

Consequently, due to hydrogen evolution at lower 
pH and decomposition at higher pH, the characteristics 
of waves I and II can be studied thoroughly and s imul-  
taneously only between pH 9 and 10. The polarographic 
pat terns obtained in  this pH region depend on ionic 
s t rength and surfactant  presence, e.g., Et4N +. The lat ter  
is adsorbed at the interface in the potential  region 
where faradaic processes occur. Wave II is also better  
defined in  presence of KC1. 

Increase in ionic s t rength (pH 9.3 KC1/carbonate 
buffer) from 0.1 to 2.0M shifts waves I and II posi- 
t ively by 100 and 170 mV, respectively (Table III) .  
Wave II, which appears as an ill-defined shoulder on 
background discharge at low ionic s t rength (0.1M), be-  
comes well-defined at higher ionic s t rength with a 
height about equal to that  of wave I. However, with 
increasing Et4NC1 concentrat ion (ionic s t rength held 
constant) ,  wave I shifts to more negative potential  and 
wave II appears and grows in height; the background 
discharge potential  remains  constant. 

At sufficiently high Et4NC1 concentration, e.g., buffer 
6, NMN + exhibits two well-defined, diffusion-con- 
trolled (h and tempera ture  variations) waves of about 
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Fig. 4. D-C ond a-c polarograms of 0.32 mM NMN + in pH 
9.6 Et4NCI/carbonate buffer. D-C polarograms shown with and 
without electroactive species present. Solid lines represent in-phase 
(lower curves) and quadrature (upper curves) components of total 
a-c current; dashed lines represent corresponding background 
currents. 

equal height, whose I values correspond to le processes 
(Fig. 4). Wave I slope varies with tempera ture  (1.4 ~ 
36.0 ~ as expected for a reversible wave. Wave II is 
irreversible, based on its slope. With increasing con- 
centration, the two waves remain  of equal height, bu t  
wave I El/2 shifts from --1.12V at 0.01 mM to --1.06V 
at 0.86 raM. 

Cyclic vo l tammetry . - -The  results discussed were ob- 
tained at a hanging mercury  drop electrode (hmde),  
e.g., Tables IV and V, except for those in the subsection 
on the pyrolytic graphite electrode (pge). 
1. MCP+.- -At  slow scan rate (v = 0.1 V/sec),  sweeps 
to more negative potential  above pH 9 produce a cath- 
odic peak at --1.13V (wave I process). Below pH 9, an 
additional cathodic peak appears at --1.70V due to the 
catalytic process; at pH 7.3, the rising portion of this 
peak serves as background discharge. 

Table IV. Effect of scan rate on cyclic voltammetric 
behavior a of MCP + and NMN + 

S c a n  C a t h o d i c  p e a k  A n o d i c  p e a k  
r a t e ,  

V / s e e  --~pc, V ~pc, ~tA ~p/Vl/2 --Epa, V ~pa, ~ A  ~pa/ipe 

M C P  (0.90 raM)  
0.10 1.13 7.75 24.5 0.32 2.00 0.26 
0.15 1.14 9.25 23.9 0.32 2.75 0.30 
0.20 1.14 10.25 22.9 0.32 4.25 0.41 
0.48 1.14 18.0 26.1 0.31 8.00 0.44 
0.80 1.14 23.0 25.7 0.28 10.00 0.43 
1.00 1.15 26.0 26.0 0.26 13.0 0.50 
2.50 1.15 42.0 26.6 0.25 22.0 0.52 

N M N  (0.78 r aM)  
0.10 1.22 5.70 18.0 0.13 2.60 0.46 
0.15 1.22 7.00 18.4 0.13 3.50 0.50 
0.20 1.22 7.80 17.4 0.13 3.70 0.47 
0.80 1.24 13.7 15.3 0.13 6.81 0.50 
1.00 1.25 14.7 14.7 0.12 7.36 0.50 
2.50 1.25 24.2 15.3 0.12 12.1 0.50 

, D a t a  fo r  f i rs t  c a t h o d i c  p e a k  (Ic) a n d  f o r  a n o d i e  p e a k  c o r r e -  
s p o n d i n g  to o x i d a t i o n  of the r e s u l t i n g  u l t i m a t e  r e d u c t i o n  product 
i n  p H  9.0 c a r b o n a t e  buffer, 



Table V. Effect of rapid scan rate on cyclic voltammetric 
reduction a of MCP + and NMN + 

P e a k  I P e a k  I I  
24 

Scan r a t e .  
V / s e e  ip, ~ ip/vll 2 •p, ~ ipl~ 

M C P  (0.80 raM)  
4,48 50.0 23.6 
6.72 57.5 22.2 
8.96 60.0 20.0 

11.2 65.0 19.5 
13.4 70.0 19.5 
15.7 72.0 18.2 
17.9 80.0 18.9  

N M N  (0.87 m M ) b  
2.40 27.0 17.4 
4.80 38.0  18.0 
7.20 47.0 17.5 
9.60 53.0 16.8 

12.0 56.0 17.2 
14.4 63.0 16.2 

29.0 6.5 
50.0 7.5 
60.0 6.7 
75.0 7.1 
95.0 7.1 

110 6.7 
120 6.7 

�9 D a t a  for pH 9.25 K C l / c a r b o n a t e  buffer. 
b The second NMN+ cathodic peak is  not  w e l l  de f ined .  

Potential sweep reversal immediately after peak Ic 
produces a pH-independent anodic peak (Ep = --0.3 
to --0.4V), due to oxidation of the le reduction prod- 
uct to MCP +, which shifts positively with increasing 
v and merges with anodic background discharge above 
5 V/sec (Table IV). The ratio of anodic to cathodic 
peak heights varies with experimental conditions from 
0.5 or less to nearly one, e.g., at v -- 0.1 V/sec, the ratio 
decreases with decreasing pH due to acid catalyzed de- 
composition of the reduction product (cf. discussion of 
reduction product stability). 

At pH 9.3, the  peak  Ic cur ren t  function,  i p / V  112, is a l -  
most  constant  wi th  increas ing v, indica t ing  diffusion 
control  (Table  V).  The peak  IIc cur ren t  increases  
m a r k e d l y  wi th  increas ing v, surpass ing  the peak  I 
cur ren t  above 9 V/sec;  the  broadness  of peak  I I  and 
the  re la t ive  constancy of i ts ip/v rat io  wi th  increas ing 
v a re  suggest ive  of an adsorp t ion-cont ro l led  fa rada ic  
process.  

An  anodic peak  complemen ta ry  to cathodic peak  Ic 
appears  on ly  at v exceeding  20 V/sec,  whe re  potent ia l  
reversa l  at  40 mV or  more  beyond peak  Ic (Ep ----- 
--1.26V) produces  an anodic peak  (Ep = --1.20V) 
( the peak  is b a r e l y  ev ident  a t  16 V/sec)  (Fig. 5). The 
60 mV peak  potent ia l  difference suggests  a revers ib le  
le  process. Appea rance  of a revers ib le  anodic peak  
only  at  h igh v demons t ra tes  the  presence of a chemical  
react ion fol lowing charge  t ransfer .  The p rewave  or  
p repeak  at  ca. --0.6V is due ~o adsorp t ion  of the  r educ -  
t ion product .  No anodic  peak  complemen ta ry  to peak  
IIc appears .  

2. N M N  + . - T h e  cyclic vo l t ammet r i c  behavior  of NMN + 
is genera l ly  s imi lar  to tha t  of MCP +. At  v ---- 0.1 V/sec,  
a single i l l -def ined peak  Ic (Ep ---- --0.93V) is p roduced  
at  low pH, close to background  discharge.  Wi th  in-  
creasing pH, Ic becomes be t te r  defined and its cur ren t  
decreases  to a l imi t ing  va lue  above pH 6; Ep becomes 
more  negat ive  be tween  pH 5 and 7 and then  is constant  
(Fig. 6), s imi la r  to dine wave  I. On va ry ing  v f rom 
0.005 to 0.5 V/sec  at  pH 8.0, the  i p / •  1/2 rat io  remains  
constant,  suggest ing diffusion control,  but  Ep shifts  20 
mV more  negative.  

In  s l ight ly  a lka l ine  solution, peak  IIc (Ep _ --1.69V 
at pH 9) appears .  The fact  tha t  its cur ren t  is less than  
10% tha t  of Ic, suppor ts  the  u l t imate  wave  I p roduc t  
not  being fu r the r  reduced  in the wave  II  process. (Peak  
IIc may  also be due in par t  to reduct ion of n icot inamide  
present  as a minor  impur i t y  or formed by  NMN + h y -  
drolysis ;  cf. discussion of control led  potent ia l  e lec-  
t rolysis .)  

Revers ing the  potent ia l  sweep af ter  the  appearance  
of e i ther  peak  Ic or  IIc yields  a single anodic peak  Ia, 
corresponding to oxida t ion  of the  le  reduct ion  p rod -  
uct. In  a lka l ine  solution, repe t i t ive  cycl ing in a po ten-  
t ia l  region, which includes peaks  Ic and Ia, causes no 
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Fig. 5. Cyclic voltammograms in pH 9.0 carbonate buffer of 
(A) NMN + (0.48 raM; scan rate = 20 V/sec) and (B) |-methyl- 
3-carbamoylpyridinium ion (1.22 raM; scan rate - -  90 V/sec). 
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Fig. 6. Variation in potential of (A) cathodic peak Ic and 
(B) anodic peak la (oxidation of ultimate peak Ic reduction prod- 
uct) of NMN + with pH on cyclic voltammetry at the hanging 
mercury drop electrode or hmde. Scan rate = 100 mV/sec. 

diminution of the cathodic peak current, indicating 
that the oxidation regenerates the original electroactive 
species. If the sweep is reversed before peak Ia is 
reached, the peak Ic current is about 5-10% less. Other 
evidence indicates the peak current ratio of 0.5 (Table 
IV) to be fortuitous, e.g., after controlled potential 
electrolysis, the anodic peak exceeds 0.5 times the 
original cathodic peak. 
Above pH 7, peak Ia Ep is pH-independent at --0.27V 

(Fig. 6). Below pH 7, the oxidation becomes more dif- 
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ficult with decreasing pH. Below pH 6, the peak Ia cur-  
rent  decreases rapidly with decreasing pH due to acid 
instabi l i ty  of the le reduction product. 

NMN + exhibits a detectable anodic peak, reversible 
or complementary  to peak Ic, at and above 6 V/sec 
(Fig. 5), whereas MCP + exhibits such a peak only 
above 16 V/sec, suggesting that the pr imary  oxidizable 
product in the Ic process reacts chemically more rap-  
idly in  the case of MCP § 

3. Cyclic Voltammetry at PGE.- -The  behavior of 
MCP + and NMN + at the pge (Fig. 7A and 8) is essen- 
t ial ly the same as at the hmde (differences are l ikely 
to be due to greater adsorption on the pyrolytic graph-  
ite electrode or pge).  At pH 10, MCP + shows peak Ic 
(g ,  -- --1.16); on the reverse sweep, the resul t ing 
product is oxidized at --0.34V. Similarly, NMN + at pH 
9.6 shows a cathodic peak at --1.12V and an anodic 
peak at --0.04V. 

Although oxidation of the postulated dihydropyridine  
product of the wave II  process cannot be seen at the 
dme or hmde due to prior oxidation of mercury,  it is 
readily observed at the pge (cf. section on controlled 
potential  electrolysis). Oxidation of 1,4-NMNH, which 
is  a possible 2e reduction product of NMN +, is shown 
in  Fig. 8. A negative potential  sweep produces no cath- 
odic behavior other than  that  due to NMN +, present  as 
an impuri ty ;  on the r e tu rn  sweep, an anodic peak ap- 
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Fig. 1. Electrolysis of 1.20 mM 1-methyl-3-carbamoylpyridinium 
ion in pH 10 Et4NCI/carbonate buffer. Cyclic voltammograms 
at the pge: A, before electrolysis; B, after electrolysis at - -1 .40V;  
C, after electrolysis at - -1.80V. 
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Fig. 8. Cyclic voltammogroms of NMN + (1.44 mM) and 1,4- 
N M N H  (i .30 raM) at the pge in pH 9.6 Et4NCI/carbonate buffer. 
Scan rote - -  100 mV/sec. 

pears at 0.35V due to oxidation of 1,4-NMNH. When 
the sweep is again reversed toward more negative po- 
tential,  a cathodic peak appears at --1.12V due to re- 
duction of NMN + produced on the anodic sweep. 

A.-C. polarography.--In the potential  region where 
there is no faradaic process, the quadra ture  (out-of-  
phase) a-c current  component  is proport ional  to the 
differential double layer  (DL) capacity at the solution- 
electrode interface and thus provides a convenient  in-  
dex to adsorption at the interface of the electroactive 
species and its products. 

The init ial  discussion of the behavior of MCP + is 
based on a-c polarography at 50 Hz with a 3.54 mV rms 
ampli tude and a 3 sec droplife, e.g., Fig. 10A. 

In  the potential  region prior to the first reduction 
step, the DL capacity is only slightly altered by even 
a relat ively high MCP + concentrat ion (1.2 mM). An 
apparent  t rend towards greater  adsorption with in -  
creasing negative potential  beyond the electrocapillary 
max imum (ecru) is not unexpected for a positively 
charged species; however, l i t t le  can be said concerning 
the adsorbabil i ty of MCP + beyond --0.9V because of 
its reducibility. 

The faradaic peak ( in-phase component)  at --1.07V 
corresponds to the wave I process. DL capacity changes 
in this potential  region are due to surface-act ivi ty of 
the dimeric reduct ion product. The quadra ture  re-  
sponse is complicated by the s imultaneous faradaic 
current  increase due to the reduct ion and capacity 
current  decrease due to strong adsorption of dimer. A 
tensammetr ic  peak at --1.43V (due to desorption of 
dimer)  is pr imar i ly  capacitive in  na ture  but  has a re-  
sistive in-phase component  at --1.41V, probably  be-  
cause the adsorpt ion-desorpt ion process is part ial ly 
diffusion controlled thus int roducing a resistive compo- 
nent  to the electrode impedance (absence of a d-c 
polarographic wave at about --1.4V is proof that  the 
a-c peak arises from adsorption-desorption phenom-  
ena) .  Increases in MCP + concentrat ion and ionic 
s trength decrease the DL capacity in the Vicinity of 
--1.0V, increase the tensammetr ic  peak height, and 
shift the lat ter  to more negative potential, as the result  
of an increase in  the surface activity of the dimer. 

The faradaic peak at --1.62V corresponds to the wave 
II process; no quadra ture  component  is observed. The 
DL capacity in this potential  region is identical to that  
for background electrolyte alone, showing that  the 2e 
reduct ion product is nOt adsorbed in  the potential  re-  
gion where it is formed. 

Addit ional  evidence concerning the adsorbabil i ty of 
the two reduct ion products was obtained from the a-c 
polarographic behavior  of solutions of the products 
prepared by control led-potent ial  electrolysis (cf. sec- 
t ion on la t ter) .  

Replacement of KC1/carbonate buffer by Et4NC1/ 
carbonate buffer considerably alters the pat tern;  ad-  
sorption effects are largely eliminated, i.e., the DL 
capacity is essentially identical to that  for background 
electrolyte alone. A shoulder on the in-phase and quad-  
ra ture  components of wave I may indicate a shift of the 
tensammetr ic  peak seen in  KC1/carbonate buffer to 
more positive potential  due to preferent ial  adsorption 
of Et4N +. 

In  pH 7.4 McIlvaine buffer, the behavior of MCP + 
is essentially the same as in KC1/carbonate buffer, ex-  
cept that the catalytic hydrogen wave obscures the in-  
phase potential  region beyond --1.4V (Fig. 3). The 
quadrature  component in this potential  region is rela-  
t ively unaffected. 

The following behavior of MCP + and NMN + was 
observed, using a signal of 7.1 mV rms ampli tude at 
50-800 Hz, and a na tura l  droptime (Table VI).  

A well-defined in-phase  peak, which corresponds to 
wave I, is observed in pH 5.2 acetate and pH 9.0 car- 
bonate buffers for MCP + (Es ---- --1.10V) and for 
NMN + (Es ---- --1.03 and --1.15V). Peak currents  are 
only a small fraction of those calculated for a reversi-  
ble le process uncomplicated by accompanying chemi- 
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Table VI. Phase-selective a-c polarograpbic behavior of 
1-methyl-3-carbarnoylpyridinium ion (MCP +) and 

nlcotinamide mononucleotide (NMN +) 

pH�9  

MCP + NM.N+ 
Fre -  

qtleney,b C ~ . ,  Conc., 
Hz - -E, ,  V iv, ~A m M  --E, ,  V i, ,  ~A 

S.2 50 0.98 1.08 0.80 0,48 
I00 1.00 0.88 
200 I . I0  0.60 
S00 1.1O 0.60 
800 

1000 
50 3.47 1.08 1.70 

100 1.06 1.85 
200 1.10 1.80 
S00 I.II 1.30 

9.0 50 0.90 I . I0  0.50 0.40 
I00 1.10 0,55 

1.02 0,11 
1.02 0.26 

1,03 0.85 
1,03 1.32 
1.03 1.60 

1.15 0.12 
1.16 0 .19 

�9 Buffers  No. 3 and 4 w e r e  used  In these  exper iments .  
b Blanks  indicate  that  m e a s u r e m e n t s  were  not made  at the con- 

dit ions involved.  

cal reactions (29); loss of the pr imary  electrochemical 
product by a chemical reaction would account for this. 
The variat ions of Es and is with f requency are as ex-  
pected for a chemical reaction involving the pr imary  
product. 

MCP + shows addit ional  peaks at --1.39 and --1.69, 
which correspond to the tensammetr ic  process and 
wave II. 

In  both pH 9.3 KC1/carbonate and pH 9.6 Et4NC1/ 
carbonate buffers at 50 Hz (Fig. 4), NMN + gives fara-  
daic peaks at --1.12 and --1.64V, which correspond to 
the two d-c waves. Addit ion of NMN + causes li t t le 
al terat ion in  the DL capacity, indicating no appreciable 
adsorption of ei ther NMN + or the two reduced species. 
Increase in ionic s t rength at pH 9.3 from 0.1 to 2.0M 
slightly increases the surface activity of NMN + but  
nei ther  product is adsorbed. Similar  behavior  is seen 
in acidic solution; gs for wave I becomes more positive 
below pH 6 in accord with the d-c behavior. 

In  Et4NC1/carbonate buffer, the a-c currents  for the 
faradaic NMN + processes represent  less than 3% of 
that expected for a simple reversible le process and 
are not appreciably al tered on increasing the a l te rna t -  
ing voltage from 50 to 800 Hz. Thus, both a-c polaro- 
graphic steps are over-al l  irreversible. 

Control led potent/a~ e~ectroIysis and c o u l o m e t r y . - - l .  
M C P  + w a v e  I p r o c e s s . w M C P  + (1.20 mM) was electro- 
lyzed in pH 10 buffer 5 at --1.25V, at which potential  
adsorption of the reduct ion product  would be expected, 
and in  pH 10 buffer 6 at --1.40V, at which potential  the 
DL capacity is identical to that for background alone; 
except where subsequent ly  indicated, the final electro- 
lyzed solutions had near ly  identical faradaic and spec- 
t ral  properties, thus showing little effect due to adsorp- 
t ion on the na ture  of the electrolysis products. A fara- 
daic n of 0.96 • 0.01 was obtained. A persistent  bright  
greenish-yel low color developed dur ing electrolysis. 
Shift ing of the applied potential  to --1.80V, when  elec- 
trolysis was complete, gave no additional current  flow, 
confirming that  the final wave I product is nei ther  an 
intermediate  in the formation of wave II nor  fur ther  
reduced to a different product. 

Solutions before electrolysis had the single charac- 
teristic MCP + absorption band at 264 nm (e ---- 4600) 
[ l i terature (22): ~max = 264 nm; ~ ---- 4600] (Fig. 9A). 
Spectra, taken after electrolysis, had maxima at 277 nm 
(~ = 12,500) and 358 n m  (e = 8300) (Fig. 9B) (e val-  
ues, calculated asusming a dimeric wave I product, are 
averages for the two backgrounds) .  

Polarography of the electrolyzed solution showed ab-  
sence of the two MCP + cathodic waves and a diffusion 
controlled (h study) anodic w a v e  ( E l / 2  = --0.45V in 
buffer 5) (Fig. 2B), which was 71% of the wave Ic 
height. On cyclic vol tammetry  at the pge (Fig. 7B), a 
sweep init iated at --0.75V showed only background 
behavior;  on the r e tu rn  sweep, a large anodic peak ap-  
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Fig. 9. Electrolysis of 1.20 mM I,methyl-3-carbamoylpyridinium 
ion in pH 10 Et4NCI/carbonate buffer. Absorption spectra ob- 
tained by a 1/25 dilution of electrolysis solutions with buffers 
indicated. Solid line (pH 10 carbonate buffer): A, before elec- 
trolysis; B, after electrolysis at --1.40V; C, after electrolysis 
at --1.80V. Dashed line (Mcl[vaine buffer): B, acid catalyzed 
decomposition product of dimer (final pH = 7.4); C, acid catalyzed 
decomposition product of dihydropyridine species (final pH - -  4.5). 

peared at --0.34V. On fur ther  reversal  toward more 
negative potential, a cathodic peak due to reduction 
of MCP + appeared at --1.17V. Thus, the reduction 
product formed under  lengthy macroscale conditions is 
the same as that  formed under  the more temporal  con- 
ditions of cyclic vol tammetry;  oxidation of this product 
produces the start ing material.  

A-C polarography of the electrolyzed solution showed 
the absence of faradaic peaks corresponding to 
MCP + reduction (Fig. 10B) and the presence of both 
in-phase and quadra ture  components of the tensam- 
metric process involving dimer desorption at --1.4V. 
This is added support  for the previous in terpre ta t ion 
of the a-c polarographic pa t te rn  of MCP + (Fig. 10A). 
Actually, the dimer is strongly adsorbed over a ra ther  
wide potential  region on both sides of the ecm. The 
faradaic peak at --0.30V (in-phase component)  cor- 
responds to the d-c anodic wave and exhibits a maxi-  
m u m  of the first k ind as does the d-c wave. 

Electrolytic oxidation of the MCP dimer solution at 
--0.40V consumed less than  one electron per original 
MCP + molecule. The resul t ing solution showed a well-  
defined polarcgraphic wave, whose E1/2 of --1.05V 
agrees with that  of MCP + and whose height agreed 
with the faradaic n just  mentioned.  

These results may be rationalized on the basis of the 
product of the wave I process being a dimer, which 
slowly decomposes. The magni tude  of the anodic wave 
due to the dimer may be less than that of the predeces- 
sor cathodic wave due to (i) chemical decomposition of 
the dimer (cf. discussion of its acid-catalyzed hydroly-  
sis) and (ii) an expected difference in diffusion coeffi- 
cients between the original species and the derived 
dimer (if decomposition is assumed to be negligible, 
a ratio of 0.71 for the anodic-cathodic wave heights cor- 
responds to a diffusion coefficient ratio of 0.50). 

2. M C P  + w a v e  II process . - -Elec tro lyses  in both back-  
grounds at --1.80V gave a faradaic n of 1.95 • 0.02, and 
colorless solutions of near ly  identical spectral and 
faradaic properties, e.g. ,  maxima at 270 nm (s = 11,- 
400) and 358 n m  (e = 6600) (Fig. 9C), and the ab-  
sence of both original cathodic waves and no new 
waves corresponding to oxidation of the 2e product 
(Fig. 2C) ; a small amount  of the le product was formed 
(2.5 • 0.5% as estimated from the anodic wave height) .  
Oxidation of the 2e product is readi ly observed at the 
pge (Fig. 7C). Sweep 1 to negative potential, init iated 
at --0.75V, shows only background cathodic behavior;  
on the re tu rn  sweep, a large anodic peak appears at 
--0.04V due to oxidation of the 2e product; subsequent  
reversal  toward more negative potential  (sweep 2) 
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Fig. 10. Electrolysis of 1.20 mM l-methyl-3-carbamoylpyrl- 
dinium ion in pH 10 KCI/carbonote buffer. A-C polarograms: A, 
before electrolysis; B, after electrolysis at --].25V; C, after 
electrolysis at 1.80V. The upper pair of curves represent the 
quadrature component; the lower pair represent the in-phase com- 
ponent; dashed lines correspond to background current. 

produces a cathodic peak at --1.18V due to reduction 
of MCP + formed dur ing the oxidation step. F ina l ly  
when  the sweep is once again reversed toward more 
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positive potential, an  anodic  peak appears at --0.34V 
(dimer oxidation) in  addit ion to the one at --0.04V. 

A.-C polarography of the electrolyzed solution shows 
the expected absence of faradaic behavior  (Fig. 1OC). 
Absence of the tensammetr ic  process at --1.4V fur ther  
supports assignment of this peak to dimer desorption. 
The 2e product, which is less s trongly adsorbed 
than the le product, most s trongly affects the DL ca- 
pacity in the potent ial  region on either side of the ecm; 
it is involved in a ra ther  broad desorption hump cen- 
ter ing at --1.12V. Beginning at about --1.5V, the DL 
capacity is identical to that  for background alone, con- 
firming that the 2e reduct ion product is not adsorbed 
in  the potential  region of its formation. 

3. Stability of MCP + reduction products.--The tem-  
poral stabil i ty was determined by keeping an aliquot 
of each pH 10 electrolyzed solution at 25~ under  ni t ro-  
gen for 2 hr  and periodically r unn i ng  spectra. Based on 
the 358 nm adsorption, the dimer concentrat ion de- 
creased at a rate of 6%/hr  and that of the 2e product 
at 2%/hr.  Since the t ime required for electrolysis was 
relat ively short (40 mi n  for the le product  and 60 rain 
for the 2e product) ,  l i t t le product  was lost and molar  
absorptivities were calculated assuming no loss. 

Aliquots of each solution were also di luted (1/25) 
with carbonate or McIlvaine buffer (room tempera ture  
under  air) to obtain solutions of pH 9.3, 7.4, and 4.5; 
the dimer  half- l i fe  in  these was 112, 5.1, and 0.1 rain, 
respectively, emphasizing the rapid increase in decom- 
position rate with decreasing pH. In  all cases, as the 
two dimer  absorption bands decreased in intensity,  a 
new band developed at 296 n m  (Fig. 9B). At pH 7.4, an 
isosbestic point formed at 331 rim, suggesting that  the 
dimer decomposed directly to its acid catalyzed prod- 
uct without going through an intermediate.  At pH 4.5, 
the 296 nm band  formed rapidly but  then slowly de- 
creased in intensi ty;  this phenomenon was not invest i -  
gated further.  At  pH 9.3, the final decomposed solution 
also had a small  shoulder at 265 rim, which may  be due 
to oxidation of a small port ion of the dimer to MCP + 
in  the presence of air (under  the exper imental  condi- 
tions, this reaction is slow compared to the acid cata- 
lyzed decomposition; cf. subsequent  discussion). 

The effect of pH on stabil i ty of the 2e product is 
similar, except that, at any given pH, the decomposi- 
t ion is much slower. In  pH 9.3 carbonate buffer, the 
half-l ife of the 2e product was 420 rain; as the absorp- 
t ion band due to the acid catalyzed product  developed, 
an isosbestic point  formed at 316 nm. No evidence of 
direct oxidation by air was found. In  pH 4.5 McIlvaine 
buffer, the final acid catalyzed product had an absorp- 
t ion band at 298 nm (Fig. 9C). 

In  another  experiment,  aliquots of solutions of both 
reduction products were diluted (1/2) with carbonate 
or McIlvaine buffer to pH 9.9 and 7.7 solutions, which 
were examined after 24 hr  (room temperature  under  
air) .  Polarography of the d imer  solutions revealed dis- 
appearance of the anodic wave and, at pH 9.9, the pres-  
ence of a broad wave characteristic of H202, super im- 
posed on which was the MCP + pat tern;  based on the 
wave II height, 49% of the dimer  was oxidized. This 
solution had.~peaks at 264 n m  due to dimer oxidation 
and at 292 nm due to acid decomposition of dimer;  the 
in tensi ty  of the la t ter  accounted for 32% of the dimer. 
Thus, about 81% of the d imer  could be accounted for. 
At pH 7.7, the spectrum indicated vi r tual ly  complete 
decomposition of dimer;  a polarogram revealed only 
solution discharge at ca. 0.25V more positive than.  for 
background electrolyte alone. Evidently,  the decom- 
position product catalyzes hydrogen ion reduction un -  
der the conditions used. 

The pH 9.9 2e product solution also gave a H202 
wave, which was much smaller  than  that  for the le 
product, a/ld the MCP + pattern,  which accounted for 
12% of the 2e product. Analysis  at the pge indicated 
that  60% of the 2e product  still remained;  absorption 
at 358 nm showed 57% 2e product. The increased ab-  
sorption in  the 280-300 n m  region indicated that  the 2e 
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product  not  accounted for (approximately  30%) prob-  
ably  had decomposed to the acid catalyzed product. 
At pH 7.7, v i r tua l ly  all of the 2e reduct ion product  de-  
composed (based on the spect rum and the absence at 
the pge of the 2e product  anodic peak) ;  a polarogram 
revealed only solution discharge at 0.12V more posi- 
tive than  for background electrolyte alone (the decom- 
position product  of the 2e reduct ion product  also cata-  
lyzes hydrogen ion reduct ion) .  

4. NMN + wave  I process.--Electrolysis on the l imit ing 
portion of NMN + wave I at --1.2 or --1.3V (general ly 
in  pH 9.6 buffer 6, where the NMN + waves a r e  well  
defined and diffusion controlled) gave n values of 1.00 
___ 0.01. A t rans ient  greenish-yel low color reached 
m a x i m u m  intens i ty  when  electrolysis was 80-90% com- 
plete. When electrolysis was cont inued for an addi-  
t ional 0.5 hr after the cur ren t  fell to background level, 
the cur ren t  remained unchanged but  the color d imin-  
ished in  intensity,  yielding a clear, faint ly yellow so- 
lution. A plot of log cur ren t  vs. t ime was linear,  show- 
ing that  the electrolysis rate was first order and that  
no mechanistic complications were involved such as a 
slow chemical step prior to electron t ransfer  or forma-  
tion of an intermediate  which could undergo a slow 
chemical t ransformat ion followed by fur ther  reduction. 

The results (cf. also subsequent  discussion) suggest 
that  most of the NMN + is direct ly converted to a re la-  
t ively stable dimer which does not absorb appreciably 
in the visible region. A small portion may be involved 
in  formation of an unstable  by-product ,  which pro-  
duces the t ransient  color and slowly decomposes to a 
compound which is not  reduced at the applied poten-  
tial. 

The two characteristic NMN + cathodic waves were 
absent  from polarograms of the electrolyzed solutions; 
two new waves appeared, one anodic (E1/2 ---- --0.25V) 
and a smaller  cathodic wave  (El/2 = --1.6 to --1.TV, 
depending on pH) ;  the la t ter  corresponds to reduct ion 
of free nicotinamide.  The anodic wave is diffusion con- 
trolled and independent  of concentrat ion;  it corre- 
sponds to oxidation of dimer  to NMN + and correlates 
with the cyclic vol tammetr ic  anodic peak. Electrolysis 
on its l imit ing port ion (--O.IV) regenerated NMN +. 

Pr ior  to electrolysis, the NMN + solution exhibits  the 
265 rim absorption band  (~ -- 4900) characteristic of 
the pyr id in ium ion (Fig. l l A ) .  On di lut ion with 1M 
KCN, the 265 nm band  is replaced by one at 327 nm 
(e -- 6300) (Fig. l l A )  due to cyanide addition at the 
4-position of the pyr id ine  r ing  [ l i terature (20, 30) : ~max 
-- 327 n m ; � 9  ---- 5900]. The 265 n m  band  also disappears 
dur ing  electrolysis, and bands with max ima  at 263 n m  
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Fig. 11. Flecttolysis of 1.37 mM NMN + in pH 9.6 Et~NCI/ 
carbonate buffer. Adsorption spectra obtained by o 1/25 dilution of 
electrolysis solutions with buffer indicated. Solid line (pH 9.6 
carbonate buffer): A, before electrolysis; B, after electrolysis 
at - - I .3V; C, after electrolysis at --].SV. Dashed line: A, cyanlde 
addition product of NMN + (1.0M KCN); B, acid catalyzed de- 
composition product of dimer (0.2M phosphate buffer; pH 6.7); C, 
acid catalyzed decomposition product of dihydropyridine species 
(0.1M phosphate buffer; pH 6.8). 

(~ = 7800) and 339 n m  (e = 7400) appear  and grow 
(Fig. l i B ) .  (~ values, calculated assuming a dimeric 
product, represent  the average for two electrolyses at 
pH 9.6.) Reduction of the pyr id ine  r ing dur ing  elec- 
trolysis is also indicated by the fact that  di lut ion of the 
electrolyzed solution with 1M KCN gave the same 
spectrum as di lut ion with carbonate buffer. 

5. NMN + wave II process.--Electrolyses on the l imi t -  
ing port ion of wave II  at --1.8V gave an  average n 
of 1.93. No t rans ient  color appeared; the completely 
electrolyzed solution was only a faint  yellow. Aliquots 
of the lat ter  solution, di luted with pH 9.6 carbonate 
buffer, had maxima at 259 n m  (~ = 4400) and 339 n m  
(e = 6500) (Fig. l l C ) .  Dilut ion with 1M KCN gave an  
identical spectrum, indicat ing involvement  of the pyr i -  
dine r ing in  the reduction. 

Polarograms of the electrolyzed solutions showed a 
small  dimer anodic wave; based on its height, approxi-  
mate ly  17% NMN + was converted to the le product. 
The pge vol tammetr ic  pa t te rn  was similar  to that  for 
1,4-NMNH (Fig. 8). 

6. Stability of NM N + reduction products .--At  pH 9-10, 
solutions of both NMN + reduct ion products exhibi t  two 
ul traviolet  absorption bands due to the reduced pyr i -  
dine structure.  Both products decompose in  pH 7 phos- 
phate so:ution (acid catalyzed hydrolysis) .  The decom- 
position rate increases with decreasing pH; at any  given 
pH, the dimer is less stable than  the 2e product. Dur-  
ing hydrolysis, the two absorption bands decrease in 
in tensi ty  and a more intense band develops at 278 n m  
(Fig. l l B  and l l C ) .  In  pH 2 McIlvaine buffer, the 278 
nm band  forms rapidly  bu t  then  slowly decreases in  
in tens i ty  with time. 

7. Mercury adduct formation.mMercury adducts were 
formed on adding HgCI~ solution (0.O4M phosphate 
buffer; pH 6.7) to solutions of each reduct ion product  
of MCP + and NMN§ the final solutions had a pH of 
9.3. On addition of excess HgCle, the two characteristic 
dimer absorption bands disappeared and a new band 
appeared a t  293 nm (~ -- 28,200) for MCP + and at 281 
(~ _-- 26,200) for NMN+; spectral properties of the 
adducts were much the same as those of the acid- 
catalyzed hydrolysis products. The dihydropyridine  
products behaved similarly;  unfor tunate ly ,  insufficient 
HgC12 was added to determine ~max and e. 

Addit ion of excess HgC12 or concentrated HC1 to 
relat ively concentrated MCP dimer solutions ins tan-  
taneously discharged the br ight  greenish yellow color 
due to loss of the 358 n m  band;  the tail  of this band  
extends well  out into the visible region and is u n -  
doubtedly responsible for the color. Al though the tail  
of the 358 nm band of the 2e product  extends almost 
as far out into the visible region as does that  of the 
dimer, its solutions are colorless. 

Redox Pattern 
The reaction scheme ou t l i ned  in  Fig. 1 seems best to 

fit the electrochemical, chemical, and spectral data for 
the redox behavior  of 1 -methyl -3-carbamoylpyr id in ium 
ion (MCP +), nicot inamide mononucleot ide (NMN +),  
and their  reduct ion products. 

The electrochemical behavior  of the MCP + and 
NMN + ions is in some ways similar  to that  of nicot in-  
amide itself (25). However, as might  be expected for 
a positively charged pyr id in ium nucleus, the first re-  
duction step is independent  of pH and occurs at s l ightly 
more positive potential ;  thus, two well  defined le  
waves appear in  sl ightly alkal ine solution ra ther  than  
the merging waves seen for nicot inamide (25). The 
ini t ial  reversible uptake of an electron to form a neu-  
t ra l  free radical (II) (source af  polarographic wave I) 
is followed by irreversible dimerization to an apparent  
6,6' dimer (IV). At  the wave II potential,  the ion (I) 
is reduced to the dihydropyr idine  (III)  (apparent ly  the 
1,6 species, al though some 1,4 isomer may be produced 
in the case of NMN + ) ; the dimer is not reduced at this 
potential.  The d imer  (IV) can  be oxidized to MCP + or 
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NMN + at a potent ial  considerably more positive than 
that of wave I; the dihydropyridine species (III) is 
oxidizable at still more positive potential.  

Other details of the individual  mechanistic steps and 
of the support ing evidence and arguments  are given in 
the following sections. 

Characterization of reduction products.--Although 
the three isomeric 1-substi tuted 3-carbamoyldihydro-  
pyridines can be dist inguished by their  nmr  spectra 
(31-35), much more emphasis has been placed on their 
characteristic ul t raviolet  absorption spectra in the 240- 
400 nm region (36-41). Most 1-substi tuted 3-carba-  
moylpyr id in ium ions show a single absorption band at 
about 265 nm, which, on reduction, is replaced by a 
single band at about 410 nm for 1,2-dihydropyridines 
and at about 350 nm for 1,4-dihydropyridines, and by 
two bands at about 285 and 360 n m  for 1,6-dihydro- 
pyridines;  these pat terns  have also been theoretical ly 
predicted (41). 

Postulat ion of the 6,6' dimer and the 1,6-dihydro- 
pyridine species for the two electrochemical reduction 
products of each compound reflects the two absorption 
bands observed in the 240-400 n m  region, e.g., Fig. 11. 
Although the 1,6 isomers are clearly the major  prod- 
ucts, small amounts  of other isomers might  be present, 
e.g., in the case of the 2e product, the 1,4 isomer would 
be expected to exhibi t  a single absorption band  at 
about the same wavelength  as the long wavelength 
band  of the 1,6 isomer, e.g., the 1,4 isomer of reduced 
MCP has a single band at 360 n m  (e ---- 7000) (42). In 
the case of NMN +, part icularly,  the presence of some 
1,4-isomer cannot be ent i rely excluded (compare Fig. 
l l C  and 12), especially since the 2e electrochemical 
reduction product  of NAD + is par t ia l ly  enzymatical ly 
active, indicat ing the presence of 1,4-NADH (43). The 
1,2 isomer can be excluded in all cases, because the 
final electrolysis solutions were essentially colorless. 

m 

0.6- 

/ I 

< O" I 
I I I i 

240 300 360 

WAVELENGTH, nm 
Fig. 12. Absorption spectrum of 1,4-NMNH (5,2 X 10-5M). 

Solid line: pH 9.4 carbonate buffer. Dashed line: pH 6.8 phos- 
phate buffer (O.2M) (acid catalyzed decomposition product of 
1.4-NMNH), 
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It should be ment ioned that  the val idi ty  of using 
spectral arguments  for the dihydropyridine  species for 
assigning the position of dimerizat ion in par t ia l ly  re-  
duced pyridines has not been thoroughly tested, e.g., 
using the criteria outlined, s tructures were readily as- 
signed to dimers of nicot inamide model compounds 
prepared by zinc reduct ion (37) bu t  others have sug- 
gested caution (44). 

The results of reducing MCP + by a variety of other 
than electrochemical methods are general ly  in  good ac- 
cord with those recorded in the present  study, e.g., i r -  
radiat ion with x- rays  results in free radical formation 
and a dimeric product (19, 45), whose physical and 
chemical properties, including even molar  absorptivi-  
ties, are in remarkab ly  close agreement  with those of 
the electrolytically prepared dimer. The same is t rue 
of the dimeric products prepared by Zn reduct ion (37, 
46) and of the 2e reduction product prepared with 
borohydride (47). 5 Dithionite  reduction, on the other 
hand, leads exclusively to a 1,4-dihydropyridine (31, 
32, 42). 

1. Hydrolysis of reduction products.--The two reduc- 
t ion products of each compound undergo acid-catalyzed 
decomposition even in neut ra l  or alkal ine solution con- 
ta ining such proton donors as I-I2PO4-. The decomposi- 
tion rate increases with decreasing pH; the dimer  is 
less stable than  the dihydropyridine  species at any 
given pH. The decomposition, which involves hydroly-  
sis of the 4,5 C = C  bond and is an example of enamine  
nucleophilicity (48, 49), accounts for the loss of ab-  
sorption in the 260 and 340 n m  regions and the con- 
comitant  increase in absorption in the 280 n m  region 
(Fig. 9 and 11). 

Since the two MCP + reduct ion products are directly 
oxidized in alkal ine solution by molecular  oxygen to 
MCP + and H202, two decomposition paths are possible 
on exposure to air. However, both reactions occur so 
slowly for the 1,6-dihydropyridine species that, after 
24 hr, only about 40% of the lat ter  is lost, less than  half  
of which is due to oxidation by O2; both reactions occur 
more rapidly for the dimer, all of which disappears 
after 24 hr with about half  being oxidized to MCP +. 
The more ready oxidation of the dimer by oxygen is 
consistent with the electrochemical oxidation poten-  
tials. 

The proposed structures of the reduct ion products 
are also supported by their  formation of mercury  ad- 
ducts, probably  in a m a n n e r  analogous to the addit ion 
of HgC12 to NADH (50, 51). 

2. Rationalization of previous results.nPrevious elec- 
trolyses (1) of MCP + did not take into account the 
acid instabi l i ty  of the reduct ion products. The product, 
isolated after electrolyses for several hours on the wave 
I potential  in pH 7-8.1 phosphate buffers, had a molec- 
ular  weight close to that  for a dimeric product  and a 
single absorption peak at 298 nm; it was postulated to 
be a 6,6' dimer. The final wave I electrolysis solution 
gave a cathodic polarographic wave at about  --1.65V 
(depending on pH),  which was at t r ibuted to reduction 
of the 4,5 double bonds of the dimer;  no ment ion  was 
made of an anodic wave due to dimer oxidation. Elec- 
trolysis on the --1.65V wave gave a n of 2.11 with no 
change in ul traviolet  absorption spectrum; this was ex-  
plained on the basis that, since the 4,5 double bond was 
only cross conjugated with the main  298 n m  chromo- 

I I I I 
phore, - - N - - C ~ C - - C = O ,  removal  of the 4,5 double 
bond by reduction would leave the basic chromophore 
intact. 

In  view of the present  results, the compound previ-  
ously isolated was actual ly the acid-catalyzed decom- 
position product of the dimer, which, in the pH range 
employed, has a ra ther  short half-l ife relat ive to the 
electrolysis periods used. This would account for pres-  
ence of the 298 nm band and absence of the anodic 

U n d e r  cer ta in  condi t ions ,  b o r o h y d r i d e  r e d u c t i o n  can  l e a d  to  al l  
t h ree  p roduc t s  (36-39, 47), 
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wave. The cause of the cathodic wave at --1.65V is less 
clear, since its characteristics were not given. In  pH 
7.7 McIlvaine buffer, the decomposition product of the 
dimer causes a catalytic hydrogen wave since back- 
ground discharge is about 0.25V more positive than  for 
background electrolyte alone; at 5 ~A, the early dis- 
charge had a potential  of -- 1.67V. It may be that, under  
the conditions previously used (1), the catalytic wave 
exhibited a l imit ing portion, which might easily be 
taken to represent  fur ther  reduction of the dimer. Elec- 
trolysis on this wave would not al ter  the catalyst (the 
dimer  decomposition product) and no change in the 
ul t raviolet  spectrum would be expected. Dur ing  elec- 
trolysis, the l imit ing current  of the wave might  be ex-  
pected to drop due to an increase in solution pH (the 
capacity of the 0.1M phosphate buffer used would be 
low around pH 6). 

The present  investigation has shown that the actual 
dimer  cannot be fur ther  reduced after being prepared 
either at the hmde or under  macroscale conditions. 6 

In  the previous s tudy (1), after electrolysis at poten-  
tials on MCP + wave II in  pH 7.8-9.2 phosphate buffers, 
a product was isolated with a single band at 360 rim, 
which was identified as the 1,4-dihydropyridine com- 
pound. Under  the pH conditions and time periods em- 
ployed, a significant port ion of the product should have 
been the acid-catalyzed decomposition product of the 
dihydropyridine species. The 1,4- and 1,6-dihydropyri- 
dine species exhibit  extreme acid labi l i ty and decom- 
pose at pH 8 and beIow (42). 

Characteristics of electron transfer and associated 
chemical reactions.--In slightly alkal ine solution, E1/2 
values for both MCP + waves are in good agreement  
with those in one report  (7), 80 mV more positive than 
those in a second (1), and 90 mV more negative than 
those of a third report  (3); the last study used the 
iodide salt, but  in the others the exper imental  condi- 
tions were about the same. Since AE1/2 between the 
two waves is the same in all four studies, it is l ikely 
that the various reference electrodes differed in poten-  
tial al though all are reported to be vs. SCE; l iquid 
junct ion potential  effects should be small. [The poten-  
t ial  scale used in the present  investigation was fre-  
quent ly  checked by examining  a 0.5 mM CdC12 solu- 
t ion in 1.0M HC1; at all times, the lat ter  exhibited an 
EI/~ of --0.642 __. 0.002V, which is identical to the ac- 
cepted value of --0.642V (26).] 

1. Evidence ~or wave  I electron transler reversibility 
and subsequent dimerization.--The general ly  reversible 
characteristics of the first MCP + electron- t ransfer  
process as determined from analysis of the cyclic vol-  
tammetr ic  and d-c polarographic waves - -and  to a 
lesser extent, those of NMN +--observed in the present  
s tudy agree with previous suggestions, for which sub-  
stantial  proof was not offered. The essentially i r reversi-  
ble faradaic a-c response for wave I results from the 
dimerization subsequent  to electron transfer;  under  
the a-c conditions used, the reversibi l i ty of the over-al l  
electrochemical process is tested. The basic require-  
ment  for chemical i r reversibi l i ty  on a-c polarography 
is that the period of the applied a l ternat ing voltage 
sufficiently exceeds the half-l ife associated with the 
chemical step that reoxidation of the initial  reduction 
product cannot contr ibute significantly to the a l ternat -  
ing current  (39). The greatest applied frequency (800 
Hz) corresponds to a period of 1.3 msec; based on the 
dimerizat ion rate constants found for the MCP and 
NMN free radicals, a free radical half-l ife of at most a 
few tenths of a msec would be predicted. 

Dimerization reactions involving the pr imary  prod- 
uct of electrochemical reduction can be differentiated 
from first order foUow-up chemical reactions by the 
cyclic vol tammetr ie  potential  difference, Ep -- E~/~, 

s The  poss ib le  v e r y  s m a l l  w a v e  or peak  a t  --1.6V on a p o l a r o g r a m  
of the  w a v e  I e l ec t ro lys i s  p r o d u c t  (Fig. 2B) is i n s i g n i f i c a n t  due  to  
the  fac t  tha t ,  w h e n  the  same so lu t i on  was  e lec t ro lyzed  a t  --1.TV 
under macroscale  conditions, the current fe l l  to the  l e v e l  of t h a t  
of the background e lec t ro ly te  a lone  a f t e r  t he  f i rs t  f ew m i n u t e s ,  

which should theoretically be 39/n mV for the second 
order reaction and 48/n mV for the first order, com- 
pared to 57/n mV in absence of a coupled chemical 
reaction (29). Measurement  of Ep -- Ep/~ for peak Ic of 
MCP + and NMN + over a large number  of curves (v < 
0.2 V/sec) gave an average value of 42 mV for each, 
suggesting dimerization. 

The significance of the positive shifts in wave I El/2 
with increasing MCP + and NMN + concentrat ion and 
drop- t ime is somewhat obscured in the case of MCP + 
by the presence of adsorption phenomena involving the 
reduction product. In  the absence of adsorption, such 
shifts (for a reversible electrode process) are indica- 
tive of irreversible dimerization subsequent  to charge 
t ransfer  (53). The shifts in E1z2 for MCP + wave II  with 
concentrat ion and ionic s t rength are explicable in  terms 
of the rates of two competing reactions: dimerization 
of the ini t ia l ly  produced radicals and their  reduction 
to produce wave II, e.g., an increase in depolarizer 
concentrat ion will  increase the dimerizat ion rate more 
rapidly than the rate of the e lectron- t ransfer  process; 
thus, in  order to obtain wave II, i t  is necessary to in -  
crease the rate of electrochemical reduct ion of the 
radicals, i.e., to make the electrode potential  more neg-  
ative (54). 

The effects of ionic s t rength and surfactants  on the 
polarographic pa t te rn  of NMN + appear to be related 
to changes in the DL structure  and the two charge 
centers of the electroactive species. The ionic s trength 
effect suggests existence at low ionic s t rength of an 
in t ramolecular  complex of the ion-pair  type between 
the negat ively charged phosphate group and the posi- 
t ively charged pyr id in ium ion; such complexation could 
increase the electron densi ty in the nicotinamide n u -  
cleus. With increasing ionic strength, the complex dis- 
sociates, causing wave I to become more positive and 
wave II to appear and grow; in  the absence of te t ra-  
a lky lammonium salts, wave II exhibits part ial  kinetic 
control even at 0.5M ionic strength. Wave II of MCP +, 
which has no phosphate moiety, is well defined, even at 
low ionic strength. The occurrence of MCP + wave I at 
a more negative potential  than wave I of the disso- 
ciated form of NMN +, may be due to the dimerization 
reaction as well as to s t ructural  features (cf. section on 
formal potentials) .  

2. Free radical dimerization rates.--Three approaches 
for calculating the dimerization rate constant, k~ from 
cyclic vol tammetr ic  data are per t inent  to the present  
situation. Nicholson (55, 56) has described two meth-  
ods. One is based on the shift of peak potential, Ep, 
with scan rate, v; its accuracy depends on accurate 
measurement  of Ep, compensated for iR drop; the 
method can be employed to estimate kd when no anodic 
peak corresponding to oxidation of the reduced species 
is seen provided that E ~ is known. The other approach 
involves graphical correlation of the ratio of the anodic 
and cathodic peak heights (ipa/ipc) for the oxidation 
and the formation of the free radical with the kinetic 
parameter  product, kd z C, where �9 is the t ime in terval  
between E ~ (general ly taken to be close to Eli2) and 
the potential  at which direction of the potential  sweep 
is reversed, and C is the bulk  solution concentrat ion of 
the original electroactive species. 

Saveant (57) obtained a closed form solution relat-  
ing kd to the ratio of the observed peak current,  /pa, to 
the normal  diffusion peak current,  ipd, at the same v 

ipa/ipd = (2 n k~ "c C) -1/3 [1] 

A plot of the current  ratio vs. ~-1/8 should yield a 
straight line, from which kd can be calculated; practi-  
cally, ipd can be replaced by ipc. 

The rate constant for dimerization of the MCP free 
radical produced in  the first electron t ransfer  process 
has been estimated (18) on the basis of Ep shift with v 
to be 2.24 X 10 -3 1 mol-1  sec -1. This value is in 
marked contrast to the rate constant of 6.9 X l0 T 1 
tool-1 sec -1 determined by pulse radiolysis (19). 
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In  the present  investigation, analysis of the ipa//pc 
ratios for 15 measurements  for z ranging from 2 to 8 
msec at 30 ~ gives a kd for the MCP free radical of (6.1 
_ 1.1) • 107 1 mo1-1 sec - I  (mean and s tandard devia-  
t ion).  Use of Eq. [1] gives a kd 8% higher: (6.6 __ 2.2) 
• l0 T 1 tool -1 sec -1. The accuracy of the kd measure-  
ment  is estimated to be • based on measure-  
ment  errors of 3-4% in T and 5% in the current  ratio. 

The good agreement  of MCP dimerizat ion rate ob-  
tained in the present  s tudy with that  obtained on pulse 
radiolysis is of special significance since it would tend 
to indicate that  the dimerizat ion rate of the free radi-  
cal, which is a neut ra l  species, is not appreciably af-  
fected by the occurrence of the corresponding chemical 
reaction at the solution-electrode interface in  the elec- 
trical double layer  region. It is possible that  the devia-  
t ion of the earlier reported (18) electrochemically de- 
termined dimerizat ion rate, which is stated to be prob-  
ably inaccurate due to complications caused by adsorp- 
tion, resulted from an  error  in calculation. 7 

The dimerizat ion rate constant  at 30 ~ for the free 
radical produced from NMN + is (1.5 ___ 0.1) • l0 s 1 
mol -1  sec-1 (3 measurements ;  calculated by peak ratio 
method) ;  Eq. [1] gives a comparable figure. 

Activat ion energies, calculated from Arrhenius  plots 
for the range of 7~ ~ are 4.1 kcal mo1-1 for MCP + 
and 3.6 kcal tool -1 for NMN+; the corresponding cal-  
culated frequency factors at 25 ~ are 6 • 1010 and 8 • 
10s 1 tool-1 sec-1 compared to that  of about 1011 1 
tool -1 sec-~ expected for a reaction between neut ra l  
free radicals (58), where there are no extensive solva- 
t ion differences between reactants  and products. Conse- 
quently,  the low exper imental  f requency factor for 
NMN + may indicate a large solvation difference be-  
tween its free radical and t h e  corresponding dimer, 
and /o r  the presence of small  residual charges on the 
free radicals with the accompanying electrostatic re-  
pulsion. It is possible that  the negative na ture  of the 
NMN free radical, as a result  of the secondary phos- 
phate dissociation (PKa 6-7), is the cause (cf. previous 
discussion of the shift with pH of El/2 for NMN + wave 
I) .  

3. Formal potent /a ts . - -When a rapid chemical reaction 
follows a charge- t ransfer  reaction, the resul t ing po- 
larographic E~/2 is not a simple criterion for the ease 
of reduction of t he  molecule. Different compounds can 
be validly compared only when  the potentials are cor- 
rected for the effect of the chemical reactions. This can 
be done, using cyclic vol tammetr ic  peak potentials and 
the relat ionship (56) 

0.058 4.78 • 3 ~ Do R T kd C ~ 
E p  --= E c  ~ - -  log 

3 n F DR n F v  
[2] 

Using the kd determined in  the present  study, Ec ~ 
for the init ial  electron addit ion process (wave I) 

MCP + + e~=~MCP �9 [3] 

is calculated to be --1.18V; the corresponding Ec ~ for 
NMN + is --1.24V. However, in view of the uncer ta in -  
ties in  kd and in  equat ing Do and DR, it would be best 
to round both values off to --1.2V. 

4. Adsorption and catalytic hydrogen evolution.--The 
differences in adsorption at the interface between cati- 
onic MCP + and NMN +, and between their  neut ra l  re-  
duct ion products reflect the presence of a hydrophobic 
subst i tuent  on N (1) of MCP + and a hydrophilic sub-  
s t i tuent  on N(1) of NMN +. The difference in adsorp- 
t ion of the MCP dimeric product (strongly adsorbed) 
and dihydropyr idine  product (moderately adsorbed) 

�9 R e f e r e n c e  to  t h e  d i s s e r t a t i o n  (17) ,  on  w h i c h  t h e  p a p e r  (18) w a s  
ba sed ,  r e v e a l e d  t h a t  a s can  r a t e  of  57.3 V / s e c  h a d  to be  u s e d  in  
o r d e r  to  o b t a i n  a m i n i m u m  d e t e c t a b l e  a n o d i c  p e a k  c o r r e s p o n d i n g  
to  t h e  f r e e  r a d i c a l  o x i d a t i o n .  H o w e v e r ,  c a l c u l a t i o n ,  b a s e d  on N i c h o l -  
son ' s  g r a p h i c a l  m e t h o d  (56) ,  s h o w s  t h a t ,  f o r  kd = 10 -2 1 too l  -1 s e c - L  
an  ipa/ipe r a t i o  of  c lose  to  one  w o u l d  be  o b s e r v e d  e v e n  a t  t h e  s l o w  
s c a n  r a t e  of  0.1 V / s e e .  
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also reflects the difference in hydrophobic na ture  of the 
two compounds. 

Adsorption of reduct ion products plays a role in  the 
catalytic evolution of hydrogen. In  the case of MCP +, 
for example, addit ional  current  in  wave II region below 
pH 8 (Fig. 3) has been ascribed to catalytic hydrogen 
evolut ion because the l imit ing current  increases rap-  
idly with decreasing pH, increases with increasing buf-  
fer capacity at a given pH, and exhibits par t ia l  kinetic 
behavior. At pH 7.4, the catalytic wave peak current  
occurs at --1.72V, which is near  the init ial  l imit ing 
portion of wave II. Litt le adsorption of ei ther reduct ion 
product should occur at this potential  since a-c desorp- 
tion peaks for both products occur at more positive 
potential.  On the other hand,  the mercury  height-  
dependence of the catalytic wave suggests that  an ad-  
sorbed species acts as catalyst, giving rise to a so-called 
surface catalytic wave (59). This s i tuat ion is explicable 
on the basis that  weak adsorption corresponding to a 
very low surface coverage occurs even at potentials 
more negative than  those of the desorption peaks (54). 
Surface catalytic waves have been shown (54) to occur 
even with surface coverages as low as 0.5%. With in-  
creasing negative potential,  the surface coverage, al-  
though small, should decrease, which would account 
for the peaked shape of the wave, i.e., the rate of the 
electrode reaction increases wi th  increasing negative 
potential  but  less catalyst is available due to decreas- 
ing surface coverage. The increase in  catalytic wave 
height with decreasing h is due to the greater  surface 
coverage at longer drop-t ime.  
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Liquid inorganic oxyhalides have found application 
in at least three areas of advanced technology. Sele- 
nium oxychloride and phosphorus oxychloride were 
found to be desirable materials as solvent media for 
liquid lasers (1). These oxychlorides readily dissolve 
rare earth and other metallic salts and do not contain 
hydrogen atoms which tend to quench laser fluores- 
cence. Solutions of rare earth salts in phosphorus 
oxychloride have also been used in elect~olumines- 
cence studies (2). Thionyl chloride, sulfuryl chloride, 
and phosphorus oxychloride have been proposed for 
use as solvents in high energy density lithium bat-  
teries (3) .  These solvents can be rendered ionically 
conducting with the dissolution of lithium salts. They 
are compatible with strong oxidizing agents, such as 

i Electrochemical Society Active Member .  
K e y  words :  l i th ium,  oxyhalldes, batteries, infrared trace analysis .  

chlorine, and do not i rreversibly decompose when sub- 
ject to electrical potentials several times the open 
circuit voltage of the cells in which they are used. Al-  
though lithium metal is stable to attack in these elec- 
trolytic solutions, the solvents can be electrochemically 
reduced at catalytic surfaces and act as cathode de- 
polarizers. 

It is important in these applications that  the solu- 
tion be free from water  contamination. Water  reacts 
with these oxyhalide solvents readily, making their 
purification and storage a difficult task. In the course 
of the reaction of oxyhalides with water, a halogen 
atom is replaced with an OH group 

MOCln ~- H20-* MO(OH)Cln-1 ~- HC1 

Infrared spectrophotometry provides a convenient 
method of measuring the extent  of this reaction. 
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This paper reports on procedures of purification 
and storage of oxyhalides and on infrared spectro- 
photometric methods for the determinat ion of the ex- 
tent  of their  reaction with water. 

100 

Experimental 

Phosphorus oxychloride (POC18) was purchased 
from Baker and Adatnson, and thionyl  chloride 
(SOC12) and sulfuryl  chloride (SO2C1~) were pur -  
chased from Research Organic Inorganic Chemical 
Corporation. These solvents were purified by  s t i r r ing 
over l i th ium metal  in a dry argon atmosphere for 24 
hr  followed by disti l lat ion from this mixture.  

Li th ium chloride was purchased from Foote Mineral  
Company and dried in vacuum at 200~ Aluminum 
chloride (99.999%) was purchased from Rocky Moun-  
tain Research, Incorporated and used without  purifica- 
tion. All  handl ing of these materials  was conducted 
inside a glove box flushed with dry argon. 

Electrolytes were prepared in  thionyl  chloride 
(SOCls) and sulfuryl  chloride (SO~CIs) by dissolving 
equimolar  amounts  of l i th ium chloride and a luminum 
chloride in  the purified solvents. The resul t ing solu- 
tions showed evidence of water  contaminat ion upon 
infrared analysis. It  was determined that  the con- 
taminat ion  was introduced into these solutions by  the 
a luminum chloride, as mixtures  of l i th ium chloride 
with these solvents produced liquids without  evidence 
of water  contamination.  The solutions were dried 
fur ther  by  placing a piece of clean l i thium metal  in 
the electrolytic solution and allowing them to s tand 
unt i l  the OH absorption band, which is the spectral 
evidence of water  contamination,  gradual ly  d imin-  
ished. 

To obtain calibration curves, samples of solvents 
or the electrolytes were placed in  dried 0.5, 1, or 10 cm 
cells having infrasil  windows inside an argon filled 
glove box. These cells were fitted with ground glass 
joints and sealed by means of halocarbon grease so 
that  they could be removed from the glove box to the 
Perk in  Elmer Model 621 infrared spectrophotometer. 
The spectra were recorded using an empty cell as ref-  
erence. After obtaining infrared absorption spectra 
of the dry  liquids, the cells were re turned  to the glove 
box where known amounts  of water  were added by 
means of a microli ter  syringe. Spectra were obtained 
for each addition and changes in absorption bands 
were observed. 

Results and Discussion 

T h e  spectra of freshly prepared oxyhalides are  
shown in  Fig. 1-3. Also shown on these figures are the 
spectra of these solvents after the addit ion of a known 
amount  of water. The reaction of water  with phos- 
phorus oxychloride and thionyl  chloride manifests 
itself in  the spectra by the appearance of a broad hy-  
drogen bonded OH band  while the reaction with sul-  
furyl  chloride produces sharp, free OH absorption 
bands (4-6). 

These spectral data allow the construction of cali- 
brat ion curves using essentially the method of addi-  
tions. The calibration curves, slopes, and intercepts, as 
well  as the conditions under  which the curves were 
obtained, are summarized in  Table I. 

The phosphorus oxychloride calibration curve de- 
parted from l inear i ty  at the low concentrat ion range 
(0-I0 ppm) when 1 cm cells were used. A smooth bu t  
nonl inear  curve was obtained when calibration pro-  
cedure was repeated with 10 cm cells. (Fig. 4). 

I t  was possible to prepare POCls solution v i r tua l ly  
free of water  reaction products. Thionyl  chloride and 
sulfuryl  chloride solutions showed the presence of 
some residual water  reaction products (about 5 ppm) 
even in the freshly prepared solvents. Thus calibration 
curves prepared using these materials did not intercept  
the vertical  axis at zero absorption value. 
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Fig. 1. Spectra of dry and water contaminated POCI8 (1 cm 
cell, 40 ppm). 
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Fig. 2. Spectra of dry and water contaminated SOCI2 (0.5 cm 
cell, 40 ppm). 

The l imit  of detection of the method was around 0.5 
ppm water  reaction product, using a 10 cm cell, and 
water  contaminat ion free material .  

The spectra of the electrolytes exhibited a broad OH 
band in  the 3000-3700 cm -1 region as a result  of addi- 
tion of water  (Fig. 5 and 6). The shape and location of 
this band  is typical of metal  hydroxides and of hy-  
drated salts. It was also observed that  the OH band 
orginal ly present in the solvent disappeared upon 
addit ion of the A1CI8 suggesting that  the following re-  
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Table I. Conditions of construction of calibration curves of solvents and e|ectro|ytes 

Background 
Calibration Cell path, Absorbance Intercept interference,* 

Solvent wavelength, cm Base line cm slope, ppm I-IsO absorbance ppm H20 

POCla 3200 Horizontal at 3600 I 0.0075 0.010 ~,0 
POCls 3200 Horizontal at 3600 10 (See Fig. 4) 
SOCl~ 2800 Through 3200 and 2600 0,5 0.0058 0.019 3 
SOClz 2800 HoriZontal at 3100 10 0.052 0.28 4 
S ( ~ ' %  3700 T h r o u g h  3800 a n d  3620 0.5 0.0018 0.025 10 
SO~CI~ 3700 Through 3820 and 3620 10 0.060 0.45 6 

3600 Horizontal at 3620 0,038 0.18 5 
SOCIs e lec -  3380 Through 3040 and 3720 0.5 0.0053 0,14 25 

trolyte 
S O s C I 2  e l e c -  3 4 0 0  T h r o u g h  3 6 0 0  a n d  3080  0.5 0 .0011 0 .02  10 

trolyte  

* This t erm refers  to t h e  concentrat ion equivalent  of the intercept absorbance. 

action is taking place 

SOCI -I- AICI8 SOC12 + AI-CI2 
l I 

OH OH 

Calibration curves were prepared to determine the 
amount of water that has reacted with the electrolyte 
(Table I). These calibration curves, constructed es- 
sentially by the method of additions, did not pass 
through the origin because of the presence of residual 
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Fig. 3. Spectra of dry and water contaminated S02C1~ (0.5 cm 
cell, 90 ppm). 
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Fig. 4. Calibration curve for the determination of water con- 
tamination in POCI8 using a 10 cm cell. 

water contamination in the freshly purified electrolyte. 
The SO2C12 electrolyte consistently showed much less 
water than the SOC12 electrolyte. 

It was also possible to determine the moisture con- 
tent of "anhydrous" AICIs. A known amount of this 
substance was dissolved in dry SOC12 and aliquots of 
this solution were further diluted with dry solvent. A 
spectrum was obtained of the original solution and of 
each dilution. These spectra exhibited, due to the 
moisture content of AIC13, a broad OH band very much 
similar in shape and location to the OH band present 
in the electrolyte. A curve of absorption vs. AICI8 con- 
centration was constructed and was found to be paral- 
lel to the corresponding electrolyte calibration curve. 
Hence the electrolyte calibration curves can be used 
to determine the moisture content of AIC13. 

Conclusions 
Phosphorus oxychloride, thionyl chloride, and sul- 

furyl chloride may be prepared in dry form by stirring 
over lithium in dry argon atmosphere followed by 
distillation. These solvents react with water to form 
OH containing species. The concentration of these con- 
taminants may be determined by infrared spectro- 
photometry. POC13 and SOC12 yield upon reaction with 
water broad hydrogen bonded OH bands with mini- 
mums at 3200 and 2800 cm -1, respectively. SO2C12 re- 
acts with water and exhibits a sharp, free OH band at 
3700 and at 3600 cm -1. The optimum limit of detection 
of the contamination products is around 0.5 ppm. 
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Fig. 5. Spectra of SOCI2 electrolyte containing various amounts 
of water. 
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Fig. 6. Spectre of SO~CI= electrolyte containing various amouuts 
of water. 

Electrolytes  p r epa red  b y  dissolving in these solvents  
a LiC1/A1C13 mix tu re  exhib i t  in the i r  spec t ra  a b road  
OH band  a round  3400 cra -1 due to the  presence of 
mois ture  in A1C13. I t  is possible to measu're by  in f r a red  
spec t rophotomet ry  bo th  the  ex ten t  of wa te r  contami-  
nat ion of  the  e lec t ro ly tes  and the  mois tu re  content  of 

the or iginal  A1Cls crystals .  Efforts to free the  e lec t ro-  
ly te  f rom water  re la ted  contaminat ion  were  successful 
when an SO2C12 solvent  was used bu t  were  less f ru i t fu l  
for SOC12 containing electrolytes .  
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n-Hexano l  is a po ten t i a l ly  useful  model  solvent  for 
the elect rochemical  s tudy  of processes thought  to occur 
in  biological  membranes .  The dielectr ic  constant  of 
n -hexano l  (13.3 at 25~ is comparab le  to tha t  found 
for  biological  membranes  (.~10) (1), and  n -hexano l  is 
amphipathic ,  n -Hexano l  has a wide  l iquid  range  
(--47~176 a low vapor  pressure  (1 Torr  a t  25~ 
and i t  is not  difficult to p repa re  in a h igh  pur i ty ,  an -  
hydrous  state. 

This pape r  repor ts  the  resul ts  of our  e lec t rochemical  
measurements  on cells of the  type  

H~ (g,Pt)  IHC1 (hex)  ITtC1 (s) IT1 (Hg,XTD [1] 

The cells were  found to behave  r eve r s ib ly  , and the 
s t ana rd  cell  vol tage  for  cell  [1] was computed  as 
~~ = --973 • 10 mV at 296=K [s t rong e lec t ro ly te  
s t anda rd  s ta te  for  H C l ( h e x ) ,  and  a pu re  Tl ( s )  s tan-  
da rd  s tate  for  T1 (Hg) ] .  

Because of the  need to exclude  oxygen  and wa te r  
f rom the cell, the  ent i re  cell  was set up and s tudied  as 

Key words: n-hexanol,  hydrogen electrodej alcohols, t h a l l i u m  
elec~ode.  

a closed system on the vacuum l ine (2, 3). The H2(g) 
[99.999 atomic per  cent ( a / o ) ]  used was purchased  
f rom the Matheson Chemical  Company.  The pur i ty  
of the  Hz(g) was checked by  mass  spect rometry .  
Before use in the  emf cells the  H2(g) was run 
th rough  a "DEOXO" hydrogen  p u r i f e r  (Englehard  
Indus t r ies ) ,  and then  th rough  CaSO4 dry ing  tow-  
ers. Thal l ium amalgams  were  p repa red  f rom weighed 
quant i t ies  of reagent  grade  T1 (prec leaned  wi th  0.01M 
H 2 S O 4 )  and reagent  grade  Hg, The amalgam was 
washed wi th  di lute  (0.001M) HNO3, thoroughly  dr ied  
under  high vacuum, and s tored  in a reservoi r  on  the  
vacuum line. 

The n -hexano l  used (98% pur i ty )  was obta ined  from 
the Aldr ich  Chemical  Company.  The n -hexano l  was 
purified b y  successive dis t i l la t ions  over  CaH2(s) 
(F isher  Scientific Company,  purif ied g rade) .  The first 
d is t i l la t ion was car r ied  out  at  1 a tm under  he l ium (bp 
157~ The midd le  65% of the  dis t i l led n -hexano l  was 
then  t rans fe r red  (wi thout  exposure  to the  a tmos-  
phere)  to the  dis t i l la t ion appara tus  on the vacuum 
line. The n -hexano l  was then  vacuum dis t i l led  over  
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dry CaH2(s) at a pressure of 43-49 Torr  and ~ head 
tempera tu re  of 75~176 The dist i l lat ion column was 
an 18 mm diameter  Py rex  tube 120 cm in length, 
which was packed with  3 X 5 Raschig rings. Only the 
middle  75% of the disti l late was used to make  the 
cell solutions. The pur i ty  of the n -hexano l  was checked 
by NMR, mass spectrometry,  and inf rared  spect rom- 
etry. The anhydrous HC1 (g), the T1C1 (s), and the hy-  
drogen electrodes (Pt  black on Au coils) were  p re -  
pared as described previously (3). The HCl (hex)  solu- 
tions were  prepared  on the vacuum l ine  from an hy-  
drous HCI(g)  and purified n-hexanol .  

The cell construction was of the simple H- type  wi th  
a central, l a rge-bore  stopcock. The cell was set up to 
operate as an automat ical ly  controlled, closed system 
on the high vacuum line. Samples of T1 (Hg),  T1C1 (s), 
and HCl (hex )  were  run  into the cell f rom thei r  re -  
spective storage compartments  on the vacuum line 
af ter  the cell was mounted  on the line. The H2(g) was 
continuously recycled through the cell by  means of 
automatic  PumPS (4). Pressures were  measured  on a 
differential  manomete r  wi th  a cathetometer ;  a tmo-  
spheric pressure was read with  a barometer .  The emf  
measurements  were  made with  a Leeds and Nor thrup  
Company certified 7555 Type K-5 potent iometer  and a 
Leeds and Nor thrup  Company 9828 electronic null  de- 
tector. All  cells were  run  at room tempera tu re  (296.0 ~ 
+_ LO~ which was periodically recorded whi le  the 
measurements  were  in progress. 

The molali t ies of the HCl (hex )  cell solutions were  
determined as follows: samples of the cell solution 
were  obtained from the cells and weighed;  the weighed 
samples [~-15g and 15 ml  of 0.1M NaClO4(aq)]  were  
added to water  and t i t ra ted  potent iometr ical ly  (Beck-  
man  E-2 glass electrode vs.  saturated calomel) wi th  
carbonate- f ree  N a O H ( a q ) .  The NaOH(aq)  was stan- 
dardized potent iometr ical ly  against HCl (aq)  obtained 
by di lut ion of constant-boi l ing HCl (aq ) .  The possible 
in terference of n -hexanol  wi th  the analysis was ru led  
out by t i t ra t ion of known quanti t ies  of HC1 (aq) in the 
presence and absence of added n-hexanol .  The mole  
fract ion of thal l ium in the amalgams, Xwl, was de te r -  
mined by the acidimetric  method  of Richards and 
Danlels (5). 

The results of our measurements  on cells of the type 
[1] are presented in Table I. The emf, pressure, and 
tempera tu re  meaurements  were  taken at 1 hr  intervals  
dur ing the l ife of the  cell and the results were  ave r -  
aged. The period of stabil i ty of the cells ranged f rom 13 
to 43 hr  wi th  a mean  l i fe t ime of 25 hr. The pressures 
reported have  been corrected for the vapor  pressure of 
the cell solutions (~1.0 Torr ) .  Barometer  location and 
tempera tu re  corrections have also been applied. Re-  
vers ibi l i ty  checks (emf vs.  meter -sca le  position) gave 
no evidence of a hysteresis loop; this is s trong evidence 

Table I. Results of measurements on the ceU 
(Pt)H.~(g) ] HCl(m,hex) I TICI(s) ] TI(Hg,XT1) where 

T - -  296.0 ~ ~- 1.0 ~ K 

~ H C I  
(mole  �9 PH2, ~ (expt .)  ,* ~ (cale) , t  
kg-~) XTl ln'yTl Torr -- mV -- mV 

0.00834 0.03762 0.4578 721.4 --558.7 -~" 0.4 -- 559.7 
0.01546 0.06192 0.6824 729.1 -- 594.9 ~ 0.05 -- 588.5 
0.01128 0.06236 0.686~ 722.3 --590.1 ----- 0.3 --58#*.2 
0.008056 0.06269 0.6895 719.1 --576.0 ~--- 0.8 --577.9 
0.005799 9.06183 0.6815 727.8 --562.9 ----- 0.05 --569.5 
0.01662 0.06236 0.6864 722.9 --594.6 ----. 0.1 --589.7 
0.008274 0.06269 0.6895 716.6 -- 576.6 ~" 0.3 -- 578.5 
0.004220 0.06183 0.6815 718.5 --555.9 -4- 0.08 --561.1 

* The l a s t  t h r ee  cells in  t h i s  t ab le  we re  r u n  w i t h  99.5% I)2, 99.9% 
DC1, and  > 9 5 %  n - h e x a n o l - O n  r a t h e r  t h a n  H2, HC1, a nd  n - h e x a n o l -  
OH. The r e p o r t e d  e m f  v a l u e s  f o r  the  d e u t e r i u m  cells w e r e  con-  
v e r t e d  to h y d r o g e n  cel ls  by  s u b t r a c t i n g  3.1 m V  f r o m  the  m e a s u r e d  
e m f  v a l u e s  (8). 

t The  v a l u e s  of ~ g i v e n  in  t h i s  c o l u m n  w e r e  ca l cu l a t ed  f r o m  Eq.  

[5] and [6] using ~~ = --940.5 mV and 2wA = 780.S mY, 

that  the cells were  operat ing under  revers ible  condi- 
tions. 

The postulated cell react ion for the cell [1] is 

H2(g) -5 2T1CI(s) = 2TI(Hg) 

-5 2H + (hex) -5 2C1- (hex) [2] 

Applicat ion of the Nernst  equat ion to this cell react ion 
yields (~, ---- R T / F )  

{ a2Tl(Hg/a2H+a2Cl-- t 
= ~~ -- --in [3] 

2 aH2(g)a2T1Cl(s )  

If we take aH2r ~ (PH2/760), aTl(Hg) = XTI'YT1, 
aTICl(s )  ---- 1, a n d  a l l + a t 1 -  = m 2 H C l T - -  + 2  then  

g -- -~- In - - ~ - /  + ~o In XTI~'T1 + 2 ~0 In mHCl = 8H 

[4 ]  
where  

~ H  = g ~  - -  2 ~ I n  ~-.- [5 ]  

The values of ~'rl ( re la t ive  to the hypothetical ,  ideal, 
un i t -mole - f rac t ion  solute s tandard state for T1 in Hg) 
at various XTI values were  obtained from the data of 
Richards and Danlels as described in Ref. (3). As 
mHCl approaches zero, we expect  from Debye-I-Itickel 
theory  that  the value  of In 7• for HC1 (hex) should 
approach that  g iven  by the equat ion 

ln T• _~ --15.3ml/~/ (1 -5 m 1/2) [6] 

Consequently,  a plot of the Hitchcock extrapola t ion 
function ~H VS. m l / 2 / ( 1  -5 m 1/2) should have  a ( theo- 
retical)  slope of 2~,A ---- 2 • 25.506 X 15.3 ---- 780.5 mV 
and an intercept  of 8 ~ A least squares analysis of a 
plot of ~H VS. m*/2/(1 -5 m 1/2) using the data in Table 
I yielded a slope of 517.1 _ 43.0 mV and an intercept  of 
~~ : --917.6 _ 3.8 InV. 

The value  of the exper imenta l  slope is significantly 
less than the theoret ical  value, but  it should be noted 
that  the Debye-Hi ickel  l imit ing law slope is more  dif- 
ficult to reach the lower  the value of the dielectric 
constant of the solvent. If  we requi re  that  the slope of 
the Hitchcock plot be the Debye-Hi ickel  theoret ical  
value, then a least squares analysis of the data yields 
an intercept  of 8 ~ : --940.5 __. 10.2 mY. If we assume 
that  l n T •  for HC1 is given by Eq. [6], then  an 8 ~ 
value can be computed for each cell in Table I. The 
average  of the eight ~~ values is ~~ : --940.6 -!-_ 4.3 
mV. Consequently,  we consider our best es t imate for 
the s tandard potential  of cell [1] to be ~~ : --940 +_ 
10 mV. 

Because ~o : --32.8 mV at 296~ for the react ion 
TI(Hg)  : Tl (s)  (3), we compute a s tandard potential  
of go : --973 _+ 10 mV at 296~ for the cell 

H2(g, Pt)IH+C1 - (hex)]T1C1 (s)IT1 (s) [7] 

The s tandard potent ial  for the react ion 

H2(g) -5 2T1CI(s) ---- 2Tl(s)  -5 2H + (aq) -5 2C1- (aq)  
[8] 

is 8 ~ ---- --556.8 mV at 25~ (6). Combinat ion of this 
result  wi th  our value of ~~ = --973 mV for the re -  
action 

H2(g) -5 2T1CI(s) = 2Tl(s)  

+ 2H + (hex) -5 2C1- (hex)  [9] 

yields, for the react ion 

H + (aq) -5 C1- (aq) ---- H + (hex) -5 C1- (hex) [10] 

a value of AG ~ --~ 40.1 k J . m o l e  -1 (molal i ty  scale) or 
aG ~ ---- 31.6 k J . m o l e  -1 (mole fract ion scale) for the 
standard Gibbs energy of t ransfer  of HC1 from water  
to n-hexanol .  The posit ive value  of hG ~ reflects the 
s t ronger  solvat ion of the proton in  wate r  than in n-  
hexanol.  The s tandard potent ial  at 297~ for the  r e -  
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action 

H2(g) + 2TICI(s) -- 2TI(Hg) 

+ 2H + (DMF) + 2Cl -  (DMF) [11] 

(where  DMF is N,N-dimethyl formamide)  is --887 mV 
(3). For  the react ion 

H + (hex) + C1- (hex) -- H + (DMF) + C I -  (DMF) 

we  compute AG ~ = +8.3 k J . m o l e - *  (molal i ty  scale) 
or + 6.7 k J . m o l e  - I  (mole fract ion scale).  The posit ive 
value  of ~G ~ reflects the fact that  alcohols general ly  
are s t ronger  bases than amides. 

Our electrochemical  results show that  the hydrogen 
electrode is a we l l -behaved  reference electrode in an- 
hydrous hexanol.  In some of our cells the voltage was 
stable to bet ter  than 50 ~V for periods ranging up to 
20 hr. n -Hexano l  thus appears to war ran t  fur ther  in-  
vestigations both as a low dielectric constant solvent 
for convent ional  electrochemical  studies, and as a 
model  solvent  for bioelectrochemicaI processes. 
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ABSTRACT 

The effect of var iat ion of pack activators, compositions, temperature,  
and time on the thickness and structure of a luminide coatings formed on the 
nickel-base superalloy IN-100 was studied in one-step packs containing alu- 
m i n u m  at uni t  activity. Times were varied from 4 to 24 hr  and temperatures  
were varied from 982 ~ to I149~ in NaCl-act ivated packs. The other halides 
of sodium and the ammonium halides were pr imar i ly  used to activate 1093~ 
16-hr packs. In  addition, an analysis of the thermodynamics  and kinetics of 
a luminizing was carried out. The mechanism of coating formation in each 
pack was established from agreement  between observed coating weights and 
predictions based on a gaseous diffusion model and solid-state diffusion con- 
siderations which used published diffusion data for the Ni-A1 system. Pack 
temperature  rather  than  pack a luminum activity controls the principal  coat- 
ing phase formed. The halides ranked according to a luminum weight gain in  
1 w/o  (weight per cent) A1 packs are F ~ C1 > Br > I. Solid-state nickel 
diffusion controlled the rate of coating formation in  fluoride-activated packs. 
Gaseous diffusion controlled the rate of coating formation in bromide-,  
iodide-, and NH4Cl-activated packs containing 1 w/o  A1. In  NaCl-act ivated 
packs containing 1 w/o A1 the abil i ty of the substrate to supply nickel ap- 
peared to be in balance with the abil i ty of the pack to supply a luminum.  
However, the observed rate constant and activation energy indicated that  
solid-state diffusion controlled coating growth. Increasing pack a luminum 
content from 1 to 5 w/o shifted control of coating formation from the gas 
phase to the solid state in the 16-hr, 1093~ NaBr-act ivated pack. Regardless 
of the ra te-control l ing step, the kinetics of coating formation were parabolic. 
The activation energy for coating formation controlled by solid-state diffusion 
was 88 kcal/mole.  Similar coating microstructures and weight gains were ob- 
tained for each halogen regardless of whether  its source was a sodium or am- 
monium halide. 

Aluminide  coatings are commonly used to extend the 
life of superalloys in the oxidat ion/corrosion/erosion 
env i ronment  encountered in gas turbines  (1). Such 
protection is provided by a luminum oxide scales which 
preferent ial ly  form on the ~-MA1 phase which is 
analogous to NiA1 in the Ni-A1 b inary  system. Gen-  
erally these intermetal l ic  a luminide coatings are dif- 
fusion formed by exposing the blade or vane alloy 
surface to an a luminum-r ich  env i ronment  at elevated 
temperature.  The aluminides may be applied by a 
number  of methods including pack cementation, s lu r ry  
spraying and sintering, and s lurry  spraying and fus- 
ing in the presence of a fluxing agent (2, 3). The pack 
cementat ion method is the most established and com- 
mon ly  used technique for large scale batch processing 
of engine components cur rent ly  in commercial flight 
service. 

Although the commercial pack aluminides are per-  
forming successfully in  the 700~176 metal  operat-  
ing temperature  range of current  engines, the require-  
ments  of higher operating temperatures  for improved 
engine performance with even longer times between 

Key words: nickel alloys, protective coatings, diffusion. 

overhaul  will place ever more s tr ingent  demands on 
coating technology. Even if new coating systems come 
into use for these h igh- tempera ture  needs, the rela-  
t ively low-cost a luminide coatings will  continue to 
be used at peak temperatures  to ll00~ One way to 
improve such a luminide coatings is by gaining a more 
thorough unders tanding  of the pack cementat ion proc- 
ess and then using this insight to optimize pack con- 
ditions for each alloy and application. 

A fairly extensive background on pack aluminizing 
exists in the l i terature,  but  knowledge of the effect 
of pack variables on coating structure and performance 
remains far from complete (2,4-6).  Goward and 
Boone (5) have summarized the formation mechanisms 
for a luminide coatings. They formulate  two classifi- 
cations: (i) the low-temperature ,  high-act ivi ty  pack 
and (ii) the high- temperature ,  low-act ivi ty  pack. Each 
coating class has its peculiarities and advantages. The 
two-step high-act ivi ty  process (application followed 
by diffusion anneal ing)  tends to first form M~Ala which 
reverts to MA1 on annealing.  Such coatings incorpor- 
ate substrate consti tuents and microstructural  features, 
whereas the low-act ivi ty  process (which also may  re- 
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quire two steps) tends to form MA1 and to incorporate 
only selected substrate consti tuents (4). In  the high-  
activity process, a luminum is supplied at a rate much 
greater than it can react to form/~-MA1. Thus M2Als is 
formed by inward  diffusion of Al. In  the low-act ivi ty  
process the rate of supply of a luminum is less than  the 
rate at which nickel can be supplied through 8, and 
thus nickel-r ich B is formed. The advantages derived 
from each pack class might  be conferred upon a coat- 
ing by a one-step hybr id  pack in which a luminum is 
present  at un i ty  activity and the temperature  is high 
enough to ma in ta in  /~-formation. 

The purpose of this s tudy was to develop a ful ler  
unders tanding  of the impor tant  processing variables, 
t ransport  mechanisms, and thermodynamics  of the 
pack aluminizing process. This was done by  s tudying 
the effect of several  pack activators, pack composi- 
tions, temperatures,  and times on the thickness and 
structure of pack a luminide  coatings formed on nickel-  
base superalloy IN-100 in high-activity,  h igh- tempera-  
ture  hybr id  packs. 

Prior  exploratory studies evolved a pack consisting 
of 1 w/o  NaC1, 1 w/o  A1 with the balance iner t  Al2Os 
filler to which the substrates are exposed for 16 hr 
at 1093~ under  an argon atmosphere. In  this s tudy 
the fluorides, chlorides, bromides, and iodides of so- 
dium and ammonium were used as activators. Pack 
times were varied from 3 to 24 hr, pack temperatures  
were varied from 982 ~ to 1149~ and activator and 
a luminum concentrat ions were varied over the range 
of 1-3 and 1-5 w/o, respectively. 

The coated specimens were evaluated by  weight  
gain, optical metal lography,  microhardness measure-  
ments, electron microprobe raster micrography (EMP), 
x - r ay  fluorescence (XRF),  and x - r ay  diffraction 
(XRD). 

Experimental Procedures 
Coating deposffion.--Commercially cast IN-100 hav-  

ing a nominal  composition of 5.5 w/o  Al, 15.3 w/o  Co, 
9.6 w/o Cr, 3.2 w/o  Mo, 4.3 w/o  Ti, 0.9 w/o  V, 0.17 
w/o C, with the balance nickel and minor  trace ele- 
ments, was the substrate used for this study. Speci- 
mens were cast in  two configurations: 5.1 • 2.5 • 
0.25 cm coupons and 10.2 • 2.5 • 0.64 cm erosion bars. 
Specimen edges were radiused from 0.04 to 0.08 cm 
by  abrasive tumbl ing  or gr inding on a water -wet ted  
belt  sander. Both types of specimens were then grit 
blasted with --100 mesh AltOs to produce a uni form 
matte  finish, rinsed, measured, vapor degreased, r insed 
in  distilled water, and weighed prior to placement  
in the pack. 

The pack box consisted of an aluminized Inconel  
retort  as shown in  cross section in  Fig. 1. The speci- 
mens  were rested in  a premixed powder consisting 
of Alcoa A-1 grade --100 mesh a lumina  powder, --100 
mesh 99% pure Al, and reagent grade activator salt. 
The packs contained at least 1 w/o  Al and 1 w/o ac- 
tivator. The balance was A1203. In  one NaI-act ivated 
pack the activator content  was raised to 3 w/o  and 

,~71NCONEL BOXES {INNER BOX DIh~ENSIONS 
x7x25 aM) 

~\~ /-INCONEL DIFFUSER 
',\,\ / F-INCONEL TUBING 

ARGON OUT ~ ~ - ~ - ~ ' : s ~ , C . : - % ~ ~  "~,~ "[~::" ]"~:~'~'~~~'~ '~'~~'~":'~:~'~:~'" ~= '~ '~ 'H  uu~ 
~ - ~ "  : ' ~  ~:~- ,~ "':~:,: " 5 ~ , . ~ ' ~ . :  - . ~ v .  

z 
SPECIMENS I / ~-PACK MIXTURE= 
TO BE COATED I / /  1-3 wig ACTIVATOR 
SUPPORTED BY PACK _k 1-5 wig AI 

BALANCE: A120 ) 

Fig. 1. Schematic cross-section view of an assembled pock box 

in  one NaBr-act ivated pack the a luminum content  was 
raised to 5 w/o. 

The assembled pack was purged for 1 hr  with high-  
pur i ty  argon prior to insert ion into the preheated box 
furnace which was controlled to •176 The packs 
required about 1 hr  to heat up to the furnace tem- 
perature. Pack times are reported as t ime at temper-  
ature rather  than  as t ime in  the furnace. Argon flow 
was main ta ined  at 0.057 mS/hr throughout  the t ime 
the packs were above room temperature.  Upon com- 
pletion of the scheduled exposure, the pack was re-  
moved from the furnace and cooled to room tempera-  
ture. The specimens were removed from the powder, 
brushed, r insed in  distilled water, and weighed to 
determine a luminum pickup. 

Additional evaluations.--Metallographic cross sec- 
tions of some specimens in the as-coated condition were 
examined to evaluate the effect of the various pack 
conditions on coating s t ructure  and thickness. In  addi- 
tion, microhardness measurements  were made with a 
Knoop indentor  dr iven by a 200g load. The EMP anal -  
yses by electron backscatter and element  x - r ay  raster 
micrography were performed on some metal lographic 
cross sections of the coated specimens to determine 
quali tat ive e lement  distributions. Also, XRF analyses 
in situ and XRD analyses of scrapings and in situ 
were performed. 

The pack materials  from completed 16 and 24 hr, 
10930C, NaCl-act ivated packs were analyzed for C1, 
Na, and A1. Three bu lk  samples from the 24-hr pack 
were leached to extract  the following elements:  one 
sample was water  leached to extract  C1 and A1 present  
as soluble halide salt; another  was HC1 leached to 
extract  Na and Al; and a th i rd  was given a r edundan t  
NaOH leach to check the extract ion of C1 and A1. 
Sodium was analyzed by flame emission spectroscopy, 
A1 was determined by  atomic absorption spectroscopy, 
and C1 was determined by  spectrophotometry using 
the mercuric thiocyanate procedure. Sequential  leaches 
on single samples were used to analyze a bu lk  sample 
and a sample taken from wi th in  0.5 cm of the speci- 
men  surface in  the 16-hr pack. 

Results 
The results of a luminide  coating deposition on IN-  

100 in  packs activated wi th  the halides of sodium and 
ammonium are presented in Table I. 

E~ect of time.--Chloride-activated packs.--Coating 
deposition times of 4, 6, 8, 16, and 24 hr at 1093~ 
were used with the baseline NaCl-act ivated pack. As 
shown in Table I, the var iat ion in coating weights 
and thicknesses of specimens wi th in  a pack was gen-  
eral ly small. There was more var iat ion in  these mea-  
surements  between packs as pr imar i ly  observed in the 
16-hr packs. This variat ion influenced coating compo- 
sition and microstructure.  A satisfactory explanat ion 
for this behavior could not be found. Variations in  
temperature,  variable levels of residual oxygen, n i t ro-  
gen, and moisture in  the assembled packs, or incom- 
plete mixing  of the pack ingredients  ma y  be respon- 
sible. 

The XRD analysis indicated that  the coatings de- 
posited by 1093~ NaCl-act ivated packs were pr i -  
mar i ly  /~-MA1. M2AI~ was detected in situ as a minor  
coating phase in  a coating put  down in 8 hr and in the 
heaviest coating put down in  16 hr. 

Photomicrographs of coatings deposited by the NaCI- 
activated packs are presented in Fig. 2. The zone ad- 
jacent  to the substrate which etched dist inctly l ighter 
in  the 4-, 8-, and 16-hr pack coatings is of relat ively 
constant thickness (16-30 ~m) as a funct ion of t ime 
compared to the growth of the outer or pr imary  coat- 
ing layer  (32-77 ~m). In  all coatings a discontinuous 
layer  of carbides similar in  appearance to the substrate 
carbides was clearly visible in the as-polished samples. 
The samples coated for 4 and 8 hr  have microstruc-  
tures characteristic of "low-activi ty" pack coatings 
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W e i g h t  % A l u m i n u m  C o a t i n g  X R F  
Temper- T i m e ,  A e t i -  A l u -  p i c k u p ,  t h i c k -  

A c t i v a t o r  a t u r e ,  ~ h r  v a t o r  m i n u m  m g / c m  2 ness ,  / t in AI(~) Ni<~ 
M a j o r  

T i  <b~ p h a s e  

XRD 

Minor p h a s e s  

N a F  1093 10 1 I 13.3 +-- 1.2 108 6.0 64 1.3 MAI+ 
NaC1 982 10 1 1 2.6 • 0.1 18 6,3 72 0.2 M A I  
NaCI 1038 16 1 1 6.0 ---+ 0.6 40 9.1 72 0.3 MA1 
NaCI 1038 16 1 1 6.4 +--- 0.4 46 9.4 73 0.1 MA1 
N a C I  1093 4 1 1 7.4 48 - -  - -  MA1 
NaC1 1093 8 1 1 7.1 - -  0.3 50 7.1 74 ~.1 M A I  
NaCl 1093 8 1 1 7.9 -- 0,1 62 . . . .  
NaC1 1093 15 2 2(~) 13.9 ~--- 0.5 -- -- -- -- 

N a C I  1093 15 i I 12.2 + 0,2 ~ - -  - -  - -  M A I  
N a C I  1093 16 1 1 18.6 • 0.3 115 7.7 69  0.1 M A t  
NaCI 1093 16 I I 15.4 -- -- -- 

N a C I  1093 24 1 1 14.3 ~ 1.3 10"~ 6.8 ~ 0.2 M A t  
NaC1 1093 24 1 1 17.2 + 0.3 115 . . . .  
NaC1 1149 16 1 1 16.1 ---+ 3.0 132 8.5 67 0.5 MA1 
N a B r  1093 4 1 1 3.8 35 - -  - -  - -  MA1 
N a B r  1093 9 I 1 5,5 48 - -  - -  M A I  
N a B r  1093 16 I i 6.8 ~- 0 .2  52 7.2 ~ 0.1 M A I  
N a B r  1093 16 1 5 18.1 136 - -  - -  - -  M A I  
N a B r  1093 24 1 1 8.4 86 -- -- -- MA1 
NaI  1093 16 1 1 5.1 ~ 0.3 50 7.4 78 0.1 MA1 
Nal 1093 16 3 I 5.9 ---+ 0.I -- -- ~ -- -- 

NI-LF 1093 16 1 1 15.7 ~ 2.9 115 4.3 4.2 M A I  
NH+CI 1093 3 I 1 4.6 ~--- 0.2 42 - -  MA1 
NH4CI 1093 16 I I 10.5 + 1.6 90 ~ ~ 0.3 M A I  
N H a B r  1093 16 1 1 7.6 ~ 0.1 73 5.4 81 0.1 MA1 
NHaI  1093 16 I I 5.2 ~ 0.2 53 5.2 80 0 . i  M A I  

AhCr8 

AhO8 

M2Ah 

M~h 

Al2Os 

A12Cr8 

N i O  

Al2Os 

A~Oa 

TiO2 

co> C o u n t s  re la t ive  to  c o u n t s  f r o m  A1 • 100. 
<~) C o u n t s  re la t ive  to  c o u n t s  f r o m  I N - 1 0 0  • 1O0. 
(r S p a c i n g  b e t w e e n  s p e c i m e n s ,  3.3 c m  m i n i m u m  e x c e p t  for  th i s  pack  w h e i e  1.9 c m  s p a c i n g  Was  used .  

with  carbides concentrated in the l ight  etching zone 
adjacent  to the substrate (5). In the samples a lumi-  
nided for longer  t imes the carbides also penet ra te  the 
p r imary  layer.  Some substrate carbide deplet ion (not 
shown) was noticeable af ter  16 hr. Af te r  24 hr  the 
thickness of the substrate carbide depleted zone was 
comparable  to the coating thickness. Since the carbides 

in the coating are r ich in Ti, Mo, and V as were  the 
substrate carbides, they are presumed to be of the MC 
type (7). Their  dis tr ibut ion and the occurrence of car-  
bide deplet ion of the substrate indicates format ion of 
these carbides in the coating by precipi tat ion as wel l  
as by inclusion as a result  of coating growth. An  addi- 
t ional  minor  coating phase, revea led  as the l ight  e tch-  

Fig. 2. Cross-sectional microstructures of aluminide coatings deposited on IN-100 in 1093~ NaCI-activated packs 
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Fig. 3. Growth of aluminide coatings on IN-100 in sodium and 
ammonium chloride-activated I093~ packs. 

ing particles concentrated pr imar i ly  in  the l ighter  
etching zone, is rich in  Cr, Mo, and V and lean  in  Ni, 

Co, and Ti. Occasional A12Os inclusions (large dark 
particles) and other particles (pr imari ly  rich in  Cr) 
are also found in the pr imary  layer. 

The coating deposition data for NaCl-act ivated 
packs, as plotted in  Fig. 3, were fit to power law 
growth equations 

x = ( k t )  l/n; w -- (k ' t )  l /n" [1] 

appropriate for diffusion through a growing phase or 
depleting zone in  the pack. Analysis of thickness (x) 
and weight (w) data gave 1/n  and standard deviation 
values of 0.54 • 0.10 and 0.56 • 0.12 for thickness and 
weight data, respectively, indicat ing~ parabolic be-  
havior. Fi t t ing the thickness data to a parabolic 
growth equation (n ---- 2) gives a rate constant (k) of 
1.6 X 10 -9 cm2/sec wi th  a s tandard deviat ion of 
• • 10 -9 cm2/sec. 

The data for NH4Cl-activated packs, as plotted in 
Fig. 3, were fit to the power law growth equation. 
Using the s tandard deviations found for NaC1, the 
values of 1/n  and their  s tandard  deviations are 0.46 
• 0.10 and 0.49 • 0.12 for thickness and weight gain 
data, respectively. These values suggest that parabolic 
kinetics prevailed in  NI-~Cl-activated packs. The para-  
bolic rate constant  was 1.3 • 0.4 X 10 -9 cm2/sec 
(again using the s tandard deviat ion obtained for 
NaC1). 

N a B r - a c t i v a t e d  packs . - -Micros t ruc tures  of coatings 
deposited in 4-, 8-, 16-, and 24-hr, 1 w/o a luminum 
NaBr-activated, 1093~ packs are presented in  Fig. 4. 
The outer inclusion-free zone of the coatings deposited 
in  4-, 8-, and 16-hr packs shows a change in color as a 
funct ion of depth not seen in  coatings deposited in 
NaCl-act ivated packs. This is indicative of a t ransi t ion 
from Al-r ich MA1 at the surface to Al - lean  MA1 in the 

Fig. 4. Cross-sectional microstructures of aluminide coatings deposited on IN-100 in 1093~ NaBr-activated packs 
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coating interior  (4). The interface between the inclu-  
sion-free outer zone and the inner  zone is quite i r regu-  
lar in NaBr-act ivated packs when  compared to the 
interface developed in NaCl-act ivated packs (Fig. 2). 
This i r regular i ty  is indicative of sensi t ivi ty to small  
local variations in  pack composition as previously re-  
ported by Bri l l -Edwards and Epner  (6). 

The a luminum weight gain data are plotted against 
pack t ime in  Fig. 5. When fit to the power law rate 
equation, 1/n and standard deviation, values of 0.44 
___ 0.13 and 0.44 ~ 0.04 were obtained for thickness and 
weight gain data, respectively. Thus coating forma- 
t ion adheres fairly well  to a parabolic growth law. 
The parabolic rate constant was 7.9 • 10 -z0 cm2/sec 
with a s tandard  deviation of -*-2.3 • 10 ,-10 cm2/sec. 
This is less than the parabolic rate constants calculated 
for coating formation in  chloride-act ivated packs. The 
differences in rate constants, coating microstructures,  
and sensitivities to local variations in  pack composition 
between coatings formed in chloride- and bromide-  
activated packs may be indicative of a difference in the 
ra te-control l ing step in  coating formation in  these 
packs. 

E~ect of temperature.--Coating deposition tempera-  
tures of 982 ~ 1038 ~ 1093 ~ and 1149~ were used with 
NaCl-act ivated packs run  for 16 hr. Inclusion of data 
from 15-hr, 1093~ packs is felt to introduce a negl i -  
gible error. The log of coating weight squared at con- 
stant t ime is, to a good approximation, a l inear  func-  
t ion of reciprocal absolute temperature  as can be seen 
from Fig. 6. A + 15~ variat ion in temperature  gives an 
18% increase in coating thickness. Regression analyses 
of weight gain and coating thickness data for assumed 
parabolic behavior  gave activation energies of 88 kcal /  
mole. The s tandard deviations of the activation energy 
(slope) were __11 and • kcal /mole for the lines fit to 
thickness and weight data, respectively. 

The XRD results confirmed that  the pr imary  coat- 
ing phase was /~. Photomicrographs of coatings de- 
posited at each of the four pack temperatures  are 
shown in Fig. 7. Coatings deposited at 982 ~ through 
1093~ are very similar in general  microstructure.  
They all have the characteristic inclusion-free outer 
or pr imary  /~-layer and a dist inctly defined, l ighter  
etching zone having a high concentrat ion of MC carbide 
inclusions. Second-phase inclusions are concentrated 
at the inner  part  of the pr imary  layer  in the 982 ~ and 
1038~ deposited coatings as they were in  the coating 
applied in the 8-hr, 1093~ pack. Longer times or 
higher temperatUres spread the distr ibution of these 
particles throughout  the outer layer. The growth of 
the pr imary/~- layer  was much more sensitive to tom- 
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Fig. 5. Growth of aluminide coatings on IN-100 in 1 w/o aluminum 
sodium bromide-activated 1093~ packs. 
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Fig. 6. Effect of temperature on the formation of aluminide 

coatings on IN-100 in 15- and 16-hr NaCI-activated packs. 
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perature than was the growth of the secondary zone 
adjacent  to the substrate. Carbide depletion of the 
substrate to a depth comparable to the coating thick- 
ness (not shown),  recrystall ization of the columnar  
secondary zone, formation of a layer  of ~/ (nickel solid 
solution) at the coating substrate interface, and 
growth of a zone of large equiaxed grains essentially 
free of second-phase inclusions in the outer /~-layer 
have all occurred in the coating deposited at 1149~ 
The coating is also considerably softer than  coatings 
deposited at lower temperatures.  These features are 
characteristic of a part ial ly depleted a luminide coating 
on IN-100 (8). In  summary,  coating microstructures 
obtained in 982 ~ or 1038~ 16-hr packs (Fig. 7a and 
b) and 1093~ 4- and 8-hr packs (Fig. 2a and b) have 
microstructures characteristic of low-act ivi ty  pack 
coatings (i.e., a single-phase ~ outer coating zone) 
whereas the coating microstructures obtained at higher 
temperatures  or longer times are hybrids incorporat ing 
features found in heat- t reated high-act ivi ty  pack coat- 
ings and low-act ivi ty  pack coatings as discussed by 
Goward and Boone (5). 

E#ect of activators.--The results of activator vari-  
ation in 16-hr, 1093~ packs are listed in  Table I and 
plotted as bar  graphs in Fig. 8a and b. In  all cases the 
XRD analysis of the coatings detected/~ as the major  
coating phase. Examinat ion  of Fig. 8a and b indicates 
that  a luminum pickup general ly  increases with de- 
creasing atomic number  of the halogen. The XRF anal-  
yses of the surface (Fig. 8c and d) indicated that the 
t rend for surface nickel content  was approximately 
the inverse of the t rend for a luminum pickup; i.e., sur-  
face nickel content general ly increased with increas- 
ing atomic number  of the halogen. These observations 
indicate that  the abil i ty of higher molecular  weight 
halogens to deposit a luminum is less than that  of lower 
molecular  weight halogens. Thus gas phase kinetics 
and thermodynamics must  play a significant role in  
a luminum deposition under  some conditions. 

The changes in halide and the accompanying changes 
in the rate of coating formation have an effect on the 
coating microstructure and phase distr ibution as can 
be seen in the photomicrographs in Fig. 9' and 10. 
The coatings formed in 16-hr, fluoride- and chloride- 
activated packs have microstructural  features derived 
from both the heat- t reated high-act ivi ty  and the low- 
activity pack classifications. The bromide-  and iodide- 
activated pack coatings (Fig. 9c and d and 10c and d) 
have microstructural  features peculiar to low-act ivi ty  
pack coatings. A luminum content in these coatings is 
general ly lower than in lower temperature  or shorter 
t ime NaCl-act ivated pack coatings having about the 
same weight (Fig. 3a and b and 7b). Consequently, 
the coatings formed in  bromide-  and iodide-activated 
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Fig. 7. Cross-sectional micrographs showing the effect of temperature on aluminide coating growth on IN-IO0 in NaCI-activated 16-hr 
packs. 

packs are general ly  softer than  coatings formed in 
corresponding fluoride- and chloride-act ivated packs. 
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Fig. 8. Aluminum weight gain and surface nickel content in 
16 hr, 1093~ packs as a function of halide activator. 

However, they have microstructures s imilar  to these 
NaCl-act ivated pack coatings. 

E~ect of pack composition.--An increase in pack 
a luminum and NaC1 content  from 1 to 2% had no sig- 
nificant impact on a luminum pickup in  a 1093~ 16-hr 
pack. Also, an increase in  NaI content from 1 to 3% 
had no significant impact on a luminum deposition in a 
1093~ 16-hr, 1% a luminum pack. However, an in -  
crease of a luminum content  from 1 to 5% in a 1% 
NaBr, 1093~ 16-hr pack increased a luminum pickup 
from 6.8 to 16.1 mg/cm 2. The microstructure  of this 
coating, shown in Fig. 11, is very similar to micro-  
structures of 16- and 24-hr NaCl-deposited coatings. 
This sensit ivity to pack a luminum content indicaSes 
that  gas phase kinetics play a significant role in ~the 
rate of a luminum deposition in NaBr-act ivated packs. 
Similar  behavior could be anticipated in  NH4Br- and 
iodide-activated packs based on the strong similarities 
between coatings put down by these packs and the 1 
w/o  AI, NaBr-act ivated pack. 

Discussion 

Pack stability.--In this study aluminide coatings 
were deposited on IN-100 in a semiopen system. The 
abil i ty of such a system to ma in ta in  stable bu lk  pack 
a luminum deposition capabili ty throughout  an experi-  
ment  is a na tura l  first subject  for discussion. For ex- 
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Fig. 9. Cross-sectional micrographs showing the effect of halogen variation in sodium halide-activated 1093~ 1G-hr packs. 

ample, a max imum in coating microhardness was ob- 
served at 16 hr and M2Ala was detected as a minor  
phase only in 8- and 16-hr coatings deposited in  
1093~ NaCl-act ivated packs. These observations may 
be indicative of a decline in bulk  pack a luminum dep- 
osition capabil i ty with t ime or may  mere ly  be due to '  
the growth of a depleted zone in the pack adjacent  to 
the specimen surface. 

To obtain some feeling for the stabil i ty of the 
various packs and eventua l ly  permit  an analysis of the 
kinetics of a luminum deposition, thermodynamic  anal -  
yses for the ini t ial  bulk  pack compositions were per-  
formed. The results of the thermodynamic  analyses of 
the bulk  pack compositionsl as discussed in  detail in 
Appendix A, are presented in Table II. On the basis of 
condensed phases present, the packs  fall into three 
groups: sodium hal ide-act ivated packs with NaX(1) 
and A1 (1) present;  NH4F-activated packs with A1Fa (s)  
and A1N (s) present;  and NH4X (X = CI, Br, or I) ac- 
t ivated packs with AI(1) and AlN(s)  present. Based 
on the na ture  of the condensed phases present  at local 
equi l ibr ium in the bu lk  pack as listed in Table II, the 
sodium halide- and ammonium fluoride-activated packs 
should be stable as a funct ion of t ime whereas the 
other ammonium hal ide-act ivated packs may  not be 
stable. 

The results of C1, Na, and A1 analyses of pack ma-  
terial from a 24-hr NaCl-activated, 1093~ pack as 
listed in  Table III  did not confirm that  a significant 
decrease in bulk  pack a luminum deposition capabil i ty 
occurred. Calculation of the partial  pressures of re-  
active species in  the pack at 24 hr from the results of 
the chemical analyses gave values equal to or greater  
than those calculated for the ini t ial  conditions. Thus 
the absence of M2AI3 in  the 24-hr pack is a t t r ibuted 

to formation of a depleted zone in the pack at the 
specimen surface. More direct evidence of depleted 
zone formation was obtained from the XRD and 
chemical analyses o f  samples taken from the bulk  pack 
and from within  0.5 cm of the sample surface after 
completion of a 16-hr, 1093~ NaCl-act ivated pack as 
reported in Table III. A luminum was detected by 
XRD as a minor  phase in the bulk  pack but  was not 
detected at the specimen surface. Conversely, NaC1 
was detected as a possible minor  phase at the specimen 
surface but  was not detected in  the bu lk  pack. Chemi- 
cal analyses of these samples, as listed in  Table III, 
confirm the XRD results. The A1 content  of the bu lk  
pack was considerably higher than  that  of the pack 
close to the specimen surface whereas the Na and C1 
constants of the bulk  pack were found to be lower 
than at the specimen surface. Thus a depleted zone 
is formed in the packs. Format ion of a depleted zone 
in a luminiding packs was previously reported by  Bri l l -  
Edwards and Epner  (6). An idealized sketch of the de- 
pleted zone is shown in  Fig. 12. The actual  depleted 
zone probably does not show an abrupt  t ransi t ion since 
gaseous diffusion permits gradual  depletion of a lumi-  
num over an extended t ransi t ion zone. 

Since no condensed halide source is present  in NH4X 
(X = C1, Br, or I) activated packs whereas NaX(1) is 
present  in corresponding sodium halide packs the sta- 
bi l i ty of the NH~X packs may be. considerably lower 
than that  of NaX-act ivated packs. Also, for example, 
extremely high init ial  deposition rates may  be obtained 
with NH4C1 dur ing  the early part  of the coating cycle 
when  the part ial  pressure of A1C1 (g) is more than  an 
order of magni tude  higher than in  the NaCl-act ivated 
pack. However, the coating deposition data for NaCI- 
and NH4Cl-activated packs, plotted in Fig. 3, suggest 
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Fig. 10. Cross-sectional micrographs showing the effect of halogen variation in ammonium halide-activated 1093~ 16-hr packs. 

that  the NH4X (X = C1, Br, or I) act ivated packs be-  
have s imilar ly to NaX-ac t iva ted  packs in the sense 
that  init ial  deposition rates are not significantly dif-  
ferent  and that  rapid di lut ion of the NH4Cl-act ivated 
pack does not occur in spite of the absence of a con- 
densed halide phase. In addition, there  is strong cor- 
respondence be tween  the microstructures  and weights  
of coatings applied by corresponding halides of sodium 
and ammonium as can be seen from Fig. 9 and 10 and 
Table I. 

Pack kinetics.--Experimental.--In this s tudy para-  
bolic rate  constants of 1.3 ~- 0.4 • 10 -9 cm2/sec for 
NH4Cl-act ivated coating deposition and 1.6 __+ 0.4 
X 10 -9 cm2/sec for NaCl-ac t iva ted  coating deposition 
were  obtained. These values are less than rate  con- 
stants reported by Janssen and Rieck (9) for growth 
of NiA1 be tween  Ni2A13 and NisA1 and for nonstoi-  
chiometric NiA1 from NiA1 and Ni. Extrapola t ion  of 
their  results to 1093~ gave rate  constants of 5 • 10 -9 
cm2/sec for the former  reaction and 6 • 10 -9 cm2/sec 
for the latter. The difference be tween  rate constants 
for coating formation on IN-100 and diffusion in binary 
couples could be due to both the effects of solutes such 
as Cr, Co, and Ti der ived f rom the IN-100 substrate 
and to the order  of magni tude  var ia t ion in diffusivity 
be tween stoichiometric NiA1 (in which the diffusivity 
of nickel is a min imum) and nickel- r ich NiA1 (10) 
(which controls layer  growth as de termined  by Jans -  
sen and Rieck).  

Fig. 11. Cross-sectional microstructure of an aluminide coating 
deposited an IN-100 in a 1 w/o NaBr, 5 w/o AI, 16-hr, 1093~ 
pack. 
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Fig. 12. Idealized depleted zone formation during pack alumin- 
iding. Time, t2 ~ tl. 
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Table III. Residual activity of 16- and 24-hr, 1093~ 
NaCI-activated packs 
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(a) Leaches were successive on a single sample. 
(b) Average AI analysis for HCI and NaOH leaches only. 

Also, in this study an activation energy of 88 ~- 13 
kcal/mole was obtained for the deposition process in 
NaCl-activated packs. This value is in poor agreement 
with a value of 41 kcal/mole reported by Janssen and 
Rieck (9) for diffusion of nickel in ~ as determined by 
layer growth studies. However, the activation energy 
falls close to the upper end of the range of values for 
nickel diffusion in NiAI reported by Hancock and 
McDonnell (10): 73.4 ~_ 2.3 kcal/mole for stoichio- 
metric NiA1 to 42.5 ~ 6.3 kcat /mole  for the 48.3 a /o  
(atom per cent) Ni composition. The activation energy 
is also in agreement wi th  the activation energy of 81 
kca l /mole  reported for Co tracer diffusion in NiA1 by  
Berkowitz et al. (11). Based on the coating growth 
rate constants and activation energies observed in this 
study and their reasonable agreement with data for 
the NiA1 system (9-11),  we  conclude that nickel  dif- 
fusion through the coating may  be the rate-controll ing 
step in Na4C1- and NI~Cl-act ivated  packs run be-  
tween  982 ~ and 1149~ Addit ional  support comes from 
metal lography and XRD results which indicated that 
the coating was primarily ~ and from the observed in-  
sensit ivi ty  of NaC1 packs to 1% variations in a lumi-  
num and activator content. 

In NaBr-activated packs high sensit ivity of coating 
weight  to pack a luminum content was observed. The 
kinetics of a luminum deposition in 1 w / o  NaBr packs 
adhered reasonably we l l  to a parabolic growth law, 
but the parabolic rate constant (7.9 ~ 2.3 • 10 -1~ cm2/ 
sec) was smaller than in NaCl-activated packs (1.6 

0.4 • 10 -9  cm2/sec).  Based on the sensit ivity of 
NaBr packs to a luminum content and the lower alumi-  
num pickup of 1 w / o  A1 bromide-  and iodide-activated 
packs compared to chloride- and fluoride-activated 
packs, the authors conclude that gas phase kinetics 
was the rate-controll ing step in a luminum deposition 
from bromide- and iodide-activated packs containing 1 
w / o  aluminum. 
Analyt icaL--To further elucidate the role of gas phase 
kinetics in aluminide coating formation, analyses of 
a luminum transport from the bulk  pack through the 
pack depleted zone to the surface of the coating were 
carried out. The starting points for the analyses were 
the thermodynamic calculations discussed in Appendix  
A and the pack depletion zone model, Fig. 12. The 
analyses of gas phase kinetics are discussed in Ap-  
pendix B where the calculation of instantaneous fluxes 
of a luminum for a simplified case is outlined. The in-  
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stantaneous flux is given by 

~ D i ( P i  -- P ' i )  
NAId ~=i 

- - -  : [2] 
A RT 

where DI and Pi are the diffusivity and part ial  pressure 
of the ith a luminum-bea r ing  species wi th  the prime 
referr ing to the sample surface, d is the diffusion 
distance and NA1 is the rate of t ranspor t  of A1 in  moles /  
second. The computations included mass balances on 
H, X, and Na and allowed for condensation of NaX (1) 
as appropriate. In  NI-~X-activated packs di lut ion by 
9.8 moles of argon (4 hr  of argon flow) was used to 
arr ive at bulk  pack compositions. In  the case of NH4F 
pseudoequil ibr ium bulk  pack compositions were used 
since di lut ion with 9.8 moles of argon results in  dis- 
appearance of the AIF3(s) phase. The computations 
were made for an assumed surface a luminum activity 
of 1 X 10 -2. This is a reasonable choice for average 
a luminum activity in view of the fact that  Steiner and 
Komarek (12) report an activity of 1 • 10 -2 for a lu-  
m inum in stoichiometric NiA1 at 1000~ Results are 
listed in Table IV for major  diffusing species. 

From the ins tantaneous fluxes the diffusion direction 
of each species in the pack depleted zone was ascer- 
tained. These are i l lustrated in  Fig. 13 (a) for the 
simplified model for NaX-act ivated packs in  which 
NaX(I)  condensation was not considered, (b) for the 
complete model for NaX-act ivated packs where NaX (1) 
condensation was considered, and (c) for NH4X-acti- 

vated packs. Instantaneous fluxes of major  species are 
compared to the net ins tantaneous a luminum flux in  
Fig. 14. A luminum is deposited pr imari ly  by A1X. 
NaX(1) condensation (Fig. 14b) augments  a luminum 
deposition by not requir ing halogen removal by AlX2 
and AlX~ diffusion (Fig. 14a). In  reality, the actual 
fluxes for NaX-act ivated packs are probably bounded 
by the complete and simplified models. Evidence of 
NaX condensation in  the depleted zone was obtained. 
However, some depletion of Na as a result  of reaction 
with a lumina and by transport  out of the semiopen 
system does occur. 

In  addition to a luminum being deposited, loss of 
substrate species from IN-100 can contr ibute to ob- 
served net specimen weight change and thus cause 
mis interpreta t ion of coating weight. Analyses were 
performed for Ni and Cr. Very small amounts  of nickel 
are lost from the substrate as nickel and nickel halide. 
At 1366~ the part ial  pressure of nickel over the alloy 
is only about 10 -~~ atm (13). This gives a nickel flux 
of about 10 -14 moles/cm2:sec from the coating surface 
to the bulk  pack. 

The estimated Cr partial  pressure over IN-100 is 0.1 
Per = 1.3 X 10 .7  atm at 1366~ (13). This gives a 
Cr flux of about 1.3 • 10 -11 moles/cm2-sec. Thus, at 
worst, the chromium weight loss in a I6-hr, 1093~ 
pack was about 1% of the a luminum weight gain. 

The rate of a luminum deposition dw/dt  in  milli- 

grams per square cent imeter-second was computed 
from the instantaneous fluxes according to the follow- 
ing equation 

Table IV. Major instantaneous fluxes and net aluminum deposition rate constants and weights for 
gaseous diffusion from a bulk 1 w/o AI pack to a surface at aluminum activity 1 X 10 - 2  

A 1 X  A I X 2  A 1 X a  X 

D~AP~ 

D,, RT 
c m s  m o l e s - c ~  D~AP2 D e A P s  D t A P t  

Actl- Temper- 
v a t o r  a t U r e ,  ~  P ~  P~s  s e e  cme-see D~ R T  De  R T  D~ R T  

A .  S i m p l i f i e d  m o d e l :  o n l y  A I X ,  A1X2,  A 1 X s ,  a n d  X c o n s i d e r e d  

N a F  1366  8 . 1 9  x 10  -2 8 . 2 3  x 10 4 1 .5 7  1 .0  x 10 -6 1 .32  - - 2 . 6  x 10  - i~  1 . 16  - - 3 . 4  x 10  -7 2 . 9 5  - - 2 . 7  
NaCl 1255 9.04 x I0 -a 8,15 x I0-~ 1.12 7.5 X I0 -" 0.875 --3.1 z I0 -9 0.739 --3.8 X i0 -io 1.60 --1.4 
NaCl 1311 2.03 • 10 4 4.74 X 10 -4 1.19 1.7 • 10-s 0.934 --7.2 x I0 -9 0.788 --8.4 x 1O -i~ 1.71 --7.2 
I"~'aC1 1366  4 . 2 0  • 10 -3 8 . 7 3  x l 0  - t  1 . 27  3 .8  x l 0  -s  0 . 9 9 3  - - 1 . 6  x 10  ~ 0 , 8 3 9  - - 1 , 8  x 10 -9 1 .82  - - 3 . 1  
NaCl 1422 8,27 • I0 -3 1.89 x I0 -~ 1.35 7.5 x I0 -s 1.05 --3.1 x i 0  -s 0.891 --3.7 • i0  -9 1.93 - -1 .3  
NaBr  1366 1.75 X I0 -3 3.66 x I0 -~ I . I I  1.4 x 1 0 s  __ -- 0.732 --4.7 X I0 -9 1.41 --5.0 
N a l  1366 4.61 • 1O -s 4 , 1 3  x 10 4 0.981 4.1 X I0 -9 - -  - -  0.636 --5.0 x i0 -le 1.17 --2.7 

B .  C o m p l e t e  s o l u t i o n :  all  s p e c i e s  c o n s i d e r e d  

N a F  1366 8.19 X 10- ~ 3.00 X I0 -8 1.57 I.I x 10-e 1.32 2.4 x l 0  s 1.16 1.9 x l 0  s 2.95 - - 7 . 8  
NaCl 4.20 x 10 4 1.09 x I0 -~ 1.27 4.7 x 10s  0.993 3.4 x 10 -e " 0.839 1.2 x I0 -l l  1.82 - 2 . 3  
i N a B r  1 .75  • 10 -3 3 . 9 4  X 10  -~ 1 .11  1.7 X 10-e  - -  - -  0 . 7 3 2  4 . 4  X I0 -li 1 .41  - - 3 . 1  
Nal 4.61 X 10 4 9.18 x I0 -5 0.981 4.1 x lO s -- -- 0.636 6.6 x I 0  -i~ 1.17 --3.0 
N H ~ F  2 . 0 6  • 1 0 -  ~ 1 .0 1  x 10  -a  1 .57  2 .7  x 1 0 -  7 1 .32  4 .1  x l o s  1 . 16  - - 1 . 0  x 10 -7  2 . 9 5  - - 8 . 8  
NHaC1 1.27 X I0 -2 2.27 • 10 4 1.27 1,4 x 10-v 0.993 --7.2 x i0 -e 0.839 3.7 x I0 -le 1.82 --3.4 
N ~ r  8.34 X I0 -8 6.82 x i0-* i.II 7.5 x I0 -s -- -- 0.732 --2.4 X 10-s 1.41 --8,4 
NI " I~ I  7 . 5 7  • 10  4 6 , 1 9  x 10  ~ 0 . 9 8 1  1.2 X 10  -s  - -  - -  0 , 6 3 6  - - 1 . 7  x 1 0 -  e 1 .17  - - 4 . 1  

x 10-19 
x 10 -15 
x i0 -~ 
X I0 -II 
x 1 0 -  ~ 
X I0 -I~ 
X 10- ~ 

x i0 -~~ 
x 10 -15 
x i 0  -~3 
X I0 -li 
X I0 -i" 
X I0 -i~ 
X 10 -12 
X 10 -e 

Na AlsXs H X  H2 

~AI~ 
DsAPs DeAP8 DTAP~ DeAP9 mgs 

Actl- Temper- , . 
vator ature, ~ D5 RT Do RT D7 RT De RT cm4-sec 

P r e d i c t e d  
A1 w e i g h t  

gain, 
mg/em 2 

A .  S i m p l i f i e d  m o d e l :  o n l y  A 1 X ,  A I X ~ ,  A1X~,  a n d  X c o n s i d e r e d  

N a F  1 3 6 6  5 .9  x 1 0  -~ 
N a C l  1 2 5 5  3 .2  x 10  -4 
N a C 1  1 3 1 1  7 .8  x 10-~  
N a C 1  1 3 6 6  1 .6  x 10  -~ 
N a C I  1 4 2 2  3 .2  • 10  - s  
N a B r  1 3 6 6  7 .8  x 10 -4  
N a I  1 3 6 6  3 ,2  x 10  -~' 

B .  C o m p l e t e  s o l u t i o n :  a l l  s p e c i e s  c o n s i d e r e d  

N a F  1 3 6 6  1 .93  1 .2  • 10 -e 0 . 8 0 1  7 .5  • 1 0 - n  1 .0  • 10 -1 
N a C 1  1 .9 3  5 .3  • l 0  s 0 , 6 1 0  5 .9  > 10  -~o 4 .3  • 1 0  -~ 
N a B r  1 .93  1 .7  • 10 -e - -  - -  1.5 • 10  -~ 
N a I  1 .9 3  4 .1  • l 0  s - -  - -  3 .5  x 10  4 
N H 4 F  - -  ~ 0 . 8 0 1  - - 8 . 1  • 10 -~  2 . 6 1  - - 5 . 9  • 10  -9 8 .17  3 .1  • 10 -9 1 .7  • 10-*  
NI-I~Ct - -  - -  0 . 6 1 0  5 .0  x 10- i7  . . . .  3 .5  • 10 -3 
NH~Br . . . .  1.29 --2.2 x 10 -e 8.17 i.I x 10 -e 4.3 x i0 -~ 
NHtl . . . .  1.08 --3.1 x I0 -~ 8.17 1.6 • i0 -~ 8.9 x 10- ~ 

5 .8  
4 .3  
6 .7  
9 ,7  

14  
6 .7  
4 .3  

76  
16 

9 .6  
14 
31  
15 
16 
7 .2  
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la) SIMPLI FI ED MODEL-NaX ACTIVATED PACKS. 
AIX, AIX 2, 
AIX3,AI2X 6 ~ ~ 

Na, Na 2 

AI 

X ~  

(b) COMPLETE MODEL-NaX ACTIVATED PACKS. 

AIX 

AIX 2. A %  DEPENDSi ~- : ~ ~ ' ~  ""  ~ ~ , X \ ~  

(c) COMPLETE MODEL-NH4X ACTIVATED PACKS. 
Fig. 13, Schematic showing gas diffusion directions during 

aluminum deposition. 

The term p/w = 1/d defines the growth of the pack 
depleted zone in terms of coating weight w and pack 
aluminum content p ---- 8 mg/cm~ in 1 w/o A1 packs. 
The term ell corrects for diffusion through a porous 
medium. The effective transport area of the pack is to 
a good approximation, equal to the pack porosity, ~ -- 
0.79. In addition, the transport path is nonlinear and a 
correction factor I = 4 was arbitrarily assumed. The 
third term converts from moles of aluminum to milli- 
grams. Integration gives 

w s 2pc ( N ~ j d )  
= - T "  x - T "  ~.7 x lO4 t [41 

The aluminum deposition rate constants 

k~j = - - ~ .  \ - - ~ /  2.7 X 104 [51 

are listed in Table IV. Inclusion of sodium halide 
condensation results in a 1.7 to l l-fold increase in kA] 
depending on the halide. The moles of NaX(1) con- 
densed are about equal to the moles of A1 deposited 
according to the complete solution. 

Computed instantaneous fluxes were relatively in- 
sensitive to large changes in assumed surface alumi- 
num activity. For example, a tenfold decrease in sur- 
face aluminum activity would increase the computed 
instantaneous flux by a factor of 2 and the coating 
weight by only a factor of X/2. 

Predicted aluminum weight gains for 16-hr, 1 w/o 
A1 packs are also listed in Table IV. These predicted 
values are plotted against observed aluminum weight 
gains in Fig. 15. For NaX-activated packs an average 
predicted value was used. The good agreement be- 
tween observed and predicted coating weights in bro- 
mide- and iodide-activated, i w/o A1 packs confirms 
that deposition is controlled by gaseous diffusion. The 
choice of an I value of 5 would have given better 

A~2 

AIF 3 

AICI 

A~'CI3 A~Br 3 

AICI 2 

(a) SODIUM HALIDES, SIMPLIFIED MODEL 

L__I TO SURFACE 
AWAY FROM SURFACE 

All 

I 

AIF Na 

AIF 3 

NaF 

,ICI 

NaCI 

AIBr 
Na 

111 
NaBr 

(b) SODIUM HALl DES, COMPLETE SOLUTI ON. 

AI All Na 

NaI 

4 -  

2-- 

2 

AIF  n'L 
AIF 3 

NH4F 

AICI 

A~Br 

H 2 H2 _ FI 
AII3I ~ 

AIBr 3 HI 

AlCl z 
NH4CI NH4Dr L NH4I 

(c) AMMONIUM HALIDES, COMPLETE SOLUTION. 

Fig. 14. Instantaneous fluxes of diffusing species relative to 
net instantaneous aluminum flux. Surface aluminum activity, 0.01; 
1 w/o AI; 1093~ packs. 

T SOLIO STATE DIFFUSION 
2Oj- 'L LIMITED GROWTH 

J ,,A, Z 
< / -/NHi/  NaCl 
= / /Na / 2,A, 

10 / / / /~'NH4Cl 

~ / / /~oNaBr~ '/'~,, mNH4Br 
/ O N., D,FFOS,ON 

/NH , ,4? - ' "  !!M[I~o GROWTH 

~ ' - ~  TUAL = PREDICTED / /  
10 20 

AVG PREDICTED WEIGHT GAIN, MG/CM 2 

Fig. 15. Comparison of actual and predicted aluminum weight 
gain for IN-100, 1093~ 16-hr packs. 1 w/o AI and activator 
unless indicated otherwise. 

agreement. Earlier it was stated that solid-state diffu- 
sion of nickel may be the rate-controlling step in 
NaC1- and NH4Cl-activated packs. However, good 
agreement between observed and predicted weights 
based on the gaseous diffusion model indicates that 
gaseous diffusion controls coating deposition in NH4C1- 
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activated packs. There appears to be a balance be tween 
the predicted abil i ty of the pack to supply a lumi-  
num and the observed abi l i ty  of the substrate to ab- 
sorb a luminum via nickel diffusion in NaCl-act ivated 
packs. However, in 1 w/o A1 packs activated with 
NaC1, based on the observed rate constant  and acti- 
vation energy, the solid-state diffusion step can be 
considered rate controlling. If gaseous diffusion was 
rate controll ing a pseudoactivation energy of 50 kcal /  
mole would have been observed ra ther  than 88 kcal /  
mole. The pseudoactivation energy for gaseous dif- 
fusion was determined from the tempera ture  de- 
pendence of kA1 computed for NaCl-act ivated packs. 
Although this activation energy does not take surface 
a luminum activity var ia t ion into account, the influence 
of this factor is expected to be small  since kA1 was 
shown to be relat ively insensit ive to large changes in 
surface a luminum activity. Similarly, in  the 5 w/o  A1 
pack activated with NaBr the agreement  between ob- 
served and predicted coating weights based on the 
gaseous diffusion model is good. However, based on 
coating weight and microstructure,  the solid-state dif- 
fusion step can be considered rate controlling. 

In  fluoride-activated packs predicted coating weights 
based on gaseous diffusion models were two to five 
times greater than observed weights. The net  a lumi-  
num deposition rate constants for assumed parabolic 
behavior, when  put on a thickness basis (using a con- 
version factor of 7.7 X 10 -4 cm/mg/cm~),  were 1.0 • 
10 - s  and 4.8 X 10-8 cm2/sec for the NH4F and NaF 
activators, respectively. These rate constants are 
greater than rate constants for NiA1 growth as deter-  
mined  from Janssen  and Rieck (9) by more than  an 
order of magnitude.  Thus, a posteriori, solid-state dif- 
fusion controls the rate of coating growth when the 
net  a luminum deposition rate constant  is greater than  
5 • 10 -9 cm2/sec (8.4 X 10 -3 mg2/cm4-sec) at 1093~ 
in  the Ni-Al  system. Since observed coating weights 
were l imited to 15.3 • 3.3 mg/cm 2, solid-state diffusion 
controls deposition on IN-100 when the net a luminum 
deposition rate constant exceeds 4.3 _ 1.8 • 10 - s  mg~/ 
cm4-sec or 2.5 • 1.1 • 10 -9 cm~/sec. Predicted coating 
weights for fluoride-activated packs are plotted on a 
solid-state diffusion control basis in Fig. 15. 

Concluding Remarks 
In  this exper imental  and analytical  s tudy of high- 

temperature  packs having a luminum present  at uni t  
activity, MA1 coating formation was controlled by 
either solid-state or gaseous diffusion. Although the 
exper iments  were performed on IN-100, the analysis 
is quite general  and may be applied to any nickel-base 
superalloy. Based on these results it appears that the 
classification of a luminide packs into "high-activi ty" 
and "low-activity" as proposed by Goward and Boone 
(5) can be extended. Coating formation can be more 
accurately described in terms of the abil i ty of the 
pack to supply a luminum and the abil i ty of the sub-  
strate to supply nickel. The pr imary  variable is tem- 
perature ra ther  than pack a luminum activity. This is 
i l lustrated in  Fig. 16 where the classifications proposed 
by Coward and Boone are shown on the left. Coatings 
similar  to those produced in  low-act ivi ty  packs can be 
produced in packs having a luminum present at uni t  ac- 
t ivi ty provided that they are carried out at high tem-  
perature as i l lustrated on the right of Fig. 16. The 
coating formation process can be controlled either by  
diffusion in the gas phase or solid phase depending on 
the activator and pack a luminum content. 

Summary of Results 
The effect of variat ion of pack activators, pack com- 

positions, temperature,  and time on the thickness and 
structure of a luminide coatings formed on nickel-base 
alloy IN-100 was studied in  a series of one-step packs 
in which a luminum was ini t ia l ly present  at un i t  ac- 
tivity. Times were varied from 4 to 24 hr  and tem- 
peratures were varied from 982 ~ to 1149~ in  NaC1- 

HIGH 

CAPABILITy 
OF PACK 

TO SUPPLY 
ALUMINUM 

TRADITIONAL CLASSIFICATION - 
AFTER GOWARD & BOONE 

HIGH ACTIVITY PACK (aAL = 1) 
M2AI 3 FORMS 
DIFFUSION OF AI IN M2AI 3 CONTROLS 
x= V~'t; O' = O~e "Q'IRT 
LOW-TEMP PROCESS 

LOW ACTIVITY PACK (aAL < 1) 
MAI FORMS 
DIFFUSION OF NilN MAI CONTROLS 
x= '~D"t; D = Doe-Q/RT 
HIGH-TEMP PROCESS 

LOW 

INTERMEDIATE CASES 

aAL'~ I 
MAI & MzAI 3 FORM 
DIFFUSION OF Ni IN MAI CONTROLS 
x~ VD-t; D~Doe-Q/RT 
HIOH-TEMP PROCESS 

aAL~ ] 
~ l  FORMS 
DIFFUSION OF AI SPECIES IN GAS 

CONTROLS 
x= ktl/Z 
k = CTY2e-AG/RT 
HIGH-TEMP PROCESS 

Fig. 16. Proposed expanded c|assification of aluminide packs 

activated packs. The other halides of sodium and the 
ammonium halides were pr imar i ly  used to activate 
1093~ 16-hr packs. Through an analysis of the ther-  
modynamics and kinetics of reactions in  the pack and 
comparison with published diffusion data in  the Ni-A1 
b inary  system the mechanism of coating formation in 
each pack was established. The following are the re-  
sults of this study: 

1. Coating weights can be successfully predicted 
from analyses of pack thermodynamics and diffusion in 
the pack and coating. 

2. Pack temperature  rather  than  pack a luminum ac- 
t ivi ty controls the principal  coating phase formed. 

3. The halide pack activators ranked in order of 
decreasing a luminum weight gain in  1 w/o  a luminum 
packs are: F ~ C I > B r > I .  

4. Solid-state nickel diffusion was the ra te-control -  
l ing step in coating formation in fluoride-activated 
packs. Gaseous diffusion controlled the rate of coating 
formation in 1 w/o A1 bromide-  and iodide-activated 
packs and NH4Cl-activated packs. In  NaCl-act ivated 
packs containing 1 w/o  A1 the predicted abil i ty of the 
pack to supply a luminum was in  balance with the 
abil i ty of the substrate to supply nickel. However, the 
observed rate constants and activation energy indi-  
cated that  the solid-state diffusion step controlled 
coating growth. 

5. An increase in pack a luminum content from 1 to 5 
w/o  shifted control of coating formation from gas 
phase diffusion to solid-state diffusion in 16-hr, 1093~ 
NaBr packs and resulted in a coating similar in  weight, 
thickness, and microstructure to those formed in  NaC1- 
activated packs. 

6. Regardless of the ra te-control l ing step, the ki-  
netics of coating formation were near  parabolic. 

7. The activation energy for coating formation con- 
trolled by solid-state diffusion was 88 • 13 kcal /mole 
on IN-100. 

8. Similar coating microstructures and weight gains 
were obtained for each halogen regardless of whether  
its source was a sodium or ammonium salt. Coating 
microstructures bore greatest resemblance to "low- 
activity" pack coatings with some features peculiar to 
"high-activity" pack coatings apparent  in coatings ap- 
plied for longer times or at higher temperatures.  

Manuscript  submit ted Dec. 10, 1973; revised manu-  
script received March 15, 1974. This was Paper  84 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 3ouRr~AL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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APPENDIX A 

Thermodynamics 
Calculation of bulk  pack composition at equi l ibr ium 

was accomplished with the aid of CEC 71, a computer 
program by Gordon and McBride described in NASA 
SP-273 (14). The thermodynamic  data for the program 
were taken  from the JANAF tables (15). Data for 
NaI (g), which were not available in  the JANAF tables, 
were computed from spectrochemical data by  B. J. 
McBride, Lewis Research Center  (private communi-  
cation).  Pack compositions prior to establishment of 
equi l ibr ium were computed from the pack start ing ma-  
terials. 

To i l lustrate the calculation, the outl ine of an ap- 
proximate hand  calculation method for sodium hal ide-  
activated packs follows: 

1. Chemical reactions 

3NaX(I) -t- AI(1) = A1X3(g) -b 3Na(g) [A - A - l ]  

Al(1) -p 2AlXa(g) - -3AlX2(g)  [A-A-2] 

AI(1) -~ AlXs(g) ---- 2A1X(g) [A-A-3] 

Na(g) -{- X(g) ---- NaX(1) [A-A-4] 
2. Equations 

a. Sodium balance 

MNax(g) -~- MNa(g) -~- MNaX(1) = M~ [A-A-5] 

b. Halogen balance 

Mx(g) ~ MNaX(s) -{'- MNaX(1) -{- 3MA1Xa(g) 

-~- 2MAIX2(g) -~- MAIX(s) ---- M~ [A-A-6] 

c. Equilibrium, Eq. [A-A-l] 

K,3 : P3NaPAIx3 [A-A-7] 

Note that Ka corresponds to AIX~. 
d. Equilibrium, Eq. [A-A-2] 

PAIXsS 
Ks --  - -  [A-A-8] 

PA]X,32 

e. Equil ibr ium, Eq. [A-A-3] 

PA~x2 
KI -- - -  [A-A-9] 

PAIX2 

Note that KI corresponds to .~AX. 
f. Equil ibrium, Eq. [A-A-4] 

i 
K4 = - -  [A-A-10] 

PNaPx 

El iminat ion of MONax(c) between Eq. [A-A-5] and 
[A-A-6] permits the result ing equation to be rewr i t ten  
in terms of pressures. This leaves five equations in five 
unknowns.  The solution was performed for NaF and 
NaC1 activators. The results agreed with ~he computer  
program to wi th in  20% for the former and 3% for the 
latter. The difference was pr imari ly  due to exclusion of 
minor  species in  the hand  calculation. Results of the 
computer solutions are listed in Table II. In one case, 
the NaF-act ivated pack, the presence of A1203 was in-  
cluded in  the machine calculations. The species present  
at equi l ibr ium were AI(1), A1, A1F, A1F2, A1Fa, A10, 
A1OF, AI2F6, A120, A1202, A1203 (s) ,Ar, F, Na, NaF(1),  
NaF, NaO Na2, and Na2F2. No significance difference in  
the part ial  pressures of F, A1F, A1F2, and A1F3 were 
noted when  the results were compared with the cal- 
culation made with A1203 omitted. Thus A1203 was 
omitted from all other calculations. One shortcom- 
ing of the analysis of the NaF-act ivated pack should 
be noted: cryolite formation was not considered. Since 
the cryolite melt  is extensively dissociated (18) the 
impact of cryolite formation on this analysis is con- 
sidered small. 

APPENDIX B 

Kinetics 
Ins tantaneous fluxes of gaseous species from the bu ik  

pack to the substrate surface and vice versa were 

computed for 1 atm total pressure and a surface a lu-  
m i num activity of 1 • 10 -2 . The results are sum- 
marized in Table IV. Several  checks on diffusion con- 
ditions were made prior to performing the calculation. 
First, it was established that  diffusion occurs in  the 
viscous flow regime. For molecular  diffusion to occur 
the pack particle size would have to be reduced from 
about 1002 to about 0.1~. Second, it was estabhshed 
that interchange between argon and hydrogen occurs 
very rapidly in the NH4F-activated pack and therefore 
diffusivities were computed based on argon as the 
major  constituent. The computat ion was performed for 
equi l ibr ium conditions after di lut ion by 9.8 moles of 
argon in NH4C1,Br- and I-act ivated packs and pseudo- 
equi l ibr ium conditions in NH4F-activated packs. Dif- 
fusivities were estimated from the Gil l i land equation 
(16) 

O . 0 0 4 3 [ T a (  1 1 + _ _  ) 11/2 
Ha ~b  

D -- [A-B- l ]  
P (Vl/S, -{- Vl/3b)2 

Molar volumes at the normal  boil ing point were com- 
puted from data in the l i terature  (17) and from an 
estimated value of 18 cm3/g-atom for a luminum.  

In  making the ins tantaneous flux calculations the 
roles of Nai(g) and NaX in sodium hal ide-act ivated 
packs and of HX(g)  and H2(g) in NH4X-activated 
packs were included. Solution of this problem involv-  
ing as many  as ten simultaneous equations was ac- 
complished on a digital computer. The instantaneous 
flux calculation in outl ine form for a simplified case 
for NaX-act ivated packs where in  the roles of Nai(g) 
and NaX are neglected follows: 

1. Chemical reactions 
a. Bulk pack 

AI(1) + X(g)  = A1XI(g) [A-B-2] 

AI(1) + 2X(g) = AlX2(g) [A-B-3] 

AI(1) -{- 3X(g) = AlXs(g)  [A-B-4] 

b. Surface 
Subst i tu te  A1 (A1 in NiA1) for AI(1) in  Eq. 
[A-B-2],  [A-B-3],  and [A-B-4].  

2. Equi l ibr ium equations 
a. Equat ion [A-B-2] 

PX(~)aA1 P4a 
K1 - -  ~ [ A - B - 5 ]  

PAIXI(g) P1 

b. Equation [A-B-3] 

P2X(g)aA! P24a 
K2 ---- --,-- [A-B-6] 

PAIX2(g) P2 

c. Equation [A-B-4] 

P~X(g)aAI P~4a 
_ [A-B-7] 

i 3 - -  PAlX3(g) P3 

For reactions in the bulk  pack the a luminum activity 
is set equal  to PAI(g)/PAI(1) = 1. For  reactions at the 
surface, a luminum activity was set at 1 • 10-2 and the 
pressures are distinguished by primes. 

3. Ins tantaneous fluxes 
a. A luminum to the surface 

NAI D1 (PI -- P'I) D2 (P2 -- P'2) 

- - A - - -  RT d ~ RT d 
Ds ( P a - -  P'a) 

-l- - -  [A-B-8] 
RT d 

The contr ibut ion of A1 (g) diffusion to the net  a lumi-  
num flux is negligible. 

b. Halogen balance at the surface 

0 : D1(P1 -- P'I)  d- 2D2(P2 -- P'2) 

-{- 3Ds(Pa -- P'a) -]- D4(P4 -- P'4) [A-B-9] 

The unknowns  are P'I, P'2, P'a, P'4, NA1/A, and d. 
Multiplication of both sides of Eq. [A-B-8] by d 
gives the combined variable  Nmd/A and leaves five 
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equations and five unknowns.  Therefore, each pressure 
and the instantaneous fluxes of all species can be esti- 
mated. P'I and the instantaneous fluxes are listed in  
Table IV. Ins tantaneous  fluxes were found to be rela-  
t ively insensit ive to changes in  surface a luminum ac- 
tivity. A tenfold decrease in  a luminum activity in-  
creases the net  ins tantaneous a luminum flux by a 
factor of 2. 

SYMBOLS 
A 
a 

Dl 
d 
Kj 
k, k' 
l 
M 
ma, mb 
NA1 
n, ~" 
PI 

P'I 

Q 
R 

T 
t 
Va,Vh 

W 
X 
X 

P 

area, cm 2 
activity of aluminum at the coating surface, 
dimensionless 
diffusivity of the ith species, cm2/sec 
diffusion distance, cm 
equilibrium constant for the jth reaction 
rate constant  
path length correction factor 
moles 
molecular  weight, grams/mole  
a luminum flow, moles/sec at any  ins tant  
rate equation exponent  
part ial  pressure of the ith species in the bu lk  
pack, atrn 
partial pressure of the ith species at the coat= 
ing surface, arm 
activation energy, kcal/mole 
gas constant, cmS-atm/~ or cal/~ - 
mole 
absolute temperature, ~ 
time, sec 
molar  volume at the normal  boil ing point, 
crnS/mole 
coating weight, mg /cm s 
halogen atom, F, C1, Br, or I 
coating thickness, cm 
pack porosity 
pack a luminum concentration, mg/crn 3 
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ABSTRACT 

The chemomechanical polishing of the "A" or cadmium-r ich face of cad- 
mium sulfide has been accomplished. The etchant contained 90 mliters  ni tr ic  
acid, 300 mliters precipitated silica, and 10g a luminum chloride per 1000 
mli ters  water. Best results were obtained using a poromeric polishing disk 
with 370 g/cm 2 work pressure at 240 rpm polishing wheel speed. Surfaces were 
completely featureless when  viewed by Nomarski and Michelson interference 
microscopy at 155 and 40Ox, and gave good LEED pat terns after br ief  heat-  
cleaning under  vacuum. 

CdS is a desirable substrate for the epitaxial  growth 
of semiconductor th in  films for electrooptic devices. 
For such applications, the crystals must  be flat, h ighly 
polished, and damage-free.  Many etchants  have been 
suggested in previous articles (1-3), but  none of them 
produces all of these surface requi rements  s imul tane-  
ously. We describe below a procedure uti l izing both 
mechanical  and chemical polishing which produces ex-  
cellent results on the (0001A) face of CdS. 

Experimental Procedure 
Undoped, s ingle-crystal  CdS (Eagle-Picher  u l t ra -  

high pur i ty  grade) was x - ray  oriented to within 2 ~ of 
the (0001) plane and sawn by a continuous loop wire 
saw into 8 x 10 x 2 mm wafers. The "A" face was dif-  
ferent iated from the "B" face by a 60 sec etch in 50% 1 

K e y  w o r d s :  c h e m o m e c h a n i c a l  p o l i s h i n g ,  c a d m i u m  sulf ide,  po l i sh -  
ing .  

1 Al l  c o n c e n t r a t i o n s  of  HC1 a n d  HNOa a re  e x p r e s s e d  as a v o l u m e  
per cent of the standard 38% and 70% assay solutions respectively. 

HC1 (1). The oriented crystals were mounted  on a 3 cm 
diameter  t i t an ium polishing block with the "A" face 
exposed. A schematic of the equipment  is shown in 
Fig. 1. The block and its closely fitting dressing r ing 
are held by rollers about half  way out to the edge of 
the 10 in. diameter  motor -dr iven  polishing pad, and 
the block and r ing rotate about their  axis due to fric- 
t ion with the pad, providing compound motion. 

The wafers were first mechanical ly  polished on a 3~ 
silicon carbide- impregnated polishing disk wi th  water  
as lubricant ,  to remove all surface and subsurface wire 
saw damage. Both polishing block and dressing r ing 
were then cleaned in a concentrated detergent  to re-  
move any particle contamination.  Final  chemical pol- 
ishing was completed on the same apparatus. The 
etchant which produced best results contained 90 
mli ter  HNO3, 300 mli ter  precipitated silica, 10g A1CI~ 
(anhydrous powder),  and 1 mli ter  concentrated deter-  
gent as an ant icoagulant  per  1000 mliters  deionized 
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C H E M O M E C H A N I C A L  P O L I S H I N G  O F  CdS 

J 

Fig. 1. Schematic of chemomechanical polishing equipment: A, 
separating funnel; B, polishing block containing crystals; C, dress- 
ing ring; D, polishing pad; E, motor drive. 

water .  This was fed to the pol ishing pad  immedia t e ly  
af ter  mix ing  at  app rox ima te ly  25 ml i t e r s /min .  The 
crys ta ls  were  weighted  to 370 g / c m  2. Best  resul ts  were  
obta ined using a P o l i t e x - P i x  poromer ic  pol ishing pad  
at  a speed of 240 rpm. 

Results 
Af te r  app rox ima te ly  30 rain of pol ishing wi th  the  

above etchant ,  the crys ta l  surfacea showed a fiat, h ighly  
polished,  "mi r ro r - l i ke"  finish. Surfaces  were  com- 

Fig. 2. "B" face of polished CdS wres viewed by Nomarski 
microscopy at 400• magnification. The "A" face is not shown 
because it is featureless under the same conditions of observation. 

Table I. Auger spectra of CdS(0001A) 

Nominal  Auger  peak strengths,  /LV 
Element  eV Bes flash Af ter  flash 

Fig. 3. LEED pattern of polished CdS after 450 ~ flash; 92 eV 

S 152 78 109 
C1 181 1~.0 0.4 
C 272 ~ 3.6 2.~ 
Cd 277, 283 
Cd 321 2.1 2.7 
Cd 376, 382 16.6 19.2 
0 510 <0.1 <0.1 
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ple te ly  fea ture less  when  v iewed b y  Nomarsk i  micros-  
copy at  155 and 400• When  v iewed by  Michelson in -  
ter ference microscopy at  370• the  crys ta ls  showed no 
defects  and showed flatness to be t te r  t han  300A (res-  
olut ion l imi t )  over  the  0.3 m m  field. 

Of utmost  impor tance  is r emova l  of al l  subsurface 
damage f rom sawing and mechanical  pol ishing opera -  
tions. Al though  a pol ishing t ime of 30 min is suggested,  
in some instances  this  must  be leng thened  to remove 
pre fe ren t ia l  e tching caused by  le f tover  subsurface 
damage.  Ex t reme  care must  be t aken  whi le  handl ing  
crysta ls  so as not  to in t roduce  damage  be tween  opera-  
tions. The e tchant  composit ion is also impor tan t .  An  
increase  in acid concentra t ion produces  la rge  e tch pits, 
a decrease  in concent ra t ion  produces  surface "scra tch-  
ing." Delet ion of AtCI3 produces  p re fe ren t i a l  e tching 
and surface "scratching."  Increas ing the sil ica content  
leads to the  same pi ts  encountered  wi th  h igher  acid 
concentrat ions,  and dele t ion produces  an o range-pee l  
effect across the  crys ta l  face. 

On the "B" face, the  same e tchant  produces  an 
o range-pee l  t ex tu re  and "scratches." A n  e tchant  con- 
sist ing of 150 ml i te rs  HC1 and 5g A1C13 pe r  1000 ml i te rs  
H20, on a P e l l o n  P a n - W  pol ishing pad  produces  some-  
wha t  be t t e r  results .  Sha l low scratches were  apparen t  
when the surface was v iewed by  Nomarsk i  microscopy 
at 400• magnif icat ion a l though no p re fe ren t i a l  e tch-  
ing or o range-pee l  effect was observable  (see Fig. 2). 

Pol ished "A"-sur faces  were  also examined  b y  low-  
energy  e lec t ron diffract ion (LEED) and Auge r  spec-  
t roscopy at  10 -9 Torr  using a hemispher ica l  gr id  ap -  
paratus .  A 1-min flash to 450~ was sufficient to gen-  
e ra te  the  sharp  (1 x 1) LEED pa t t e rn  shown in Fig, 3, 
whereas  ion b o m b a r d m e n t  is genera l ly  requ i red  to gen-  
e ra te  any  LEED pa t t e rn  on CdS (4) and  o ther  semi-  
conductors.  The diffract ion pa t t e rn  was observable  
down to 20 eV, be low which  surface charging became 
a problem,  and up to 180 eV, above which  the  diffrac-  
t ion fea tures  faded into the  diffuse background.  Table 
I compares  Auger  spect ra  t aken  before  and af te r  the  
450~ flash. The only  contaminants  de tec ted  were  C 
and C1. Both of these were  reduced  considerably,  
though not  comple te ly  e l iminated,  by  the  450~ flash, 
w i th  accompanying  increases in the  Cd and S signals. 
Based on the qua l i ty  of the  LEED pa t t e rn  and on r e l a -  
t ive  Auge r  peak  strengths,  res idual  contaminat ion  is 
es t imated  to be about  1/10 monolayer .  
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ABSTRACT 

The ma in  causes of a decrease in the e lec t ron mobi l i ty  of GaAs ep i tax ia l  
layers  g rown by  the vapor  phase deposi t ion system are  confirmed to be due 
to the compensat ing acceptors  and  the space charge regions, both  of which  
are  associated wi th  copper  contaminat ion,  from a discussion on the corre la t ion  
among the resul ts  of measurements  ( l is ted in the  t i t le)  on the  same samples.  
Deep t raps  do not  p lay  an impor tan t  role in de te rmining  e lec t ron  mob i l i t y  be -  
cause of the i r  sca t ter ing  cross sect ion as smal l  as 1.04 X 10 -22 crn ~. 

GaAs space charge regions have  been suggested as 
one of the  "mobi l i ty  k i l le rs"  (1-4).  On the  other  hand, 
deep t raps  in the  GaAs have  been detected by  measu re -  
ment  of Schot tky  ba r r i e r  capaci tance (5-8) or  by  pho-  
toluminescence measuremen t  (9-11). However  the  cor-  
re la t ion  be tween  them has not  been discussed and 
consequent ly  the  species which form space charge r e -  
gions or deep t raps  have not  been identified. 

In  this  paper  the  resul ts  of independent  measu re -  
ments  such as the Hal l  effect, Schot tky  ba r r i e r  capaci -  
tance, and photoluminescence measurements  on the 
same samples  are  shown, and the corre la t ion  among 
them and wi th  the  g rowth  condit ions are  discussed. 
F igure  1 shows the  measurement s  which  were  con- 
ducted in this work,  the  quant i t ies  which can be ob-  
ta ined  f rom these measurements ,  and the corre la t ion  
among them which is subsequent ly  discussed in this  
paper .  Here  the  re la t ion of the compensat ion ra t io  of 
impuri t ies ,  and densi t ies  of space charge regions and 
deep t raps  to contaminat ion  by  copper is confirmed by  
independent  measurements .  The e lec t ron mobi l i ty  in 
GaAs in the  presence of deep t raps  is consis tent ly  ex -  
p la ined  f rom the corre la t ion  among e lec t ron mobil i ty ,  
dens i ty  of deep traps,  and the i r  scat ter ing cross sect ion 
obta ined by  measur ing  the Schot tky  ba r r i e r  capaci -  
tance. 

Experimental 
Sample prepara~ion.~N-type GaAs layers  were  ep i -  

t ax i a l l y  grown on semi- insu la t ing  Cr -doped  GaAs sub-  
s t ra tes  by  the Ga-AsC18-H2 react ion sys tem as shown 
in Fig. 2. 

The pur i ty  of Ga and AsC18 were  both 99.99999%. 
Hydrogen  was purif ied by  a Pd diffuser, all  components  
of which were  made  of s tainless steel  to avoid contami-  
nat ion by  copper.  The react ion tubes  used were  h igh-  
pur i ty ,  fused quartz  tubes  (class SSGH, Toshiba 
Denko) aged in pure  hydrogen  a tmosphere  at  10O0~ 
before use. The subs t ra tes  were  mechan ica l ly  pol ished 
and chemical ly  etched by  a mix tu re  solut ion wi th  
I-I20~: 1, H20: 1, and H2SO4:3 before deposit ion.  Growth  
pa rame te r s  of the samples  a re  l i s ted  in Table  I. 

Hall measurement.--Electron mobi l i ty  and densi ty,  
and the i r  t e m p e r a t u r e  dependences,  were  measured  b y  

Key words: compound semiconductor, electronic properties, 
epitaxial growth, mobility, defects. 

the  van der  Pauw method (12). Ohmic contacts were  
made by  a l loying the mix tu re  of In and Sn to the  epi-  
tax ia l  layer .  Thei r  ohmic p r o p e r t y  was checked f rom 

(A) Hill measurerr, ent 

I ') ~ . . . . . . . . . . . . .  ~ -  -~;-F~ c . . . . . . .  Sity \ 

I ' )  C per&ture . . . . . . . . . . . . . . . . .  ~------~) . . . . . . . . . . . . . .  ]. 

e,, . . . . . . . . . . . . . . . . . .  1 . . . .  . . . . . . . . .  } ] 
(B) Schottky t~rrler r l 

tince me,lts~reme~t ~ d~p raps J 
I ~) He~s~'s method I~ .  ~ .  . - -  

1 i ~.\\~Z) LeVelS Of deep traps J - - -p )  Cont . . . . .  hon by Cu 
2) Zohta's method 

"~ in~ t,me constant of - - -  traps 
deep traps 

(C) Pho~olumlnescence , r  peal( due to Cu 
spectra measurement 

\ -~  2) Peak due to peculiar 

(D) Growth condHton 

Aglng of fused quartz 
I) ~Uy~er o g~ nP . . . . . . .  

Fig. 1. Experimental results and correlation among them. - - -  
Indicates experimental result, ~ indicates the correlation 
which affirms the results on both sides. 
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5ubstrate Source 
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E xha u~i" 
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A I Ar,~ 
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i 

Fig. 2. Schematic diagram of the GaAs epitaxial growth system 
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H= E p i t a x i a l  E l e c t r o n  
Sub -  f low layer  m o b i l i t y  Car r i e r  

S a m -  Source strate AsC18 ra te  t h i c k -  (295~ : /~ density 
ple temp t e m p  t e m p  ( m l /  ness  (cm2/ (295~ : n 
No. (~  (~ (~ min )  D o p a n t  (/~m) V.sec) (cm -s) 'v* 

Peak  of Type  of 
0.91-0.95 /z -- T 

~ m ' *  curve 

124 860 740 14 50 Te 8.4 4100 
178 860 740 20 50 U n d o p e d  5.2 5950 
204 840 755 16 110 U n d o p e d  45.0 7200 
206 840 695 19 120 U n d o p e d  10.3 1800 
213 840 740 14 130 U n d o p e d  20.4 2240 
217 840 740 10 130 U n d o p e d  27.2 6600 
219 840 725 l 0  110 U n d o p e d  17.2 3500 
230 840 740 12 110 U n d o p e d  14.5 6100 
233 840 740 4 124 O= 30.4 3170 
235 840 675 4 120 U n d o p e d  11.7 4800 
236 840 680 4 120 U n d o p e d  16.2 3060 

8,80 x i0 TM 23.2 Yes A 
1.70 • 10 ~ 1.88 -- B 
1.50 x i0 I' 1,52 NS*** D 
8.35 x 10 u 5.50 N o  C 
3.22 x 1015 1.30 N o  C 
4.03 x I014 1.16 NS D 
1.20 • 10 ~6 1.37 No B 
8.72 x 10 ~ 1.24 -- B 
6.40 x I 0  ~ 1,60 Yes  A 
7.28 x 10 TM 1.37 Yes  A 
2.43 x 10 ~ 2.74 Yes  A 

* 3' : a m e a s u r e  of macroscopic homogeneity of e p i t a x i a l  layer .  
** P e a k  of 0.91-0,95Ara : p h o t o l u m i u e s c e n c e  peak  due  to copper. 

**" NS : n e g l i g i b l y  s m a l l  

room tempera ture  to the l iquid ni t rogen tempera ture  
and confirmed to be good. 

Measurement of frequency dependence of Schottky 
barrier capacitance.--To determine the relat ion of fre-  
quency dependence of capacitance of Schottky barr ier  
diodes on electron mobil i ty  in the epitaxial layer, 
Schottky diodes were fabricated on the same epitaxial  
layers as those used in mobil i ty  measurement .  The con- 
figuration is shown in Fig. 3. Ohmic contacts were made 
on the side edges and the top surface of the epitaxial  
layer. 

Measurement of photo~uminescence.--Photolumines- 
cence spectra were measured for some of the samples 
whose electron mobil i ty  and densi ty as well  as 
Schottky barr ier  capacitance were measured. Photo- 
luminescence spectra were also measured for GaAs 
epitaxial  layers grown in a fused quartz tube with 
and without  aging in  purified hydrogen. Measurements  
were conducted at room temperature,  the l iquid ni t ro-  
gen temperature,  and about 10~ The excitation source 
was He-Ne laser and the detector was a RCA 7102 pho- 
tomultiplier .  

Results of Hall  and Schottky Barrier 
Capacitance Measurements 

Experimental results of temperature dependence of 
electron mobility.--Some of the exper imental  results 
on electron mobil i ty vs. temperature  characteristics are 
shown in Fig. 4. Hereinafter  those curves are classified 
into four groups for the convenience of discussion. 

In Fig. 4(a) ,  the curves belonging to groups A and B 
are shown. The former is characterized by small  mag-  
ni tude and  small  tempera ture  dependence in  a range 
near  room temperature.  The carrier density of those 
samples at room temperature  is as high as 6.40 X 1015 
cm -3 and electron mobi l i ty  is as small  as 3170 cm~/V �9 
sec (sample No. 233). 

Electron mobil i ty of the samples belonging to group 
B in Fig. 4(a)  is fair ly large: for example, 6000 cm2/V �9 
sec at room temperature.  But  at the l iquid ni t rogen 
temperature,  electron mobil i ty  is not increased as much 
as expected from the theory of polar optical mode scat- 
ter ing and ionized impur i ty  scattering. 

Electron mobil i ty  of the samples belonging to group 
C reveals a large dependence on temperature,  al though 

AU ~ 1 1  l l ~  
& Sn Epltax,a[ 

In ~ i i ~ ~ ~  " i layer  

GaAs substrate 
( semi- i nsutato r) 

Fig. 3. Cross section of Schottky barrier diodes. The In and Sn 
alloy forms an ohmic contact and the Au dots form the Schottky 
barrier with a GaAs epltaxial layer. 

the magni tude  is as small  as 1800 cm2/V.sec at  room 
temperature  (sample No. 206) ; while that  of the sam- 
ples belonging to group D likewise displays a large de- 
pendence on temperature,  al though the magni tude  is as 
large as 7200 cm2/V.sec at room temperature  (sample 
No. 204). 

Theoretical consideration on temperature dependence 
of electron mobility.--Theoretical curves of tempera-  
ture  dependence of electron mobi l i ty  are shown in  Fig. 
4(a) and 4(b) by solid-line curves. Each curve is cal- 
culated to be fitted to the curves in  each group by as- 
suming the par t icular  magni tude  of contributions 
caused by various scattering mechanisms. The scat- 
ter ing mechanisms, taken into account in this calcula- 
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Fig. 4(0), Temperature dependence of electron mobility (I). In 
groups A and B, scattering by ionized impurities and space charge 
regions are dominant. 
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Fig. 4(b). Temperature dependence of electron mobility (IlL In 
group C, scattering by ionized impurities, whose density changes 
largely with temperature, is dominant; in group D, scattering by 
polar optical phonon is dominant. 

tion, a re  as follows: 

(i) Polar optical mode scat ter ing.~ Elect ron mobi l i ty  
de t e rmined  by  this  mechanism,  ~Po, is g iven b y  

~PO = 5.31 X 10 ~ " x ( z )  (e z -- 1)z -1/2 (cm2/V-sec) 

[1] 
where  z -- o/T, s is the  longi tud ina l  optical  phonon 
t empe ra tu r e  (416~ for  GaAs) ,  and  funct ion x ( z )  cal- 
cula ted  by  Pet r i tz  and Scanlon (13) is used. 

(ii) Piezoelectric sca t t e r ing . - -E lec t ron  mobi l i ty  de te r -  
mined  by  piezoelectr ic  scat ter ing,  ~PE, der ived  by  Van 
Daal  (14) and Hutson (15), is g iven by  

~PE = 3.16 • 105 (300/T) 1/2 (cm~/V-sec) [2] 

(iii) Deformation potential 8cattering.--The fo l lowing 
express ion der ived  by  Bardeen  and Shockley  (16) is 
used for e lect ron mobi l i ty  due to this  mechanism,  #DP 

,uDp - -  5 . 5  X 108 T - ~ 1 2  ( c m 2 / V ' s e c )  [ 3 ]  

(iv) Ionized impuri ty  scattering.--The resul t  according 
to the Brooks -Her r ing  theory  (17) is used for  e lec t ron 
mobi l i ty  by  this scat ter ing,  #I 

~I = 1.87 • 108 �9 T-~/2/NI(ln(1.17 X 104 �9 T~/n ') -- 1) 

(cm2/V.sec)  [4] 

n '  "-- n "~ ( N D  - -  ~VA - -  n )  ( n  D C N A ) / N D  

where  n is the  e lec t ron density,  ND is the  shal low donor 
density,  NA is the  acceptor  densi ty,  and NI is the  ionized 
impur i ty  densi ty.  

(v) Space charge scattering.--The express ion of the  
e lec t ron mobil i ty,  ~sc, der ived  by  Weisberg  (1, 18) 

~sc --  2.4 X 109/NsQ(T " m/mo)  1/2 (cm2/V.sec)  

[5] 

is used. In  the  expression,  mo is the  mass of a f ree  e lec-  
tron, m is the  effective mass  of an electron, Ns is the  
dens i ty  of space charge  regions, and Q is the  sca t ter ing  
cross section. 

Fo r  the  sake of s implici ty,  the re la t ion  

1/~ --  ~ (1/~i) [6] 
i 

is assumed, where  ~ is e lec t ron  mobi l i ty  and i denotes  
the i th k ind  of sca t ter ing  mechanisms.  

Discussion 
Temperature dependence oS electron mob i l i t y .~Ex -  

per imenta l  curves of e lec t ron mobi l i ty  vs. t empe ra tu r e  
character is t ics  can be expla ined  as fol lows:  

Groups A and B . - -Two  curves  calcula ted b y  assuming 
that  piezoelectr ic  scat tering,  deformat ion  scat tering,  
scat ter ing by  polar  optical  phonon, ionized impur i ty ,  
and space charge regions a re  p redominan t  as shown in 
Fig. 4 ( a ) .  

Equat ion [6] is a poor approx imat ion  when  contr i -  
butions caused by  more  than two types  of  sca t ter ing  
are  comparable  in magni tude,  but  good agreement  be -  
tween the calcula ted and the expe r imen ta l  curves st i l l  
can be obta ined if the  ionized impur i t y  dens i ty  at  77~ 
and the values of the  product  of the  space charge region 
dens i ty  and the sca t ter ing  cross section at 300~ are  
assumed for each curve in Fig. 4 (a ) ,  as l is ted in Table 
II. 

I t  m a y  be concluded that  scat ter ing by  ionized im-  
pur i t ies  and the space charge regions are  p lay ing  an 
impor tan t  role  in de te rmin ing  e lec t ron mobi l i ty  in the  
case of groups  A and B. 

Groups C and D.- -The  so l id- l ine  curve in Fig. 4 (b) is 
ca lcula ted by  considering po la r  optical  phonon sca t te r -  
ing, piezoelectr ic  scat tering,  deformat ion  potent ia l  scat -  
tering,  and ionized impur i t y  scat tering.  Both sca t ter ing  
by  space charge regions and by  neu t ra l  impur i t i es  has 
been neglected.  

Table II. Carrier density, donor density, acceptur density, 
compensation ratio, and space charge region of the samples 

belonging to groups A and B 

S a m p l e  
No. 

C a r r i e r  
density D o n o r  den-  Accep to r  C o m p e n s a -  Space  

(77~ : n s i ty  : ND § d e n s i t y  : NA- t i on  r a t i o  : charge  
(cm-4) (cm-S) (crn-~) (ND + + N A - ) / n  r e g i o n  : NsQ 

233 5.80 X 10 I~ 4.66 • 10 Is 4.08 x 10 TM 

236 1.38 X 10 ~ 1.23 X 10 TM 1.09 • 10 TM 

124 6.75 X 10 TM ~6.75  • 10 le n O  
235 4.40 • 10 TM 8.20 X 10 I~ 3.80 • 102 
230 6.30 X 10 I~ 8.60 X 10 TM 2.30 X 1015 
178 1.57 • 10 ~ 5.19 • 10 ~ 3.62 x 10 ~ 

15.0 
16.8 

~ 1 . 0  
2.73 
1,73 
5.17 

8.87 x I04 
1.07 x I0  ~ 
6.31 x 10 ~ 
4.61 • 104 
2.23 x I0~ 
2.55 x I0  ~ 
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Fig. 5, Temperature dependence of carrier density of the samples 
classified into groups C end D in Fig. 4(b). 
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T h e  densi ty of the total impur i ty  is assumed to be hrz 
-- 4.0 • 1014 cm-~ at room temperature.  Curve (iii) in  
Fig. 4(b)  is for sample No. 204, whose carrier densi ty 
is 1.5 • 1014 cm-3 at room temperature.  A small dis- 
agreement  of the calculated curve with the exper imen-  
tal result  is found, however, since sample No. 204 is 
assumed to be slightly compensated and contains neu -  
tral  impurities,  and since the approximation of 1/~ = 
~(1/~i) is not necessarily valid for highly pure sam- 
i 
ples, such a small  difference is reasonable. The tem-  
perature  dependence of electron mobil i ty  in group C 
can be explained by considering the presence of im-  
purities, as discussed in the next  section. 

Temperature dependence of electron density.--The 
tempera ture  dependence of carrier densi ty of the sam- 
ples belonging to group C in Fig. 4(b) ,  obtained by the 
Hall measurement ,  is plotted as shown in Fig. 5. For  
comparison, characteristics of the samples belonging to 
group D are shown in  the figure. Carrier density of the 
samples belonging to groups A and B revealed a tem-  
perature  dependence similar  to those of the samples in  
group D. It is evident  from the figure that  the samples 
in  group C show much larger tempera ture  dependence 
of carrier  densi ty above 150~ than  those in group D. 

The values of activation energy obtained from these 
curves are listed in Table III, and that  of the sample in  
group C is 5.0 ~ 5.5 times larger than those of the sam- 
ples in  group D. 

The temperature  dependence of the ionized impur i ty  
density corresponding to the electron mobil i ty  vs. t em-  
pera ture  characteristic curve (i) in Fig. 4(b)  (sample 
No. 213) is shown in Fig. 6. It  is much larger than tem-  
perature dependence of the carrier densi ty shown in 

Table III. Activation energy of carrier density vs. temperature 
characteristics shown in Fig. 5. Sample No. 213 is classified into 
group C and samples No. 204 and 217 are classified into group D 

S a m p l e  A c t i v a t i o n  
No.  e n e r g y  (eV) 

204  4 .88 x 1 0  -8  
217 4,48 • 1 0  -8  
213 2.46 • 1 0  -~  

Fig. 5. This difference can be understood if the donor 
and acceptor levels in  the forbidden gap are assumed 
to be as shown in  l~ig. 7. When the Fermi  level crosses 
the donor level wi th  an  increase in  temperature,  and 
the acceptor level is located above the donor level, 
some of the donor and acceptor impuri t ies  are ionized 
at high temperatures  while they are neut ra l  at low 
temperatures.  The former are positively charged and 
the la t ter  are negat ively charged. Then the change of 
the total ionized impur i ty  (equal to the sum of ionized 
donors and ionized acceptors) is much larger  than  that  
of the carrier densi ty (equal to the difference between 
the ionized donors and ionized acceptors). 

The species which form such levels have not  been 
clarified, however, the peak corresponding to the acti- 
vat ion energy of the carrier density vs. the tempera ture  
characteristics of sample No. 213 is visible in the photo- 
luminescence spectrum of the  same sample, as shown 
in Fig. 8. 

Experimental results of frequency dependence of 
Schottky barrier capacitance.--Figure 9 shows two ex-  
amples of f requency vs. capacitance characteristics of 

'E 
u 

Z 

>,- 
i - -  

C3 

> -  
I - -  

o_ 5 

16 
1 xlO I I I I ;. 6 8 lO _ 12 
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14 

Fig. 6. Temperature dependence of the ionized impurity density 
corresponding to the mobility vs. temperature curve (i) in Fig. 4(b). 
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Fig. 7. Energy level model explaining the temperature dependence 
of the ionized impurity density and the carrier density for the 
samples in group C. 
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Fig. 8. Photoluminescence spectrum from sample No. 213 whose 
carrier density vs .  temperature characteristics is shown in Fig. 5. 
The peak from 0.83 to 0.85/~m corresponds to its activation energy. 

Schottky barr ier  diodes fabricated on epitaxial  layers 
on semi- insula t ing  GaAs substrate. The electron mo-  
bi l i ty vs. tempera ture  characteristics of sample No. 233 
in  Fig. 9(a) is shown as curve (iii),  and that  of sample 
No. 230 is shown as curve (v) in Fig. 4(a) .  Those sam- 
ples whose f requency vs. capacitance characteristics are 
shown in Fig. 9(b) correspond to the samples in Fig. 
4(b) .  The capacitance of all samples except No. 217 re-  
veals a large dependence on frequency. 

Analysis according to the Hesse theory .~From these 
data, the relat ion ~V/h (1/C 2) -- C is plotted, where V 
is voltage, C is capacitance, and ~ denotes the difference 
of measured quantities. The relat ion dV/d  (1/C 2) -- C 
in the case of a Schottky barr ier  diode is given by 
Hesse (19) as 

% 2oo 

3OO 

FREQUENCY "~ (HZ) 

Fig. 9(a). Frequency dependence of a Schottky barrier capacitance 
(I) for the samples in groups A and B. 

z 
~oo 

o 

Augus t  1974 

u 
40 

u 
20 

16o ~'~ ~ ~oo~ 
FREQUENCY f ( H z )  

Fig. 9(b). Frequency dependence of a Schottky barrier capacitance 
(ll) for the samples in groups C and D. 

dV q(ND+NT) [i_ C ] 
d ( 1 / ~  = 2, ~-. g (~') [7] 

where ND is the densi ty  of the shallow donor; ArT, the 
density of the deep donor; ~,, the signal angular  fre- 
quency at measurement ;  C| the value of capacitance at 
infinite frequency; g(~,), the function indicating the 
frequency dependence of charging and discharging 
characteristics of deep donors; q, the electron charge; 
and e, the dielectric constant. 

Equat ion [7] indicates that the relat ion of dV/d  (1/C 2) 
- -  C is linear, and extrapolations to zero capacitance 
should converge at a point regardless of the measur ing 
frequency, from which the value of ND 4- N T  is calcu- 
lated. 

Figure 10 shows examples of the plott ing of aV/  
A(1/C 2) -- C. Although the lines do not necessarily 
converge at a point for zero capacitance, the value of 
ND 4- NT is approximately given as listed in  Table IV. 
One of the reasons for this nonconvergence may be 
that Eq. [7] includes an effect of only a single level. 

From the Hesse theory, the value of EF -- ET, also 
can be obtained, where  EF is the Fermi  level and ET 
is the trap level. Table IV shows examples of ND 4- NT, 
Ec -- ET, and NT/ND. The value of Ec -- ET is calcu- 
lated by adding Ec -- EF to EF -- ET, where Ec is the 
bottom level of the conduction band. Their levels are 
0.18, 0.28, and 0.54 eV from the conduction band edge. 
0.18 eV is near the level of 0.20 eV, which has been at- 
tributed to an unidentified defect (20), and 0.54 eV is 
near the level of 0.56 eV due to the same defect (21) 
or the level of 0.55 eV made by copper. These results 
are likely to imply that those samples, which contain 
such deep traps, are contaminated by copper. 

The charging and discharging time constant  z also 
can be approximately calculated from the following 
equation with Eq. [7] 

1 ND 4- NT 
g (~ -~ oo) : 1 -- -- �9 [8] 

~Z ND 

The value of dV/d(1/C ~) at 20 kHz was used as in  
the calculation for sample No. 230. 

Analysis according to Zohta's theory.--Zohta (22) 
showed that the var iat ion of AV/h(1/C 2) with  fre-  
quency can be expressed as 

Table IV. Various values obtained by plotting the relation 
AVI~(I/C 2) -- C 

S a m p l e  ND + NT /~D NT EC -- ET 
NO. (cm "4) (era  -~) ( c m ~ )  N T / N v  (eV) 

213 5.20 X I0  I~ 3.2 X I0  I~ 4.9 • 10 TM 15 0.18 
217 4.44 x 1014 4.0 X 1014 4.4 • I0  TM 0 . I I  
230 3.63 x 1017 1.1 • 1010 3.5 • 10 lr  32 0,28 
233 1.55 x 10 TM 4,7 • 10 TM 1.5 x 10 TM 32 0.54 
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Fig. lO(a). Experimental values of ~V/'~(1/C ~) as a function of 
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Fig. 10(b). Experimental values of ,~V/A(1/C 2) as a function of 
Cm. Cm - -  ~ /C(C -I- ~C). (Sample No. 230.) 

1 
[ A V l A ( l l C  2) ]~ = y qeA 2 [ (ND --  NA) 

-[- NT(I  -- C )~oleA) (1 -- j ~ )  (1 + <~%2) -1] [9] 

where ND and NA are the shallow donor and acceptor 
densities respectively, NT is the densi ty of deep traps, C 
is capacitance at angular  f requency ,o, A is the area of 
a Schottky barr ier  diode, z is a charging and discharg- 
ing t ime constant, and ~0 is the distance from the plane 
where the energy band starts bending to the plane, 
where the bu lk  Fermi  level equals the potential  of the 
trap level. The solid-l ine curve in  Fig. 11 shows an 
example of plot t ing the real part  of Eq. [9] for sample 
No. 230. J~TD, NA, and NT in Tables II and IV were used 
in the calculation. The broken l ine in Fig. 11 shows the 
relat ion of a V / a  (1/C~) vs. the f requency obtained from 
the experiment.  Considerably good agreement  is evi-  
dent  between the theoretical (solid) curve and the ex- 
per imenta l  (broken) curve if �9 ---- 5.76 • 10 -4 sec is as- 
sumed. 

The value of T ---- 5.76 • 10 -4 sec is in  ra ther  good 
agreement  with 3.20 X 10 -4 sec obtained from the 
Hesse method. A slight difference exists because the 
value of a V / h ( 1 / C  2) at 20 kHz was used as that  for 
w --> oo in the analysis according to the Hesse theory; 
however, 20 kHz is too low to approximate ~ -> ~.  -r 
obtained to fit Eq. [9] to the exper imental  results is 
used later  in calculating the scattering cross section of 
deep traps. 

Correlation among the exper imenta l  results,  com-  
pensation ratio, and space charge scat ter ing.--Figure 12 
shows the relat ion between the compensation ratio and 
the value of the product of the space charge region 

u 2 

< 

i i , 

q'=5.76x10 -4 (sec) 
\ \  ~,= 0.24 (jjrn) 
\ \  No-N,=S.g0xlO is ( cm -3 ) 

NT=3.50XI017 (cm -3 ) 

FREQUENCY ( KHz ) 

Fig. 11. Frequency dependence of AV/6(C-2), where V is voltage 
and C capacitance; 0 represents an experimental value and the 
solid line is the theoretical one. 
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Fig. 12. Relation between the compensation ratio and the value 
of the product of density of the space charge region Ns and 
scattering cross section Q. 

density and their  scattering cross section listed in  Table 
II for samples belonging to groups A and B. It is ob- 
vious that the value of NsQ increases with the compen- 
sation ratio (23). Correlation between the sources of 
compensating impuri t ies  and the space charge region 
has been discussed by Ikoma (2, 3) regarding heat-  
t reated GaAs samples. He suggested that  the space 
charge region is related to the inhomogenei ty  of the 
epitaxial  layer. 

The parameter  -~ which is defined by 

�9 y ~ RAB.CD/RBC.DA (RAB.CD ~ RBC.DA) 

or RBC.DA/RAB.CD (RBC.DA --~ I~AB.CD) 

is a measurement of macroscopic inhomogeneity of the 
epitaxial layer, as Ikoma proposed. RAB.CD indicates re- 
sistance of the epitaxial layer; that is, it equals the 
voltage across contacts C and D divided by the current 
flowing between contacts A and B of the sample used 
in the van der Pauw method (12). 

The v-values for the samples discussed in this paper 
are listed in Table I; v is generally small except for a 
few samples, which implies that the samples are mac- 
roscopically homogeneous. Thus, the source of the space 
charge'region is not related to the macroscopic inhomo- 
geneity of the epitaxial layer. 
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Fig. 13. Pbotoluminescence spectrum of sample No. 233 
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Correlation among density of space, charge region, 
compensating acceptors, and photoluminescence spec- 
t ra . - -As  already discussed, there is correlation between 
densi ty of the space charge region and that  of the com- 
pensating acceptors. 

Figure 13 shows an example of the photolumines-  
cence spectrum from GaAs epitaxial  layer  (sample No. 
233) whose electronic properties were discussed in pre-  
vious sections. As is well  known, the peak in a range 
from 0.91 to 0.95 ~ n  in  Fig. 13 corresponds to a level 
caused by copper. Existence or nonexistence of this 
peak for each sample is listed in Table I. This peak fre- 
quent ly  appears in the photoluminescence spectra of 
samples belonging to groups A and B, whose compensa- 
t ion ratio is ra ther  large. This suggests that  there is 
correlation among densi ty of the space charge region, 
the compensation ratio, and contaminat ion by copper. 

Recalling that  space charge region is a model (1) for 
a scattering center which has a large scattering cross 
section, the space charge region is suggested to be 
formed by clusters of impuri t ies  such as copper, or cop- 
per and defect complexes in the crystal. When most of 
the copper atoms in the epitaxial layer  form clusters, 
the level they make may be shifted. This is an ex-  
planat ion of the reason why, in the spectrum of sample 
No. 219 which belongs to group B of mobil i ty  vs. tem-  
perature  characteristics, the peak between 0.91 and 0.95 
~m disappears. 

Correlation between the level of deep traps measured 
by Schottky barrier capacitance method and photolu- 
minescence spectra.--The level of deep traps 0.54 eV in 
sample No. 233 obtained by measur ing the Schottky 
barr ier  capacitance vs. the frequency characteristics in 
Fig. 9(a) corresponds to existence of the peak between 
0.91 and 0.95 ~m due to the copper (9, 11) in Fig. 13. 

Correlation among electron mobility, aging time of 
fused quartz tube in purified hydrogen, and photolu- 
minescence spectra.--The mean value of the electron 
mobil i ty  in the GaAs epitaxial layer  grown in the 
vapor phase system rises with the aging time of a 
quartz tube at high tempera ture  such as 1000~ in pur i -  
fied hydrogen, as shown in Fig. 14. 

The photoluminescence peak between 0.91 and 0.95 
~m of GaAs epitaxial  layers caused b y  copper atoms 
disappears after sufficient aging of a fuseU quartz tube. 
This implies that  the ma in  source of copper atoms, 
which are suggested to form space charge regions and 
compensate the donor impuri t ies  decreasing the elec- 
t ron mobil i ty in GaAs epitaxial  layer, is e l iminated by 
aging of a fused quartz tube (24). 

Cross section of deep traps.--The t rap densi ty of 
samples No. 230 and 233 are th i r ty  t imes larger than  
that of the shallow donor impur i ty  shown in Table IV, 
bu t  these deep traps are electrically neut ra l  at least at 
a low field. On the other hand, the mobil i ty  deter-  
mined by neut ra l  impur i ty  scattering is derived as fol- 
lows (25) 

~s : 8.36 • 10 TM (1/NN) (cm2/V'sec) [10] 

where NN is the density of neu t ra l  impuri ty.  Here neu-  
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Fig. 14. Aging time of a Fused quartz tube in purified hydrogen 
and electron mobility in GaAs epitaxial layer grown in that 
quartz tube. 

t ral  impur i ty  implies the neu t ra l  fraction of shallow 
donors and shallow acceptors. If mobil i ty  is calculated 
by subst i tut ing deep donor densi ty into NN in  Eq. [10], 
too small  a value is obtained as electron mobility. Fu r -  
thermore, electron mobil i ty  at low field can be ex- 
plained without  counting the effect of these deep 
donors. This implies that  those deep traps have very 
small  scattering cross sections, nei ther  assuming a sig- 
nificant role in determining electron mobil i ty  nor  cor- 
responding to the space charge regions. 

The cross section a of deep traps, on the other hand, 
can be calculated by using the charging and discharg- 
ing t ime constant ~ : 5.76 • 10 -4 sec for sample No. 
230 obtained from the analysis according to the Zohta 
theory, following the relat ion 

1/~ : NT �9 Vth �9 ~ [11] 

where NT is the densi ty of deep traps and Vth is the 
electron thermal  velocity. If the value NT = 3.50 X 
1017 cm -3 listed in Table IV is subst i tuted into Eq. 
[11], the small cross section ~ : 1.04 • 10 -22 cme is 
obtained as expected from the relat ion between elec- 
t ron mobil i ty  and density of the deep traps. 

Conclusions 
The conclusions obtained from this work are as fol- 

lows: 

1. The Hall measurement  of GaAs epitaxial  layers 
grown in a vapor phase system revealed that  compen-  
sating acceptors and space charge regions are two of 
the physical origins of decreasing electron mobility, 
and that both compensation and formation of the space 
charge region are related to contaminat ion by copper. 
These results are supported by Schottky barr ier  capaci- 
tance measurement  and by photoluminescence spectra 
of the same samples. In  the Schottky barr ier  capaci- 
tance measurement  deep traps whose energy level is 
identical to one made by copper were measured;  in  the 
photoluminescence measurement ,  a peak due to copper 
was observed. 

2. Electron mobil i ty of GaAs epitaxial layers grown 
in a fused quartz tube before and after aging in a hy-  
drogen atmosphere suggested that compensat ing ac- 
ceptors and space charge regions are main ly  introduced 
from an unaged fused quartz tube. The photolumines-  
cence peak at t r ibuted to copper appeared in the sam- 
ples made in an unaged fused quartz tube, and disap- 
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peared  in  the  samples  made  in an aged fused quar tz  
tube.  

3. The small  scat ter ing cross section of the  deep t raps  
obta ined by  Schot tky  ba r r i e r  capaci tance measurement  
(r : 1.04 • 10 -22 cm 2) implies  tha t  those deep t raps  
assume no significant role  in de te rmin ing  the e lect ron 
mobi l i ty  in GaAs. This resul t  suppor ts  the  theory  tha t  
e lect ron mobi l i ty  in GaAs epi tax ia l  l ayers  can be ex-  
p la ined  wi thout  consider ing the effect of deep traps.  

4. A photoluminescence peak, corresponding to the  
act ivat ion energy,  was found, which de te rmines  the  
t empe ra tu r e  dependences  of e lect ron dens i ty  and mo-  
bil i ty.  
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ABSTRACT 

The first format ion  of compounds of Ge b y  ion implan ta t ion  into Ge has 
been achieved. In f ra red  absorpt ion  bands character is t ic  of four - fo ld  coordi -  
na ted  GeO2 and of Ge3N~ were  observed af ter  implan ta t ion  wi th  3 • 1017/crn 2 
200 keV O2 + or N~ + respect ively,  into h igh- res i s t iv i ty  Ge substrates .  The ab-  
sorpt ion band  for Ge3N4 was also produced by  60 keY N + implan ta t ion  into Ge, 
and the band in tens i ty  increased app rox ima te ly  as the  square  root  of the  num-  
ber  of implan ted  n i t rogen atoms. Implan ta t ion  wi th  2 • 101~ 200 keV N O + /  
cm 2 produced  an absorpt ion  band  wi th  a peak  posi t ion be tween  those for  
GeO2 and Ge3N4, which  is analogous to the  band  posit ion for  SixO~Nz re la t ive  
to Si3N4 when y ~ z. Sample  t empera tu res  were  < 200~ dur ing implantat ion,  

and the samples  were  subsequent ly  annea led  to ~0~ Absorp t ion  band  posi-  
tions for the  Ge compounds formed by  ion implan ta t ion  were  observed to 
shift  20-30 cm -1 toward  higher  wave  numbers  upon annealing.  This shift  is 
a t t r ibu ted  to densification by  an anneal ing of implan ta t ion -p roduced  expan -  
sion. 

Thin insula t ing films are  an essential  par t  of p l ana r  
semiconductor -device  technology. Oxide films on si l i -  
con are  read i ly  formed by  the rmal  oxidat ion  of the  Si 
subs t ra te  to produce chemical ly  s table  insulat ing films. 
To obta in  s table insulat ing films on o ther  semiconduc-  
tors, however ,  i t  is usua l ly  necessary to form the films 

Key words: ion implantation, compounds, germanium, infrared 
absorption, annealing. 

by evaporat ion,  by  sputter ing,  or  by  chemical  reac-  
tions which do not incorpora te  subs t ra te  atoms. 

Ion implan ta t ion  provides  another  method  to form 
thin  films which incorpora te  subs t ra te  atoms, and a 
number  of authors  have demons t ra ted  tha t  silicon 
oxide  and sil icon n i t r ide  can be formed b y  the  i m -  
p lan ta t ion  of oxygen  (1-4) or  n i t rogen (3-6),  respec-  
t ively,  into silicon. There  are  no known  previous  
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studies of germanium oxide (GeO2) or germanium 
nitr ide (GeaN4) formation by ion implantat ion,  and 
relat ively few studies of chemically formed GeO2 or 
Ge3N4 films. 

The usual  methods for forming GeO2 yield either an 
amorphous film or a hexagonal  crystall ine film (7), 
both of which are very chemically active. Therefore, 
thermal ly  produced GeO2 has not been useful  in Ge 
device fabrication. It  is of interest  to determine if 
tetragonal  GeO2, which is more stable chemically than 
the hexagonal  or amorphous GeO2, will be produced 
by oxygen implanta t ion  into Ge. Previous studies (8) 
have shown that absorption due to Ge-O-Ge stretching 
for the fourfold coordination of Ge with oxygen in 
hexagonal  or amorphous GeO2 occurs at about 880 
cm -1, whereas the stretching mode for sixfold coordi- 
nat ion of Ge with oxygen in  tetragonal  GeO2 occurs at 
about 700 cm -1. Thus, infrared absorption can be used 
to dist inguish between hexagonal  or amorphous and 
tetragonal  GeO2. 

Nagai and Niimi (9) formed amorphous GezN4 in  
films by reacting GeC14 and NH3 on Ge substrates held 
between 400 ~ and 600~ and Bagratishvili  et al. (10) 
formed amorphous Ge3N4 films by reacting N2H4 and 
Ge. Such films have dielectric characteristics (10, 11) 
comparable to those for SigN4, and they are character-  
ized by a broad infrared absorption band  with a sub-  
s t ra te - tempera ture -dependent  peak be tween 720 and 
780 cm I (9, 10). 

We report  here on germanium nitr ide and germa- 
n ium oxide formation by ni t rogen and oxygen im-  
planta t ion into Ge. A 3 • 1017 200 keV O2+/cm 2 im- 
planta t ion was used to form Ge oxide. The formation 
of Ge ni t r ide was investigated by  performing an im-  
plant  with each of the following fluences: 10 TM 60 keV 
N+/cm 2, 1017 60 keV N + / c m  2, and 3 • 1017 200 keV 
N2+/cm 2. In  addition, an implanta t ion with 2 X 1017 
200 keV NO+/cm 2 was performed to investigate the 
formation of Ge oxynitride. 

Experimental Details 
Samples with optical faces of 1.27 X 0.63 cm and a 

thickness of ~ 1 mm were cut from high resist ivity 
n - type  Ge. The sample faces were finished with suc- 
cessively finer (15, 6, and 1 ~ n )  diamond polishing 
compounds. To fur ther  minimize surface damage on 
the optical faces they were rubbed l ightly for 15 rain 
on a POLITEX pad in a solution of 1 part  NI-I4OH to 
700 parts of 30% H202. The composition of the solution 
was adjusted to obtain a pH of 7. Differential t rans-  
mit tance measurements  were made at room tempera-  
ture  in a Beckman IR-12 spectrophotometer. Un im-  
planted Ge samples were matched in thickness and  
surface preparat ion to samples selected for implan ta -  
tion. and these un implan ted  samples were used in  the 
reference beam of the spectrophotometer for the dif-  
ferential  measurements.  During implanta t ion  the sam- 
ples were clamped to an A1 holder by a Ta coverplate 
with an aperture slightly smaller  than  the samples. 
Magnetically selected and electrostatically scanned ion 
beams between 5 and 20 ~A/cm 2 were used for the 
implantat ion.  Secondary electrons were electrostati-  
cally suppressed. Isochronal anneal ing of the im-  
planted samples was performed for 20 rain periods in 
100~ increments  wi th in  a ni t rogen atmosphere tube  
furnace. Oxidation of Ge was observed upon anneal ing  
at 600~ therefore the anneal ing study was terminated 
at 500~ 

Experimental Results 
Differential t ransmit tance spectra for Ge after im-  

p lanta t ion  with O2 +, NO +, and N2 + are shown in  Fig. 
1. The results are arbi t rar i ly  displaced along the 
t ransmit tance axis to provide separat ion among the 
spectra. Absorption bands at approximately 860, 750, 
and 685 cm 1 for 02 +, NO +, and N~ + implanted Ge are 
a t t r ibuted to GeO2, GexO~N= (germanium oxyni t r ide) ,  
and Ge3N4, respectively. From calculated (12) ion 
ranges and ion profiles (peak range ~- 2500A, s tandard 

] i I I I i I I I 
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]2~ lo00 8~  ~0 400 
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Fig. 1. Transmittance vs. wave number far Ge02, GeaN4, and 
GexOyNz films formed by 200 keV implantation of Ge with 3 X 
1017 02+/cm 2, 3 • 1017 N2+/cm 2, and 2 X 1017 NO+/cm 2, 
respectively. Spectra ara arbitrarily displaced along transmittance 
axis to provide clarity. 

deviat ion ~ 800A) combined with measured ion flu- 
ences, implantat ions with 3 • 1017 cm -2 200 keV N2 + 
or O2 + are expected to give volume concentrations of 
ni trogen or oxygen approximately equal to the volume 
concentrat ion of Ge. Sput ter ing by the incident ions 
and a change of atomic composition during implan ta -  
tion will, however, tend to broaden the ion profile and 
reduce the volume concentrat ion of the implanted ions. 
The number  of ni t rogen and oxygen atoms per un i t  
area are obviously equal for the NO + implantat ion,  
and the volume concentrat ion of the two atoms are 
expected to be approximately equal. 

Figure 2 shows the t ransmit tance  for the samples of 
Fig. 1 after anneal ing at 500~ The major  absorption 
bands are observed to sharpen slightly and shift to- 
ward higher frequencies upon annealing.  Small  
changes in  weak absorption bands also occur upon an-  
nealing. Some of the annea l ing- induced  changes only 
make existing bands more apparent.  For example, a 
weak band  near  600 cm -1 is readily dist inguishable in 
the oxynitr ide after anneal ing to 500~ but  it is also 
present  as a shoulder  on the major  absorption band  
before annealing.  Figure 3 shows the major  band  posi- 

t 
[ I ~ I , I , 1 ~ 1 J 

]2O0 I000 8O0 60O 400 
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Fig. 2. Transmittance vs. wave number for the samples af Fig. 1 
after annealing at 500~ 
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Fig. 3. Wove number positions for absorption peeks os a function 
of annealing temperature for the Go02, GexOvNz, end Ge3N4 films 
formed by ion impl,ntetion. 

tions for GeOs, Ge~OyN~, and GesN4 as a funct ion of 
anneal ing temperature.  The point of contact of the 
min imum in t ransmit tance to a smoothed l ine paral lel  
to the background t ransmit tance was used to deter-  
mine  the peak position. Uncer ta in ty  in band  position 
increases with band  width. The onset of the 20-30 cm -1 
upward  frequency shift is shown to occur at an  an-  
neal ing tempera ture  near  200~ This indicates the 
effective temperature  dur ing implanta t ion  of the sam- 
ples was < 2O0~ 

Figure 4 shows the germanium ni t r ide bands pro- 
duced by 10 TM and 10 .7 60 keV N+/cm ~ compared to the 
band  produced by 3 • 10 *v 200 keV N2+/cm% Volume 
concentrat ions for ni t rogen are --~ 2 and 20% of the Ge 
concentrat ion wi thin  a s tandard  deviat ion of the peak 
ion range following 10 TM and 10 *v 60 keV N+/cm 2 im- 
plantations, respectively. In  order to have a common 
anneal ing history for the samples, the results shown 

I ' I ' I ' I ' I 
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Fig. 4. Absorption bends produced by implentetion of 10 lc end 
1017 60 keV N+/cm 2 into Ge comp-red to th-t produced by 3 
X 10 *7 200 keV N2+/cm 2. All samples were annealed at 500~ 
prior to the measurements. 

in Fig. 4 are those measured after anneal ing  at 500~ 
The area in the absorption band  increases approxi-  
mate ly  with the square root of the implanted ni t rogen 
atoms, and there is a small shift of the absorption band  
toward higher f requency wi th  increasing ni t rogen 
fluence. 

Discussion 
The strong absorption band  near  860 cm -1 and the 

weak band  near  570 cm -1 shown in  Fig. 1 for O~ + im-  
planted Ge suggest fourfold coordinated GeOs forma- 
t ion by oxygen implanta t ion  into Ge. A second weak 
band  near  760 cm -1 may  indicate that  a small  f rac t ion 
of the GeO2 exists in the te tragonal  phase. However, 
the 700 cm -1 band  anneals  out between 300 ~ and 500~ 
and is missing in  the GeO2 results shown in Fig. 2. 
Therefore, the s t ructural  form for GeO2 produced by 
implanta t ion  with 3 X 101~ O2+/cm 2 is essential ly the 
same as that formed by thermal  oxidation (7, 8). 
Higher fluence implants,  which would increase the 
oxygen concentrat ion relat ive to Ge, may favor forma- 
t ion of the te tragonal  phase. The Ge-O-Ge stretching 
mode for dispersed-interst i t ial  oxygen (13) in  Ge also 
occurs near  860 cm-1 and has been observed in  oxy-  
gen- implan ted  Ge (14). But, the solubil i ty (13) of 
dispersed oxygen is ~ 10 TM cm -3, and the width at 
half  max imum for the dispersed oxygen band  (13) is 
only 6 cm -1 compared with a more typical  GeOs half-  
width of ~ 90 cm-1 observed for the oxide band  in  the 
present experiment.  

An  upward  f requency shift and sharpening of ab-  
sorption bands upon anneal ing was previously shown 
for compounds formed in Si by ion implanta t ion  (4). 
Studies (15) on pyrolyt ical ly grown Si-oxide films 
have shown that  the Si-O stretching bandwidth  de- 
creases and the band  position shifts to higher fre- 
quencies on decrease of porosity in the films. Since 
implanta t ion  causes annealable  expansion of Si (16) 
and presumably of Ge also, the slight sharpening and 
the upward  frequency shift of the band  positions for 
the Ge compounds formed by ion implanta t ion  is at-  
t r ibuted  to densification associated with the anneal ing 
of implanta t ion-produced expansion. 

The broad absorption band  near  700 cm -1 following 
200 keV N2 + implanta t ion  is in terpre ted as evidence 
for amorphous Ge3N4 formation. Absorpt ion results in 
Fig. 4 indicate that GesN4 is also formed by 60 keV 
implanta t ion with 1016 and 1017 N + / c m 2. The magn i -  
tude of the absorption in  the bands produced by  ni t ro-  
gen implanta t ion  increases approximately as the 
square root of the implanted ni t rogen atoms, which 
suggests a bimolecular  process for forming GesN4. This 
dependence may occur simply because t he  available 
uncompounded Ge is being depleted. However, a pre-  
vious s tudy showed that  GesN2 was formed from the 
reaction of ni t rogen with germane (GeH4) (17), so 
that  Ge-N precursors may  also be involved in  GeaN4 
formation by ion implantat ion.  The absorption charac- 
teristics for Ge3N~ are not known. The dependence of 
the band  position on implanted ni t rogen atoms sug- 
gests that ni t rogen deficiency in  the implanted layer  
causes a lowering of the Ge-N vibrat ional  frequencies. 

Etch rates in  HF solution are slow for  both SigN4 
(18) and Ge3N4 (10). Therefore, Si oxynitr ides 
(Si~O~N~) with faster etch rates are sometimes used 
rather  than  Si3N4 in  masking applications where the 
layer  must  be removed by  an etching process. The 
infrared absorption band  for SizOyN~ is shifted toward 
higher wave numbers  relat ive to SisN4 dependent  on 
the values of y and z (18). The same effect is appar-  
ent ly occurring for GexO~Nz. The band  position for 
GexO,N~ relat ive to tha t  for GesN4 is in  accord with 
that  for Si~O~Nz relat ive to Si3N4 (18) when  y ~ z. 

Conclusions 
Ion- induced absorption bands show that  Ge oxide, 

Ge nitride, and Ge oxynitr ide can be formed by ion 
implanta t ion  into Ge. These compounds are expected 
to exist in  th in  layers dependent  on the ion ranges in  
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Ge. A shif t  in the  absorpt ion  bands  toward  h igher  
wave  numbers  upon anneal ing  is typica l  of compounds 
formed in Si by  ion implan ta t ion  and is a t t r ibu ted  to 
densification of the  implan ted  l aye r  by  anneal ing  of 
d i sp lacement -p roduced  expansion.  

The absorpt ion  band  formed by  oxygen  implan ta t ion  
into Ge is character is t ic  of fourfold coordinated  GeO2, 
which is the  usual  form produced by  the rmal  ox ida -  
t ion of Ge and is not a useful  dielectr ic  film for device 
applications.  The absorpt ion  band  formed by  ni t rogen 
implan ta t ion  into Ge is in reasonable  accord wi th  tha t  
for  amorphous  Ge3N4, and previous  studies of amor -  
phous Ge3N4 have shown tha t  it  is a sui table  dielectr ic  
ma te r i a l  for device applicat ions.  Thus, ion imp lan ta -  
t ion offers an  a l te rna te  method  for producing po ten-  
t ia l ly  useful  dielectr ic  films on Ge. 

Implan ta t ion  of NO + into Ge produces  an oxyn i t r ide  
wi th  a band  posi t ion be tween  tha t  for the  n i t r ide  and 
the  oxide, comple te ly  analogous to absorpt ion  in 
SixOyNz for app rox ima te ly  equal  concentrat ions  of 
oxygen  and ni trogen.  

Acknowledgment 
This work  was suppor ted  b y  the  Uni ted  Sta tes  

Atomic Energy  Commission. 

Manuscr ip t  submi t t ed  Dec. 17, 1973; rev ised  m a n u -  
scr ipt  received March  7, 1974. 

A n y  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1975 JOURNAL. 
Al l  discussions for the  June  1975 Discussion Section 
should be submi t ted  by  Feb.  1, 1975. 

REFERENCES 
1. M. Watanabe  and A. Tohi, Japan. J. Appl. Phys., 

5, 737 (1966). 
2. P. Pavlov  and E. Shitova,  Soy. Phys.-Dokl., 12, 11 

(1967). 

3. J. Freeman,  G. Gard, D. Mazy, J. Stevens,  and F. 
Whiting,  European Conf. on Ion Implanta t ion ,  
Reading, Berkshire ,  Eng land  (1970), p. 74. 

4. J. A. Borders  and W. Beezhold, "2nd In te rna t iona l  
Conference on Ion Implan ta t ion  in Semiconduc-  
tors," I. Ruge and J. Graul,  Editors,  p. 241, 
Spr inger -Ver lag ,  New York  (1971). 

5. J. Stephen,  B. J. Smith,  G. W. Hinder,  D. C. Mar -  
shall, and E. M. Wit tam,  ibid., p. 489. 

6. R. J. Dexter ,  S. B. Wate l sk i  and S. T. Picraux,  
Appl. Phys. Letters, To be published.  

7. W. A. Albers ,  Jr.,  E. W. Valyocsik,  and P. V. Mo- 
han, This Journal, 113, 196 (1966). 

8. M. K. Mur thy  and E. M. Kirby ,  Phys. Chem. 
Glasses, 5, 144 (1964); E. R. Lippincot t ,  A. Van 
Valkenburg,  E. E. Weir,  and E. N. Bunting,  J. 
Res. Nat. Bur. Std., 61, 61 (1958). 

9. H. Nagai  and T. Niimi, This Journal, 115, 671 
(1968). 

10. G. D. Bagrat ishvi l i ,  R. B. Janel idze,  and V. A. 
Chagelishvili .  "Proc. In te rna t iona l  Conference on 
Physics  and Chemis t ry  of Semiconductor  He te ro-  
junct ions and Layer  Structures ,"  Vol. V, p. 65, 
G. Szigeti,  Chief Editor,  Akademia i  Kiado,  Buda -  
pest  (1971). 

11. T. Yashiro, Japan. J. Appl. Phys., 10, 169 (1971). 
12. D. K. Brice, Sandia  Laborator ies ,  RR71-0599 

(1971). 
13. W. Kaiser ,  J. Phys. Chem. Solids, 23, 255 (1962); 

J. Bloem, C. Haas, and P. Penning,  ibid., 12, 22 
(1959). 

14. H. J. Stein, J. Appl. Phys., 44, 2889 (1973). 
15. W. A. P l i sk in  and H. S. Lehman,  This Journal, 

112, 1013 (1965). 
16. W. Beezhold, "2nd In te rna t iona l  Conference on Ion 

Implan ta t ion  in Semiconductors ,"  I. Ruge and J. 
Graul,  Editors,  p. 267, Spr inger -Ver lag ,  New 
York  (1971). 

17. R. Storr,  A. N. Wright ,  and C. A. Winkler ,  Can. J. 
Chem., 40, 1296 (1962). 

18. D. M. Brown, P. V. Gray,  F. K. Heumann,  H. R. 
Phil ip,  and E. A. Taft, This Journal, 115, 311 
(1968). 

Reliability of Gold/Stabilized Tantalum 
Metallizations for Microwave Power Transistors 

Aristotelis Christou and Howard M. Day 
Naval Research Laboratory, Washington, D. C. 20375 

The publication costs o] this article have been assisted by the Naval Research Laboratory. 

ABSTRACT 

Thin film systems based on p l a t i num- tan t a lum-go ld  and t ungs t e n - t a n t a -  
l um-go ld  have been  inves t iga ted  as meta l l i za t ion  contacts  for mic rowave  
power  transistors.  P la t inum and tungsten deposi ted be tween  layers  of t an t a -  
lum effectively s tabi l ized the t an ta lum agains t  gra in  bounda ry  diffusion. The 
presen t  inves t igat ion shows tha t  P t - T a - A u  and W - T a - A u  meta l l iza t ions  
(i) are  meta l lu rg ica l ly  stable, (ii) resist  e lectrochemical  corrosion, and (iii) 
are r ead i ly  processed wi th  exis t ing technology.  

In  a previous  inves t igat ion on the s t ruc ture  and the r -  
mal  s tab i l i ty  of r f  spu t te red  Ta -Au  films (1), the  for -  
mat ion  of TaAu above 450~ and the l o w - t e m p e r a t u r e  
gra in  bounda ry  diffusion of gold resul ted  in an app re -  
ciable increase in sheet  resistance.  The growth  of the  
TaAu  l aye r  fol lowed a paraboi ic  ra te  law and the low-  
t empe ra tu r e  gra in  bounda ry  diffusion occurred wi th  an 
act ivat ion energy  of 0.41 eV. Annea l ing  the films up to 
600~ also resul ted  in (i) par t ic le  g rowth  wi th  an act i -  
va t ion energy  of 0.5 eV for gold and 0.4 eV for t an -  
ta lum, and (ii) reduct ion  of the rmal  s tresses and defect  

K e y  w o r d s :  metallizations, sputtering, microwave transistors, r e -  
l iab i l i ty ,  thermal stability, thin films. 

dens i ty  in the films. Final ly ,  the  resul ts  of Ref. (1) in-  
dicate tha t  when  modified to p reven t  gra in  bounda ry  
diffusion, T a - A u  should be sui table  for appl icat ions  in 
devices which opera te  at  high tempera tures .  

In  the work  repor ted  here, p l a t inum and tungs ten  
layers  have been sput te r  deposi ted be tween  10O0A 
tan ta lum layers  in order  to s tabi l ize the  t an t a lum 
against  gra in  bounda ry  diffusion at  gold or t an t a lum 
gra in  boundaries.  The resul t ing  s t ructures  were  then  
over la id  wi th  2000-5000A of sput te red  gold. We repor t  
the  effects of anneal ing  on the  s t ruc ture  of T a - P t - T a -  
Au and T a - W - T a - A u  films deposi ted  on pol ished (111) 
or ien ted  quartz  and (100) silicon. The films were  in-  
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vestigated using x - r ay  and electron diffraction meth-  
ods, electrical resistivity measurements,  and optical 
and scanning electron microscopy. The interdiffusion 
between gold, tantalum, and p la t inum has been studied 
by Auger electron spectroscopy. 

This invest igat ion is par t  of a larger effort to increase 
the rel iabi l i ty  of microwave power transistors. One 
approach has been the application of metall izations 
which can withstand the high temperatures  encoun-  
tered in these devices without undergoing degradation 
or failure due to al loying or to interdiffusion of silicon, 
silicon dioxide, and metal. A l u m i n u m  and gold are the 
two major  types of metal  contacts current ly  in  use. 
The a luminum contact usual ly incorporates small  
amounts  of silicon and /o r  copper for the purpose of 
minimizing interdiffusion, alloying, and electromigra-  
tion. In  some cases, a stable silicide (i.e., pla t inum 
silicide) (3) is used with a luminum to isolate the alu-  
m inum from the silicon. The gold system general ly  in-  
corporates a stable silicide as the low resistivity con- 
tact to silicon followed by a barr ier  layer  (usually one 
or more refractory metals) and gold as the conductor. 
The barr ier  layer  serves the purpose of isolating the 
gold from the silicon since that  combinat ion has a low 
melt ing point  (eutectic temperature)  of 377~ The 
gold systems are potent ial ly better  from the s tandpoint  
of electromigration and h igh- tempera ture  stability. 
Some of the metal l izat ion systems investigated in the 
l i terature include Mo-Au (4), W-Au  (5), W: Ti -Au (6), 
T i -P t -Au  (7), and more recently, Ta-Au (1) and Ta- 
P t -Au  (2). 

Experimental 
Film deposition.--The metal  films used in this s tudy 

were rf sputter  deposited using an  argon pressure of 
5~ and an rf power of 200W. The substrates used were 
polished (111) oriented quartz plates, 3 cm in  diameter.  
For studies of Au-Si  interdiffusion, (100) silicon sub-  
strates were used. The substrates were etched in buf-  
fered HF followed by a 15 min  rinse in hot deionized 
water. Tan ta lum (800-1200A thickness) was deposited 
first onto the substrate, followed by a 300-500A layer  
of p la t inum or tungsten,  and followed by a second layer  
of 1000A of tantalum. A 2000-5000A layer of gold was 
deposited as the top layer. The diffusion barr ier  thick- 
ness was mainta ined constant at 2500A. During deposi- 
tion, the cathode to substrate distance was mainta ined 
at 7.5 cm. Thin film thermocouple substrate tempera-  
ture measurements  indicate that the steady-state tem-  
pera ture  dur ing  sput ter ing was 100~ In  all cases of 
sputter  deposition, the substrate holder was water  
cooled to prevent  fur ther  temperature  increases. 

The deposited T a - P t - T a - A u  and T a - W - T a - A u  speci- 
mens were  annealed in vacuum at pressure less than  
10 -5 Torr. Tan ta lum tube furnaces with a 7 cm opening 
were used. The temperature  var iat ion was main ta ined  
at +_. 5~ The specimens reached tempera ture  at a rate 
of 20~ Isochronal anneal ing experiments  were 
carried out by main ta in ing  each specimen at tempera-  
ture for 2400 sec. Isothermal experiments  were carried 
out by anneal ing at a fixed tempera ture  for up to 800 
hr. 

X-ray difJraction and film examination.--All x- ray  
data were obtained with a GE XRD-3 diffractometer 
using Ni filtered copper radiat ion as described previ-  
ously (1). The calculation of stresses and strains in  
gold and t an ta lum was determined according to the 
method of Greenough (8). Each diffraction peak was 
scanned at 0.5~ to determine the position of the 
peak. Three points which straddle the peak were then 
selected for intensi ty  counting. The stress, after the 
necessary corrections was determined by the method 
described previously (1). Since the radiat ion penetrates  
the thin film and barr ier  layer, diffraction from the 
single-crystal  substrate is always obtained. To el im- 
inate  overlapping, a method suggested by Walker  (9) 
was used. The substrate was misoriented by changing 
2a at the Bragg angle. By misorient ing the substrate, 

the substrate peaks fall to zero since the planes parallel  
to the front surface are off axis. Ins t rumenta l  broaden-  
ing corrections were used to correct for inaccuracies in 
measurement  of the peak position. The total change in 
the lattice parameter  can be due to residual strain, solid 
solution effects, or a combinat ion of both (9). Solid 
solution effects were el iminated by the independent  
measure of the lattice parameter  using a mult iple  ex- 
posure technique (9). 

Optical and scanning electron microscopy were used 
to analyze specimens in which large changes in resistiv- 
ity were observed. In  addition, the behavior of the Ta-  
P t - T a - A u  metal l izat ion scheme at temperatures  up to 
550~ was investigated by Auger electron spectroscopy 
(AES). Surface composition was measured by AES 
while s imultaneously sputter  etching the specimen. In  
this way, a profile of the in -depth  composition var ia-  
tions of the thin film layer was obtained (10). 

The electrical resistivity measurements  were carried 
out using a conventional  in l ine four-point  probe (2). 
The sheet resistance and the resistivity were obtained 
from the measured data using the method of Smits (11). 
Activation energies were obtained from isochronal and 
isothermal anneals. The anneal ing stage limits were 
determined on the basis of the mi n i mum values of 
hp/hT, the isochronal derivative. Changes in electrical 
resistivity were also studied as a function of the ratio 
of p la t inum to t an t a lum and tungs ten  to t an ta lum 
(Pt/Ta,  W/Ta) .  

In  the present  invest igat ion a corrosion test similar 
to the one devised by Cunningham et al. (6) was ap- 
plied. The test specimens were prepared with 15~ Ta /  
Au metal  stripes spaced 10~, apart  on glass plates, The 
go!d- tanta lum test stripes were examined for corrosion 
resistance by placing a drop of 0.001N phosphoric acid 
on the test slices and biasing the first and fourth stripes 
to 6V. The corrosion and electrolysis action was moni-  
tored by optical microscopy. 

Results and Discussions 
As-deposited film strueture.--The grain  size of the 

deposited tantalum, tungsten,  and gold films was in the 
range of 100-300A, 200-400A, and 300 to 600A, respec- 
tively. Likewise, the grain size of the p la t inum was 200- 
400A. The gold films were strongly (111) textured 
while the t an ta lum and p la t inum did not show any 
observable texture. The electrical resistivity of the 
gold films after deposition was measured to be 1.25 
times the bulk  resistivity. The sputtered t an ta lum films 
were prepared with a resistivity of 2.1 times that  of 
bulk  t an ta lum while the tungs ten  films were prepared 
with a resistivity of 3.0 times that  of bulk  tungsten.  The 
t an ta lum films were deposited as bcc-Ta as verified by 
electron diffraction examination.  

Isochronal and isothermal anneals.--Resistivity.-- 
Isothermal and isochronal anneal ing of T a - P t - T a - A u  
specimens with a variable pla t inum: t an ta lum layer  
thickness ratio shows that resist ivity changes up to 
650~ occur in two discrete stages and that  the resis- 
t ivi ty changes depend on the Pt: Ta thickness ratio (2). 
Figure 1 shows isothermal resistivity data at 350 ~ and 
450~ for various Pt: Ta ratio specimens with a barr ier  
layer (Pt + Ta) and gold layer  thickness of 2500 
and 2000A, respectively. Anneal ing  at 350~ produces 
a decrease in resist ivity which can be at t r ibuted to 
anneal ing out of vacancies and dislocations. Since 
electrical resistivity of the gold films after deposition 
was measured to be 1.25 times the bu lk  resistivity, iso- 
thermal  anneal ing of the films with the absence of 
solid solution formation, decreases the density of struc- 
tural  defects quenched in during sputtering. The lowest 
resistivity was obtained with a P t : T a  ratio of 0.24. 
Anneal ing at temperatures  between 450 ~ and 540~ 
resulted in a max imum 10% increase in  resistivity 
for T a - P t - T a - A u  specimens with a P t : Ta  ratio of 
0.15. Isochronal anneal ing of the same specimens in-  
dicates the existence of two anneal ing stages (stage 
I, be tween 27 ~ and 450~ and stage II between 450 ~ 
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a n d  650~  A t  t e m p e r a t u r e s  above  450~ the  ob-  
served res is t iv i ty  changes are a t t r i b u t e d  to i n t e r d i f -  
fusion be tween  gold and tantalum at the Au-Ta inter-  
face and between  tantalum and platinum at the Pt-Ta 
interface. This has been verified by x -ray  diffraction 
and Auger electron spectroscopy and is discussed in 
the fo l lowing sections. 

The effect of plat inum on the stage I resist ivity 
changes is pronounced. Specimens  wi thout  the plat-  
inum layer resulted in a 100% increase in ~p/po after 
annealing at 450~ for 600 hr, as described in Ref. (1).  
The addition of 300A of platinum be tween  the tantalum 
layers e l iminated the increase in resistivity.  In as 
much as the increase in resist ivity for Ta-Au speci-  
mens  has been attributed to gold precipitation at tan- 
talum grain boundaries (1) the addition of platinum 
tends to inhibit gold grain boundary diffusion by pre-  
cipitating to and passivating the tantalum grain bound- 
aries. The interdiffusion problem is discussed in a 
later section. Figure 2 shows the effect of varying 
the thickness platinum to tantalum ratio. The lowest  
resist ivity was  obtained with  a Pt:Ta ratio of 0.24, 
whi le  maintaining the total thickness  of the barrier 
layer (Pt + Ta) constant at 2500A. Increasing the 
Pt:Ta ratio above 0.24 results in a rapid increase in 
resistivity.  These specimens,  qualitat ively analyzed by 
energy  dispersive x - r a y  analysis, show that for Pt: Ta 
> 0.24, the interdiffusion of gold and plat inum domi-  
nates and degrades the gold film resistivity.  Since the 
resist ivity did not degrade for 0.10 < Pt:Ta < 0.24, 
one can assume that a reliable diffusion barrier was  
formed with  platinum effectively precipitating to the 
tantalum grain boundaries. In addition, as the anneal 
temperature is increased from 350 ~ to 525~ the in-  
terdiffusion between  Au and Ta (1) increases, resulting 
in higher leve ls  of resist ivity as shown in Fig. 2. 

Interdi~usion.--Figures 3a-c show typical  depth- 
composit ion profiles for as-sputtered and annealed 
S iO~/Ta-Pt -Ta-Au metall izations.  The as-sputtered 
composit ion profile of Fig. 3a shows no interdiffusion 
be tween  the various constituents.  Sharp interfaces are 
shown be tween  the gold and the tantalum. The diffuse 
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interfaces be tween the p la t inum and tan ta lum may  
be at t r ibuted to the decreased thickness of the pla t -  
inum l a y e r  (approximately 300A) and to differential 
sputtering. Anneal ing  at 450~ for 24 hr (Fig. 3b) 
resulted in the interdiffusion between Ta and Pt, with 
Pt  spreading into the Ta films. The interface between 
the Au and Ta became diffused and was character-  
ized by a gold tail  into the Ta film. However, the 
T a - P t - T a  has remained an effective barr ier  to gold- 
SiO2 interdiffusion. The Pt  film has diffused into both 
Ta films with an enhanced diffusion toward the free 
surface. The Au-Ta  interface composition is shown to 
be approximately 43% Au, 43% Ta, 8% Pt, and 4-6% O. 
The important  observation at 450~ is the out-diffusion 
of Ta to the Au surface which considerably affects 
the conductivi ty characteristics of the metall izat ion 
scheme (1). 

The out-diffusion of Ta to the gold surface, l ike- 
wise, was observed after anneal ing the SiOu/Ta-Pt-  
Ta-Au specimens at 550~ for 24 hr (Fig. 3e). The 
Au is shown to have diffused through the Ta. The 
Ta -P t -Ta  barrier,  even after prolonged anneal ing at 
550~ has effectively prevented the interdiffusion of 
gold and silicon dioxide. Also shown, in  the 450 ~ and 
550~ S i O J T a - P t - T a - A u  specimens is the reaction 
be tween the t an ta lum and the oxide. From Fig. 3b and 
c, oxygen was always found with tantalum, probably  
in the form of Ta205 as reported by others (12). It  is 
speculated that  the oxygen comes from the SiO2 sur-  
face which reacts with the tan ta lum and out-diffuses 
to the gold surface. The reaction be tween  the t an ta lum 
and the oxide at the Ta-SiO2 interface may account 
for the increased Ta concentrat ion adjacent  to the 
oxide found in  the 550 ~ and 450~ specimens. The tan-  
ta lum at the interface is in the form of both bcc-Ta 
and Ta205. 

X- ray  diffractometer traces from S i O J T a - P t - T a - A u  
samples annealed at 350 ~ 450 ~ and 550~ are shown 
in Fig. 4. After a 24 hr  anneal  at 350~ the compounds 
TaPt and Ta2Pt were formed. Annea l ing  at 450 ~ and 
550~ the compounds TaAu, TaPt, and Ta2Pt were 
formed. The AES results indicate that  TaAu formed 
at the original  gold- tan ta lum interface at temperatures  
above 450~ and  that the displaced t an ta lum is dis- 
t r ibuted  through the gold layer. The XRD and AES 
measurements  indicate that  the gold- tan ta lum reac- 
t ion has a tendency to be self-l imiting. The amount  of 
Ta distr ibuted in the Au layer  remained constant at 
temperatures  between 350 ~ and 550~ (apparent ly  an-  
neal ing above 450~ is necessary for TaAu format ion) .  
The AES results also indicate that  the compounds 
Ta2Pt and TaPt  form in the p la t inum zone and at the 
t an t a lum-p la t inum interfaces. The 300-500A pla t inum 
film is distr ibuted throughout  the t an ta lum layers. 
Likewise, the tan ta lum at both P t -Ta  interfaces dif- 
fuses into the p la t inum film. The P t -Ta  reactions are 
self- l imit ing with a critical tempera ture  of 350~ for 
their  activation. 

Experiments with Ta-W-Ta dif]usion barriers.--Ex- 
periments  with Ta-W as the diffusion barr ier  were 
conducted. Isothermal anneal ing produced increases 
of 0.1.0 and 0.33 in ap/po at 350 ~ and 420~ respec- 

tively. Figure 5a shows the resist ivi ty isothermal 
anneal ing curves for T a - W - T a - A u  and indicates that 
Ta-W is not as effective as Ta -P t  in  minimizing in ter -  
diffusion and compound formation be tween the gold 
and silicon. As shown in Fig. 5a, a W/Ta ratio of 
0.10 was found to optimize the barr ier  effectiveness of 
the refractory layer. The T a - W - T a - A u  (W/Ta  of 
0.10) when  annealed at 350~ resulted in a 10% in-  
crease in resistivity, and a 25% increase in  h#/#o when 
annealed at 420~ for 400 hr. Figure 5b shows a com- 
parison of the Ta-P t  and Ta-W diffusion barr iers  with 
Ta and tan ta lum-pal lad ium.  The isothermal annea l -  
ing experiments  of Fig. 5b clearly indicate that  meta l -  
lurgical stabil i ty can be obtained with Ta -P t  diffusiop 
barriers.  In  contrast  to Ta-Pt ,  microcracks in Ta-W 
and Ta-Pd  layers and rapid interdiffusion be tween Pd 
and Au result  in resist ivity increases of over 20% 
for Ta, Ta-W, and Ta-Pd  diffusion barriers.  Scanning 
electron microscopy invest igat ion of the Ta-W layer  
showed microcracks in  the tungsten,  propagat ing to 
the t an ta lum layers as the pr imary  reason for the 
increase in  resistivity at 450~ Figure 6 shows crack- 
ing of the Ta -W layer  at 450~ At temperatures  of 
up to 525~ interdiffusion between Ta and W was 
not detected. Similarly,  the Au-Ta  interdiffusion as 
expected was detected at temperatures  above 450~ 
Cracking in the Ta-W layers prevented useful  con- 
clusions from Auger  (AES) data to be obtained. 

Mechanical stability and corrosion resistance.--In- 
ternal stresses.--Stress, particle size, and film adhesion 
are the important  parameters  which affect the me-  
chanicat s tabil i ty of th in  films on a substrate.  In  the 
present  investigation, the var iat ion of in te rna l  stresses 
and particle size with anneal  tempera ture  has been 
determined. The stresses in the gold  film of the Ta-  
P t - T a - A u  and T a - W - T a - A u  structures were tensile 
in  na ture  before annealing.  The average stress in the 
sputtered gold obtained from x - r a y  peak shift data 
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was 1.8 X 109 dynes/cm 2. Tensile stresses were also 
observed in the barr ier  layer. Annea l ing  the Ta -P t -  
Ta-Au and T a - W - T a - A u  structures with 2000A of 
gold at 450~ for up to 24 hr  resulted in  a decrease 
of in terna l  stress in gold from 1.8 X 109 dynes /cm ~ 
to 0.1 X 109 dynes/cm 2. The results summarized in 
Fig. 7 indicate that a significant decrease in in ternal  
stress of sputtered T a - P t - T a - A u  films can be obtained 
by anneal ing up to 450~ The rapid decrease in 
in terna l  stress observed in the Ta-W layer  at 200 ~ 
300~ indicates the occurrence of a rapid stress relief 
taking place probably by film microcracks. The in te r -  
nal  stress reduction of the magni tude  shown in Fig. 7 
is too large to be accounted for by dislocation and 
vacancy annihilat ion.  

Corrosion resistance and etchabi l i ty . - -The Ta-P t - Ta -  
Au and T a - W - T a - A u  structures subjected to the cor- 
rosion test showed vigorous electrolysis upon applica- 
t ion of a 6V bias. After  approximately 1 rain, loose Au 
appeared at the anode, after 10 min  the anode lost its 
supply of Au and electrolysis continued via the un -  
attacked Ta-Pt  strip. No Ta-P t  or Ta-W dissolution 
was observed on any strip for the 30 rain durat ion of 
the experiment.  This observation is not surprising 
since the oxides of tantalum, platinum, and tungs ten  
being insoluble in water  will not self-bias the Ta-P t  
and Ta-W systems and result  in rapid corrosion. At an 
external  bias of 6V, the Au ion is t ransported in the 
electrolyte to the nearest  cathode region where it 
plates out. The Ta-P t  and Ta-W layers remain  re la-  
t ively unat tacked since the amount  of oxygen evolu- 
t ion at a 6V bias is insignificant. 

An etching process has been worked out for the 
T a - P t - T a - A u  and T a - W - T a - A u  systems using an io- 
d ine-sa tura ted solution of KI at 90~ for the gold 
and a KOH:H202(9: 1) saturated solution at 27~ for 
tantalum. Typical etching rates of 1000A/60 sec were 
obtained with undercut t ing  main ta ined  to less than 
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Fig. 7. Variation of internal stress with anneal temperature 
obtained from peak shift data in the Ta-Pt-Ta-Au and Ta-W- 
Ta-Au systems. 

3000A. An addit ional etch for the Ta-based films 
which also reduces undercut t ing  is the HNO3: HC2H302: 
HF in the proportions 6:2:1 and diluted 1:1 with 
deionized water. Typical etching rates, obtained with 
HNO~:HC2 H~O2:HF etch, were 1000A/20 sec. The 
KOH:H202 etch, however, was more desirable due to 
the reproducibil i ty of etching rates and the e l imina-  
tion of damage to the under ly ing  thermal  SiO2 film 
or the exposed Si substrate. In  applying each etch, 
one uses s tandard photolithographic techniques to de- 
fine a pat tern  on the Au film followed by etching away 
the excess Au. By allowing the Au pat te rn  to act 
as a mask, the wafer can then  be placed in the chosen 
etch for a period of up to 45 sec, removed, and 
r insed in runn ing  DI H20. No etching of Si occurs 
with both etches if 30-45 sec dips are used followed 
by a DI-H20 rinse. 

Summary and Conclusions 
A stabilized tan ta lum-gold  thin film system has 

been investigated as a metal l izat ion contact for micro- 
wave power transistors. The stabilized t an ta lum was 
used as a barr ier  metal  in order to minimize in ter -  
diffusion and compound formation between the gold 
and the silicon. In  the present investigation, the tan-  
talum was stabilized against rapid diffusion of gold 
at t an ta lum grain boundaries  by alloying a 200-500A 
film of p la t inum between 1000A layers of tantalum. 
The entire s tructure when overlaid with up to 3000A 
of sputtered gold resulted in the following character-  
istics: (i) the resist ivity decreased by 6% when an-  
nealed at 350~ for 800 hr, but  increased by only 3% 
when annealed at 450~ and (ii) evidence of diffu- 
sion through tan ta lum grain boundaries was ~ absent. 
The present invest igat ion has  shown that  the Ta -P t -  
Ta-Au metall izat ion (i) is metal lurgical ly  stable with 
no significant degradation of resistivity below 500~ 
(ii) resists electrochemical corrosion, and (iii) is 
readily processed with existing technology. The Ta-P t -  
Ta-Au system should find applications as a metal l iza-  
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t ion for microwave  power  t rans is tors  and in o ther  
devices where  protec t ion  against  corrosion and elec-  
t romigra t ion  at  a high cur ren t  dens i ty  is important .  
In  contras t  to T a - P t - T a - A u ,  the T a - W - T a - A u  me ta l -  
l izat ion undergoes  res is t iv i ty  degrada t ion  of up to 15% 
at 450~ as a resul t  of microcracking  in the  tungsten 
layer.  The microcracks  in tungs ten  provide  diffusion 
paths  for gold-s i l icon interdiffusion.  
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ABSTRACT 

The diffusion of phosphorus  into th in  SiO2 films on Si was s tudied to assess 
the significance of an anomalous,  rap id  diffusion mode. Diffusions were  pe r -  
formed over  a wide range  of  t e m p e r a t u r e  and t ime  using neu t ron-ac t iva ted ,  
red  phosphorus diffusion sources. It was found that  diffusion anneals  in P 
vapors  ca ta lyzed a localized amorphous - to -c rys t a l l i ne  t rans format ion  in the  
in i t ia l ly  amorphous  films, creat ing rap id  diffusion paths  at the  interfaces be-  
tween  the crys ta l l ine  is lands and the sur rounding  amorphous  matr ix .  The 
shape of the  pene t ra t ion  profiles confirmed tha t  interfaces  cont r ibuted  to the  
flux of P th rough  the film. Both rap id  and normal  diffusion coefficients were  
de te rmined  and are  discussed. Crys ta l l iza t ion  wi th  subsequent  r ap id  diffusion 
m a y  be a cont r ibut ing  factor  to the  fa i lure  of SiO2 diffusion masks.  

Al though  the diffusion of P in amorphous  SiO2 films 
has f requen t ly  been inves t iga ted  (1-5) there  is con- 
s iderable  d iscrepancy in the measured  values  of diffu- 
s iv i ty  and fundamenta l  uncer ta in ty  concerning the 
d i f fus ionprocess  (3). In view of the  widespread  use 
of P in Si device technology, we fel t  i t  impera t ive  to 
c lar i fy  the quest ion of P diffusion in amorphous  SiO2 
films by unde r t ak ing  a fu r the r  s tudy.  Our  resul ts  p ro -  
vide  addi t ional  da ta  for diffusion in the amorphous  
ma t r i x  and ident i fy  a h i ther to  unrecognized diffusion 
process in "amorphous"  films involv ing  migra t ion  
along the in terface  be tween crys ta l l ized is lands and 
the amorphous  ma t r ix  which sur rounds  them. The 
localized crys ta l l iza t ion of the  film is a t t r ibu ted  to a 
catalytic influence of phosphorus.  

Experimental 
Our s tudy  employed  0.5~ amorphous  films of s team 

grown SiO2 on (100) Si wafers  (B-doped,  2 ohm-cm)  
and was pe r fo rmed  over  a wide range  of t empe ra tu r e  
(1100~176 and t ime (1 hr-4  days)  using p32 iso- 
tope. The source of the radioisotope was neu t ron -ac t i -  
vated,  red  phosphorus powder  which was encapsulated,  
together  wi th  the SiO2/Si samples  in evacuated  sil ica 
ampoules.  At  diffusion tempera tures ,  the phosphorus  
source vapor ized and provided  constant  surface con- 
cent ra t ion  bounda ry  conditions. Ser ia l  sect ioning in 

* Electrochemical  Society Act ive  Member.  
Key  words:  diffusion mask.  a-crystobal i te ,  ne twork  diffusion, in- 

terface diffusion, 

50-200A steps was pe r fo rmed  by  t imed  etching of the  
amorphous  SiO2/Si wi th  a d i lu ted  "P" -e tch  (6). The 
etch ra te  was es tabl ished wi th  the aid of e l l ipsometry  
measurements  of thicknesses successively removed.  
The ac t iv i ty  of each section was  de t e rmined  by  l iquid  
sc int i l la t ion methods.  

Results and Discussion 
Evidence of crystallization.--The ex tended  dep th  of 

P pene t ra t ion  as i l lus t ra ted  by  Fig. 1, suggested that  
s t ruc tura l  defects (i.e., crys ta l l i tes)  were  cont r ibu t ing  
to the  flux of P through the SiOe films in addi t ion  to 
tha t  ant ic ipated  f rom ord ina ry  diffusion in the  amor -  
phous matr ix .  S t ruc tu ra l  defects were  fu r the r  sug-  
gested by  the appearance  of numerous,  smal l  areas  of 
high P concentra t ion on au to rad iographs  of the 
diffused films (7). Reflection e lec t ron diffract ion f rom 
the surface of the  same films showed the presence of 
a-crys tobal i te ,  a c rys ta l l ine  phase  which appa ren t ly  
resul ted  from a cata lyt ic  influence of P, as samples  
given s imula ted  diffusion anneals  wi thout  P showed 
no evidence of crys ta l l iza t ion  (Fig. 2). Subsequent ly ,  
some diffused wafers  were  diced and por t ions  wi th  
s t ruc tura l  defects, as de te rmined  f rom au torad io-  
graphs, were  back-e tched  and examined  by  electron 
t ransmiss ion and diffraction microscopy techniques.  I t  
was de te rmined  that  the defects  were  crys ta l l ized 
islands, sur rounded  by  amorphous  mate r i a l  (7). In 
fact, m a n y  were  severa l  microns in d iamete r  and 
easi ly seen by  opt ical  microscopy (Fig. 3). 
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Fig. 1. Phosphorus penetration profiles due to rapid diffusion 
along the crystalline-amorphous boundary. The relatively close 
agreement between (~Db values for two different diffusion times 
substantiates the use of Fisher's boundary diffusion model. 

The dens i ty  of crys ta l l i tes  necessary to account for 
the level  of P ac t iv i ty  seen in the ta i l ing regions of 
our profiles is app rox ima te ly  104/cm 2 assuming the 
ind iv idua l  crysta ls  a re  a few microns in d iameter .  
Confirmation of the  above densi ty  and size of defects 
by  optical  microscopy is possible for samples  diffused 
at  700~ and above. At  lower  tempera tures ,  the p r e -  
sumed smal le r  size of the crys ta l l i tes  (i.e., submicron)  
p rec luded  observat ion by  optical  means. 

Penetrat ion profi les .--On the  basis of this exper i -  
menta l  evidence, and wi th  the aid of Fig. 4, we can 
expla in  our profiles as follows: In  the v ic in i ty  of a 

crysta l l ized island, a rap id  diffusion pa th  exists  at the 
interface be tween  crys ta l l ine  and amorphous  regions. 
The diffusivity in the  boundary ,  Db, may  be a few 
orders  of magni tude  grea te r  than the diffusivi ty  in the  
und is tu rbed  amorphous  ne twork ,  D,.  Therefore,  de -  
pending  where  on the film surface the p32 vapors  i m -  
pinge, there  wi l l  occur different  modes of diffusion. 
One mode is d i rec t ly  into the amorphous  matr ix ,  
which  gives the first por t ion  of our profile where  the  
concentrat ion falls  smoothly  f rom its high ini t ia l  value  
at  the  surface unti l  it  in tercepts  the l inear  por t ion at 
a dep th  of a few hundred  angstroms.  A typica l  ex -  
per imenta l  profile is shown in Fig. 5 whe re  Dn has 
been de te rmined  by  fitting the profile to a compli-  
m e n t a r y  e r ror  function. In  Fig. 4, this  diffusion is r e -  
sponsible for  the isoconeentrat ion contours that  are 
para l l e l  to the  specimen surface as occur at some 
dis tance f rom the crys ta l l ine  region. In  Fig. 6, we 
show the values  of Dn plot ted  against  1/T together  
wi th  da ta  f rom two other  invest igat ions  (2, 3). The 
second diffusion mode, as evidenced by  the l inear  
por t ion of the profile in Fig. 1 is due to a combinat ion 
of rap id  diffusion down the c rys ta l l ine -amorphous  
boundary  wi th  eventua l  l a t e ra l  migra t ion  into the 
amorphous  ne twork  away  from the boundary .  La te ra l  
migra t ion  into the crys ta l l ized  region is neglected;  
i t  should not  apprec iab ly  affect our resul ts  owing to 
the ant ic ipated lower  diffusivi ty of P in this  denser  
phase. In  analyz ing  these and s imi lar  profiles, we 
have used the expressions 

8 D b = 2 . 8 \ - ~ - /  ( a l n c  

Cot2~ 8Db 

P = ~-----q~/~ -- DnN/Dnt [2] 

which are based on the w e l l - k n o w n  F i sher  analysis  
modified to take  account of the lack of l a t e r a l m i g r a -  
t ion into the  crys ta l l ized  region (8). Here  ~ is the 

/ a In c % 

width  of the interface,  ~ ) ~ , ,  the slope f rom the 

pene t ra t ion  profile, and t the  dura t ion  of the diffusion 
anneal.  The ca lcula ted  values  of ~Db for a set of m e a -  
surements  on films p repa red  f rom 2 ohm-cm,  B-doped  
Si are  shown plot ted  vs. 1 /T in Fig. 7. In  Fig. 4, the 
second diffusion mode is responsible  for the  bending  of 
the  isoconcentrat ion contours down at  the  boundary ,  

Fig. 2. Reflection electron diffraction patterns from (a) Si02 film given a simulated diffusion anneal for 92 hr at 700~ without phos- 
phorus, (b) film diffused with phosphorus for 92 hr at 70D~ In (a), the undiffused film stays amorphous. The presence of a-crystobalite is 
indicated in the pattern in (b). 
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Fig. 3. Crystalline island in a P-diffused Si02 film (400X) 
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Fig. 4. Isoconcentration contours for P in an SiO2 film in the 
vicinity of a crystallized island. The concentrations decrease with 
depth into the film or C1 >C2 > C3. The network diffusivity is 
denoted by Dn, diffusivity in the crystalline-amorphous boundary 
by Db, and diffusion into the underlying Si by Dl. The cross hatched 
portion indicates the material removed in a typical section. 

which they all intercept  at the same angle 4. Some of 
the P atoms star t ing out in the boundaries penetrate  
completely through the film and become incorporated 
in the under ly ing  Si where they enhance the exposure 
of autoradiographs in  places corresponding to defect 
locations. This effect was confirmed by autoradio- 
graphs taken of wafers from which the oxide was 
completely removed after diffusion. 

Diffusion coe~cients . - -Two distinctly different types 
of diffusion behavior are expected for dilute impurit ies 
in directionally bonded, amorphous materials. The 
first, more rapid, mechanism involves migrat ion 
through the interstices of the s tructure while the 
second, slower, mechanism involves migrat ion as part  
of the ne twork  structure.  Examples of the former are 
the diffusion of inert  gases (9, 10) and alkali and 
noble metal  impuri t ies  (11, 12) in SiO2 and possibly 
noble metal  impurit ies (13, 14) in chalcogenide glass 
films. Examples of the lat ter  are the diffusion of var i -  
ous network forming ions in SiO2 films (15). Many 
of these ions are also common dopants for Si (e.g., 
A1, B, P, As, Sb).  

We find the ne twork  diffusivity for phosphorus to 
be 

D,  = D,  ~ e - ~ / ~ t  = 2.0 • 10 -10 (cm2/sec) e -1.~ev/kt 

from measurements  over the range 1095~176 No 
at tempt  has been made to assess the errors in Dn ~ and 
Q~ which may be considerable. A clear indication of 
slow ne twork  diffusion as shown in Fig. 5 was difficult 
to obtain and analyze because of interferences from 
concomitant  processes such as formation of phospho- 
silicate glass (PSG) layers on the surface and crystal-  
lization of the film. Both of these influenced our pro- 
files significantly. The high tempera ture  extrapolation 
of our data still comes reasonably close to the data of 
Allen, Bernstein, and Kurtz (2) shown in Fig. 6, par-  
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Fig. 5. Phosphorus penetration profile due to slow network diffu- 
sion. The open circles represent experimentally determined points; 
the open squares represent an estimated portion of the profile 
obtained by subtracting the background activity associated with 
the c rystallites. The background level is represented by the hori- 
zontal, broken line. The solid line through the plotted points is 
the apparent shape of the experimentally determined profile. 
High surface concentrations are attributed to the formation of a 
thin PSG layer. The complimentary error function was calculated 
assuming Co, the solid solubility for P in SiO2, to be ,~ 1.4 X 102o 
cm-3 and Dn as 7.0 X 10 - i s  cm2/sec. 
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Fig. 6. Log Dn vs. 1/T for diffusion of p82 in SiO2 film 

t icular ly in view of the large spread in other reported 
values. (15). Here the discrepancy may be related to 



1084 J. E lec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1974 

iO-Zl 

E 
u 

IO-Z3 
CE~ 

I I I I I I 

(B,2a-cm) 

BD b = 7.4 x 10-14e - l y / k T  

L j  

% 

\ 

10~5 t I I i l I 
0 8  1.0 1.2 1.4 1.6 [.8 

103/T- (oK-I} 

Fig. 7. Log 8Db vs. 1IT for diffusion of p~2 in Si02 films. Two 
measurements were made at each of the temperatures, 700 ~ , 600 ~ , 
and 516~ Values of 8Db displaced laterally for clarity in plot- 
ting. 

a difference in exper imenta l  method;  our method in- 
volved direct profiling of the SiO2 whi le  Allen et al. 
determined  their  values  of D,  f rom profiling measure-  
ments of the under ly ing Si, using a two=phase diffu- 
sion model. A consequence of their  method is that  the 
effective concentrat ion of P in their  oxide was prob-  
ably several  mole per  cent, considerably higher  than 
the 10 ~o -- 5 X 1018/cm 8 range of our measurements .  
Al though we do not think a significant concentrat ion 
effect occurs in our case, at higher  P levels  D~ may  
become strongly concentrat ion dependent  because the 
phase diagram (16) indicates that  the mel t ing point  
of PSG falls rapidly wi th  increasing P content. There -  
fore, in view of their higher concentrations, higher Dn 
values appear reasonable. Concentration effects may 
not have much bearing on the very large discrepancy 
between our data and that of Li et al. (3). The intro- 
duction of network modifying Na + ions from their 
disodium-phosphate source is more likely the cause. 
The we11-known affinity of Na + ions for P in PSG 
suggests that the high diffusivity they see is due to 
some influence of Na on the local environment of P, 
resulting in enhanced mobility. 

The low values for Dn ~ and Q, we report are not 
easily reconciled with a specific diffusion mechanism. 
Diffusion mechanisms for the motion of network-form- 
ing ions are undefined in contrast to the situation for 
interstitial species where detailed models have been 
suggested (9). Also, the information obtained in this 
study is insufficient in itself to indicate a mechanism, 
as wiU be clear after the following discussion of possi- 
ble approaches to the problem. 

Well above the glass transition temperature, the 
diffusion of constituent ions or molecules of a fluid 
is traditionally thought to be directly related to vis- 
cous flow of the fluid through the Stokes-Einstein 
equation. Under these conditions, a free volume model 
(17-20) successfully accounts for the viscosity of some 
fluids; organic liquids are one example (21). The situa- 
tion for oxide glasses is less clear, both from the point 
of view of viscosity mechanisms (22-25) and the con- 
nection between viscosity and the migration of indi- 
vidual ions or network units (26). Well below the 
glass transition temperature of silica, where our mea- 
surements were made, the activation energy for vis- 
cous flow (27) is ~ 7 eV or 4 times larger than for P 

diffusion. This suggests that  an in terpre ta t ion  of diffu- 
sion analogous to viscosity t rea tments  would not suc- 
ceed. Another  approach is to apply concepts of defect 
diffusion as in crystal l ine mater ia ls  a l though there is 
yet  no proof that  distinct defects contr ibute  to diffu- 
sion in silica (12). 

Assuming they might,  the low values of Dn ~ and Q,  
suggest a s imilar i ty to diffusion of metal  ions in crys-  
tall ine oxides under  extr insic conditions. The values 
of the preexponent ia l  terms are typical ly several  
orders of magni tude  lower than in the intrinsic case 
because they incorporate  the re la t ive  concentrations 
of a thermal  defects. For  example,  the concentrat ion 
of Si vacancies which might  exist  by v i r tue -of  struc- 
tural  discontinuities or impur i ty  association. Act iva-  
tion energies would l ikewise be low for they involve 
only migrat ion energy  of the diffusing species. Other 
types of defect mechanisms could also be ment ioned 
but it seems pointless to speculate fur ther  on these or 
any other  mechanisms wi thout  additional information. 
In particular,  we are uncer ta in  regarding the coordi- 
nation of P in the network,  the exact  diffusing specie 
and the nature  and possible influence of defects. St ruc-  
tural  information on P coordination would be most 
useful here, but  suitable studies such as infrared spec- 
troscopy or radial  distr ibution function measurements  
were  beyond the scope of this work. Knowledge  of 
the charge state of the diffusing specie might  ident i fy 
it, but our own at tempts  at ionic drift  measurements  
were  unsuccessful because of reactions be tween  the 
meta l  e lectrode and the oxide films at the high t em-  
peratures  required.  A realistic test of the influence 
of defects on diffusion in SiO2 films is obviously im- 
portant  but obtaining samples with control led defect  
concentrations seems to be a major  problem (12). 

Diffusion down the crys ta l l ine-amorphous  interface 
is given by 

8Db ---- 8Db ~ e -Q~/kt -- 7.4 X I{) -14 cma/sec e -l-Tev/kt 

The activation energy is the same as we found for the 
amorphous matrix. This suggests that the migration 
process along the interface is similar to that in the 
network. Estimating the boundary width, 8, at 10 -v 
cm fixes Db ~ at ~ 10 -8 cm2/sec. In the defect  picture 
of diffusion, a larger  preexponent ia l  factor for in ter -  
face vs. ne twork  diffusion could imply that  greater  
defect concentrations occur in the boundaries.  This 
correlates wi th  the customary notion that  such re-  
gions have  fewer  or weaker  bonds than the bulk. 

A considerable er ror  may  occur in 5Db due to scatter 
in the measurement  and possibly to the continued 
nucleation and growth of crystall i tes during diffu- 
sion. Continued nucleation and growth would  in- 
val idate  Fisher 's  analysis which presumes stable 
boundaries. However ,  the change in the slope of the 
profiles wi th  t ime follows Fisher 's  kinetics (Fig. 7) 
which implies that  the extent  of crystal l ization of our 
films becomes stabilized in times which are short  com- 
pared with  the durations of the diffusions. 

C o n c l u s i o n s  
From a practical  standpoint, the formation of crys- 

talli tes such as we have seen in a diffusion mask 
during P diffusion, or in an SiO2 layer  during PSG 
deposition, wil l  leave the under lying Si susceptible 
to P penetra t ion in localized areas (28) where  such 
unintent ional  doping may be undesirable.  It seems un-  
l ikely  that  a ne twork- fo rming  ion l ike phosphorus 
should catalyze crystallization, especially in v iew 
of the results of Sugano et al. who did not find evi-  
dence of crystal l ization in P-doped  oxides (29). How-  
ever, analogous crystal l ization effects have been at-  
t r ibuted to the presence of As which is also a net-  
work  forming ion in arsinosilicate glasses (30). The 
reason cited was that  As205 was capable of forming 
distinct compounds with  SiO2 which may have pro-  
vided nuclei for the subsequent  growth of crystal l ine 
SiO2. Compounds such as P205 �9 SiO2 or P205 �9 2 SiO2, 
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which are  k n o w n  to occur f rom phase  segregat ion  in 
P S G  films (31), are  possible  candidates  for nuclei  
(7).  Crys ta l l ine  areas  in films m a y  also act as sites 
for accumulat ion  of undes i rab le  meta l l ic  ions such as 
Na, but  a t tempts  to see such an effect using Na 22 t racer  
and au to rad iography  techniques were  inconclusive due 
to sens i t iv i ty  problems.  
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ABSTRACT 

Anomalous  defects in GaP crystals  p repa red  by  Czochralski,  solut ion-  
growth,  and vapo r -g rowth  techniques have been  inves t iga ted  by  chemical  
etching, optical  microscopy, and scanning e lec t ron microscopy.  These defects 
were  found in a s -g rown highly  Zn-, Cd-, or Zn(PO~)2-doped GaP crystals 
with  car r ie r  concentrat ions ranging  from 8 • I017/cm 3 to 2 • I019/cm s. 
Thermal  oxidat ion  (at 850~ for 53~ hr  in air)  of v a p o r - g r o w n  crystals  doped 
wi th  Zn, or Cd, p roduced  the same defect  in the  surface layers  (20~ depth)  of  
the crystals .  The anomalous defects were  developed dis t inc t ly  by  chemical  
e tching as character is t ic  deep etch pits  both  on P ( n l )  and on {110} cleavage 
surfaces. These pits were  dis t inguished from o rd ina ry  dislocation etch pits  
both by  the i r  morpho logy  and etching behavior .  The densi ty  of the  pi ts  was 
be tween  102 and 106/cm 2. F rom deta i led  observation,  it  has been proposed tha t  
the anomalous  defects are  special  dislocations modified wi th  some impuri t ies .  
I t  seems tha t  the re levan t  impur i t ies  a re  zinc (or cadmium) a n d / o r  oxygen.  

Zinc and oxygen  are  used in GaP crystals  for the sulated Czochralski  (LEC) crysta ls  are  especia l ly  i ra-  
fabr ica t ion  of r ed - l igh t  emit t ing diodes; therefore,  por tan t  from the s tandpoin t  of device production.  At  
unders tand ing  the  behavior  of Zn and O in the crys ta l  the present  time, efforts to p repa re  efficient diodes 
is of grea t  importance.  (Zn, O) -doped ,  l iquid  encap-  by  single n - t ipp ing  on LEC p - t y p e  subst ra tes  have  been  

1 Present address: Electrotechnical  Laboratory,  Tokyo, Japan.  
Key words: etching, defect, GaP. u n s u c c e s s f u l  
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The present  work is concerned with anomalous etch 
pits (hereafter  defects responsible for the formation 
of the anomalous etch pits are called anomalous de- 
fects) which are observed in highly Zn-, Cd-, or 
Zn(PO3)2-doped GaP crystals. Also considered are 
thermal oxidation-induced defects in GaP crystals 
which appear to be the same as the anomalous de- 
fects in as-grown crystals. As for the oxidation of 
GaP crystals, compositions of the thermal oxidation 
products have been reported by Gershenzon et al. 
(1) and Rubenstein (2). Recently, aqueous oxidation 
of GaP and GaAs crystals has been done by Schwartz 
(3). No detailed studies on the oxidation mechanism, 
however, have been reported. It has not been demon- 
strated whether the oxidation takes place at the oxide- 
GaP interface by the inward transport of oxygen 
through the oxide film or at the outer surface of the 
film by the outward motion of Ga and P through the 
film. In this work, the thermal oxidation is performed 
and described only from the anomalous defect point 
of view. 

Exper imenta l  
In  this work, l iquid encapsulated Czochralski (LEC) 

crystals, solut ion-grown (SG) crystals, and halogen 
t ransported vapor-grown (VG) crystals were invest i-  
gated. Most of these crystals were doped with Zn, 
Cd, or Zn(PO3)2, and the carrier concentrat ions 
ranged from 8 X t017/cm 3 to 2 )< 1019/cm 3. Undoped, 
S-, Te-, and Ga203-doped crystals were also examined 
for comparison. Slices cut parallel  to the {111} planes 
from these crystals were mechanical ly polished and 
inspected by t ransmit ted  visible light. The slices were 
then chemically etched with chlor ine-saturated meth-  
anol to obtain smooth P ( l l l )  surfaces. The slices 
were cleaved along {110} surfaces and then etched 
with a ferr icyanide etchant  (4) [50 mli ters  H20, 6g 
KOH, 4g KsFe(CN)e for 5 rain at the etchant 's  boil-  
ing temperature] .  Most of the work was done on the 
P ( l l l )  and {110} surfaces. Observation of the etched 
surfaces was performed with an optical microscope. 
The detailed structure of the etch pits was investigated 
with a scanning electron microscope. 

Thermal  oxidation of GaP crystals in air in an open 
tube was performed at 850~ for 5-3/4 hr. Annea l -  
ing of the samples in evacuated (--~ 10 -7 and 10 -3 
Torr) capsules was also performed at 850~ for 5-3/4 
hr  to examine the net  effect of the anneal ing on the 
samples. After  these treatments,  the P ( l l l )  surfaces 
were examined with an optical microscope. The com- 
positions of the film were analyzed by x - ray  diffrac- 
tion. The films were dissolved in HCI, and then the 
samples were etched with the ferr icyanide etchani 
for the optical observation. 

Table I. Sample characteristics 

As-grown 
anomalous 
etch pit 

G r o w t h  NA -- ND d e n s i t y  
S a m p l e  m e t h o d  D o p a n t  (cm -~) (cm -~) 

RD 47 
(seed end)  LEC Zn(POs) s  1.3 x 10 TM 0 

RID 47 
( t a i l e n d )  L E C  Zn(PO~)s  4 x 10 TM 104 

RD 43 LEC Zn(POs)2 5 x I0 TM 105 
R D  124 LEC Z n  2,8 • 10 TM 0 
RD 70 LEC Zn 3 x I0 TM 0 
RD 125 LEC Zn 2 • 10~g 0 
MS 90502 S G  Z n  6 • 10 TM 10 e 
H 22"/ V G  Z n  3 • 10 "8 10 ~ 
H 611 VG Zn 5 • I0 TM I0 e 
H 203 V G  Z n  1.5 x 1019 I0  t 
H 194 V G  Cd 8 • 1017 10 ~ 
H 161 V G  Cd 1 • 10 TM 108 

directions as indicated in  Fig. 1. The tangent  of the 
short curved side of the pits is parallel  to ~110> 
directions. The orientat ions of the two long sides of 
the pits are not simple, low index crystallographic 
orientations. Occasionally equilateral  t r iangle anoma-  
lous etch pits were found on the P ( l l l )  surfaces. 
Figures 2a and b are micrographs of anomalous etch 
pits taken with a scanning electron microscope, in -  
dicating the deep structure of the pits. It  is believed 
that the dark appearance of the anomalous etch pits 
comes from their  depth. On G a ( l l l )  surfaces of these 
crystals, dark t r iangle etch pits differing from ordin-  
ary dislocation etch pits were also revealed after the 
ferricyanide etching. Special structures, for example, 
decorated dislocations wi th  Zn, or Cd, which were 
expected to correspond to the anomalous defects were 
not detected by  t ransmi t ted  visible light inspection 
through the crystals. 

Distribution of the anomalous etch pits.--Czochral- 
ski-grown crystals.--It was observed that  large anom- 
alous etch pits were main ly  distr ibuted in  annu la r  rings 
on the P(1--ll) slices cut perpendicular  to the growth 
axis of a highly Zn(POz)2-doped LEC crystal, RD 43, 
as schematically shown in  Fig. 3. In  the central  region, 
denoted I in the figure, the density of the anomalous 
etch pits was about 1 • 105/cm 2 and the pit size was 
the largest, approximately 15~ along the long axis (see 
Fig. 1). In  the surrounding region II, the density of 
the pits decreased to the lowest value, about 7 • 104/ 
cm 2 and the size was reduced to less than  5~. In  region 
III, the density was the largest 2 • 105/cm2, and the 
size was about 10~. In  the outermost region, IV, there 

Results 
General observations.--Very characteristic anomal-  

ous etch pits differing from ordinary  dislocation etch 
pits have been observed in GaP crystals doped with 
Zn, Cd, or Zn(PO3)2. Characteristics of the crystals 
examined are summarized in Table I. 

In  general, the ferr icyanide etchant  does not reveal 
distinct dislocation etch pits on either the P ( l l l )  or 
the (110} cleavage surfaces of ordinary  GaP crystals. 
However, this etchant  can reveal dist inctly the anoma-  
lous etch pits on these surfaces of highly Zn-,  Cd-, or 
Zn(PO3)2-doped GaP crystals. It  should be empha-  
sized that this is a notable difference in the etching 
behavior  be tween the anomalous defects and ordinary 
g rown- in  dislocations. Etchants for chemical polishing, 
for example, chlor ine-saturated methanol  or warm 
aqua regia, do not  develop the anomalous etch pits on 
either the P ( l l l )  or {110) surfaces of GaP crystals 
containing the anomalous defects. The shape of the 
anomalous etch pits revealed with the ferricyanide 
etchant on the P (111) surface is typically an elongated 
tr iangle with the long axes parallel  to the ~211> 

Fig. 1. Typical anomalous etch pits developed with ferricyanide 
etchant on a P(111) surface of a highly Zn(PO3)2-doped LEC 
crystal (NA - -  ND = 5 X 10ZS/cm3). 
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Fig. 3. Schematic annular ring distribution of large anomalous 
etch pits on a P(111) surface of a LEC crystal. 

Fig. 4. Arrays of anomalous etch pits along <:110> directions 
at the edge of P(111) surface of a LEC crystal. Arrow E indicates 
wafer edge. 

Fig. 2. Scanning electron micrographs of anomalous etch pits 
developed with ferricyanlde etchant on P(!11) surfaces of (a) the 
same sample as Fig. I ,  and (b) o highly Zn-doped VG crystal 
(HA - -  Ha "- 1.5 X I019/cm8). 

were  a few smal l  (1;,) pits. In  a region be tween  I I I  
and  IV, the  anomalous  etch pits  were  d is t r ibu ted  as 
a r rays  along ~110>  direct ions as shown in Fig. 4. I t  
is wel l  known  that  impur i t ies  a re  sometimes p re fe ren -  
t ia l ly  d i s t r ibu ted  in annu la r  r ing pa t te rns  in a (111} 
slice cut pe rpend icu la r  to the  g rowth  axis of Czochral-  
ski crysta ls  by  the  facet effect. Fo r  example ,  Cronin 
et al. (5) have repor ted  the  appearance  of annu la r  
facets of high t e l lu r ium concentrat ions in Te -doped  
Czochra l sk i -grown GaAs crystals .  Therefore,  the  s imi-  
la r  annu la r  r ing d i s t r ibu t ion  of the  la rge  anomalous  
etch pits  in a h igh ly  Zn(PO3)2-doped  LEC crys ta l  
suggests tha t  the  anomalous  defects  are  cor re la ted  
wi th  s imi la r ly  d i s t r ibu ted  impur i t ies  incorpora ted  du r -  
ing crys ta l  growth.  In  a s l ight ly  less Zn (PO3) s-doped 
LEC crys ta l  than  above, the  anomalous  etch pits were  
found only  on s tacking faul ts  or twin  l amel la  grooves 
as shown in Fig. 5, and no anomalous  etch pits  were  
observed in o ther  regions of this crystal .  The anoma-  
lous etch pits have not  been  formed in the  fol lowing 
LEC crystals :  (~) th ree  heav i ly  Zn-doped  different  
crysta ls  wi th  car r ie r  concentrat ions of 2.6 • 1018, 3 • 

Fig. 5. Anomalous etch pits on stacking fault (or twin lamella) 
grooves in a tail part of a Zn(PO3)2-doped LEC crystal RD 47 
(HA - -  ND = 4 X 101S/cm3). 
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Fig. 6. A cluster of anomalous etch pits around an impurity 
inclusion on a P(11]) surface of a highly Zn-doped SG crystal 
(NA - -  ND = 6 X 1018/cm3). 

Fig. 7. Anomalous etch pits on matched {110} cleavage surfaces 
of a SG crystal. White horizontal lines are cleavage marks. 

10 is, and 2 • 1019/cm3, (i~) undoped, Ga203-, and 
l ight ly  Zn(POs)2-doped crystals, and (iii) highly S- 
doped crystals 2 (ND -- NA ~ 9 X 1017, 3 • 101S/cm3). 

Solution-grown crystals.--Clusters of the anomalous 
etch pits have been observed in a highly Zn-doped 
SG crystal  wi th  a carr ier  concentrat ion of 6 • 1018/ 
cm 3. They were  most ly distr ibuted around impur i ty  
inclusions as shown in Fig. 6. Figure  7 shows a pair of 
{110} cleavage surfaces of the crystal  etched wi th  the 
ferr icyanide reagent.  There is a one to one corre-  
spondence be tween  the pits on the cleaved halves. In 
S-, or Te-doped SG crystals wi th  carr ier  concentra-  
tions of 2 X 1017 and 8 X 1017/cm3, the anomalous 
etch pits have not been observed. 

Vapor-grown crysta~s.--Many anomalous etch pits 
have been observed in a highly Zn-doped VG crystal  
wi th  a carr ier  concentrat ion of 5 X 1018/cm s (Fig. 8). 
The density of the pits was of the order  of 106/cm 2. 
On the other  hand, in other  Zn-, or Cd-doped VG 
crystals wi th  carr ier  concentrations ranging f rom 
8 • 1017/cm~ to 1.5 • 1019/cm z, the anomalous etch 
pit densities were  be tween  102/cm 2 and 104/cm 2. In 
those crystals wi th  a low density of the anomalous 
etch pits, it was observed that  the pits were  prefer -  
ent ial ly  located on stacking faults or on micro twin  
lamel la  grooves. The anomalous etch pits have not 
been observed in Te-doped VG crystals with carr ier  
concentrations of 3 • 10 TM and 1 • 1017/cm~. 

Thermal oxidation-induced anomalous defects.--In 
addit ion to the g rown- in  anomalous defects, it has 

These highly S-doped LEC crystals were  supplied f rom Sanyo 
Electric Company,  Ltd.,  Osaka, Japan.  

Fig. 8. Anomalous etch pits on a P(111) surface of a highly 
Zn-doped VG crystal. 

been found that  the anomalous defects were  generated 
by thermal  oxidat ion of GaP crystals previously  doped 
with  Zn or Cd. In ter ference  color films were  formed 
on the oxidized surfaces and the films were  identified 
as being pr imar i ly  GaPO4 by x - r a y  diffraction method. 
The formation of GaPO4 by the thermal  oxidation of 
GaP crystals has previously been repor ted  by Ger-  
shenzon et al. (1) and Rubenste in  (2). Surfaces of 
samples annealed in v a c u u m  were  inspected with  an 
optical microscope, and it was found that  there  was 
no visible t race of the oxide films. Rela t ive ly  few 
anomalous etch pits (density: 102-104/cm 2) were  
found in some as-grown Zn-, or Cd-doped VG crystals 
as was described in the section on Vapor -g rown crys-  
tals. However ,  af ter  the thermal  oxidat ion and sub- 
sequent  etching of these crystals wi th  the ferr icyanide 
etchant, it was found that  many  more  (105-10~/cm 2) 
anomalous etch pits were  newly  formed on the surface 
(Fig. 9). It was found that  some anomalous etch pits 
were  distr ibuted on intersections of the surface with  
stacking faults or on micro twin  lamel lae  paral lel  to 
the <110> directions on the P ( l l l )  surfaces. Succes- 
sive polishing and etching showed that  the newly  
formed defect is a short  l ine defect (less than 20# in 

Fig. 9. Anomalous etch pits on a P(111) surface developed 
with ferricyanide etchant after thermal oxidation of a Cd-doped 
VG crystal (NA - -  ND = 8 X 10Z7/cmS). 
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length)  and that  the density is highest, 105-1OS/cm 2, 
on the exposed surface and  gradual ly  decreases to the 
original value at a certain depth (~20~ from the ex-  
posed surface).  On the other hand, anneal ing of these 
crystals in high vacuum (~lO-V Torr)  at 850~C for 
5% hr, and subsequent  etching did not reveal any new 
anomalous etch pits on the surfaces. Annea l ing  in  low 
vacuum (~10-~  Torr) and etching sometimes pro-  
duced new anomalous etch pits of a low density (102- 
104/cm ~) and sometimes did not produce the pits. 
These results indicate that  these anomalous defects are 
produced by thermal  oxidat ion and that  the oxidation 
occurs readily even in the presence of a minute  amount  
of residual air in the ampoule in the case of low vac- 
uum sealing (~10  -3 Torr) .  When Te-doped VG crys- 
tals (ND -- NA ,~ 3 X 10 ls, 1 X 1017/cm 3) were oxi- 
dized under  identical conditions, no anomalous etch 
pits were produced on the surfaces. 

Discussion 
Correlation of the anomalous de~ects with disloca- 

t ions.~A good correspondence be tween  the dis t r ibu-  
tions of the anomalous etch pits on the cleaved halves 
(Fig. 7) indicates that  the anomalous defect is a dis- 
location. At the per iphery of the {111} cross-sectional 
slices of Czochralski-grown crystals~ arrays of dislo- 
cation etch pits r unn ing  paral lel  to <110> directions 
are f requent ly  observed as star pat terns (6). These 
dislocations are a t t r ibuted to slip caused by thermal  
stress dur ing crystal growth (6). Therefore, the arrays 
of the anomalous etch pits in  the <110> directions at 
the per iphery of the LEC crystal, RD 43 (Fig. 4), 
suggest that  the anomalous etch pits are a t t r ibuted to 
g rown- in  dislocations. Dislocations are f requent ly  gen-  
erated a round impur i ty  inclusions in various kinds of 
crystals due to the difference of thermal  expansion 
coefficients be tween the inclusion and  the  matrix.  The 
clusters of the anomalous etch pits around the im-  
pur i ty  inclusions (Fig. 6) indicate that the pits are 
due to the dislocations. Therefore, it has been  con- 
cluded that the anomalous defect is a dislocation, or 
ra ther  an anomalous dislocation. 

Thermal oxidation-induced anomalous defects.~It 
has been deduced that  the thermal  oxidat ion- induced 
defects are identical with the anomalous defects ob- 
served in  as-grown crystals from the following re-  
sults: 

(i) The characteristic etching behavior  of the oxi- 
dat ion- induced defects is the same as those of the 
g rown- in  anomalous defects. That is, oxidat ion- in-  
duced defects are revealed distinctly wi th  the ferr i -  
cyanide etchant  as dark etch pits both in the P ( l l l )  
and (110} surfaces. 

(ii) The detailed s t ructure  of the thermal  oxida- 
t ion- induced pits as obtained with a scanning electron 
microscope is the same as that  of the g rown- in  defect. 

(iii) The oxidat ion- induced defects are formed in 
highly Zn-,  or Cd-doped VG crystals. The g rown- in  
anomalous defects are found in  as-grown crystals 
doped with the same k ind  of impurities.  

(iv) The oxidat ion- induced defects are preferen-  
tiaUy located on stacking faults or on microtwin 
lamellae in the VG crystals. This behavior  is the same 
as that of the anomalous defects in  as-grown VG 
crystals. 

At the present  time, there is no decisive evidence 
that  the location of the oxidat ion-induced anomalous 
defects corresponds to that  of g rown- in  dislocation 
outcrops. As was described in the section on Thermal  
oxidat ion- induced anomalous defects, however, the 
oxidat ion- induced anomalous defects are l ine defects 
(less than  20~ in  length)  propagating from the surface 
into the bulk. Also, the densities of the oxidat ion- 
induced anomalous etch pits at the oxidized surfaces 
are near ly  the same as those of g rown- in  dislocations. 
Therefore, it is believed that  dislocations close to the 
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Fig. 10. A proposed, structure of thermal oxidation-induced 
anomalous defects. 

oxidized surface are par t ly  modified to form the 
anomalous defect as schematically shown in  Fig. 10, 
and that  oxygen plays a role in the formation of the 
anomalous defect. 

Correlation o~ the anomalous dislocation with Am- 
purities.--As was described in  the section on Results, 
the anomalous dislocations were found in  highly 
Zn(PO~)e-doped LEC crystals, bu t  they were not de- 
tected in highly Zn-doped LEC crystals. In  highly 
Zn (or Cd)-doped VG and SG crystals, however, they 
were formed. No .anomalous dislocations, however, 
were found in  S-, or Te-doped VG and SG crystals. 

�9 Also, they were not found in  undoped, highly S-, or 
Ga203-doped LEC crystals. On the other hand, the 
anomalous dislocations were newly  formed by the 
thermal  oxidation of highly Zn-, or Cd-doped VG 
crystals. From these results, it has been concluded that  
the anomalous dislocation is correlated with some im- 
purities. It seems probable that  the re levant  impuri t ies  
are both zinc (or cadmium) and oxygen, or zinc (or 
cadmium).  At the present  stage, however, there is no 
decisive proof that the impurit ies are both  zinc (or 
cadmium) and oxygen, or zinc (or cadmium).  A 
definitive identification of the impuri t ies  remains  to be 
obtained. 

The distinct development  of the anomalous etch pits 
on the P ( l l l )  and the {110} surfaces with the ferr i-  
cyanide etchant is probably due to such a characteris-  
tic na tu re  of the defects. Also, for the same reason, the 
large anomalous etch pits are formed in  the region I 
and III  of Fig. 3 which are believed to contain higher 
concentrations of the impurit ies than the rest. Fur ther  
invest igat ion of the anomalous dislocation is in  prog- 
ress. 
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ABSTRACT 

Long-t ime,  h i g h - t e m p e r a t u r e  oxidat ion of d is locat ion-f ree  silicon single 
crysta ls  is observed to resul t  in the prec ip i ta t ion  of sil icon oxides. P rec ip i t a -  
t ion is found to occur in banded  or s t r ia ted  d is t r ibut ion  across the  oxidized 
wafers.  The d is t r ibut ion  pa t t e rn  assumed by  the prec ip i ta tes  is ident ical  to the 
pa t t e rn  assumed by  shallow, noncrys ta l lographic  etch pits observed  upon 
etching the unoxidized wafers.  By employing  opt ical  and  t ransmiss ion e lec-  
t ron  microscopy, the  dis t r ibut ion,  the  morphology,  and the s t ruc ture  of the  
prec ip i ta tes  have been examined.  The precip i ta tes  are  d i s t r ibu ted  in discrete  
clusters separa ted  by  p rec ip i t a t e - f r ee  regions. They have been ident if ied to be 
a m ix tu r e  of both  a and  ~ crystobal i te .  The format ion  of prec ip i ta tes  resul ts  
in the  facet ing of the  crys ta l  surfaces as a resul t  of the  diffusion and oxida t ion  
inhibi t ing  effects of the  precipi tates .  The heterogeneous  nuclea t ion  is pos tu-  
l a ted  to occur at vacancy clusters  in the  crystals ,  and models  a re  p resen ted  
for  the  nuclea t ion  phenomena  and to account for the  facet ing effect of the  
precipi tates .  

The behav ior  of oxygen  in s ing le -c rys ta l  sil icon has 
been a subject  of g rea t  in teres t  over  the  years.  As is 
well  known, oxygen can be associated wi th  silicon 
in the form of a dissolved impur i t y  incorpora ted  into 
the  crys ta l  dur ing  growth.  I t  can also be in t roduced 
into the  crys ta l  by  diffusion dur ing  the rmal  oxidat ion.  
The solid solubi l i ty  l imi t  of oxygen in sil icon has 
been repor ted  to be in the range  of 1O TM a toms /cm s 
(1). Excess oxygen above the solubi l i ty  l imi t  can 
precipi ta te .  The phenomenon associated with  the  p r e -  
c ipi ta t ion of oxygen in sil icon has been  s tudied b y  a 
va r ie ty  of techniques.  Among  the pr inc ipa l  techniques 
and the essential  resul ts  obta ined the fol lowing s tand 
out: 

(a) Pe rhaps  the most  ex tens ive ly  used method  for  
de tec t ing  the presence of oxygen in sil icon is the 
in f ra red  absorpt ion technique.  The in f ra red  absorp-  
t ion band of sil icon at  9~ is found to be re la ted  to a 
s i l i con-oxygen  molecular  vibrat ion.  F rom the observa-  
tion of a decrease in this  absorpt ion band when si l icon 
containing dissolved oxygen  is h e a t - t r e a t e d  at  e le-  
va ted  t empera tu re s  (~1000~ the hypothesis  of 
c luster ing and prec ip i ta t ion  of oxygen  in the  form of 
Si-O complexes has been advanced (2-5).  Corbet t  
et aL (6) have  proposed the exis tence of a number  of 
vacancy-oxygen  complexes  as evidenced by  the ap-  
pearance  and the d isappearance  of in f ra red  absorpt ion 
bands of different  wavelengths  when  i r r ad ia t ed  silicon 
is annealed.  

(b) In recent  years,  careful  observat ion  of the sur -  
faces of Si r t l  (7) e tched silicon crys ta ls  has revea led  
the  presence of large  densi t ies  of noncrys ta l lographic  
etch pits. These etch pits, which appear  roughly  c i r -  
cular  when v iewed at high magnification, have been 
var ious ly  cal led anomalous  etch pits, e m p t y  etch pits, 
and saucer  pits. These pi ts  have been re la ted  to va -  
cancy-oxygen  complexes  in the  crys ta l  (8). A large  
concentra t ion of vacancies are  re ta ined  in crysta ls  
grown f rom the melt .  These vacancies a re  then pos tu-  
la ted  to in teract  wi th  dissolved oxygen  dur ing  the 
cooling s tage wi th  the  resul t ing  complex  having  a 

* Electrochemical  Society Act ive  Member .  
~Presen t  address: Tyco Laboratories,  Inc., Wal tham,  Massachu- 

setts 02154. 
Key  words :  oxygen,  vacancies ,  clusters,  crystobalite.  

mobi l i ty  less than  tha t  of e i ther  ind iv idua l  vacancies 
or oxygen  atoms. Wi th  increas ing size, these com- 
plexes  become immobi le  and even tua l ly  can be ob-  
served  by  the e tch p i t t ing  technique or by  x - r a y  tech-  
niques fol lowing sui table  decora t ion  by  a fast  diffus- 
ing meta l  such as copper (8). 

(c) X - r a y  diffract ion methods  have  been  used to 
detect  the presence of small ,  localized, s t r a in -p roduc -  
ing centers  by  first decorat ing these centers  wi th  cop-  
per  (9). X - r a y  t ransmission topographs  of copper-  
decora ted  crysta ls  have revea led  the  presence of 
rad ia l  d is t r ibut ion  of s t r a in -p roduc ing  centers  which 
have been  suggested as being due to oxygen-vacancy  
complexes.  The anomalous  x - r a y  t ransmiss ion tech-  
nique was employed  by  Pa te l  and Ba t t e rman  (9) to 
detect  the presence of a p re -p rec ip i t a t ion  stage in 
silicon. They observed a reduct ion  in the  anomalously  
t r ansmi t t ed  x - r a y  in tens i ty  when silicon containing 
oxygen was hea t - t r ea t ed  at  1000~ This change in 
the  t r ansmi t t ed  x - r a y  in tens i ty  was observed to occur 
before the decrease in the 9~ inf ra red  absorpt ion  band 
manifes ted  itself, indica t ing  that  ea r ly  s tages of im-  
pur i ty  cluster ing were  affecting the anomalous  x - r a y  
intensi ty.  

Other  evidence for  p rec ip i ta t ion  of oxygen  is found 
in the observat ion that  new donor s tates  are  in t ro-  
duced into sil icon fo l lowing l o w - t e m p e r a t u r e  annea l -  
ing (<SO0~ (10). These donors can be annea led  out 
at  high t empera tu res  (~1000~ and the donor con- 
cen t ra t ion  is found to be r e l a t ed  to the measured  oxy-  
gen concentra t ion in the crystal .  H e a t - t r e a t m e n t  of 
silicon has also been observed to influence its plast ic  
deformat ion  character is t ics  and i t  has been proposed 
tha t  s i l icon-oxygen clusters  function as dislocation 
genera t ing  sites dur ing  deformat ion  (11). 

Prec ip i ta t ion  of SiO2 has been  observed to occur 
at dislocations when silicon is annea led  at high t em-  
pera tu res  for extens ive  per iods  of t ime in oxygen  am-  
bients (12). I t  has been suggested that  SiO2 prec ip i -  
ta t ion occurs when silicon containing oxygen is hea t -  
t rea ted  at  high t empera tu re s  (13). 

The heterogeneous prec ip i ta t ion  of impur i t ies  can 
also occur at  s t r a in -p roduc ing  centers  o ther  than dis-  



Vol. 121, No. 8 P R E C I P I T A T I O N  OF SILICON OXIDES 1091 

locations. The technique for investigating the nature 
and distribution of vacancy clusters in silicon uses 
this phenomenon of heterogeneous precipitation. 
Both copper (8) and lithium (14) have been found 
to preferentially precipitate at vacancy clusters. 
Batavin (15) has suggested that SiO2 precipitates nu- 
cleate at vacancy clusters. 

The present work is concerned with the precipitation 
of the oxides of silicon in dislocation-free crystals. 
The effects of extended oxidation on the nature and 
distribution of crystalline silicon oxides in silicon are 
examined. 

Experimental Procedure 
Single crystals grown by  both the floating zone and 

Czochralski techniques were the vehicles for the ex-  
periments.  The crystals were dislocation free and 
wafers cut from the crystals were chemical ly-me-  
chanically polished to remove surface damage. The 
wafers were oxidized at 1200~ for periods of t ime 
ranging from 1 to 60 hr in a steam ambient.  Careful 
precautions were taken to avoid the generat ion of 
dislocations in the wafers due to thermal,  stress- 
induced slip. The distribution, the morphology, and 
the s tructure of the precipitates formed were invest i -  
gated by optical and transmission electron microscopy. 
For t ransmission electron microscopy, thin foils were 
prepared by the conventional  jet  th inn ing  techniques. 
The oxygen content  of the crystals prior to oxidation 
varied from a high value of ~10 TM atoms/cm ~ to below 
the detectabil i ty l imit  for the floating zone crystals. 

Experimental Results 
Extended oxidation of dislocation-free wafers re-  

sulted in distinct effects when the as-grown crystal 
contained an inhomogeneous dis tr ibut ion of vacancy 
clusters. Considerable evidence exists in the l i tera ture  
that vacancy clusters frozen into the solid dur ing 
crysta ! growth funct ion as heterogeneous nucleat ion 
sites for metal  precipitates (8, 14) as well  as for the 
formation of extrinsic stacking faults (16, 17). Long 
oxidation at high temperatures  ( > > 2  hr at 1200~ 
resulted in the formation of discrete precipitates. These 
precipitates formed in regions of the wafer which 
contained a high density of vacancy clusters as evi-  

denced by the observation of a high densi ty  or non-  
crystallographic etch pits upon preferential  etching 
prior to oxidation. 

Surface structure.--Following extended oxidation 
the SiO~ films formed were removed by dissolution 
in HF and the surfaces observed using optical micros- 
copy. At low magnifications, the oxidized wafers 
were found to exhibit  a banded or sometimes spiral 
shaped distr ibution of bright  and dark regions. The 
changes in the surface brightness were related to the 
changes in the direction of scattered light from the 
surface. The pat terns  of differing brightness were 
identical to the pat terns of shallow etch pits observed 
prior to oxidation and following preferential  etching. 
The significant difference was that  following extended 
oxidation the banded or "swirl" type pat terns  become 
observable without  the need for preferential  etching 
such as Sirtl  etching or the equivalent .  These pat terns 
were f requent ly  observable through the SiO~ films 
formed on the surface. Figures la  and b are typical 
examples of wafers exhibi t ing this behavior. In  Fig. 
la, bright bands are observable across the wafer 
whereas in  Fig. lb, the central  port ion of the wafer 
contains a circular br ight  region. 

Examinat ion  of the surfaces at high magnification 
using interference contrast techniques revealed that 
the bright regions of the wafers were composed of 
varying densities of star shaped or square hillocks 
with an apparent  presence of a second phase at the 
apices of the hillocks. Figures 2 and 3 show in ter -  
ference contrast  optical micrographs of the surfaces 
of the oxidized wafers. I n  Fig. 2 are shown micro- 
graphs obtained at different regions of a <111> ori- 
ented wafer. The star shaped hillocks vary  in density 
from near  zero to 10;/cm 2 (as subsequent ly  determined 
by transmission electron microscopy). The four micro- 
graphs in Fig. 2 show the typical densi ty distr ibution 
of the hillocks in a wafer. The apparent  presence of 
a second phase at the apices of the hillocks is also 
revealed in these micrographs and was subsequent ly  
confirmed by electron microscopy as discussed in the 
next  section. 

Figure 3 shows similar hillock formation on <100> 
oriented wafers. In  this case, the hillocks are in the 

Fig. 1. Optical micragraphs of oxidized dislocation-free crystals showing the hazy appearance of bands in (a) and a central circular 
region in (b) due to the faceting of the surface. Wafers are 2 in. in diameter and were not preferentially etched. 
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Fig. 2. Interference contrast 
optical micrographs from the 
hazy regions of the crystal sur- 
faces showing facetlng of the 
surface. Triangular hillocks with 
an apparent presence of precipi- 
tates at the apices are distributed 
across the wafer in varying den- 
sities. ( ~ |  | | ~ orientation). Wa- 
fer surfaces are not preferen~ti - 
ally etched. 

form of squares. The hazy regions of the wafer  ob- 
served when viewed at low magnification are evi- 
dent ly  a result  of faceting of the crystal surface. 

Precipitate morphology and distribution.--Trans- 
mission electron microscopy at regions which gen-  
erated surface hillocks confirmed the presence of 
precipitates in  the crystal. A notable aspect of the 
precipitates was the str iking na ture  of the precipitate 
distribution. Figure 4 is a t ransmission electron micro- 
graph of precipitates in a ~111~  oriented wafer. 
These precipitates were generated as a consequence of 
a 12O0~ oxidation for 10 hr. The following are the 
significant features of the precipitate morphology and 
distr ibution:  

(a) The precipitat ion is observed to have occurred 
in  discrete regions with clusters of precipitates con- 
centrated wi th in  an area of ~1  ~m 2. 

(b) The precipitate density wi th in  the clusters has 
been found to vary  from a single particle to 10 l~ pre-  
cipitates/cm~. 

(c) The particle size within each cluster has been 
found to range from ~100 to ~4000A with occasional 
large individual  particles ,~i ~m in size. 

(d) The clusters are separated by distances of 1 
~m or more with almost completely precipi tate-free 
regions sur rounding  each cluster. The densi ty of pre-  
cipitate clusters has been observed to be as high as 
107/cm 2. Although the individual  precipitate particles 

exhibited no characteristic shape, the clusters dis- 
played a tendency to form in t r iangular  pat terns [on 
(111) surfaces] with edges aligned along equivalent  
~110~  directions. 

Since the crystal surfaces were found to be non-  
p lanar  with discrete hillocks at the site of each pre-  
cipitate cluster, it should be expected that  the non-  
p lanar i ty  affect the observed diffraction contrast  in 
the electron microscope. This expectation was borne 
out when the specimens were oriented for exact two 
beam diffracting conditions. Figure 5 shows the pre-  
cipitate clusters imaged under  two beam (Si reflec- 
tions) bright field conditions. Each precipitate cluster 
is surrounded by t r iangular  shaped thickness ext inc-  
t ion contours appearing as al ternate dark and bright 
bands. This verifies the facts that  each cluster is situ- 
ated at the apex of a t r iangular  shaped hillock in the 
silicon. The degree of surface tilt associated with each 
cluster would determine the 1~umber of fringes ob- 
served around the clusters. From an examinat ion  of 
a large number  of specimens, it was found that the 
number  of dark  and white fringes sur rounding  the 
precipitates varied. Figure 6 shows a case where the 
precipitate cluster is surrounded by one dark and 
one br ight  fringe. Figure 7 is a {220} weak beam image 
of a number  of precipitate clusters with differing 
numbers  of thickness ext inct ion contours around the 
different clusters. A rough estimate of the tilt in-  
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Fig. 3. ~100~  oriented wafers showing the formation of square shaped hillocks after extended oxidation. 

volved at each hillock can be made by using weak 
beam imaging techniques and the method described 
by Bicknell  (18). The width of the ext inct ion fringes 
around the precipitate clusters was measured in  the 

(220}si weak beam image and using the formula 1/S' 
cot e ---- fringe width, the angle 0 was computed. Here 
S' is the deviat ion parameter  (19) and ~ is the incl ina-  

Fig. 5. Two beam bright field image demonstrating the thickness 
Fig. 4. Transmission electron micrographs of precipitate clusters extinction fringes around the precipitate clusters. 
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Fig. 6. Higher magnification micrograph of a single precipitate 
cluster surrounded by one bright and one clark extinction fringe. 

Fig. 8. {220}si weak beam image of precipitate cluster and 
surrounding extinction fringes. 

Fig. 7. {220) weak beam image of multiple fringes around 
precipitate clusters. 

t ion of the  surface at  the  facets (or hi l locks)  to the 
normal  to the e lec t ron beam direct ion ~ 1 1 1 ~  or the  
sil icon surface. F igure  8 is a typica l  example  of a 
{220} weak  beam image of the  prec ip i ta te  c lusters  
and the thickness  ext inc t ion  contours sur rounding  the 
clusters.  F rom an analysis  of a number  of samples,  it  
was found tha t  the  angle  of t i l t  of the  sides of the  
hi l lock with  the  sur face  of the sample  var ied  be tween  
0.7 ~ and 2 ~ 

Figure 9 shows precipitation in a <100> oriented 
wafer. Figure 9a shows a single large precipitate lo- 
cated at the center of a hillock whereas Fig. 9b is a 
micrograph of a precipitate cluster. The thickness ex- 
tinction contours again verify that the precipitates are 
located at the top of a hillock, in this case a square 
shaped  hi l lock wi th  the  sides a l igned along or thogonal  
~110>  directions.  

Precipitate structure.--The la rge  densi ty  of indi -  
v idua l  par t ic les  in  each c lus ter  of prec ip i ta tes  pe r -  

Fig. 9. <100> oriented wafer showing a single precipitate in 
(a) and a precipitate cluster in (b) both being surrounded by 
thickness extinction contours. The sides of the hillock are aligned 
along ,~110~ directions. 
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Fig. 10. 5elected area diffraction patterns showing precipitate reflections and Si reflections (circled). a, < 1 1 1 > s i ;  b, < l l O > s i .  

mitred  the i r  identif icat ion b y  selected a rea  diffract ion 
analysis.  F igu re  10a and b show typ ica l  diffract ion 
r ings due to the  prec ip i ta tes  seen in associat ion wi th  
the  sil icon spots. A l though  each prec ip i ta te  par t i c le  
was a single crystal ,  the  la rge  par t ic le  dens i ty  in 
any given cluster  and the re la t ive ly  smal l  p rec ip i ta te  
size resul ted  in discontinuous diffract ion r ings made  
up of spots. The two pa t t e rns  shown in Fig. 10 were  
obta ined f rom two different  or ientat ions,  viz., (111) 
and (110). 

Table  I shows average  in t e rp lana r  spacings ca lcu-  
la ted  f rom measured  reflection spacings on the d i f -  
f ract ion pat terns .  X - r a y  da ta  on a and ~ crys tobal i te  
a re  also shown. The measured  in t e rp lana r  spacings 
can be cor re la ted  wi th  the  known in t e rp l ana r  spacings 
of both  a and ~ crystobal i te .  A s imi lar  resul t  was ob-  
ta ined  by  Bialas  and Hesse (12) for  prec ip i ta tes  nu-  

Table I. The measured values of interplanar spacings are compared 
with the known spacings of a and F crystobalite 

d - S p a c l n g s  i n  a n g s t r o m s  

Average  a 
measured  crystobalite* c r y s t o b a l i t e *  

4 . 2 8  4 . 0 8  4 . 1 5  
3 .42  3 .3S  - -  
2 . 8 8  2 . 8 4 1  2 . 9 2  
2 . 7 3 6  ~ _ _  
2.608 
2 . 5 9  - -  2 . 5 3  
2 . 5 4  - -  - -  
2 . 4 8 7  2 : 4 8 5  - -  
2 . 4 3 2  - -  - -  
2 . 4 2  2 . 4 6 5  
2 . 1 4 6  2 . 1 1 8  2 . 1 7  
2 . 1 0 5  2 . 0 1 9  2 . 0 7  
1 .89  1 . 8 7 0  M 
1.69 - -  1,69 
1.66  -- 1.641 

1 .56  -- 1 . 4 6 0  

* A S T M  card index  x - r a y  p o w d e r  d a t a  f i le .  

cleated at  dislocations.  They  found, however ,  t ha t  
some prec ip i ta tes  exhib i ted  moir~ pa t te rns  furnishing 
a second means  of de te rmin ing  the  prec ip i ta te  s t ruc-  
ture. F r o m  the analysis,  they  concluded tha t  the  p re -  
cipi tates  are p redominan t ly  /~-SiO2. In  the  p resen t  
work,  ex tens ive  examina t ion  did not  r evea l  the  p res -  
ence of moir~ f r inges  in any of the  precipi ta tes .  This 
might  indicate tha t  no coherency exis ts  be tween  the 
prec ip i ta te  and sil icon latt ices.  

Al though  no s t rong d i sp lacement  f r inge  cont ras t  
a round ind iv idua l  p rec ip i t a te  par t ic les  was  observed,  
f requent ly ,  the diffraction spots due to the  p rec ip i -  
ta tes  were  found to be s t reaked.  S t reak ing  or the  ob-  
serva t ion  of r e l - rods  can be a t t r ibu ted  to e i ther  the  
exis tence of coherency s t ra ins  or the presence of 
faul ted  s t ructures .  Examina t ion  of some of the  l a rge r  
par t ic les  exhib i t ing  s t reaked  diffraction spots indi -  
cated the  possible  exis tence of faul t ing wi th in  the  
precipi ta tes .  F igures  l l a  and b are  br igh t  and da rk  
field images  of a p rec ip i ta te  which  gave r ise to s t reaks  
at  the prec ip i ta te  reflections. The corresponding dif -  
f ract ion pa t t e rn  f rom t h e  prec ip i ta te  is shown in Fig. 
l l c .  The prec ip i ta te  exhibi ts  a high dens i ty  of fine 
para l l e l  str iat ions.  These s t r ia t ions  are observed to 
l ie  no rma l  to the  di rect ion of s t reaks  in the  prec ip i ta te  
diffract ion spots. This is shown in Fig. l l c  whe re  the  
s t reaks  (a r rowed)  are shown to be normal  to the  s t r i -  
at ions in the  precipi ta te .  The da rk  field image  in Fig. 
l l b  was obta ined f rom the s t r eak  spots indica t ing  tha t  
the  s t r eak ing  is associated wi th  the  s t r ia t ions  in the  
precipi ta te .  S imi la r  s t r ia ted  s t ructures  have  been 
shown to be a resul t  of fau l t ing  in the s t ruc ture  (20). 
I t  can hence be concluded tha t  the  prec ip i ta tes  a re  
faulted.  The E-phase of c rys ta l l ine  SiO2 is a h igh-  
t empe ra tu r e  phase  s table  above 577~ and has a cubic 
s t ruc ture  (Ao ---- 7.18A) whereas  the  q-phase  is a 
l o w - t e m p e r a t u r e  phase  wi th  a t e t r agona l  s t ruc ture  
(Ao = 4.971A and Co = 6.918A). Consequently,  the  
E-phase which  would  be uns table  be low 577~ could  
t r ans fo rm to the  q-phase  and if  the  t r ans fo rmat ion  
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Fig. i l .  Bright and dark field images (a and b) of precipitate 
showing the presence of a faulted structure; c is the corresponding 
diffraction pattern displaying streaked precipitate reflections. (The 
diffraction pattern has been rotated to correct for image rotation 
in the microscope.) 

is incomplete due to thermal  or s t ra in  energy con- 
siderations the structures resul t ing could be faulted. 
The classic case of faul t ing resul t ing from a phase 
t ransformat ion is the case of cubic austenite  t rans-  
forming to tetragonal  martensi te  in ferrous alloys 
where the martensi te  phase is often found to be 
faulted and twinned.  

Discussion 
The results presented above show that oxides of 

silicon can heterogeneously nucleate at specific re-  
gions of a crystal, the nucleat ion sites not being dis- 
locations, stacking faults, or other crystallographic 
defects. From the observation of the common distr i-  
but ion pa t te rn  of the precipitate clusters and the so- 
called shallow or empty etch pits observed on etched 
surfaces prior to oxidation, the precipitate nuclei  are 
suggested to be vacancy clusters. These vacancy 
clusters or, more exactly, vacancy-solute  atom clus- 
ters, are formed in the crystals dur ing growth. The 
concept of vacancy-solute  atom clusters funct ioning 
as nuclei for precipitat ion in solid solutions is not 
new. Hart  (21) has suggested that  precipitat ion proc- 
esses are init iated by the migrat ion of small groups 
of solute atoms and vacancies which gradual ly  ag- 
glomerate to form large clusters which function as 
precipitate nuclei. Embury  and Nicholson (22) sug- 
gest that  the precipitate dis t r ibut ion in a luminum al-  
loys is largely controlled by the dis tr ibut ion and con-  

centrat ion of vacancies. The stabil i ty of solute-vacancy 
clusters has been related to one of two causes. In  
one case, it is proposed that  vacancies are integral  
chemical consti tuents of the precipitat ing phases 
which reduce the volume free energy of the system 
and facilitate nucleat ion and growth (21). An a l terna-  
tive proposal main ta ins  that  stable vacancy-solute  
atom clusters result  purely  from size effect consider- 
ations. If the precipitat ion of an equi l ibr ium phase 
results in an increase in the atomic votume, the in-  
corporation of vacancies in the precipitate nuclei will 
assist in the reduct ion of the misfit s t ra in energy of 
the precipitate. It  has been suggested that vacancy as- 
sisted nucleat ion occurs only in systems where an 
increase in the atomic volume takes place dur ing  pre-  
cipitation (22). The h igh- tempera ture  crystall ine 
phase of SiO2 forms with an increase in  the atomic 
volume, the specific volume of SiO2 being about 10% 
higher than of silicon. Consequently,  precipitat ion of 
SiO2 at sites of excess vacancy clusters is eminent ly  
feasible. The lack of evidence for any elastic or plas- 
tic strains around the precipitates indicates that  the 
difference in atomic volume between the two phases 
(SIO2 and Si) is accommodated by the vacancy 
clusters. 

The quenched in supersaturat ion of vacancies, i.e., 
the vacancy clusters can either be annihi la ted dur ing  
oxidation by forming dislocation loops or, if the b ind-  
ing energy between vacancies and oxygen atoms is 
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sufficiently high, they can form stable complexes with 
oxygen. The absence of dislocation loops in the struc-  
tures observed and the presence of precipitates indi-  
cates that  the lat ter  mechanism prevails. However, it 
is known that  oxidation of silicon can also generate 
faulted dislocation loops at the sites of vacancy clus- 
ters (16, 23). This apparent  dichotomy is related to 
the part icular  thermal  conditions required to generate 
the two defect types, viz., faulted loops or oxide pre-  
cipitates. 

Precipitat ion of crystal l ine oxides occurs only with 
extended oxidation at high temperatures  as demon-  
strated in  this work. Stacking fault  nucleation, on the 
other hand, occurs under  more moderate conditions 
of oxidation or in the early stages of a longt ime-high 
temperature  oxidation process. The t ransformat ion of 
a vacancy cluster into secondary defects can be rep-  
resented as follows: 

Finally,  since the init ial  indications of precipitat ion 
were evident as a result  of faceting of the crystal 
surface, a model is proposed to account for this effect. 
As demonstrated,  each precipitate cluster is observed 
to be located at the apex of a hillock or elevated re-  
gion surrounded by facets in  the crystal surface. The 
schematic sketches in Fig. 12 show the proposed model. 
The vacancy clusters distr ibuted inhomogeneously 
through the crystal nucleate particles of crystal l ine 
silicon dioxide in the early stages of oxidation. The 
formation of the precipitates at the surface will  in-  
hibit  fur ther  oxidation of the silicon at the precipitate 
sites. This can occur as a result  of the oxide particles 
funct ioning as a mask to the diffusion of oxygen into 
the silicon as well as by prevent ing  the si l icon-oxygen 
reaction at the precipitate sites. Since the precipitates 
are closely clustered in  discrete regions, oxidation of 

Vacancy clusters 
Oxidation ] 

(Moderate t ime 
and temperature)  

Extrinsic stacking faults 
Oxidation $ 

Oxide precipi tat ion at fault  sites 
Oxidation $ 

Nucleation of Shockley part ial  (s) and 
annihi la t ion of stacking faults by  
the unfaul t ing  reaction: 

a a 

a {111} -~ {i12-} --> -~- {Ii0} T T 

Oxidation 

(High temperature,  
longtime) 

Oxidation 
) 

) Crystall ine oxides of silicon 

Fur ther  precipitat ion of crystall ine SiO2 
at dislocations formed as a consequence 
of the unfaul t ing  reaction. 

The t ransformations depicted indicate that  a vacancy 
cluster can nucleate oxide precipitates either directly 
or indirectly through a series of t ransformations in-  
volving a stacking fault. A brief examinat ion of the 
feasibility of these two reactions and the probabil i ty  
of their occurrence is worth considering. 

The discussion above indicates that  the direct nu -  
cleation of crystal l ine SiO2 at vacancy clusters is pos- 
sible. This is aided by strain energy considerations as 
well as perhaps by the reaction kinetics of the system 
at high temperatures.  However, the second reaction 
involving a stacking fault  is also possible. As men-  
tioned before, extrinsic stacking faults can nucleate 
at vacancy clusters. With longer oxidation, the faults 
can function as nucleat ion sites for precipitates of 
oxides. It has been suggested by Sanders and Dobson 
(24) that oxide platelets observed at stacking faults 
by Booker and Stickler (25) after severe oxidation 
are l ikely to be a result  of preferent ial  growth of the 
surface oxide into the silicon where the F rank  dis- 
location intersects the oxide-silicon interface. The 
next  stage in the t ransformat ion involves the annih i -  
lat ion of the stacking faul t  by the nucleat ion of a 
Shockley partial  which reacts with the F rank  to form 
an undissociated dislocation of the type a/2 {110}. This 
unfaul t ing  reaction has been shown to occur in close- 
packed metals (26). The nucleat ion of a Shockley par -  
tial is stress aided, consequently misfit strains around 
a precipitate can init iate the unfau l t ing  reaction. Ex-  
per imental  evidence exists to show that  stacking fault  
annihi la t ion in  silicon occurs by the unfaul t ing  reac- 
tion (27). The product of the unfaul t ing  reaction is 
a dislocation which can function as a heterogeneous 
nucleat ing agent for fur ther  SiO2 precipitation. 

Although both mechanisms discussed are possible, 
the weight of evidence in favor of the direct nuclea-  
t ion mechanism is perhaps greater. The annihi la t ion 
of stacking faults would restflt in dislocations which 
should be evident  in the structures observed. As dem- 
onstrated, the structures observed were completely 
devoid of dislocations or stacking faults. 

the surrounding precipitate-free silicon can continue 
unimpeded. This would result  in  a greater consump- 
tion of the silicon surrounding the precipitates leading 
to the formation of raised hillocks with the precipi-  
tates on top of the hillocks. The crystallographic na-  
ture of the hillocks, i.e., t r iangular  and square shaped 
on ( i l l )  and (lO0) surfaces is evident ly  a result  of 
different oxidation rates on close-packed planes as 
opposed the rates on nonclose-packecl planes. The ef- 
fect is the analog of the formation of t r iangular  and 

INHOMOGENEOUS DISTRIBUTION 
OF VACANCY CLUSTERS 

I OXIDATION 

HETEROGENEOUS PRECIPITATION 
OF CRYSTALLINE OXIDES OF SILICON 

I OXIDATION 

FACETING OF CRYSTAL SURFACE 
DUE TO DECREASED OXIDATION AT 
PRECIPITATE SITES 

Fig. 12. Schematic sketches showing the proposed model to 
account for the faceting of the crystal surface as a result of 
precipitation. 
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square pi ts  at  si tes of defects in crys ta ls  of the  two 
or ienta t ions  upon p re fe ren t i a l  etching.  

Summary 
In  summary ,  it  has been pos tu la ted  tha t  c rys ta l l ine  

oxides of sil icon can  nuclea te  he terogeneous ly  at  si tes 
of vacancy clusters.  Both a and ~ crys tobal i te  phases 
appear  to coexist  in the  mater ia l .  Some evidence for  
faul t ing in the prec ip i ta tes  is presented.  The fo rma-  
t ion of clusters  of oxide  par t ic les  in the  surface re -  
gions of the  crys ta l  leads  to facet ing of the surface 
due to the  oxidat ion  and diffusion regard ing  effect 
of the precipi ta tes .  The prec ip i ta t ion  phenomenon is 
discussed wi th  respect  to models  of nucleat ion at  va -  
cancy complexes  and both  di rec t  and indirect  nuc lea-  
t ion models  have been examined.  

Manuscr ip t  submi t ted  Nov. 12, 1973; revised m a n u -  
script  received March 20, 1974. 

A n y  discussion of this paper  wil l  appea r  in a Discus-  
sion Section to be publ i shed  in the  June  1975 JOURNAL. 
Al l  discussions for the  June  1975 Discussion Section 
should be submi t t ed  by  Feb. 1, 1975. 
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ABSTRACT 

The appl ica t ion  of Vickers microhardness  to glass surfaces has been  re-  
viewed, and despi te  differences of opinion as to its theore t ica l  significance, 
it  is j udged  useful  for engineer ing applications.  The technique has been ap-  
p l ied  to the  s tudy of s in tered films of borosi l icate  glass on a lumina  substrates.  
The range  of glaze thickness and load magni tude  for which  the hardnesS r e -  
mains  unchanged  is defined. The effect of the degree of s inter ing (i.e., ex ten t  
of densification),  degree of phase separat ion,  and aging of the  H F  etched sur -  
face on the microhardness  have been measured.  Hardness  can also be used to 
detect surface stress which occurs in the  region of g lass-meta l  interfaces.  

A charac ter iza t ion  technique is des i red  to de te rmine  
the effects of m a n y  processes and t r ea tments  on the 
na ture  of 1-5 mil  th ick  glazed surfaces. The technique 
should be essent ia l ly  nondestruct ive,  able  to be pe r -  
fo rmed rapidly ,  and not  be affected b y  inhomogenei t ies  
of the glass surface. Two a l te rna t ives  for glass surface 
charac ter iza t ion  are  as follows: 

(i) I n f r a r ed  t ransmiss ion spectroscopy yie lds  con- 
s iderable  informat ion  about  the  composit ion of glass 

* Electrochemical  Society Act ive  Member .  
Key words:  glass films, Vickers  hardness ,  s in ter ing,  g lass -meta l  

stress. 

films (1). Al though informat ive,  i t  is l imi ted  to films 
genera l ly  below �89 mi l  in thickness  and is an ave rag-  
ing technique over  the  area  of the incident  beam. In  
addition, t ransmiss ion techniques genera l ly  y ie ld  in-  
format ion  about  bu lk  r a the r  than  surface charac te r -  
istics. 

(ii) Etching and corrosion studies also y ie ld  con- 
s iderable  informat ion about  glass composit ion (2, 3). 
Select ive  etching is also useful  for  de te rmin ing  s t ra in  
and densi ty  in deposi ted SiO2 films (4). I ts des t ruc t ive  
charac ter  is the ma in  d isadvantage  of etching. Since 
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there is a wide variety of glass compositions, a corre- 
sponding variety of etchants is also needed. 

M i c r o h a r d n e s s - - - D e f i n i t i o n  

For our purposes, we defined the hardness of a mate-  
rial  as the resistance it offers to indenta t ion  by a much 
harder  body. In  practice, it is assumed that  the inden-  
ter is so hard  that  it  does not  undergo any deformation. 
The hardness of the mater ia l  under  study is measured 
as the ratio of the load to the area of the permanent  
depression produced by that  load. Hardness is there-  
fore presented in uni ts  of pressure, most commonly 
kilograms per square mill imeter.  A very small  square 
pyramidal  diamond with 136 ~ apex angle was used as 
the indenter  in  our experiments.  

For 25-100g loads on hard  glasses, the base diagonal 
of the indenta t ion  is only 8-16~ long and i-2~ deep so 
the term "microhardness" is accurate. The small  size 
of this indent  makes it l ikely that it will  be placed in  
a flawless area on most glass samples. For example, 
Ernsberger  (5) has shown that in average plate glass 
there are about 10,000 flaws/cm 2, or an average of only 
o n e  per 104 ~2. One should be cautioned that  while it is 
unl ike ly  that  an indent  will  fall on a glass flaw, the 
stress fields of flaws may  be close enough to interact  
and give some value for the hardness below the u l t i -  
mate hardness of the glass, due to the high magni tude  
of the stress fields around the flaws according to Shand 
(6) and Marsh (7). 

His tory. - -One of the earliest applications of hardness  
measurements  to glass was performed by Taylor (8), 
but  the first comprehensive study was by  Ainsworth 
(9-11). Ainsworth  established the useful  range of the 
operating parameters  in the actual indent ing  process, 
contact durat ion of the diamond with the glass surface, 
and the independence of hardness and applied load. 
Ainsworth  also demonstrated that the general  Meyer 
equation, P -- aD n, where a and n are constants, held 
for diamond indent ion  on glass and that a ---- 1 and 
n = 2 wi thin  a load range of 10-140g. 

Ainsworth also succeeded in  showing many  relat ion-  
ships between changes in hardness and other known  
properties of glass. For example, Poole (12) reported 
o n  the viscosity composition dependence of K20-SiO2 
glasses; he noticed an inflection in the 19 and 22% 
K20 regions. Ainsworth 's  hardness vs. composition 
data shows inflections in the same composition region. 
Several  other investigators have clearly demonstrated 
the correlation of microhardness wi th  other properties 
of glass [e.g., Douglas (13), Westbrook (14), Frischat  
(15), and Izumitani  (16) ]. 

More recent work by Prod 'homme (17) takes issue 
with Ainsworth 's  content ion that hardness is load in-  
dependent.  Some of the difference is due to the fact 
that  Prod 'homme made measurements  up to a 300g load, 
much higher than those of other workers in the field. 
At this high stress, glass cracking can often be ob- 
served, as it was by us; it introduces a large var ia t ion 
in  hardness measurements .  

Prod 'homme extended the hardness measurements  
to m a n y  soft glasses such as the selenides and an-  
timonides, where Vickers hardness is only 10-25% of 
that of silica. By doing this, he was able to show a 
relationship between viscosity and hardness over a 
25-fold range of microhardness.  

The ease and precision of microhardness measure-  
ments have led to several at tempts to find a basic 
mechanism for the formation of the indent  in glass. 
However, there is no agreement  on the physical mean-  
ing of Vickers hardness of glass. Ernsberger  (18) 
mainta ins  that  hardness can best be interpreted 
through densification, while  Marsh (7) claims a re la-  
t ionship between hardness and the elastic l imit  of 
glass. Regardless of the final resolution of this dispute 
there is a clearly established correlation between dia- 
mond hardness and observed s trength of glasses (19). 

S a m p l e  P r e p a r a t i o n  

Our studies were restricted to a commercially avail- 
able borosilicate glassJ The samples were prepared in 
the following manner. (i) A slurry consisting of ball- 
milled glass in terpineol was deposited by spraying on 
99% alumina substrates; (ii) after an initial drying 
cycle the samples were sintered at 810~ during a 45 
rain heating and cooling cycle in a controlled atmos- 
phere, three-stage s inter ing furnace;  (iii) in  some 
cases after sintering, the glass surface was lapped fiat 
and fire polished by passing through the furnace again. 

E x p e r i m e n t a l  T e c h n i q u e  

It is extremely important to note that hardness data 
is only meaningful in a statistical sense. Thus, our 
technique was designed to minimize operator-depend- 
ent errors. A Miniload 2 hardness tester equipped with 
a Vickers diamond was used to perform these charac- 
terizations. The method consists essentially of bring- 
ing the diamond into contact with the test surface 
under controlled conditions with a known load and 
measuring the diagonal length of the resultant im- 
pression. 

The diagonal length  of the indent  was measured 
with an eyepiece micrometer.  The index l ine is first 
set at zero on the micrometer  scale, scanned across the 
indent,  and read only after final adjustment .  I n  this 
equipment,  the micrometer  scale is not superimposed 
o n  the indent  but  is read at the bottom edge of the 
field of view. The operator can make successive mea-  
surements,  uninfluenced by  knowledge of previous di- 
agonal lengths. Measurements  were never  made for 
periods exceeding 2 hr  to avoid operator fatigue. 

For the 136 ~ square pyramidal  diamond used the 
hardness can be calculated from VH = 1854 P / a  ~. When 
P is in  grams and d is in microns, the hardness units  
are in kilograms per square mill imeter.  

To test our technique a s tandard  steel test block was 
measured. Table I shows these cal ibrat ion results. Four  
groups of ten  indentat ions  were made in  the test sam- 
ple. To determine the best load application range, a 
series of measurements  was made on borosilicate glas~ 
films on a lumina  substrates. These results are shown 
in Table II and are derived from four groups of five 
measurements  at each of the indicated loads. I n  our 
case, the glass seemed to crack at load values above 
100g. 

The difference between the two s tandard  deviations 
given in  Table II for any sample and load is due to 

7070 Glass, Corning Glass Works, Coming, New York.  
s Regis tered trademark of The  Lei tz  Corporation. 

Table I. Vickers hardness (kg/mm 2) calibration studies on 
steel test block 

15g Load lOOg Load 

VH 579 566 
ac,o 9.95 5.60 
~-(b) 9.52 5.30 
Mfg.'s  va lues  581 564 

(a) Average standard deviation within each group of ten mea- 
surements. 
(b) Standard deviation for all measurements at indicated load. 

Table II. Effect of load on borosilicate glass hardness 

Sample  1 Sample  2 
Load, 

g VH 0 (a) 0 "(b) VH 0 "(a) 0 "(b) 

25 720 13.4 26.0 735 18,1 22.1 
50 728 12.7 17.6 727 12.6 15.5 

100 733 9.2 13.0 723 8.3 14.9 
200 755 6.1 11.0 743 9.0 13.4 

(a) Average standard deviation for four  sets of five observations 
each. 

(b) Standard deviat ion for all m e a s u r e m e n t s  at indicated load. 
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Table III. Effect of sintering temperatures 

Firing 
temper- 

atures 
(~ 

J u s t  t i r e d  F i r e d ,  l a p p e d ,  a n d  r e t i r e d  

S e t  1 S e t  2 S e t  1 S e t  2 
V H  {7 V H  ~r V H  0" V H  O" 

770  5 8 4 . 9  1 7 . 5 0  6 2 8 . 1  1 3 . 0 9  6 1 8 . 9  11 .32  
7 8 0  - -  - -  6 5 3 . 9  1 2 . 4 3  ~ - -  
790  6 3 6 . 1  1 4 . 7 1  7 0 5 . 6  1 6 . 5 3  6 6 5 . 0  8 . 3 0  
8 1 0  7 1 0 . 5  1 4 . 4 0  7 3 0 . 3  1 0 . 7 9  7 2 3 . 8  9 . 2 5  
8 3 0  7 1 2 . 4  13 .70  - -  - -  7 3 0 . 3  1 0 . 7 9  
8 5 0  7 1 7 , 5  1 6 . 6 9  7 4 2 . 4  1 4 . 0 5  7 5 3 . 8  1 0 . 4 6  

two effects. One is caused by the difficulty of accur- 
ately measur ing the dimensions of the indent ;  this is 
more prominent  in the case of the lower loads which 
produce small indents  in  this hard glass. The second 
effect is due to significant differences in hardness be- 
tween the very edges of a glaze film and the bulk  of 
the surface. These two effects were reduced in subse- 
quen t  experiments  by making  all hardness measure-  
ments  at a 100g load in  a relat ively central  area of 
the part. 

Variations in  hardness due to s lur ry  ba tch- to-batch  
variations, origins of powder used to make the slurry,  
and spraying vs. doctor-blading application techniques 
were also studied. No statistically significant hardness 
variations were detected. Hardness was also found to 
be independent  of glaze thickness in  the t5-125~ range. 
However, th in  glazes displayed an increased tendency 
to crack around the indent.  

Sintering process ef]ects on hardness.--In some ini-  
tial experiments  it was observed that  fired sample 
hardness was lower than  that  of samples which had 
been fired, lapped, and retired. This var iat ion suggested 
that  the singly fired parts were not fully sintered. 
Consequently, an exper iment  was conducted where  a 
series of parts was sintered at various temperatures  
with the hardness measured after firing and then again 
after being lapped and retired. Table III  lists these 
results and Fig. 1 displays them graphically. Each 
ent ry  in  Table III  represents at least two samples with 
seven measurements  per sample. In  a separate ex-  
per iment  the role of controlled lapping on the mea-  
sured hardness of retired parts was investigated and 
found to be without  effect. 

Table III shows distinct t ime and temperature  cor- 
relation, since retired parts had higher hardness at the 
same firing tempera ture  than  once-fired parts. This 
indicates more complete s inter ing and more densifica- 
tion. The shape of the curves also reveals that  even 
the once-fired parts were essentially sintered at tem- 
peratures above 810~ and no fur ther  densitication 
was to be expected. Below 810~ the l inear  curve 
shows gradual  pore elimination.  Note that  because of 
the time and temperature  phenomena,  the retired parts 
appear to be completely s intered at a lower tempera-  
ture. This hardness measurement  technique can clearly 
allow moni tor ing of processes dependent  on sinter ing 
or densification. An addit ional  experiment  described in 
the section on aging effects shows that  repeated firings 
at 810~ caused no fur ther  densification. 

800- 

o Setsl, osF~ 
Set ~i, Lopped & Refl,ed 

ZSO- o Set J2, Lopped & Ref,r~a 

~ , 

770 78O 7~0 8O0 810 82O P~O 84O 

Temp. (~ 

Fig. 1. Effect of firing temperature on hardness of borosilicate glass 

Phase separation ro le . - -Under  the proper conditions, 
borosilicate glass tends to phase separate by two dif- 
ferent  mechanisms (20): spinodal and nucleat ion and 
growth into boron oxide and silica-rich phases. These 
phases may be fairly large in  area, sometimes as 
much as 1-2 mil  in diameter  (21). 

Since these two phases can differ markedly  in hard-  
ness, measur ing this characteristic should be useful  for 
determining the extent  of phase separation. Accord- 
ingly, five samples were prepared. Two were held for 
24 hr at 750~ two for 48 hr  at 650~ and the last was 
a control. From earlier work, it was expected that 
the control would be slightly phase separated and that  
the heat- t reated samples would be extensively sepa- 
rated. Twenty-f ive hardness measurements  were made 
on each sample and are shown as histograms in  Fig. 
2-6. 

Figure 6, the control sample histogram, displays es- 
sential ly a normal  curve shape, implying a homogene- 
ous surface with only measurement  errors. On the 
other hand, Fig. 2-5 show a wide dispersion of hard-  
ness. 

Fig. 2. Hardness distribution: 48 hr at 650~ (sample I)  

Fig. 3. Hardness dishibution: 48 hr at 650~ (sample 2) 

Fig. 4. Hardness distribution: 24 hr at 750~ (sample 1) 

Fig. 5. Hardness distribution: 24 hr at 750~ (sample 2) 
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Table V. Heating after HF etching 

Time VH/a 

Before  Hie etch 720.6/8.44 
I m m e d i a t e l y  a f te r  e tch ing  800.6/13.54 
Af te r  1 hr  a t  160~ 665.3/16.82 
1 hr  a f te r  cooling 670.0/16.16 
1 day a f te r  H F  cleaning 666.6/14.21 

Fig. 6. Hardness distribution (control) 
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Fig. 7, Decay of hardness after HF etching 

The higher values are thought  to correspond to the 
indenter  placement, pr imari ly  i n - a  sil ica-rich phase, 
and the lower values to a boron oxide rich phase. The 
diamond pyramid hardness can be used to determine 
the extent  of phase separation as long as the d imen-  
sions of the heterogeneous regions are of the same 
magni tude  as the diamond impression. Despite this 
restriction, Vickers hardness measurements  can be 
used to detect many  types of surface inhomogeneities. 

Glass surface stability.--The following exper iments  
addressed some of the questions one might  pose con- 
cerning the stabil i ty of a processed glass surface: The 
first experiment,  as previously mentioned,  examined 
whether  repeti t ive firing at the critical tempera ture  
of 810~ caused the hardness to change. After eleven 
refirings there was no change in hardness or s tandard 
deviation. The second exper iment  examined surface 
hardness after HF 3 etching of the surface. Two parts 
were treated with HF and the third part  was used as 
a control on the experiment.  Table IV lists the hard-  
ness and s tandard deviat ion of these parts  before and 
after t rea tment  and unt i l  9 days after t reatment .  
Figure 7 shows these hardness values as a funct ion of 
time. One addit ional par t  was HF etched, and im-  
mediately after etching was placed in an oven for 1 hr  
at 150~ The hardness of this sample at all critical 
times is given in Table V. 

A similar decay was observed in  s t rength measure-  
ments  on etched soda-lime glass by Ray and Stacy (22). 

8 One par t  49% I-IF, s e v e n  p a r t s  D I  w a t e r .  

Table IV. Borosilicate aging after HF etching 

Time  af ter  No. 6 
HF  e tch ing  No. 3 No, 4 ( c o n t r o l )  

B e f o r e  717.0/11.31 720.8/10.23 722.4/7.89 
Immed ia t e ly  a f te r  792.6/24.31 816.4/13.92 722.8/11.86 
1 hr after 788.2/15.56 782.2/18.98 722.8/11.86 
2 hr  a f t er  780.0/16.43 792,4/12.6S 722.4/7.89 
19 hr  a f te r  722.8/17.40 726.4/13.43 724.4/9,60 
24 h r  af ter  719.2/17.40 717.2/17.14 713.8/7.86 
2 d a y s  a f t er  711.8/9.78 703.2/9.96 724.6/14.40 
3 days  a f te r  681.4/15.77 692.8/9.96 722.4/7.69 
4 d a y s  a f t e r  668.2/12.13 666.8/14.97 711.8/9.78 
7 days  af ter  658.8/17.09 662.0/16.28 717.0/7.16 
8 days  af ter  666.6/11.87 662.0/13.00 717.0/7.18 
9 d a y s  a f t e r  660.4/14.21 665.0/14.97 719.0/10.32 

This decay is hypothesized to occur according to the 
following mechanism. Borosilicate glasses show a char-  
acteristic rise in  hardness following HF surface etch- 
ing, which is most l ikely due to rounding of flaw tips 
and the subsequent  reduction of interact ion of those 
flaw tips and the indenter ' s  stress field. 

The presence of phase separation permits substan-  
t ially faster etching of the boron oxide rich phase tban  
the silicon oxide rich phase. This selective etching in -  
creases the surface area. Contained on this surface 
area are an increasing n u m b e r  of phase boundaries  
which are probable sites for the ini t ia t ion of new 
flaws. Another  consequence of the increased surface 
area would be the opportuni ty  for a higher flaw den-  
sity and ul t imately  a hardness lower  than  the original 
hardness. Since the rate of flaw formation is expected 
to increase at higher temperatures,  the rapid a t ta in-  
men t  of equi l ibr ium hardness by heat ing is unde r -  
standable. 

Our final exper iment  examined the possibility of 
determining the amount  of stress existing at a point 
on the glass surface. For this purpose, 700-800A chro- 
mium films were vacuum evaporated on borosilicate 
glass surfaces heated to between 100~176 These 
films were subsequent ly  etched by  convent ional  photo- 
l i thographic processing into strips 1/4 in. wide and a 
few inches long. The thought was to provide a highly 
stressed surface near  the chrome strips to determine 
if this stress affected hardness. It  was expected that  
the different substrate temperatures  dur ing  evapora-  
t ion would produce different stress values in  the 
chrome. Hardness measurements  were taken in  five 
spots on and around the lines. The five spots measured 
were: 1, in the middle  of the chrome lines; 2, at the 
edge of the l ine but  on it; 3, half  on the chrome and 
half on the glass; 4, on the glass at the edge of the 
line; and 5, approximately 1.6 mil  away from the 
l ine in  the glass. Figure 8 shows the location of the 
indentations.  Five measurements  were made for each 
site on each sample. Table VI lists the hardness re-  
sults for each sample at each of the locations. The 
films had to be very th in  to measure the hardness im-  
mediately adjacent to them because the very gradual  
slope on the diamond face would impinge upon a thick 
film. The hardness is quite low adjacent  to the Strips 
(positions 3 and 4) ; a small distance from the strip the 
hardness again re turns  to its normal  value. This ob- 
servat ion is consistent with the work of Carlson (26) 
on bonded laminates, from which we can infer  that 
the residual stresses in  the glass are largest near  the 
edges of the metal  film. As ment ioned earlier, the in -  
denter  hardness is expected to decrease when  mea-  

Diamond indents 

' '  

< 4 ; ,  

- 8o o,,',oa,e g,o,  o~ 

l i -  AI203 substrate. 

Cr 

(Top view) 

Fig. 8. Location of indentations around Cr strip 
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Table VI. Hardness near highly stressed chrome strips 

S u b s t r a t e  
P o s i t i o n  t e m p e r a t u r e  
(Fig.  8) V~ o, (~ 

sented at  the  Chicago, Il l inois,  Meet ing  of the  Society,  
May  13-18, 1973. 

1 728.0 17.14 
2 714.0 11.24 
3 685.8 17.34 IOO 
4 657.2 14.70 
5 718.8 7.66 

I 724.2 6.72 
2 703.0 11.55 
3 673.0 11.31 150 
4 666.6 13.15 
5 722.9 7.89 

I 722.4 7.89 
2 "/10.2 13.12 
3 674.6 13.15 250 
4 688.4 16.18 
5 720.8 10.23 

sured  in the  immedia te  region of an exis t ing stress 
field. These resul ts  tend  to make  us agree  wi th  Marsh 
(7) tha t  the  hardness  measures  some y ie ld  stress such 
as the  m a x i m u m  shear  stress or  the  m a x i m u m  pr inc i -  
pa l  stress. Thus, this  tool seems to offer subs tant ia l  
promise  as a qua l i ta t ive  microstress  measur ing  device. 
To offer a quant i t a t ive  tool, fu r the r  ref inements  mus t  
be made  expe r imen ta l l y  and mathemat ica l ly .  

Conclusions 
Vickers microhardness  can be used to character ize  

m a n y  changes in a glass surface. Unfor tuna te ly ,  the  
hardness  da ta  cannot be reduced  to indicate  specific 
physical  effects. Microhardness  is especia l ly  va luable  
for  s tudying  surface inhomogeneit ies ,  surface stress, 
and surface dens i ty  variat ions,  e.g., incomple te ly  s in-  
t e red  glass surfaces. 

Vickers  microhardness  has severa l  technical  ad-  
vantages  over  s t andard  measurements .  These measu re -  
ments  can genera l ly  be made  on actual  par ts  r a the r  
than  on special  samples  only. Hardness  measurements  
can be made  r ap id ly  and are  nea r ly  nondestruct ive,  
since only a ve ry  small  surface area  is affected. F u r -  
thermore,  microhardness  is an especia l ly  va luable  tool 
for  glass surfaces because the  ensuing measurements  
a re  usua l ly  flaw independent .  Vickers  microhardness  
measurements  do have  some l imi ta t ions  which  should 
be res ta ted:  t hey  are  ex t r eme ly  opera to r  dependent  
and  are  res t r ic ted  to specu la r ly  reflecting surfaces. 

Manuscr ip t  submi t t ed  May 14, 1973; revised m a n u -  
script  rece ived  Feb.  1, 1974. This was Pape r  13 p re -  

Any  discussion of this  pape r  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1975 JOUP~AL. 
Al l  discussions for the  June  1975 Discussion Section 
should be submi t ted  by  Feb.  1, 1975. 
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A New Method for Chemical Vapor Deposition 
of Silicon Dioxide 

Y. Avigal, I. Beinglass, and M. Schieber *'1 
School of Applied Science and Technology, Hebrew University of Jerusalem, Jerusalem, Israel 

ABSTRACT 

A new method for the deposition of SiO2 films prepared by  the oxidation of 
a lkyl-s i lane vapors is reported. It  is found that  the oxidation of t r ipropyl-  
silane (C3HT)~SiH in oxygen at a temperature  of about 650~ yields t rans-  
parent  adhesive and uniform films of SiO2 grown on silicon substrates. The 
growth rate of the films as a funct ion of various growth parameters is studied. 
The films have been characterized using IR absorption, spark source mass 
spectrometry, and emission spectroscopy. The structure of the films has been 
studied by optical microscopy and scanning electron microscopy and the index 
of refraction by ellipsometry. The applicabili ty of these films to the p lanar  
MOS technology in microelectronics is evaluated by the following properties:  
etch rate, masking efficiency, flatband voltage, and electrical stability. Finally,  
the characteristics of MOS field effect transistors bui l t  with these oxides are 
given and shown to be almost comparable to those bui l t  with thermal ly  grown 
SiO~ 

Dielectric films of SiO2 for MOS application are usu-  
ally prepared by thermal  oxidation which is performed 
a t  temperatures  between 900 ~ and 1200~ The ther-  
mal ly  grown films are used as a selective masking (1) 
and as a gate (2) oxide. The disadvantage of the 
thermal ly  grown oxide is a relat ive high temperature 
of formation which can cause a shift of the p -n  junc-  
t ion boundaries  dur ing the oxidation. Films of SiO2 
produced by the decomposition of ethyl-si lanes such 
as tetraethoxysilane,  TEOS (3), have a high porosity 
and high etch rates, a tendency to cracking and a high 
load of carbon contamination. Therefore, they cannot 
be used as gate dielectric films. Thin  films of SiO2 
produced by the method of oxidation of silane (4) 
have a low temperature  of deposition but  cannot be 
used as gate oxide unless an extra  step of anneal ing 
at high temperature  is added (11). This is due to the 
high flatband voltage and the low electrical s tabil i ty 
of the MOS devices produced with these unannea led  
films. 

We have been interested in s tudying the possibility 
of growing SiO2 films at a relat ively low tempera ture  
of deposition. The grown films should be used as gate 
oxides and selective masks against doping. The pro- 
posed growth method is that  of chemical vapor dep- 
osition. CVD of SiO2 films obtained by the oxidation of 
alkyl-si l icon compounds. We have proved the com- 
pat ibi l i ty of SiO2 films produced by this method at 
temperatures  as low as 700~ for the various uses of 
SiO2 films in  microelectronics. 

Experimental Procedure 
The films were deposited in an apparatus shown in 

Fig. 1. The source mater ia l  for silicon was l iquid t r i -  
propylsilane, TPS (K and K Laboratories, Incorpo- 
rated) which was kept at a tempera ture  of 30~ The 
vapors of TPS were carried by a flow of N2 and 02 
and deposited on a substrate of (100) n-  or p- type  Si 
with a resistivity of 10 ohm-cm. The Si substrate 
wafer is first brought  to the desired temperature  at a 
flow of 1800 cc/min pure N2 in a resistance furnace. A 
total flow of 400-1410 cc /min  02 is then introduced in  
the reactor and a par t  of the N2 + 02 mixture  up to 
240 cc/min is then passed over the TPS source mate-  
rial for 5-20 min. The coated SiO2 wafers are then re-  
moved and the thickness measured with a Tolansky 
interferometer.  

* Electrochemical Society Act ive  Member .  
1Presen t  address :  EG&G, Nuclear  Science & Ins t rumen ta t ion  

Laborator ies ,  Goleta, Cal ifornia 93017. 
Key  words :  thin films, SiO~ films, MOS-FET devices, chemical  

vapor  deposition, organometalUc der iva t ives  of silicon. 

The reaction of deposition of SiO2 in the case of 
complete oxidation of TPS can be wr i t ten  as 

2 (C3HT)3SiH % 31 02 = 2SIO2 ~- 18CO2 -t- 22H20 

In fact the oxidation is not complete, as can be de- 
tected qual i ta t ively by the smell of various organic 
by-products.  

Figure 2 shows the variat ion of the rate of deposi- 
t ion of SiO2 as a funct ion of the substrate tempera-  

T. P. S. 

Fig. 1. Experimental setup 
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Fig. 2. The temperature variation of the rate of deposition of 
St02 films on Si by oxidation of tripropylsilane (TPS). 
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ture, at a constant flow rate  of the gas mix tu re  through 
the TPS bubbler.  The oxygen flow was 400 cc /min  and 
1410 cc/min.  

F igure  3 shows the var ia t ion of R with  the flow rate  
th rough the TPS  at a constant substrate t empera tu re  
of 770~ a flow rate  of 1000 cc /min  of N2, and at a 
flow rate  of 925 and 1410 cc /min  of O2 respectively.  

Both in Fig. 2 and Fig. 3 R goes through a max i -  
mum which has a different  location for  different oxy-  
gen on over -a l l  flow rates. We bel ieve that  both 
max ima  are due to var ia t ion  in the distr ibution of  the 
amount  of deposit along the react ion tube. This dis- 
t r ibut ion was inspected and found to go through a 
maximum.  

Differences in the 02 flow rates do not seem to affect 
the rate  of deposition p e r  se but  ra ther  through its 
effect on the over -a l l  flow rate, meaning,  we believe,  
that  even  in the case of 400 cc /min  O2, there  was an 
excess of O2 to a l low for  complete oxidat ion of  the 
TPS. All  three  deposition parameters,  i.e., t empera -  
ture, over -a l l  flow rate, and TPS concentrat ion in the 
gas phase, affect the distr ibution of deposit along the 
tube. An increase in the t empera tu re  causes a h igher  
t empera tu re  gradient  in the enter ing gases wi th  the 
result  of a shift in m a x i m u m  of the deposit  distr ibution 
toward the inlet  of the react ion tube. An increase of 
the flow rate causes a lower  drif t  of the Si02 clusters 
along the gas stream which also causes a shift in the 
m a x i m u m  of deposit  dis tr ibut ion towards the out le t  of 
the react ion tube. An increase in the TPS concentra-  
t ion in the gas phase causes a h igher  rate  of nucleat ion 
and aggregat ion of the SiO2, which shifts the max i -  
mum in the deposit dis tr ibut ion towards the inlet  of 
the tube. 

One can conclude that  for a constant location of the 
substrates in the react ion tube, the deposition rate  
across it would  go through a max imum when  the com- 
binat ion of all three parameters  would  locate the 
m a x i m u m  in the deposit  dis tr ibut ion r ight  above the 
substrate. 

C h a r a c t e r i z a t i o n  of  the  Grown Fi lms 
The TPS oxidized films have  been analyzed by 

emission spectrography. Table I summarizes the ex-  
per imenta l  results. The only ma jo r  impuri t ies  (noting 
the net  impuri t ies  concentrat ion) are B, A1, and Ca 

,~ N 2 =18,)Occ n,,in 

d Ii T = 770~ 
% 

# % 

% 

13 ,-~ 

1~0 

# 

- \ \  
i / : 
! 

/ ' I 
. / /  ' ,a  " 

0 o 

�9 0 =1410 c r /mln  o 

I I I I 1 I I t 

BO 120 lbO 2fit) 

'x, \ 

I l I 
2~2 

c c / r n  ; n 

Fig. 3. The variation of the rate of deposition of SiO~ films on 
5i by oxidation of TPS as a function of the molar fraction of TPS 
in the gas phase. 

Table I. Emission spectrographic analysis (in ppm) of thin films of 
$i02 on Si substrate produced by the oxidation of TPS 

N e t  i m p u r i t i e s  
B l a n k  T P S  in  TPS 

B 30-300 150-1500 120-1200 
Si  6-60 30-300 23-240 
M g  5-50 30-300 25-250 
P b  30-300 20-200 - -  
Fe  0.6-6 10-i00 10-94 
AI 2-20 100-1O0O 100-1000 
Ca 30-300 150-1500 120-1200 
Tt lO-lOO I0-I00 
Cu 0.3-~ 3-30 3-30 
Na 30-300 30-300 -- 

which originate from the commercia l ly  avai lable 
source material .  No at tempts  have  been made to pur i fy  
the raw material .  The procedure  of the prepara t ion of 
the sample on electrodes is solution of the SiO2 film by 
hydrofluoric acid (at this step the Si forms gases) 
damping the electrode in the solution and drying the 
electrode. 

The carbon contaminat ion of the SiO2 films has been 
analyzed by spark source mass spectrometry.  The total 
amount  of carbon detected in our  films is below 5 ppm. 
The very  low carbon contaminat ion in our films re la-  
t ive to the higher  concentrat ion in the TEOS grown 
films can be explained by the much higher  oxygen 
concentrat ion in our system which allows for a more 
efficient oxidat ion of the organic carbon. 

The micros t ructure  of the grown films has been 
analyzed by scanning electron microscopy. I t  has been 
found to be an is land- type growth, the d iameter  of 
which first increases wi th  the increasing t empera tu re  
of deposition, and then decreases, as shown in Fig. 4B. 
It is interest ing to note that  wi th  each temperature ,  
there  is a var ia t ion in the island diameter  which cor- 
responds to the t empera tu re  var ia t ion in the rate of 
growth,  and even the shape of the respect ive curves 
is also similar, as can be seen by comparing Fig. 4B 
and 2. The thickness of these islands must  be lower  
than their  radius (which is 700-1000A at most) ,  
o therwise the metal l ic  layer  in some of the bui l t  ca- 
pacitors would  come in contact wi th  the substrate be-  
tween those islands wi th  the result  of a short  circuit. 
Such a behavior  was not found. 

The index of refract ion of the SiO2 films has been 
measured  by ell ipsometry.  It  has been found that  the 
TPS oxidized films have a high index of refraction,  
1.46-1.48 which is s imilar  to that  of the the rmal  oxide 
(5), or to the densified silane oxidized films (4) as can 
be seen in Table II which lists the index of refract ion 
of SiO2 films, grown by different methods.  

The infrared spectrum of the SiO2 films deposited at 
750~ is shown in Fig. 5. It  can be seen that  the~e is 
no shift in the absorption band on anneal ing the de- 
posit at 850~ 

The etch rate  of the TPS oxidized SiO~ films has 
been de termined  in both P etch (15: 10:300 HF:HNOs:  

Table II. Refraction index n, etch rate (ER) in ,~/sec in P etch and 
buffered HF, and the dielectric constant E, for Si02 films 

produced by different methods 

Dte lec -  
E t c h  rate, A / s e c  t r i c  

R e f r a c t i v e  B u f f e r e d  cons t an t ,  
F i l m  s o u r c e  i n d e x ,  n P e t c h  e t c h  E 

T P S  o x i d a t i o n  1.48-1.43 2.5 18-18.3 

S i l a n e  o x i d a t i o n  1.43-1.46 (4) 81-87 (4) 

S i l a n e  o x i d a t i o n  plus 
d e n s i f i c a t i o n  1.46-1.49 (4) 18-21.3 (4) 

P y r o l y t i c  d e c o m p o s i -  
t i o n  1.43 (6) 6-20 (6) 

P y r o l y t i c  d e c o m p o s i -  
t i o n  plus densifica- 
tion 1.45-1.46 (6) 2-2.9 (6) 

Thermal oxidation 
( s t e a m )  1.475 (5) 2 18.1 

4.5-5,0 
(1MH) 

4.30-5.73 
(1KH) 

3.83 
( 1 K H )  
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o 

A 

3200 

800 900 T o C 
Fig. 4. The variation of the site of the growth islets of SiO2 films as a function of the deposition temperature. (A, left) Scanning electron 

micrograph at 45 = incidence and X 13,000 as a function of temperature. (13, right) Diameter in angstroms as a function of temperature. 

H20) and buffered etch (454g NH4F, 654g H20, 163 cc 
HF) and is listed in  Table II. It  can be seen that the 
TPS oxidized films have a low etch rate comparable to 
that of the thermal  (6) or the densified silane oxidized 
films (4). 

The masking efficiency of the SlOe films has been  
determined by measur ing the diffusion of boron 
through TPS oxidized and thermal ly  grown films, de- 
posited on 1 ohm-cm n- type  (100) silicon wafers. The 
source of boron used for diffusion has been BN wafers 
which are first oxidized at 90O~ to form B20~ (7). The 
oxidized BN wafers have been used to predeposit boron 
at llSD~ for 15 rain in  argon, followed bY a dr ive- in  
process for 210 rain at 1150~ The SiO2 films were 

80 

�9 - 60 
o 
in 
in 

C 

Wavelength }u 

9,0 In  
i 

! i ! 

As deposi ted 

. . . . .  A f t e r  anneal ing 

12 1/. 
1 1 I 

80 

- 6O 

2O 

1200 

Depos i ted  a t  750~  

I I 
1000 800 

Wavenumber  cm  - t  

- 20 

Fig. 5. Infrared spectra of the SiO~. films as grown at 750~ 
before Qnd after annealing at 850~ 

removed after the completion of the diffusion process 
and the depth of p - n  junction,  Xj, was measured by 
the "lapping and staining" method (8), as a func-  
t ion of the thickness of the films, Xo. There is a l inear  
dependence of Xj vs. Xo as predicted by  the "two 
boundaries" model of diffusion (9) as shown in  Fig. 6, 
for both thermal  films grown in (wet O3) at l l00~ 
and the oxidized TPS films deposited at 780~ The 
slope of the line, r, is related to the diffusion con- 
stants of the boron in  the SiO2 film D1 and in  the 
silicon, D2. The constant D1 is determined by  knowing 
r and D2. Our shape of the graph of Xj vs. Xo is simi- 
lar  to that  of Anand  et at. (10). I t  can be seen that  
the D1 values of the oxidized TPS films are similar to 
those of the thermal ly  grown films. 

The dielectric constants have been measured using a 
Boonton capacitance bridge. The results are sum- 
marized in  Table II. The capacitance-voltage,  C-V, 
curves of MOS capacitors produced by the oxidized 
TPS films, as deposited at 800~ has been  measured 
and proved to have a high flatband voltage, Vfb of 
about 15V. 

After  anneal ing at 800~ for 30 rain in  Ns the Vfb is 
reduced to --3V as shown in Fig. 7. The bias tempera-  
ture, BT, stabili ty test of the C-V curves measured 
at a field of __.1.5 X 106 V/cm, and a tempera ture  of 

7 xi i~] DWFUSION t150~ 

~1 o \ ,  

5 ~ ~ r m a [ � 9  

1'1 o ~  

1 

0 I I . I i 1 i i I i i*'~ " 
1200 1/.00 1600 1800 2000 Xo [~.] 

Fig. 6. Masking efficiency of the SiO2 films against diffusion 
of boron at 1150~ for 210 rain expressed in terms of Xo = 
thickness of the films (/~} as a function of Xj - -  depth of the 
p-n junction. 
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C/Co 

_iJ2 L L L 
- 8  V,.a= -3 .5Vo l t  0 V(Vott  ) 4 

Fig. 7. Capacitance vs. voltage of the SiO~ films after annealing 
at 800~ showing a flatband voltage of --3V. 

250~ for 30 min  have shifted the V~ by less than  0.5V, 
which shows that MOS capacitors produced with the 
oxidized TPS films have a high electrical stability, and 
can be used as a gate oxide for MOS applications. 

An MOS field effect t ransistor  has been bui l t  using 
the oxidized TPS films of 1000A thickness as the gate 
oxide. Figure 8 shows the current-vol tage character-  
istics of the FET before and after anneal ing in N~ for 
30 min  at 850~ It can be seen that  the amplification 
increases from 300 to 2000, for unannea led  and an -  
nealed oxidized TPS films, respectively. Figure 9 shows 
the threshold voltage of the MOS FET produced with 
a gate oxide of oxidized TOS SiO2 film as deposited 
and after anneal ing in N2 for 850~ It can be seen that  
the threshold voltage decreases with anneal ing  from 
16 to 2.97V respectively. 

Table Ill. The diffusion constants is the SiO2 films D1 (cm2/sec) 
and in the silicon substrate D2 (cm2/sec), and the ratio 

r ~ (D1/D2) ~& for films of Si02 grown by thermal oxidation 
(wet 02) and oxidation of TPS. The diffusion temperature is 1150~ 

D~ D1  
G r o w t h  m e t h o d  r (cm2/sec) (cm~/sec) 

O x i d i z e d  T P S  2 . 1 6  X 10  .2  1 .2  X 10  - ~  5 . 6  x 10  -Ie 
T h e r m a l  o x i d a t i o n  1 .25  x 10  -2 1 .2  x 10  - u  1 .87  • 10  -1~ 
T h e r m a l  o x i d a t i o n  (9) 1 . 65  X I 0  -2 4 .2  x 10  - l a  1 .3  x 10 -16 
P y r o l y t i c  T E O S  (10)  8 . 2  x 10-~ 2 .5  • 10 ~  17  • 10  -1" 
T h e r m a l  o x i d a t i o n  2 .3  • 10  - s  2 . 5  • 10 - ~  1 .3  • 10  - ~  

Discussion 
One of the advantages of the TPS oxidized SiO2 films 

over the thermal  films is a lower tempera ture  of depo- 
sition. The anneal ing temperature  of these oxides for 
their  use as a gate oxide in MOS devices might  be 
lowered below the 850~ cur ren t ly  used. 

The values for the etch rate and index of refraction 
of our TPS oxidized films before anneal ing are equal 
to those of the oxidized silane and the decomposed 
TEOS films after anneal ing as can be seen in Table II. 
The stretching modes of the IR spectrum of our TPS 
oxidized films did not change their  f requency after 
anneal ing while the oxidized silane or decomposed 
TEOS did change their  frequency. All these facts prove 
that  the oxidized TPS films, even unannealed,  have a 
high density and a low porosity and, therefore can 
compare even to the thermal  oxidized films as efficient 
mask against diffusion of boron. The diffusion con- 
stants D1 of boron in  the TPS oxidized films are only 
slightly higher than the thermal ly  oxidized films and 
much lower than the decomposed TEOS as is seen in  
Table III. 

Fig. 8. Drain current TD vs. drain voltage VD before and after annealing of a MOS field effect transistor produced with SiO2 film gate 
deposited from oxidized TPS before and after annealing. 

Fig. 9. Threshold voltage of the FET before and after annealing. 
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Only for the use as a gate oxide was it necessary to 
anneal  the TPS oxidized films. Such an anneal ing 
process has reduced the defects and caused a reduct ion 
of the flatband voltage. The bias temperature  stabil i ty 
of the C-V curves of the MOS structures grown by  the 
oxidized TPS are comparable to those of the thermal ly  
oxidized films. The lower temperature  of deposition of 
the TPS oxidized films offers a clear advantage over 
the thermal ly  oxidized films since in the former case 
the lower tempera ture  of deposition avoids any  shift 
of the p - n  junc t ion  boundaries,  through diffusion. 

Conclusion 
It  has been proved that  the TPS oxidized SiO2 films 

deposited at about 750~ even in an unannea led  state 
can be used as an efficient mask against boron diffusion 
and if annealed  at about 850~ can be used as a gate 
oxide in  MOS devices. The qual i ty of the TPS oxidized 
SiO2 films is superior to that  of oxidized silane or de- 
composed TEOS and almost comparable to that  of the 
thermal ly  oxidized films. The fact that they are grown 
at a much lower tempera ture  than the thermal ly  oxi- 
dized films makes the TPS oxidized films attractive for 
potential  use in MOS devices. 
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ABSTRACT 

This paper reports a s tudy of the water  vapor pressure and low level 
sodium impur i ty  dependence of the oxidation rate of silicon at 1000 ~ and 
1230~ The oxidation studies were carried out in an rf heated cold wall  oxi- 
dizer which is also described. The important  aspect of the oxidizer is that  the 
sample is placed be tween two closely spaced silicon blocks to give a very  
uni form temperature  region and therefore uni form oxide properties. It  is 
shown that  the oxidation rate coefficient ( in the parabolic range) increases 
monotonical ly  with water  vapor pressure. However, the rate also shows some 
dependence on the other gas phase constituents. At constant  H~-O part ial  
pressure the parabolic rate constant increases, going from H20-argon mix ture  
to pure H20 (vacuum) or H20-hydrogen mixture.  For sodium concentrations 
in  the range 0.4-10 ppm (atomic) in the water  vapor atmosphere no changes 
in oxidation rate were observed at 1000 ~ or at 1230~ 

The over-al l  phenomenology of thermal  oxidation of 
silicon has been well  established by many  workers 
and is summarized by Deal and Grove (1) and Pl iskin  
(2). More recently Revesz and Evans (3) have in-  
vestigated the oxidation process with special emphasis 
on impur i ty  effects. They report changes in  the co- 
efficients in  the growth rate expressions due to sodium 
doping of the oxidizing atmosphere for certain re-  
stricted conditions. Also these authors (3) have as- 
sumed an expression to calculate the oxidant  part ial  
pressure (water vapor) in  flowing systems which dif- 
fers from conventional  practice (4). 

i Pre~ent address: Bell Laboratories, Reading, Pennsylvania 19604. 
Key words: oxidation, silicon, impurities, r f  h e a t i n g .  

One other s tudy (5) has investigated the effect of 
sodium on silicon oxidation under  conditions of high 
sodium content. However the oxide formed was an u n -  
identified crystal l ine phase. Therefore these results do 
not appear to be re levant  to this investigation. 

In  the present  work, we describe a cold wall  oxida- 
t ion apparatus which has proved useful  for producing 
films of uni form properties, in  particular,  oxide thick- 
ness and electrical characteristics. We have determined 
the water  vapor part ial  pressure in  several chemically 
different flowing atmospheres, and report  the effect of 
these variables on oxide growth rate, Finally,  we wiU 
present  methods and results for growth of oxide films 
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Fig. 1. Schematic diagram of the rf heated, cold wall oxidation 
system. 

/ /  R F C L SILICA TUBE //- /-.. o, 
o'o o o o o o o o \ ",, 

=~, t----2.[-----~ ~ = . ~ %  ~ .. 

H"/ ..... C 
L J  o o l o  o / o  o o o ' \o 

t / SILICA SUPPORT ~ / 
PREHEATER ~ L OXIDIZER 

Fig. 2. Diagram of the rf heated oxidation chamber. The Teflon 
end caps are o-ring sealed. The large silica tube is 80 mm I.D. 
by 53 cm long. 

in wet atmospheres of known sodium concentrat ion in 
the  range  ~ 10 ppm. 

E x p e r i m e n t a l  
The cold wall  oxidat ion system is shown schemati-  

cally in Fig. 1. The ent i re  system is mainta ined wi th in  
a closed laminar  flow clean bench. The system is 
cleaned by etching and washing in the usual manner  
wi th  filtered ( <  0.2 /zn) deionized wate r  of grea ter  

than 15 megohm-cm resist ivi ty and sodium content 
< 1 ppb. 2 All  of the glass components are commercial  

~ g h  pur i ty  SiO2 (G.E. 204 or 510). The only other  
parts exposed to the ambient  of the sample are fab-  
r icated f rom Teflon or device grade single crystal  sili-  
con (see Fig. 2). The principal  difference be tween  this 
system and previous ones, e.g., see Ref. (3), is in the 
use of a susceptor s t ructure  which completely  encloses 
the sample. This is i l lustrated in Fig. 3, and contrasts 
wi th  the usual practice of lying the sample on a heated 
substrate. In the present case the sample is in a cavi ty 
formed by a pair  of nested single crystal  silicon 
blocks, 3 as i l lustrated in Fig. 3. The t empera tu re  in 
the sample space has been measured by sliding the 
thermocouple  (P t -P t  10% Rh),  wi thout  the silica 
sheath that  normal ly  encloses it, along the ent ire  
length  of the cavity above the surface where  the 
sample is placed. The tempera ture  was constant to 
wi th in  _2~ Power  was supplied by a 450 kHz-10 
kW genera tor  which was simply set at a constant 
power  level  and was stable enough to mainta in  the 

2 Analysis by R. Hunsberger, Western Electric Company, l~eading, 
Pennsylvania, 

3Supplied by D. Mehta, Western Electric Company, Allentown, 
Pennsylvania. 
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Si WAFER 

PREHEATER OXIDIZER 
Fig. 3. Expanded diagram of the silicon susceptors for gas 

preheating and wafer oxidation. Dimensions of each piece are 2 in. 
diameter X ~ in. thick. 

t empera ture  constant to _5~  for several  hours at 
1230~ In addition, the gas a tmosphere  which flows 
over  the sample is preheated  to the same tempera tu re  
as the sample. As a result, there  was no difference in 
the measured t empera tu re  in the sample space with  
o r  without  the flowing a tmosphere  (this was tested 
wi th  50 l i t e r s /h r  of  argon at STP) .  Equi l ibr ium ther -  
modynamic  calculations of gas phase part ial  pressures 
are meaningful  under  these conditions. 

Ambient  atmospheres used for the oxidat ion con- 
sisted of pure wate r  vapor  and wate r  vapor -a rgon  or  
water  vapor -hydrogen  mixtures.  The wate r  vapor  
source and saturator  for gas mix tures  consisted of a two 
l i ter  fused silica flask covered with  a heat ing mantle.  
The water  t empera ture  was mainta ined by a control ler  
(Fisher Scientific Company, Model 15-177-150) wi th  a 
thermis tor  probe immersed in a wel l  in the flask. This 
system maintains  the water  t empera tu re  constant to 
___0.2~ The gas was admit ted to the saturator  through 
a f l i t t ed  silica disk. The degree of saturat ion of the 
argon or hydrogen was de termined  by disconnecting 
the system at point A in Fig. 1 and collecting the wa te r  
by passing the gas through a condenser. This deter-  
minat ion was made as a funct ion of the saturator  
tempera ture  for flow rates as measured  at point C in 
Fig. 1. The flow rates used were  de te rmined  by a 
s tandard wet  test me te r  to be: argon, 51 l i t e r s /h r ;  
hydrogen, 156 l i ters /hr .  For  these flow conditions the 
pressure in the system, as measured  with  gauges gl and 
g2, never  deviated f rom atmospheric by as much as 
5%. When the flowing atmospheres were  used the 
system was exhausted at point B in Fig. 1. In one 
series of experiments,  oxidation was carr ied out in 
pure wate r  vapor  at various reduced pressures. F o r  
these exper iments  the pressure was controlled by set-  
ting the tempera ture  of the vapor  source at some value 
be tween  40 ~ and 100~ The pressure, as measured  on 
gauge g3 in Fig. 1, was then mainta ined at the vapor  
pressure of water  (6) corresponding to the source tem-  
perature.  This was done by adjust ing a needle valve  
(V1) in the line connecting the reservoir  to a wa te r  
aspirator. 

When films were  to be grown from wa te r  vapor 
contaminated wi th  sodium, the fol lowing procedure 
was used. A two l i ter  solution of a chosen concentra-  
t ion would be made up from deionized water  and re-  
agent NaOH. One l i ter  of the solution was used as a 
vapor  source for the oxidation. A separate fused silica 
boiler  and oxidizer  chamber, l ike those in Fig. 1, were  
used so as not to contaminate  the apparatus used f o r  
normal  clean steam growth. During growth, about 200 
cc of the NaOH solution would be conver ted  to steam. 
To determine the sodium content  of this vapor, the 
solution in the boiler  was replaced by the remaining 
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l i ter  of original solution. Again  about 200 cc of solution 
was converted to steam and collected at point A in 
Fig. 1. The sodium content  of this solution was deter-  
mined by measur ing its conductivi ty at 60 Hz. The 
measurement  was calibrated with s tandard solutions 
mainta ined at the same temperature  (21~ In all 
cases, the distillate na tura l ly  contained less sodium 
than the solution, e.g., 10 ppm (atomic) Na solution 
gave a 1.2 ppm distillate. The sodium content  of se- 
lected samples was determined 4 by s tandard etching 
and flame photometry methods (7, 8, 12). 

The oxide film thickness was determined by mul t ip le  
beam interferometry  with the s tandard step etching 
and evaporated metal  coating method. A Zeiss Model 
WL microscope fitted with a Leitz mul t iple  beam in te r -  
ferometry a t tachment  was used for these measure-  
ments  (error •  in  the range covered). Uniformity 
of oxide thickness over the wafer  surface was deter-  
mined from capacitance measurements .  T h i s  was de- 
termined by a 1 MHz capacitance bridge C-V measure-  
ment  (error ___1%) of many  capacitors formed by 
evaporat ing a luminum "dots" (area ---- 2.1 mm 2 •  
through a mask over the surface of the oxidized wafer. 

Resul ts  a n d  Discuss ion 
The results of the determinat ion of the water  vapor 

pressure in argon and hydrogen flow streams as a 
funct ion of the saturator  tempera ture  are given in  
Fig. 4. The water  pressure was calculated from the 
expression 

PH20-" [ ~__H2._O ] Ptotal [1] 
nH20 ~- ngas 

where Ptotal is essentially 1 arm. The n 's  are numbers  
of moles of water  or gas (H2 or Ar) which have passed 
through the system in  some time interval .  These were 
determined by collecting and weighing the water  and 
measur ing the gas flow rate at room temperature.  The 
figure also shows by  the curve (Revesz-Evans),  the 
vapor pressure of water  (6) in an arb i t ra ry  gas stream 
as calculated via the expression given in  Table 3 of 
Revesz and Evans (3) 

Ppure H20 ] Ptotal [2] 
PH20 = Ppure H20 -~- Pgas 

While Eq. [2] appears to be a correct s tatement  of 
Dalton's law, as it would be for a closed system, it is 
not applicable to a flowing system. We can see that 
this expression should be incorrect by  going to the 
l imit of a 100"C saturator  temperature,  i.e., /:)pure H20 = 

4 The authors  are indebted  to R. Htmsberger  of  Western Electric  Company, Reading, Pennsy lvan ia ,  for per forming  these  analyses .  
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Fig. 4. Water partial pressure in flowing argon and hydrogen 
atmospheres as function of saturator temperature. 

1 arm. In  this l imit  even though the gas pressure at 
the inlet  to the saturator  is 1 arm no gas flows in  
(neglecting diffusion). Therefore the gas flowing from 
the outlet is pure  steam, however  Eq. [2] would pre-  
dict a water  vapor pressure of �89 arm instead of 1 arm. 
From a comparison of the calculated curve with the 
exper imental  data, it is also clear that the method of 
calculation given in Ref. (3) is incorrect. 

The final curve in Fig. 4 is the vapor pressure of 
pure water  (6). Comparison of this curve with the 
data clearly indicates that  the flowing atmospheres 
used in  the present  experiments  were not saturated 
under  all conditions. Studies were not carried out as 
a function of flow rates even though that might  have 
resulted in finding conditions where saturat ion could 
be achieved (4). The rat ionale for this was that high 
flow rates were required to adequately flush the oxi- 
dizer tube and thus ma in ta in  an oxidation ambient  of 
known  composition. Since the steps taken in this work 
to reach saturat ion were not ful ly successful we sug- 
gest that  the normal  practice of s imply bubbl ing  the 
gas through the water  is not l ikely to produce satura-  
tion. In  that  case, changes in  gas flow rate might  re-  
sult in  vapor pressure changes and thus in  a corre- 
sponding fluctuation of the oxidation process. In  Ref. 
(4) independence of oxidation rate on flow rate was 
used to indicate a saturated flow stream. While such 
a condition is practical, it is not necessarily saturated, 
Le., at equil ibrium. It is only necessary to be in a 
steady state. We conclude that  a flowing gas stream 
will not in  general  be saturated even if reasonable 
steps are taken and therefore the water  pressure 
should be exper imental ly  determined. This point  has 
not been specifically established in most of the previ-  
ous work (1-3). 

Having established the growth conditions, the thick- 
ness of oxide grown was determined as a function of 
growth time. In  the thickness range studied (0.1-1.5 
~m), the thickness across a given sample, from ca- 
pacitance measurements,  was uniform to wi th in  •  

QFB [ CoxAVFB 
The oxide "quali ty" was measured by  - ~ -  ~--  q , 

% 
q -- magni tude  of the electronic charge ) (7) as the 

oxidizer "cleaned up" by exposure to pure steam at 
the high temperature.  Presumably  this "cleaning up" 
is the leaching of impurit ies such as sodium from the 
silica walls of the system. This was shown to take place 
by Yurash and Deal (7) who measured the increased 
sodium content of steam as it passed through an oxida- 
t ion system. Burgess and Donega (10) have also di- 
rectly demonstrated the decrease in sodium content  of 
the oxidizer atmosphere with time. 

After about 50 accumulated hours at temperature,  
samples with Q F B / q  values below 1 • 1011 cm -2 were 
obtained. In  the t ime range studied, 20 to 300 min,  the 
oxidation t ime at tempera ture  is well  defined ( •  
for the shortest times) as a result  of the rapid heating 
and cooling of the rf heated oxidizer. The thickness- 
t ime relat ion was determined wi th in  exper imental  re-  
producibil i ty to obey x cc tl/2, where  x is oxide thick- 
ness and t is oxidation time. For films in  the thickness 
range 0.1-1.5 #m this is to be expected, and thus values 
of the growth rate coefficient B of Ref. (1) were cal-  
culated [note: B is defined in the relat ion x s -Jr- A x  = 
B (t + ~)]. The results are presented in Fig. 5. 

The general  agreement  between our results and 
those taken  from Ref. (1), and the essentially l inear  
dependence on water  pressure, are apparent.  This re-  
sult implies that  the wet oxygen atmosphere used in  
Ref. (1) was saturated. 

The deviation of the pure water  vapor data from 
linearity,  at low pressures, could be the result  of a 
small  air leak in the system. This is possible because 
the requi rement  of cleanliness prevents  completely 
vacuum sealing (e.g.,  by the use of grease on the 
joints) .  This would mean  at low pressures the actual 
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Fig. 5, Parabolic oxidation rate constant as a function of water 
vapor partial pressure. The 45 ~ line on the figure is included only 
to indicate the form of a linear relation. 

water  pressure is less than  that  indicated so that  the 
data points would move to lower pressure and thus 
nearer  a l inear  relation. The differences for the several 
gas mixtures  with the same water  vapor pressure are 
outside the estimated error  due to thickness and time 
measurements  given above. However fitting the data 
to l inear  relations by a least-squares regression ana l -  
ysis gave the following values for the growth rate co- 
efficients 

pure water  vapor, B (~m2/hr) 

---- (1.13 • 0.13)PH20 (atm) 

hydrogen-wate r  vapor, B = (1.24 -+- 0.17)PH2O 

argon-water  vapor, B ---- (0.82 • 0.07)PH2o 

The error l imits given specify the three s tandard  
deviation confidence band. Therefore we see that  it is 
not statistically meaningfu l  to dist inguish between the 
pure water  vapor and water  vapor-hydrogen data. 
However there does seem to be a statistically signifi- 
cant difference be tween those data and the water  
vapor-argon data. 

The expression for the parabolic growth rate co- 
efficient in  the phenomenological  theory (1) is 

2DeffC* 

N1 

The symbols have the same meanings as given by  Deal 
and Grove (1). C*, the concentrat ion of oxidant  in the 
oxide at the gas-oxide surface, must  be assumed to be 
proportional to the oxidant  part ial  pressure to be con- 
sistent with the observed l inear  pressure dependence. 
In  fact, the coefficient B should be proport ional  to the 
concentrat ion of the diffusing species in oxide sites 
from which diffusion can proceed. 

Deal and Grove (1) calculated this concentrat ion 
and compared it to the water  solubil i ty of Moulson 
and Roberts (13) with good agreement.  However as 
pointed out by Revesz and Evans (3) since Deal and 
Grove found C cc PH2O and Moulson and Roberts found 
C cc p1/2H20 the agreement  must  be considered for- 
tuitous. Pl iskin (2) has also at tempted to rat ionalize 
the l inear  pressure dependence on the assumption that 
" . . .  the surface is covered with silanol g r o u p s . . . " ,  
result ing in  the following reaction equat ion 

2H20 + 2Si ~ 2SiOH -t- H2 
and 

2SiOH -~ 2Si -t- 2 OH (into oxide).  

This would lead to a l inear  pressure dependence as can 
be seen by adding the equations and wri t ing the mass 
action expression for the resul t ing equation, i.e. 

PH2G~OH - - - - K  
PH20 ~ 

and therefore 
(~CoH) = (K/PH2)I/2PH~o 

Thus assuming the activity coefficient ~ is constant one 
gets the desired expression of C* in the notat ion of 
Deal and  Grove (1) 

COH C * = (  K ~ 1/2 -" ~ P~o 
�9 y2PH2 / 

However, note the dependence on hydrogen pressure, 
PH2. The data in Fig. 5 for H20-H2 mixtures  does not 
show a dependence on hydrogen pressure. 

We therefore conclude that  to date there is no ac- 
ceptable model for the processes going on at the gas- 
oxide interface. The data of Fig. 5 would indicate some 
role for other gas phase species at present not under -  
stood or previously reported. Some interest ing com- 
p l imentary  effects have been observed (11) in  dry 
oxygen oxidation, namely, several oxygen species ap- 
pear to be involved in the Si-SiO2 interracial  reaction 
in  the l inear  oxidation region. It  should be ment ioned  
that  we have carried out a l imited number  of oxida- 
tions in pure 100~ steam at different temperatures  
between 900 ~ and 1230~ The slope of the In  B vs. 
1/T plot agrees closely with Ref. (1). The agreement  
of our results with those of Grove and Deal (1) when  
such results were obtained under  comparable condi- 
tions indicates that the carr ier  gas effects jus t  cited 
are not spurious. 

Finally,  Revesz and Evans (3) reported significant 
increases in the kinetic coefficient B [called k in  Ref. 
(3) ] due to sodium "doping" for certain wet and dry 
oxidation conditions. Specifically, the wet oxidation 
which is of relevance to our  work was carried out in  
very low water  vapor pressure ambients,  0.031 atm 
(assuming saturat ion)  resul t ing in very  slow oxida- 
tion. Since the method of doping used in Ref. (3) in-  
volved contaminat ing a substrate or placing sodium 
oxide in  the tube furnace, no specific control of sodium 
level was possible. However the authors state the 
average sodium content of the oxides was 10 ~~ cm -3. 
Therefore the conditions used in Ref. (3) of low oxida- 
t ion rate and ra ther  high sodium concentrat ion ac- 
centuated the effect on growth rate. In  addit ion the 
nonmonotonic  effect of doping with tempera ture  was 
not explained and leads one to suggest the possibility 
of large variations in the actual doping levels. 

In  the present  study we have controlled the doping 
to lower levels. This is demonstrated by the results 
of sodium analysis for our highest doping level  which 
are presented in  Fig. 6. 

A graphical integrat ion gives an average concen- 
t rat ion of less than  3 • 1019 cm -8. Therefore we expect 
significantly less sodium in all of our samples and cor- 
responding less effect on growth rates than  in Ref. (3). 
Specifically with ambient  doping in the range from 
0.4 to 10 ppm no consistent change in B was observed. 
Some typical data demonst ra t ing  this point are pre-  
sented in  Table I. It  is apparent  that  with low sodium 
levels and high oxidation rates (due to the higher 
water  vapor pressures) typical  of oxidation conditions 
for electronic applications, no significant sodium effect 
should be expected in the growth rate. This is in  con- 
trast  to the electrical properties such as interfacial  
charge which are very sensit ive to sodium content.  
These effects have been observed and will  be reported 
separately. 

Conc lus ions  
The principal  conclusions from this s tudy are: 
1. An rf heated cold wall  oxidizer can be constructed 

which produces uni form oxides over large areas. 
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Table ]. Parabolic growth rate coefficient at 1230~ in steam 
of various sodium contents 

Sodium Growth rate 
concentration coefficient B 

(pprn) (/~m2/hr) 

0 ( ~ 1  p p b )  1.15 _ 0.05" 
0.14 1.10 
1.4 1.14 
4.0 1.08 
8.0 1.20 

10.0 1.14 

* Average  of 30 determinations,  

Manuscr ip t  submi t t ed  Nov. 2, 1973; rev ised  manu-  
script  received Feb.  25, 1974. 

A n y  discussion of this  paper  wi l l  appear  in a Discus- 
sion Section to be publ ished in the  June  1975 JOURNAL. 
Al l  discussions for the  June  1975 Discussion Sect ion 
should be submi t ted  by  Feb.  1, 1975. 

Fig. 6. Sodium distribution in thermally grown SiO2. OxidaHon 
condition: 1230~ steam atmosphere containing 8 ppm No. 

2. F lowing  gas s t reams used as car r ie r  gas for  we t  
oxida t ion  m a y  not  be sa tura ted.  Above  80~ sa tu ra to r  
t empera tu re  the  effect is p robab ly  less than  20% for 
typical  flow conditions. 

3. The parabol ic  g rowth  ra te  dur ing  wet  oxida t ion  
of silicon does show some dependence  on detai ls  of the  
gas phase composit ion o ther  than  s imply  ox idant  pa r -  
t ia l  pressure.  

4. No effect of gas s t ream sodium impur i t ies  on 
growth  ra tes  was observed dur ing wet  oxida t ion  of 
silicon for Na concentrat ions be low 10 ppm in the  
oxidat ion  atmosphere .  
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At present  quartz is the most  impor tant  mater ia l  for 
producing tubes and boats for diffusion and oxidation 
processes in  silicon device technology. The advantage 
of quartz  compared to other  materials  is its combina-  
t ion of purity,  resistance to mechanical  and tempera-  
ture  changes at high temperature,  and good work-  
ability. But  there are limits for the application of 
quartz. At temperatures  exceeding 1200~ it becomes 
increasingly soft and devitrifies, especially where it 
contacts other materials.  In  this state, quartz tubes 
slowly sag and flatten, and also become more perme-  
able to gases and trace impurities.  High ter~peratures 
are, however, necessary to accelerate the different 
diffusion and oxidation processes. 

Quartz can be obtained in  a relat ively pure quality.  
However, even these pure grades contain undes i rably  
high levels of some metal  impuri t ies  such as sodium, 
which must  be excluded from various oxidation proc- 
esses. 

One of the most d is turbing effects in  silicon device 
processing is the generat ion of clusters of dislocations 
at contact points be tween the quartz boat  and a sili- 
con wafer during high temperature  processing, par t ly  
caused by mechanical  stress at these points of the 
wafer. This phenomenon is shown in Fig. 1 by a wafer 
that had been dislocation-free before processing. The 
mechanical  stress that  produced these dislocations was 
due to the difference in  thermal  expansion coefficients 
be tween the silicon wafers and the quartz boat. 

The use of silicon tubes prepared by chemical vapor 
deposition (CVD) el iminates most of the difficulties 
encountered with quartz tubes. Polycrystal l ine silicon 
does not soften like quartz  at temperatures  approach- 
ing 1400~ its resistance to cracking caused by ther-  
mal  shock is excellent;  its pur i ty  level is very  high; 
and its coefficient of expansion is near ly  identical with 
that of the silicon wafers. 

Si- tubes and boats can also be made from mono-  
crystal l ine or polycrystal l ine bu lk  silicon by coring, 
sawing, and gr inding methods. This is, however, an 
expensive and difficult process due to the somewhat 
bri t t le  material .  

Preparation of Silicon Tubes 
Polycrystal l ine silicon tubes and other shaped hol-  

low bodies are produced by the same basic CVD 
method used to deposit semiconductor-grade silicon 
rods: the hydrogen reduct ion of pure trichlorosilane. 
In  the case of hollow bodies, however, it is necessary 

* Electrochemical  Society  Act ive  Member .  
K e y  w o r d s :  s e m i c o n d u c t o r  t ubes  a n d  boats ,  silicon tubes  and 

boats, quartz tubes and boats, vapor depos i t i on ,  t r i c h l o r o s i l a n e  re -  
duc t ion ,  sil icon deposition. 

Fig. 1. Clusters of dislocations generated on a silicon wafer at 
its two contact points with a quartz boat used during processing. 

to deposit silicon on a substrate such as pure graphite 
(1,2), the outside dimensions of which become the 
inside dimensions of the silicon form being grown. The 
over-al l  chemical reaction taking place at tempera-  
tures exceeding 1000~ is 

SiHCIs + H2 -- Si Jr 3HC1 

It is important  during deposition of silicon tubes that  
there be no in tergrowth of the silicon and graphite 
resul t ing from, for example, rough or porous surfaces. 
In  addition, the formation of silicon carbide at the 
interface due to excessive temperatures  mus t  be pre-  
vented in order that  silicon can be easily separated 
from graphite after deposition. The deposition reactors 
shown in  Fig. 2 are modifications of the Siemens sili- 
con deposition process for producing polycrystal l ine 
silfcon rods. The tubular  graphite  substrates are elec- 
tr ically connected through the base plate via graphite 
chucks to a power supply. In  the first case, a single 
test tube-shaped substrate is used for producing a 
closed-end silicon tube. A long graphite connect ing-  
rod extends coaxially to the closed end of the substrate 
where electrical contact Js made by a screw-type 
connection. 

The other diagram in Fig. 2 shows an example for 
s imultaneously making two open-ended silicon tubes 
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Fig. 2. Different reactor systems for the production of silicon 
tubes. 

by connecting the tubu la r  substrates in  series by 
means of a conductive mater ia l  such as a graphite 
bridge. Silicon is deposited at a substrate tempera ture  
greater  than 1000~ using the appropriate flow rate 
(50-500 l i t e r s /min)  and mole ratio (5-50% SiHC13) of 
the t r ichlorosi lane-hydrogen gas mixture,  the exact 
conditions being very dependent  upon the reactor con- 
figuration used, and the surface qual i ty  and the degree 
of crystall i te size wanted. Equal  deposition conditions 
are required over the entire surface area in order to 
obtain a uniform and smooth silicon layer. Silicon 
deposition is discontinued at a predetermined diam- 
eter and the resul t ing tube is removed from the dep- 
osition apparatus, cut to length, and separated from the 
graphite mandrel .  Separat ion can be accomplished by 
burn ing  out the graphite or, in the case of a closed-end 
silicon tube, by simply pul l ing the graphite tube out 
of the silicon tube. 

Other shaped hollow bodies are produced in a simi- 
lar  manner ,  the ma in  difference being the configura- 
t ion of the substrate mater ia l  used. Figure 3 shows 
the as-cut end sections of silicon tubes with circular 
and rectangular  cross sections. These tubes are 1.6m 
in  length. 

Tube ends can be either left as-cut, or ground to 
form a male taper for mat ing  with a female quartz 
jo int  (Fig. 4). They can also be jo ined to a Pyrex@ 
tube of the same diameter  by  s tandard glass blowing 
techniques to form a vacuum-t igh t  and mechanical ly  
stable connection. 

F ina l ly  the tubes are etched in an HF-HNO~ solution 
to remove surface impuri t ies  and to produce a silicon 
tube with the equivalent  pur i ty  level of normal  poly-  
crystal l ine silicon in rod form. 

Fig. 4. Silicon tubes with ground taper and silicon-glass connections 

Preparation of Silicon Boats 
In  contrast to quartz, silicon is not workable by glass 

blowing techniques. Therefore, one must  begin with 
silicon tubes having a suitable cross section, either 
circular or somewhat rectangular .  Since boats are 
made by  diamond sawing, the polycrystal l ine silicon 
mater ial  must  be of a high quality, free of mechanical  
stresses which can cause cracks during sawing of the 
somewhat bri t t le  material .  It should be largely homo- 
geneous in  spite of the fact that  there is a high degree 
of crystall i te texture  due to crystal growth from the 
gas phase. The crystal size has to be much smaller  than 
the over-al l  layer  thickness of the deposited silicon 
hollow body. This is a t ta inable through optimized dep- 
osition parameters  as indicated by  the very  smooth 
and nodular- f ree  silicon surface seen in  Fig. 5 which 
actually shows the outl ine of the machined graphite 
substrate surface. 

Silicon boats for support ing silicon wafers are used 
for open tube  diffusion or oxidation processes, diffusion 
in vacuum, and other diffusing and hea t - t rea t ing  tech- 
niques. These boats should consist of only one part  due 
to their  increased mechanical  s tabil i ty and easier 
handl ing when filled with slices. It is possible to de- 
velop such silicon boats for support ing single silicon 
slices (Fig. 6a) in  vertical or horizontal  positions in a 
parallel  or perpendicular  direction to the diffusion 
t ranspor t  gas. On the r ight  side of Fig. 6a is a boat 
which is similar to conventional  quartz boats with a 
parallel  arrangement .  The third boat ( in the center)  
with cross s tanding silicon slices was developed for 
ar rangements  having li t t le space. Figure 6b presents 
silicon boats for support ing vertical  or horizontal  
stacks of silicon slices. On the left side is a boat for 

Fig. 3. Silicon tubes with circular and rectangular cross sections 

Fig. 5. Silicon tube with a smooth and highly perfect surface 
that shows the machining marks induced by the removed graphite 
substrate. 
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Fig. 6a. Different silicon boats supporting individual silicon slices. 

Fig. 6b. Different silicon boats supporting stacks of silicon slices. 

stacks of any desired magni tude  held at one end 
with a short silicon rod, and on the right side is a 
bo th-end-open  silicon tube with a small  contraction 
for holding a stack of silicon slices in  the inside. 

Properties of Silicon Tubes and Boats 
A mater ia l  properties comparison mus t  be made in 

order to unders tand  why silicon can replace quartz in  
certain semiconductor device processes. 

Silicon tubes do not lose their r igidity at high tem- 
peratures due to their  polycrystal l ine structure.  A 50 
mm ID tube unsupported over a length of 1.2m visu-  
ally exhibited no sagging after being exposed to a 
tempera ture  of 1300~ for over 2000 hr. Even a 100 mm 
ID tube heated to near ly  1400~ (mp of Si 1420~ 
for over 400 hr showed no evidence of changing its 
s t ructural  shape (3). 

A closed-end silicon tube (50 mm ID) with a glass 
tube connection was evacuated and heated to about 
1350~ at the closed end in  order to test porosity and 
stability. It  proved to be highly vacuum tight and no 
sagging was observed. The glass connection was stable 
up to 400~ In  contrast to polycrystal l ine material,  
monocrystal l ine silicon begins to soften at tempera-  
tures near  its mefl ing point. 

Thermal  shock resistance of silicon tubes was tested 
by repeatedly pushing a tube from room tempera ture  
into a 1150~ furnace and, then after 15 min, pul l ing 
it back into its original  position. Although heat ing 
rates of up to 500~ and cooling rates of as high 
as 900~ were reached, the tube suffered no 
cracking, distortion, or other adverse effects. 

The s t ructural  r igidity and stability of silicon tubes 
at high temperatures  and in  high tempera ture  gradi-  
ents results in them having much longer lifetimes than  
quartz and, therefore, allows development  of device 
processes that  are not tempera ture  l imited due to the 
sagging or devitrification of a quartz tube. For exam- 
ple, higher temperature  diffusions than normal  can 
result  in  increased device capacity due to the shorter 
diffusion times required. Silicon tubes have also been 
found to be equal ly stable in oxidizing or reducing 
atmospheres in  contrast to a ceramic tube which ex-  
hibits a shorter l ifetime in  a reducing atmosphere due 
to its chemical change. 

The lower heat capacity of silicon compared to 
quartz and mull i te  (70% A1203 and 30% SiOe) allows 
more optimal thermal  properties for furnace design 
and operation. When a silicon tube is used in place of 
both a quartz tube and ceramic liner, the lower sys- 
tem heat capacity of about  20% allows for more rapid 
hea t -up  and cool-down of the furnace. In  addition, 
hea t -up  rates for silicon have been found to be more 
l inear  with t ime (3) than for quartT.. The higher ther -  
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mal conductivity of silicon as compared to quartz 
(Fig. 7) also allows for improved thermal  perform- 
ance of the furnace system. It is possibIe at sufficiently 
high temperatures  to obtain a longer uni form tem- 
perature zone in a silicon tube since the t ransport  of 
thermal  energy along the tube is more efficient. How- 
ever, this effect does not result  in  a larger heat loss 
from the furnace, because normal  cooling of the sili- 
con tube extending outside the furnace results in a 
sharp temperature  decrease. This is enhanced by the 
mul t i tude  of grain boundaries  which impede heat con- 
duction at low temperatures.  Although the thermal  
conductivity of polycrystal l ine silicon wil l  be less than 
that of the monocrystal l ine form at temperatures  less 
than about 300r the thermal  conductivities will  be 
very near ly  equivalent  at typical furnace tempera-  
tures (4). 

Measurement  of the force required to draw a boat 
through a tube indicates that  the coefficient of friction 
for si l icon-on-si l icon is more than  an order -of -magni -  
tude less than for quar tz -on-quar tz  at a tempera ture  
of 1200~ (3) due to the softening of quartz at high 
temperatures.  Softening may also result  in sticking 
problems between the quartz boat and the quartz tube. 
Frict ion on quartz at high temperatures  produces 
quartz powder which disturbs diffusion processes. This 
is avoided by using a silicon system. 

In  contrast to quartz, polycrystal l ine silicon tubes, 
even when evacuated, are not permeable to most trace 
impurit ies (copper being an obvious exception) at 
high temperatures  and have been found to be a bet ter  
gettering agent for these impurit ies than  monocrystal -  
l ine silicon under  specific operat ion conditions. A re-  
doping effect from polycrystal l ine silicon tubes to sili- 
con slices has not been observed. 

The generat ion of slippage and clusters of disloca- 
tions at the contact points of quartz and silicon during 
the diffusion and oxidation processes at high tem- 
peratures has been avoided by using silicon boats to 
keep silicon wafers dislocation-free (5). 

Purity of Hollow Bodies 
Emission and spark-source mass spectroscopy com- 

bined with neut ron  activation analysis have provided a 
measurement  of the level of impurit ies found in pure 
quartz, graphite (as a substrate)  and polycrystal l ine 
silicon tubes. The results of these analyses, which are 
summarized in Table I, indicate that silicon is much 
purer  than quartz in its purest  available form. If a 
comparison is made using the activation analysis re-  
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Table I. Quartz, silicon tube, and graphite substrata 
impurities (ppba) 

Graphite 
Quartz Silicon (high 

purity) 
Neutron activation S.S. mass Emission 

analysis spectrosc, spectros- 
copy 

Ele- Heraeus Hackel Siemens Dow Schunk 
m e n t  ( 1970 )  ( 1973 )  ( 1973 )  C o r n i n g  & E b e  

A s  - -  0 .5  - -  
A u  ~ .7  0 .7  0 . 0 0 3  - -  " ~  
C ~ - -  - -  3 0 0  - -  
Ca ~ - -  - -  2 0  - -  
C1 ~ 110 - -  
Co ~.2 6 .0  0.--007 
C r  5 .0  5 6 . 0  0 .4  1-0 
CU 2 8 . 0  7 9 . 0  5 .0  2 0  
F - -  l S 0  - -  
F e  2~..0 1 2 0 0 . 0  4"~ 50  - -  

M n  ~ 1 9 0 . 0  3 
N a  2 6 0 . 0  1035 .0  0.'~ - -  
Ni ~ -- 4.0 -- 
S b  1600.0 1 6 0 . 0  0 . 2 2  ~0  
T i  - 6  
Zn ~o 2 % 0:~ - - 

sults to be consistent, the 
purities in  quartz to those 
a s  

Quartz /Si l icon Ratio Impuri t ies  

>1000 Na, Sb 
1O0-1000 Au, Co, Cr, Fe 
i0-I00 Cu, Zn 

The low level of Na in silicon tubes is very advan- 

average ratios of the ira- 
in  silicon can be classified 

tageous since Na from quartz is a de t r imenta l  im- 
pur i ty  in some oxidation processes. The low impur i ty  
level of Au, Fe, and Cu is also significant. These im-  
purities exist at a lower level in the silicon tube due 
to the CVD technique, the elemental  diftusivities and 
vapor pressures, and the final chemical etching of the 
silicon surface, which can getter m a n y  impurit ies very 
easily. 

Silicon tube pur i ty  was also tested by  resist ivi ty 
measurements  made on single crystals produced from 
polycrystal l ine tubes by the Czochralski and mul t ip le-  
pass floating zone methods. Analyses indicated a donor 
level of 1.4 ppba (75 ohm-cm) with an acceptor level 
of 0.8 ppba (350 ohm-ore).  

The foregoing analyses indicate, therefore, that  the 
polycrystal l ine boats or tubes used for device process- 
ing actually have a pur i ty  comparable to that  of the 
slices used. 

Conclusions 
Silicon tubes with dimensions up to 1.8m long by 

100 mm inside diameter  can be prepared by  chemical 
vapor deposition on the correspondingly shaped sur-  
face of heated graphite which can be separated from 
the silicon afterwards. Similarly, one can produce sili- 
con hollow bodies with a noncircular  cross section 
making possible the preparat ion of a var ie ty  of dif- 
ferent silicon boats for support ing silicon slices during 
diffusion and oxidation processes. For this purpose 
CVD-silicon is considered superior to conventional  
quartz for reasons of purity, permeabi l i ty  to trace im-  
purities, and mechanical  stabili ty at high temperatures.  
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Considerable interest  has been shown in thermal ly  
grown silicon oxide films from the standpoint  of de- 
vice-oriented properties as well  as s t ructural  proper-  
ties. Defects in  oxide films have been reported (1-4) 
and are believed to be small  crystalli tes formed at 
localized nucleat ion centers, such as impurities, dur ing 
heat- t reatment .  However, the type of impurit ies and 
the conditions which induce crystall ization in  the 
amorphous films are not clearly understood. 

This paper describes the s t ructural  aspects of phase 
t ransformations in SiO2 films when p32 is diffused in 
the amorphous oxide. The purpose of this investigation 
was to determine the effect of the impur i ty  as a func-  
t ion of t ime and tempera ture  and compare the results 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c a t a l y z e d  c r y s t a l l i z a t i o n ,  S i O s  f i l m s ,  a - q u a r t z ,  a - c r i s -  

t o b a l i t e ,  p h o s p h o s i l i c a t e  c o m p o u n d s .  

with similarly treated films without  phosphorus. It  
will  be shown that  the t ransformat ion from the amor-  
phous to a crystal l ine phase was dependent  on the 
catalytic behavior  of the phosphorus. 

Experimental Procedure 
Thin films of amorphous SiO2 were prepared by dry 

thermal  oxidation and grown to 1000A in thickness on 
silicon wafers (Czochralski, p-type,  boron doped, 2 
ohm-cm) 1 in. in diameter with a (100) orientation. 
Two series of experiments  were carried out: (i) phos- 
phorus was diffused into the amorphous films using p~2 
isotope at two different times and temperatures  (525~ 
for 100 hr  under  a low P pressure followed by  25 hr  
at 1200~ anneal  in vacuum) and (ii) undiffused films 
given the same heat- t reatments .  The source of the 
radioisotope was neu t ron  activated, red phosphorus 
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powder which was encapsulated together wi{h the 
SiO2/Si samples in  evacuated silica ampuls. At the 
temperatures  of treatment,  the phosphorus source was 
completely vaporized. 

Upon completion of the heat ing cycles, autoradio- 
graphs were made of the p32 diffused samples (Fig. 1), 
and s tructural  defects were suggested by the appear-  
ance of numerous  small areas of high p~2 concentra-  
tion. Some of these wafers were diced and portions 
which showed high p32 concentrat ions as well  as por-  
tions showing the least concentrat ions were prepared 
for examinat ion  in  an electron microscope by back 
je t -e tching through the Si substrates using a 9:1 
HNO~: HF etchant. In  addition, undiffused wafers were 
also prepared and examined by the same technique for 
comparison. 

Fig. 1. Autoradiographs of p32 diffused SiO~/Si. Heat-treatment 
100 hr at 525~ Magnification 2X. 

Experimental Results and Discussion 
Prior  to heat - t rea t ing the SiO2/Si samples t rans-  

mission and reflection electron diffraction pat terns were 
obtained. The results indicated that  the 1000A SiO2 film 
was amorphous, and the electron micrographs con- 
firmed this result. After  p32 was diffused at 525~ for 
I00 hr, samples were taken, using the autoradiographs, 
from heavily concentrated p32 areas as well  as from 
areas of the lowest concentrat ion in the amorphous 
films. Electron micrographs and selected area diffraction 
pat terns from these areas showed the onset of crystal l i-  
zation (Fig. 2), and the areas of heavy concentrat ion of 
the radioactive isotope were found to be completely 
crystallized while the least concentrated areas showed 
scattered crystallites in  an amorphous matrix.  The 
particles, shaped as spherulites, can be seen in  dark 
field (Fig. 2) when  a reflection of the diffraction pat-  
tern is used for image formation. 

The electron diffraction pat terns showed random ori- 
enta t ion of the crystallites. The data were analyzed, 

Fig. 2. p3~ diffused 5i0~ films 
on (100) Si wafer treated 
525~ 100 hr showing presence 
of 2Si02" P205 in the amor- 
phous SiO~ matrix. (a) Selected 
area electron diffraction pat- 
tern of 2SiO~ �9 P~05. (b) Micro- 
graph of area in (a) magnified 
36,000X. (c) Bright field of 
area magnified 63,000X. (d) 
Dark field of area magnified 
63,000X obtained by using 1012 
reflection for imaging. 
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Fig. $. Correspondence of PSG composition with the maximum 
solubility of crystalline Si02 in phosphosilicate liquid solution. 
Phase diagram from R. Y. Tien and F. A. Hummel, J, Am. Ceram. 
Soc., 45 ,  422 (1962). 

Table I. Phase identification of crystallites formed after p32 
was diffused at 525~ for 100 hr 

2SiOrP~O5 
Observed [Ref. (7-8) ] 

d (A) I d (A) hkil I/I 

8.06 0,003 
6.55 1011 34 

5.905 S 5.93 1012 19 
4.018 S 4.024 0006 44 
3.948 VS 3.941 1015 52 

3.932 1120 
3.550 VS 3.533 1123 I00 
3.401 M 3.364 2021 17 

3.277 2022 6 
3.078 1017 7 

2.823 M 2.812 1126 36 
2.783 2025 52 

2.869 VW 2.684 0009 6 
2.549 W 2.559 2131 17 

2.517 2132 9 
2.430 W 2.423 2027 3 

2,367 2134 18 -} 2.272 213_5 
2.281 S 2.270 3030 14 

2.259 2028 
2.216 1129 17 

2.188 W 2.185 3033 8 
2.090 101,11 5 

2.057 W 2.063 2137 I I  
1.972 WM 1.977 30~6 25 
1.913 VVW 1.910 224_3 4 

1.883 3141 2 
1.845 202,11 3 -}  1.792 101,13 5 

1.800 W 1.792 112,12 

1.7o6 2~6 } 
1,756 W 1.761 213.10 12 

1.759 314"5 
1.700 VW 1.085 4042 4 
1.657 W 1.670 213,11 10 
Intensities-Relative 

as shown in Table  I, and  the s t ruc ture  was identif ied 
as tha t  of 2SIC% �9 P205. According to the  phase  d iag ram 
(Fig. 3) the  appearance  of this  phase at  525~ hea t -  

t r ea tmen t  seemed reasonable .  
In  the  second por t ion of this invest igat ion,  these 

films were  given an addi t ional  anneal ing  t r ea tmen t  
at  1200~ in evacuated  silica ampuls  for 25 hr. A 
t rans format ion  was appa ren t  f rom both  the e lec t ron 
diffraction pa t t e rns  and micrographs  (Fig. 4). The 
analysis  of  the  diffract ion da ta  proved  tha t  two po ly -  
morphic  SiO2 s t ructures  were  now present .  They were  
the  a -quar t z  form as wel l  as the a -cr i s toba l i te  form 
(Fig. 5). The diffract ion pa t t e rn  in Fig. 6 has been 
indexed.  We have found tha t  the  m a j o r  const i tuent  
was a-quar tz .  Since i t  is known  tha t  the  po lymorphic  

phase t rans format ion  of SiO2 is ve ry  sluggish, i t  seems 
l ike ly  tha t  cont inued anneal ing  for  long per iods  of 
t ime at  1200~ would  resul t  in the complete  phase 
change to a-cr is tobal i te .  

The undiffused films were  given hea t - t r ea tmen t s  of 
s imi lar  t imes and tempera tures .  Results  were  obta ined  
using the ident ical  techniques for sample  p repara t ion  
and examina t ion  as in  the  case of the  diffused films. 
They showed tha t  no crys ta l l ine  phase deve loped  (Fig. 
6). 

In  summary,  our  p r ima ry  concern in this  s tudy  was 
the corre la t ion  be tween  impur i ty  and its effect on the  
format ion  of crys ta l l i tes  of SiO2 in the  amorphous  
film matr ix .  No a t t empt  was made  to analyze  the  steps 
tha t  const i tute  the chemical  react ion which  led  to 

Fig. 4. p32 diffused Si02 film 
on (100) Si wafer after 100 hr at 
525~ (a) Selected area elec- 
tron diffraction pattern of a- 
quartz and a-cristobalite. (b) 
Electron micrograph of same 
area IO0,O00X. 
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Fig. 5. Transmission electron diffraction pattern. (a) Pattern showing reflections of a-quarlz and ~cristobalite. (b) Schematic diagram 
of pattern, rndexed ,~-quartz reflections are represented by dots. Type 1121 planes 1 beam, type 1135 planes 11 and horizontal to beam, 
type 1010 planes 11 and vertical to beam. a and c axis tilted 24 ~ to each other. 

Fig. 6. Amorphous SiO2. Un- 
diffused Si02 film on (100) Si 
wafer heat-treated 525~ 100 
hr plus; additional 25 hr at 
1200~ (a) Electron diffraction 
pattern. (b) Electron micrograph 
63,000X. 

crys ta l l ine  compound formation.  Rather ,  we s imply  
note that  the phase change af ter  the h e a t - t r e a t m e n t  
at  525~ for  lO0 h r  as shown b y  va ry ing  p32 concen-  
t ra t ions  in the au torad iographs  and de te rmined  by  
e lec t ron microscopy suggests  evidence of a first s tage 
of crystal l izat ion.  This stage is charac ter ized  by  the 
appearance  of phosphosi l icate  compounds which in 
tu rn  become the nuclei  for  the  subsequent  g rowth  of 
c rys ta l l ine  phases of SiO2. 

Our  work  has shown tha t  crys ta l l iza t ion  does occur 
when  P - r i ch  crys ta l l i tes  form, and the i r  format ion  is 
d i rec t ly  dependent  on the sufficient t ranspor t ,  b y  dif -  
fusion, of P into localized areas  of the  amorphous  
SiO2 films. In  this s tudy,  the  presence of a gas phase 
p rov ided  for the  r ap id  t r anspor t  of p32 at the  film 
surface. The format ion  of 2SIO2 �9 P205 in tu rn  ca ta lyzed 
the SiO2 phases. Crys ta l l iza t ion  did not occur in the  
un i fo rmly  P -doped  samples  of Sugano et al. (3) p rob -  
ab ly  because diffusion in the solid amorphous  phase 
is too slow to a l low for the  fo rmat ion  of sui table  
nuclei  (5). 
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Circuits using integrated complementary MOS and 
bipolar  devices combine the low power consumption 
of MOS and the current  handl ing  capabilities of bi-  
polar technology with opt imum use of device area. 
In addition, the use of the silicon surface properties 
directly combined with the volume electrical effects 
have opened a new area of circuit engineering, as 
exemplified by the BIGFET (1). Earl ier  at tempts of 
device integrat ion are found in the l i terature  (2, 3). 
The major  difficulties with these earlier fabrication 
schemes involve a disproport ionately large n u m b e r  
of masks, a n u m b e r  of difficult overlapping diffusions, 
and a lack of electrical isolation between the bipolar 
structures. 

In  this work, by using the epi layer  with the C-MOS 
process, the bipolar transistors can be isolated, vs. 
the nonisolated bipolar transistors provided by con- 
vent ional  C-MOS process. This feature has significant 
advantages in  circuit design. Since the present  work 
was not oriented to a part icular  circuit application, 
there was sufficient la t i tude in optimizing geometry 
and electrical parameters.  It  was found that the use 
of a vertical  npn  and a lateral  pnp transistor  design 
lent  itself par t icular ly  well to our fabrication proc- 
ess. 

A l is t ing of the various s t ructural  elements and 
electrical parameters  for C-MOS and complementary 
bipolar devices shows that  there are a number  Of 
common features (Tables I and II) .  By judicious com- 
binat ion it is possible to reduce the complexity of an 
integrat ion scheme to a m i n i m u m  number  of steps. 
I t  can be seen that  it is possible to fabricate at the 
s a m e  t i m e :  

1. The n - type  substrate of the MOS transistors and 
the n epi layer  of the bipolar transistors. 

2. The p -  diffusion regions which may serve s imul-  
taneously as the pockets for the n -channe l  MOS and 
as the isolation for the bipolar transistors. 

3. The p+ diffusion regions, forming the (i) source 
and dra in  of the p-channel  MOS, (ii) the base of the 

Key words: monolithic integration, complementary, isolated bi- 
polar, MOS, semiconductor devices. 

npn  transistors, and (iii) the emit ter  and collector of 
the pnp transistors. 

In  this way, three masks and three diffusions (plus 
one epi layer)  suffice to form the p r imary  steps. To 
complete the devices another  three masks are neces- 
sary for: (i) thin oxide regions (source-drain=gate 
and contacts), (ii) contact windows, (iii) metaUiza- 
tion. 

Depending upon the application it may be necessary 
to use one or two addit ional masks due to two inherent  
characteristics of such fabricat ion schemes: 

1. The lateral  pnp bipolar t ransistor  wil l  have a 
comparat ively low current  gain, since the major  par t  
of the carriers injected by the lower (bottom) portion 
of the emit ter  will  not reach the collector (4). 

2. For the vertical  bipolar transistor  npn  the depth 
Xp+ of the base is larger than  the emit ter  junct ion  
depth Xn+. Consequently,  the p-MOS using the same 
p diffusion will be larger than the n-MOS using the 
n + emit ter  diffusion. This could possibly be a serious 
l imit  of the high frequency performance of the p-  
channel  MOS. 

This can be el iminated by using two addit ional 
masks to form: 

1. A buried layer  blocking the useless carrier injec= 
tion from the bottom of the emitter.  Consequently, the 
current  gain of the pnp will be improved. 

2. A supplementary  p+-diffusion (called p+2) to 
form source and dra in  of the p -channe l  MOS inde-  
pendent ly  of the p + base diffusion. 

By way of comparison a set of six masks are also 
used for metal  gate C-MOS and for conventional  bi-  
polar technology. Si-gate C-MOS needs six or seven 
masks (6, 8). 

The choice of a six, seven, or eight mask process 
will depend on the circuit application. In  each case 
the technique makes efficient use of chip area and 
results in electrically isolated devices. A fur ther  ad- 
vantage is that only conventional  masking and fab- 
rication procedures are used. The exper imental  pro- 
cedure and results presented here are for devices using 
the ma x i mum number  of eight masks. 

Table I. Basic elements for complementary MOS-transistors 

Elements 
Substrate Diffusion Diffusion Diffusion 

n-Type p- p+ n + 

Function p-channel n-channel source-drain source-drain 
p-channel n-channel 

Properties Cs ~-- I0 ~ at/era s Cs --~ 8.10 ~ at/cm a Cs > I0 I~ at/cm s Cs > 8.10 ~ at/cm a 
Xp+ < XSUBSTR. X.+ < Xp- 

Table II. Basic elements for complementary bipolar transistors 

Substrate 
p-type 

Elements  
Epitaxial layer Diffusion Diffusion 

n-type p-  p+ 
Diffusion 

n + 

Function Bottom isolation 

Properties 

Collector npn Sidewall isolation Base npn Emitter npn 
Base pnp Emitter collector pnp 

Np- > Nep! Np+ > >  NepI Nn + > >  Np + 
Xp- > X~pi Xp+ < X~p~ Xn+ < Xp+ 

Types of bipolar transistors used; npn, vertical type; pnp, lateral  type. 
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Fig. I. (a) Window etching and buried layer diffusion. (b) n 
epitaxial layer deposition and oxide growth. (c) Window etching 
and p -  diffusion. (d) p+ diffusion. (e) Opening of n +1 and p+2 
regions, gate oxidation and polycrystalline silicon deposition. 

Experimental 
p- type  silicon wafers of the (100) orientat ion and 

2-5 ohm-cm resist ivity were cleaned using s tandard 
cleaning processes and oxidized in wet oxygen at 
1200~ The oxide layer thickness was approximately 
1 ~m. Then windows were cut into the oxide layer  
where  the buried layers were to be diffused with 
s tandard photolithographic and etching techniques 
(Fig. la ) .  The diffusion of the buried layer  was car-  
ried out using a solid-solid vacuum diffusion process 
(5) or, al ternately,  the more convenient  doped oxide 
diffusion process (6). The junct ion depth and the re-  
sistivity of the an t imony-doped regions were 4# and 
130 ohms/[:], respectively. 

After  the appropriate etching and cleaning steps the 
n - type  epitaxial  layer  was grown using the thermal  
decomposition of silane. The thickness of the layer  
was approximately 7 ~m, and the resist ivity was in  
the range of 1.5-2.5 ohm-cm (Fig. lb ) .  

After a second thermal  oxidation (SiO2 -~ I~) and 
the appropriate photoresist work, the oxide windows 
for the isolation diffusion and the p-wel l  Were etched, 
followed by a closed-capsule diffusion at 1200~ for 
10 hr. In  this case the source-wafers were of p - type  
with a resist ivi ty of 0.3-0.4 ohm-cm (Fig. lc) .  

It should be noted that  the condition Xp-  ~ Xepi wil l  
be at tained dur ing the following heat- t reatments .  

The base-diffusion (p+~) of the verticaI npn  t r an -  
sistors and the emit ter  and collector diffusions of the 
pnp'8 is accomplished by a boron doped oxide diffu- 
sion step,, giving a penet ra t ion  of 2.6~ and a sheet 
resist ivity of around 600 ohms/[:] (Fig. ld ) .  

The base-diffusion is followed by a photoetching 
step which opens the regions where source-dra in-gate  
of n -  and p-channe l  MOS will  be formed at the same 
t ime as the p+ and n + regions of the bipolar elements. 
After  the formation (7) of the gate oxide ( l l00A)  a 
6000A layer  of polycrystal l ine silicon is deposited (Fig. 

Fig. 2. (a) Poly Si delineation, window opening n +1 and p+~. 
Doped oxide deposition p+2. (b) Window etching for n +z regions, 
doped oxide deposition n +1, simultaneous diffusion of p+2 and 
n +1 regions. (c) Etching of contact windows and evaporation of AI. 
(d) Delineation of contacts and interconnectians. 

le) ,  the gate electrodes del ineated and the remaining  
th in  oxide on the source-drain  regions is etched away. 
Next a boron-doped oxide layer  is deposited on the 
entire surface (Fig. 2) and openings are etched out 
where the n + regions will  be diffused (source and 
drains and polycrystal l ine Si layer  for gate of the 
n -channe l  MOS, emit ter  of the npn  transistor,  n -con-  
tacts).  The etching process is followed by a phos- 
phorus-doped oxide deposition. Final ly  the p+2 and  
the n + regions (MOS) are diffused in a single diffu- 
sion cycle (6), giving a penet ra t ion  of 1~ and a sheet 
resist ivity of 100 ohms/D,  both for boron and phos- 
phorus. 

An evaporated and photoetched layer  of a luminum 
(1 ~m) provides for the necessary contacts and in te r -  
connections. A final anneal ing  step in forming gas at 
400~ reduces oxide charge (8). 

Results 
As shown in Tables III  and IV the electrical pa ram-  

eters of typical devices constructed in  this m a n n e r  

Table III. Characteristic properties of the MOS transistors 

T y p e  os V T h . e x t  r .  
t r ans i s t o r  (volts)  /~ 

n - c h a n n e l  0.68 13 
p - c h a n n e l  0.80 3.8 
pa ras i t i c s  ~5 .45  

W = L = l O l t m .  

W, ga t e  w i d t h ;  L,  ga t e  l eng th ;  ~ = 2 L .  0 - -~-o /vD.z  . 
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Table IV. Characteristic properties of the bipolar transistors 

Type of 
t r ans i s -  hfe at IB = 1 p~k BVEBo BVEco BVBco 

tor Vc~ = 1V (V) (V) (V) 

npn 150 13 I0  38.5 
pnp 8 38.5 35 38.5 

The  gain of the  p n p  t r a n s i s t o r s  is  c o n t r o l l e d  b y  ~* in  t he  fo l l ow-  
a 

ing equations: hfe ~ w h e r e  a = "~,~* a n d  ~* = I / ( cosh  
l - - a  

Wv/Lp) .  The  s y m b o l s  h a v e  t he  u s u a l  m e a n i n g .  

compare  f avo rab ly  wi th  the  convent ional  d iscrete  t ech-  
nology. 

The  p roper t i e s  of the  npn and the pnp t rans is tors  
a re  given in Table IV. 

The ~ m a y  be opt imized  by  the p roper  choice 
of the diffusion pa r ame te r s  of the  p + l  diffusion and 
the bur ied  l aye r  diffusion, Wp, by  ad jus t ing  the  phys -  
ical dimensions and Lp by  choosing arsenic ins tead of 
an t imony  as the  dopant  for the  bur ied  l aye r  because  
of the  h igher  minor i ty  ca r r i e r  l i fe t ime (9). 

Conclus ion  
It  should be s t ressed tha t  the  MOS -t- b ipo la r  ap -  

proach also al lows for  a high degree  of f reedom in 
the  opt imizat ion  of the  respect ive  elements.  The diffu- 
s ions n +, p + l  and the  bu r i ed  l aye r  are  avai lable  for  
the  opt imizat ion  of the  b ipo la r  pa r t  of the  circuit.  The 
b ipolar  t rans is tors  a re  less sensi t ive to the  surface 
concentra t ion in the  p-wel ls .  This a l lows easy  ad jus t -  
ment  of the  threshold  vol tage  of the  MOS t rans is tors  

Fig. 5. P-channel MOS, silicon gate. Curves ID ~--- f (VD), shown 
with increasing steps of VG. Gate surface: 10 X 10 ~m 2 (nomin.). 

Fig. 6. P-channel MOS, silicon gate. Curve ID - -  f(VD), at VD = 
VG. 

Fig. 3. Bipolar transistor npn. Curves Ic = f (VcE), shown with 
increasing steps of Im Emitter surface: 10 X 10 ~m2; BVcE = 
13V. 

Fig. 4. Bipolar transistor pnp. Curves Ic = f (VcE), shown with 
increasing steps of lB. Emitter surface: 10 X 10 ~m2; BVcE = 
38V. 

Fig. 7. N-channel MOS, silicon gate. Curve ID = f (VD), shown 
with increasing steps of VG. Gate surface 10 X 10 /~m 2 (nomin.). 

for opt imizat ion in pa r t i cu la r  applications.  Otherwise,  
the  l imi ta t ions  and to lerances  of the  separa te  b ipolar  
and C-MOS processes app ly  to this  technology.  

One immedia te  appl ica t ion  of this  technology is in 
the  a rea  of l ight  emi t t ing  diode displays.  The MOS 
circuits  pe r fo rm the appropr ia t e  logic and decoding 
functions and the b ipolar  devices provide  the  swi tch-  
ing and cur ren t  handling.  

More general ly ,  such a technology  is useful  in ap-  
pl icat ions where  logic and analogic funct ions are  r e -  
qui red s imul taneous ly  as for instance in the rmocom-  
pensat ion circuits. The b ipolar  is used as an analog de-  
vice whi le  the MOS performs the  digi ta l  par t .  
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Fig. 8. N-channel MOS, silicon gate. Curve ID = f (VD), at 
VD =VG. 
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Orthophosphates of formula MXMIIPO4, where M I ---- 
Li, Na, and K and where M II _-- Ca, Sr, and Ba, have 
been examined as hosts for various activators, bu t  
pr incipal ly Ce ~+, Sn 2+ (1, 2), and Cu + (3). The Ce 3+ 
doped phosphors were found to possess moderate effici- 
encies, up to 4%, under  electron beam excitation (1) 
and high efficiencies under  254 nm excitation, 88% 
(quan tum efficiency) being quoted for LiSrPO4:Ce 
(3). High quan tum efficiencies under  254 nm excitat ion 
c{~n also be observed with Cu as activator (3). As 
part  of a survey of Eu e+ doped phosphors we have 
examined the effect of Eu 2+ activation on this group 
of materials  and the pre l iminary  results are summar-  
ized below. 

Phosphors were prepared by firing MI2CO~, MIICO~, 
and (NH4)2 HPO4 with Eu208 to a fixed dopant  con- 
centrat ion of 2 mole per cent (m/o) .  The firing was 
carried out in  two stages: an ini t ial  firing at 800 ~ 
900~ being followed by firing in  2% H2/N2 at 1000 ~ 
12O0~ All the members  of this group showed Eu 2§ 
band luminescence but  with considerable va r i a t i on  in 
efficiency to ul t raviolet  and electron beam excitation. 
X- ray  powder photographs were taken of the powdered 
phosphors and the d (hkI) values compared with those 
reported by  Wanmaker  and Spier and with other l i t -  

Key words: luminescence, phosphates, Eu s+ activation. 

erature  values (4-7). The "heavier" members  of this 
group of compounds, where M I = K, Na and M Ix = 
Ba, Sr, Ca, are polymorphic, the low tempera ture  form 
being orthorhombic with the ~ K2SO4 structure  (8). 
The phosphors prepared by the techniques out l ined 
above are predominant ly  of this form, in agreement  
with the conclusions expressed by Wanmaker  and 
Spier (3). The d (hkl) values for the l i th ium con- 
ta in ing phosphors also agree with those reported by  
these authors. 

Emission spectra under  385 nm excitation are given 
in  Fig. 1. Estimates of the efficiencies under  both 365 
and 250-270 nm excitation have been made using as 
standards several phosphors from Levy West Labora-  
tories: Zn2SiO4:Mn, ZnS:Ag,  and ZnS:Cu  (Table I).  
Although a thorough optimization has not  yet  been 
completed it seems that the K-  and Ba-conta in ing 
phosphors are the most efficient. This is in contrast 
to the case of cerium and copper doping where the 
l i th ium-based phosphors were found to be the most 
efficient. Assuming a value of at least 80% for the 
quan tum efficiency of the s tandard willemite sample 
under  254 nm excitation, 1 then the efficiency of 
KBaPO4:Eu, which is comparable, may  prove high 
enough for commercial application. 

i Manufacturer's recommendation. 
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Fig. 1. Emission spectra under 365 nm (Hg) excitation. Curve 1, 
KaBaPO4; curve 2, NnBaPO4~ curve 3, LiBaPO4; curve 4, KSrPO4; 
curve 5, NaSrPO4; curve 6, LiSrPO4; curve 7, KCaPO4; curve 8, 
NaCaP04; curve 9, LiCaP04. 

Measurements  of the  CR efficiencies were  made  for  
severa t  of these phosphors.  The resul ts  a re  given in  
Table II  w i th  the response t imes  to pulsed  beam 
exci ta t ion as de te rmined  by  Wight  and Bramwell ,  
Services  Electronics Research Laborator ies ,  Baldock,  
England.  KSrPO4 shows the  best  combinat ion of effici- 
ency ( ~ 5 % )  wi th  fast  response (<200 nsec) and 
na r row band  wid th  (<40  nm) ,  

1123 

Table I. Emission characteristics with ultraviolet excitation 

B a n d  a rea  (rel- 
a t ive  to s tandard)  * 

Emiss ion Band  (365 (250-270 
max .  w i d t h  n m  ex-  n m  ex-  

Phosphor  (nm)  (rim) ci tat ion) citation) 

KBaPO4:Eu 
N a B a P O l : E u  
LiBaPO4:Eu 
KSrPO4:Eu 
NaSrPO~:Eu 
LiSrPO4:Eu 
KCaPO~:Eu 
NaCaPOa:Eu 
LiCaPO4:Eu 
Z n S : A g  
(Levy West  Type  G231, Ni  

killed, Batch No. 16538C) 
Z n S : C u  
(Levy West  Type  FF12, Batch 

No. 117) 
Zn~SiO4:Mn 
(Levy West  Type  H916, Batch  

No. 233) 

430 50 185 105 
440 70 135 80 
483 85 15 15 
430 35 65 30 
455 120 10 10 
470 70 20 15 
485 II0 35 35 
505 78 40 20 
485 105 60 45 

100 

92 

100 

* Bel ieved correct  to •  

Table II. Efficiencies and response times to electron beam 
excitation 

E n e r g y  
efficiency, Response t imes ,  nseet  

Phosphor  % * Rise Decay  

KBaFO4:Eu 2.4 + 0.3 315 220 
NaBaPO4:Eu 2.0 +-- 0.2 630 680 
KSrPO~:Eu 5.2 + 0.B 185 170 
KCaPO4:Eu 0.2 -4- 0.03 
NaCaPO4:Eu 4.0 ---~ 0.5 480 560 
LiCaPO4:Eu 0.5 -- 0.I 460 640 

* B e a m  voltage,  8 kV; cur ren t  density,  0,01-1.0 ~A/era-% 
t 25 kV, 1 #A pulses of wid th  i0  /*sec; response t ime  quoted  as 

I / e  value.  

Thus, the  p r e l im ina ry  inves t iga t ion  indicates  tha t  
severa l  members  of this group of phosphors  m a y  
possess promis ing character is t ics  as l amp or CRT phos-  
phors  and a more  de ta i led  inves t iga t ion  of the  connec-  
t ion be tween  s t ruc ture  or composi t ion and efficiency 
is being carr ied  out. 

Acknowledgments 
We are  gra tefu l  to D. R. Wigh t  and  Miss S. B ramwel l  

for permiss ion to publ i sh  the  response t ime measu re -  
ments  and to A. Vecht  of Thames Polytechnic  and P. J. 
Dean and D. Robbins  o~ the Royal  R a d a r  Es tab l i sh-  
ment,  Malvern,  England,  for va luab le  discussion. 

We gra te fu l ly  acknowledge  the permiss ion  of the  
Minis t ry  of Defence to publ i sh  this  work.  

Manuscr ip t  received Feb.  5, 1974. 

A n y  discussion of this  paper  wi l l  appear  in a Discus-  
sion Section to be publ i shed  in the  June  1975 JOUm~AL. 
Al l  discussions for the  June  1975 Discussion Section 
should be submi t ted  by  Feb. 1, 1975. 

REFERENCES 
1. A. Bri l  and H. A. Klasen,  Philips Res. Rept., 7, 421 

(1952). 
2. A. Bril, H. A. Klasen,  and P. Zalm, ibid., 8, 393 

(1953). 
3. W. L. W a n m a k e r  and H. L. Spier,  This Journal, 1{}9, 

109 (1962). 
4. E. Thilo, Naturwissenscha#en, 10, 239 (1941). 
5. R. Klement  and F. Steckenrei ter ,  Z. Anorg Allgem. 

Chem., 245, 236 (1950). 
6. R. Klement  and P. Kresse, ibid., 310, 53 (1961). 
7. M. A. Bredig,  J. Phys. Chem., 46, 747 (1942). 
8. R. W. G. Wyckoff,  "Crys ta l  St ructures ,"  2nd ed., Vol. 

3, Chap. VIIIB, In tersc ience Publ ishers ,  New York 
(1963). 
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Recently much interest  has been shown in produc- 
ing nar row lateral  gaps in  metal l izat ion patterns, par-  
t icular ly for charge-coupled structures. A recent paper 
by Berglund et al. (1) describes a technique in  which 
the lateral  gap be tween electrodes can be made very 
small, or even eliminated,  by separating adjacent  
electrodes by a vertical  gap. The necessary discontin- 
ui ty in the metal l izat ion is achieved by using a "shad- 
owing" effect dur ing vacuum deposition of the metal. 
The s t ructure  described by Berglund et al. relies on 
the formation of a ledge (or hangover)  at the insu-  
lator step; this is accomplished by selectively under -  
cut t ing a double- insula tor  system that exhibits a dis- 
joint  etching characteristic. The ledge is subsequent ly  
used to form the required "shadow" in the metal l iza-  
tion. They did not consider using an oxide step for 
producing the shadow because such steps do not have 
vertical edges; they also envisaged difficulty in gener-  
at ing a well-col l imated metal  vapor beam dur ing de- 
position. 

We have found, however, that  closely spaced meta l -  
lization pat terns can be fabricated by using oxide 
steps to produce a shadow in the beam of metal  vapor 
when  this is deposited obliquely to the plane of the 
slice. In  this connection we have investigated the 
effect of etch tempera ture  upon the profile of the oxide 
step [Haken et al. (2)] ;  we have found that  a near  
vertical oxide edge can be obtained near  the top of 
the step if the etch temperature  is no more than  25~ 
(at higher temperatures  the oxide edge becomes shal- 
lower).  By evaporat ing the metal  at a relat ively low 
rate (of the order of 10-8 cm-S sec-1) and by em- 
ploying a source-to- target  distance of 20 cm, we have 
obtained sufficiently good resolution in the shadow 
to produce satisfactory self-al igned gaps. 

Using this technique, we have produced CCD's with 
a luminum [Baker et al. (3) ] and gold/nichrome meta l -  
lization; a typical gap in  a 32 bit  CCD shift register 
with gold/nichrome metall izat ion is shown in Fig. 1 
where the oxide step height is 0.3 ~m. The interelec-  
trode gap is 0.5 ~ n  and the total length  of gap in  one 
of these registers is 0.64 cm. 

This technique compares favorably with others that  
have been proposed for producing closely spaced met-  
allization patterns. Its ma in  advantage is the extreme 

Key words: charge-coupled devices, self-aligned gaps. 

Fig. 1. Part of one of the interelectrode gaps in the CCD struc- 
ture described in the text. The oxide step height is 0.3 #m and the 
gap width is 0.5 ~m. (The large depth of field of the electron 
microscope is partly responsible for the ragged appearance of the 
oxide step; note, however, how the edge of the metal faithfully 
follows the profile of the top of the oxide step.) 

simplicity with which small  gaps can be fabricated; 
only one mask is needed to define the oxide steps which 
are subsequent ly  used to form the shadows in the 
metal  vapor beam. We in tend  to publish a more de- 
tailed account of CCD device fabrication using this 
technique shortly. 

Manuscript  received Dec. 17, 1973. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. I, 1975. 
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In  an  a t t empt  to decrease  a tmospher ic  po l lu t ion  in 
ma jo r  popula t ion  centers  th roughout  the  wor ld  and 
to pa r t i a l l y  reduce  the  automot ive  demand  on the  
wor ld ' s  l imi ted  pe t rochemica l  supply,  n u m e r o u s  
foreign and domest ic  research  programs  have been 
in i t ia ted  to develop power  sources to supplement  or  
replace  the  combust ion engine in g round  t r anspor t a -  
t ion vehicles.  Al l -e lec t r i c  and  hybr id -e l ec t r i c  vehicles 
have been  proposed,  designed, and developed in an 
a t t empt  to save the  env i ronment  and to more  effi- 
c ient ly  use exis t ing pe t rochemica l  fuels. Al though  
hybr id -e l ec t r i c  vehicles have  been  successful ly dem-  
onstrated,  the  m a j o r  emphasis  of this  paper  is on a l l -  
electr ic  vehicles and  the i r  potent ia l  e lec t rochemical  
power  sources. To develop compet i t ive  vehicles of 
these types,  power  sources wi th  increased  thermal ,  
e lectromechanical ,  and e lec t rochemical  energy  con- 
vers ion efficiencies and t rans fe r  systems must  be de-  
veloped.  Vehicles which  are  efficient, cost effective, 
and rel iable,  and requ i re  ve ry  l i t t le  main tenance  over  
ex tended  periods of time, are  a p r i m a r y  deve lop-  
menta l  goal. The ove r -a l l  advantages  of a to ta l - e l ec -  
t r ic  or  hybr id -e l ec t r i c  vehicle  are:  (i) reduct ion  of 
emission and noise pol lut ion;  (ii) increase  in off- road 
mobi l i ty  for mi l i t a ry  appl icat ions  th rough  the  u se  of 
electronic sl ip control  of the  vehicle 's  speed, acceler-  
ation, and b rak ing ;  (ii i)  r egenera t ive  b rak ing  to r e -  
gain  energy  in the  form of momen tum norma l ly  
was ted  in convent ional  b rak ing ;  and  (iv) r e l a t ive ly  
low main tenance  requirements .  Current ly ,  the  ma jo r  
d isadvantages  of an electr ic  vehicle  a re  l imi ted  range 
and speed, and  high cost. Electr ic  vehicles are  in i t ia l ly  
fa r  more  expensive  than  convent ional  automobi les  due 
to l imi ted  product ion ( app rox ima te ly  20,000/yr in the 
Uni ted  Sta tes) .  Once electr ic  vehicles become pub -  
l ica l ly  accepted for both  u rban  and ru ra l  t ransit ,  the  
"hard- too l"  product ion  of s t anda rd  vehicles wi l l  be 
under taken ,  and the i r  in i t ia l  cost wi l l  decrease s ig-  
nificantly.  

Foreign Developmental Programs 
Current ly ,  e ight  countr ies  are  conduct ing the m a -  

jo r i ty  of the  active research  in the  area  of a l l -e lec t r ic  
and hybr id -e l ec t r i c  vehicles:  Uni ted  States, U.S.S.R., 
Uni ted  Kingdom (U.K.) Japan,  Sweden,  France,  I ta ly ,  
and the  Fede ra l  Republ ic  of G e r m a n y  (F.R.G.).  Most 
foreign and domest ic  p rograms include deve lopment  
of a va r i e ty  of potent ia l  e lect rochemical  power  sources 
plus road  test ing of advanced  pro to type  vehicles made  
of new l igh tweigh t  plast ic  and composite mater ia ls .  

I f  one were  to t ry  to ra te  al l  of these countr ies  in 
the  area  of e lect r ic  vehicle  and b a t t e r y / f u e l  cell de -  

* Elect rochemical  Society Act ive  Member .  
K e y  words: fuel cell, traction batteries, sodium-sulfur bat tery.  

velopment ,  one might  obta in  some close var ia t ion  of 
the fol lowing:  

B a t t e r y / f u e l  cell 
Vehicle deve lopmen t  deve lopment  

1. U.I'[., U.S., J a p a n  1. Japan 
2. F.R.G. 2. U.S. 
3. U.S.S.R. 3. U.K. 
4. F rance  4. France ,  F.R.G. 
5. I ta ly 5. Sweden,  U.S.S.R. 
6. Sweden  6. I ta ly  

These rankings  are  b a s e d  upon the to ta l  amount  of 
R&D funding p r o g r a m m e d  up to 1975, the  number  of 
fundamenta l  and  appl ied  research  programs,  and  the  
actual  number  of successful  p ro to type  e lec t rochemical  
power  sources expe r imen ta l ly  demons t ra ted  i n  l abora -  
to ry  cells and tes ted vehicles. 

Federal 1~epublic of Germany (F.R.G.).--In the  
F.R.G., no na t ional  p rogram per  se exists  for  the  
deve lopment  of e lectr ic  vehic le  systems. The govern-  
ment,  however ,  does have some ma jo r  influence on 
the direct ion and funding of p rograms tha t  a re  pres-  
en t ly  being pursued  since sponsorship of a m a j o r i t y  
of the  effort is b y  indus t r ia l  consort iums tha t  a re  
under  Close government  control.  Nine ma io r  German  
indus t r ia l  firms, wi th  a budget  es t imated  t o  be grea ter  
than  $650,000 for  ba t t e ry  and fuel  cell deve lopment  
alone, are  p resen t ly  involved  in the  var ious  phases of 
electr ic  vehicle R&D. 

In  1970, Dr. Helmut  Meysenber ,  the  Technical  Di-  
rec tor  of the  Rheineschwestfael isches  Elec t r iz i tae ts -  
werke,  AG (RWE),  announced the organiza t ion  and 
financing of a group of companies  to develop  electr ic  
vehicles by  1972. Included in this  group were  Rheine-  
schwestfael isches Elec t r iz i tae tswerke ,  AG, VARTA, 
AG ( t rac t ion  ba t t e r i es ) ,  Rober t  Bosch (motors  and 
controls) ,  Messerschmit t  BSlkow Blohm (MBB) (as-  
sembly) ,  and  F a r b r e n f a b r i k e n  Bayer,  A G  (plast ic 
body) .  F igure  1 shows two versions of this  group 's  
e lectr ic  t ranspor t  vehicle  which  has now been p ro -  
duced on an expe r imen ta l  basis  and  which  was dem-  
ons t ra ted  at the  1972 Munich Olympics.  

A second m a j o r  p rogram has been unde r t aken  by  
Volkswagen 's  Wolfsburg  Research  and Development  
Center  (manufac tu re ) ,  Rober t  Bosch (motors and 
controls) ,  and VARTA, AG ( t rac t ion  ba t te r ies )  for 
the  deve lopment  of a p ro to type  vehicle, the  "Electro-  
van," shown in Fig. 2, which is equipped  wi th  a ro l l -  
on / ro l l -of f  ba t t e ry  exchange rack.  Fur ther ,  a th i rd  
group, Mercedes (Da imle r -Benz  Akt iengese l l schaf t )  
(design and manufac tu re ) ,  Rober t  Bosch (motors  and 
controls) ,  and VARGA, AG ( t rac t ion  ba t t e r i es ) ,  has 
deve loped  a hybr id -e l ec t r i c  bus and a t r anspor t  van, 
shown in Fig. 3-5 which in 1972 were  road  tes ted in 
F r a n k f u r t  and  Hamburg  (1-4).  

183C 
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Fig. 3. Mercedes electric van. Battery type, lead-acid; rating, 
144V, 150 A-hr; maximum range, 35 miles; maximum speed, 48 
mph. 

Fig. 1. The F.R.G. "marathon" van. Battery type, lead-acid; num- 
ber of cells, 72; rating, 144V, 180 A-hr; maximum range, 65 miles; 
maximum speed, 50 mph; payload, 2200 lb. 

Fig. 2. Volkswagen electric van showing battery rack. Battery 
type, lead-acid; maximum range, 60 miles; maximum speed, 45 
mph; payload, 2000 lb. 

Japan.--In 1966, the Japanese set up a program to 
tackle positively technical problems and to develop 
new technologies to keep pace with the growth mo-  
m e n t u m  of their  economy. A system of National  Re- 
search and Development  Programs was established 
and, in  conjunct ion with their requirements,  the 
Agency of Industr ia l  Science and Technology of the 
Ministry of In terna t ional  Trade and Indus t ry  (MITI) 
launched a program for the development  of electric 
vehicles with a 1971-1975 budget  of $14 million. This 
over-al l  program is i l lustrated in Fig. 6. 

During the 1971-1975 time period, R&D efforts were 
ini t iated for the development  of an over-al l  s t ructure  
most suitable for an electric vehicle, plus an epochal 
improvement  in component parts was initiated. The 
plan for the electric vehicles entails the s imultaneous 
pursui t  of a wide var ie ty  of associated R&D areas, 
which have been grouped into five projects: (i) es- 

Fig. 4. Mercedes hybrid-electric bus. Battery type, lead-acid; 
rating, 380V, 275 A-hr; maximum range, 180 miles; maximum speed, 
35 mph. 

Fig. 5. Cross-sectional view of Mercedes hybrid-electric bus. 1, 
OM 314 motor with generator; 2, cooling blower for traction motor; 
3, electric traction motor with speed reduction drive; 4, high voltage 
section; 5, five lead batteries; 6, electronic control; 7, blower for 
cooling the batteries; 8, air compressor and power steering pump. 

tabl ishment  of test and evaluat ion criteria; (ii) de- 
velopment  of exper imental  vehicles; (iii) deve lop -  
men t  of components;  (iv) development  of charging 
systems; and (v) s tudy of uti l ization systems. 

The design objectives set forth thus far out l ine the 
development of a small-  and medium-scale  t ranspor t  
vehicle, a small-  and medium-scale  passenger vehicle, 
and a bus specified in Table I. The Japanese have 
recently tested a municipal  t ranspor ta t ion system de- 
signed around a lead-acid battery, electric-drive, 
mass- t ransport  vehicle. 

The success of past tests has led to the purchase of 
addit ional buses which use the rol l-on/rol l-oi~ modu-  
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Fig. 8. Osaka electric bus battery charging replacement equip- 
ment. 

Fig. 6. The over-all Japanese development plan for electric 
vehicles. 

Fig. 7. Sectional view of Osaka electric bus. a, Power unit (bat- 
teries); b, air tank; c, parking brake; d, first stage reduction gear; 
e, main motor; f, air compressor; g, oil pump; h, auxiliary motor; i, 
forward/reverse transfer device; j, auxiliary battery; k, controller; 
I, controller; m, voltage convertor; n, no-brea,k fuse; o, controller; 
p, controller. 

lar  ba t te ry  pack concept. The construction of the 
Osaka electric bus and its recharging station are 
shown in Fig. 7 and 8; these are s imilar  to West Ger-  
man  all-electric buses developed by  MAN, VARTA 
AG, and RWE. Daihatsu and Nissan Motor Company 
Limited have also produced commercial electric v e h i -  
cles for a n u m b e r  of years. Recently, both companies 
have produced several electric vans demonstrated at 
EXPO-70. These are shown in  Fig. 9 and 10 (5-8). 

The United Kingdom.--The first electric vehicle ap-  
peared before a start led British public in 1837, the 
same year  Queen Victoria came to the throne. Al-  
though a pr imit ive  form of vehicle, this electric car 

Fig. 9. Daihatsu $37 V-type electric van. Battery type, improved 
lead-acid; capacity, 72V, 125 A-hr; no. of batteries, 7; maximum 
range, 42 miles; maximum speed, 42 mph; weight, 1650 Ib; pay- 
load, 550 lb. 

was a prototype for a new viable means of t ransport  
in the United Kingdom. Today, the electric vehicle 
populat ion in  the U.K. is estimated to exceed one- 
half million. The major i ty  o f  these are industr ia l  
trucks, but  a surpris ing n u m b e r  are registered road 
vehicles. 

Although no known  nat ional  program for the de- 
velopment  of electric vehicles exists in the U.K., the 
government  does influence the existing effort through 
the Electricity Council. The U.K. is one of the world's 
leaders in electric vehicle design, development,  and 
application, and exports electric vehicles to a number  
of other nations (more than  30 companies produce 
electric vehicles in  the U.K.). Fund ing  for the devel- 
opment  of electrochemical power sources this year  
alone is estimated to exceed $950,000. Figure 11 points 
out the depth of the U.K. program, and its pr imacy in 
many  developmental  areas was the announcement  in  
late 1972 of the operation of the world's first sodium- 
sulfur  ba t te ry-powered vehicle. Even though this 
vehicle is in  the early prototype stages, it is the 

Table I. Projected specifications and performance of Japanese electric vehicles (end of 1973) (8) 

C a r g o  v e h i c l e  P a s s e n g e r  v e h i c l e  
Parameters S m a l l  sca le  M e d i u m  sca le  S m a l l  sca le  M e d i u m  sca le  B u s  

No.  of passengers 2 2 4 or  2 5 or  3 60-80 
Payload (kg )  200 1,000 100 300 - -  
T o t a l  w e i g h t  (kg )  1,100 3,500 1,000 2,000 15,000 
M a x i m u m  s p e e d  ( k m / h r )  70 70 80 80 60 
Range (k in)  130-150 180-200 130-150 180-200 230-250 
Acceleration ability 5 5 4 3 8 

[0-30 k m / h r  ( sec ) ]  
CHmbing ability 40 40 40 40 25 

(speed u p  8 ~ slope) 

The weight  of  b a t t e r i e s  is  l ess  t h a n  30% of  v e h i c l e  w e i g h t .  
Energy density of  l e a d  batteries is 60 W - h r / k g .  
R a n g e  of one c h a r g e  is  c o n s t r u e d  to be  t h e  d i s t a n c e  t r a v e l e d  a t  40 k m / h r  on  a c o n s t a n t  bas i s .  
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Automobi le  Transpor ta t ion,  the  Yerevan  Poly technica l  
Ins t i tu te  imeni  Ka r l  Marx,  and the  A l l -Un ion  Scien-  
tific Research Ins t i tu te  for Electr ic  Transpor t .  

Between 1969 and today,  a va r ie ty  of pro to type  
vehicles have been tested, and a series of exper imen ta l  
vehicles were  produced at  the  Cheboksar i  Motor 
Works  shown in Fig. 12. 

Armen ian  scientists  have  developed a computer  
model  for  the opt imal  design of electr ic  vehicles,  m a k -  
ing it possible to swif t ly  and objec t ive ly  assess pro to-  
type  proposals.  The newest  Soviet  p ro to type  vehicle  
is shown in Fig. 13 (15-24). 

All-Electric Vehicle Requirements 
The U.S. Depa r tmen t  of Transpor ta t ion  has est i -  

ma ted  that  the  min imal  energy  and power  r equ i re -  
ments  for  an a l l -e lec t r ic  f ami ly  car  are  135 W - h r / l b  
and 100 W/lb ,  respect ively.  Under  normal  in te rs ta te  
h ighway  dr iv ing  conditions,  this vehicle  would  have  
a range  of 200 miles  per  charge  at  an average speed 
of 60 mph, which is adequa te  for u rban  t rans i t  in and 
out of most ma jo r  met ropo l i t an  areas  in the  United 
States. These requ i rements  a re  summar ized  in Table 
II. Minimal  r equ i rements  for  o ther  types of a l l -e lec -  
t r ic  vehicles are  presented  in Table  I I I  (25-27). 

Electrochemical Power Sources 
Three  types  of e lectrochemical  power  sources are  

ava i lab le  for  a l l -e lec t r ic  vehicles:  aqueous e lec t ro ly te  
s torage bat ter ies ,  organic or mol ten  e lec t ro ly te  high 
energy  bat ter ies ,  and fuel  cells. The majo r  ba t t e ry  
systems of significant R&D interes t  a re  summar ized  
in Table IV; present ly,  the  lead-acid ,  nickel-zinc,  
zinc-air ,  sodium-sulfur ,  and  l i t h ium-su l fu r  t ract ion 

Fig. 10. Nissan short haul electric vehicle. Capacity, 96V, 125 
A-hr; maximum range, 4| miles; maximum speed 32 mph; weight, 
2000 Ib; payload, 550 lb. 

Fig. 11. Electricity Council Research Centre and British Railway 
sodium-sulfur powered electric vehicle. 

sod ium-su l fu r  t rac t ion  ba t te ry ,  successful ly demon-  
s t ra ted  in  this  t e s t -bed  vehicle, tha t  is receiving 
wor ldwide  P ~ D  interest .  This w o r k  is de ta i led  more  
fu l ly  in the  section on the sod ium-su l fu r  ba t t e ry  
(9-14). 

U.S.S.R.--In 1899, a Soviet  e lect r ica l  engineer ,  I. V. 
Romanov, demons t ra ted  a b a t t e r y - p o w e r e d  "electr ic  
carr iage,"  the  first Sovie t  a l l -e lec t r ic  vehicle,  in St. 
Pe t e r sbu rg  which could t rave l  36 miles  at  a speed of 
18 mph.  The first Soviet  e l ec t r i c -powered  "car" pe r  se 
was bui l t  in 1935, and from 1948 to 1959 severa l  p ro to -  
types  were  tes ted in the  Moscow and Len ingrad  areas. 
A coordinated  effort for  the  deve lopment  of e lectr ic  
vehicles did  not  begin  unt i l  1968, when  a council  was 
set up under  the  direct ion of the  Minis t ry  of the  Elec-  
t r ica l  Engineer ing  Indus t ry  of the  U.S.S.R. and the  
Amer ican  Academy of Sciences, to tackle  the scientific 
p roblems  involved,  which  included:  t he  Min is t ry  of 

Fig. 12. Soviet prototype electric van EM-0466. Motors, two d.c.; 
range, 48 miles; speed, 27 mph; weight, 1700 kg; load capacity, 
4s4 hg. 

Fig. 13. Hew Soviet electric vehicle 
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Table II. Minimal requirements for an all-electric family car* 
by the U.S. Department of Transportation (25, 26) 

R a n g e  200 m i l e s  p e r  c h a r g e  
S p e e d  60 m p h  
S e r v i c e  l i f e  5 y r  
B a t t e r y  c y c l e  l i f e  ~---3000 
O p e r a t i o n a l  t e m p e r a t u r e s  - -29  ~ to  + 50~ 
T o t a l  w e i g h t  (bat tery)  1500-2000 lb 
Estimated cost --~$101kW-hr with salvage value 
E n e r g y  d e n s i t y  ~-~13S W - h r / I b  
P o w e r  d e n s i t y  ~---100 W - h r / I b  
C h a r g i n g  t i m e  15 r a i n  

' * T h e  f a m i l y  e a r  is  def ined  as  w e i g h i n g  a p p r o x i m a t e l y  4000 lb,  
b e i n g  capab le  o f  c a r r y i n g  5-6 peop le ,  h a v i n g  a m a x i m u m  s p e e d  of  
80 m p h ,  a n d  b e i n g  a b l e  to  a c c e l e r a t e  f r o m  0 to 60 m p h  in 13 sec,  

Table III. Other an-road all-electric vehicle requirements (27) 

R a n g e  E n e r g y  P o w e r  
( m i l e s /  S p e e d  d e n s i t y  d e n s i t y  

Veh ic l e  c h a r g e )  ( m p h )  ( W - h r / I b )  ( W / l b )  

C o m m u t e r  car 100 60 28 31 
D e l i v e r y  v a n  60 40 33 36 
City  t a x i  150 40 64 30 
C i t y  bus 120 30 55 25 
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Fig. 14. Power source comparison with vehicle requirements. 200 
Ib vehicle (500 Ib batteries). 

Table IV. Practical and theoretical energy densities of potential 
traction batteries (28) 

T h e o r e t i c a l  P r a c t i c a l  e n -  O p e r a t i o n a l  
e n e r g y  d e n s i t y  e r g y  d e n s i t y  t e m p e r a t u r e  

S y s t e m  ( W - h r / k g )  ( W - h r / k g )  (~ 

Li-S 2800 330 350-450 
"LI-CI= 2200 150 400-500 
Li-Se 1300 300 350-400 
Zn-air II00 60 *Low 
Fe-air 940 50 Low 
N a - S  785 100-250 300-400 
L i - T e  650 250 400-470 
C d - a t r  500 50 L o w  
A g - Z n  440 120 L o w  
N I - Z n  330 40 L o w  
A g - C d  270 50 L o w  
* * N i - F e  265 17 L o w  
* * N i - C d  210 17-20 L o w  
**PbO~ 170 17 + L o w  

* L o w  t e m p e r a t u r e s  are  o p e r a t i o n a l  t e m p e r a t u r e s  b e l o w  100~ 
** C o n v e n t i o n a l l y  u s e d  s t o r a g e  b a t t e r i e s  i n  b o t h  i n d u s t r i a l  a n d  

c o m m e r c i a l  a l l - e l ec t r i c  veh ic l e s .  

batteries are very promising for application in urban 
transi t  and interstate vehicles. 

Lead-acid traction battery.--Developed in 1852 and 
technically explained by Gladstone's "Double Sulfa- 
tion Theory" in 1888, the lead-acid bat tery has become 
the predominant bat tery system used in more than 
90% of the all-electric vehicles produced today be- 
cause of its long service life, high reliability, and low 
cost (approximately $0.30-1.00/lb, depending upon the 
battery 's  quality).  Improvements in both materials 
and electrode designs have extended the service life 
of this bat tery from 300 to 2000 + recharge cycles. 
Currently, improved lead-acid batteries are being suc- 
cessfully tested in urban transit  vehicles and buses in 
the F.R.G. and in Japan. The Electro Bus and the 
associated recharge system developed by VARTA, AG, 
Daimler-Benz, and Bosch, of the F.R.G., has been suc- 
cessfully tested and was found to require minimal 
maintenance and to have significantly reduced emis- 
sions (see Fig. 3-5). The Japanese have also demon- 
strated an all-electric bus in Osaka, and a fleet of 
electric delivery vans at EXPO '70 (see Fig. 7 and 8). 
Additional applications of lead-acid batteries in short 
range all-electric and hybrid-electric vehicles will in- 
crease throughout the 1970's, with improvements in 
the charge acceptability and capability of the battery. 
Specific improvements in lightweight alloys for cell 
connectors and in superthin, long-life separators, plus 
the use of bipolar or foil electrodes, are anticipated. 
Even with these innovations, it is rather  doubtful that 
the lead-acid bat tery will  meet the requirements for 
an all-electric vehicle capable of extended travel on 

interstate highways due to its limited energy density 
(see Fig. 14). For an all-electric vehicle to commer- 
cially compete with internal combustion engines, ba t -  
teries having greater energy densities must be devel- 
oped (29, 30). 

Nickel-zinc traction battery.--Initially discovered in 
the 180O's, the nickel-zinc alkaline bat tery has been 
extensively investigated by the Soviets since the mid- 
1950's, and by the United States since the 1960's. To- 
day, active research continues in the United States, 
U.S.S.R., F.R.G., and Japan for applications in hybrid-  
electric engine vehicles. The nickel-zinc bat tery  oper- 
ates according to the following electrochemical reac- 
tion, producing aproximately 1.7V per cell with a 
theoretical energy density of 146 W-hr /kg.  Currently, 
Furukawa Battery Company Limited of Yokohama, 
Japan, has developed several prototype 96V, 140 A-hr 
batteries with nylon and cellophane separators, 
achieving an energy density of 45-50 W-hr /kg,  with 
a service life of 200 cycles. It was found that the 
relatively short cycle life was due to separator fail- 
ure at high electrolyte temperatures generated during 
charging. Improved heat-resistant  separators similar 
to those used in NASA silver-zinc batteries (sterilized 
separators) may double the service life of this bat-  
tery. Similar U.S. research by ESB Incorporated and 
by Energy Research Corporation has resulted in the 
successful demonstration of prototypes having energy 
densities twice that  of lead-acid batteries. Potentially, 
the nickel-zinc bat tery is the best bat tery for hybrid-  
electric vehicles because of its stable discharge volt- 
age, wide operational temperature range, deep dis- 
charge capability (50-75% discharge), and relatively 
low cost. Nickel-zinc batteries having power densities 
of 100 + W/ib, costing approximately $2.00/lb, will 
probably be a real i ty within the next 5 years (27-33). 

Zinc-air traction battery.--In recent years, the zinc- 
air alkaline storage bat tery has dominated the field 
of metal-ai r  batteries because of its low cost, high 
energy density, and favorable electrochemical reac- 
tivity. Having a theoretical energy density of 614 
W-hr / lb  and an open-circuit  voltage of 1.65V, the 
zinc-air bat tery is promising; however, serious prob- 
lems regarding zincate ion, carbonate, and zinc den- 
drite formation have limited cycle life. In developing 
a secondary zinc-air system, four basic prototype sys- 
tems have been investigated (33-34)" (i) the mechan- 
ically rechargeable ba t te ry  (1964); (ii) the noncir- 
culating alkaline electrolyte bat tery (1968); (iii) the 
circulating alkaline e lec t ro ly te  bat tery (1968); and 
(iv) the zinc-feeding-fuel bat tery  (1970). A 1 kW 
mechanically rechargeable zinc-air bat tery has been 
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developed and eva lua ted  by  Genera l  Motors  Corpora-  
t ion in  an  Opel  Kade t t  t e s t -bed  vehicle. The ba t t e ry  
had  an  energy  dens i ty  of 42 W - h r / l b  and a power  
dens i ty  of 31 W / l b  and could meet  the  power  requ i re -  
ments  for u rban  t rans i t  vehicles. This ba t t e ry  was 
shelved, however ,  because  of prac t ica l  recharge  p rob-  
lems. Nonci rcula t ing  a lka l ine  e lec t ro ly te  z inc-a i r  ba t -  
ter ies  have  also been invest igated,  but  dur ing  charg-  
ing have suffered f rom zincate  ion and dendr i t e  for -  
ma t ion  on the surface of the  zinc anode. Af te r  a num-  
ber  of charges, the  dendr i tes  pene t ra te  th rough  the 
separator ,  shor t  c i rcui t ing the  cells. The Bri t ish  Elec-  
t r i c i ty  Council  Research Centre in Capenhurst ,  En-  
gland, has developed a hyd rodynamic  z inc-a i r  cell to 
reduce zinc dendr i t e  fo rmat ion  b y  bubbl ing  argon gas 
over  the  anode 's  surface. Tests ind ica ted  tha t  at a 
cur ren t  dens i ty  of 800-1500 A / m  s a smooth homo-  
geneous e lec t rodeposi t ion of zinc on the anode re -  
su l ted  (see Fig. 15 and 16). 

A c i rcula t ing e lec t ro ly te  z inc-oxygen  27 k W  ba t -  
t e ry  crea ted  by  Gulf  Genera l  Atomic  has achieved a 
27 W - h r / l b  energy  dens i ty  and a 20 W / l b  power  
density.  This sys tem was technica l ly  encouraging,  but  
because of its complexi ty ,  was not economical ly  fea-  
sible for  commercia l  vehicles. 

Sony Corpora t ion  Limi ted  of J a p a n  has developed 
a new pulver ized  zinc fuel  bat tery ,  which  is ex -  
t e rna l ly  charged by  a zinc and e lec t ro ly te  r egene ra -  
t ion unit  (see Fig. 17 and 18). This ba t t e ry  achieved 
an energy  dens i ty  of 41 W - h r / l b  and a power  densi ty  
of 10 W / l b  for a 50-100 h r  opera t ion  at a cost of ap -  
p r o x i m a t e l y  $10O/kW. The Sony ba t t e ry  is ve ry  corn- 

Fig. 17. Flow diagram of Sony metal fuel battery system 
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Fig. 18. Flow diagram of fuel and electrolyte regeneration proc- 
ess by Sony. 

Fig. 15. ECRC's electrodeposition of zinc on the anode at 600 
~m 2. 

Fig. 16. ECRC's homogeneous electrodeposition of zinc on the 
onode at 1000 A/m ~. 

plex  and must  be simplif ied before  serious considera-  
t ion can be given to s t anda rd  product ion of this  power  
source (35). 

Sodium-sulfur and lithium-sulfur high energy bat- 
teries.--The sod ium-su l fu r  (Na-S)  s torage ba t t e ry  
or ig ina l ly  developed by  Dr. Nils Weber  and Dr. 
Joseph K u m m e r  of Ford  Motor  Company Research 
Laborator ies ,  Dearborn,  Michigan, in 1966, appears  
to be the  most promis ing  e lect rochemical  power  source 
for long- range  (200 + mi le s / cha rge  at 60 mph)  a l l -  
e lectr ic  vehicles. This ba t t e ry  has a theore t ica l  energy 
dens i ty  of 346 W - h r / l b  and an open-c i rcu i t  vol tage  of 
f rom 1.8 to 2.1V. The ba t t e ry  operates  at  an opt imal  
t empe ra tu r e  of 300 ~ 

The over -a l l  react ion mechanism is shown in Fig. 
19, and the construct ion of a Japanese  p ro to type  by  
Yuasa  Ba t t e ry  Company Limi ted  and Toshiba is shown 
in Fig. 20. In teres t  in, and research  on, this ba t t e ry  
has r ap id ly  increased  since 1966 because of the  ba t -  
t e ry ' s  fol lowing advantages  (36) : 

(i) I t  has high energy  and power  densit ies  due to 
l igh tweight  reac tan t  mater ia ls .  

(ii) Due to the  economical  abundance  of reac tan t  
mater ia ls ,  the  ba t t e ry ' s  c o s t / k W - h r  m a y  be smal le r  
than  that  of l ead -ac id  t rac t ion  bat ter ies .  

(ii{) No se l f -d ischarge  mechanism is foreseen. 
(iv) No shape changes on electrodes occur because 

the  reac tants  are  l iquids.  
(v) No gases are  genera ted  dur ing  charging.  
(vi) There is no danger  of e lec t ro ly te  spillage. 
The service l ife of this  ba t t e ry  depends upon the 

l ife of the  b e t a - a l u m i n a  (Na~O �9 11 AI~O~) ceramic sep-  
a ra to r  w h i c h  is pe rmeab le  on ly  to the  sodium ion 
along the C-axis .  Yuasa, Toshiba, and  Toyota  Motors 
Research Labora to ry  have  conducted extens ive  re -  
search to increase  the  s t rength  and lower  the  in-  
t e rna l  resistance of the  ceramic. The res is t iv i ty  has 
been reduced by  the  addi t ion  of impur i t i es  such as 
Mg +~, Ni +2, Cu +2, and MgO, but  the exact  doping 
procedure  is p r o p r i e t a r y  and the subject  of pa tent  
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Fig. 19. Reaction mechanism for sodium-sulfur high energy trac- 
tion battery. 

eutectic salt, with molten lithium and sulfur as the 
anode and cathode. This bat tery has a high discharge 
rate capability, and should be part icularly useful in 
large power installations. Currently, the major  prob- 
lems of this system are high temperature corrosion 
and solubility, sulfur loss, and sulfur electrode ineffi- 
ciencies. Application of this bat tery in electric vehi- 
cles appears remote (possibly by the mid-1980's) 
because of these material  problems (32). 

Other prototype batteries have been developed by 
Companie General d'Electrique (CGE) of France, the 
Czechoslovak Academy of Sciences in Bratslavia, and 
British Railways of the U.K. Recently, British Rail- 
ways and the Electricity Council Research Center 
(ECRC) have completed initial road testing of the 
world's first sodium-sulfur powered vehicle, an 18 
cwt Bedford delivery van (see Fig. 11 and 21), 
employing thirty 1 kW module, sodium-sulfur cells 
achieving 100 miles per charge at 40 mph (37). 

Fuel Cells for Ground Propulsion Systems 
Fuel cells, which were discovered by Sir William 

Grove in 1839 and greatly improved through the 
1950's and 1960's, have been successfully employed in 
electric vehicles produced by ASEA of Sweden, Shell 
Thornton Limited of the U.K., General  Motors Cor- 
poration, Union Carbide, and several other companies 
in the United States. These systems, using ammonia, 
hydrazine, and hydrogen fuels, are reliable, pollution 
free, and very efficient, but because of the use of exotic 
noble metal catalysts, are rather  expensive and com- 
plex for standard production. Even with reduced cata- 
lyst loadings and the use of substitutes, such as 
tungsten carbide and tungsten bronzes for platinum 
and palladium electrodes, costs wi l l  be greater than 
that for lead-acid, nickel-zinc, and possibly sodium- 
sulfur systems. Currently, the "Target" program in- 
volving Prat t  and Whitney Aircraft  Corporation and 
thir ty  util i ty companies, plus the EXXON-Alsthoms 
corporation programs, are the only two major U.S. 
fuel cell programs. Major breakthroughs must result 
from these programs to revive the fuel cell for ground 
propulsion systems. O n l y  with the initiation of a 
"Hydrogen Economy," with economic methods of 
hydrogen generation by electrolysis or thermal crack- 
ing of water, hydrogen transmission via conventional 
gas lines, and noncryogenic or pressurized storage of 
hydrogen, will the fuel cell emerge as a practical pro-  
pulsion source for commercial transportation. Philips 
Research Laboratories of the Netherlands has devel- 
oped new rare earth intermetallic compounds, which 
store large quantities of room temperature hydrogen 
at 5 atm pressure 

5 atm 
LaNi~ ~- H2 ~:~ LaNisHs 

heat 

Fig. 20. Sectional view of Yuasa's sodium-sulfur battery 

applications. Continued progress in developing im- 
proved ceramic materials, sealing techniques, and pro- 
duction methods are anticipated with l imited produc- 
tion of sodium-sulfur bat tery-powered vehicles ex- 
pected by 1978. 

Lithium-sulfur high energy batteries have a theo- 
retical energy density of 700 W-hr / lb  and an open- 
circuit potential of 2.25V at operating temperatures of 
300~ ~ The electrolytes are a molten LiI-KI-LiC1 

Fig. 21. British Railway's and EC;RC's 30 kW sodium-sulfur pow- 
ered delivery van. 
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5 arm 
SmCos ~ H2 ~=~ SmCojI-~ 

heat 

These reversible hydride complexes have been devel- 
oped for the Stirling engine, but fuel cell applications 
are evident; however, large scale production of hydro-  
gen to meet current domestic energy demands has yet 
to be demonstrated (38, 39). 

Raw Material Requirements 
The materials required for the large scale produc- 

tion of these electrochemical power sources include 
elements such as lithium, sodium, sulfur, chlorine, 
alumina, lead, and graphite, which are economically 
abundant. Other elements such as nickel, cadmium, 
zinc, and the noble metal  catalysts are not abundant 
in the United States and will have to be imported 
from Canada or the U.S.S.R. to satisfy the demands 
of a growing electric vehicle population. This im- 
porting activity will not improve the balance-of-pay-  
ments situation abroad and, with the high demand 
anticipated, the price of these metals will increase 
rapidly. Construction materials for containers, cell 
connectors, and contacts which are corrosion resistant, 
thermally and chemically stable, and enhance elec- 
trical conductivity, such as niobium, tantalum, and 
tungsten, are not presently available to meet this 
demand; thus, substitute materials such as aluminum, 
stainless steel, high temperature plastics, and graphite 
must be used. Fuels such as hydrazine for fuel cells 
are also very expensive because of the high produc- 
tion costs. Breakthroughs in the synthesis of hydra-  
zine, along with improvements in the distribution and 
availabil i ty of these fuels, must be made before the 
fuel cell can readily compete with the internal com- 
bustion engine and appeal to the buying public (40). 

Conclusion 
Review of the power requirements, cost and avail-  

abili ty of materials and reactants, rel iabil i ty and ser-  
vice, safety, and public appeal indicates a high tem- 
perature alkali metal  bat tery  system such as the 
sodium-sulfur and l i thium-sulfur  bat tery is most 
promising and offers the greatest potential for satis- 
fying the foregoing requirements for conventional six- 
passenger cars. Currently, lead-acid traction batteries 
are adequate for powering lightweight (1500 lb) 
all-electric commuter cars in urban areas where the 
maximum driving range is less than 25 miles per day. 
Secondly, fuel cells offer an effective energy density, 
power density, and reliabili ty;  however, the cost and 
availabili ty of fuels and catalysts limit their applica- 
tions. Possibly, by the mid 1980's, when the availabil-  
i ty and public acceptability of hydrogen as a fuel is 
a reality, fuel cells will begin to emerge as a signifi- 
cant power source for both propulsion and domestic 
power applications. Greater investment by the United 
States Government in I ~ D  relating to electrochemical 
power sources in this crucial area is necessary. The 
magnitude of the technical problems involved and the 
significance of the potential technological achieve- 
ments should be recognized in conjunction with the 
necessity to limit pollution in the metropolitan areas. 

Manuscript submitted Aug. 3, 1973; revised manu- 
script received Nov. 12, 1973. This was Paper  10 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any discussion of this paper will appear in a Dis- 
cnssion Section to be published in the December 1974 
JOURNAL. All discussions for the December 1974 Dis- 
cussion Section should be submitted by Aug. 1, 1974. 
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Thin Oxide Films on Iron' 

Morr is  Cohen*  

Division of Chemistry, National Research Council o~ Canada, Ottawa, Ontario, Canada 

The first two papers (1, 2) I presented at a Meeting 
o f  the Electrochemical Society were given at Bir-  
mingham, Alabama in  1946. They were concerned 
with a technique for s tudying corrosion and an in -  
hibitor  for stopping corrosion. The next  paper  (3) 
was the first paper on inhibi t ion  by sodium nitri te.  
The final conclusion in  that  paper  was as follows: 
"The mechanism for inhibi t ion is probably the forma- 
t ion of a t ight oxide layer  which is formed by  the 
combined action of n i t r i te  and oxygen and is repaired 
by the nitri te." It  was also proposed that  the same 
type of mechanism was applicable to chromate inhib i -  
tion. At the t ime this was quite contrary to the most  
commonly accepted dogma on passivity and inhib i -  
tion. This review will  deal with at tempts our labora-  
tory has made to determine the mechanisms of forma- 
t ion of and the properties of these th in  oxide films 
on iror~ 

Chemica l l y  Formed F i lms- - Inh ib i to rs  
The ear ly  work on ni t r i te  showed that  the weight 

loss of i ron in  solution decreased as both the concen- 
trat ions of ni t r i te  and oxygen (4, 5) were increased. 
At in termediate  concentrat ions pit t ing was observed. 
There was also some decrease in  the ni t r i te  concentra-  
t ion dur ing the exposure of the i ron specimen to the 
ni t r i te  solution. Ammonia  was shown to be a by-  
product  of the reaction of ni t r i te  with iron. On this 
basis it was postulated that  the film was formed by  
adsorption of ni t r i te  on the iron surface followed by  
a reaction to form oxide and ammonia.  This is i l lus-  
t rated in  Fig. 1. The O-O distance in  the ni t r i te  is not 
too far removed from the Fe-Fe  distance in  iron. This 
same type of adsorpt ion-react ion mechanism was also 
proposed for other oxidizing inhibitors such as chro- 
mate and molybdate  (6). In  the case of the ni t r i te  
the reduct ion product of the inhibi tor  is soluble and 
hence a protective film containing i ron and oxygen, 
and  possibly hydra ted  oxide would be formed. Under  
sufficiently inhibi t ing conditions only an anhydrous  
cubic oxide is observed by electron diffraction (9). 
With chromate the reduct ion product is insoluble 
Cr~Os and this would be expected to be found in  the 
film (7). Figure  2 is the electron diffraction pa t te rn  
of the "Fe804-7-Fe~3"  film formed on a single crystal 
of i ron exposed to sodium ni t r i te  solution. T h i s  film 
is epitaxial  wi th  the under ly ing  meta l  and about 20- 
30A in  thickness. In  Table I the amount  of Cr~O3 in  
film formed in chromate solution as a funct ion of 
exposure conditions, is presented. 

Nonoxidizing inhibitors require the presence of 
oxygen to prevent  corrosion. This is i l lustrated for 
sodium phosphate (10) in  Fig. 3. This figure also 
shows the relationship be tween corrosion rate and 
potential. It can be seen that  inhibi t ion of corrosion 
in  solutions containing the nonoxidizing phosphate 
ion occurs only in  the presence of oxygen. The phos- 
phate is a buffer which prevents  acidity from develop- 
ing and also acts to precipitate ferric phosphate in 
pores which may develop in the film. The amount  of 
phosphate in  the film depends on the surface prepara-  
t ion of the i ron and the corrosivity of the solution 
(11). An electron micrograph of an i ron specimen 
which had been exposed to a phosphate solution con- 
ta ining chloride ion showed large inclusions which 
gave the diffraction pa t te rn  of a hydra ted  FePO4. 

* Elect rochemical  Society Act ive  Member .  
z The Corrosion Division Award Address, delivered at the Boston, 

Massachuset ts ,  Mee t ing  of t he  Society,  October  9, 19"/3. 
Key words :  passivi ty ,  inhibi t ion,  th in  films. 
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Fig. I. Adsorption of NOz-  on iron and reaction to form NHs, H2, 
iron oxide film. 

The behavior  in  both oxidizing and nonoxidizing 
inhibi tors  (6) in  the presence of oxygen is shown in 
Fig. 4. A much higher concentrat ion of nonoxidizing 
anion is requi red  to inhibi t  the corrosion of iron. In  
all cases when  the corrosion is inhibi ted the poten-  
tial of the iron is greater  than 0, (hydrogen scale) 
and < --500 mV when  corroding. The films are 
main ly  composed of "Fe304-~-Fe~Os." Some ~-FeOOH 
and other ferric compounds may  also be present  under  
some conditions. Phosphorus and chromium com- 
pounds in  the films were de termined using radio-tracer  
techniques (7-11). 

Electrochemical ly  Formed Films 
Electropolishing.--In the course of this work it  was 

desirable to s t a r t  wi th  a clean smooth surface having 
a reproducible type of oxide film on it. To this end a 
technique was developed for electropolishing in  a 5% 
perchloric-acetic acid mix ture  (12) which produced 
a smooth iron surface covered with a th in  film of 
the "Fe~O4-7-Fe203" type oxide. This film, and var ia-  
tions thereof, were studied using reflection high 
energy electron diffraction (13). Lattice spacing mea-  
surements  were made both immedia te ly  after  electro- 
polishing and after aging in air or vacuum. Some 
specimens were also first cathodicaUy reduced in  a 
borate buffer solution (14), and then exposed to air. 
The results are shown in Table II. I t  can be seen that  
the lattice parameter  of the freshly electropolished 
specimen (8.26) is lower than  t h a t  for ei ther  ~-Fe~08 
(8.32) or FesO4 (8.38). On anneal ing  or aging over a 
period of t ime the lattice parameter  gradual ly  changes 

Table I. Amount of chromium (as Cr~O~) in film formed in 
chromate solution 

~cg 
Surface  condit ion Solution Cr=O~/cm s* 

Ha-reduced wi re  De-aera ted  1.6 
Ha-reduced sheet  De-ae ra ted  1.4 
Etched sheet  w i th  a i r - fo rmed  film De-ae ra ted  0.1 
Etched sheet  w i th  a i r - f o rme d  film Exposed to 

air 0.6 

* 1 / ~ g  C"r=Oa ~ 2 0 A .  

191C 
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Fig. 2. Electron diffraction patterns of Fe3 0 4 -  ~'Fe203 on iron exposed to nitrite solutions (a), (112) Fe in N/1000 Na NO2 aerated. 
(b), (|00) Fe in 3N Na NO2, aerated. 

Fig. 3. Comparison of weight 
loss and potential of iron in neu- 
tral phosphate solutions. A, O~ 
absent. B, 02 in solution. 
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Fig. 4. Weight loss curves for iron exposed to various inhihitors 
in aerated solutions. A, oxidizing inhibitors such as C r O 4 - - ,  NO2- ,  
and W O 4 - - ;  B, nonoxidizing inhibitors such as phosphate, borate, 
benzoate, silicate. 

to a final 8.38. This would indicate that  the electro- 
polishing (plus ini t ia l  air exposure) produces a film 
which is cation deficient in  relat ion to ~-Fe2Oa. On 
aging in air or vacuum, iron diffused into the film 
gradual ly  converts through ~/-FesOs to FeaO4. If the 
E.P. film is cathodically reduced and the specimen ex-  
posed to air the iron oxide has an average lattice 
parameter  closer to that of -/-Fe2Os. This oxide also 
converts to FeaO4 on vacuum annealing.  The diffrac- 
tion patterns are similar  to those shown in Fig. 2 
for films formed in ni t r i te  solution. This indicates 
that  the film is a highly epitaxed microcrystal t ine 
cubic i ron oxide with an average crystall i te size of 
20-30A. The thickness of the electropolished film on 
this (112) surface was estimated to be 17A by  the 
cathodic reduct ion technique. 

Anodic passivity.--Having now developed the tech- 
niques for reproducible surface preparation,  analytical  
cathodic reduct ion and electron optical examinat ion  
of the th in  films, we felt it should be possible to do a 
more definitive study on films formed by anodic oxi- 
dation, that  is the so-called anodically formed passive 
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Table II. Iron single crystal. (112) Surface variation of lattice 
parameter, a, of air-formed oxide* 

Surface preparation 

THIN OXIDE F I LMS  ON IRON 193C 
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Fig. 6. Change of current with time during anodic polarization 
of iron in borate buffer at various potentials. ~ F I - - ,  - -300 mV; 
-- O--, 4" 200 mY; --A--, 4- 600 mY. 

E.P. ,  a i r  exp . ,  5-1S r a i n  8.26 
E.P. ,  e x p .  in  E.D.C. ,  5 m i n  8.27 
E.P. ,  exp .  i n  E.D.C. ,  30 m i n  8.36 
E.P., exp. in E.D.C., 60 min S.27 
E.P. ,  e x p .  i n  E.D.C. ,  120 m i n  8.32 
E.P. ,  exp .  i n  E.D.C. ,  240 r a i n  8.32 
E.P. ,  e x p .  i n  E.D.C. ,  22 h r  8.38 
E.P. ,  1V= h r  a t  200~ in  v a c u u m  

10 -~ m m  H g  8.38 
E .P .  p l u s  C.R.,  a i r  exp . ,  10 r a i n  8.32 
E .P .  a n d  E .P .  p l u s  C.R.,  a i r  e x p .  

17-18 h r  8.39 

E.P. ,  e l ec t ropo l i shed .  
C.R.,  e a t h o d i c a U y  r e d u c e d .  
E . D . C . ,  v a c u u m  o f  e l e c t r o n  d i f f r a c t i o n  c a m e r a .  

�9 A t  r o o m  t e m p e r a t u r e ,  25~ 

film. For a n u m b e r  of reasons, such  as pH control, the 
solution used for cathodic reduction, i.e., a borate 
buffer, modified slightly to remove chloride and give 
a pH of 8.4 was used in these studies (15, 16). This 
was a solution in  which it was possible to form a pas- 
sive film from an original ly bare  surface [something 
which could not be done with chloride or sulfate 
(17)]. 

The typical potentiostatic polarization curve ob- 
tained in the borate buffer solution is shown on line 
1 of Fig. 5. The specimens were electropolished and 
cathodically reduced before the anodic polarization. 
Essentially no dissolution of iron occurs between 
about --200 mV and 4--850 mV (SCE). Only small 
amounts of iron are observed between --500 mV and 
--250 mV. Typical potentiostatic charging curves in 
the passive region are shown in Fig. 6. Graphical 
integration of these curves gave the number of cou- 
lombs passed during polarization while analysis of 
the solution for Fe + + gave the number of coulombs 
used for iron dissolution. The difference was used in 
forming the film. These results are also shown in Fig. 
5. As can be seen the thickness of the passive film 
varies from about 8A at --400 mV to 30A at 850 inV. 
Above this potential oxygen evolution sets in and 
renders the coulometric method inaccurate for the 
estimation of thickness. In these neutral solutions the 
anodically dissolved iron was always in the ferrous 
state. Some specimens were passivated at constant 
current. The number of coulombs used to reach the 
various passive potentials was about the same as for 
a short time potentiostatic oxidation. Electron diffrac- 
tion patterns of the films formed by anodic oxidation 
o f  an i ron single crystal were s imilar  to those on 
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Fig. 5. Polarization curve and oxide thickness in borate-buffer 
solution. ~ 0 - - ,  polarization curve; - - V I ~ ,  10 rain galvanostatic 
oxidation; 1 hr potentiostatic oxidation. 

specimens formed by oxidation in ni t r i te  solution or 
by electropolishing. The film was a highly oriented 
epitaxial microcrystal l ine cubic oxide. 

A typical cathodic reduct ion curve for these films 
is shown in  the top part  of Fig. 7. Two waves a r e  evi- 
dent, one for the reduct ion of 7-Fe203 (to give lee + + 
in solution) and the other for the reduction of FesO4 
(to give a combinat ion of Fe + + in solution and de- 
posited iron).  The amount  of i ron cathodically pro- 
duced in  the solution after various anodic t reatments  
is shown i n  the bottom part  of Fig. 7. These were 
done with no intermediate  exposure to air or oxygen. 
The init ial  cathodic reduction current  efficiency is low, 
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Fig. 7. Top curve: Cathodic reduction at 10# A/cm ~ of anodi- 
cally oxidized specimen. The two waves correspond to the reduction 
of ~'-Fe203 and Fe304. Bottom curve: The amount of Fe + + in 
solution after various times of cathodic reduction. The dotted line 
represents a current efficiency o f  100% for the reduction of 
~-Fe~O3. 
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Fig. 8. Decay curves for poten- 
tial of iron anodieally oxidized 
at + 8 5 0  mV for various times. 
Ferrous iron was added to the 
solution to obtain curve 4. The 
numbers on curve 2 correspond to 
the amount of iron in solution. 
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if based on the reaction 

3H20 + Fe203 + 2e-> 2Fe ++ + 6 O H -  [1] 

This was taken to indicate that  the outer layer  of the 
film was composed of a cation-deficient "~-Fe~Os of 
the general  formula Fe~-xOs, the x being accounted 
for by the presence of a higher valent  i ron species in 
the outer layer  of the film such as Fe e +. This behavior  
was observed with films formed well  below the oxy- 
gen evolution potential  and hence could not be a t t r ib-  
uted to oxygen adsorption. 

A series of experiments  were also performed in 
which, after anodic polarization, the open-circui t  po- 
tential  of the specimen was followed with time. This 
type of decay curve is shown in  Fig. 8. In  the absence 
of Fe + + the rate of decay of the potential  is very 
slow and depends on the t ime of the polarization. If 
ferrous iron is added the decay is very  rapid and the 
final s teady-state  potential  is lower. In  a l l  cases the 
final s teady-state  potential  is still in the passive re-  
gion. At much longer t imes the film finally breaks 
down and corrosion starts. The final s teady-state  po- 
tential  is also dependent  on the pH of the solutions. 

During the decay the reaction is probably  

Fes-=Os + xFe ---> Fe~Os [2] 

This is a solid-state react ion in  which diffusing iron 
from the under ly ing  metal  reacts with the outer oxide 
and corresponds to what  was earl ier  observed dur ing 
vacuum aging of the electropolished film. The reac- 
t ion with Fe ++ in  solution would follow a nominal  
equat ion such as 

Fes-~Os + 3xFeOH + --> (I + x)Fe2Os + 3xH + [3] 

The rate of this reaction should depend on diffusion 
of FeOH + in the solution to the oxide surface and 
would be faster than the solid-state diffusion required  
in  reaction [ 2 ] .  

The effect of pH and Fe + + concentrat ion on the 
steady-state  potential  of the passive film would indi -  
cate that the electrochemical reaction determining the 
potential  of the passive film is 

Fe203 + 3H20 -~- 2e ~ 2Fe + + + 6 OH- [4] 

From the potentials measured and the known values 
of the other reactants one can calculate the free 
energy of formation of ~-Fe~Os. This comes out to 
--166.5 kcal /mole and is qui te  reasonable in relat ion 

to FesO4 and a-Fe~Os. ~-Fe2Os is in termediate  in  
stabil i ty be tween  these two oxides. 

On the basis of the above considerations a general  
picture of the oxide film is shown in  Fig. 9. Although 
phase boundaries  are shown these do not exist as real 
phase boundaries.  Rather the oxide is composed of a 
cubic array of oxygen into which i ron atoms fit. Close 
to the metal  surface the oxide has an oxygen- i ron  
ratio close to that  of FesO4 while close to the surface 
it is Fe2-~O~. In  be tween the ratio is close to that  of 
7-Fe~)s. On aging in the solution or in  an oxygen-  
free atmosphere the whole oxide gradual ly  converts 
to Fe304. On adding Fe ++ ion the outer layer  is 
quickly converted to 7-Fe2Os. 

Kinet ics  of anodic ox idat ion . - -The  good reproduci-  
bi l i ty obtained during anodic oxidation of i ron in 
the neut ra l  borate-buffer  solution indicated that  this 
system could be used for a detailed s tudy of the 
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Fig. 9. Schematic composition of anodic oxide film. A, in the 
presence of iron; B, in the absence of iron. 
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kinetics of oxide growth dur ing anodic polarization. 
This s tudy was reported in  two papers on ini t ial  and 
steady-state kinetics (18, 19). Specimens were pre-  
pared by  anodic oxidation at a low potent ia l  for a set 
t ime to produce a th in  oxide of known  thickness. They 
were then  fur ther  oxidized potentiostatically by  rais-  
ing the anodic potential  and following the Change of 
current  with t ime or galvanostat ical ly by applying a 
constant  cur ren t  and following the potent ial  change 
with time. Some results are shown in  Fig. 10 and 11. 
As can be seen in Fig. 10 the total charge is dependent  
on the applied potential  bu t  the slope of the log i vs. 
coulombs curve is constant over the whole potential  

. . . .  

+ 1.4 ~ ~, ~o "~o i= Aexp(-'~T) 
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+,2-  \,, ,~. ~ \ ~.o I E I ~ , o 2 . 1  
\ \  \ ~, \ \ ] ,o. l-c,.-" 

.oo \ \, \ \ \ ::::1:::: 
% o ~ o  \ ~ o  + o.e6, o.4~o ' 

+o.6- ~ ~ ~ ~ \ j+o.,,zlo.,, ,  

~o. , , -  ~, ~ ~ ~ ~\. . 

-0.2 

-0.4 

_o.0_ \ \ 
-~ ~ ~, ~ 'o ~o ~ '  
- I .o -  ~, I , o \ l  - , ?~ , o~ , l I~ i b, 

46  4.8 5.0 5.2 5.4 5.6 5.8 6.0 62  6.4 6.6 6.8 

AMOUNT OF CHARGE QT(mC/cm 2 ) 

Fig. 10. Patentiastati= oxidation of iron with pre-existing thin 
oxide film of 4.410 mC/cm 2 formed at +0.085V. 
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Fig. 11. Galvanostatic oxidation of iron with same pre-existing 
film as in Fig. 10. 

range. All the results could be expressed by the equa-  
t ion 

, = A e x p ( - ~ )  [5] 

where the value of A is dependent  on the charging 
potential  and B is constant. Qr is the total charge used 
in forming the film and hence is a measure of its 
thickness. One can also obtain an i/QT curve from the 
data of Fig. 11. These agree with the data obtained 
potentiostatically. Also from Fig. 11 it can be seen 
that the thickness, (QT), is a l inear  funct ion of the 
potential  wi th  a slope which is independent  of the 
current  density. One can also obtain polarization 
curves (log i vs. E) at different thicknesses from this 
data. In  the steady growth region the slope is con- 
s tant  and independent  of thickness. The slope is also 
independent  of pH. 

Some potentiostatic experiments  were also r u n  in 
the tempera ture  range of 0~176 Again curves obey- 
ing the equat ion i -- A exp - Q T / B  were obtained. 
However, the value of B changed with temperature.  

Although there had been  a n u m b e r  of mechanism 
proposed for explaining the kinetics of anodic growth 
of th in  oxide films, none appeared satisfactory for 
this set of results. We therefore adapted the place- 
exchange mechanism which had been proposed for 
dry oxidation. A more detai led m e c h a n i s m  was 
worked out (18) which proposed the simultaneous 
(or cooperative) rotat ion of rows of atoms. The ap- 
plied potential  supplied part  of the dr iving force. A 
schematic representat ion of the process is shown in 
Fig. 12. The activation energy for growth increases 
with thickness un t i l  it exceeds the activation energy 
required for diffusion or other growth processes. Be- 
cause of the applied potential  the oxide can become 
thicker than  under  conditions of dry oxidation. 

Oxidation in low pressure oxygen.--We have made 
a number  of at tempts to measure the rate of dry oxi- 
dation of i ron at room temperature.  Microbalance 
measurements ,  using either a quartz beam type or a 
sensitive Cahn type, were not sufficiently sensitive. 
Two techniques were successful. In  one of these (20) 
the reaction was followed by measur ing the change of 
pressure with t ime at constant  volume. With the 
other the (21, 22) in tensi ty  of an electron beam ex- 
cited OK~. X- ray  l ine was measured to determine 
the amount  of oxygen in the surface. 

The pressure-change apparatus was constructed of 
stainless steel, except for a fused silica specimen 
chamber. It  could be baked and pumped to a base 
pressure of about 10 - s  Torr. The uptake measure-  
ments  were made at about 10 -.2 Torr. The change of 
pressure was measured using a cal ibrated Pi rani  
gauge. The specimens were electropolished and hydro-  
gen reduced before the reaction. Using 10 cm 2 speci- 
mens  the measurements  were sensitive to about 2 X 
10 -8 g /cm 2. With smaller specimens, such as the 2 cm 2 
single crystals the sensit ivi ty was less, about 1 X 10 -7 
g /cm 2 or the equivalent  of just  under  1A of Fe~O4. 

Results for three different specimens are shown in 
Fig. 13. The uptake in  all  cases is approximately 
logari thmic and the thickness approaches 13-16-& de- 
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Fig. 12. Illustration of place-exchange mechanism for anodic 
oxidation of iron, Note simultaneous rotation of rows. 
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Fig. 13. Kinetics of oxidation of iron at roam temperature and 
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pending on the orientation. The polycrystal l ine oxide 
has the highest uptake. The oxide on the single crystal 
specimens was shown by  electron diffraction to be a 
wel l -or iented epitaxial microcrystal l ine oxide of the 
FeaO4-7-Fe20~ type, s imilar  to that  observed previ-  
ously for oxide formed by anodic oxidation or air 
exposure of a cathodically reduced specimen. Surface 
area measurements  were made using krypton  adsorp- 
tion and the surface roughness ( ~  1.2) was the same 
for all the specimens. The small anisotropy of oxida- 
t ion is probably due to varying grain (or subgrain)  
size with surface orientation. The observed thickness 
is about the same as that  reported above for iron 
which was electropolished or etched and exposed to 
atmospheric air and in the middle range of the thick- 
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Fig. 14. Oxidation of iron in RHEED-XRE apparatus. The squared 
numbers were points at which electron diffraction patterns were 
measured. 
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nesses formed by anodic oxidation of iron in the borate 
buffer solution. 

A RHEED-XRE apparatus (21) was used to exam- 
ine the growth of oxide on i ron at lower pressures. In  
this apparatus it was possible both to obtain reflection 
high energy electron diffraction of the surface and 
to measure the oxygen uptake by the x - r ay  emission 
from the surface oxygen of the OK~ line. This x - ray  
emission could be excited by the high energy electron 
beam (40-50 kV) or by an auxi l iary  low energy (500- 
2000V) beam directed at right angles to the specS- 

Fig. 15. Electron diffraction patterns of pure (001) iron. (a), Clean. (b), 12L exposure. (c), 37L exposure. Pattern shows both iron and 
oxide. (d), 57L exposure. Mostly iron oxide pattern. 
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men. The la t ter  was used in  these studies of oxygen 
take-up (22). 

In  this study the single crystal high pur i ty  i ron was 
fur ther  purified in the apparatus to remove carbon, 
sulfur, and oxygen. It  was then exposed to low pres- 
sure oxygen, and measurements  were made. It  was 
found that  over the oxygen pressure range of 5 • 
10 -8 to 2 • 10 -6 Torr and for specimen temperatures  
from 25 ~ to 150~ the rate of oxidation at any spe- 
cific thickness was directly proport ional  to pressure. 
In  the very early stages of oxidation of a clean sur-  
face the sticking coefficient was close to one and 
dropped to 10 -~ and lower after some oxide forma- 
tion. The x - r ay  emission measurements  were cali- 
brated using specimens prepared in  the pressure-  
change apparatus. The sensitivity was, of course, con- 
siderably higher than  that  of the pressure-change 
equipment.  

A typical oxidation curve is shown in Fig. 14. Re- 
flection high energy electron diffraction pat terns be-  
fore and  dur ing the oxidation are shown in  Fig. 15. 
Although these measurements  were made at 150~ 
almost identical results are obtained at lower tem-  
peratures in  this exposure range. The mean  lattice 
parameter  parallel  to the surface was determined 
from the diffraction pat terns and varied from 8.18 
__ 0.04 at low exposures to 8.34 _ 0.06 for long expo- 
sure times. The relationship of these observed lattice 
parameters  to those of the oxides of i ron is shown in 
Fig. 16. It can be seen that the oxide starts out with 
a s t ructure  corresponding to an oxide containing even 
less i ron than ~-Fe203 and as it thickens (and ages) 
gradual ly  moves through ~-Fe203 to Fe~O4. The thick- 
ness at 99L (L ---- 10 -6 Torr  sec) exposure is about 

10A. With longer  times of exposure (104L) the oxide 
thickens to about 20A. 

These results are consistent with those obtained 
with the other techniques of dry oxidation, anodic 
oxidation, electropolishing, and electropolishing and 
etching, or cathodic reduct ion and air exposure. The 
low lattice parameter  (cation vacancies in  an essen- 
t ial ly -~-Fe203 structure)  is typical of conditions 
where oxygen incorporat ion into the oxide is more 
rapid than  iron diffusion. With t ime all  the oxides 
tend to "anneal"  towards a -y-Fe~O3-Fe304 composi- 
tion. In  all cases the oxide is thin, highly oriented but  
microcrystall ine.  The rate of oxidation is essentially 
logarithmic and hence the oxide is highly protective. 
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ABSTRACT 

Generally accepted facts along with unanswered questions, concerning the 
four charges, Qss, Qo, Nst, and Not, associated with the thermally oxidized 
silicon system are presented and briefly discussed. The discussions and infor- 
mation presented are based on comprehensive investigations carried out in the 
semiconductor industry over the past ten years. Although reasonably good 
empirical information concerning charge dependence on device processing is 
available, much remains to be learned regarding the physical origin of these 
charges. A simplified model is presented which indicates that most of the 
charges can be related to silicon bond defects in the thermally oxidized 
silicon structure.  

In  May 1962, the first complete technical session to 
deal with passivating properties of thermal  oxides on 
silicon was held at the Electrochemical Society Meet- 
ing in Los Angeles, California. Prior  to that, the only 
significant work on the subject was from Bell Labo- 
ratories, where such scientists as Atalla, Law, Ligenza 
and Spitzer, Frosch and Derrick, and others (1), had 
provided the background for oxide passivation of 
silicon devices. 

Ten years ago, in  1963, several companies started 
programs involving silicon surface studies and MOS 
development-. These programs were later  to mushroom 
into the largest concentrated effort of this type that  
the indus t ry  had seen or perhaps will  ever see (2). 
While these efforts were pr imar i ly  directed towards 
MOS devices, the results now also apply to bipolar 
structures which have become equal ly sensitive to 
surface properties due to recently developed technol-  
ogy. Charges present  in oxidized silicon structures 
affect threshold voltages, effective mobilities, and de- 
vice stabili ty in  MOS devices, and also low current  
beta, junc t ion  leakage, noise, and breakdown voltage 
in  discrete transistors and l inear  and digital in te-  
grated circuits. Many of the det r imenta l  effects in 
bipolar  devices are due to channel ing or inversion 
of the silicon surface as a result  of charges in  the 
oxide. 

It  has been adequately demonstrated that  the basis 
for all silicon device passivation is thermal  silicon 
dioxide. While other dielectrics such as vapor de- 
posited silicon oxide or nitride, phosphosilicate glass, 
or a luminum oxide, are useful, they are general ly  em- 
ployed as secondary layers either over the thermal  
oxide or on top of the metallization. A discussion of 
charge effects in these double dielectric structures will  
be presented in  a later  paper. 

This paper will  review the current  unders tanding  
of charges in thermal ly  oxidized silicon. Facts about 
the four types of charges will be listed and discussed 
along with comments about unanswered  questions. 
The discussion will be based on the author 's  experi -  
ence over the past ten  years, as well  as on informa-  
t ion gained from other investigators. 

Since it has been demonstrated that  most of the 
charge effects are directly or indirect ly related to the 
thermal  oxidation process, a short discussion of 
thermal  oxidation kinetics wil l  first be presented, fol- 
lowed by  a brief  description of the four types of 

* Electrochemical Society Active M e m b e r .  
K e y  words: silicon, silicon dioxide, oxide charges, semiconductor 

passtvation. 

charges. After the pr imary  tabulat ion and discussion 
of the facts and unanswered  questions about these 
charges in the SiO2-Si system, the paper will  con- 
clude with a hypothesis concerning the possible phys-  
ical origins and interrelat ionship of the charges. 

Thermal Oxidation of Silicon 
The thermal  oxidation of silicon is commonly car- 

ried out in a water  vapor or oxygen atmosphere over 
the temperature  range of 800~176 The oxidation 
proceeds by three consecutive reactions: (i) the 
t ransfer  of the oxidizing species into the oxide al- 
ready formed, (ii) the diffusion of the species through 
the oxide, and (iii) the reaction of oxygen with sili- 
con at the oxide-silicon interface region to form SiO2 
(3). These processes are i l lustrated in  Fig. 1. The 
kinetics of silicon oxidation have been studied in 
detail (3-7), and a relationship has been established 
which is based upon all three of the individual  reac- 
tions mentioned above. This relationship is included 
in Fig. 1 and agrees with exper imental  data that  have 
indicated a parabolic, diffusion-controlled oxidation 
mechanism at high temperatures,  a linear, surface- 
controlled reaction at low temperatures,  and a com- 
binat ion of the two at intermediate  temperatures.  
Thus, processing steps, such as boron or phosphorus 
glass formation, which affect the diffusion process 
through the oxide, also affect the oxidation rate at 
high temperatures.  On the other hand, anything affect- 
ing the na ture  of the silicon surface, such as crystal 
orientation, heavy doping, or the like, will affect the 
oxidation process at low temperatures.  

It  is interest ing to note that  the activation energy 
of 45 kcal /mole determined for the surface reaction 
controlled, l inear  rate constant  is identical to the 
Si-Si bond energy reported by Jaccodine (8). Thus, 
the ra te -de termining  step for the reaction of Si and 
O2 to form SiO2 is probably related to the breaking 
of a Si-Si bond. 

As is shown in Fig. 1, a thin region of oxide which 
contains part ial ly ionized or excess silicon exists near  
the SiO2-Si interface where diffusing oxygen reacts 
to form new SIO2. This par t ia l ly  ionized silicon plays 
an important  part  in charge formation as wil l  be 
described in the following sections. The amount  or 
density of the ionized silicon depends upon the final 
high temperature  oxidation or anneal ing conditions. 
Unlike the excess silicon, the "excess" oxygen dis- 
t r ibuted throughout  the oxide apparent ly  is not 
charged in its final form and, thus, does not act as a 
charge in the thermal ly  oxidized silicon system. 

198C 
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Si02 
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~ . . . ~ x y g e n  

Si 
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~ -  Ionized 

Silicon 

Xo2 + A x o  : B ( t + r )  

where ,  A = 2D ( I / k  + I/h) 

B = 2DC* /N I 

-c --- Constant 

For "large times," 
Xo 2 = Bt  

For "small t imes," 

x o = -~ (t + r )  

Fig. 1. Schematic illustration of proposed mechanism, plus the 
general relationship, for the thermal oxidation of silicon (3). The 
three stages of oxidation are indicated by (a), (b), and (c). In the 
general relationship, A, B, and T are constants and Xo is the oxide 
thickness after time t. 

Charges in Thermal Oxides 
The four types of charges found to be associated 

with the thermal ly  oxidized silicon structure are 
shown in  Fig. 2. They are as follows: Qss, fixed sur-  

SiO2 

liiliiiiiiiliiiiiii,iii iiii.iiiii,! 
FIXED SURFACE-STATE 
CHARGE, QSS 

No + No + 

Na + 

NQ + 

MOBILE IMPURITY 
IONS, Qo 

SiOz I + + § § § 
§ + -I- § § 

 iiiiiiiii!!iiiiiiiiiiiiiiiiil iiii:iiiii~ii!iiiiii~iiii~iiiii i!ii!iiiiii!iiiiii~i;ii:iii~;ii~.i;:~iii:iii!iiii:~iiiii~ili~ii 

FAST SURFACE TRAPS IONIZED BY 
STATES, Nst RADIATION, Not 

Fig. 2. The four types of charges associated with the thermally 
oxidized silicon structure. 

face state charge; Qo, mobile impur i ty  ions; Nst~ fast 
surface states; Not, radiat ion induced charge. 

The unders tanding  of the origin and na ture  of 
these charges is very impor tant  if they are to be 
reproducibly controlled or minimized dur ing device 
processing (9-13). The net  result  of any charge resid- 
ing in the oxide is to induce a charge of opposite 
polari ty in the under ly ing  silicon. The amount  induced 
will  be inversely  proportional to the distance of the 
charge from the silicon surface. Thus, an ion residing 
in  the oxide very near  the SiO2-Si interface will  
reflect all of its charge in  the silicon, while an ion 
near  the oxide outer surface will  cause l i t t le or no 
effect in  the semiconductor. The charge is measured 
in  terms of net  charge per uni t  area at the silicon 
surface. 

The author has established that  there are at least 
seventeen basic effects whereby the effective density 
of one or more of these charges is changed by a par -  
t icular  processing step. These effects have been deter-  
mined by carefully chosen and controlled experi-  
ments, and are locally referred to as the "XVII drifts 
of silicon oxide technology." It  does not have to be 
emphasized that  a proper unders tanding  of these 
"drifts" is a critical factor in the fabricat ion of re-  
producible and reliable devices--ei ther  MOS or bi-  
polar. Space does not permit  a discussion of all seven- 
teen instabilities, but  impor tant  examples will  be pre-  
sented in the following sections. 

Most oxide charge evaluations can be made using 
the capacitance voltage (C-V) method of analysis. 
This method is simple and rapid (14-15) and in  most 
cases provides a quant i ta t ive  or at least a semiquant i -  
tative measure of surface charge. 

The value of any given charge such as Qss, residing 
as a sheet near  the SiO2-Si interface, can be deter-  
mined using the C-V method of analysis by the fol- 
lowing relationship 

Co /r 
Qss _= ( _  VFB-~- @MS) - - - -  ( - -  VFB J~- @MS) - -  
q q qxo 

where VFB is flatband voltage; @MS, meta l -semicon-  
ductor barr ier  energy difference; Co, oxide capac- 
itance; q, electronic charge; ko, oxide dielectric con- 
stant;  e, permit t iv i ty  of free space; and Xo, oxide 
thickness. 

A typical C-V pl0t is shown in  Fig. 3 where Qss c a n  
be determined from the above relationship by  mea-  
suring the flatband voltage VFB. Addit ional  charges 
introduced into the oxide will  cause a fur ther  shift 
of VFB, thus displacing the C-V curve along, the 
voltage axis. Other more  precise, bu t  also more c o m -  
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Fig. 3. Determination of fixed surface-state charge Qss by com- 
parison of experimental and theoretical capacitance-voltage (C.V) 
curves. For theoretical curve, Qss and @MS -- 0. 
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plicated, methods for charge measurement  are re-  
ported in the l i terature,  especially for fast state 
analysis (9, 16-20). 

The author  has made extensive use of the C-V 
analysis method over the past ten  years and has 
noted that C-V curves are so sensitive to process 
var iat ion that  it is possible to determine what  oxide 
has been produced in what  furnace at what  time and 
even in what  mood the operator was that  par t icular  
day. 

Facts and Unanswered Questions Regarding 
Oxide Charges 

As ment ioned in  the in t roductory  remarks, a con- 
siderable amount  of work has been carried out over 
the past ten years concerning silicon passivation, with 
emphasis on the four types of charges in thermal  
oxides. Much is known  about  each of these charges, 
and as a result, sophisticated MOS and bipolar devices 
can be rout inely  fabricated. On the other hand, many  
questions remain  unanswered.  In  this section some 
of the more general ly  accepted facts will  be listed 
and briefly discussed, along with unanswered ques- 
tions. It is to be expected, of course, that  no t  every-  
one will  agree on all the facts presented, but  it is 
hoped that this presentat ion will provide a s t imulus 
for additional th inking and investigation into the 
subject. 

Mobile Impurity Ions (0.0) 
Facts.-- 
1. Qo is normal ly  due to positive alkali ions (Na +, 

K +, Li +) in the oxide. These ions will drift  
under  bias above 100~ or, in some cases, at 
lower temperatures,  causing device instabilities. 

2. Hydrogen ions (H + or H30 + ) will drift  under  
bias at room temperature.  

3. Under  certain conditions negative charges in ox- 
ides have been noted. They will not drift, how- 
ever, in the vicini ty of 300~ or lower over t ime 
periods of hundreds  of hours. 

4. All mobile ions can be gettered at elevated tem- 
peratures (>900~ using a complexing agent 
such as phosphosilicate glass. 

The mobile impur i ty  ions in thermal  oxides were 
the first charge to be extensively investigated since 
fur ther  studies in the SiO2 system could not be car- 
ried out unt i l  the mobile impur i ty  level was min i -  
mized. While various mechanisms and origins for the 
charge were ini t ia l ly proposed, as indicated by Dono- 
van 's  famous elephant  (Fig. 4), exper imental  evidence 
proved the alkali ions to be the major  cause of this 
instabi l i ty  (21-22). These ions can be incorporated 
into the oxide dur ing any or all device processing 
steps, and any processing material,  solvent or ambient  
can serve as a source (23). Figure 5 shows the re la-  

Fig. 4. Indication of early confusion regarding source of MOS in- 
stability as represented by Donovan's "blind men and the elephant" 
drawing. (Courtesy of R. P. Donovan, Research Triangle Institute, 
RTI Park, North Carolina.) 
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tionship among the drifts of Li +, N a  +, K +, and Cs + 
at various temperatures.  The rate of drift  decreases 
for the heavier elements, which have larger ionic 
radii and, consequently, lower mobility. 

Other species such as mobile protons (24) and im-  
mobile negative ions (25-26) have been shown to 
contr ibute to ionic charge. For tunate ly  essentially all 
such impurit ies can be removed or complexed by a 
high temperature  gettering step (27), al though pre-  
caution during device fabrication is considered a 
safer method for producing more stable and reliable 
devices (28). 

Questions.-- 
1. What is the na ture  of "inactive" alkali  ions? 
2. What is the source and mechanism of proton 

drift? 
3. What is the role of chlorine in improving oxide 

properties, gettering impurities, etc.? 

Conflicting data have been presented regarding 
alkali  content, par t icular ly sodium, of thermal  oxides. 
The majori ty  of results to date indicates that  more 
sodium is present  than is indicated electrically. Thus, 
the questions arise as to the na ture  of the "inactive" 
sodium, under  what  circumstances can it be made 
electrically active, how does it affect other oxide prop- 
erties and how is it  related to other charges in  the 
oxide? 

Another  question involves proton or hydrogen drift  
in MOS structures. Ini t ia l  work by Hofstein (24) in-  
dicated that more than one hydrogen species might 
migrate in oxides along with mult iple  types of sodium. 
Unfortunately,  measurement  of such species is diffi- 
cult at best and detailed facts about the phenomena 
are minimal.  

The most significant development  in thermal  oxide 
technology in recent months  has been the incorpora- 
t ion of a chlorine species into the s tructure (29-30). 
The reports have indicated that  all sorts of good 
things result. It is reasonably certain that a gettering 
or complexing of impur i ty  ions occurs, but  additional 
studies are required to establish definite mechanisms 
and also to verify other reported advantages. In  addi- 
tion, possible detr imental  effects, such as corrosion of 
a luminum interconnections, must  be evaluated. 

Fixed Surface-State Charge (Qss) 
Facts.-- 
1. Qss is a positive, stable charge in the oxide, very 

close to the SiO~-Si interface. I t  cannot  be 
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charged  or discharged by varying  the silicon 
surface potential.  

2. Its value depends upon the final oxidation or 
anneal ing conditions (oxygen t r iangle) .  

3. Its value is a funct ion of silicon orientation. 
4. Its value can be increased by a negative field on 

the  gate  of a MOS structure in  the temperature  
range 100~176 The amount  of this increase is 
proport ional  to the init ial  Q~s value and the 
applied negative field (drift  VI).  

The  presence of a positive, fixed, surface-state 
charge  Qss in thermal ly  oxidized silicon is well  estab- 
lished (9, 12, 31). It  is somehow related to the oxide 
structure in the interface region between the SiO2 and 
the silicon. The value of Qss/q can range from the 
low 1010 cm~-~ to 1012 cm -2. The dependence of the 
Qss density on the anneal ing ambient,  such as O2, H~O, 
n i t rogen  or argon, and on anneal ing tempera ture  is 
also relat ively well known (13, 31-32); the oxygen- 
ni t rogen temperature  effect is represented by the 
familiar  Qss t r iangle in Fig. 6. Not so well understood 
is the proposed mechanism which explains the Qss 
dependence upon oxidation and anneal ing conditions. 
The lat ter  is indicated in Fig. 6 by the three cross- 
sections (a),  (b), and  (c) of the oxidized silicon 
structure,  which will  be fur ther  discussed in the next  
section. 

A fact not  well  known is that  for extra long an-  
nealing t imes (>60 min)  at  high temperatures  
(1200~ in an inert  ambient  such as nitrogen, the 
effective value of Qs8 actually increases. This is con- 
t rary  to the prediction of Fig. 6, and has caused some 
investigators difficulties in duplicat ing the oxygen 
tr iangle relationship. 

The dependence of Q~ on silicon or ientat ion is 
apparent ly  related to the oxidation reaction (6). From 
the oxidation relationship, values of the surface con- 
trolled rate constant  B/A are found to be a funct ion 
of orientat ion in the same ratio as is Qss. Thus, the 
origin of Qss may well be traced to a Si-Si bond reac-  

Si02 
~Si~ 

lo,2 / / sio ~ (b) 2 

Qss/q S 

(cm -2) 

0 NITROGEN OR ARGON 
300~ T(~ t 12000 

/ 
h,% 

(c) 

Fig. 6. The dependence of Qss on final oxidation temperature and 
ambient as represented by the Qss-oxygen triangle. Data are far 
(111) oriented silicon. Also shown are sketches of thermal oxide 
crass section indicating proposed relationship of Qss to oxidation 
conditions. 

t ion which is also the basis for the surface controlled 
oxidation reaction. 

The effect of a negative field at slightly elevated 
temperatures  on Qss is an extremely interest ing phe- 
nomenon  (31, 33-34) and helps to shed considerable 
light on the origin of Qss. The dependence of the 
amount  of Qss increase on the initial  Qss value is 
shown in Fig. 7, and the significance of this re lat ion-  
ship wil l  be discussed in  the next  section. 

Questions.-- 
1. What  is the exact origin of Qss? 
2. What  is the mechanism of drift  VI? 
3. What  causes the effective Qss density to increase 

with long anneal  t imes in  inert  ambients  at  high 
temperatures? 

4. What are the relationships among the origins o f  
the various charges? 

The question involving the na ture  or origin of Q~s 
has been the subject of considerable discussion. Most 
investigators now agree in principle that Qss results 
from a nonstoichiometric s i l icon-oxygen structure in 
the Si-SiO2 interface region (see Fig. 1). Whether  it 
is called excess silicon or deficient oxygen is not im-  
portant ;  in either case a positive charge results, and 
the density of this charge is dependent  upon the 
final high temperature  anneal ing or oxidation condi- 
tions and the silicon orientation. 

Exper imental  data such as the Q~ triangle, {he 
dependence upon orientat ion and oxidation, the nega-  
t ive field effect and the long anneal ing times in an 
inert  ambient,  help to establish more definite conclu- 
sions about the origin of Q~s. For instance, cross sec- 
t ion (a) of Fig. 6 shows the proposed origin of Qss 
due to the generat ion of a thin region of part ial ly 
ionized silicon in response to the field caused by in-  
ward diffusing oxygen as t he rma l  oxidation takes 
place. At high temperatures,  where oxygen diffusion 
is the rate determining or slower step, most of the 
excess silicon reacts wi th  oxygen, thus, leaving a 
m i n i m u m  amount  of Qss. In sketch (b) of Fig. 6, the 
slower process during silicon oxidation at low tem- 
perature  is the si l icon-oxygen reaction. Thus, excess 
silicon ions are piled up and a high Qss density results 
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Fig. 7. Steady-state values of QsJq + Nst as a function of ap- 
plied negative field for four different MOS structures with various 
initial Qss values (31).  [1200~ dry O~ oxidation; xo "-  0.20~; 
p-type Si, NA = 1.4 x 1016 cm-3 . ]  
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[Fig. 6 ( b ) ] .  If, however ,  the ambien t  is changed to 
an  iner t  gas, the s i tua t ion  shown in Fig. 6 (c) results,  
where  the excess silicon reacts  wi th  oxygen at  any 
tempera ture ,  resu l t ing  in a low Qss. I t  should be noted 
that  the  m i n i m u m  dens i ty  of Qss under  these l a t t e r  
condit ions p robab ly  represents  some equi l ibr ium 
value, and that  under  ideal  condit ions the  Qss value  
could go to zero. 

Fu r the r  insight  into the  origin of Q~s m a y  be ob-  
ta ined  f rom the dr i f t  VI da ta  of Fig. 7. If  i t  is assumed 
tha t  Qss is ac tua l ly  due to pa r t i a l ly  ionized silicon 
atoms, such as Si +, then it can be proposed that  the 
effect of a negat ive  appl ied  e lect r ic  field is to b reak  
a second ( a l r eady  s t ra ined)  silicon bond, resul t ing  in 
a Si ++ species. Thus, a dependence  on ini t ia l  Qss 
densi ty  is expected.  

The increase  of effective Qss wi th  a long time, high 
t empe ra tu r e  anneal  in n i t rogen is indica ted  in Fig. 
8. Note that  whe the r  the  s t ruc ture  in i t ia l ly  exhibi ts  
a high or  low Qss, the  Qss drops  to a low va lue  in a 
short  t ime in N2. Subsequent  annea l ing  resul ts  in a 
h igher  effective Qss at the h igher  tempera tures .  A 
possible explana t ion  for this  effect m a y  also be re -  
la ted  to the  b reak ing  of S i -S i  or  Si-O bonds at  the  
in terface  r eg ion - -poss ib ly  due to the rmal  energy 
ra the r  than  e lect r ica l  effects. I t  might  even be possi-  
b le  for oxygen ions to leave the s t ruc ture  or at  least  
the  in ter face  region by  out-diffusion. In  any  case, an 
addi t ional  posi t ive charge  results.  This effect is ve ry  
s imi lar  to that  found b y  Hess and Fowkes  (35) when 
the rmal  oxides are  subjec ted  to a reducing ambien t  
at  lower  tempera tures ,  e.g., 900~ 

The quest ion of i n t e r r e t a t i onsh ip~among  the origins 
of all  the  charges, especia l ly  Qss, Nst, and Not, wil l  
be discussed in the  final section of this  paper .  As 
observat ions  regard ing  Nst and Not are  made  in the 
nex t  sections, the  poss ibi l i ty  of common origins wi tb  
Qss wil l  become more  apparent .  

Fast $urface States (Nst) 
Facts.-- 
1. Nst is located at  the  SiO2-Si in terface  and can 

be charged or d ischarged wi th  changing silicon 
surface potent ial .  

2. Nst includes severa l  types  of fast  states, a ppe a r -  
ing both at discrete energy  levels  and  as a con- 

t inuous d is t r ibut ion  th roughout  the  si l icon band-  
gap. 

3. The value  of fast  s tate dens i ty  increases wi th  a 
high t empera tu re  anneal ing  t r ea tmen t  in an 
iner t  ambient .  

4. Fas t  s ta te  dens i ty  is in i t ia l ly  propor t iona l  to Qss 
and exhibi ts  the same s i l icon or ienta t ion  depen-  
dence. 

5. The Nst dens i ty  can be minimized by  a hydrogen  
anneal  above 300~ including the act ive metal ,  
"a lneal"  process. 

Fas t  surface s ta tes  have been s tudied over  a longer  
per iod of t ime than  any of the other  charges associ- 
a ted wi th  pass ivated  semiconductors.  They were  even 
s tudied in the ear ly  days of germanium;  ye t  they  are 
st i l l  the least  understood.  Fas t  states der ive  thei r  
name from the fact  tha t  the t raps  responsible  are  in 
direct  e lectr ical  communicat ion  wi th  the  silicon and, 
thus, respond rap id ly  to changes in surface potent ial .  
This leads  to the  fami l ia r  charging  and discharging 
as the potent ia l  sweeps across the bandgap.  

Since the intensive invest igat ions  were  s ta r ted  ap-  
p rox ima te ly  ten years  ago, considerable  empir ica l  
data  concerning fast  states have  become avai lab le  
(13, 19, 20, 32, 36). The C-V method of analysis  has 
he lped  to provide  qual i ta t ive  or even semiquant i ta t ive  
measurements  in the  1010 or  1011 cm -~ range.  As m e n -  
t ioned in an ear l ie r  section, o the r  more sensi t ive ana-  
ly t ica l  methods  are  avai lable .  Using these techniques, 
severa l  types  of fast  s tates  have  been identif ied 
throughout  the silicon bandgap.  The genera l  dis-  
t r ibu t ion  is shown in Fig. 9. Indicat ions  of these states 
can also be  noted as dis tor t ions in C-V plots [ ~ ,  ~) ,  
~ ,  and ,~) of Fig. 10 (a) ]. 

The C-V method can also be used to obta in  a more 
accurate  measure  of fast  s ta te  densi ty  by  ca r ry ing  
out the measurement  at  l iquid ni t rogen tempera ture .  
This method was or ig ina l ly  repor ted  by  Gray  and 
Brown (18), and an example  of the  resul t ing plot  is 
shown in Fig. l0 (b) .  

I t  has been noted tha t  fast s ta te  densit ies are  gen-  
e ra l ly  in i t ia l ly  propor t iona l  to Qss and thus also de-  
pend on silicon orientat ion.  I t  is  also k n o w n  that  high 
t empe ra tu r e  anneals  in iner t  ambients ,  such as n i t ro-  
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gen, wil l  increase  fast  s tate densi ty  (13, 32). S imi lar ly ,  
t r ea tmen t  in hydrogen  or an act ive hydrogen  species 
produced  by  the react ion of an  act ive meta l  wi th  
wa te r  on the  oxide  surface (a lneal  process)  wil l  r e -  
duce fast  s ta te  density,  supposedly  by  complexing the 
defect  responsible  for Nst (13, 37). 

Dependence  of many  device electr ical  p roper t ies  on 
fast states has been established.  These include th resh -  
old vol tage  and t ransconductance  in MOS t ransis tors  
and junct ion noise and  leakage,  low cur ren t  be ta  and 
b r eakdown  character is t ics  in b ipo la r  devices. Bipolar  
t ransis tors  in l inear  in tegra ted  circuits  are  especial ly  
sensi t ive to fast  s t a t e s - - a lmos t  to the  same ex ten t  as 
MOS structures. 

Questions.-- 
1. Wha t  is the  physical  or igin of fast  states? 
2. Wha t  are  the differences among the var ious  types  

of discrete and continuous states? 
3. How is Nst r e l a t ed  to Qss as wel l  as to impur i t y  

ions? 

The dependence of device properties on fast states 
as mentioned above makes it imperative that fast 
states be controlled and minimized during processing. 
In order to accomplish this, the physical origin of fast 
states should be known. It is assumed at present that 
these states result from either defects in the structure 
of the interface region between the silicon and the 
oxide, or to impurities in this region, or both. In either 
case, the net result is trapping of holes or electrons 
at  pa r t i cu la r  surface potent ia ls  or energy  levels.  The 
ini t ia l  re la t ionship  of ~rst to Qss WOUld favor  the  s t ruc-  
tu ra l  defect  mechanism. Also, the  fact  tha t  addi t ional  
fas t  s tates  a re  formed dur ing  the nega t ive  field t r e a t -  
ment,  dur ing  ionizing rad ia t ion  t rea tment ,  and  dur ing  
high t empera tu re  anneals  leads to a s imi lar  conclu-  
sion. I t  then  fol lows tha t  a hydrogen  species could 
react  wi th  the defect  s t ruc tures  to complex  the action 
of the fast  state. On the other  hand, the  presence of 
impur i ty  ions such as gold, copper  and even sodium, 
can cause effects a t t r ibu tab le  to fast  s ta te  action. 

The answer  to these questions p robab ly  indicates  
that both  possibi l i t ies  a re  true. Such an assumpt ion 

would also explain the various types of states found 
throughout the bandgap. In any case, it is reasonable 
to assume that a close relationship exists between 
the origin of fast states and other charges~particu- 
larly Qss. 

Radiation Induced Charge (Not) 
Facts.-- 
I. Not is a positive charge located in the oxide, geno 

erally near the SiOs-Si interface. It is caused by 
ionizing radiation such as x-rays, electrons, neu- 
trons, etc. 

2. Fast states are also produced at the SiO2-Si inter- 
face by ionizing radiation. 

3. The value of Not is a function of the dose and 
energy of the radiation as well as the field across 
the oxide during radiation. 

4. Both charges, Not~ and radiation induced fast 
states, are eliminated by a low temperature an- 
neal in an inert ambient. 

5. The annealing of radiation induced charge is 
hindered by a :dense dielectric layer such as 
silicon nitride over the thermal oxide. 

Early in the development of MOS transistors, it was 
discovered that ionizing radiation would cause a posi- 
tive space charge in the oxide, leading to a threshold 
shift of ten's of volts to over one hundred volts. 
Simultaneously, additional fast states were formed at 
the Si-SiOs interface during the ~rradiatJon. Fortu- 
nately, both charges could be annealed out at rela- 
tively low temperatures (300~ without the presence 
of hydrogen. The only disadvantage was that MOS 
devices could not be used for applications, such as 
space flights, where radiation would be a factor. Since 
the time when Not was first identified, the phenom- 
enon has been studied continuously (38-41). Most of 
the efforts have been aimed towards understanding 
the mechanisms of the radiation induced charge in 
the oxide  and how this charge  might  be e l imina ted  or  
minimized.  

I t  has been de te rmined  tha t  the  number  of t r apped  
holes is a function of rad ia t ion  dose and energy.  Also, 
the  amount  of resul t ing  charge wil l  d e p e n d  upon the 
magni tude  and po la r i ty  of the e lectr ical  field appl ied  
across the  oxide dur ing  rad ia t ion  (42). The radia t ion  
may  occur dur ing  use of the  device in rad ia t ion  en-  
v i ronments  or dur ing  pa r t i cu la r  device processing 
steps, such as electron beam metal l izat ion,  ion im-  
plantat ion,  or sput te r ing  of meta ls  or dielectrics.  

Examples  of rad ia t ion  induced space charge  fo rma-  
tion in var ious  s t ructures  a re  shown in Fig. 11. The 
effect of gate bias dur ing  i r rad ia t ion  as wel l  as the  
effect of addi t ives  or o ther  t rea tments  of the  oxide 
are  shown. 

'el  0co Thermo 
/ ox,de 

2O 

tO Hardened Implanted 
ide Growth " ~  ide 

-15.0 -10.0 - 5 . 0  5.0 10.0 15.0 

GATE VOLTAGE DURING IRRADIATION (volts) 

Fig. 11. Dependence of radiation induced charge Not, as indicated 
by MOS threshold voltage shift AV, on gate voltage during irradia- 
tion and on oxide type (41). 
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I t  has also been determined, that, while the space 
charge and fast states produced by radiat ion can nor-  
mal ly  be easily annealed out by a 300~ treatment,  
the presence of a dense dielectric over the thermal  
oxide retards this annealing.  An example of a typical 
C-V plot before and after radiation, and then after 
anneal ing with or without  a ni tr ide layer is shown in 
Fig. 12. Note first that  the positive space charge Not 
causes a paral lel  shift of the C-V curve in the negative 
direction. Also note that  the fast states produced dur-  
ing the i rradiat ion are continuous over the bandgap, 
unl ike the normal  oxide fast states which are present  
at discrete energy levels. Finally,  note that without 
a ni tr ide layer, all fast states are annealed, but  that 
with the ni t r ide layer, the discrete f a s t  states remain  
as does some of the positive space charge. 

Questions.-- 
1. What is the origin and mechanism of the radia-  

t ion induced space charge Not? 
2. How can Not be minimized? 
3. What is the anneal ing  mechanism for Not and 

associated Nst? 
4. What is the effect of secondary dense layers such 

as Si3N4 on the anneal ing of -Not? 

Two schools of thought have developed for postu- 
la t ing a mechanism for the formation of Not, the radi-  
at ion induced positive space charge. One model is 
based strictly on considerations involving the  SiO2 
structure. Electron-hole pairs are produced by the 
radiation. The holes are trapped by b r o k e n  silicon- 
oxygen bonds while the electrons migrate  away (41, 
43). The traps themselves may or may not be present  
before radiation. The second model involves the ac- 
t ivation of impur i ty  ions such as sodium, which in 
tu rn  either act as positive charges, or indirect ly re-  
sult  in t rapped holes (41, 44). 

Different solutions to the radiat ion problem may 
thus be required depending upon the true mechanism 
responsible for the charge, or one solution may coin- 
cidental ly  satisfy more than one possibility. Thus far, 
three solutions are proposed. These are: (i) to modify 
the SiOs structure so that s i l icon-oxygen bond strain 
energy is reduced, (ii) to add impur i ty  species such 
as chromium to compensate t rapping centers or to 
complex impur i ty  ions, or (iii) to produce absolutely 
pure SiOs to el iminate impur i ty  t r app ing  centers. The 
answer to the question about the anneal ing mechanism 
is obviously tied to the formation of Not and pre-  
ventive mechanisms thereof, and an answer to one 
question will help answer the others. 

The effect of dense secondary layers on Not forma-  
tion or annea l ing  is complex due to the possible pres-  
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Fig. 12. Effect of irradiation on charges in MOS structures, with 
and without a silicon nitride layer over thermal oxide, as indicated 
by C-V plots. Curves ( I )  and (2) are the plots before and after 
irradiation, with or without the nitride layer. Curve (3) is the plot 
after a 450~ hydrogen alneal treatment with the nitride, and 
curve (4) is the same for no nitride. 

ence in the oxide of several types of fast states as 
well as the space charge. Again, the correct mecha- 
nism of radiation induced space charge formation 
must  be understood in order that  effects due to added 
dielectrics can be understood and controlled. 

C o n c l u s i o n s - - P o s s i b l e  C o m m o n  O r i g i n s  o f  
O x i d e  C h a r g e s  

The current  unders tanding  of charges in the ther-  
mal ly  oxidized silicon system has been presented. 
General ly  accepted facts about these four types of 
charges have been listed and briefly discussed along 
with quest ions still remaining to be answered. Most 
of the unanswered questions are related to the origin 
of the charges or the mechanism of their formation 
and elimination. On the other hand, a fairly com- 
plete set of empirical data is available, providing a 
reasonable basis for unders tanding  their process de- 
pendence.  However, for ul t imate  control of these 
charges and related device electrical characteristics, 
a knowledge of their origin and physical na ture  will 
be required. 

I t  would seem appropriate at this point  to present 
a possible model of origin for three of the charges--  
Qss, Nst, and Nor--based on common st ructural  fea- 
tures. The model may well be oversimplified, but  on 
the other hand could provide a basis for more de- 
tailed considerations. Figure 13 shows a representat ion 
of a thermal ly  oxidized silicon structure. Three re-  
gions are indicated: silicon, the t ransi t ion region be- 
tween the silicon and the oxide, and the thermal  sili- 
con dioxide. Both the silicon and silicon dioxide lat-  
tices are represented by a two dimensional  network, 
not necessarily to scale on an absolute or relat ive 
basis. 

First, the plane separating the bulk  silicon from the 
si l icon-oxygen transi t ion region indicates some un-  
satisfied silicon bonds which are the origin of the 
tradit ional  fast surface states Nst'. Two of these bonds 
are shown to be satisfied or complexed by a hydrogen 
species. A second fast state (Nst") results due to a 
missing oxygen atom. This oxygen deficiency is estab- 
lished during the thermal  oxidation process and also 
resulted in a part ial ly ionized, excess silicon species. 
The latter, which is located in the oxide-silicon t ransi-  
tion region, is believed to be the source of Qss. 

If a negative field is applied across the oxide, a 
second si l icon-oxygen bond at the part ial ly ionized 
silicon atom responsible for Qss is broken and addi- 
t ional positive charge occurs in the oxide (drift  VI). 
A corresponding additional fast state may also result 
at some nearby point on the silicon surface. In  addi- 
tion, if the structure is subjected to a long, high tem- 
perature anneal  in an inert  ambient  or in  a reducing 
atmosphere, addit ional si l icon-oxygen bonds are 
broken and/or  oxygen ions are removed, producing 
more positive charge in the oxide (drift  XVII) .  
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Finally, if the structure is exposed to ionizing radi- 
ation, a silicon-oxygen bond in the oxide may be 
broken (or it already may be broken) and holes 
formed by electron-hole generation are trapped at 
the silicon defect. At the same time, a silicon-oxygen 
bond at the silicon surface is broken, leading to fast 
state formation. 

It is thus obvious that the physical origin of all 
the charges, except Qo, may well be based upon fac- 
tors related to the silicon bond structure or defects 
thereof. Whether a particular process causes a silicon 
bond defect depends on the structural configuration, 
bond energy, and other considerations. Whether this 
bond defect in turn will result in either Qss, Nst, or 
Not will depend primarily upon its location in the 
oxidized silicon structure. Such a proposal does not 
even rule out the reported effects due to impurity 
ions such as sodium or aluminum. The presence of 
these species could physically distort the silicon- 
oxygen bond structure or result in chemical reactions 
which would also lead to charge effects. 
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The fact that  l iving cells such as blood cells carry a 
surface charge in much the same m a n n e r  as colloidal 
particles has been known  since the work of Abramson 
(1, 2). That  these surface charges allow the cells and 
tissues with which they come into contact to exhibi t  
electrochemical properties has only recently been con- 
sidered. It is the purpose of this review to trace the de- 
velopment  of ideas and observations which have led 
to the use of interfacial  electrochemistry to examine 
biological problems and develop solutions to these 
problems in the area of thrombosis and related dis- 
eases. 

Before the details of thrombosis or blood clotting are 
discussed, it appears appropriate to outl ine briefly the 
phenomena involved in in t ravascular  blood coagula- 
tion as it appears in vivo. 

Thrombosis is, by definition, the deposition of poly-  
merized fibrinogen, i.e., fibrin and trapped part iculate  
blood cells including platelets on the blood vessel wall. 

Thrombosis occurs at the site of a vascular i n ju ry  as 
a mult is tage process. Blood coagulation during bleed-  
ing from blood vessels is the mechanism by which we 
normal ly  prevent  fatal hemorrhage. It is also, in its 
pathological state, the mechanism by which we ex-  
perience abnormal  vascular occlusion. First  the plate-  
lets in  circulating blood recognize the site of i n ju ry  and 
adhere to it. The adhered platelets then aggregate re-  
leasing in the process a number  of proteins and other 
agents. This first step is called pr imary  hemostasis. This 
results in a platelet plug formation which serves as 
a temporary  seal (3, 4). 

The blood coagulation cascade is activated leading to 
a fibrin clot. This process resul t ing in polymerizat ion of 
fibrinogen to fibrin is secondary hemostasis (3, 4). The 
fibrin polymer traps in  its strands a number  of blood 
cellular elements including erythrocytes and leuko-  
cytes and addit ional platelets. In  a normal  system fol- 
lowing fibrin polymerization the healing process is 
init iated by fibroblastic invasion of the thrombus (5). 

A study of these interracial  reactions and the ways 
that thrombosis can be modified, initiated, and /or  in -  
hibited by artificial prostheses is the subject  of this 
review. 

Historical 
Very early in studies of blood cells and blood vessel 

walls, there was established a relat ion be tween the 
surface charge carried by the blood cell and the charge 
on the blood vessel wall. 

Between 1925 and 1950, only three or four invest i -  
gators (3-6) seriously measured the surface charge 

* Electrochemical Society Active Member. 
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characteristics of blood cells and cursorily evaluated 
blood vessel walls, suggesting both that  these charges 
were related to diapedesis of white cells to points of 
inflammation and to the interactions of platelets and 
other cells with blood vessel walls dur ing thrombosis 
(6). They include Abramson, who did the first met icu-  
lous work on electrophoretic characteristics of plate-  
lets, red cells, white cells, and proteins (Table I) (1, 2). 
He found that  all of these elements had a consistent 
cataphoretic mobil i ty  in  the same range. He also 
showed that  platelets have developmental  character-  
istics which would permit  specific adhesion to blood 
vessel walls through pseudopod formation. 

In  1950, members  of this group discovered that  the 
vascular wall  developed a t ransmura l  potential  that  
was negative with respect to an external ly  applied 
electrode (Fig. 1) (7, 8). These measurements  were 
made using calomel electrodes; one electrode was con- 
nected to the blood stream through a salt bridge while 
the second electrode was s imilar ly attached to the ex- 
terior of the arterial  wall. An electrometer was used 
to make the measurement  (Fig. 1). The decrease of 
surface potential, or its reversal, related to injury,  
f requent ly  produced surface thrombosis and in t ra -  
lumina l  occlusion (6, 7) (Fig. 2). 

The concept of i n ju ry  potential  has been  expressed 
possibly by  Gerard (9). One may conceive of in ju ry  
potential  as the exposure of the inner  content  of a 
cell to the external  milieu. An ion flow is supposedly 
generated yielding an electric (ionic) current .  This ex-  
planat ion is obviously simplistic, bu t  the t rue ex-  
planat ion is unknown.  Becker (10) and Pil la (11) have 
proposed that the phenomena called " in ju ry  potentials" 
are related to interactions be tween the nervous system, 

Table h The cataphoresis of platelets in plasma. The speed of 
polymorphonuclear leucocytes is given in the last column. 
Although red cells and small lymphocytes have different 

velocities, note that platelets and polymorphonuclear 
leucocytes have the same velocity (six horses). 

P l a s m a  

Platelets 
P o l y m o r p h o n u c l e a r  

Age Vo ( # / s e c /  V ( # / s e c /  l e u c o c y t e s  V 
(hr )  V / c m )  V / c m )  ( ~ / s e c / V / c m )  

1 30 0.71 0.41 0.46 
2 6 0.82 0.59 0.57 

80 0.76 0.55 0.60 
8 6 0.85 0.46 0.52 
4 6 0.57 0.40 0.43 
5 6 0.67 0.51 0.53 
6 6 0.68 0.46 0.54 

M e a n  excluding No. 2 0.45 0.49 
p o t e n t i a l  (mV ~ 12 13 

(26.5 x / z / s e c / V / c m )  

221C 



222C J. Electrochem. Sac.: REV I EWS  AND NEWS July  1974 
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E O. GRAFT A-:50 
CATHETER CALOMEL CELL 

Fig. i. Transmural potentials 
in freeze dried grafts and recipi- 
ent artery. (RI, electrode inside 
recipient artery/ RO, electrode 
outside recipient artery; GI, 
electrode inside graft; GO, elec- 
trode outside graft.) 
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body tissues, and tissue regenerat ion as well  as possi- 
b ly  being involved in local cell regeneration. 

It  was next  discovered that  the application of an 
electric field would produce thrombosis on the blood 
vessel wall  beneath a positively charged electrode at-  
tached to the external  surface of the blood vessel wall, 
while the area beneath the negative electrode was free 
of deposits (Fig. 3). This led to the development  of a 
series of experiments  in  which it was shown that nega-  
t ively charged electrodes could very effectively delay 
thrombosis in in jured  blood vessels (12), the corollary 
of the positive electrode exper iment  (7). In  the a t tempt  
to gain addit ional information,  three sets of experi-  
ments  were carried out in the subsequent  20 years re-  
la t ing to these original observations. 

The interracial  phenomena that  can occur at solid 
l iquid boundaries  in biological systems are represented 
in Fig. 4. A simplified schematic of a biological m e m -  
brane  and the charge dis t r ibut ion at the membrane  

solution interface are shown in  Fig. 5. The studies car- 
ried out were all related to the phenomena described 
above (13-20). 

The studies on the blood vessel wall  included (i) 
measurement  of ion fluxes across the ar ter ial  and 
venous blood vessel walls (13, 14); (ii) the role of 
metabolic factors in  the main tenance  of the blood 
int imal  interface of blood vessels (15, 16); (iii) study 
of the electrokinetic phenomena in the vascular  tree 
and its relationship to thrombogenesis (17, 18); and 
(iv) the importance of main ta in ing  ion fluxes across 
the vasculature or graft in  determining its patency 
in viva (19, 20). 

The ion t ransport  across the vena cava is one order 
of magni tude  greater than that  across the aorta under  
aerobic conditions. The ion diffusion across the vena 
cava is opposite from that across the aorta under  con- 
ditions of no pressure (Fig. 6). The results lend sup- 
port to the view that the ion diffusion across arteries is 

Fig. 2. Tronsmural potentials 
across freeze dried grafts and 
Ic lpient  arteries; reversal of 
sign due to injury or any other 
local abnormality. (RI, electrode 
inside recipient artery; RO, elec- 
trode outside recipient artery; 
GI, electrode inside graft; GO, 
electrode outside graft.) 
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Fig, 3. A positive negative electrode pair applied to aortic wall. SEM photographs of the blood vessel wall (a, left) showing thrombus 
deposition on the wall beneath the positive electrode and (b, right) showing the area beneath the negative electrode free of deposit. 

"controlled diffusion" while venous t ranspor t  may  be 
"active" in  character. 

The systematic studies of solid and porous pros- 
thetic surfaces and arterial  prostheses dur ing the pe-  
riod of development  indicated that  porosity was critical 
to long term funct ion (19, 20) (Fig. 7). Pressure equiv-  
alent  electro-osmosis or actually "transverse s t ream- 
ing potential" appears important  in  the main tenance  of 
the charge characteristics of the vascular blood in te r -  
face. 

This is i l lustrated by the fact that  the morphology 
of a thrombus on arter ial  and venous surfaces is differ- 
ent  (as revealed by histological examinat ion) .  Throm-  
bosis on arterial  surfaces is sculptured by high pres- 
sure rapid flow of the arterial  stream. On the venous 
side i n j u r y  produces a more rapid bui ldup of t rans-  
lumina l  thrombosis due to low pressure flow. This 
occurs probably because the interact ing blood ele- 
ments, platelets, blood cells, and activated blood co- 
agulat ion proteins involved in  thrombosis have a 
longer contact period with the in ju red  area. 

The electrochemical interactions be tween an elec- 
tronic conductor and blood cellular  elements were 
studied (21, 22). It  was observed that  blood cell p re -  
cipitation on electrodes does occur at potentials more 
positive than  300-400 mV vs. NHE. The cell precipi ta-  
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Fig. 4. Scheme of general phenomenology at a fixed charge 
membrane. 

t ion appears to be a potent ia l -  and not a cur ren t -de-  
pendent  phenomenon (Fig. 8). This study indicated 
that  in t ravascular  thrombosis on prosthetic metall ic 
materials  might  also be a potent ia l -dependent  process. 

Characterized clean metall ic surfaces used as ar ter ial  
and venous blood vessels functioned as thrombus pre-  
vent ing or depositing surfaces d e p e n d i n g - o n  their  
spontaneous corrosion potential  in  contact with blood 
(23, 24). With plat inum, potentials were set at specific 
values to either prevent  or elicit deposition of thrombi.  
Copper prostheses were implanted in  animals, and the 
developed junct ional  thrombi  were examined with both 
light and electron microscopy. These were shown to 
contain the components of spontaneous in t ravascular  
thrombi  (25) (Fig. 9 a-c) .  Most importantly,  it was also 
shown that thrombus formation on electrodes at critical 
potentials depends on an intact  coagulation system 
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(26). Thus in  hemophiliac dogs (dogs that  lack one of 
the blood coagulation enzymes, Factor VIII) electrical 
thrombus could not be initiated. This was also the case 
for dogs which have platelet abnormali ty,  or which, 
following adminis t ra t ion of ant icoagulant  drugs, do not 
exhibi t  potential  induced thrombus formation (Table 
II) .  Histologic and physiologic evidence was pro- 
vided in these experiments  to show that  electrical 
thrombosis is similar to its biological counterpart ,  
spontaneous thrombosis, and that the t r iggering of 
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thrombosis is related to the interracial  potentials of 
appropriately organized homogeneous surfaces. 

T h e  Beg inn ing  of  M o d e r n  I n f o r m a t i o n  
In vivo streaming potential  measurements  are a 

measure  of the net  surface charge of the blood vessel 
wall  under  physiologic conditions. When arteries are 
removed from the in vivo position as high pressure 
conduits, most of the s t reaming potential  seen in vivo 
can be regained in vitro by placing the blood vessel in  
a s treaming potential  apparatus in which Ringers or 
other solutions of known  ionic composition are used 
as the high pressure perfusate (18). Many of the phe-  
nomena  observed in the vascular tree in vivo can be 
duplicated in a s t reaming potent ial  apparatus in vitro, 
including the effects of injury,  drug effects, changing 
ion concentrat ion on either side of the blood vessel 
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Fig. 9. Electron microscopic photographs of junctional thrombi 
formed at the junction between a copper tube and its containing 
vessel. Magnification 7000•  a (top left), Multiple masses of 
erythrocytes (E) agglutinated by a fibrin matrix (F); b (top right),~ 
leucocytes, erythrocytes, and platelet masses (m) agglutinated be- 
tween fibrin sheaths; c (bottom left), degranulated platelets (P) 
and massed erythrocytes (E) along with granulocytes (N). 

wall,  etc. (Fig. 10). Some w o r k  has also been  done 
eva lua t ing  the blood vessel wa l l  as a rectifier (Fig. 11 
a and b) ,  and as a diffusion membrane .  The vessel  wall,  
because of its poros i ty  and blood pressure,  functions 
as an e lec t ro-osmot ic  membrane .  Ion diffusion across 
the  wal l  appears  modu la t ed  by  enzymat ica l ly  sup-  
por ted  active t r anspor t  (27). The severa l  enzymat ic  
processes effecting ion t r anspor t  can be shown to exist  
by  changes produced  by  hypoxemic  conditions, by  
o ther  types  of metabol ic  inhibit ion,  and  b y  t e m p e r a -  
ture  variat ions.  

Recently,  a series of more  sophis t ica ted  studies has 
been car r ied  out test ing the  effect of different  types  of 
i n ju ry  on the s t reaming  potent ia l  in vivo (28). 

Fou r  compara t ive  evaluat ions  were  carr ied  out:  (i) 
the  effect of types  of i n ju ry  on s t reaming  potent ials ;  
(ii) the  effect of posi t ion of the  i n ju ry  on the  morpho l -  
ogy of  p rox imal  and dis ta l  a r t e ry  or  vein; (iii) the  

type  of th rombus  deposi ted fol lowing var ious  types  of 
in jury ;  and (iv) the  effect of var ious  ant icoagulants  
on the deposi ted thrombus.  The resul t ing  d isordered  
wal l  wi th  deposi ted th rombi  (Fig. 13) and  the  modifi-  
cations brought  about  by  different  types  of ant ico-  
agulant  agents dur ing  blood interact ions  wi th  a l te red  
surfaces have been  examined  using both  l ight  and 
scanning e lec t ron microscopy (Fig. 14) (29). 

Evolving Concepts 
Thus, i t  has become apparen t  that  in t ravascu la r  

thrombosis  has many  classic character is t ics  of a 
physical  chemical  phenomenon.  Recent  s tudies of sev-  
era l  enzymat ic  react ions which  re la te  to thrombosis  
seem to i l lus t ra te  the physical  b iochemis t ry  of these 
reactions. Though the resul ts  of these studies are  f re -  
quent ly  semiquant i ta t ive ,  the informat ion  seems real  
and significant. 

Table II. Potential dependence of electrical wire thrombosis in 
dogs (normal, hemophiliac, and under the influence of some drugs) 

Series  

N u m b e r  
of expe -  
r i m e n t s  

E lec t rodes  + 
No. of 
ves se l s  

T h r o m b u s  f o r m a t i o n  

0.2-0.4 NHE 

T h r o m b u s  

Electrodes 
No. of 
vesse l s  

0.2-0.4 NHE 

T h r o m b u s  

N o r m a l  dogs 
Hemophi l iac  
H e p a r i n i z e d  

2 m g / k g  
C o u m a d i n i z e d  
T h r o m b o c y t o -  

pen ic  plates 
50,000/ ram a 

Control-nitro- 
gen mustard 

25 
2 

4 
4 

4 

2 

44 
4 

8 
6 

6 

4 

33 
0 

0 
0 

0 

4 

47 

2 

2 

11 

0 

0 
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I t  is now obvious tha t  the  blood vascu la r  in terface  
develops an electr ic  field in the  range  of  10s-10 T V/cm.  
Blood cells and  blood prote ins  ca r ry  a net  nega t ive  
surface as does the  blood vessel  wall .  The charge on the 
vessel  wa l l  appears  to be po ten t ia ted  b y  the  physico-  

chemical  phenomena  descr ibed  earl ier .  There fore  we 
are  in  essence s ta t i s t ica l ly  unclot table .  Specia l  local 
condit ions have to be crea ted  to in i t ia te  thrombosis .  

Weiss (30) has r ecen t ly  suggested mechanisms b y  
which in ter react ions  can occur be tween  cells or  p l a t e -  
lets  and in ju red  blood vessels  under  these condit ions 
which he caUs " tunnel ing."  Recognit ion occurs be -  
tween  specific configured posi t ive and negat ive  surface 
charges such as p la te le ts  to col lagen uncovered  b y  in-  
jury .  The s t ruc ture  and  configurat ion of recogni t ion in-  
duces the  active coagulant  factor, in this  ins tance p la te -  
lets, to deposit  on the  blood vessel  wa l l  and  become ac-  
t iva ted  with  re lease  of ADP (3]) .  

Thus a number  of inves t igators  including Nossel 
(32), Vroman (33), Baler  (34), L y m a n  (35), Sa lzman 
(31), and  Sawyer  (28) and the i r  co -worke r s  appear  
each to have  cont r ibu ted  one segment  of our  unde r -  
s tanding of the  in vivo reaction.  Massini and Luscher  
(36) and iNossel (32) suggest  t ha t  it  is the  recogni t ion  
of abnormal  or  d i sordered  surface  charges on the wal l  
tha t  s t imulates  p la te le t  s t icking both  to collagen, mi -  
crofibrilae, basement  membrane ,  and  os tensibly  to any 
posi t ively  charged surface including an in ju red  blood 
vessel  wall ,  l eading  u l t ima te ly  to the  deve lopment  of 
thrombus.  

Wilner,  Nossel, and Leroy  have  shown, using classic 
techniques,  the in terac t ion  be tween  p]atelets  and  col-  
lagen (Fig. 15) in an aggregometer  (37). In  the i r  in 
vi tro studies, t hey  reduced  the negat ive  charges of 
col lagen b y  ace ty la t ion  of r  groups or  pepsin  
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Fig. 12. Effect of injury and of drugs on in viva streaming poten- 
tials in canine blood vessels. 

t r ea tment  of the  telo peptides.  In a second set of ex-  
per iments  they  reduced the posi t ive charges (epsi lon 
amino groups of the  lys ine)  of col lagen by  deamina t ing  
the col lagen wi th  ni t rous  acid or by  dini t rof luoroben-  
zene. The inves t igators  were  able to show tha t  p l a t e -  
let  aggregat ion  was po ten t ia ted  by  h igh ly  pos i t ive ly  
charged collagen bu t  only  marg ina l l y  affected b y  re -  
duction of the  nega t ive ly  charged groups of collagen. 

Baier  has used contact  angle as a c r i te r ion  for phys -  
icochemical  in terac t ion  of prosthet ic  surfaces wi th  
blood (38). Dut ton and Baier  and Pe tchek  have  pe r -  
fo rmed addi t ional  exper iments  by  measur ing  coagu-  
la t ion character is t ics  of blood flowing b y  a t r ans -  
paren t  glass slide (39) (Fig. 16a and b) .  Concomi-  
tant ly ,  Vroman has shown that  all  foreign surfaces 
adsorb  a protein,  p robab ly  fibrinogen, on exposure  to 
blood (33). The thrombogenic  character is t ics  of a 
surface appear  dependent  on subsequent  in ter react ions  
be tween  the blood prote ins  and the under ly ing  pros-  
thet ic  or  na tu ra l  surface. Ex t reme  dena tura t ion  of the  
pro te in  l aye r  in i t ia l ly  deposi ted on surfaces due to high 
specific ac t iv i ty  of the  prosthet ic  surface has been 
shown to be thrombogenic  by  L y m a n  (35). 

Electrochemical Reactions of Blood Coagulation 
Factors~Their Role in Thrombosis 

Considerable  evidence is now developing to show 
that  thrombosis  is ca ta lyzed on conduct ing pros thet ic  
mater ia l s  when the potent ia l  across the  in terface  e x -  

ceeds +300 mV/NHE.  Thrombus  deposi t ion is t r i g -  
gered  by  a series of react ions involving b lood coagu-  
la t ion factors, the  l as t  of which  is the  conversion of 
f ibrinogen to fibrin. Elect rochemical  s tudies  alone or  
in combinat ion  wi th  opt ical  studies have led  to some 
in teres t ing  f indings:  (i) Using cyclic vo l tamet r ic  t ech-  
niques, it  has recen t ly  been  shown tha t  a number  of 
the  blood coagulat ion factors, such as f ibrinogen (40), 
p ro th rombin  (41), Fac tors  V and VII I  (42), and Fac -  
tor  IX, t ake  par t  in adsorpt ion  and e lec t ron  t ransfe r  
react ions across meta l - so lu t ion  interfaces  (Fig. 17). 
(ii) Elec t rocap i l l a r i ty  (43), e l l ipsometr ic  (40), and 
capaci tance (44) methods  confirm tha t  these blood co- 
agula t ion  factors show po ten t i a l -dependen t  adsorpt ion 
behav ior  on meta l  surfaces. (iii) At posi t ive potentials ,  
p ro th rombin  y ie lds  a product  wi th  th rombin l ike  ac t iv-  
i ty  (41). (iv) A combined e lec t rochemica l -e lec t ron  
microscopic inves t igat ion has shown tha t  f ibrinogen is 
e lec t ropolymer ized  to a f ibr inl ike substance at  anodic 
potentials .  Elect ron microscopy reveals  tha t  fibrin thus 
formed is ve ry  s imi lar  morpholog ica l ly  to enzymat i -  
cal ly  formed fibrin (45) (Fig. 18). (v) When  a p la t i -  
num elec t rode  is ma in ta ined  in a f ibrinogen containing 
solut ion at negat ive  potent ia l s /NHE,  the  resul tan t  so- 
lut ion shows long te rm inhibi t ion of f ibrinogen coagu- 
la t ion  as revea led  b y  th rombin  t ime de terminat ions  
(46, 47). (vi)  Hepar in  inhibi ts  the  adsorpt ion  of fi- 
b r inogen  on f resh ly  c leaved mica surfaces  (48). 

I t  appears  tha t  thrombosis  is encouraged on both 
prosthet ic  and  biological  surfaces b y  the remova l  of 
e lectrons f rom blood const i tuents  wi th  a normal  blood 
coagulat ion cascade at potent ia ls  more  posi t ive than  a 
cr i t ical  potential ,  app rox ima te ly  -{-400 mV vs. NHE, 
and this occurs wi th  p la te le t  aggregat ion,  whereas  
thombosis  is no rma l ly  p reven ted  by  the  opposi te  phe -  
nomena-e lec t ron  donat ion to blood f rom the blood ves-  
sel surface if  at  a cri t ical  potent ial .  

Biochemical Reactions at the Interface: Molecular 
Basis for Platelet Aggregation 

Over  the  pas t  f e w  years ,  severa l  series of in  v~tro 
exper iments  car r ied  out by  Jamieson  (49), Wolfe  and 
Shulman  (50), and others  have  been repor ted  which 
i l lus t ra te  the  b iochemis t ry  of recogni t ion and, we sug-  
gest, faci l i ta ted e lec t ron exchange dur ing  thrombosis  
format ion  as descr ibed above (49-51). They have  
shown that  enzyme acceptor  complexes on platelets ,  
proteins,  and o ther  cells in te r reac t  wi th  i n ju red  blood 
vessel  wa l l  r ecep tor  groups (p robab ly  under ly ing  col-  
lagen  tha t  is exposed due to in ju ry )  to cata lyze p l a t e -  
let  adhesion. Sa lzman and his group, among others, 
have shown tha t  these react ions are  ca ta lyzed and /o r  
inhib i ted  by  membrane  cyclic AMP (52). Poten t ia t ion  
or increase in in t race l lu la r  cyclic AMP has been  shown 
to suppress  thrombosis  a n d / o r  p la te le t  aggregat ion.  

Jamieson (49) has re la ted  the  inh ib i to ry  effects of 
many  pharmacologic  agents  of p la te le t  adhesion to 
col lagen to inhibi t ion of enzyme funct ion of glucosyl  
t ransferase  present  on the  surface of p la te le ts  (Table 
I I I ) .  This enzyme helps in the  format ion  of glucose 
galactose side chains on collagen by  faci l i ta t ing t r ans -  
fer  of glucose from pla te le t  membrane  to free galactose 
side chains of collagen. This m a y  be a possible mech-  
anism of p la te le t  adhesion. The work  of Nossel re la t ing  
the  modificat ion of s t ruc ture  of col lagen on p la te le t  

Table III. Parallel inhibition_of glucosyltransferase and platelet: 
collagen adhesion 

G l u c o s y l -  C o l l a g e n  
Conc.  t r a n s f e r a s e  a d h e s i o n  

(M) (% con t ro l )  (% c o n t r o l )  

C o n t r o l  100 100 
+ d - G l u e o s a m i n e  2 • 10 -2 12 16 
+ A s p i r i n  1 X 10 --s 25 60 
+ C h l o r p r o m a z i n e  4 • 10 .4 0 0 
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Fig. 13. Scanning electron microscopic photographs (magnification 500X) of a (top left), normal arterial wall; b (top right), hemostatic 
crush iniury produced by Kelly clamp; c (bottom left), rough Fogarty catherization injury; and d (bottom right), electrical injury to the 
artery. 

adhesion has been discussed earlier. Other pharma- 
cologic agents like prostaglandin (PGE1) inhibi t  re-  
lease of neucleotides and calcium from platelets dur ing 
aggregation (50) (Fig. 19). 

A confirming group of experiments  has been com- 
pleted by Chesney, Harper, and Coleman (51) relat ing 
collagen structure to platelet aggregation (Fig. 20) and 
also relat ing the critical role of intact galactose side 
chains of collagen to platelet aggregation. Here the 
oxidation of a single bond on the galactose side chains 
was shown to prevent  platelet  recognition of collagen, 
blocking subsequent  platelet activation and aggregation 
in an aggregometer. Shu lman  has categorized other 
biochemical characteristics which can be assumed 
operative in the recognition of abnormal  exposed sur-  
face charges on the blood vessel wall  by the platelets 
and proteins flowing past a point of i n ju ry  or which are 
due to abnormal  exposure to under ly ing  microfibrillae, 

collagen, etc. Epinephr ine  possibly potentiates an alpha 
receptor, fibrinogen through thrombin,  ADP with a 
sulfhydri l  group on a protein, and antibodies through 
glucoproteins, and destructured glycoproteins. All of 
these can be assumed to produce thrombosis through an 
electron transfer  or an equivalent  physical chemical 
mechanism. 

Luscher's and Massini 's (36) exper imental  evidence 
shows that cell recognition occurs because of al terat ion 
of charges. This provides an env i ronment  for platelet 
recognition and attachment.  These in combinat ion with 
Weiss's concept (30) of " tunnel ing" provide a rather  
satisfactory theoretical picture of the biochemistry of 
platelet at tachment.  

Anticoagulants- - Inhibi tory Phenomena in Thrombosis 
It is now of interest  to show the re levant  factors re- 

lat ing to inhibi t ion of these recognition phenomena 
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Fig. 14. Effect of heparin perfusion before injury on the nature 
of thrombus deposit on the artery. Scannin.g electron microscopic 
photographs (magnification 1000•  of a (top left), crush injury; 
b (top right), Fogarty catheter injury; and c (bottom left), elec- 
trical injury. 
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which normal ly  result  in  thrombosis. The direct acting 
ant icoagulant  material,  heparin, appears to prevent  
in t ravascular  thrombosis through a physical chemical 
mechanism potentiat ing both the normal  s tructure and 
density of the negative surface charge at the blood 
vascular interface. The interface potential  of both walls 
and cells is apparent ly  made both more negative and 
more stable, thus promoting dispersion of all blood 
cells. 

At a recent symposium, Chien (53), Seaman and 
Brooks (54), Danon (55), Schmidt-Schoenbein  (56), and 
others have shown a possible mechanism of anticoagu- 
lant  action of dextran. Dext ran  produces a b lanket ing  
phenomenon on red cells increasing the intercel lular  
distance be tween red cells rouleaux (Fig. 21). Conven-  
tional van der Waals effects may  thus become non-  
operational, markedly  potent iat ing the dispersing neg-  
ative charge and increasing the mutua l  repel lancy of 
cell-cell and cel l-wall  interactions. Chien has also 
shown that dext ran  alters the viscosity of blood and the 
extent  of aggregation. At relat ively low concentrations 
of dextran (of molecular  weight 40,000) it produces 
ant iagglut inat ion.  The effects of dextran on blood cells 
varies with the molecular  weight of the polysaccharide 
(Fig. 22). Work from this laboratory has shown the 
slight, negative, surface charge enhancing effect of 
dext ran  (Fig. 23) (19). Animal  experiments  with per-  
fusion of dext ran  before i n ju ry  to the blood vessel wall  
indicate significant reduct ion in  thrombus formation on 
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Table IV 

Blood 
(fluid) 

Ant i thrombogenic  Thrombogenic  

Th rombus  
(gel) 

Blood vessel  porosity 
Ion fluxes 
Transverse  s t reaming  

potentials 
pH 
Surface charge 
Ant i thrombot ic  drugs  
Negat ively  charged 

dext ran-hepar in  
Fibrinolytic drugs 
Snake venoms 
Polymerized fibrin 
Ant i th rombin  factor 
Cyclic AMP 

I n j u r y  to blood vessel  
F l o w  

Turbulence  
Atherosclerosis 
T r a u m a  
Evulsion int ima (mechanical  etc.  col- 

lagen) 
Exposure,  microflbrfllae, basal  m e m -  

brane  
Decreased porosity, activated plate-  

lets + ADP 
ADP (plasma) 
Chemical activators, coagulation sys- 

tem 
Platelets  
Cardiac output 
Flow/un i t  mass tissue (localized} 
Dilution coagulation, enzymes  he-  

patic splenic, filtration 
Cell content  (polycythemla)  
Viscosity postoperative hyperplasla 

Fig. 16. Baler and Dutton cell (a, top) which allows native blood 
from a blood vessel to flow through a narrow chamber. The blood 
flowing beneath the glass cover slip reveals thrombus deposition 
(b, bottom) at various points on the glass. 
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Fig. 17. Cyclic voltammograms of saline (t) and fibrinogen in 
saline (2) at a concentmtlon of 3 mg/ml with br~ht platinum 
electrodes at a scan rate of 50 mV/sec - t .  

the  in ju red  wal l  (Fig. 24). Snake  venoms appear  oper -  
a t ive by  v i r tue  of the i r  b locking the las t  s tage in 
th rombus  formation,  the  format ion  of a fibrin clot, by  
blocking f ibrinogen po lypep t ide  A or  B separa t ion  
(57). 

Conclusion 
The mul t ip le  factors tha t  influence the  process of 

conversion of the  colloidal  suspension of blood into a 
gel  called th rombus  are  l i s ted  in Table IV. Based on 

the discussions of the  findings of various groups of 
workers ,  the  surface charge approach  to this  process of 
coagulat ion of b lood can be summar ized  as follows. 

The normal  vascu la r  tree,  wi th  i ts intact  endothe-  
leum, and the ce l lu lar  e lements  and  pla te le ts  in blood 
possess an electr ic  double  l aye r  at the  sol id-solut ion  
interface  wi th  intense electr ic  field. They al l  have  a ne t  
negat ive  surface charge which  resul ts  in  a p rope r ly  
ordered  separa t ion  of b lood cells f rom one ano ther  as 
wel l  as f rom the  b lood vessel  wall .  

I n j u r y  of any  sort  to the  blood vessel  wall ,  including 
suturing,  clamping,  des t ruc t ion  of endothe l ium due to 
tu rbulence  or  chemicals  l ike  endo- toxin ,  and  immune  
response, resul ts  in d i sorder ing  of the  negat ive  surface 
charge density, pe rmi t t ing  recogni t ion  be tween  p la t e -  
lets and the under ly ing  cell  surfaces. This recogni t ion 
permi ts  a t t achment  of the  p la te le t s  to unde r ly ing  col-  
lagen, microfibri l lae,  or  i n ju red  tissues of any  sort 
which involves d is rupt ion  of the  in tegr i ty  of the  vas-  
cu la r -b lood  interface  change, poss ibly  b y  a process 
equiva lent  to or s imi lar  to " tunnel ing"  and "recogni-  
tion." Wi th  a t t achment  of p la te le ts  and possibly  also 
leucocytes and erythrocytes ,  adenine  neuclotides,  his- 
tamine,  and  o ther  b io logica l ly  act ive amines  a re  r e -  
leased f rom pla te le ts  (4). This produces  sequent ia l  
aggregation,  wi th  the  deposi t ion of thrombus,  due to 
act ivat ion of the  blood coagulat ion cascade at  mul t ip le  
levels, producing conversion of p ro th rombin  to th rom-  
bin, and fibrinogen to fibrin monomer  wi th  po lymer iza -  
t ion of fibrin monomer  to s table  f ibrin med ia t ed  by  
Fac tor  XIII .  The fibrin in its to ta l ly  po lymer ized  form 
passivates  th rombus  formation,  so tha t  th rombus  depo-  
sit ion m a y  at any  t ime reach sufficient th ickness  tha t  
the  d isordered  charge densi ty  m a y  be r e s t ruc tu red  into 
normal  configurat ion (58, 59). 

Inhib i t ion  of thrombosis  can be  p roduced  b y  many  
anticoagulants ,  such as hepar in ,  which  seems to work  
on the wa l l  and b lood cells (by  v i r tue  of i ts nega t ive ly  
charged S O 4 - -  groups)  at  a physical  chemical  level  
by  enhancing the net  negat ive  surface charge b y  ad-  
sorpt ion and possibly at the  biochemical  level  as well.  
Dex t r an  opera tes  by  a different  mechanism displacing 
charges by  adsorpt ion  on blood cells and resul t ing  in 
deaggregat ion  or  deagglut inat ion.  Other  pharmacologic  
b locking agents  such as Arv in  or  Rept i lase  p reven t  
po lymer iza t ion  of fibrin, thus p reven t ing  the format ion  
of an effective f ibrin web, the  t e rmina l  point  in t h rom-  
bus formation.  

Thus, the  beginning  of an unders tand ing  of the  phy -  
sical chemis t ry  of ion t ranspor t ,  and  of the  react ions 
that  occur at the  blood vessel  wa l l -b lood  in ter face  in 
the  in i t ia t ion or  inhib i t ion  of thrombosis ,  is being de-  
veloped and it encompasses m a n y  disciplines.  

Manuscr ip t  received Aug. 22, 1973, 
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Fig. 18. Electron microscopic 
photographs of platinum grids 
maintained at anodic potentials 
in a phosphate buffer containing 
fibrinogen with increasing anodic 
potentials (A-D). The fibrinlike 
Itrands ore more cross linked. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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GLOSSA_~Y 

Anticoagulant. A drug which prevents the formation 
of a coagulum. 

Antithrombotic. A drug which prevents the forma- 
tion of a thrombus. 

Charge transSer or electron transfer reactions. An 
interracial  reaction where there is t ransfer  of charge 
across the interface, usual ly  electrons. 

Coagulation. The formation of a solid from blood 
(coagulum).  

Inter]acial reaction. A reaction that takes place at the 
junct ion  of two phases; blood vessel < - - >  blood inter-  
face. 

Coagulation cascade. Sequent ia l  reaction of clotting 
factors to form a coagulum. 

Coagulum. The solid formed from blood via the acti- 
vat ion of the coagulation cascade. Composed pr imari ly  
of polymerized fibrin. 

Electrokinetic phenomena. These arise due to re la-  
tive movement  of ions along the shear plane in  the 
electric double layer  across an insulator  solution in ter -  
face. Electrophoresis, s t reaming potential, and electro- 
osmosis come under  this category. Measurement  of any 
of these electrokinetic parameters  of blood cells and 
cellular fragments  gives an indication of their  surface 
charge. The measured parameters  are related to the 
zeta-potential.  

Hemostasis. The cessation of bleeding. 

Platelet aggregation. The specific b inding  together of 
platelets in the formation of a "plug" as an early stage 
in  hemostasis. 

Platelets. Cell fragments  involved in  pr imary  hemo- 
stasis. 

Primary hemostasis. The ini t ial  cessation of bleeding 
due to adhesion and aggregation of platelets at the 
site of injury.  

Prostheses. Something artificial which replaces a 
body structure or part. 
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Red blood cells. Blood cells that  carry hemoglobin 
and are responsible for O2 transport.  Also called ery-  
throcytes. 

Secondary hemostasis. The coagulum formed by acti- 
vat ion of blood coagulation cascade resul t ing in poly-  
merizat ion of fibrinogen to fibrin prevent ing rebleed- 
in_g. 

Spontaneous potential. The potential  difference de- 
veloped across a conductor solution interface when  it is 
dipped in an ionic solution. It is measured with refer-  
ence to the normal  hydrogen electrode (NHE) which is 
the a rb i t ra ry  zero of the potential  scale. 

Thrombogenesis. The generat ion of a thrombus or 
thrombi  in vivo. 

Thrombus. A coagulum within  a blood vessel. 

White blood cells. Blood cells involved pr imar i ly  in  
host defense (leukocytes).  

Zeta-potentials. The potential  drop across the mobile 
part  of the double layer. 
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Heat Capacity of an Ordering Fe-16% Si Alloy 
Measured with a Spherical Adiabatic Calorimeter 
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The central  mat ter  in  the teaching of the subject of 
alloy steels is the analysis of how various additions 
affect phase equil ibria  and t ransformations of aus ten-  
ite. This face-centered-cubic phase is stable in pure 
iron only through an intermediate  tempera ture  range. 
At higher and lower temperatures  body-centered-  
cubic phases are stable. Some alloying additions, such 
as carbon, cause the austeni te  to be stable over a wider 
tempera ture  range; others, such as siIicon, reduce this 
tempera ture  range. 

Phase diagrams evidence these changes and can be 
used in the processing of such alloy steels as have been 
studied. But why is the phase diagram so in each case? 
And, why is the austenite stable at all? To these ques- 
tions thermodynamic  formalism can provide al ternate  
explanations. The measurements  of heat capacity and 
of-heat of t ransformat ion are two ways of enter ing the 
formalism. For example, it is the lambda-shaped 
peak in  the heat capacity of pure iron, at the Curie 
point, which raises the Gibbs free energy of the body- 
centered ferri te above that  of the austenite for the in-  
termediate range. Alloy additions which alter the size, 
shape, and position of this magnetic  peak in the heat 
capacity will, for this reason, alter the range of sta- 
bi l i ty of the austenite. 

The group I worked with at the Univers i ty  of 
Sheffield, Sheffield, United Kingdom, is developing a 
comprehensive picture of ferrous alloy the rmodynam-  
ics. Techniques in  use include adiabatic calorimetry, 
isoperibol calorimetry, mass spectrometry, emf meth-  
ods~ and gas equi l ibr ium methods. 

Directly, the work of this summer  was the final as- 
sembly and commissioning of a high tempera ture  adi- 
abatic calorimeter and the use of the apparatus to 
measure the heat capacity of an Fe-16.1 atomic per 
cent (a/o) Si alloy. Although the alloy chosen has no 
stable austenite phase, a knowledge of the magnetic  
heat capacity will be part  of a comparative explana-  
t ion of why there is no stable austenite. Additionally,  
since this is an alloy in  which atomic ordering occurs, 
features of the heat capacity curve will  relate to the 
entropy of disordering. This, however, requires a sep- 
arat ion of Cp into components by  fur ther  exper imen-  
tat ion before a l ink  to statistical theories can be made. 

Design and Construction 
Following the design of Sale (1970) ( i ) ,  the adi- 

abatic calorimeter consists of several spherical shells. 
The centermost shell, which encloses the specimen, 
has the same temperature  as the specimen before, dur -  
ing, and after the inject ion of heat. In  this way, loss of 
heat to the specimen surroundings  is prevented. 

The control is achieved by the use of a pair of ther-  
mocouple junct ions connected in series: one located in 
the specimen and one on the outer surface of the first 
shell. The voltage across this differential couple is 
controlled to zero by adding heat from a small 
spherical furnace located next  out from the center. 

P r e s e n t  address: Department of  M a t e r i a l s  Science, The Tech- 
nological Institute, Northwestern University,  Evanston, I l l i no i s  
60201. 

Control accuracy is obtained by  the use of a three-  
term solid-state controller.2 In  addit ion to the pro- 
portional term (which alone would make the output  
signal proportional to the temperature  deviation),  
these are integral  and derivat ive terms to minimize 
overshoot  Different settings of these terms are deter-  
mined for each tempera ture  range. Unchanging tem- 
perature,  before and after the addition of heat is not a 
sufficient condit ion for an  ad/abatic experiment .  The 
error  signal must  be moni tored throughout,  to be sure 
that  the adiabatic condition is _0.01~ and about a 
mean  of zero. This is obtained when the controller 
terms are properly set. 

While this delicate balance is main ta ined  in  the 
center, the bulk  of the energy to keep the calorimeter 
at tempera ture  is provided by an outer furnace. 
Though this, too, is controlled by a differential ther -  
mocouple with a th ree- te rm controller, the shields 
here are not adiabatic. Clearly, they cannot be so as 
the electrical energy dissipated by the inner  furnace 
must  pass through these outer shells, if the center is 
not to rise in temperature.  Additionally, conduction of 
heat through supports and furnace leads is a factor in 
the setting of the nonzero deviation of the outer fur -  
nace. A plot of such settings was generated and used 
to expedite work. 

The tempera ture  is measured with thermocouples 
embedded in the specimen. All couples in the calorim- 
eter are British Standard 1826 Pt /P t -13%Rh.  Deionized 
ice and water  make up the reference junc t ion  at 0~ 
A precision decade potent iometer  3 of 0.1 ~V accuracy is 
used with s tandard cell, lead-acid batteries, and an 
amplified galvanometer.  

The specimen is cylindrical, with a longi tudinal  
central  hole for the specimen heater. This coil of 
p la t inum wire, wound on a 1.2 mm a lumina  shaft, is 
protected from the specimen by another  a lumina  tube. 
Power is supplied by a d-c, stabilized, constant-cur-  
rent  source. The connections for measur ing the voltage 
drop across the heater  are just  outside the specimen. 
Moving coil volt and ammeters,  tested to an accuracy 
of 0.1% were used in this ini t ia l  setup. Manual  t iming 
accuracy was also 0.1%, or 1 sec in 1000. 

To permit  the calorimeter to be used at temperatures  
in excess of 1400~ special requirements  are placed on 
materials.  The spherical shells are either molybdenum 
or tantalum. Furnace  windings and clips are exclu-  
sively tantalum. Electrical insulat ion is high-grade 
a lumina  throughout.  The only other materials  in  the 
calorimeter spheres are the P t /P t -13%Rh thermo-  
couples and the ferrous alloy of the specimen. 

The whole assembly of shells is protected from the 
laboratory envi ronment  by a vacuum of 0.5-1.0 • 10-6 
Torr. The plinth, on which the spheres rest, is water-  
cooled, just  as is the 316L stainless steel "bell jar." 
The oil diffusion pump has an automatic t iming system 
for filling its l iquid ni t rogen cold trap. Multiple reas- 
sembly of the vacuum seals, coupled with hydrogen 

2 M a n u f a c t u r e d  b y  W e s t  I n s t r u m e n t s ,  Brighton, United K i n g d o m .  
S M a n u f a c t u r e d  b y  W. G.  P y e ,  Company, Cambridge, U n i t e d  

Kingdom. 
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leak testing, was needed before the desired vacuum 
was obtained. 

Specimen Manufacture and Analysis 
An 800g melt  for vacuum induct ion mel t ing was 

prepared from deoxidized Japanese electrolytic i ron 
and 99.999% silicon. The major  impurit ies of the iron 
are oxygen at 0.008 a/o •  and sulfur  and carbon 
at 0.005 • 0.O01 weight per cent (w/o)  each. The de- 
oxidation was done in our laboratory. The melt  was 
preceded by washout melts  of the iron with a small  
quant i ty  of carbon to minimize oxygen contaminat ion 
from the crucible. The iron-si l icon alloy was held just  
above the solidus temperature  for 10 rain with 200 Torr  
argon pressure, then it  was teemed into a 25 m m  di- 
ameter  mold. As this alloy was more br i t t le  than  the 
lower silicon alloys in the vacuum mel t ing  series, spe- 
cial care was taken in  handling.  

The analysis showed the alloy to be close to expecta- 
tions. Wet analysis for silicon indicated 8.80 • 0.02 w/o  
Si, or 16.1 a/o Si. Conductimetric  analysis of carbon 
was 0.009 ~- 0.001 w/o  C. Spectroscopic analysis for 
eleven metall ic impurit ies found all to be less than  
0.02 w / o .  

Routine machining was not possible for this alloy. 
After  holding at 1000~ for 2 days and cooling in a 
vacuum furnace, the specimen diameter  was able to 
be machined with a tungs ten  carbide tool. However, 
the holes in the specimen for the heater  and thermo-  
couples could not be drilled without pul l ing out grains. 
These apertures were obtained by spark erosion, with a 
cutt ing speed of 3 ram/hr .  

Final  hea t - t rea tment  in  the vacuum furnace con- 
sisted of the following: 900~ for 2 days, then cool at 
an average rate of 7~ but  never  more than  15~ 
hr, to reach 40O~ then furnace cool. The specimen 
was then polished and weighed. Total mass was 
52.8125g, or 0.989 moles of 16.1 a/o Si alloy. 

For calibration of the calorimeter, a second speci- 
men, of zone-refined iron, was machined by ordinary  
methods. The chief impuri t ies  in this specimen were 
0.0064 a/o C and 0.0032 a/o Si. This specimen had a 
mass of 46.524g, or 0.833 moles Fe. 

Commissioning 
The first specimen placed in  the calorimeter was the 

zone-refined iron. Heat capacities were measured 
above and below the Curie point and the ferr i te- to-  
austenite  transition. These are shown in Table I. 
Set points were established and controller  terms were 
found for these temperature  ranges. Also, the enthalpy 
of a-~ t ransformat ion was measured on heating and 
cooling as shown in Table II. These data do not super-  
sede previous work, as they suffer from too rapid heat  
addition (or subtraction) at the t ime of completions of 
the transformation.  This causes an ambigui ty  in  the 
te rminat ion  point. 

After  completion of this series, the controllers were 
exchanged to disassociate the controller with greater 
touch and vibrat ion sensit ivi ty from the delicate cen- 
ter control. This had been a source of instabi l i ty  at 
temperatures  below 600~ 

TaMe I. Heat capacity of pure Fe 

T~ T ~  Presen t  Cp Preceding Cp 

638.8 912 40.88 43.25 Jou les /mole  ~  
652.6 928 47.06 44.4 
658.0 931 44.74 44.8 
663.8 937 45.21 45.2 
784.0 1057 40.33 46-fi2 

1059,5 1333 33.83 35.0 

Table II. Enthalpy of ferrite-austenite transformation 

Heat ing  1046 joules /mole  
Cooling 789 joules /mole  
ACcepted value 915 joules /mole  -~-10 

q~ 

o 

. . . . .  , ~ ~ ,, 

o 

6oO tso's 

Fig. 1. Heat capacity of Fe-16.1 a/o Si. O ,  Data of Ettwig and 
Pepperhoff (7); @, present data. 

Iron-Silicon Results 
The heat capacities are presented in Fig. 1. Only 

those points for which adiabatic conditions were pres- 
ent before, during, and after the addition of heat are 
plotted. The tempera ture  of the specimen must  not 
have drifted more than  0.04~ in the 5 min  preceding, 
and the temperature  must  have leveled in  5 rain after-  
wards. Furthermore,  the depar ture  from adiabatic con- 
ditions had to be less than  0.02~ throughout,  and 
about a mean of zero. 

Other data collected, in the range from 400 ~ to 650~ 
are not presented in these results because the above 
conditions were not met. When a second potent iometer  
of less accuracy (1.0 ~V instead of 0.1 ~V) was used, 
only temperature  changes of about 0.1~ could be dis- 
cerned. Thus, the drift  rate before and after may have 
exceeded the above-stated requirements.  Secondly, 
those measurements  taken when  the integral  term was 
removed from the inner  furnace control have a steady 
deviation about a nonzero mean  dur ing the t ime the 
specimen heater was on. During the heat ing interval,  
the specimen was hotter  than  its surroundings.  As 
there was no way to correct for this, these data were 
deleted. 

Those heat capacity measurements  which are left are 
in  the tempera ture  range of 600~176 as shown in 
Fig. 1. Each heat capacity represents a tempera ture  
increment  of less than  6~ and each is plotted at its 
tempera ture  midpoint.  A rise from 40.8 to 45.9 joules /  
mole~ is found for the interval.  

Discussion 
Since the review of Shunk (1969) (2), discussion of 

the consti tution of ordered Fe-Si  ferrites has followed 
two lines. That set forth by Warl imont  (1968) (3-4) 
suggests the existence of two-phase fields and presents 
t ransmission electron micrographs to show such mi-  
crostructures. The other, of Inden  and Pitsch (1971- 
1972) (5-6) and Ettwig and Pepperhoff (1972) (7), 
suggests that the t ransformations are continuous and 
presents x - ray  and heat capacity measures as evi-  
dence of such. To the first, the second is based on ma-  
croscopic properties, and is t rue  only of a metastable 
state. 

The calorimeter constructed and used in the present  
exper imentat ion has characteristics which enable  it to 
contr ibute more reliable data. By vir tue of using 
smaller temperature  increments  than other calorim- 
eters, the departure  from equi l ibr ium is less. The 
calorimeter can be held at tempera ture  for however 
long is necessary to reach equil ibrium. The special care 
taken in the final anneal  of the specimen before inser-  
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tion into the calorimeter may or may  not have been 
sufficient. 

It is not possible to compare features of heat ca- 
pacity curves when so short a range has been validly 
studied. Hence, in terpre ta t ion with respect to ordering 
and phase consti tution is postponed unt i l  a broader  
range has been studied. The data of Ettwig and Pep-  
perhoff (1972) (7) are superimposed on the present  
results. 

The increase of heat capacity with temperature  in 
this range is what  would be expected on approaching 
the Curie temperature  reported by Hansen and An-  
derko (1958) (8). 

It is conjectured that  the magnetic peak in the heat 
capacity is reduced from that of pure iron. For the 
same tempera ture  difference from the Curie tempera-  
ture, the slope and the value of heat capacity in this 
alloy is less than that  of Fe. If this peak is substant ia l ly  
reduced from that  of pure iron and the austenite  is 
little changed, then an explanat ion for the instabi l i ty  
of austenite in  this alloy is provided. 

Summary 
A spherical, high temperature  (1425~ max imum) ,  

adiabatic calorimeter was  assembled, commissioned, 
and used to measure the heat capacity of an Fe-16.1% 
Si alloy from 600 ~ to 650~ The design and construc- 
tions of the ins t rument  are discussed, as well as the 
means of manufac tur ing  the specimen of this ordered 
alloy. This work extends the program of research of 
thermodynamics  of ferrous alloys into ordered iron- 
silicon alloys. 
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ABSTRACT 

Recently a new class of nonprecious metal anode catalysts has been dis- 
closed. The catalysts are based on the Mo-O-S system and are excellent cata- 
lysts for the oxidation of formaldehyde. IR free polarization data have been 
obtained as a function of temperature and formaldehyde concentration and 
at constant hydrogen ion concentration for formaldehyde in hydrochloric acid 
electrolyte. The data indicate that the catalyst disassociates the formaldehyde, 
i.e., H2CO ~--- CO + H2 with subsequent oxidation of the carbon monoxide 
and hydrogen. The adsorption of the formaldehyde on the catalyst appears to 
be the rate determining step. 

The economic incentive for a methanol  fuel cell 
stems from the relat ively low cost of this fueP and the 
simplicity of electrode construction that  accrues to a 
soluble fuel system. However, the high loadings of 
precious metal  catalysts required to electrochemically 
oxidize this compound have turned  investigators in-  
creasingly to consideration of fbrmaldehyde as a fuel 
(2). Certainly the costs are more favorable than  hy-  
drazine, another  suggested fuel. The general  status of 
fuel cell electrode and catalyst art for many  fuels has 
been compiled in  several excellent  reviews (3-6) and 
will not be covered h e r e .  

Recently, a new class of nonprecious metal  anode 
catalysts has been disclosed (7). They consist of at 
least one oxide of molybdenum and at least one sul-  
furated compound of molybdenum,  with the oxide 
having the formula MoOx where in  x has a value of 
2-2.88 and the  OrS ratio is between 36:1 and 1:36. The 
catalytic activity in  this system increases as the aver-  
age valence of the Mo approaches 2 and the O/S ratio 
lies between 10:1 and 1:3. 

Because of the excellent  activity of these catalysts 
for formaldehyde oxidation, a study of the kinetics of 
this oxidation on these catalysts was made for the pur -  
pose of optimization of the conditions for fuel cell 
operation. In  these studies the catalyst used was made 
by heating 18.3g sulfur  with 98g of ammonium hepta-  
molybdate  [ (NH4)6MoTO2~ �9 4H20] in an a lumina  com- 
bust ion tube at 450~ in  hydrogen for 7 hr. A typical 
chemical analysis of the resul tant  acid insoluble com- 
pound was as follows 

Mo: 64.6 weight per cent (w/o)  ; 
S: 10.0 w/o;  O: 24.0 w/o  

Experimentol Procedure 
All of the experiments  were carried out in  the ap-  

paratus shown in  Fig. 1. In  this equipment  a batch-  

* Electrochemical  Soc ie ty  Act ive  Member .  
K e y  words:  e lectrocatalysts ,  m o l y b d e n u m ,  su l fu r ,  HCI-IO, reac-  

t ion m e c h a n i s m ,  kinetics .  
�9 F o r  e x a m p l e ,  in mi dyear  1974 the  price for methano l  w a s  ap-  

p r o x i m a t e l y  4 r  for formal dehyde  i t  wa s  a p p r o x i m a t e l y  10 r  
(1). Th i s  m e a n s  a factor of about  4:1 in favor of methano l  in t erms  
of  cost of  generated  power .  

type exper iment  was carried out: the exper imental  
anode was immersed in  approximately 250 cm ~ of 
anolyte and dr iven  against  a lead dioxide plate in  
250 cm 3 10% H2SO4. The anode and cathode compart-  
ments  were separated by an American Machine and 
Foundry  cation exchange membrane  (Series C310). A 
saturated calomel electrode was used to obtain anode 
reference potential  readings. The current  was in ter -  
rupted every 5 sec using a mercury-wet ,  re lay- type  
in ter rupter ;  this enabled determinat ion of the resist- 
ance losses in  the electrode so that  IR free perform- 
ances could be determined. These data were recorded 
on a Moseley Model 136-A Autograf X-Y recorder. 

Two factors led us to consider that this method of 
abstracting the polarization due to IR losses in  the 
electrodes was legit imate in this case: 

(0  Pre l iminary  experiments  using an oscilloscope 
demonstrated that  the decay in  polarization, in te r -  
preted by us as being due to IR loss in the electrode, 
was always less than  1 ~sec, e l iminat ing the possibility 
of this being due to charge transfer.  

({{) For any given electrode configuration, the mag-  
ni tude of this measured IR loss was always directly 
proportional to the applied current.  

SATURATE0 
CALOMEL,  IIII C 0EN,ER 

t0N EXCHANGE E'TCTRODE ~ I I I 

LEAD DIOXIDE PLATE FLAT GLASS GRINDS 
FASTENED TOGETHER 
WITH CLAMPS 

Fig. i. Apparatus used for fuel cell studies 
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Results and  Discussion 
E~ect oS t e m p e r a t u r e . ~ T h e  tempera tu re  effect data 

were  taken  w i t h  an ano ly te  composi t ion of  9 w / o  
CH20, 7 w/o  HC1, and 84 w/o H~O. The data are for 
the previously described catalyst mater ia l  which was 
fabricated into a 1 in. diameter  anode containing 2g 
catalyst, lg t an ta lum wool, and 0.2g Teflon| 7 fluoro- 
carbon resin by pressing at approximately 60,000 psi. 
The thickness of these electrodes was about 50-60 mils. 
This is the so-called s tandard anode which was always 
soaked overnight  in the anolyte before determinat ion 
of the electrochemical parameters.  

The data are shown in Fig. 2 which is a plot of 
current  density in mil l iamperes per square cent imeter  
vs. anode reference potential  measured against the 
saturated calomel electrode (SCE) at the temperature  
of the experiment,  

The temperature  effect is quite significant; for ex-  
ample at 15 m A / c m  ~ the IR free polarization is about 
0.2V vs. SCE at 65~ and about --0.03V vs. SCE at 
85~ 

E~ect  o~ electrolyte  composi t ion.--I t  was found that  
the polarization characteristics are very sensitive to 
electrolyte composition. For ty  different anolyte com- 
positions were studied. All of these exper iments  were 
performed at 85~ Standard  anodes were used in this 
study also; they were equi l ibrated overnight  with the 
solution studied. The same apparatus was used as that  
used for the temperature  studies. It  was later  found 
that  identical performance to this "equil ibrated" per-  
formance could be achieved by e l iminat ing the Teflon| 
7 fluorocarbon resin and pressing the catalyst materials  
with tan ta lum wool and making  the run  almost im-  
mediately.  

Figure 3 shows the effect of formaldehyde concen- 
tration, keeping the hydrogen ion concentrat ion ap- 
proximately  the same. Concentrat ions of formalde-  

hyde lower than 4g in 500 cm 3 solution (0.7% by  
weight) result  in unstable  performance;  the anode 
polarizes cont inuously and the current  continues to 
drop. This effect is not e l iminated by stirring. It was 
also determined that  the concentrat ion of formalde- 
hyde remains constant  in the bu lk  solution during the 
course of the exper iment  so that depletion of the 
formaldehyde in the bulk  is not the cause of this 
behavior. Data were also taken in  the cur ren t  density 
region 0.01-1 mA / c m 2. These data, taken at 85~ are 
shown in Fig. 4 for an anolyte containing 9.3% CH20, 
6.2% HC1, 84.4% H20. 

Large deviations in the hydrogen ion concentrat ion 
affect the polarization curves markedly;  this effect can 
be convenient ly  represented on a te rnary  diagram as in 
Fig. 5 which shows contour lines of current  density at 
85~ for IR free polarization of 0.1V vs. SCE. The 
numbers  on the te rnary  diagram are current  densities 
at 0.1V polarization for the concentrat ion at that point. 
A sharply defined optimal region in the neighborhood 
of 24% CH20, 4% HC1, 72% H20 is evident. 

Kinet ic  analysis of  data . - -The anode reaction is 
thought to proceed as follows at the electrode surface 

CH20 + H~O~=~ CO2? + 4H + + 4e-  [1] 

Let us consider the possibility that this reaction oc- 
curs in  two major  steps of the following type 

kt 
A ~ B [2] 

]r 

B ~=~ C [ 3 ]  

WTe can now develop the kinetics after Bockris (8) 
and Christiansen (9) and write the reaction for the net 
forward velocity 

0.4 I ' I ' 1 
J 
I-. Z 
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0 a. 

bd 
WC.J 

I~ =''''' = ="z' ~ ,=.1 o.o o ~  i 
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ZO 10 20 30 

CURRENT DENSITY, molcm ~ 

Fig. 2. Effect of temperature on anode performance. Anolyte 
composition: 9.0% CH~O; 7.0% HCi; 84.0% H~O. 
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Fig. 5. Ternary diagram of anode. Current density (mA/cm 2) at 
0.1V vs. SCE (IR free) at 85~ 
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klk% A 
vf -" [4] 

k - 1  4- k% 

Now, if we consider  the oxidat ion  of fo rmaldehyde  
to t ake  place as a first order ,  nonelect rochemical  r e -  
action fol lowed by  an e lec t ron t ransfe r  react ion in-  
volving the in termedia te ,  we  can wr i t e  

kl  
CH20 ~ Z [5] 

k - I  
k'2 

Z ~=~ products  + ne [6] 
k ' - 2  

A set of react ions  consistent  wi th  this  form and wi th  
the over -a l l  react ion (Eq. [1]) is 

CH~O ~=~ CO + H2 [7] 

[CO + H~O ~ CO2 + 2H+ + 2 e - ]  fast, 

non - r a t e  de te rmin ing  [8] 

H2 v e 2 H  + + 2 e -  [9] 

Proceeding  as in the  s imple prototype ,  we get  

Vl : klCF; V - l :  k - l C z  [10] 

v2 - -  k'2Cze~fE; v - 2  : k '-2Cprode -~fE [11] 

whe re  we have  made  the  fol lowing subst i tut ions:  
k% : k2e~fE for the  oxida t ion  or  fo rward  react ion;  
k ' - 2  : k - 2 e  - ~ m  for  the  reduct ion  or  b a c k w a r d  re -  
action. 

Here  $ : n F / R T ,  E is the  anodic polar izat ion,  ~ is 
the f ract ion of the potent ia l  assisting the  fo rward  or  
ox ida t ion  step, and ~ is the  f ract ion of the  potent ia l  
assisting the backward  or reduct ion  step. 

I t  should be  pointed out  tha t  in Eq. [10] and [11] 
the  react ions are  considered to be first o rde r ;  also ks 
and k - ~  m a y  be  funct ions  of t empera tu re .  

Now, resubs t i tu t ing  in Eq. [4], we get, for  the  
cur ren t  deasi ty ,  i 

nFklk~CFe~fE 
: [12] 

k - z  + k2e~fE 

This equat ion wi l l  r ep resen t  the  to ta l  p red ic ted  i -E  
behavior ,  assuming the back  react ion is negl igible  and 
the t empe ra tu r e  is constant.  

We now examine  the  l imi t ing cases. (i) Wi th  a 
smal l  E, then  k - z  >> k2e sfE. Therefore  

n F k l k ~ C F e  ~f~ 
i : [13] 

k -1  

This would  predic t  Ta fe l - type  behavior  at low E, 
for a given fo rmaldehyde  concentrat ion,  wi th  reac t ion  
[9] controll ing.  

(it) With  la rge  E, then k - 1  << k2e ~fE. Now 

i "-- nFklCF : i l  [14] 
or  

0log i )  T 
�9 = 1 [15] 

olog CF) 

Thus we get a nondiffusional limiting current (il) 
behavior, independent of E, with reaction [7] rate 
controlling and a slope of unity for a plot of log i vs. 
l o g  C F .  

Returning  to Eq. [12] and [14], we get  

T l o g .  0 .059(298  ) k - 1  
~n k2 

E =  

000 ( ) (,,_,) 
~ ~ log.---U--" []6] 

We summarize  then  the three  ma jo r  predict ions  of 
this  model :  

(i)  The exis tence of a l imi t ing cur ren t  il, p ropor -  
t ional  to the  fo rmaldehyde  concentrat ion,  CF (Eq. [14]. 

'il -- i 
( i i )  A l inear  plot  of I vs. log , wi th  a slope 

0.059 T 
o f -  . (See Eq. [16].) 

n 298 

(i i i)  The cur ren t  is p ropor t iona l  to the  fo rmalde-  
hyde  concentrat ion.  A plot  of log i vs. log CF wil l  
have a slope un i ty  (Eq. [15]) at la rge  values  of E. 

For  the purpose  of an analysis  of the da ta  in terms 
of this  model,  le t  us confine ourselves  to da ta  t aken  
on a t ie l ine  in the  CH20-H20-HC1 t e r n a r y  d iagram 
at about  4% HC1 by  weight  and  be tween  9 and 32% 
by weight  CH20. 

F igure  6 shows a plot  of E, the  anodic polar izat ion,  
vs. log i (on a semi logar i thmic  plot)  for a s tandard  
ca ta lys t  in anoly te  at  85~ containing the  fo rma lde -  
hyde  concentrat ions  indicated.  

Examina t ion  of these curves  reveals  tha t  they  do 
indeed exhib i t  l imi t ing cur ren t  behav ior  as pred ic ted  
by  our  model.  I t  is useful  at  this  point  to es tabl ish  
tha t  this  l imi t ing cur ren t  behav ior  is not  due to di f -  
fusion control.  Using the  w e l l - k n o w n  equat ion  for  the  
l imi t ing cur ren t  in a diffusion control led  process 

nFD 
[ i l ] D  = ~ C F  [17] 

5 

where :  [il]D = diffusion control led  l imi t ing  cur ren t  
(A/cm~);  n = number  of e lectrons involved in reac-  
tion; D = diffusion coefficient of fo rmaldehyde  in ano-  
ly te  (cm2/sec);  CF = concentra t ion of fo rmaldehyde  
in bu lk  solut ion (moles/cm3);  5 ---- thickness of diffu- 
sion film (cm);  and F = Fa raday ' s  constant  (9.65 X 
104 A - se c /mo le ) .  We obta in  s a l imit ing cur ren t  of 
200-400 m A / c m  2 at a concentra t ion of 3.33 X 10-3 
moles /cm 8 (50g in 500 cm s) formaldehyde ,  using con- 
serva t ive  values  of D and 5 (10 -~ cm$/sec and 0.03 cm, 
respec t ive ly) .  This cur rent  is far  in excess of wha t  
any reasonable  ex t rapo la t ion  of the  da ta  in Fig. 6 
would  suggest  as a l imi t ing cur ren t  for this  concen- 
t ra t ion.  Ano the r  expe r imen ta l  indica t ion  tha t  diffusion 
is not control l ing the  ra te  of this react ion is tha t  
vigorous s t i r r ing  has no effect on the  polar iza t ion  
curves obtained.  

i l  - -  i 
Figure  7 shows a plot  of I vs.  - - . ,  where  i l  is 

i l  
es t imated  from Fig. 6. As can be  seen, al l  of the  da ta  
can be represen ted  fa i r ly  wel l  b y  a s t ra ight  l ine wi th  
a slope of --0.232. This slope provides  a value  of fin 
of 0.3, which  is reasonable .  

F igure  8 shows a plot of log i vs. log CF at constant  
values  of E, the  anodic polarizat ion.  Sta t is t ica l  ana l -  

F o r  n = 2, [ i l ld  = 214 m . a J c m 2 ;  f o r  n = 4, [ i l ]d  = 428 m A / c m %  
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Fig. 6. Plots of E vs. i at  $ Y C .  Standard catalyst, standard anode 
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Fig. 8. Plot of log i vs. log CF at 85~ 

ysis of the  da ta  shows tha t  a l ine can be d rawn  th rough  
the  da ta  wi th  a slope equal  to un i ty  at  the  95% level  
of confidence. Such a l ine is d r awn  in Fig. 7. This is 
in ve ry  good agreement  wi th  the  th i rd  m a j o r  p r e -  
dict ion of the model  developed for  the  anode reaction.  

A t  ve ry  low cur ren t  densities,  the  b a c k w a r d  reac-  
t ion wil l  not  be negl ig ible  and we wil l  then  obta in  
f rom Eq. [12] the  fol lowing express ion  

klk=CFe#fE - -  k _  l k _ 2 C p r o d e - a t E  
v = [183 

k - I  -J- k2e ~fE 

This equat ion w i l l  be impor tan t  a t  smal l  E, the re fore  
k -1  ~>~ k2e/3rE. S impl i fy ing  and in t roducing  the ex-  
press ion for  the  current ,  we get  

i 
: K l k 2 C F e  BfE - -  k - 2 C p r o d e  -~ fE  [19] 

n F  
where  

KI : [20] 
k - 1  

Fo r  smal l  E, we can make  the fol lowing ma themat i ca l  
subst i tu t ions  

e ~ f E  _~ 1 + /~fE [21] 

e -a r~  -~  1 - -  alE [22] 
Then 

i 
n F  = K l k 2 C F ( 1  + p i E )  - -  k-2Cprod(1 - -  a lE)  [23] 

and 

i 
'" : E[~/KIk2CF -1- ~f~r 
n F  

-~- [Klk2CF -- k-2Cprod] [24] 

This equat ion predicts  a l i nea r  re la t ionship  be tween  
i and E at low values  of E. F igure  9 is such a plot  
showing this re la t ionship.  Above  cur ren t  densit ies of 
about  2.5 m A / c m  2 (corresponding to values  of E of 
app rox ima te ly  10 mV) this l inear  re la t ionship  b reaks  
down, p re sumab ly  because the  b a c k w a r d  reac t ion  is 
now negligible.  

Our  model  st i l l  holds if what  in  fact  happens  is 
the fol lowing 

CH20 -~ CH20 (ads)  slow [25] 

CH20 (ads)  ~ CO -t- H2 fast  [26] 

wi th  the rest  of the steps fol lowing as in Eq. [5] and 
[6]. 

An indicat ion tha t  this first s low s tep m a y  be  an  
adsorpt ion  step is the fact tha t  it  is necessary to soak 
the anodes in anoly te  overn ight  before  runn ing  in 
o rde r  to obta in  maximum,  reproduc ib le  cur ren t  den-  
sities. Af te r  816 h r  of soaking a s t andard  e lec t rode  in 

0.012 P- 
J 
O 

i 0.008 

0.004 

0.000 

I I I I 

0 

0.00 0.50 1.00 21.50 2.00 2.50 
i , r na / cm  

Fig. 9. Plot of E vs. i at 85~ (low current density region). Anolyte 
concentration: 9 .0% CH~O; 7 .0% HCI; 84.0% H20. 
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Fig. 10. Plot of i vs. I / T  at constant E. Anolyte concentration: 
9.0% CHgO; 7 .0% HCI; 84.0% H20. 
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optimized anolyte, it was found that  al though the 
formaldehyde concentrat ion had been reduced by 
about two-thirds,  the water  concentrat ion (deter-  
mined by  difference, knowing C1- and CH20 
concentrat ion) actual ly increased. This suggests that 
at open circuit CH20 does not combine with H20 to 
form CO2. Thus, Eq. [25] and [26] may indicate the 
correct course of the reaction. 

Figure 10 shows a plot of i vs. the reciprocal of the 
absolute temperature  ( l / T )  for values of the same 
polarization. We can immediate ly  discern two separate 
regimes: the first be tween 22 ~ and 65~ in which the 
heat of adsorption is 4.6 kcal /mole;  the second (from 
65 ~ to 100~ in which the heat of adsorption is ap- 
proximately  13 kcal/mole.  These values bracket  the 
value reported for the adsorption of formaldehyde on 
tungs ten  carbide, namely  10 kcal /mole  (10). In  this 
connection it is interest ing to note a report  of two 
adsorbed species for formaldehyde on germania,  one 
very weakly bonded, a second more strongly bonded 
with a spectrum similar to p o l y o x y m e t h y l e n e ( l l ) .  
All of these considerations s trongly suggest that  Eq. 
[25] is indeed a proper representa t ion of the rate 
de termining step for the oxidation of formadehyde on 
this catalyst. 
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ABSTRACT 

Pacemakers and biotelemeters are being powered by implantable hybrid 
cells consisting of sacrificial anodes and cathodes where body oxygen is re- 
duced. A high corrosion rate of anode materials for the hybrid cell is a dis- 
tinct disadvantage because of the cell's proposed goal as a long term power 
source. In vitro and in vivo corrosion studies made on anode materials such as 
aluminum, zinc, and magnesium alloy AZ31B under different loadings have 
been correlated histopathologically with the tissue reaction at the implant 
interface. Magnesium and magnesium alloy AZ31B appear to be unacceptable 
as an anode material due to their high corrosion rates and poor biocom- 
patibility. In vivo corrosion measurements on aluminum over 147 days under 
different loadings demonstrated that a load current density of the order of 
13 ~A/cm 2 produced a low corrosion rate and good biocompatibility. Although 
aluminum appears to be more biocompatible than zinc further work needs to 
beundertaken in order to more completely characterize corrosion mechanisms 
and the biocompatibility of these materials. 

Many thousands of patients have received success- 
ful ly implanted pacemakers and live useful lives. Re- 
cent advances in technology have led to more depend-  
able electrodes and generators so that  the average 
funct ional  life of a pacemaker has increased from six 
to eighteen months with some as high as th i r ty-s ix  
months (1,2). Ideally an implantable  power source 
should last for ten years, e l iminat ing the necessity of 
replacing power sources (3). There are a variety of 
approaches which have been pursued in an at tempt to 
prolong the l ifet ime of in terna l  power sources (4). 

Key words: in  r i v e  corrosion, aluminum, zinc, magnesium AZ31B,  
b iocompat ib i l i ty .  

The implantable  hybr id  cell as a long term power 
source for cardiac pacemakers has been extensively 
studied (1, 3-5). The hybr id  cell consists of a fuel cell 
cathode where dissolved oxygen in  the body fluids is 
catalytically reduced and a sacrificial anode is gal-  
vanical ly oxidized. 

Previous studies indicated that  the p r imary  problem 
was electrode polarization at the cathode result ing in 
a loss of power (6). The development  of porous palla-  
dium black cathodes using powder meta l lurgy  tech- 
niques resulted in a substant ial  increase in the in Vivo 
power density obtainable from these celIs (7). This 
paper addresses itself to the corrosion of anode mate-  
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rials. A high corrosion rate for an anode material for 
the hybrid cell can be a distinct disadvantage because 
of its proposed goal as a long term power source, the 
increase in waste products in the host and the possible 
weakening of the anode with built up corrosion prod- 
ucts (8,9). Weight loss studies are not sufficiently 
sensitive to adapt to in  vivo corrosion studies (9, 10) 
while for in  vitro they produce an average corrosion 
rate with t ime (11, 12). 

A technique that can be used for both in vitro and 
in vivo corrosion studies of anodes is the l inear  po- 
larizat ion method developed by  Stern (11-13) and 
used by Greene et aL (9, 10) to s tudy corrosion of 
surgical implants.  The hybr id  cell draws 25 ~A/cm 2 
when driving a commercial pacemaker, thus in  order 
to obtain galvanostatic and potentiostatic anodic and 
cathodic polarization curves under  load conditions 
anodes were loaded to draw approximately 25 ~A/cm 2. 
After  loading for various periods of time, i.e., for a 
number  of days, polarization, galvanostatic and poten-  
tiostatic curves were taken on removal of the load. Be- 
sides corrosion rates being determined by  l inear  po- 
larization techniques, rates were estimated similar to 
Tafel extrapolat ion by drawing tangents  to the po- 
larization curves in  the loaded current  range. The 
intersection of these "Tafel" lines with the horizontally 
drawn l ine represent ing Ecorros ion was taken as 
/corrosion. 

Experimental Procedures 
Linear polarization technique for determining corro- 

sion rates (9, 14, 29) . - -This  method consists of deter-  
mining  the Tafel slopes; ~a and Bc for both anodic and 
cathodic processes, and the polarization resistance, 
Rpol, of the corroding electrode under  study. The po- 
larization resistance is the slope of the l inear  portion 
of the polarization curve obtained by plott ing over-  
potential  vs. current  density for the first 10-20 mV of 
overpotential  of the electrode. 

The values of ~a and Bc and Rpol are then used to cal- 
culate the corrosion rate expressed as a corrosion cur-  
rent  /corr from the following equation 

~a~c 
I c o r r  -- [1] 

2.3Rpol (fla + Be) 

A Tacussel PIT 20-2X potentiostat and a polarization 
cell fabricated according to Greene (14) was used for 
in vitro studies. In  determining Rpol and for galvano-  
static measurements  a constant current  source, a 
Keithley Model 225 was used for accurate low cur-  
rents. A Lauda Circulator Model K-2 kept samples at a 
body temperature  of 37 ~ __ 0.1~ 

In  in v ivo studies the current  was passed through a 
test electrode and a porous pal ladium black electrode 
which is implanted with the test electrodes for use as 
the auxi l iary or counterelectrode. The electrical con- 
nection to all the electrodes was made by connecting 
very fine Teflon-coated stainless steel wires to the elec- 
trodes and then br inging the other end of the wire out 
through the skin. The wire connection is insulated by 
a fluid impermeable neoprene coating covered with 
Ciba Aradite  6010 epoxy with a final coating of Dow 
Corning Medical Adhesive Silicon Type A. 

The potential  of each test electrode was measured 
with respect to a s i lver-si lver  chloride electrode 
(standard 16 mm Beckman biopotential  skin electrode) 
which was placed on the skin with conductive paste. 
All samples were 1 or 3 cm 2 in geometric area and 
were implanted subcutaneously in the lateral  abdomen 
and thorax of dogs. 

Histological Examinations 
H & H stains were used for histological s taining of 

the tissue capsules surrounding the implants. Hema-  
toxylin, H, colors basophilic mater ia l  blue or purple, 
while eosin, E, colors acidophilic mater ia l  pink or red. 
Thus collagen stains pink to red (15). Another  s taining 
method used to supplement  the H & E is the Gomari  

Zn O,~, 
/ /  " 

o 

T / / /  

Cur t ent detsit  I ---* u|.~3t~, cm. N~ Zn 

Fig. 1. In vitro anodic linear polarization curves under no load 
used to determine the Rpol in kilo ohms per square centimeter for 
AI, Zn, and Mg alloy AZ31B, in 0.9% aqueous NaCI at 37~ open 
to atmosphere. 

tr ichrome stain (16) which differentiates between col- 
lagen and muscle. Collagen stains a clear green while 
smooth muscle stains a deep purplish red and fibrin an 
orange red. In  order to differentiate bacteria in  tissue 
a Brown and Brenn  method was used. 

Mater ials 
Solid a luminum and zinc were obtained from A. D. 

Mackay Company with the following puri ty:  a lumi-  
num, 99.99%; zinc, 99.9%. The magnesium alloy, AZ31B 
consisted of magnesium with 3% a luminum and 1% 
zinc. 

Results and Discussion 
In vitro measuremen t s . - -A l though  the anodic and 

cathodic Tafel slopes varied over a wide range of val-  
ues the Icorr can be shown to be approximated by 

0.026 (10) 
/corr "- - -  [21 

Rpol 

Figure i contains plots of linear polarization curves for 
determining Rpol for the various metals under in vitro 
conditions. Table I is a summation of in vitro data. 
It is noted that there is a range of values of Rpol. The 
intersection of the Tafel line with Ecorr in Fig. 3 is at 
0.2 which checks reasonably well with the values ob- 
tained from Eq. [2]. 

It is noted from Table I that the in vitro corrosion 
rates of zinc and magnesium alloy AZ31B are 2 to 3 
orders of magnitude greater than aluminum. The un- 
loaded in v ivo data of Table II demonstrates that 
in vivo corrosion rates are reduced by an order of 
magni tude over the in vitro corrosion al though the 
relative rates be tween metals remain  approximately 
the same. Table III  i l lustrates that loading the anode 
with a current  density of 25 ~A/cm 2 which has been 
used for powering present  commercially available 
pacemakers increases the corrosion rate par t icular ly  
for A1. At this loading the in vivo corrosion rates of 
A1 increases with t ime of implanta t ion as shown in 
Fig. 2a to arrive at an asymptotic value of Icorr which 
is the same order of magni tude  as for zinc. 

Table I. Comparison of leorr of anodic materials unler no load 
conditions 0.9% NaCI, T = 37~ 

I n  v i t ro  

{eorr T a f e l  
Rpol Ie~rr Eq.  [2] l ine  i n t e r see -  

A n o d e  {ohms x 10 8) (/,A/crn2) t ion  ( /~A/cm 2) 

Solid a l u m i n u m  100-330 0.09-0,26 0.1-0.5 
Solid zinc 0.14-0.35 52-186 25-45 
Sol id  m a g n e s i u m  

a l loy  AZ31B 0.066-0.242 107-394 35-500 
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Fig. 20. Comparison of the time variation of /com" of aluminum 
anodes implanted in the lateral thorax of dogs under different 
Ioadings. Curve 2 is for a 10 kohm or 38 ~A/cm 2 load while curve 
3 is for a 20 kohm or 19 FA/cm 2 load. Implants sterilized with 
eth lene oxide. 

lAYS AFTEC tMPLANTATIgl 

Fig. 2b. Time variation of Icorr for aluminum anodes implanted 
in dogs under different Ioadings. Curve 1 represents an electrode 
heavily loaded at 75 ~A/cm 2 for the first 80 days and then open 
circuited for a no load. Curve 6 is a loading of 13 ~A/cm 2 for 
147 days. Curves 4 and 5 have been loaded for 147 days at approxi- 
mately 18.5/~A/cm 2. 

The in vitro electrodes unl ike the in vivo electrodes 
were  not autoclaved so they did not obtain a heavy  
oxide film. At tempts  to make  in  vitro measurements  
on autoclaved electrodes produced nonreproducible  
and unstable data. Autoclaved in vivo electrodes under  
no load demonstra ted some instabil i ty reflected as 
variat ions of potential. However ,  it was possible to 
obtain reasonably steady values wi th  t ime which fell  
in ~he range of values presented in Tables II and III. 
E thylene  oxide gas steri l ized electrodes under  no load 
in vivo behaved similar  to the autoclaved as above. 
Electrodes which were  e i ther  steri l ized in a "Bard"  
e thy lene-oxide  gas steri l izer or autoclaved, produced 
stable potentials under  load conditions. 

The above results indicate that  the oxide film at the 
a luminum interface may  be par t ia l ly  rup tured  under  
load conditions (17-20), increasing the corrosion rate. 

Table II. Comparison of/corr of anodic materials under no load 
conditions for implantations in dogs 

Electrodes sterilized by autoclaving 

Table IV. Showing corrosion data parameters as average values 
for last 20 days of observation for aluminum implantations of 

147 days in clogs 
Electrodes sterilized with ethylene-oxide 

Corrosion 
Resistor Cell poten- Load current 

Cell load tial under current range 
No.  (K  o h m s )  load  (V) ( / t A / c m  2) (/~A/cm~) 

2* 10 0.3700 38 5.6-13 
3" 20 0.3650 18.7 4.9-9.8 
4 30 0.5000 18,3 8.6-9.5 
5 40 0.6000 19 6.8-8.6 
6* 62 0,7000 13.3 2.6-3.1 
1 oo -- 0 0.8-1.4 

* I n d i c a t e s  cells  l o a d e d  79 days after i m p l a n t a t i o n .  

When the hybr id  cell is coupled to a pacemaker  the 
whole uni t  is gas steri l ized before implantat ion.  Elec-  
trodes were  therefore  steri l ized with  e thy lene-oxide  
for in vivo measurements  under  load as given in 
Table IV. 

As expected the disturbance to the corrosion rate of 
passing a current  through the a luminum interface due 
to its more  pronounced oxide coating is grea ter  than 
that  of zinc. In vivo corrosion rates for various load- 
ings shown in Table IV i l lustrates that  for 18 ~A/cm 2 
the Icorr is approximate ly  5-12 ~A/cm 2 while  at a load- 
ing of 13 ~A/cm s is on the average  3 ~A/cm 2. When a 
sample of solid a luminum was loaded to 25 ~A/cm 2 
and then the load removed  the Icorr af ter  a number  of 
weeks approached its no load value. In vivo data on 
the magnesium alloy under  load conditions was un-  
stable, al though these results indicate that  under  load 
conditions the corrosion rate  is of the same order  as 
under  no load conditions. 

The following paragraphs discuss the polarization 
curves used to obtain the data of Tables I-IV. 

The intersection of the Tafel  l ine of Fig. 3 with the 
Ecorr line, which in this case is 1V gave the Ieorr r e -  
corded in Table I. 

Figure  4 i l lustrates the effects of the oxide coating 
on a luminum with  the curve  at low current  densities 
being characterist ic of the corrosion rate wi th  a sub- 
stantial  oxide coating. The surface appears to be con- 
s iderably different under  loaded current  densities of 
25 gA/cm 2. 

Curve 2 of Fig. 4 and 5 demonstra te  the upward  
shift  in Icorr with time. The break in the curves of 
Fig. 4 appears at about 0.5V which checks with the 
findings of Zahavi et aI. Figure  4 represent ing typical 
curves for a loaded electrode for 4 days and 36 days 
i l lustrates that  for a given current  density the polariza-  
tion decreased with  increasing corrosion rates of 
electrodes. 

A tangent  or "Tafel"  l ine was drawn for the  curve 
in the operat ing range. The Icorr de termined from the 
intersection of the tangent  lines wi th  the horizontal  
Ecor~ l ine for the anodic and cathodic galvanostat ic  
curves checks closely. 

In  v ivo  unloaded 

Ieorr " T a f e l "  
Rpol feorr  Eq ,  [2] l i ne  ext ra toola-  

A n o d e  ( o h m s  X I0 ~) (/~A/em 2) tion (/~A/cm s) 

Solid aluminum 400-2000 0.013-0.085 0,03-0,23 
Solid zinc 6-18 1,4-4.3 0.3-6.66 
Solid magnesium 

alloy AZ31B 3-4 6.5-8.7 14-19 

Table IlL Comparison of Icorr of anodic materials under an 
approximate loading of 25 ~A/cm ~ 

Electrodes sterilized by autoclaving 

I n  v tvo  l o a d e d  ( for  f o u r  d a y s )  

/tort " T a f e l "  
Rpol Icorr Eq. [2] line intersec- 

A n o d e  ( o h m  • lO s) ( / zAlcm -~) t i on  ( g A l e m  s) 

Solid aluminum 114 0.228 0.5-0.65 
Solid zinc 5.8 4.4 5,5-15 

1.22 

~ 1.32 

1.42 

152 

'~ 1.6 ; 

cur[Ant densi t l  �9 na/sq.cm. 

, ,o' io' 
110 % I I 

\ \  

Fig. 3. In vitro galvanostatic cathodic polarization curve for solid 
aluminum in 0.9% aqueous NaCI at 37~ open to atmosphere under 
no load conditions. 



1132 J. Electrochem.  Sac.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  S e p t e m b e r  1974 

! 

.U 1' 

.U 

. .  | 

.U 

w' t '  ~ 
"1~ CUIIIIENT I~DENSITV __uA/~cn l l "  

Fig. 4. In viva galvanostatic anodic polarization curves for solid 
aJuminum electrodes implanted in a dog under an approximate load- 
ing of 25 /~A/cm 2. The potentials are referenced to a Ag/AgCI 
skin electrode. Curve i was loaded for approximately 4 days and 
curve 2 for 36 days before measuring the anodic polarization. 
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Fig. 5. In viva galvanostatic cathodic polarization curves for 
solid aluminum curves for solid aluminum electrodes implanted in 
a dog under an approximate loading of 25 /~A/cm 2. The potentials 
are referenced to a Ag/AgCI skin electrode. Curve 1 was loaded 
for approximately 4 days, and curve 2 for 100 days before measuring 
the cathodic polarization. 

Figure 6 is an i l lustrat ion of l inear  polarization data 
under  loaded in viva conditions. Although the slopes of 
the curves vary  on a dog, from measurement  to mea-  
surement  and from dog to dog the data points l ine up 
well for a given measurement .  
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Fig. 6. In viva anodic linear polarization curves of aluminum for 
determining Rpol in kilo ohms per square centimeter for electrodes 
implanted in dogs with a load of approximately 25 /~A/cm 2. The 
potentials are referenced to a Ag/AgCI skin electrode. Curve 1 
represents data taken after 7 days of loading, Rpo] ---- 12 kohms; 
curve 2 is from data after 22 days of loading, Rpo 1 ~ 4.26 kohms; 
curve 3 is from data after 67 days of loading, Rpol ~ 2 kohms. 

The present  pacemaker system we are using requires 
610 ~A continuously when operat ing from a cell volt-  
age of 0.5V. Over a ten  year period the faradaic weight 
loss in an anode of t r iva lent  A1 needed to supply the 
above current  is 17.6g. The weight loss based o n  Icorr 
measurements  under  the above load is 7.4g or about 
29% of the faradaic loss. Divalent  Zn on the other 
hand because of a 300 mY higher voltage would need a 
current  of about 400 ~A or a faradaic weight loss of 
40g over a ten year  period. The weight loss based on 
Icorr for Zn of an equivalent  geometrical area is 11.4- 
14.7g. Thus for Zn approximately 52g is needed to sup- 
ply energy over a ten year  period, 40g being con- 
sumed as useful energy and 12g being lost by way of 
corrosion, and not converted into usable energy. The 
efficiency has therefore been defined as the ratio of 
the faradaic weight loss to the faradaic weight loss 
plus the weight loss due to corrosion which gives for 
Zn efficiencies of 73-~78% (23). Roy et al. (22), in  their  
in viva studies o f  zinc under  various load conditions 
defined the efficiency as the ratio of the actual life to 
expected life. They obtained for zinc efficiencies rang-  
ing from 73-86%. 

Divalent  Mg with its 600 mV higher voltage requires 
a current  of approximately 270 ~A or a faradaic weight 
loss of 10.7g. The weight loss based on Icorr for Mg of 
an equivalent  geometrical area under  no load is 8g 
or 75~ of the faradaic weight loss. The corrosion rate 
under  load, al though difficult to measure, is est imated 
to be the order of 1 g /y r  which checks with a reported 
value of 1.2 g /y r  (24). After  operat ing in viva under  
load the Mg galvanostatic and potentiostatic curves 
were too unstable  for corrosion data. 

Histopathological examinat ions of tissue surrounding 
the a luminum, zinc, and magnes ium implants  are dis- 
cussed in the following paragraphs with the help of 
microscopic photographs. 

It is seen in Fig. 7 that  a dense capsule composed 
of fibrous connective tissue has formed around mag-  
nesium implanted for 6 months.  It  is fur ther  noted that  
at the t issue-metal  interface, a moderately  heavy in-  
f lammatory cell reaction is present  consisting of 
granula t ion tissue with an infiltrate of neutrophils,  
lymphocytes, and plasma cells. 

Figure 8 shows a fibrous connective tissue capsule 
with a moderately  heavy inflammatory cell infiltrate 
at the t issue-zinc interface after 6 months of implanta-  
tion. This reaction is characterized by  dilated capil- 
laries, infiltrate of neutrophils,  lymphocytes, and 
plasma cells. The adverse tissue response is contrary to 
the findings of other investigators (4, 28). Fur ther  im- 
plantat ions of zinc will be under taken  by  us to gain a 
greater insight into zinc biocompatibili ty.  

Figure 9 shows that  under  no load conditions histo- 
logic examinat ion  revealed a well-formed, relat ively 
thick (550~) mature  fibrous connective tissue capsule 
which shows only mild aggregates of lymphocytes. No 
part icular  mat ter  was observed in the capsule. Under  

Fig. 7. Tissue surrounding magnesium alloy electrode implanted 
for 6 months unloaded. Magnification 100X. E and H stain used. 
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Fig. 8. Tissue surrounding zinc electrode implanted for 6 months 
unloaded. Magnification IOOX. E and H stain used. 

Fig. 9. Tissue surrounding aluminum electrode implanted for 6 
months unloaded. Magnification 100• E and H stain used. 

load  condit ions remova l  of a luminum implants  a f te r  
147 days revea led  that  t hey  all  were  encapsula ted  wi th  
a th ick wal l  formed ma tu re  fibrous connective t issue 
capsule. Cells loaded in the  range of 18 ~A/cme showed 
l i t t le  inf lammatory  reaction. Loads grea te r  t han  70 
~A/cm 2 produced an open pus dra in  above the im-  
plant .  Cells loaded in the  13 ~A/cm 2 range  were  macro -  
scopical ly free from inflammation.  

Magnesium has been  repor ted  by  Sawyer  and 
Sr in ivasan  (25) as being not  only h igh ly  corrosive but  
m a r k e d l y  toxic, des t ruct ive  of blood cells, and forming 
magnes ium proteinate .  On the other  hand  a luminum 
was found by  them to be nontoxic on tissue su r round-  
ing wounds and to have  a min imal  des t ruc t ion  on r ed  
and whi te  b lood cells. De te rmina t ion  of a luminum con- 
centra t ions  in blood samples and sur rounding  tissue of 
implants  by  atomic absorpt ion spec t rophotomet ry  (26) 
i l lus t ra ted  that  the  a luminum concentrat ions  are  
wi th in  the  range of values  of a luminum of 0.21-0.94 
parts  per  mi l l ion repor ted  for man  (27). 

I t  was fur ther  observed by  us, that  none of the Pd -  
b lack  cathodes which were  coupled and loaded at the  
same ra te  as the anodes, showed any visible signs of 
t issue reaction.  

Conclusions 
1. The corrosion ra te  of a luminum anodes is ap-  

p rox ima te ly  propor t iona l  to the  load cur ren t  densi ty  
reaching an average  s t eady-s t a t e  va lue  in 20-30 days  
af ter  loading.  

2. A load current  densi ty  of 13 ~A/cm 2 or less is 
desi rable  for lower ing of the  t issue react ion and cor-  
rosion rate.  

3. His topathological  da ta  indicate  that  a luminum is 
a more  b iocompat ib le  anode mate r i a l  than  magnesium, 
magnes ium al loy AZ31B, or zinc. F u r t h e r  in vivo mea-  
surements  are  being conducted on a luminum and zinc 
implants  in o rder  to more  comple te ly  character ize  the 
b iocompat ib i l i ty  of these anode mater ia ls .  

4. Magnesium and magnes ium al loy AZ31B appea r  
to be unacceptable  as an anode ma te r i a l  due to the i r  
high corrosive ra tes  and poor biocompat ibi l i ty .  
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ABSTRACT 

A 125 kW programmable  power supply has been constructed for testing 
electrochemical propulsion systems and components. This facility has a 
number  of features which are of value to others for use in  broader  applica- 
tions. These features are: voltage programmable  for both current  and voltage 
levels, change from charge to discharge in a fraction of a second, fast response, 
low ripple content, and integral  load dissipatiom Typical applications are: 
direct control by  field generated profiles, s imulat ion of rapidly changing hy-  
br id  charge-discharge regimes, and control techniques such as constant  power. 

Evaluat ion and characterization of electrochemical 
propulsion systems and components for the U.S. Army 
had reached a stage that required a programmable  
electrical power system for reproduction, modification, 
and generat ion of full-scale test duty cycles. A 125 kW 
thyristor  power system with features that  satisfied 
immediate  needs and control techniques that will al-  
low for adaptat ion to a var ie ty  of future  requirements  
is described herein. 

The program at the U.S. Army Mobili ty Equipment  
Research and Development  Center, Fort  Belvoir, Vir-  
ginia, requires evaluat ion of candidate batteries and 
fuel cells for propulsion and stat ionary power ap- 
plications. Propulsion applications involve construction 
and materials  handl ing equipment.  Evaluat ion and 
selection of the most applicable ba t te ry  for a system 
requires extensive and realistic testing to par t icular  
mi l i tary  regimes. 

The thyris tor  power system described here is the 
third of four test stations designed to meet  these needs. 
To gain a perspective of its purpose relat ive to the 
other stations, all their  ma in  functions are briefly pre-  
sented in the order of progression of a candidate 
electrochemical power source through them. Station 
(i), p re l iminary  check of manufac turer ' s  specifications, 
acceptance tests, and life cycle tests pr imar i ly  for 
single cells. Charges and discharges can be con- 
trolled to 10V and 3 kW. Stat ion (if), characterization 
of systems, load profile tests (25 different preset 
levels),  tr ial  of new test procedures, variable charge/  
discharge methods, and computer control. Three con- 
figurations are available producing maximums of 
either 8, 16, or 52V, and 14 kW (1). Stat ion (iii), the 
subject of this paper, has the highest power rat ing of 
any of the stations and is more oriented toward full 
scale or prototype testing. I t  is programmable  by  ac- 
tual  averaged wave forms obtained from field testing, 
or by analog voltages from conventional  in s t rumenta -  
tion. Station (iv) (now under  development) ,  will have 
a m in imum response time of 20 ~sec enabl ing fur ther  
examinat ion of fast pulse charging and more detailed 
load profile simulations. It  is also scheduled to  be used 
for special bat tery  studies of dynamic impedance from 
very low frequencies to about 50 kHz. This station will  
have a max imum capabili ty of 50V and 6000W. 

System Description 
The thyris tor  power system of station (iii) was bui l t  

under  contract by Westinghouse Electric Corporation 
(2). A system was specified that could duplicate the 
characteristics of conventional  chargers and be 
changed rapidly to extended discharges with an in-  
tegral dissipation capability. This is, to our knowl-  
edge, the first t ime such a system has been used in  this 
manner .  A simplified diagram of the system is shown 
in Fig. 1. The system may be divided into two main  

* Electrochemical Society A c t i v e  M e m b e r .  
Key words: c o n t r o l l e r ,  s i m u l a t o r ,  charger. 

parts: one is a variable regulator,  consisting of oper-  
ational amplifiers, funct ion modules, and referencing 
and director logic elements;  the other is a thyris tor  
power converter, consisting essentially of a thyris tor  
power modulator,  a thyristor  power transformer,  a 
basic regulator, and converter  sequencing and protec- 
tive elements. The outer controllers, shown in Fig. 1, 
are init ial  input  shaping networks;  while  the inner  
control loop compensates for basic nonl ineari t ies  and 
time delays. 

The variable regulator  consists of the outer voltage 
and current  l imit controllers. They are dr iven with 
two programming input  voltages: v for bus voltage 
and I for output  current.  These controllers are in  
parallel  and the outputs are connected through a 
diode switching circuit to a common output  terminal .  
Only one controller is in  operation at any one time. 
The outer voltage controller is in operat ion as long as 
the programmed current  l imit  is not reached. The cur-  
rent  controller is switched off dur ing this time. When 
the current  l imit  is reached the current  controller 
takes over and the voltage controller  is switched off. 
Switching in and out of the controllers is accomplished 
smoothly and quickly due to the characteristics of the 
operational amplifiers used. A current  l imit  controller 
is used for each polari ty of sensed output  current .  The 
max imum current  in  ei ther direction is l imited to 
1500A. The gate pulse generator  output  will  be sup- 
pressed at 1600A. 

The basic regulator  includes all the components re-  
quired to close the inner  voltage control loop, to s e n s e  
bus voltage and current,  to sense the demand for and 
execution of current  reversals, and to provide gate 
pulses to the thyristor  power modulator.  This regu-  
lat ing loop is used to develop the proper signals for 
current  reversals and it helps to overcome the non-  
l inearit ies of the power converter  when  going through 
a current  reversal. This loop makes it possible to con- 
sider the converter system for the outer (variable) 

V SWrTCHMG 

CIRCUIT 

3 PHASE 

Fig. i. Regulator system diagram with parallel voltage and 
current controllers. 
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regulator  loops as a "black box" amplifier with near ly  
ideal characteristics (3). A brief  description of the 
operation of this inner  loop follows. The bus voltage, v, 
is picked up  by the voltage sensor and brought  to one 
input  of the inner  voltage controller. There it is com- 
pared with the reference voltage --17 applied at a 
second input. Depending on the polari ty of the differ- 
ence of the two voltages, the output  voltage --17o will 
swing negative or positive. By comparing this output  
voltage --17o with the bus voltage v, the polari ty of 
converter  conduction can be determined.  For example, 
if the bus voltage v is smaller than  the reference sig- 
nal  17, forward load current  conduction is indicated, 
and therefore the forward channel  of the dual con- 
ver ter  should be pulsed. Under  this condition, --17o 
is negative, and when  compared with v at the input  
of the reversing logic module will  result  in its output  
picking up relay 1CR and closing the gate pulse dis- 
t r ibu t ion  switch to the forward converter. If now the 
reference 17 is suddenly reduced to demand reverse 
current,  the opposite sequence of events  wil l  take 
place. 

The main  power stage, on the r ight  hand  of Fig. 1, 
is a dual type converter  which can provide output  cur-  
rent  in  ei ther direction. This consists of an auto t rans-  
former in  a wye-del ta  connection, as shown in  Fig. 2. 
The delta t ransformer  drives a thyris tor  power modu-  
lator which converts three-phase,  a-c power into volt-  
age adjustable  d-c power. The modulator  assembly 
contains 24 thyristors;  half  for forward (charge) and 
half for reverse (discharge) operation. The thyris tors  
are connected in a six-phase, double-way circuit. The 
assembly also has all the necessary voltage protecting 
networks, current  l imit ing fuses, pulse dis tr ibut ion 
panel  and pulse transformers,  and current  sensing 
transformers.  The six-phase, double-way converter  
circuit requires that two legs are conducting s imul-  
taneously to complete a current  path through the 
battery.  Gating pulses, from the gate pulse generator, 
occur every 60 ~ and are channeled sequential ly  to each 
of the six legs of the converter  circuit. This produces 
six peaks per a-c l ine cycle for reduced direct voltage 
ripple and distortion of the a l ternat ing current.  Figure 
2 shows an abbreviated dual  converter, ant iparal le l  
circuit showing one of the four thyristors in each leg. 

The forward (charge) thyristors are labeled with an 
F and the reverse (discharge) thyristors with an R. 
Consider the moment  when  the voltage of 17-U is zero 
and the voltages of U-W and 17-W are, respectively, 
~/3/2 and --~/3/2 of their  max imum values. At this 
t ime 1F and 6F are conducting (rectifying) in  the 
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Fig. 2. Dual converter, antlparallel circuit 

forward direction thereby charging the ba t te ry  with a 
voltage determined by the programming reference 
voltage. In  the discharge mode, the forward (F) 
thyristors are off, and for the same condition as above 
but  with reverse polarities, 1R and 6R would be gated 
on. This would effectively reverse the bat tery  current .  
The system now operates in the inver ter  mode. It  is, 
in effect, a l ine controlled inver ter  with the l ine and 
system absorbing the bat tery  current.  The gate pulse 
generator  gating angle change, determined by the 
programmed cur ren t  demand, causes the average out-  
put voltage to be enough below the bat tery voltage to 
produce the desired current.  The difference is deter-  
mined by the loop drop. This inver ter  feature el imi-  
nates the need for large banks of load dissipation re-  
sistors. The system can be operated continuously up to 
125V at 1000A d.c., and, in  overload to 1500A for a 
dura t ion of 30 sec. 

System Characteristics 
The fluctuation of the d-c voltage about the average 

value was measured in terms of the root -mean-square  
(RMS) value. The effect of different autot ransformer  
connections on the ripple was of interest. The results 
are shown in Table I. The connections were made for 
125V d.c. (208V a.c.) and 50V d.c. (83.2V a.c.). A fork 
lift t ruck bat tery  was connected at the output  and run  
in the charge mode for the ripple measurements .  The 
per cent change of ripple voltage to the output  d-c 
voltage was improved for the 50V connection to one- 
tenth  of that at the 125V connection. The current  ripple 
was approximately 2A for the 50V connections and 6A 
for the 125V connections. The inherent  ripple in a 
three-phase, full wave bridge is 4.5% RMS. The sys- 
Lem uses an induct ive input  "L" filter before the out-  
put terminals  to reduce the ripple. Its unipolar  electro- 
lytic capacitors have protective diodes to prevent  volt-  
age reversals. A typical bat tery  may have capacitance 
values in farads at 360 Hz which also reduces the 
ripple (4). 

The output  circuit is t ransformer  isolated from the 
input ;  ei ther a positive or negative d-c bus can be 
grounded. Other similar uni ts  can be connected in 
series to 600V. The autotransformer  can be wired for 
228V a.c., thereby raising the output  voltage in  the 
present system to 137V. The system has many  protec- 
tion features. The major  ones are a d-c circuit breaker  
with combined instantaneous magnetic tr ip and current  
l imit ing protection, an overload heater  trip, surge sup- 
pressors for overvoltage and dV/dt protection, thyristor  
fuses, and a protection switch for thyris tor  over t em-  
perature;  and finally in case of an a-c power failure, 
the system will draw less than  50 mA from a 36V fork 
lift battery.  

Total drift in  output  over an 8 hr  in terval  under  con- 
stant  line, load, and ambient  tempera ture  following 
30 rain warm up was 0.03% for a constant voltage of 
40V" and 0.03% for a constant current  of 500A. 

The system has an automatic crossover characteristic 
that changes the method of regulat ion from constant 
voltage to constant current (or vice versa) as dictated 
by varying load conditions. This is often used in 
charging batteries where a maximum initial current 
level is held until battery voltage reaches a preset 
upper limit after which current drops to a leakage 
level. To evaluate this capability, system current was 
set for a maximum of 90A. A load was varied from 
zero current to short circuit. The difference between 
an initial falloff of current and the short circuit cur- 
rent expressed as a percentage of the ma x i mum set 

Table ]. Voltage ripple measurements 
s 

'~t5R 
Maximum Ripple 

: voltage Output Output voltage Per cent 
connec- voltage current (True ripple 

~2e tion ~v) (v) (A) R~S V) (%) 

125 41.3 291.0 0.418 1.0 
SO 41.3 291.0 0.045 0.1 
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Table II. System efficiency 

Dissi- 
Input  a.c. Output  d.c. Efll- pared 

power  Voltage Current  Power  ciency power  
(kW) (V) (A) (kW) (%) (kW) 

120.600 118.5 960 113.760 94 6.840 

current  was measured at less than  1% for 30V and 
90A. 

The efficiency of this system is much higher than  
any other means of conversion, approaching 93% at 
rated load and rated volts. Efficiency was calculated 
based on measurements  made with a two-element ,  
polyphase wat tmeter  with two current  t ransformers 
on the three-phase a-c input  and d-c output  power 
based on the product of measured volts and amperes 
(5). The system input  autotransformer  taps were con- 
nected for 125V d.c. The a-c meter  indicates the aver-  
age impulse (integral  of power over a cycle) and cor- 
responds to the true average power, regardless of the 
power factor, and is t rue for nonsinusoidal  currents  
and voltages of any wave form (6). The measurements  
were made using a load bank. The results are given in 
Table II. 

Inpu t -ou tpu t  correspondence was wi th in  1% for any 
incremental  current  programming voltage change from 
5{) to 1500A and for any incremental  voltage program- 
ming  voltage change from 6 to 50V for the 0-50V 
range. 

Remote programming response is shown in Fig. 3. 
The upper  wave form was applied to the programming 
voltage input. The two levels of --0.4 and --4V cor- 
respond to ouput voltages of W5 and -~50V, respec- 
tively. The current  programming voltage was fixed at 
--6.67V producing 1000A output.  A fork lift  ba t te ry  
was connected at the output, the current  level changed 
from ~ 1000 to --1000A depending on whether  the pro-  
grammed voltage was above or below the ba t te ry  
voltage. The time to change the full  current  range was 
about {).2 sec. 

Applications 
To summarize, the system can be viewed as a low 

frequency, d-c amplifier that  can be dr iven by  two 0 
to --10V inputs, one for a range of _+1500A and the 
other to W 125V with a response t ime of less than  about 
0.1 sec to 1000A. These features can be util ized for 
simulation of field recorded duty cycles for tests of 
prototype batteries. Such tests as life cycle and ba t te ry  
system comparisons could be performed at fractions of 
the field test costs without  fur ther  costly bat tery  de- 
velopment.  An example of the system abili ty to s imu-  
late a field load profile is shown in  Fig. 4. The input  
profile is from a magnet ic  tape recording of a 4000 lb 
fork lift t ruck on a s tandard mi l i tary  test (7). The 
current  wave form was averaged by a filter prior to 
recording since the t ruck current  is f requency modu-  
lated from about 30 to 150 Hz. The load profile is re-  
produced with some a t tenuat ion of fast spikes due to 
the previously described response characteristics. In  
pre l iminary  tests of 6 hr  profiles the ba t te ry  discharged 
in  about the same time as in the field runs. This dem- 
onstrated, in a l imited way, that smoothing the wave 

Fig. 4. Fork lift vehicle load profile simulation 

form does not  significantly effect the s imulat ion of 
field discharges. 

A computer dr iven digital to analog output  channel  
was also used to produce several precalculated fork 
lift load profiles which consisted of various voltage 
levels for durat ions based on fork lift operations. The 
profiles were used in  both constant  current  and con- 
stant  power discharges by  driving the system with 
recordings of the analog outputs. The system can be 
directly dr iven by a computer for any desired toad 
profile. An automated control scheme with erasable 
programmable  read only memory  chips for making 
test changes is under  development  (8). 

Testing batteries under  constant  power discharge 
conditions is desirable. The energy a bat tery  can pro- 
duce at constant power accelerations and the number  
of fixed durat ion accelerations are convenient ly  re-  
vealed. Horsepower profiles can be easily s imulated as 
input  power levels. An external  power control circuit 
that is a modification of one based on vol tage-current  
mult ipl icat ion incorporated into station (ii) is used to 
control the thyris tor  power system (9). In  this control 
scheme an analog division circuit is used. The bat tery 
voltage is one input  and an analog voltage represent ing 
power is the other input. The ba t te ry  voltage is di- 
vided into the reference power level (P), and the out- 
put  voltages (v) is fed to the current  programming 
input  (I) of the thyris tor  power system with its output  
connected across the battery.  The formular  I = P / V  is 
thereby implemented.  Constant  power discharges or 
charges can be performed to 187.5 kW for 30 sec or 
continuously at any level below 125 kW. The results of 
a constant power discharge on a fork lift  ba t te ry  are 
shown in Table III. The voltage decreased 43% and 
the current  increased 56% while power was held to 
less than  a 3% decrease. 

Future Applications 
Simulat ion and other tests requir ing rapidly chang- 

ing wave forms will be performed with four program- 
mable  transistorized load banks. The combined dis- 
sipation to 50V is 6 kW (10, 11). The step response 
t ime is 20 ;~sec for 0-30A and 1.2 ~sec/A above 30A. 
This will permit  s imulat ion of actual wave forms for 
bat tery  system comparison tests and depolarization 
pulses for fast charge studies and for hybr id  develop- 
ment  where the power ba t te ry  may only be drained 
on rapidly changing peaks. 

A hybrid  fuel cel l -bat tery system development  is 
being planned. The fuel cell energy source will be 
sized for the average power while the bat tery  power 
source will  be sized to provide short dura t ion power 
when  the load is above the average and to accept 

Table III. Constant power discharge variation 

Elapsed time Voltage Current  Power  
(hr) (V) (A) (W) 

Fig. 3. Remote programming response 

0 36.71 175.2 6432 
1 34.78 184.6 6420 
2 33.15 192.6 6385 
2.77 22.18 281.6 6246 

Per  cent change 
based on avg. --43% + 56% --3% 
of 416 readings 
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power when  the load is below average. This requires 
a test that  will  effectively reproduce field recorded 
wave forms. An  invest igat ion is p lanned to determine 
if the net  difference be tween a smoothed current  and 
its corresponding actual wave form is significant for 
fork t ruck discharges. These tests will be performed on 
scaled-down fork t ruck batteries that  have power 
ratings compatible with the transistorized load banks. 
If significant errors are found, a means of modifying 
the smoothed programming current  for correction will  
be studied. Pre l iminary  field data indicate that  less 
than  30% of the discharge time is spent  under  solid- 
state control during which the current  is pulsing. The 
resistive losses result ing from use of an averaged wave 
form are in  appreciable error only dur ing periods in  
which the "on time" is a small per cent of the total. 
Since this occurs only at low average power levels 
during which the over-al l  losses are low it is felt that  
a large percentage error during a t ime of small loss 
will not significantly effect the cumulat ive losses. 

Conclusion 
The thyris tor  power system el iminated both the 

need for switching a contactor to reverse current  flow 
and the large dissipating resistors required for ba t t e r y  
discharge with conventional  power supplies. The con- 
tactors life would be extremely short under  fast mul -  
tiple charge-discharge regimes characteristic of hybr id  
power sources where current  may change direction 
several t imes in 1 min. High current  and low ma i n -  
tenance requirements  exceeded motor generator  capa- 
bilities. The system has a demonstrated efficiency that  
is much higher than any other means of conversion. 
This system makes possible the testing of full size elec- 
trical power sources with max imum monitor,  accurate 
control, and fast test change without  the necessity for 
expensive field operation. 

The capabilities and applications described here, 
will, it is hoped, demonstrate  what  is possible today 
and serve as a st imulus for the development of new 
uses by  those involved in  other areas of electrical 
power source development.  
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Passivity and Pitting of Ni-Cu Alloys in NaCI Solutions 
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ABSTRACT 

Passsivity of the Ni-Cu alloy series in NaC1 solutions is evaluated by  means 
of potentiostatic polarization curves and by measurements  of critical pi t t ing 
potential. Passivity is observed only in alloys of >40% Ni, the actual critical 
Ni content depending on C1- concentration, sulfate concentration, and pH. 
P i t t i ng  of Ni-Cu alloys is expected and corresponding critical pi t t ing poten-  
tials are found only in envi ronments  favoring stable passivity. 

The passive properties of Ni-Cu alloys in 1N H 2 S O 4  
have previously been studied in detail employing po- 
tentiostatic anodic polarization curves (1, 2). Accord- 
ing to these studies, passivity is clearly a property of 
Ni and of the high Ni alloys, but  not of Cu or low Ni 
alloys. The critical Ni composition below which a 

* Electrochemical  Society Active Member.  
1Present  address: The F u r u k a w a  Electric Company,  Limited,  

Tokyo, Japan.  
Key  words:  critical pi t t ing potential,  electron configuration theory  

of passivity, potentiostatic polarization curves. 

passive-active t ransi t ion is no longer observed comes 
at 30-40% Ni. This critical composition has been re-  
lated to the approximate filling of the vacant  d -band  
of energy levels in Ni (0.6 vacancy per atom) by elec- 
trons supplied by alloyed Cu (1 electron per atom).  
On this basis, only alloys containing unfilled d -band  
energy levels have passive properties. In  this respect, 
added solid solution elements contr ibut ing more than 
one electron per atom, e.g, A1, Zn, Ga, shift the critical 
composition of Ni-Cu alloys to higher Ni values. On 
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the other hand, those elements adding electron va-  
cancies, e.g., alloyed Fe, Co, Mn, shift the critical Ni 
composition to lower values (3-7). 

But passive properties are not only a funct ion of 
alloy composition; the env i ronment  also plays a role. 
Pure Ni, for example, loses its passivity in dilute HC1 
solutions. Also an increasing neut ra l  NaC1 concentra-  
tion tends to break down passivity of otherwise pas- 
sive Ni-Cu compositions. The quest ion is: How does 
the factor of electron configuration applying to the 
passive properties of Cu-Ni alloys in IN H2SO4 explain 
the behavior  of such alloys in NaC1 solutions varying 
both in concentrat ion and pH? 

North and Pryor  (8) studied the behavior  in NaC1 
solutions of Cu-Ni alloys containing up to 40% Ni. 
Here, as their polarization measurements  confirmed, 
the alloys are not passive; that is a passive current  
density is not a characteristic of their  potentiostatic 
polarization curves. The small deviations in current  
density which they observed in the Flade potential  
region at relat ively high sweep rates were probably 
caused by temporary  films of soluble or porous corro- 
sion products accumulat ing on the alloy surface. With 
slower sweep rates, such discontinuities disappeared 
and hence the responsible films were not the same as 
the passive films which typically persist at low sweep 
rates. Their  studies focused main ly  on the na ture  of 
thick oxide films, protective in some degree as diffusion 
barr iers  on Cu and on the low Ni-Cu alloys, but  with 
only l imited influence on anodic polarization charac- 
teristics typical of t ru ly  passive films as discussed 
above. 

Leckie (9) found that protective films are also 
formed on pure Cu, e.g., in 1M H2SO4 at 0~ or in 10M 
H2SO4 at 25~ or in 0.01-1.0M NaOH at 25~ which 
affect anodic polarization characteristics in potentio-  
dynamic measurements.  But these env i ronmenta l  con- 
ditions favored insoluble surface reaction products, 
which combined with characteristics of the reported 
potential  decay characteristics, suggest that  relat ively 
thick diffusion barr ier  films were responsible, ra ther  
than the much th inner  passive films typical of Ni. The 
diffusion barr ier  films have passive properties in ac- 
cord with definition 2 of the Corrosion Handbook (10) 
(low reaction rates of metals having a pronounced 
thermodynamic  tendency to react) whereas the th in  
passive films impar t ing marked  anodic polarization 
characteristics follow definition 1 and its supplement  
proposed by Wagner  (11). Only the la t ter  type films 
can give rise to passive-active cells of appreciable po- 
tential  difference responsible for rapid localized cor- 
rosion (pi t t ing) .  

Since deep pit t ing corrosion is typical of the higher 
Ni alloys it is of interest  to know how the critical 
pi t t ing potential  varies with C1- concentrat ion and 
with temperature.  Data of this kind are presen t ly  re-  
ported. They are useful in applying Ni-Cu alloys to 
sea water  environments ,  desalination equipment  and 
for condenser tube applications in general, where pi t-  
ting corrosion can be especially damaging. 

Experimental 
Alloys were prepared by  induct ion mel t ing  in  vac- 

uum employing dense pure a lumina  crucibles. After  
mel t ing was completed, the furnace was filled with 
purified argon; ingots were cast by  drawing the melt  
into 7 mm diam Vycor tubes and were water  quenched. 
The ingots were then homogenized in pure argon at 
950~ for 20 hr, swaged to 0.42 cm diam, annealed at 
750~ for 1 hr, and water  quenched. Nickel was car- 
bonyl  grade (courtesy of In terna t ional  Nickel Com- 
pany)  and the copper was 99.999% pure. Chemical 
analyses of the various alloys are given in Table I. 

Electrodes were machined to cylinders of about 0.40 
cm diam, 1 cm long, then drilled and tapped at one 
end allowing at tachment  of a threaded small  diameter  
nickel  wire. The nickel wire was enclosed wi th in  a 
glass tube; a water - t ight  seal was main ta ined  by means 

Table I. Composition of Ni-Cu alloys (weight per cent) 

Cu Ni  

- -  100 
4.08 96.0  
9.53 90,7 

15.4 84.9 
17.5 82.6 
23.4 76.6 
29.0  7 1 . 0  
3 4 , 3  6 5 . 8  
41.2 6 8 , 8  
47.2 5 2 . 8  
50.3 49.7 
56.2 43.8  
62.0 38.0 
64.7 35.3 

of a Teflon gasket be tween electrode and glass tube 
held firmly in place by a rubber  grommet, washer and 
nut  attached to the nickel wire at the other end. Speci- 
mens were polished with emery paper and then pickled 
in dilute nitric acid to remove any  cold-worked sur-  
face. 

The electrolyte for most experiments  consisted of 
various concentrat ions of NaC1 deaerated with pur i -  
fied ni t rogen for several hours. Tempera ture  of the 
air thermostat  in which measurements  were conducted 
was 25 ~ __- 0.2~ 

For measur ing the critical pi t t ing potential, the pro- 
cedure was to first polarize the electrodes cont inuously 
within the least noble passive region for 30 rain in  
order to achieve steady-state passivity. The potential  
was then advanced in 40 mV steps, recording the cor- 
responding current  after a 5 min  wait  at each ~oten- 
tial. The provisional critical potential  was the least 
noble value at which the current  decreased or re-  
mained constant in time, whereas just  above such a 
potential  the current  increased a t tended by pitting. 
Addit ional  points were separated at smaller  potent ial  
intervals  in the region of the critical potential. The 
final value was obtained by polarizing the electrode at 
a potential  just  at or below the approximate critical 
value for a period of several hours and observing the 
absence of pits employing a low power microscope. No 
crevice corrosion normal ly  occurred at the Teflon gas- 
ket interface; if it occurred, the measurement  was re-  
peated. 

The critical alloy compositions dividing passive from 
nonpassive compositions were determined by measur-  
ing anodic polarization curves stepwise in  deaerated 
NaC1 solutions. The existence of a passive current  den-  
sity smaller  in some degree than  the critical cur ren t  
density for passivity, and persisting regardless of the 
time spent at a given potential, defined a passive com- 
position in accord with the definition of passivity pro- 
posed by Wagner  (11). 

Results 
The effect of alloy composition on passivity in  neu-  

tral  0.5N NaC1 is shown by typical potentiostatic anodic 
polarization curves in Fig. 1. It  is obvious that  the 
65.8% Ni-Cu alloy is not  passive in this solution, 
whereas all the higher Ni composition alloys exhibit  a 

Q I - -  / l I I 

82.6% Ni - Cu 

e ~ e  7 - - ~ 6 %  Ni-Cu A 

- 0 ]  I I 1710% Ni-Cu / 6 5 . 8 ~  Ni-Cu --  

g - o 2 -  \ " = \ 
c ~D 

~_ - (13  ~ o  

- 0 . 4  - -  I I I 
10 -3 10 -2 I0- '  I0  ~ I 0  i 

Current Densily, rnA/cm 2 

Fig. 1. Potentiostatic anodic polarization curves of Ni-Cu alloys 
in deaerated 0.SN NaCI, 25~ Stepwise change of potential. 
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passive region. The sudden  up tu rn  of cur rent  at spe-  
cific potent ia ls  for the  passive composit ions corre-  
sponds to the  onset  of p i t t ing  corrosion. Pi t t ing  ini t ia tes  
at  any  potent ia l  noble  to such cri t ical  values,  but  not 
below. 

F igure  2 shows s imi lar  typ ica l  anodic polar izat ion 
da ta  for the  82.6% Ni-Cu a l loy in variou~ concentra-  
tions of NaC1, o ther  than  0.5N NaC1 shown in Fig. 1. 
The al loy is passive in 1N HaC1 and in more  di lute  
solutions, but  not  in 2.5N or 5.0N HaC1. A summary  of 
da ta  d ividing passive from active composit ions as a 
funct ion of n ickel  content  in a va r i e ty  of neu t ra l  NaC1 
solutions is shown in Fig. 3. These da ta  plus analogous 
da ta  obta ined  at pH 3 and 9 are col lected in Fig. 4. At  
pH 3, even spectroscopical ly  pure  Ni loses pass iv i ty  in 
1.0N NaC1 and above, whereas  al loys containing less 
than  about  68% Ni lose pass iv i ty  at and  above 0.01/7 
NaC1. At  pH 9, the l a t t e r  composit ion al loy re ta ins  
pass ivi ty  in 5.0N NaC1, showing tha t  pH as wel l  as 
NaC1 concentra t ion is an impor tan t  factor  es tabl ishing 
condit ions for  passive behavior .  Significantly,  all  al loys 
lose pass ivi ty  regardless  of pH or presence of C I -  ions 
be low 40% Ni, in  agreement  wi th  previous  resul ts  r e -  
por ted  by  Nor th  and P r y o r  (8). This composi t ion cor-  
responds to the  cr i t ical  composi t ion for  pass iv i ty  es tab-  
l ished by  anodic polar izat ion da ta  in IN H2SO4 and 
which is exp la ined  by  the e lec t ron configuration 
theory.  In  o ther  words,  chlorides can b reak  clown pas -  
s iv i ty  of no rma l ly  passive al loy compositions, bu t  
h igher  C I -  concentrat ions are  requ i red  the h igher  the  
Ni content  of the  alloy, and less C I -  ion is r equ i red  the  
lower  the  pH of the solution. Fur the rmore ,  since the  
min imum al loy composi t ion for  pass iv i ty  at pH 9 r e -  

0.2 - 1 , / ~ ~  N NaCi I ~/[04 

�9 / _x~ 0.1N | " 
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-o. ~ J -  , , ~-1 .o' 
tO 3 10 -2 td' I0 ~ I0 
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Fig. 2. Potentiostatic anodic polarization curves of 82.6% Ni-Cu 
alloy in NaCI solutions, 25~ Stepwise change of potential. 
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mains at 40% Ni, hydroxy l  ions exe r t  no special  pas-  
s �9  effect on al loys containing less than  40% Ni. 

Sulfate  ions are  not as effective as C I -  ions in b r e a k -  
ing down passivity.  If  Na2SO4 is added  to neu t ra l  NaC1 
solutions, the h igher  the mola l  ra t io  of sulfate  to 
chlor ide the more  nea r ly  does  the  cri t ical  a l loy com- 
posit ion for pass iv i ty  approach the min imum value  of 
40% Ni for all  C I -  concentrations.  The effect is ap-  
prec iable  for 1.0N NaC1 as shown in Fig. 5, bu t  i t  is 
small  at 0.1N NaC1 and it d isappears  en t i re ly  at 0.01N 
NaC1. At  the l a t t e r  di lute  NaC1 concentrat ion,  chlor ide 
ions alone or in presence of sulfates do not  des t roy  
pass ivi ty  of any  of the  Hi-Cu alloys. 

Zamin and Ives (12) showed from anodic polar iza-  
t ion curves that  Hi does not become passive at  a molal  
rat io S O ~ - - / C I -  --  0.5 in 0.5N H2804 indicating,  on 
comparing wi th  da ta  of Fig. 5, tha t  in these solutions 
as in NaC1 solutions (Fig. 4), b r e a k d o w n  of pass iv i ty  
occurs more  read i ly  in acid compared  to neu t ra l  solu-  
tions. S imi la r  da ta  of Szk la r ska -Smia lowska  (13) also 
suggest  that  anodic pass�9149 of Hi is d i s rup ted  at  a 
lower  concentra t ion of C I -  in 0.1N H2SO4 than  at  
0.1N Na2SO4. 
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Fig. 5. Effect of sodium sulfate additions to sodium chloride 
solutions (molal ratios) on loss of passivity in Ni-Cu alloys, 25~ 
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Critical Potential for Pitting 
Because pit t ing potentials refer to values at which 

the passive film is broken down locally by CI- ,  values 
can be measured only for passive alloy compositions, 
i.e., > 40% Ni in dilute NaC1 solutions (0.01N) and 

45% Ni in 0.1N NaC1. Steady-state  values in  0.1N 
NaC1 for passive compositions are plotted in  Fig. 6. 
The max imum potential  corresponding to max imum 
resistance to ini t ia t ion of pi t t ing corrosion is observed 
at about 85% Ni. The values for Ni, however, depend-  
ing on source, are shown to fall be tween 0.21 and 
0.26V (SHE). The upper  value lies relat ively close 
to the value of 0.28V reported earlier by Horvath and 
Uhlig (14). Obviously, the critical potential  for Ni is 
surpris ingly sensitive to pur i ty  of the metal, and this 
effect very l ikely enters values reported for the high 
Ni alloys as well. For  example, the critical potential  
for a commercial 69% Ni-Cu alloy (Monel) lies 0.05V 
below the interpolated value for the corresponding 
laboratory melted 69% Ni-Cu alloy (Fig. 6). The dif- 
ference is far outside the exper imental  variat ions of 
such measurements  and indicates the relat ive order of 
deleterious effects on pit t ing resistance induced by  im- 
purities common to the commercial alloy�9 The na ture  
of the responsible impuri t ies  has not  been  investigated; 
they probably do not include A1 or Fe as was shown 
by prepar ing alloys of 69-70% Ni-Cu containing 1.1 
and 2.1% Fe and 1.1 and 2.4% A1. The critical pi t t ing 
potentials of these alloys in 0.1N NaC1 were all the 
same wi th in  • 10 mV compared to the 50 mV dis- 
placement  in the active direction for Monel. 

It is not certain that  the value for spectroscopically 
pure nickel should receive greater weight than  the 
value for commercially pure nickel because of the as 
yet u n k n o w n  influence of small amounts  of nonmetal l ic  
impuri t ies  present  in  the spectroscopically pure ma-  
terial. Hea t - t rea tment  of spectroscopically pure Ni was 
not a factor; the critical potential  of the electrode 
water  quenched from 1050~ remained at the same 
value as before heat - t rea tment .  

The effects of NaC1 concentrat ion on critical poten-  
tials for Ni and two Ni-Cu alloys are shown in Fig. 7. 
"Active" designates the approximate NaC1 concentra-  
t ion above which uniform passivity breaks down. On 
the average, the potential  becomes more active by 
about  0.075V for a tenfold increase of NaC1 concen- 
tration. This can be compared with a corresponding 
0.085V change in  the active direction for 18-8 stainless 
steel (15). 

The effect of lowering the temperature  is to increase 
the critical potential  relat ive to (noble to) the room 
tempera ture  value�9 There is less effect at temperatures  
above room temperature  (Fig. 8). Temperature  effects 
are more pronounced for Ni than for the 84.9% Ni-Cu 
alloy; they are both less than the temperature  effects 
measured for 18-8 stainless steel (15) but  they are cor- 
respondingly greater than  those measured for a lumi-  
num (16). 

Discussion 
Anodic polarization data show that  the passive film 

can be destroyed uni formly  by increasing the C1- 
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Fig. 8. Effect of temperature on critical pitting potentials of 
spectroscopically pure Ni and of 84.9% Ni-Cu alloy in 0.1N NaCI. 

concentrat ion sufficiently, or it can be broken down 
locally at lower C1- concentrations by  shift ing the 
applied potential  to more noble values. The present  
data confirm that  a passive film as present ly  defined 
exists only on alloys containing about 40 or more 
per cent Ni, whether  in sulfuric acid, in  acid or alka-  
l ine NaC1 solutions, or in neut ra l  NaC1 plus Na2SO4 
solutions�9 

Nickel alloys of > 40% Ni bet ter  resist uniform 
breakdown of passivity in chloride media the higher 
the Ni content. This behavior  is in l ine with the more 
active Flade (decay) potentials observed for Ni-Cu 
alloys as the Ni content  increases (2), corresponding 
to increased stabil i ty of the passive film (17). Ex t rane-  
ous anions like sulfate or hydroxyl,  which are less 
effective than chloride ions in breaking down passivity, 
when  added to NaC1 solutions decrease the effective- 
ness of the chloride ion. In  this regard, the extraneous 
anions compete for sites on the passive surface, hence 
the passive film is stable at lower Ni composition alloys 
in a mix ture  of chloride and  sulfate or hydroxyl  ions, 
than in chloride ions alone. 

The apparent  max imum in critical pi t t ing potential  
at about 85% Ni has no obvious explanat ion based on 
passive properties of these alloys. The conclusion is 
plausible as ment ioned earl ier  that the max imum is 
probably not real  bu t  represents an impur i ty  effect 
instead�9 This conclusion, however, should be verified 
by additional measurements  on carefully purified 
nickel excluding not only spectroscopically identifiable 
metall ic impurities, but  also nonmetal l ic  impurities, 
e.g., carbon. An effect of degree of pur i ty  of Ni on 
passive properties was also noted by Mansfeld and 
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Uhlig (2) in  their  reported potential  decay curves in 
1N H2SO4. 

The effect of below-room tempera ture  to increase the 
critical potential  to more noble values parallels the 
s i tuat ion for 18-8 stainless steel, but  with a smaller 
comparable temperature  effect for nickel and for 84.9% 
Ni-Cu. The effect, as was proposed for 18-8 stainless 
steel (15), may be one of more pronounced hydra t ion  
of the passive film at low temperatures.  Hydrat ion 
may serve to stabilize the film against disruption by 
C1- which proceeds by an exchange mechanism be- 
tween C1- and the adsorbed oxygen presumably mak-  
ing up the passive film (18). It is less l ikely that  the 
passive film, conceived as a supposed thick oxide, be-  
comes a bet ter  diffusion bar r ie r  at low temperatures,  
e.g., 0 ~ compared to 25 ~ or 4O~ A thick oxide film is 
probably a source of improved corrosion resistance 
only in alloys that are not passive as present ly defined, 
i.e., < 40% Ni. 

The present  results fur ther  emphasize that since 
pit t ing corrosion occurs only in presence of a passive 
film as present ly  studied, only the Ni-Cu alloys con- 
ta ining > 40% Ni are subject  to this type of corrosion. 
Furthermore,  > 40% Ni alloys are susceptible only 
wi th in  ranges of NaC1 concentrat ion and pH for which 
the passive film remains intact (Fig. 4). For  example, 
the 70% Ni-Cu alloy would in principle be susceptible 
to pi t t ing corrosion in  aerated 0.01N NaC1, pH 3 in  
which it remains passive, but  it would not be expected 
to undergo pit t ing corrosion in 0.1N NaC1 or higher 
concentrations of C1- at this same pH in which it is 
active. In  aerated neut ra l  NaC1 solution it would be 
subject for the same reasons to pi t t ing damage below 
0.SN NaCI, bu t  not above. 

Conclusions 
1. Passivi ty in NaC1 solutions of any concentrat ion 

is observed only in copper alloys containing > 40 % Ni. 
Breakdown of passivity occurs at increasingly higher 
Ni compositions the higher the C1- concentrat ion and 
the lower the pH. 

2. Sulfate and hydroxyl  ions added to NaC1 solutions 
shift the alloy composition at which loss of passivity 
occurs to lower Ni compositions, but  not below 40% Ni 
where the d -band  of electronic energy levels is filled. 

3. The critical pi t t ing potentials become more noble 
the higher the Ni content  of the alloy. This is in l ine 

with more active Flade potentials and increased sta- 
bi l i ty of the passive film as the Ni content  increases. 
The critical pi t t ing potentials for Ni and high Ni-Cu 
alloys (e.g., Monel) are appreciably sensit ive to un -  
known  impurit ies in the metal. 

4. The critical pi t t ing potentials become more active 
with increasing C1- concentration, and for Ni and 
84.9% Ni-Cu alloy become more noble at 0~ com- 
pared to 25 o and  40~ 
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The Anodic Polarization Behavior of Nickel 
in Acidic Chloride Solution 

M. Zamin* and M. B. Ives 
Insti tute/or Materials Research, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

The effect of grain size and cold work on the anodic polarization be- 
havior of polycrystalline nickel in acidic chloride solution has been in- 
vestigated using potentiostatic techniques and in situ microsc~opic observations. 
A variation in grain size from 0.025 to 0.330 mm and cold working to 40% 
does not affect the critical breakdown potential. It is concluded that the criti- 
cal breakdown potential is not an adequate measure of the electrochemical 
conditions required for pitting corrosion of nickel. 

It  has general ly been believed (1-3) that  metals  
undergo pi t t ing corrosion only beyond a certain crit i-  
cal potential  (Ec). This potential  has served as one 
of the fundamenta l  electrochemical cri teria charac- 

* Elect rochemical  Society Student  Member .  
Key words:  anodic polar izat ion behavior ,  cr i t ical  b r e a k d o w n  l ~ -  

tential,  in-situ microscopic  observations,  grain size, cold work.  

terizing the susceptibili ty of metals to pi t t ing corro- 
sion. It  is believed (4) that at more negative potentials 
than  Er the metal  exists in a passive state, while above 
Ec, active and passive states coexist on the metal  sur-  
face giving rise to pit t ing corrosion. Thus, the more 
positive is Ec, the more resistant is the metal  to pi t t ing 
corrosion. 
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Fig. ! .  Schematic representation of the breakdown potential (Ec) 
and the protection potential (Ep). Other symbols used in the text 
are also represented. 

Pourbaix et al. (5) have distinguished two types of 
critical potentials: b reakdown potential  (Ec), the po- 
tential  corresponding to a rapid increase of the current  
due to pit nucleation, and protection potential  (Ep), 
the potential  corresponding to the current  drop dur ing 
the reverse potential  sweep, caused by the repassiva- 
t ion of the pits (Fig. 1). According to Pourbaix,  wi th in  
the range Ep to Ec propagation of already existing pits 
continues, but  nucleat ion of new pits is restrained, 
occurring only when E ~ Ec. However, Wilde (6) 
has shown that  Ep is not a unique  property of a metal  
and depends on the length of t ime a pit has been grow- 
ing. 

The effect of cold work on nickel single crystals has 
been found (7) to increase the passive current  density 
bu t  to decrease the pr imary  passive and critical b reak-  
down potentials. On the other hand, austenitic s ta in-  
less steels in 3% NaC1 solution exhibit  no difference 
in  the E~ values of cold-worked and annealed speci- 
mens (8). However, on the cold-worked samples, the 
pits are smaller  and more numerous.  The invar iance 
of E~ with cold work has also been supported by 
Smialowska and Czachor (9) on 16 Cr-Fe. In  this case, 
no difference was observed in pit density. 

Tomashov et aL (10) measured the effect of grain 
size on the Ec values of Ni-Cr  steels. They found that  
Er shifted toward more noble potentials when the 
grain size increased from 0.005 to 0.07 ram; at greater  
sizes than  0.07 mm, Ec was constant. This behavior  was 
interpreted on the basis that small grain size specimens 
contained more grain boundaries  with "heterogeneous 
inclusions." 

September  1974 

It  is shown in this paper that  the critical breakdown 
potential (Ec) does not adequately describe the elec- 
trochemical conditions required for pi t t ing corrosion 
of nickel. 

Experimental Procedure 
The nickel used in  this invest igat ion was " low-oxy-  

gen nickel" supplied by Falconbridge Nickel Mines 
Ltd. 1 The mater ial  was received as cold-rolled sheets 
prepared directly from refined cathode material .  

Specimen preparation, corrosion cell, potentiostatic 
circuit, and polarization procedure have been described 
elsewhere (11, 12). Specimens of 0.36 cm ~ area were 
metallographically polished to 1 /~rn diamond. The 
polarizing solution containing 2 mliters  1N NaCl/100 
mliters 1N HsSO4 was flushed with pure dry  n i t rogen 
for an hour before commencement  of the exper iment  
and the bubbl ing  of ni t rogen was continued through-  
out the experiment.  The temperature  of the solution 
was main ta ined  at 24 ~ _ I~ Potentials  were mea-  
sured with reference to a saturated calomel electrode 
(SCE) using an agar-agar  salt bridge and the values 
reported do not incorporate any corrections for junc-  
t ion potentials. 

The equi l ibr ium corrosion potential, Ecor~, was ob- 
tained by allowing the specimen to stand in  solution 
and monitor ing the potential  unt i l  a drift  of less than 
5 mV in 15 min  was obtained. 

Two types of metal lurgical  t reatments  were adopted: 
anneal ing (to modify the grain size) and cold work-  
ing. Initially, the anneal ing was done in air. However, 
for large grain sizes, the results obtained depended on 
the time period and temperature  of anneal.  Hence, as 
a s tandard procedure, anneal ing was performed in 
vacuum. The nickel sheet was cut into strips and 
sealed in  a quartz tube under  vacuum ( <  10 -6 Torr) 
before placing in a crucible furnace. The start ing ma-  
terial for gra in-growth anneal  was 1 mm thick, "as- 
received," nickel sheet. 

Cold working was achieved by rolling. The sheet 
was cut into strips and rolled to various degrees of 
cold work, defined as the percentage reduct ion in  
thickness. 

The measurement  of the grain size was performed 
using the ASTM nonferrous grain size s tandard (13). 
The microstructure was revealed by etching for about 
5 sec in a 1:1 solution of nitr ic acid (conc) and acetic 
acid (ice-cooled). 

Results 
The anodic polarization curves for eight specimens 

with grain size ranging from 0.025 to 0.330 mm are 
shown in Fig. 2. All specimens exhibit  an active- 
passive transition. The anodic dissolution parameters,  
the anodic Tafel slopes (~a), and the slopes in the 
transpassive region (~t) are summarized in Table I. 

1 Analysis in parts  per  million by weight :  O~ 14; N2 2; ~ 1.5; 
C15;  P < 2; S 5; Pb 8; A1 < 1; C a 3 ;  Cr < 0.6; Co 60; Cu 8; Fe 40; 
Mg < 1; Mn 0.7; Si 5; Ti < 1. 
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Table i. Anodic dissolution parameters, onodic Tafel and transpassive slopes for polycrystalline nickel with varying groin size in 
2 mliters 1N NaCI/100 mliters 1N H2SO4 

1143 

Grain size, Ip, m A / c m 2 ,  
average grain Eeorr ,  J~pp, Ic, l o w e s t  r e -  Ec, Ba, ~t,  

diameter, m m  m V  v s .  S e E  m V  vs .  S e E  m A / c m ' ~  c o r d e d  v a l u e  m V  vs .  S C E  m V / d e c a d e  m Y / d e c a d e  

0.025 --  170 + 150 33,3 0.036 + 950 80 160 
0,035 --  130 + 150 36.7 0.053 + 950 80 165 
0.060 - - 1 9 0  + 150 52.6 0.047 + 9 5 0  75 165 
0,080 --  135 + 125 28.8 0.036 + 950 70 160 
0.100 - - 166  + 160 33.3 0.033 + 950 80 158 
0,150 -- 175 + 225 61,I  0.042 + 950 82 160 
0,250 --  170 + 200 41,9 0.019 + 950  95 152 
0.330 --220 + 225 43.5 0.041 + 960 85 172 

Table II. Anodic dissolution parameters, anodic Tafel and transpassive slopes for polycrystalline nickel of grain size 0.250 mm with varying 
amount of cold work in 2 mliters IN  NoCI/100 mliters 1N H~$O4 

A m o u n t  of  Ip, m A / c m %  
cold work, Ecorr, Epp, I t ,  l o w e s t  r e -  Ec, ~a, Bt, 

% m V  vs.  SCE m V  vs.  SCE m A / c m  'J c o r d e d  v a l u e  m V  vs.  SCE m Y / d e c a d e  mY/decade 

0 - -  170 + 200 41,9 0 .019 + 9 5 0  95 162 
10 - - 1 8 0  + 200 46,1 0.022 + 9 5 0  95 172 
20 - -245 + 225 66.1 0.028 + 950 95 142 
30 - -260 + 200 47,2 0.044 + 950 92 157 
40 --345 + 225 69,4  0.032 + 950 92 180 

It  can be seen that  the value of the critical b reak-  
down potential  (Ec) is the same in  every case and, 
wi th in  the l imits of calculational error, the values of 
the other parameters  do not  change significantly over 
the grain size range. 

A definite t rend was observed in the na ture  of the 
attack in these specimens. At lower grain  sizes (0.025- 

Fig. 3. Nature of attack on polycrystalline nickel with varying 
grain size in 2 mliters 1N NaCI/100 mliters 1N H2SO4 after polari- 
zation to -/-1200 mV (SCE). (a) Grain size ~- 0.025 mm, 360;K. 
(h) Grain size ---- 0.060 mm, 360X.  (c) Grain size _-- 0.100 mm, 
360X.  (d) Grain size = 0.330 mm, 180;<. The arrows indicate 
some regions of localized attack. 

0.035 mm) pits were formed only along the grain 
boundaries  (Fig. 3a). As the gra in  size increased to 
0.060 mm both grain boundary  and grain  inter ior  
pit t ing occurred (Fig. 3b). Beyond a grain size of 0.080 
mm, pits were formed only wi th in  the grains, and their  
density increased with grain size (Fig. 3c and 3d). 

In-s i tu  microscopic examinat ion  of the specimen 
surface was performed throughout  one polarization 
run  and photomicrographs were taken to record the 
surface morphology at various stages of polarization. 
It was found that most of the attack develops in the 
active region, i.e., before the onset of passivity, and 
at higher potentials only increases slightly in intensity.  
This effect will  be described in detail elsewhere (14). 

The effect of cold work on the critical b reakdown 
potential  of nickel was tested for specimens of grain  
size 0.250 ram. The anodic polarization curves ob- 
ta ined are shown in Fig. 4. The anodic dissolution pa-  
rameters, along with the anodic Tafel and transpassive 
slopes, are summarized in  Table II. It  is evident  that  
cold working has no effect on the value of Epp and Ec 
and wi th in  limits of calculational error on ~a and Pt 
of nickel. 

Microscopic examinat ion  of the specimens after re-  
moval from the polarization cell revealed pits to be 
nucleated not only along the grain boundaries,  bu t  also 
wi th in  the grains. The number  of pits wi th in  the grains 
did not change significantly with cold work but  pi t t ing 
along the grain boundaries  tended to become con- 
tinuous. 
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Fig. 4. Anodic polarization curves for polycrystalline nickel of 
grain size 0.250 mm with varying amount of cold work in 2 mliter 
1N NaCI/100 mliters 1N H2SO4. 
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The results on a i r -annealed  specimens were similar  
to those on vacuum-annea led  ones. In general, the 
va lues  of  Epp and/~a were lower, Ecor r w a s  more active, 
and fit was almost the same. The value of Ec remained 
the same in every case 

In  order to unders tand  bet ter  the significance of the 
critical potential, specimens of grain sizes 0.025, 0.100, 
and 0.330 mm were subjected to a passive potential  of 
-5400 mV for 28 rain (t ime taken for a normal  poten-  
tiostatic sweep from --300 to -5400 mV) in 1N H2SO4 
followed by the addit ion of 2 mli ters  1N NaC1/100 
mli ters  1N H2SO4 and polarization cont inued to W 1200 
mV. The results are presented in Fig. 5. The anodic 
current  density rises l inear ly  with a change in slope 
between -5 950 and -5 1000 mV. The number  of pits de- 
creased with grain size even though pit dis t r ibut ion 
followed the t rend shown in Fig. 3. The surface of 
every specimen remained bright unt i l  the addit ion of 
C1- ions, after which most of the surface remained in  
this visual condition (even though pits nucleated) 
while a small  area of the specimen tarnished and by  
the end of polarization, a faint out l ine of the grain  
s t ructure  was visible. 

Further,  a specimen of 0.100 mm grain size was 
polarized in 1N H2SO4 from --300 to -51200 inV. The 
solution was removed and a fresh, previously deaerated 
1N H2SO4 solution was introduced into the corrosion 
cell. The specimen was subjected to a potential  of 
--300 mV, held at this potential  for 30 min, polarized 
again up to -5400 mV, and then C1- ions added as 2 
mliters  1N NaC1/100 mliters  1N H2~SO4 and polariza- 
tion continued up to -51200 inV. Very few pits were 
formed, all wi thin  the grains and they nucleated in the 
passive region. The critical breakdown potential  in 
the two cases was almost the same, viz., -5 1000 mV in 
the former instance and -5950 mV in the latter. 

Discussion 
In  general, the extent  of corrosion on a metal  surface 

depends on the active anode/cat.hode site ratio, being 
higher if this ratio is large and vice versa. If the sites 
are fixed with time, localized corrosion is obtained, 
whereas if they are mobile, general  corrosion results. 
The distr ibution of the anodic and cathodic sites may  
be assumed random over the entire specimen surface 
with both types of sites being present  along the 
grain  boundaries  as well as wi thin  the grains. Which 
of these sites become activated depends on the condi- 
tions existing at the meta l / so lu t ion  interface dur ing 
polarization. Grain  size, cold work, and other aspects 
of metal lurgical  condition could all possibly affect the 
anode/cathode site dis t r ibut ion and, therefore, have a 
significant effect on the pit t ing corrosion character-  
istics of a metal. 

I/) 
~ J2oo 
> 
E 
. I 0 0 0  

~ 8 0 0  
I-- 
o a_ 
uJ 6 0 0  
123 
o 

o ~ 4 0 C  

I..ul 

I I I 

/ 

..-(S:"" 

.;/" Z# z' 
/ X: 

I 
�9 0 . 0 2 5  m m .  
�9 0 .100  ram.  
�9 0 . 5 3 0 r a m .  

GRAIN S IZE  

I I I I 
0.01 0.1 ID ~3 

ANOOlC CURRENT DENSITY,  m A / c m  2 

Fig. 5. Potential-current density curves for polycrystalline nickel 
of varying grain size after being held at -5400 mV (SCE) for 28 
min followed by addition of C I -  ions as 2 mliters 1N NaCI/100 
mliters 1N H~SO4, 

The results presented show that it is inappropriate  to 
suppose the critical breakdown potential, Ec, can be 
used to predict the pit t ing corrosion characteristics 
of nickel in sulfuric acid solutions containing chloride 
ions. Also, the anodic Tafel slopes show little differ- 
ence over the ent i re  range of grain size and cold work 
(Tables I and II) .  Electrochemically, this fact may 
be taken to mean  that the pr imary  dissolution mecha-  
nism, and possibly the characteristics of the passive 
film, are similar in each case. It is therefore concluded 
that  a variat ion in grain size from 0.025 to 0.330 mm 
and cold working up to 40 % has no effect on the pi t t ing 
corrosion characteristics of nickel. The invar iance of 
Ec with cold work as found in the present case is con- 
sistent with instances reported in  the l i terature  for 
austenitic steels (8) and Fe-Cr  alloys (9). 

The value of the pr imary  passive potential,  Epp, is 
higher for vacuum-annea led  specimens as compared 
to a i r -annealed  ones. This is in support  of the dissolu- 
t ion-precipi tat ion mechanism of passivity (15).  Since 
the vacuum-annea led  specimens show lower reactivity, 
they need to be polarized to higher potentials before 
the passive state can set in. 

The slopes in  the transpassive region do not provide 
any  specific information.  They cannot be regarded as a 
measure of the growth rate of the pits because of the 
mult iple  events occurring on the surface. Pits that  had 
nucleated grow, new ones might  nucleate, and some 
of the older ones passivate. However, the transpassive 
slopes, #t, do provide an idea of the over-al l  corrosion 
of the specimen in that potential  range. With in  limits 
of computat ional  error (+--10 mV/decade) ,  it may be 
seen that  Pt does not significantly change with either 
grain size or cold work. This is consistent with the 
observation that nei ther  var iat ion in grain  size nor  
cold working have any effect on the pit t ing corrosion 
characteristics of nickel. 

Referring to Fig. 5, if one does consider the point 
of the change of the slope of the curves to have the 
same significance as the critical breakdown potential, 
it is around +950 to -5975 mV, even though pit for- 
mat ion is observed to occur much earlier. The t rans-  
passive slopes for these curves are much higher ( rang-  
ing between 215-235 mV/decade)  which indicates a 
lower over-al l  corrosion rate. This is because the pit 
density in these cases is much lower than  in the in-  
stance where the specimen is polarized from the be-  
g inning of a C1--conta in ing  solution. 

The formation of pits in the active region is con- 
sistent with the concept of a "balance" be tween film 
formation and solution as discussed elsewhere (11), 
but  is in direct conflict with the idea that  pi t t ing cor- 
rosion cannot occur at potentials more active than  
some critical potential  (1-3). The critical potential  
thus does not adequately describe the electrochemical 
conditions required for pi t t ing corrosion of nickel in  
sulfuric acid solutions containing chloride ions. In  
view of this conclusion on nickel, it is suggested that  
considerable caution must  be exercised in in terpre t ing 
data based on critical potentials to assess the pit t ing 
susceptibility of metals and alloys. 

The critical breakdown potential  may be dependent  
on two factors: (a) in terna l  factors, such as grain  
size, cold work, inclusions, and compositional inhomo- 
geneity, and (b) external  factors, such as the chem- 
istry of either the solution or the passive film. Since 
Ee is independent  of the in te rna l  factors, it is inferred 
that  the critical breakdown potential  is chemistry 
controlled. That the chemistry of the solution affects 
Ec has already been demonstrated (11). 

The exact mode by which the aggressive ion causes 
pi t t ing is still unclear. However, since the discharge 
potential  for C1 is very positive (16) (the exact value 
dependin~ on the concentrat ion of C1- ions) and pit-  
t ing is observed to occur at negative potentials, as 
pointed out by Ammar  and Darwish (16), the first step 
leading to the formation of pits is most l ikely to be 
associated with C1- ions. It is possible that  two mecha-  
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nisms may be operative simultaneously.  One, in which 
the chloride ion reacts with the nickel in the meta l  
lattice and the other, in which the chloride ion reacts 
with the passive oxide film; both processes eventua l ly  
leading to the formation of soluble NiC12. The incorpo- 
rat ion of the chloride ion into the passive oxide film 
may also be via anion vacancies with the chloride not 
necessarily of charge, --1. The details of this mecha-  
nism will be the subject  of a future  communication. 

Conclusions 
1. (i) Variat ion of grain  size from 0.025 to 0.330 mm, 

cold working up to 40%, and anneal ing  atmosphere 
(air  or vacuum) do not affect the critical b reakdown 
potential  (Ec), and wi th in  limits of calculational error, 
the anodic Tafel slope (~a) and the transpassive slope 
(~t) of nickel. 

(ii) Cold working up to 40% does not have any  
significant effect on the pr imary  passive potential  
(Epp) of nickel, al though Epp becomes more positive 
with increase in grain size from 0.025 to 0.330 ram. 

2. At lower grain sizes, pits are formed along the 
grain boundaries.  At larger grain size, the pits are 
formed wi th in  the grains with an increased density. 

3. Most of the surface attack and nucleat ion of pits 
occurs in  the "active" region of the polarization 
curve, i.e., before the onset of passivity. 

4. The critical breakdown potential  does not ade- 
quately describe the electrochemical conditions re-  
quired for pi t t ing corrosion of nickel in sulfuric acid 
solutions containing chloride ions. Considerable cau- 
t ion must  be exercised in employing data based on 
critical potentials to assess the pit t ing susceptibili ty of 
metals and alloys. 
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Ellipsometric Study of the Formation 
of Films on Iron in Chromate Solutions 
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ABSTRACT 

Film growth on iron was studied by e l l ipsometry  in aera ted or  deaerated 
chromate  solutions of different pH's at open-circui t  potentials and at various 
anodic potentials. It was found that  various films can be formed depending 
on the exper imenta l  conditions. At high anodic potentials i ron oxide is chiefly 
produced with an index of refract ion of 2.6 (1-0.12i). At  open-ci rcui t  potent ial  
the i ron and chromium hydroxides  wi th  the index of refract ion of 1.6-1.7 or  
a mix ture  of iron and chromium hydroxides  wi th  iron and chromium oxide 
(with index of refract ion of 1.6-1.9 and various absorption coefficients) is 
formed. The kinetics of the film growth at open-circui t  potential  is logar i th-  
mic, and the kinetics of iron hydroxide  format ion at constant potentials follow 
the cubic law. 

The aim of this work  was to improve  the unders tand-  
ing of the mechanism of passivation of iron in chro-  
mate  solutions. El l ipsometry  was used for de termining 
optical parameters  and film growth kinetics of the film 
formed both at open-ci rcui t  potential  and at anodic 
potentials. These studies included pH's of 3.9, 7, and 12. 

Chromates belong to the most  efficient oxidizing 
type of corrosion inhibitors. They are effective both in 
aerated and deaerated solutions; they are also effective 
in neutra l  and alkaline solutions as wel l  as in acid 
solutions. 

The composition and the growth ra te  of oxide film 
on iron formed in chromate  solutions has been studied 
by many  authors. During passivation chromates un-  
dergo reduct ion wi th  formation of chromium oxide 
(1-4). The concentrat ion of chromium in the film can 
be different, depending on the condition of  film forma-  
tion (oxygen concentrat ion in the solution, solution 
pH).  The amount  of reduced chromates during pas- 
s ivat ion process was determined by Uhlig and King 
(5), Powers  and Hackerman  (6), Cohen and Beck (4), 
Brasher  (3), and others. The concentrat ion of oxygen 
in the solution has an especially large effect on the 
composition of the film (2, 7, 8). The chromium con- 
centrat ion in the protect ive layer  is decreased as the 
oxygen in solution is increased or  as the surface is 
exposed to the atmosphere.  Films formed in chromate  
solutions at the open-circui t  potential  are composed 
of 7-Fe203 -b Cr~Os and grow according to a logar i th-  
mic law (3). 

Kruger  (9) who was the first to measure  the film 
growth in chromates using e l l ipsometry  found also 
that  the init ial ly a i r - fo rmed  films grew fur ther  when  
immersed  in aerated chromate  solutions and fol lowed 
a logari thmic law. 

Experimental 
The measurements  of polarizat ion curves and el l ip-  

sometric measurements  of the film growth on iron were  
per formed at 22~ in 0.01N Na2CrO4 solutions at pH 7 
and 12 and in 0.01N Na2Cr207 solution at pH 3.9. 

Polarizat ion curves were  performed potent iokinet i -  
cally at 20 m V / m i n  in deaerated solutions, start ing 
about 300 mV more  negat ive than corrosion potential .  
Potentials  were  measured  against the saturated calo- 
mel  electrode and are expressed in this paper on the 
calomel scale. 

The el l ipsometric  measurements  were  made at open-  
circuit  potential  and at anodic potentials.  
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1 P r e s e n t  addres s :  Ins t i tute  of Physica l  Chemis t ry ,  Warsaw,  Ka-  

sprzaka  44, Poland. 
Key  w o r d s :  corros ion  inhibi tors ,  e l l ipsometry,  passivi ty,  chro- 

mates ,  

The measurements  were  per formed on specimens of 
99.99% puri ty iron having the form of cylindrical  disks 
wi th  an exposed area of 0.32 cm2; the specimens were  
prepared and the data taken as before (10-12). 

The premature  formation of films on the i ron sur-  
faces was prevented  by holding the specimen at 300 
mV more negat ive than the corrosion potential.  Other  
specimens were  studied wi th  the ini t ial ly a i r - fo rmed  
film left  intact, and these surfaces were  nei ther  elec-  
tropolished nor cathodically reduced prior  to the ex-  
periment.  

Since the solutions in these exper iments  had an 
orange or yel low color, it was necessary, before start-  
ing the study of films on the meta l  substrate, to evalu-  
ate optical effects due to color. It was found that  the 
values of A (analyzer)  and P (polarizer) of the film 
formed in chromate  solutions were  the same as in 
borate solutions (0.15N H3BO3 + 0.15N Na2B407, pH 
8.8). The comparison was per formed by first obtaining 
values of A and P in the chromate  solution. The chro-  
mate  solution was then flushed out by the borate 
solution, and the values of A and P were  again de- 
termined and found to be the same as before. 

The el l ipsometer  was Model 436 from Rudolf  and 
Sons, wi th  a mercury  arc l ight  source. The vacuum 
wavelength  was 5461A; the angle of incidence was 
70.96 ~ . The optical constants of iron and of the films 
formed on its surface as well  as the film thicknesses 
were  calculated using the Mc Crackin computer  pro-  
gram (13) and an IBM 360 computer.  

The el l ipsometric measurements  of ~he film growth 
were performed in deaerated chromate of different pH 
at anodic potentials. The readings of the polar izer  and 
analyzer angles were  taken for a period of 1 hr. 

Measurements  of the film growth in chromate so]u- 
ions at open-circui t  potential  were  per formed under  
the fol lowing conditions: 

1. The film was cathodically t reated in a deaerated 
solution, the applied potential  was removed, and the 
open-circui t  condition obtained; then the solution was 
exposed to the atmosphere.  Here the solution was 
aerated slowly. 

2. The surface was cathodically t reated in an 
aerated solution, the applied potential  was removed, 
and the open-circui t  condition obtained. Here  the 
state of aeration was constant. 

3. The a i r - formed film was left  on the surface when 
exposed to the aerated solution, and there was no cath-  
odic pretreatment .  

For the first two circumstances the cathodic poten-  
tial was 300 mV below the corrosion potential,  and at 
this potential  there  were  no differences observed in the 
index of refraction. After  the readings were  taken, the 
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cathodic current  was switched off and the changes of 
A and P and changes of potential  with t ime were 
noted. The open-circui t  potential  was moni tored at the 
s a m e  t ime as ellipsometric parameters  for films grown 
in cases i, 2, and 3. 

Results 
Polarization curves .mFigure  1 shows anodic polar-  

ization curves for the solutions of interest. The polar-  
ization curves do not show a t ransi t ion from the active 
to the passive state. The current  flowing in  the passive 
state does not  depend on the pH. 

Optical measuremen t s . - -The  complex index of re-  
fraction for the substrate was 2.9 (1-1.4/). This value is 
smaller  than the values of refraction indices obtained 
for the same mater ia l  in  borate, tungstate  3.21(1-1.260, 
and phosphate 3.14(1-1.14/) solutions (10-12). 

Anodic f i lm. - -The  results of hA vs. AP are plotted in 
Fig. 2 and 3. Approximately one third of the measure-  
ments  taken during the 1 hr  exper iment  are plotted as 
representat ive values. Figure  2 gives the dependence 
between hA and AP for pH 3.9 and 12. (hA and AP are 
the differences between the clean and the oxide-cov- 
ered surfaces.) The values in Fig. 2 correspond to the 
same line independent  of the potential  and pH. 

It  is not possible to assign an exact value to the 
complex refractive index for the data of Fig. 2. The 
range of possible values of index of refraction is 2.4- 
2.7. Assuming that we choose a value of 2.6 as a l ikely 
value, the complex refraction index is 2.6 (1-0.12i) in  
the range of n - 2.6 _ 0.15 and k - -  0.12 +_ 0.015. This 
value corresponds to the indices of refraction which 
are reported in the l i terature for anodically formed 
7FezOa or FesO4. 

The same kind of measurements  were performed in 
pH 7 and the results are given in  Fig. 3. Here two 
curves are plotted, one for the potential  of --500 mV 
(active region of potential)  and the second one for 
the more positive potentials. All values of hA vs. AP 
obtained at potentials more positive than --300 mV 
have the same slope as presented in Fig. 2. However, 
the slope for --500 mV is significantly steeper. At pH 

J I 

Io -3 I-- 

I I I I I 

pH /2 

jO -4 

E 
<t 

1.4 I I I I 

12 

t . 0  - p H  , ] . 9  , O H / 2  

�9 - 2 5 0  mV 0 - 4 0 0  mV 
Z~ 0 m V  [2 - 2 0 0  rnV 

0 8  - ~ 300mY 4 0 m y  
0 8 0 0 m Y  �9 2 0 0 m Y  
�9 I 0 0 0  mV 

< ~ 6 "  

o2 ~ i ~ , -  _ i,~ I I I 
0 0  I 2 3 4 5 

/k p ,  Deg 
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Fig. 1. Current-potential diagrams for iron in chromate solutions 
of various pH. 

7 the slope of hA vs. Ap is the same for --500 and --400 
mV as for the corrosion potential.  

Films obtained at open-circuit  potentiaZ.--The for- 
mat ion of films in  chromate solutions at open-circui t  
potential  is influenced by the choice of experimental  
conditions. The results of measurements  performed 
under  conditions given above in  the exper imental  sec- 
tion are as follows. 

Case 1: The results of the first k ind  of experiments  
are presented in  Fig. 4 which il lustrates the re la t ion-  
ship between hA and AP for several measurements  
performed in chromate solutions at pH 3.9, 7, and 12 at 
open-circuit  potential, and also for the measurements  
made at --500 mV in deaerated Na2CrO4 solution at pH 
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Fig. 4. Relationship between AA and ~,P for a film grown at 
open-circuit potential at different pH. 

7. The curve at open-circui t  potential  is much steeper  
than the curve  represent ing the same dependence for 
iron oxide format ion dur ing anodic polarization. This 
film has an index of refract ion of 1.6-1.7. 

Case 2: In this case the film growth fol lowed two 
sl ightly different patterns, and it seemed that  both 
were  equal ly  probable and both of these different from 
Case 1. The existence of these two different growth 
processes demonstrates  the importance of init ial  condi- 
tions. The first growth pa t te rn  is shown in Fig. 5. This 
curve is composed of two l inear  segments, the first seg- 
ment  wi th  the small  slope and the  second one wi th  
larger  slope than the first. This indicates that  two lay-  
ers, one on top of the other, are formed in such condi- 
tions. The first l ayer  is ve ry  thin (TA) and is assumed 
to be iron oxide since the slope corresponds approxi -  
mate ly  to Fig. 2. The index of refract ion of this layer  
was assumed to be the same as for the anodic film 
formed in chromate  solutions. The most reasonable 
values of the ref rac t ive  indices for the second layer  are 
be tween  1.6 and 1.9 wi th  thei r  assumed imaginary  
parts as noted in Fig. 5. Values outside this range give 
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Fig. 5. Relationship between ~A and ~P for a film grown at 
open-circuit potential when two layers are formed. 

improbable values for the imaginary  part. This two 
layer  film is obtained when the potential  change in the 
positive direction is more  rapid than in ~ Case 1. Still  
another  dependence be tween  A and P is observed;  
namely  a l inear dependence be tween AA and AP but  
with smaller  slope than in the case when the film with  
ref rac t ive  index of 1.6-1.7 is formed. Figure  6 gives an 
example  of such a result  obtained in chromate  solu- 
tion of pH 12. Since the changes of both P and A are 
small, it is difficult to de termine  precisely the index 
of refract ion of the film. As for Case 1, different values 
are possible f rom 1.6 (1-0.02i) to 1.9 (1-0.04i). 

Case 3: Here, immersion of the specimen into chro- 
mate solutions of pH 7 and 12 causes the format ion of 
the same oxides as for Case 2. However ,  in the solu- 
tion of pH 3.9 the film is s imilar  to that  in Case 1 wi th  
an index of refract ion equal  to 1.6-1.7. 

Thickness of the 1~lms.--The thickness of the anodic 
film formed in chromate  solutions does not exceed 35A, 
even for anodic potentials as high as + 1000 inV. How-  
ever, the thicknesses of the films formed at open-  
circuit  potential  wi th  index of refract ion equal  to 1.6- 
1.7 are of the order  of 100-120A after 1000 min. 

Kinetics of the film growth.--Figure 7 shows for 
Case 1 examples of the thickness vs. t ime of the films 
formed at open-circui t  potentials for various pH's. The 
growth rates are logari thmic but the growth  of the 
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Fig. 6. Relationship between ~A and ~P for a film grown at 
open-circuit potential when one layer is formed with index of refrac- 
tion of 1.6-1.9. 
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films occurs in two stages. In  the init ial  stage the 
slope is smaller  than  in  the second stage. The extent  
and slope of the first stage vary  and the reasons for 
these variat ions are not present ly  clear. However, in 
the second region the slope is the same for all pH's and 
is about 33 A/decade. 

Figure 8 shows for Case 2, when  two layers exist, 
the thickness vs. t ime relat ionship for the two ex- 
per iments  shown in  Fig. 5, assuming the complex index 
of refraction 1.7(1-0.0040. These films follow the 
logarithmic law as in Fig. 8. The slope of these curves 
is 20 A/decade. There is a somewhat  different slope 
at short times, but  the extent  of this region is too small 
to permit  assignment of a valid growth law. 

The second al ternat ive  growth pa t te rn  of Case 2 is 
presented in  Fig. 9 showing the relat ionship be tween 
the thickness of the film and time for experiments  
given in  Fig. 6. The two curves in this figure assume 
indices of refraction of 1.6(1-0.02i) and 1.9(1-0.04i). 
The character of the dependence in  both cases is the 
same; the differences are in the film thickness and the 
slopes. At  first the growth of the film is rapid but  after 
15 min  when  the film thickness reaches 32A (curve 1) 
and 20A (curve 2), the film grows more slowly; and 
after 1000 min  the film increases only 12A (curve 1) 
and 6A (curve 2) more. Kinetics of the film growth are 
logarithmic in both of these regions. 

While films formed at the corrosion potent ial  grow 
according to logari thmic kinetics (see Fig. 7-9), the 
films formed at applied anodic potentials only slightly 
greater than  the corrosion potential  grow according to 
a cubic law. Such films have indices of refraction in  
the range of 1.6-1.7. Figure  10 i l lustrates this k ind  of 
film growth kinetics for the specimen in deaerated 
O.O1N Na2CrO4 solution at pH 7 polarized at --500 and 
--400 mV. Figure 11 gives the current  accompanying 
the growth of the film at --500 mV. After reaching 75A 
thickness of the layer, the current  decreases r emark-  
ably. 

Changes of potentia~ during the film growth at open- 
circuit potentiaL--Figure 12 shows examples of poten-  
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Fig. 8. Film thickness vs. time for the film whose optical param- 
eters are giYen in Fig. 5 (open-clrcuit potential}. 

80  

o<Z 6O  

~_ 40  

_e 
u_ 

' ' ' ' ' ' l ' l  ' ' ' ' ' ' ' ' 1  ' ' ' ' ' 1 ' ' I  

20  

o 
1o I 00  I 000  

T ime ,  M inu tes  

Fig. 9. Film thickness vs. time for the film whose optical param- 
eters are given in Fig. 6 (open-circuit potential): curve 1, complex 
index of refraction 1.6(1-0.02i); curve 2, complex index of refrac- 
tion 1.9(1-0.04i). 
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tions of oH 7 at constant potential. 
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Fig. 12. Potential vs. film thickness for the film whose refractive 
index is equal to 1.6-1.7. 

tial vs. thickness for Case 1 with different pH's. These 
correspond with circumstances for Case 1 shown in 
Fig. 4 and 7. As the thickness of the film increases, 
the potential  shifts in the positive direction. Three re-  
gions can be distinguished: in the init ial  period of film 
growth, the potential  changes rapidly; in  the second 
region the rate of potential  changes slowly with in -  
crease in the film thickness; after a certain value of 
film thickness the rate of change increases again. This 
third region can be explained by  the formation of a 
more protective film containing iron oxide on the metal  
surface. A similar circumstance was observed in  the 
phosphate solution (10). However, the amount  of i ron 
oxide seems to be small, because the optical properties 
of the film do not change. This also parallels the phos- 
phate results. 

Figure 13 gives the results of potential  vs. t ime for 
Case 2, having two layers already shown in Fig. 5 
and 8. Figure 13 assumes an index of refract ion of 
1.7(1-0.009i). T h e  change of potential  vs. thickness is 
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Fig. 13. Potential vs. film thickness for the film whose optical 
constants are given in Fig. 5. The complex index of refraction of 
the first layer: 2.6(1-0.12i); and the second layer: 1.7(1-0.009i}. 

equal to 7.5 mV/A.  The same dependence is shown in 
Fig. 14 for Case 2 but  with only one layer  and this 
corresponds to the experiments  presented also in Fig. 6 
and 9. For the single layer  Case 2, the increase of po- 
tential  is more rapid than it was for the double layer, 
and is equal to 17.5 mV/A (curve 1) and 28 mV/A 
(curve 2). Slopes for Fig. 12, 13, and 14 are sum- 
marized in Table I. 

There is another  very important  parallel  circum- 
stance between the chromate and phosphate experi -  
ments. In  the phosphate it was observed that  above 
a certain potential  the rate of change of potential  with 
film thickness would increase. We hypothesized for the 
phosphate that  this change was preceded by the forma- 
t ion of i ron oxide. This hypothesis was checked on 
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Fig. 14. Potential vs. film thickness for the film whose optical 
constants are given in Fi 9. 6: carve 1, complex index of refraction 
1.6(|-0.02i); curve 2, complex index of refraction 1.9(1-0.04i). 

Table I. 

Rate Change  of 
of film potent ia l  
growth  in t ime  

Change of A/decade  m V / d e c a d e  
I n d e x  of potent ial  of  t ime  of  t ime 

refraction (mV/A)  (in min)  (in rain) 

I 
1.6 ii  - ;  ~ 14o 

I I I  - -  6-8 
F i r s t  film 

S.6(1-0.12/) 240 
Second film 

1.7 (1-0.009/) 7.5 20 165 
1.6 (1-0.02i) 17.5 I 32 

II  12 
190 

1.9(1-0.044) 28.0 I 20 
I I  S 

phosphate by allowing the films to grow only at a 
l imited extent  followed by applying the higher poten- 
tial potentiostatically. Since the new iron oxide was a 
large part  of the total, it was then  possible to observe 
a change in optical properties. The same exper iment  is 
shown in Fig. 15 for the chromate solution. A film was 
grown init ial ly at --400 mV; after a short t ime a poten-  
tial of +400 mV was applied and at this stage the Z~A 
vs. ~P changed abruptly.  

The change of potential  vs. t ime for the Case 1 and 2 
films is shown in Fig. 16. These do not provide the same 
implications as those for potential  vs. film thickness. 
For Case 1 the potential  changes slowly unt i l  it reaches 
a part ing value and then a rapid change is observed. 
For Case 2 different pat terns are observed for the one 
and the two layer films. 

Discussion 
Optical parameters and film composition.--Depend- 

ing on the experimental  condition established on the 
metal  surface, different films of different optical con- 
stants are found; these different optical constants im-  
ply certainly different chemical compositions. The kind 
of film does not depend on the pH of the chromate 
solution; it depends on the potential  and ini t ial  condi- 
tions. The films can be approximately divided into two 
groups: those with an index of refraction of 2.6 and 
those with an index of refraction of 1.6-1.9. 

It is well known that the anodically produced iron 
oxide films have the index of refraction about 2.6; 
however, it is not known  what  composition corresponds 
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Fig. 15. Effect of anodic polarization on ~ A  vs. /~P relationship 
for a film formed in chromate solution of pH 7. 
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Fig. 16. Potential vs. time for the films of different optical con- 
stants produced in chromate solutions: curYe 1, 1.6; curve 2, first 
layer 2.6(1-0.12i), second layer 1.7(1-0.009i); curve 2', 1.6-1.9 
with different imaginary parts. 

to a film with the index of refraction 1.6-1.7. Cr(OH)3 
has such a low refractive index (1.62) (17). For  
FeOOH Ord gives the value of 1.7 (16) however, his 
value differs significantly from those given by other 
authors (2.2-2.4) (18). Also, the index of refraction 
of Cr~Os is 2.54 ~- 0.4 and that  of CrOOH is 2.0 _ 0.1 
(17). These also do not correspond to the range of 
1.6-1.7 found in the present  study. 

If the potent ia l -pH equi l ibr ium diagrams of the sys- 
tem chromium-water  and i ron-water  systems are com- 
pared, both chromium hydroxide (oxide) and iron 
hydroxide (oxide) are stable in the region of potential  
of the present study. Further ,  Cr(OH)~ is also stable 
at much more negative potentials than  iron oxides. 
However, to obtain the deposition of Cr(OH)3 on the 
iron surfaces, chromate anions would have to first be 
reduced. We found that at potentials more negative 
than the equi l ibr ium potential  for Fe/Fe203 but  in  the 
region of Cr(OH)3 stability, such cathodic reduct ion 
occurred very slowly because we observed very slow 
formation of a film. However, we noticed that the index 
of refraction of i ron is lower than  that obtained in  dif- 
ferent  solutions studied previously (10-12). This indi-  
cates that the iron surface is covered by adsorbed 
chromate molecules or by  a thin film of chromium h y -  
droxide. It  is well established that  t r ivalent  chromium 
is always present  in the film produced in chromate 
solutions; hence it appears that  there is a direct rela-  
t ionship between the reduct ion of chromate and the 
oxidation of iron. Details of this coupled reaction are 
discussed later. 

We will not speculate at this time on the exact com- 
position and structure of films with the index of re- 
fraction 1.6-1.7, because more studies are necessary. 
But such a low index of refraction shows that  the film 
cannot be composed of ~-Fe2Oz, Fe~O4, and Cr20~. We 
presume that  this film is some combinat ion of i ron 
hydroxide and chromium hydroxide. 

Four  different kinds of films can be dist inguished ac- 
cording to their optical properties: 

1. The films formed at high anodic potentials with a 
complex index of refract ion equal to 2.6 (1-0.12i). The 
film is composed of ~-FeeO~ or Fe304 with a negligible 
concentrat ion of Cr2Oz (19). 

2. The films on the clean surface of iron at open- 
circuit potentials. During the init ial  stage of the film 
growth, high negative potentials occur. The same type 
of film forms when a constant potential  near  the open- 
circuit potential  is applied to an init ial ly film-free 
surface. Such a film is formed also in  dichromate solu- 
tions on the iron surface having an oxide film formed 
in the air. The fi lm formed under  such conditions has 
an index of refraction of 1.6-1.7. We suppose that  this 
film is composed of a mixture  of i ron and chromium 
hydroxides. After  a sufficiently anodic potential  is 
reached, ~-Fe~O3 or Fe304 and Cr20~ is also formed. 

3. The films formed at open-circui t  potentials, when  
the potential  moves more rapidly in  positive direction 
than it was in  Case 2. The formed film is composed of 
two layers. The first layer  ( thin) on the metal  surface 
appears to be ~-FeeOs or Fe804 which is too th in  to be 
protective; on the top of this oxide layer another  layer 
is formed with an index of refraction in  the range of 
n = 1.7-1.9 and k = 0.16 and 0.04, respectively. It seems 
that such a layer  is composed o f  i ron and chromium 
hydroxides with a small amount  of 7-FeOOH, ~-Fe2Os 
or FesO4 and CroOn. The same kind of film is formed 
in chromate solutions of pH 7 and 12 having oxide films 
formed in the air. 

4. The films formed at open-circui t  potential  with 
only one layer but  with index of refraction in  the range 
1.6-1.9 with k = 0.02 and 0.04, respectively. This film is 
also one containing iron and chromium hydroxide but  
probably contains a higher concentrat ion of 7-FeOOH, 
-y-Fe2Oa or FesO4 and Cr203 than  the film formed in  
Case 3. 

Kinetics of film growth.--Table I summarizes growth 
rate of films. Both kinds of film (with the index of 
refraction 2.6 and 1.6) grow according to the logari th-  
mic law at the open-circui t  potential. At constant po- 
tentials the film with the index of refraction 1.6-1.9 
grows according to the cubic law. Logarithmic and 
cubic kinetics of oxide film growth show that  both 
films have protective properties. However, the growth 
rates are different for the various films as given in  
Table I. The film growth is the most rapid when  only 
iron hydroxide is produced (33A/decade).  

Changes of potentials during film growth.--The shift 
of potential  in the noble direction at open-circui t  poten- 
tial during the formation of i ron and chromium hy-  
droxide is indicative of the protective properties of 
i ron hydroxide. Table I gives the values of the poten-  
tial change per Angstrom of film thickness for films 
studied in the present  work. Some differences exist 
between the various kinds of films. A higher drop of 
potential  is observed on the mixture  of iron and chro- 
mium oxide than on the mix ture  of hydroxide and 
oxide films. 

Mechanism of iron inhibition by chromate.--There 
exist two opinions concerning the mechanism of inhi-  
bi t ion of iron by chromate. This first view is based on 
the fact that in neutra l  solutions of chromate contain-  
ing oxygen the oxygen reduct ion is more rapid than 
the reaction of reduction of chromate. Therefore, the 
oxygen is in fact the passivator, and chromate ad- 
sorbed on the metal  surface in  a nonreduced form acts 
only by decreasing the critical current  of passivation 
(14, 15). The second point of view is expressed by 
Cohen and Beck (4). They assume that  the corrosion 
of i ron occurs with formation of the hydroxide of bi-  
valent  iron which undergoes oxidation in the presence 
of oxygen. In  the presence of chromates the oxidation 
occurs directly on the metal  surface and causes forma- 
t ion of protective layers of i ron oxide with some 
amount  of CreOs. If a protective layer is already pres-  
ent  on the metal  surface, then  the role of the chromate 
is l imited to healing the weak points on the film and 
thickening of the film. 

Our results suggest that formation of protective films 
in the presence of chromate anions occurs by succes- 
sive steps: 

1. I ron dissolves forming i ron hydroxide, Fe(OH)~ 
2. In  the presence of the air or CrO4 u- ions, Fe (OH)2 

is oxidized to Fe(OH)3. Even in the absence of air the 
chromate anions react with Fe(OH)~ producing 
Fe(OH) 3 and Cr(OH)3. This reaction occurs at poten-  
tials near  the init ial  corrosion potential  thereby ex- 
tending the range of significant corrosion resistance to 
lower potentials. 

3. At higher anodic potentials iron and chromium 
hydroxides can probably be dehydrated to produce 
~-FeOOH and CrOOH and ~-Fe203 and Cr208, corre- 
sponding to observations of the higher refractive index. 
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Summary 
1. Anodic passive films in  chromate solutions of pH 

3.9, 7, and 12 have the same complex refractive index 
which is 2.6 (1-0.12i). These films are chiefly composed 
of ~-Fe~O3 or F~O4. 

2. At the open-circui t  potential  on iron surface var i -  
ous films are formed depending on exper imental  con- 
ditions. They are composed of iron and chromium 
hydroxide (index of refraction 1.6-1.7) or a mix ture  
of iron and chromium hydroxides with iron and chro- 
mium oxides (index of refraction 1.6-1.9, with various 
adsorption coefficients). 

3. The films produced on iron surface with an in i -  
t ially formed oxide in  aerated chromate solutions of 
pH 7 and 12 have the index of refraction of 1.6-1.9 with 
various adsorption coefficients. 

4. The kinetics of i ron oxide and i ron and chromium 
hydroxide formation at open-circui t  potential  is loga- 
rithmic, and the kinetics of iron hydroxide formation 
at constant potential  is cubic. 

5. All films formed in chromate solution have a pro- 
tective nature .  
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Anodic Oxidation of Nickel in Neutral Sulfate Solution 
B. MacDougall* and M. Cohen* 

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

ABSTRACT 

The formation and growth of protective oxide films on nickel electrodes 
w a s  studied in  a pH 8.4 Na2SO4 solution. A cathodic t rea tment  of 10 min  
at --1.35V (vs. Hg~SO4) was sufficient for removal of the oxide film on elec- 
tropolished nickel and thereby provided a start ing point for the oxidation 
experiments.  Anodization of the nickel electrode into the passive potential  re-  
gion produced a 9-12A oxide film on the surface, this being ca. 50% thicker  
than the oxide film on electropolished nickel. Although both types of oxide 
inhibi ted nickel dissolution, their  cathodic electrochemical behavior  was quite 
different, with the film on anodized nickel not being susceptible to cathodic 
reduction. Reflection electron diffraction showed that the lattice parameter  
of the oxide on anodized nickel was closer to stoichiometric NiO than  that  on 
electropolished nickel. Format ion of the oxide film on anodized nickel is by  a 
direct electrochemical reaction, while that on electropolished nickel is prob-  
ably due to the subsequent  air exposure. The mechanism by which oxide 
f i lms passivate nickel dissolution is discussed. 

The electrochemical behavior  of nickel has been 
the subject of extensive investigation in both acid and 
alkaline solutions. The typical potentiostatic i-V pro- 
file for the anodic polarization of nickel in an aqueous 
electrolyte shows that nickel dissolution occurs in  the 
"active" potential  region but  is inhibi ted at more anodic 
potentials (e.g., see Fig. 1). The importance of water, 
and hence probably an oxide film, in the passivation 
of nickel dissolution has been noted, passivation being 
absent  in anhydrous acetonitri le solutions (1). The 

s Electrochemical  Society  A c t i v e  M e m b e r .  
K e y  words: n ickel  oxide,  passivity,  anod t c  o x i d a t i o n .  

oxide film is believed to inhibi t  ~ nickel dissolution by 
forming a physical barr ier  be tween the metal  and solu- 
tion, thus prevent ing bare metal  from being in con- 
tact with solution (2-5). However, there is some 
question as to whether  the physical presence of the 
oxide is, by itself, sufficient for passivation since a 
large potential  drop across the oxide film may allow 
continued dissolution through field-assisted metal  cat- 
ion migration. In  the lat ter  case, passivation would 
occur when the potential  gradient  across the oxide is 
too small to allow cation migra t ion and this condition 
could arise by either a thickening of the oxide or an 
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increase in its electronic conductivity.  It  has also been 
suggested that  the essential step in the passivation of 
nickel is the conversion of a precursor, nonprotective,  
oxide film into an electronic conductor through the 
introduction of nonstoichiometry (6, 7). 

The two main mechanisms suggested for oxide 
format ion on nickel are: (i) dissolut ion-precipi tat ion 
(6, 8, 9); (ii) direct oxidation of the meta l  surface 
(2, 3, 5, 10, 11). In the first case, it is postulated that  
oxide format ion can occur when the solubility of a 
species such as Ni (OH)2 in solution near  the electrode 
is exceeded, thus resul t ing in a precipi tat ion of the 
Ni(OH)2 onto the electrode. Dependence of the induc-  
t ion t ime for oxide format ion on the rate of solution 
st i rr ing has been used as support  for this mechanism o~ 
oxide format ion (9); however,  the observed depend-  
ence might  also be due to a concentrat ion overvoltage.  
The second mechanism of oxide film formation would 
involve a react ion such as: Ni W H20 --> NiO + 2H + 
+ 2e- ,  where  there  is a direct e lectrochemical  reac-  
tion be tween  the nickel electrode and water  from 
solution. 

The present  invest igat ion is a study of the nature  
of  the protect ive  oxide film on nickel  and the mecha-  
nism for its format ion in a neutra l  Na2SO4 solution. 
Electrochemical  methods were  complemented wi th  
electron diffraction, e lectron microscopy, and x - r a y  
emission spectroscopy, in an a t tempt  to de te rmine  
more accurately the composition and s t ructure  of the 
film and to decide be tween  the various possibilities 
g iven above for oxide format ion and passivation. 

Experimental 
Specimen preparat ion.--Zone-ref ined nickel sheet 

supplied by Materials  Research Corporat ion was used 
in this work, spark source mass spectrographic anal-  
ysis showing it to be 99.996% pure. Electrodes of var i -  
ous surface areas (general ly  1 cm by 2.5 cm),  were  
degreased wi th  benzene in a soxhlet  ext rac tor  and 
chemical ly polished (12). They were  then electro-  
polished for 2 rain at 23~ in a 57% sulfuric acid solu- 
tion at ca. 0.SA cm -2 and annealed at 800~ in a 
vacuum of 10 - s  Torr. The specimens were  always elec-  
tropolished again immedia te ly  before use in an ex-  
periment.  Electr ical  contact was made by spot -weld-  
ing a nickel  wire to the top of the nar row handles of 
the specimen. The spot -weld  was always at least 2 cm 
above the NafSO4 electrolyte  during an experiment .  
A (111) nickel s ingle-crysta l  disk, the preparat ion and 
analysis of which has been described elsewhere (13), 
was used to obtain detai led informat ion regarding 
the latt ice parameters  of the nickel oxides formed 
under  various conditions. 
Re~erence e lec trode. - -Al l  potentials quoted in this 
paper are re fer red  to the Hg2SO4 electrode (+0.665V 
with respect to the s tandard revers ible  hydrogen  elec-  
t rode) .  

Solut ions . - -Al l  exper iments  were  conducted at 25~ 
A deaerated solution of O.15N Na~SO4, its pH adjusted 
to 8.4, was u s e d  for both the cathodic reduct ion and 
the anodic passivation experiments .  

Apparatus.---A Wenking fast-r ise potentiostat  was used 
to obtain control led potentials and the mode of po- 
larizat ion could be changed to galvanostat ic  by means 
of a switch in the circuit  (14). A high-speed Brush  
recorder  was used to follow the initial rapid decrease 
of current  af ter  the potential  step, wi th  the current  
and charge measurement  being switched over  to a 
slower speed recorder  and electronic counter  af ter  
the rate  of current  decay had decreased. A Wenking 
current  integrator,  Model SS1 70, was used to comple-  
ment  this method of charge determination.  Potentials  
were  measured on a Beckman Century pH mete r  wi th  
high input impedance, and /o r  a Hewle t t -Packard  strip 
chart  recorder.  

The electrochemical  cell had the recording and 
counterelectrodes in the same compartment ,  the corn- 

par tment  usually being filled with  50 ml  of solution. 
The counterelectrode consisted of two large sheets of 
plat inum gauze placed in the cell so that  they  would  
be paral le l  to the nickel sheet electrode. The nickel 
electrodes were  on sliding t ru -bore  ground glass tubes, 
thus al lowing the electrodes to be immersed into or 
removed from the electrolyte  without  admit t ing  air  
to the system. 

Electrochemical procedure . - -A f t er  electropolishing in 
H2SO4, the nickel electrodes were  immersed in a de- 
aerated NafSO4 solution of pH 8.4 under  cathodic po- 
larizat ion at --1.35V for 10 min  to r e m o v e  the prior 
surface oxide. Potentiostat ic  polarizat ion curves were  
obtained by changing the potential  in 50 mV steps, the 
current  being measured  af ter  60 sec. Galvanostat ic  
charging curves were  obtained on both oxide- f ree  and 
oxide-covered  nickel electrodes. The amount  of nickel 
dissolution was measured  at various times and poten-  
tials. 

The potential  step method was used for determining 
oxide coverage on nickel at various anodic potentials, 
Va. The program consisted of a 10 min  cathodic re-  
duction of the prior oxide film at --1.35V during which 
t ime the current  changed from ca. 500 to ca. 35 ~A 
cm -2. This was fol lowed by 10 rain at a constant cath-  
odic current  density of 5 /~A cm -2 to reduce the con- 
centrat ion of molecular  hydrogen, produced at --1.35V, 
from the solution. T h e  potential  was then s tepped to V~ 
for the desired period of time, the change of current  
and anodic charge being fol lowed during this pro-  
cedure. The nickel electrode was removed  from the 
solution while  still potent iostated at Va, and the solu- 
tion was analyzed for nickel. The electrode was im- 
media te ly  rinsed with  doubly disti l led wate r  and dried 
in a stream of o i l - f ree  compressed air. 

The electrochemical  behavior  of anodized nickel 
electrodes was studied by two procedures:  (i) the 
electrode was examined in the same solution in which 
it had been anodized, i.e., the circuit  was never  broken;  
(ii) t h e  electrode was removed from the solution 
on open-circuit ,  exposed to air, and the solution 
changed. 

When the behavior  of nickel electrodes in alkaline 
solutions was studied, the cathodic reduct ion of the 
prior oxide was carried out at pH 8.4 and then the pH 
of the solution was adjusted to its n e w  value by 
addition of deaerated NaOH solution. The same type of 
procedure was employed when  the effect of nickel  ions 
was under  investigation, i.e., the solution of nickel 
ions was added af ter  the reduct ion of the pr ior  oxide 
in a nickel free NafSO4 solution. 

Analys i s . - -The  solutions were  analyzed for nickel by 
atomic absorption spectroscopy using a carbon rod 
analyzer.  The lower  l imit  of detection by this method  
was 0.005 ppm. Reflection high energy electron diffrac- 
t ion was used to invest igate  the orientation, mean  
part icle size, and latt ice parameters  of the oxide films 
on nickel. X - r a y  emission spectroscopy (15, 16) gave 
the oxygen content  in the oxide films along with  the 
amount of foreign atoms, e.g., carbon and sulfur. Rep-  
lica electron microscopy wi th  a magnification of 
30,000 was used to determine  the effect of various 
electrochemical  t rea tments  on the smoothness of the 
nickel surfaces. 

Results and Discussion 
Effect of  electrode pre trea tment  on anodic oxida- 

tion o] n icke l . - -Figure  1 shows the anodic po in t -by-  
point polarization curve obtained on a nickel  electrode 
in a pH 8.4 Na2SO4 solution. The electrode had been 
cathodically pre t rea ted  at --1.35V to remove  the prior 
oxide film and the potent ial  increment  was 50 mV 
every  60 sec. The rate of act ive nickel dissolution in-  
creases with anodic potent ia l  unti l  ca. --0.8V, at which 
point the current  begins to decrease wi th  increasing 
anodic potential.  The small  current  (~2  ~A cm -2) 
which flows between --.0.5 and +0.3V is independent  of 
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Fig. 3. Anodic galvanostatic charging curves for electropolished 
nickel in pH 8.4 Na2504 solution after prior cathodic treatments 
at different potentials: (I) 10 rain at --1.0V; (11) 10 min at 
~ l . l V ;  (111) I0 rain at --1.35V. Anodlc current density 
50 ~A cm -~.  

potential  and continues to decrease slowly wi th  t ime 
after  60 sec. At potentials above + 0.4V the sharp cur-  
rent  increase is due to oxygen evolut ion on nickel. 

It was of critical importance in the present s tudy to 
determine  the electrochemical  conditions for obtain-  
ing an init ial  oxide free nickel surface from which to 
start  the oxidation experiments.  F igure  2 shows the 
effect of various cathodic pre t rea tments  on the anodic 
polarizat ion curves for electropolished nickel. The 
current  max imum for nickel dissolution in the active 
region increases wi th  increasing cathodic pre t rea t -  
ment  unti l  10 rain exposure  at --1.35V, after  which no 
significant changes are observed even  after  polar iza-  
t ion for 10 rain at --1.6V. Figure  3 shows the change 
of potential  wi th  t ime of an electropolished nickel 
electrode in pH 8.4 Na2SO~ upon application of an 
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Fig. 2. Anodic potentiostatic i-V profiles for electropollshed 
nickel electrodes after different cathodic pretreatments in pH 
8.4 Na2SO4 solution: ( - - I - - )  1 rain at --1.10V; ( - - e - - )  1 min 
at --1.35V; ( - - [ ] - - )  5 rain at - - i .35V;  ( - - O - - )  10 rain at 
--1.35V. AV ~ 0.05V and .~t - -  60 sac. 

anodic current  of 50 ~A cm -2 after various prior  
cathodic treatments.  A cathodic pre t rea tment  of 10 min  
at --1.35V gives a curve wi th  a significant arrest  
around --0.8V. In a separate exper iment  it was found 
that 90% of the charge associated wi th  this arrest, up 
to ca. --0.55V, could be accounted for by nickel  in the 
electrolyte.  This region of active nickel dissolution is 
absent with a cathodic pre t rea tment  of 10 rain at 
-- 1.0V and is quite small for 10 rain at -- 1.1V. Figure  4 
shows the dependence of the charge associated with 
the arrest  up to ,0 .55V, i.e., charge for nickel dis- 
solution, on the cathodic pre t reatment .  These results 
indicate that  a cathodic p re t rea tment  of 10 rain at 
--1.35V in the Na2SO4 solution is requi red  to remove  
the prior oxide on electropolished nickel, fu r ther  cath-  
odic polarization having no additional effect. 

Figure  5 shows the potentiostatic polarization curve 
for Ni in pH 8.4 Na2SO4 solution in both the anodic 
and cathodic directions, the direction of potential  
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Fig. 4. Dependence of the amount of nickel dissolution as 
measured by the galvanostatic transient technique of Fig. 3 (and 
checked my solution analysis) on cathodic pretreatment potential 
for electropolished nickel in pH 8.4 Na2SO4 solution. I me repre- 
sents 0.30 /~g of nickel which is equivalent to ca. 2 monolayers 
of nickel on a i cm 2 surface. 
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anodic sweep. ~V = 0.05V and ~f  = 60 sec. 

change being reversed in the passive region at --0.3V. 
No activation of the electrode surface toward nickel 
dissolution is observed on the cathodic curve. In  a 
separate experiment,  an anodic polarization curve was 
obtained up to --0.3V and then the potential  was 
switched back to --1.35V for 10 rain, after which an-  
other anodic polarization curve was taken (Fig. 6). 
The cathodic t rea tment  which removed the oxide film 
due to electropolishing in  H2SO4 does not remove, to 
any significant extent, the oxide film arising from 
anodic polarization of the nickel electrode to --0.3V in 
pH 8.4 Na2SOd. The same result  was obtained when, 
after the anodic polarization to --0.3V, the nickel elec- 
trode was removed from the cell and the solution re-  
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Fig. 6. Anodic potentiostatic i-V profiles for nickel in pH 8.4 
Na2SO4 solution: ( - - C ) I )  after prior cathodic reduction at 
--1.35V for 10 rain of the electropolished nickel electrode; 
( - - [ 3 - - )  after cathodic reduction at --1.35V for 10 rain of the 
nickel electrode which had been anodized to --0.3V in the first 
p a ,  of Fig. 5. ~V = 0.05%' and At = 60 sec. 

placed by a fresh Na2SO4 solution of pH 8.4 before 
cathodic polarization. 

The galvanostatic charging technique was also used 
to investigate the possibility of cathodic reduct ion of 
the anodized nickel surface 1 in  the Na2SO4 ~solution. 
It was found that  even with a severe cathodic pre-  
t reatment ,  an arrest corresponding to nickel dissolution 
was not observed on reanodizing a previously oxidized 
specimen (see Fig. 7). The same result  was also ob- 
tained with nickel electrodes anodized without re-  
moval  of the prior film from electropolishing, i.e., al- 
though nickel dissolution is markedly  reduced by the 
presence of oxide from electropolishing, formation of 
the protective oxide occurs whether  or not this oxide is 
present. 

Potential step technique and oxide coverage.--In 
agreement  with the electrochemical behavior  of anod- 
ized nickel surfaces given above, a cathodic galvano- 
static t ransient  on an anodized nickel electrode showed 
no potential  arrest corresponding to oxide reduct ion 
even at low current  densities and hence cathodic 
coulometry could not  be used to determine oxide thick- 
ness. The anodic potential  step technique was there-  
fore used to determine the amount  of oxide on the 
nickel surface and its dependence on anodization po- 
tential.  After application of the potential  step t h e  ini-  
tial current  was very high (e.g., several  hundred  mA's  
at Va = 0V), bu t  fell very rapidly as an oxide film 
formed on the surface. The quant i ty  of nickel dis- 
solved during the cathodic pre t rea tment  could not be 
detected (i.e., <0.005 ppm from a 5 cm 2 nickel elec- 
trode).  Hence the charge for oxide formation, Qa, is 
simply the total charge, qw, less the calculated charge 
corresponding to the quant i ty  of nickel in  solution, 
QNI, i.e., Qa "-- QT -- QNi. 

If the assumption is made that  the ox ide  stoichiom- 
etry is NiO and the charge Qa converted to oxygen 
content, the dependence of oxide coverage on anodiza- 

1 In  t h e  p r e s e n t  w o r k ,  t h i s  t e r m  w i l l  i n d i c a t e  a n i c k e l  e l e c t r o d e  
w h o s e  p o t e n t i a l  h a s  b e e n  t a k e n  i n t o  t h e  p a s s i v e  r e g i o n  i n  a p~-I 
8.4 Ns.2SO~ so lu t i on .  
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Fig. 7. Anodic galvanostatic charging curves, at 50 /~A cm -2 ,  
for nickel in various electrochemical states in pH 8.4 Na2SO4 
solution (I to l id and pH 9.6 Na2SO4 solution (IV): (I) electro- 
polished and then cathodically reduced at --1.35V for 10 rain; 
(1t) anodized to 0V for 1 hr in pH 8.4 HuzSO4 followed by cathodic 
reduction at --1.35V for 10 rain in a fresh pH 8.4 Na2S04 solu- 
tion; (lid anodized to 0V for 1 hr in pH 8.4 Na2SO4 followed 
by cathodic reduction at --1.35V for 10 min in a pH 3.5 Na2SO4 
solution; (IV) electropolished and cathodically reduced at --1.35V 
for 10 min in pH 8.4 Na2SO4 solution, then the pH was adjusted 
to 9.6 and the galvanostatic transient obtained. 
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Fig. 8. Dependence of amount of oxygen an nickel an onodization 
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t ion potential  is given in Fig. 8 (see also Table I) .  
The measurements  were made 1 hr  after  ini t ia t ion of 
the potential  step. Also shown in Fig. 8 are the oxide 
coverages at different potentials obtained by x - ray  
emission spectroscopy, also on the basis of an oxide 
stoichiometry NiO. The oxide thickness agrees to 
wi thin  20% (Fig. 8 and Table I) with that determined 
by coulometry, the discrepancy probably being as- 
sociated with difficulties in  preparing accurate nickel 
s tandards for the x - r ay  technique with oxides of 
less than  ca. 30A thickness. The oxide coverage is also 
seen to be almost independent  of Va unt i l  ca. -~0.4V. 
At potentials less than +0.4V the residual current  
after 1 hr  of anodic polarization is <1 X 10-SA cm-2, 
i.e., essentially zero. However, at Va --  +0.4V, the 
residual current  is finite and measurable  and without  
doubt associated with oxygen evolution (see Fig. 1). 
The reasonably good agreement  be tween  the two sets 
of data for those potentials below oxygen evolut ion 
and the oxide coverage at +0.5V determined by the 
x - r ay  method indicates that the oxide thicknesses at 
Va ----- +0.4V calculated from coulometry are incorrect 
due to oxygen evolution. 

The x - r ay  method gave a thickness of ca. 6A, i.e., 
0.09/~g oxygen cm -2, for the oxide film on nickel after 
electropolishing in H2SO4, the film on anodized nickel 
being ca. 50% thicker. Cathodic reduct ion of the elec- 
tropolished specimen in pH 8.4 Na2SO4 and a i r -ex-  

posure of the resul t ing oxide free nickel electrode 
also yielded an oxide film of ca. 6A thickness, this 
oxide displaying the same electrochemical behavior  as 
that on electropolished nickel. The oxide film on both 
electropolished and anodized nickel contained a <0.01 
~g cm -2 of carbon and <0.005 ~g cm -2 of sulfur  for 
any potential Va ~ 0.5V, i.e., there was li t t le if any 
sulfur  incorporation into the f i lm.even at high anodic 
potentials. 

At Va > ca. + 0.5V the oxide coverage, as measured 
by oxygen K~ x- ray  emission spectroscopy, increased 
because of a roughening of the nickel surface. Analysis 
of the electrolyte after polarization at these poten- 
tials shows that  large quant i t ies  of nickel (ca. 500 
monolayers)  have dissolved and electron micrographs 
at 18,900• (Fig. 9) of the result ing nickel surface 
show a substantial  increase in roughness. In  compari-  
son, the nickel surface is very smooth after electro- 
polishing and remains smooth even after the potential  
step t reatments  up to +0.5V, just i fying the use of a 
roughness factor of 1. The substant ia l  increase in the 
roughness factor at higher anodic potentials means 
that the calculated quant i ty  of oxygen cm -2 of elec- 
trode surface, as determined by x - ray  emission, will 
be too high since it is based on a roughness factor of 1. 

Bockris et al. (6) found that  the oxide thickness on 
nickel in a pH 3.0 Na2SO4 solution was independent  of 
anodic potential, the quoted thickness being from 60 to 
100A as determined by ellipsometry. This value for 
oxide thickness is high in comparison with the present 
10 to 12A film and may be due to the experimental  
technique of the former. Instead of using a potential  
step treatment,  a point  by p~int anodic polarization 
technique was employed .which probably resulted in 
heavy etching of the surface because of nickel dis- 
solution. This roughening of the surface would lead to 

2 T h e s e  r e p r e s e n t  l i m i t s  of  d e t e c t i o n .  

Table I. Comparison of total quantity of electricity passed, 
amount of nickel in solution and oxide film thickness associated 

with anodization for 1 hr to various potentials, Va, using the 
potential step technique. 

Charge 
due to Amount % of Amount 
nickel of total of oxide 

A n o d -  Total disso- o x i d e  c h a r g e  f r o m  
ization charge l u t i o n  f r o m  fo r  x-ray 
p a t e n -  passed cm-~ of charge oxide measure- 
tial V= (mC electrode (#g forma- ments 
(V) cm-~) (mc) cm-~) tion (/Lg cm-2) 

- - 0 . 5  5 . 2  3 . 1 3  0 . 1 7  4 0  0 . 1 5  
- - 0 . 3  5 . 0  3 . 1  0 . 1 6  3 9  0 . 1 3  
- - 0 . 2  5 . 5  3 . 6  0 , 1 6  3 7  0 . 1 3  
- -  0 . 1  6 . 5  4 . 1  0 . 2 0  3 7  0 . 1 7  
+ 0.15 7.2 4.8 0.20 34 - -  
+ 0 . 3  8.8 6.6 0.18 25 0.14 
+ 0.4 14.2 10.0 0 . 3 5 *  - -  - -  
+ 0 . 5  . . . .  0 . 1 3  
+0.7 . . . .  0.21 w* 
- -0 .3"** 5.3 -- -- -- 0.14 

* C o u l o m e t r i c  m e t h o d  is  in  e r r o r  b e c a u s e  of  o x y g e n  e v o l u t i o n .  
** X - r a y  m e t h o d  is  in  e r r o r  b e c a u s e  of s u r f a c e  r o u g h n e s s .  

*** P o t e n t i a l  s t e p  t e c h n i q u e  e m p l o y e d  in  a so lu t i on  of 10 ~g ml-1 
Nt~+. 

Fig. 9. Electron micrographs at 18,900• of the, nickel surface 
after different electrochemical treatments: (a) electropolished in 
H2S04; (b) anodized to OV for 1 hr; (c) as in (b) but with Va 
= -I-0.7V; (d) as in (b) but with Va = -f-l.0V. Shadowed spheres 
are 900,~ polystyrene balls. 
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a large uncer ta in ty  in the oxide thickness as measured 
by the ellipsometric technique (17). The discrepancy 
in oxide thickness is not associated with the fact that  
their  Na2SO4 solution was at a pH = 3.0 since the 
oxide thickness on nickel obtained in this laboratory 
at pH = 3.0 by x - ray  spectroscopy, using the potential  
step technique to Va -- 0V, was ca. 10A. Sato et al. (18, 
19) have recently reported that  the oxide thickness on 
nickel (measured ellipsometrically) in neut ra l  borate 
buffer solution is dependent  on anodic potential  in the 
passive region, the thickness increasing from ca. 5 to 
15A w i t h  increasing anodic potential. The error l imits 
in the present  oxide measurement  are _+l.5A (Fig. 8), 
and this fact taken along with the x - ray  measurements  
would suggest that  the discrePancy be tween our re-  
sults and those of Sato et al. is quite real. Figure  10a 
shows the change in oxide coverage with t ime after a 
potential  step to --0.3V. The oxide grows very quickly, 
reaching its max imum thickness after ca. 5 min. Cor- 
respondingly,  the quant i ty  of nickel in  the solution 
after the potential  step to --0.3V for various t imes 
(Fig. 10b) is found to reach a l imit  after ca. 5 rain, 
with only a small  increase thereafter. As the oxide 
forms and thickens on the surface, nickel dissolution is 
inhibited, most of the nickel going into solution when  
the surface is oxide free. 

El~ect of added nickel and solution stirring on oxide 
f o r m a t i o n . I A f t e r  a cathodic reduction of the electro- 
polished nickel in pH 8.4 Na2SO4 solution at --1.35V 
and with the potential  changed to --1.1V to remove 
excess H~, a NiSO4 solution was added to the electro- 
lyte. Enough NiSO4 was added to give a [Ni 2+ ] in  
solution which was about 50• higher than  would 
normal ly  be found after the galvanostatic t rans ient  
(Fig. 3). Reflection electron diffraction on a (111) 
nickel single crystal (see below) showed that  addi-  
t ion of the NiSO4 solution during the prior cathodic 
t rea tment  at --1.1V did not alter the electrode surface. 
This large, quant i ty  of added nickel in t h e s o l u t i o n  

does not diminish the potential  arrest corresponding to 
nickel d issolut ion dur ing an anodic charging experi-  
ment  at 50 ~A cm -2. The potential  step technique 
provided an excellent  a l ternat ive  method for deter-  
min ing  the mechanism of oxide formation on nickel. 
When the potential  is stepped to --0.3V or 0V in the 
presence of a large quant i ty  of added nickel (10 ~g 
m1-1 Ni2+), the current  decays at the same rate as 
that obtained in an exper iment  without  added nickel. 

Identical experiments  were carried out, in the ab-  
sence of added nickel, with and without  solution stir-  
r ing by argon bubbling.  The results were independent  
of solution st irr ing just  as they had been independent  
of added nickel in the system. These results show that 
Ni ~+ ions in solution are not an important  factor in 
the oxide formation reaction on nickel under  our ex-  
per imental  conditions, i.e., a dissolut ion-precipi tat ion 
mechanism does not apply. The results are more con- 
sistent with a direct electrochemical reaction between 
water  and metal  to form essentially anhydrons  NiO. 

Electron dif]raction study of the oxides on n i c k e l . -  
Reflection electron diffraction pat terns of an electro- 
polished (111) nickel single crystal are shown in Fig. 
11 for both the <112> and <110> zones. Also shown 
are the diffraction pat terns obtained after anodization, 
by the potential  step method, for 1 hr at --0.45, +0.4, 
and W0.7V. The electropolished surface shows sharp, 
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Fig. 10. (a) Variation of oxygen content on nickel with time of 
aaadization after the potential step treatment to --0.3V. ( [ ] )  
Coulometric analysis; ( (~)  x-ray analysis. (b) Variation of the 
quantity of nickel in solution with time of anodization after the 
potential step treatment to --0.3V. 

Fig. 11. Reflection electron diffraction patterns from a (111) 
nickel single crystal, in the < 1 1 2 >  and < 1 1 0 >  directions, after 
various electrochemical treatments: (a-b) electropolished in H2SO~; 
(c-d) anodized to --0.45V for i hr; (e-f) as in (c-d) but with Va 
---- -J-O.4V; (g-h) as in (c-d) but with Va = -I-0.7V. 
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elongated reflections for both metal  and oxide, the 
indication being that  the oxide has a highly oriented 
mosaic s tructure with a mean  particle size of ca. 50A. 
The electron diffraction pat terns of electropolished 
specimens which had been cathodically reduced and 
subsequent ly  air-exposed were similar to "those ob-  
tained from the electropolished specimens. 

Upon anodization in  the range --0.45 to -t-0.4V, the 
sharp nickel reflections were less intense, especially 
in the ~110> zone, and the oxide reflections became 
somewhat diffuse. This diffuse characteristic may be 
due to either a smaller  oxide particle size or a rough-  
ening of the nickel surface (relative to that existing 
with electropolished nickel) .  Since the diffuse oxide 
spots show a distinct refraction displacement (20), the 
electrode surface is still smooth and hence the oxide 
has a finer particle size. Measurement  of the half-  
width of the oxide reflections indicate a 25A particle 
size for the highly oriented, parallel  oxide. Cathodic 
polarization at --1.35V of these anodized nickel elec- 
trodes in pH 8.4 Na2SO4 solution did not alter their  
electron diffraction patterns, another  indicat ion that  
the oxide film on anodized nickel cannot be cathodi- 
cally removed in our system. 

The nickel reflections are still very  distinct in the 
case of the anodized electrode, providing qual i tat ive 
support  for the earlier observation (Fig. 8) that the 
oxide film resul t ing from anodization is only about 
50% thicker than  that  due to electropolishing. Indeed, 
i t  is known  from the dry oxidation of a smooth, elec- 
tropolished (111) nickel that  an oxide of ca. 15A thick- 
ness completely obscures the reflections from the 
under ly ing  nickel surface, this upper  l imit  agreeing 
very well  with the 10-12A value in Fig. 8. The electron 
diffraction pat terns also suggest that the oxide thick- 
ness has not changed considerably between the anodi-  
zation potentials of --0.45 and 40.4V, fur ther  support  
for the x - r ay  and coulometric measurements  in Fig. 8. 

After  anodization at W0.TV for 1 hr, the sharp nickel 
reflections had become diffuse spots, indicat ing that  
the surface was strongly etched (cf. Fig. 9). The 
oxide now gave a semi-r ing pat tern  corresponding to 
that  expected for polycrystal l ine NiO. Stepping the 
potential  to ~0.7V for only 90 sec allows the current  
to fall to a steady value, associated par t ly  with oxygen 
evolution. However, electron diffraction on such a 
specimen gave a pa t te rn  very much like that  obtained 
with polarization to --0.45V (Fig. 11), i.e., there was 
l i t t le or no etching of the nickel electrode, and the 
oxide was highly oriented with a fine grain structure.  
Etching of the electrode surface and polycrystal l ini ty 
of the oxide would thus seem to be related. 

The diffraction pat terns for both the electropolished 
and anodized nickel electrodes show the presence of 
the face-centered cubic oxide NiO, reflections from 
other possible oxides of nickel being absent. The lattice 
parameter  for the nickel oxide formed by electropol- 
ishing in a H2SO4 solution deviated from that  expected 
for stoichiometric NiO by 41.9% and 42.2% in the 
<:112~ zone and ~110~  zone, respectively, i.e., the 
oxide lattice appears to be somewhat expanded over 
that of stoichiometric NiO. In  the case of nickel elec- 
trodes, anodized either galvanostatically or by  the po- 
tential  step technique, the lattice parameter  deviated 
from that of stoichiometric NiO by +0.3% in  both 
zones, i.e., the oxide formed by anodization has a la t -  
tice parameter  which is much closer to that  expected 
for stoichiometric NiO than that  obtained by electro- 
polishing. The oxide latt ice parameter  for an anodized 
specimen is independent  of anodization potential  or of 
the path taken to at ta in  that potential. These changes 
in the oxide lattice parameter  and general  appearance 
of the diffraction pat terns upon anodization occur even 
if the electropolished oxide is not removed prior to the 
anodization. 

The lattice parameters  cited above are characteristic 
of the spacing between planes of atoms which are 
perpendicular  to the surface and says nothing about  

the distance between the two planes parallel  to the 
surface (21). Consequently it is impossible to give the 
exact oxide stoichiometry; however, the electron dif- 
fraction results have shown that  the oxides in  question 
are NiO as opposed to Ni(OH)2, ~NiOOH, ~NiOOH, or 
NiO2. There is thus correlation with the coulometry 
and x - ray  measurements  where an assumption of NiO 
as the oxide on anodized nickel gave results which 
were in  reasonably good agreement.  Indeed, in the 
present investigation there was no success at preparing 
a nickel oxide, other than NiO, by the potential  step 
technique in the systems studied. At p i t  _-- 11.0 or 13.0, 
and with a reduction of the prior oxide film, a poten-  
tial step into the passive region, with Va ---- 0 or 40.5V, 
gave polycrystal l ine NiO on the (111) single crystal 
with a sharp semi-r ing diffraction pattern. The random 
orientat ion of the oxide in these more alkaline solu- 
tions is possibly due to either a faster oxidation rate 
or a different reaction mechanism (in comparison with 
the oxidation at pH ----- 8.4). The quant i ty  of nickel dis- 
solved during a potential  step in the alkaline solutions 
was ca. 25% of that dissolved at pH 8.4, indicating a 
more rapid oxide formation (cf. Fig. 7), and showing 
the importance of pH in  the oxide formation reaction, 
i.e., Ni 4 H20 --> NiO 4 2H + 4 2e- .  

In  an at tempt to prepare an NiOOH film on nickel, 
the potential step technique was employed in  pH 8.4 
Na2SO4 solutions containing 5 and 10 ~g ml -1  nickel. 
Reflection electron diffraction on the (111) nickel crys- 
tal showed that  the above procedure gave the passive, 
highly oriented NiO film on the (111) crystal (cf. Fig. 
11) with no sign of any other oxide reflections. It  is, 
however, possible that long term potential  cycling of 
the nickel electrode would have resulted in the ap- 
pearance of other oxides of nickel. 

The results general ly reported in the l i terature  sug- 
gest that the "uassive" film is nonstoichiometric nickel 
oxide, e.g., NIOI.2 or NIO1.7 (6, 22) which is electron- 
ically conducting. The present  electron diffraction re-  
sults seem to indicate that the oxide film on anodized 
(111) nickel is closer to stoichiometric NiO than that 
on electropolished nickel. The oxide films on both 
electrouolished and anodized nickel are similar i n t h a t  
they inhibit  nickel dissolution; however, they differ 
with regard to their thickness, lattice parameters,  and 
cathodic reducibility. The fact that  the oxide on elec- 
trouolished nickel is converted to the stoichiometric ~ 
NiO upon anoclization would indicate that  it is the 
stoichiometric NiO which is the passive oxide on nickel. 

Cathodic  t r e a t m e n t  of  the  oxide  on anodized nickel .  
- - I t  has been noted above that although the surface 
oxide on electropolished nickel can be removed by 
cathodic reduction at --1.35V (Fig. 5), the oxide film 
formed by anodizing in pH 8.4 Na2SO4 solution is not  
removed by such treatment .  Upon immersion into the 
pH 8.4 Na2SO4 solution at --1.35V. the electropolished 
nickel displays ini t ial  large cathodic currents  (ca. 500 
~A cm -2) which rapidly fall as the prior oxide is re-  
moved. On the other hand, previously anodized nickel 
electrodes do not give any ini t ia l  large surge of cath- 
odic current  upon immersion at --1.35V but  adjust  al-  
most ins tantaneously  to a steady value for this poten- 
tial. After  10 min  of polarization at --1.35V in pH 8.4 
Na2SO4 solution, the electropolished nickel displays a 
current  of ca. 35 ~A cm -e  while the same t rea tment  on 
the anodized nickel electrode gives a current  of ca. 90 
~A cm -2, i.e., 2.5 times larger. 4 Prolonging the cathodic 
polarization results in only a small decrease in  these 
currents  with time; however the 250% difference re-  
mains  and the prolonged polarization for as much as 
2 hr does not affect the subsequent  anodic galvanostatic 
transient.  Any at tempted cathodic reduction of anod- 
ized nickel in the neut ra l  Na2SO4 solution is thus 

s S t o i c h i o m e t r i c  in  the  sense  t h a t  the  m e a s u r e d  la t t i ce  p a r a m e t e r s  
are s i m i l a r  to those  o b t a i n e d  w i t h  t r ue  s t o i ch iom e t r i c  NiO. 

Th i s  s i t u a t i o n  ex i s t s  o v e r  a w i d e  r a n g e  of po t en t i a l s ;  h o w e v e r ,  
b e c a u s e  of the  neu t r a l ,  u n b u f f e r e d  n a t u r e  of the  e lec t ro ly te ,  accu- 
ra te  Tafe l  s lope e v a l u a t i o n  could  n o t  be made .  
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complicated by the increased rate of hydrogen evolu-  
t ion at -- 1.35V. 

It has been postulated that cathodic polarization in-  
duced alkal ini ty  plays a significant role in  the reduc- 
t ion of the oxides of zirconium (23). In  terms of the 
present nickel experiments,  this theory would suggest 
that  since cathodic polarization gives a high rate of 
hydrogen evolution from passive nickel, the pH may  
increase enough in the vicinity of the electrode to make 
the reaction NiO -~ 2H + -{- 2e-  --> b~i -{- H~O impos- 
sible. A way to test such a theory in the present case 
is to cathodically polarize the anodized nickel elec- 
trodes in an acid solution. It is seen (Fig. 7) that  cath- 
odic reduct ion in  a pH 3.5 Na2SO4 solution results in 
only a slight increase in the activity of the anodized 
nickel electrodes, and this reflects the difficulty in re-  
ducing the passive oxide film even in these acidic solu- 
tions where induced alkal ini ty  should not play a role. 

The question which na tura l ly  arises is whether  the 
difference in cathodic electrochemical behavior  be-  
tween the oxide film on electropolished nickel and that  
on anodized nickel can be explained in terms of the 
50% increase in thickness upon anodization. The oxide 
film on electropolished nickel is very thin (ca. 6A), 
and it will  not l ikely have the properties of bu lk  stoi- 
chiometric NiO. It is possible that  the increase in oxide 
thickness with anodization gives an oxide which more 
closely resembles bulk  NiO as indicated by reflection 
electron diffraction. This feature could explain the dif- 
ference in stabili ty of the two oxide films towards 
cathodic reduction or fur ther  thickening by anodiza- 
tion. 

Mechanism of oxide formation on nickel.--The two 
principle methods for obtaining nickel oxides were 
electropolishing and anodization. It has already been 
concluded that a direct electrochemical reaction is the 
most probable mechanism of oxide formation on nickel 
anodized in  the neut ra l  solutions. In  the case of elec- 
tropolishing, the question is whether  the oxide is 
formed during the polishing or the subsequent  air ex- 
posure. It  was noted in  the results that  cathodic re- 
duction at --1.35V for 10 rain in pH 8.4 Na2SO4 solution 
removes the prior oxide from electropolished nickel. 
Subsequent  air exposure of the cathodically reduced, 
bare (and wet) nickel surface gives an oxide whose 
thickness, lattice parameter,  and cathodic and anodic 
electrochemical behavior  are identical to those exist- 
ing on electropolished nickel. This taken in conjunct ion 
with the results of others (10), suggests that the oxide 
obtained by electropolishing in H~SO4 solution is a re-  
sult of the subsequent  air exposure of the wet nickel 
electrode, the electropolishing itself main ly  str ipping 
nickel from the surface in a uni form m a n n e r  and leav-  
ing the surface essentially free from oxide. 

Both the oxide on electropolished nickel and the wet 
air-formed oxide are 6-8A thick nonstoichiometric 
NiO. The dry ai r - formed film at room temperature  is 
also 6-8A in  thickness but  is basically stoichiometric 
NiO (13). However, the film formed under  anodic 
conditions is both stoichiometric and somewhat thicker 
due to the applied potential. The growth rate is ap- 
proximately logarithmic and could be explained by 
either a place-exchange mechanism (24, 25) or a 
Mott-Cabrera type mechanism (26, 27). The electronic 
conductivity of the film would not suggest a high-field 
mechanism. A distinction between the various types 
of mechanism is complicated by the dissolution of 
nickel dur ing oxide film formation (Fig. 10). 

Summary 
1. The anodic dissolution behavior  of nickel is highly 

dependent  on the extent  of coverage with prior surface 
oxide. 

2. Electropolishing of nickel in  H2SO4 gives a th in  
(6-8A) film of NiO which can be removed by cathodic 
reduction in pH 8.4 Na2SO4 solution at --1.35V. 

3. Anodization in the pH 8.4 Na~SO4 solution gives a 
thicker NiO film (9-12A) which cannot be removed 
by cathodic reduction. 

4. The oxide film on anodized nickel is formed by a 
direct electrochemical reaction. 

5. The lattice spacings of the oxide film on electro- 
polished nickel, as determined by reflection electron 
diffraction, show a 2% expansion while those on anod- 
ized nickel correspond to almost stoichiometric NiO. 

6. Although the oxide films on both electropolished 
and anodized nickel inhibi t  nickel dissolution, they 
differ with regard to their  thickness, lattice param-  
eters, and cathodic reducibility, the film on anodized 
nickel being the passive oxide. 
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On the Origin of the Photocatalytic Deposition 
of Noble Metals on Ti02 

F. Mi~llers, H. J. Tolle, and R. Memming 
Phil~ps Forschungslaboratorium Hamburg GmbH, 2 Hamburg 54, Germany 

ABSTRACT 

In connection with studies on the photographic propert ies  of TiO2 the 
photocatalyt ic  deposition of pal ladium and the electrochemical  propert ies  of 
TiO2 were  investigated. In order  to study both phenomena simultaneously 
the exper iments  were  performed with  thin, TiO2 layers  deposited on a 
conducting substrate. It  could be shown that  the pr imary  step is an anodic 
photocurrent  (O2 evolut ion)  which catalyzes the cathodic deposition of pal-  
ladium under  open-ci rcui t  conditions. Various parameters  such as space 
charge effects, film thickness, and doping were  studied and are discussed in 
detail. 

Photocatalyt ic  propert ies  of TiO2 were  repor ted  in 
192.0 by Renz (1) who observed a darkening  of the 
mater ia l  by u.v. irradiation. Later  on photoreactions 
wi th  the surrounding medium were also investigated. 
According to the l i te ra ture  electrons as well  as holes 
produced by l ight exci tat ion wi th in  TiO2 may  be in-  
volved in those processes. Obviously the oxidat ion-  
reduct ion behavior  of the species in contact with TiO~ 
determines whe the r  it wil l  be photoreduced (2) or 
photo-oxidized (3, 4). 

During the last decade the photoreduct ion of noble 
metal  ions such as, e.g., Ag + and Pd 2+ at TiO2, found 
great  interest  because this react ion can be used as an 
initial step in a photographic process wi th  TiO2 (5, 6). 
In this process the reduced Pd 2+ ions form meta l  
nuclei  on the TiO2 surface, whereas  in a second reac-  
t ion these nuclei  may  be intensified using chemical 
metal l izat ion (physical developers)  in order  to give a 
visible image. 

In the p r imary  step the photocatalytic reduct ion of 
Pd 2+ must  be accompanied by a corresponding oxida-  
tion. The Pd 2+ ions need not necessarily be at the sur-  
face during the exposure to l ight  but  they  are also 
reduced if they are introduced to the solution at the 
TiO2 surface immedia te ly  af terward.  This fact leads to 
the conclusion that  the oxidat ion must be the init ial  
step and determines  the reduction. As proved wi th  
TiO2 powder  oxygen is desorbed during il lumination. 
Since the remaining TiO2 is deficient in oxygen it has 
become a reducing agent  (6, 4). 

Informat ion about the pr imary  steps in photocata-  
lytic deposition on TiO2 can be obtained by studying 
photographic and electrochemical  propert ies  of the 
same samples. Photographic  experiments,  however ,  
were  only per formed wi th  polycrystaUine TiO2 dis- 
persed in organic binders which cannot be used for 
electrochemical  studies. On the other  hand, e lectro-  
chemical  exper iments  were  performed with single 
crystals of TiO2 which turned out not to be very  suit-  
able for photographic experiments .  The investigations 
described in this paper were  per formed with  l :olycrys- 
tal l ine TiO2 layers deposited on a substrate. These 
layers have the advantage of being very  t ransparent  
and, as far  as the photographic propert ies  are con- 
cerned, show a higher  resolution than the dispersed 
layers. Electrochemical  exper iments  are easily per -  
formed with  this type of TiO2 layers.  

Experimental Technique 
The TiO2 layers are produced by chemical vapor  

deposition. In this process a solution of t i tan ium-  
acetylacetonate dissolved in isobutanol was sprayed 
by a carr ier  gas on a hot substrate ( ~  450~ on which 
the t i tanium salt was oxidized to TiOf. As a substrate 

Key words: electrochemistry, semiconductors, photography. 

ei ther  glass plates (Duran /Schot t )  covered wi th  a con- 
ducting SnO2 layer  or t i tanium sheet meta l  were  used. 
According to x - r ay  measurements  the TiO2 film is 
polycrystall ine,  the grain size is not larger  than 0.1~. 
The properties of TiO2 layers  depend strongly on var i -  
ous process parameters  such as substrate temperature ,  
deposition rate, and the type of organic t i tanium com- 
pound. 

The electrochemical  exper iments  were  per formed in 
0.1N H2SO4 under  potentiostat ic conditions using a 
calomel electrode as a reference electrode. The space 
charge capacities were  determined from measurements  
of impedance and phase angle be tween  a-c current  and 
a-c potential. For  this purpose a small a-c voltage of 
10 mV and 1 kc was superimposed on the ex terna l ly  
applied d-c voltage. 

The photocurrent  measurements  were  performed 
using a mercury,  high pressure lamp or a 450W xenon 
lamp as a l ight  source. In some cases the l ight  was 
chopped (12.5 Hz) and then  the photocurrent  mea-  
sured using lock- in  technique. 

Results and Discussion 
Photocurrent measurement~.--The anodic oxygen 

evolut ion at n - type  TiO2 electrodes only occurs wi th  a 
large overpotent ia l  (see dotted l ine in Fig. 1). Under  
i l luminat ion (u.v. l ight) ,  however ,  it occurs at much 
lower  potentials, as proved by measur ing the photo- 
current  (solid line in Fig. 1). A saturat ion current  was 
found which is proport ional  to the l ight intensity. This 
curve is similar to that  found by Boddy for a rut i le  
s ingle-crystal  e lectrode (7). 

Such behavior  of a TiO2 electrode is typical  for n-  
type semiconductor  electrodes if the charge t ransfer  
occurs via the valence band. In this case the concen- 
t ra t ion of holes in the valence band controls the reac-  
tion rate. In an n- type  semiconductor  of large bandgap, 
as in TiO2, the equi l ibr ium concentrat ion of holes is 
ex t remely  low and the anodic dark current  should be 
determined by diffusion of holes toward the surface 
or by some generat ion process. The strong increase of 
the dark current  above 1.5V is due to a tunnel ing or to 
an avalanche process which was not fur ther  invest i -  
gated. On the other  hand, an i l luminat ion by l ight ab- 
sorbed by TiO2 leads to a generat ion of e lect ron-hole  
pairs which are separated by the electric field wi th in  
the space charge region near  the TiO2 surface. Since 
in the potential  range in which a photocurrent  was 
observed the energy bands are bent  upward  (proved 
by capacity measurements ,  see next  section), the 
photogenerated electrons are forced toward the in-  
terior  and holes toward the surface where  they are 
consumed for the electrochemical  process as shown 
schematical ly in Fig. 2. 
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Fig. 1. Dark and photo cur- 
rent ys. electrode potential for 
Ti02 layer (deposited on SnO~) 
in 0.1N H2S04. 

In  the charge t ransfer  process at the interface, sur -  
face states may also be involved. An influence of sur-  
face states in  photoelectronic processes at TiO2 has 
been assumed, e.g., in  the investigations of Vohl (6) 
and of Addis and Wakim (6). These authors have 
studied the surface photovoltage and the photoconduc- 
t ivi ty of TiO2 in an ambient  O2 atmosphere. They con- 
cluded that  02 may trap conduction band  electrons in  
a chemisorption reaction and form surface O -  ions. 
Under  i l luminat ion  these O -  ions again t rap photo- 
holes and O2 is regenerated.  

In  aqueous solutions the TiO2 surface consists of 
acidic and alkaline Ti-OH groups of equal parts (8). 
The role of these surface groups in  the photoelectro- 
chemical O2 evolution should be similar  to that  of O -  
on dry surfaces. The first step may  be described by 

~ T i  -- OH + pe ~ m T i o ~  �9 OH [1] 

In consecutive reactions with water  the OH radical 
forms molecular  O3 and the TiO2 surface is renewed 
(see Fig. 2). The same surface states of course may  act 
as recombinat ion centers. 

Besides the occurrence of photocurrents  also a shift 
of the rest potential  dur ing i l luminat ion  was observed. 
Whereas in  the dark the rest potential  is not well d e -  

EF . . . . . .  

Ev 

hv 
= 
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2 e  
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Fig. 2. Schematic diagram of charge transfer process at the 
Ti02 electrolyte interface. 

fined and varies from sample to sample, it is shifted 
by ~300 mV toward cathodic potentials by  i l lumina-  
tion. The rest potential  at an i l luminated  TiO2 elec- 
trode is fixed at such a value where either all photo- 
carriers recombine or the' anodic reaction of photoholes 
is jus t  balanced by a cathodic reaction. Since there is 
a steep increase of the cathodic current  which corre- 
sponds to the hydrogen evolution, it may be assumed 
that the rest potential  is indeed determined by the 
photocatalyzed decomposition of water. The origin of 
the shift of the rest potential  under  i l luminat ion  is also 
due to the existence of the electric field of the space 
charge. Measuring the rest potential  under  open-ci r -  
cuit conditions the potential  reached its new value 
after the l ight has been turned  on. This change of the 
open-circui t  potential  is the so-called photopotentiaI. 
The separation of photocarriers in  the electrical field 
reduces this field and consequently the potential  drop 
across the space charge layer. If the surface photoeffect 
is exclusively caused by a displacement of charges in 
the TiO2, the open-circui t  potential  should re tu rn  to its 
dark value ins tantaneously  after having switched o f f  
the incident  light. In  all experiments,  however, we 
found a much slower r e tu rn  to its dark value as shown 
in Fig. 3. The slow decrease of the open-circui t  poten-  
tial after i l luminat ion  can be explained by the exist-  
ence of traps wi th in  the space charge layer  or by sur -  
face states. 

These traps may  also influence the movement  of 
photoexcited charge carriers as indicated by  results 
obtained from nonsta t ionary  photocurrent  measure-  
ments. Corresponding exper iments  are performed by 
i l luminat ing  an electrode with chopped light causing a 
pulsed photocurrent.  As shown in Fig. 4 there is a pro- 
nounced ma x i mum of this photocurrent  on varying  the 
electrode potential. It  occurs in  a potent ial  range 
where  the s ta t ionary photocurrent  shows its strongest 
increase with potential.  Moreover, the pulsed photo- 
current  reaches larger values than  in the stat ionary 
case whereas in  the higher potential  range the pulsed 
and stat ionary photocurrents  are almost identical. A 
similar  difference between fast and slow photoeffects 
were also Observed at germanium electrodes by Boddy 
and Brat ta in  (9) .  These authors  used a galvanostatic 
a r rangement  and detected potential  changes dur ing i l-  
lumina t ion  with l ight pulses. They in terpre ted the fast 
potential  change by a decrease of the band  bending due 
to the formation of electron hole pairs wi th in  the space 
charge layer. In  order to get more insight into the 
mechanism we i l luminated  the electrode by single l ight 
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Fig. 3. Photovoltage v s .  time 
for TiO2 (on SnO2 substrate) 
in 1N H2SO4 (under open-cir- 
cuit conditions). 
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flashes. In the lower potential  range the photocurrent  
rises rapidly immediately after the light has been 
turned  on (curve b in Fig. 5), passes a maximum, and 
decreases down to a s tat ionary value. It is interest ing 
to note that  in the following dark period a negative 
photocurrent  also occurs. In  the higher potential  range 
those peaks are not observed (curve c), the photo- 
current  immediately reaches its s tat ionary value. Ac- 
cording to this result  it has to be assumed that  the 
pulsed photocurrent  is due to a displacement of 
charges, i.e., some of the excited charge carriers are 
trapped in certain centers. Since the pulsed current  
passes a max imum the occupation of traps is variable 
by changing the electrode potential, i.e., by varying  
the band  bending. Consequently, it has to be assumed 
that  the traps have to be located wi th in  the space 
charge layer or even at the surface. 

Accordingly the pulsed photocurrent  can be de- 
scribed by two terms 

Aiph = aist + a i r  [2] 

where Aist corresponds to the stat ionary photocurrent  
and AiD is due to displacement of charges. The la t ter  
current  is proportional to the var iat ion of the function 
] determining the occupation of the traps 

df 
AiD ,~ [3 ]  

dt 

x10 10 

Acm -2 

l tationary 

~ 0 +0.5 V +1.0 

electrode potenhal 

Fig. 4. Potential dependence of photocurrent for Ti02 (on Sn02 
substrate) in 1N H2S04. 

Since the occupation f depends strongly on the band  
bending Cs the pulsed photocurrent  is given by 

A/ph --= Aist -Jr b ~ [4]  
des d t  
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Fig. 5. Photocurrent vs. t i m e  f o r  t h e  s a m e  e l e c t r o d e  a s  u s e d  
in Fig. 4. 
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where b is a constant  containing mater ia l  and t rap 
parameters.  

This in terpre ta t ion  includes the assumption, how- 
ever, that such a displacement of charges followed 
by a t rapping of excited carriers leads to a small  
modulat ion of the band bending (dr although the 
potential  drop across the whole system is kept con- 
stant  (potentiostatic measurement ) .  Such a variat ion 
of the potential  drop across the space charge can only 
be compensated by a corresponding change of the 
Helmholtz layer. 

This model is supported by measurements  of the 
pulsed current  performed with TiO2 layers of different 
thickness. Since the addit ional peak in the lower po- 
tent ial  range does no t  occur for a layer  of a very 
small  thickness (Fig. 6) but  only for thicker layers, 
surface effects have to be excluded. 

Consequently the traps have to be assumed to be 
in the space charge layer  itself. The t rapping effect 
may decrease or even disappear if the thickness of the 
whole TiO2 film becomes smaller than  the space charge 
layer, because then more excited electrons and holes 
may  reach the backside contact and the surface, re-  
spectively. Since the max imum of the pulsed current  
is not visible for a layer thickness of 0.1~ the space 
charge thickness should be larger. This can only be 
proved by capacity measurements  discussed below. 

Potential distribution.--As discussed above a photo- 
excitation of electron hole pairs in TiO2 causes a 
change of the potential  dis t r ibut ion at least under  
open-circui t  conditions, which are re levant  to the 
photographic process. For  a more quant i ta t ive  under -  
s tanding of the photoeffect it is impor tant  to obtain 
more knowledge about the potential  dis t r ibut ion at 
the TiO2 electrolyte interface. Such informat ion is 
easily obtained from capacity measurements .  

The space charge of an n-semiconduct ing electrode 
is a depletion layer at strong anodic polarization. Its 
capacity is described by the we l l -known  Schottky- 
Mott equat ion 

Csc is the space charge capacity, ACsc the potent ial  drop 
across the space charge layer, �9 and ,o the dielectric 
constants of TiO2 and vacuum, respectively; N is the 
concentrat ion of donors and e and kT have the usual  
meaning.  Since the space charge capacity becomes 
smaller with increasing values of hCsc and since it is 
in series with the larger electrolytic double layer  
capacity (~20 ~F/cm2), the total capacity of the TiO2/ 
electrolyte interface is determined by C~c. In  this case 

C = C~o [6] 

Provided that  a change of the electrode potent ial  U 

only leads to a change in  ACsc then it may be substi-  
tuted by 

~ s c  : U -- Ufb [7] 

Urb is the flatband potential  at which ~bsc is zero. The 
val idi ty of these two assumptions (Eq. [6] and [7]) is 
proved if a l inear  relat ion is found between experi-  
menta l  values of 1/C 2 and the electrode potential  U. 
Inser t ing Eq. [6] and [7] into Eq [5] one obtains 

IIC 2 = ~  U--Ufb---- [8] 
e c o n e  e 

N is readily calculated from the slope of 1/C 2 vs. U 
lines and the flatband potential  by extrapolat ion of 
the l inear  part  of the curve to 1/C 2 ---- 0. Such a l inear  
relat ion was observed with TiO2 over a large poten-  
tial range using single crystals as electrodes (7). We 
proved these results with rut i le  electrodes (single 
crystal) ,  which were reduced by hydrogen in order to 
get a smaller resistivity. Varying the frequency of the 
potential  modulat ion be tween 100 Hz and 10 kHz, how- 
ever, l ines of different slopes were obtained. This may 
result  from slow surface states and was not fur ther  
investigated. In  this case the flatband potential  was 
found around --0.3V vs. SCE at pH ---- I. 

Performing capacity measurements  with TiO2 layers 
the 1/C 2 vs. U curves differ from those obtained with 
single crystals in so far that not a single straight l ine 
but  bent  curves were found (Fig. 7). This result  may 
be interpreted by assuming that  these curves consist 
of two I /C  a lines with a steep slope at lower potentials 
and a much lower slope at higher anodic potentials. On 
the other hand, a break in  a capacity curve may also 
occur if the space charge thickness is larger  than  the 
film thickness. The thickness of the space charge can 
be defined as follows: 

Rewrit ing the Schottky-Mott  equat ion [8] one ob- 
tains 

e O 

Csc = [9] 

"o -- Ufb kT 

Since the capacity of a normaI  condenser is given by 

C = [I0] 
d 

the thickness of the space charge can be defined as 

2~,o ~/ kT 
dsc = v ~ ~  U -- Ufb--  - - e  [11] 

This thickness depends on the electrode potential.  If 
dsr however, increases above the film thickness df 
the capacity is not  determined by  Eq. [9] bu t  only by 

d 
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Fig. 6. Alternating photocur- 
rent vs. electrode potential for 
TiO~ of different oxide thick- 
nesses in I N  H2SO4. Light 
source: Hg-lomp (361 nm). 
TiO2 electrode: TiO2 deposited 
on Ti-metaL 
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the normal  condenser equation, Eq. [10], inser t ing the 
film thickness dr. Then the capacity curve should show 
a break where dsc = d~ and should be independent  of 
potential  above a certain potential. Since the thickness 
of the space charge layer  dsc varies with the square 
root of the potential, the potential  at which the break 
in the curve occurs should very much depend on the 
film thickness. The interpretat ion,  however, has to be 
excluded because the break in  the curve appears at 
about  the same potential  for all samples of different 
thickness. It is supported by the fact that the thick-  
ness of the space charge layer  amounts  to dsc ~ 0.14~ 
as obtained from the slopes of the capacity curves in 
the lower potential  range. [For the corresponding cal- 
culat ion we used an average value of ~ = 120 (10), 
where we obtained for the donor density N a value of 
N = 1-2 �9 1017 cm-S.] 

According to Pleskov (11) a break in the capacity 
curve may also occur if deeper donor levels are present  
which are not ionized wi th in  the bulk. The occupation 
of these levels may change, however, wi th in  the space 
region increasing the band  bending. Assuming only 
one discrete energy level for such an addit ional donor 
of a density N' a Schottky-Mott  equat ion of two l inear  
slopes can be derived: The first one, measured at small 
band bendings, is only determined by the ionized 
shallow donors (density N) and the second by the 
sum of both, the shallow and the deep donor level 
(N = N'). 

We assume the lat ter  in terpre ta t ion to be valid at 
least for the samples of a film thickness of 0.4 and 
1.0#, al though we could not check whether  only one 
or several types of deep donor levels are involved 
Theoretically, all curves obtained with samples of dif- 
ferent  thickness should be identical. The difference 
between the 0.4~,- and l~-samples is due to the layer  
preparat ion which has a large influence on the den-  
sity of donor levels. Many measurements  have shown, 
however, that  the slope of the capacity curve of a very 
th in  layer  (~0.2#) was always smaller than that  of 
layers of larger  thickness. This may  be due to the 
fact that now the film thickness is of the order of the 
space charge thickness. 

Influence of film thickness on the stationary photo- 
current.--The photocurrent  across the TiO2 electrolyte 

interface should increase with increasing layer  thick- 
ness provided that the penetra t ion depth of light is 
larger than the film thickness itself. The penetra t ion 
depth of light is determined by the absorption co- 
efficient ~. As shown in Fig. 8, the absorption sets in  
at about 420 nm which corresponds to an energy gap 
of 3.2 eV. Since we varied the film thickness up to 1.4~, 
the first condition is fulfilled for wavelengths above 
355 nm (see Fig. 8). 

Corresponding measurements  were performed with 
various layers using an excitat ion wavelength of 361 
nm or white light. We obtained values which indeed 
increased with increasing film thickness as long as 
the film thickness was below about 0.6/~. For larger 
thicknesses mostly lower photocurrents  were found. 
Theoretically the photocurrent  should be proport ional  
to the absorbed photons, i.e., it should increase with 
(1 -- e-~d).  The large deviat ion cannot be in ter-  
preted by any excitation wi th in  the SnO2 substrate 
because even with white l ight the photocurrent  for 
SnO2 is much smaller  (12). 

More quant i ta t ive  informat ion about this problem 
can be obtained from the spectral distr ibution of the 
photocurrent  as shown in Fig. 9. According to this fig- 
ure the spectral distr ibution depends  strongly on the 
film thickness: varying the wavelength of the incident 
light from higher to shorter wavelengths the photocur-  
rent  rises due to the increase of absorption, passes 
a maximum, and decreases again which is caused 
by recombination. The TiO2 layer  of the smallest 
thickness shows the highest photocurrent  and its maxi-  
mum occurs at shorter  wavelengths than for the other 
layers. It should be ment ioned that  this exper iment  
was performed with a TiO2 layer  deposited on Ti metal  
and the electrodes were i l luminated through the 
electrolyte. The thickness dependence of the spectral 
distribution, however, is independent  of the substrate. 
This is demonstrated in Fig. 10a which was obtained 
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by using SnO2 instead Ti as a substrate. Since the 
bandgap of SnO2 is considerably larger  than for TiO2 
this system could also be i l luminated  from the re-  

verse side, i.e., through the SnO2 layer  (see Fig. 10d). 
The corresponding spectra were obtained wi th  the 
same samples as presented in Fig. 10c. In  this case the 
spectral dis t r ibut ion of the photocurrent  is inde-  
pendent  of the thickness of the TiO~ layer  and its 
max imum occurs only in the shorter wavelength range. 

According to these results it must  be concluded that  
the highest yield for the photocurrent  is obtained if 
the electron-hole pairs are created near  the backside 
contact (Fig. 10d). In  this case the electrons produced 
by light excitations have to move a relat ively short 
distance to the contact, whereas holes have to move all 
the way through the TiO~ layer  toward the surface 
where they are consumed in  the electrode reaction 
process. On the other hand, when  the electrode is 
i l luminated through the electrolyte, then  the electron-  
hole pairs are created main ly  near  the TiO2 electrolyte 
interface and the electrons have to move across a 
larger distance, at least in TiO2 layers of 0.2~ and of 
greater thickness. Since in this case the photocurrents  
are small  and since their  maxima  in  the spectral dis- 
t r ibu t ion  depend on the layer  thickness we assume 
that  electrons are more readily t rapped than  holes 
and therefore determine the recombinat ion process. 

It  should be ment ioned that the recombinat ion rate 
is strongly influenced by the s tructure of the TiO2 
layers and need not be homogeneous over the whole 
layer. According to our experiments  it var ied with the 
decomposition temperature,  the substrate, and the Ti 
compound used in the preparat ion technique of these 
layers. 

Photocata~ytic deposition o~ pa~[adiu~n nuc~ei.--As 
already observed with TiO2 dispersed in  polymer b ind-  
ers, pal ladium is deposited from aqueous solutions on 
TiO2 during i l luminat ion  with ul t raviolet  l ight (6). 
The same effect was observed with TiO2 layers de- 
posited on SnO2 by our technique. These experiments  
were performed with TiO2 layers on a SnO2 substrate. 
It  was proved that  no pal ladium was deposited with 
SnO2 alone. Following the open-circui t  potential  of 
such a TiO2 electrode in a Pd 2 + solution dur ing i l lumi-  
nat ion a fast shift toward cathodic potentials was ob- 
served. After the potential  has passed a m i n i mum at 
around ~-10'0 mV it reached a final value of about 
+200 mV (curve I in  Fig. l l a ) .  For comparison we 
also plotted the open-circui t  potential  dur ing  i l lumi-  
na t ion  of a system free from pal ladium ions as shown 
by the dashed l ine in Fig. l la .  The amount  of pal la-  
dium deposited during i l luminat ion was determined 
by subsequent  anodic dissolution of pal ladium under  
galvanostatic conditions. From the corresponding po- 
tent ial  change with time the electrical equivalent  of 
Pd was calculated. 

The na ture  of the photocatalytic deposition of Pd on 
TiO2 can easily be interpreted on the basis of the 
photovoltaic effect of the semiconducting TiO2. As 
discussed in detail above, i l luminat ion  of TiO2 electro- 
lyte interface leads to a small rate of the photolysis of 
water, i.e., holes created by l ight  are consumed for 
the formation of O2 and s imultaneously an equal 
amount  of electrons for the reduction of H + ions. This 
mechanism can be i l lustrated by the anodic and cath- 
odic currents involved in this process as shown sche- 
matical ly in Fig. 12. In  the dark only a small anodic 
current  (solid l ine) was observed since almost no 
holes are available, whereas the cathodic c u r r e n t  in-  
creases rapidly with increasing cathodic potential  
(solid line) and hydrogen evolution occurs. Under  
open-circui t  conditions the rest potential  UR is found 
at that potential  at which anodic and cathodic cur-  
rents are equal. I l luminat ion  causes an anodic photo- 
current  (dotted curve) leading to oxygen evolution. 
This anodic partial  current  sets in at flatband potential  
Ufb which is more negative than the rest potential  Ua 
as derived from capacity measurements.  Since the 
cathodic current  remains unchanged the new rest po- 
tent ial  will  occur at UL(H~. The potential  difference 
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UL(H) - -  UD is the actually observed photovoltage 
under  open-circui t  conditions. In  the presence of Pd 
ions an addit ional cathodic current  is possible which 
appears at less cathodic potentials (dashed curve) 
than for the hydrogen evolution since the normal  po- 
tent ial  of P d / P d  2+ is positive. As may be seen from 
Fig. 12 under  i l luminat ion the rest potential  will  now 
occur at ULr a potential  at which the anodic photo- 
current  and the cathodic deposition current  are equal. 
In  this case the corresponding photovoltage is smaller  
and given by  UL(Pd) -- UD. It should be emphasized 
that the pr imary  effect is the production of holes by 
light excitation leading to oxygen evolution repre-  
sented by an anodic photocurrent.  Under  open-circui t  

conditions a cathodic current  of the same magni tude 
is induced. This current  may  be either hydrogen evo- 
lut ion or pal ladium deposition depending on the com- 
position of the electrolyte. This mechanism, which also 
was principally observed with other semiconductor 
electrodes, can only work, however, if the flatband po- 
tential  is more cathodic than the normal  hydrogen po- 
tential  or the normal  pd2+ /pd  potential. This condi- 
t ion is, e.g., not fulfilled for SnO2, which explains the 
fact that  no photodeposition of pal ladium on SnO2 was 
observed. 

It is interest ing to note that  the open=circuit po- 
tent ial  in  the presence of Pd ions does not immediately 
reach its final value after l ight had been tu rned  on but  
passes a min imum (see Fig. l l a ) .  Repeating this ex-  
per iment  with the same electrode on which pal ladium 
was already deposited dur ing the first run, this min i -  
mum does not  occur again (curve II  in  Fig. l l a ) .  Ob- 
viously an overpotential  of more than 100 mV is re-  
quired for the deposition of the first pal ladium nuclei. 
This is a ra ther  large value for the formation of 
nuclei. We proved this process by depositing pal ladium 
by polarizing the electrode with a constant cathodic 
current.  The corresponding potent ia l - t ime curves also 
show a pronounced potential  min imum due to the 
formation of pal ladium nuclei  (Fig. l l b ) .  We did not 
study the nucleat ion process in  detail. It  would be in -  
teresting to investigate it also at TiO~ single crystals 
since crystal faces and grain boundaries  will  be of im- 
portance. 

We only studied the problem of how far the amount  
of pal ladium deposited photocatalytically depends on 
the layer thickness. According to Fig. 13 a considerable 
increase of the deposited pal ladium occurs in the range 
between 0.2 and 0.5~, whereas above 0.5~ it only rises 
very weakly. As shown in this figure a large amount  
of scatter is observed in the experimental  values. 
Therefore we could not obtain a reliable spectral dis- 
t r ibut ion of this effect so that  a comparison with the 
thickness dependence of the photocurrent  was not 
possible. Nevertheless, the thickness dependence of the 
pal ladium deposition should be determined by two 
factors: (i) The number  of deposited pal ladium atoms 
should increase in the thickness range below a value 
which corresponds to the penetra t ion depth of light 
(penetrat ion depth 8 = 1.5~ at Z = 361 rim). (ii) Since 
the film thickness is of the order of or even smaller 
than  the thickness of the space charge layer for d < 
0.4~ the effective photovoltage may be smaller  leading 
to a lower deposition rate. 
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The Formation of Monolayer Metal Films on Electrodes 

W. J. Lorenz,* H. D. Hermann, N. Wilthrich, and F. Hilbert 
Institute oS Physical Chemistry and Electrochemistry, Univeristy o~ Karlsruhe, Karlsruhe, Germany 

ABSTRACT 

The two- and three-dimensional  nucleat ion and the metal  ion adsorption 
process are discussed as init ial  steps for electrocrystall ization on the same or 
on a foreign substrate. The metal  ion adsorption takes place in the underpo-  
tent ial  range, which is more positive than  the equi l ibr ium potential  of the 
nucleated meta l /meta l  ion electrode. Thermodynamic considerations show that  
an overlapping of dis turbing processes in  the underpotent ia l  range can be 
characterized by a factor ZE, which is called charge-coverage coefficient or 
electrosorption valency. It is a function of different independent  variables. 
The metal  monolayer  model is satisfied only in  the simplest case for ZE :-  Z 
(valency of metal  ions in solution).  

The different exper imental  methods for determining the thermodynamics,  
kinetics, and s t ructure  of metal  ion adsorbates are critically discussed. The 
most  reliable thermodynamic  results are obtained by the twin-electrode th in-  
layer  technique. Kinetic data can be obtained by pulse measurements  under  
potentiostatic-galvanostatic conditions. The structure of metal  films can be 
determined by combining different methods including optical investigations. 

Results are given for different systems. In  the systems Au/Ag +, Au/T1 +, 
and A u / P b  + + the metal  monolayer  model is practically valid. In  the case of 
Cu + + ion adsorption on Au the redox reaction forming Cu + ions acts as a 
dis turbing process. A cosorption of anions takes place in the system A g / P b  + +. 
The formation of alloys in the underpotent ia l  range was observed in the sys- 
tems P t / P b  + + and Bi /Pb  + + 

The structure of metal  ion adsorbates must  be in correlation with the 
nucleat ion phenomena at more negative potentials. In  many  systems no 
three-dimensional  nucleat ion overvoltage is observed by using a quasi-s teady-  
state exper imental  technique. The density of the crystal imperfections and the 
crystallographic orientat ion of the surface planes influence the metal  ion ad- 
sorption process and the s tructure of films. The results obtained in the sys- 
tems Ag (poly- and monocrysta l l ine) /T1 + can be explained by assuming the 
formation of superlattices on  the electrode surface. 

Kinetic investigations in the systems Au/Ag +, Au/T1 +, and A u / P b  § + show 
relat ively high exchange current  densities for the metal  ion adsorption process. 
In  these cases the exper imental  results can be explained by assuming surface 
diffusion of adions as the rate determining step in the adsorption process. In  
the system Au /Cu  + +, a charge t ransfer  step is rate determining,  which prob-  
ably forms precedingly Cu + ions. 

Crystal l ization phenomena play an impor tant  role in 
the case of cathodic metal  deposition. They include 
different steps after the metal  ion has passed through 
the electrochemical double layer  and is still part ial ly 
solvated. The final state can be described as the in -  

* Electrochemical Society Active Member. 
Key words: metal ion adso rp t ion ,  e l ec t roc rys t a l l i za t ion ,  thermo- 

dynamics, kinetics, structure, experimental methods. 

corporation of the discharged metal  atom into the bu lk  
of the metal  lattice. The following crystall ization steps 
can occur: surface diffusion of metal  adatoms or par-  
t ially charged metal  adions, the formation of two- 
or three-dimensional  nuclei, and the growth of formed 
nuclei and steps. A hindrance of these crystall ization 
steps leads to a crystall ization overvoltage, which can 
be measured experimental ly.  In  most cases this crys- 
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[ 
J = A �9 exp 

with 

tallization overvoltage is superimposed upon other 
kinds of overvoltages, especially charge t ransfer  and 
diffusion overvoltage. 

The hindrance of crystall ization steps influences the 
kinetics of the over-al l  reaction, i.e., the reaction rate 
and the mechanism. Moreover, the s t ructure  of the 
deposited metal  depends on the kinetics. Therefore 
many  mechanical,  physical, and electrical properties 
of the deposited metal  are determined by the deposi- 
t ion conditions which are directly connected with the 
kinetics. 

The processes of cathodic metal  deposition are prac- 
tically impor tant  in the fields of galvanotechnique and  
electrometallurgy. On the other hand, the inverse 
process of metal  dissolution is of great interest  for 
metal  corrosion and etching. 

The impor tant  question is, what  are the init ial  steps 
in electrocrystall ization processes? First  one has to 
distinguish between electrodeposition on the same or 
on a foreign substrate. 

In  the first case the crystall ization steps are a func-  
t ion of the substructure  of the substrate. If the density 
of crystal imperfections is relat ively high and a great 
number  of growth sites exist at the surface, then the 
deposition reaction takes place practically without  
crystall ization overvoltage. Under  this condition the 
charge t ransfer  step takes place directly on these 
growth sites, e.g., kinks, screw dislocations, and steps. 
However, if the density of crystal imperfection is rela-  
t ively low or zero, the formation of two-dimensional  
nuclei is the rate determining step at low overvoltages 
and can be considered as the ini t ial  step. This was 
shown impressively by  Budevski and co-workers (1, 2) 
in the case of silver deposition on monocrystal l ine 
silver electrodes which were free of dislocations. 
Similar  results were obtained by Fischer and co- 
workers (3,4) in the case of Cu ++ deposition on 
monocrystal l ine copper substrates and also on ~oly- 
crystall ine copper substrates in the presence of in-  
hibitors in the electrolyte solution. 

In  the case of metal  deposition on a foreign sub-  
strate the formation of three-dimensional  nuclei had 
been considered as the init ial  step for a long time. The 
theoretical t rea tment  of nucleat ion phenomena in  elec- 
trochemistry was already given by Erdey-Gruz  and 
Volmer (5). According to this theory, the three-di -  
mensional  nucleat ion rate is a funct ion of supersatura-  
tion and therefore depends on the crystall ization over- 
voltage ~]k 

AGcrit ) ( S ) [1] 
~-: ~ = A" exp - -  ].Qk]------- ~ 

8~ �9 ~'N--V 3 �9 VM 2 
S =  

3 k T z  2 �9 F2  

whereby ~,~'-v = specific free surface energy of the 
interphase between nucleus and electrolyte phase, 
differing for different crystal faces of the nucleus; VM 
= mole volume of nuclei. The other symbols have their  
usual  significance. 

This theoretical equation could be confirmed ex-  
per imenta l ly  only in the last decade. Mainly Kaischev 
and co-workers (6) studied the three-dimensional  n u -  
cleation phenomena. They investigated the deposition 
of Fe + +, Ag +, Pb + +, and Hg § ions on monocrystal l ine 
p la t inum substrates using a potentiostatic pulse tech- 
nique. They observed high crystallization overvolt-  
ages up to more than 100 mV in order to form three-  
dimensional  nuclei. These findings could be confirmed 
also by Schottky and Mierke (7) in the case of Ag + 
ion deposition on polycrystal l ine and monocrystal l ine 
p la t inum substrates, as well as by Fischer and co- 
workers (8) in the case of Cu + + ion deposition on a 
polycrystal l ine copper substrate in the presence of in-  
hibitors in acidic aqueous solutions. 

However, p la t inum seems to be not the regular  case, 
presumably because of its relat ively high adsorption 

capacity for hydrogen and oxygen. Adsorption of in.- 
hibitors has probably the same effect (8). 

During the last decade the specific adsorption of 
metal  ions on foreign substrates was observed in so 
many  systems using different experimental  techniques, 
that  this reaction step and the following formation of 
metal  films can now be considered as the regular  in i -  
tial step of electrodeposition on foreign substrates. 
This conclusion applies for deposition onto bare  me-  
tallic surfaces in solutions which are free from surface 
active substances. 

The investigations on the metal  ion adsorption phe-  
nomena are connected with the work of Schmidt and 
co-workers. They develc>ped new experimental  tech- 
niques in order to determine exactly the thermody-  
namics of metal  ion adsorption processes and the for- 
mat ion of metal  films. On the basis of the earlier find- 
ings of Rogers and co-workers (9-17), the adsorption 
of metal  ions on foreign substrates was studied ex- 
per imental ly  and theoretically in many  systems by 
Schmidt and co-workers in the last decade (18-40). 
At present the following groups are main ly  dealing 
with this subject using different exper imental  tech- 
niques: Bruckenstein and co-workers (41-48), Vetter 
and Schultze (49-53), Bowles (54-59), and Lorenz and 
co-workers (60-64). 

Moreover, metal  ion adsorption processes and film 
formation were also described by some other authors 
(65-82). Optical investigations of these adsorption 
phenomena were done by  Yeager and co-workers (83) 
and by Kolb (84, 85). But only very recently have 
there been some attempts to correlate the adsorption 
phenomena with electrocrystallization steps (64, 75, 
86). Investigations on the metal  ion adsorption on 
semiconductor surfaces are only at the beginning  (85). 
These investigations have great imcortance for under -  
standing and improving the metal l izat ion steps in IC 
silicon technology and other related semiconductor 
device applications. 

Metal Ion Adsorption 
Phenomenological considerations.--The specific ad- 

sorption of metal  ions on foreign substrates takes place 
in the so-called "underpotent ia l  range," which is more 
positive than the equi l ibr ium potential  of the deposited 
meta l /meta l  ion electrode 

RT aMe~ + 
e ~ e0,Me/MeZ+ ~ EO,Me/Mez+ "~- 112 ~ [2] 

zF aMe 

This underpotent ia l  range extends over several  hun -  
dred millivolts, however, it depends on the k ind  of 
system being investigated. 

In  order to determine exactly such metal  ion ad-  
sorption processes cathodically or the reverse desorp- 
t ion processes anodically, it is necessary to measure 
the corresponding adsorption or desorption currents, 
respectively, of the corresponding charge amounts. 

In  the simplest case one can assume that the sub-  
strate electrode is ideally polarizable in the under -  
potential  range and no other faradaic or sorption proc- 
esses occur simultaneously.  Here the measured charge 
amounts  correspond exactly to the adsorption or de- 
sorption processes of metal  ions. In  the absence of 
metal  ions in the electrolyte solutions in such systems 
only capacity current  is flowing in order to change the 
structure of the electrochemical double layer. 

However, such ideal conditions are not often realiz- 
able. In many  systems there is a superposition of dis- 
turb ing  processes, namely faradaic or other sorption 
processes, e.g., the coverage of the electrode surface 
with hydrogen or oxygen, the specific adsorption or 
desorption of other ions, the formation of alloys or 
intermediate  compounds between the substrate and the 
adsorbed metal  ion species, parallel  redox reactions, 
corrosion of the substrate, etc. Under  these circum- 
stances the exper imental  conditions have to be chosen 
in such a way that  these dis turbing reactions can be 
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el iminated or separated e i ther  exper imenta l ly  or by 
calculations. 

Thermodynamics.--In the simplest  case of an ideally 
polarizable substrate electrode and no disturbing proc-  
esses, the meta l  ion adsorbate can be described by the 
so-called meta l  monolayer  model. Here  the b e h a v i o r  
of the adsorbate follows a pseudo-Nernst  equat ion 

RT aMez+ 
�9 : e 0 , M e / M e z +  ~ In ~ [3] 

z F  aads ( r )  

In this equat ion aads(r) is the act ivi ty  of the adsorbed 
species on the  surface at the given surface excess r .  

Stoichiometr ic  charge measurements  show that  an 
equivalent  charge amount  flows in order  to form the 
adsorbate 

Me z+ + z " e- ~ Meads [4] 

The charge amount, integrated over a certain part of 
the underpotential range, is given by (see Eq. [14] ) 

i(t)dt=.~c,>>c,,r,=o [ ( Oq Ird~+ ( Oq 
�9 t l  Oe 

[5] 

= q (~e, r e )  - -  q (Ei,ri = 0) [6] 

~i is the equi l ibr ium start ing potential  at t ime ti, and e~ 
is the equi l ibr ium end potent ial  at t ime te of single 
sweep respect ively cyclic vo l t ammet ry  as wel l  as 
potentiostatic step methods. 

The meta l  ion adsorbate disappears for aMez+ "-> 0, 
i.e., / Z M e z +  "-> - -  ~ .  In other  words, in the electrolyte,  
which is free of meta l  ions, there  flows only a capacity 
current.  The integral  over  the same underpotent ia l  
range is given by 

lira i ( t )  dt -- ic (t) dt 
l~Me z + -..> ~ ~ l l '  

q(~e,re "- 0) -- q(ei, ri ~ 0) 

[7] 
Subtraction of Eq. [7] from Eq. [6] leads to 

s 
, [ i ( t )  -- ic(t)]dt = q(~e, re) -- qGe, r~ = O) 

= Aq (~e,re) 
r aq 

T h e  l imit ing value of such charge amounts in tegrated 
over  the total underpotent ia l  range up to the equi -  
l ibr ium potential  can be wr i t ten  

lira AqG, r )  = aqma~ [9'] 

ee ~ $O,Me/Mez+ 

The measurable  Aqmax values are in the magni tude  of 
a complete metal  monolayer ,  e.g., for z = 1 

Aqmax ~-~ 220 • 10/zcoulombs �9 cm - s  

This corresponds to a maximal  coverage r r n a x  

A q m a x  
r r n a x  ~ ~___ 2.2 �9 10 -9 mole  �9 cm -2 

z - F  

For  divalent  ions z = 2 and therefore  Aqmax is twice, 
etc. 

The saturat ion coverage rrnax has been confirmed 
exper imenta l ly  in m a n y  systems and can be calculated 
also by taking into consideration an epi taxial  adsorp- 
tion of meta l  ions on the closest packed latt ice plane 
of the substrate, e.g., the (111) plane in the case of a 
face-centered cubic lattice. The surface of a polycrys-  
tal l ine substrate is formed by different crystal planes, 
e.g., (104}) and (110) planes in the above-ment ioned  
case. These other  planes adsorb a l i t t le bit  lower  
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Fmax values as can be seen by calculation. On the other  
hand, the l imit ing coverage will  be increased some- 
what  by the roughness factor of the electrode surface. 
Therefore  the exper imenta l  data for ['max or Aqmax vary  
somewhat  according to the pre t rea tment  of the poly-  
crystal l ine or monocrystal l ine  electrode surfaces. 

If dis turbing processes occur s imultaneously in the 
underpotent ia l  range, the measurement  of Aq values on 
the working electrode becomes more complex, i.e., t h e  
measured  qtz~ isotherm is different f rom the qr~ iso- 
the rm 

Aq ~ z F r  [10] 

Generally,  for the interphase be tween  the substrate 
electrode and the electrolyte  the fol lowing the rmody-  
namic considerations must  be taken  into account: 

The surface free energy, ~, is a funct ion of the 
chemical  potentials of all species m, which are in the 
solution, and of the electrode potential  e. In the pres-  
ence of an excess of inert  e lect rolyte  and with  only one 
common anion the chemical potentials of the support-  
ing e lect rolyte  as wel l  as that  of the anion can be as- 
sumed as constant. Therefore  at p, T, ~j (j =~ Me z+ = 
coast  

-- a (~Mez+,~) [ii] 

With the definitions 

q = ( ~ e  a ) -- q (#Mez+,.) [12] 
p ,T ,# tMeZ + dzJ 

and 

r = -- = r(~M~Z+,~) [13] 
~ItMez + p,T,e,lzJ 

it follows 
q = q(r,~) [14] 

The part ial  der ivat ive  leads to the so-cal led charge 
coverage coefficient ZE 

E 

Generally,  this coefficient is a function of r and e 

ZE = Zz(r,~) [16] 

There exist three l imit ing cases: 
(i) ZE = z = constant, whereby  z is the charge 

number  of the meta l  ion Me z+. In this simplest  case 
the meta l  monolayer  model  is valid as above men-  
tioned. 

(ii) ZE = ZE(r )  

(ii~) Z~ = Z~ (D 

In the second and third case it is necessary to mea-  
sure r~Mez+e isotherms in an independent  way  of that  
used for q/zMeZ+e isotherms in order  to de termine  the 
meta l  ion adsorption process exactly. Natural ly,  the 
same s ta tement  is val id if ZE is a mixed  function. If  
such measurements  are possible, then the deviations 
be tween  the two isotherms can be correlated to ZE 
and can be explained by disturbing processes, which 
take place s imultaneously in the underpotent ia l  range. 
Schmidt  and co-workers  (27-29, 32, 33, 35-37, 39) have  
given the theoret ical  t rea tment  as well  as the exper i -  
menta l  confirmation of the thermodynamic  predictions 
using the newly developed twin-e lec t rode  th in - layer  
technique. Some examples  will  be demonstra ted under  
Results below. 

This twin-e lec t rode  th in - layer  technique is the only 
one at present  which allows us to determine  inde-  
pendent ly  r~tMeZ+e isotherms in a re la t ive ly  simple 
manner.  Other  suitable methods might  be radiotracer  
measurements  and in some cases rotat ing ring disk 
techniques.  

A more detai led in terpre ta t ion of the deviat ion of 
ZE from z is given by Vetter  and Schultze (50-52) tak-  
ing into consideration a geometr ical  factor for the ad- 
sorbed species, a part ial  charge t ransfer  coefficient, 



1170 

dipole factors, and a capacitive term. Instead of ZE 
Vetter and Schultze use the symbol "r and call it "elec- 
trosorption valency." The disadvantage of this theory 
is the difficulty of an  exper imental  separation of the 
different components by electrochemical measure-  
ments. Moreover, Vetter and Schultze give a thermo-  
dynamic t rea tment  of cosorption processes in order to 
determine electrosorption valencies for mixed in ter -  
phase reactions (53). It seems that  only optical in-  
vestigations could be applied in order to decide in 
which charge state exist the adsorbed metal  species. 

Exper imental  Techniques 
At present the following electrochemical measure-  

men t  methods are applied in the field of metal  ion ad- 
sorption. 

Twin-electrode thin-layer technique.--This method 
was developed by Schmidt and co-workers in the last 
5 years. In  principle the th in - l ayer  cell contains four 
electrodes; the working or indicator  electrode, the 
generator  electrode, and the usual  reference and 
counterelectrodes. The first two are situated paral lel  at 
a distance of about 50~ from each other. The small  
electrolyte volume between them constitutes the th in  
layer. This th in  layer  is separated by small capil- 
laries from the other part  of the electrolyte, which 
contains both the other electrodes. The generator  must  
be a reversible electrode for the ion species being ad- 
sorbed on the indicator, e.g., in  the case of metal  ion 
adsorption a reversible meta l /meta l  ion electrode. 
Both, indicator and generator  are polarized potent io-  
statically at different potentials. 

The indicator potential  is varied cyclic vol tammetr i -  
cally between defined start  and end potentials, ei and re, 
using scanning rates of about 1 mV �9 sec - t  and wai t ing 
for equi l ibr ium adjust ing at these potentials. In tegra -  
t ion of cur ren t - t ime  transients  in the indicator circuit 
gives changes in  q, as can be seen from Eq. [6]. 

According to the Nernst  equation the fixed generator  
potential, ec, 1 main ta ins  a certain chemical potential  
~Me~+ of metal  ions in the th in  layer. Therefore, any  
concentrat ion changes wi th in  the thin layer  due to 
metal  ion adsorption or desorption on the indicator are 
compensated by the generator. The integrat ion of the 
cur ren t - t ime  transients  in  the generator  circuit cor- 
responds directly to r changes on the indicator. 

The advantages of the two-electrode th in - l ayer  
technique are: (i) exact thermodynamic  results, espe- 
cially the possibility to measure r~e isotherms inde-  
pendent ly ;  (ii) simple diffusion conditions in the 
steady state according to Ficks first law; (iii) the 
possibility to pur i fy  the th in - l ayer  electrolyte to a very  
great extent  by pre-electrolysis.  Moreover, this me th-  
od is not sensitive against electrolyte impurities, be-  
cause the ratio between electrode surface and elec- 
trolyte volume is very high; 2 (iv) the possibility to 
put  in  so-called grid electrodes between indicator and 
generator  and to measure potentiostatically the fluxes 
of different ionic species (39). 

The disadvantages are: (i) reversible generator  
electrodes exist only for a few systems; (ii) pulse 
measurements  are not possible, because the system has 
too high impedance; (iii) kinetic results cannot be ob- 
tained, because the system must  be always in quasi 
equi l ibr ium or in the steady state in order to make 
possible the mathematical  t rea tment  of the findings; 
(iv) the metal  ion concentrat ion in the th in - layer  
electrolyte is l imited by the noise and the stabil i ty 
of the operation amplifiers used in the potentiostatic 
circuits to about 10 -8 mole �9 1-1 or less as an upper  
limit. 

A scheme of the a r rangement  of the two-electrode 
th in - layer  technique is demonstrated in Fig. 1. 

Rotating electrode systems.--Rotating disk or r ing 
disk electrodes were used in order to simplify the flux 

1 e G  ~ ~ O , M e / M e  z+  in  Eq. [2] fo r  a.~Ie ~ 1. 
2 A s s u m i n g  t h a t  the  c o m p o n e n t s  of the  t h i n - l a y e r  c o m p a r t m e n t  

are  i n i t i a l l y  clean.  O t h e r w i s e  th i s  ra t io  becomes  a d i s a d v a n t a g e .  
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Fig. J. Twin-electrode thin-layer cell. I and 2, Working or indi- 
cator electrode and generator electrode, respectively (metal rods, 
fitted in insuJating holders, e.g., Teflon); 3, counterelectrode. 
Ii, 12, support of insulating material; F, ring of insulating material; 
K, capillaries cut out of an insulating spacer S; V, thin layer 
volume cut out of an insulating spacer S; S, spacer of 50~ thick- 
ness; B, electrolyte container; D, glass cover; G, glass cell; L, 
electrolyte; N2, nitrogen; R, container for the reference electrode 
(SCE). 

conditions for the metal  ion species and to measure 
r ing currents  in the case of anodically s tr ipping ex- 
periments.  The disadvantage of this and the following 
methods is the high sensit ivi ty against impurities,  be-  
cause the ratio between electrode surface and electro- 
lyte volume is very small. Moreover, when  using this 
technique it is not so easy to measure independent ly  
I've isotherms on the r ing as in the case of the th in-  
layer technique. Rotating electrode systems are ap- 
plied main ly  by Bruckenste in  and co-workers (41-48). 

Cyclic or linear sweep voltammetry under semi-in- 
finite diffusion conditions.--These wel l -known methods 
give very rapidly useful thermodynamic  and kinetic 
results. The following disadvantages must  be taken  into 
account for the in terpre ta t ion  of the results: (i) The 
obtained thermodynamical  data can be correlated only 
to the simple metal  monolayer  model, because the r#~ 
isotherms are not measurable  independent ly.  (ii) An 
exact in terpre ta t ion of kinetic data in the underpo-  
tential  range is relat ively difficult, because the m a t h e -  
matical  t rea tment  of the cur ren t -dens i ty  potential  
curves is complicated by the additional parameter  
aads(r) and has not been ~r general ly up to date. 

These methods are used by Harr ison and Thirsk (75) 
and by Lorenz and co-workers (60-64) in t h e  field of 
metal  ion adsorption processes. 

Galvanostatic or potentiostatic rectangular pulse 
measurements under semi-infinite dif]usion conditions. 
- -Bo th  methods give only l imited thermodynamic  data 
as ment ioned above. However, the great advantage of 
nonsteady-sta te  pulse measurements  is the possibility 
to s tudy the kinetics of metal  ion adsorption proc- 
esses. Both methods require pulse techniques with rise 
times of max imum 10 -6 sec. Usual potentiostats are 
not able to follow in  such time constants under  load. 
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Therefore, Lorenz and co-workers (87) are applying 
multichannel pulse galvanostats, which are very rapid 
and have a rise time of about 6.10 -s sec (88). 3 In 
addition, this technique also requires an electronic 
voltage-to-current converter with the same switching 
time constant in order to change instantaneously from 
potentiostatically fixed equilibrium conditions to non- 
s t eady-s t a t e  galvanosta t ic  ones (88). 

Ear l ie r  Schultze (49) had  used galvanosta t ic  pulse  
measurements  in o rder  to de te rmine  the rmodynamics  
as wel l  as kinet ics  of the  Cu + + ion adsorpt ion  process 
on polycrys ta l l ine  p la t inum subst ra te .  I t  should  be 
ment ioned  tha t  the  obta ined  resul ts  a re  problemat ic  
due to d is turb ing  processes on p la t inum electrodes,  
e.g., adsorpt ion  of hydrogen  and oxygen.  Moreover,  no 
evidence could be given for the  adsorpt ion  s tep to be 
ra te  de te rmin ing  ins tead  of the  reduct ion  of Cu + + ions 
to Cu + ions. 

Optical ~nethods.--In o rder  to de te rmine  the  fo rma-  
t ion of me ta l  films on foreign subst ra tes  as wel l  a s  
the i r  s t ructures,  reflection spectroscopy was appl ied  
by  Yeager  and co-workers  (83) and by  Kolb (84, 85). 
The meta l  ion adsorpt ion  changes the  ref lect ivi ty in a 
definite way. But the  corre la t ion  be tween  this  change 
and the s t ruc ture  of  the adsorbate  seems to be  r e l a -  
t ive ly  uncer ta in  at  present ,  because of the  s impl i fy ing  
assumptions incorporated in the theoretical interpre- 
tation of the data. 

Results 
Au/Ag  + and Au/T1 + systems.--Figure 2 shows the 

A g  + ion adsorpt ion  on po lycrys ta l l ine  and monocrys -  
ta l l ine  gold electrodes f rom sulfur ic  acid solutions us -  
ing cyclic vo l tammet ry .  The monocrys ta l l ine  e lec t rode  

s The apparatus m'e produced by Mega-Physik L i m i t e d ,  D 7550 
Rutatt ,  Germany. 
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surface has a defined crystallographical orientation 
of (111) plane. Both kinds of electrodes were me- 
chanically and electrolytically polished and preacti- 
rated by polarization. In the first approximation this 
system follows the metal monolayer model The inte- 
grated Aqmax values are about 400 #coulombs �9 cm -~ 
for the polycrystaUine and monocrystalline electrode 
surfaces, respectively. These results are in a good 
agreement with the theoretical Aqmax value taking into 
consideration a roughness factor of about 1.5, which 
could be verified experimentally by measuring the 
double layer capacity. Moreover, from Fig. 2 it can be 
seen clearly that the nucleation of metallic silver takes 
place without any three-dimensional nucleation over- 
voltage. The q~ isotherm is represented in Fig. 3. 

The system with polycrystalline gold as a substrate 
and T1 + ions has a quite similar behavior. Figure 4 

600" 

400 

200 

A g/Ag + 

1250 1050 850 650 
" ~ ' - - - ~ ' s  vs. NHE [mV] 

Fig. 3. Au (polycrystalline)/0.SM H2SO4 ~- 3.9 X 10-2M Ag + 
system, q#e isotherm determined by potentiostatlc step measure- 
ments under steady-state conditions. T = 298~ 

0o] 
40- 

Ib) 

- 8 0  

-120 

~e" ?Oi 

A 
Fig. 2. Au/0.SM H2SO4 fi- 3.9 X 10 -~M Ag + system. ~t  -- 

50 mV �9 sec-Z; T = 298~ iz - -  current of the working electrode; 
ic - -  capacity current at CAg+ = 0. a, Polycrystalline Au; b, 
monocrystalline Au (111). 

Fig. 4. a, Au (polycrystalllne)JO.5M KCI -f- 4.38 X 10-4M Ti + J .J 
system; b, Au (polycrystalline)/0.5M KCI system. ~ = 151 

mV �9 sea- l ;  T - -  298~ I, Anodic dissolution peak of the cathod- 
ically deposited TI metal phase; Ila and lib, sorption peaks of TI + 
ions in the underpotential range. 
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demonstrates  cyclic vol tammetr ic  measurements  i n  
chloride media with and wi thout  T1 + ions in the elec-  
trolyte. The meta l  ion adsorption occurs main ly  at the 
peak potentials IIa and IIb. In this exper iment  the 
end potential  was chosen more  negat ive  than the equi-  
l ibr ium potential  of the T1/T1 + electrode. It  can be 
seen also that  the nucleat ion of metal l ic  thal l ium hap-  
pens pract ical ly wi thout  any crystal l ization overvo l t -  
age. 

A u / C u  + + sys tem. - -The  Cu + + ion adsorption on 
polycrystal l ine gold electrodes is shown in Fig. 5 for 
cyclic vol tammetr ic  measurements .  In this system the 
single peak in the underpotent ia l  range does not only 
correspond to the adsorption process cathodically and 
the desorption process anodically, but  it contains also 
the disturbing faradaic redox process 

Cu + + + e- ~ Cu + [17] 

This follows from the measured  Aqmax values, which 
are much higher  than  the theoret ical  ones and are 
dependent  on the Cu + + ion concentrat ion in the elec-  
t ro lyte  as well  as on the scanning rate  (61, 62, 89). In -  
vestigations in the same system using the tw in -e l ec -  
trode th in - layer  technique are in a good agreement  
wi th  the cyclic vol tammetr ica l  results (34, 62). A 
mathemat ica l  t rea tment  of the exper imenta l  results 
obtained by cyclic vo l t ammet ry  under  semi-infini te  
diffusion conditions ( re la t ively  high Cu + + ion concen- 
trat ions in the electrolyte  and low scanning rates)  
showed that  the diffusion of Cu + ions f rom the elec-  
t rode surface into the bulk of the solution can be con- 
sidered as the rate  de termining step (89). 

A u / P b  + + sys tem.--Figure  6 shows the Pb + + ion ad- 
sorption on polycrystal l ine gold electrodes using the 
twin-e lec t rode  th in - l aye r  technique given by Schmidt  
and Wfithrich (35). It can be seen that  the currents  
of the indicator and generator  electrodes are about  
the same in the opposite direction. In other  words, this 
system follows the meta l  monolayer  model. This was 
verified by considering the qr+ isotherms, which are 
g iven in Fig. 7. The measured integrals  are si tuated on 
the theoret ical  line for ZE : Z : + 2. In this case the 
] ' ~  isotherms, plotted in the special form 0 ---- 
s (eG,+G -- +), are all si tuated on the same curve, which 

Fig. 5. o, Au (polycrystalline)/0.SM H2SO4 Jr- IM Cu + +  

l+,,J system; b, Au (polycr/stalline)/O.SM H2S04 system. ~.~ = 84 

inV .  sec-Z; T = 298°K. I, Anodic dissolution peak of the 
cathodically deposited Cu metal phase; II, sorption peak of Cu + + 
ions in the underpotentia! range and disturbing redox reaction Cu + 
~ C u  + +  4 -  e - .  
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Fig. 6. Au/Pb ~+ system. Electrolyte: 0.SM NoCIO4 + acetate- 
buffer, pH ---- 4.7 (CAc - -  0.SM). Geometric electrode surface: 

0.785 cm 2. = 1 mV • sec-1; T ---- 298°K;+G = - -319 mV 

vs. NHE ~ ' 1 . 8  X 10-4M pb2+; el = 286 mV vs. NHE; ee = 
- -314 mV vs. NHE. iI, Indicator current; ic, generator current; 
ic, capacity current (Cpb2+ : 0); C, cathodic sweep; A, anodic 
sweep. 
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Fig. 7. q r e  isotherms in the system Au/Pb m+. Full line: Aq = 
2 Fr  (definition of Aq see Eq. [8]) .  e(mV vs. NHE): /% 121; 
I-1, 51; e ,  - -29;  V ,  - -109;  O ,  - -359;  & ,  e ~ eG -{- 5 mV. 

is demonstrated in Fig. 8. Hereby  ec corresponds to 
~eb+ + and 0 is given by r/rmax. 

A g / P b  ++ system.---Schmidt and Wfithrich (33) in-  
vest igated the Ph ++ ion adsorpt ion f rom chloride 
media  on polycrystal l ine s i lver  substrates. F igure  9 
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Fig. 10. qre isotherms in the system AglPb ~+. Dashed llne: 
Aq ~ 2Fr (definition of ~q see Eq. [8]). e(mV vs. NHE): A,  
--139; A , - - 1 4 9 ;  ~ ,  --159; I I , - - 1 6 4 ;  O , - - 1 6 9 ;  e ,  ~189;  
V ,  --209; V ,  --229; I-I, --279. 
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Fig. 11. Fpe isotherms of the system Ag/Pb ~+ in the special 
form 0 ~ r/Cmax vs. (eG - -  e). Diagram (b) is an enlarged 
part of diagram (a) for low degrees of coverage 0. 

Fig. 9. Ag/Pb 2+ system. Electrolyte: 0.5M KCI -I- I 0 - 3 M  HCI. 
de 

0.785 cm 2. I Geometric electrode surface: ~ = 0.33 mV �9 sec-1; 
g 

T _-- 298~ ec - -  --289 mV vs. NHE ~" 1.8 • 10-4M pb2+; ei 
- -  - -89 mV vs. NHE; ee ~ --289 mV vs. NHE. il, Indicator cur- 
rent; io, generator current; ic, capacity current (Cpb2+ ~ 0); C, 
cathodic sweep; A, anodic sweep. 

shows the current  potential  curves for the indicator  
and genera tor  electrodes. Obviously in this case there  
'are deviations be tween  them. The qre isotherms, 
which are represented in Fig. 10, show that  in the 
lower underpotent ia l  range ZE ---- ZE(r )  > 2 and in 
the higher  one ZE ---- Z~(r,e) < 2. These deviat ions 
were  explained by codesorption and coadsorption 
processes, respectively,  of C1- ions. In this case the 
special r ~  isotherms 0 -- 0(eO,eG -- ~) are different 
curves for each e~, as it is shown in Fig. 11. The 
horizontal  shift of these curves is correlated to the 
deviat ion of ZE from Z -- -F2. 

e G CpbB+ 
(mV vs. NHE) (Mole 1-1) 

o --269 8.6 • 10-~ 
�9 --274 6.1 x 10-c, 
A --279 4.0 x I0-~ 
�9 --289 1.8 x 10-6 
V --309 4.0 • 10 -6 
IF --329 8.6 x 10-e 

P t / P b  + + and Bi /Pb + + sys tems.- - In  these systems 
Schmidt  and WCithrich (37, 90) found the formation of 
alloys in the underpotent ia l  range. Moreover,  the sorp- 
tion process on the p la t inum electrode is not revers -  
ible. Consequently,  thermodynamic  t rea tment  could 
not be applied in these cases. 

S t r u c t u r e  of  M e t a l  Films 
At present the s tructure of adsorbed meta l  ions in 

the underpotent ia l  r ange  is an open question. This 
problem is not solved because the in terpre ta t ion of 
the ~lqmax or rmax values as the format ion of complete 
meta l  monotayers  on the substrate is only  an assump- 
tion. The measurable  ~q or r values are only integrals.  
They cannot predict  anything about the a r range-  
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ment  of the adsorbed species. The formation of mul t i~  
atomar metal  layers or mul t ia tomar  islands in the 
underpotent ia l  range was supposed by Schultze (49), 
Thirsk (75), Breiter (73, 74), Wfithrich (35, 37, 90), 
and Kolb (85). The formation of such instable pre-  
nuclei  would be very interest ing in considering the nu -  
cleation phenomena of the compact metal  at potentials 
which are more negative than the equi l ibr ium poten-  
tial e0,Me/Mez+. However, a strong a rgument  for the 
monolayer  theory is the fact that in m a n y  cases the 
~qmax r e s p e c t i v e  rmax values correspond just  to a 
monolayer.  This constancy could hard ly  be explained 
by island formation, which would be much more 
dependent  on pre t rea tment  of electrodes and pur i ty  
grade of solutions. 

In  m a n y  systems no crystall ization overvoltage can 
be determined using vol tammetr ic  techniques under  
quasi-s teady-sta te  conditions, start ing from the under -  
potential  range and polarizing to nucleat ion potentials, 
which are more negative than  the equi l ibr ium poten-  
tial e0.Me/Mez+. In  other systems the observed amount  
of it is only several mill ivolts  and indicates more a 
two-dimensional  ra ther  than a three-dimensional  n u -  
cleation. In  other words, under  quasi-s teady-sta te  con- 
ditions the formation of three-dimensional  nuclei  as 
the ini t ial  process of electrocrystall ization on foreign 
substrates is improbable in many  investigated systems. 
However, the three-dimensional  nucleat ion could be a 
kinetic phenomenon.  In  the case of nonsteady-s ta te  
pulse experiments  the formation of three-dimensional  
nuclei  may occur if the relaxat ion t ime is relat ively 
high for the formation of a metal  monolayer  or in -  
stable prenuclei  in the underpotent ia l  range. On the 
contrary, under  quas i -equi l ibr ium conditions using 
vol tammetry  there might  be a direct nucleat ion or 
growth process start ing from the metal  adsorbate in  
the underpotent ia l  range. 

Another  very important  problem is the influence of 
the substructure  of the substrate on thermodynamics,  
kinetics, and s t ructure  of metal  ion adsorption in the 
underpotent ia l  range. Polycrystal l ine mater ia l  as a 
substrate has a certain density of crystal imperfections, 
e.g., different kinds of dislocations, latt ice deforma- 
tions, etc. However, the density of crystal imperfec-  
tions in monocrystal l ine  mater ia l  is general ly  lower 
by several orders of magnitude.  Furthermore,  the 
polycrystal l ine surface consists of different crystal 
grains belonging to different lattice planes. These 
grains are separated by  large angle boundaries.  Each 
crystal grain  consists of subgrains separated by low 
angle boundaries,  which are bui l t  up by  penetra t ion 
points of edge dislocations. Monocrystal l ine mater ia l  
consists also of subgrains. However, the density of 
subgrain  boundaries  is much  lower than  in  the case of 
polycrystal l ine material .  

Consequently two parameters  of the substrate  have 
to be taken into account in  metal  ion adsorption proc- 
esses: (i) the density of crystal imperfections and 
(ii) the kind of crystallographic orientat ion of the 
surface. Accordingly, Lorenz and co-workers (63, 64) 
investigated the influence of these two parameters  in  
the case of T1 + ion adsorption on si lver electrodes. 
Polycrystal l ine as well as monocrystal l ine silver elec- 
trodes were used as substrates. The monocrystal l ine  
electrode had definite crystallographic surface or ien-  
tat ion of (100), (llO), and (111) planes and a much 
lower density of crystal imperfections than  the poly-  
crystall ine electrodes. Three different electrolyte sys- 
tems were investigated. The pre t rea tment  of the elec- 
trode surfaces was either only mechanical  polishing or 
mechanical  polishing followed by electrolytical pol- 
ishing as carried out by Budevski (91-93). Cyclic 
vol tammograms of mechanical  polished electrodes are 
represented in Fig. 12-14. The obtained results were 
surpr is ingly independent  of the kind of electrode pre-  
treatment,  q values were determined by integrat ing 
only the peak currents, therefore q ----- ~lqmax. Two im-  
portant  results could be observed: 
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(i) The single current  peak, recorded in  the under -  
potential  range, corresponds to the T1 + ion adsorption 
and its potential  value is not influenced markedly  
by the k ind of substrate. This means that the free 
energy of adsorption will not main ly  depend on the 
surface orientation. Furthermore,  it may be tenta t ively  
concluded that this free energy hardly  depends on the 
density of crystal imperfections. This second conclu- 
sion depends on how much of the surface deformation 
caused by mechanical  work remains after the last 
polishing. It is known  from the investigations of 
Samuels and co-workers (94-96) that  this remaining  
surface deformation can be kept  quite low. Even wi th-  
out electrochemical polishing it can be kept  below the 
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Table I. Adsorption of TI + ions on palycrystalline and monocrystalliae Ag substrates depending on the surface pretreatment, electrolyte 
system, and scanning rate of cyclic voltammograms (T = 298~ 

q 
( / tcoulombs- cm-~) 

S y s t e m  [de/ dt[ 
Ag electrode Electrolyte (mV) Polyc rys t .  (I00) (110) (III) 

M e c h a n i c a l l y  p o l i s h e d  0.5M KCI  + 3.75 x 10-4M TINOs 6.1 206 145 111 65 
61 207 128 I08 85 

With water  pol ished 0.5M KC1 + 3,75 • 10-~M T1NOs 6.1 320 203 201 172 
M e c h a n i c a l l y  p o l i s h e d  0.5M NaC10~ + 0.01M HC104 + 6.1 202 224 150 102 

4 • 10-aM T1C10~ 61 189 148 147 104 
M e c h a n i c a l l y  + e lec t ro-  0.5M NaC104 5.8 188 256 133 96 

c h e m i c a l l y  p o l i s h e d  0.01M TIC10~ 57.4 189 213 148 108 

Ca lcu l a t ed  96 > q > 68 96 88 53 

detection l imit  of electron diffraction measurements,  if 
the procedures worked out by this author are care- 
fully followed, as it was done dur ing the present  in -  
vestigations. A fur ther  a rgument  for the validity of 
both conclusions are LEED investigations (97), in  
which the free energy for CO adsorption on poly-  and 
monocrystal l ine pal ladium surfaces was found to be 
independent  of the k ind of substrate. 

(ii) The measured q values correspond approxi-  
mate ly  to the formation of a metal  monolayer  in the 
case of polycrystal l ine substrate. However, in the case 
of monocrystal l ine electrodes the q values depend on 
the k ind of crystallographic orientation. This is i l-  
lustrated in  Table I. Surpr is ingly  the q values decrease 
in the following sequence: 

q(100) > q ( l l 0 )  > q ( l l l )  

This means that the closest packed lattice plane (111) 
of the face-centered cubic lattice of silver adsorbs the 
lowest amount  of TI + ions. This can be explained by 
assuming that  the adsorption of TI + ions takes place on 
interst i t ial  sites between the surface silver atoms and 
leads to the formation of a auperlattice. Such super-  
lattices are well  known  from LEED investigations 
dealing with adsorption phenomena from the gas 
phase. Using this model, the above-ment ionad se- 
quence can be calculated. The exper imental  results are 
higher than  the calculated data. These deviations can 
be at t r ibuted to the influences of crystal imperfections, 
formation of mul t i layers  or islands, and of the rough-  
ness factor. According to the superlatt ice model, the 
coverage of the polycrystal l ine substrate should be 
placed between the coverages of the (100) and (110) 
planes, if one does not take into account any influence 
of the density of crystal imperfections. In  two of the 
three investigated electrolyte systems this s ta tement  
could be confirmed as Table I indicates. The third sys- 
tem contains C1- ions and here coadsorption or code- 
sorption processes cannot be excluded. A t rue to scale 
representat ion of such superlattices is given in Fig. 
15-17 using TTI : 1.7OA and rag = 1.44A. 

Kinetics of Metal Ion Adsorption 
Up to date only one paper dealt with the subject of 

t h e  kinetics of metal  ion adsorption. Schultze (49) in -  

Fig. 15. Hypothetical superlattlce in the case of TI + ion adsorp- 
tion on Ag (111) substrate. Ag (111)-(2 X 2) TI. 

vestigated the kinetics of Cu + + ion adsorption on 
polycrystal l ine p la t inum electrodes using galvanostatic 
pulse measurements  after potentiostatically adjusted 
equilibria. He calculated exchange current  densities 
for the adsorption process in the underpotent ia l  range 
which are higher than  those for the corresponding 
Cu/Cu + + electrode. Natural ly,  the evaluated values 
depend on the degree of coverage as well  as on the 
Cu + + ion concentrat ion in  the solution. However, 
the results of Schultze are not without  doubt as al- 
ready mentioned. 

Present ly  a study of adsorption kinetics is being car- 
ried out for the systems Au /Ag  +, A u / C u  2+, A u / P b  2+, 
and Au/T1 + with (111) orientated monocrystal l ine 
and polycrystal l ine substrates uti l izing potentiostatic- 
galvanostatic pulse techniques (87). The potentio-  
statically fixed ini t ial  states in the underpotent ia l  re-  
gion in this method are equi l ibr ium states, which are 
characterized by e*, r*, and CDL(e*), whereby CDL 
represents the double layer  capacity. The following 
galvanostatic pulse width depends on the applied pulse 
ampli tude i and is chosen in  such a way that  the 
change of Aq does not exceed 1 ~coulomb �9 cm -~ and 
the potential  deviations from e* are a few mill ivolts  at 
most. Under  these exper imental  conditions the r ~  iso- 
therm can be l inearized in the vicinity of the ini t ial  
state, and therefore potential  t ime transients  can be 
calculated for ,I ~ <  RT/zF to fit the exper imental  
curves, assuming simple adsorption kinetics. 

Furthermore,  the concentrations of metal  ions in the 
electrolyte are chosen high enough to neglect bu lk  

Fig. 16. Hypothetical superlattice in the case of TI + ion adsorp- 
tion in Ag (110) substrate. Ag (110)-c(2 • 2) TI. 
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Fig. 17. Hypothetical superlattice in the case of TI + ion adsorp- 
tion on Ag (100) substrate. Ag (100)-c(2 X 2) TI. 

diffusion polarization wi th in  the exper imental  t ime 
s c a l e .  Under  tbis addit ional  condition two extreme 
cases of ~dsorption models were tested. 

(i) A charge t ransfer  step is rate determining.  As- 
suming kinetic simple steps of metal  ion transfer, one 
is able to show that the working electrode behaves l ike 
the equivalent  circuit of Fig. 18. Then the potential-  
t ime t rans ient  is described by the following equat ion 

iRadsCads 2 
n( t )  = , ( t )  -- ,* • 

(CDL 2ff Cads)2 
[ ( CDL-}- Cads ) ] i 

�9 1 - -  exp t + 
RadsCadsCDL CDL -~- Cads 

whereby 

"t 

[18] 

RT 1 
Rads "- 

zF iO,ads 
with iO,ads = exchange-cur ren t  densi ty  of adsorption, 
a n d  

zSF2 . ( dar ~ -1 
Cads-- R ~  ar* \ ~ / 

CDL = CDL(~*) 

C a d  s R a d  s 

'1 I 
c 

D L  

Fig. 18. Equivalent circuit for the kinetics of metal ion adsorp- 
tion according to the metal monolayer model. CDL = double layer 
capacity; Cads = adsorption capacity; Rads = adsorption re- 
sistance. 

(ii) A surface-diffusion step is rate determining.  
The same we l l -known l inear geometry of an electrode 
surface as in the adatom model of electrocrystall ization 
was assumed [see Ref. (98) and l i tera ture  cited 
there],  i.e., the surface was considered to consist of 
parallel  step lines in a distance of 2 l. Moreover, the 
following assumptions were made: In  equi l ibr ium the 
adsorbate is dis tr ibuted homogeneously; adsorptive 
charge t ransfer  only occurs at the step lines; wi th in  
short measur ing times (<100 ~sec), a semi-infinite 
l inear  approximation of the diffusion problem is valid. 
The potent ia l - t ime t rans ient  then  may be described by 
.the following equat ion 

iCDL 12 
•(t) ----,(t) -- e* -- -- "- 

Cads 2 D 

2i l iCDL ~2 
-}- A/KCad s ~ VT-t- Cads 2 D 

exp . . . . .  t erfc . ~ .  [19] 
CDL 2 l ~ CDL 

whereby D is the surface diffusion coefficient (other 
symbols see above).  In  both cases, Cads has to be 
identical to the thermodynamic  adsorption capacity 
--zF(or*/o,)~ which can be evaluated by differenti- 
ating r~e isotherms, whereas CDL can be taken  from the 
initial  slope of the potential  t ime transient.  

In  the cases of adsorption of Ag+, Pb 2+, and T1 + on 
gold electrodes, the potential  time transients  can only 
be fitted wi th in  exper imenta l  errors by Eq. [19]. 
Therefore a surface diffusion step seems to be rate 
determining.  The ratio ~/D/l, which is the only experi-  
menta l ly  detectable parameter  in this case, depends on 
the surface conditions. As expected this ratio is higher 
for polycrystal l ine than for monocrystal l ine electrode 
surfaces in the A u / P b  + + system. 

The applicabili ty of Eq. [19] implies a neglectable 
charge transfer  polarization. This means that  the 
exchange current  densities of the adsorption processes 
are relat ively high. This could be confirmed by fit- 
t ing the exper imental  t ransients  using a program 
which takes into consideration charge t ransfer  as well 
as surface diffusion. In  the systems Au/0.O4M Ag +, 
Au/0.1M Pb ++, and Au/0.1M T1 + one obtains lower 
limits of i0,ads of 6.3 and 20 A �9 cm -2 respectively (87, 
99). 

Only in the case of Cu 2+ adsorption on gold is a 
charge t ransfer  step rate determining according to Eq. 
[18]. At a coverage of 8 = 0.6 the exchange current  
densi ty in the system Au/0.1M Cu 2+ is found to be 
10 -8 A �9 cm -2. This value is of the same magni tude  as 
the exchange current  density of the Cu/Cu 2 + electrode 
which is known to be determined by the preceding 
redox reaction 

Cu 2 + ~ Cu + -t- e -  

Therefore it could be supposed that the rate of Cu 2+ 
adsorption is also determined by this step. 

Manuscript  submit ted Feb. 18, 1974; revised m a n u -  
script received May 13, 1974. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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Analytical Aspects of Energy-Deficient 
Electrogenerated Chemiluminescence 
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ABSTRACT 

A potential  scan method has been developed for analytical  studies of en-  
ergy-deficient electrogenerated chemiluminescence (ECL) in  mixed systems. 
This method involves the use of an unsymmetr ica l  a l ternat ing potential, one 
port ion of which is held at a fixed negative potential, while the other is 
scanned over a l inear ly  increasing positive potential. This a l ternat ing po- 
tent ial  program has been used to moni tor  the intensi ty  of the ECL from 9,10- 
d iphenylanthracene as a measure of the concentrat ion of N,N,N',N'-tetra- 
methyl -p-phenylenediamine ,  N,N-dimethyl -p-phenylenediamine ,  and 10- 
methylphenothiazine in solution. This ECL intensi ty  was found to be l inear  
with concentrat ion for these compounds for concentrat ions less than  0.1 raM. 
Because this method allows the recording of ECL intensi ty  as a funct ion of 
potential  it represents the s tat ionary electrode ECL equivalent  of polarog- 
raphy. 

Electrogenerated aromatic radical cations and anions 
can undergo an e lect ron- t ransfer  reaction in an aprotic 
solvent  to produce electrogenerated chemilumines-  
cence (ECL). The radical cation and the radical anion 
can be formed from the same parent  compound, as in  
the cases of 9,10-diphenylanthracene (DPA) or ru-  
brene, or from different parent  compounds, as in the 
case of the mixed system of N , N , N ' , N ' - t e t r a m e t h y l - p -  
phenylenediamine  (WBP) and DPA. The end result  of 
the electron transfer, or any other subsequent  reaction 
which ensues, is the production of first excited singlet-  
state molecules of one or both of the compounds. Be- 
cause ECL arises from first excited singlet-state emis- 
sion it is usual ly similar to the fluorescence of the 
parent  compound. 

Two main  pathways have been proposed for the pro-  
duction of excited singlet-state molecules of the com- 
pounds involved in the e lect ron- t ransfer  reaction. The 
first is an energy-sufficient pathway where the elec- 
t ron- t rans fe r  reaction produces enough energy to di- 
rectly populate the first excited singlet state 

R + e -  -~ R U [1] 

+ 

R'  --  e -  ~ R '  " [2] 

§ 

R -  -{- R' ' ~ 1R* -{- R' or 1R'* + R [3] 

1R* ~ R + h~ or 1R'* ~ R' -{- hv' [4] 

where R and 1%' can be the same compound or differ- 
ent  compounds. It  has been postulated that the neut ra l  
molecule formed in its excited singlet state is that  
having the lower energy level for its first excited 
singlet state (1). 

The second pathway by which neut ra l  molecules are 
produced in  the first excited singlet state is an energy-  
deficient process. Here, the e lect ron- t ransfer  reaction 
between the electrogenerated reductant  and the elec- 
t rogenerated oxidant does not provide enough energy 
to produce neut ra l  product molecules in their  first ex- 
cited singlet state, but  sufficient energy is available 
to form the lowest tr iplet  state of the product mole-  
cules of one or both of the reactants. Two triplets may 
then undergo t r ip le t - t r ip le t  annihi la t ion to produce 
a molecule in its first excited singlet state 

R -{- e -  ~ R -  [5] 
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nessee  37660. 
Key  words :  n o n a q u e o u s  so lven t s ,  l uminescence ,  v o l t a m m e t r y ,  

c h e m i l u m i n e s c e n c e ,  e l ec t roana lys i s .  

+ 
R' -- e- ~ R" �9 [6] 

% 

R- + R'" -~ZR* -{-R'or 3R '* + R [7] 

8R* + dR* --> 1R* -[- R or "~R'* -}- ~R'* --> 1R'* + R' [8] 

1R* --> R -{- h~ or 1R'* -> R' + h /  [9] 

If the e lectron- t ransfer  reaction energy is sufficient to 
form either tr iplet  state, it has been postulated that  
the parent  compound with the lower tr iplet  energy 
will be formed when the electron transfer  occurs (2). 
For the t r ip le t - t r ip le t  annihi la t ion  reaction to produce 
molecules to their  first excited singlet state, it has also 
been postulated that  the tr iplet  energy of the com- 
pound must  be at least equal to one-half  of its first 
excited singlet energy (3). 

Much exper imental  work has been done in the 
characterization of energy-sufficient and energy-de-  
ficient reaction schemes (4-6). Some concentrat ion 
studies have also been performed. Cruser and Bard (7) 
studied ECL intensi ty  as a function of concentrat ion 
for single-component,  energy-sufficient systems. Fleet, 
Kirkbright ,  and Pickford (8) did a quant i ta t ive  deter-  
minat ion  of certain fused-r ing aromatic hydrocar-  
bons using ECL. Maloy and Bard (9) have used a ro- 
tat ing r ing-disk electrode (RRDE) to show that the 
ECL intensi ty  and efficiency of the energy-deficient  
WBP-DPA system decreases at high concentrations of 
the WBP. 

In  most of the ECL studies performed so far, the cat- 
ion radicals and the anion radicals have been alter-  
nate ly  generated at a single working electrode. S inu-  
soidal, t r iangular ,  and square-wave potential  programs 
have been used. None of these methods involving the 
al ternate  formation of the ion radicals at a single 
working electrode can be used to produce a steady- 
state ion-annih i la t ion  ECL. Therefore, they are diffi- 
cult to use for the study of the potential  dependence of 
ECL intensity.  Nevertheless, Hercules and his co- 
workers (10) have investigated the potential  depen- 
dence of ECL by using t r iangular  wave cyclic vol t-  
ammetry.  Zweig e t  al. (11) examined the potential  
dependence of ECL by manua l ly  switching between 
the required positive or negative potentials and mea-  
suring the intensi ty  of the ECL. This method was not 
only t ime-consuming,  but  no steady-state ECL in ten-  
sity was obtained. 

Potential  scan ECL experiments  have been per-  
formed with the RRDE (9, 12). In  these experiments  
the r ing potential  was main ta ined  in the diffusion- 
l imited region for the generat ion of one of the radical 
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ions, while the potential  of the disk was scanned 
through regions where the other reactant  was gen-  
erated. Steady-state  ECL intensities of one-component ,  
energy-sufficient systems and two-component,  energy-  
deficient systems were produced using this method. 
This method is difficult to employ general ly however, 
due to the complexity of the RRDE apparatus. 

Because no detailed experiments  have been done on 
concentrat ion effects on energy-deficient ECL using 
two-component  systems, and because no simple 
method of doing easily reproducible potential  scan 
experiments  on ECL have been proposed, this present  
work was under taken.  Its objectives were twofold. The 
first was to devise a technique that would use a sta- 
t ionary working electrode to approximate the steady- 
state ECL signal obtained with the RRDE in potential  
dependence studies on two-component,  energy-defi-  
cient systems, and thereby avoid some of the experi -  
menta l  difficulties of the RRDE. The second objective 
was to study, for two-component,  energy-deficient 
systems, the effect of changing the bulk  concentrat ion 
of the parent  compound of the electrogenerated oxi- 
dant  on the intensi ty  of the ECL. 

The electrogenerated radical anion of DPA was the 
reductant  used in these studies. It  was selected as the 
reductant  because DPA has a high quan tum efficiency 
for fluorescence, a low triplet  energy for electron 
transfer, and is known to produce ECL with a variety 
of oxidants (2). In  an at tempt to achieve reproducible 
conditions regardless of oxidant, the DPA concentrat ion 
was main ta ined  in at least tenfold excess of the con- 
centrat ion of the parent  compound of the electrogen- 
erated oxidant. The three oxidants used in these 
studies were the radical cations of WBP, WRP 
(Wurster 's  Red Paren t  or N,N-d imethy l -p-phenylene-  
amine) ,  and 10 MP (10-methylphenothiazine).  These 
systems were chosen because they had been studied 
previously (4, 9), and their  energy-deficient ECL, pro- 
duced by the e lectron- t ransfer  reactions and subse- 
quent  t r ip le t - t r ip le t  annihi la t ion reactions, was know n  
to be emitted from the first excited singlet  state of 
DPA (2). Also, it had been shown that  for one of the 
mixed systems (WBP-DPA),  both the intensi ty  and 
ECL efficiency decreased with increasing concentrat ion 
of WBP at a RRDE when the concentrat ion of WBP 
was greater than  1 mM (9). This s tudy was under -  
taken to determine if there was a concentrat ion range 
over which the ECL intensi ty  increased l inear ly  with 
concentration. Since this concentrat ion range was ex- 
pected to be below the 1 mM level, the development  
of a new chemiluminescent  method for trace analysis 
was an indirect  objective of this study. The pos- 
sibilities for a trace analysis method seemed par t icu-  
lar ly  appealing because ion-annih i la t ion  ECL re-  
sults from elect ron- t ransfer  reactions in the diffusion 
layer  around the electrode; therefore, all ECL of this 
type must  result  from faradaic processes, and no cor- 
rection for nonfaradaic background processes as in  
conventional  vol tammetry  was anticipated. I t  was 
hoped that  this would permit  the detection of lower 
concentrat ion levels of the parent  compound of the 
electrogenerated oxidant  than  conventional  electro- 
chemical techniques. 

To meet  the two objectives of this work, an electro- 
chemical cell and an electronic circuit were designed 
which allowed concentrat ion and potential  scan studies 
to be carried out concurrently.  The specially con- 
structed electrochemical cell employed a s tat ionary 
working electrode and was equipped with a buret te  
for adding known  amounts  of the parent  compounds 
of the electrogenerated oxidants used in this study. 
The electronic circuit was designed to generate an 
unsymmetr ica l  a l ternat ing potential. One port ion of 
this a l ternat ing potential  was a square wave held at a 
fixed negative potential. The other port ion was a 
slowly increasing, linear, positive potential  ramp. With 
this circuit, the fixed negative potential  of the unsym-  
metrical  square wave was set at the cyclic vol tam- 

metric peak potential  for the formation of the elec- 
t rogenerated oxidant. Thus, on al ternate half-cycles, a 
slowly varying oxidative potential  was applied to the 
working electrode. The recording of the in tensi ty  of 
the approximate steady-state ECL signal obtained in 
this m a n n e r  vs. the positive ramp potential  provided 
the ECL equivalent  of polarography. Thus, while the 
magni tude  of the max imum ECL signal produced mea-  
sured the quant i ty  of electrogenerated oxidant  present, 
the ramp potential  at which this signal was observed 
was a characteristic of the parent  compound of the 
oxidant. One of the main  results of this s tudy was the 
investigation and exploitat ion of the polarographic na-  
ture  of this analyt ical  technique. 

Experimental 
Electrochemical cell .--The cell used for these studies 

is shown in Fig. 1. The cell was a three electrode de- 
sign with a 5.5 mm 22 gauge p la t inum wire working 
electrode, a coiled, p la t inum counterelectrode, and a 
coiled, p la t inum quasi-reference electrode (QRE). The 
working electrode was made by si lver soldering a 
short piece of p la t inum wire to a long piece of 20 
gauge silver wire which was in t u rn  silver soldered to 
a short length of n icke l - tungs ten-n icke l  alloy sealed 
into a 10/3~0 s tandard taper inner  joint. All the wire, 
except the 5.5 mm of p la t inum used for the working 
electrode, was sealed l iquid tight in  a thin, hollow 
glass tube which was joined to the 10/30 s tandard 
taper inner  joint. A small hole in this th in  glass tube 
near  the joint  allowed the pressure inside and outside 
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Fig. 1. Electrochemical cell 



1180 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1974 

of this tube to equilibrate.  The counterelectrode was a 
long piece of plat inum wire  si lver soldered to a short  
length  of n icke l - tungs ten-n icke l  alloy which was 
sealed into a 12/18 s tandard taper  inner  joint. The 
quas i - re ference  electrode was made the same way as 
the counterelectrode except  the coil was smaller, and 
the alloy connector was sealed into a 7/15 s tandard 
taper  inner  joint. The electrodes were  made with  joints  
so that  they could easily be removed  from the elec-  
t rochemical  cell  cap in order  to be cleaned be tween  
experiments .  

The cap of the electrochemical  cell was designed to 
hold all the electrodes in a concentric configuration. 
In addition, it supported a f r i t ted glass auxi l iary  com- 
partment .  The cap consisted of a 34/45 standard taper  
outer  joint  fitted wi th  three  outer  joints  correspond- 
ing to the inner  joints of the the three  electrodes. 
Sealed inside the cap, above the ground surface of the 
joint, was a flared glass tube with  an outer  d iameter  of 
15 ram. This tube extended ver t ica l ly  9 cm below the 
bot tom of the 34/45 s tandard taper  outer  joint  to a 
point at which a 6 cm portion of cylindrical, f r i t ted 
fil ter tube of identical  d iameter  was attached. Sealed 
in the Pyrex  bottom of the fr i t ted filter tube was a 
smaller  tube of an inner  d iameter  of 5 mm which ex-  
tended up into the cap assembly 2.4 cm above the end 
of the fr i t ted glass to a point above the normal  solu- 
t ion levels  in the cell. The coil of the counterelect rode 
was large enough to fit over  this inner  glass tube, and 
the counterelectrode was long enough so that  when  it 
was seated into the cell cap, its coil was positioned 
be tween  the fr i t ted glass and the inner  glass tube. This 
formed a cylindrical  auxi l ia ry  electrode compar t -  
ment  to keep any products formed at the counter-  
electrode during an exper iment  from mixing with  the 
rest  of the solution in the cell. The coiled reference  
electrode and the wire  working  electrode, when seated 
in the cell cap, both extended down through the inner  
glass tube. The coil of the reference electrode was 
large enough to slip over  the glass tube in which the 
working electrode was sealed. The tip of the working  
electrode extended 1 cm below the end of the auxi l ia ry  
electrode compartment .  The reference electrode was 
ca. 1.5 cm above the working  electrode and was just  
inside the inner  glass tube of the cell cap. The elec-  
trodes were  placed in the cell cap assembly before the 
cap was placed on the 34/45 s tandard taper  inner joint  
at tached to the main body of the electrochemical  cell. 

The main  body of the electrochemical  cell consisted 
of an electrode chamber,  a cold finger, a cap, a cali- 
bra ted buret te  connected to the cell through a h igh-  
vacuum stopcock, and a ball  joint  connected to the cell 
through a h igh-vacuum stopcock. The electrode cham- 
ber  was made from glass tubing with  an inner d iam- 
e ter  of approximate ly  25 mm and was positioned ve r t i -  
cally beneath  the electrolysis cell cap. The electrode 
chamber  housed both the glass tube and electrodes 
which extended downward  from the cell cap and the 
coiled glass stirrer.  The electrode chamber  extended 
2.7 cm below the tip of the working electrode in order  
to provide an undistorted optical path for the ECL 
generated at the working  electrode. The coiled s t i r rer  
was made from thin, hol low glass tubing and contained 
a small magnet  sealed in its top. A horseshoe magne t  
was used to move this s t i r rer  up and down from 
outside of the cell to facil i tate the mix ing  of solutions 
added from the burette.  The cold finger, which ex-  
tended at a r ight  angle to the electrode chamber  (com- 
ing out of the plane of the paper in Fig.1)was made 
of the same inner  d iameter  tubing as the electrode 
chamber  and was about the same length.  The cap, 
which was on the opposite side of the cell as the cold 
finger, was made from a 24/40 s tandard taper  outer  
joint. It was at tached to the cell by means of a 24/40 
standard taper  inner  joint  sealed onto the main body 
of the cell. This cap al lowed entry  into the cell when 
the cell was completely  assembled. The bure t te  used 
for the ECL concentrat ion studies was made f rom a 

10 mliter,  cal ibrated Mohr pipet te  connected to the cell 
with a 2 mm h igh-vacuum stopcock. On top of this 
bure t te  was a 10 ml i ter  capped bulb (perpendicular  
to the plane of the paper  in Fig. 1). The cap of the 
buret te  bulb was made f rom a 10/30 s tandard taper 
outer  joint. The whole electrolysis cell could be at- 
tached to a vacuum line wi th  the 18/9 ball  jo in t  con- 
nected to the cell wi th  a 2 mm, h igh-vacuum stopcock. 
This electrolysis cell was capable of being evacuated 
to less than 10 -5 Torr. 

Instruments.--Potentials between  the working elec-  
trode and quas i - reference  electrode were  control led by 
a Wenking Model 68FR0.5 potentiostat  modified to 
have a bui l t - in  var iable  offset of ___2.0V. The potent ial  
programs used were  supplied by a Wavetek  Model 114 
Sweep /Tr igge r  Variable  Curren t  Genera tor  (VCG).  
Potentials  be tween the working electrode and quasi-  
reference electrode were  set wi th  and moni tored  by a 
Systron Donner Model 7050 digital  vol tmeter .  Cyclic 
vol tammograms,  re la t ive  ECL intensi ty vs. ramp po- 
tential  graphs, and ECL spectra were  recorded on a 
Hewle t t -Packard  Model 7005B x - y  recorder.  The ECL 
was moni tored using an 1P21 photomul t ip l ier  tube 
supplied by Hamamatsu,  a Model 4-8402 grat ing mono-  
chromator,  and a Model 10-267 photomult ip l ier  micro-  
photometer,  both of which were  supplied by the Amer -  
ican Ins t rument  Company. 

Electronic circuit .--Shown in Fig. 2 is the electronic 
circui try used in the ECL studies. The unsymmetr ical ,  
a l ternat ing potential  program which was applied to 
the working electrode was generated by circuits A and 
B and the Wavetek  VCG and fed through a Model 
HGS 3074 modified relay (R) to the potentiostat  
(POT).  The square wave  of known f requency was 
generated by the Wavetek  VCG, which also, along 
with  the 6V ba t te ry  (B3), drove the relay which 
had a switching threshold potent ial  of 8.27V wi th  R5 
set at 560 ohms. Circuit  A supplied the fixed voltage 
value  of the unsymmetr ica l  square wave. The ten- turn,  
100 kohms potent iometer  was used to regulate  the 
vol tage supplied by the two 1.35V Hg batteries.  The 
l inear ly  ramping port ion of the unsymmetr ica l  square 
wave  was produced by circuit  B which was a voltage 
in tegra tor  circuit buil t  around a Bu r r -Brow n  3292/14 
chopper-stabi l ized operat ional  amplifier (OA) and a 
B u r r - B r o w n  Model 524 power  supply. With the re-  
sistors and capacitor shown in Fig. 2, ramp rates of 
0.021, 0.0089, 0.0053, and 0.0045 V/sec,  were  obtained. 
The unsymmetrical ,  square wave  potential  generated 
by the circuits A and B shown in Fig. 2 was used as 
the voltage input  to the potentiostat.  The negat ive cell 
potential  was a l te rna te ly  fixed at the cyclic vo l tam-  
metr ic  peak potential  for DPA reduction, whi le  the 
positive cell potent ial  was ramped  from 0.00V in a 
positive direction. The ramp rates were  such that  the 
potential  of the ramp voltage changed very  l i t t le 

FG 

QRCUIT A 

Fig. 2. Electronic circuit. In this figure R1 ~ 6 Mohms, R2 
T3.6 Mohms, R3 ---- 22 Mohms, R4 ~ 25.6 Mohms, R5 ---- 560 ohms, 
B1 : 1.35V, B2 : 2.7V, B3 - -  6.0V, CAP ~- 10 ~f, and P ---- 100 
kohms (ten turn). 
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dur ing one cycle of the square wave. For instance, at a 
f requency of 20 Hz and a ramp rate of 0.0089 V/sec, the 
potential  of the ramp changed less than 0.5 mV during 
one cycle of the square wave. 

The voltage output  of this circuit is shown in Fig. 3; 
this potential  program is similar to one developed in-  
dependent ly  by Keszthelyi (13) using somewhat dif- 
ferent electronics. Shown also in this figure is a con- 
ceptual representat ion of the ECL signal obtained wi th  
this potential  program. Two observations are to be  
inferred from this representat ion of the ECL output:  

1. Because DPA is present  in great excess, very  li t t le 
ECL would be expected dur ing  the half-cycles when  

D P A -  is being generated;  only very  small amounts  
of electrogenerated oxidant  would remain  in  the dif- 
fusion layer  from the previous oxidation, and when  
this was depleted, chemiluminescence would cease. On 
the other hand, during oxidation, the supply of WBP is 
catalytically regenerated in  the diffusion layer  by the 

+ 
reaction of WBP �9 with excess DPA-- ,  this •egenerated 
WBP is then available for reoxidation at the electrode 

+ 
to produce more WBP" which results in more ECL, 

so long as the previously generated supply of D P A -  
is not exhausted. Thus, larger ECL signals would in -  
tui t ively be expected on the oxidation half-cycles if 
the concentrat ion of oxidant  is small  with respect to 
that of DPA. 

2. Because the electronics of the photomult ipl ier-  
recorder combinat ion effectively served to average the 
instantaneous ECL signal, the signal recorded using 
this potential  program should be proport ional  only 
to the average ECL output  and in  no way should it  
represent  a t rue steady-state signal. Indeed, this was 
deemed an advantage analytically.  This averaged ECL 
signal is i l lustrated in Fig. 3, also. Previous authors 
have used a similar potential  program bu t  performed 
it manua l ly  and have found "averaged" plateaus (14). 

Cell holder.--The cell holder was a block of wood 
bolted to the face of the monochromator.  Dri l led into 
its top was a hole slightly larger than  the electrode 
chamber  of the electrochemical cell; another  hole, 
perpendicular  to the first, was dril led through the 
block in l ine with the entrance slit of the mono-  
chromator. When the electrode chamber of the elec- 
trochemical cell was placed in  this block, the working 
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Fig. 3. Potential program and corresponding ECL output. The 

"averaged" ECL signal obtained using this technique is illustrated 
by the dashed line. 

electrode of the cell was reproducibly positioned in 
front  of the monochromator  ent rance  slit. 

Reagents.--Spectroquality N,N-dimethylformamide 
(DMF) was supplied by Fisher Scientific Company;  it  
was double distilled according to the method of Fau lk -  
ner  and Bard (15) and stored under  vacuum in a spe- 
cial flask designed for this purpose. Polarographic 
grade t e t r abu ty lammonium perchlorate (TBAP) was 
supplied by Southwestern Analyt ical  Chemicals, Inc. 
for use as the support ing electrolyte. The compound 
was dried in a vacuum oven at 90~ for at least 48 hr 
and stored under  vacuum over anhydrous  P205. The 
9 , i0-diphenylanthracene (DPA) used in this study was 
supplied by City Chemical Corporation and was used 
as received. N,N,N' ,N ' -Tet ramethyl -p-phenylenedi -  
amine or Wurster 's  Blue Paren t  (WBP) was furnished 
as the dihydrochloride by Eastman Organic Chemicals. 
Approximately  2g of the dihydrochloride compound 
were dissolved in 25 mliters  of distilled water  and then  
were neutral ized using an excess of a 0.5M solution of 
sodium carbonate. The WBP was then extracted into 
benzene. This benzene solution was passed through a 
column of activated a lumina  using benzene as the 
eluting solvent. The fraction of the eluent  containing 
the WBP was collected, and the benzene was evapo- 
rated off by passing a stream of dry n i t rogen over the 
W B P  solution. The crystals which formed after evapo- 
rat ing away the benzene were purified by vacuum 
sublimation. N,N-Dimethyl-p  - phenylenediamine  or 
Wurster 's  Red Paren t  (WRP) was supplied as the di-  
hydrochloride by Eas tman Organic Chemicals. It was 
purified using the same procedure as used for the 
WBP, with the exception that the elut ing solvent used 
on the activated a lumina  column was a 1 to 1 mix ture  
of heptane and n-propanol  instead of benzene. 10- 
Methylphenothiazine (10 MP) was obtained from 
Eas tman Organic; it was recrystallized three times 
from benzene. The prepurified n i t rogen and the 
99.995% pure hel ium were supplied by Air  Products 
and Chemicals, Inc. The hel ium was used as received, 
but  the ni t rogen was passed through a column of ac- 
t ivated molecular  sieves to remove any moisture pres-  
ent. 

Procedure.--Two methods of preparing the solutions 
for the studies of the effect of the concentrat ion of the 
parent  compound of the electrogenerated oxidant  on 
the DPA ECL were used, depending on what  concen- 
t ra t ion range of the parent  compound was desired. For 
a solution having a final concentrat ion greater than  
0.5 mM of the parent  compound the stock solution of 
the parent  compound was prepared directly in the 
buret te  of the cell. For  a solution having a final con- 
centrat ion of less than  0.5 mM, the stock solution was 
prepared outside the cell in  a glove bag and then  
t ransferred into the burette.  

In  a typical exper iment  the cell was evacuated and 
weighed so that  solution volumes could be determined 
gravimetrically.  The amount  of the parent  compound 
of the electrogenerated oxidant  needed to give the 
final desired concentrat ion in  the electrode chamber of 
the cell was t ransferred quant i ta t ive ly  into the bulb  
on top of the buret te  attached to the cell. The cell was 
evacuated to a pressure of 10 -~ Torr  wi th  the bure t te  
stopcock closed. Then the stopcock of the bure t te  was 
opened, and the buret te  and buret te  bu lb  were evacu-  
ated rapidly to a pressure of about 10 -5 Torr. The 
stopcock of the buret te  was again closed to minimize 
any chance for subl imation of the parent  compound of 
the electrogenerated oxidant. The cell was removed 
from the vacuum line, and enough DPA to make ap- 
proximately  a 10 mM solution and enough TBAP to 
make approximately a 0.2M solution when  mixed with 
ca. 50 mli ters  of solvent were weighed out and placed 
in the cold finger of the electrochemical cell through 
the 24/40 s tandard taper joint  above the cold finger. 
The cell was reassembled and the ma in  body of the 
cell was evacuated to approximately 1.0-5 Torr and 
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w a s  outgassed for about an hour to dry the TBAP 
and DPA completely.  Af te r  the cell had been sealed, 
it was removed  from the vacuum line and at tached to 
the L M F  storage flask. The connecting tubes were  
evacuated through the storage flask; then DMF was 
introduced into the cell under  hel ium pressure, and the 
cell was sealed, removed from the flask, and recon-  
nected to the vacuum line so that  the solution could be 
outgassed by repeated f r eeze -pump- thaw cycles. Af te r  
the final f r eeze -pump- thaw cycle, and the  tempera ture  
of the cell reached room temperature ,  the cell was 
weighed so that  the solution volume could be deter -  
mined. Finally,  the stopcock of the buret te  was opened 
to allow a measurable  volume of the T B A P - D P A  solu- 
tion to enter  the bure t te  so that  a solution of the 
parent  compound of the e lec t rogenera ted  oxidant  of 
known concentrat ion could be prepared in the burette.  

A second method  of prepar ing the stock solution of 
the parent  compound was used when the amount  of the 
parent  compound needed to make  up the stock solution 
was too l i t t le to be weighed accurately. The cell was 
evacuated and filled wi th  solvent, and the solution 
was outgassed as described above. It was removed from 
the vacuum line and placed in a glove bag which was 
flushed with dried, prepurif ied nitrogen. The cell was 
opened  in the glove bag and sufficient solution was re-  
moved  to prepare  by di lut ion 10 mli ters  of solution in 
which the concentrat ion of the parent  of the electro-  
genera ted  oxidant  was less than 1 mM. This solution 
was then sealed in the buret te  and the cell was re-  
moved  from the glove bag. 

Af ter  the solutions had been prepared and placed in 
the cell, the cell was clamped into its holder  so that  
e lectrochemical  exper iments  could be performed. All  
electrochemical  exper iments  were  conducted with  the 
cell c lamped in place so that  reproducible  ECL sig- 
nals could be obtained. To avoid any problem of s tray 
radiation, exper iments  were  conducted in a darkroom; 
this permi t ted  visual and ins t rumental  observat ion of 
the ECL produced. 

Before any ECL exper iments  were  per formed and 
af ter  every  addit ion of parent  compound from the 
bure t te  into the electrode chamber, both wide and nar -  
row sweep cyclic vol tammograms were  recorded. Wide 
sweep vo l t ammet ry  was conducted over  a potential  
range that  included both the one-e lec t ron oxidation 
and reduct ion of DPA. Nar row sweep vol tammograms 
excluded these redox processes, but  included the po- 
tent ial  range where  the parent  compound oxidized; 
these were  recorded at ten or th i r ty  times the current  
sensit ivi ty as the wide sweep vol tammograms.  These 
exper iments  were  per formed both to measure  the con- 
centrat ion of the parent  compound vol tammetr ica l ly  
(wherever  possible) and to determine the potentials of 

electrode processes. This was necessary because the 
potentials  of the quas i - reference  electrode tended to 
drift  posi t ively a few hundredths  of a vol t  as the ex-  
per iment  progressed. Peak  to peak vo l t ages  for the 
reactants  stayed the same, however ;  all potentials cited 
herein, therefore,  were  measured  against the cyclic 
vo l tammetr ic  peak potential  for the reduct ion of DPA. 

Af ter  the cyclic vo l tammograms of the solution in 
,the electrode chamber  had been obtained, the ECL of 
the solution was obtained as a function of ramp po- 
tential  wi th  the circuit shown in Fig. 2. With the 
Wavetek  f requency set at 20 Hz, the constant negat ive 
potential  port ion of the unsymmetr ica l  square wave  
was set at the peak potential  for the formation of the 
DPA radical anion. The range switch used for the 
selection of the ramp rate was turned  to the desired 
resistance value;  usual ly  a ramp rate  of 0.0089 V/sec  
was used. The monochromator  wave leng th  was set at 
433 nm, the wavelength  of max imum emission for DPA 
ECL produced in DMF. 

With the lights in the darkroom turned off, the 
shutter  of the photomult ip l ier  tube housing was opened 
and the function switch of the potentiostat  was tu rned  
to the current  mode. The capacitor discharge switch of 

the ramp circuit was opened and the ECL intensity 
as a function of ramp potential  was recorded. The 
ramp potential  was a l ternate ly  applied to the working 
electrode unti l  the ECL reached a s teady-sta te  value, 
went  through a maximum, or became too great  to be 
recorded at that  sensitivity. The solution in the elec-  
trode chamber  was st i rred and at least two more  ECL 
intensi ty vs. ramp potential  measurements  were  taken 
for a solution of a given concentrat ion of the parent  
compound of the e lec t rogenera ted  oxidant. Sometimes 
more measurements  were  taken to assure reproduci-  
bility. Af ter  the ECL measurements  were  taken, more 
of the parent  compound of the e lec t rogenera ted  oxi-  
dant was added to the electrode chamber  f rom the 
pipette, and the solution was again stirred. Then the 
cyclic vo l t am m et ry -E CL  measurement  cycle was re-  
peated. 

Results and Discussion 
Typical results are shown in Fig. 4; here, curve A 

shows the cyclic vo l t ammet ry  for both radical ions of 
9.1 mM DPA in DMF. The cyclic vol tammetr ic  peak-  
to-peak potential  for the formation of the DPA radical 
anion and the DPA radical cation in such a solution 
was general ly  found to be 3.32V. Faulkner,  Tachikawa, 
and Bard (4) have reported a peak- to-peak  voltage 
of 3.24V using a saturated calomel reference electrode. 
Because of the slight instabil i ty of the QRE, all po- 
tentials have been referenced to the reduct ion peak 
potential  for DPA. 

Curve B shows the background l inear  sweep vol tam-  
met ry  of the same solution in the potential  region 
where  WBP is oxidized; no WBP has been added, 
however ,  and the current  sensit ivi ty is ten t imes that  
which was used to record curve A. Curve D shows the 
l inear  sweep vo l tammet ry  in the same potential  region 
under  identical conditions after  a small amount  of 
WBP had been added from the buret te  to make the 
bulk concentrat ion of WBP 0.013 mM. Even though the 
current  sensit ivity was high, it is clear from this figure 
that  this concentrat ion of WBP lies close to the l imit  
of detectabil i ty for l inear sweep vo l tammet ry  because 
the current  a t t r ibutable  to faradaic processes is not 
much greater  than the background current. In addi- 
tion, identification of the species undergoing oxidat ion 
through its peak potential  is v i r tua l ly  impossible; no 

+ 
peak potential  for the formation of W B P '  can be 
discerned easily, if at all. 

Curve C shows the ECL vs. ramp potential  behavior  
obtained from the solution of DPA (uncontaminated 
with WBP) using the potential  p rogramming circuit 
shown in Fig. 2. The stepping f requency was 20 Hz 
while the ramp rate  was 0.0089 V/sec. This curve 
shows that  some ECL does occur in solutions contain-  
ing no known oxidizable species. This low level  ECL 
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Fig. 4. Typ;cal experimental results. Cyclic voltammetry (A) is 
for 9.1 mM DPA; high sensitivity linear sweep voltammetry is 
shown in the absence (B) and presence (D) of 0.013 mM WBP; 
corresponding ECL behavior is shown in C and E. 
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is the object of some experiments  presented below; at 
this point it is sufficient to note that  a background ECL 
signal is obtained even in  the absence of WBP. Thus, 
contrary to expectation, all ECL signals obtained from 
solutions containing WBP had to be corrected for 
background emission. 

That  a measurable  ECL signal is obtained from 
solutions containing WBP may be seen in curve E. Here, 
ECL vs. potential  is shown for the solution 0.013 mM 
in WBP; other exper imental  conditions are identical 
to those used to record curve C. Even  this small  
amount  of WBP produces an ECL signal significantly 
larger than  background emission. In  addition, a poten-  
t ia l -dependent  max imum in the ECL plot is observed; 
no such peak may be detected in  the corresponding 
voltammetry.  

In  an at tempt to characterize the potential  depen-  
dence of the ECL process, a new parameter,  EImax/2, 
was defined. Like the polarographic hal f -wave poten-  
tial, this value is the potential  at which half of the 
max imum ECL intensi ty  due to the presence of the 
parent  compound of the electrogenerated oxidant  has 
been emitted. This potent ia l  was determined by  finding 
the potential  at which the ECL is one-half  its maxi -  
mum intensi ty  (corrected for background) ;  for curve 
E in Fig. 4, Elmax/2 of the WBP is 2.25V vs. Ep (DPA/  

D P A -  ). 
The effect of incrementa l  additions of WBP to a 10 

mM DPA solution is shown in Fig. 5. Here, curves A 
through E show the changes in l inear  sweep vol tam- 
met ry  as the bu lk  concentrat ion of WBP is increased 
from 2.57 X 10 -5 to 7.21 X 10-SM. (Curve F shows the 
cyclic vol tammetry  for the oxidation of DPA.) Note- 
worthy is the observation that  l inear  sweep vol tam- 
met ry  would be of l i t t le use for analysis in this con- 
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Fig. 5. Concentration effects. Curves A-E show high sensitivity 
linear sweep voltammetry for solutions containing 2.57, 3.82, 4.93, 
6.00, and 7.21 X 10 -5M WBP, respectively; curves a-e show ECI. 
intensity behavior for the same solutions. EImax/2 is indicated on 
each ECL curve. Curve F shows low sensitivity cyclic voltammetry 
of DPA. 

centrat ion range: it is difficult to detect a change in 
current  with a change in concentration. This may be 
contrasted with the behavior  of ECL intensi ty  for the 
same solutions when  the working electrode is sub-  
jected to the potential  program described above. 
Curves a through e demonstrate that analysis by this 
method is feasible: ECL intensi ty  at all potentials in-  
creases regular ly  with increasing WBP concentration, 
and in this concentrat ion range this intensi ty  greatly 
exceeds that  a t t r ibutable  to background processes; 
in addition, Elmax/2 is useful  in  ident ifying WBP 
throughout,  even at low concentrations. The ECL in-  
tensi ty curves shown in Fig. 5 were independent  of 
ramp rate at rates less than  0.0098 V/sec. 

While Elmax/2 is general ly only 0.1OV more positive 
than Ep, Elmax itself is usual ly  0.25V more positive than  
the corresponding voltammetric  oxidation peak. Thus, 
if E/max is t aken  as a measure  of the potential  at 
which diffusion-l imiting conditions are obtained, con- 
siderable uncoml~ensated IR losses must  be present  in  
the ECL experiment.  This seems reasonable because 
fairly high current  levels are achieved in  the a l ternat-  
ing potential  ECL experiment.  That the ECL intensi ty  
goes through a max imum rather  than reaching a pla-  
teau is probably due to two effects. First, any conver-  

+ 
sion of WBP" to electroinactive product  (either by  

reaction with D P A -  or by a side reaction) will di- 
minish the amount  of WBP available during subse- 
quent  cycles; this could result  in lower levels of ECL 
emission as the scan progresses. Second, at potentials 
where WBP + + is formed, one would expect a change 
in  ECL output  as WBP + + becomes available to react 

m 

with D P A ' .  The ECL ma x i mum obtained by this 
method is fairly broad; the ECL output  0.15V beyond 
Elmax (0.40V positive of Ep) is still 90% of Imax. Thus, 
significant amounts  of WBP + + (peak potential  0.50V 
positive of Ep) are probably being electrogenerated 
in  the potential  region where  the ECL decreases. 

It is of interest  to note that  the ECL intensi ty  de- 
creases rapidly as the ramp potential  approaches that  
sufficient to form WBP + +, regardless of concentrat ion 
and ramp rate. This observation implies tha t  WBP + + 

does not produce ECL when it reacts with D P A -  ; this 
is in apparent  disagreement with a result  reported 
previously for RRDE studies of the same system (9). 
In  these studies, the ECL intensi ty  at the r ing (where 

D P A -  was being generated) increased when  the disk 
potential  was changed to produce WBP + + instead of 

+ 

WBP" to be swept into the react ion zone beneath  
the ring. This apparent  discrepancy may be resolved 
by considering the concentrat ion profiles in each ex- 
periment.  In  the s tat ionary electrode case, WBP + + 

can react with D P A -  only in a region where  small  
amounts  of WBP are present;  thus, there is l i t t le 
chance for the reaction 

+ 

W B P  + + -5 WBP --> 2WBP �9 [10] 

+ 

to produce W B P '  to react secondarily with DPA- ' .  
On the other hand, in the RRDE experiment,  WBP + + 
is swept into a region where there is a high relat ive 
concentrat ion of WBP, so that  in this case, the forma- 

+ 
t ion of WBP �9 is more likely. Thus, the ECL observed 
upon generat ing WBP ++ in the RRDE exper iment  
may be at t r ibuted only indirect ly to the WBP dication. 

While extensive studies were conducted with WBP 
to test the specific applicabil i ty of this method to that 
compound, some exper iments  were performed wi th  
WRP and 10 NIP also. Typical exper imental  results are 
shown in Table I. These results show that at concen- 
trations less than 0.1 mM, both/max and Elmax/2 may be 
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Table I. Typical experimental results 

P a r e n t  ~/V~/~ Ep Elmax/= 
c o n c e n -  (V vs.  Ep /max ( V  v s .  Ep 

P a r e n t  o f  t ra t ion  ipDPA V l/= D P A /  ( r e l a t i v e  D P A /  
ox idant*  ( x  1 0 - S M )  ( x  0 .0 1 )  D P A ' 7 )  units)  D P A ' : )  

W B P  ~a) 2 . 8  - -  - -  0 , 5 5  2 . 2 1  
5 . 5  1.1 2 . 1 3  1 , 2 4  2 . 2 1  
8 .5  1 .7  2 . 1 1  1 .9 0  2 . 1 5  

1 0 . 8  2 .0  2 . 1 2  2 . 2 1  2 . 1 7  
16 .0  3 .1  2 . 1 4  2 . 1 9  2 . 1 6  
2 1 . 4  5 .0  2 , 1 4  1 . 8 4  2 . 1 7  

W B P  (b) 1.3 M - -  0 . 1 0  2 . 2 3  
2 . 6  ~ - -  0 . 3 0  2 . 2 3  
3.8  m - -  0 . 7 3  2.23  
4 .9  m M 1.00 2 .23  
6 .0  n ~ 1 .4 2  2 . 2 3  
7 .2  - -  - -  1 . 9 9  2 . 1 7  

W R P  (~) 4 . 5  0 .8  2 . 1 4  0 . 1 2  2 . 1 9  
8 .7  1.1 2 .12  0 . 7 0  2 . 2 3  

11.8 2 .0  2 .13 1 . O l  2 .23  
20.2 3 .9  2 .13 1.30 2 .25  

W R P  (~) 1.9  - -  - -  0 .13 2 .20  
3 ,1  - -  - -  0 .22 2 .25  
4 . 2  ~ - -  0 . 4 5  2 . 2 0  
5 . 4  ~ - -  0 . 5 9  2 . 1 9  

10  M P  (e) 2 . 8  0 . 6  2 . 7 3  1 . 0 8  2 . 7 6  
6 .0  1 .8  2 . 7 6  2 . 5 6  2 . 7 5  
9 .4  3 .0  2 . 7 6  3 . 8 1  2 . 7 5  

1 3 . 0  5 .7  2 . 7 9  4 . 3 0  2 . 7 5  
15 .1  7 .0  2 . 8 0  4 . 0 9  2 . 7 3  

* B u l k  D P A  c o n c e n t r a t i o n s  w e r e  as  f o l l o w s :  ( a ) ,  1 0 .2  n ~ M ;  ( b ) ,  
9.1 r a M ;  ( c ) ,  9 .5 r a M ;  ( d ) ,  8 .9  r a M ;  (e ) ,  10.5 r a M .  

determined more readily than their  l inear  sweep volt-  
ammetry  counterparts  for all three compounds se- 
lected. While Elmax/2 does not correspond to Ep for any 
of the compounds studied, it is general ly  reproducible 
wi th in  20 mV at concentrations less than  0.10 mM. In  
this concentrat ion range there is also a l inear  re la t ion-  
ship between /max and bulk  parent  concentration; this 
may be seen also in the calibration curves presented in  
Fig. 6. At higher bulk  parent  concentrations, /max no 
longer increases with increasing concentrations and 
Elmax/2 is no longer reproducible. This occurs at a 
concentrat ion level where l inear  sweep vol tammetry  
begins to be analyt ical ly  effective, however, Thus, in  
this sense, the two methods are complimentary;  each is 
effective at concentrat ion levels where the other is not. 

The calibration curves presented in Fig. 6 for mul t i -  
ple runs of each compound give some indication of the 
reproducibil i ty of the determinat ion from run  to run. 
Different runs  (i.e., different DPA solutions) are shown 
by  different symbols. Since most determinat ions were 
conducted with WBP, overwhelming evidence of re- 
producibil i ty is available only for that compound. In -  
dications are good, however, that  the behavior  of WRP 
and 10 MP is s imilarly reproducible. Two of the W'BP 
points show considerable negative deviation from the 
calibration curve shown. These points were obtained at 
the end of a run  when a considerable amount  of elec- 
trolysis had taken place at the working electrode. Gen-  
eral ly reproducible ECL behavior  was obtainable only 
from relat ively fresh solutions. 

B e c a u s e / m a x  is shown on the same relative in tens i ty  
scale for all compounds, it is apparent  that 10 MP is 
most efficient at producing ECL upon reacting with 

DPA T, while WRP appears to be least efficient. This 
concentrat ion efficiency (the slope of the l inear  por-  
tions of the calibration curves) exaggerates the differ- 
ences in actual current  efficiency (photons emit ted/  
electron transferred) for these compounds. Analysis of 
the l inear  sweep vol tammetry  data in Table I reveals 
that the relative diffusion coefficients of these three 
compounds increases in the same order as the con- 
centrat ion efficiency; thus, much of the apparent  differ- 
ences in the efficiency of ECL production for these 
compounds may be a t t r ibuted to higher average oxida- 
t ion currents  in the order 10 MP > WBP > WRP. 

The calibration curves also show that  /max increases 
l inear ly  with parent  concentrat ion only up to 0.10 mM; 
thereafter,  increases in parent  concentrat ion br ing  
about no fur ther  increases in  ECL intensity.  This trend, 

i I I I a IIo MP I 

ii �9 / . , W B P  ~ -  

] / f  
" e"  u �9 �9 W R P  

V 

5 I 0  15 2 0  2 5  

C o n c e n t r a t i o n  ( x I 0  - 5  M ) 

Fig. 6. Calibration curves. Different symbols are used to designate 
different runs having slightly different concentrations of DPA. 
For each parent concentration, /max is shown on the same relative 
intensity scale. 

independent  of compound, suggests that  the energy de- 

ficient ECL from D P A :  is l imited when the concen- 
t rat ion of the radical ion oxidant  or its precursor is 
approximately 1% of the DPA concentration. This 
could be due to a quenching effect a t t r ibutable  to 
either the radical cation or its parent  hydrocarbon. 

Because background ECL was not anticipated at the 
outset of this work, experiments  were conducted to 
determine its probable cause. The actual intensi ty  of 
this background ECL was quite low. This may be seen 
in Fig. 7 where background ECL (curve a) was re-  
corded at 100 times the sensit ivity of the energy-suffi-  
cient ECL (curve b) resul t ing from the reaction of the i  iiiii  

l ~  : 5~aTmp 

I I ; : 

, , 1 , , , , I , , , , I . . . .  I 
3.0 2 .0  I.O O.O 

E (VOLTS Ve ~ DPA/DPA") 

Fig. 7. Background EEL effects. Curve a shows typical high sensi- 
tivity background ECL from 10 mM DPA in DMF-TBAI; curve b 
shows low sensitivity (0.01 times that in curve a) ECL from the 
same solution. Curve c shows low sensitivity cyclic voltommetry of 
DPA; curves d and e show high sensitivity cyclic voltammetry of 
0.IOM TBAP in DMF in the absence of DPA. 
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radical ions of DPA itself. Since ECL of greater in -  
tensity had been detected for solutions containing a 
known amount  of parent  compound that  was only 
margina l ly  detectable electroanalytically,  it was rea-  
sonable to a t t r ibute  this background ECL to a trace 
amount  of oxidizable species present  in the solvent 
system. High-sensi t ivi ty  cyclic vol tammetry  was per-  
formed on the DMF-TBAP solvent system (in the ab-  
sence of DPA) in an at tempt  to detect this trace 
amount  of oxidizable compound. This is shown by  
curves d and e in Fig. 7. Admittedly,  since no DPA 
was present  in these solutions, the assignment of po- 
tentials depends on the agreement  of the rest potential  
of the QRE in the presence and the absence of DPA. If 
such agreement  is assumed for fresh solutions, the 
high-sensi t ivi ty  cyclic vol tammetry  in curves d and e 
shows that  an oxidizable species is generated on the 
positive potential  scan, even though the upper  l imit  
of this scan is less than that regarded as sufficient for 
DPA oxidation. Present  at low concentrat ion and de- 
tectable only on the second positive potential  scan, the 
oxidizable species found has its peak potential  at 2.3V 

vs. Ep D P A / D P A - ;  this corresponds well with the 
potential  onset of background ECL. Since only trace 
amounts  are necessary for ECL production, this species 
could be present  residually from previous positive 
scans or might  be generated in sufficient quant i ty  from 
any positive scan; it is detectable electroanalytical ly 

following a scan to 2.9V vs. Ep D P A / D P A - .  This spe- 
cies seems reasonable as the source of background 
ECL observed. 

Conclusion 
The method described herein has been shown to be 

suitable for the analysis of WBP, WRP, and 1O MP at 
concentrat ion levels not  suitable for ordinary  electro- 
analysis; thus it may find use in trace analysis as the 
s tat ionary electrode ECL equivalent  of polarography. 
Its use, of course, is l imited by the abil i ty of the elec- 
t rogenerated oxidant  to produce ECL uPon reaction 

with DPA . Recent studies (16) indicate that  halides 
electrogenerated from their  ions will  produce ECL 

when reacted with D P A - .  Therefore, there is reason 
to suspect that the method may be more universa l  
than indicated by this work. Indeed, all that  may be 
necessary is that the electrogenerated oxidant  be 
formed at potentials sufficiently positive to produce 

triplet  DPA when reacted with D P A - .  Work is pres-  
ent ly  underway  to determine the l imitat ions of the 
method. 

In addition to introducing a simple method to em- 
ploy ECL analytically,  this work provides informat ion 
about the concentrat ion dependence of the ECL en-  
ergy-deficient process that was hitherto unavailable.  
The fact that  ECL may be observed from solutions 
containing a known amount  of parent  compound that  
is not detectable electroanalyt ical ly supports the con- 
tent ion that  only trace amounts  of electrogenerated 
oxidant  are necessary to produce ECL upon reaction 

with D P A - .  
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Effect of the Thickness of Anodic Oxide Films on the Rate of 
the Oxygen Evolution Reaction at Pt in H2SO  Solution 

I. Growth at Constant Current 

A. Damjanovic, A. T. Ward,* and M. O'Jea 
Xerox Corporation, Rochester Research Center, Webster, New York 14580 

ABSTRACT 

El l ipsometry  and standard electrochemical  techniques are used to de t e r  ~ 
mine whether ,  and if so, how the thickness of an anodic oxide film affects 
the catalysis of the oxygen evolut ion reaction at platinum. A prereduced  
electrode is first polarized in sulfuric acid solution wi th  a constant current  
density, iD for a given t ime and then the thickness, d, of the anodic film and 
the electrode potential,  V, are de termined for various current  densities i ~ ip. 
It  is found that the thickness of the oxide film affects the catalytic act ivi ty  
in an exponent ia l  way, Le. 

i = A exp ( - -5d /2)  exp (FV/2ET)  

where  A and 8 are constants. For  the same t ime of polarizat ion both the 
oxide thickness and the electrode potential  increase wi th  the logar i thm of the 
polarizat ion current  density, ip. The potential  dependence is dV/d ( log  ip) 

170 mV. This is in contrast wi th  the value of about 115 mV usual ly  re-  
ported for the oxygen evolut ion reaction. The la t ter  value  can be obtained 
only when the electrode is anodically t reated at a current  density, iD, and the 
i -V  relat ionship is subsequent ly  determined at current  densities i ~ i,. El l ip-  
sometry shows that  under  these conditions the anodic film thickness remains 
essential ly constant at the value  achieved during the init ial  polarizat ion at a 
higher  current  density. 

It  has been shown that  the catalytic act ivi ty  for the 
oxygen  evolut ion react ion at pla t inum in acid solu-  
tions is great ly  affected by the electrode pre t rea tment  
(1). Only after  an electrode was 'kept at a high poten-  
tial (e.g., 1.7-2.0V), or was subjected to a high anodic 
current  density (e.g., 10 -4 to 10 -2 A / c m  2) for some 
t ime (>10-20 min)  was it possible to obtain V-log i 
relationships which were  l inear  over  several  decades 
of current  density (2-5) and had slopes of 2.3 (2RT/F) ,  
and then only if the potentials or current  densities in 
the subsequent  process of measurement  were  lower  
than those used in the electrode pret reatment .  No 
l inear  V-log i relat ionship could be obtained in a first 
" run -up"  exper iment  wi th  electrodes that  were  not so 
pretreated.  In the la t ter  case, the dV/d( log  i) slopes 
at any point of current  density were  higher  (1, 6) than  
2.3 (2RT/F) .  Higher  current  density or electrode po- 
tential  and longer  t ime of initial polarization were  
found to lower  the activity. The observed changes 
in act ivi ty were  a t t r ibuted to differences in the th ick-  
ness of the anodic oxide films that  formed during the 
various electrode pretreatments .  The surface oxide 
film was assumed to act as a bar r ie r  to charge transfer,  
the barr ie r  increasing with  increasing thickness of the 
oxide film. The oxide barr ie r  is in series wi th  the 
double layer  barr ier  and with  it controls the rate of 
the oxygen evolut ion reaction. 

The exper iments  of the present study have been de- 
signed to ver i fy  the assumption that  the thickness of 
the surface oxide film affects the kinetics of the oxygen  
evolut ion reaction and to show that  an analytical  ex-  
pression can be obtained relat ing the rate of the reac-  
t ion to the thickness of the surface film. To achieve this 
e l l ipsometry has been combined with  a s tandard elec-  
trochemical (galvanostat ic)  technique and current  
densities have been determined as a function of the 
thickness of the oxide film and electrode potential.  

* Electrochemical  Society Act ive  Member .  
K e y  words:  anodic films, p la t inum anodes, catalysis  of 02 evolu-  

t ion. 

Experimental 
The procedure involved:  

1. Galvanostat ic  anodic polarizat ion of a highly pol-  
ished plat inum disk electrode in 0.1N H2SO4 for a fixed 
time. (P.A.R. Model 173 potentiostat  in a galvanostat ic  
mode) .  

2. Measurement  of the electrode potential  vs. a re-  
versible hydrogen electrode in the same solution 
(H.E.). (Kei thley Model 600 A e lec t rometer ) .  

3. Simultaneous determinat ion  of the change in 
azimuth and el l ipt ici ty of monochromat ic  l ight  re-  
flected from the electrode. (Automated recording 
ell ipsometer,  Rudolf  Research Incorporated) .  

The Teflon cell used in the present  work  was similar  
to those a l ready described (7). The cell was equipped 
with a large plat inum gauze auxi l iary  electrode, a 
Luggin capil lary that  approached the edge of the disk 
electrode, and an oxygen gas inlet  and outlet. The 
s tream of gas f rom the inlet served not only to oxy-  
genate the solution prior  to polarization but also when  
hecessary, to stir the solution and to displace oxygen 
bubbles at tached to the anode. Except  at the highest 
current  densities (i > 3.10 -4 A / c m  2) rel iable ell ipso- 
metr ic  data could be obtained by displacing these bub-  
bles immediate ly  prior  to making  a measurement .  

The working electrode was a 99.9% pure pla t inum 
disk, 1.13 cm 2 in geometr ical  area, welded  to a stainless 
steel rod. The rod with  the disk was enclosed in a 
shr inkable Teflon sleeve. The face of the disk was pol-  
ished to a mi r ro r  finish, the final polishing being with  
0.05~ alumina. The electrode was washed with  alcohol, 
alkaline solutions, sulfuric acid, and t r ip ly  distil led 
water.  Finally. both the electrode and the cell were  
washed in situ with t r iply distil led wate r  and then  
acid solution of the same concentrat ion as used in sub- 
sequent experiments.  Solutions used in this w o i k  were  
prepared from Baker  "Analyzed"  grade sulfuric acid 
and t r ip ly  distilled water.  No fur ther  purification of the 
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solution was made. This is because the oxygen evolu-  
t ion reaction at cur rent  densities greater than  10 -~- 
10 -e A/cm 2 is apparent ly  not affected by trace amounts  
of impurities. Before measurements,  the electrode was 
subjected to a few high (10 - s  A/cm 2) anodic and cath- 
odic pulses ending with a cathodic pulse. After  this pre-  
t rea tment  the solution was replaced and the electrode 
was kept at 0.5V for 5 min. The electrode surface at 
this potential  was then used as the reference state. 

The changes in azimuth and ellipticity associated 
with the change in  the electrode surface from the 
initial, freshly reduced film-free state I to the final 
anodically oxidized state were used to calculate the 
change ( A o -  ~) in the relat ive phase retardation,  
~, between components of the l ight polarized perpen-  
dicular and parallel  to the plane of incidence, respec- 
tively. This change was then used to calculate the 
mean  film thickness, d, using Drude's (8) equation, 2 
[d = constant  (~o -- A)], a relationship valid for films 
thin compared with the wavelength of light. 

The optical constants (nz ---- 2.80; n2 ---- 1.94; K2 ---- 
4.36) used here to calculate thickness were taken from 
the work of Kim, Paik, and Bockris (9) who deter-  
mined these parameters  ent i re ly  from ellipsometric 
data. Here nl  is the refractive index of the film and n~ 
and K2 are the refractive index and absorption con- 
stant, respectively, of the p la t inum substrate. Other 
workers have obtained similar values for n and K us-  
ing a combinat ion of optical (eUipsometric, immersion 
refractive index) and electrical (coulometric) tech- 
niques (10, 11). With the exper imental  angle of inci-  
dence corrected for refraction through the cell win-  
dows, ~ ---- 75 ~ and wavelength,  ~ = 5460A, the con- 
stant term in Drude 's  equation is calculated as 3.80 
A/deg. The resul t ing film thicknesses are then typical ly 
less than  10A so that  the use of Drude's  equat ion ap-  
pears justified. 

Results 
In  Fig. 1 the phase re tardat ion change, ~o -- Z~, ob- 

served after a specified t ime for polarization (125, 750, 
or 1800 sec) is plotted against the constant current  
density (C.D.), iv, to which a freshly prereduced elec- 
trode was subjected. The calculated ellipsometric 
thickness is also shown in  the same figure. Likewise, 
Fig. 2 shows the respective electrode potentials plotted 

- vs .  ip. 
In  the examined region of current  densities both the 

thickness and electrode potential  change l inearly,  or 
very near ly  so, with the logari thm of the C.D., ip, with 
which the electrode was anodically prepolarized. For 
all times of polarization the dV/d(log iv) slopes are 

T h e  f i l m - f r e e  c o n d i t i o n  w a s  a s s u m e d  to e x i s t  u n d e r  p o t e n t i o s t a t i e  
c o n d i t i o n s  a t  0.5V H.E.  A t  0.98V, t h e  r e s t  p o t e n t i a l  in  t h e  o x y g e n -  
s a t u r a t e d  system,  the p h a s e  r e t a r d a t i o n  w a s  s o m e w h a t  l o w e r  r e f l ec t -  
i n g  t h e  p r e s e n c e  of  a d s o r b e d  spec i e s  on  t h e  e l ec t rode .  

T h e  a s s u m p t i o n  i m p l i c i t  in  D r u d e ' s  e q u a t i o n  is  t h a t  t h e  r e f r a c -  
t i v e  i n d e x  of  t h e  f i lm is  i n d e p e n d e n t  of  t h i c k n e s s .  S i n c e  t h e  ad- 
sorbed l a y e r  a n d  t h e  f i lm u l t i m a t e l y  f o r m e d  m a y  n o t  h a v e  t h e  s a m e  
r e f r a c t i v e  i n d e x  the Drude assumption wi l l  l e a d  to  a s m a l l  but 
c o n s t a n t  e r r o r  i n  t h e  c a l c u l a t e d  value  of  thickness.  
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Fig. I. Plot of onadic film thickness after 125, 750, and 1800 
sec vs. log current density of polarization. 
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Fig. 2. Plot of electrode potential (H.E.) after 125, 750, and 
1800 sec (circles) is .  log current density of polarization. Squares 
represent subsequent potential-current density relationships for 
decreas ing cur ren t  densit ies.  

close to 170 mV/decade of C.D., and the dd/d(log ip) 
slopes are close to 1.0 A/dec. of C.D. 

After  an e lect rode has been polarized for 750 sec 
with a constant C.D., ip, and the current  density, i, is 
decreased in  steps, no change in thickness, d, is ob- 
served (from A to B in Fig. 3). In  contrast  to this, the 
potential, V, decreases as the C.D., i, is decreased (Fig. 
2). The dV/d(log i) slope is now close to 115 m V /  
decade of C.D., or to 2.3 (2RT/F) .  The same is ob- 
served after the electrode has been prepolarized for 
125 or 1800 sec as shown in Fig. 2. (The corresponding 
thickness data is omitted from Fig. 1 and 3 in  order to 
preserve clarity.) 

Analys is  of  D a t a  

The important  features of the results may be sum- 
marized as follows: 

1. For  the same time of polarization at a constant 
current  density, ip, both electrode potential  and ell ip- 
sometric thickness increase with the logari thm of the 
applied current  density. At any  applied current  den-  
sity, for a constant  t ime of polarization, the ellipso- 
metric thickness therefore changes, to a good approxi-  
mation, l inear ly  with electrode potential. This is i l lus-  
t ra ted in Fig. 4 which is composed from Fig. I and 2. 
Linear  V-d relationships have been observed also in 
potentiostatic studies both by ellipsometric (10-12) 
and coulometric (4, 13-15) techniques. Apparent ly  no 
at tempt was made in  this earlier work to relate the 
rate of the oxygen evolution reaction to the thickness 
of the surface oxide film. 

10.0 

9.0 

r ' ~  8 .0 - -  

7 . 0 - -  

6.0- -  

5.0 
t~ 

4 .0 - -  

I I I t=750 - -  2.5 �9 

2 ,0  ~ 

1.5 ~ 

1.0 ~ 

! I 
3"010- 6 IK)-5 10-4 10-3 10-2 

LOGip ~i in amps-r "z ]  

Fig. 3. Plot of anodic film thickness after 750 sec (circles) vs. 
log current density of polarization. Squares represent subsequent 
film thickness-current density relationships for decreasing current 
densities. 
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Fig. 4. Plot of electrode potential (H.E.) vs. film thickness after 
polarization for |25, 750, and 1800 sec at various current densities. 

2. An arrest  in fur ther  growth of the oxide film oc- 
curs when, af ter  the init ial  polarization of a p r e r e -  
duced electrode with  a constant applied current  den-  
sity, the current  density is decreased. Such "hysteresis" 
has been reported previously in coulometric  studies of 
surface coverages in the potential  region lower  than  
that  of the present  work  (13, 14). 

3. A V-log i relat ionship which is l inear  over  several  
orders of magni tude  8 wi th  slope close to 0V/0 in i = 
2RT/F  is obtained under  the condition of near ly  con- 
stant thickness of the surface oxide film. This is self-  
evident  from the comparison of Fig. 2 and 3: in the 
process of lower ing cur ren t  density, say f rom point A 
to B, the thickness represented by point A did not 
change, i.e., 

( 8V ) .=2RT and ( OV )d 
d F ~ fl= 1(V ,d , i )  [1] 

4. The catalytic act ivi ty  for the oxygen evolut ion re-  
action decreases wi th  increasing thickness of the sur-  
face oxide film. This is evident  from the change of the 
electrode potential  at the same current  density wi th  
the thickness of the film as i l lustrated in Fig. 5. In this 
figure the potentials f rom Fig. 1 and 2 are plot ted vs. 
thickness, d, for two current  densities ( ra ther  than for 
a constant t ime of polarization at different applied cur -  
rent  densities as in the case of Fig. 4). As the th ick-  
ness increases, the potential  at the same current  den-  
sity increases l inearly,  i.e., the catalytic act ivi ty  de- 
creases. Were the catalytic act ivi ty expressed in terms 
of exchange current  densities then it would  decrease 
exponent ia l ly  wi th  the thickness of the oxide film, i.e. 

log io : constant ( - -  d) [2] 

a s  will  be shown la ter  in this work. 

s See  also Re.f. (2) a n d  (3). 

2 . 0  

/ I - 8 . 8 5 x 1 0  - 4  

ompslcm "2 _ 

i - 8 . 8 5 u 1 0  5 

omps/cm -2 

I I I l 
5 .0  6 . 0  7 .0  8 . 0  9 . 0  

F I L M  T H I C K N E S S  ( ~ )  

Fig. 5. Plot of electrode potentlal (H.E.) vs, film thickness after 
polarization at constant current density for various times. 
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I- 

~ 1.7-- a. 
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5. To a fair approximat ion the slopes of the V vs. d 
lines in Fig. 5 are constant and equal  for both current  
densities, i.e. 

The difference may  be noted at this point be tween  the 
OV/Od slopes of Fig. 4, that  refer  to a constant t ime of 
polarization, and those of Fig. 5, that  refer  to constant 
current  density. This demonstrates  the importance of  
defining the conditions under  which the V vs. d re la-  
t ionship is obtained. 

6.The mechanism of the oxygen  evolut ion react ion is 
apparent ly  unal tered  with  the change in the thickness 
of the oxide film. This is indicated by the fact that  the 
dV/d( ln  i) slopes remain  the same over  the entire, 
though limited, range of thicknesses of the oxide 
films examined in the present  study. This is in accord 
with  a previous repor t  that  the slopes are near ly  the 
same irrespect ive of the conditions of the anodic pre-  
t r ea tment  of the electrodes (1). Also, most of the 
workers  in the field have repor ted  slopes close to 
2RT/F although the pre t rea tments  of their  electrodes 4 
certainly were  not identical  (2-6, 13, 16-20). 

7. Finally,  to a good approximation,  in the region 
of current  densities and oxide film thicknesses ex-  
amined here, log i is l inear ly  re la ted to both V and d, 
i.e., the function 

J(V,d, log i) : constant [4] 

represents  a plane surface in three dimensions. This 
follows from the fact that, as i l lustrated in Fig. 6, the 
projections of the straight  l ine AB 5 on two perpendicu-  
lar  planes are paral lel  to the corresponding projections 
of the straight line A'B' (or A"B")  while  intersecting 
the project ion of the third straight line AD. All  
these lines lie in the plane ](V, log i,d) : constant. 

How well  the function f(V,  log i,d) = constant ap- 
proximates  a plane surface depends on: (i) how well  
the dV/d (log i) slopes can be taken as independent  of 
the thickness of the surface oxide film [their  inde- 
pendence of potential  or current  density being well  
established over  several  decades of current  density 
(2, 3)] ,  and (ii) whe ther  (OV/O In ip)t is constant. 
Now, as already shown, the present  exper iments  as 
well  as the l i tera ture  give dV/d(log i) close to 2.3. 
(2RT/F) i r respect ive of the conditions of anodic pre-  
t rea tment  of the electrode and, therefore,  i r respect ive 
of the surface film thickness. Fur thermore ,  it is ev ident  

I t  is  u n c e r t a i n  w h e t h e r  the  p u r i t y  of the  p l a t i n u m  m e t a l  i t se l f  
w i l l  affect  the  ra te  of ox ide  g rowth ,  t he  t h i c k n e s s  of the  ox ide  f i lm 
or  the  ca ta lys i s  m e c h a n i s m  of the  o x y g e n  e v o l u t i o n  reac t ion .  

The  l ine  A B  is no t  p a r a l l e l  to  e i t h e r  o f  the  axes  V, l o g  i o r  d. 

of , , / 

Fig. 6. Representation of the plane f ( V ,  In i, d) _-- constant in 
three dimensions. 
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from Fig. 2 that  V does indeed depend nea r ly  l inea r ly  
on .log ip. 

The Rate Equation and the Catalytic Activity for the Reaction 
The analy t ica l  solut ion to the  express ion f ( V ,  log 

i,d) ~_ constant  is given in the Appendix .  I t  is 

�9 Y - -  x - - F - - - / i n  i + 1 2R-T d = constant  [5] 

whe re  

- -  d ( l n i p )  t 

is obta ined from the da ta  in Fig. 1. I t  is equal  to 1.0 
A / d e c a d e  of C.D. Constant  ~ is g iven by  

( dV ) 
K = [ 7 ]  

d In ip t 

which, f rom Fig. 2, is equivalent  to 0.170 V/decade.  
Now wi th  

2 R T -  K 
--  5 [8] 

~RT 
Eq. [5] t ransforms to 

- -~d  e x p (  FV ) 
~--Aexp(--~) , 2--R-~ [9] 

This equation gives the dependence of the rate of the 
oxygen evolution reaction on both the electrode po- 
tential and the thickness of the surface oxide film. For 
a constant thickness the equation reduces to the well- 
known rate equation for the oxygen evolution reaction 
in an acid solution of a given pH 

FV 
i - -  ~oexp ( 2--R~ ) [10] 

I t  follows f rom Eq. [9] and [i0] tha t  the ca ta ly t ic  
activity,  expressed  as io, decreases exponent ia l ly  wi th  
the thickness  of the  oxide film 

( ~ d )  
t o = A e x p  - - 7  [11] 

where  constant  A contains,  among o ther  terms,  those 
which involve  the concentra t ion dependence.  Differ-  
ences in the r epor ted  ca ta ly t ic  act ivi t ies  can now easi ly  
be  accounted for in te rms of the  different  thicknesses  
of  the  surface  oxide films produced  in different  e x -  
periments .  

Vet ter  and Schultze (15) have  repor ted  tha t  the  
coulometr ic  thickness  of the surface oxide film at  e lec-  
t rodes kep t  at  a constant  potent ia l  in the region f rom 
about  1.0 to 2.0V increases logar i thmica l ly  wi th  t ime.  
F rom this observat ion  and f rom Eq. [11] i t  fol lows 
that,  at  constant  potential ,  cur ren t  densi ty  should de-  
crease wi th  t ime according to 

log (i/io) ---- ~ log t [12] 

where  constant  fl has a negat ive  value.  Such a depen-  
dence has indeed been  found by  Schultze (21). No 
re levan t  da ta  could be t raced  in the  l i t e ra tu re  tha t  
would  a l low a check of the  va l id i ty  of Eq. [11] under  
galvanosta t ic  conditions.  Bockris  and  Huq (2) have  r e -  
por ted  that,  at a constant  cur ren t  density,  potent ia l  in-  
creases logar i thmica l ly  wi th  t ime of polarizat ion.  This 
would  require,  according to Eq. [11], tha t  again, under  
galvanosta t ic  conditions, the  thickness of the oxide 
film increases wi th  t ime according to a direct  logar i th -  
mic law. Apparen t ly ,  no such law for p la t inum oxide 
growth  has been  repor ted  in the  l i te ra ture .  Makr ides  
(22), however ,  repor ts  tha t  at gold anodes, under  ga l -  
vanostat ic  conditions, oxide  l~lms grow according to a 
direct  logar i thmic  law. The same law of growth  6 has 

e Vetter and Schultze (15) report for galvanostatic polarization, a 
linear increase of surface coverage w i t h  t i m e .  T h i s  l i n e a r  de- 
Pendence h o l d s  o n l y  for  t h e  in i t ia l  g r o w t h  of  s u r f a c e  o x i d e s  ( for ,  
say, l e s s  t h a n  10 see, d e p e n d i n g  o n  c u r r e n t  density). 

been found for o ther  me ta l  e lectrodes (23, 24). The log-  
ar i thmic  law should be expec ted  for  p l a t inum anodes 
under  galvanosta t ic  polar izat ion condit ions also. F u r -  
ther  s tudy  of this quest ion appears  des i rable  and is 
cu r ren t ly  in progress  in this labora tory .  

The Rate Equation for the Current Density Across the Surface 
Oxide Film 

The exponent ia l  dependence  of the  ca ta ly t ic  ac t iv i ty  
for the oxygen evolut ion  reac t ion  upon film thickness  
is appa ren t ly  re la ted  to the mechanism of e lect ron 
t ransfe r  from a species in solut ion or  a t  the  e lec t rode  
surface (e.g., adsorbed  wa te r  molecules) ,  across the  
oxide film to the meta l  itself. As wil l  be discussed in a 
subsequent  paper ,  the  charge t ransfe r  occurs by  a 
quan tum mechanical  tunnel ing  process r a the r  than  by  
e lect ron or  hole conduct ion in the  oxide  film. This r e -  
quires  the exis tence of a subs tant ia l  electr ic  field across 
the oxide film and also requi res  that  the field change 
wi th  cur ren t  densi ty  (at  a constant  surface oxide  film 
thickness) .  Consequently,  the potent ia l  difference, Vt, 
be tween  the me ta l  i tself  and the outer  Helmhol tz  p lane 
(in the  solution) should be d iv ided  into the  potent ia l  
difference across the  oxide film, Vet, and the potent ia l  
difference across the  double  layer ,  Vdl. In  previous  
work  (1) such a division was in t roduced in o rder  to 
account  for the observed  kinet ic  pa rame te r s  for the  
oxygen  evolut ion react ion in sulfuric  acid solutions of 
different  pH. Wi th  this division, since the  cur ren t  
dens i ty  across the  oxide film, /of, is equal  to the cur ren t  
dens i ty  for the oxygen  evolut ion react ion across the  
double  layer ,  it was a rgued  tha t  7 

[ F ~ V o f  ] [ F A V d l  ] 
i - - i o f - - X e x p  l . ~ j - - A e x p  L- - -R- -~J  [13] 

In  this work, X contained the  dependence  of the  ca ta-  
lyt ic  ac t iv i ty  on the thickness  of the oxide film. X was 
assumed constant  only  for  a given, s t r ic t ly  control led  
p re t r ea tmen t  of the  e lectrodes and only when  the V- i  
measurements  were  made  at cur rent  densi t ies  or po-  
tent ia ls  lower  than  those at  which  the e lect rode was 
anodica l ly  pre t rea ted .  I t  was contended tha t  the  ob-  
served cur ren t  dens i ty  i : iof = idl should be given 
in te rms of the  total  potent ia l  difference, Vt, by  the  
fol lowing equa t ion  

i = ( A X )  1/2 exp 1. ~ [14] 

Now, from this equat ion and from Ec~. [9] of the  p res -  
ent  work  it becomes possible to express  X in terms of 
the  thickness  of the  oxide  film 

X = Xo exp ( - -Sd)  [15] 

and thus, the express ion for  the  cur ren t  dens i ty  across 
the  oxide film can be w r i t t e n  as 

[ FAVor ] 
i o t -  X e e x p  ( - -Sd)  exp  I . - ~ - -  [16] 

This ra te  express ion represents  a basis for  the  s tudy  
of the mechanism of e lec t ron  t rans fe r  th rough  the  
surface oxide film. Such s tudy is in progress  and wi l l  
be repor ted  in subsequent  publications.  
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APPENDIX 
Equation [5] is obtained by solving the de te rminant  

of the coordinates of three points in the plane f(V, In 
i, d) = constant. The de te rminant  includes the coordi- 
nates (9", In i, d) of point A in  Fig. 6 (at the intersec-  
t ion of lines AB, AD) and the coordinates of a point in  
AB and a point  in  AD each removed from point A by 
one in  uni t  of current  density, i.e. 

V In i d 

2RT 
V - - - -  I n i - - l d  : c o n s t a n t  F 
V - - K  I n i - - l d - - e  

This t ransforms to 

2RTe ( ~F ) 
e V = ~ l n i ~  1 - - ~  d = c o n s t a n t  

F 2RT 
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Morphology of Transgranular Stress Corrosion Crack in 
Type 304 Stainless Steel Tested in pH 2.5 H SO, at 289~ 

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

In  a previous paper (1) it was reported that an-  
nealed as well as cold-worked Type 304 stainless steel 
was susceptible to t ransgranular  stress corrosion 
cracking in  pH 2.5 H2SO4 at 289~ The purpose of this 
note is to present  and discuss some unique fractographs 
which have been obtained from similar tests. 

The mater ia l  used contained 18.3 Cr, 9.3 Ni, 0.045 C, 
0.5 Mn, 0.018 P, 0.006 S, 0.43 Si, 0.15 Mo, 0.32 Cu, and 
0.088 Co, in  weight per cent. Before testing the 0.050 in. 
wire was electropolished and then notched (30 ~ angle, 
0.001 in. root radius, 0.020 in. deep). The test was con- 
ducted at a constant crosshead speed of 10 -5 i n . /min  
using the apparatus previously described (1), with a 
potential  controlled at zero volts vs. a s tandard hydro-  
gen electrode. The fracture load was about  half  the 
value obtained in  a test in air. Test details may be 
found in  the earlier paper (1). 

Figures 1-5 show scanning electron micrographs 
of a typical fracture at several magnifications. In  all  
figures the direction of crack propagation is from 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words:  stress corrosion, fractography, stainless steel ,  stri- 

ations. 

the bottom to the top of the photograph. The fan-  
shaped areas containing marks  roughly parallel  to the 
crack propagation direction are reminiscent  of similar 
features on fractographs produced in boiling MgC12 
or in H2SO4-NaC1 solutions (2). The unique feature 
of these fractographs is the pronounced set of striations 
roughly perpendicular  to the crack propagation di- 
rection. (The small particles th in ly  spread over the 
surface are iron oxide produced by oxidation of ferrous 
ions in solution.) 

In  a recent discussion of these photographs Professor 
Pugh of the Univers i ty  of Illinois pointed out that the 
marks which run  roughly parallel  to the crack propa- 
gation direction differ from cleavage steps in being very 
jagged. It  can be seen that the irregulari t ies in these 
marks  f requent ly  occur at places where the striations 
cross them. 

It is believed that the striations represent  positions 
at which the crack stopped temporar i ly  during its 
propagation. Crack propagation is believed to occur by 
a film rupture  mechanism (3, 4), with repeated periods 
of rapid corrosion and repassivation. Corrosion may 
leave surfaces which are bounded by certain crystallo- 
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Fig. 1. SEM fractogroph of the sample at low magnification; 
the lower half shows the notch surface. 

Fig. 3. Same as Fig. 2 

Fig. 4. Area near the outer edge 

Fig. 2. Area about half-way from notch to outer edge 

graphic planes. The marks  parallel  to the crack propa-  
gation direction may  then be formed by tearing of ma-  
terial at steps between the crystallographically cor- 
roding surfaces, in  a manne r  similar to the way 
cleavage steps are produced. During crack arrest the 
striations may be produced by  crack b lun t ing  due to 
creep or by continued localized corrosion accompany- 
ing the full  development  of the passive film. 

Support  for such an in terpre ta t ion  of the fracto- 
graphs can be obtained from a consideration of the 
str iat ion spacing. Figure 5 shows that the finest s tr ia-  
tions are separated by only about 1-2 X 10 -5 cm. In  a 
recent  paper Verrnilyea and Diegle (4) show that the 
ratio of metal  corrosion rate (~) to the s t ra in rate ($) 
of mater ial  being corroded while being continuously 
strained is roughly equal to the crack advance per film 
rup ture  event. This ratio of ~/~ was measured under  
the conditions of this test using a smooth specimen and 
a crosshead speed of 0.05 in . /min,  and was found to 
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be 2.6 X 10 -5 cm, in reasonable agreement  with the 
str iat ion spacing. 
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The pit t ing resistance of ferritic stainless steel and 
the effect of Mo content  on pi t t ing characteristics at 
various temperatures  have been discussed recent ly in 
terms of pit t ing potentials (1). An al ternat ive ap-  
proach using temperature  as a pit t ing cri terion has 
been successfully applied to Mo-bearing 18% Cr aus-  
tenitic stainless steels (2, 3) and appears to be ap- 
plicable in clarifying the behavior  of 18% Cr ferrit ic 
stainless s t e e l s  a s  well. 

I t  has been shown for austenitic stainless steel that  
there exists a temperature,  which we have called the 
critical pi t t ing temperature  (CPT),  below which a 
steel will  not pit when  exposed to oxidizing acid 
chloride solution such as 10% FeC13. An  exposure t ime 
of 24 hr in this solution has been shown to be sufficient 
for pit ini t iat ion if pit t ing is.to occur at that  tempera-  
ture. For example, an austenitic steel with a CPT of 
40~ has been exposed at room tempera ture  varying 
between 20 ~ and 36~ for more than 600 days and has 
not init iated pits in  that  time. The ini t ia t ion and 
growth of pits in 10% FeC13 solution at a fixed tem- 
perature must  occur on the flat surface parallel  to the 
roll ing plane well  removed from the edges of the 
coupon for the test results to be valid. Crevice, edge, 
or end-gra in  attack which may occur at temFera-  
tures below CPT are disregarded in judging whether  
attack by pi t t ing has occurred after exposure at a 
part icular  temperature.  The test temperature  is in-  
creased in 2.5~ steps every 24 hr unt i l  pi t t ing occurs. 

Key words: pitting, corrosion, temperature. 

In  tests below room temperature,  care is taken to pre-  
chill samples before exposure to avoid spurious results. 

The series of commercial (AISI 430 and Alloy X) 
and exper imental  alloys (Alloys Q, R, S, and T) listed 
in Table I in order of increasing Mo content have been 
tested. The exper imental  alloys were made by a split 
heat technique, rolled to sheet, annealed for 1 hr at 
840~ and furnace cooled. The commercial alloys were 
tested in the as-received annealed condition. Surface 
preparat ion consisted of abrading with 120 grit  SiC 
paper as in the previous studies on austenitic steels 
(2, 3). The results are plotted in Fig. 1 as CPT vs. 
per cent Mo using error bars. For each alloy, pi t t ing 
was not observed at the tempera ture  indicated by  the 
le f t -hand  side of the bar  while the r igh t -hand  side in-  
dicates that  temperature  (2.5~ higher) at which pi t-  
ting was observed. The data can be described em- 

Table I. Chemical analyses (weight per cent) 

A l l o y  Cr C Mn Sl  P S Mo Othe r  

AISI  430 14-18 0.12" 1.0" 1,0" 0.040* 0.030* n i l  
Al loy  Q 17.38 0.06 0.80 0,42 0.013 0.018 n i l  
A l loy  R 17.37 0.06"( 0,807 0.42~" 0.0131- 0,01fl';" 0.70 
Alloy S 17.2"}" 0,06? 0.80? 0.427 0.0137 0.018-;- 1.48 
Al loy  X 18.95 0.009 0.40 0,37 0.008 0,007 2.00 
Al loy  T 17.1"~" 0.067 0.80? 0,427 0.0137 0.0187 3.11 

0.17 Ti 

* Denotes  m a x i m u m  va lue .  
7 Denotes  v a l u e s  e s t i m a t e d  f r o m  base compos i t i on  of A l l o y  Q. 
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be 2.6 X 10 -5 cm, in reasonable agreement  with the 
str iat ion spacing. 
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The pit t ing resistance of ferritic stainless steel and 
the effect of Mo content  on pi t t ing characteristics at 
various temperatures  have been discussed recent ly in 
terms of pit t ing potentials (1). An al ternat ive ap-  
proach using temperature  as a pit t ing cri terion has 
been successfully applied to Mo-bearing 18% Cr aus-  
tenitic stainless steels (2, 3) and appears to be ap- 
plicable in clarifying the behavior  of 18% Cr ferrit ic 
stainless s t e e l s  a s  well. 

I t  has been shown for austenitic stainless steel that  
there exists a temperature,  which we have called the 
critical pi t t ing temperature  (CPT),  below which a 
steel will  not pit when  exposed to oxidizing acid 
chloride solution such as 10% FeC13. An  exposure t ime 
of 24 hr in this solution has been shown to be sufficient 
for pit ini t iat ion if pit t ing is.to occur at that  tempera-  
ture. For example, an austenitic steel with a CPT of 
40~ has been exposed at room tempera ture  varying 
between 20 ~ and 36~ for more than 600 days and has 
not init iated pits in  that  time. The ini t ia t ion and 
growth of pits in 10% FeC13 solution at a fixed tem- 
perature must  occur on the flat surface parallel  to the 
roll ing plane well  removed from the edges of the 
coupon for the test results to be valid. Crevice, edge, 
or end-gra in  attack which may occur at temFera-  
tures below CPT are disregarded in judging whether  
attack by pi t t ing has occurred after exposure at a 
part icular  temperature.  The test temperature  is in-  
creased in 2.5~ steps every 24 hr unt i l  pi t t ing occurs. 

Key words: pitting, corrosion, temperature. 

In  tests below room temperature,  care is taken to pre-  
chill samples before exposure to avoid spurious results. 

The series of commercial (AISI 430 and Alloy X) 
and exper imental  alloys (Alloys Q, R, S, and T) listed 
in Table I in order of increasing Mo content have been 
tested. The exper imental  alloys were made by a split 
heat technique, rolled to sheet, annealed for 1 hr at 
840~ and furnace cooled. The commercial alloys were 
tested in the as-received annealed condition. Surface 
preparat ion consisted of abrading with 120 grit  SiC 
paper as in the previous studies on austenitic steels 
(2, 3). The results are plotted in Fig. 1 as CPT vs. 
per cent Mo using error bars. For each alloy, pi t t ing 
was not observed at the tempera ture  indicated by  the 
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dicates that  temperature  (2.5~ higher) at which pi t-  
ting was observed. The data can be described em- 
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Fig. 1. Critical pitting temperature as a function of Mo content 

for a series of commercial and experimental 18% Cr ferritic 
stainless steels. 

pi r ica l ly  b y  

CPT (~ ---- 2.5 + 3.5 • % Mo 

I t  can be  seen tha t  the  pi t t ing resis tance increases 
cont inuously  wi th  increasing Mo content  over  the  
range nil  to 3% Mo. 

The Mo response of these 18% Cr ferr i t ic  al loys is 
only  app rox ima te ly  1/2 tha t  for  a comparab le  fami ly  of 
18% Cr austeni t ic  steels (3) for which 

C P T ( ~  = 5 + 7 X  % M o  

but  is en t i re ly  consistent wi th  the  reduced  t h e rmo-  
dynamic  ac t iv i ty  of Mo in ferr i t ic  phases. A measure  of 
this lower  Mo ac t iv i ty  in the  ferr i t ic  phase  is given by  
the h i g h - t e m p e r a t u r e  par t i t ion  of Mo be tween  phases 
to achieve equal  t he rmodynamic  act ivi t ies  at equi l ib-  
r ium. A fe r r i t i c /aus ten i t i c  par t i t ion  rat io  of app rox i -  
ma te ly  2 has been  observed  for mo lybdenum in duplex  
stainless steels (4, 5). 
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Erratum 

In  the  p a p e r  "Ac t iv i t i e s  of  Organ ic  C o m p o u n d s  in  
A q u e o u s  E l e c t r o l y t e  So lu t ions"  by  D. M. Mohi lner ,  
L. M. B o w m a n ,  S. J .  F ree l and ,  and  H. N a k a d o m a r i  
wh ich  a p p e a r e d  on pp. 1658-1662 in  t he  D e c e m b e r  1973 
JOURNAL, Vol. 120, NO. 12, t he r e  w e r e  t h r e e  e r ro r s  in 
the  d r a w i n g  of  the  c i rcu i t  d i a g r a m  (Fig.  4, p. 1660). 
One  of  these  e r ro r s  was  m a j o r  and  w o u l d  r e n d e r  the  
c i rcu i t  as d r a w n  inoperab le .  This  m a j o r  e r r o r  is tha t  
ope ra t i ona l  ampl i f ie r  OA7 was  s h o w n  connec t ed  as an 

i n v e r t i n g  amplif ier .  OA7 is ac tua l ly  c o n n e c t e d  as a 
n o n i n v e r t i n g  ampl i f ie r  jus t  as is OA6. The  o the r  two  
e r ro r s  in the  d r a w i n g  a re  as fo l lows:  (i) T h e r e  should  
be a 10K res is tor  connec ted  b e t w e e n  the  ou tpu t  of  OA2 
and  the  t e r m i n a l  l abe l ed  i n t e g r a t o r  out.  (ii) The  r e -  
s is tor  l abe led  100 SL on the  d r a w i n g  is a c tua l l y  a 100 
ohm resistor .  A co r r ec t ed  ve r s i on  of  Fig. 4 is s h o w n  
below.  
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Sodium-Induced Barrier-Height Lowering and 
Dielectric Breakdown on SiO  Films on Silicon 

C. M. Osburn* and D. W. Ormond* 
IBM Thomas J. Watson Research Center, Yorktown, Heights, New York 10598 

g 
ABSTRACT 

Electrical conduction measurements in SiO2 films showed that the inject- 
ing barrier height was uniformly reduced by a small amount (<i eV) in 
proport ion to the level  of Na contamination. However ,  at high contamination 
levels (>1018 N a + / c m  ~) after  b ias - tempera ture  stressing, a ve ry  substantial  
(~3  eV),  localized barr ie r  lower ing was observed. Since this second type of 

lower ing was e l iminated after  exposure of the film to moisture (in air) and 
was also seen in uncontaminated  samples, it was not a t t r ibuted to sodium. 
Accelerated dielectr ic  b reakdown measurements  at low fields (<2  MV/cm)  
showed that  even  a monolayer  of Na did not appreciably decrease the wear -  
out time. Moderately contaminated samples (5 X 101,2 N a + / c m  ~) had the same 
l imit ing fai lure  t imes as controls over  the t empera tu re  range 100~176 

It  has been recognized (1) for some time that  mo-  
bile ions in MOSFET structures lead to threshold vol t -  
age shifts. Recent ly Raider  (2) and Osburn and Raider  
(3) have shown that  mobile  ions can also lead to a t ime-  
dependent  dielectric b reakdown of a thermal ly  grown 
SiO2 film. The electric field due to the charged ions adds 
to the applied field and causes premature  failure. In-  
ternal  photoemission measurements  of DiStefano (4, 5) 
have revealed  another  possible b reakdown mechanism 
due to mobile ions: lower ing of the height  of the in-  
ject ing barr ie r  result ing in dist inct ively high conduc- 
tion levels. But electrical  measurements  (6) of so- 
d ium-f ree  (<lOl0/cm 2) SiO2 films pr ior  to b reakdown 
have also shown a large, localized bar r ie r -he igh t  low-  
ering. The purpose of this work  was to more ful ly de- 
te rmine  the extent  of ba r r i e r -he igh t  lower ing due to 
sodium ions and the effect, wi th  regard  to dielectric 
breakdown, of mobile charge on long te rm reliabili ty.  

Electr ical  conduction data showing two different 
types of ba r r i e r -he igh t  lower ing are presented.  
One component  occurred uniformly,  was re la t ive ly  
small ( _< 1 eV),  and can be a t t r ibuted to dipole low-  
ering due to sodium; the second component was large 
(~3  eV), localized (~25A channels) ,  and is not be-  
l ieved to be due to sodium. This second type of lower-  
ing was the same as that  seen ear l ier  (6) in uncontami-  
nated samples where  it was bel ieved responsible for 
dielectric breakdown.  Measurements  of the t ime in-  
te rval  before breakdown of Na-contaminated  examples  
are also given which do not support  the contention that  
bar r ie r  lower ing caused by Na ions is responsible for 
breakdown. Indeed, at typical  FET operat ing fields 
(2 MV/cm)  tests showed that  even  a monolayer  of 
sodium did not accelerate wear-out .  

Experimental Procedure 
Metal -oxide-semiconductor  capacitors were  fabr i -  

cated on 2 ohm-cm, n-type,  <100>-o r i en t ed  silicon 

* Electrochemical  Soc ie ty  A c t i v e  Member .  
Key  words:  dielectric  breakdown,  si l icon d iox ide ,  s o d i u m  con-  

tamination,  barr ier -he ight  l ower ing ,  e l ec t r i ca l  conduc t ion .  

wafers  as previously described (3). The silicon dioxide 
growth was at 1000~ in dry oxygen. Contaminat ion 
was introduced by evaporat ing a small amount  of 
NaC1 onto the freshly oxidized surface. Aluminum 
capacitor dots were  then evapora ted  through metal  
masks. Contaminat ion levels were  measured  with  
ei ther  the capaci tance-vol tage flatband shift (1) or the 
charge- t ime (Q-t) technique (7). Uncontaminated 
samples typical ly had less than 10 TM mobile  ions/cm 2 as 
measured by the t r iangular  voltage sweep (TVS) 
technique (8). 

Both the t ime to b reakdown at constant field and 
the t ime dependence of the conduction were  deter-  
mined for contaminat ion levels from less than 101~ 
Na ~ /cm ~ to grea ter  than 1015/cm% Because large  pre-  
b reakdown currents  were  often seen, the main cri- 
ter ion for the occurrence of dielectric b reakdown was 
an irreversible,  step jump in current.  A special high-  
t empera ture  measur ing cell, filled wi th  dry nitrogen, 
was used to insure against s tray leakage. The meta l  
was biased posi t ively in all cases in order  to dr ive 
the sodium to the SilSiO2 interface and also to inject  
electrons from the silicon into the SiO2. The electric 
fields used in this work  were  low enough so that  field 
enhancement  b reakdown did not occur (3). Barr ier  
heights were  inferred f rom room- tempera tu re  con- 
duction measurements  assuming Fowle r -Nordhe im 
emission (9). In cases where  the calculated bar r ie r  
height  was low, it was recalculated assuming Schottky 
emission. 

Results and Discussion 
Conduction and barrier-height lowering.--Th e con- 

duction current  as a function of t ime for several  dif-  
ferent  tempera tures  is given in Fig. 1. At room tem-  
pera ture  when a bias voltage is applied, the current  
increased with t ime until  a max imum was obtained, 
and then decreased (3). This max imum has been ex-  
plained in terms of the sodium being at an optimal 
distance (~30A) f rom the SilSiO2 interface (10). As 
the ions moved closer to the silicon, the tunnel ing dis- 
tance would increase and hence the current  decreased. 
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Fig. I .  Current at a fixed electric field as a function of time for 
several different temperatures. 

A minor  peak was seen in the current  af ter  a very  
short t ime and can probably be a t t r ibuted to the so- 
dium ionic current.  At 100~ the ionic decay largely  
occurred in the first 10 sec (under  the conditions of 
Fig. 1), and the max imum (corresponding to the so- 
dium being about 30A from the silicon) is seen only as 
a slope change. At 200 ~ and 300~ a new effect, as- 
sociated with  bar r i e r -he igh t  lowering, was seen: af ter  
the usual decay, the current  increased with  t ime unt i l  
b reakdown occurred. This enhanced current  was usu- 
ally quite erratic, as previously seen with  noncontami-  
nated samples (6). The t ime for the current  enhance-  
ment  to occur increased dramatical ly  wi th  decreasing 
electric field. 

Room- tempera tu re  cur ren t -vo l tage  characterist ics of  
a capacitor after enhancement  are given in Fig. 2. 
Characterist ics of an uncontaminated sample are also 
shown for reference.  Two components of bar r ie r -  
height  lowering are evident:  At high fields the barr ie r  
was reduced from 3.1 to 2.6 eV and at lower  fields the 
slope of a Fowle r -Nordhe im plot gave a 0.7 eV barrier .  
Values of bar r ie r  height  were  calculated from both 
the slope of the I-V curve and the magni tude  of the 
current.  Self-consistent  bar r ie r  heights as low as 2.5 
eV were  observed. This compares wi th  a theoret ical  
l imit  (12) of 1.63 eV and a previously measured (4) 
value of 1.8 eV (which was not de termined to be the 
absolute min imum obtainable) .  For  barr iers  less than  
2.5 eV, the data suggested that the lowering was lo- 
calized. 

The magni tude of the high-field uniform component  
of the barr ie r  height  af ter  the sodium has been dr iven 
to the SilSiO2 interface is presented in Fig. 3 as a func-  
tion of sodium concentration. A 1 MV/cm field was 
applied for 1 hr  at 300~ at which conditions charge-  
t ime measurements  confirmed that  the sodium drift  
was very  near ly  complete. That is, tests showed that  
the barr ie r  lowering after  20 hr was not substant ial ly 
greater  than that  af ter  1 hr  at 300~ at 1 MV/cm. It  
should be noted, however,  that C-V or Q-t measure-  
ments  could not resolve the position of the sodium ions 
bet ter  than 10-20A and Lherefore could not insure that  
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Fig. 3. Barrier height as a function of sodium concentration after 
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all the sodium was close enough to the silicon to con- 
t r ibute to barr ier  lowering.  

An al ternate  analysis of the low-field data in terms 
of the Schottky conduction model  also resul ted in a 
low barr ier  height. The current  density associated with  
this low barr ier  (~10 A / c m  2 at 2 MV/cm)  is much 
higher  than the average current  density that  was 
measured. This discrepancy in current  densities could 
be resolved by (a) inferr ing that  the low-field con- 
duction was localized (25A diameter  channels) or (b) 
determining that  nei ther  the Fowle r -Nordhe im nor the 
Schottky mechanism provides a val id description of 
the conduction. All  evidence to date, including data on 
uncontaminated samples (6), favors the localization 
model:  (a) af ter  enhancement  the conduction was de-  
pendent  on both polar i ty  and electrode mater ia l  as 
would be expected of e i ther  Fowle r ,Nordhe im or 
Schottky conductor, (b) the tempera ture  dependence 
of the conduction was not exponent ia l ly  act ivated and 
was very  similar to that seen with  Fowle r -Nordhe im 
conduction in good SiO2 films (9), and (c) scanning 
internal  photoemission measurements  of DiStefano (4) 
showed a localized barr ie r  lowering.  
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The localized component  of the bar r ie r  lowering is 
impor tant  since the very  high current  density (>1 
A / c m  2) through this region is of the order  of that  
requi red  for thermal  runaway  (11) and breakdown. 
After  the conduction enhancement  has occurred at 
e leva ted  tempera ture ,  contaminated samples exhibi t  
the same kind of sensi t ivi ty to mois ture  as do uncon-  
taminated samples (6). For  example,  exposure of the 
capacitor to room air for a few seconds resul ted in a 
decrease of the current  and an increase in the barr ie r  
height  (often by as much as 2 eV).  Locally low bar-  
r ier  heights and sensi t ivi ty to a tmosphere  are not 
unique to Na-contaminated  capacitors but  also occur 
in the purest  films available. In uncontaminated  sam- 
ples, the barr ie r  lower ing cannot be removed by a 
reverse  bias and hence is not a t t r ibuted to a mobile  
species. Likewise, even though a reverse  bias moved  
the sodium away from the Si-SiO2 interface, measure -  
ments showed that t h e  localized lower ing remained 
present and thus was not due to the sodium. 

At low measur ing fields and higher  sodium concen- 
trations, bar r ie r  heights were  often quite  var iable  from 
one capacitor to another,  and the values did not cor- 
relate  wel l  wi th  the sodium concentration. I t  is ap- 
parent  however  that  increasing the sodium concentra-  
t ion lowers the barr ie r  and that  above 1018 N a + / c m  2 
localization is likely. It also should be noted that  bar -  
r ier  heights considerably lower  than the 1.63 eV theo-  
retical  min imum (12) were  observed. Such low bar -  
r ier  heights were  also rout inely  seen (6) in uncon-  
taminated  samples and suggest a process more  com- 
plex than simple barr ie r  lower ing  due to sodium, e.g., 
crystallization. 

Dielectric breakdown.--In order  to assess the effect 
of sodium ions on dielectric in tegr i ty  of SiO2 films, 
b reakdown t imes were  obtained as a function of elec-  
tric field for capacitors having up to 101~ N a + / c m  2 
(see Fig. 4). Breakdown times, of course, are statis- 
t ical variables  since defects in the dielectric cause p re -  
mature  fai lure (3, 6). The max imum t ime to b reak-  
down (tmax) of a sampling (10-20 samplings) of MOS 
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Fig. 4. Breakdown time as a function of electric field for different 
levels of mobile charge. 

capacitors was chosen for close examinat ion  since it 
was associated wi th  the breakdown time of defect - f ree  
SIO2. At high electric fields, as Fig. 4 shows, high so- 
dium contaminat ion shortened the life of the ca- 
pacitors. This is expected because of the f ie ld-enhance-  
ment  from the sodium and is not necessari ly re la ted to 
any bar r ie r -he igh t  lowering.  At lower  fields, l ike those 
normal ly  encountered in FET operation, where  break-  
down might  occur induced by barr ie r  lowering,  it is 
seen that even a monolayer  of sodium did not shorten 
the l i fe t ime by more  than half  an order  of magnitude.  
This effect probably could also be a t t r ibuted to the 
increased electric field in the oxide. Fla tband voltage 
measurements  (13) as a function of time, made on 
MOS capacitors having 10 TM N a + / c m  2, have  fai led to 
detect any large scale, lateral,  ion motion or neu-  
t ral izat ion of the sodium and thus el iminate  these as 
mechanisms for improving the life of the contaminated 
samples. 

The tempera ture  dependence of the m ax im um time 
to fai lure (Fig. 5) shows that  the wear -ou t  process in 
SiO2 films contaminated with  5 • 1012 Na/cm2 had a 
1.4 ___ 0.2 eV thermal  act ivat ion energy f rom 100 ~ to 
400~ The activation energy is identical to that  re -  
ported for wea r -ou t  (6) and for interface state genera-  
tion (14) in uncontaminated  films. The sodium did 
not accelerate dielectric wear -ou t  in these films. 

Two different b reakdown mechanisms have been 
postulated (6, 9) for uncontaminated SiO2 films de- 
pending on the measur ing conditions. Normally,  the 
breakdown in SiO2 films is electronic in nature:  e lec-  
trons gain energy from the high applied field and then 
ionize centers in the dielectric (9). In this mode, the 
applied field and the t rap ionization energy are im- 
portant  but  the current  densi ty is secondary. Mag- 
nesium and gold inject ing electrodes having barr ie r  
heights of 1.7 and >5  eV, respectively,  and showing at 
least a 10-decade difference in conduction, give the 
same MOS dielectric s t rength (9). Af ter  accelerated 
b ias - tempera ture  stressing, breakdown is bel ieved to 
be thermal  in nature  (6). The generat ion of interface 
states at the inject ing electrode lowers the barr ie r  
height  enough so that  an exceedingly high current  flow 
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( ~ 1  A/cm 2) can init iate thermal  runaway.  Localized 
barr iers  of about 0.5 eV have been f requent ly  observed 
in uncontaminated  films prior to breakdown (6); cer- 
ta inly a barr ier  height of less than 1 eV would be re-  
quired to achieve such high current  at low fields. 

For sodium-rela ted bar r ie r -he ight  lowering to ini-  
tiate dielectric breakdown at low electric fields (~3  
MV/cm), the barr ier  must  be lowered by at least 2 eV. 
Such a large change has not been observed to occur 
uni formly even with a monolayer  of sodium. Based on 
this consideration, it is argued that  Na- induced bar -  
r ier-height  lowering alone does not enhance uniform 
wear-out  of SiO2 films. 

The localized effects of sodium cannot be ignored 
since the Na is not uni formly  distr ibuted (4, 5, 15) but  
presumably  accumulates at some defect. Although lo- 
cations of max imum barr ie r -he ight  lowering and of 
dielectric breakdown have been correlated (5), the 
barr ier  lowering itself may not be the cause of the 
breakdown. Other mechanisms, notably crystalliza- 
t ion (16) or field enhancement  (2.3) due t o  Na 
trapped at oxide defects could equally well  explain the 
observed correlation. 

Summary 
Electrical conduction measurements  in SiO2 films 

have confirmed scanning in ternal  photoemission find- 
ings (4, 5) that  the Si-SiO~ barr ier  height can be low- 
ered (often locally) by the presence of sodium ions. 
With the low electric fields typically encountered in 
FET device operation, a monolayer  of Na + contamina-  
t ion did not appreciably reduce the max imum time to 
failure. In  addition, moderately contaminated (5 • 
1012 Na+/cm 2) and clean (~101~ Na+/cm 2) oxides had 
the same max imum failure times over the 100~176 
range and for oxide thicknesses from 175 to 1000A. 
When the barr ier  lowering was uniform, its magni tude  
was less than 1 eV and well wi thin  the range observed 
by DiStefano (4, 5) and predicted by Hirabayashi  (12), 
but  yet was still too small to ini t iate high current  
and thermal  runaway.  In view of these findings, the 
causative relationship between localized barr ier  low- 
er ing and localized breakdown are questioned. Both 

field enhancement  (2, 3) from Na trapped at oxide de- 
fects and Na-induced crystallization (16) provide 
al ternat ive explanations, bu t  these were not tested in 
the present experiments.  
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The Temperature and Oxygen Pressure Dependence of 
the Ionic Transference Number of Nonstoichiometric CeO2_x 

G. J. VanHandel and R. N. Blumenthal 
Metallurgy and Materials Science, College o~ Engineering, Marquette University, Milwaukee, Wisconsin 53233 

ABSTRACT 

An electrochemical cell technique was used to measure the ionic t ransfer-  
ence number  of sintered specimens of nonstoichiometric CeO2-x as a func-  
tion of temperature  (590~176 and oxygen partial  pressure (1-10 -22 atm).  
The results were described in terms of a high and low oxygen pressure region. 
The ionic transference number  is controlled by impurit ies in the high oxygen 
pressure region. In this region the electronic conductivity was p- type at lower 
temperature  and n - type  at higher temperatures.  In  the low oxygen pressure 
region the ionic t ransference number  is small  (e.g., above 700~C, ti < 0.08). 
The electrical conduction in this region is controlled by the nonstoichiometric 
defects and is predominant ly  electronic. Using the value of ti ~ 0.05, an esti- 
mate of the diffusion coefficient for doubly ionized oxygen vacancies, Dvo.- ~_~ 
3.5 • 10 -5 cm2/sec at 1000~ was calculated by combining recently obtained 
thermodynamic and conductivity data with the Nernst -Eins te in  relation. 

Nonstoichiometric cerium dioxide, CeO2-x, has been 
the subject of several x - ray  (1-4), thermodynamic  
(5-8), and electrical conductivity (9-16) investigations. 

Key words:  ionic conductivity, ionic transference number, diffu- 
sion coefficient. 

Based on these exper imental  observations, CeO2-~ 
may be classified as a metal-excess, n - type  semicon- 
ductor. In  a recent thermodynamic  study (8) the non -  
stoichiometric defect s tructure has been character-  
ized in terms of defect model involving doubly ionized 
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oxygen vacancies, Vo", and electrons localized on nor -  
mal  cerium atoms, Cece'. Although the electrical con- 
duction at lower oxygen pressures has general ly  been 
assumed to be predominant ly  electronic (10, 14-16) 
there has not been any ionic t ransference measure-  
ments  to verify this assumption. 

The objective of this study was (i) to measure the 
ionic transference, h, of CeO2-x as a function of oxy-  
gen part ial  pressure and tempera ture  and (ii) to com- 
bine this data with electrical conductivi ty and thermo-  
dynamic data to obtain informat ion about the oxy-  
gen vacancy diffusion coefficient, Dvo", in  "pure" 
CeO2-x and to compare these results with the re-  
cently reported values of Dvo" for CaO-doped cerium 
dioxide (17). 

Theory 
An oxygen concentrat ion cell of the type 

P02, P t  I CeO2-CaO I Pt,P02' 

was used in this invest igat ion to obtain ionic t rans-  
ference numbers  of CeO2 as a funct ion of Poe and tem- 
perature.  The open-circui t  emf of this cell for P02 
P02' is given by the w e l l - k n o w n  expression 

Emeas : ( R T / n F ) t i  ln(Po2'/Po2) [1] 

where R is .the universal  gas constant, T the absolute 
temperature,  n the number  of electrical equivalents,  F 
Faraday 's  constant, and ti the ionic t ransference n u m -  
ber. The subscript on E indicates that  this is the mea-  
sured emf. The theoretical or thermodynamic  emf of a 
similar cell with a totally ionic electrolyte (ti : 1) is 
given by 

Etheo : ( R T / n F )  ln(Po2'/Po2) [2] 

If the ionic t ransference number  does vary too much 
across the electrolyte then  ti is given by 

t i  -- Emeas/Etheo [3] 

The use of Eq. [3] requires that  the electrodes act re-  
versibly. 

The diffusion coefficient of a nonstoichiometric defect 
may be determined by combining transport  numbers  
data with the appropriate composition and electrical 
conductivi ty data. For example, in  nonstoichiometric 
CeO~-x the predominate  defects are Vo" and Cece' (8). 
Thus the ionic conductivity, ai, may  be represented by 

~l "-- nvo" 2e~vo.. [4] 

where nvo-" is the concentrat ion of oxygen vacancies 
per cubic centimeter,  e the charge of an electron, and 
~Vo'" the mobil i ty of a doubly ionized oxygen vacancy. 

According to the Nerns t -Eins te in  relat ion 

~Vo..kT 
Dvo." --  - -  [5] 

2e 

Combining Eq. [4] and [5] we obta in  

qi = nVo'" 4e 2 DVo'" [6] 

k T  

Since cerium dioxide exhibits a fluorite s t ructure  with 
eight oxygen and four cerium sites per un i t  cell, the 
concentrat ion of oxygen vacancies may be related to 
the deviation from stoichiometry, x, in  CeO2-x by the 
expression 

4x 
nvo." = [7] 

ao 3 

where ao is the lattice parameter  of CeO~-x 

( ) 
�9 l = \ ao 3 kT [g] 

The conductivity may be calculated from the relat ion 

~l = qTti [9] 

Combining Eq. [8] and [9] we obtain the following 
expression for the diffusion coefficient for oxygen 
vacancies 

= - -  aTti [i0] Dvo'" \ ~ x 

Thus, if the t ransference n u m b e r  data is combined 
with the appropriate conductivi ty and composition 
data, Dvo" may be calculated from Eq. [10]. 

Experimental 
Sintered polycrystal l ine disks were used for the 

electrolytes in the electrochemical cells. The "pure" 
cerium dioxide powder was obtained from the Trona 
Division of American Potash Corporation and was 
99.99% pure with respect to other rare earths. The 
chemical analyses of the CeOe powder are given in a 
previous publicat ion (17). Disks were formed by  cold 
pressing the CeO2 powder in  a aA in. diam steel die at 
approximately 32,000 psi. The green specimens were 
l ightly scraped to remove mater ia l  deposited on the 
specimens from the die walls. The disks were fired 
in flowing argon for 3 hr  at 1600~ Oxygen was in -  
troduced at 1300~ during cooling of the sintering 
furnace. The sintered bulk  densities ranged from 80 to 
90% of theoretical. The disks were ground to a final 
size of 13 mm diam by ~3.2 mm thick using 180 grit 
silicon carbide polishing paper. 

Pyrex rings were used to seal each electrolyte disk 
to the end of a 1/2 in. OD a lumina  tube. The rings which 
were approximately 1.5 m m  thick were cut from 1/2 in. 
OD Pyrex tubing. Rubber  cement which later  bu rned  
off was used to hold the electrolyte disk and Pyrex  
r ing in  place for insert ion into the cell assembly. The 
electrolyte disk, Pyrex ring, tube assembly was then  
heated to 1000~ in situ. The Pyrex  r ing softened suf- 
ficiently to produce a seal be tween the tube and disk 
such that  the inside of the tube could be used as one 
of the electrode chambers .  

The cell as used in this invest igat ion is shown sche- 
matical ly  in Fig. 1 and 2. The a lumina  t u b e  with the 
electrolyte pellet was held in place by the large brass 
head and rested on a p la t inum mesh contact. This con- 
tact in  t u r n  rested on the flat bottom of a quartz sup- 
port tube. The support tube was cemented to the large 
brass head. An O-r ing compression fitting in the brass 
head formed a gas seal at the point where the elec- 
trolyte tube entered the head. 

The electrode-gas atmosphere for the outer electrode 
was supplied through the brass head which also pro-  
vided an exhaust  exit. Gas atmospheres enter ing at the 

1 
I 
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" / "  I f - ~  

\ - -  i I 
" ~  i I p P 

T . C .  

Fig. 1. Schematic detail of cell electrolyte area. A, alumina elec- 
trolyte tube; E, electrolyte; M, platinum mesh contact; P, Pyrex 
seal; Q, quartz tube; T, thermocouple insulator; T.C., Pt/Pt-13% 
Rh thermocouple. 
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Fig. 2. Schematic of the electrochemical cell assembly 

head passed down into the cell and around the outer  
surface of the electrolyte  via a hole in the flat bottom 
of the quartz  support  tube. 

A P t /P t -13% Rh thermocouple  was used to measure  
the tempera ture  at the outer  electrode. The leads of 
this thermocouple  passed through a two-ho le  Kova r  
seal in the large head. The pIat inum mesh contact was 
connected to the pla t inum lead of this thermocouple  
which served as the outer  potential  lead. 

A smaller  brass head, connected to the ~ in. a lumina 
tube by means of another  O-r ing fitting, provided the 
gas exhaust  for the inner  electrode chamber  and ac- 
cepted a thermocouple  insulator  tube. 

A third brass fitting on the inner thermocouple  in- 
sulator was used to supply gas to the inner  electrode 
chamber  through the thermocouple  insulator. The 
thermocouple  leads exi ted through a 2-hole Kovar  seal 
in this fitting with pla t inum lead of this P t /P t -13% Rh 
thermocouple  serving as the potential  lead for the 
inner  electrode. 

Both of the smaller  brass fittings were  spr ing- loaded 
to provide good physical contact be tween  the the rmo-  
couple and electrolyte  and be tween  the pla t inum mesh 
and the electrolyte  at all t imes during heat ing and 
cooling of the cell, 

Mixtures  of O2-Ar and CO-CO2 supplied prepurified, 
premixed,  and analyzed by the Matheson Company 
were  used for the electrode atmospheres. The O2-Ar 
mixtures  which ranged f rom 104 ppm O2 to pure 02 
were  checked with  an oxygen gauge using a calcia- 
stabilized zirconia electrolyte.  The oxygen contents as 
de termined from use of the oxygen gauge were  used in 
calculating exper imenta l  values of the ionic t rans-  
ference fractions. The CO-CO2 mixtures  ranged f rom 
1000 ppm CO to 97% CO. The Matheson analyses were  
used in calculations involving these mixtures.  

The gas flow rates were  controlled by Matheson No. 
602 rotometers.  Systems of two 3-way glass stopcocks 
were  used to route the gases to the inner  and outer  
chambers as desired. A flow rate  of approximate ly  280 
cmS/min was used in both chambers. 

The cells were  heated in a Kanthal  resistance fur -  
nace to a max imum tempera ture  of 1000~ The t em-  
pera ture  was controlled to -~1~ wi th  Barber  Coleman 

Model 477 CapacitroI control lers  and Barber  Coleman 
Model 621 power controllers. 

The cell emf's  were  measured with  a Kei th ley  Model 
630 potent iometr ic  electrometer .  The negat ive lead to 
the e lec t rometer  was mainta ined at ground potential.  
All  electrical grounds or iginated at this negat ive po- 
tential  lead which was grounded through the e lec t rom-  
eter. An electr ical ly grounded Nichrome screen was 
used to shield the cell f rom electr ical  pickup from the 
furnace windings. 

Severa l  exper imenta l  observations led to the final 
cell design. Ear l ier  designs used a gas inlet  tube which 
was separate f rom the thermocouple  insulator  in the 
inner  electrode chamber.  The cell emf was observed to 
be a function of the anode-gas flow rate. This effect was 
more pronounced with  the anode gas in the inner  
chamber.  Negligible variat ions in the emf  were  ob- 
served when the cathode-gas flow rate  was varied. This 
was independent  of the chamber  used as the cathode. 

The emf variat ions wi th  anode-gas flow rate  could 
not be in terpre ted  as a thermoelect r ic  effect arising 
from cooling of the electrolyte  surface because the 
change in magni tude  of the emf  was not consistent 
wi th  the observed polar i ty  of the thermoelect r ic  power  
coefficient. Polarizat ion due to insufficient removal  
rates of oxygen evolved at the anode was suspected as 
the source of the variat ions in the emf. To aid in oxy-  
gen removal  the thermocouple  insulator in the inner  
chamber  was used to direct the incoming gas to the 
point of electrical  contact. This procedure appeared 
to e l iminate  variat ions in the emf  with  gas flow which 
could not be explained on the basis of surface cooling 
at the anode. All subsequent  measurements  were  per -  
formed with  the anode gas in the inner  electrode 
chamber. In addition, gas mixtures  differing in oxygen 
pressure by 1 atm or less were  used for any given de- 
terminat ion to avoid polarization due to in ternal  cur-  
rents. 

Results 
The ionic t ransference numbers  of s intered speci- 

mens of CeO2-x were  measured  i so thermal ly  at 100~ 
intervals  be tween 590~176 and from 1 to 10 -22 atm 
of oxygen. The results of the t ransference measure-  
ments are shown in Fig. 3: The set of two points at a 
given value of ti corresponds to the two different oxy-  
gen pressures of the gas mix tures  used to obtain that  
value  of ti. A smooth curve was drawn through the 
center  of each set of points. 

There are two oxygen pressure regions separated by 
a gap which widens with  decreasing temperature .  The 
data at h igher  oxygen pressures were  obtained with 
O2-Ar mixtures  while  those at lower  oxygen pressures 
were  obtained with  CO-CO2 mixtures.  Oxygen  pres-  
sures in the gap are unobtainable  wi th  these gas m i x -  
tures at a total pressure of 1 arm. Dashed lines have  
been drawn in Fig. 3 in an a t tempt  to show how the 
transi t ion in ti f rom high to low oxygen  pressures 
might  look. 

1004.2 ~ 

: ~:I:o ~ 
o ~01, O 
w SO0.1 
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Fig. 3. Isothermal tt vs. log Po 2 for pure Ce02 
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For purposes of discussion the Po2 dependence of ti 
may be described in terms of two oxygen pressure 
regions. 

Region 1: At high oxygen part ial  pressure (i.e., 
1-10 -4 atm obtained with O2-Ar mixtures)  the electri-  
cal conductivi ty has been reported to be influenced by 
the impurit ies present in "pure" CeO2 (14, 15). In  this 
region the deviation from stoichiometry-is  x < 10 -4 
which is of the same order of magni tude  as the major  
impur i ty  (e.g., Ca) (8, 15). Thus it appears that in  
this region % is probably controlled by defects created 
by Ca ion impurities.  The presence of foreign Ca ion 
has been shown to produce oxygen vacancies in 
CeO2-x (17). In  similar oxide fluorite structures (e.g., 
ThO2) it is believed that  near  stoichiometry, oxygen 
vacancies produced by y+a ions result  in the forma- 
t ion of holes according to the following defect reaction 
(18) 

1 
Vo" + ~ O 2 ( g )  = Oo x + 2h" [12] 

It is interest ing to note that  in Fig. 3 the shapes of the 
isotherms at 590 ~ 702 ~ and 794~ suggest possible 
maxima in  ti which shift to lower oxygen pressures 
with decreasing temperature.  The observed maxima 
might  correspond to a p to n t ransi t ion where  the elec- 
tronic conductivi ty is a min imum.  The ionic t ransfer-  
ence number  would decrease from its max imum with 
increasing oxygen pressure because of the increasing 
importance of hole conductivity with increasing oxy-  
gen pressure (e.g., applying Le Chatelier 's  principle to 
Eq. [12]). 

To determine the effect of tempera ture  on h at 
higher oxygen pressures a plot of ti vs. 1 /T  at sev- 
eral isobars was made as shown in Fig. 4. This figure 
shows a max imum in h which shifts to higher tem-  
peratures with increasing oxygen pressure. Below 
~610~ h is increasing with decreasing oxygen pres- 
sure while the reverse behavior  is observed above 
~717~ This behavior  is in  accord with electronic 
conductivi ty which is predominant ly  p- type  at lower 
temperatures  and higher oxygen pressures, and n - type  
at higher temperatures  and lower oxygen pressures 
where the deviation from stoichiometry is larger (8). 

Region 2: In  the low oxygen pressure region the 
ionic t ransference n u m b e r  is small (e.g., above 700~ 
ti < 0.08), thus electrical conduction in this region is 
predominately  electronic. Recent thermodynamic  and 
electrical conductivi ty studies have shown the pre-  
dominant  defects in  this region of Po2 and temperature  
are doubly ionized oxygen vacancies and electrons 
localized on normal  cerium sites (8). The electronic 
conductivity has been shown to be a "hopping" type 
process where the electrons localized at normal  cerium 
sites move to adjacent cerium sites under  the influence 
of an electric field (19). 
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To determine the effect of the deviat ion from stoi- 
chiometry, x, on ti thermodynamic  data (8) [i.e., x ----- 
f (T ,Po2)]  was combined with the ti data shown in 
,Fig. 3. The combined data are l imited to the tempera-  
ture region 800~176 and composition region x > 
10 -~ where the error in x is less than  4% (8). The re- 
sults of these calculations are represented by isother- 
mal plots of ti vs. log x as shown in Fig. 5. In the 
composition region 10 -a  < x < 10 -2, where the 
electronic (16) and ionic mobili t ies should be rela-  
t ively independent  of x, ti ~ 0.05 is relat ively con- 
s tant  with the exception of the data points at x 
10 -3 where ti --- 0.066 at 800~ and at 900~ where 
ti ~ 0.028. At larger deviations from stoichiometry 
(x > 5 • 10 -2) ti appears to increase slightly with x 
at 900 ~ and 1000~ Because of the possibility of rela-  
t ively large absolute errors in ti (i.d., approx imate ly  
50% in the low oxygen pressure region) it is difficult 
to ascribe any part icular  significance to the apparent  
var iat ion in ti with x and temperature  at this time. 
It is interest ing to note, however, that Floyd and 
Steele (20) have reported the activation energies for 
diffusion of oxygen in CeO2-x is about 4 kcal /mole 
when  x ~ 0.2 whereas in  the near  stoichiometric state, 
Q _~ 23 kcal/mole.  

Using the value of t~ ~ 0.05 an estimate of the dif- 
fusion coefficient for doubly ionized oxygen vacancies, 
Dvo" --~ 3�9 • 10 -6 cme/sec at 1000~ was calculated 
by combining recently obtained thermodynamic  (8) 
[x ---- x(T,Po~)] and conductivi ty data (21) [i.e., CT = 
~(T, Poe)] with Eq. [10]. This value of Dvo" appears to 
be independent  of x in the region 10 -3 < x <10 -2. No 
at tempt was made to determine the temperature  de-  
pendence of Dvo.' because of the uncer ta in ty  in  ti with 
temperature�9 

It is interest ing to compare the above value of Dvo" 
for "pure" CeO2-x ~ with Dvo" ~-- 1.1 X 10 -6 cm2/sec 
calculated at 1000~ from the expression-for Dvo" ob- 
tained from a recent electrical conductivity study on 
CaO-doped CeO2 (17). With in  exper imental  error the 
two calculated values of Dvo- are in relat ively good 
agreement�9 Since the above expression for Dvo" was 
obtained for CaO contents be tween 1 and 8 mole per 
cent (m/o) ,  it appears that the presence of CaO at 
least up to 8 m/o  does not have any significant effect 
on the magni tude  of Dvo". 
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Microstructural Observations on Gallium Nitride 
Light-Emitting Diodes 

H. P. Maruska, *,1 L. J. Anderson, and D. A. Stevenson* 
Department oJ Materials Science, Stanford University, Stanlord, California 94305 

ABSTRACT 

Microstructural  observations, uti l izing optical microscopy, scanning elec- 
t ron microscopy, and transmission electron microscopy, were made on gal l ium 
ni t r ide (GaN) me ta l / i n su l a to r /n - type  semiconductor (m- i -n )  l ight -emit t ing  
diodes. The GaN films from which the diodes were fabricated were grown by 
heteroepitaxial  chemical vapor deposition on sapphire substrates, and con- 
sisted of an undoped n- layer  and a Mg-doped i- layer;  a metal  contact was 
subsequent ly  placed on the surface of the i - layer  forming an m- i  and an n- i  
junction.  Significant observations include the following: optical microscopy 
and scanning electron microscopy show a faceted surface of the layers and the 
existence of cell boundaries;  the cell boundaries  result  from the coalescence of 
the individual  crystallites formed on the substrate in the early stages of 
growth; x - ray  Laue patterns consist of spots that are slightly diffuse, indicating 
that the cells are only slightly misoriented with respect to their adjoining cells; 
light emission occurs as a pat tern of small discrete spots and this pat tern  of 
spots correlates with the faceted s tructure of the film; the light emanates from 
the cathode regions (the i -n  junc t ion  with forward bias and the m- i  junct ion  
with reverse bias);  steep electrical potential  gradients (-~105 V/cm),  mea-  
sured using line scan techniques in the scanning electron microscope, occur 
at the m- i  and the n- i  junctions.  The observations are consistent with an im-  
pact ionization model for light emission. 

There is considerable interest  in  the phenomenon 
of electroluminescence in the I I I -V compound gall ium 
ni tr ide (GaN) as evidenced by several recent publ ica-  
tions (1-6). Light-emit t ing diodes ( L E D ' s ) h a v e  been 
fabricated which emit red and yellow (2), green (3), 
blue (4), and violet light (5, 6). In all of these cases, 
the basic device is an m - i - n  structure, consisting of a 
layer  of n - type  GaN, a layer  of insulat ing (i) GaN, 
and a metal  contact to the i -GaN layer. Although n u -  
merous emission spectra, current-vol tage  character-  
istics, and efficiency characteristics have been pub-  
lished for these diodes, the actual mechanisms re-  
sponsible for the operation of GaN m - i - n  diodes re-  
main  nuclear. In  this paper we present observations 
made on GaN m - i - n  diodes in the optical, scanning 

* Electrochemical  Society Act ive  Member .  
1 P r e s e n t  address :  RCA Research  Laborator ies ,  Pr inceton,  N e w  

Je r sey  08540. 
K e y  words :  junct ion  s t ructure ,  l ight  emiss ion pat tern ,  voltage 

profile, voltage contrast. 

electron, and transmission electron microscopes con- 
cerning important  s t ructural  features of these devices. 
These observations provide valuable insight concern- 
ing the processes that  contr ibute to the operation of 
the device. 

Experimental Techniques 
Films of GaN were grown by heteroepitaxial  chemi- 

cal vapor deposition with the n- i  junc t ion  structures 
produced by sequential  chemical vapor deposition of 
first GaN, and then GaN:Mg, on sapphire substrates. 
Details of the growth process are described elsewhere 
(5). The devices were made by placing a metal  contact 
over the surface i - layer  either by evaporation, pa in t -  
ing l iquid In-Ga,  or by  an amalgam technique (6); 
thus an m - i - n  diode structure is formed. 

An Advanced Metals Research Model 900 scanning 
electron microscope (SEM) was used to study the sur-  
face characteristics of samples. The SEM is par t icu-  
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larly suited for observations and measurements  of 
junct ion and space-charge regions in the 1~ size range. 
Since an electric field e i ther  enhances or retards the 
emission of secondary electrons, there  is a relat ion 
be tween the brightness of the local image and the in-  
ternal  electric field (7). This phenomenon is known 
as voltage contrast. The voltage contrast may  result  
from an internal  electric field in the mater ia l  due to a 
concentrat ion gradient  of an electr ical ly active species, 
such as wi th  an n-p  junct ion or an i -n  junction, or to 
an electric field imposed on a device due to an applied 
bias. A representat ion of the potential  distr ibution in a 
sample may  be obtained with  a l ine scan. The pr imary  
beam is set to sweep one line across the sample and the 
secondary electron current  signal vs. distance is dis- 
played on a screen. By taking two of these l ine scans 
at the same position across a sample, one with  and one 
wi thout  bias, a representat ion of the potential  distri-  
bution across the diode can be obtained. 

Precipitates and dislocations have been observed in 
several  I I I -V compounds and have been suggested as 
potential  carr ier  recombinat ion centers (8). Since the 
precipitates could be smaller  than 500A in diameter,  
transmission electron microscopy (TEM) provides the 
only method for definitive examination.  Dislocations 
are also readi ly  observable in single crystal l ine ma te -  
rials by TEM because the lattice discontinuity they  
create leads to localized changes in diffraction condi-  
tions and consequent contrast in the t ransmit ted  image. 

A 10 ~m thick, Mg-doped, GaN layer  on a 70 ~m 
thick, n - type  layer, that  had separated from the sap- 
phire substrate during postgrowth cooling, was u l t ra -  
sonically cut into 3 mm diameter  disks for TEM ex- 
amination. Low angle ion-mi l l ing  was used to smooth 
the faceted surface of the i-layer,  and then the n - layer  
and some of the i - layer  were  removed in a region near  
the center  of the disk during a 65-hr bombardment  on 
the n - layer  side wi th  10 kV Ar  ions in a Common-  
weal th  Scientific Ion Milling Machine. The sample pro-  
vided an area larger  than 500 ~m 2 that  was thin enough 
(~3000A) for detailed TEM examination.  

Optical microscopic studies of the light emission 
from the diodes were  carried out wi th  a Leitz Panphot  
microscope which al lowed focusing at magnifications 
up to 500X. 

Exper imenta l  Results 
Electrotuminescence.--As reported ear l ier  (6), elec-  

t roluminescence was obtained from Mg-doped GaN 
m - i - n  diodes both with  forward  (m biased posit ive 
wi th  respect to n) and reverse bias. Light  emission 
under  forward  bias was obtained in the region of 2.86- 
2.98 eV, wi th  400 meV half  width, and the externa l  
quantum efficiency was about 0.005%. Diodes operated 
in reverse  b i a s  exhibi ted a major  emission peak at 
4820A (2.57 eV), which is l igh t -b lue  in color, and an-  
other  less intense peak at 6000A (2.07 eV) in the 
ye l low-orange;  the diodes appear green in reverse  bias 
due to the eye's sensitivity. Photoluminescence in Mg- 
doped GaN showed an emission spectrum similar  to 
the forward  bias electroluminescence spectrum, wi th  
a peak at 2.92 eV ( independent  of tempera ture)  (6). 
The luminous intensi ty varies l inear ly  wi th  diode 
current  and super l inear ly  with applied voltage. 

Growth and surface morphology o] GaN.--The 
growth and surface morphology of the GaN epitaxial  
films were  studied in order to obtain a bet ter  under -  
standing of the processes which control the operat ion 
of the LED devices. Gall ium nitr ide crystallizes wi th  
the hexagonal  wurtzi te  structure.  It was found that  a 
large number  of GaN nuclei  are  formed on the sap- 
phire  substrate during the chemical vapor  deposition 
(open-flow vapor phase growth)  process. This is rea-  
sonable since the deposition tempera ture  used was sev-  
er_al hundred  degrees below the equi l ibr ium tem-  
pera ture  for the chemical reaction. These nuclei  grow 
to form separate hexagonal  islands of GaN. An ex-  
ample of these islands is shown in Fig. 1, taken at 

Fig. 1. Hexagonal islands of GaN nucleated on (0001)-sapphire 

5000X magnification in the scanning electron micro-  
scope. The deposition occurred on an (0001)-oriented 
sapphire substrate, and the GaN islands have this same 
orientation. Notice that  the individual  islands have the 
form of hexagonal  columns, wi th  the respect ive sides 
of each column paral lel  to those of all t h e  other  col- 
umns. Given  sufficient time, all of these islands grow 
together.  This is clearly shown in Fig. 2, where  sepa- 
rate islands are still visible on the r ight  side of the 
micrograph (2000X magnification) while  a continuous 
film has formed on the left  side. However ,  the original  
island pat tern  is still visible in the continuous films, 
which exhibits a faceted surface. This suggests that  the 
various islands may  not be exact ly  aligned. Figure  3 
shows the type of GaN surface which occurs for films 
grown on ( l l 02 ) -o r i en t ed  sapphire substrates. The 
GaN films have a (11-20) orientat ion when  grown on 
(1102) sapphire substrates and the GaN c axis is then  
paral lel  to the substrate surface. The size of the facets 
is direct ly re la ted to the position of the substrate in the 
growth tube; the facet size decreases wi th  distance 
downstream from the ammonia inlet tube, as shown in 
Fig. 4 for growth  on a 5-in. long quartz  plate. The 
thickness of the deposit shows, a marked  decrease wi th  
distance downstream probably due to a small  t empera -  
ture gradient. 

A Laue pat tern for the faceted (11-20) GaN films, 
consists only of spots, indicative of a single crystal. 
There a re  no rings which would  indicate a polycrysta l -  
l ine sample. Therefore,  even though many  nuclei  are 
involved in the formation of a GaN film, the resul t ing  

Fig. 2. Hexagonal islands of GaN, which have grown together 
to form a continuous film on the left side of the picture. 
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Fig. "~. Typical faceted surface developed in GaN grown on 
(~02)-sapphire. 

film gives x - ray  evidence of single crystall inity.  How- 
ever, the Laue pat tern spots are not pinpoints but  in-  
stead show a little smearing, characteristic of slight 
crystall ine misal ignment.  Thus there are probably sub- 
grain boundaries  between the coalescing islands. 

Pattern of light emission.--It is thus clear that GaN 
films on sapphire substrates consist of microscopic 
islands which have coalesced to form a continuous, 
s ingle-crystal l ine epitaxial  layer  with a faceted sur-  
face. The microscopic study was extended to actual 
operating LED's in order to discover how the light 
emission is correlated with the s tructure of the crys- 
tals. 

Chips which separate from the sapphire substrate 
upon cooling are especially suited for emission pat tern  
observations, since it is possible to directly focus the 
optical microscope onto the l ight pat tern at magnifica- 
tions as high as 200X without  any dispersion of light 
due to an in tervening sapphire layer. The ligh t emis- 
sion does not occur uniformly throughout the mate- 
rial but rather takes the form of small discrete spots. 
The pattern of light spots occurring with forward bias 

Fig. 4. Polycrystalline gal- 
lium nitride films on quartz 
substrates, showing crystallite 
size at various distances 
downstream from the ammonia 
inlet: (a, top left) 2 in.; (b, 
top right) 3 in.; (c, bottom) 4 
in. Magnification 200 X .  
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Fig. So. Light spot pattern of forward-biased diode at 200•  
magnification. 
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increased above a threshold voltage of about 8V. Once 
all the spots are lighted, they just  become br ighter  as 
the voltage is fur ther  increased. As the voltage is de- 
creased, the spots go out in reverse order. The brighter  
devices have large numbers  of closely spaced light 
spots, all of which t u rn  on over a short range of 
voltage increase (about  2-3V). Some diodes only had 
one or two light spots which increased in brightness 
with increasing voltage bu t  which burned  through be-  
fore other spots turned on. Any GaN LED will  b u r n  
through and become a short circuit if the applied 
voltage is continuously increased sufficiently. In  all 
cases the position of the brightest  l ight spot overheats 
and burns  through leaving a t iny  black dot. The device 
can be salvaged by simply al tering the metal  contact 
so that it  does not touch this black dot. 

It  is of interest  to determine where the l ight  is ac- 
tual ly  created inside the device; possible regions are at 
the m- i  junction,  the i -n  junction,  throughout  the bulk  
of the i-layer,  or wi th in  the n- layer .  A sample was 
mounted  perpendicular  to a glass slide, so that  the 
various regions (m, i, and n) were visible. Figure 6 is 
a scanning electron micrograph of the sample and 
shows, on the right, the sapphire substrate, in the 
center the GaN n-  and i- layers  (which are indis t in-  
guishable in this picture),  and on the left the metal  
contact to the i- layer.  This sample is shown with for- 
ward bias applied (and without external  i l luminat ion)  
at a magnification of 500X in the optical micrograph 
of Fig. 7; l ight spots which were par t icular ly  close to 
the top edge of the chip are clearly seen. They occur 
about one-eighth of the way from the meta l  contact 
on the i - layer  to the sapphire substrate. In  the next  
section it is shown that this is the exact position of the 
i - n  junction.  

Reverse bias light proved more difficult to study. The 
size of the reverse bias l ight spots, when  viewed 
through the n- layer ,  was the same as the forward 
bias spots; however, none could be clearly seen and 
photographed from the edge of the samPle. The metal -  
GaN: Mg interface appeared to glow and there were no 
signs of l ight spots anywhere  wi th in  the i- or the 
n-  regions, thus the reverse-bias l ight appears to come 
from the m- i  junction.  

Characteristics of the insulating (Mg-doped) re- 
gion.--It was appropriate to make a more detailed 
s tudy of the insulat ing Mg-doped GaN layer  in  the 
diodes. The Mg concentrat ion in the doped mater ia l  

Fig. 5b. Same diode as in Fig. 5a with external illumination and 
light spot pattern superimposed. Magnification 200X.  

at 200X magnification is shown in Fig. 5a. The spots 
appear larger on the film than they actually are due 
to the exposure t ime of 6 rain. Visual observations of 
the spots in  the microscope indicate that  they are less 
than 10~ in diameter. 

The same region of the LED of Fig. 5a is shown ex-  
ternal ly  i l luminated in Fig. 5b, with the light spot 
pa t te rn  of Fig. 5a superimposed. It  can be seen that  
the l ight spots can be correlated with the crystal 
facets; no more than one spot occurs in any  facet, and 
most facets are without  spots. For comparison, the 
facets can be seen more clearly in the scanning elec- 
t ron micrograph shown in Fig. 3. A spotty l ight emis- 
sion pat tern  is also observed with reverse bias, al- 
though most of the spot positions are different from 
the ones seen when a diode is forward biased. 

It has been observed that the light spots tu rn  on in a 
definite, reproducible order as the applied voltage is 

Fig. 6. Perpendicular view of diodes as seen in the scanning 
electron microscope. The entire device (including the sapphire 
substrate) and the two metal contacts (to the n- and i-layers) are 
vlslble. Magnification 25 X .  
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Fig. 7. Light spots observed when diode shown in Fig. 6 was 
forward biased. The light spots occur within the GaN region. Mag- 
nification 500 •  

Fig. 8. Scanning electron micrograph of diode at 500•  magnifi- 
cation with reverse bias. The insulating (Mg-doped) GaN layer 
can be clearly distinguished. 

was determined by electron microprobe analysis, and 
dopant concentrations of 2-6 • 1020 a toms/cm 3 were  
found; however ,  it is not known what  percentage of 
the dopant is electr ical ly active. The addition of a 
large quant i ty  of dopant affects the latt ice parameters  
of GaN. Table I presents the latt ice parameter  mea-  
surements  of a number  of investigations (including 
the present  one) for undoped GaN and for Mg-doped 
GaN (from the present s tudy).  The a and c values for 
the doped mater ia l  were  found to increase by 0.14 and 
0.21%, respectively,  over  the average values for un-  
doped material .  This is not surprising, since the te t ra-  
hedral  radius of Mg is la rger  than that  of Ga. 

Fur the r  studies of the insulating region in the diodes 
were  made with  the SEM. Diodes were  sui tably 
mounted  onto glass slides to expose the two junctions 
(see Fig. 6). Figure  8 shows a device at 500X magnifi-  

cation and with reverse  bias. The faceted nature  of the 
GaN surface is apparent,  and the extent  of the in-  
sulating region may  be distinguished due to voltage 
contrast. The i - layer  i s  l ight  gray, the n - l aye r  is dark 
gray, and the very  whi te  region is the front  surface 
of the i - layer  which is visible because the meta l  con- 
tact does not come all the way up to the edge and the 
sample is sl ightly tilted. Over  most of its extent,  the 
i - layer  is 10~ wide, a l though the width  varies up to 
25~ in sections due to different growth rates of the 
facet planes. The m- i  junct ion and the i -n  junct ion are 
parallel,  and both have a jagged appearance (con- 
forming to the facets),  wi th  the i -n  junct ion one-  
eighth of the way from the front  face to the sapphire 
substrate. Thus the l ight spots seen in Fig. 7 were  gen-  
erated at the i -n  junction. 

The n -GaN was grown for one-ha l f  hour  and the 
i -GaN for one-quar te r  hour in the diode shown in Fig. 
7 and 8; however,  the n - l aye r  is eight t imes as thick as 
the i- layer.  Therefore  the presence of Mg in the vapor  
during the growth of GaN appears to reduce the 
growth rate to about one- four th  that  of undoped mate-  
rial. 

Detailed examinat ion of Mg-doped GaN in the trans-  
mission electron microscope revealed  no evidence of 
precipitates or dislocations. Grain boundaries  were  not 
observed because of the small  size of the th inned area 
as compared to the known grain size. Selected area 
diffraction yielded a distinct, s ingle-crysta l l ine  GaN 
pattern. It can be concluded that  the i - l ayer  is pre-  
c ipi ta te-f ree  and that  the dislocation density is less 
than 10 ~ cm -2 in the inter ior  regions of the crystal-  
lites. (It is undoubtedly  high in the vicini ty of the 
crystal l i te  boundaries.)  

Electrical potential distvibution.--A representa t ive  
line scan trace across a diode is displayed in Fig. 9, 
taken at 1000X magnification at the same position 
across the sample, wi th  and wi thout  forward  bias. 
These traces are superimposed on a s tandard secondary 
electron image of the same region. Since for a topo- 
graphical ly  and composit ionally uniform sample, as is 
the cross section of the sample shown in Fig. 9, the 
number  of secondary electrons emit ted from any point 
on the sample depends on the vol tage at that  point  (7), 
and since the height  of the l ine scan trace is direct ly  
proport ional  to the number  of secondary electrons col- 
lected, it is possible to display the voltage profile across 
the diode for an applied bias (Fig. 10). In a similar  
manner,  voltage profiles were  obtained for reverse  bias 
(Fig. 11). In ei ther  case, gradients in potential  occur 
only at both the m- i  and the i -n  junctions, and elec- 
tr ic field strengths of about 105 V / c m  are encountered.  
Because of a geometr ical  step in the vicini ty of the 
meta l  contact, there  are spurious peaks in the line 
scan in this region, which are disregarded in Fig. 10 
and 11. The diode electrical  and electroluminescent  
propert ies are not  appreciably influenced by changes 

Table I. Lattice parameters of undoped and Mg-doped GaN 

a, A c, A D a t a  s o u r c e  

GaN 

GaN 
GaN 

GaN 
GaN:Mg 

3,189 5.185 M a r u s k a  a n d  T i e t j e n ,  1969 
(9) 

3,190 5.17 F a u l k n e r ,  et  al., 1970 (10) 
3.189 5.185 I l e g e m s  a n d  M o n t g o m e r y ,  

1973 (11) 
3.190 5,184 P r e s e n t  s t u d y  
3.194 5,192 P r e s e n t  s t u d y  

Fig. 9. Superimposed zero bias and forward bias line scan traces 
and SEM photograph of a gallium nitride light-emitting diode. 
Magnification 1000X.  
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Fig. 10. Electric potential distribution across a gallium nitride 
light-emitting diode when forward bias is applied. 
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Fig. 11. Electric potential distribution across a gallium nitride 
light-emitting diode when reverse bias is applied. 

in the thickness of the i - layer;  diodes grown at the 
same position in the furnace but  with i - layers  differ- 
ing in  thickness by an order of magni tude  showed v i r -  
tual ly  no difference in  current  passed or light emit ted 
at a fixed voltage. 

Summary 
The impor tant  s t ructural  features of GaN m - i - n  

l ight-emit t ing diodes are summarized below. 

1. Light-emit t ing  diodes made from GaN:Mg m - i - n  
structures exhibi t  violet electroluminescence. Forward  
bias results in a broad spectrum (4{)0 meV half -width)  
which peaks at 2.9 eV, with a similar spectrum for 
photoluminescence. 

2. The light emission occurs as a pat tern  of small, 
discrete spots, which can be correlated with the GaN 
crystal facets. 

3. The light is emitted at the cathode ( i -n  junct ion)  
with forward bias, and apparent ly  also at the cathode 
(m-i  junct ion)  with reverse bias. 

4. Laue pat terns indicate that  the GaN is single crys- 
talline, but  the surface shows a strongly faceted struc-  
ture. For this reason, the m- i  and the i -n  junct ions  are 
not planar,  bu t  follow the faceted na ture  of the 
growth. 

5. When a bias is applied, steep potent ial  gradients 
and electric fields of about 10 ~ V/cm appear at both 
the m- i  and the i - n  junct ions  in the diodes, but  not 
over the bulk  of the insulat ing (i) region. 

6. The diode characteristics are not substant ia l ly  in-  
fluenced by variat ions in the i - layer  thickness. 

The observations of l ight emission generated at the 
cathode in the form of small, discrete spots, a high 
electric field in the depletion region at the negative 
electrode, a threshold voltage for light emission greater 
than the bandgap, and brightness proport ional  to the 
current  are suggestive of an impact ionization mecha-  
nism for electroluminescence. 
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Liquid Phase Epitaxy of InP 
K. Hess,' N. Stath, and K. W. Benz 

Physikal isches Ins t i tu t  der Universitii t  Stut tgart ,  7 S tu t tgar t  1, West  Germany  

ABSTRACT 

Liquid phase epi taxy by convent ional  t ipping technique has been employed 
for the growth of high pur i ty  InP epitaxial  layers. The layers were  grown at 
720~176 on (100) and (111) or iented InP substrates. Characteris t ic  surface 
structures for the substrate orientat ions as a function of the growth t empera -  
ture were  observed. The layers were  characterized by Hall data and photo-  
luminescence measurements  at low temperatures.  The simultaneous observa-  
tion of the band-acceptor  and donor-acceptor  pair  t ransi t ion due to the main 
acceptor in our LPE- layers  is reported. The binding energy of this acceptor is 
de termined to EA1 = 41.0 meV ( •  meV) .  

During the last years there  has been an increasing 
interest  in high pur i ty  epitaxial  layers of InP, for in-  
stance for Gunn effect applications (1). So far, h igh 
pur i ty  epi taxial  layers were  grown by vapor  phase 
epi taxy in part icular  by the Effer method (2, 3). Net 
e lectron concentrations of n -- 4 �9 1014 cm -~ and mo-  
bilities of ~77K : 87,000 cm 2 V -1 sec -1 were  obtained. 
In the case of GaAs l iquid phase epi taxy (LPE) has 
been very  successful in the preparat ion of high pur i ty  
epi taxial  layers (4-8). One should therefore  expect  
similar  good results for the case of InP. In this paper  
the growth of high pur i ty  InP layers  is described 
in connection with Hall data and photoluminescence 
measurements  at low temperatures .  Previous works on 
InP LPE were  done by several  authors (9-11). The 
best values for the LPE- layers  wi th  ND -- NA ----  2 �9 1015 
cm -3 and ~77K - - - -  49,000 cm 2 V - '  s e e - '  were  reached by 
Wood et al. (11). Recent ly  Astles et al. (12) have re-  
ported on the growth of InP by LPE from solutions 
saturated with  P from PH3. Values of ND -- NA ---- 
3 �9 1 0  '5  cm -3 and #77 ---- 27,000 cm 2 V - '  see -1 have 
been reported.  

LPE--Apparatus and Experimental Procedure 
The experience from LPE growth of high pur i ty  

GaAs has been that the growth results are s t rongly 
influenced by the way  in which the growth process is 
per formed (13, 14). Impor tant  steps are: (i) heat ing of 
In - InP  solution, (ii) preparat ion of the s ingle-crystal  
substrate, (iii) equi l ibrat ion and homogenizat ion of 
the solution, and (iv) t ipping the solution on the sub- 
strate. In the fol lowing we describe the corresponding 
conditions for InP-LPE.  For  the growth exper iments  
we used a t ipping system (14) (schematical ly shown 
in Fig. 1). The react ion tube was made of suprasil  
quartz,  the boat for the In - InP  solution of high pur i ty  
graphite.  The tube and boat were  locked together  and 
could be ro ta ted  around the long axis for immers ion 
and wi thdrawal  of the substrate from the solution. To 
avoid air leaks we used a Pyrex  spiral which al lowed 
the rotat ion of the tube wi thout  moving joints. The 
furnace was t ransparent  (15) in order to observe sub- 
strate and solution. The graphi te  boat was heated at 
T ---- 1600~ under  a vacuum of 10 -6 Torr  for 3 hr. 
Af te r  that, the boat was loaded with  6N In (Johnson 
Mat they Limited, England)  and baked at T : 730~ 
in the reaction tube for 10 hr  under  a Pd-diffused H2 
gas flow. At the end of this procedure the boat was 
cooled down to room tempera ture  and the In was re-  
moved. We bel ieve that  residual impuri t ies  on the 
crucible walls  were  dissolved in the In. The boat was 
then  loaded again with  10g 6N In and 370 mg 6N InP 
(MCP, England) .  Pr ior  to the exper iment  this I n - I n P -  
solution was baked at T = 730~ for 15 hr  and with  a 
H2 flow rate of 15 l i te rs /hr .  During this t ime the phos- 

Z Present  address: Max-Planck-Ins t i tu t  fiir FestkSrperforschung,  
7 Stut tgar t  1, Hei lbronner  Strasse 69, West Germany .  

Key  words:  InP, liquid phase expi taxy,  photoluminescence.  

phorous content of the solution decreases due to phos- 
phorous evaporation.  

The amount  of P loss during this baking process is 
ve ry  difficult to calculate because it depends on several  
factors. The concentrat ion of P in the solution is de- 
termined by the evaporat ion of P at the surface and 
the diffusion in the solution. The diffusion equat ion 
involves the diffusion coefficient of P in l iquid  In, 
which is not yet  known. For  this reason the amount  
of P loss during this baking process and the tempera-  
ture Ts at which the solution is saturated cannot be 
calculated. The t ipping tempera ture  TK at which the 
solution was t ipped on the substrate was therefore  
est imated exper imenta l ly  by observing the t empera -  
ture  at which solid InP appears on the surface of the 
solution. By this method  of determining the start ing 
temperature ,  the solution was slightly supercooled at 
TK. The tempera ture  was measured  near  the graphi te  
boat and was controlled within  hT ~-- • 0.5~ There 
was no t empera tu re  gradient  across the t ipping zone, 
the tempera ture  gradient  normal  to the substrate was 
negligible. 

Under  the conditions described above, we have 
grown single-crystal  layers on ( I l l ) A ,  ( l l l ) B ,  and 
(100) Cr-doped, semi- insulat ing InP substrates (RRE, 
England; p ---- 1"102 ohm-cm) .  The substrates which 
were  available were  cut 2 ~ off or ientat ion and were  
etched in a solution of 1% bromine in methanol  for 
10 min. Pr ior  to use, the substrates were  rinsed with  
18 megohms water. The In- InP-so lu t ion  was heated up 
very quickly (wi thin  20 rain) to 40~ above TK in 
order  to reduce the evaporat ion of phosphorous. The 
boat was agitated in order to equi l ibrate  and homogen-  
ize the solution. The solution was t ipped over  the sub- 
strate at TK. In the different exper imenta l  runs, TK 
was var ied be tween  720 ~ and 560~ The growth  t ime 
was 2 or 3 hr. The cooling rate was 4~176 how-  
ever  in most cases 6~ Af ter  terminat ion of the 
experiment ,  the solution was r em oved  from the sub- 
strate by rotation of the crucible. 

Growth Results 
Figure  2 shows the growth rate as a funct ion of the 

tipping tempera ture  TK for two different cooling rates. 
For  a cooling rate of 6~ a large scatter of data was 
observed. This is due to differences in the start ing 

Pyrex- spiral 

l "z  

Furnacel Au Layer 500 
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Fig. i. Schematic drawing of the LPE-apparatus 
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g r o w t h  cond i t ions .  F o r  b o t h  coo l ing  r a t e s  t h e  g r o w t h  
r a t e  d e c r e a s e s  w i t h  d e c r e a s i n g  t i p p i n g  t e m p e r a t u r e .  

W e  h a v e  g r o w n  e p i t a x i a l  l a y e r s  w i t h  t h i c k n e s s e s  b e -  
t w e e n  5 a n d  120 urn. T h i c k n e s s e s  w e r e  d e t e r m i n e d  
e i t h e r  b y  e t c h i n g  a c l e a v a g e  p l a n e  or  b y  m e a n s  of  a 
m i c r o m e t e r .  T h e  l a y e r s  g r o w n  o n  (100) a n d  (111) s u b -  
s t r a t e s  s h o w  two  t y p e s  of s u r f a c e  s t r u c t u r e :  a s h e d  
s t r u c t u r e  of  t h e  l a y e r s  w h i c h  w e r e  g r o w n  a t  t i p p i n g  
t e m p e r a t u r e  T > ~ 650~ (Fig.  3a)  a n d  a t e r r a c e -  
s t r u c t u r e  of t h e  l a y e r s  w i t h  TK < ~ 650~ (Fig .  3b )  
was  o b s e r v e d  in  gene ra l .  No s ign i f i can t  d i f f e rences  fo r  
t h e  l a y e r  s t r u c t u r e s  b e t w e e n  (100),  ( l l l ) A ,  a n d  
( l l l ) B  faces  w e r e  no t iced .  T h e s e  s t r u c t u r e s  a r e  d u e  
to m i s o r i e n t a t i o n  of  t h e  s u b s t r a t e s  (16, 17). 

T h e  n e t  e l e c t r o n  c o n c e n t r a t i o n s  a n d  t h e  m o b i l i t i e s  of 
o u r  l a y e r s  w e r e  m e a s u r e d  b y  t h e  m e t h o d  of  v a n  d e r  
P a u w .  T h e  b e s t  v a l u e s  w e  h a v e  r e a c h e d  w e r e  ND -- NA 
: 5 "  1014 cm -8  a n d  ~ : 4800 cm 2 V -1 sec -1 ( T  : 
300~  ND -- NA : ~.4 " 1014 cm -3  and /~  : 26,000 cm 2 
V -1  sec -1 (T ---- 77~ S o m e  s a m p l e s  c o n t a i n  deep  
i m p u r i t y  levels ,  as s een  in  l u m i n e s c e n c e  (Fig.  4) ,  
w h i c h  r e d u c e  l ow  t e m p e r a t u r e  m o b i l i t y .  

T h e  ef fec t  of  t h e  b a k i n g  t i m e  of  t h e  I n - I n P - s o l u t i o n  
is s h o w n  in  T a b l e  I. L a y e r  No. 25 fo r  i n s t a n c e  w a s  
g r o w n  f r o m  a n  I n - I n P - s o l u t i o n  w i t h o u t  a n y  b a k i n g  
t ime,  i.e., i m m e d i a t e l y  a f t e r  i ts  p r e p a r a t i o n .  L a y e r  No. 
26 w a s  g r o w n  f r o m  t h e  s a m e  s o l u t i o n  a f t e r  h e a t i n g  i t  
a t  730~ in  H2 gas  f low for  25 hr .  One  c a n  n o t i c e  a con -  

Table I. Influence of baking of the In-lnP solution onto epilayer 
impurity concentrations and mobilities 

Sample 

300K VTK 
Electron Mobility Electron Mobility 

cone (cm2 V-1 conc (cmS V-1 
(cm -s ) sec-D (cm -s) sec-D 

25 2.7.10 z6 3200 2.0.10 x5 8,800 
Baking of In-InP solution at 730~ in H2 gas flow for 25 hr 

26 1.0.10 is 3500 9.0" 1014 22,500 

Table II. Growth conditions of various samples used for 
photoluminescence measurements 

S a m p l e  

Growth Cooling Layer 
temper- rate Growth thick- 

Substrate ature (deg. time ness 
o r i e n t a t i o n  ( ~  h r - D  ( h r )  ( ~ m )  

31 (i00) 688-670 6 3 27 
32 (i00) 655-635 6 3 19 
33 (I00) 627-588 13 3 35 
34 (i00) 587-548 13 3 II 
35 (100) 580-521 13 3 4 

s i d e r a b l e  d e c r e a s e  of  t h e  e l e c t r o n  c o n c e n t r a t i o n  a n d  a n  
i n c r e a s e  of  t h e  m o b i l i t y  fo r  t h e  " b a k e d "  s amp l e .  S i m i -  
l a r  e f fec ts  w h i c h  a r e  d u e  to  e v a p o r a t i o n  of  i m p u r i t i e s  
h a v e  b e e n  r e p o r t e d  fo r  G a A s  (13) .  

Photoluminescence Measurements 
T h e  q u a l i t y  of  t h e  L P E  l a y e r s  w as  c h a r a c t e r i z e d  b y  

l o w  t e m p e r a t u r e  ('1.8~ a n d  77~ p h o t o l u m i n e s c e n c e .  
T h e  c r y s t a l s  w e r e  e x c i t e d  b y  a K r  + l a s e r  (). = 647 n m )  
w h i c h  w as  fo cu s ed  to a spo t  of  ~ 1 0 0 / ~ m  d i a m e t e r .  T h e  
m a x i m a l  l i g h t  d e n s i t y  w a s  Io ----- 400 m W / c m  2. T h e  i n -  
t e n s i t y  of  t h e  l i g h t  c o u l d  b e  v a r i e d  b y  n e u t r a l  d e n s i t y  
f i l ters.  A l m  T y p e  1704 S p e x  m o n o c h r o m a t o r  w a s  u s e d  
in  c o n n e c t i o n  w i t h  a R C A  7102 S 1 p h o t o m u l t i p l i e r  a n d  
c o n v e n t i o n a l  l o c k - i n  t e c h n i q u e .  

T h e  g r o w t h  c o n d i t i o n s  of t h e  v a r i o u s  s a m p l e s  d i s -  
cus sed  in  t h i s  s ec t i o n  a r e  l i s t e d  in  T a b l e  II. 

T h e  m a i n  f e a t u r e s  of  t h e  o b s e r v e d  p h o t o l u m i n e s c e n c e  
s p e c t r a  of h i g h  p u r i t y  I n P  l a y e r s  (ND -- NA ---- 5 �9 1014 
cm -3 )  a r e  s h o w n  in  Fig. 4. E m i s s i o n  s p e c t r a  of  t w o  
e p i t a x i a l  l a y e r s  (No. 31 a n d  34) g r o w n  a t  d i f f e r e n t  
t e m p e r a t u r e s  a r e  c o m p a r e d  i n  t h i s  f igure.  T h e  n e a r  
gap  l u m i n e s c e n c e  ( e n e r g y  r a n g e  1.42 eV to 1.41 eV)  
can  b e  a t t r i b u t e d  p r e d o m i n a n t l y  to  t h e  r a d i a t i v e  d e c a y  
of f r e e  a n d  b o u n d  exc i tons .  I n  t h e  e n e r g y  r a n g e  1.39- 
1.36 eV I n P  u s u a l l y  e x h i b i t s  o n e  or  s e v e r a l  p a i r  b a n d s  
a n d / o r  b a n d - t o - a c c e p t o r  t r a n s i t i o n s  (18-25)  S o m e  
s p e c t r a  s h o w  v e r y  s h a r p  l i ne s  a t  1.3866 eV ( h a l f  w i d t h  
0.1 m e V )  ( s a m p l e  34 a t  1.3876 eV)  a n d  a t  1.3773 eV 
( h a l f  w i d t h  0.4 m e V ) .  T h e i r  i n t e n s i t y  d e c r e a s e s  r a p i d l y  

Fig. 3. Characteristic surfaces: (a, left) shed structure for growth temperature T > ~650~ and (b, right) terrace structure for growth 
temperatures T < ,.~650~ 
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Fig. 4. Photolumlnescence spectra of two epitaxia| layers grown 
at different temperatures (No. 31, 688~176 No. 34, 587 ~ 
548~ 

with decreasing excitation intensity.  They are assumed 
to contr ibute to the decay of excitons bound to deep 
impurities. The concentrat ion of different impurit ies is 
monitored by the relat ive luminescence intensi ty  of 
the impur i ty - induced  transitions. For quant i ta t ive  
comparison, all spectra are normalized with respect to 
the peak intensi ty  of a donor- induced near  edge emis- 
sion, labeled (D~ in Fig. 4. 

Near Gap Emission 
Figure 5 shows the near  gap luminescence of the two 

layers for low excitation density at high resolution and 
in an expanded energy scale. Up to 11 different emis- 
sion lines (or shoulders) can be observed. The l~eak 
at 1.4184 eV has been identified as the free exciton- 
polari ton emission (22, 26). Two weak lines are ob- 
served at 1.4181 eV (not previously reported) and at 
1.4179 eV, which have not been explained so far. In  all 
our samples the three sharp lines at 1.4174, 1.4172, and  
1.4169 eV are the strongest emission. The half  widths 
of these l ines are 0.1 meV or less. Such a half  width is 
characteristic for the decay of bound excitons. These 
transi t ions appear in  the energy range expected for 
excitons bound to neut ra l  donors (D~ (22, 26). 

g 
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f 
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Fig. 5. Near gap luminescence of samples 3! and 34 at low 
excitation intensities�9 

The spectra of most layers show a broad emission at 
1.416 eV. For layer  No. 34 this band  can be resolved 
into three lines at 1.4166, 1.4163, and 1.4160 eV. It is 
believed that they are associated with the recombina-  
tion of free holes to neutra l  donors. 2 

Some layers, e.g., No. 31 (Fig. 5 upper  curve) ,  show 
a doublet  centered at 1.4149 eV with spacing ,--0.22 
meV (the half  width is 0.1 meV). This doublet  is as- 
sociated with the recombinat ion of bound excitons at 
neut ra l  shallow acceptors (22). I t  always appears to- 
gether with the emission lines at 1.3832 and 1.3803 eV 
(Fig. 4). These lines are identified as band-acceptor  
(BA) and donor acceptor (DA) pair transitions, respec- 
tively, which is discussed in  detail below. The s imul-  
taneous appearance of (At~ (BA1), and (DA1) t r an-  
sitions suggests that  one common acceptor e lement  A1 
is involved. 

White et al. (24) have identified similar doublets and 
the corresponding (BA) and (DA) lines for the ele- 
ments  Zn and Cd. The energetic positions of the 
(AoX)-doublets vary  hardly at all, but  the comparison 
of the (BA) and (DA) emission peak energies shows 
that A1 is not identical with Zn or Cd (see Table I I I ) .  
Possible candidates for such a shallow acceptor are C, 
St, and Mg. The following considerations may nar row 
the list of these elements. Astles et al. (12) have done 
LPE doping experiments  with Si which yielded to n-  
type material.  There was no evidence for Si-acceptors. 

Zschauer (28) and Dean et aL (29) find that  LPE 
GaAs is dominant ly  contaminated by C-acceptors, and 
this element  is a t t r ibuted to the shallowest acceptor in 
GaAs. Therefore we believe that the shallow acceptor 
A1 in our LPE- InP  layers is C. 

Pair Bands and Band-Acceptor Transitions 
The band-acceptor  t ransi t ions and pair bands, we 

have found in the LPE layers are listed in  Table II. 
The transit ions at 1.3775 eV (BA2) and 1.3735 eV 
(DA2) are at t r ibuted to Zn  (24), those at 1.369 eV 
(BA3) and 1.365 eV (DAs) to Cd (24). The acceptor 
ionization energy is EA2 ---- 47.3 meV for Zn (24) and 
EA3 ---- 56.3 meV for Cd (24). Several  authors (18-20) 
have reported an emission band  at 1.38 eV. Possibly 
this emission is caused by the acceptor A1, associated 
with the lines at 1.3832 eV (BA1) and at 1.3790 eV 
(DA1) 8 in our samples. 

The following arguments  lead to the identification of 
the 1.3790 eV line as a donor-acceptor transit ion.  Fig-  
ure 6 depicts the intensi ty  dependence of the emission 
spectra in the energy range around 1.38 eV at constant  
tempera ture  (1.8~ At lowest intensities, one l ine at 
1.3790 eV can be observed. This peak shifts to 1.3803 
eV as the intensi ty  is increased. The peak energy of 
this t ransi t ion depends on the impur i ty  concentration. 
Samples with high net donor concentrat ion show this 
l ine at higher energies. This is typical for a donor-  
acceptor pair transition. 

The emission line at 1.3832 eV is due to a ( B A ) - t r a n -  
sition for the following reasons. At lowest intensit ies 
only the l ine at 1.3790 eV can be observed, as above 
mentioned. With increasing excitation in tensi ty  a new 
l ine emerges at 1.3832 eV. This line becomes the 
strongest emission at highest excitation levels. The 
peak energy does not change with excitation intensi ty  

T a k i n g E D  = "].65 meV, r e p o r t e d  by  C h a m b e r l a i n  e t  al. (27) and  
Eo = 1.4234 eV (26) t he  ( h , D ~  is e x p e c t e d  a t  1.4158 eV. 

a DA1 t r a n s i t i o n  a t  l ow  e x c i t a t i o n  dens i ty .  

Table Ill. (BA) and (DA) transitions of three shallow acceptors 

Photonenergy  Transi-  Aceep to r  
(eV) t i o n  e l e m e n t  

1.3832 BAt ? (A:) 
1.3790 DAz ? (At) 
1.3775 BA~ Zn (A2) 
1.3735 DA~ Zn (A~) 
1.369 BA8 Cd (A~) 
1.366 DAs Cd (As) 
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Fig. 6. Intensity dependence of emission spectra in the energy 

range around 1.38 eV at constant temperature (1.8~ 

as long as the electron temperature  remains  constant. 
This is expected for a BA transition. The high energy 
side of the BA transi t ion has an exponential  slope ac- 
cording to the theory of Eagles (30). Using this theory 
and a bandgap value of EG ~--- 1.4234 eV the b inding  
energy of the acceptor A1 becomes EAt = 41.0 meV 
( _  1 meV).  

Finally,  the influence of growth temperature  on the 
incorporation of the acceptor A1 is pointed out. Figure 
7 shows the 77~ spectra of the layers No. 31-35 which 
were grown at different temperatures.  It may be no-  
ticed that the (BAD transi t ion at 1.378 eV is relat ively 
strong in layers No. 31 and No. 32 (high growth tem- 
peratures) .  The band is relat ively weak in samples No. 
33-35 (low growth tempera tures) ;  therefore, in these 
layers the (BA2) t ransi t ion dominates. We at t r ibute  
this effect in the following way to the growth tempera-  
ture: the acceptor A1 will  be incorporated much 
stronger at higher temperatures  than at lower ones. 
The change of the incorporation probabil i ty  rate is 
especially strong in the temperature  range of 600~ 
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Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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LIST OF SYMBOLS 
EA activation energy for acceptors 
ED activation energy for donors 
EG bandgap energy 
I excitation light density 
i wavelength 

mobil i ty of electrons 
n ND -- NA : net  electron concentrat ion 
p specific resistance 
T temperature  
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Effect of Semiconductor Inhomogeneities on Carrier 
Mobilities Measured by the van der Pauw Method 

R. D. Westbrook 
Solid State Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

Carrier mobil i ty is often used to evaluate semiconductor material.  A low 
value of mobil i ty is general ly construed to imply the presence of impurit ies or 
defects that adversely affect carrier transport.  It is shown theoretically that 
low mobil i ty  values will also be obtained by van der Pauw measurements  o n  
samples containing certain types of radial inhomogeneities in the distr ibution 
of ionized impurities. The theoretical predictions have been confirmed by ex-  
periments  on germanium slices cut from Czochralski-grown crystals. 

The purpose of this work is to show that  the appar-  
ent charge carrier mobil i ty  in a slice of semiconductor 
material,  as measured by the van der Pauw method 
(1), will be anomalously low if cer tain types of ion-  
ized impur i ty  gradients are present. Crystals grown 
by the Czochralski method for our h igh-pur i ty  ger- 
man ium program sometimes contain both p- and n-  
type regions, as i l lustrated by the schematic longi tudi-  
nal  section shown in Fig. 1. A slice taken normal  to the 
growth direction at A shows little if any radial  gradi- 
ent in net acceptor concentration. At B, near  the point 
on the axis where the core becomes n-type,  the net  
acceptor concentrat ion is higher at the per imeter  of 
the slice than at the center. At C, there is a radial n -p  
junction,  and the net  acceptor concentrat ion increases 
from the junct ion to the perimeter. In  this case the 
junct ion  may be considered as a very steep gradient  
where the net acceptor concentrat ion changes from 
negative to positive. Similar radial variations in donor 
and acceptor concentrations in h igh-pur i ty  germanium 
crystals have been observed at other laboratories, and 
the effects of these variat ions on various properties of 
h igh-pur i ty  germanium photon detectors have been 
reported (2, 3). 

The van der Pauw method (1) is useful in charac- 
terizing semiconductor crystals because it permits  
measurements  of the Hall coefficient and resistivity to 
be made on whole slices taken from a crystal, ra ther  
than  being l imited to measurements  on bar -shaped 
samples taken from each slice. One therefore obtains 
some average value of the carrier concentrat ion and 
mobil i ty in the slice according to the relationships 

K e y  words :  i m p u r i t y  d is t r ibut ion ,  r ad i a l  g rad ien t ,  Hal l  mobi l i ty ,  
anomalous  mobil i ty .  

1 

eR 

~ = R/p 

where n is the carrier concentration, e the electronic 
charge, R the Hall coefficient, ~ the mobility, and p the 
resistivity. In  van der Pauw measurements  on crystals 
of the type shown in Fig. 1, it was found that the ap- 
parent  mobil i ty decreased for slices cut at intervals  
between A and C. This observation led us to invest i-  
gate the consequences of positive radial gradients in 
the carrier concentrat ion on the results of van der Pauw 
measurements  and to determine the degree to which 
such gradients influence the apparent  mobili ty.  (We 
designate a radial gradient  as positive when  the car- 
rier concentrat ion increases from the center of a slice 
to the perimeter.) 

Theory 
Radial n-p juncfion.--Wolfe, Stillman, and Rossi (4), 

(WSR), have developed a general  model of apparent  
mobil i ty  in a cylindrically symmetrical  semiconductor 
slice of radius a, containing an outer region of resistiv- 
ity p and mobil i ty ~ and a central  region of radius b, 
resistivity po, and mobil i ty  ~o (Fig. 2). They show that  
van der Pauw measurements  will lead to anomalously 
high values of mobil i ty when po < <  p and #B < <  1 
(electrostatic uni ts) ,  where B is the magnetic  field 
(~B < <  lO s when ~ is in square cent imeters /vol t -sec-  
ond and B is in gauss). 

By applying the WSR model to the case where po > >  
p, which approximates a sample containing a radial  
n -p  junction, it can readily be shown that  the apuarent  
Hall coefficient, Rapp, is the same as the Hall coefficient, 
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Fig. 1. Location of p- and n-type 
regions in high-purity germanium 
crystal grown by the Czochralski 
method. The positions of three rep- 
resentative slices are indicated by 
dashed lines. 
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A 
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C 

P 

material. For samples containing one or more hollow 
cylinders of arbitrary cross section parallel to the 
magnetic field and normal to the electric field, they 
also predict Rapp = R, but obtain a somewhat different 
functional dependence of papp on b/m 

The relations Papp/P VS. ( 1  - -  o:) for both models 
are shown as solid lines in Fig. 3. For the WSR model 

papp 1 ~ (I + ~)~ + 2a~ (--I) ~+I 

p in  2 71 ~ ~ - )  
n = l  

for the ~ model 
Papp 1 Jr" a 2 

,..-- 

p 1--a ~ 

Since ~ = R/p and Rapp "- R, the ratio of aparent 
mobility to the mobility in the outer region, /~app//~, is 
given by (papp/p)-1. 

Ionized impurity gradient.--If there is a negative 
radial  gradient  in the net ionized impur i ty  concentra-  
tion, WSR show that ~app/~ is expected to be greater  
than  unity.  By analogy we expect a positive radial  
gradient  to result  in ~app/~ less than unity.  This con- 
clusion should apply to the case of a continuous gra-  
dient  only, as at B in Fig. 1, and also to the case of 
a step function and a continuous gradient  in  the outer  
region as at C in  Fig. 1. 

Experimental Procedure 
Radial n-p junction.--As it was necessary to make 

van  der Pauw measurements  under  extrinsic condi- 

4[ 
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C 

Fig. 2. 5amp|e geometry used in this work. Electrical contacts A, 
B, C, D at 90 ° intervals. By the van der Pauw method R - -  R 
(VBD/IAc) and p = p (V .~ / Icn) .  

R, for a uniform disk with the same carrier concentra- 
tion as the outer region, while the apparent resistivity, 
papp, is larger than p by a factor depending upon ~ ---- 
b/a. Apparent mobilities, therefore, are smaller than 
the values for the outer region. These results are simi- 
lar to those of Juretschke, Landauer, and Swanson (5), 
(JLS), who studied Hall effect and resistivity in porous 
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Fig. 3. Relative Hall coefficient and resistivity as a function of 
(1 - -  ~) for cored samples, @, and samples containing radial n-p 
junctions, O .  Solid lines are theoretical curves from Wolfe, Still- 
man, and Rossi (WSR), and from Juretschke, Landauer, and Swan- 
son (JLS). 
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tions, and as our h igh-pur i ty  crystals were intr insic  at 
room temperature,  we worked at 77~ To be consis- 
tent, the doped samples were also measured at that 
temperature.  

Several  slices of p- type germanium were cut from 
a crystal pulled in the <~100> direction. The mater ia l  
was 20-30 ohm-cm p-type, with a radial var iat ion in 
resistivity of not more than  5-10% as determined by 
four-poin t -probe  measurements.  Etch pit concentra-  
tions were 2000-4000 cm -2, and there was no evidence 
of strain, lineage, or slip. A disk of 3.75 cm diameter  
was cut from each slice to el iminate any  possible skin 
effects and to provide a uniform sample size. After  
making  van der Pauw measurements  on a whole disk to 
determine R and p, core drills of various diameters 
were used to cut one or more successively larger con- 
centric holes in the sample to simulate the presence 
of an n -p  junction.  The samples were carefully etched 
before each measurement  to minimize surface effects 
and also as a sensitive test to reveal any cracks that  
might  have occurred dur ing the core-dri l l ing opera- 
tion. Each cut was followed by a set of electrical 
measurements  to determine Rapp and papp. 

Two similar disks were diffused with l i th ium to form 
concentric n - type  cores while re ta ining a uni form 
outer  p- type region. 

Ionized impurity gradient.--Slices containing radial  
ionized impur i ty  gradients were cut from h igh-pur i ty  
germanium crystals with impur i ty  distr ibutions of the 
type shown in  Fig. 1. Several specimens were taken 
at intervals  above and below the onset of the n - p  
junction.  If a junct ion was present, it was located 
by immersing the sample into liquid ni t rogen contain-  
ing a suspension of bar ium titanate, and applying a 
high reverse bias voltage. Other methods of locating 
the junction,  such as using thermal, electrical, or op- 
tical probes, proved to be less satisfactory. 

Results and Discussion 
Cored and disused samples.--Most of the experi-  

mental  work to determine the effects of radial n - p  
junct ions on the Hall coefficient and resistivity was 
performed on cored samples. A cored sample was as- 
sumed to be the approximate electrical equivalent  of 
a disk containing a radial  n -p  junct ion and an outer, 
uniform p- type portion, under  the condition that cur-  
rent  flowing in the outer portion of the disk is large 
compared to the junct ion  saturat ion current.  The va-  
l idity of this assumption was shown by measurements  
made on the two p- type samples into which n - type  
centers had been diffused. At 77~ the saturat ion cur-  
rent  was much less than the sample currents  of 10-100 
#A used in the van der Pauw measurements.  The data 
points for the apparent  resistivities of the diffused 
samples fell on the experimental  curve for the cored 
samples; however the Hall coefficients of the diffused 
samples were slightly lower than expected, possibly 
because of the junct ion  current.  

Figure 3 shows the exper imental  results for Rapp/R 
and papp/p as functions of (1 -- ~). Representat ive 
values of R and p at 77~ for uniform uncored sam- 
ples were 4.5-6.0 • 104 cruZ/coulomb and 1.4-1.0 ohm- 
cm, respectively. The resistivity data agree rather  well 
with the WSR model; the experimental  values are 
general ly  a few per cent higher than the theoretical 
curve. Since Rapp/R ~ I ,  the apparent  mobil i ty  ratio, 
~app/~, is essentially the same as (papp/p)-I and there-  
fore is not plotted in Fig. 3, but  is shown in Fig. 4. 

Continuous concentration gradients.--For these ex-  
per iments  we chose crystals with the radial  charac- 
teristics i l lustrated in Fig. 1. For those slices that  
contained an n -p  junction,  as well as a positive radial  
gradient  in net acceptor concentrat ion from the junc-  
t ion to the perimeter,  the measured quanti t ies were 
influenced by both the diameter  of the n-tyc.e core 
and the magni tude  of the gradient. Values of R and p 
could not be assigned to these samples as was possible 

in the case of the cored and diffused samples, which 
ini t ia l ly were of uniform concentration. The apparent  
mobil i ty measured for each slice was therefore com- 
pared to the mobil i ty  measured for uni formly doped 
samples cut from the top of the crystal. 

At some point along each crystal, ~app/~ began to 
decrease from unity.  Beginning at this point the slices 
were probed for the existence of a radial n - p  junct ion  
by the bar ium t i tanate  decoration method. The junc-  
tions were not always well defined and occasionally 
deviated from a circular pattern, so that  values of 
often had to be estimated. 

The data for ~app//~ in  the h igh-pur i ty  germanium 
samples are presented in Fig. 4, which includes those 
for the cored and diffused samples for comparison. 
In  slices taken above the junction,  represented in the 
figure by points along the (1 -- a) = 1 axis, ~app/~ 
ranges from un i ty  to about 0.4-0.5, showing that  the 
apparent  mobil i ty decreases as the radial ionized 
impur i ty  gradient  increases. As the junct ion appears 
and its radius increases, ~app/~ continues to decrease 
with a slope similar to that  for samples containing 
an n -p  junct ion  but  no gradient. Therefore, it appears 
that the contr ibut ion of the radial  gradient  to the 
decrease in apparent  mobil i ty  remains essentially con- 
stant as a function of length for all the crystals studied. 

Summary 
The van der Pauw method of evaluat ing semiconduc- 

tor slices will yield erroneously high values of re-  
sistivity, and hence .erroneously low values of appar-  
ent mobility, if the sample contains either a radial  
n -p  junct ion (and the sample current  is large com- 
pared to the junct ion  saturat ion current)  or a positive 
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0 0 l  
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Fig. 4. Apparent mobility as a function of (1 - -  ~). Solid curve 
from the model of WSR. A ,  samples from one high-purity crystal 
containing a radial n-p junction; A, samples from four similar 
crystals; e ,  cored samples; O ,  diffused samples. Error bars indi- 
cate uncertainty in location of junction. 
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radial gradient  in carrier concentration. If both a 
junct ion and a positive gradient  in  the outer region 
are present, the effects are additive. 
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A Chemical Etchant for the Selective Removal of 
GaAs Through Si02 Masks 

J. J. Gannon and C. J. Nuese 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

An  NI-I4OH:H~O~ etchant has been developed for etching selected regions 
of GaAs through windows in  an SiO2 mask. This etchant  has been found to 
provide fiat etching profiles across the unmasked regions of the GaAs, and 
has considerably reduced undercut t ing  commonly caused by attack of the 
SiO2. The chemical etching rates have been evaluated and have been found to 
depend strongly on the concentrat ion of the etching solution and on the crys- 
tal or ientat ion of the GaAs. The ut i l i ty  of the NH4OH: H202 for GaAs device 
preparat ion has been demonstrated by its application to the fabrication of 
interdigitated" GaAs bipolar  transistors with 5 ~m base-emit ter  separation. 

During the years, as the technology of GaAs crystal 
growth has advanced to the point where it  is useful  
and occasionally unique  in  device fabrication, m a n y  
chemical etches have been developed. The most useful  
of these are Caro's (1), b romine-methanol  (2), sodium- 
hypochlorite, and more recently, a mix ture  of NI-I4OH: 
H~O~ (3) used as a chemical-mechanical  polishing etch. 
Each of these etches has its advantages for some appli-  
cations. Each too has its drawbacks: the acid etches 
cannot be used in  the presence of most metal  contacts, 
while the alkal ine etches tend to attack SiO~ masks 
commonly used in device technology. A more serious 
disadvantage common to most of the etches ment ioned 
above is a tendency toward an enhanced etch rate 
near  the edges of an SiO2 mask (4), presumably  due 
to migrat ion of adsorbed etchant molecules along the 
mask. 

In  a previous publicat ion (4), Shaw described a 
NaOH: H202 solution that  provided a flat GaAs etch- 
ing profile over the area of a "window" in  an SiO2 
protective surface mask. We found this characteristic 
attractive when selectively etching through portions 
of  a three- layered GaAs transistor  s t ructure  to ex-  
pose a th in  inner  (base) layer for subsequent  con- 
tacting (5). For the simple, large-area  stripe geom- 
etry used in these early prototype transistors, reso- 
lu t ion was of little concern. 

In  subsequent  work, we found it necessary to fab- 
ricate more sophisticated GaAs bipolar  transistors with 
a closely spaced (~5  #m) interdigi tated base-emit ter  
geometry (6). For the fabrication of these devices, the 
attack of the SiO2 mask by the NaOH:H202 was un -  
desirable, since it provided poor resolution due to 
undercut t ing.  An al ternat ive chemical etch, described 

Key words: selective etchlng, GaAs, bipolar transistors. 

in  this paper, led to a major  reduction in  the attack 
of the SIO2, resul t ing in well-defined, closely spaced 
transistor  pat terns with highly polished surfaces, free 
of imperfections. As we will show below, the new etch, 
a mix ture  of NI-I4OH and H202, also provides re la-  
t ively low etching rates for both n-  and p- type  ~lOO> 
GaAs, and a flat etching plane over the ent i re ty  of 
the areas defined by the SiO2 mask. Hence, this etch 
should be of general  value to GaAs device technology. 

Experimental Procedure 
The "standard" NH4OH:H202 etchant  described in 

this paper was prepared by mixing  20 mliters  of 
NH~OH, 7 mliters  of 30% H202 (stabilized), and 973 
mliters  of H20 to form a 0.3N NHaOH: 0.1N H202 solu- 
tion. The etchant was always used at room tempera ture  
and was freshly mixed prior to each experiment.  
The SiO2 masks used in conjunct ion with this etchant  
were approximately 3000A thick and were prepared 
by reacting silane and oxygen at 350~ (7). The de- 
sired geometries (in this case, emit ter  or base t r an -  
sistor pat terns)  were defined by s tandard photoresist 
techniques using KTFR. Most of the GaAs used in  
the etching experiments  was oriented in the ~10O> 
crystallographic direction or 3 ~ off the <100> and 
was prepared by a vapor-phase growth technique 
described previously (8). A few experiments  were 
performed on ~ l l l > - o r i e n t e d  GaAs to delineate the 
effects of crystal orientation on etching rates. 

Results and Discussion 
Undercutting.--A comparison of the undercut t ing  for 

the NH.~OH:H202 etch and the previous NaOH:H202 
etch was made by masking an n - type  GaAs epitaxial  
layer  with SiO2 and defining a "f inger"- type transis-  
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Fig. I. Comparison of under- 
cutting and attack of Si09 
mask due to chemical etching 
with NH40H :H202, and 
NaOH :H~,O~ 

tor pa t te rn  with KTFR. Different pieces of this wafer  
were then exposed to the two etches for a t ime suffici- 
ent to etch about 1.5 ~zn into the GaAs (10 min  for 
the NH4OH:H202; 14 min  for the NaOH:H202).  The 
resul ts  of this exper iment  are shown in  Fig. 1, where  
the attack of the SiO2 by the NaOH:H202 is readi ly 
apparent  in  the lower photomicrographs. The crys- 
tallographic shape of m a n y  of the defects here is 
probably due to preferent ial  etching of the GaAs be-  
neath  pinholes and weak spots in the SIO2, which 
become enlarged dur ing the etching process by disso- 
lu t ion of the SiO2 from both sides of the mask. In  
contrast, the upper  photomicrographs i l lustrate  that 
the NH4OH: H202 does not give rise to such defects, 
since it does not attack the SiO2 perceptibly. 1 In the 
lower le f t -hand  photo of Fig. 1, the attack of the SiO~ 
by the NaOH:H202 is fur ther  demonstrated by the 
significant widening of each of the fingers of the 
pattern.  Here, the finger width was measured to be 
17.4 ~zn, in contrast to a value of 12.3 ~m for the 
pa t te rn  etched with NH4OH:H202. Since the width 
of the original  photoresist mask was 12.0 ~,m, the 
finger width after etching represents the amount  of 
lateral  etching or undercut t ing  for the two etchants 
(about 0.15 ~'n per edge for NHaOH: H202 and about 
2.7 ~rn per edge for NaOH:H202).  We should add 
that  the slight widening that  occurs for the NIQOH: 
H20~ is thought  to arise from enhanced lateral  etching 
rates at the GaAs-SiOe interface ra ther  than to disso- 
lu t ion of the SiO~ mask. This s tatement  is supported 
by occasional observations of SiO2 layers that extend 
a small  distance (,~1 ~m) over the etched region of 
the GaAs after a lengthy etching process. 

Etching rates.--The etching rate for the "standard" 
0.3h r NH4OH:0.1N H202 solution was determined for 
a series of two n - type  and two p- type  GaAs Czochral- 
sk i -grown <100>-or ien ted  wafers that  previously had 
been polished chemically (in Caro's etch) to remove 
any work damage. As shown in Fig. 2, the etching 
distance was found to have a slightly subl inear  depend-  
ence on etching time, probably due to a gradual  dis- 
sociation of the H202 after times on the order of 15-30 
min. The max imum etching rate (for 0-10 min)  was 
found to be about 0.18-0.2 ~m/min  for n - type  GaAs 
and 0.12-0.14 ~m/min  for p- type GaAs. Although the 
dependence of etching rate on doping concentrat ion 

1 I n  an a t t e m p t  to  d e t e r m i n e  the  e x t e n t  of d i s so lu t i on  of a de-  
pos i t ed  SiO2 l a y e r  i n  NH4OH:H_.O~, a G a A s  w a f e r  cove red  w i t h  
3000A of SiOe was  p laced  in  3N NH~OH:IN H20~ fo r  8 hr .  (The  
s o l u t i o n  was  c h a n g e d  e v e r y  hour . )  A t  the  end  of  th i s  t ime,  no pe r -  
cep t ib l e  c h a n g e  i n  the  SiO2 cou ld  be  observed.  

has not been evaluated in  detail, both the n -  and 
p- type wafers in  Fig. 2 yielded somewhat higher 
etching rates for the more heavily doped sample. 

For our applications, where etching distances on the 
order of 1-2 ~m were usual ly required, the slow etch- 
ing rates demonstrated in Fig. 2 were highly desirable. 
However, for other applications, the rate could be 
increased significantly by s imply increasing the con- 
centrat ion of the aqueous solution, as shown in Fig. 3. 
Here, for a concentrat ion 10 times larger than  the 
"standard" 0.3N NH4OH:0.1N H202 solution, an etch- 
ing rate of about 1.4 ~m/min  was obtained for the 
part icular  wafer used in Fig. 3. This is about 5.5 times 
larger than the rate obtained for the more dilute 
"standard" solution. In  addition, the highly polished 
surface appearance of the GaAs was main ta ined  after 
etching with each of the NH4OH: H202 mixtures  used 
in Fig. 3. Although it would be interest ing to explore 
the NH4OH: HeO2:H20 family of solutions over a much 
broader  range of ratios and concentrations, the etching 
rates between about 0.12 and 1.4 ~m/min  i l lustrated 
in  Fig. 2 and 3 have been sufficient for most GaAs 
applications encountered to date. 

The NH4OH:H202 etchant described in this paper 
has been mostly used for <100>-or ien ted  GaAs sur-  

sT_ NH4OH:H202 
o IOISn 

3 - ,o"p 
w 

0 I 0 20 30 

TIME (rain) 

Fig. 2. Etching rates for n- and p-type GaAs in 0.3N NH4OH, 
0,1N H20z at room temperature. The crystal orientation is < 1 0 0 > .  



VoL 12I, No. 9 E T C H A N T  FOR SELECTIVE REMOVAL OF GaAs  1217 

,,t Table I. Effect of crystal orientation on the etch rate of 
NH4OH:H20~ 

Etching Average  
distance etching rate 

Orien ta t ion  (/~rn) (~m/rnin)  1.2 
c 

E 1.0 
:L 

LIJ 

0.8  
O~ 

- r  

~-- 0.6 
LIJ 

0.4 

I ~ O.3N NH40H 3N NH40H O21//0.1N H202 IN H202~ 

RELATIVE CONCENTRATION 
Fig. 3. Dependence of etch rate (in micrometers per minute) on 

the relative concentration of the NH4OH:H202 etchant for 
<iO0>-oriented GoAs. 

faces. However, it has been evaluated a few times 
on (111} surfaces. For  these experiments,  n - type  GaAs 
wafers oriented in the < l l l > A ,  < l l l > B ,  and <100> 
crystallographic directions were s imultaneously  etched 
in  the "standard" NH4OH:HeO2 solution for 30 min. 
The etching distances for these orientations are listed 
in Table I. Immediate ly  evident  here is the enhanced 
etching rate for the { l l l }B  surface and the retarded 
rate for the { l l l}A.  Similar  effects have been previ-  
ously observed for GaAs etched with Br2-CH3OH (9) 

<IlI>B 6.0 0.20 
<I00> 3.7 0.12 
<III>A I.I 0.037 

and H2SO4:HeOe (10). The enhanced etch rate for 
the { l l l }B  surface is thought to arise from the un -  
shared electron pairs of each surface atom, while 
the passive chemical na ture  of the { l l l } A  surface 
is due to the absence of unshared bonds (11, 12). 

Preferential etching.--The preferent ial  etch rates 
discussed above also were apparent  from an observed 
incline of the edges of the etching pattern,  as shown 
in Fig. 4. Here, a rectangular  grid was defined with 
SiO2 on the (100} surface of GaAs, after which the 
exposed regions of the GaAs were etched with a s tan-  
dard solution of NH4OH:H202. The etching profile 
was then examined by cleaving the wafer in  orthogonal 
directions along the (011) and (0 i l )  planes. As shown 
in Fig. 4, the edges of the pa t te rn  deviated appreciably 
from a direction normal  to the (100) surface, in one 
case sloping downward toward the SiO2 [Fig. 4 (b) ] ,  
and in the other, sloping downwar  d away from the SiOe 
mask [Fig. 4 (a ) ] .  This type of etching profile is 
thought to occur due to the very slow etching rate 
for the ( l l l } A  planes, as we have i l lustrated previ-  
ously in Table I. The fact that  the direction of incline 
changes for the two cleavage planes in Fig. 4 merely  
reflects the change in polari ty of the chemical bonds 
associated with the { l l l }A  planes in zincblende struc- 
tures upon a 90 ~ crystallographic rotat ion about the 
<100> axis. Tarui  and co-workers (9) have observed 
similar etching pat terns in <100>-or ien ted  GaAs 
etched with bromide-methanol ,  which also has a very 
slow etch rate for the ( l l l ) A  planes. We should men-  
t ion that the angle of incline observed in our present  

Fig. 4. Etching profile for a square pattern defined by an SiO~ 
mask on GaAs. The etched region was cross sectioned in orthog- 
anal < 1 1 0 >  directions by cleaving. Note the change in the 
slope of the edges produced by the 90 ~ crystallographic rotation 
about the {100} growth axis. 
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work varied from crystal to crystal in the range of 
15~ ~ from normal.  However, these angles have li t t le 
physical mean ing  due to the slight lateral  etching 
near  the surface discussed previously. 

Device Appl ica t ion  
The NI-I4OH: H20~ etchant whose characteristics were 

described above has been used extensively for the 
fabricat ion of three- layered GaAs bipolar  transistors 
(6). In  this final section of our paper, we describe 
the manne r  in which the NI-I~OH:H202 was used for 
this purpose, since it i l lustrates the ut i l i ty  of the 
etchant for general  GaAs device fabrication. 

For our  transistor  fabrication, an interdigi tated a r ray  
of emit ter  and base "fingers" was desired, with a 
separation of about 5 ~m. To obtain this, an emit ter  
contact was first evaporated to the outermost GaAs 
layer  through a SiO2 pattern,  and sintered to ensure 
good adhesion [see Fig. 5 (a ) ] .  The inner  base layer  
was then  exposed for contacting by evaporat ing SiO~ 
over the emitter,  defining a pat tern  in  the SiO2 with 
standard photoresist technology, and etching through 
the emit ter  layer  (1-2 ~ thick) with the NH4OH: H202 
etchant  [see Fig. 5 (b) ] .  A flat etching profile was 
essential here to avoid penetra t ing the base layer, 
which was only 1 ~m thick. The ohmic contact to the 
base [Fig. 5(c)]  was then obtained by using a third 
SiO2 pat tern  slightly smaller  than that  used for etch- 
ing. The ut i l i ty  of the NI-I4OH:H202 etchant for this 
fabricat ion procedure is demonstrated by the sharpness 
of the edges and by the smoothness of the metal l iza-  
t ion in Fig. 5 (a) -5 (c). 

A cross-sectional view of a GaAs transistor  pre-  
pared as described above is i l lustrated in  Fig. 6(a) ,  
where a {110} cleavage plane has been used to bisect 
one of the interdigi tated base-emit ter  patterns. The Fig. 6. (Top) {110} cleavage plane of GaAs n-p-n transistor 

structure after exposing base in selected areas with NH4OH:H20~ 
etch. Note flatness of etching front and its location just below 
base-emitter junction. Base-collector junction was difficult to 
stain, but was located approximately where indicated. (Bottom) I-V 
characteristics of GaAs bipolar transistor after complete fabrication. 
Current gain is approximately 10. 

Fig. 5. Photomicrographs of GaAs bipolar transistor fabrication: 
(top) evaporated emitter metallization, (center) exposure of inner 
base layer in selected areas by etching with NH4OH:H202, (bottom) 
completed base-emitter transistor array following evaporation of 
base metallization in etched regions. 

flatness of the etching front and its position jus t  be- 
neath  the emit ter-base p -n  junc t ion  is clearly evident. 
The p -n  junct ions for this transistor  were del ineated 
by an electrolytic etch after cleaving. The base-col-  
lector junct ion  is difficult to accent by this technique 
because of the light doping in  the base and collector 
layers (1 • 1017 and 1 • 1016 cm -~, respectively),  
however, the approximate position of the base-collec- 
tor junct ion  is indicated by the l ine drawn at the side 
of the photomicrograph. We should stress that  if we 
had used one of the common GaAs etches tha t  pro-  
vide enhanced etching rates near  the edges of an SiO2 
mask, the base would have been penetrated in  these 
locations, thereby shorting the emitter  to the collector 
dur ing the subsequent  base metallization. 

The I-V characteristics of a GaAs transistor fabri-  
cated with the NI-I4OH:H202 etchant is i l lustrated in 
Fig. 6(b).  Here, a current  gain of approximately 10 
was obtained, which is about the value expected for 
GaAs n - p - n  transistors with a base width of 1-2 #m 
(5). 

The success of the fabrication procedure described 
above relies heavily on an etchant that  provides a fiat 
etching front and a slow etching rate. In  addition, 
the chemical makeup of the etchant must  be such that  
SiO2 masks are not appreciably attacked by the etch- 
ant. Clearly, the NH4OH:H~O2 etchant described in  
this paper meets these requirements,  and should find 
general  usefulness for the fabrication of GaAs devices. 

Summary 
An NH4OH:H202 chemical etch for GaAs has been 

developed that provides a flat etching front when  used 
for selective etching through holes in an SiO2 mask. 
Furthermore,  this etchant  does not attack SiO~. per-  
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ceptibly,  t he reby  providing improved  resolut ion a n d  
definition for fine photores is t  pa t terns .  

The etching ra te  of di lute  NH4OH: H~O2 solutions is 
on the  o rde r  of 0.1-0.2 ~m/min  (for {100} GaAs)  and 
increases to values g rea te r  than  1 ~,m/min with  increas-  
ing solut ion concentrat ion.  The ra te  depends  s t rongly  
on crysta l  orientat ion,  decreasing as the or ien ta t ion  
is changed from { l l l } B  to {100} to { l l l}A.  The slow 
etching ra te  for the { l l l } A  planes resul ts  in incl ined 
etching fronts at the  edges of an SiO2 mask,  s imi lar  
to those found prev ious ly  wi th  b romine -me thano l  
solutions (9). 

The character is t ics  ment ioned  above, as wel l  as the  
shiny, unblemished  surfaces provided  by  this etchant,  
make  the NH4OH:H202 a t t rac t ive  for a va r ie ty  of 
GaAs device applications.  As an example ,  b ipolar  GaAs 
t ransis tors  wi th  cur ren t  gains grea te r  than  10 have  
been rou t ine ly  fabr ica ted  from t h r e e - l a y e r e d  n - p - n  
s t ructures  by  etching into the inner  base l aye r  wi th  
NI-I4OH: H202. 
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A Simplified Method of Measuring Lifetime Using Steady-State 
Back Illumination of an MOS Capacitor 

C. St. L. Rhodes and C. A. T. Salama" 
Department of Electrical Engineering, University oi Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The semiconductor  minor i ty  car r ie r  l i fe t ime in an MOS capaci tor  c a n  
be de te rmined  f rom measurements  of back - i l l umina t ion  induced increases in  
both the  s teady-s ta te ,  high frequency,  invers ion region capaci tance and the 
ra te  of recovery  fol lowing deep depletion.  The theory  of the  method  is dis-  
cussed and its appl ica t ion  is i l lus t ra ted  by  means  of expe r imen ta l  resul ts  
obta ined  from MOS capaci tors  fabr ica ted  on a silicon substrate .  Unl ike  
o ther  MOS deep deple t ion  techniques,  this method  of minor i ty  car r ie r  l i fe t ime 
de te rmina t ion  is not  subject  to e r rors  due to e i ther  pe r iphe ra l  sur face-s ta te  
genera t ion  or the  assumpt ion of a dominant  midgap  trap.  The ove r -a l l  s im- 
plici ty,  accuracy, and  speed of implementa t ion  of this  me thod  make  i t  sui table  
for ma te r i a l  specification and process control  appl icat ions.  

Previous  authors  (1-4) have shown that  both  sur -  
face-s ta te  genera t ion  effects and the assumpt ion of a 
midgap  t rap  level  in the  semiconductor  can lead  to 
subs tant ia l  er rors  in minor i ty  ca r r i e r  l i fe t ime mea -  
surements  by  s tandard  MOS deep deple t ion  techniques.  
Rhodes and Sa lama (4) discussed the response of an 
MOS capaci tor  to back  i l luminat ion  under  both deep 
deple t ion  and s t eady-s ta te  conditions, and suggested 
the possibi l i ty  of measur ing  the minor i ty  car r ie r  l i fe-  
t ime using this method.  This paper  describes a s im- 
plified procedure  for implement ing  the back - i l l umina -  
t ion technique, and  i l lus t ra tes  a method  for rap id  re -  
duct ion of the  data, enabl ing the  l i fe t ime to be  found 
read i ly  wi thout  graphica l  analysis  using only  s imple 
calculations. The method  is pa r t i cu la r ly  useful  in de-  

. Electrochemical  Society Act ive  Member.  
Key  words:  silicon, diffusion length,  deep depletion.  

vice appl icat ions  where  exact  specification of the  
minor i ty  car r ie r  diffusion length  is impor tant .  For  ex -  
ample,  in the  case of charge-coupled  imaging devices 
and photodiode a r rays  scanned b y  MOS shift  registers,  
the  l i fe t ime affects the  in tegra t ion  or  s torage t ime of 
the a r r a y  and is a ve ry  cri t ical  pa r ame te r  in de te r -  
mining  the over -a l l  usefulness of these devices as 
optical  sensors in te levis ion camera  applications.  

The method involves appl ica t ion  of s t eady-s ta te  back  
i l lumina t ion  to an MOS capacitor,  and measuremen t  of 
the small  signal, high frequency,  1 heavy  invers ion re -  
gion capaci tance and the recovery  of the  MOS capaci-  
tor  from a deeply  deple ted  condition, as i l lus t ra ted  in 
Fig. 1 and 2. The minor i ty  car r ie r  l i fe t ime can be ca l -  

1 Throughou t  this  paper  the m e a s u r e m e n t  f r equency  is a s sumed  
to he sufficiently h igh  that  l ight - induced conductance effects in the 
deplet ion reg ion  are  negl igible  (5). 
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Fig. I .  Effect of back illumination on the steady-state, high 

frequency, heavy inversion region capacitance of an MOS capacitor 
on n-type silicon. 

Ct 
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t =0 t 1 ~2 tP 
Fig. 2. Effect of back illumination on the transient C-t response 

following application of a deep depletion voltage step at t = O. 

cula ted  f rom the excess minor i ty  ca r r i e r  dens i ty  ob-  
ta ined  from Fig. 1 and the minor i ty  ca r r i e r  diffusion 
flux obta ined f rom Fig. 2. 

T h e o r y  
Zerbst  (6) showed tha t  the  ra te  of change of  t he  

high f requency  capaci tance C of an MOS s t ruc ture  is 
re la ted  to the genera t ion  ra te  per  uni t  a rea  g b y  

(it -~o -- K-~oN ~o g [1] 
where  Ko, Xo, and Co are  the re la t ive  dielectr ic  con- 
stant ,  thickness,  and  capaci tance of  the  oxide, respec-  
t ively,  Ks is the re la t ive  die lect r ic  constant  of  the  
semiconductor ,  and N the effective doping density.  2 
The genera t ion  ra te  components  consist of bulk,  su r -  
face, and pe r iphe ra l  generat ion,  and a component  due 
to diffusion (1-4, 7). 

Under  deep deple t ion  condit ions wi th  sufficient back  
i l luminat ion,  ~ the  only non-negl ig ib le  component  of g 
is gd', tha t  component  due to diffusion from the bu lk  
(3, 4) Since this component  is t ime independent  it  is 
easi ly  eva lua ted  by  in tegra t ing  [1] to get  

gd' : 2Ko(t2 tl) C1 - cT; ] [2] 
where  C1, t l  and C2, t2 a re  coordinates  of a pa i r  of 
a rb i t r a r i ly  chosen points  on the C-t recovery  curve 
shown in Fig. 2. 

In  s teady state, wi th  the  MOS capaci tor  b iased  into 
the heavy  inversion region, band  bending  causes the  
recombinat ion  ra te  per  uni t  volume to be much grea te r  
in  the deple t ion  region than  elsewhere.  The to ta l  r e -  
combinat ion ra te  per  uni t  area, obta ined by  in tegra t ing  
the recombina t ion  ra te  per  uni t  volume R over  the  

s For simplicity,  t h i s  ana ly s i s  w i l l  be  r e s t r i c t e d  to  n - t y p e  s i l icon.  
8 The  back  i l l u m i n a t i o n  is suff ic ient  if  t he  r e c o v e r y  t i m e  u n d e r  

i l l u m i n a t i o n  is less than one-tenth  of  the  r e c o v e r y  t i m e  w i t h o u t  
i l lumination. T y p i c a l l y  an  i n c i d e n t  p h o t o n  f lux  o f  2.5 x 10 TM cm -2 
see -~ is sufficient. 

space charge region wid th  Xd, is equal  to the  avai lab le  
flux of minor i ty  carr iers .  Under  sufficient back  i l lumi-  
nation, this flux is a pp rox ima te ly  equal  to the  diffusion 
flux gd' giving 

gd' = J : ' d R d ~  [3] 

Prov ided  the minor i ty  ca r r i e r  diffusion length  is 
g rea te r  than  Xd, eva lua t ion  of Eq. [3] using Shock ley-  
Read recombinat ion  theory  and the deple t ion  app rox i -  
mat ion  (4) gives 

g d '  "-- - ~  q 2  in / V  [4] 
p o + r  

where  eo is the pe rmi t t iv i ty  of  free space, q the e lec-  
t ronic charge, �9 the  minor i ty  ca r r i e r  l i fet ime,  Po the 
the rmal  equ i l ib r ium minor i ty  car r ie r  (hole)  dens i ty  in  
the  neu t ra l  bulk,  k the  Bol tzmann constant,  T the  
absolute  tempera ture ,  and r the excess minor i ty  ca r r i e r  
densi ty  at the edge of the space charge region under  
s t eady-s ta te  conditions. 

The value  of r r equ i red  to solve Eq. [4] can be ob-  
ta ined  from the i l lumina t ion- induced  shift  in the  high 
frequency,  heavy  invers ion region  capacitance.  This 
shift  f rom Cf to Cf' (see Fig. 1) can be r e l a t ed  to the 
p a r a m e t e r  ~l : (Po -{- r ) / p o  by  the fol lowing equat ion 
(4) 

Co 2 ) (  Co Ca) 
Cf Cf Cf' [5J 

N ( C o ,  

T 
where  I is defined by  

2Ka2eakT [61 
q2KsXo2 

Subs t i tu t ing  nl2/N for Po, whe re  ni is the  in t r ins ic  
car r ie r  density,  and solving Eq. [4] for �9 in t e rms  of ~1 
gives 

= - ~ - -  [71 
2gd' q2N in 

Thus the procedure  for finding the l i fe t ime �9 involves 
the  de te rmina t ion  4 of N from Co and Cf, the  ca lcula-  
t ion of ~ from Cf' using Eq. [5] and [6], and f inal ly the 
de te rmina t ion  of T from Eq. [7] using the value  of gd' 
given by  Eq. [2]. Wi th  sufficient i l lumina t ion  the  diffu- 
sion flux dominates  al l  o ther  components  of g, so the  
l i fe t ime obta ined  in the  above m a n n e r  is not  subjec t  
to e r rors  due to e i ther  sur face-s ta te  or bu lk  t r ap  the r -  
mal  genera t ion  effects. 

Experimental Procedure 
To de termine  the minor i ty  car r ie r  l i fe t ime the ap-  

para tus  i l lus t ra ted  in Fig. 3 is used for slice probing  
with  back i l luminat ion.  The associated measuremen t  
setup is i l lus t ra ted  in Fig. 4. In  practice,  the  l ight  
levels requi red  to make  Eq. [2] val id  are  sufficiently 
la rge  that  the  corresponding t rans ien t  C- t  curve is too 
fast for most  mechanica l  X - Y  recorders  to fol low; re -  
qui r ing the use of a s torage oscilloscope or  an analog 
da ta  memory  (Biomation Model  610). 

The shift  in the s t eady-s ta te  invers ion region ca-  
pac i tance . f rom Cf to Cf' is typ ica l ly  a few per  cent of 
Co at  these l ight  levels.  To faci l i ta te  r ap id  and accurate  
recording  of the  s t eady-s t a t e  capaci tance data,  the  

4 The  dep l e t i on  a p p r o x i m a t i o n  (9) g ives  t he  r e l a t i on  

2, in( ) 
C o  - -  

w h i c h  m a y  be i t e r a t i v e l y  s o l v e d  fo r  N u s i n g  P u t l e y  a n d  M i t c h e l l ' s  
(10) r e l a t i on  for  n i  f -0s03 

ni  ---- 3.10 • 1016T a/~- e x p ~ ]  em -3 
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Fig. 3. Apparatus used for slice probing with back illumination 

Light 

lvo.-.., 
Fig. 4. Minority carrier lifetime measurement setup 

rrigger 

capacitance mete r  output  was fed into a digital  vo l t -  
meter  (DVM). Capacitances Cf and C( were  measured  
at a fixed bias voltage. 

The l igh t -emi t t ing  diode (LED) used was a Mon- 
santo ME2A, which is a diffused planar" gal l ium arse-  
hide diode wi th  a noncol l imating lens. At  a current  of 
1.0A this LED has a min imum total  ex terna l  radiated 
power  of 7.5 mW centered in wave leng th  at 9000A, 
wi th  a spectral  half  wid th  of 500A. The measurements  
described in this paper  were  Conducted at an LED cur-  
rent  of 0.75A, resul t ing in a photon intensi ty  of ap- 
p rox imate ly  2.5 • 10 is cm -~ sec -1 incident on the slice. 

Since Eq. [7] has an explici t  ni dependence it is 
essential that  both the s teady-sta te  C-V and the t ran-  
sient C- t  measurements  be made at the same t empera -  
ture. Errors  due to C- t  t ransient  end effects and quan-  
t ization wi th in  the analog memory  were  minimized by 
choosing the points (C1, tl)  and (C2, ts) at about 1/a 
and sA of the way along the deep deplet ion C-t re -  
covery curve with  back i l lumination.  

The SiO2 thickness was measured  using a Talystep, 
and the value  so obtained was cross-checked using a 

measurement  of the oxide capacitance per uni t  area. 
Once the oxide thickness was determined the MOS dots 
were  character ized using only capacitance ratios, thus 
avoiding precise measurements  of thei r  individual  
areas or absolute capacitances. 

To demonstra te  the usefulness and pract ical i ty of 
the method, mappings were  made of the minor i ty  car-  
r ier  l i fe t ime and doping as a funct ion of position over  
a port ion of a typical  n - type  (100) or ientat ion silicon 
slice. This slice was 250~ thick, 3.2 cm in diameter,  and 
had a nominal  resist ivi ty of 10 ohm-cm. A 950A thick 
thermal  oxide was grown in dry  oxygen on the pol-  
ished surface of the slice and was annealed in Ns at 
l l00~ 

Using a meta l  mask, a square ar ray  of 0.076 cm 
diameter  a luminum dots wi th  a center  to center  spac- 
ing of 0.125 cm were  evapora ted  onto the oxide. An  
a luminum back contact wi th  an aper ture  opposite the 
port ion of the slice to be mapped was also deposited by 
evaporation.  

The numerical  work  involved  in analyzing the data 
was minimized by using a simple computer  program.5 
This program, wi th  data inputs of T, Cf/Co, Cf'/Co, 
C1/Cf', C2/Cf', and t2 -- tl for each dot and Xo for the 
slice, prints out the values of ~ti, ~, N, % gd', and �9 as- 
sociated with  each set of MOS capacitor measurements .  

The area of the slice which was mapped  is shown 
cross-hatched in Fig. 5 (a) and the resul t ing doping and 
minor i ty  carr ier  l i fe t ime values at room temperature ,  
are shown in Fig. 5(b) and (c). In these figures, X's 
indicate dots which on probing were  found to be de-  
fective. F igure  5 (b) indicates that  the doping is rea-  
sonably constant across the slice, exhibi t ing an average 
value of 0.621 • 1015 cm -3 and a root mean  square 
deviat ion of 0.0462 • 1015 cm -s.  Figure  5(c) indicates 
that  the minor i ty  carr ier  l i fe t ime varies widely  wi th in  
0.5 cm (four rows of dots) of the edge of the slice, 
but  is fair ly uniform near  the center  of the slice. For  
the four rows of dots nearest  the edge of the slice the 
average minor i ty  carr ier  l i fe t ime is 0.121 X 10 - s  sec 
and the root mean square deviat ion is 0.0617 X 10 - s  
sec. For  the remaining dots the average minor i ty  car-  
r ier  l i fe t ime is 0.173 • 10 - s  sec and the root mean  
square deviat ion is 0.0159 • 10 - s  sec. The dots away 
from the edge of the slice exhibi ted a much more  
uniform l i fe t ime distr ibution than that  observed by 
Schroder  and Guldberg (2) using the deep deplet ion 
method wi thout  back i l lumination.  The high fai lure 
rate and wide variat ions in l i fe t ime exhibi ted by dots 
near  the edge of the slice seems to indicate that  the 
silicon ingot or the slice prepara t ion  is infer ior  near  
the slice rim. 

3 Available on request. 
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For a typical dot near  the center of the slice (the Cr' 
one in the lower, l e f t -hand  corner of the map) charac- 
terized by the data: T ---- 298~ Xo = 950A, Cf/Co : Co 
0.202, Cf'/Co ---- 0.223, C J C (  = 0.373, C J C /  -~ 0.879, and C1, tl 
t2 -- tl ---- 0.20 sec, the preceding analysis gave values C2, t2 
of: N = 5.50 X 1014 cm -a, ~] ---- 1.15 • 102, and yielded g 

gd '  T ---- 0.153 X 10 -6 sec. k 

Ko 
Conclusion Ks 

A simple technique using back i l luminat ion  of an ni 
MOS capacitor to measure minor i ty  carrier lifetime has N 
been presented. The technique involves measurements  Po 
which can be analyzed quickly and results in  values 
which are not subject to errors present  in other meth-  q 
ods of minor i ty  carrier l ifetime measurements.  By us-  r R 
ing this technique in  conjunct ion with an on- l ine  t 
minicomputer ,  it is possible to monitor  minor i ty  car- T 
rier lifetime at production rates and to perform slice X 
surveys for doping and minor i ty  carrier lifetime. Xd 
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SYMBOLS 

C small signal MOS capacitance 
Ct thermal  equi l ibr ium value of C in the inver -  

sion region 

value of C in the inversion region under  
steady-state i l luminat ion 
oxide capacitance 
initial  measurement  point  on C-t curve 
final measurement  point on C-t curve 
generation rate per un i t  area 
diffusion flux from bulk with i l luminat ion 
Boltzmann's constant  
relative dielectric constant of oxide 
relative dielectric constant  of semiconductor 
intr insic carrier  density 
doping density 
thermal  equi l ibr ium hole density in the neu-  
tral  bu lk  
electronic charge 
excess minor i ty  carrier density 
recombinat ion rate per  un i t  volume 
time 
absolute temperature  
distance into semiconductor 
space charge region width 
oxide thickness 
permit t ivi ty  of free space 
recombinat ion l ifet ime 
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Preparation of High-Resistivity Silicon by 
Vacuum Float Zoning 

T. G. Digges, Jr. 1 and C. L. Yaws 

Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

A successful, vacuum float-zone process was developed for the preparation 
of ultra high-resistivity polysilicon crystals. The high-resistivity polysilicon 
crystals were then converted to dislocation-free single crystals in an inert 
atmosphere by the usual Dash float-zone technique. The vacuum float-zone 
process is based on a semiquantitative purification technique for prediction 
of silicon bar resistivity after each float-zone pass. Purification is attained by 
multiple vacuum float zoning on lightly compensated silicon (<0.i0 ppb 
boron). Impurity removal is achieved by a combination of zone refining and 
evaporation, with evaporation the dominant mode. Equations are derived 
which permit vacuum float-zone speeds to be determined quantitatively for 
resistivity targeting. The versatile production process is applicable to a broad 
product range of single-crystal material: 200-30,000 ohm-cm n-type and 2,000- 
30,000 ohm-cm p-type silicon. 

Dislocation-free silicon crystals up to 1 in. in diam- 
eter  and 20 in. in length with resistivities greater  than  

z Present  address: Spectrolab, Division of Text ron  Inc., Sylmar,  
California 91342. 

Key words:  single-crystal  silicon, producti6n process, polydeposi- 
tion process, polycrystall ine silicon. 

9000 ohm-cm p- type are being grown in  our produc- 
tion float-zone facility as a source of wafers for 
photon detectors. One apparent  way to produce high-  
resistivity silicon is by vacuum float zoning. This paper 
describes a successful vacuum float-zone technique 
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based on semiquant i ta t ive  purif icat ion for predic t ion  of 
sil icon ba r  res is t iv i ty  af ter  each pass and presents  
addi t ional  in format ion  on purif icat ion rates  of the  
impur i t y  species. The versa t i le  product ion process is 
appl icable  to a b road  product  range  of s ing le -c rys ta l  
mater ia l :  200-30,000 ohm-cm n - t y p e  and 2,000-30,000 
ohm-cm p - t y p e  silicon. 

T h e o r y  

The concentra t ion of impur i ty  in a crystal ,  g rown 
by  the f loat-zone process, when both evapora t ion  and 
segregat ion  of impur i ty  are  occurring,  is according to 
Ziegler  (1) 

Cf ( k )  - - u x k  
= k - -  ~ exp + ~ [1] 

Co ~ ~ u 

where  Cf is the  impur i t y  concentra t ion in the  solid, 
Co the ini t ia l  impur i ty  concentra t ion in the  solid, k 
the  segregat ion  coefficient, x the  dis tance solidified, L 
the zone length,  and  

l 
u = k + a-- [2] 

where v is the growth rate and e is the evaporation 
time constant dependent on the impurity species. As- 
sumptions of a cylindrically shaped zone, no dif- 
fusion in the solid, uniform concentration in the liquid, 
and constant k are made for Eq. [i] and [2]. 

It is also assumed that the molten zone is instan- 
taneously formed initially. If the evaporation term, 
a(I/v), is zero, Eq. [1] reduces to Pfann's equation 
(2) for zone melting. 

Bradshaw and Mlavsky  (3) have  der ived  the  vac-  
uum purif icat ion equat ions for  normal  freezing and 
give the  propor t iona l  t ime constants E -1 for the  evapo-  
ra t ion  of severa l  different  impuri t ies .  Their  E -  ~ factor  
is r e la ted  to a by  

2E 
=l = ~ C3] 

p 

where  p is the  specific densi ty  of the  melt .  
F rom Eq. [1] and [2], i t  is seen tha t  the m a x i m u m  

purif icat ion tha t  can occur for  one pass is (k/u).  F o r  
n passes the  u l t imate  purif icat ion is (k/u)" at constant  
zone speed. 

The theore t ica l  purif icat ion profiles for ind iv idua l  
species a re  given in Fig. 1. I t  is not iced tha t  the  flat 
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Fig. 1. Vacuum purification profiles for major impurities in sili- 
con (pull rate, 3 in./hr). 

por t ion  of the  (Cf/Co) vs. (x/D occurs a f te r  th ree  
effective zone lengths  for al l  impur i t ies  except  a lumi-  
num. Most a luminum in i t ia l ly  present  in the  po ly -  
sil icon wil l  be quickly  removed  by  l iqu id-so l id  purif i -  
cat ion ( reduced by  a min imum factor  of 95% per  pass) .  
The presence of a luminum can be  impl ied  b y  a fa i lure  
to reach a flat (Cf/Co) vs. (x/l) curve af ter  one vac-  
uum pass at  x/l  > 10. The u l t imate  purif icat ion analysis  
to be given considers impur i t ies  for x/L > 3, but  is 
val id  for  any  impur i t y  which has a flat por t ion  of 
(Cf/Co) vs. (x/l) curve. 

F rom the knowledge  of k and u (a funct ion of a) ,  
one can in theory  predic t  the  purif icat ion ra te  r e -  
qui red  to a t ta in  any res is t iv i ty  if the impur i t y  species 
is known. However ,  in pract ice  there  a re  severa l  fac-  
tors that  make  the a t t a inment  of h igh- res i s t iv i ty  si l i -  
con (>3000 ohm-cm p - type )  difficult. The first is that  
t h e s t a r t i n g  p - leve l  must  be kep t  be low 0.10 ppb to 
p reven t  compensat ion f rom becoming dominant .  The 
second impor tan t  factor  is to ident i fy  and control  the  
n - t y p e  impur i t ies  that  are  in i t ia l ly  present  in the 
vapor  deposi ted po lycrys ta l l ine  rod. 

Exper imental  
Polycrystalline deposition.--A mate r i a l  flow d iagram 

for the process is given in Fig. 2. The flow d iagram 
shows the s tar t ing point  in the  process wi th  po lyc rys -  
ta l l ine  silicon, the  var ious  in te rmedia te  processing-  
test ing operat ions,  and the ending point  for  the  h igh-  
res is t iv i ty  sil icon crys ta l  which  is sl iced into wafers  
for device fabricat ion.  

The po lycrys ta l l ine  silicon was produced from spe-  
c ia l ly  purif ied t r ichlorosi lane,  pal ladium-diffused,  
purif ied hydrogen  wi th  nondetec t ib le  impuri t ies ,  and 
h i g h - p u r i t y  silicon filaments. The equiicment was fab-  
r ica ted  from mate r ia l s  of construct ion which  were  
compat ib le  wi th  the  hydrogen-ch lor ine -s i l i con  system. 
In predeposi t ion,  the  fi laments were  se lect ively  etched 
to remove t race  surface contaminat ion.  The po lydep-  
osit ion on the f i lament was next  in i t ia ted  from the p re -  
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mium qual i ty  t r ichlorosi lane and purified hydrogen. 
Deposition was continued unti l  the rod of desired size 
(normal ly  1 to 11/4 in. diam) was attained. During 
deposition, process parameters  such as reactant  concen- 
trations, deposition temperature ,  and various process 
tempera tures  were  careful ly  moni tored and controlled. 
By careful control of the process parameters,  t race 
contaminat ion from several  sources such as gas phase 
components in the reactant  feed and the process equip-  
ment  was minimized. Polycrystal l ine silicon of ve ry  
high qual i ty  wi th  less than 0.1 ppb p- type  impur i ty  
(boron) was produced. 

Polycrystal l ine silicon was produced from two differ- 
ent reactors in the process. The init ial  reactor  (single 
hairpin)  produced rods in which arsenic was the major  
n- type  impur i ty  as de termined by neutron act ivat ion 
analysis as well  as data deduced from the rate of 
evaporation.  The next  reactor  (double hairpin)  pro-  
duced rods in which phosphorus was the ma jo r  n - type  
impurity.  

Vacuum l~oat-zone purification.--The polycrystal l ine 
silicon was purified in vacuum float-zone chambers 
which were  specially designed and fabricated by 
Texas Instruments.  The zone was held mol ten  by use of 
a four - tu rn  robber  coil wi th  one reverse  turn. The 
effective mol ten  zone length was de termined  to be 0.60 
___ 0.06 in. The zone length was measured  by two sepa- 
rate techniques. The first consisted of using a cali- 
brated telescope to measure  the length when  purifying. 
The second method was by metal lographic  examinat ion 
af ter  purifying. Metal lographic examinat ion  revealed  
that  the solid-l iquid interface was concave downward  
at the upper  interface and concave upward  at the bot-  
tom interface. Likewise, the assumed cylindrical  por-  
t ion was concave toward the center, but  wi th  an order  
of magni tude  larger  radius than the top and bot tom 
portions. Simple calculation revealed  that  the total  vol-  
ume could be approximated  by a cyl inder  wi th  the 
diameter  (95%) of the largest  la teral  dimension and 
the fill coming from the concave portions on the top 
and bottom. The effective zone length was then deter -  
mined to be the length of this, hypothet ical  cylinder.  

The vacuum was at tained with  a Model 3103 turbo-  
molecular  pump, wi th  a pumping speed of 260 l i t e r s /  
sec, manufac tured  by the Welch Scientific Company 
of Skokie, Illinois. This pump was selected pr imar i ly  
because of its unique design which minimizes back-  
streaming. The vacuum pressure of approximate ly  
2 • 10 -4 Torr  during zone mel t ing was moni tored  by 
Norton gauges (Models 507 and 831). The pull rate  of 
the zoner was controlled by a Leeds and Nor thrup  
Elect romax II. A Trendrack  recorder  equipped wi th  a 
digital output  display was uti l ized to preset  or change 
pull  rate  during vacuum float zoning. 

Concentration oJ impurit ies .~The init ial  concentra-  
tions of the n-  and p- type  impuri t ies  were  essentially 
the same in each polycrystal l ine rod produced by 
vapor  deposition in a given reactor.  

The concentrat ion of total impuri t ies  was exper i -  
menta l ly  determined in a control rod by the procedure 
described below. The init ial  step was to make  one 
float-zone pass in argon to find the net  n - type  level.  
Next, the control rod was vacuum purified five or six 
passes at a slow pull rate  (3 in . /hr )  to insure im-  
pur i ty  removal .  The resist ivi ty was then plotted vs. 
zone length for each pass. When there  is no fur ther  
change in resis t ivi ty after  a subsequent  vacuum float- 
zone pass, the exis t ing resis t ivi ty is due to the con- 
centrat ion of the p- type  impur i ty  (boron) level  in the 
silicon bar. The concentrat ion of the n - type  impur i ty  
is then determined from knowledge of the net  n - type  
and the total  p - type  level.  

In silicon, the usual p - type  impuri t ies  are a luminum 
and boron. The re la t ive  amounts of boron and a lumi-  
num can be approximated in several  ways. After  the 
control rod has had one or more vacuum passes to 
produce a fiat resist ivi ty profile (at x / l  > 3 if boron is 

the principal  impur i ty  or at x / l  > 20 if a luminum is 
the principal impur i ty) ,  the rod is me l t ed - in  in this 
flat profile portion under  inert  a tmosphere  and a pass 
made to the end. From the shape of the x / l  curve vs. 
resist ivi ty an accurate approximat ion can now be made 
on the re la t ive  amounts of boron and a luminum by 
knowing the segregation coefficients. In the present  
work, boron was the predominant  p - type  impurity.  

The n- type  impuri t ies  can be determined from the 
change in concentrat ion in the flat port ion of the curve 
from vacuum passes one through six or seven. From 
the evaporat ion constants of the different species it is 
possible to determine the principal  n - type  impurity.  In 
theory, neutron act ivat ion analysis can be employed to 
ident i fy the n- type  contaminants,  but  the evaporat ion 
technique is more amenable for production application. 
The prominent  n - type  impuri t ies  were  determined to 
be arsenic and phosphorus. 

A control rod was processed week ly  to ensure that  
the contaminants did not appreciably change. The con- 
sistency in polyqual i ty  was accomplished by running 
the facilities continuously to minimize contamination. 

Resul ts  a n d  D iscuss ion  
Theoretical technique.--Typical results obtained 

from the purification of over  100 polycrystal l ine rods, 
each receiving mul t ip le  passes, are i l lustrated in Fig. 
3. The purification chart  was constructed by plot t ing 
log (total n - type  impuri ty  concentrat ion) vs. t ime 
that a given section of the silicon rod was mol ten  at 
each pass. The concentrat ion of impur i ty  plot ted after  
vacuum float zoning was measured  in that  flat profile 
portion of the bar where  x / l  > 3 (see Fig. 1). 

There are two curves plot ted in Fig. 3. Curve  A with 
the steeper slope is for polycrystal l ine silicon grown 
in the initial 2-bar (single hairpin)  reactor. Curve  B 
with the less steep slope in Fig. 3 is for polycrystal l ine 
silicon deposited in a subsequent  4-bar (double hai r -  
pin) reactor. 

From data such as found in Fig. 3 estimates have 
been made of the evaporat ion constants of phosphorus 
and arsenic. The evaporat ion constant ap for phos- 
phorus is in general  agreement  wi th  the value of 
Bradshaw and Mlavsky. The result  is h igher  than 
Ziegter's, possibly arising from the float-zone rods 
here being four times larger  than those used by Ziegler. 
For  arsenic, our measured evaporat ion constant aAs is 
an order  of magni tude  less than that  repor ted  by 
Bradshaw and Mlavsky. A comparison of the exper i -  
menta l  results is given in Table I. 

Peizulaev (4) has der ived equations describing 
evaporat ion and segregation for purification during 
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mult iple  zone vacuum passes. His equations per ta in  to 
one solute component  and may  be extended to cover 
mult iple  solute components. 

For example, to determine, n, the number  of passes 
and the zone speeds required to a t ta in  resistivity X, 
analytical  techniques can be employed. Assume that  
the polycrystal l ine silicon original ly contains known  
amounts of phosphorus and arsenic as impurities. The 
resistivity is related to the concentrat ion of these 
impur i ty  components by the relat ion 

1 
- -  : (C~s  + C p ) . ( e ~ )  [41 
X 

where CAs is the concentrat ion of arsenic after n vac- 
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Table I. Evaporation constant ~ according to different investigations 

E v a p o r a t i o n  c o n s t a n t  a 

I m p u r i t y  B r a d s h a w  & 
s p e c i e s  r h i s  w o r k  Z i e g l e r  (1)  M l v a s k y  (3)  

As 2 x i0 -s ~ i • I0 -s 
P 6 x 10 -4 7 • I0 -~ 3 x i0 -~ 

uum passes are made; Cp, the concentrat ion of phos- 
phorus after n vacuum passes are made; e, the charge 
of electron; ~ ,  the mobil i ty  of electron; and n, the 
number  of vacuum passes. 

The number  of passes, n, required to obta in  1/X 
(Eq. [4] ) can be analyt ical ly  determined by the i ter-  
ative process from the following equat ion 

(CAs_~_ Cp)n: ( kA----..~s )n-1 ( kA~s ) CAs ~ 
'/LAs ~'As 

where CAs ~ is the initial  concentrat ion of arsenic and, 
Cp ~ the init ial  concentrat ion of phosphorus, UAs and 
up are applicable for float-zone passes up to n -- 1 
(defined by Eq. [2] ), U'As and u'p are applicable for the 
last float-zone pass (nth pass) (defined by Eq. [2], UAs 
and up determine the constant  pull  rate up to the n -- 1 
pass, whereas U'As and u'p determine the variable  pul l  
rate required for the nth  pass. 

The technique to iterate Eq. [5] is given in  the Ap-  
pendix. 
The experimental concentration vs. time profile for 

polycrystalline silicon containing both arsenic and 
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phosphorus would lie be tween curves A and B in  Fig. 
3 and in  general  would not be a straight line. This re-  
lat ionship has often been exper imenta l ly  observed for 
impuri t ies  in silicon. The above theoretical equations 
can be extended to cover three or more impur i ty  con- 
st i tuents in the polycrystal l ine silicon. 

The above calculations have neglected the effect of 
compensation. But, if known, then compensation can 
be directly entered in Eq. [4] by calculating the excess 
CAs and Cp required to a t ta in  a specific resistivity. The 
effect of p- type  impur i ty  in the star t ing mater ia l  on 
purification is vividly i l lustrated in Fig. 4. For  low- 
resistivity material,  compensation is a minor  effect. But 
as can be seen from the steep slope of the resistivity 
vs. time curve, for high-resis t ivi ty  targeting, compen- 
sation is a highly damaging effect. 

Semiempirical purification technique.--The semiem- 
pirical purification technique was found to be most 
valuable for the production of high-resis t ivi ty  silicon 
in the process. 

The purification technique is based on a knowledge 
of s tar t ing mater ia l  qual i ty  (n-  and p- type  levels) and 
construction of a purification chart. The purification 
chart was constructed by plott ing log (total n - type  
impur i ty  concentrat ion) vs. t ime the zone was held  
mol ten for the applicable section of the bar  (flat pro-  
file section, x / l  > 3). The time axis is determined by 
dividing the zone length by the pull  rate. The mater ia l  
qual i ty  (n- type  level) is plotted at t ime zero, after 
the first pass vacuum, and after each of the ensuing 
vacuum passes. After  three or more points are experi -  
menta l ly  determined, the general  shape of the purifica- 

t ion curve can be ascertained. It  then becomes possible 
to semiquant i ta t ively  predict the resistivity of the sili- 
con bar  after the next  vacuum pass. Or conversely, 
after several passes, it is possible to achieve the tar -  
geted resistivity by making the final vacuum pass at a 
predetermined pull  rate based on the semiempirical  
purification chart. 

Use of the technique to produce 5000 ohm-cm n- type  
silicon is i l lustrated in Fig. 5. The following data points 
for the mater ial  qual i ty  of a part icular  rod are ini t ia l ly 
plotted: *Start 0.52 ppb at t ---- 0; *Pass 1 0.30 ppb at 
t----t,---- 6 m i n ; * P a s s 2 0 . 2 1 5 p p b a t t  = tl + t2-----6 + 
4.5 ---- 10.5 min. The purification curve is then  con- 
structed through the data points and extended into the 
prediction region. 

The purification curve is extended unt i l  it intercepts 
the target  n - type  resist ivity l ine (horizontal l ine at 
5000 ohm-cm).  The intercept point occurs at that t ime 
required to achieve target resist ivity material .  Deter-  
mina t ion  of the t ime (t3) for the next  pass (Pass 3) is 
made from the intercept  point in the figure as follows 

t3 =- 15 (from figure) -- (t, + t2) 
= 15  -- 1 0 . 5  
---- 4.5 mi n  

Recalling that 

zone length 
t 3  : -  

p u l l  rate for Pass 3 

and solving for pul l  rate 
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Table II. Dislocation-free silicon crystals grown with vacuum 
float-zone process 

Resist ivity Minority carrier Quantity of 
range l i fe t ime r ange  crystals  

(ohm-cm) Type  (/zsec) g rowth  

lO,O00-SO,O00 p 500-10,000 ~10  
fi,O00-10,O00 p 750-9,500 > 10 
2,000-5,000 p 750-7,500 ~ 10 

30,000-70,000 n 2,000-4,000 ~ 5  
10,000-30,000 n 1,500-6,000 ) 5  
5,000-10,000 n 1,500-6,000 > 5  
2,000-5,000 n 1,500-6,000 > 5  

200-2,000 n 1,500-6,000 > 5  

Pul l  rate for zone length 
m 

Pass 3 ts 

0.6 in. 

4.5 rain 

-- 8 in . /h r  

Thus the pull  rate for the next  vacuum pass (Pass 3) 
is 8 in . /h r  to hit  the target  resistivity of 5000 ohm-am, 
n- type  material .  The next  vacuum pass was conducted 
at this pull  rate. Material of 4800-5200 ohm-cm, n - type  
resistivity (average 5000) was obtained as shown by 
the data point for Pass 3 in  the figure. 

Applicat ion of the semiempirical  purification tech- 
nique for the production of high-resis t ivi ty  p- type  
silicon (3000 ohm-cm) is i l lustrated in Fig. 6. 

Following a t ta inment  of the target  high-resis t ivi ty  
silicon (n-  or p- type)  through use of the semiempirical  
purification technique, dislocation-free single crystals 
were grown in an iner t  argon atmosphere. In  general, 
the high resistivity did not change at this step of the 
process. 

Large quanti t ies of n -  and p-type, high-resistivity,  
silicon single crystals were reproducibly prepared in  
the vacuum float-zone production process with the 
purification technique. The targeted resistivities varied 
from 2000-30,000 ohm-cm for p- type mater ial  and from 
200 to 70,000 ohm-era for n - type  material .  Minori ty  
carrier l ifetime varied from 500-10,000 ~sec for p- type  
and 1500-6000 ~sec for n- type.  Crystal or ientat ion was 
<111>. 

Resistivities and lifetimes for dislocation-free sili- 
con crystals produced by the process are summarized in  
Table II. 

Summary and Conclusions 
The preparat ion of ul t ra  high-resis t ivi ty  silicon sin- 

gle crystals was at ta ined in the vacuum float-zone 
process. The versatile production process is applicable 
to a broad product range of s ingle-crystal  material :  
200-30,000 ohm-cm n- type  and 2000-30,000 ohm-cm 
p- type silicon. 

A semiempirical purification technique was success- 
fully used in the process to produce the high-resis t ivi ty  
silicon. With the technique, it is possible to semiquan-  
t i tat ively predict silicon bar  resistivity after each float- 
zone pass. Or conversely, after several passes, it is 
possible to achieve the target resistivity by making 
the final vacuum pass at a predetermined pull  rate. 

Theoretical equations which encompass impur i ty  re-  
moval by a combinat ion of zone refining and evapora-  
t ion are presented for the determinat ion of vacuum 
float-zone speed to at ta in  target  high resistivity. The 
equations are applicable for silicon with single or 
mul t icomponent  impurities.  

Evaporat ion coefficients, calculated from the data, for 
phosphorus and arsenic are reported. 
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APPENDIX 

Method far Solving Number of Posses and Zone Speed 

First  assume a constant  pull  rate and calculate UAs and 
up from Eq. [2]. Next let n = I, assume for calculation 
purposes UAs = U'As and up = u'p and apply these val-  
ues to Eq. [5]. If the r igh t -hand  side of Eq. [5] is 
greater than the le f t -hand  side, assume n = 2, UAs = 
U'As, and up = u'p and recalculate. Whenever  the r ight-  
hand side becomes less than  the le f t -hand  side for posi- 
tive integral  value of n assuming UAs = U'As and up = 
u'p the value of n is then  determined.  Once n has been 
determined, the final pull  rate required to define U'As 
and u'p can be calculated to satisfy Eq. [5]. 
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Tec]hn call 

Formation of Silicon Whiskers by Aluminum-Quartz 
Interaction 

P. Rai-Choudhury* and W. J. Takei 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

Aluminum diffusion in  silicon is normal ly  carried out 
in  a sealed quartz tube under  vacuum using e lemental  
a luminum as the dopant  source (1). For deep junctions,  
diffusion temperatures  as high as 120O~ are often 
used. When large diameter  wafers (~50-75 mm)  are 
processed at such high temperatures  it becomes neces- 
sary to back fill the quartz tube with a suitable gas 
which prevents  the tube from collapsing. Back filling 
with argon consistently results in  a nonuni form dif- 
fusion with very low surface concentration. If the 
sealed tube is main ta ined  relat ively free from moisture 
and oxygen, then the source A1 remains uncoated with 
A1203, and an equi l ibr ium A1 vapor pressure is ma in -  
ta ined throughout  the diffusion time. Under  these con- 
dition_s, silicon whiskers grow from the walls of the 
A1203 crucible containing the A1 melt. The purpose of 
this note is to discuss the thermodynamic  and kinetic 
factors which favor the growth of silicon whiskers. 

Experimental Results 
Under  vacuum conditions (PAl ~ 3 • 10 -4 mm) the 

evaporated A1 molecules leaving the A120~ crucible 
could travel considerable distances without  undergoing 
any collisions. The mean  free path of A1 is of the 
order of 180 cm, which, being considerably larger than  
the diameter  of any quartz  tube normal ly  used for the 
diffusion, most collisions occur at the tube wall. An 
x - ray  diffraction analysis of the deposits from the 
quartz wall  indicates that  the wal l  i s  coated with a 
mix ture  of silicon and a luminum oxide. When the en -  
t ire surface of the quartz is coated With Si and A12Oa, 
the interact ion be tween the A1 and SiOs ceases, and  
the equi l ibr ium A1 vapor pressure present  acts only as 
the diffusion source. 

When the quartz tube is filled with argon to provide 
about one atmosphere pressure at the diffusion tem-  
perature, the mean  free path of the evaporated A1 
molecules is reduced to about 1 ~m. Thus, the A1 mole-  
cules suffer numerous  collisions in the gas phase and 
with the AlcOa crucible walls. Interact ion with the 
quartz walls is only possible by A1 transport  through 
molecular  diffusion. Assuming a sufficient partial  pres-  
sure of SiO (see Discussion) in equi l ibr ium with the 
quartz, silicon could be formed at the inner  walls of the 
A1203 crucible by interact ing with the A1 vapor. 
Growth of numerous  silicon whiskers nucleat ing at the 
inner  walls of the crucible is observed as shown in 
Fig. 1. 

The major i ty  of the whiskers were 30-40 ~ in 
diameter and approximately 1 cm long with t r igonal  
faceting at the tip as shown in Fig. 2. Analysis by 
x - ray  Weissenberg techniques showed that  they had a 
[111] axis terminated by  {111} facets. This is in  agree- 
men t  with the or ientat ion previously reported r for 
Si whiskers grown by other techniques. Other whiskers 
had approximately the same dimensions but  with very 
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Fig. 1. Silicon whiskers growing from the inner walls of the 
alumina crucible at 1050~ in argon atmosphere. 

Fig. 2. Silicon whisker showing trigonal faceting at the tip 

rough sides, as shown in  Fig. 3, and were found to be 
polycrystalline, giving a spotty r ing x - r ay  pattern.  
This clearly shows that the development  of whisker  
growth results, not from crystallographic or ientat ion 
effects, but  from the peculiar growth conditions found 
in this system. A few other whiskers had an appear-  

1228 
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Table !. Description of whiskers found, listed in order of 
their occurrence 

Axis  Appearance  Cross sect ion 

[ l l l l  Smooth  and rough Approx imate ly  equiaxed  
sides ~4-0 p/n 

Poly Very  rough sides Equiaxed  
~40 #m 

[112] Smooth  Th in  rectangle  
20 /~m X lO0/u'~ 

[I13] Smooth Very fiat rhombohedron 
20 /zm x 200 pxn 

[110] Smooth  t ape r ing  Approx ima te ly  equiaxed  
50 /~m • 50 /~m 

Fig. 3. The stem of a whisker showing rough growth of poly- 
crystalline silicon. 

a n c e  different from those described and examinat ion  
showed them to possess different growth axes. These 
were found to be, in decreasing order of occurrence, 
[112], i.e., the same as Si dendri tes and web, [113], ~ 
and one whisker of [110]. This is not  to imply that a 
more thorough examinat ion may not have revealed 
other orientat ions bu t  those that  were found and their  
appearance are summarized in  Table I. 

Discussion 
For the growth of silicon whiskers two factors need 

to be considered, namely,  the t ransport  of the reactants 
to the a lumina  crucible, and the reaction or reactions 
by which silicon is produced. Before silicon can be 
t ransported SiO2 (i.e., quartz) must  be reduced to SiO. 
The thermal  reduct ion of SiO~ as represented by  

1 
Si02(s) = SiO(g) + --{02(g) 

has a reaction free energy of 105.496 kcal at 1400~ 
and the equilibrium partial pressure of SiO is negli- 
gible. On the other hand, reaction with aluminum 
vapor 

SiO~(s) + 2Al(g) ---- SiO(g) + A120(g) 

has a s tandard  free energy of --22.869 kcal at 1400~ 
and is therefore a l ikely reaction by which SiO is pro- 
duced. 

An examinat ion  of various reactions by which sili- 
con whiskers could grow indicates the l ikely reaction 
to be 

SiO(g)  + 2Al(g) = Si(s)  -{-A120(g) 

This reaction has a s tandard  free energy of --75.874 
kcal and has no solid reaction b y - p r o d u c t  Although 
the reaction 

3SiO(g) + 2Al(g) = 3Si(s) -I- Al~O~(8) 

is thermodynamical ly  favored (hF ~ = --207.227 kcal) 
is probably not taking place, because no A1203 could 
be detected in  the whiskers. Also the part ial  pressures 
of SiO and A1 are probably too low for this reaction to 
proceed. 

Summary 
The physical conditions under  which silicon whiskers 

can be grown by A1-SiO2 interact ion are described. 
The most probable reactions are the reduct ion of SiO~ 
to SiO by A1 vapor, and a fur ther  reduction of SiO to 
Si in  regions of high /%1 activity. The practical im-  
plications of the A1-SiO2 interact ion are that, for suc- 
cessful diffusion of A1 in  silicon, either the quartz 
tube should be passivated (e.g., coated with a layer  
of A1208 or silicon), or the oxygen activity reduced in  
the system. 
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Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs oJ this article have been as- 
sisted by the Westinghouse Electric Corporation. 

REFERENCES 
1. C. S. Ful le r  and J. A. Ditzenberger, J. Appl. Phys., 

24, 544 (1956); Y. C. Kao, Electrochem., Technol., 
5, 90 (1967). 

2. E. R. Johnson and J. A. Amick, J. Appl. Phys., 25, 
1204 (1954). 

The Effect of Silicon Wafer Imperfections on 
Minority Carrier Generation and Dielectric Breakdown 

in MOS Structures 
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A very large amount  of work has been done to de- 
termine the effect of silicon wafer imperfections on 
device characteristics or yield (1-26). Although many  
individual  studies (par t icular ly  recent ones) have suc- 
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cessfully correlated device failure with substrate dam- 
age, considerable ambigui ty  remains in this area for 
several reasons. In  the first place, processing induced 
damage effects (1-9, 13) often exceed those due to de- 
fects in the start ing materials.  Fur thermore,  device 
fabrication at high temperatures  leads to thermal  
stresses whose effects are quite dependent  on the ini t ial  
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wafer condition [part icular ly the back side (2) ]. Star t -  
ing with zero dislocation density wafers gives no as- 
surance of obtaining high device yields because float- 
zone silicon (~100/cm 2) has not general ly  been proven 
to be superior to (~10~-104/cm 2) dislocation density 
Czochralski mater ia l  (8). Metallic contaminants  (espe- 
cially those with states near  the middle of the Si 
forbidden band)  contr ibute to the ambigui ty  by pro- 
moting minor i ty  carrier generat ion and diode leakage. 
Such impuri t ies  (3-9, 11, 12, 14, 15, 17, 18, 24, 27) pre-  
cipitate at locations of Si damage, vacancy clusters, or 
at oxygen inclusions. Gettering (15-17, 28-31) of me-  
tallic impuri t ies  reduces the minor i ty  carrier  genera-  
t ion rate without  lowering the defect concentration. 

Although many  questions are still unresolved, poor 
device performance has been repeatedly related to 
silicon imperfection sites. Chynoweth and Pearson 
(10) found that  light was emitted at dislocation sites 
(as revealed by etching) dur ing p -n  junct ion  break-  
down. Queisser and Goetzberger (11) observed micro- 
plasma breakdown and soft p -n  junct ions at stacking 
faults. Soft junct ions and diffusion pipes (or shorts) 
from emit ter  to collector have been associated with 
dislocation loops induced by processing (12, 13). 
Transmission electron micrographs (14) have found 
that  stacking faults at the surface or in an epitaxial  
layer  degrade junctions.  Lawrence (5) a t t r ibuted ex- 
cessive recombinat ion currents  to lattice s t ra in and 
dislocations as a resul t  of impur i ty  diffusion, and he 
distinguished between stable, unstable, and impur i ty -  
precipitated dislocations (9). High concentrat ions of 
stable dislocations had only minor  effects on leakage, 
transistor gain, and storage time; unstable  dislocations, 
i.e., those that move dur ing device fabrication, were 
somewhat more detrimental .  Impur i ty  precipitat ion 
caused large p -n  junct ion  reverse currents, emit ter  to 
collector shorts, and wide variat ions in transistor  gain. 
Using scanning oscillator topography, Schwuttke has 
correlated yield with processing induced dislocations 
(3) and at t r ibuted poor MOS storage times to micro- 
splits (19). 

This s tudy represents another  at tempt to in terre la te  
silicon wafer damage with device properties. Metal-  
oxide-semiconductor capacitor s tructures were chosen 
as the test vehicle since only one high temperature  
step is required for fabrication and there are no oxide 
steps, diffusions, or photoresist operations which might  
serve to confuse the in terpre ta t ion of the results. Some 
samples were gettered with HC1 dur ing oxidation in 
order to assess the influence of metall ic impurities.  
Two different electrical measurements  were made: 
minor i ty  carrier generation, which provides a measure 
of the number  of generat ion centers in the region just  
below (~1~) the Si surface, and dielectric b reakdown 
of a thin (400A) SiO2 layer, which is very  sensitive to 
oxide and silicon defects. Chemical etching or polish- 
ing (32-36) of as-received, chemically and mechani -  
cally polished silicon was used to reduce silicon dam- 
age to a minimum.  

Experimental 
The silicon wafers were 2 ohm-cm, n- type  (phos- 

phorus doped), ~ lO0~  single crystal with only the 
front side polished by a silica gel, chemical-mechanical  
technique. A series of wafers having a cupric ion 
polish was also tested for comparison. Ini t ia l  thick- 
nesses of the 1V4 in. diameter  wafers varied from 8 to 
10 mils. 

Wafers were cleaned both prior to etching and prior 
to oxidation in solutions of NH4OH-H202, HC1-H202, 
and HF with a final deionized water  rinse. Chemical 
etching was done with a mixture  of nitric (70%), 
acetic, and hydrofluoric (49%) acids (24-28) in the 
ratio 7:2:1. The etch rate observed here was l l ~ / m i n  
or about one- th i rd  that  reported by Robbins and 
Schwartz (32, 33) in freshly sawed (and hence highly 
damaged) Si; apparent ly  the etch rate is quite sensi- 
t ive to damage. Etching times of 50 and 500 sec were 
s tandardly  used to remove 5 and 47~ from each side 

of the wafer. Another  etchant  variat ion used here was 
a ni tr ic  acid to hydrofluoric acid mix ture  in  a ratio 
of 250:1 ("reactive etch").  This solution dissolved 
400-500A S i /min  and was used for total t ime of 5 
min. 

The clean, dry 1V4 in. wafers were placed polished 
side up in  23~ in. ID Teflon cups. The cup was then 
filled with 60 ml  of etchant  and rotated (~80 rpm) 
while tilted about  40 ~ from the horizontal plane. The 
rotational speed and the t i l t  angle were such that the 
wafer rotated as a wheel inside the cup, producing 
adequate shearing and mixing of the etchant layer in  
contact with the wafer (36). A sudden addition of 500 
ml  of conc. nitr ic acid (35) followed by 3 liters of de- 
ionized water  was used to hal t  the etching process. 
This procedure was quite critical since uneven  quench-  
ing resulted in swirl pat terns or hazy residues on the 
surface. The nitr ic acid addit ion greatly diminished 
this problem. 

Two ambients  were used to grow the 400A SiO~ films 
at 1000~ high pur i ty  oxygen and 97 volume per cent 
(v/o) 02-3 v/o  HC1 (99.99% pur i ty) .  To complete the 
MOS structures, one hundred  32 mil  d iameter  a lumi-  
num electrodes were vacuum deposited through a 
mask onto each wafer  using an electron beam heated 
source. The wafers were then annealed in  ni t rogen 
at 500~ for 5 min  to remove interface states. 

Dislocation densities were measured by counting 
Sirtl  decorated etch pits (37, 38). This etchant  is pre-  
pared by dissolving 100g chromium trioxide in  200g 
H20 and mixing four parts of this acid with five parts 
hydrofluoric acid. Thir ty  mill i l i ters of etchant  were 
added to a clean wafer, placed in a rotat ing (60 rpm),  
17/8 in. Teflon cup ti l ted ~40 ~ from the horizon. Etch- 
ing time of 15 sec removed 1.5~ (average thickness) of 
Si to reveal surface damage. 

Minori ty  carrier  generat ion was measured (30, 39- 
41) on fifty MOS capacitors per wafer. Basically, a 
depleting voltage pulse was applied and the time re-  
quired to reach a s teady-state  inversion capacitance 
was recorded. Dielectric b reakdown was measured by 
applying a ramp voltage to obtain the voltage of the 
first breakdown event  for each capacitor. Care was 
taken to detect the first b reakdown whether  or not it 
was shorting or nonshor t ing (self-healing) since these 
events can be interpreted in  terms of insulator  defects 
(42). One hundred  capacitors were measured on each 
wafer. 

Results and Discussion 
Wa~er damage.--Chemical  etching of silicon wafers 

was effective in  reducing defect levels, as shown by the 
decrease in Sirtl  etch mound  density with etching 
time in Fig. 1. As can also be seen, a longer Sirtl  etch- 
ing time (300 vs. 15 sec) reveals a higher etch pit den-  
sity. The photomicrographs in Fig. 2 show the improve-  
ment  for both surfaces, when  5 and 47~ of Si are re-  
moved. 

Silicon oxidation greatly increases damage, as can 
be seen by the photomicrographs in Fig. 3 obtained by 
growing a 2000~ SiO2 film at 1000~ on previously 
etched wafers. Clearly, the amount  of damage present  
after oxidation depends strongly on the degree of per-  
fection of the unoxidized material .  Dumin  and Henry  
(2) have noted this earlier: i.e., oxidation induced 
damage can be markedly  reduced by s tar t ing with 
damage-free wafers. Furthermore,  Porter  et aI. (26) 
were able to reduce oxidation induced damage by etch- 
ing the starting wafers. Both sides of the wafer after 
oxidation had more near ly  equal dislocation densities, 
suggesting that the back surface dominates the defect 
growth. It is unfor tunate  that  the qual i ty of the back 
surface has usual ly  been relegated to secondary im-  
portance because the authors have almost invar iab ly  
found that the backs of wafers, from a half  dozen 
vendors, show visible saw marks  and at least 105 Sirtl  
etch pits/cm 2. This point is demonstrated in Table I. It  
can also be seen that  when the initial  back side dis- 
location density is low, the etch pit density after 
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Fig. !. Dislocation etch mound density for wafer front surface 
( O ,  UI) and back surface ( X )  as a function of etching time in 
HNOs-HF-NC2HaO~. Top scale gives amount of silicon removed 
from each wafer surface. Sirtl etching times of 15 or 300 sec were 
employed. 
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Fig. 2. Effect of silicon removal on wafer damage before oxida- 
tion. Wafers were Sirtl etched for 15 sec. 

oxidation is also low. Likewise the advantage of using 
low dislocation densi ty float-zone wafers having 
heavily damaged back surfaces is e l iminated dur ing 
the oxidation step. 

In  addition to higher pit counts, the oxidized wafers 
also show l ine defects (see Fig. 3, unetched front  

Fig. 3. Effect of silicon removal on wafer damage after oxida- 
tion. Wafers were Sirtl etched for 15 sec. 

surface).  These l ine defects, in  the <110> direction, 
can be up to 10~ long and general ly  terminate  at dis- 
'locations which appear as large br ight  spots under  dark 
field i l luminat ion  after  Sirt l  etching; the dislocation 
pair  is often visible while the l ine defect cannot be 
seen. Schwuttke (19) interprets  similar l ine defects in  
the <110> direction as microsplits with stacking faults 
at the end. Str ia t ion pat terns are also revealed by 300 
sec Sirtl  etching of oxidized wafers. Pre-e tching with 
HNOs-HF-HC2H302 had no effect on the str iat ion pat-  
tern. Such pat terns were not seen without  oxidation 
and are another  (1, 18) example of processing induced 
changes. 

Electrical properties.--The results of pulsed capaci- 
tance measurements  of minor i ty  carrier l ifetime are 
summarized in Table II, where  the average capacitance 
re laxat ion (or inversion) times are given as a func-  
t ion of processing conditions in  four different runs.  
Schroder and Guldberg (41) have found that  the re-  
laxat ion t ime is directly proport ional  to minor i ty  car- 
rier l ifetime in the absence of significant surface gen-  
eration. Each tabulated value represents the average 
of 300 capacitors on six wafers in  three oxidation runs, 

Table h $irtl etch pit densities (plts/cm 2) fer wafers 
supplied by various vendors 

B e f o r e  o x i d a t i o n  A f t e r  o x i d a t i o n  
V e n d o r  F r o n t  B a c k  F r o n t  B a c k  

C z o c h r a l s k i  
1 10 a > 1 0 5  1.5 x 104 > 1 0 5  
2 104 5 x 10 s 2 • 104 2 x 104 
3 4 • 1 0 S t o 3  x 10 ~ > 1 0 5  104 > 1 0 5  
4 1-3 x 104 > 1 0 5  2 x 104 t o > 1 0  s > 1 0 5  

3 x 10 8 10 4 8 X I 0  s 1.5 x 10 4 
5 7 X 10~to4 x 10 4 >10 5 >10 5 >10 5 

Float zone 
1 4 x i0 ~ >10 5 2 X 10 4 >i0 s 
2 6 x 108 to 1.2 x 104 > 1 0  ~ 7 x 10 ~ t o 2  x 104 > 1 0 5  
6 3 x 10 ~ >10 5 6 x 10 4 >10 5 
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Table II. Average capacitance relaxation time as a function of 
processing (sec) 

Control 0.25~t Si 5/1 Si 47/1 Si 
oxidation Control r emoved  r e move d  r emoved  

SiLica gel pal-  33.9 (3.3)* 18.0 (2.6) 50.8 (5.3) 57.4 (2.6) 
ished Si 

Cu poLished Si 0.01 (0.001) 14.8 (2.6) -- -- 

HCI oxidation 
Sil ica ge l  pol- 47.4 (2.7) 73.9 (4.6) 54.0 (2.7) 59.7 (3.3) 

i shed  Si 
Cu polished Si 4.7 (8.8) 15.8 (0.3) -- -- 

* Average standard deviation in parenthesis. 

with the exception of the cupric ion polish Si in  which 
100 capacitors on one wafer were evaluated. U n-  
fortunately,  most of the time, the averages of the two 
identical ly processed wafers were not statistically 
identical at the 95% significance level. Chi-squared 
tests (41) on the statistical distr ibutions of relaxat ion 
times fur ther  confirmed that more than half of the 
s imultaneously and identical ly processed wafer pairs 
were not statistically equal, even at the 99% confidence 
level. This lack of reproducibi l i ty  mean t  that  subtle 
differences due to processing could not be resolved. The 
var iabi l i ty  of the impur i ty  content  of the s tar t ing 
wafers presumably  accounts for the poor wafer - to-  
wafer reproducibili ty.  The s tandard deviation, ~ (aver-  
aged over the three oxidation runs) ,  is also included in  
Table II; no substant ial  variat ions were discerned. 

Despite the serious reproducibi l i ty  problem, the 
statistical inversion t ime distr ibutions revealed several 
trends. Of the 3000 capacitors tested, those having the 
longest invers ion times were invar iab ly  made with 
etched silicon. Inspection of Table II shows that  in 
five cases out of six, Si etching enhances the relaxat ion 
t ime by 10-70%. It was also observed that  the etched 
samples had a higher than average incidence of very  
short relaxat ion t ime capacitors, possibly as a result  of 
residual surface haze from etching. Wafers having a 
cupric ion polish ( run  4, Table II) showed a dramatic 
increase in  lifetime after even a reactive etch, e.g., 
more than a thousandfold with s tandard oxidation. In  
all cases, the cupric ion polished samples did not have 
as long a l ifetime as did the silica gel polished samples 
(21, 31). Very l ikely the improvement  seen in  these 
reactively etched samples resulted from removal of a 
Cu contaminated layer  ra ther  than removal  of Si im-  
perfections. 

Dielectric breakdown characteristics were more re-  
producible from wafer to wafer than  were minor i ty  
carrier  lifetimes (see Table II~). In  wafers receiving 
a control oxidation, Si etching ra ther  consistently im-  
proved average breakdown strength. It should be em-  
phasized that each en t ry  represents data from 700 ca- 
pacitors and hence has a very small statistical error. 
Oxidation in  HC1, on the other hand, was seen to de- 
grade reactively etched specimens and to obscure any 
effect of 50 or 500 sec of etching. The spread of the 
statistical distribution, as measured by the s tandard  
deviation, was not  influenced by etching. 

The data base generated by these experiments  was 
sufficient to at tempt a correlation between minor i ty  
carrier generat ion and dielectric breakdown. Both 
properties were measured on 50 capacitors on a wafer 

Table III. Average dielectric breakdown field in the oxide as a 
function of processing (MV/cm) 

0.2S/Z Si 5/1 Si 47/1 Si 
Control r emoved  r emoved  r e m o v e d  

Control oxidation 7.3 (0,16) = 7.7 (0.12) 8.1 (0.I0) 8.5 (0.II) 
HCI oxidation 8.7 (0.12) 6,4 (0.14) 8,5 (0.25) 6.8 (0.09) 

* Average standard deviation in parenthesis. 

and the correlation coefficient (43) computed; ten 
wafers were thus tested. Indeed some wafers did show 
a high correlation (up to 0.25), but  other wafers had 
a negative coefficient. The average correlat ion coeffi- 
cient was about -{-0.05 while its s tandard deviat ion was 
0.10. Hence it must  be concluded that  any relationship 
between the two properties is very tenuous. Minority 
carrier generat ion is a property of the silicon, while 
dielectric breakdown is a property of the silicon di-  
oxide film. 

S u m m a r y  
Chemical etching of silicon using the HNOs-HF- 

HC2H302 etchant system was found to reduce the den-  
sity of silicon defects, as revealed by Sirtl  etching. 
Improvements  were seen with removal of over 50~ per 
side. Thermal  oxidation increased the defect density, 
making the front and back surfaces more alike. The 
amount  of oxidation induced damage depended on the 
qual i ty  of the start ing wafer. The wafer back surface 
was judged to be par t icular ly  important  since it con- 
tained most of the damage. Sirtl  etching of oxidized 
wafers revealed s tr iat ion pat terns that  were not visible 
before oxidation. 

Pulsed capacitance, minor i ty  carrier generat ion mea-  
surements showed that  removal  of 0.25, 5, and 47~ of 
damaged silicon extended the high lifetime end of the 
statistical dis t r ibut ion and also slightly increased the 
average lifetime. Wafer- to-wafer  reproducibi l i ty  was 
exceedingly difficult to attain, presumably because the 
impur i ty  content  of the s tar t ing wafers was uncon-  
trolled. On the other hand, Si etching also degraded 
the lifetime of other samples; this degradation may be 
a t t r ibuted to etching residue contaminants.  Wafers 
polished with cupric ions improved dramatical ly with 
even a 2500A Si etch, probably due to removal  of 
residual copper. Etching of the" under ly ing  silicon in-  
creased the average dielectric breakdown strength of 
SiO2 films by as much as 16% when the oxide was 
grown in pure 02. Oxide growth in HC1 ~- O2 lowered 
the breakdown strength of oxide over l ightly etched 
Si, and longer etches did not result  in any improve-  
ment.  
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In Situ Monitoring of Film Deposition 
Using He-Ne Laser System 

�9 

I. Measurements of CVD Insulating Film at 6328A 

Katsuro Sugawara,* Takeo Yoshimi, Hiroaki Okuyama, and Tatsumi Shirasu 

Semiconductor and Integrated Circuits Division, Hitachi, Limited, Kodaira, Tokyo, Japan 

Chemical  vapor  deposi t ion (CVD) technology for  
semiconductor  device fabr ica t ion  h a s b e e n  wide ly  ap-  
pl ied to the format ion  of semiconductor  film and in-  
sulat ing films. Fo r  these applications,  un i formi ty  of 
both the  film thickness  and film composit ion is r e -  
qui red  to decrease var ia t ions  of e lect r ica l  charac te r i s -  
tics and  to increase the  capabi l i ty  of fine photoetching.  
Consequently,  the me thod  of " in-process"  moni tor ing  
has been s t rongly  in demand.  Dumin (1) first devised a 
technique for " in-process"  moni tor ing  of the thickness  
of he te roep i tax ia l  sil icon film grown on sapphi re  
(SOS),  ut i l iz ing the in ter ference  caused by  in f ra red  
emission rad ia ted  from the substrate .  This method  was 
subsequent ly  developed into an in situ thickness moni -  
tor  for  po lycrys ta l l ine  sil icon deposi t ion on SiO2-Si 
subst ra tes  by  Kamins  and Dell 'Oca (2) and for a lumina  
deposi t ion by  Roberts,  Clark,  and Dumbr i  (3). A n -  
other  method,  using an i l lumina tor  and a photocel l  
wi th  a filter and a polarizer,  was repor ted  by  Davidse 
and Maissel (4) for moni tor ing  the thickness of spu t -  
t e red  SiO2 films. 

To increase control  accuracy caused b y  a coherent  
single beam and to detect  thickness var ia t ions  even at  
small,  localized spots, a new moni to r  of CVD film 
thickness using a laser  system was devised. In  this 
paper  the  exper imen ta l  method  and the resul ts  are  
presented.  

F igure  1 shows the layout  of the  moni tor ing  system 
using the visible 6328A He-Ne laser  dur ing  CVD SiO2 
deposition. A ver t ical  reactor  was of the  rf  hea ted  
type with  a S iC-coated  graphi te  susceptor.  In  this re -  
actor, CVD SiO2 films produced by  the SiH4-O2 system 
were  deposi ted on three  different  subs t ra tes - - s i l i con  
wafers,  t he rma l ly  grown SiO2 films formed on silicon 
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Fig. 1. Layout of monitoring apparatus using a visible He-Ne 
laser with 6328.~ during CVD Si02 deposition. 

substrates,  and a luminum films evapora ted  on silicon. 
Dur ing deposition, the He-Ne laser  beam, (wavelength  
6328A, ouput  power  1 roW, and d iamete r  of beam spot 
1 mm) was di rec ted  onto the  specimens f rom outside 
of a quar tz  reac tor  chamber  of 250 mm inner  diameter .  
As the  film was deposi ted on the substrate ,  the laser  
beam was pa r t i a l ly  reflected at the surface of the de-  
posi ted SiO2 film and pa r t i a l l y  at the  in terface  be -  
tween  the CVD SiO2 and the sil icon substrate ,  af ter  
being t r ansmi t t ed  th rough  the CVD SiO2. These r e -  
flected beams were  received by  a se lenium photocel l  
(max imum sensi t ivi ty:  6000A in wave leng th ) ,  ampl i -  
fied, and recorded as an in ter ference  wave.  Since this 
wave  corresponds to the film thickness, the  thickness 
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Table I. Standard deposition condition of CVD Si02 and PSG films 

Condition CVD SiO= 

SiI-~ 56 cmS/min 
Flow rate  O= 1120 cmS/min 

N2 20 l i t e rs /min  
Deposition temperature 450~ 

can be determined from the obtained pa t te rn  while the 
film is being subjected to deposit. The s tandard depo- 
sition condition was tabulated as listed in  Table I. 
After  deposition, the SiO2 films were part ial ly removed 
by etching and the film thickness was measured wi th  
a "Talystep." 

Figure 2 shows the relat ion between reaction t ime 
and reflective intensity,  when  the CVD SiO2 film was 
deposited on the silicon substrate. The axis of abscissa 
reveals both reaction t ime and film thickness measured 
by the "Talystep;" one cycle of the interference wave 
is approximately 2900A. In  this figure, the solid l ine 
(a) is an observed value and the l ine of dashes (b) 
represents the calculated value (5) where the refrac-  
tive index is taken as 1.44, determined by an ellipsom- 
eter. The calculated pa t te rn  (b), when  1.44 was used, 
approximately coincides with the exper imental  pat- 
tern. 

When the CVD films were deposited on the silicon 
substrate, thermal ly  grown SiO2, and a luminum film, 
each interference pat tern  is drawn on the same chart in  
Fig. 3. The pat tern  observed on the silicon substrate is 
similar to that on the thermal ly  grown SiO2, but  the 
pa t te rn  on the evaporated a luminum differs from these 
two. It is considered that this fact was effected by the 
large ext inct ion coefficient of a luminum, 6.6 at 6500A 
in wavelength (6). 

The result  is reported on applying the visible He-Ne 
laser to Si3N4 film formation. The Si3N~ film was de- 
posited at 800~ and NHs/S i I~  = 18, in  the SiH~- 
NH~-N~ system, the la t ter  parameter  was adapted to 
prevent  the formation of excess silicon (7). The in-  
terference pat terns are shown in Fig. 4, depositing on 
the oxidized silicon substrate with 1.0 ~rn thickness. As 
is evident  in Fig. 4, the observed curve (a) practically 
coincides with the calculated one (b), applied as 2.0 in 
the refractive index of Si~N~ film (8). The curve (c) 
shows the obtained one by  the infrared radiat ion sys- 
tem. The laser system is superior in control accuracy; 
the thickness of one cycle in the interference wave is 
1500A for monitor ing by the laser system, while 3200A 
for the infrared radiation. 

Precise control of CVD film thickness has been re- 
quired from the standpoints of stable electric prop-  
erties and accurate photoetching. As one of the coun- 
termeasures to meet these demands, a new moni tor ing 
method by applying the laser system was devised. This 
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Fig. 2. Observed and calculated interference patterns during 
CVD SiOe film deposition on silicon, a, Observed. b, Calculated 
as n = 1.44. 
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film, 1.0 ~,m. a, Observed pattern by visible He-He laser system, b, 
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method has several merits:  it is precise even at small 
spots and is widely applicable even to low temperature  
deposition. The He-Ne visible laser of 6328A wave- 
length was adapted for moni tor ing of insulat ing films. 
For CVD SiO2 film, one cycle of the interference wave 
was 2900A; control accuracy was • at the minima,  
• at the maxima, and • at the remaining 
parts of the interference patterns. Tendency of the 
deposition rates of PSG (phosphosilicate glass) films 
in relat ion to O2/SiH4 + PH3 and PHJSiH4  + PH8 
mole fractions during PSG film formation (9) was 
confirmed by this monitoring.  For SisN4 film in  a 
higher temperature  deposition, it is obvious upon 
comparing the laser and the inf rared radiat ion system 
that the control accuracy of film thickness in the for- 
mer  system is improved three times, as a result  of 
shorter wavelength of the laser beam. 
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In Situ Monitoring of Film Deposition 
Using He-Ne Laser System 

II. Measurements of Polycrystalline Silicon Film in the Infrared 

Katsuro Sugawara,* Takeo Yoshimi, and Hiroaki Okuyama 

Semiconductor and Integrated Circuits Division, Hitachi, Limited, Kodaira, Tokyo, Japan 

and Yoshio Homma 
Central Research Laboratory, Hitachi, Limited, Kokubunji, Tokyo, Japan 

Iri the previous paper  (1), the monitor ing method 
was reported applying a visible He-Ne laser for in-  
sulat ing films SiO2 and Si3N4. Monitoring by the laser 
system was fur ther  developed, and a new method using 
an  infrared He-Ne laser was at tempted for polycrystal-  
l ine silicon film. In  this work, the monitor ing system 
was compared with the infrared radiat ion method (2) 
and the effect of the deposition condition on moni tor-  
ing by the laser system was investigated. 

A schematic diagram of the monitor ing apparatus is 
shown in Fig. 1. A vertical reactor was of the rf heated 
type with a SiC-coated graphite susceptor. In  this re-  
actor, polycrystal l ine silicon film was deposited on 
thermal ly  grown SiO2 films formed on silicon sub-  
strates by the SiI-t4-N2 and SiH4-B2H6-N2 systems. 
Standard  thickness of the SiO2 films was about 9000A. 
The apparatus is similar to that used fo rCVD SiO2 film 
formation (1) except for the laser and its detector. In  
this system, an infrared He-Ne laser (wavelength,  1.15 
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SiH 4 N 2 

Fig. |. Layout of monitoring apparatus using the infrared He-He 
loser with i .15  #m during polycrystalline silicon deposition. 

~m; output  power, 3 mW; and diameter  of beam spot, 
1.4 mm) was adapted. The detector was a silicon solar 
cell with max imum sensit ivity of 7700A. Besides the 
laser system, a PbS infrared pyrometer  (sensitive to 
radiat ion with wavelength be tween 1.6 and 2.7 ~zn) was 
positioned to detect interference caused by the above- 
ment ioned infrared radiation. Reading the wafer tem- 
perature with the infrared pyrometer,  emissivity was 
corrected according to Allen's  data (3). The s tandard 
deposition conditions are listed in Table I. 

The visible He-Ne laser with 6328A was tested for 
the deposition of polycrystal l ine silicon film. As is .evi- 
dent from Fig. 2, when thickness of the deposited film 
exceeded 4000A, var iat ion of the reflective in tensi ty  
was difficult to recognize, because of absorption 
through the silicon film. 

The infrared He-Ne laser beam with 1.5 ~m is less 
absorbed in silicon than the 6328A beam. The in te r -  
ference pat tern  obtained by  the 1.15 ~m beam is shown 
in Fig. 3. The solid l ine (a) represents the observed 
pat tern  by the laser system, appearing sharp and clear; 
while the chain l ine (c) shows interference produced 
by infrared radiat ion recorded by  the infrared pyrom- 
eter. A large difference of film thickness be tween ad- 
jacent maxima, and weak interference can be seen 
in the interference pat tern  by the inf rared radiation. 
In  this figure, also recorded is the calculated pat tern  
(b) (4), where 3.42, value of the refractive index for 
the single crystal silicon (5-6) was taken for that of 
the polycrystal l ine silicon. Coincidence between the 
observed (a) and the calculated (b) pat terns was good. 

Table I. Standard deposition condition~ of polycrystalline silicon 
films without and with B2H8 doping 

Poly. St Poly.  Si 
wi thou t  w i t h  

Conditions dolling doping 

Flow rate 

Deposi t ion t empera tu re  

SiH~ 56 cm~/min 56 cm3/min 
B2He ~ 0.5 eroS/rain 
N~ 20 l i t e r s /min  20 l i te rs / ra in  

650~ 650~ 
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Fig. 2. Observed pattern of interference when the visible He-He 
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Table II. Comparison between laser and infrared radiation systems 

Method  Feature  Prob lem 

Laser  sys tem I. More accurate  mon-  I .  Main tenance  of aIt&m.- 
i tor ing  m e n t  

2. Applicable even  to 2. Sens i t iv i ty  and  area 
l o w  temp. deposi-  of detector  
t ion 

3. Applicable to th in  
and  th ick  f i lm 

Infrared radi-  1. S imple  in construc-  1. Inappl icable  to l o w  
ation s y s t e m  t ion temp.  deposit ion 

2. S imple  to apply  2. Dispers ion 
3. La rge  i n f r a r ed  w a v e -  

length  

Figure 4 shows the result  of a rotat ing specimen on 
which the polycrystal l ine silicon film was deposited, 
ini t ia l ly  without  doping and subsequent ly  with B2H6 
doping of 0.5 cm3/min at 650~ From the moment  of 
doping, the peak- to-peak distance in  the interference 
pa t te rn  became shorter, causing an  increase of the 
deposition rate to be noticed. B2H8 doping created an 
increase of the deposition rate while increas ing  the 
flow rate, as Evers teyn and his co-worker  already 
pointed out (7). They observed a two-t ime increase 
when  boron was introduced by more than  an atomic 
fraction B/Si  = 0.0025, and the result  of this experi-  
ment  shows approximately the same order; the deposi- 
t ion rates without  and with B2H6 doping were 900 and 
1500 A/rain, respectively. 

Although the inf rared radia t ion method is simple 
to apply, it presents problems of precision and min i -  
mum specimen temperature,  dispersion of radiat ion 
beams, and intensi ty  of infrared radiation; while the 
laser system can be accurately applied to more CVD 
reactions, based on the single wavelength and inject ion 
from outside of the reactor. This method, however, 
requires more mechanical  accuracy for the CVD reac- 
tor mechanism--such  as that of susceptor ro ta t ion-- to  
prevent  variat ions of laser beam reflection. Features 
and problems of both systems are compared in Table 
II. 

For  monitor ing the thickness of polycrystal l ine sili- 
con films, a new method using a He-Ne laser at 1.15 
~,m wavelength (much less absorbed than the visible 
He-Ne laser at 6328A) was devised. For the infrared 
radiat ion system and the laser system, one cycle of the 
interference wave was 5900 and 3700A, and control 

Fig. 4. Interference pattern by 
infrared laser beam during 
polycrystalline silicon deposition 
without and with B2Hs doping. 
At the beginning of deposition, 
the film was formed without 
doping, and after 3 min with 
B2Hs doping while the speci- 
men was rotated on the sus- 
ceptor. 
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accuracy was • 400 and _+ 200A, respectively. Further ,  
the influence of B2H6 doping was investigated and the 
deposition rate increment  was determined by this 
monitoring.  
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Germanium-Doped  GaAs for P-Type Ohmic Contacts 
D. R. Ketchow 

Bell Laboratories, Murray Hill, New Jersey 07974 

Ohmic contacts to epitaxial  p - type  GaAs, such as 
those used on double heterostructure lasers, are usu-  
ally fabricated by deposition of a meta l  layer  on a Zn-  
diffused (p ~ 1020 cm -3) GaAs layer. Contact to the 
p- type  layer  without  a Zn diffusion has not been feasi- 
ble because the hole concentrat ion in the layer  was 
not sufficient for ohmic contact. Previous reports of 
Ge as a p- type  dopant  in GaAs used a method not ap- 
plicable for mul t i layer  growth (1, 2) or did not achieve 
the level of free carriers necessary for a nonaUoyed 
ohmic contact without  a zinc diffusion (3, 4). Carr ier  
concentrations as high as 8 X 10} TM cm-S were at ta ined 
in  the work reported here. A nonal l0yed ohmic con- 
tact, with resistance equal to that  measured on layers 
having a Zn diffusion, was achieved without a Zn dif- 
fusion. 

Single epitaxial  GaAs layers were grown on <111> 
B and <100> oriented GaAs substrates. Cr-doped 
substrates were used for carrier concentrat ion experi-  
ments. Zn-doped p- type  (p ~ 10 TM cm -3) substrates 
were used for contact resistance experiments.  The Ge- 
doped single layers  were grown in a graphite slider by 
the source-seed technique for LPE growth of GaAs- 
Gal-xAlxAs double heterostructures as described by 
Dawson (5). 

Experimental 
Hall measurements.~Hall measurements  were done 

at room temperature  in  a magnet ic  field of 5250 Gauss. 
The results are shown in  Table I. Duplication of sam- 

Key words: epitaxy, crystal growth, semiconductor. 
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ple numbers  indicates that  growth occurred s imul-  
taneously on two different substrates from the same 
Ga-Ge-As  solution. 

Figurd 1 shows the effect of Ge concentrat ion in  the 
growth solution on room tempera ture  carrier concen- 

Table I. Composition and electrical data of semi-insulating substrate samples 

Ge concen- 
tration in  

Sample  No. Or ient .  solut ion (a/o} 

Ca r r i e r  
concen t r a -  Hal l  mob i l i t y  L a y e r  

t ion a t  25~ a t  25~ th ickness  
(cm -~) (cm~/Vsee) (~m) Car r i e r  

B0O9 < i00> 0.16 
B20O <iii> 0.20 
B010 <I00> 0.30 
B129 <IO0> 2.8 
B124a <100> 15,0 
B124b <iii> 15.0 
Co66 <IO0> 15.0 
B l l 8 a  <Iii> 22.5 
Bll9a <111> 22.5 
Bl12 <111> 35.0 
Bl15 <111> 44.5 
C067 <IO0> 50.0 
C068 <I00> 50.0 
C069a <100> 50.0 
B165 <100> 56.0 

2.9 x 101~ 239.0 3.96 p 
5.5 x 101~ 207.3 12,34 p 
7,3 x 101~ 195.0 4.96 p 
6.5 X 10 is 66.0 6.15 p 
1.79 x 10 zo 31.4 4.12 p 
3.27 x 10 TM 27.5 1.98 p 
2.49 x 101~ 31.7 9.7 p 
4.3 x 10 TM 25.0 2.53 p 
3.3 • 10 TM 24.7 2.34 p 
5.0 • 10 TM 20.5 3.65 p 
8.2 x 1O zD 9.8 1.35 Io 
3.4 • lO TM 14.9 4.15 p 
4.6 x 10 TM 15.5 7.9 p 
3.77 x 1019 15.9 '/.6 p 
4.2 x 10 TM 12.6 4.0 p 
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P TYPE EPI LAYER 
15 G/O Ge IN THE SOLUTION 

t ra t ion in the grown layers. On the log-log scale the 
carr ier  concentrat ion of layers g rown on the <111> 
or iented substrates increases with a slope of one for 
growth  solutions containing 0.2-44.5 atomic per cent 
(a /o)  Ge. Included also are the data reported by 
Rosztoczy et al. (3, 4), on their  work  using only <111> 
oriented substrates. All  of their  data are lower  than 
ours (<111>  and < t 0 0 > ) ,  and they have  a depar ture  
f rom unit  slope at ~ 4  a /o  Ge (p ~ 6.5 • 10 is cm -3) 
which we do not observe in our <111> data. The rea-  
son for their  lower  carr ier  concentrat ion might  be 
thei r  h igher  average growth tempera ture  (900~176 
which could result  in lower  Ge concentrat ion in the 
layer  and a lower  hole concentrat ion for the same Ge 
concentration. Comparing our data on <111> or iented 
substrates wi th  that  on our <10O> substrates we find 
a depar ture  f rom unit  slope at ~6  a /o  Ge (p ~ 1 X 
1019 cm -3) for the la t te r  orientation. 

Figure  2 is a plot of the room tempera tu re  Hall  
mobi l i ty  vs. carr ier  concentration. The data for our 
<100> and <111> oriented substrates par t  agreement  
again at p ~ 1 • 1019 cm -3 with  a decrease in the 
mobi l i ty  data for the <100> oriented substrates. The 
higher  mobi l i ty  presented here  indicates the layers  
grown at the lower  tempera tures  are less compensated 
for the same carr ier  concentrat ion than those grown 
by Rosztoczy et al. at the h igher  temperature .  

Contact resistance measurements .~The  contact r e -  
sistance measurements  were  made across pairs of 
evaporated meta l  dots on the g rown layers. As may  
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Fig. 3. Typical IIV curves of the contact resistance of three 
types of metal contacts to epi-layers grown from 15 a/o Ge con- 
centration solutions. 

be seen . in  Table II, the contacts were  var ied in size 
from 5 to 10 mils in d iameter  and were  of 3 different 
metals:  (i) 3000A Pt, (ii) 300A Cr-5000A Au, and (iii) 
250A Ti-2400A Au. They were  not alloyed or s intered 
after  evaporation.  The a /o  Ge concentrat ion in the 
solutions used to grow the layer  ranged f rom 1.0 a /o  
(p ~ 2.3 • 10 is cm -3) to 44.5 a /o  (p ~ 8.2 • 1019 
cm-3) .  Layers wi th  the lower  Ge concentrat ions did 
not show ohmic behavior.  Pt  contacts to these layers 
exhibi ted blocking voltages three to four t imes higher  
than the Cr -Au  or the T i -Au contacts. At 15 a /o  Ge 
concentrat ion in the solution (p ~ 2.49 • 1018 cm -8) 
the Pt contracts showed an average of 0.6V blocking 
voltage while  the T i -Au contacts averaged 0.13V block- 
ing voltage. The Cr -Au contacts showed no blocking 
voltages on layers grown at this Ge concentrat ion in 
the solution nor did they show any on layers grown 
from higher  Ge concentrat ion solutions. F igure  3 shows 
typical I vs. V curves of the three different types of 
contacts made to layers grown from the 15 a /o  Ge 
solutions. The voltage scale for the Pt  contact has been 
compressed in order  for it to fit on the scale of the 
figure. 

The higher  Ge concentrat ion samples were  used to 
determine the contact resistance of the grown layers 
wi th  and wi thout  a Zn-diffusion. The three  samples 
were  each cleaved into two parts. One part  of each was 
zinc diffused prior  to the evaporat ion of Cr -Au  contacts 

Table II. Composition and electrical data of p-type substrate samples 

Ge concen. 
Sample Substrate  in solut ion 
No. orientation (a/o) 

Avg. contact 
Carrier" Layer resistance 

concentra- thickness Type of Contact dot (ohm) 
tion (cm -~) (/~n) contact size (mils) (no diff.) 

Avg. contact 
resistance 

(ohm) 
(Zn diff.) 

Avg. contact 
blocking volt- 

age (V) 

B168 <111> 1.0 
<111> 1.0 
<111> 1.0 

B162 <100> 2.8 
<i00> 2.8 
<I00> 2.8 

B128 <I00> 15.0 
<i00> 15.0 
<i00> 15.0 

B l 1 8 b  <111> 22.5 
B a 1 1 9 b  < 1 1 1 >  22.5 
B l l l  < 1 1 1 >  35.0 
B l 1 3  < 1 1 1 >  44.5 

< 1 1 1 >  44.5 
< 1 1 1 >  44.5  

2,3 • i0 Is 4.8 Ti-Au 5. (I0 rail centers) 3.2 
Cr-Au 5. 2.9 
Pt  5. 8.7 

6.5 • I0 Is 4.4 Ti-Au 5. 3.1 
Cr-AR 5. 3.0 
P t  5. 10.3 

2.5 x I0 ~9 3.0 Ti-Au 5. 2,7 
Cr-Au 5. 2.6 
Pt  5. 7,2 

4,3 x 10 ~9 1.2 Cr-Au 6. (I0 rail centers) 0.5(E) 
3.3 x 1019 2.6 Cr-Au 6. 3.4 
5.0 • 1019 2.2 Ti-Au 10. (20 rail centers) 1.55 
8.2 X 10 TM 2.9 Ti-Au 10. 1.3 <s) 

Ti -Au 10. 2.3 
Cr-Au 7. (10 mil  centers) 3.1(E) 

m 

2.~E) 
0.05 

2.~m 

0.4 
0.33 
1.8 
0.33 
0.44 
1.3 
0.13 
0 

0.6 
0 
0 
0 
0 
0 
0 

R Ga-Ge solut ion r e u s e d  f r o m  run preceding. 
E Etched mesa contacts .  
�9 Taken from Fig. 2. 
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on both parts  as one  unit .  There was no significant 
difference in the contact resistance between the parts  
to indicate the presence or absence of the zinc diffu- 
sion. These results have been confirmed in  measure-  
ments  made on double heterostructure lasers. 

Conclusions 
The work presented here shows ohmic conta c t  c a n  

be made to p- type  Ge-doped layers with carrier con- 
centrat ions of 4-8 X 10 TM cm - s  without  a diffused zinc 
con tac t  layer. The carrier concentrat ion varies l inear ly  
with the amount  of Ge in the solution used to grow 
the layers at 800~176 A comparison of the c o n t a c t  
resistance of these layers with and without  a zinc dif- 
fusion showed l i t t le or no difference. The zinc diffu- 
sion, therefore, was not the major  factor in  achieving 
good ohmic contact. A comparison be tween types of 
metal  contacts showed the metal  species are a factor 
in achieving good contact. The three types of contacts, 
Ti-Au, Cr-Au, and Pt used in these comparisons were 
not alloyed. They were selected because of their  avail-  
ability. No intensive work was done to search for or 
develop a low contact metal.  The Pt  contacts showed 
three times as much resistance and displayed as much 
as one volt greater blocking voltage than  the T i -Au  or 
Cr-Au contacts. The origin of this discrepancy was not  
investigated. 
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The Vapor Pressure of Solid Aluminum Bromide 
K. G. P. Sulzmann 

Department of Applied Mechanics and Engineering Sciences and Institute for Pure and Applied Physical Sciences, 
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Vapor pressure measurements  for a luminum bromide 
have been performed in the past by Fischer e t a l .  (1) 
only for the phase equi l ibr ium between the l iquid and 
the vapor at temperatures  between about 390 ~ and 
523~ These investigators have shown that the vapor 
is a dimer of the form (AIBrs)2 for which the degree 
of dissociation is less than  1% even at the boil ing point  
near  536~ They also established the heat of fusion at 
the mel t ing point so that  Kelley (2) was able to deduce 
theoretical data for the phase equi l ibr ium between 
the solid and the vapor. Over the temperature  range 
between about 320 ~ and 355~ these data can be fitted 
by the expression 

[log10 p (mm Hg) ] t h  = --4651.16~ + 13.13674 [1] 

which corresponds to a heat of vaporization for the 
solid of AH : 21.270 kcal/mole.  In  the course of ab-  
solute infrared band- in tens i ty  measurements  on A10 
produced by shock-heating trace amounts  of (A1Br3)~ 
in  argon-oxygen mixtures,  we required accurate vapor 
pressure data between about 315 ~ and 330~ There-  
fore, we have made measurements  on the purified solid 
bromide at temperatures  between 300 ~ and 335~ 
which allowed us to verify the theoretically deduced 
data. 

Experimental Procedure 
The equi l ibr ium vapor pressure of (A1Br~)2 was 

measured by using a precision capacitance micro- 
manometer  (MKS Baratron gauge, Type 145AHS-10) 
which has a m in imum resolution of 1 X 10 -4 Torr  and 
a measurement  error of less than  _ 0.5% of the pres-  
sure reading for the pressure range of interest. The 
gauge was connected to a glass sample reservoir and to 
a high vacuum pumping station by an all glass system. 
Backstreaming of diffusion-pump oil was prevented 
by a glass trap at l iquid ni t rogen temperature,  which 

Key words: a l u m i n u m  bromide, vapor pressure. 

was separated from the system during pressure mea-  
surements  in order to avoid condensation of the a lumi-  
num bromide vapor. The entire measurement  apparatus 
was kept  at a tempera ture  above the condensation 
tempera ture  of the bromide by hea t ing  tapes. The sys- 
tem was evacuated rout inely  to pressures below about 
5 X 10 -6 Torr at a leak rate of less than 10 -6 To r r /min  
which was achieved by prolonged outgassing proced- 
ures and was adequate for our purposes. The gauge 
was kept  at a regulated temperature  of about 49~ for 
measurements  at temperatures  of up to about 45~ of 
the sample reservoir, and at a nonregula ted tempera-  
ture  of about 71~ for measurements  be tween about 
48 ~ and 62~ The entire system was outgassed after 
each measurement  by heat ing the gauge to 71~ and by 
vacuum pumping with the remainder  of the measure-  
ment  portion of the system above about 75~ 

The a luminum bromide used for the vapor pressure 
measurements  was obtained by pur i fying certified an-  
hydrous samples of an assayed pur i ty  of bet ter  than 
99.98% (Fischer Scientific Corporation).  The test sam- 
ple was pulverized and t ransferred into the sample 
reservoir  in a dry n i t rogen envi ronment  in order to 
prevent  oxidation by  atmospheric oxygen and water  
vapor. The measurement  apparatus was evacuated, 
filled and flushed with dry ni t rogen before introducing 
about 20 cm 3 of bromide powder. After filling, the glass 
reservoir was closed by mel t ing off its filling stud, 
leaving only one glass stopcock in  the system when 
the diffusion pump with its associated l iquid ni t rogen 
trap was separate from the measurement  portion of 
the arrangement .  A separate and removable l iquid 
ni t rogen glass-trap at the pump-side  of the glass valve 
was used for condensing the a luminum bromide vapors 
generated while fractionally distilling to waste por- 
tions of the sample for fur ther  purification. Decomposi- 
t ion of the bromide sample by  photon absorption was 
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10 0 Table I. Vapor pressures of solid aluminum bromide 
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Fig. !. Measured vapor pressure of (AIBr3)2 for the solid-vapor 
phase equilibrium ( Q ) .  Least squares fit to the experimental data 
( ). 

avoided by shielding the ent i re  apparatus against 
room light. 

After filling and sealing the sample reservoir, the 
bromide was brought  to l iquid n i t rogen tempera ture  
and the whole system was evacuated to pressures of 
less than 5 )< 10 -e Torr. Then the sample was heated 
to about 75~ and par t ly  distilled to waste into a 
separate l iquid ni t rogen trap by vacuum pumping for 
at least 2 hr  at pressures of less than  about 10 -~ Torr. 
After purification, the sample was cooled in a water  
bath  to 0~ and the system was evacuated to below 
5 X 10 -6 Torr  for half  an hour before measurements  
were conducted at different ba th  temperatures.  Uni -  
form tempera ture  of the water  bath  was assured by  
continuous st irr ing; the bath temperature  was measured 
with an i ron-cons tantan  thermocouple gauge wi th in  
0.1~ Vapor pressure measurements  were obtained 
between about 29 ~ and 62~ 

Results 
The exper imental  data obtained are shown in  Table 

I and are plotted in Fig. 1. The results can be repre-  
sented by an Arrhenius-p lo t  of the form 

4.573 (log10 p) = - -hH/T -t- B [2] 

302.6 0 .0058 -- 0 .008 
305.9 0 .0089 + 0.013 
310.2 0 .0142 + 0.007 
310.7 0 .0142 -- 0 .017 
318.1 0 .0326 -- 0.001 
310.6 0 .0146 0.000 
318.5 0 .0345 + 0.006 
321.8 0 .0489 + 0.009 
322.9  0 .0517 -- 0 .016 
325.8 0 .0718 + 0 . 0 1 2  
327.6 0 .0852 -- 0 .004 
331.7  0.132 + 0.012 
334.4 0.161 - -0 .014  

* Calculated from Ecl. [3] .  

for the equi l ibr ium between the solid and the vapor 
phase over our l imited range of temperatures.  A least 
squares fit to the data is shown in Fig. 1 and results 
in the exper imental  re la t ion 

[log10 p ( m m  Hg) ]exp ---- --4610.82~ ~ 13.0.080 [3 ]  

From Eq. [2] and [3] we obtain for the heat of va-  
porization of the solid bromide, hH ---= (21.085 __ 0.250) 
kcal/mole. These results may  be compared with the 
theoretically derived expression, Eq. [1], which has 
not been plotted in  Fig. 1, since it agrees with our 
relat ion [3] wi th in  -~ 1.2% and --1.8% over the range 
of temperatures  used. We consider the exper imental  
and theoretical data in excellent  agreement  with each 
other, and we conclude that  the theoretical ly derived 
results for the phase equi l ibr ium between the solid and 
the vapor of a luminum bromide have been verified 
experimental ly.  
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Surface Preparation of Ceramic Oxide Crystals: 
Work Damage and Microhardness 
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The use of single crystal l ine materials  in solid-state 
devices f requent ly  requires the preparat ion of surfaces 
that are s t ra in free and chemically representat ive of 
the bu lk  material .  A highly strained surface results 
whenever  materials  are cut by abrasive action. This 
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surface strain is referred to as a damaged layer. The 
depth of the damaged layer  depends on several fac- 
tors, including hardness of the material ,  or ientat ion of 
the surface, abrasive particle size and type, and pres- 
sure applied during processing. The pr imary concern 
about the depth of damage to date has been in the 
semiconductor indus t ry  where the characteristic elec- 
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avoided by shielding the ent i re  apparatus against 
room light. 

After filling and sealing the sample reservoir, the 
bromide was brought  to l iquid n i t rogen tempera ture  
and the whole system was evacuated to pressures of 
less than 5 )< 10 -e Torr. Then the sample was heated 
to about 75~ and par t ly  distilled to waste into a 
separate l iquid ni t rogen trap by vacuum pumping for 
at least 2 hr  at pressures of less than  about 10 -~ Torr. 
After purification, the sample was cooled in a water  
bath  to 0~ and the system was evacuated to below 
5 X 10 -6 Torr  for half  an hour before measurements  
were conducted at different ba th  temperatures.  Uni -  
form tempera ture  of the water  bath  was assured by  
continuous st irr ing; the bath temperature  was measured 
with an i ron-cons tantan  thermocouple gauge wi th in  
0.1~ Vapor pressure measurements  were obtained 
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Results 
The exper imental  data obtained are shown in  Table 

I and are plotted in Fig. 1. The results can be repre-  
sented by an Arrhenius-p lo t  of the form 
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for the equi l ibr ium between the solid and the vapor 
phase over our l imited range of temperatures.  A least 
squares fit to the data is shown in Fig. 1 and results 
in the exper imental  re la t ion 

[log10 p ( m m  Hg) ]exp ---- --4610.82~ ~ 13.0.080 [3 ]  

From Eq. [2] and [3] we obtain for the heat of va-  
porization of the solid bromide, hH ---= (21.085 __ 0.250) 
kcal/mole. These results may  be compared with the 
theoretically derived expression, Eq. [1], which has 
not been plotted in  Fig. 1, since it agrees with our 
relat ion [3] wi th in  -~ 1.2% and --1.8% over the range 
of temperatures  used. We consider the exper imental  
and theoretical data in excellent  agreement  with each 
other, and we conclude that  the theoretical ly derived 
results for the phase equi l ibr ium between the solid and 
the vapor of a luminum bromide have been verified 
experimental ly.  
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The use of single crystal l ine materials  in solid-state 
devices f requent ly  requires the preparat ion of surfaces 
that are s t ra in free and chemically representat ive of 
the bu lk  material .  A highly strained surface results 
whenever  materials  are cut by abrasive action. This 
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surface strain is referred to as a damaged layer. The 
depth of the damaged layer  depends on several fac- 
tors, including hardness of the material ,  or ientat ion of 
the surface, abrasive particle size and type, and pres- 
sure applied during processing. The pr imary concern 
about the depth of damage to date has been in the 
semiconductor indus t ry  where the characteristic elec- 
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trical properties of the materials  can be realized only 
after removal of the damage. Depths of damage have 
been  reported for Ge and Si (1) and Si (2), and several 
I I I -V intermetal l ic  compounds (3). The more recent 
use of ceramic oxide crystals as substrates for epi-  
taxial ly  deposited thin films has required the prepara-  
t ion of surfaces of similar  quality, i.e., flat, clean, 
damage free, and chemically representat ive of the bu lk  
material.  

Some of these ceramic crystals include: GdaGasOl~. 
(C_rGG), the pr imary  substrate for magnetic  oxide 
films used in magnetic  bubble  domain memories, and 
Bee,  a-A120~, and MgA1204 which are the most com- 
mon materials  used as substrates for microelectronic 
devices. 

This paper reports the relat ionship be tween the 
penetra t ion of damage and the hardness (bulk and 
micro-)  of different crystal compositions, and the crys- 
tallographic orientations wi th in  the crystals. 

Experimental 
Crystals.--The wafers util ized in  this s tudy were cut 

from single crystal l ine boules grown by  the Czochral- 
ski technique in  the case of GGG, 1 ~-A1.,O3, ~ and 
MgA1204.~ The B e e  crystals were grown from an alkali 
molybdate  flux by a continuous dissolut ion-precipi ta-  
t ion process. 1 

The dislocation densities of the crystals were in the 
following ranges (d/cm2):  ~GG,  <10, Bee,  10~-105; 
MgAI.,O4, 105; a-A1203, 106. 

The crystals were oriented to wi th in  1 ~ of the de- 
sired or ientat ion by the x - r ay  Laue back-reflection 
technique and sliced such that the major  surface was 
at last 20 times larger  t han  the sides to minimize edge 
contr ibut ions to the weight losses (described la ter) .  

Mechanical preparation techniques.~The crystals 
were first wafered on an ins ide-diameter  (I.D.) t en-  
sioned membrane  diamond saw; the blades were 0.015 
in. thick with 340 mesh diamond. Typical cutt ing rates 
were 0.1 cm/min ;  with blade speeds of 2000 rpm; the 
as-sawed wafers were then individual ly  hand- lapped  
on both sides to produce flat surfaces for subsequent  
mount ing  on appropriate individual  polishing fixtures. 

After the thoroughly cleaned wafers were proper ly  
mounted  on the polishing fixture with a wax, the 
wafers are subjected to a machine- lapping  step em- 
ploying a vibratory polisher 4 with a cast- i ron lapping 
plate and a 12 ~m silicon carbide/ethyleneglycol  slurry.  
The final polishing steps for the crystals were per-  
formed on vibra tory  polishing apparatus with the fol- 
lowing abrasives and cloths: GGG, 0.2 ~m Syton 5 on 
nylon;  Bee,  0.05 ~m Cabosil 6 on perforated Pel ion ~ 
cloth; MgA1204, 0.05 ~m A1203 s on nylon;  and a-A1203, 
0.25 ~m top-diamond on perforated Pelion cloth. Thus 
slicing and lapping steps were identical for all crystals 
but  the polishing step differed in that  harder  abrasives 
were used for harder  crystals. Both sides of each wafer 
were given the same surface treatments.  

Throughout  the lapping steps 350 g/cm 2 loads were 
used on the lapping and polishing fixtures. The loadings 
were decreased to 300 g/cm ~ dur ing polishing steps. 

The epitaxial  surfaces were free of scratches and 
polishing pits visible at 100X using Nomarski  in te r -  
ference contrast. X- ray  topographic analysis of the 
samples revealed a few scratches only on the MgAhO4 
surfaces (<0.1% of surface area).  

a Grown by Crystal Chemistry Group, Rockwell  Internationai~ 
Anahe im,  California.  

G r o w n  by Llnde Division,  Union Carbide Corporation, San Diego, 
California.  

a Grown by Crystal Technology Incorporated, Mounta in  View,  
California.  

Synton Vibratory Polisher, Syntron Company, Homer City, 
Pennsylvania 15748, 

Syton,  a p roduct  of Monsanto Corporat ion,  St. Louis,  Missouri 
63166, 

e Cabosil, a Product  of Cabot Corporation,  Los Angeles,  Callfor-  
nia 90005. 

7 Pelion Fabrication Corporation, Lowell, Massachusetts 0 1 8 5 2 .  
8 Linde C, a Product of Union Carbide Corporation, San Diego, 

California 92123. 

Constancy 05 etch rate technique.--The constancy of 
etch rate technique (1) was used to evaluate the 
depth of damage; the technique is based on the ob- 
servation that  highly strained mater ial  etches more 
rapidly than  that  with reduced strain. Initially,  a 
chemical etchant  attacks a damaged layer  vigorously; 
thus the init ial  rate is high. As t h e  dis turbed layer  is 
removed, the s t ra in decreases and the etch rate de- 
creases accordingly, approaching a constant value 
which represents that  of the bu lk  material .  The point  
at which the etch rate becomes constant represents 
that level in the crystal where the damage ends. From 
the total mater ia l  loss dur ing removal of the damaged 
layer, the depth of damage can be determined. Typical 
etch rate vs. etch t ime plots are shown in  Fig. 1; this 
example shows the plots for the (111) surface of GGG 
after sawing, lapping, and polishing. 

Etchants.JThe etchants used in this study are pri-  
mari ly  chemical polishes, i.e., they leave a relat ively 
flat, unpi t ted  surface (4). The H3PO4 used on the GGG 
is an effective dislocation etchant at 200~ (5); how- 
ever, since the total dislocation count was <10 in a 
1 in. diameter  wafer, it was decided that the effects of 
pi t t ing would contr ibute  negligible error to weight loss 
measurements.  The B e e  was etched in  hot (120~ 
HC1 (6). A mixture  of I-IaPO4/H2SO4 in a 1:1 volume 
ratio developed by  Reissman et al. (7) was uti l ized at 
200~ for both the ~-Al~Oa and MgA1204. 

P la t inum wire mesh baskets were used to hold the 
samples in the acid. The etchants were magnet ical ly  
st irred (~100 rpm) in constant  tempera ture  baths con- 
trol led to _+0.5~ The surface areas are the apparent  
surface areas measured by micrometers.  The weight 
losses were measured on a microbalance to +--2 ~g. 

Results 
The depth-of-damage values (in microns) deter-  

mined  for each crystal as a funct ion of surface orien- 
ta t ion and type of surface preparat ion are shown in  
Table I. The data are average values of the damaged 
layer  measured on four wafers, each with identical 
surface preparations, of each orientation. The crystals 
have been arranged in order of increasing bulk  (Mohs) 
hardness. It  should be noted that  the depth of damage 
incurred dur ing a given type of surface preparat ion de- 
creases as the hardness of the mater ia l  increases. This 
general  relationship also holds when  the microhard-  
ness (knoop) of a given or ientat ion is compared to the 
damage incurred by that  orientation.  The only excep- 
t ion to this general  relat ionship is that  the epi taxial ly 
polished MgA1204 has a deeper depth of damage than 
that measured on epitaxial ly polished Bee .  This dis- 
crepancy can be accounted for though by two factors: 
one, the MgA1204 was polished using 0.05 ~m A12Oa 
which is significantly harder  than the 0.05 ~'n Cabosil 
used on Bee :  the second factor is that  the MgA1204 
surfaces contained numerous  scratches and polishing 

~x SAW-CUT (340 MESH DIAMOND) 
9~ .5 ~ 9 ,~M A1203 LAP 

D EPITAXIAL POLISHED 
~ 2.0 ~ O CHEMICAL POLISHED 

% 
l.s 

0.5 

o - -  I / I ~ ] I ] J I 
2 4 6 8 I0 12 14 16 ~ 2O 

TOTAL ETCH TIME (MIN) 

Fig. 1. Depth of damage plot far (111) surfaces of GGG; showing 
etch rate as a function of total etch time for various surface prep- 
arations. 
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Table I. Depth of damage (~m) penetration in ceramic oxide 
crystals as a function of orientation and microhardness 

1.4 

1.2 
I.D. saw SIC ~p i -  

340 lap tsx la l  
Crystal Mohs Orient. Knoop mesh  12 m polish ~ 1. o 

J 
GdsGasO~ 7~4 (III) 1008 (8 )  II 3,1 ~ 0.8 

(GGG) 1.0 
BeO 8 (I122) 800 (12) 15 1.2 0.16 

(I010) I000 (i0)" 13 l.O 0.15 ~ o.s 

(10Yl) 10'75 (12) 12 0.O 0.14 
( 0 0 0 1 )  1250  (9) 8 0 .8  0 .10  

Mg.AJJ~O~ 8 ~  (100 )  1300  (11 )  3 .8  1 .0 0 .41  ~ 0.4 
( 1 1 1 )  1 5 0 0  (11)  3 .4  0 .82  0 .36  
( 1 1 0 )  1700  (11 )  3 . 0  0 . ' /9  0 . 2 2  

AhOs 9 (0001) 2050 (8) 1.8 0.22 0.00 0.2 
(0112) 2250 (8) 1.6 0.21 0.08 
(11--_20) 2550 (8) 1.2 0.20 0.08 
(1120) 2600 1.2 0.20 0.07 %00 

6"Off  
( l O T 4 )  2'~00 (8) 1.0  0 .15  0.07 

12 ~tM SiC LAP 

* Note  that this hardness is dependent  on orientation,  the average  
values are reported. 

zx BeO 

O SPINEL 

[3 SAPPHIRE 

"O----O .... -G-[2-- C]- 

I I I I I I I I I 
1200 1600 2000 2400 2800 

KNOOP HA ~DNESS 

Fig. 3. Plot of depth of damage incurred by surfaces lapped with 
12 Fm SiC abrasive vs. knoop microhardness of the crystal orienta- 
tion. 

pits during the init ial  etchings, which  would  tend to 
distort the initial  weight  loss measurements  and hence  
the depth of damage. 

Figure 2 shows a plot of the depth of damage pene-  
tration into surfaces of various orientation after ID 
saw wafering vs. the knoop microhardness of the crys- 
tal orientation. Similar plots of depth of damage pene-  
tration vs. knoop microhardness are shown for surfaces 
prepared with a 12 ~m SiC lap finish and final polish 
in Fig. 3 and 4. The orientation of each surface has 
been identified only  in Fig. 2 for brevity; the points for 
a g iven orientation occur in the same sequences in 
Fig. 3 and 4. It is interesting to note that wi th in  a g iven 
crystal, there is a l inear relationship between the 
microhardness and the depth of damage incurred dur- 
ing a g iven type of preparation, wi th  the exception of 
the 12 ~m SiC lap surface. 

If the depth of damage penetration was only  a func-  
tion of the microhardness of the material,  then we 
would expect all of the points, irrespective of crystal 
type, should fall  on a common line. They do not. Not 
only  do they not have such a relation, but the depth 
values overlap for BeO and spinel. 

The tail ing off of the curves of 12 ~m SiC lap of BeO 
and spinel  are presently unexplained.  The curves have 
been reproduced in three sets of runs, ut i l iz ing four 
wafers per run. 

As a check on the accuracy of the values  determined 
above, x -ray  rocking curves were made on GGG and 

14 
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=L 

~ 8  

~ 6  

ID SAW CUT 

4 

2 
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800 

k 
%% 
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" O -  

GGG 
Z~ BeO 
0 SPINEL 
0 SAPPHIRE 

I I I I 
2000 2400 2800 

I I I I 
1200 1600 

KDOOp HARDNESS 

Fig. 2. Plot of depth of damage incurred by surfaces prepared 
by I.D. saw wafering vs. knoop microhardness of the crystal orienta- 
tion. 
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I I I I I 
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Fig. 4. Plot of depth of damage incurred by epitaxially polished 
surfaces vs. knoop microhardness of the crystal orientation, 

MgA1204 samples which had received the same surface 
treatments. The values for saw-cut  and lapped sur- 
faces agreed within  100 .  The x-ray  analysis was un-  
able to detect any damage on the polished wafers due 
to the penetration depth of the beam. There was no 
buildup of dislocations at the epitaxial ly  polished sur- 
faces observable either by dislocation etchants or 
x-ray  techniques. 

Conclusions 
The depth of damage incurred by selected ceramic 

oxide crystals under various types of mechanical  sur- 
face preparations were measured, showing a l inear re-  
lationship between the damage penetration and the 
knoop microhardness of the specific orientation. 

It must  be concluded that there is a general l inear 
relationship between the damage and hardness within  
a crystal type, but that other, sti l l  unrecognized factors 
exist between the deformation strain mechanisms of 
different crystal types. 
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g 
A B S T R A C T  

Reference electrodes, suitable for use at high pressures in chloride or hydro-  
gen containing solutions, were  applied to the study of various buffer equi l ibr ia  
at pressures from 0 to 2.5 kbar. Par t ia l  molal  volumes of react ion obtained 
are compared and in terpre ted  in terms of their  effects on the solvent struc- 
ture. Results obtained with anodes of magnesium alloys (AZ 61 and AP 65), 
a luminum alloys (GB 420 and GB 80S) and pure aluminum, in phosphate 
and borate buffered and unbuffered chloride solutions, are presented and dis- 
cussed. Anode potentials were  found to be s imultaneously controlled by more  
than one oxidation reaction. In the case of the magnesium anodes, the re la t ive  
contributions of the three oxidat ion reactions were  clearly determined by both 
the alloy composition and the ambient  pressure. In the case of a luminum this 
was also true, but  the actual reactions taking place were  more difficult 
to identify. 

Al though a large amount  of work  has been done on 
the effect of high pressure on electrolyte  systems (1), 
only l i t t le  has been directed toward an unders tanding 
of e lectrochemistry  or electrode mechanisms at high 
pressures. These assume par t icular  importance when  
one considers the operat ion of seawater  batteries at 
great  ocean depths for such purposes as undersea 
moni tor ing equipment  for mi l i ta ry  or scientific in-  
vestigations or for life support  systems for bathyscapes 
or underwate r  habitats. The present  work  was in- 
tended to explore  such pressure effects, par t icular ly  
as they are re la ted toward the magnes ium-  or a lumi-  
num-s i lve r  chloride seawater  batteries.  The first phase 
of the work concentrated on the choice of suitable 
reference electrodes and the second on the effects of 
pressure on the e lect rolyte  and buffer systems requi red  
to simulate seawater  conditions. Exper iments  were  
then extended to open-circui t  measurements  for mag-  
nesium and a luminum anodes. 

The expression for the Gibbs free energy in differ- 
ential  form 

dG = - - S d T  -k Y d P  [1] 

may  be expressed suitably for electrochemical  systems 
in terms of the electrochemical  potential  of species i, 
m =- (OG~/OnD, and the part ial  mola r  quanti t ies Si and 

Vi 
d~i = --'SidT + V-idP [2] 

Thus 

-Vl = (0~i/0P) T , ~ ,  [3] 

at constant t empera tu re  and constant chemical  poten-  
tial of all other  species, j. I f  this equation is applied 
separately to each of the products and reactants  of a 
chemical  react ion and a lgebraical ly  summed, one ob-  
tains 

* Electrochemical  Soc ie ty  Active  Member. 
Key words:  re ference  e lectrodes,  magnes ium,  a luminum,  react ion 

volume, buffer.  

ZV : z Vi = ~ (o;ilop) ~,~j~i [4] 

but 
~ i  : AG = --riFE [5] 

and hence 
A-'-V ~--- - - n F  ( 0 E / 0 P )  T,~ [6 ]  

",-here a part ial  molar  volume change AV accompanies 
the passage of n fa radays /mole  through the cell at the 
revers ible  potential  difference E. Thus • can be ob- 
tained from the slope of the emf vs. pressure relat ion-  
ship. Since 

~i ----- #i ~ + R T  In ai [7] 

it is also possible to wri te  

- -  nF  (OE/OP) T,U = ( 0 ~  O/Op)  T#t 

+ R T  (O In =al',/OP) w.~ [8] 
i 

where  =ai v, is the product  of the activities of the re-  
i 

action products raised to their  stoichiometric numbers  
vi (negat ive power  for reactants)  corresponding to a 
t ransfer  of n electrons for the over -a l l  cell reaction. 
Choice of a s tandard state at unit  pressure makes the 
first te rm in Eq. [8] zero by definition, and the sec- 
ond te rm represents  the rate of var ia t ion of the ac- 
t ivit ies of the potential  de termining slfecies wi th  pres- 
sure. At 25~ Eq. [8] can be in tegrated to give 

59.16 
E1 -- Ep = log ~ai ~, mV [9] 

n i 

For  cells of the type 

Pt/H~ (aq),MC1 ( aq ) / A g C I / A g  

studied in these experiments,  the cell react ion is 

AgCl(s)  + YfHf(aq) : Ag(s)  + H + (aq) -t- C1- (aq) 

1245 
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Equat ion [9] thus becomes 

[aH + (p)acl- (p)aH2(p) - 1/2] 
E1 -- Ep = 59.16 log [10] 

[aH + (1)acl- (1)aH2(1)--1/2] 
and 

~---V : VA~ -- VAgcl + VnCl(MCl) -- 1/2Vn2 [11] 

Some simplification of Eq. [10] is possible. 
Since activity coefficients used for electrolytes re fer  

to molal  quantities, concentrat ion changes due to com- 
pressive effects are reflected in the values of 7_+, the 
mean  ionic act ivi ty coefficients. Therefore  concentra-  
t ion changes with pressure need not be considered ex-  
plicitly. The var ia t ion of act ivi ty coefficients, due to 
changes in part ial  molal  volumes with  pressure, can be 
calculated (2) using the equat ion 

logT•  = (logv_+)p=l 

+ o.888 x 10-5 ~ - s ,  ( v  - 1) x /~  

- -  0.444 X 10-5 --~S~ ( P - -  1) e x / ~  [12] 

where  Sv and Sk are exper imenta l  slopes of l inear  fits 
of apparent  molal  vo lume and compressibility, respec-  
t ively,  to the square root of the molal  concentration, c. 

For 0.5M NaC1 solutions at 25~ S, = 2.153, Sk = 
11.4 • 10 -4 (7) and ~_* -= 0.681 (3) at P = 1. When 
the calculations were  done using Eq. [12] the potent ial  
var ia t ion of the Ag/AgC1 electrode, ~E~, was found to 
reach a max imum of 1.13 mV~ at about 1.9 kbar. 

If  a calculation was made using an extended Debye-  
Huekel  model  for the electrolyte  and in terpre t ing  the 
variat ions in ~,_* as a consequence of var ia t ion of di- 
electric constant (2) with pressure, close agreement  at 
the maximum, and agreement  within 0.3 mV over  the 
ent ire  pressure range was obtained. Data for the cal-  
culat ion were  taken  f rom measurements  of the depen-  
dence of the dielectric constant of water  on pressure 
(4, 5) and published ~ and B Debye-Huckel  pa ram-  
eters (2). 

Similar  calculations for dilute HC1 (<0.05M) in 
0.5M NaC1, and for 0.1M KC1 solutions, indicated that  
the pressure variat ion of ~• of the HC1, and those of 
both HC1 and KC1 in 0.1M KC1, were  negligible. 

These calculations have  been concerned with  esti-  
mat ing changes in act ivi ty  coefficients for H + and C1- 
ions. They have not, however ,  deal t  wi th  changes in 
H + concentrat ion due to the dissociation of wa te r  in 
unbuffered solutions or the buffering agent  in buffered 
solutions. This will  be discussed later, af ter  t r ea tment  
of the last term in Eq. [10], the var ia t ion of the molec-  
ular  hydrogen act ivi ty coefficient wi th  pressure, which 
is far la rger  than those of the ionic species a l ready 
discussed. 

The act ivi ty of a gas, or its fugacity Ip, re la t ive  to 
the standard state of unit  pressure, can be calculated 
from compressibil i ty data by considering the deviat ion 
of molar  volume from ideality, as given by 

cc =_ R T / P  -- Vp [13] 

For  a gas at constant t empera tu re  f rom Eq. [2] 

d~ -~ R T  In ]p --.: Vpdp [14] 

Combining Eq. [13] and [14] gives 

R T  ln fp = RTd  ln P -- cc dP [15] 

In tegra t ing from P ----- 0 to p gives 

[ Z ] ~p ----- p exp - - 1 / R T  cr dP [16] 

Using published compressibil i ty data for hydrogen  

1Values of Sv, up  to 14% smaller  than that  used here  have  been 
repor ted recent ly  (33, 45). Use of the lower values would give a 
m a x i m u m  AE v of about  1.0 inV. 

(6, 7), values of fp and 

AEf : 29.58 log 7H2 : 29.58 log ( fp / f lp )mV [17] 

were  calculated. Equat ion [10] can now be rewr i t t en  
including the calculated corrections to read 

(El -- Ep) -- AEf -- ~E~ : 59.161og [aH+(p)/aH+(1)] 
[18] 

For  a neutral  unbuffered solution the dependence on 
pressure of the dissociation equi l ibr ium of water  must 
be considered. Thus 

a H + ( p )  K p  aOH-- (1) 

a l l + ( 1 )  /~1 aOH--(p)  
but 

hence 
a o H - -  ~ -  a H  + 

aH+(p) [ Kw(p) ] 1/2 
aH+(l/ Kw(1) [19] 

Therefore  Eq. [18] becomes 

(El - - E , )  -- hEr -- ~E~ : 29.58 logKw(,)/Kw(1) [20] 

A similar equat ion replacing Kw by Ka can be de- 
r ived for solutions containing weak  acids at low con- 
centration. 

For  acid-buffer  solutions the equi l ibr ium 

[H+] [A - ] 
HA : H + + A -  Ka -- [21] 

[HA] 

must  be considered. In this case 

a H + ( p )  K a ( p )  a l iA(p)  aA-- (1)  
-- ~ [ 2 2 ]  

aH+(l) ga(:)  aliA(l) aA--(p) 

For most of the buffer concentrat ions used in these 
experiments ,  the concentrat ions of buffer acid and 
salt anions do not change appreciably with  pres-  
sure and the var ia t ion of act ivi ty  coefficients can be 
shown to be negligible by means of calculations similar  
to those discussed ear l ier  using Eq. [12]. Hence for 
buffered solutions Eq. [18] reduces to 

(El -- Ep) -- AEf -- AE~ ~ 59.16 log Ka(p)/Ka(1) [23] 

Neglect of the terms discussed is est imated to give 
rise to errors of no more than 0.2 mV in the left  hand 
side of Eq. [20] and [23] at all the pressures invest i-  
gated. From Eq. [6], sett ing 

E : Ep -~- AEf -~- E~ 
one then obtains 

aV : - - n F  0 (Ep -- E1 + hEf + AE~) /OP [24] 

Experimental 
Electrochemical cells and pressure vessel.--Electro- 

chemical cells of two basic designs were  used for the 
measurement  of electrode potentials. 

A glass cell (Fig. la)  was used for most of the work 
described below but some measurements  were  made 
using plastic machined  cells (Fig. lb)  made of Lexan@ 
(polycarbonate) ,  Teflon@, or nylon. The plastic cells 
had advantages in ease of fabricat ion but were  difficult 
to make  leak proof at high pressures. Six pla t inum 
electrical  leads were  sealed with  epoxy into holes 
through the sc rew- type  head. However ,  leakage of hy-  
drogen from the cell, as measured  by hysteresis of the 
hydrogen electrodes in buffered solutions at 1 atm 
pressure be tween the beginning and end of a run, was 
appreciable using the plastic cells, even wi th  the 
O-r ing seal incorporated la ter  in the work. Under  
similar  conditions hydrogen electrodes in the glass 
cells, wi th  the ground glass joint  sealed wi th  a mini -  
mum of high vacuum stop-cock grease, remained con- 
stant wi thin  about 1 mV at 1 atm over  the 10-12 hr  
requi red  for a complete run; in the plastic cells shifts 
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Fig. 1. Electrochemical cells of glass (A) and plastic (B) used to 
measure the pressure coefficients of cell emf. 

of several mill ivolts  toward more positive potentials 
were observed. Accordingly the plastic cells could only 
be used when changes of hydrogen concentrat ion due 
to leakage during the course of a r un  were un i m-  
portant  as, for example, when Mg anodes were present 
in the cell. To prevent  leakage from the glass cells, 
tungs ten  leads were sealed through the Pyrex head 
and p la t inum was welded to the tungs ten  with a spot 
welder. Except for the platinized p la t inum electrodes 
the electrode leads were insulated from the solution 
by means of shr inkable  polyolefin tubing. Only four or 
five electrodes could convenient ly  be incorporated 
into the glass cells. 

The pressure vessel (8) (cavity dimensions 11/2 in. 
diameter by 111/2 in.) was manufac tured  by Pressure 
Products Incorporated, Iqatboro, Pennsylvania .  Six in-  
sulated electrical connections of nichrome wire were 
sealed into holes in the head using epoxy. After  solder- 
ing connections to the electrochemical cell, the pres- 
sure vessel could be sealed and pressure increased by 
a hydraulic  pump, which compressed the oil in  the 
pressure chamber. Control valves were used for fine 
adjustments  and for decreasing the pressure, which 
was measured with a 16 in. Bourdon gauge (Heise 
Bourdon Tube Company, Newport, Connecticut) ac- 
curate to +--2.5 bars. Pressure was t ransmit ted  to the 
inter ior  of the cell by means of a mercury  seal (Fig. 
1) which isolated oil from electrolyte. The pressure 
chamber was immersed in a high thermal  conductivity 
oil bath main ta ined  at 25.0~ for all experiments.  

Reference electrodes---Silver-silver chloride refer-  
erence electrodes were prepared by sealing 0.020 in. 
p la t inum wire into sleeves 2-3 cm long made from 7 
mm OD glass tubing  to protect the electrodes. The 
sleeves were open at the bottom, and there was a small  
hole near  the top seal to admit solution freely. The 
p la t inum was s i lver-plated in freshly prepared 
KAg(CN)2 solution at 0.5 mA/cm 2 for 6 hr according 
to the s tandard procedures (9) after cleaning in aqua 
regia and anodizing in concentrated ni tr ic  acid. Fol-  
lowing soaking in NH4OH for several hours and 
thorough r insing in water (1-3 days), the electrodes 
were then chloridized in 0.1M HC1 for 30-60 rain at 0.8 
mA/cm 2, rinsed and stored in 0.01M KC1. 

P la t inum foils (~1  cm 2) for hydrogen reference 
electrodes were cleaned by immersion in hot aqua 
regia, hot concentrated nitric acid and thorough r ins-  
ing. This was followed by hydrogen flaming to red 
heat and cathodic cleaning in 1% sulfuric acid so that 
very small bubbles were evolved uniformly over the 

surface. Plat inizat ion was then  carried out by cath- 
odizing at 100 mA / c m 2 for 3 m i n  in a solution of 2% 
chloroplatinic acid containing 0.02% lead acetate. 

Both types of reference electrodes were checked 
against each other and against saturated calomel elec- 
trodes and found very stable. Differences between hy-  
drogen electrodes remained constant  wi thin  a few 
hundredths  of a mil l ivolt  and between Ag/AgC1 elec- 
trodes wi thin  a few tenths of a mil l ivolt  after equili-  
bration. Differences of 1-3 mV occurred following 
large changes in pressure or electrolyte concentrat ion 
before reequil ibration.  

Chemicals.--Chloride solutions were prepared from 
reagent  grade salts without  addit ional recrystallization. 
Phosphate buffered solutions were made up from 
Fisher Certified pH 7.0 Buffer, borate buffered solu- 
tions from Fisher Certified sodium borax and 2N volu-  
metric  hydrochloric acid, and acetate buffered solu- 
tions from reagent  glacial acetic acid and Fisher Certi-  
fied volumetric  0.1N sodium hydroxide. 

The solvent used was high pur i ty  conductivi ty water  
(maximum 0.5;~ mho cm -1) obtained by a pyrodist i l la-  
t ion process (10). Mercury was distilled twice under  
vacuum with an air leak and twice under  high vacuum. 

Magnesium alloy anodes were cut from 0.030 in. 
AZ 61 (6% A_l, 1% Zn; Dow Corning, Midland, Michi- 
gan) or AP 65 (6% A1, 5% Pb; Magnesium Elektron, 
London, United Kingdom) into 1 cm 2 foils. Plat i -  
num leads were crimped on one edge of the Mg foil 
and the joint  was then sealed with Silastic| (Dow 
Corning, Midland, Michigan) 731 RTV adhesive seal- 
ant. The leads were then protected from solution with 
shr inkable  polyolefin tubing. 

Before each run  Mg electrodes were briefly im-  
mersed several times al ternately in 5-10% HNO~ and 
1-2% HC1 solutions and rinsed in water. 

A luminum anodes were similarly constructed from 
Alcan GB 80S A1 alloy (0.45% Sn, 0.05% Ga) and GB 
420 ternary  (4.5% Zn, 0.15% Sn) alloy (11) (Alcan 
Research and Development, Kingston, Ontario, Can- 
ada).  Cleaning of the a luminum was carried out by 
means of 20-40 sec al ternate  immersions in  1M NaOH 
and 33% HNO3 solution r insing with water  after each 
immersion. 

Method and results.--Initial exper imental  work was 
concentrated on the development of reference elec- 
trodes suitable for use in seawater related electrolytes. 
Since seawater is a moderately buffered chloride elec- 
trolyte, s i lver-si lver  chloride was selected as the chlo- 
ride reversible electrode and a hydrogen electrode as 
the pH sensitive electrode. Other possibilities were 
considered in the event  that these were to prove un -  
suitable. A specially constructed glass electrode has 
been described (12) for use at pressures up to 150'0 kg /  
c m 2 .  2 

A three-electrode reference system generat ing hy-  
drogen in situ has been reported by Conway after poor 
performance had been obtained using a Giner - type  
system (13). The glass and Giner - type  system cannot 
give thermodynamical ly  meaningfu l  potentials except 
by cal ibrat ion using s tandard systems. Furthermore,  
the three electrodes and Giner  systems would have 
been undesirable because of the l imitat ion of the cell 
to 5 or 6 electrical connections. Specially constructed 
calomel reference electrodes have been used at pres- 
sures up to 1000 atm (14). 

In  order to extend measurements  up to 2500 bar  
and retain the possibility of monitor ing hydrogen pres- 
sure, as well as pH, in later  experiments  involving 
anode materials  (and for various other considerations, 
some of which have been cited) these other possi- 
bilities were excluded in selection of the reference 
electrodes of first choice. 

Since the hydrogen electrode is controlled not only 
by the hydrogen ion activity, bu t  also by the fugacity 

1 s t a n d a r d  a t m o s p h e r e  = 1.013 b a r  ---- 1.013 • 10 t n m  -~ = 1.033 
k g / c m 2 .  
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of the molecular  hydrogen in solution, it was essen- 
tial to main ta in  the hydrogen pressure as constant as 
possible during the course of a run. At atmospheric 
pressures this is usual ly accomplished by bubbling hy-  
drogen gas over  a plat inized plat inum surface. Except  
by using in situ electrolytic hydrogen generation, this 
is difficult at high pressures. Accordingly in these ex-  
per iments  solutions, presaturated with  hydrogen, were  
sealed before each run  and the hydrogen al lowed to 
exer t  its own near  atmospheric  pressure wi th in  the 
cell. 

Af te r  welding of the electrical  leads, sealing all but 
those for the hydrogen electrodes in shrinkable poly-  
olefin tubing and filling the cell wi th  electrolyte,  the 
main section of the cell was inver ted  and hydrogen gas 
was bubbled through the solution using a fine capil-  
la ry  in both the main  section and the section including 
the mercury  seal for 30-60 min. The two sections were  
then joined with  a short piece of tygon tubing in such 
a way as to el iminate any visible gas bubbles or void 
spaces f rom the cell, and sealed into the pressure 
vessel. Af ter  each change of pressure, 25-50 min  were  
permit ted  for thermal  and mechanical  equi l ibr ium to 
be reestablished, as indicated by constancy of elec-  
t rode potentials. Replicate  (at least four) measure -  
ments  of potential  were  then made at 5 min  intervals,  
and the cycle was repeated for both increasing and 
decreasing pressure. Pressure  increments  were  usual ly 
500 bars be tween  each set of measurements .  In te r -  
mediate  values of pressure were  applied during the 
decompression period. Atmospheric  pressure readings 
were  taken at the beginning and end of every  run  as 
a check against hysteresis effects due to H2 leakage or 
electrode failure. Thus a complete run up to 2.5 kbars  
normal ly  included 12 exper imenta l  points, half  ob-  
tained during the compression period. 

The first exper iments  were  intended to test the con- 
stancy of potential  as a function of pressure for cells 
of the type 

Pt /H~ (aq, 1 bar) ,  MC1 ( aq ) /AgC1/Ag  

where  M ~s a soluble cation. 

UnbufIered systems.--Measurements of emf were  
made in unbuffered 0.5M NaC1 and in synthetic sea- 
wa te r  (0.46M NaC1, 0.02M MgSO4, 0.12M MgC12. 
6H20) solutions using a DVM accurate to ___2 ~V. (In 

some of the work  on other  systems discussed below a 
DVM accurate to 0.2% was used but the accuracy of 
ei ther  DVM was always bet ter  than the precision of 
the measurements  being taken.) These exper iments  in 
unbuffered solutions (see Fig. 2a) did not conclusively 
establish the pressure independence of the electrodes 
because of t ime-dependen t  effects caused e i ther  by pH 
variat ion or hydrogen  loss. Accordingly measurements  
were  then carried out in acidic chloride solutions in 
order  to e l iminate  any possible pH effects and the glass 
cells were  t ight ly  sealed wi th  high pressure stopcock 
grease to avoid any loss of hydrogen. The results are 
displayed in Fig. 2 (b-d) .  The solid lines were  cal- 
culated from compressibil i ty data for hydrogen, using 
Eq. [16] and include the correct ion for var ia t ion of ac- 
t ivi ty coefficient of the chloride ion (negligible in the 
case of the 0.1M HC1 solution).  The points are exper i -  
menta l ly  determined and are accurately fitted by a 
quadrat ic  equat ion (broken curves) giving a stan- 
dard er ror  comparable  to the mean  deviat ion of the 
three hydrogen electrodes from their  average: In- 
dividual  hydrogen electrodes were  constant to wi th in  
0.02 mV during the 20 rain of measurements .  A l inear 
least squares fit gave a s tandard er ror  two or three 
t imes as large as the quadra t ic  whereas  no significant 
improvement  was obtained using a cubic equat ion (see 
Table Ib).  

At the lower  pressures (<800 bars) agreement  be-  
tween exper imenta l  and calculated potent ial  differ- 
ences are excellent.  However ,  at h igher  pressures the 
apparent  fugacity becomes less than that calculated 
using compressibil i ty data for dry hydrogen gas. A 
similar  but  s l ightly larger  discrepancy was observed 
for the hydrogen-ca lomel  system (14) and was at- 
t r ibuted to the influence of increased hydrogen solu- 
bi l i ty on the part ial  molal  vo lume of hydrochloric  acid. 
This in terpre ta t ion was refu ted  recent ly  (41) but a 
residual  discrepancy remained of about the same mag-  
ni tude as in the present  work.  It  is thought  tha t  the 
remaining deviat ion is due to neglecting the effect of 
wa te r  vapor  on the hydrogen fugacity, i.e., compressi-  
bi l i ty  data for hydrogen  gas, sa turated with  water  
vapor, would have been more  appropriate  for the pres-  
ent calculations than the data for dry hydrogen  which 
were  used. It has also been suggested (42) that  some 
hydrogen loss may occur due to diffusion into the elec- 

Fig. 2. Increase of hydrogen 
electrode potential relative to 
the Ag/AgCI electrode as a 
function of pressure. Broken 
curves ore fitted to experimental 
points using a quadratic equa- 
tion. Solid curves are calculated 
using compressibility data for 
hydrogen gas to determine hy- 
drogen fugacity. (a), 0.SM 
NaCI; (b), 0.5M NaCI ~ 0.01M 
HCI; (c), 0.5M NaCI -f- 0.1M 
HCI; (d), 0.1M HCL 
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t r a d e  m a t e r i a l s  or shr inkable  tubing. If this does not  
occur, then the data of Fig. 2 can be used to determine 
the fugacity of hydrogen saturated with water  vapor. 
In  any case, the cause of the apparent  change of fu-  
gacity is un impor tan t  to the present  work; only  its 
m a g n i t u d e  need be known. Hence in  the rest of this 
paper, the "empirical" fugacity correction, determined 
from the data (broken lines) of Fig. 2, is applied to 
the hydrogen electrode potential  results in other sys- 
tems. 

Runs were also carried out in 0.5M NaC1 solutions 
saturated with Mg (OH)2 a n d  A1 (OH) 3. The solutions 
were prepared by allowing excess Mg or A1 to corrode 
i n  the salt solutions for a sufficient period of time to 
assure saturation. Although these electrolytes are 
buffered by means of the hydroxide equil ibria  at pH 
v a l u e s  near  10 and 6, respectively, they have been in-  
cluded in Table I under  unbuffered solutions to em- 
phasize the fact that  no foreign buffering agent is 
present. 

Buffered systems.--Experiments were carried out in 
the following buffered solutions: (i) 0.1M KC1 +0.2M 
a c e t a t e  buffer, pH 4.7; (ii) 0.5M NaC1 + 0.01M phos- 
phate buffer, pH 6.6; (iii) 0.5M NaC1 + 0.05M phos- 
phate buffer, pH 6.6; (iv) 0.5M NaC1 + 0.025M borate 
buffer, pH 8.1. The results are tabulated in Table I, 
giving the slope of the l inear  least squares fit of poten-  
tial to pressure, the s tandard error of the l inear  least 
squares fit, the s tandard error of a quadratic least 
squares fit, and the exper imenta l ly  at tained precision of 
t h e  emf measurements.  As can be seen from the table 
the data fit a l inear  equation quite well. However a 
bet ter  fit, giving a s tandard error in closer agreement  
with exper imental  precision, is obtained using a quad-  
ratic e q u a t i o n .  

Magnesium and aluminum anodes.--Buffered sys- 
tems.--Runs were carried out using the following 
anodes in borate and phosphate buffered solutions of 
0.5M NaC1. Potentials  were measured relative to a 
hydrogen and a Ag/AgC1 electrode in the same solu- 
tion. 

Mg(AZ 61): 6% Al, l % Z n  
Mg(AP 65): 6% A1, 1% Pb 
AI(GB 80S)a: 0.5% Sn, 0.05% Ga 
AI(GB 420)8: 5% Zn, 0.2% Sn 

G a s  evolut ion occurs dur ing the course of a r un  and 
t h e  hydrogen electrode potentials became sufficiently 
more negat ive to indicate that  the gas was hydrogen in 
every case. The magnesium anodes caused an increase 
of pH and the A1 anodes a slight decrease, since the 
solutions were only par t ia l ly  buffered. 

s Alcan designation. 

Table I. 

Linear Quad- 
E/P fit ratic Experi-  

Number E/P fit ment 
Buffered of elec- Slope Standard Stand- preci- 
solutions trades m Y /  error ard error sion 

(a) PH averaged kbar (mY) (mY) (mY) 

(i) 4.7 3 --0.36 0.32 0.16 O.1 
(it) 6.6 1 -- 13.6 0.37 0.13 <O.1 

1 -- 13.5 0.45 0.16 <0.I 
(iii) 6.6 1 -- 14.2 0.52 0.23 0.3 

1 --14.2 0.59 0.37 0.4 
(iv) 8.1 2 --20.4 0.83 0.38 0.4 

Unbuffered solutions (b) 

Standard error of fit Exper i -  
menta l  

Quad- precision 
Linear ratie Cubic (mV) 

O.IM HCI 0.38 0.29 0.28 <0.I 
0.TM NaCI + O.IM HCI 0.24 0.11 0.II 0.3 
o.5M NaC1 + O.OlM HC1 0.22 Oil2 0.11 0.2 
O.SM NaCI: Sat'd Mg(OH)2 1.32 1.26 1.24 0.4 (1.1) 
O.SM NaCI: Sat'd AI(OH)s  4.01 2.64 2.10 0.6 (5) 

Standard  errors decreased only by about 10% in 
most cases when  the data were fitted to a quadrat ic  
equation, in  comparison with the l inear  equation. 
However ra ther  large s tandard errors, in comparison 
to the slopes, were obtained in the corroding systems, 
par t icular ly  in 0.05M phosphate buffers and for A1 GB 
420 and Mg AP 65 anodes. Reasonably good consist- 
ency was observed for AZ 61 in 0.01M phosphate and 
0.025M borate buffers and fairly rel iable results were 
obtained for A1 GB 80S anodes. In  the former cases 
s tandard errors were comparable to exper imental  
precision and in the lat ter  the s tandard error was less 
than  the potential  change caused by  a 500 bar  change 
in pressure. 

Some fur ther  observations on the behavior  of the 
anode materials  will be useful  before discussing the 
various hV values obtained. The Mg AZ 61 anodes tar -  
nished to a black color and pitted during the course of 
a r un  in phosphate solutions, evolving substantial  
quanti t ies  of gas, enough to force more than half  of 
the electrolyte out of the cell upon decompression to 
atmospheric pressure. In  borate solutions less hydro-  
gen was evolved and the anodes remained br ight  al-  
though small tarnish spots appeared par t icular ly  near  
the edges (approximately 15 ml  of gas was evolved 
by 4 cm 2 of magnesium surface over a period of 12 
hr) .  The Mg AP 65 in both buffers blackened and 
tended to crumble into small black pieces which fell 
free of the anode as corrosion progressed. A gelatinous 
grayish-white  product also formed in each case, and 
gas evolution was high (only 15-20 ml  of solution re-  
mained of the 65 ml  cell capacity). The increase in 
pH, observed for both magnesium alloys, was appre- 
ciably greater  for AP 65 than  for AZ 61 under  similar 
conditions (see Table II) .  

For  the a luminum alloys, the rate of gassing was 
greater for GB 80S than  for GB 420, but  both were 
very low (~5  ml)  in comparison to Mg. The GB 80S 
tarnished only slightly and some white voluminous 
product formed whereas the GB 420 remained br ight  
with no visible indication of deteriorat ion and only 
slight amounts  of white product formed on it. pH 
decreased very slightly during a run. 

Unbuffered systems.--Similar experiments  were then 
carried out in unbuffered (i.e., self-buffered) solu- 
tions, made up by adding excess Mg or A1 to the 0.5M 
NaC1 to presaturate  the electrolyte with the respective 
hydroxide. 

The measured potentials were much more rel iably 
stable and reproducible in these cases and the experi-  
menta l  precision was typically as good or bet ter  than 
that in most of the buffered systems studied. Signifi- 
cant improvement  in  s tandard error was obtained 
when the emf data were fitted to a quadratic equation 
in  comparison to a l inear  equation. Table II compares 
exper imental  errors and s tandard errors for polyno- 
mials of order 2, 3, and 4 for the five anodes invest i-  
gated. The reproducibil i ty of a single electrode is 
given in  column six and the mean  deviation between 
electrodes is given in column seven (with the number  
of electrodes in brackets) .  In  the case of the A1 GB 420 
alloy, two stable ranges of potential  were observed 

Table II. 

Anode 

Experi- Mean de- 
Standard error of mental viation 

fit of emf vs. P precision between 
for order (mY) at each elec- 

pressure trades 
pH n = 2  n=3 n=4 (mV) (mV) 

Mg (AZ 61) 9.9-10.8 1.5 1.1 
Mg (AP 65) 4.6 4.5 
A1 (99.999%) 6.3---6.3 5.7 5.3 

(21.4) (21.4) 
A1 (GB 420) 5.6-6.3 

Low potentials  5.0 4.1 
High potentials 5.8 5.7 

A1 (GB 80S) 5.8-7.9 6.8 6.7 
Low potent ials  (2.5) (1.9) 

1.0 0.3 2-5 (2) 
1 3-6 (4) 
4 20 (2) 

3 5 (4) 
1 5 
3 20 (5) 
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depending on the pressure and history of the sample. 
At low pressures a high potential  region (--1.12 to 
--1.15V vs. Ag/AgC1) having a small  pressure de- 
pendence was obtained. Upon compression the poten- 
tial dropped to a low potential  region (--1.03 to 
--1.10V) very suddenly. At lower pressures the elec- 
trode potential  sometimes recovered to the higher re-  
gion dur ing the ha l f -hour  wait ing period between 
measurements,  bu t  at some point it remained low unt i l  
later decompression, and then re turned  to the high 
potential  region with some hysteresis observed. The 
lower potential  region was apparent ly  the stable value 
at high pressures but  the exact t ransi t ion pressure 
varied from sample to sample. Accordingly in Table II 
these two cases are given separately. There was some 
indication that  a similar phenomenon occurred for 
the AI(GB 80S) alloy. However the high potential  re-  
gion was observed only sporadically at atmospheric 
pressure and only with one sample at pressures greater  
than  250 bars. 

Inspection of the table indicates that only a small  
fur ther  improvement  in the fit is obtained for n > 2 
except in the cases of Mg (AZ 61) and the low po- 
tential  region of A1 (GB 420). 

Gassing of the a luminum anodes was less and that  of 
the magnesium the same or greater than  was the case 
in the buffered solutions. During the course of a run  0.1 
ml of gas was evolved from pure A1 and A1 (GB 420) ; 
2-5 ml  from A1 (GB 80S) and 12 ml from Mg (AZ 61). 
The Mg (AP 65) gassed so vigorously that all of the 
solution was forced out of the cell. So li t t le magnes ium 
metal  was left six or seven hours following immersion 
that potentials were no longer stable and dropped 
considerably. Accordingly there was no solution re -  
maining  with which to measure pH following the run.  
The run  had to be repeated in order to bui ld  up enough 
points to assure their  rel iabil i ty and points obtained 
after electrode failure were not included in the data 
analysis. 

Much more rapid precipitate formation was observed 
for AP 65 than  for AZ 61. 

Derived results and discussion.--Derived results: 
bu~ered systems.--Typical values of (Ep -- E1 -t- AEf 

AE~), derived from the exper imental  data are 
shown in  Fig. 3 for the buffer systems studied. The 

solid lines, 1 and 2, were calculated from values of 
Ka(p)/Ka(l), using Eq. [23] from compressibility data 
(15) and conductance data (16), respectively. 

The error bars shown on l ine  1 are from the emf 
data of Dist~che (12). Lines 3 and 4 are also experi-  
menta l  emf data (12) but  for different concentrat ions 
of phosphate buffer and chloride electrolyte than  used 
in the experimental  work reported here. The experi-  
menta l  points shown were corrected using the fugacity 
values, empirically determined in the acidified chloride 
solutions, except that points corrected using the fu-  
gacity determined from dry hydrogen compressibility 
are also shown for the acetate buffered system for 
comparison. 

Excellent agreement  was obtained with conductance 
data for acetic acid (line 2) but  a large difference with 
density data (line 1) can be seen. It is l ikely that the 
density data shown are in error, in spite of agreement 
with Dist~che's emf results. Hamann  and Lim (19, 32) 
have reported density measurements  in much closer 
agreement  with the conductance data than those of 
l ine 1. 

The AV values obtained by other workers and meth-  
ods can also be used as a basis of comparison and as 
a measure of the val idi ty of our exper imental  data. 

Figure 4 gives values of --AV obtained by fitting the 
experimental  emf values to a quadratic equation using 
a least squares method and calculating the analytical  
slope. (The s tandard error of the quadratic fit is 
given in Table Ia.) AV values for formic acid (line 
1), phosphoric ac id - - l s t  dissociation (lines 2 and 
3), bicarbonate buffer (line 4), and carbonic acid (line 
5) from other work (17,31) are included for com- 
parison. Values of --• ~ ( - -~V at 1 atm and infinite 
di lut ion),  obtained by  Dist~che (17) using a glass 
electrode and those obtained by other methods are 
compared with the present work in Table III. 

It may be noted, that except for the low value of 
--• 0 of 9.2 for acetic acid from density measure-  
ments, the results of this work are in as good or bet ter  
agreement  with the results of other methods than 
those obtained using the glass electrode. 

Magnesium and aluminum anodes.--Figure 5 gives de- 
r ived aV values obtained from the data for self-bur-  

80 
Fig. 3. Decrease with pressure 

of the hydrogen electrode poten- 
tial relative to the Ag/AgCI 70 
electrode, corrected for the de- 
pendences on pressure of the 
hydrogen fugacity and the 
chloride ion activity coefficient. 60 
0.1M KCI -J- 0.2M acetate buf- 
fer: @, experimental points us- 
ing "empirical fugacity correc- ~ 5 o  
tion" (see text); Z~, experimen- 
tal points using fugacity calcu- 
lated from compressibility data; 
I, experimental data of Dist~che §  
(12) using glass electrode; line ~.~ 
( ~ ,  calculated from dissocia- 

tion constants obtained from + 
density measurements (15); line Lu-3o 
(~) ,  calculated from dissocia- 

tion constants obtained from 
conductance data (16). [~, 0.SM 
NuCI ~ 0.01M phosphate buf- 
fer; I I ,  0.SM NaCI -t- 0.05M 
phosphate buffer; lines ( ~  and 

(~) , 0.1M KCI ~ phosphate 
buffers-glass electrode (12); O ,  
0.5M NaCI ~ 0.025M borate 
buffer. 

0 
0 �9 

0 
0 �9 

o ,-% ,'-5 
p ( k b a r s )  
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Fig. 4. --~lV/n calculated from the slope of a quadratic fit of 
emf vs. pressure data. Symbols for points refer to the same solu- 
tions as in Fig. 3. Numbered lines are from other sources: (~ ) ,  
formic acid (17); ( ~ ,  phosphoric acid-lst dissociation constant 
(31); ( ~ ) ,  phosphoric acid-lst dissociation constant (17); (~ ) ,  
bicarbonate buffer (17); (~ ) ,  carbonic acid (17). 

drogen electrode potential  on pressure have also been 
included in  Fig. 5. Again the averages of the cubic and 
quadrat ic  fits are plotted. 

Discussion: bufJered systems.-- The significance of the 
var ia t ion of aV with pressure for buffered systems 
(Fig. 4) can readily be seen in terms of the dissociation 
equi l ibr ium of the weak acid of the buffer system (Eq. 
[21]). Thus an increase in  applied pressure shifts the 
equi l ibr ium toward the production of more ions which 
electrostrict the water  s t ructure in  their  vicini ty and 
thereby reduce the stress in the solution. The negative 
a--V values thus arise principal ly from the increases in 
local water  density caused by the presence of the ori- 
ent ing fields of the ions produced. In  the borate sys- 
tem, the equil ibria  are complicated by the tendency 
of polyboric acid formation to occur. 

The anion formed B4Os(OH)4 = consists of a r ing 
s tructure (18) of two tr igonal p lanar  borate BO3 
groups and two tetrahedral  BO4 groups (structure A) 
which may  hydrolyze in solution to form B(OH)3 
monomer  (structures B) or other complex borates such 
as BsOa(OH)5 = (structure C) or chains of l inked 
tetrahedra and tr iangles (20). 

OH 
I 

B 

o / \o 
o / \ o 
O--B O B--O 

\o\ I/o / 
B 
I 

OH 

fered solutions. The solid curves represent  the average 
values of hV from the quadrat ic  and cubic fits. The 
error bars are conservative in  that  they give the dif- 
ference between the two orders of fit or the mean  
deviation between electrodes, whichever  is the larg-  
er. Included in Fig. 5 are similar average values cal- 
culated from the results in  buffered systems. These 
are the unconnected points and error estimates are not 
shown but  are usual ly  larger than  those for the self- 
buffered systems. In  spite of the differences in  repro- 
ducibility, the results are general ly  in  fair ly good 
semiquant i ta t ive agreement.  

For  the purposes of the discussion in  the following 
section, the ~V values for the Mg and A1 saturated 
solutions, derived from the dependence of the hy-  

Structure  A 

H H 
O O \ /  

B 
I 

OH 

B 

Io 
O 

Table III. 

A c i d  or  b u f f e r  

G l a s s  
e l e c -  Conduc -  

P r e s e n t  t r o d e  D e n s i t y  t i v i t y  
w o r k  (17) m e a s u r e -  m e a s u r e -  
e m f  e m f  m e n t s  m e n t s  

(a) Va lues  of  --AVI ~ (cmSlmol)  a t  u n i t  p r e s s u r e  
A c e t i c  a c i d  11.5 9.2 (15), 12.2 

or  11.5 (18) (16, 19, 31) 
a c e t a t e  b u f f e r  11.6 10.8 12.5 

(19, 32) 
P h o s p h a t e  b u f f e r  23.2 (0.01M) 23.0 24.1 (17) - -  

24.4 (0.05M) 28.1 (17} 
B o r a t e  b u f f e r  31,8 ~ ~ - -  

(b) V a l u e s  o f  - - A V  at  1 k b a r  p r e s s u r e  
A c e t i c  a c i d  10.8 12.2 9.8-10.6" 

or  (18, 19) (16, 19, 31) 
a c e t a t e  b u f f e r  10.0 10.3 
P h o s p h a t e  b u f f e r  20,2 (0,01M) 23.0 

21.0 (0.05M) 
B o r a t e  b u f f e r  27.1 

* A v e r a g e  --AV for  0-2000 arm.  

Structure  B 

O 

O O 

\B / 
I 

OH 

Structure  C 

In  crystall ine boric acid, layers of B(OH)3 molecules 
are held together by hydrogen bonds (20) and it 
would be expected that in aqueous solution similar 
hydrogen bonding would occur. 
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Fig. 5. ~lV/n for magnesium and aluminum alloys in self-buffered 
solutions of 0.5M NaCI. Average AV/n of quadratic and cubic 
fits. Points not falling on the curves ore from data of buffered sys- 
tems. Error bars ore conservative (see text). A,  AI (99.999% 
purity); O ,  AI (GB 420) low potential region; e ,  AI (GB 420) 
high potential region; I-], AI (GB 805); •  AI (GB 80S) possible 
high potential region; ~ ,  Mg (AZ 61); V ,  Mg (AP 65). AV/n 
values for the reactions: &,  Mg(OH)2 Jr- H2 (oq) ---- Mg +§  + 
2H20 + 2e- ;  O ,  AI(OH)3 + 3/2 H~ (aq) ---- AI §  + 3H20 
-i--3e- obtained from the dependence of hydrogen electrode po- 
tential on pressure. 

As are the borate structures, the acetate ion and 
phosphate ions are also oxygen acids containing reso- 
nance stabilized anions wi th  favorable  s tructures for 
hydrogen bonding; note for example,  hydrogen bonded 
dimeric acetic acid, wi th  hydrogen bond energies of 
1.8 kJ  mol -~ (21). Similar  comments apply to the four  
other  systems, formic acid, phosphoric ac id - - l s t  dis- 
sociation, carbonic acid and bicarbonate buffer, in-  
cluded in Fig. 3 for comparison. A large discrepancy 
exists in the exper imenta l  results for bicarbonate be-  
tween the emf  data of line 3 and those obtained by 
compressibil i ty data (15); this has been speculat ively 
at t r ibuted (12) to unknown effects of pressure on the 
NaHCO3 equi l ibr ium or to complications of hydrolysis  
reactions. However  the author (12) did not explain 
why  such complications would not also be reflected in 
compressibil i ty or conductivi ty results; hence the ~V 
values for line 3 may be incorrect. Other values of ~V 
repor ted  for the bicarbonate equi l ibr ium are --24.9 
(17) and - -27 .8  (15). 

The magni tudes  and pressure dependence of the de- 
r ived • values can be rat ionalized in the fol lowing 
manner :  Values of the standard entropy of ionization 
of the systems of Fig. 3 were  calculated from published 
data (2, 22, 23) and are listed in Table IV. 

Comparison of these values of hSi 0 with the ~V 
values shows an interest ing (if imperfect)  correlation, 
in that larger  - -~V values appear to be associated 
with  larger  --~Si 0 values. This is not surprising when  
one recalls that  volume decreases are caused par t ia l ly  
by electrostr ict ion of the water  structure, result ing in 
local ordering of the water  dipoles. However ,  account 

Table IV. Values of ASi o and ~V (1 atm) for various equilibria 

A S I  o (cal AV 
Equilibrium K -z m o l  -z) (crnZ/mol) 

HCOOH = HCOO- + H+ --17.4 --9.1 
CH3COOH = CI-I~COO- + H § --22.1 --11.5 
H~CO8 = HCOs- + I-I+ --23.3 --30.0 
H3PO~ = H2PO4- + H + --15.7 --16.5-----1 
H2PO~- = HPO4= + H+ --30.3 --23.7 ----- 0.6 
HCO3- = CO~ = + H + -35.3 -22.7 
I~BOa = H2BOs- + H+ --31.1 --31.9 

must also be taken of size effects and s t ruc tu re -break-  
ing entropy (24, 25). For  most singly charged anions, 
there  is a considerable increase of disorder and vol-  
ume. Thus the net  entropies in Table IV are due to a 
difference of ordering and disordering terms. The 
highly ordered s t ructure  around the ion will  decrease 
the volume of the solvent, and the effects of disorder-  
ing may increase it. However ,  the differences be tween 
molecular  and /or  ionic sizes also contr ibute to the 
h---V term whereas  their  effect on hSi ~ is less direct. The 
correlat ion be tween  the two quantit ies is therefore  
not completely s traightforward,  par t icular ly  in a 
solvent with such an abnormal ly  open s t ructure  as 
water.  

In inspecting Table IV there  is an anomaly, in the 
case of phosphoric acid, among the reactions producing 
singly charged anions by dissociation of the neutra l  
molecular  species. On the basis of the ~V values one 
might  expect the entropy change for the first dissocia- 
t ion step to be more negative.  A possible explanat ion 
for this may be that the te t rahedra l  phosphate group 
fits bet ter  into the water  s t ructure than the tr igonal 
carboxyl or bicarbonate groups. Hence the bulk water  
s t ructure is bet ter  preserved with  phosphate whereas  
the other  groups cause grea ter  short range ordering 
effects. 

A cage of water  molecules forming a c la thra te- type  
structure may act as a transi t ion region between the 
ion and the bulk wate r  structure.  

The equil ibria  producing doubly charged ions have  
more negat ive ~S~ ~ and AV values, as expected, due 
to the greater  or ient ing and compressive effect of the 
higher ionic fields. However  the bor ic-borate  values 
are far  too negat ive to correspond to the equi l ibr ium 
as wr i t ten  in the table. They would  be far  more  con- 
sistent with the formation of one of the doubly 
charged borate ions discussed earlier. 

The slopes of the AV/pressure plots calculated from 
the present data are in the ratio of 3.0:2.0:0.94 for the 
borate, phosphate, and acetate equilibria, respectively. 
This may indicate thai: the borate equil ibria  involve 
reversible  formation of both singly and doubly charged 
species simultaneously. 

Magnesium and aluminum electrodes.--Magnesium and 
a luminum ions are strong s t ructure  makers  wi th  large 
negat ive hS~ values. Large negat ive  ~V values would 
be expected if tim potential  of these anodes were  con- 
trolled by dissolution of Mg § + and A1 + + + ions. 

The results of Fig. 5 show that  this cannot always 
be the case for a luminum but  may  be so for magne-  
sium. 

Stabil i ty constants for complex meta l  ions (27) indi-  
cate that Mg goes into solution in neutra l  or basic 
solutions predominant ly  as hydra ted  Mg ++ ion and 
MgOH + ion and that  there  are no stable complex 
chloride ions. 

For  a luminum the picture is much more complicated. 
Evidence exists (27) for a large number  of hydroxyl  
complex ions such as Aln(OH)3n+~-,  Aln(OH) n 2n+, 
Aln(OH)2n n+ and A12n(OH)sn n+ where  n ---- 1, 2. or 3. 
The existence of Al(H20)6C13 [as well  as Mg(H20)6C12] 
in crystals (28) suggests the l ikel ihood of hexahy-  
drated Al(H20)6 + + + [and Mg(H20)6 + +] in concen- 
t rated chloride solutions. Fur the rmore  there  is now 
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strong, n.m.r, spectroscopic evidence (30) in support  
of an integral  six waters  of hydrat ion for A1 + + + and 
Mg ++ giving stable solvation complexes in aqueous 
solutions. 

The alloying metals  contained in the anodes used 
are sufficiently noble to be re ta ined in the metal l ic  
phase and so have not b e e n  considered. 

In order  to in terpret  the values of ~V/n  obtained 
experimental ly ,  all of the electrochemical  reactions 
controll ing the electrode potential  must  be considered. 
If  these reactions are sufficiently revers ible  that  the 
present  analysis can be applied, the discrepancy be-  
tween the observed and thermodynamica l ly  calculated 
(29) electrode potentials must  be due to mixed  poten-  
tial control. 

Magnesium.--In the case of magnesium, a corrosion 
potential  is measured  which must  be controlled by the 
magnesium oxidat ion reaction (s) and by the hydrogen 
evolut ion reaction. Since there  is no externa l  current  
these oxidat ion and reduct ion reactions must  proceed 
at equal  rates, so that  the ~V/n  value determined wil l  
be the sum of the two (or more)  processes 

Mg = oxidized product(s)  + ne 
and 

nH+ + we ---- ~ I-Is (aq) 
2 

In  order  to derive a value of AV for the oxidation 
react ion(s)  only, an estimate of AV/n for the hydrogen 
evolut ion react ion is required.  The most probable 
value of V, the part ial  molal  volume of a hydrogen 
ion in aqueous solution at 25~ is --5.0 cm3/mol (33), 
al though there  remains some argument  in favor  of a 
sl ightly more positive value (33, 34). The part ial  vol-  
ume of solvation of the hydrogen molecule  should be 
small and positive since it probably can be accommo- 
dated in the void spaces of the wate r  s t ructure wi th  
negligible distortion [cf. Ne, Ar (23)]. AV values for 
the react ion 

H + + e -  = 1/2 H2 (aq) 

can be obtained from the data of Fig. 2. For the 0.1M 
HC1 and the acidified 0.5M NaC1 solutions the value  
of •  obtained at atmospheric pressure is +7.5 _ 
0.2 cm3/equivalent .  Since it is • for the over -a l l  reac-  
tion which is required, it is not important  whe ther  the 
expansions due to hydrogen ion extract ion and molec-  
ular  hydrogen inclusion are 5.0 and 5.0 cm3/mole, re -  
spectively, or 0 and 15 cma/mole, respect ively (or 
something in between) .  However  the former  values 
appear  the more likely. 

Accordingly a part ial  molal  volume of --5.0 cm~/ 
mole for the hydrogen ion has been assumed for the 
calculations of aV to follow. From this value and pub-  
lished values of part ial  molal  volumes of electrolytes 
(33), AV values of +22.8, --31.2, and --57.2 cm ~ tool -1 
are obtained for CI - ,  Mg + +, and AI+ + + ions, respec- 
tively. From published density data (22) and a aV 
value of --23.4 cm3/mole (2) for the water  dissociation 
reaction, volumes of solid phases could be determined, 
and a part ial  molal  volume of --0.3 cm3/mole for O H -  
ion was calculated. These values were  then used to 
calculate aV for the electrode reactions considered 
below. The magnesium results at atmospheric pressure 
wil l  be discussed first. 

The magnesium oxidat ion reactions considered and 
their  calculated values of aV/n  were  as follows 

Mg + 2H20 

Mg + H20 

Mg + O H -  

Mg + 2 O H -  

= Mg(OH)2  + 2H + + 2 e -  

--17.7 

= M g O + 2 H  + + 2 e -  

- - - - M g O + H  + + 2 e -  

---- Mg(OH)2 + 2 e -  

[II] 

- -  15.4 [III] 

-- 3.7 [IV] 

+ 5.7 [v]  

In addition the fol lowing reactions were  considered, 
in which calculated ~V values are approximate  since 
density data were  unavai lable  for MgO2 and part ial  
molal  volumes for the ions had to be inferred from 
other ions of similar size and charge 

AV/n 

Mg + O H -  = MgOH + + 2e 

,-~ + 3 [VI] 

Mg + H20 --~ MgOH + + H + + 2 e -  

~ -  8.5 [VII] 

Mg ---- Mg + + e -  

,~ --20 [VIII] 

Mg + 2H20 ---- MgO2 + 4H + + 4 e -  

,-- - -  12.5 [IX] 

Mg + 2 O H -  .-~ MgO2 + 2H + + 4 e -  

~ -  1 [X] 

In order  to make  a comparison with  the exper i -  
mental  values of AV/n, correction for the contribution 
of the hydrogen evolut ion react ion is required.  Table 
V gives the corrected values wi th  m ax im um  probable 
exper imenta l  er ror  for the various anodes studied. 
Comparison of the table wi th  the calculated values 
for magnesium eliminates all of the reactions in which 
O H -  is a reactant  species or in which Mg OH + is a 
product. For  AZ 61 and A_P 65, the format ion of Mg + 
and MgO2, respectively,  can also be e l iminated except  
as possible minor  paral lel  reactions. These reactions 
have been suggested by other  workers  (29, 35, 36). 

The exper imenta l  data are consistent wi th  produc-  
tion of Mg + from the AP 65 alloy and MgO2 for the 
magnesium AZ 01. However ,  at present, scant other  
evidence exists to support  these reactions. Accordingly, 
having noted these as possibilities, reactions [ I ] - [ I I I ]  
will  be discussed in more detail. The exper imenta l  data 
favor  reaction [I] as the oxidat ion mechanism for AP 
65 and reaction [III] for AZ 61. Reaction [II] lies wi th in  
the exper imenta l  error  for both a l l oys  however  and 
therefore  cannot be ignored. Immers ion of these alloys 
in 0.5M NaC1 gives rise to the following phenomena. 
The AP 65 corrodes rapidly wi th  vigorous gassing and 
production of g ray ish-whi te  voluminous precipi tate 
near  the surface. In a short t ime the electrode com- 
pletely corrodes away and only a white  precipi tate and 

Table V. Corrected experimental AV/n values for the metal 
oxidation reaction 

AVIn  (em3/ 
Anode  equivalent)  Error 

M g  A Z  61 - -14  •  
M g  A P  65 - -19.5  ~ 4  

A1 (99.999%) 50 "4-15 
A1 ( G B  80S) 14 -----6 
A1 (GB 420) 

H i g h  p o t e n t i a l s  --  1 . 5  -----3.5 
L o w  p o t e n t i a l s  - -60  -4-17 

Mg + 6H20 

~V/n  
(cm3/mol) 

--- Mg(H20)6 ++ + 2e -  

--21.4 If] 
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fine black particles remain  (presumably from the lead 
which should not corrode at pH 8-12). The AZ 61 
corrodes much less rapidly however  and eventua l ly  
builds up an incomplete  black film which retards the 
rate  of corrosion even fur ther .  

These o___bservations, in conjunct ion with  the exper i -  
menta l  • values, lead to the conclusion that  AP 65 
corrodes according to reaction [I] by direct dissolution 
to hexahydra ted  Mg + + ions (or by reaction [VIII] to 
Mg + ions) fol lowed by solution phase chemical forma-  
tion of Mg (OH)2. 

For  AZ 61, reaction [III] results in format ion of a 
passivating layer  of MgO on the surface (or MgO2 by 
react ion [ IX])  which may  then  be slowly hydrated.  

Mg (OH) .~ 
2H + + 2 O H -  
H2 (aq) 

These facts suggest that  at h igher  pressures the 
mechanism shifts from reaction [III] toward [II] or 
even  [I] for AZ 61 and that  react ion [II] is inhibited 
for AP 65. 

Final ly  at ve ry  high pressures AV values begin ap-  
proaching zero as would be expected when the re-  
action products can no longer  aid in compressing the 
solvent s t ructure or in reducing the system volume 
further.  

Included in Fig. 5, are values of aV/n, obtained by 
measur ing the hydrogen electrode potentials vs. A g /  
AgC1 in solutions sa turated with  Mg(OH)~ or 
AI(OH)3. The over -a l l  react ion controll ing the elec- 
t rode potential  in the case of Mg(OH)2 is actually the 
sum of three reactions 

hV (cm 8 tool-*)  

= Mg + + + 2 OH- --56.5 
---- 2H20 +46.8 
---- 2H + -{- 2e -  --15.0 

Mg(OH)2 + H2(aq) 

Direct  format ion of Mg(OH)~ by react ion [II] cannot 
be dismissed completely on the basis of the present  
evidence. However  the mechanisms of the two alloys 
appear  to be so different that  it cannot occur, as more  
than  a minor  paral lel  reaction, for both alloys. If it 
were  to occur for AP 65, for example,  that  would 
strongly point to reaction [III] for AZ 61. Conversely  
reaction [I] would be indicated for AP 65 if [II] were  
accepted for AZ 61. This la t ter  possibility seems un-  
l ikely if the errors cited are as conservat ive as is 
thought. 

Accordingly it is concluded that  at atmospheric pres-  
sure react ion [I] is the most l ikely potential  con- 
troll ing oxidation react ion for AP 65 with  a possible 
major  paral lel  contr ibution by reaction [II]. For  AZ 
61, the most  favored  in terpre ta t ion is that  react ion 
[III] is the principal  oxidat ion process wi th  a possible 
minor  contribution by reaction [II]. 

In buffered solutions the ~V values tended to be 
somewhat  more negat ive at lower  pressures, par t icu-  
lar ly  for AZ 61. Whether  this is exper imenta l ly  signifi- 
cant for AP 65 or not is open to question. However  if 
it is a real  effect, it suggests that  the buffering agents 
tend to inhibit  oxide formation and possibly dissolu- 
tion as well. Ion pairing and insoluble salt format ion 
are known to occur be tween  magnesium and phos- 
phate ions in solution and phosphate adsorption on the 
surface would not be surprising. Fur the rmore  borax is 
a widely  used rust inhibitor. The presence of these 
agents may  very  well  shift the oxidation reaction path 
for AZ 61, enhancing the contribution of reaction [II] 
and reducing that  of reaction [III].  

The AP 65 corroded more quickly in the unbuffered 
than  in the buffered solutions even though the pH was 
higher  in the former,  also suggesting some shift 
toward reaction [II] in the presence of phosphate or  
borate. Differences in corrosion rate  were  much less 
for AZ 61, consistent wi th  a shift f rom reaction [III] 
to react ion [II] which would have identical pH de- 
pendencies. 

At higher  pressures, both magnesium alloys reacted 
with  more  negat ive ~V values than at atmospheric 
pressure. This would not be expected if a single elec- 
t rode react ion were  occurring at e i ther  anode and 
suggests a shift of mechanism at h igher  pressures 
toward the more negat ive ~V reactions. Fur ther  evi-  
dence that  this is occurr ing for AZ 61 was obtained 
by the observat ion that, a l though AZ 61 did not produce 
any visible precipi tate at atmospheric pressure for 
several  days, a fine white  suspension was observed in 
solution after  the alloy had completed an exper imenta l  
cycle taking it to 2.5 kbars and back to atmospheric 
pressure again. 

---- Mg + + + 2H20 + 2e- --24.7 

The calculated values of ~V at 1 arm are shown. 
The measured value of ~V/n = --13.2 _ 1.0 cm~/ 
equivalent is in good agreement with the calculated 
value of --12.4, indicating that the reactions control- 
ling electrode potential in the magnesium system are 
all reversible. The very small pressure dependence ob- 
served suggests that no changes of mechanism occur at 
higher pressures. 

Aluminum.--The reason for the rather large experi- 
mental scatter of ~V values for the aluminum anodes 
in buffered solutions became more comprehensible 
when the results for the self-buffered solutions were 
analyzed. The more evident separation of Al (GB 420) 
into two distinct potential regions, and the sporadic 
experimental results, suggesting the same phenomenon 
was possible (though less favored) for A1 (GB 80S), 
led to the conclusion that at least two potential con- 
trolling reactions were important. Furthermore, the 
hysteresis observed indicated slow attainment of 
equilibrium between competing species. No high po- 
tential region was unambiguously detected in buffered 
solutions except in the borate buffered system and 
then at only 1 and 50 bars pressure. Hence the results 
in buffered systems are in much closer agreement with 
the low potential self-buffered data than with the high 
potential results. In the case of aluminum, addition of 
the buffering agent to the solution raises the pH, the 
opposite of its effect in the magnesium system. Yet 
less gassing was observed in the absence of buffering 
agents, suggesting inhibit ion ei ther  by adsorption of 
the oxyanion or by a pH effect. In order to in terpre t  
the a luminum results, the fol lowing reactions were 
first considered and the ~V/n values calculated from 
published data 

AV/n 

2A1 + 6H20 = A1203 �9 3H20 + 6H + -{- 6e -  

--15.9 [XI] 

2A1 -}- 4H20 ---- A1203 �9 H20 -~- 6H + + 6e-  

-- 13.7 [XII] 

2A1 + 3H~O ---- A1208 + 6H + + 6e -  

--13.1 [XIII] 

A1 + 3H20 ---- AI(OH)3 -{- 3H + + 3e -  

-- 15.6 [XIV] 

2 / t / +  3 O H -  -= A12Os + 3H + + 6e -  

-- 1.7 [XV] 

2A1 + 4 O H -  = A1203 �9 H20 + 2H + + 6e-  

1.9 [XVI] 
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2A1 .6 6 O H -  ---- Al203 �9 3H20 .6 6e -  

7.4 [XVlI]  

Al -5 3 O H -  = AI(OH)3 .6 3e -  

7.7 [XVIII]  

A1 -6 6H20 ---- AI(H20)0  +++ -6 3 e -  

--22.3 [XlX] 

Al "6 2H20 ---- A10(OH)  -6 3H + + 3 e -  

-- 14.1 [ X X ]  

A1 -6 2 O H -  = A10(OH) .6 H + .6 3e -  

-I- 1.5 [XXI] 

Al ,5 Al (H20)8 + + + = A1203 �9 3H20 .6 6H + .6 3 e -  

-- 9.5 [ X X i I ]  

A1 "5 AI (OH)s  : A1203 .6 3H + .6 3e -  

-- 10.5 [XXIII]  

Al .5 AI (OH)a  .5 H20 ---- A12Os �9 H20 -6 3H + .6 3 e -  

-- 11.8 [XXIV] 

AI .6 AI(OH)3 .6 3H20 = A12Os �9 3H20 .6 3H + "5 3e -  

-- 1 6 . 1  [XXV] 

reactions have also Other combinations of the above 
been considered. 

For  pure aluminum, for A1 (GB 80S)., and for the low 
potential  region of A1 (GB 420) at atmospheric pres-  
sure, none of the above reactions has values of ~ V / n  
within the e r ror  l imits  of the exper imenta l  values, 
a l though react ion [XVIII]  lies just  outside these limits 
for A1 (GB 80S). For  the high potential  data of 
A1 (GB 420), only reactions [XV], [XVI], and [XXI] 
are possible. All  of these reactions involve  the con- 
sumption of hydroxyl  ions and product ion of hydrogen  
ions and a surface oxide. When the simultaneous hy-  
drogen evolut ion react ion is added, all would predict  
no pH dependence. 

Estimates of A V / n  based on size and charge con- 
siderations for reactions producing AlO +, AlOH ++, 
A102-,  A i ( O H ) 4 - ,  and Al (H20)5OH + + were  also in-  
consistent wi th  exper imenta l  values wi th  some ex-  
ceptions for the high potential  A1 (GB 420) results. 
The part ial  molal  volumes for these species were  taken 
to be approximate ly  -{-20, --7, -527, -550, and --30 
cm3/mol, respectively.  

Clearly, e i ther  i r revers ible  electrode processes are 
occurring, or other  reactions than those considered 
above are control l ing the electrode potentials. 

The analysis of the a luminum results has so far  car-  
r ied the tacit  assumption that  the potential  control-  
l ing oxidat ion react ion involves format ion of t r iva lent  
a luminum from metal l ic  aluminum. Since no reactions 
have  been found to just i fy  this assumption, other  oxi-  
dation states of a luminum mu~t be considered. This re -  
quires est imated h V / n  based on approximations,  since 
no density or  part ial  molal  vo lume data exist for such 
species. 

When such estimates were  made for reactions in 
which metal l ic  a luminum is oxidized to the univa lent  
a luminum species A1 +, AiOH, or AI(OH):2-  no values 
of ~V calculated were  consistent wi th  exper imenta l  
values. In considering oxidations from metal l ic  a lumi-  
num to divalent  a luminum by format ion of Ai(OH)~,  
A1~O2 �9 3H20, A10, or AI (OH)3 -  only two reactions 
were  found consistent wi th  any of the data. These were  

A1.6 2 O H -  = A I ( O H ) 2  . 5 2 e -  

,~V/n  ~ .5 12 [XXVI] 

A1 ,5 3 O H -  = A I ( O H ) a -  ,5 2e -  
A V / n  ,~ 20 [XXVII]  
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which were  only consistent wi th  the AI (GB 80S) 
h V / n  values. 

Similar ly  consideration of oxidations from univalent  
to t r iva lent  a luminum led to only two possible reac-  
tions 

A1 + ,5 3 OH- 

AI(OH)2- .5 OH-  

= AI(OH)3 .6 2e-  
A V I n  , -  9 [XXVIII]  

= AI (OH)s  -5 2e -  
,~ V / n  ,.~ -- 1.3 [XXIX] 

These both would involve  the anode, only as a he tero-  
geneous catalyst, and are consistent only wi th  the 
AI (GB 80S) and AI (GB 420) high potent ial  A V / n  
values. 

Oxidat ion from divalent  to t r iva lent  a luminum is 
the only remaining case having a stable reactant  or 
product species. The oxygen deficiency of the anodic 
a luminum bar r ie r  layer  (adjacent  to the solution) has 
been established (37) and gives rise to an n - type  de- 
fect structure.  The existence of AI( I I )  has been sug- 
gested (38) and infrared absorption studies of bar r ie r  
layer  oxides have  been in terpre ted  (39) as indicat ive 
of an a lumina layer  containing divalent  aluminum. 
The s t ructure  proposed (39) contained a t r iva lent  
cyclic polymeric  a luminum oxide t r ihydra te  layer  wi th  
oxygen deficient terminal  groups containing divalent  
aluminum, at which oxidation and depolymerizat ion 
could occur to form porous alumina. 

The following reactions were  considered for oxida-  
tion f rom divalent  to t r iva lent  a luminum. It was as- 
sumed that  divalent  solid a luminum phases had the 
same density as the corresponding t r iva lent  solid 
phases and estimates of part ial  molal  volumes of ions 
were  made, as before, based on size and charge com- 
parisons. 

A V I n  
(approximate)  

AI(OH)2 .6 6H20 

= Al(H20)6  +++ .6 2 OH- .6 e -  

-- 196 [XXX] 
A1202 �9 3H20 Jr 11H20 

= 2Al(H20)6 +++ -5 4 O H -  + 2 e -  

-- 189 [XXXI]  

AI(OH)2 .5 4H20 .6 2H + 

= AI(H20)6 +++ ,5 e -  

--151 [XXXII] 
A1202 �9 3H20 "5 5H,20 

= AI(H20)6 +++ + AI(OH)z,5 OH- "5 2e- 

-- 90 
AI(OH)2 .6 H20 

= AI(OH)3 .6 H + .5 e -  

AI(OH)2 "5 AI(OH)3 "5 H20 

= A1203 �9 3H20 Jr H + "5 e -  

A1202 �9 3H20 "5 H20 

= A1203 �9 3H20 "5 2H+ "5 2e-  

AI(OH)2 .6 OH- 

= AI(OH)~ ,5 e- 

-- 23 

[XXXIII] 

[xxxIv]  

- 23 [ x x x v ]  

AI(OH)2 Jr AI(OH)8 "5 O H -  

= A120~ �9 3H20 "5 e -  

- -  14 [xxxvI ]  

0 [XXXVII]  

0 [XXXVIII ]  
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A1202 �9 3H~O + 2 O H -  

= A12Oz �9 3HsO + H=O + 2e -  
9 [XXXIX]  

A1202 �9 3HsO + 3 O H -  

= 2 A l ( O H ) 4 -  q- H + + 2e -  
16 [XL] 

AI(OH)= + 2 O H -  

= AI(0H)4- + e- 

18 [XLI] 

Reactions [ X X X ] - [ X X X I I I ]  in which divalent  alu-  
minum is oxidized to hexahydra ted  a luminum ion 
have  negat ive values of AV/n l a rger  than those ob- 
ta ined f rom the low potent ial  A1 (GB 420) data. By 
themselves they could not expla in  the exper imenta l  
results unless another  react ion with a more  posit ive 
AV/n were  occurring simultaneously.  

Such a react ion could be any or several  of the 
others a l ready discussed. The most probable  are [XI], 
[XVII],  or [XIX] in which metal l ic  a luminum is oxi-  
dized to a t r iva lent  solid phase or solution phase spe- 
cies. However  the other  oxidat ion reactions cannot be 
eliminated.  It would also be possible to rationalize the 
other  a luminum alloy results in terms of combina-  
tions of the reactions cited. However  no rat ionalizat ion 
of the large posit ive AV'-'-/n values for pure a luminum 
would be possible from the above react ion schemes. 

Aluminum oxide is known to form a negat ive ly  
charged colloidal sol and it has been suggested (40) 
that  this is of the form [A12Oa �9 x H20] A102- ! Na +. 
No data are available, and it is difficult to est imate 
the part ial  molal  volume of such a species. If  a s t ruc-  
ture for Al2Oz �9 3H=O of the form suggested by Dorsey 
(39) is accepted, a crude est imate of 100-120 cmS/mol 
can be made. This is based on values for singly 
charged subst i tuted benzene rings, for which V ~ values 
of about 75-85 cm3/mol /phenyl  group have been ob- 
tained (33) and on an est imated value of 7 ~ for A102- 
of about 30 cm~/mole. Such a value  could give an 
order  of magni tude  for AV/n consistent wi th  the 
exper imenta l  results for A1 (GB 80S) if oxidation from 
a divalent  state took place. However  the AV/n values 
calculated would still be too small  to expla in  the re-  
sults for pure aluminum. 

There remain  two other  possibilities which wil l  be 
discussed here. First, if the hydrogen evolved is not 
adsorbed on the alumina surface in such a way as to 
dissolve in solution reversibly,  and therefore  forms 
gas phase hydrogen, a ve ry  large posit ive AV contr i-  
but ion would  appear. Second, if a porous a lumina layer  
is formed by depolymerizat ion according to the model  
of Dorsey (39), there  would  be larger  posit ive AV 
values than those calculated. Unfor tuna te ly  since the 
model  does not include a detailed geometry  for porous 
layer  formation, it is impossible at present  to est imate 
values of AV without  enter ing even  more  deeply into 
an area of ex t reme speculation. 

Measurements  of the hydrogen electrode potential,  
in solutions of 0.5M NaC1, in which an excess of 
A1 (GB 80S) was permi t ted  to corrode for several  days, 
were  much less reproducible  than in Mg(OH)~ satu-  
ra ted solutions. 

The  reactions considered and the calculated AV 
values at 1 a tm are 

AV 
AI (OH)s  = AI +++ + 3 O H -  

--90.3 
3H + + 3 O H -  = 3H20 

+ 70.2 
3/2Hz(aq)  ---- 3H + + 3e 

--22.5 

AI(OH)~ + 3/2H2(aq) : A1 + + + + 3H20 + 3 e -  
--42.6 

The calculated value of aV/n  = --14.2 is in agreement  
wi th  the exper imenta l  value of --20 --+_ 6 cm3/equiva - 
lent. However  the strong dependence on pressure and 
large exper imenta l  uncer ta in ty  suggest that  i r re -  
versible processes are occurr ing and /o r  there  may be 
other  reactions exer t ing  some control on electrode po- 
tential. 

I f  the first react ion considered above were  

Al~O3 �9 3H~O -- 2A1 + + + q- 6 O H -  

the calculated aV/n  for the over -a l l  react ion would  
be +7.0 cm3/equivalent ,  in close agreement  with the 
observed high pressure values of + 7.4 _ 4. Hence there  
could be a change from one mechanism to another  as 
pressure is increased. Other  reactions could also be 
considered, but  the compara t ive ly  imprecise exper i -  
menta l  results for this system do not war ran t  a high 
enough degree of confidence to lead to definite conclu- 
sions wi thout  fur ther  evidence. 

The a luminum results cannot be definit ively ex-  
plained by the present  data. There are many  reactions 
which may be s imultaneously occurring to cause this 
state of affairs, some of which may be irreversible.  
However  the simplest  and most l ikely model  which 
emerges, consistent wi th  the cited facts may  be the 
following. 

For A1 (GB 420) there  are at least two oxidizing re-  
actions occurring: one in which surface alumina con- 
taining divalent  a luminum is oxidized to hexahydra ted  
a luminum ions (possible reactions [ X X X ] - [ X X X I I I ] ) ;  
a second in which metal l ic  a luminum is oxidized to a 
surface oxide or hydroxide  by reaction with hydroxyl  
ions (possible reactions [XVII],  [XVIII] ,  [XIX],  
[XXVI],  [XXVII] )  ; the second react ion might  instead 
involve formation of colloidal or porous alumina. 

At atmospheric or low pressures, the second re-  
act ion(s)  occurs preferent ia l ly  along cracks or pores 
in the oxide layer. If  the cracks heal or are sealed by 
the application of pressure, the second react ion is 
blocked or inhibited and the first becomes favored 
giving large negat ive AV values. These mechanisms 
appear to be consistent wi th  conclusions based on 018 
tracer  techniques (43) if the s tructure proposed by 
Dorsey (38) and substant iated by electron micrographs 
(44) is accepted. 

For  A1 (GB 80'S), the first reaction does not ap- 
parent ly  occur, which suggests that  the pores do not 
seal. A single oxidation react ion might  control the 
electrode potential  if d ivalent  a luminum is formed 
revers ibly  by reactions [XXVI] or [XXVII] ;  this 
seems unlikely. Reactions [ X X X I X ] - [ X L I ]  are also 
possible but are not expected to be energet ical ly  
probable except  on a surface without  pokes. This 
means that  it is also necessary to consider  two simul-  
taneous oxidation reactions controll ing this alloy's po- 
tential. If  one react ion is the large posit ive AV process 
invdlving formation of porous or colloidal a lumina or 
gaseous hydrogen, it is impossible to state definitely 
which of the o ther  28 reactions, having values of  
aV/n  less than 14, is the second, a l though some can be 
e l iminated on various grounds. 

For  pure aluminum, the same unknown react ion(s)  
as f o r / t l  (GB 80S) are possible al though a large posi- 
t ive ~V process of porous alumina format ion or gase- 
ous hydrogen evolut ion appears to be potential  con- 
trolling. The la t ter  process would  not l ikely be re-  
versible. 

Conclusion 
Practica~ signil~cance.--Pressures much in excess of 

1 kbar  would not be encountered even at the greatest  
ocean depths. Hence the present  work  demonstrates  
that  pressure effects on the electrodes themselves  
would  cause only small  changes in most seawater  bat-  
tery  voltages. 

The elucidation of the electrode mechanisms in- 
volved using the present technique should be of some 
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value in  choosing the appropriate alloy for a part icular  
application and in  unders tanding the criteria for such 
a choice. For example AZ 61 is a superior alloy where  
sludging in  a s tagnant  electrolyte cannot be tolerated 
because of the formation of a surface oxide, or in  
cases where a reduction of corrosion rate during open- 
circuit periods is essential, as is the case of the per-  
sonal beacon battery. For a high rate, high voltage, 
short life application, where circulation of electrolyte 
is maintained,  as in a torpedo battery, AP 65 would be 
preferred but  greater  interelectrode spacing would be 
beneficial. 

The reduction of open-circui t  emf at high pressures 
would have to be considered for batteries employing 
a luminum GB 420 for very  deep ocean applications. 
The increase in open-circuit  emf for pure a luminum 
is of l i t t le practical benefit in  a ba t te ry  because of ex-  
cessive polarization. However an A1 (GB 8{)S) anode 
coupled with a silver chloride cathode would give a 
stable voltage independent  of depth with only a small  
increase of OCV with pressure and a low corrosion 
rate. 

Summary 
Reference electrodes, for use at high pressures in 

chloride or hydrogen containing solutions, were tested 
in various chloride media, both acidified and buffered. 
The electrodes were silver chloride, and platinized 
p la t inum in hydrogen saturated electrolyte. The re- 
sults in  unbuffered solutions indicated that the very 
small ( ~ 1 mV over the 2.5 kbar  range) pressure de- 
pendence of the AgC1 electrode could be quant i ta t ively  
a t t r ibuted to variat ion of chloride ion activity with 
pressure. The larger variat ion of the hydrogen elec- 
trodes were caused by the dependence of hydrogen 
fugacity on pressure and could be accurately esti- 
mated. 

The reference electrodes were applied to the study 
of various buffer equil ibria  at pressures from 0 to 2.5 
kbar. Part ial  volumes of reaction obtained were l inear  
in pressure to a good approximation. However, there 
was a slight but  definite quadratic dependence which 
was only detectable due to the high precision of the 
measurements.  The volumes are compared with each 
other and those obtained by other methods and are 
interpreted qual i tat ively in  terms of their effect on the 
solvent structure.  

The open-circui t  potentials of two magnes ium alloy 
anodes (AZ 61 and AP 65) and three a luminum anodes 
(99.999% Al, GB 4204 and GB 80S 4) were measured 
relative to AgC1, using hydrogen electrodes to monitor  
hydrogen evolution. Experiments  were done in phos- 
phate and borate buffered sodium chloride solutions, 
and in  0.hM NaC1, buffered only by the solubil i ty 
equi l ibr ium of the appropriate metal  hydroxide. The 
part ial  molal volumes derived for unbuffered (self- 
buffered) systems were negative for the magnesium 
alloys (--10 to --20 cmJ/mol) and were not strongly 
dependent  on pressure. They were positive and 
strongly dependent  on pressure for the pure a luminum 
(60-0 cmJ/mol).  One of the A1 alloys (GB 80S-- 
0.5% Sn, 0.05% Ga) had a positive ~V over most of 
the pressure range (30 to --5 cmJ/moI).  The other 
alloy (GB 420--5% Zn, 0.2% Sn) exhibited two stable 
potentials at certain pressures. The higher (more 
negative) potential  was easier to reproduce at lower 
pressures, whereas the lower potential  often appeared 
by a ra ther  sudden transi t ion following increase of 
pressure. It  usual ly remained at the lower values, 
re turn ing  with some hysteresis upon decompression. 

The AV values, associated with the low potentials, 
were large and negative and more dependent  on pres-  
sure than the near  zero ~V values of the high potential  
region. 

The signs and orders of magni tude  of hV were simi- 
lar  in both the buffered and unbuffered solutions. 
However, reproducibil i ty was poorer in  the former, 

Alean  designation. 

possibly as a consequence of adsorption, ion pair ing or 
precipitat ion caused by phosphate or borate reaction 
with the metal  ion at the electrode surface. 

Of the two magnesium anodes investigated, the data 
indicated that Mg (AZ 61) reacted to produce predomi- 
nant ly  a surface oxide, with some hydroxide forma- 
t ion possible, at atmospheric pressure. The Mg (AP 65) 
produced predominant ly  hexahydrated magnesium 
ions and some surface hydroxide. At higher pressures 
the reactions shifted toward more hydroxide and pos- 
sibly ion formation for Mg (AZ 61) and less hydroxide 
and more ion formation for Mg(A.P 65). 

All a luminum anode potentials also appeared to be 
controlled by more than one oxidation mechanism. For 
A1 (GB 428), metall ic a luminum appeared to be oxi- 
dized to a surface oxide by reaction with hydroxyl  
ions along pores or cracks in the oxide layer  at atmo- 
spheric pressure. At higher pressures or as the pores 
healed, the contr ibut ion of a reaction involving oxi- 
dation of divalent  a luminum oxide to hexahydrated 
a luminum ions, increased in importance. 

For A1 (GB 80S) and for pure a luminum the in ter-  
pretat ion of the data was more equivocal. The forma- 
tion of porous or colloidal a lumina combined with 
some other oxidation reaction was indicated if the 
potential  controlling processes are reversible. Other- 
wise the formation of gaseous hydrogen or some other 
irreversible process controls the potential, rendering 
the present analysis inval id in such a case. 

Manuscript  received Dec. 13, 1973. This was Paper  42 
presented at the Boston, Massachusetts, Meeting of the 
Society, Oct. 7-11, 1973. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs o] this article have been as- 
sisted by Defence Research Establ ishment  Ottawa. 
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ABSTRACT 

Calculat ions of the l iquidus t empera tu res  of addi t ive  t e r n a r y  mol ten  salt  
systems are  carr ied  out  from the conformal  ionic solut ion theory  (up to second 
order  t e rms) .  The comparison be tween  measured  and calcula ted phase  d ia-  
grams is made  for five systems [ (L i ,Na ,K)F ;  (Li ,Na,Cs)F;  (Na,K,Cs)NO~; 
(Li,K,T1)NO~; and Na(F ,CI , I ) ]  chosen according to different  types  of l iquidus  
and different  values of the b ina ry  in teract ion coefficients. Fo r  most  cases, and 
in par t i cu la r  when  solid solutions are  not  repor ted,  the  agreement  be tween  
measurements  and  calculat ions is found to be very  good. In  the  search for low 
mel t ing e lect rolytes  for e lect rochemical  applications,  these equations should 
prove useful  in predic t ing  the  range  of composit ions where  low l iquidus  tern- 
pera tu res  a re  most  l ikely .  

The thermodynamic study of mul t i component  mol ten  
sal t  systems has been focused l a rge ly  on expe r imen ta l  
measurements .  However ,  since measurements  a re  gen-  
e ra l ly  expens ive  and t ime consuming, i t  is of in teres t  
to be able to predict  t he rmodynamic  proper t ies  of 
mul t icomponent  systems from known theories by  using 
avai lab le  da ta  for lower  o rde r  systems. If  this  can be 
achieved wi th  a sa t is factory  degree of accuracy,  gen-  
e ra l  proper t ies  of mul t icomponent  systems, unmea-  
sured  or inaccessible to convent ional  measurements ,  
a re  then  a pr ior i  calculable.  As mul t icomponent  mol ten  
salt  systems appear  to be impor tan t  as low mel t ing  
s table  e lect rolytes  in many  electrochemical  appl ica-  
tions, calculat ions such as ours should u l t ima te ly  prove  
useful  in choosing low mel t ing  mix tu res  for  pa r t i cu la r  
applications.  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 Present address: Argonne N a t i o n a l  L a b o r a t o r y ,  A r g o n n e ,  I l l ino i s  

60439. 
Key w o r d s :  c o n f o r m a l  ion ic  so lu t i on  t h e o r y ,  m u l t i e o m p o n e n t  sys- 

tems, liquidus temperatures, thermodynamic properties, fused salts. 

Recently,  the conformal  ionic solut ion (CIS) theory  
(1) has been successful ly used to calculate  the  l iq-  
uidus t empera tu res  (2, 3) and  the l iqu id - l iqu id  misci-  
b i l i ty  gaps (4) for t e r n a r y  reciprocal  mol ten  salt  
systems uti l izing the rmodynamic  da ta  for the four pure  
salts and the four  const i tuent  binaries.  

In  this paper,  we shall  focus on another  class of 
t e rna ry  mol ten  salt  systems, the addi t ive  t e rna ry  
systems for which few theore t ica l  invest igat ions (5) 
have been  published.  Our ma in  purpose  is to apply  
the conformal  ionic solut ion theory  to the addi t ive  
t e rna ry  systems and compare  calcula ted and exper i -  
menta l  data. 

First ,  we shall  der ive  by  a s ta t is t ical  mechanica l  
t r ea tmen t  a set of equat ions re la t ing  the  t h e r m o d y -  
namic proper t ies  of t e rna ry  mix tures  to those of the 
three  pure  salts and the three  const i tuent  binar ies ;  the  
equations were  de r ived  up to second-order  terms.  Sec- 
ond, the l iquidus t empera tu res  are  then c a l c u l a ~ d  for 
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the five systems: (Li ,Na,K)F; (Li,Na,Cs)F; (Na,K, 
Cs)NO3; (Li,K,T1)NO3; and Na(F,CI,I)  for which 
published measurements  are available. These calcu- 
lations for the te rnary  systems were made uti l izing 
only l iquidus phase diagram data from the three bi -  
na ry  subsystems. Although simplifications in  the calcu- 
lations are used, these simplifications do not greatly 
influence our results. 

Finally,  a comparison between the exper imental  
and calculated phase diagrams is carried out with re-  
gard to the different types and strengths of interac-  
tions of the consti tuent binaries. For all the cases, the 
agreement  is good. The second-order  equations appear 
to be accurate enough to be used for predicting the 
general  topological behavior  of such systems and for 
de termining  the compositions of low mel t ing eutectics. 

Conformal ionic Solution Theory~Extension to 
Ternary Additive Salt Solutions 

T e r n a r y  additive mol ten salt systems are those con- 
ta in ing three different anions (or cations) and one 
common cation (or anion) .  In  this paper, we shall deal 
with the (A+,B+,C + ) x -  te rnary  mixture  composed of 
un i -un iva l en t  salts AX (component  1), BX (component 
2), and CX (component 3). It should be pointed out 
that  the calculations are strictly the same for the 
A + ( X - , Y - , Z  - )  t e rnary  mixture  composed of the 
AX, AY, and AZ salts; the calculations can also be 
easily extended to other additive systems containing 
mixtures  of salts of mul t iva len t  charges (6) and to 
solutions containing more than three different anions 
(or cations) but  one common cation (or anion) .  Fol-  
lowing the per turbat ion  method of Reiss et al. (7), 
we shall define for each salt i, a size parameter  di 
(equal to the characteristic sum of the cation and anion 
radii) and a dimensionless parameter  

do 
gi -- 

di 

w h e r e  do is the size parameter  for a "test" salt AoX, 
having, in this case, X -  as an anion. 

In  order to calculate the thermodynamic  functions 
for a mix ture  consisting of nA moles of A +, nB moles 
of B +, nc  moles of C +, and n : (hA + n B  + nc) moles 
of X - ,  four separate per turbat ion  calculations mus t  be 
carried out. At first, in three separate samples, the 
components are convenient ly  produced: the size of the 
cations of the "test" salt varies so that do is changed 
to di (i = 1, 2, 3). Finally,  the te rnary  mix ture  is ob- 
tained by al lowing a fraction, XA, of the cations of the 
"test" salt to vary so that  do is changed to d l ,  a frac- 
t ion XB to vary  so that  do is changed to d2 and a frac- 
t ion (xc = 1 -- xB --  XA) to vary so that do is changed 
to d~. The fractions xi are the ionic fractions 

~A ~ A X  
�9 ,~'A "-" = '  

nA + n B  -t- nc n 

'n,B R B X  
X B ' - -  ~ , , ,  

nA -~- nB -~- nc n 

~IC n C X  
Xc = = [1] 

nA -I- nB Jr- nC n 

w h e r e  nAx, nBX, and ncx are the number  of moles of 
the subscript components. 

The per turbat ions and their  effect on the potential  
energy, U, the configurational integral,  Z, and the 
Helmholtz free energy, A, can be summarized in  the 
following scheme 

(i) do-~ d, 
(ii) do --> d2 
(iii) do--> d3 
(iv) xAdo ~ dl 

X B d o  "~  d 2  

xcdo --> d3 

Uo "-> U1 Zo ~ Z1 Ao ~ A1 
Uo ~ U2 Zo -> Z2 Ao ~ A2 
Uo --> Us Zo "-> Z3 Ao ~ A3 

Uo "-> Um Zo ~ Zm Ao "-> Am 
[2] 

According to the definition of the conformal ionic solu- 
t ion (7), the potential  energy Ui for a salt i in  a par-  
t icular  configuration is expressed by 

c a c a 

+ ~ u ~ ,  + u~ ,  [3] 

a < a '  c < c '  

where c and a refer to a cation and an anion, respec- 
tively. The configurational integral,  Zi, is expressed by 

l y f e x p ( _ U i / k T ) ( d ~ ) 2  a [4] 
Z ~ _  (n!)------Y " ' "  

and the Helmholtz free energy Al by 

Ai : - -kT In Zi [5] 

Similarly, for the mix ture  (A +, B +, C + ) X  - 

Um= .-t  gffca(glr) + geiCa(ger) 
c a c a 

c a c a 
n n n 

+2 2 +2 2 
a < a'  c < c" 

1 r C 
_ j . . .  ) e x p  ( -  [7] 

nA!nB!nc!n! 
and 

Am : - -kT in  Zm [8] 

One mole of the te rnary  solution can be considered 
as consisting of x ,  mole of AX, XB mole of BX, and xc 
mole of CX; then the excess Helmholtz free energy of 
mixing  is expressed by 

A A m  xs  : A m  - -  X A A 1  - -  X B A 2  - -  xcA3 

-- R T ( x A I n x n  + xs InXB + XC In xc) [9] 

In  order to calculate AAm xs, the functions Ai and Am 
are expanded about  the values of the "test" salt up to 
the second order as follows 

Ai ( O lnZi  ) 
-- ~ : In Zi -- in Zo + (gi -- i) 

kT 0gi (gi=l) 
1 ( 021nZi ) 

+ T  ( g i -  1) 2 . + . . . . .  [10] 
0 g i  2 ( g i = l )  

8 

A m - - l n Z m - - l n Z o -  b ~ ( g i - - 1 ) (  OlnZm 
kT i=l c~gi (g=l) 

S 3 

+ ,/zZ Z ( . , -  
i = l  j = l  

-- -- ( c ~ 2 1 n g m  ~ -~- . . . .  [ 1 1 ]  

where Zo refers to the configurational integral  of the 
"test" salt and the symbol g = 1 designates the l imit  
as gl, g2, and g~ approach unity.  The calculations are 
identical to those given by Blander  (8) for the b inary  
systems; by keeping the same notation, the results for 
the excess Helmholtz free energy of mixing  lead to the 
following second-order  equat ion 

AAm xs = AA12 zs -]- AAIB xs -~ AA23 xs [12] 
where 

AA12 xs : r (T, V) (gl -- g2) 2 XAXB 

AA,3zs : r ( T ,  V) (g, - -  gD2xAxc 

AA2~ xs = r (T ,  V) (g2 -- g3)2 XBXC [13] 
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r ( T ,  V )  is a combinat ion of integrals depending only 
on the properties of the "test" salt and is a constant  
quant i ty  for b inary  ionic conformal mixtures  having 
X -  as a common anion. It should be noted that the 
terms of the first-order development  cancel exactly as 
for b inary  mixtures. 

The difference between the Helmholtz free energy A 
and the Gibbs free energy G can be considered as 
negligible in the second-order theory; then, the ex- 
pression for the total excess free energy of mixing, 
AGm xs, of the te rnary  mixture  is deduced from Eq. [12] 

AGm zs = AGI2 ~s -~- AG13 xs -~- ACrza xs [14] 

In order to be self-consistent we shall include only 
second-order terms so that 

AGI2 xs = ~I2XA;~B 

AG13xs = XlSXAXC e tc .  [15] 

?,lj being an energy coefficient which can be determined 
exper imenta l ly  in the case of common ion systems. For 
one mole of te rnary  solution, the excess free energy of 
mixing  is then  expressed by 

AGm xs = XAXB~,12 "~ XAXC~-13 "~- XBXc~.23 [16] 

Assuming that  the te rnary  mix ture  is regular  and 
the heat of mixing of each of the consti tuent binaries 
is a symmetrical  parabolic function of composition, 
Lumsden  (9) has previously suggested that  the heat of 
mixing of the te rnary  solution may be represented by 
the equation 

AHm : XAXB~.12 -~- XAXC~,13 -~ XBXC*A23 [16a] 

The right hand  side of this equation is identical to 
Eq. [16]. Lumsden applied Eq. [16a] to calculate the 
excess free energy for silver chloride in the LiC1-KC1 
eutectic melt;  the agreement  between his calculation 
and the exper imental  results is wi thin  the limits of the 
error in estimating the coefficients, ~ij. 

Finally,  it should be pointed out that the higher 
order terms in Eq. [10]-[11] do not cancel. Blander  and 
Hagemark (10) using the quasi-chemical  theory gave 
a higher order equat ion for the excess free energy of 
mixing for t e rnary  mixtures,  taking into account terms 
which correspond to some of the th i rd-order  terms of 
the CIS. Because of l imitat ions in the quasi-chemical 
theory, all the th i rd-order  terms cannot be obtained. 
In  any case, these terms appear to be small in the sys- 
tems we studied; using the equation of Blander  and 
Hagemark (10), we have numerical ly  estimated the 
th i rd-order  terms for our systems and in the most 
extreme cases, the correction was negligibly small. 

Calculations of Ternary Phase Diagrams--Discussion 
Method  o] c a l c u l a t i o n . ~ T h e  activity coefficient, 'Yij, 

of any component  can be calculated from Eq. [16] with 
the aid of the following relat ion 

0 ( n A G m  zs) 0 ( n A G m  zs) 
RT In  ~'ij = - - -  [17] 

Onij ~ni 

the number  of moles nij of any component being, in  
this case, equal to the number  of moles of the cations, 
hi. For example, for the AX compoent, one obtains 

R T  In vax : xs (1 -- XA)~,12 + xc (1 - -  XA) ~'13 - -  XBXc~-23 
[18] 

Similar equations can be derived for the other com- 
ponents by changes in the subscripts in Eq. [18] as 
follows 

f o r B X c h a n g e A - - > B  B o A  1 - - > 2 a n d 2 - ~  1 
f o r C X c h a n g e A - - > C  C - ~ A  1 - > 3 a n d 3 - ~  1 

The te rnary  l iquidus temperatures  may be calculated 
from expressions as (1 1) 

R In ai : R In "~lXA = --AHf T Tt [19] 

where the enthalpy of fusion AHf has been assumed to 
be temperature  independent ;  this assumption does not 
have any significant effect on our conclusions. 

Indeed, if one takes into consideration the variat ion 
of the heat of fusion AH~ with the temperature,  AH~ is 
then expressed by 

AHf(T) = AHf(Tf) -- ACpdT 

where hHf (T) and hHf (Tf) are the enthalpies of fusion 
at T and Tf, respectively, and ACp = Cp(liq) -- Cp(s). 
If aCp is expressed by 

aCp = ha + T a b  + T - 2 A C  
one obtains 

( 1 , )  
R in  al : --AHf(Tf) T T~ 

(Tf in Tf) Ab (Tf ~ 2Tf-i-T) 
+Aa -VI- "7- +-7- 

h c (  1 1) 2 
Jr- ~ T Tf  [19a]  

The terms containing the correction for the variat ion 
of • with the temperature  have a very small con- 
tribution, in the range of temperatures  considered in  
this paper. For example, for AT = Tf -- T = 540 ~ 
which corresponds to the case of NaF, the error  in  al 
would be about 4.6%. However, Eq. [19] will also be 
used to obtain the coefficients ~ij from b inary  phase 
diagrams. This self-consistent procedure considerably 
reduces the uncertaint ies  inheren t  in  the use of Eq. 
[19] (rather than Eq. [19a]) for the calculation of the 
te rnary  l iquidus temperatures.  

Table I lists the values of AHf and Tf used; the 
values of the mel t ing points of the pure salts Tf are 
those given in the published phase diagrams, our 
main  purpose being the comparison of calculated and 
measured te rnary  l iquidus temperatures.  

Values of the ~ij coefficients are calculated from 
known binary  phase diagrams in  a m a n n e r  described 
previously (1,2). Combining Eq. [19] with the follow- 
ing simplified relations 

R T  In 7i : >.ijxj 2 and RT ln-/j  : kij (1 -- Xj) ~ [20] 

one obtains 

T(eutectic)  : [ki~(1 -- xj) 2 + AHf,i]/ 

[ (AHf,j/Tf.j)  -- R in  x~] 

= [~ijxj 2 + AHf,~]/ 

[(AHf.i /Tf ,  i) -- R In (1 -- xj)] [21] 

Table I. Values of enthalpies of fusion and melting points used 
in calculations 

AHt(a,b) T(e) 
Salt (kcal mole-D (~ 

LiF 6.47 1119, 1117 
LiNO3 6.12 528, 530 
NaF 8.03 1263 
NaCI 6.69 1073 
NaI 5.64 943 
NaNO~ 3.49 581 
KF 6.75 1129 
KNOs 2,80 610 
RbF 6.15 1053 
CsF 5.19 958 
CsNOs 3.37 680 
T1NOs 2.29 479 

, A. S. Dworkin and M. A. Bredig, J. Phys. Chem., 64, 269 (1960) ; 
ibid., 67, 697 (1963). 

b M. Blander, in "Molten Salt Chemistry," p. 127, Interscience 
Publishers, New York, (1964). 

e The melting points are taken from the phase diagrams for which 
calculations are made. They are usually consistent with works cited 
in footnotes (a) and (b). In the case of the lithium fluoride melting 
point, we used the two slightly different values measured. 
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Table |1. Cult,  luted and experimenta| va|ues of the interaction coefficients ~.~j and the eutecfic compos}tions (XAX) for binary systems 

A X - B X  C a l c u l a t e d  E x p e r i m e n t a l  
o r  4 hHmo.5  

AX-AY Xt J (cal mole-D xAx Xl (cal mole -1) xAx (cal mole -1) T (eut) * 

LiF-NaF -- 1293 0.603 -- 1300 a 0.610 -- 1930 b 923 

-- 1207 0.605 925 
L i F - K F  - -  4 2 1 3  0 . 5 0 9  - -  3 0 0 0  a 0 . 5 0 0  - -  4 6 4 7  b 765  
LiF-CsF - 3051 0.480 - 3000 a 0.525 -- 3860 b (720) 
L i N O s - N a N O s  - -  1 2 9  0 . 4 9 7  - -  5 4 0  a 0 . 5 4 0  --  4 7 0  c 4 6 9  
LiNOs-CsNO3 -- 2650 0.506 -- 0.570 -- 3000 c (423) 
I A N O s - T I N O s  - -  6 9 3  0 . 2 8 9  - -  1 1 5 0  a 0 . 2 9 5  - - 8 8 5  c 4 0 5  
LiNOs-KNOa -- 2884 0.436 - 2300 a 0.5780 -- 1009 b 393 

N a F - N a C l  5 4  0 . 3 4 1  0 a 0 . 3 4 0  - -  9 4 8  
N a F - N a I  3 7 0  0 . 2 1 3  700  a 0 . 1 9 0  - -  8 7 6  
N a F - K F  3 3 7  0 . 3 7 6  2 5 0  a 0 . 4 0 0  - -  90  b 9 8 3  
N a F - C s F  7 6 6  0 . 1 9 9  0 a 0 . 2 2 0  891  
N a C 1 - N a I  8 5 3  0 . 6 6 0  7 0 0  a 0 . 6 2 4  ~ 5  d 8 4 3  
N a N O ~ - K N O 3  1 0 4  0 . 4 9 5  - -  0 . 5 0 0  - -  4 4 2  (475 )  
NaNOs-CsNOa -- 1306 0.557 -- 0.530 -- 1258 e 451 
KNO3-CsNOa -- 140 0.592 -- 0.590 -- 133 e 493 
K I N O a - T l l ~ O s  8 0 6  0 . 2 2 6  - -  0 . 2 7 0  4 3 9 e  (435 )  

�9 j. L u m s d e n ,  " T h e r m o d y n a m i c s  o f  Molten Salt Mixtures," A c a d e m i c  P r e s s ,  N e w  Y o r k  (1936 )  ; G. J. Janz, "Molten Salts Handbook," Aca- 
demic Press, New York (1067). 

bJ. L. Holm and O. J. Kleppa. J. Chem. Phys, 49, 2425 ( 1 9 6 8 ) .  
e M. Blander, in "Molten S a l t  C h e m i s t r y , "  I _ a t e r s c i e n c e  P u b l i s h e r s ,  N e w  Y o r k  ( 1 9 6 4 ) .  
d M. E. M e l n i c h a k  a n d  O. J. Kleppa, J. Chem. Phys., 57, 5231 (1972). 
�9 T h e  e u t e c t i c  t e m p e r a t u r e s  a r e  t a k e n  from phase diagrams f o r  w h i c h  t h e  c a l c u l a t i o n s  a r e  made. Parentheses i n d i c a t e  e x t r a p o l a t e d  values 

f o r  t h e  b i n a r i e s  w h e r e  s o l i d  s o l u t i o n s  o r  s o m e  i n t e r m e d i a t e  c o m p o u n d s  a r e  r e p o r t e d ,  

From the eutectic t empera ture  and from Eq. (21), 
unique values for the energy  coefficient ~ij and the 
eutectic composition xj may  then be numerical ly  calcu- 
lated. 

This procedure applies for simple binary systems 
where  nei ther  solid solutions nor b inary  compounds 
are reported. The calculated values obtained for ~lj 
and xj are given in Table II and are in reasonable 
agreement  with the exper imenta l  values wi th in  ex-  
per imental  uncertainties.  Our procedure  constrains our 
calculations so as to include the b inary  eutectic point  
in the calculated phase diagram. 

When solid solutions or binary compounds are 
known to exist, Eq. [20] and [21] if  applied, would 
lead to higher  values of ~ij. In this case, we est imate a 
eutectic which would occur in the absence of solid 
solutions or binary compounds such that  the calculated 
values of ),ij are then  consistent wi th  available calori-  
metr ic  or emf  data (Table II) .  This procedure leads to 
a bet ter  representa t ion of the thermodynamic  prop-  
erties at most compositions not close to the b inary  in 
question. 

Comparison of Measured and Calculated Ternary 
Liquidus Temperatures 

Exper imenta l  data for some te rnary  addit ive mol ten  
salt systems are avai lable (10). The phase diagram is 
plotted in an equi la tera l  t r iangle;  each composition of 
the solution fixed by a point is defined by the corre-  
sponding t r iangular  coordinates. 

In order  to adopt a uniform method to represent  the 
calculated phase diagrams, the isotherms are d rawn in 

each phase field for intervals  of 50~ For  consistency, 
the binary data (i.e., the eutectic tempera tures)  we 
use in the present calculations are those given by the 
same workers  who made the t e rnary  measurements ,  
ra ther  than values given in more  recent  work;  for 
some binary systems included in more  than one 
te rnary  phase diagram and measured by different au-  
thors, there  are some discrepancies in the eutectic 
temperatures ;  in these cases, we use the value of T(eu-  
tectic) given in the corresponding ternary.  

For the present  purpose of comparing measured 
values wi th  those calculated from lower order  systems 
using the above equations, five systems have  been 
examined;  four  of these are systems composed of 
salts containing a common anion and are characterized 
by re la t ive ly  large negat ive binary interact ion co- 
efficients; the last is a system composed of salts con- 
taining a common cation and is characterized by small 
posit ive binary interact ion coefficients (~1  kcal 
m o l e - l ) .  

Figures 1-5 give both measured  and calculated phase 
diagrams for several  types of te rnary  addit ive sys- 
tems. The range of applicabil i ty of the theory  and the 
approximations used can then be discussed. 

For  the simplest  t e rnary  sys tems  (i.e., those in 
which the b inary  subsidiary solutions have  eutectics 
and a te rnary  eutectic is reported)  such as the 
(Li ,Na,K)F and Na(F,  CI,I) systems (11), the differ- 
ences be tween  the measured  and calculated phase dia- 
grams are small and reflect, in part, uncertaint ies  in 
the measured  phase diagram (Fig. 1 and 5). For  ex -  
ample, differences in the location and shape of some iso- 

oF 

KF 492~ L iF  
(856 ~ Mol. % (844") 

NaF 

0 0.20 0 .40 0.60 0.80 1.00 

KF LiF 

Fig. 1. Phase diagrams of the 
(Li, Na,K)F system, a (left), 
Measured [Ref. (11)]; b (right), 
calculated. 
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Fig. 2. Phase diagrams of the 
(Li,Na,Cs)F system, a (left), 
Measured [Ref. (12)]; b, (right), 
calculated. 

NaF 
(990 ~ ) 

o5o~ \ 

LiF 490 ~ 479" CsF 
(846 ~ LiF-CsF (494") (685 =) 

MoL% 

NoF 

0 0.20 0.40 0.60 0.80 1.00 

LiF Cs F 

Fig. 3. Phase diagrams of the 
(Na,K,Cs)NO~ system, a (left), 
Measured [Ref. (13)]; b (right), 
calculated. 

Fig. 4. Phase diagrams of the 
(LI,K,TI)NO3 system, a (left), 
Measured [Ref. (14)]; b (right), 
calculated. 
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therms (i.e., in Fig. 1, the 900 and 800 isotherms in  the 
phase field of NaF and 750 isotherm in  the phase field 
of KF, and in Fig. 5 the isotherms in the phase field 
of NaF) are wi th in  the exper imental  uncertaint ies  
and the limits of error in  calculating the interact ion 
coefficients. 

Two te rnary  invar iants  are reported in  the 
(IA,Na,Cs)F system (12) (Fig. 2a). For the b inary  
LiF-CsF where the compound LiF �9 CsF exists, we 
have estimated a single hypothetical eutectic tempera-  
ture  by extrapolat ion from the phase fields of the pure 
components LiF and CsF. From the hypothetical  eu-  
tectic tempera ture  (lower by 32 ~ than the experi -  
menta l  eutectic temperature)  and from Eq. [20] and 
[21], the calculated value of kij is in agreement  with 
both the measured calorimetric data and the value 

calculated using the dilute branches  of the b ina ry  l iq-  
uidus (Table II) .  The calculated phase diagram (Fig. 
2b) accurately reproduces the measured phase dia- 
gram except in the small area subtended by the phase 
field of the compound LiF �9 CsF. 

For te rnary  systems where solid solutions are known 
to exist as in the systems (Na,K, Cs)NO~ (13), 
(Li,K,T1)NO3 (14), the calculated phase diagrams 
(Fig. 3b and 4b) are in good agreement  with measure-  
ments  (Fig. 3a and 4a). The same approximative pro- 
cedure is used to calculate the interact ion coefficients 
?,u and the eutectic compositions xij for the binaries 
NaNO:3-KNO3, KNO3-T1NO3. The hypothetical  eutectic 
temperatures  are found to be about 20 ~ lower than  the 
lowest measured temperatures;  this procedure allows 
us to obtain a bet ter  fit be tween calculated and mea-  
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NaF 
(990 o) 

NaCI -2o 40 570 ~ 80 NoI  
~soo ~ MoI.% {67o ~ 

NoF 

0 0 .20  0 .40  0 .60  0 .80  1.00 

NoCI NoI  

Fig. 5. Phase diagrams of the 
Na(F,CI,I) system, a (left), 
Measured [Ref. (11)]; b (right), 
calculated. 

sured in terac t ion  coefficients (Table I I ) .  Al though  the 
genera l  topology is not affected by  these app rox ima -  
tions, some discrepancies  result .  

For  example ,  because the  hypothe t ica l  eutectic t em-  
pera tu res  used for the  b inar ies  NaNO3-KNO3 and 
KNOs-TINO3 is lower  than  the r epor ted  min imum 
tempera tures ,  the  phase fields of NaNO3 and T1NO3 
occupy a s l ight ly  smal le r  a rea  in Fig. 3b and 4b than  
in Fig. 3a and 4a, respect ively.  In  addit ion,  the  calcu-  
la ted  eutect ic  va l ley  separa t ing  the phase fields of the 
pure  components  has a curva ture  different  f rom the 
measurements ;  for example  in Fig. 3 and 4 compare  the  
curva ture  of the  eutect ic  va l ley  separa t ing  the  phase 
fields of CsNO3 and KNO3 and of KNO~ and T1NOz, 
respect ively.  Again, this difference resul ts  from the 
fact  that  solid solutions do form and are  not t aken  
into account in our  calculations.  

However ,  the correspondence be tween  measu re -  
ments  and calculat ions is good in the region of the  
phase d iagrams where  solid solutions do not form and 
where  Eq. [20]-[22] are  r igorous ly  applicable.  

I t  should be pointed out  that  the magn i tude  of the  
b ina ry  in terac t ion  coefficients does not  have a large  
effect on the appl icab i l i ty  of the calculations.  The cal -  
culated phase d iagrams are  consistent wi th  measu re -  
ments  in t e rna ry  systems which have  different  values 
of the  three  b ina ry  in terac t ion  coefficients. The ~.ij's 
a re  s t rong ly  negat ive  for  systems as (Li ,Na,K)F,  
(Li ,Na,Cs)F and posi t ive for the  sys tem Na (F,CI,I) .  

Final ly ,  the phase d iagrams of three  o ther  systems 
(15, 16, 11), (Li,Na,Cs)NO3, (Li ,Na,Rb)F,  and 
K(F ,  CI,I), were  also calculated.  We do not r epor t  
them here  since they  do not  have any special  signifi- 
cance. 

Conclusion 
The predic t ion  of  the  l iquidus  t empera tu re s  of t e r -  

na ry  systems from the phase d iagrams of the  sub-  
s id iary  binar ies  using the equations given in this paper  
is good. An  empir ica l  approx imat ion  m a y  be success- 
fu l ly  used for  s l ight ly  more  complex cases where  
solid solutions or in te rmedia te  compounds exist ;  the  
correspondence be tween  the calculat ions and the ex -  
per iments  can be improved  if solid solut ions or in-  
t e rmedia te  compounds are  t aken  into account. I t  mus t  
f inally be emphasized that  the resul ts  of this present  
s tudy  are  promis ing  since the predic t ion  a priori of 
t e r n a r y  l iquidus  t empera tu res  is possible wi thout  t e r -  
na ry  exper imen ta l  data;  modifications, such as inc lud-  
ing h igher  order  terms,  have  to be considered in o rder  
to s tudy  a b roader  range  of systems. 
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Surface-Catalyzed Anodes for Hydrazine Fuel Cells 
I. Preparation of the Substrate 
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ABSTRACT 

Surface-catalyzed anodes for the electrochemical oxidation of N~H4 were 
prepared by first codepositing a porous layer of Mond Ni powder with Ni on 
an electroformed Ni sheet substrate and then catalyzing by chemically pre-  
cipitating nickel boride into the porous Ni layer. The parameters associated 
with the codeposition step were studied for their  effect on (i) the s tructure 
and texture  of the resul tant  deposit, and (ii) the electrochemical performance 
of the subsequent ly  catalyzed electrode. Scanning electron micrographs were 
made after the Mond Ni was codeposited. The catalyzed electrodes were oper- 
ated at 2 k A / m  2 (200 mA/cm 2) and the anode vs. reference potential  was 
monitored. The most influential  parameters  was the total number  of coulombs 
used dur ing the codeposition process. When 1200 coulombs on 48 cm 2 were 
exceeded, the rough texture  of the Mond Ni was destroyed and the Ni2B 
catalyst was quickly shed dur ing the electrochemical test. 

Numerous catalysts have been examined for their  
activity toward the electrochemical oxidation of hy-  
drazine (1-3). The over-al l  anodic reaction is de- 
cribed by 

N2H4 4- 4OH-  -> N2~ -4- 4H20 4- 4e -  

The most widely used catalysts have included Ru 
metal  (3), Pd metal  (3-7), and the borides of Ni and 
Co (8-10). Open-circui t  potentials of about --1.10V 
referred to the Hg/HgO reference electrode) were 
achieved with the best catalysts. The best catalysts 
also gave anodes that  polarized less than 80 mV at the 
highest density of 1 kA/m2 (100 mA/cm2).  However, 
there have been few published data  on the per form-  
ance of hydrazine  anode catalysts operat ing at current  
densities greater than 1 kA/m2, nor  have there been 
many  data on the performance of surface catalyzed, 
nonporous substrates when used as hydrazine anodes 
(11). 

Early work at the laboratories showed that hydra-  
zinc anodes yielding 1.5 k A / m  2 at an /R-free potential  
of --0.95V could be prepared by using surface-cata-  
lyzed, nonporous substrates. These anodes were pre-  
pared by chemically depositing nickel boride (Ni2B) 
onto a nonporous substrate. However, because of the 
N2 gas evolution dur ing the anodic oxidation of hy-  
drazine, the Ni2B catalyst quickly shed from the sub-  
strate in all instances except one (12). This lat ter  
substrate was prepared by codepositing 1 Mond 255 Ni 
powder 2 (13) with electroplated Ni onto an electro- 
formed, scrobiculated Ni sheet. This paper describes 
the optimized preparat ion of this substrate. 

Experimental 
The steps involved in the preparat ion of surface 

catalyzed, nonporous electrodes for hydrazine fuel 
cells were: (i) electroform the Ni sheet; (ii) code- 
posit the Mond Ni powder with Ni; (iii) catalyze with 
Ni2B. 

Electro]ormation of the sheets.--Scrobiculated Ni 
sheets (0.05 m m  thick) were electroformed on a Cro 
plated stainless steel mandre l  from an 18 l i ter  Ni sul-  
famate/chlor ide  bath. The geometric area of the scro- 
biculated portiort was 48 cm 2. The nomina l  bath com- 
position and the operat ing conditions for the electro- 
forming process are listed in Table I, co lumn A. Two 
types of scrobiculated sheets were made. Initially,  a 
dimpled design was utilized; however, in the lat ter  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  ] ~ e m b e r .  
K e y  w o r d s :  n i c k e l - b o r i d e ,  h y d r a z i n e ,  c a t a ly s t ,  M o n d  Ni .  
1 T h e  t e r m  " c o d e p o s i t i o n "  r e f e r s  to a p roce s s  in  w h i c h  i n e r t  or  

c o n d u c t i v e  p o w d e r s  a r e  i n c l u d e d  in to  an  e l e c t r o d e p o s i t i n g  m e t a l .  
2 I n t e r n a t i o n a l  N i c k e l  C o m p a n y .  

stages of this work, a corrugated design was used to 
better  meet the engineer ing requirements  of the proj-  
ect. No differences resulted from this design change. 

Codeposition of the Mond powder.--The codeposi- 
t ion of Mond Ni powder with Ni was performed in  the 
three-piece plastic half-box cell shown in Fig. 1. The 
top section fitted inside the middle section which was 
bolted to the base to hold in position the electroformed 
Ni sheet. The steps in the codeposition process were: 

1. Separate the electroformed scrobiculated Ni sheet 
from the mandrel .  

2. Position the Ni sheet on the base and bolt the 
middle piece to the base forming the hal f -box cell. 

3. Add the 500 ml of sulfamate/chlor ide Ni plat ing 
solution mainta ined at 50~ 

4. Position the top section of the cell so that the 
counterelectrode (Ni anode) is located 62 m m  from 
the Ni sheet (cathode). This distance is fixed by the 
cell design. 

5. Position the st irrer  above the anode. 
6. Add 0.Sg of Mond powder, tu rn  on the stirrer, 

and apply current  to the cell for the appropriate t ime  
to codeposit the Mond Ni powder with the electrode- 
posited Ni on the scrobiculated portion of the Ni sheet 
(see Fig. 2). Turn  off the st irrer  after an appropriate 
time. 

The exact procedure in step 6 was varied so that the 
following codeposition parameters  could be studied: 
speed of the impeller  (1,000-10,000 rpm measured un-  
der no-load) ,  durat ion of st irr ing (0.5-10 min) ,  solu- 
t ion pH, plating time, cell voltage and current,  bath 
composition, and particle size of Mond powder. A 
high-stress Ni-pla t ing bath was also used in one ex- 

Table I. Nickel plating bath composition and plating conditions 

A B 
C o n c e n t r a t i o n  C o n c e n t r a t i o n  

( k g / m  3) (kg /m~)  

N i c k e l  s u l f a m a t e  300 
N i c k e l  c h l o r i d e  6 300 
B o r i c  a c i d  30 38 

p H  3.5-4 .2  3.4 
T e m p e r a t u r e  45 ~ • 5~  45 ~ ~ 5~  

A n t i  p i t t i n g  agen t*  ** 
C u r r e n t  d e n s i t y  500 A / m  -~ 500 A / m  2 
P l a t i n g  t i m e  ~ 1  h r  ~ 1  h r  

* S N A P ,  S u l f a m a t e  N i c k e l  A n t i  P i t t i n g  A g e n t ,  p r o p r i e t a r y  com-  
p o u n d  f r o m  B a r r e t t  C h e m i c a l  P r o d u c t s  D i v i s i o n  of A l l i e d  R e s e a r c h  
P r o d u c t s  I n c o r p o r a t e d .  

** Suf f i c i en t  to m a i n t a i n  a f i lm in  a 0 .076m d i a m e t e r  r i n g .  

1264 
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Fig. IA. The half-box cell showing various components. B. The half-box cell during the codeposition process 

Fig. 2. Dimpled surfaces of the electroformed sheet. A, Before the codepositien of Mend Ni powder; B, the Mend surfaces. Both are at 
1.4X magnification. 

per iment  to codeposit the Mond powder. The composi- 
tion of this bath is also given in Table I, column B 
(14). 

Duplicate  substrates were  made at each exper i -  
mental  condition. One substrate was chemical ly cata-  
lyzed with  Ni2B and was tested as an anode in a hy-  
drazine half-cell .  The other  substrate was cut to yield 
samples for use in the scanning electron microscope 
(SEM) ; cross section and top view samples were  taken 
for each substrate, both before and after chemical  
catalyzation. Consequently,  both microscopic and elec- 

t rochemical  data were  taken on substrates for every  
exper imenta l  condition of the codeposition process. 

Chemical catalyzation.--Approximately 3 m g / c m  2 of 
Ni2B catalyst was chemical ly deposited onto the sub-  
strate surface by thrice a l te rna te ly  dipping the sub- 
strate into a 5% nickel acetate solution and a 10% 
NaBH4 solution, just  long enough for the initial, v io-  
lent  reaction to subside. Excess solution was drained 
f rom the electrode before it was inserted into the 
other solution. The substrates were  positioned hori-  
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zontally in these solutions. The electrodes were tested 
immediate ly  after a final rinse. 

Electrochemical test procedure.--The catalyzed 
anodes (48 cm 2 active area) were operated in 5.7M 
(33%) KOH containing 1M (3.2%) N2H4 at a constant 
current  density of 2 k A / m  2 for about 2 hr  before the 
init ial  resistance-free polarization data were taken. 
The electrolyte tempera ture  was 31~176 the electro- 
lyte flow rate was about 16 times stoichiometric for a 
current  density of 2 k A / m  ~. Subsequent  polarization 
data were taken regular ly  and the anode was operated 
at 2 k A / m  2 between polarization runs. 

Results 
Scanning e~ectron micrographs.--As a frame of ref-  

erence, the SEM micrographs are displayed in Fig. 3 
for the two Mond Ni powders used in this study: Mond 
255 and Mond 128 .  These photos confirm the 
particle sizes to be approximately 3 and 8 ~m (13) for 
the 255 and 128 powders, respectively. 

The effect of varying the st irr ing impeller  speed 
from 1,000 to 10,000 rpm on the codeposition of Mond 
255 powder from the sulfamate/chlor ide Ni bath is 
seen in Fig. 4. The top row of micrographs is at 
10,000X magnification and the bottom row is at 5,000X. 
Figure  4 (A-D) correspond to 1,000, 4,000, 7,100, and 
10,000 rpm, respectively. As these micrographs show, 
there is l i t t le effect of s t i r r ing impel ler  speed on the 
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surface s t ructure  and texture  of these substrates. 
Hence, substrates were subsequent ly  prepared at 7100 
rpm. 

The effect of s t i rr ing t ime (0.5-10 min)  dur ing co- 
deposition demonstrated that  whereas there was no 
obvious difference in the surface texture as seen by 
the SEM, there was a difference in the s tructure as 
seen by the unaided eye. The st i rr ing t ime that gave 
reproducibly the most uni form substrate was 1 min. 
Consequently,  the preparat ion of substrates was s tan-  
dardized using an impeller  speed of 7100 rpm to stir 
the bath for only the first minu te  of the total 10 rain 
dur ing  which current  flowed. 

Although the SEM micrographs presented in Fig. 4 
represent  substrates prepared by codeposition from a 
bath at pH=4,  they also could represent  substrates 
codeposited from a bath of pH----2. No differences were 
evident in the surface texture, nor  in the subsequent  
electrochemical performance of catalyzed substrates. 
Consequently, the pH value of the codeposition bath 
was mainta ined in the range of 2.8-4. 

Variation in the length of the plat ing t ime (at 2A) 
produced str iking changes in the appearance of the 
substrate. These micrographs are displayed in Fig. 5 
where (A-E) represent  plat ing times of 30, 20, 10, 5, 
and 2 min, respectively (3600, 2400, 1200, 600, and 240 
coulombs).  It is evident  that  at plat ing times of only 
5 min, there is some loss in surface area (compare 

Fig. 3. Mond Ni powder. A, 
M255 at 10,000X magnification; 
B, M255 at 5000X magnification; 
C, M128 at 10,000X magnifica- 
tion; D, Mi28 at 3000X magni- 
fication. 
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Fig. 4. The effect of stirring speed during the codeposition of Mond 255 powder. A, 1000 rpm; B, 4000 rpm; C, 7100 rpm; D, 10,000 rpm. 
Magnification: top row, IO,O00X; bottom row, 5000X. 

Fig. 5. The effect of plating during the codepositlon of Mond 255 powder. A, 30 mln; B, 20 rain; C, 10 min; D, 5 min; E, 2 mln. Magni- 
fication: top row, 10,000X; bottom row, 5000X. 
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with Fig. 3). However, the electrochemical perform- 
ance of the subsequent ly  catalyzed substrates did not 
show the earlier problem of shedding unt i l  the plat ing 
t ime exceeded 10 min. The micrographs (A) and (B) 
of Fig. 5 clearly demonstrate  the significant loss in 
surface area; fuel cell anodes prepared from these two 
substrates showed the original problem of catalyst 
shedding after only 1-2 hr under  current  load. In  con- 
trast, the shedding problem was absent with anodes 
prepared using plat ing times of 10 min  or less at 2A. 

Parts  D and E of Fig. 5 show a surface texture  that 
is very desirable as a substrate for the anode catalyst. 
The texture  is rough, and the t rue surface area ap- 
pears to approach that of the powder. However, in Fig. 
5E, the plat ing t ime of only 2 rain was used, and there 
was only 3 rain allowed for the preparat ion:  1 min  
st i rr ing and 2 min  plating. Under  these conditions, 
there is insufficient t ime to permit  the Mond powder 
to settle. These lat ter  two substrates have poor cover- 
age and dis tr ibut ion of the Mond powder. Because 
these times, as represented by Fig. 5D and E, are too 
short to permit  adequate disposition of the powder, 
some modification to these two preparat ion methods 
may yield bet ter  coverage and distribution, and still 
produce a substrate with a surface texture  as repre-  
sented by Fig. 5D and E. Two possibilities are im-  
mediately evident. 

1. Adjust  the current  to a lower value so that the 
total number  of coulombs does not exceed that repre-  
sented by Fig. 5C (1200 coulombs). Continue the pla t -  
ing throughout  the total preparat ion time. Under  these 
conditions (1A for 20 min  : -  1200 coulombs), a substrate 
was produced that had uni form coverage of the Mond 
powder. The SEM micrographs for this substrate are 
shown in Fig. 6A and B at 5,000X and 10,000X mag-  
nification, respectively. The resul tant  surface texture  
approximates that represented by Fig. 5D (2A for 5 
min) .  These SEM micrographs indicate that  the sub-  
strate of Fig. 6 should yield an anode that would not 
shed its catalyst, although no electrochemical test was 
performed. No fur ther  work with this codeposition 
condition (1A for 20 min)  was performed because it 
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was desirable to minimize the t ime involved in  the 
codeposition process and no significant improvement  
resulted over that achieved by using the s tandard 
procedure. 

2. Maintain the present  s tandard current  value (2A) 
but  adjust the plat ing sequence to include a settl ing 
time, for example, 1 min  stirring, 8 min  sett l ing (no 
st irr ing and no plat ing) ,  2 min plat ing (total cou- 
lombs = 240) or 10 min  plating (total coulombs = 
1200). Using the condition of only 2 min  plating time, 
the resul tant  substrate was nei ther  uni formly  nor 
densely covered with the Mond powder. A large por- 
tion of the powder remained suspended in solution. 
The micrograph of this sample showed a rough sur-  
face texture similar  to that  shown in Fig. 5E. This sub- 
strafe was unsui table  for testing because of the sparse, 
nonuni form coverage by the Mond powder. Using the 
condition of 10 mi n  plat ing time, however, the resul tant  
substrate was uni formly  and densely covered with the 
Mond powder. The SEM micrograph taken from this 
sample showed a surface texture similar to that shown 
in Fig. 5C. Although the surface texture was con- 
sidered to be good, no fur ther  testing of this modifica- 
tion was employed, because no improvement  was 
achieved over that obtained by using the s tandard pro- 
cedure of 1 m i n  stirring, and no current  followed by 
10 rain plating at 2A with no stirring. 

All of the previously described substrates were pre-  
pared from the low-stress sulfamate/chlor ide Ni plat-  
ing bath. The Mond 255 powder was also codeposited 
at s tandard conditions from a high-stress, Ni plat ing 
bath whose composition is given in Table I. The re- 
sul tant  surface texture  was similar to that shown in 
Fig. 5C and D. Hence, no fur ther  work was performed 
using this bath. 

In two separate codeposition experiments  with 
Mond 255, the interelectrode distance was increased 
from 62 to 140 mm. In  one experiment,  the cell voltage 
was mainta ined at the usual  value of 6V; the resul t ing 
current  was only 0.8A. In the other experiment,  the 
current  was main ta ined  at the usual  value of 2A; the 

Fig. 6. The effect of a lower current (1A, 20 rain) during codeposition of Mond 255 powder 
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result ing voltage was about 10V. In  nei ther  case was 
the rough surface texture  altered significantly from 
the s tandard shown in Fig. 5. However, in the former 
of these two experiments,  the resul tant  substrate  was 
poorly covered with the Mond powder. No fur ther  
work was performed using either of these procedures. 

Heating the codeposited Mond substrate.--The 
prime funct ion of the codeposited Ni is to act as "glue" 
to bond the Mond Ni to the substrate without  destroy- 
ing the rough surface texture  required for the adhe-  
sion of a catalyst. This electrochemical preparat ion 
method is superior to a thermal  diffusion bonding 
method. For example, when  the codeposited Ni pow- 
der w a s  heated at 800~ (a tempera ture  commonly 
u s e d  to anneal  Ni) for 2 hr  in a reducing atmosphere, 
the original rough surface texture  was destroyed. The 
micrograph of Fig. 7 shows this loss in texture. When 
this substrate  was catalyzed and tested as an hydra -  
zine anode, the Ni2B catalyst quickly shed. 

In  a separate experiment,  a sample of the code- 
posited Mond Ni substrate was mounted  in the hot-  
stage of a SEM and the tempera ture  was increased. 
Figure  8A shows the Mond surface unchanged at t em-  
peratures to 400~ Fig. 8B shows the surface at 
temperatures  above 600~ up to about 1000~ An  
impor tant  area to note is area 1, consisting of a chain 
of 6 or 7 spheres. In  Fig. 8B, the spheres have fused 
and are no longer distinct. Note also the area marked 
2. The rough surface texture  evident  in Fig. 8A has 
been destroyed by heating. It is clearly evident  that 
the Mond 255 Ni substrate begins to lose its desirable 
characteristic surface features at some tempera ture  
between 400 ~ and 600~ 

Polarization data.--Electrodes prepared from sub-  
strates for which more than  1200 coulombs (at 2A) 
were used dur ing  the codeposition process resulted in  
the catalyst being shed from the substrate even before 
the init ial  polarization data could be taken. The black 
catalyst particles were obse rved  floating in the KOH 
electrolyte. However, with electrodes prepared from 
substrates for which less than  1200 coulombs (at 2A) 
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F|g. 7. A co&posited Mend 255 substrate heat-treated at 
800~ for 2 hr. (10,000X). 

Fig. 8. Effect of heating on the surface texture of a codeposited 
Mond Ni surface. Magnification, 3000X. A, Temperature up to 
400~ B, temperature from 600~176 

were used to codeposit the Mond 255 powder, no shed- 
ding of the catalyst was evident. Typical ini t ial  Icolari- 
zation data for these lat ter  electrodes are given in Fig. 
9. Duplicate runs, while, not giving exactly the same 
potential  values, did fall within the shaded  area. The 
use of Mond 128 Ni powder yielded substrates which 
when catalyzed gave anodes that  had polarization data 
represented by the same curve. There was no detect- 
able difference in polarization. 

Discussion 
Although inclusion plat ing (the incorporat ion of 

metall ic or nonmetal l ic  particles into an electrode- 
posit) is well  documented (15-18), this is the first 
known application of this approach to the formation 
of fuel cell electrodes. The usual  applications of elec- 
trodeposited Composite coatings (ECC) obtained by 
inclusion plat ing involve improving some characteris-  
tic of the electroplate itself, such as wear  resistance, 
frictional behavior, or electrical contacts. In  each in-  
stance, the value of the desirable proper ty  of the ECC 
begins to decrease when the included port ion of the 
coating increases to about 40 weight per cent (w/o) .  
For  the fuel cell application, the desirable property of 
surface roughness begins to decrease when  the in -  
cluded portion of the coating (the Mond Ni powder) 
drops below about 60 w/o. This value corresponds to 
the 10 rain plat ing t ime at 2A (Fig. 5C). The amount  
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Fig. 9. Current density-iR free potential data at operating time (At), 2 hr 

of Mond Ni can approach  87 w/o  (Fig. 5E) and stil l  
y ie ld  a sui table  substrate ,  a l though this l a t t e r  sub-  
s t ra te  is sparse ly  coated wi th  the  Mond powder  and 
as such is less des i rable  than  a subs t ra te  tha t  is more  
dense ly  coated. 

In  general ,  the  resul ts  of this  s tudy  showed tha t  
there  were  two pa rame te r s  that  affected the  qua l i ty  of 
codeposi ted Mond Ni powder  and the subsequent  e lec-  
t rochemical  per formance  of the ca ta lyzed-codepos i ted  
surface:  (i) the  dura t ion  of s t i rr ing,  and (ii) the  
number  of coulombs used in the  codeposit ion process, 
a l though this p a r a m e t e r  is not  unequivocal  because of 
l imi ted  da ta  at different  p la t ing  currents .  

If  s t i r r ing  cont inued beyond about  10% of the t ime  
for  codeposition, the  resu l tan t  subs t ra te  was nonuni -  
fo rmly  and sparse ly  coated wi th  the  Mond powder .  
The ex tended  s t i r r ing  was sufficient to main ta in  the  
powder  in suspension. When  a subs t ra te  had  both non-  
un i fo rm and sparse  d is t r ibu t ion  of Mond, there  was 
insufficient amount  of the  powder  to re ta in  the  Ni2B 
catalyst .  If  the  number  of coulombs exceeded 1200/48 
cm 2, corresponding to 10 min  p la t ing  t ime  at 2A, the  
resu l tan t  Mond surface t ex tu re  was too smooth to 
provide  enough adhesion sites for the  catalyst .  How-  
ever,  ca ta lys t  shedding dur ing  the oxida t ion  of h y d r a -  
zine would  p robab ly  not be a p rob lem if there  were  
no phase change involved in the e lec t rochemical  r e -  
action. 
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Anodic Behavior of Aluminum Straining and a 
Mechanism for Pitting 

S. B. de Wexler and J. R. Galvele 
Comision Nacional de Energia Atomica, Departamento de Metalurgia, Buenos Aires, Argentina 

ABSTRACT 

The anodic behavior  of pure a luminum during straining at a constant 
potential  in various electrolytes was studied. In sodium sulfate solutions, up 
to 1.84V, and both in sodium chloride solutions and in sodium ni t ra te  solutions 
below the pit t ing potential, the exposure of bare meta l  to the solution leads 
to repassivation. At potentials h igher  than the pit t ing potential, pit t ing 
localization depends on the rate of pittiDg nucleation. Under  conditions of 
fast pi t t ing nucleation general ized pit t ing was observed, while  under  condi- 
tions of slow pitting, pits nucleated preferent ia l ly  on the slip lines and might  
eventua l ly  have led to t ransgranular  stress corrosion cracking. Pi t t ing is the 
result  of localized acidification on the meta l -solut ion interphase due to metal  
dissolution and hydrolys is  of the metal  ions. To maintain  such acidification, 
compensation for the loss of protons by hydrogen evolut ion and by diffusion to 
the bulk of the solution is necessary. Such compensation wil l  occur if the elec- 
trode potential  of the metal  is higher  than its corrosion potential  in the locally 
acidified solution. No pitting will  propagate at or below that  corrosion poten-  
tial, which is, for a luminum in chloride solutions, --0.64V. 

The study of anodic behavior  of straining metals  has 
been widely  applied to the invest igat ion of the mech-  
anism for stress corrosion cracking (SCC) (1-4). In 
the present  work, the same technique has been used to 
study the mechanism for the pit t ing of aluminum. It 
was found that  the exposure  of bare meta l  to a solu- 
tion, at a potent ial  lower  than the pit t ing potential,  
leads to the repassivat ion of the metal.  It is only at 
potentials  h igher  than the pit t ing potential  that  the re-  
action changes f rom repassivat ion to anodic dissolu- 
tion. The change in behavior  is correlated to the type 
of anodic and cathodic reactions occurring on the bare 
metal.  

The above results have  also been used to propose a 
mechanism for t ransgranular  SCC initiation. In many  
cases the SCC of a meta l  starts at the pit t ing poten-  
tial (5). The reason for this correlat ion is clear for 
high s t rength steels (5, 6) and for a luminum alloys 
(5), but  it is not so in cases where  t ransgranular  SCC 
is observed as is the case wi th  stainless steels in hot  
chloride solutions. 

Experimental 
The straining exper iments  were  made with  a lumi-  

num wires. "Analar"  99.9% a luminum wires, 0.6 mm 
diameter,  and "Leico" 99.999% a luminum wires, 1 mm, 
diameter,  were  used. The specimens were  about 10 
cm long. The wires were  previously  annealed for 20 
min at 400~ in an argon atmosphere,  and water  
quenched. Before the s training exper iments  the wires 
were  electropolished in a solution of Butilcellosolve, 
10% HC104, at 0~ and 25V. The cell used for the 
straining exper iments  was described in a previous pub-  
lication (5). 

Static exper iments  were  per formed on 99.99% alumi-  
num coupons of 10 • 30 mm. The hea t - t r ea tmen t  of 
these specimens was the same as for the wires. The 
edges and the surface of the specimens were  covered 
with a cured-epoxy  resin, leaving an uncovered area of 
about 1 cmf. These specimens were  electropolished in 
the same way as the wires. 

The solutions were  prepared with  analytical  grade 
reagents and were  deaerated wi th  purified N2 (7). A 
saturated calomel reference electrode was used for the 
exper iments  in NaCI solutions, and a mercurous  sul- 
fate reference electrode in NaNO3 and in NafSO4 
solutions. All  the potentials are reported on the normal  

Key words: aluminum, straining metal, pitting, transgranular 
SCC, chloride solutions, nitrate solutions, pitting potential. 

hydrogen electrode (NHE) scale. The straining exper i -  
ments  were  done at room tempera tu re  (20 ~ +_ 2~ 
and at constant potentials, the current  changes were  
recorded during the experiments .  

Polarizat ion of a luminum specimens was controlled 
by a Tacussel PRT 20-2X potentiostat,  and the po- 
tent ial  was measured with  a Tacussel Aries 10000 elec- 
tronic mil l ivol tmeter .  The current  was recorded on a 
Tacussel EPL2 mul t i range  recorder.  

The straining of the wires was done with  a motor -  
dr iven Hounsfield Tensometer  at constant rate  of cross 
head displacement,  using init ial  strain rates of 1.6, 5, 21, 
and 90%/min.  Before straining the wires, they were  
prestressed below the yield stress and kept at a de-  
sired passive potent ial  unti l  a constant current  was 
attained. For the exper iments  at h igher  than the pit t ing 
potent ial  the specimens were  kept  for 10 min at a con- 
stant potential  below the pi t t ing potential,  and 
switched to the working potential  s imultaneously wi th  
the straining machine. 

Results 
Straining aluminum in neutral 1.0 NaC1 solution.-- 

The anodic current  was observed to increase signifi- 
cant ly when 99.9% a luminum was strained in 1.0M 
NaC1 solution at a constant potential.  As soon as the 
plastic deformat ion of the wire  started, the current  be-  
gan to increase but  at tained a s teady-state  value 
af ter  about 5% elongation. Over  a wide range of 
potentials the s teady-sta te  current  densi ty observed 
dur ing deformat ion was independent  of the potential  
but varied with the strain rate. Figure  1 shows typical 
results obtained with  wires yielding at a constant 
strain rate of 90%/rain wi th  potentials ranging f rom 
--0.80 to --0.56V. The mean value of the s teady- 
state current  densi ty observed at this strain rate was 
2.5 (--+0.5) X 10 -5 A / c m  2. Wide scattering of the 
s teady-state  current  density was found in exper iments  
at --0.53V (Fig. 2). The current  density measured at 
this potential  was 5 (___2) X 10 -5 A / c m  2. At  potentials 
h igher  than --0.53V the s teady-state  current  density 
became potential  dependent,  and a potential  increase 
of 20 mV produced a 100 times increase in the current  
density. The potential  at which s teady-sta te  current  
density became potential  dependent  was the same for 
all the strain rates tested, and was equal  (8) to the 
pit t ing potential  of a luminum in the test solution 
(Fig. 3). 

Below the pit t ing potential, the s teady-sta te  current  
density dur ing straining depended on the strain rate  
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Fig. 1. Potentiostatic current denslty/time curves at various 
potentials for aluminum straining at 90%/min in 1M NaCI solu- 
tion. 
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Fig. 2. Potentiostatic current density/time curves near the pitting 
potential for aluminum straining at 90%~rain in 1M NaCI solution. 
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Fig. 3. Steady-state current densities for aluminum during strain- 
ing in IM NaCI solution at different potentials and at different 
strain rates. 

(Fig. 4). Above the pi t t ing potential  this current  w a s  

practically independent  of the strain rate (Fig. 3). 
At potentials lower than the pit t ing potential,  in te r -  

rupt ion of s t raining caused a drop in the current  den-  
sity which after a couple of seconds reached the value 
observed before straining. At the pit t ing potential  and 
above, in ter rupt ion  of s t raining also caused a drop in 
the current,  but  the drop was less severe than in the 
previous case. At potentials 100 mV higher than "the 
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Fig. 4. Relation between steady-state current density and strain 
rate for aluminum straining in 1M NaCI solution. 

pit t ing potential  no current  drop was observed after 
in terrupt ion of straining.  

After the tests all the wires were examined under  
both an optical and a scanning electron microscope. 
No evidence of corrosion was observed on wires 
strained below the pit t ing potential.  On the other hand, 
extensive pit t ing was found on wires which were po- 
tentiostated above the pit t ing potential.  The density 
of the pi t t ing observed was much higher than usual ly  
observed on nonstra ined or static specimens, but  the 
pits were smaller. Pi t t ing on a luminum in NaC1 solu- 
tions is known to nucleate very  easily without showing 
any induction t ime (8). The s t ra ining of the metal  does 
not introduce any change in the type of attack except 
that it offers more sites for pit nucleation, leading to 
higher density of pits. 

Straining aluminum in neutral 0.5M Na2S04 solu- 
tion.--Figure 5 shows the typical results of the anodic 
behavior  of s t ra ining 99.9% a luminum in 0.5M 
Na2SO4 solution. Up to a potential  of above 0.9V the 
steady-state current  density was independent  of the 
potential  and of the same order of magni tude  as that 
found dur ing s t raining in 1M NaC1 solution below the 
pit t ing potential  (Fig. 1). At higher potentials a slight 
potential  dependence was observed probably due to 
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Fig. 5. Potentiostatic current density/time curves at various po- 
tentials for aluminum straining at 9O%/min in 0.5M Na2SO4 solu- 
tion. 



VoL 121, No. 10 ANODIC BEHAVIOR OF A L U M I N U M  S T R A I N I N G  1273 

oxygen evolution on the bare  metal. The strained 
wires did not show any sign of corrosion, and no pas- 
sivity breakdown was detected at potentials up to 
1.84V. 

Straining aluminum in 0.gM Na2S04 plus O.1M NaCI 
solution.--The anodic behavior of 99.9% a luminum dur-  
ing s t raining at constant  potentials was studied in  a 
mixture  containing 0.9M Na2SO4 plus 0.1M NaC1. The 
results were similar to those found in  1M NaC1 solu- 
tion, with a potential  independent  region and a poten-  
tial dependent  region. The t ransi t ion potential, --0.35V, 
coincided with the pi t t ing potential  reported for 
a luminum in the same solution (9). 

Straining aluminum in I.OM NalVOs solution.--The 
anodic behavior dur ing  s t raining at a constant  poten-  
tial in  deaerated 1.0M NaNOs solution was studied 
with 99.9% a luminum and 99.999% a luminum wires. 
Similar  results were obtained with both grades of 
purity.  

Below the pi t t ing potential  of a luminum in nitrates, 
Fr =l.70V, the current  densi ty after about 5% elonga- 
t ion reached a s teady-state  value, as found in the pre-  
vious solutions (Fig. 6.). The values of current  density, 
however, are slightly higher than those found in 
chloride or in sulfate solutions. The steady-state  cur-  
rent  densi ty was also observed to be slightly dependent  
on the applied potential. No traces of corrosion were 
to be found on the strained wires below the pi t t ing po- 
tential.  In te r rup t ion  of s t ra ining at those potentials  
caused a rapid drop in  the current,  which in  a couple 
of seconds reached the same value observed before 
straining. 

When a l u m i n u m  was strained in ni t ra te  solutions, 
at potentials higher than 1.70V, the current  did not 
reach a steady value, but  kept increasing all through 
the experiment.  The rate of current  increase was a 
function of the potential, and it became higher as the 
potential  increased. No pi t t ing was observed on the 
strained metal  up to potentials 100 mV higher than 
the pi t t ing potential, provided that  the exposure t ime 
was not too long. However  white corrosion products 
covering the slip lines could be observed under  a 
microscope. 

As described in a recent paper (5), the rate of cur-  
ren t  increase for a luminum st ra ining in  n i t ra te  solu- 
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Fig. 6. Potentiostatic current density/time curves at various po- 
tentials for aluminum straining at 90%/min in 1M NaNOs solu- 
tion. 

l ions at potentials higher than  the pi t t ing potential  
followed a square root law (Fig. 7). It  was then ex- 
plained that such a law was the result  of pi t t ing nu -  
cleation on the slip lines. Recent electron microscopy 
done in our laboratory confirmed that  semicylindrical  
channels  are formed on the slip lines under  conditions 
of the square root law behavior (10). 

The rates of current  increase for static a luminum 
and for s t raining a luminum in ni t rate  solutions at con- 
stant  potential  are shown in Fig. 8 and 9. It was ob- 
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Fig. 7. Potentiestatic current density/time curves for aluminum 
straining at 1.6%/min in 1M NaNO.~ solution at potentials higher 
than the pitting potential. 
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Fig. 9. Potentiostatic current density/time curves for aluminum 
in 1M NAN03 solution at o potential 120 mV higher than the pit- 
ting potential, a, Specimen straining at 1.6%/min; b, static speci- 
men. 

served that there was a great difference between the 
anodic behavior of the static metal  and that of the 
s t ra ining metal. A slow strain rate of 1.6%/min was 
used to minimize the contr ibut ion of the repassivation 
process, as described above (Fig. 4). The s t ra ining 
metal  showed a much faster current  increase than the 
static metal. The difference in  behavior was more pro- 
nounced at potentials sl ightly higher than the pi t t ing 
potential.  At 1.75V the current  densi ty for the static 
metal, after an exposure of several hours, is only a 
small  fraction of that  obtained after a few minutes  
of straining. The rate of current  rise for the static 
metal  increased with the potential, and at 1.82V the 
current  densi ty for the static metal  became significant. 
If the current  density for the static metal  corresponds 
to hemispherical  pitting, and that for the s t ra ining 
metal  to the corrosion on slip lines, assuming that  
both processes do not interfere with each other, Fig. 8 
shows that compared to corrosion at slip steps, very 
li t t le pi t t ing should be expected on the metal  at frac- 
ture time. On the other hand, at 1.82V, the strained 
metal  should have corrosion on slip lines and also 
hemispherical  pits on the surface at fracture t ime (Fig. 
9). 

Discussion 
Mechanism of the pitting of a luminum.- -Af ter  a 

comparison of the several mechanisms proposed for 
the pi t t ing ini t iat ion on a luminum,  the most conflict- 
ing point appears to be the role assigned to the oxide 
film. In  one l ine of thought, supported main ly  by 
Pryor  et al. (11-16), it is considered that  a very im-  
portant  step for pit ini t ia t ion is the contaminat ion of 
the oxide film by chloride ions. This contaminat ion 
increases the conductivi ty of the oxide film leading to 
enhanced localized dissolution (pi t t ing) .  While these 
authors do not elaborate on the effect of the potential,  
Hoar et al. (17, 18) suggest that the migra t ion of the 
chloride ions should start  at the pi t t ing potential.  
On the other hand, Wood and Richardson (19, 20), 
taking into consideration observations with the scan- 
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ning electron microscope, suggest that the oxide film 
acts main ly  as an iner t  barrier,  with no effect on the 
mechanism of pitting. According to them the pits will  
start in flaws always present  in the oxide film. The 
existence of such flaws has been questioned by Pryor  
(15, 16). 

The straining method, as used in the present  work, 
avoids discussion of the existence of flaws in the oxide 
film, since these flaws are cont inual ly  produced dur -  
ing straining. Before straining, the a l u m i n u m  wire 
carries an ai r - formed oxide film of the order of 30A 
(15). The plastic deformation of the a luminum pro- 
duces slip displacements of the order of 600A (21). 
As the a luminum oxide film is very  fragile (22) in 
deformation the film breaks easily, and the bare 
metal  is exposed to the solution. 

In  the potentiostatic s t ra in ing exper iments  it was 
observed that there is a range of potentials at which 
the anodic behavior  of a l u m i n u m  is independent  of the 
electrolyte used. The current  densi ty observed dur ing 
s t raining in Na2SO4 solution (Fig. 5) was similar to 
that found below the pit t ing potential  in NaC1 solu- 
t ion (Fig. 1) and in a mix ture  of aqueous NaC1 plus 
Na~SO4 solution. Similar values were obtained by 
Bubar  and Vermilyea (22) for s t ra ining a l u m i n u m  at 
--0.06V in ammonium borate solutions. The similari ty 
of anodic behavior in the different electrolytes, as well 
as the absence of any sign of corrosion on the slip 
steps, suggest that  the exposure of bare metal  to a 
NaC1 solution, below the pi t t ing potential, leads to the 
reformation of an oxide film as the only reaction. The 
l inear  relat ion be tween the steady-state  current  den-  
sity and the s t ra in rate, in  Fig. 4, as expected from the 
s t ra ining of passive metals (4), confirms this sup- 
position. These results suggest that if there are flaws 
in the oxide film below the pi t t ing potential, they will 
not last long, since the bare metal  will quickly re-  
passivate. 

The s t raining exper iments  show that the behavior 
of a luminum in NaC1 solution is similar to that  in a 
NaNO3 solution. In both cases repassivation occurs be- 
low the pit t ing potential,  and the attack of the metal 
starts only at the pit t ing potential.  In the case of 
nitrates, because of its large size, it is doubtful  
whether  the ni t ra te  ion could migrate through the 
a luminum oxide film. The migrat ion of chloride ions 
in the a l u m i n u m  oxide film, as found by Pryor,  could 
produce weak points in the film which would account 
for the ease at which the pi t t ing in NaC1 solutions 
starts. 

As for the changes in behavior  observed at the 
pi t t ing potential, they are visualized as follows. When 
an oxide-free metal  is exposed to the solution a rapid 
dissolution of the metal  will occur 

A I : A D  + + 3 e  [1] 

In  solutions of weak acid salts, l ike ammonium borate, 
the solubil i ty point of the a luminum hydroxide will 
be quickly exceeded, and it will  precipitate on the bare 
metal  inhibi t ing fur ther  dissolution. 

In the presence of a strong acid salt, l ike NaC1, a 
localized acidification wilt occur as the result  of hy-  
drolysis of the metal  salt, which allows fur ther  dis- 
solution 

A1 ~+ + 3H20 : AI(OH)~ + 3H + [2] 

The existence of local acidity will be favored if the 
rate of metal  dissolution is increased. 

Two other impor tant  processes occurring in the 
acidified zone will be hydrogen evolution and proton 
diffusion to the bu lk  of the solution 

2H + + 2 e : H ~  [3] 

dif. 
H + (Me-sol. interface) > H + (Bulk sol.) [4] 

These two processes will  oppose the existence of the 
localized acidity. The rate of metal  dissolution, and 
hence acidity production, has to be high enough to 
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compensate the loss of protons by diffusion and by re-  
action. 

Reactions [1] plus [3] will  give a luminum a certain 
corrosion potential, or mixed potential. If the poten-  
tiostatically controlled potential  of the specimen is 
higher than the corrosion potential  of the metal  in the 
acidified solution, the anodic dissolution of the metal  
will lead to localized cor ros ion ,  reactions [1] plus 
[2]. On the other hand, if the potential  of the speci- 
men is main ta ined  below the corrosion potential  the 
reaction of hydrogen evolution, reaction [3], will  pre-  
dominate. In addition there will be no localized acidity, 
and the oxide film will precipitate on the bare metal. 
According to this, the pi t t ing potential  of a luminum in 
sodium chloride solutions should be higher than  the 
corrosion potential  of a luminum in A1C13 solutions, so 
that reactions [1] and [2] might main ta in  the localized 
acidity in spite of [3] and [4]. The corrosion potential  
of a luminum in saturated A1CI~ solutions was found to 
be --0.640V (23), and the pit t ing potential  in 1M 
NaC1 solution was reported as --0.530V (8). The same 
relat ion between corrosion potentials  and pi t t ing po- 
tentials  was found for several a l u m i n u m  binary  al-  
loys (24). 

The high pit t ing potential  of a luminum in ni t ra te  
solutions is a t t r ibuted to the interference by a cathodic 
reaction with the localized acidification process, i.e., re-  
duction of the ni t ra te  ions. Gas evolution was observed 
dur ing  the pit t ing of a luminum in sodium ni t ra te  solu- 
tions. Analysis  by explosion showed that  this gas was 
nei ther  hydrogen nor oxygen. Pre l iminary  results of 
gas chromatography suggested that the main  com- 
ponent  of this gas was nitrogen. Such a cathodic reac- 
t ion will  produce a high consumption of protons, thus 
prevent ing  the formation of localized acidity 

2NO3- ~ 12H + -]- 10e -- N2 -~- 6H20 [5] 

In  this case the anodic reaction will predominate  only 
at potentials at which the ni t rate  reduct ion becomes 
negligible. According to Pourbaix diagrams (25), in an 
acidic solution the ni t ra te  ion will become stable at 
potentials higher than 1.0-1.2V. It is only at such high 
potentials that the current  density dur ing s t raining 
in ni t ra te  solutions becomes potential  dependent  (Fig. 
6) indicat ing an increasing contr ibut ion of the anodic 
reaction. 

Basically the pi t t ing mechanism described above is 
similar to the "autocatalytic" process for localized cor- 
rosion proposed by Edeleanu and Evans in 1950 (26). 
The main  difference is that these authors did not 
make any reference to the electrode potential.  In  the 
present  work an explanat ion for the existence of a 
pi t t ing potential  is given. 

Anodic behavior oS straining metals.--The above- 
described results show that  the anodic behavior of a 
s t ra ining metal  varies substant ia l ly  with the composi- 
t ion of the media and with the electrode potential.  The 
differences in behavior can be classified into three dif-  
ferent  categories: (i) repassivation of the metal, (ii) 
fast pi t t ing nucleation, and (iii) slow pit t ing nucleation. 
When repassivation of the metal  is the dominant  re-  
action, s t ra ining will have li t t le effect on the anodic 
behavior  of the metal. An increase in the anodic cur-  
rent  density will  be observed as a result  of the rup ture  
and reformation of the oxide film, but  no localized 
corrosion will  be detected. This is the case for a lumi-  
n u m  in  sodium sulfate solutions from --0.56 to ~ l .8V,  
in ammon ium borate solutions at --0.06V (22), or at 
potentials lower than  the pit t ing potential  in solutions 
containing NaC1 or NaNOa. This type of behavior was 
also observed by Murat ta  and Staehle for nickel in 
sulfuric acid solutions (4). 

The second type of behavior corresponds to those 
cases where pit t ing nucleat ion occurs very easily. In  
such cases the s t ra ining of the metal  will have li t t le ef- 
fect on the anodic attack, and pi t t ing will be observed 
over the whole surface on the metal. An example of this 
behavior is that  of a luminum in NaC1 solutions above 

pit t ing potential  as observed in the present  work. A n -  
other example of this behavior is the one reported by 
Murat ta  and Staehle for stainless steel in KC1 plus 
H2SO4 solutions at potentials much higher than the 
pi t t ing potential. This type of behavior is also observed 
when s t ra ining a luminum in ni t ra te  solutions at po- 
tentials much higher than the pit t ing potential.  

The third type of behavior corresponds to the condi- 
tions of difficult pit t ing nucleation. In  the present  work 
it was found that  a l uminum in nitrates, at potentials 
sl ightly higher than  the pi t t ing potential, is one of 
those cases. Another  very we l l -known instance of dif-  
ficult pi t t ing nucleat ion is stainless steel in chloride 
solutions. This case is well documented in the l i tera-  
ture and leads to different pi t t ing potentials under  dif-  
ferent conditions of measurement  (27-29). In  these 
cases s t ra ining produces a high increase in the current  
density. The oxide film acts as an iner t  barrier,  but  
anodic dissolution on the bare metal  exposed at slip 
steps leads to pitting. When the metal  is strained at 
the pi t t ing potential,  pi t t ing will start at the slip steps 
thus creating conditions that  will eventua l ly  lead to 
t ransgranular  SCC initiation. 
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Electrodissolution Kinetics of Iron in Chloride Solutions 
V. Neutral Solutions Containing Benzotriazole 

S. Asakura, C. C. Lu, and Ken Nobe* 
School oJ Engineering and Applied Science, University oJ CaliJornia, Los Angeles, California 90024 

ABSTRACT 

The anodic t ransient  and steady-state behavior  of i ron in  neut ra l  chloride 
solutions containing benzotriazole (BTA) was examined by a potential  pulse 
technique. The results suggest the formation of a resistive film on iron at open 
circuit. The electrical resistance of the film (Rsf) was dependent  on the BTA 
concentration, and decreased with the durat ion of anodic polarization and 
the magni tude  of the current.  Where ia is the anodic current  at steady state, 
log (Rsfia) varied l inear ly  with the anodic potential  with a slope of 80 m V /  
decade, and the plot was independent  of the concentrat ion of BTA. A porous 
film model is proposed to in terpret  the electrochemical behavior. The Bockris 
reaction mechanism is shown to be valid for both the anodic and cathodic 
reactions. 

In  a previous invest igat ion (1), the mechanism of 
i ron dissolution in neut ra l  chloride solutions has been 
described. The present  paper extends that  work to 
determine the effect of benzotriazole (BTA) on the 
kinetics and mechanism of iron dissolution in neut ra l  
chloride solutions. Recent work (2, 3) has shown that  
BTA inhibits  the rate of hydrogen evolution on iron 
in  acidic solutions but  does not change the mechanism. 
On the other hand, the effect of BTA on the mechan-  
ism of iron dissolution has not been examined, al-  
though it has been shown that BTA reduces the rate 
of anodic dissolution of i ron in acidic solutions (3, 4). 

Experimental 
The solutions were prepared by adding the ben-  

zotriazole to 1N KC1. Two concentrations of BTA, 2.3 
mM and 15.5 mM were used. Deaeration of the solu- 
t ion by prepurified n i t rogen was performed for at 
least 4 hr before a run. The preparat ion of the iron 
electrodes has been described previously (1). Po ten-  
tiostatic pulses were generated by combining a po- 
tentiostatic (1 psec rise t ime) with a pulse generator.  
The in terval  be tween pulses was always greater  than  
200 times the pulse duration. The temperature  was 
main ta ined  at 25 ~ ___ I~ 

Results 
Anodic potential pulse polarization.--The open-ci r -  

cuit potential, Eo, of inhibi ted iron was --660 and 
--640 mV vs. SCE for 2.3 and 15.5 mil l imolar  (raM) 
BTA, respectively. For  uninhib i ted  iron, Eo = --780 
inV. The anodic potential  pulse, AEa, was imposed at 
open circuit as shown schematically in  Fig. 1. The 
pulse is imposed at t = 0 and terminated  at t = ~. 
The current  immediately after t = 0 is expressed by 
iap, and the currents  immediately before t ---- �9 and 
immediate ly  after t = �9 are designated as ias and icp, 
respectively. Figure 2 is a plot of iap vs. AEa. h l inear  
relationship was obtained and the slope of the l ine 
changed with the concentrat ion of BTA. 

The current  drop at the te rminat ion  of the pulse, 
ias Jr licp!, is plotted against the pulse potential, AEa, 

�9 Electrochemical Society A c t i v e  M e m b e r .  
Key words: anodic dissolution, corrosion i n h i b i t i o n .  

in Fig. 3 and compared with the lap vs. AEa plot. When 
the magni tude of the potential  pulse was small  enough, 
the iap and (/as -b Iicp[) plots were superimposed. 
However, as hEa increased, the plot of (/as -~- Iicpl) 
deviated from that of iap. 

The current  t ransients  are analyzed uti l izing the 
equivalent  circuit shown in Fig. 4. Cdl, Rr, Rsf, and Rs 
represent  the double layer  capacitance, charge t rans-  
fer resistance, the resistance due to the surface film, 
and the solution resistance, respectively. Rs is a con- 
stant  and independent  of the polarization current  and 
polarization time. However, Rsf may change with po- 
larization since the na ture  of the surface film may 
change during the electrode reaction. The parameters  

eo 

A E  o 

t--O t--'C 
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RESPONDING CURRENT 

~ 

('as 

Fig. 1. Anodic potential pulse and the current transients 
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shown in  Fig. 4 can be obtained by the exper imental  
procedures described (1). 

During the potential  pulse, AEa is equal to the sum 
of the potential  difference, el, and ohmic potential  
drop, e2, i.e. 

hEa-" el qu e2, O ~ t ~ T  [1] 

Immediate ly  after the potential  pulse is initiated, el 
is zero due to the double layer  capacitance. Thus 

(e2)t=0+ : ~Ea [2] 
Consequently 

Rs -b Rsf,0 : AEa/iap [3] 

where Rsr,0 is the surface film resistance at open cir- 
cuit. The slopes of the lines in  Fig. 2 are equal to 
1/[Rs -b Rsf.0] according to Eq. [3]. This means that  
the film resistance at open circuit was dependent  on 

1277 

Rsf Rs 

Rr 

I -  el =1- ez =1 
Fig. 4. Equivalent electrical circuit for the electrode system 

the concentrat ion of BTA. The solution resistance, Rs, 
was determined by applying the same procedure to 
the system without  BTA. If it is assumed that the 
addition of BTA did not change the solution conduc- 
tivity, Rsr,o can be calculated by subtract ing Rs from 
[Rs -t- Rsf.0]. The surface resistance at open circuit, 
Rsf.0, was about 40 and 1.0 ohm-cm 2 for 15.5 and 2.3 
mM BTA, respectively, and was independent  of the 
anodic pulse dura t ion as shown in Fig. 5. These results 
indicate that the surface re turned to the ini t ial  open- 
circuit condition before the next  pulse was imposed. 
Since significant differences in Ra,o with concentrat ion 
of BTA were observed, it seems reasonable that  the 
resistive surface film was formed at the open circuit 
by the reaction of i ron with BTA. 

Immediate ly  before the pulse is terminated,  the po- 
tential  drop across the double layer is ( e l ) t = , - .  Thus 

( e l ) t a T -  "-- ~a - -  Eo  [ 4 ]  

where ~a is the electrode potential  during the potential  
pulse. Also 

(e2) t=r-  -" ias[Rs -~- Rsf,r] [5] 

Immediately after the current  is te rminated  

( e l ) t a r +  ~- ( e 2 ) t = ~ +  - - 0  [6 ]  
and 

(e2)t=v+ -- [Rs + Rsf,r] iCp [7] 

At this instant,  the potential  difference across the 
double layer  is given by Eq. [4] since 

(el)t----T+ : ( e l ) t a r -  [ 8 ]  

By combining Eq. [1], [5], [6], [7], and [8] 

Rs + Ra,T : aEa/(ias + l icpl) [ 9 ]  

The film resistance at t : 3, Rsf.r, can be determined 
from Eq. [9] and Rs which was obtained exper imen-  
tal ly as described above. A comparison of Eq. [3] 
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Fig. 5. Surface film resistance, Rsf,o, vs. the anodic potential 
pulse duration. 
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and [9] indicates  tha t  the  devia t ion  be tween  the l ines 
in Fig. 3 is due to the  difference in the  film resistance.  
These resul ts  show tha t  the surface state of i ron in 
neu t ra l  chlor ide solutions containing benzotr iazole  
changed wi th  pulse anodic polar izat ion for the  l a rge r  
AEa values. Fur the rmore ,  Fig. 6 shows that  Rsf.r in-  
creased and approached  Rsf.0 as ias and the pulse d u r a -  
t ion decreased.  

Cathodic potential pulses during steady-state anodic 
polarization.--Five mill iseconds cathodic potent ia l  
pulses were  imposed on iron dur ing s t eady-s ta te  anodic 
polarizat ion.  The in te rva l  be tween  pulses was about  
1 sec. The cathodic potent ia l  pulses were  selected to 
be short  enough so as not  to pe r tu rb  apprec iab ly  the 
anodic process. The cathodic current  (ic) t r ans ien t  
dur ing the cathodic potent ia l  pulse is shown in Fig. 
7. An  ins tant  af ter  the  cathodic pulse is in i t ia ted  a 
m ax imum negat ive  current ,  ici, is observed.  Then the 
ini t ia l  sharp  decay which corresponds to charging 
of the double  l ayer  is fol lowed by  a s lower  decay 
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Fig. 6. Surface film resistance, Rsf,+, vs. ias 
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Fig. 7. Cathodic current transient during cathodic potential pulse 

region. Subsequently,  log [ ic l  decreased l inear ly  wi th  
time. This slow current  decrease is ascr ibed to a 
change in surface state. The ex t rapo la t ion  of this l in-  
ear  por t ion of the  curve to t :-- 0 gives the cathodic 
current ,  icx, corresponding to the  surface state dur ing 
s teady-s ta te  anodic polarizat ion.  The effect of double 
l ayer  charging on icx can be neglected.  

The ma x imum negat ive  current ,  ici, is p lo t ted  vs. 
the cathodic pulse potent ia l  for 15.5 mM BTA in Fig. 
8. By apply ing  the previous analysis  (1) to the equiva-  
lent  circuit  in Fig. 4. ici, is re la ted  to the  cathodic 
pulse potential ,  Ec, and the anodic e lect rode potential ,  
Va, which is corrected for the  ohmic potent ia l  drop, 
as g iven in Eq. [10] 

i c t =  (Ec --  r a ) / ( R s  + Rsf) [10] 

Equat ion [10] and Fig. 8 show that  for i ron in solu- 
tions containing BTA, the  res is t ive  component,  Rs + 
Rsf, var ied  wi th  the s t eady-s ta te  anodic current ,  ia, 
and was much la rger  than  the solut ion resistance.  
Therefore,  it seems reasonable  to assume the exis tence 
of a resist ive surface film on i ron  in accord wi th  the 
above results.  Rs was de te rmined  by  apply ing  the 
cathodic pulse to i ron in BTA-f ree  solutions. The 
surface film conductance, ksf ( =  1/Rsf), obta ined  is 
p lo t ted  against  the  s t eady-s t a t e  anodic cur ren t  in Fig. 
9. 

According to Eq. [10], the anodic e lect rode potential ,  
Ca, can be deduced by  ex t rapo la t ing  the plot  in Fig. 
8 to ici ---- 0. The potential ,  ~ba, and log ia is p lo t ted  
in Fig. 10. In the presence of 15.5 mM BTA, an in-  
vers ion in the cu r ren t -po ten t i a l  plot  at high cur ren t  
densit ies is observed.  

A plot  of log licx] vs. the cathodic e lect rode po ten-  
tial, r is shown in Fig. 11, where  r has been cor-  
rec ted  for the ohmic potent ia l  drop. For  both con- 
centra t ions  of BTA, 15.5 and 2.3 mM, these plots give 
s t ra igh t  l ines wi th  slopes of --120 mV/decade ,  i.e. 

( 0~c ) _-- --120 mV/deeade  [11] 
0 log [icx] ia 

The dependence of the cathodic current ,  icx, on the 
s t eady-s ta te  anodic current  for  r ---- --670 mV vs. 
SCE is shown in Fig. 12. Log ]icx[ is l inear ly  re la ted  
to log ia wi th  a slope of 1/2 

( 0log, icx,  )~ 
0 log ia c-- 1/2 [12] 

I t  is shown tha t  this  plot  is independent  of the  con- 

CATHO01C PULSE POTENTIAL Ec ( my. vii. S~.E.~ 

- I 100  -4000 - 9 0 0  - 8 0 0  - 7 0 0  - 6 0 0  - ~ 0 0  - 4 0 0  
o ' i , i , I , i ' / / - ' l j  , j  I j  , i 

- 5  

% 

=~ -~ 

i 
Fig. 8. Cathodic pulse potential, Ec, vs. cathodic current, id, at 

the instant the reducing pulse is imposed during steady-state 
anodic polarization. 15.5 mM BTA. 
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Fig. 9. Dependence of surface film conductance on the steady- 
state anodic current. 
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Fig. 10. Steady-state anodic current vs. anodic potential (cor- 
rected for ohmic potential drop), Ca. 

centrat ion of BTA. Thus, icx can be expressed as a 
funct ion of ia and r 

~cx = - -k l  ~/ia exp -- r [13] 
2RT 

where kl is independent  of the concentrat ion of BTA. 

Discussion 
As shown in Fig. 9, the surface film conductance 

dur ing steady-state anodic polarization, ksf, increases 
with anodic current  and decreases with concentra-  
tion of BTA. These results are consistent with the 
pulse anodic polarization experiments.  The inversion 
in  the currentapotent ia l  plot for t5.5 mM BTA in 
Fig. 10 is similar to the results obtained by Sathian-  
andhan et al. (3). They at t r ibuted this phenomenon  
to a change in  the dissolution mechanism. 

Correlation between ksr and the potent ia l -current  
behavior  can be obtained by a plot of log (ia/ksf) vs. 
Ca as in  Fig. 13. A l inear  relat ion was obtained with a 
slope of 80 mV/decade, i.e. 

- -  80 mV/decade [14] 
O log (ia/ksf) 

5O 

4Nn,,. BTA 15.5 mM 
~ .  ~ O  -'-',t' C, 

5 ,c j o �9 . 

~ 2x 
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Fig. 11. Cathodic Tafel plots of icx vs. Ce at various steady-state 
onodic currents. 
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Fig. 12. Cathodic current, icx, vs. steady-state anodic current 

This plot is shown to be independent  of the concentra-  
t ion of BTA. The empirical relationship 

ia = k2 ksf exp r [15] 

is obtained from Fig. 13 where k2 is a constant and 
independent  of the BTA concentration. 

Based on the exper imental  results the following 
model of the iron surface is proposed. As seen in  
Fig. 14, the surface is covered with an electrical re-  
sistive film C and an adsorbed layer  B. The surface 
film C is surmised to be an organo- i ron complex 
consisting of OH- ,  CI : ,  and Fe ( I I )  and BTA. Pores 
exist in the surface film C through which diffusion of 
dissolved substances can occur. Thus, the electrolyte 
can penetrate  film C and make electrical contact with 
the electrode surface. Layer  B represents a thin ad- 
sorbed complex which has a negligible ohmic resis- 
tivity. 

For the simple pore structure shown in  Fig. 14, 
electrical conductivi ty of layer C can be given as 

k 
ksf = -~- 7 [16]  

where k, l, and ~ are the conductivi ty of the electro- 
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lyte, thickness of layer  C, and the ratio of the pore 
area to the apparent  total area, respectively. The ef- 
fective current  density, /eft, can then be expressed as 

ie f t=  ia/7 [17] 
Thus 

i a :  (kZ---)ksfief! [18] 

October 1974 

If/eft follows the expression 

ieff  : k 3 e x p (  3F 4'a) [19] 

and is independent  of the concentrat ion of BTA, Eq. 
[15] can be obtained by subst i tut ing k~ =. (k / l ) k2  and 
Eq. [16] and [17] into Eq. [19]. Thus, the Tafel slope 
for the plot of ieff vs. ~ba is 80 mV/decade in  accord 
with that  obtained for un inh ib i ted  iron in  neut ra l  
chloride solutions (1) and indicates that, al though the 
rate is decreased, the mechanism of anodic dissolution 
is not affected by the presence of BTA. 

The anodic Tafel slope of 80 mV/decade can be 
obtained by assuming the Bockris mechanism for elec- 
trodissolution of i ron (5) and a pH change at the 
electrode-solution interface due to formation of a hy-  
droxochloro-iron complex (1). The reaction steps in 
the electrodissolution of i ron (5) can be given as 

Fe ~ O H -  : Fe(OH)ads -~ e [20a] 

RDS 
Fe(OH)ads > FeOH + -{- e [20b] 

FeOH + = Fe + + ~- O H -  [20c] 

where Eq. [20b] is the ra te -de te rmin ing  step. The 
over-al l  reaction for the formation of the organo- 
iron complex can be expressed by 

nFe  -{- m O H -  ~ pC1- -{- qBTA = FeY -{- 2he [21] 

where m ~ 0 and FeY is given the general  formula 
[Fen (OH-)m (C1-)p(BTA)q] .  The independence of 
k3 in Eq. [19] with respect to the concentrat ion of 
BTA indicates that  the adsorbed layer  B is not a 
funct ion of BTA concentrat ion when  it is 2.3 mM or 
greater and suggests that the electrode surface during 
anodic dissolution is already saturated with BTA at 
this concentration. 

The cathodic Tafel slope of Eq. [11] obtained from 
the cathodic pulse potential  experiments  during steady- 
state anodic polarization indicates that Eq. [20b] is 
also the ra te -de termining  step in the cathodic deposi- 
t ion reaction. The details of the analysis have been 
given previously (1). 
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LIST OF SYMBOLS 
Cdl 
Ec 
Eo 
el 
(el)t=~-+ 
(el)t=~- 
e2 
(es)t=0+ 
(e2)t=v+ 
(e2)t=v- 
F 
ia 
lad 
ias 
ic 
ieff 

icl 

$cx 

capacitance of electrical double layer, ~f/cm 2 
applied cathodic potential  pulse, mV vs. SCE 
open-circuit  potential, mV vs. SCE 
potential  difference as shown in Fig. 4, V 
r ight -hand limit of el at t ---- T, V 
le f t -hand l imit  of el at t = ~, V 
potential  difference as shown in Fig. 4, V 
r igh t -hand  l imit  of e2 at t = 0, V 
r igh t -hand  l imit  of e2 at t = T, V 
le f t -hand l imit  of e2 at t = ~, V 
Faraday 's  constant, coulombs/equiv.  
s teady-state anodic current  density, m A / c m  2 
current  density as shown in  Fig. 1, mA / cm 2 
current  density as shown in Fig. 1, m A / c m  2 
cathodic current  density, mA / c m 2 
effective anodic current  density as defined in 
Eq. [17], m A / c m  2 
max imum cathodic current  density as shown 
in Fig. 7, m A / c m  2 
extrapolated cathodic current  density as shown 
in Fig. 7, m A / c m  2 
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k 

kt 
k2 
k3 
ksf  

l 
R 
Rr 
R~ 
Rsr 

Rsf,o 

Rsf.r 

T 

electrical conductivi ty of the electrolyte, mho-  
cn2-1  
constant in  Eq. [13] 
constant in Eq. [15] 
constant in  Eq. [19] 
surface film conductance dur ing steady-state  
anodic polarization, mho/cm 2 
thickness of surface film, cm 
gas constant 
charge t ransfer  resistance, ohm-cm 2 
solution resistance, ohm-cm 2 
surface film resistance at s teady-state  anodic 
polarization, ohm-cm 2 
surface film resistance at open circuit, ohm- 
cm2 
surface film resistance at te rminat ion  of an-  
odic potential  pulse of t ime duration, ~, ohm-  
cm 2 
absolute temperature,  ~ 

t 
AEa 

~c 

,y 

time after imposition of potential  pulse, msec 
applied anodic potential  pulse, V 
anodic electrode potential  (corrected for IR 
drop),  mV vs. SCE 
cathodic electrode potential  (corrected for IR 
drop),  mV vs. SCE 
ratio of pore area to apparent  total area 
t ime period as shown in Fig. 1, msec 
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Mobility of Metallic Foreign Atoms during the 
Anodic Oxidation of Aluminum 

W. D. Mackintosh, F. Brown,* and H. H. Plattner 
Chalk River Nuclear Laboratories, Atomic Energy oS Canada Limited, Chalk River, Ontario, Canada 

ABSTRACT 

Metallic foreign atoms introduced into the surface layers of a luminum 
specimens are shown to be mobile dur ing anodic oxidation. The direction of 
motion depends on whether  the init ial  dis tr ibution of the foreign atoms is 
located in a luminum metal  under  the na tura l  a i r - formed oxide or ent i rely 
contained wi th in  a th in  preformed surface film of anodic oxide. For a number  
of the fifteen elements studied, the rate of motion relat ive to a luminum ions 
was determined. The results of these exper iments  are of intr insic interest  in 
the eventual  unders tanding  of the processes involved and have immediate  
practical consequences for sectioning techniques which involve anodizing 
and stripping. 

In  a previous paper  (1) it was shown that  the en-  
ergy spectra of He ions backscattered from a luminum,  
recorded before and after anodic oxidation, could be 
interpreted to give the thickness of the oxide films 
and the final position of  foreign atoms introduced into 
the surface layers of the metal  before oxidation. Noble 
gas, halogen, or alkali  metal  atoms were introduced 
into the surface layer  by implanta t ion with an isotope 
separator capable of accelerating a chosen ion to en-  
ergies of a few tens of kilovolts (2). As they are im-  
mobile (3), the positions of noble gas atoms were 
used to deduce the t ransport  n u m b e r  of metal  and 
oxygen. The alkali  metals and the halogens were 
found to be mobile dur ing  anodization, the former  
moving toward the oxide/electrolyte interface, the 
lat ter  toward the metal /oxide  interface. The alkali  
metals, K, Rb, and Cs, were less mobile than A1; the 
halogens, C1, Br, and I, were less mobile than  oxygen. 
In  both series the mobil i ty  decreased with increasing 
atom size. Further ,  there was no significant difference 
in the behavior between atoms introduced ini t ia l ly 
into metal  and those introduced ini t ia l ly into a pre-  
formed anodic oxide film ~ 11 ~g/cm 2 thick. 

Using the same techniques of ion implanta t ion  and 
analysis by Rutherford scattering we have extended 
these studies. The previous work had encompassed 
only species l ikely to be singly charged. In  order to 
compare their  mobil i ty  with species l ikely to be 
doubly charged we selected the series Ca, Ba, and Sr. 
We also chose to investigate Ga, In, and T1 because 
they are in the same group of the periodic table as A1. 

* Electrochemical Society Active Member. 
Key words: anodic oxidation, ion implantation, Rutherford, back- 

scattering, aluminum, metallic foreign atoms. 

During the course of these lat ter  experiments  we dis- 
covered that, unl ike  the alkali  metals and alkaline 
earths, the behavior  of Ga, In, and T1 depended on the 
location of the implanted mater ial  (i.e., whether  in 
metal  or preformed oxide film). To explore the extent  
of this phenomenon,  we eventua l ly  included metals 
represent ing as many  groups of the periodic table as 
we could wi th in  the capabilities of our mass separator. 
The elements investigated were: Cu, Ag; Hg; V; Cr; 
Mn; Fe, Co, and Ni. 

Experimental 
The a luminum specimens were 0.9 cm diameter  disks 

0.5 mm thick. Surfaces were first prepared by mechani-  
cal and vibratory polishing (4). This was followed by 
four cycles in which the specimen was anodized and 
then stripped of oxide with a solution of phosphoric 
and chromic acids at 95 ~ . This par t icular  str ipping 
contaminates the specimen with chromium and phos- 
phorus. Therefore, when s tudying the elements Co, Fe, 
and Mn whose masses are close to chromium we used 
a final cleaning with phosphoric acid only. This solu- 
t ion is corrosive to a luminum metal, hence the expo- 
sure was kept to a min imum.  Some samples were 
then exposed to the air at room tempera ture  for a few 
hours, some were anodized to an  oxide thickness of 
30V or 11 ~g/cm 2. 

The foreign atoms were implanted into these speci- 
mens at energies of 20-40 keV. Within  this energy 
range the greater  part  of the implanted atoms were 
located in the metal  of those specimens covered only 
with the a i r - formed oxide and ent i re ly  located wi thin  
the oxide layer  of those specimens covered with the 
preformed oxide. This can be inferred from a knowl-  



1282 J. Elec t rochem.  Sac.: E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY October  1974 

edge of the ion ranges (2, 5) and the thickness of the ,00 o00 

oxides. The thickness of the preformed anodic oxides 
is known from a previous calibration (1) of thickness 
vs. voltage. We measured the thickness of air-formed 
oxide by using Rutherford scattering and working with 
single-crystal  a luminum,  following the principles de- 
scribed by Meyer et al. (6). The values obtained in two , o .ooo  

exper iments  were 0.5 and 0.7 ~g/cm 2. A few experi-  
ments  were made using higher energy implants;  these 
are designated in the appropriate sections below and 
any exper iment  not specially designated refers to im- 
plants  at energies of 20-40 keV. The number  of ions c 

~ooo implanted was commensurate  with the sensi t ivi ty of 
the Rutherford scattering method for each species; 
they were in the range 1014-101~ ions /cm ~. 

All  anodization was done in a saturated solution 
( ~ 5 % )  of ammonium pentaborate  in water  at a t em-  
perature  of 23~ The current  was kept constant  at ,00 
2 m A / c m  2. The desired oxide thickness was achieved 
by te rmina t ing  the oxidation at a voltage correspond- 
ing to the desired thickness obtained from a previ-  
ously prepared calibration curve and was checked by 
the subsequent  Rutherford backscattering analysis. 

The exper imental  a r rangement  for obtaining the 
spectra of backscattered He ion was identical with 
that  described in Ref. (1). Briefly it consists of a Van 
de Graaff accelerator del ivering a beam of 2 MeV He 
ions, a target chamber, and a surface barr ier  detector 
(resolution 17 keV FWHM),  placed to observe ions 
scattered through 150 ~ , together with the usual  elec- 
tronics and pulse height analyzer.  

The basis of the Rutherford scattering technique for 
surface analysis, for film thickness measurements ,  and ,oo, 0o6 
for locating the position of foreign atoms has been 
described extensively [(7) and references therein] .  
The application of the technique to the part icular  prob-  
lem of anodic oxide films on A1 and the behavior  of 
implanted foreign atoms is described in detail in  Ref. ,6,66o 
(1). The essence of the method is that, if a He ion of 
known energy (in this case 2 MeV) is scattered from a 
surface atom, the resul tant  energy loss can be calcu- 
lated from the kinematics of the system. Any  addi-  
t ional energy loss observed is due to the fact that the 
struck atom is not on the surface and therefore the He ~ ,000 
ion suffers energy loss in both its ingoing and outgoing 
trajectories. This loss can be interpreted to give the 
depth of the atom. 

The area of the peak obtained by backscattering 
from implanted ions is dependent  on the number  of 
implanted atoms present. It is possible to obtain the ,00 
absolute amounts  (7) but  for these exper iments  it was 
sufficient to compare areas after normalizat ion to the 
same integrated beam current  (i.e., same number  of 
incident  particles) to observe any changes in  the re la-  
t ive amount  of implant  occurring dur ing  anodization. 

The details of how the spectra are interpreted are, 
again, given in Ref. (1). We present a very  brief i l lus-  
t ra t ion by means of Fig. 1 and 2. The former was ob- 
ta ined from a specimen of A1 in which the implanted 
Ag is located in  the metal  under ly ing  an ai r - formed 
oxide film, the lat ter  was obtained from the same 
specimen after the oxide had been thickened anodically 
to 100 ~g/cm z. In  both spectra the peak to the r ight  is 
derived from scattering from the Ag. The cont inuum to 
the left of the spectrum of Fig. 1 is derived from scat- 
ter ing by the A1 atoms of the substrate. 

The cont inuum in Fig. 2 has a marked step. The 
port ion at the r igh t -hand  side, in which the height is 
reduced, comes from scattering of He by A1 atoms in 
the oxide. The higher level portion at the left comes 
from scattering by A1 atoms in the under ly ing  metal. 
The width of the step is a measure of the oxide and 
this can be calculated as described in Ref. (1). 

The position of the Ag peak on the energy scale of 
Fig. 1 corresponds to Ag atoms at a depth of 6 ~g/cm 2 
(the implant  depth).  The Ag peak position in Fig. 2 
is shown displaced to one of lower energy. This indi -  
cates the Ag atoms were buried beneath  the surface 
dur ing  oxidation. The change in depth of the Ag is cal- 
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Fig. 1. Spectrum from 2 X 10 z4 Ag atoms implanted in AI. 
The incident energy of the He + was I965 keV. 
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Fig. 2. Spectrum from 2 • 1014 Ag atoms buried beneath an 
oxide layer (70 ~g/cm 2 thick) on the surface of AI. The incident 
energy of the He + was 1965 keV. 

culated from this energy shift. The area of the Ag peak 
in Fig. 2 is 90% of the area in Fig. 1 so that  10% of 
the Ag is no longer within the boundaries  of the pr in-  
ciple distribution. 

The depth resolution of the technique is ~2  ~g/cm 2 
and is essentially constant  over the range of depths 
involved in the work. It is set main ly  by the detector 
resolution. The resolution sets a l imit  to precision 
when one is a t tempting to measure the depth at which 
atoms are located. The precision obviously depends on 
the magni tude of the distance one is measur ing in 
each part icular  case. It is not possible to tell the dif- 
ference between atoms on top of the substrate surface 
or wi thin  the first 2-3 ~g/cm 2 of the substrate. In  Ref. 
(1) we found the relative s tandard deviat ion at a 
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depth  of 35 ~g/cm~ to be 6.0%. Likewise, the measure -  
ments  of oxide thickness have  l imited precision. In 
Ref. (1) we found a re la t ive  standard deviat ion of 
2.0% for four  thickness measurements  made on the 
same oxide, which had a thickness of 93 ~g/cm 2. Thus, 
the position of foreign atoms re la t ive  to the m e t a l / o x -  
ide interface is somewhat  imprecise, subject to both 
the e r ror  in depth  measurement  and the er ror  in oxide 
thickness measurement .  It is not possible to assert f rom 
the Ruther ford  scat ter ing data alone whe ther  foreign 
atoms close to the interface lie wi thin  the meta l  or 
wi th in  the oxide. 

On occasion and as a mat te r  of convenience, the 
Rutherford  scat ter ing exper iments  were  supplemented 
by exper iments  in which radioact ive 204T1 tracer  and 
convent ional  radio-assay methods were  employed.  
These are indicated in the re levant  section under  Re-  
sults. 

Results 
Implants in preformed oxides.--In this section we 

describe the behavior  of ions, implanted into pre-  
formed oxide, when  the oxide film is subsequent ly  
thickened by a number  of anodic oxidation steps. The 
pre formed oxide thickness is t _-- 11 ~g/cm2 and the 
thickness at each successive stage is designated T. In 
Fig. 3 we i l lustrate  qual i ta t ively,  the various phe-  
nomena observed. For  convenience we consider the 
results in three  groups, as follows: 

(a) When T ~ 25 ~g/cm 2 all the implanted Ba ions 
were  found in the oxide, close to but  not at the outer  
(oxide-e lec t rolyte)  interface. Since 4/10 of the new 
oxide is formed outside the original  surface by out-  
ward movement  of A1 [Ref. (1)] the Ba must  also 
move outward,  but  not quite as fast as the A1. The 
same behavior  was observed on fur ther  thickening 
the oxide (T2 ---- 60), Fig. 3B, and (Ta-4 ---- 75 and 95 
~g/cm2). The Ba ion mobil i ty  can be described in 
terms of a migra t ion  number  which we defined in 
Ref. (1) as the ratio of the distance moved by the 
implanted  atoms to the total thickndss of the oxide 
grown after  implantation.  The value  for Ba averaged  
0.39. 

(b) The group, Ag, Co, Cr, Hg, Ni, and V, on the 
other  hand, disappeared f rom the solid when T ~ 25 

~g/cm 2, leaving, at most, a just  detectable trace on the 
surface of the oxide. They also must  move outward, but 
at a faster  rate than A1 atoms. No migrat ion number  
can be assigned, except  that  it must  exceed the A1 
value  (0.4). 

(c) The remaining group, as shown in Fig. 3A, Cu, 
Ca, Fe, Ga, In, Mn, St, and T1 implants,  also move 
outward;  but display a behavior  in termedia te  between 
groups (a) and (b).  That is, a port ion is lost to the 
electrolyte  whi le  the remainder  is found close to the 
outer  surface. The fraction remaining at the surface 
layer  varies f rom species to species, and is not repro-  
ducible from specimen to specimen of the same species. 
For  Ca, Cu, Ga, and Sr the amount  retained at T ---- 25 
~g/cm2 was ~ 50% and at T ---- 50 ~g/cm 2 they  had 
ent i re ly  disappeared (Fig. 3B). Essential ly then, these 
ions move faster  than A1. In the case of Fe, In, Mn, and 
T1 the amount  remaining  at T ---- 25 ;~g/cm 2 was ~ 75% 
and when T _-- 100 ~g/cme (the m a x i m u m  avai lable) ,  
appreciable quantit ies remained, always located close 
to the outer  surface. These then, move more  rapidly  
than A1 and only slowly dissolve in the electrolyte,  or, 
they move at much the same rate as A1 and are re-  
duced by dissolution of the a lumina mat r ix  or by some 
other process. Loss of any species to the electrolyte  not 
only involves movement  through the oxide but dis- 
solution into the electrolyte  and possibly dissolution 
of the alumina surface layers  [2% of the A1 converted 
to A120~ is known to dissolve (8)].  Thus once an im-  
planted ion reaches the surface layers its rate  of egress 
will  depend on factors other  than the rate of move-  
ment  through the oxide. These factors were  not inves-  
t igated in the present  work. Some such studies have  
been carried out with Ta205 (9). 

In order to dist inguish be tween  movemen t  wi thin  
the oxide and these ra ther  complex surface effects, we 
carr ied out another  exper iment .  We preformed oxide 
films 43 ~g/cm 2 thick and sent the specimens to the 
Univers i ty  of Aarhus, Denmark,  where  they  were  im-  
planted with indium to a depth of 34 ~g/cm 2 and with  
tha l l ium to a depth of 20 ~g/cm 2 (Fig. 4A) using the 
600 keV heavy  ion accelerator.  In this way  we sub- 
s tant ial ly increased the path length over  which the 
ions would have to move before they could reach the 
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Cu, Ca,Fe,Ga, In ,gn ,Sr ,T I  
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I< T 2 :4 

Fig. 3. The position of ions implanted into preformed oxide films 
after thickening by anodlc oxidation in two stages. A, first oxida- 
tion; B, second oxidation. T1 and T 2 are the thicknesses of the 
1st and 2nd oxides, respectively, t the thickness of the preformed 
oxide film, and D the depth of the implant before thickening. (7 
is the position before thickening; I after thickening. ~ in- 
dicates part of implant retained and part moving farther. The 
height of the latter two rectangles corresponds approximately to the 
fraction of implanted material in the position indicated. 
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Fig. 4. The position of In and TI ions implanted into thick pre- 
formed oxide films before (A) and after thickening (B). t is the 
thickness of the preformed oxide, T1, T2, and T~ are the thicknesses 
of anodically grown films. | is the position of the implants, ~] 
the positions held before thickening. 



1284 J. E lec trochem.  Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  October  1974 

surface. After  th ickening the oxide (T1 : 74 ~g/cm 2, 
Fig. 4B) we found all the implanted mater ial  wi th in  
the oxide film and could therefore obtain migrat ion 
numbers .  They were 0.83 and 0.34 for the In  and TI, 
respectively. On fur ther  thickening (Ts = 102 ~g/cm 2, 
Fig. 3C) the In  was located close to the surface, while 
the T1 was still well wi thin  the oxide. For both species 
the values of the respective migrat ion numbers  were 
the same as before. Thus In  moves faster than A1 and 
its presence at the surface in the earlier exper iments  
where it reached the surface quickly must  have been 
due to preference for remaining in the surface ra ther  
than dissolving in the electrolyte. The T1 moves at 
much  the same rate as A1. The gradual  decrease in 
amount  in the earlier exper iments  must  have been due 
to a lumina  dissolution or possibly to the fact that  if T1 
moves at about the same rate as A1 and also suffers 
any  broadening of its distribution, then a small frac- 
t ion will  in fact move faster than the A1; a small  de-  
gree of broadening is difficult to observe due to the 
detector resolution. 

Such exper iments  involving deeper implants  have 
not been carried out with Fe and Mn. It is therefore 
not known whether  these move faster than  A1 and re-  
main  on the surface because they are subject to some 
surface effect or whether  they move at the same rate 
a s  A1. 

Implants  into a luminum metaL- -The  positions of 
species, implanted into metal  under  an a i r - formed ox- 
ide film, after the specimens had been anodized are 
shown in Fig. 5A. 

Bar ium behaved exactly as it did when  implanted 
into preformed oxides, i.e., all of it moved outward to 

k 

Ca ,Sr 

AE,Co,Cr,Cu,Ga,Hg.Ni ,V 

TI 
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I_ T, ~ i 

T2 - I  

Fig. 5. The position of ions implanted into metal under the air- 
formed oxide after thickening by anodic oxidation. A, first oxida- 
tion; B, second oxidation. T1 and 7"2 are the thicknesses of the 
1st and 2nd oxides, respectively, t the thickness of the air-formed 
oxide, and D the depth of the implant (in metal) before thickening. 

is the position before thickening, | after thickening. 
indicates part of implant retained, part moving farther. The height 
of the latter two rectangles corresponds approximately to the frac- 
tion of the implanted material in the position indicated. 

a location just  below the surface. When T1 = 28 ~g/ 
cm 2, the migrat ion number  obtained was 0.38 which 
agrees with the previously obtained value. Fur ther  
thickening of T to successively 44, 64, 83, and 104 
~g/cm 2 gave values which averaged 0.39. 

Also, as before, a part  of both Ca and Sr was located 
at the surface when  the first film was grown (T1 = 50 
~g/cm 2, Fig. 5A) and disappeared dur ing  fur ther  
growth (T2 = 100 ~g/cm 2, Fig. 5B). 

By contrast the behavior of all other elements (Fig. 
5A) was s t r ikingly different f rom that observed for 
implants  into preformed oxide. After  anodizing, a large 
fraction of the implanted mater ia l  was found in a 
sharp peak corresponding to a depth, wi thin  the ex- 
per imenta l  resolution, that  is equal  to the oxide thick- 
ness, i.e., at the metal /oxide  interface. By str ipping off 
the oxide and analyzing again it was found that the 
implant  was, in fact, in the metal  and is, wi th in  the 
l imit of resolution, at the metal  surface. Since it has 
been shown that  the anodic oxidation of A1 proceeds, 
in part, by inward  movement  of oxygen, the implanted 
ions retained in  the metal  must  have retreated before 
the advancing oxide front, moving in a direction op- 
posite to that observed in the preformed oxide experi-  
ments. 

The amount  of implant  found at the interface does 
not ful ly account for the original amount;  Table I 
shows that fractions were retained at the interface at 
the end of the first oxidation step. The fractions of Ag, 
Co, Cr, Cu, Hg, Ga, Ni, and V not retained at the in ter -  
face were not observed elsewhere in  the spectra. They 
either passed into the electrolyte or the small amounts  
of mater ial  involved were dispersed throughout  the 
oxide too sparsely to be detected. The first a l ternat ive 
seems l ikely in the case of Hg because a relat ively 
larger amount  is missing from the interface region 
(Table I) and Hg, being heavy, is easily detected in 
very small  amounts.  Such behavior  would be con- 
sistent with that of Hg ions implanted into preformed 
oxide films where Hg disappeared quickly from the 
solid system. The T l n o t  retained at the interface was 
dispersed in oxide in a concentrat ion gradient  decreas- 
ing from the oxide/metal  interface outward as indi-  
cated on Fig. 5B. This too is consistent wi th  previous 
exper iments  where T1 was found to move in the oxide 
at much the same rate as A1. Some Fe, In, and Mn 
were observed at the outer surface. This too, is the 
same as the behavior  of these species implanted in 
preformed oxide. 

As the oxides were thickened the fraction remain ing  
of Ag, Ga, Cr, and !~i at the meta l /oxide  interface 
decreased; Co and Cu did not. For Hg and V the loss 
was 100% after forming 100/~g/cm 2 of oxide, the other 
species lost amounts  varying  in the range 10-50%. 
Again, except for Fe, In, Mn, and T1, the mater ia l  not 
at the interface could not be located. Tha l l ium was 
found in the oxide, decreasing in concentrat ion from 
the meta l /oxide  interface outward. In  the case of Fe, 
In, and Mn, the fraction leaving the interface was at 
the outer surface. 

Table I. Fractions located at oxide/metal interface 

O x i d e  F r a c t i o n  a t  
I m p l a n t e d  t h i c k n e s s  i n t e r f a c e *  (% of  

s p e c i e s  (izglcm~) i m p l a n t e d  a m o u n t )  

A g  27 56 
Co 27 92 
Cr  50 84 
C u  28 100 
F e  52 75 
G a  48 100 
H g  35 62 
I n  28 89 
M n  53 72 
N i  27 92 
T1 31 90 
V 26 100 

* T h i s  f r a c t i o n  v a r i e d - a s  m u c h  as  15% f r o m  one  e x p e r i m e n t  to  
t h e  n e x t .  
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The rate at which T1 leaves the metal  as the oxide 
film is thickened was determined by exper iments  using 
radioactive 204T1. Specimens of a luminum metal  were 
implanted with 204T1 and also with stable T1 to br ing  
the dose up to 2 • 1014 ions/cm 2. The activity was 
measured by /~-counting. The specimens were then  
anodized, the oxide stripped off, and the residual ac- 
t ivi ty  measured. This procedure was then repeate~ 
m a n y  times so that  the gradual  disappearance of T~ 
could be followed. The amount  lost on the first ste~ 
was variable, but thereafter  the rate of loss showed 
first-order dependence on the amount  of T1 remaining,  
Fig. 6. The amount  lost in a given step is also propor-  
t ional to the thickness of oxide grown, i .e.,  to the time 
of anodizing at constant  current.  Thus the amount  re-  
moved by forming a thick oxide will be the same as 
that  removed in successive small  steps of total thick- 
ness equaling the large one. 

Conclusion 
These exper iments  have shown that  the behavior  of 

implanted ions depends on the location of the implant .  
All  metal  ions implanted in a preformed oxide move 
outward. However most metal  species implanted into 
A1 metal  under  the na tura l  a i r - formed oxide exhibit  
the opposite effect, remain ing  in the metal  and moving 
inward  with the advancing oxide front. 

The migrat ion numbers  for In  and T1, measured by 
using deep implants,  show that In  moves faster than 
A1 whereas T1 moves at about the same speed. A large 
n u m b e r  of other species clearly move more quickly 
than A1 because they are lost to the electrolyte dur ing  
anodizing. These are Ag, Co, Cr, Cu, Ga, Hg, Ni, and 
V. Migration numbers  for these species can only be 
determined by  deep implants  in thicker oxides as were 
done for In  and T1. At present, we cannot do this 
without  help from an outside laboratory but  equip-  
ment  now being assembled will short ly remedy  this 
situation. 
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Fig. 6. The rate of decrease of Ti in the metal substrate at the 
interface as a function of the concentration of the TI in the metal. 
The concentration shown is the average for each oxidation-dissolu- 
tion step. 

Only one of the species, Ba, moved more slowly than 
A1. The other two alkali  earths Ca and Sr are more 
mobile than K, Rb, and Cs (1). If it is assumed that 
these species move as ions, one can at t r ibute  the 
greater mobil i ty  of Ca, Sr, and Ba to the double charge 
on their ions. It  was found in Ref. (1) that mobi l i ty  de- 
creased in the sequence K, Rb, Cs. Al though Ca and 
Sr move faster than Ba, suggesting the same pat tern  
obtains, the relat ive mobil i ty  of Ca and Sr can only be 
unambiguous ly  determined with deep implants.  How- 
ever, Sr was re ta ined in greater amounts  at the surface 
than was Ca. In  both cases, whether  oxide or metal, 
they should be soluble in the aqueous electrolyte and 
thus it is not implausible  that the greater  amount  of Sr 
is due to slower migration, i.e., mobil i ty  decreases in  
the sequence Ca, Sr, Ba. In  both sequences this ap-  
pears to be an effect of size ra ther  than electropositiv- 
ity (which increases rather  than  decreases in the two 
sequences).  

The results of the deep implant  exper iments  with In  
and T1 also exhibi t  the apparent  dependence on size 
as the mobil i ty  of ind ium is considerably greater than  
that of thal l ium. 

One fur ther  fact emerges from these experiments ;  
all ions which clearly move more slowly than  A1, viz., 
K, Rb, Cs, and Ba, are appreciably greater  in size than 
those which clearly move faster, Ag, Co, Cr, Cu, Ga, 
Hg, In, Ni, and V. 

The most s tr iking feature of the present  work is that  
many  metall ic species, when  implanted into a luminum 
metal, are retained to a large extent  in the a luminum 
when the specimen is anodized. The over-al l  pat tern  
fits with normal  electrochemical behavior. Species 
with lower oxidation potentials than a luminum (K, Rb, 
Cs, Ca, Sr, and Ba) are oxidized and incorporated into 
the A1203. Species with higher oxidation potentials 
than a luminum (all the remain ing  metall ic species 
studied) are not oxidized and remain  in the metal, al-  
though the fraction so retained does vary  considerably 
between different species. The anodic oxidation of a lu -  
m i n u m  proceeds, in part, by inward  movement  of oxy- 
gen. Hence if an implanted atom .is re ta ined in the 
metal  it must, in effect retreat  before the advancing 
oxide front. This implies that the implanted atoms 
must  have a high degree of mobil i ty  in the a luminum 
metal  close to the metal-oxide interface due to a high 
concentrat ion of vacancies in this region. 

The phenomenon  appears to be similar to that  ob- 
served in thermal  oxidation of alloys where  oxides 
containing only one of the components can be found. 
In  these cases the component  wi th  the lower heat of 
formation remains  in the metal  [see for example Ref. 
(10)]. 

When the oxide front  moves through the implan t  
region it does not sweep every atom of the implanted 
species before it. The amounts  vary  f rom species to 
species. Fur the r  as the front moves inward, i,e., be-  
yond the implant  region into a hitherto undis turbed  
region, it cont inuously  loses a fraction of the atoms 
that  had been moved inward  from the original  position. 
In the more detailed studies with T1 it was shown that  
the amounts  t ransferred across the interface into the 
oxide is dependent  on the concentrat ion of the T1 atoms 
at the interface. Atoms not swept along by the oxide 
front  as it passes through the implant  region and thus 
t ransferr ing into the oxide evident ly  behave in the 
same fashion as the part icular  species involved does 
when  implanted into preformed oxides. 

In  addition to the intr insic interest  in  formulat ing a 
plausible mechanism for the process, this phenomenon  
has some significant practical consequences. Anodic 
oxidation and str ipping has been used as means of 
"sectioning" a luminum to determine range profiles and 
to s tudy diffusion. These procedures are subject to 
error, or could be totally useless, if the foreign atoms 
in question do not pass into the oxide (11). Anodizing-  
str ipping cycles and also electrochemical polishing are 
useful techniques for prepar ing good surfaces. How- 
ever, we have found that  if they are applied to a lu-  
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m i n u m  alloys they will  per turb  the concentrat ion of 
additive in  the surface region (11). Fur thermore,  with 
due consideration of the oxidation potentials involved, 
similar  effects could well be observed with matr ix  
metals other than a luminum.  
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The Effect of Brine Level on the Voltage of 
Mercury-Type Chlor-Alkali Cells 

Peter A. Donna *'~ 

Olin Corporation, StamSord, Connecticut 06904 

ABSTRACT 

One of the neglected variables affecting the operating voltage of mercu ry -  
type chlor-alkali  cells is the level of the cell br ine  relative to the tops of the 
graphite anodes wi th in  the cell. Laboratory data have been analyzed and 
scaled up to predict the magni tude  of this effect in  a typical commercial 
mercury  cell. 

It  is well  known that  vary ing  the slot and hole con- 
figuration of graphite anodes can reduce the cell vol t-  
age of a mercury- type  chlor-alkali  cell (1, 2). The volt-  
age decrease is the result  of improved br ine circula- 
t ion rates which in t u r n  result  in more rapid chlorine 
bubble  detachment  from the graphite as well as min i -  
mization of localized depletion of the brine. Brine 
circulation rates depend on hydrodynamic forces com- 
monly  known as the "gas lift pump" principle. In  the 
present  application, one critical variable affecting the 
rate of circulation via the gas lift pump principle is 
the difference in hydrostatic head which results be-  
tween the b r ine -bubb le  mixture  wi th in  an operating 
anode and the relat ively bubble- f ree  mixture  of the 
bulk  electrolyte in  the cell. The relationship of this 
variable  to cell br ine  level can be understood as 
follows. 

Figure 1 shows a cross section of a port ion of a typi-  
cal graphite anode. Bubbles  of chlorine are formed in  
the anode-cathode gap by the oxidation of chloride ions 
in  the br ine  solution. These bubbles then  rise up 
through the slotted lower section of the anode (h2) and 
enter  the upper  drilled section of the anode (hi) .  As 
these bubbles rise and fill the slot and hole volume 
a bubb le -b r ine  mix ture  of density pM is created. The 
br ine  around the outside of the anode is relat ively 
bubble free due to gas disengagement  when  the bub-  
b le -br ine  mix ture  emerges from the top of the anode. 
Thus the br ine  outside the anode is of densi ty  pB. Due 
to void fraction of the mix ture  within the anode pB is 
greater  than pM. In  this way circulation of br ine  and 
removal  of the bubbles f rom the reaction zone result  
f rom the dr iv ing force caused by the difference in hy-  

* Electrochemical Society Active Member. 
t Present address: The Marstolin Group, Hamilton 5, Bermuda. 
Key words: hydrodynamics,  anodes, scale-up, gas lis pump. 

drostatic head between the outside bubble- f ree  brine 
and the bubb le -b r ine  mixture  wi thin  the anode. 

As shown in Fig. 2, br ine  circulation around a typi-  
cal anode in commercial use takes place not only down 
through the interelectrode gap (path A),  but  also 
through the ends of the anode slots (path B). Since 
the pr imary  benefit to voltage reduction is obtained 
when chlorine bubbles are rapidly swept out of the 
anode-cathode gap, path A circulation is by far the 

BRINE LEVEL ~ ~ __ 

. . . .  " ~o Driv ng force for circulation uriving mrce for circulation. L . .,~ ,~... 
^ ^ / # o ~=(h 1 +h21 ~rB--I'M} 

= h l ( V B - y M ) - - , - ~  ~  o ...-L--.L. 

0 ~ 0  0 

Bubble-Brine ~ k ' k ~  P~o . ~ ' ~ _  l 

density --~M ~ 5"~=o ~X~ ~ / 

Bubble-free Brine ~XX~XX~ :~~176 ~ X ~ ' ~  

o otpr Anode-Cathode Gap 
�9 Sodmm Amalgam Cathode 

Fig. 1. Anode hydrodynamics 
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Fig. 2. Typical brine circulation paths 

most impor tant  to achieving low operat ing voltages. 
A patent  has been issued to Olin Corporation wherein  
all br ine  circulation is forced to also be gap circula- 
t ion by  using several novel anode designs (3). 

Experimental 
In  the present  series of studies the exper imental  

anode was 610 m m l o n g  X 229 mm wide X 152 m m  
high. This is one-hal f  the length of a commercial 
Olin E-510 cell anode. The test apparatus consisted 
of a br ine  feed system, mercury  pumping  system, and 
a steel bottomed Lucite cell large enough to accommo- 
date the anode and provide clearances around the 
anode equivalent  to those commercial ly used. Flow 
rates for br ine  and amalgam as well  as cell t empera-  
ture  were consistent with industr ia l  operating condi-  
tions. 

Results and Conclusions 
For the purpose of isolating the br ine  level effect 

in  this analysis we will assume that  all other cell 
variables which are a function of anode position in 
the cell do not interact  with brine level effects and re-  
main  constant. Actual  exper imental  data showed that  
only minor  errors are introduced by this assump-  
tion. 

Neglecting dynamic head effects, the br ine  level 
relat ive to the bottom of the graphite anode plane 
is a straight l ine funct ion of the slope. If the cell br ine  
inlet  level is at 45 mm above the bottom plane of the 
anodes, and using the dimensions shown in Fig. 3, we 
can derive the equation 

(BL)N = 45ram + [ 6 m m  0"612m ] X - - X  (N--i) [i] 
m anode 

where (BL)N is the br ine  level at the leading edge of 
an anode in position N; and 1 ~-~ N ~ 20. Note that  for 
this example N and bus bar  number  are identical 
since we are assuming only one post per anode and a 
bus bar  for each post. 

Figure  4 graphica l ly  depicts the method of number -  
ing and assumed cell a r rangement  used in  this ex- 
ample. For simplicity of electrical circuit analysis we 
assume our commercial cell room consists of 250 cells, 
each 1 anode wide and 20 anodes long. As is usual in  
mercury  cell plants, anodes in any cell are electrically 
in parallel  while anodes in the same position from cell 
to cell are electrically in series. 

The anode age dis tr ibut ion for any  given bus 
number  is linear. For example, suppose one measures 
a11 anodes in position 5 from Cell No. 1 through No. 250 
inclusive. If the oldest ( thinnest)  anode is then called 
No. 1 and the newest  (thickest) caUed No. 250 a 
straight l ine age dis tr ibut ion will  result  from new to 
"throw away" (or stub loss) thickness. The anodes 
in this example are 152 mm thick when  new. If 100 
mm of the anode is used and 52 mm is stub loss, the 
anodes along any bus in the cell room are l inear ly  dis- 
t r ibuted in  thickness from 52 to 152 ram. The solid 
black line of Fig. 5 depicts this relationship. From 
Eq. [1], the br ine  level at any row position can also be 
calculated. Typical values are shown as horizontal 
dotted lines in Fig. 5. The fraction of anodes Fs sub-  
merged at row N can then be calculated. For any given 
row, the number  of anodes submerged is given by  
the intersection of the br ine  level in that row with 
the age dis tr ibut ion l ine of Fig. 5. The fraction of 
anodes submerged (Fs) is s imply the anode number  
of the intersection point divided by the total number  
of anodes (250 in this case). 

The average circuit voltage drop along any bus is 
given by the weighted average voltage drop at that  
bus position for each cell. This results in the general 
equation 

BUS BAR (OR ANODE ROW) 
NO. 1 -~20 

t 610ram ..,..=.~ 

! I 
I I I 
I "-b-I !.=~.. 2 n ~  

;lope = 6 - - ~ -  

True Horizontal 

Fig. 3. Brine level vs. anode .position 
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Fig. 4. Schematic of cell and anode positions 
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Fig. 5. Relation between brine level and anode age 
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VN = FsVs  + (1 -- Fs) Vu [2] 

where VN --  circuit voltage along a given bus bar  
Fs = fraction of anodes submerged along bus 

bar  N 
Vs = e x p e r i m e n t a l l y  determined voltage of 

submerged anode at given current  den-  
sity 

Vu ----experimentally determined average volt-  
age of unsubmerged anodes over the 
range of nonsubmergence 

For  any  given anode design, Vu as well as Vs must  
be determined experimental ly.  Figure 6 gives the 
shape of typical exper imental  data obtained in this 
study. Note that  increasing the br ine  level above the 
top of the anode does not result  in addit ional  voltage 
improvement .  However, decreasing br ine  level below 
the top of the anode at any current  densi ty results in 
considerable worsening of the voltage. This effect is 
more noticeable as the current  densi ty increases. This 
is probably due to the critical need for increased cir- 
culat ion rates at higher current  densities and indi-  
cates that  anodes should be designed according to the 
current  density at which they are to operate. 

With the exper imental  data represented by Fig. 6, 
the average voltage (Vu) for those anodes which are 
unsubmerged in any  par t icular  row as well as the 
voltage for submerged anodes can then be subst i tuted 
into Eq. [2]. Thus, the cell room voltage at a given 
current  densi ty  along any  part icular  bus can be pre-  
dicted. 

F igure  7 gives exper imenta l ly  determined data ob-  
tained for one par t icular  graphite anode design in-  
vestigated in this study. 

Note that the typical ly shaped quali tat ive curve 
described in Fig. 6 again reappears quant i ta t ive ly  in 
Fig. 7. Upon examinat ion  of Fig. 7, the importance of 
the gas lift pump principle to low voltage operation 
can be fur ther  appreciated. 

At br ine  levels be tween 0 m m  and about --50 m m  an 
increase in current  density produced an increase in  
voltage as shown. However, at br ine  levels which were 
lower than about --70 mm relat ive to the top of the 
anode a much greater increase in voltage was ex-  
perienced for a given current  densi ty increase. The 
point of inflection occurring between about --50 and 
--70 m m  represents  a change of hydrodynamic  mech-  
anism. 

The anode used for the data of Fig. 7 was the typi-  
cal slot and hole design shown in Fig. 2. The top of the 
slot started 51 mm below the top of the anode. Thus, 
one can explain the more severe voltage increases at 
low br ine levels by  realizing that  once the br ine  
level dropped below the top of the slot, gas lift pump 
or percolat ion-type circulation was no longer possible 
and circulation reverted to the mechanism of free 
convective lift due to bubble  buoyancy. The smaller  
vertical  separation of current  density lines to the left 
of the --50 mm level of Fig. 7 is direct evidence 
of the voltage advantage due to the rapid br ine  cir-  
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Fig. 6. Typical functional relation between anode voltage and 
brine level. 
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Fig. 8. Cell voltage profile at various current densities as a 
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culation and bubble  detachment  provided by the gas 
lift pump principle. 

Using the data of Fig. 7 and  Eq. [2] one can plot the 
cell voltage at any bus bar  position with current  den-  
sity as a parameter.  The result  is given in Fig. 8. 

Two points of significant importance should be noted 
from Fig. 8. Firstly, let us suppose that the cell room 
is operated under  a condition of uniform current  den-  
sity; i.e., the current  in each bus bar is equal. Under  
this condition, due to the br ine  level effect alone, the 
average circuit voltage from bus to bus along the 
length of a given cell will  decrease and the control 
panel  rectifier voltage will indicate some value of an 
average cell voltage. 

Secondly, if the cell room anodes are adjusted to 
a given voltage (say 5V as indicated in Fig. 8) then 
the current  densi ty  at the inlet  bus position is sig- 
nificantly different from the current  at the outlet bus. 
In  this example the br ine  level  effect results in a more 
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than 10% increase in current  densi ty from the inlet  to 
the outlet end of the cell. 

Summary 
It  has been shown that  br ine  level is an impor tant  

variable affecting the operat ing voltage of graphite 
anodes in mercury - type  chlor-alkal i  cells. In addition, 
a method of analyzing laboratory data has been 
presented which enables one to predict the effect of 
this variable on the operating voltage and current  dis- 
t r ibut ion in a commercial cell room. 

Manuscript  received Nov. 19, 1973. This was Paper  
147 presented at the Houston, Texas, Meeting of the 
Society, May 7-11, 1972. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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Studies on the Mechanism of the Chlorine Electrode Process 

Fumio Hine* and Masaki Yasuda 
Nagoya Institute oS Technology, Nagoya 466, Japan 

ABSTRACT 

The chlorine electrode process on the graphite  anode under  real conditions 
of chlor-alkali  cells has been studied. In  relat ively low potential  range up to 
1.25V vs. SCE, two consecutive charge- t ransfer  reactions occur, and the second 
is rate de termining 

CI- : Clad + e 
Clad + C1-  A C12 + e 

The potential  deviates from the Tafel l ine at high current  densities, where the 
carbon oxide (C-OH) forms on the electrode surface, and the active sites for 
the chlorine electrode process diminish. 

Substant ia l  development  of both science and engi-  
neer ing has taken place in  the chlor-alkali  indus t ry  
dur ing  the past 20 years. Reduction of the cell volt-  
age at high current  densities is a most impor tant  goal 
in practical cell operation. The chlorine overvoltage 
and the IR drop near  the graphite anode are major  
factors in the voltage balance of the amalgam-type  
cell ( I ) .  Even in the diaphragm cell, the si tuat ion is 
essentially the same. 

The chlorine electrode in mol ten  salts has been 
studied by some authors (2-8), bu t  relat ively few 
studies have been made in  aqueous solutions (8-11). 
Electrode behavior  in aqueous solutions is complicated 
by  the formation of a5 oxide layer  on the surface of 
graphite  anode dur ing electrolysis of chloride solu- 
t ion because of discharge of H20 and /or  O H -  with 
chlorine. Thus the effect of the carbon oxide layer  
on the chlorine evolution reaction should be consid- 
ered (12, 13). Format ion of the higher oxide [desig- 
nated as (C-OH) hereafter]  becomes a major  factor 
in the electrochemical consumption of graphite anodes; 
furthermore,  the oxide causes an increase in chlorine 
overvoltage due to occupation of the active sites on 
the working electrode (13). 

The mechanism of the chlorine electrode process 
will  be discussed with respect to results obtained 
using rotat ing-disk and ro ta t ing-cyl inder  graphite 
electrodes in acidified NaC1 solutions. A large Tafel 
slope rather  than  the theoretical value (2.3 X 2RT/F) 
at high current  densities will also be discussed with 
assumption of formation of (C-OH) on the electrode. 

Experimental Procedure 
Rotat ing-disk and ro ta t ing-cyl inder  graphite elec- 

trodes were used. Propert ies of the specimen were as 
follows: specific gravity, 1.71; specific resistance, 55 • 
10 -5 ohm.cm; vanadium content, 3 ppm; ash, less 

* Electrochemical  Society Act ive  Member. 
Key words:  chlorine electrode, graphite anode, carbon oxide  layer, 

coverage on graphite anode. 

than 0.1%. A graphite rotat ing disk of 11 mm diam 
(ca. 0.95 cm 2 working area) and 25 mm long was 
screwed at the end of the Ti-shaft  with a Teflon sleeve. 
A graphite cylinder, 12 mm diam and 10 mm long, was 
mounted  to the Ti-shaft,  and graphite surface was 
covered with chlorine-resis tant  plastic resin except 
for a small part  (ca. 0.2 cm 2) as working surface. 
These electrodes were treated in  6N HC1 at 40-50 
A / d m  2 for at least one month.  The electrode was 
placed at the center of the measurement  c~ll of ca. 
1 l i ter  in capacity having a Pt  counterelectrode which 
was separated by a sintered glass diaphragm. Preelec-  
trolysis of the electrode was carried out at 5 A/d in  2 
for an hour prior to measurement .  

A calomel electrode in contact with 3.3N KC1 was 
used as reference, and a very small l iquid junct ion  po- 
tential  was found. The current  in te r rup t ion  method 
was employed to el iminate a large IR drop near  the 
working electrode due to bubbles.  

Although preelectrolysis of the solution was not 
necessary according to Yokoyama and Enyo (14), pre-  
t rea tment  with graphite anode and Pt cathode was 
sometimes made. Results obtained were not affected. 
Moisture and temperature  of chlorine or mix ture  of 
CI~ and N2 were brought  to equi l ibr ium before sending 
to the cell. Temperature  was 50~ 

Results and Discussion 
Preelectrolysis of the working electrode shown 

above is most impor tant  for reproducibi l i ty  of the 
polarization measurement .  The surface roughness of 
graphite  was not determined, bu t  the specimen was 
not  degraded dur ing experiment.  The graphite anode 
in  practical chlor-caustic cell becomes rough (9), bu t  
graphite is resistive toward roughening in  HC1 (12). 
The chlorine overvoltage decreased gradually,  then  
stabilized after eight weeks. Penet ra t ion  of solution 
would be one reason (15), but  it could also be due to 
slow conversion of the carbon oxide on the working 
surface into adatoms of chlorine (13). After  the sur-  
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Fig. 1. Polarlzatlon curves of graphite anode in acidic NaC1 so- 
lution (0.1M HCI) at 50~ 
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Fig. 3. Polarization curves of graphite anode in saturated NaCl 
(pH ca. 1.0) at 50~ Eeq = ] .044V vs. calomel. 

face is stabilized, the chlorine electrode process takes 
place mostly at the surface, while micropores would 
also be working. But it was confirmed that  the po- 
larizat ion curve was no longer affected by the micro- 
pores. 

The anodic polarization is a funct ion of the NaC1 
concentrat ion as shown in  Fig. 1. It  is independent  of 
the rotat ing speed, and hence no slow mass t ransfer  
step is involved. The Tafel slope at E < 1.25V is 120- 
130 mV/decade,  but  the potential  rises quickly wi th  
current  density thereafter.  Ful l  logari thm plot of the 
current  density vs. C1- activity has a slope of 0.6 as 
shown in  Fig. 2. The activity coefficient of C I -  was 
est imated to be 0.8 in 5.1M NaC1 at 50~ (16). The 
electrochemical reaction order for C1- is represented 
as follows (17) 

zcl-  = ~- 0.6 [11 
0 log aCl- E, ac12 

The reaction order zcl-  in  the previous paper  (13) 
was un i ty  because the process consisted of the chlorine 
electrode reaction only. On the other hand, the process 
under  discussion here took the effects of the carbon 
oxide on the anode, and hence a small  value of zcl-  
was obtained. 

The anodic polarization curves in chlorine saturated 
and chlorine-free solutions are shown in  Fig. 3. Ioniza- 
t ion of C12 occurs at E < 1.15V in  chlorine saturated 
solution. In  chlorine-free solution, the reversible po- 
tent ial  is very low~ and no backward reaction takes 
place even at less than  1.1V with the slope of 40 m V /  
decade. 

The cathodic polarization in  Fig. 4 is affected by the 
C12 concentrat ion at a given rotat ing speed. It also de- 
pends on the rotat ing speed. The cathodic react ion L~, 
therefore, controlled by diffusion of C12. 
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Fig. 2. Current density vs. C I -  activity curve (logarithmic scale) 
at constant potential (1.2V vs. calomel). 
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Fig. 4. Polarization curves of graphite cathode in saturated NoCI 
containing chlorine at 50~ Rotating speed, 2130 rpm; pH, ca. 0.5. 

The current  density, i, controlled by diffusion of C12 
at a rotat ing speed, m, is as follows (18) 

i = A ([C12] - -  [ C 1 2 ] s ) x / m  [2]  

where A is a constant, and [C12] and [Cl~]s are the 
Ct~ concentrat ion in  the bulk  of solution and at the 
electrode surface, respectively. Also, the diffusion 
l imit ing current  density, id, is represented by 

i d =  A [C12]V/IT~ [3] 

At the overvoltage more than  70 mV, the backward 
reaction is negligible, and hence 

i = k[C12]szm~ [4] 

where k is the electrochemical rate constant, and zc12 
is the reaction order for C12. From Eq. [2]-[4] 

( ') log i = l o g  k + zc]2 log 1 - [C12] [5 ]  
~ d  

The reaction order, zc12, is un i ty  as shown in  Fig. 5, 
and hence, Eq. 5 becomes simply 

( ' )  = k [ C 1 2 ]  1 - - - -  [61 
~d 

or 
1 1 1 

- -  = - -  + [7 ]  
i ir A [C12] 

where ir : k[Cl2], and can be evaluated by projection 
of the 1/i vs. 1/~/m. The intercept  obtained from this 
extrapolat ion is very l imited in accuracy since the rota-  
t ion dependence has on.ly been plotted over a small 
range. Coefficient A can be calculated by the equation 
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But rel iable  data for the diffusion coefficient, D, of 
C12 were  not available. Exper iments  were  repeated 
and the potential  was set in several  stages. From these 
data, A was computed by the method  of least squares. 

The potential  vs. logar i thm of ir wi th  the slope of 120 
mV/decade  is independent  of the C1- concentrat ion as 
shown in Fig. 6, therefore,  the reaction order  wi th  re-  
spect to C1- is zero. 

The exchange current  density of the chlorine elec-  
t rode process on a graphi te  electrode in a saturated 
NaC1 (pH 0.5) is ca. 0.12 A/d in  2 (Fig. 7). 

The overvol tage  vs. current  density curve in the 
range of ve ry  low overvol tage  (1')1 < 20 mV) is ex-  
actly straight  (Fig. 8), and hence the two directions of 
the chlorine electrode process are symmetrical .  The 
polarization resistance is 0.15 ohm �9 dm 2. 

The stoichiometric number,  v, is represented as fol-  
lows (0§ 

i, --  (/o) = 1.2 [8] 
R T  ~=o 

where  n is the number  of charge t ransfer  for the over-  
all reaction. Those exper iments  have been carr ied out 
in the range of low overvol tage  as described above, 
and it has been confirmed that  the cathode process has 
not been controlled by diffusion. 
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Various parameters  evaluated  from the exper imenta l  
results are shown in Table T. zc~- for anodic process 
in this table is 1 instead of 0.6 in Fig. 2. The results 
obtained by the galvanostat ic  anodic t ransient  method 
is uni ty  (13). Deviat ion of  zcz- might  be due to dis- 
turbance of (C-OH) on the working  electrode. 

The over -a l l  reaction of the ch lor ine /ch lor ide  system 
is 

2(31- = C12 -t- 2e [I] 

But the e lementary  reactions involved  are as follows 
(7) 

Mechanism I: C1- = Clad -t- e [II] 

2Clad -- C12 [III] 

Mechanism II: C1- = Clad -~- e [II] 

Clad -t- C1- = C12 -t- e [IV] 

The parameters  on the electrode kinetics correspond- 
ing to these mechanisms are listed in Table II, where  
the Langmui r - type  isotherm is proposed for adsorption 
of C1 with  the coverage 0Cl. 

In the potential  range up to 1.25V, the Tafel  slope 
under  Pc12 = 1 atm is about 120 mV/decade.  On the 
other  hand, the slope is about 40 mV/decade  at low 
current  densities wi th  pc12 = 0 (N2 bubbled solution) 
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Table I. Parameters for the chlorine electrode process (experimental) 

R e a c t i o n  o r d e r  
Sto ich iometr ic  T a f e l  s l o p e  E x c h a n g e  c u r r e n t  

n u m b e r ,  v ( m V / d e c a d e )  z e l -  z c l  2 d e n s i t y , i o  ( A / d m  e) 

Anodic  1 (ca .  1 .2 )  ca .  4 0  a t  ) o w  C . D . *  - -  ( io)an .  = ( io)ca .  = 0 .12  
120  ~ 130  a t  h i g h  C . D . * *  1 ( c ~ .  0 .6 )  0 I n  s a t ' d  N a C 1  ( p H  0 . 5 ) ,  

Cathodic 1 (ca. 1.2)  c a ,  - 1 2 0  0 1 pc} 2 = 1 a r m  a t  5 0 " C .  

* The backward  react ion is negl ig ible  because  Pc12 = 0 .  
** E < ca .  1 . 2 5 V  vs .  c a l o m e l .  T h e  T a f e l  slope increased v e r y  m u c h  a t  E > ca .  1 . 2 5 V .  

Table II. Parameters for the chlorine electrode process (theoretical)* 

T a f e l  s l o p e * *  z c l -  z c l  2 
R a t e - d e t e r m i n i n g  

Mechani sm step ~ #c t  ~ 0 #e~ ~ 1 0c~ ~ 0 001 --> 1 0e l  --> 0 001 ~ 1 

Anodic  I C1-  ---- C l ad  + e 2 2 R T / F  2 R T / F  1 1 0 0 
2 C l a d  = C12 1 R T / F  oo 2 0 0 0 

I I  C I -  ~ C l ad  + e 1 2 R T / F  - -  i 0 
Cl ad  + C1-  = CI2 + e 1 2 R T / 3 F  2 R T / F  2 T 0 "0" 

C a t h o d i c  I CI~ = 2 C h a  1 - o o  0 1 
C l ad  + e = C1-  2 - - 2 R T / F  - - ~ T / F  0 "0  V= - 0  

I I  e l 2  + e = Clad  + C I -  1 - - 2 R T / F  - -  0 1 
Cla~  + e = C1-  1 - - 2 R T / a F  - - 2 R T / F  --1  0 1 "0  

* L a n g m u i r - t y p e  i so therm w a s  adopted  for adsorpt ion of  Claa. 
** W h e n  ,* = 0 ,5 ,  

as shown in Fig. 3. The ra te  of the cathodic process 
[I] is negligible in this case. The Tafel  slope for the 
anodic process of Mechanism II should be 2.3 X 2 R T / F  
(----120 mV) at 0el = 1 and 2.3 X 2 R T / 3 F  (----40 mV) 
at 0cl =- 0, and is in agreement  with the exper imenta l  
results. Thus, it is concluded that  Mechanism II is 
appreciable, and react ion [IV] is rate  determining.  

Results of a previous paper (13) show that  forma-  
tion of the carbon oxide on PG-  and GC-anodes in 1M 
HC104 increases with the anode potential,  i.e., all of 
the surface oxide tend to the "higher  oxide (C-OH)" 
at the potential  range over  ca. 1.3V. (C-OH) may  form 
even in chloride solution, of course, the amount  of 
format ion decreases wi th  increase in the C1- concen- 
tration. The exchange between oxide (or adatom of 
oxygen) and chlorine depends on the potential  and 
is significantly irreversible.  

It is evident  that  the graphite anode is consumed 
by a considerable amount  if it is preelectrolyzed at 
ve ry  high current  densities such as 250 A/d in  2. The 
rough surface after corrosion resembles the surface of 
the anode polarized in HC104 at high current  den-  
sities where  the oxygen electrode reaction may  take 
place. 

The polarization curves of the graphite anode p re -  
electrolyzed in a saturated NaC1 (pH ca. 2) at 250 
A/d in  2 for about 6 hr  is shown in Fig. 9. The chlorine 
current  efficiency (volume ratio of chlorine to total 
gas) is also shown. At high current  densities over  10 
A/d in  ~, the potential  deviates from the Tafel  line, and 
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Fig. 9. Polarization curve and current efficiency for chlorine 
evolution reaction with graphite anode having rough, or corroded, 
surface in saturated NaCI (pH 2.3) at 50~ 

the chlorine current  efficiency decreases wi th  increase 
in current  density. It is considered that  the effect of the 
oxide layer  on the anode is a major  reason for devia-  
tion from the Tafel  l ine at high current  densities, and 
also the oxygen electrode process is not negligible 
even in a saturated NaC1 solution at low pH such as 2 
in the potential  range over  1.7V. 

In conclusion, Mechanism II is acceptable for the 
chlorine electrode process at re la t ive ly  low current  
densities or at the potential  range up to 1.25V, and re-  
action [IV] is rate determining.  

Since the backward react ion is negligible at high po- 
tential  ranges, Eq. [9] is obtained 

i ---- kD[C1-] 0el exp ( ~ F E / R T )  [9] 

where kD is the reaction rate for the anodic direction 
of reaction [IV], and ~ is the t ransfer  coefficient 
( =  ca. 0.5). 0ci is the coverage of adatom of chlorine, 
and is assumed to be about unity. 0cl decreases with 
format ion of (C-On) ,  at high potent ial  over  1.3V. In 
a small range of potential  (ca. 1.25-1.5V), it can be 
assumed that  the amount  of the oxide is proport ional  
to the potential, therefore,  0el decreases with potential  

0Cl = 1 -- 0o (E > ca. 1.25V) [10] 

where  0o is the coverage of carbon oxide. Thus, we 
have 

i' = k~[C1-]  (1 -- 0o) exp ( a F E / R T )  e x p [ - -  (1 --a)  f0o] 
[li] 

where  f R T  is Temkin 's  parameter ,  and hence, the last 
te rm will  show the factor of increase in the apparent  
act ivat ion energy for the chlorine electrode react ion 
due to existence of the oxide layer  on the surface of 
the working electrode (19). From Eq. [9] and [11] 

- -  = (1 -- 0o) exp (--I0o/2)  [12] 
i 

The straight line wi th  the slope of 2.3 X 2 R T / F  in Fig. 
10 is represented by Eq. [9], whereas  the curve labeled 
i' follows Eq. [11]. Figure  11 represents  the re la t ion-  
ship be tween E vs. ( i ' / i )  obtained from the polariza-  
tion data such as Fig. I. The chlorine current efficiency 
obtained by gas analysis was quite high at high current 
densities such as 250 A/din 2 (Fig. 12). Therefore, the 
oxygen evolution reaction is negligible during experi- 
ment shown in Fig. i. 0o is approximately proportional 
to the potential in a small range of potential (13). 
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Since the surface of graphite anode is rough, the oxy-  
gen electrode process might  not be detected unless the 
current  density is extremely high. It is therefore diffi- 
cult to explain the exact relationship between 0o and 
E, but  the relationship between 0o and (1 -- 0o) 
exp (--JOo/2) in Fig. 13, which was obtained with PG 
and GC electrodes (13), resembles Fig. 11. The po- 
tent ial  Eoo=o can be estimated to be ca. 1.25V, while 
Eao=~ is not obtained from Fig. 11. The active sites for 
the chlorine electrode process decrease with dis turb-  
ance of adatom of oxygen and/or  oxide layer, and the 
activation energy for the chlorine electrode may in-  
crease with increase in  #o. 
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It has been considered that  the surface oxide affects 
the chlorine current  efficiency, graphite consumption, 
and the overvoltage as well. The chlorine evolution 
reaction may not take place on the carbon-oxide layer�9 
The "over-al l  oxygen electrode reaction," which in-  
volves formation of O2, CO, and CO2, may take place 
on the graphite anode at high current  densities even in  
concentrated chloride solutions, and the graphite anode 
might  be corroded in this potential  range. 

Conclusion 
The mechanism of the chlorine electrode process on 

the graphite anode under  real conditions of chlor- 
alkali cells has been discussed�9 The electrochemical 
reaction takes place mostly at the surface of graphite 
anode, while very small cur rent  would pass through 
micropores of several mil l imeters  deep of graphite. In 
the potential  range less than 1.25V, the consecutive 
charge transfer  reactions occur 

CI -  -- Clad -{- e 
Clad ~- C1- ~ C12 -I- e 

and the second step is rate determining.  
At higher potential  ranges, the anode surface is cov- 

ered by the carbon oxide, and the potential  becomes 
high due to decrease of the active sites for the chlorine 
electrode process. 
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Electroinitiated Polymerization of Tetrahydrofuran 
A. N. Dey* and E. J. Rudd 

P. R. Mallory & Company, Incorporated, Laboratory ~or Physical Science, Burlington, Massachusetts 01803 

ABSTRACT 

Electroinitiated polymerization of tetrahydrofuran (THF) was accom- 
plished in IM LiCIO4-THF organic electrolyte solutions by anodic electrol- 
ysis on platinum electrodes in a three-compartment cell. THF was found 
to polymerize to form a viscose gel at 25~ The rate of polymerization was 
followed by measuring the electrical resistance of the organic electrolyte solu- 
tion as a function of time after the electroinitiation. The rate of polymeriza- 
tion was found to increase with the increase in the anodic charge passed. The 
average molecular weight of the polymer was determined to be 2 X 105 by 
viscometry. The polymer was found to be "living" in nature. Electrochemical 
evidence was presented to show that the initiation occurred as a result of the 
electro-oxidation of THF rather than the CIO4- anion. 

The chemical polymerizat ion of THF has been 
studied extensively (1). It has been established that  
the polymerizat ion occurs strictly by a cationic mecha-  
nism and the catalysts are of the strong acid or Lewis 
acid type or of salts derived from them. Electroini-  
tiated polymerization of THF has also been reported 
(2-4). The mechanism proposed (3) for the electro- 
ini t ia t ion involved the oxidation of the anion, e.g. 
C104- ra ther  than the THF itself. In  this paper we 
wish to present  evidence which indicates that electro- 
ini t iat ion occurs as a result  of the electro-oxidation 
of THF itself. The results reported here have also a 
direct bear ing on the high energy density organic elec- 
trolyte l i th ium batteries (5-8) with THF as a solvent. 

Experimental 
Materials.--Tetrahydrofuran (Eastman Kodak prac- 

tical grade) was purified by  pretreat ing with l i th ium 
a luminum hydride and subsequent  distil lation under  
argon atmosphere. Anhydrous  l i th ium perchlorate 
(G. Frederick Smith Chemical Company) was dried 
under  vacuum at 120~176 for 48 hr. Li thium foil 
(Foote Mineral  Company) was used as received. 

LiC104 solutions in THF were prepared in an argon-  
filled dry box. The water  content of the solutions was 
determined by gas chromatography (Perkin  Elmer 
Model No. 801, hot wire detector) using a 15 • 0.25 in. 
column of Porapak Q at 125~ with a hel ium gas flow 
of 20 cm3/min. The moisture contents of the solutions 
were typically 0.01% or less. 

Electrodes.--The working electrode was made of a 
smooth p la t inum wire sealed through a glass tube. 
The geometric surface area of the exposed portion of 
the p la t inum wire was approximately 0.3 cm 2. The 
reference and the counterelectrodes were made by 

* Electrochemical  Society Act ive  Member.  
Key  words:  poly te t rahydrofuran ,  electroinitiation, organic elec- 

trolytes, polymerization,  l iving polymer,  l i thium perchlorate,  te t ra-  
hydrofuran ,  l i thium batteries,  h igh  energy density batteries, or- 
ganic electrolyte batteries, 

pressing l i thium foil on expanded stainless steel cur- 
rent  collector. 

Cells.--A three-compar tment  glass cell was used 
for both the electroinit iated polymerizat ion and the 
voltammetric measurements.  The central  compartment  
contained the working electrode, the counterelectrode 
compartment  was connected to the central  compart-  
ment  via a f l i t ted glass disk of medium porosity, and 
the reference electrode compartment  was connected 
by a Luggin capil lary which was placed close to the 
working electrode. For the electroinitiated polymeriza- 
t ion experiments,  the working electrode compartment  
was modified to allow the insert ion of two platinized 
p la t inum electrodes used for the measurement  of elec- 
trical resistance of the solution. This was measured 
at 1 kc employing an impedance bridge (General  
Radio Company, Type No. 1650-A). 

Polymerization.--Electroinitiated polymerization ex- 
periments were carried out by anodically electrolyz- 
ing the solution in  the working electrode (Pt) com- 
par tment  at constant currents  of 0.2 and 1 mA corres- 
ponding to current  densities of 0.67 and 3.3 mA/cm 2, 
respectively. After a certain time the electrolysis was 
stopped and two platinized p la t inum electrodes (from 
a conductivity cell) were inserted in the cell in order 
to measure the electrical resistance of the solution. 
The solution became progressively viscose with t ime 
as a result  of the polymerization of THF and the elec- 
trical resistance of the solution increased accordingly. 
The rate of polymerization of THF was followed by 
measuring the resistance (instead of the viscosity) 
of the solution as a function of time at 25~ There 
was no polymerization of THF in either the reference 
or the counterelectrode compartments,  Presence of 
either the Li metal  or the moisture (0,5% or more) 
in the working electrode compartment  inhibi ted the 
polymerization. Electroinit iat ion occurred on both Pt  
and graphite electrodes. 
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The THF polymers were isolated by te rminat ing  the 
reaction with addit ion of excess distilled water  to 
the solution of the working electrode compartment,  
and filtering the precipitated polymer. The polymer 
was purified by successive (three times) dissolution 
in pure THF and reprecipi tat ion in distilled water. 
T h e  mater ia l  was finally dried under  vacuum to re-  
move excess monomeric  THF and was weighed to 
determine the conversion. Equi l ibr ium conversions of 
30-40% were realized at 25~ 

Molecular weight.--The average molecular  weights 
of the polymers were determined by viscometry in  
benzene at 30~ in a Cannon Fenske viscometer. Mo- 
lecular  weights were computed from the relat ion (9) 

[11] = 1.31 X 10 -8 Mv ~176 

where My is the average molecular  weight. The in-  
trinsic viscosity [~] was determined by extrapolat ing 
the l inear  plots of ~sp/C vs. C where  the concentrat ion 
(C) of polymer was expressed in  grams/100 mliters. 
Specific viscosity 01sp) was calculated from the mea-  
sured relative viscosity (~lr) according to the re la-  
tions (9) 

Vlsp ~ ~lr--1 

l l r  = t s o l u t i o n / t s o l v e n t  

where tsolaUon is the flow time of the polymer solu- 
tions and tsolvent is the flow time of the pure solvent 
(benzene) .  

Electrochemical measurements.--Cyclic voltammetr ic  
and the steady-state measurements  were carried out 
on Pt  wire electrodes in 1M LiC104-THF solutions 
in the regions of potential  anodJc to Li /Li  + potential  
using a Wenking potentiostat  (6354-TR), a Wavetek 
function generator, and a x -y  recorder. 

Results and  Discussion 
Rate of polymerization.--The electroinit iat ion of the 

polymerizat ion of THF was carried out at constant 
currents  of 1 and 0.2 mA. The durat ions of electrol- 
ysis were 1 and 4 hr at 1 mA, and 20 hr  at 0.2 mA, 
corresponding to total charges of 3.6 coulombs, and 
14.4 coulombs, respectively. The rates of polymeriza-  
t ion as reflected from the plots of the electrical re- 
sistance of the solution after electroinit iat ion at 1 mA 
for 1 hr  increased with t ime for approximately 130 hr  
and, thereafter,  it leveled off indicat ing that the poly- 
merizat ion reaction reached an equil ibrium. The vis- 
cosity of the solution increased progressively and 
the final mater ial  had the appearance of a clear vis- 
cose gel. There was no evidence of salting out of 
LiC104 electrolyte salt. The rate of polymerization, 
as determined from the slopes of the plots shown in  
Fig. 1, was f o u n d  to increase drastically with the 
increase in the total anodic charge (Q) passed during 
electroinitiation. Assuming that the electroinit iat ion of 
the THF polymer occurs as a result  of electrochemical 
generat ion of the ini t ia t ing species, the increase in 
the polymerizat ion rate with the anodic charge is 
expected (10), assuming that the current  efficiency of 
electroinit iat ion remains unchanged.  

Molecular weight.--The average molecular  weights 
of the polymer as determined from viscometry are 
shown in Table I. Although the data are insufficient 
to draw any conclusions in  regard to the dependence 

Table I. Average molecular weight of the electroinitioted THF 
polymer as determined from viscometry (9) in benzene at 30~ 

Eleetroini t iat ing condit ions  
A v e r a g e  

Current  T i m e  of  anodic Intrinsic  m o l e c u l a r  
(mA) e l ec t ro lys i s  (hr) v i s cos i t y  w e i g h t ,  lY/v 

0.2 20 2.04 2.1 x 105 
1.0 4 2.40 2.7 X l 0  s 
1.O l 1.73 1.6 X 10 s 

LSTHIUM PERCHLORATE (IM) 

in TETRA HYDROFURAN 

15OC 

I mA, 4h~rs 

== 

02mA~ 20 hours 

IOOC 

J 

50 I00 150 2O0 
TIME Ihours) 

Fig. I. Change in electrical resistance of the 1M LiCIO4-THF 
solution with time after electroinifiofion at 1 mA for i hr, 0.2 mA 
for 20 hr, and I mA for 4 hr. 

of the molecular  weight on the ini t iat ing condition, 
it is clear that  a t rue polymer with molecular  weights 1 
in the range of 2 • 105 is formed by anodic electrolysis 
of iM LiC104-THF organic electrolyte. The dried 
polymer had the appearance of a stiff white  solid 
very much like polyethylene or polypropylene. 

"Living" polymer.--The "living" na ture  of the elec- 
troinit iated THF polymer was established by s tudying 
the change in the electrical resistance of 1M LiC104- 
THF solutions (which was ini t iated at 4 mA for 1.2 
hr) with time of equi l ibrat ion at different tempera-  
tures and is shown in  Fig. 2. In  a "living" l~olymer 
system the polymer molecules establish an  equi l ib-  
r ium with the monomer  uni ts  at any given tempera-  
ture by either depolymerizing (with increasing tem- 
perature)  or polymerizing (with decreasing tempera-  
ture) .  This is reflected in Fig. 2, It is seen that  at 
25~ the resistance increases steadily with time, in -  
dicating the process of polymerization. On increasing 
the temperature  to 54cC, the resistance drops; first 
sharply (indicating the effect of temperature  on the 
resistance),  and then steadily for 25 hr  indicat ing the 
process of depolymerization. On decreasing the tem- 
perature  to 40~ the resistance increases again and on 
fur ther  decrease to 14~ there is again a sharp rise 
followed by a steady rise in  resistance for 50 hr and 

1 One r e v i e w e r  sugges t s  t h a t  d i s c r e p a n c y  i n  t he  depend en ce  of  
t h e  m o l e c u l a r  w e i g h t s  on the  t o t a l  charge  m a y  be e x p l a i n e d  i n  
t e r m s  of c u r r e n t  eff iciency of i n i t i a t i on .  

25" 

2~ 

50 I00 150 200 
TIME {hours) 

Fig. 2. Change in electrical resistance of 1M LiCIO4-THF solu- 
tion with time at different temperatures of equilibration after elec- 
troinitiation at 4 mA for 1.2 hr. 
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Fig. 3. Equilibrium electrical resistance of 1M LiCIO4-THF 
polymer solutions as a function of temperature, curve 1 before and 
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more. The init ial  sharp rise in resistance is due to 
the tempera ture  effect and the sustained rise in re-  
sistance over  50 hr  is due to the process of repoly-  
merizat ion at low temperature .  

The "l iving" nature  of the po lymer  was fur ther  
demonstrated by comparing the equi l ibr ium resistance 
of the solution as a function of temperature ,  before 
and after  the te rminat ion  of the ' l i v i n g "  polymer,  
and is shown in Fig. 3. Curve 1 represents  the be-  
havior  of the " l iving" polymer  before the t e rmina-  
tion. The consistency of the solution at the various 
regions of t empera ture  is shown on the curve itself. 

At 54~ the solution assumes the consistency of a 
viscose liquid. To this liquid, a saturated solution of 
anhydrous LiBr in THF was added to te rminate  (11) 
the THF polymer  so that  they lose their  " l iv ing"  na-  
ture. The behavior  of the " te rmina ted"  polymer  solu- 
tion is shown in curve 2. The resistance as wel l  ,as 
the consistency of the te rminated  solution remain  
re la t ive ly  unchanged with  change in tempera ture  com- 
pared to the " l iving" system. 

E l e c t r o c h e m i c a l  s t u d i e s . - - V o l t a m m e t r i c  studies were  
carr ied out in an at tempt  to unders tand the electro-  
chemical reactions involved in the process of e lectro-  
ini t iat ion of the THF polymers.  The s teady-s ta te  cur-  
rent  potential  curves obtained on a smooth plat inum 
electrode in 1M LiC104-THF solution are shown in 
Fig. 4, curve b. Significantly large anodic currents  
are evident  at potentials of 4.0V vs.  Li /L i  + f rom the 
ascending port ion of the curve b. The process appears 
to be par t ia l ly  inhibited (region BC of curve b) and 
in this region the formation of a black film on the 
electrode surface was observed. This film remained 
on the surface during the descending port ion of the 
curve and the inhibit ing effect is reflected in the 
hysteresis. This film is most l ikely  due to the rapid 
init iat ion of the polymerizat ion of THF in the vicinity 
of the electrode where  the ini t iat ing species are formed. 
The hysteresis may  be due to the impedance of the 
polymer  film. Pro longed electrolysis at 4.0V vs .  Li /L i  + 
led to an extensive polymerizat ion of THF. The steady- 
state current  potential  curve was also obtained in 
a nonpolymerizing medium, viz., 1M LiC104 in propy-  
lene carbonate (PC) and is shown in Fig. 4, curve a. 
It is seen that  no significant oxidation occurs below 
the potential  of 5.0V vs.  Li /L i  + reference  and there  was 
no formation of a passive film on the Pt  surface. Since 
the only difference be tween  the two mediums is the 
solvent, it is reasonable to conclude that  the large 
anodic current  at 4.0V vs. Li /L i  + reference obtained 
in 1M LiC104-THF medium is due to the oxidation 
of the solvent THF. 

The current -potent ia l  curves were  also obtained by 
t r iangular  sweep vo l t ammet ry  in 1M L~C104-THF and 
1M LiC104-PC and are shown in Fig. 5 (i) and (ii),  
respectively. Again, the oxidation occurs at mark -  
edly less anodic potential  in 1M LiC104-THF than in 
1M LiC10~-PC. The cathodic profile of the curves 
may correspond to the reduction of the oxidized spe- 
cies. Vol tammograms were  also obtained in 1M LiPF6- 
THF and in 1M LiBF4-THF and were  identical  to 

Fig. 4. Steady-state current- 
potential behavior in (curve a) 1M 
LiCIO4-PC and (curves b) 1M 
LiCIO4-THF solutions on smooth 
Pt electrodes. 
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Fig. 5. Cyclic voltammograms of (i) 1M LiCIO4-THF and (ii) 1M 
LiCIO4-PC solutions at Pt electrode; (a) Scan rate 100 mV sec -1 ,  
(b) scan rate 200 mV sec-L 

those in 1M LiC104-THF, indica t ing  the oxidat ion  
of the solvent  r a the r  than  the anion. Elec t ro in i t ia ted  
po lymer iza t ion  occurred  wi th  LiPFs  and LiBF4 salts 
as well.  

It  m a y  be a rgued  tha t  the comparison of  cyclic 
vo l t ammograms  of the  two solvent  systems, viz.. THF 
and PC, and the salts, viz., LiC104, LiBF4, and LiPF6. 
is not  val id  because of the  possible change in the  
potent ia l  of the L i / L i  + reference  electrode.  This was 
checked by  measur ing  the potent ia l  of the  fol lowing 
cells wi th  l iquid  junct ions  

Li /1M LiC104-THF/ /1M LiC104-PC/Li  [a] 

Li /1M LiClO4-THF/ /1M L iBF4-THF/L i  [b] 

The potent ia l  differences of cells [a] and [b] were  
0.085 and 0.022V, respect ively.  The above poten t ia l  
differences include the l iquid  junct ion  potential .  There-  
fore, the  change in the  L i / L i  + reference  potent ia l  
f rom THF to PC is insignificant compared  to the  di f -  
ference in oxida t ion  potent ia ls  of app rox ima te ly  1.5V 
observed  be tween  the two systems in the  poten t io-  
stat ic and  cyclic vo l tammet r ic  measurements  shown 
in Fig. 4 and 5, respect ively.  

Mechanism.--On a first approx imat ion  the  e lec t ro-  
oxida t ion  of THF m a y  be represen ted  by  an ECE 
mechanism, i.e., e lec t ron  t ransfe r  s tep-chemica l  s tep-  
e lec t ron t ransfe r  step, as has been used to descr ibe 
the e lec t ro -ox ida t ion  of re la ted  compounds (12-15) 

-~ [ ] .  + H + + e (E,C) [1] 

�9 + e (E) [2] 

I I  

I t  has been es tabl ished (1) tha t  the  in i t ia t ion r e -  
qui res  the fo rmat ion  in some manne r  of  a THF Oxo-  

n ium ion ( R -  C ~ - - - ' ~  ) in o rde r  for the  p ropaga-  

tion react ion to t ake  place. I t  was shown (16) that  the 
chemical  po lymer iza t ion  of THF wi th  cata lys ts  such 
as Ph3C+SbClo - was in i t ia ted  by  the t rans fe r  of a 
hyd r ide  ion from THF to the carbonium ion sal t  ca ta-  
lys t  

~ + Ph3C + SbCls- -* ? O 

SbCl6- + PH3CH 

I I I  IV 

[3] 

The format ion  of Ph3CH (IV) was demons t ra ted  by  
NMR spectroscopy. The THF cat ion (III)  fo rmed as 
a resul t  of the  hydr ide  ion abs t rac t ion  from the a- 
carbon atom of THF, reacts (17) wi th  another  molecule  
of THF to form the Oxonium ion (V) which s tar ts  
the p ropaga t ion  (1) 

SbCI~-- SbCls -  [4] 

V 

The end group is an  acetal.  The e lec t rochemical ly  
formed THF cat ion (II)  is expected  to in i t ia te  po ly-  
mer iza t ion  react ion in a s imi lar  manner .  The counter -  
ion for the THF cation in this case wil l  be C104- in-  
s tead of SbC16-. The proton formed in the e lec t ro-  
chemical  react ion [1] m a y  also in i t ia te  po lymer iza t ion  
(18) by  forming the THF Oxonium sal t  

~ + H + CI04-  ""> [ ~  

/ 
H 

C104- [5] 

CIO4- - ~ - ~  
/ 

H 

t , , . - - - - 1  
-~ HOCH2CH2CH~CH2 -- (~... e I [6] 

C l 0 4 -  

The end group in this case is a hydroxyl. No end 
group analysis was carried out to distinguish the poly- 
merization reactions. However, Nakahama et al. (3) 
carried out the end group analysis of THF polymers 
made by electroinitiation at 0~ employing Bu4NCIO4 
salt, and determined that end groups were primarily 
hydroxyl. Nakahama et al. (8) suggested that the 
electroinitiation occurred as a result of the oxidation of 
CIO4- anion rather than the oxidation of THF itself. 
We have shown by cyclic voltammetry as well as 
by steady-state current potential measurements that 
in solutions of LiClO4, LiBF4, or LiPF6 in THF the 
major oxidation peak occurs at a potential of 3.5V 
anodic to the Li/Li + reference electrode irrespective 
of the anion, whereas in solution of LiCIO4 in propylene 
carbonate the major oxidation peak occurs at ap- 
proximately 5.0V anodic to the Li/Li + reference elee- 
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trode. This is a strong evidence in favor of our hy-  
pothesis that  the electroinit iat ion step involves the 
oxidation of THF itself rather, than  the anion as sug- 
gested by Nakahama et al. 

Manuscript  submit ted Jan. 7, 1974; revised m a n u -  
script received May 11, 1974. This was Paper  187 pre-  
sented at the Chicago, Illinois, Meeting of the Society, 
May 13-18, 1973. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by P. R. Mallory & Company, Incorporated. 
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Electrical Conductivities and Molar Volumes 
in the Binary Systems MnCI -LiCI, MnCI:NaCI, 

MnCI-KCI, MnCI -RbCI, MnCI -CsCI 

A. S. Kucharski and S. N. Flengas* 
Department of Metallurgy and Materials Science, University of Toronto, Toronto, Ontario, Canada 

ABSTRACT 

The densities and the electrical conductivities of the five b inary  MnC12- 
AC1 systems, where A -:  Li, Na, K, Rb, and Cs, have been measured. The 
molar  volumes exhibit  increasing positive deviations from additivity, as the 
size of the alkali metal  cation in AC1 is increased from Li + to Cs +, and have a 
max imum positive deviation at approximately ZMnC12 ~--- 1/3. The molar  con- 
ductances exhibit  an increasing negative deviation from ideality, with a min i -  
mum occurring approximately at XMnC1~ ----- 1/3. The concentrat ion dependence 
of the molar  volumes and of the electrical conductivities in  these systems is 
in terpreted in terms of a complex ion model (1) proposed previously for the 
purpose of in terpre t ing their thermodynamic  properties. According to this 
model the solutions of MnC12 with alkali chlorides are characterized by the 
presence of the MnC142- complex anions. The difference between a "free" 
chloride anion and a chloride anion bonded wi th in  a complex configuration, 
lies in differences in the strength of the anion- to-ca t ion  bonds in  these two 
configurations. In  this respect, the cont inui ty  of the quasilattice s tructure of 
a mol ten  salt is not disrupted by the presence of complex species and the 
lat ter  are not expected to occupy single "lattice" sites wi th in  the liquid, as 
local electrical neut ra l i ty  is always maintained.  Good agreement  is obtained 
between the experimental  and the theoretical values for the electrical conduc- 
tivities and the molar  volumes in the systems MnC12-KC1, MnC12-RbC1, and 
MnC12-CsC1. The deviations from ideal behavior  are small in the systems 
MnC12-LiC1 and MnC12-NaC1. The coefficients for thermal  expansion and the 
activation energies for specific and molar  conductances were also calculated 
from the exper imental  results and their concentrat ion dependences are also 
indicative of complex formation. 

There have been few density and electrical con- 
duct iv i ty  measurements  on t ransi t ion metal  chlorides 
and their  mixtures  with alkali  chlorides. However, 
extensive investigations on other fused salt systems 
have been made, and these have been compiled by 
Janz (2). Klemm (3), and Sundheim (4). 

* Elect rochemical  Society Act ive  Member .  
K e y  words: manganous  chloride, densities, conductances,  alkal i  

chorides, melt .  

In  examining the l i terature,  the molar  volumes and 
electrical conductivitics of these divalent  metal  chlo- 
r ide-alkal i  metal  chloride systems indicate certain 
general  trends. In  the presence of small alkali metal  
cations which create strong polarizing fields, such as 
Li + or Na +, the molar  volumes exhibit  an additive 
concentrat ion dependence or indicate slight positive 
deviations from additive behavior.  However, as the 
polarizing power of the larger alkali metal  cation 
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such as, K +, Rb +, or Cs + becomes weaker, larger  
positive deviations from addit ivi ty occur. For example, 
the systems PbC12-ACI (5) (A = Na, Rb, Cs) ; CdCI~- 
AC1 (5) (A = Rb, Cs);  BaC12-AC1 (6) (A = Li, Na, 
K, Cs); CaC12-NaC1 (7), CaC12-KC1 (8); and MgCla- 
KC1 (9), MgC12-LiC1 (10) support  this general  trend. 

The molar  electrical conductivities of the solutions 
show slight negative deviations with cations like Li + 
and Na + and progressively larger deviations as the 
size of the alkali  meta l  cation becomes larger. The 
CdC12-AC1 (11), PbCI2-AC1 (11, 12), MgC12-AC1 (10, 
13, 14) systems i l lustrate this behavior. 

These deviations have been ascribed to the forma- 
tion of "complex" species (15) bu t  specific complexes 
have not been established conclusively. In  the pres-  
ent  s tudy the densities and electrical conductivities 
of the MnC12-AC1 solutions where A = Li, Na, K, 
Rb, Cs have been determined. Only  the conductivities 
and densities of the MnC12-KC1 system (16) are re-  
ported to date in the l i terature.  The present  s tudy 
along with the previously reported emf measurements  
(17) was conducted to ascertain the relation.~hip be-  
tween the s tructure of the mol ten  salts and the cor- 
responding thermodynamic  and electrical properties. 

Experimental 
The densities were measured using the Archimedean 

method as shown by  Fig. 1. The apparatus is s imilar  
to that  used previously in this laboratory (18, 19) 
and had the advantage of creating a totally closed 
system. The technique involved the measurement  of 
the weight change of a quartz s inker filled with plat-  
inum, using a quar tz-spr ing type balance. The quartz 
spring could take a max imum static load of 5g and 

/ l)------- Ball jo in t  

Glass w inch 

S i lver  chain 

A rgon  ou t le t  

Quar tz  spr ing 

Quar tz  f ib re  

- -  Mo l ten  sal t  
- -  Q u a r t z  s inker  

The rmocoup le  
wel l  

Fig. 1. Apparatus for measuring densities 

the spring extension could be measured with an 
accuracy of +--0.005 cm on the cathetometer 's  vernier  
scale. With a spring constant  of 0.0742 g cm -1, the 
absolute accuracy of the weight measurement  was 
_0.0036g. The lower half  of the density cell was made 
nar rower  than the mel t -conta in ing  cavity to minimize 
the volatization of salt and subsequent  condensation 
on the connecting suspension fiber. The effectiveness 
of this design was verified by conducting a separate 
exper iment  in  which only the connecting fiber was 
suspended over pure mol ten  MnC12. For convenience 
and accuracy all measurements  and calibrations were 
made with respect to a reference quartz fiber which 
was suspended parallel  to the spring. 

The electrical conductivi ty measurements  were de- 
termined using a U- tube  conductivity cell of the 
type described previously (18, 19) from this labora-  
tory. The cell constant  was obtained by  cal ibrat ing 
the cell with 1.0 demal KC1 solution (20). For  this 
calibration, the cell was at a constant  temperature  
using an oil bath kept  at 25 ~ --4--- 0.01~ The capillary 
U- tube  section of the cell was about 10 cm in  length 
and represented cell constants ranging from 500 to 
700 cm -1. 

The electrodes were constructed from 10 mm diam- 
eter p la t inum disks spot welded to p la t inum wires. 
All measured resistivities were corrected for lead 
resistance. No correction was applied for the change 
of the cell constant with temperature,  as quartz ex-  
pands very l i t t le on heat ing (21). 

To establish a constant  temperature  zone of at 
least 10 cm long and also for electrical shielding, 
the conductivity cells were contained in graphite cyl- 
inders, 20 cm long by 5 cm in diameter  packed with 
a lumina  fibrefrax insulation. A quartz tube 8 mm in 
diameter containing the thermocouple was placed along 
with the cell into the hole dril led in the graphite. 

Initially,  conductivities were measured with an a-c 
resistance bridge at frequencies of 2500, 3500, and 4500 
Hz, and there was less than  0.1% difference be tween 
the measurements.  Subsequently,  all resistance read-  
ings were taken at a f requency of 350'0 Hz. The quartz 
cell was not attacked by the melts except with the 
MnC12-LiC1 solutions at high temperatures.  Conduc- 
t ivi ty cells were individual ly  cal ibrated for each com- 
position. 

The molar  volumes of a b inary  system can be cal- 
culated from the density data using the equat ion 

VM = M/p [1] 

where, p is the density of the solution and M the 
average molecular  weight of the b inary  system given 
by 

M = X1 M1 + X2 Ms [2] 

where, M's are molecular  weights and X's are the mole 
fractions of the components. The molar  conductance 
in uni ts  ohm -1 cm 2 mole -1 can be calculated from 

A = VM ~ [3] 

where ~ is the specific conductance, and VM is the 
molar  volume. 

Density Results 
The density results for the five b inary  systems can 

be represented by l inear  equations of the type 

p = a 4- bt [4] 

The exper imental  data were fitted to this equat ion 
by the least squares method and the resul t ing con- 
stants are shown in Table I, along with the s tandard 
and max imum deviations. 

Errors in  density measurements  have been discussed 
by Bloom et al. (5) and Mellors and Senderoff (22). 
For a suspension fiber 0.043 cm in diameter  Bloom 
ascribed a surface tension error  of 0.1-0.2%. The use 
of a fine quartz suspending fiber (0.012 cm in diameter)  
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Table I. Density measurements of manganese chloride-alkali 
chloride melts linear least square fits for p vs. temperature at 

various compositions in the MnCI2-ACI systems 

(A = a lka l i )  

Table II. Comparison of densities of pure alkali chlorides and 
manganous chloride 

Salt 700 ~ C 800 ~ C 900 ~ C 

p = a  + b t  (~  ~ )  
D e v i a t i o n  

Temperature Stan- Maxi- 
XMnCl= range (~ a --b x I0 8 dard mum 

MnC]~-LiC1 

1,000 69fl-SlS 2.6984 0.5211 0.001 
0.700 595-742 2.6213 0.6236 0.002 
0.400 578-740 2.3740 0.6075 0.001 
0.305 591-758 2.2492 0.5659 0.001 
0.0 627-744 1.7662 0.4360 0.001 

MnCl~-NaCl  
1.000 696-815 2.6984 0.5211 0.001 
0.800 640-817 2.6538 0.5963 0.003 
0.600 547-838 2.5873 0.7039 0.003 
0.500 484-838 2.4898 0.6576 0.003 
0.400 637-842 2.4052 0.6445 0.003 
0.300 686-839 2.2715 0.5633 0.003 
0.200 743-845 2.1787 0.5617 0.002 
0.0 816-947 1.9802 0.5327 0.001 

MnCle-KC1 
1.000 696-815 2.6984 0.5211 0.001 
0.900 657-816 2.6710 0.5973 0.001 
0.800 630-742 2.6876 0.7159 0.001 
0.700 599-820 2.5864 0.6890 0,001 
0.600 583-794 2.4895 0.6707 0.002 
0,550 627-790 2.4387 0.6628 0,002 
0.500 563-774 2.3873 0.6553 0.004 
0.450 576-825 2.3276 0.6436 0.002 
0.400 498-819 2.2755 0.6305 0.003 
0,333 527-812 2.1917 0.5981 0.002 
0.300 534-694 2,1661 0.5870 0.002 
0.200 637-774 2.1082 0.5928 0.001 
0,100 736-885 1.9777 0.5115 0.003 
0.0 788-913 1,9734 0.5778 0.001 

M n C I ~ R b C I  
1.000 696-815 2.6984 0.5211 fl.OOl 
0.900 640-809 2.7617 0.6184 0.001 
0.800 618-798 2.8153 0.7180 0.001 
0.700 541-794 2,8378 0.7921 0,003 
0.600 589-792 2.7973 0.7847 0.001 
0.550 592-782 2.7769 0.7827 0.002 
0.500 583-788 2.7658 0.7901 0.001 
0.450 576~ 2.7299 0.7561 0.002 
0.400 561-791 2.6071 0.7282 0.001 
0.300 480-807 2.7147 0.7506 0.002 
0.200 632-808 2.7559 0.7815 0.002 
0.100 685-816 2.8426 0.8576 0.006 
0.0 766-829 2.8916 0.8951 0.001 

MnCI~CsC1 
1.000 690-815 2.6984 0.5211 0.001 
0.900 650-802 2.8329 0.6477 0.001 
0.800 581-800 2.9388 0.7644 0.002 
0.700 569-807 2.9925 0.8220 0.001 
0.600 678-801 2.9856 0.8184 0.002 
0.550 633-814 3.0066 0.8325 0.001 
0.500 630-810 2.9989 0.8191 0.001 
0.400 588-804 3.0125 0.8069 0.001 
0,300 557-816 3.0784 0.8376 0,001 
0.200 564-803 3.2148 0.0240 0,001 
0.100 630-788 3.3558 1.0025 0.001 
0.0 679-806 3.4894 1,0704 0.001 

0.001 
0,002 
0,001 
0.001 
0.001 

in  this study diminishes the surface tension errors 
and accordingly corrections may be neglected. Con- 
sidering this error  and others such as paral lax and 
weighing errors, the total error of 0.3% would be a 
fair assessment of the present results. The reproduci-  
bi l i ty  of the results would also lie in  the same uncer -  
ta in ty  range. 

Densities of Pure MnCI2 and A C I  
The densities of pure alkali  halides have been corn- 

pried and crit ically appraised by Janz et at. (2). The 
density results of this investigation are shown in 
Table II, along with the values taken from Janz (2). 

The compilation by Janz  et al. (2) for the density 
of the alkali  chlorides are taken main ly  from the 
precise work by  Yaffe and Van Artsdalen (23, 24). 
The uncertaint ies  in these results for LiC1, NaC1, KC1, 
RbC1, and CsCI are given by Janz as 0.2, 0.2, 0.5. 0.4. 
and 0.14, respectively. The max imum departure of 
the present  work from the Janz compilation is: 0.2% 
for LiCI, 0.2% for NaC1, 0.1% for KC1, 0.2% for RbC1, 
and 0.3% for CsC1. 

Due to the poor description of the available density 
exper iments  on MnC12, Janz did not at tempt to evalu-  

L i C l  1.4630 1.4197 1.3765" 
1.4610 1.4174 1.3736"* 

NaC1 (1.6109) 1.5666 1.5023" 
(1.6074) 1.5540 1.5008"* 

K C I  (1.5685) 1.5101 1.4519" 
(1.5694) 1.5112 1.4534"* 

R b C I  2.2015 2.1732 2.0849* 
2.2650 2.1755 2.0850** 

CsCI  2.7328 2.6263 2.5198" 
2.7401 2.6334 2.5263** 

MnCI~ 2.3311 2.2873 2.3436* 
2.3336 2.2815 2.2294"* 

* J a n z  (2).  
** T h i s  s tudy .  

0.001 
0.003 
o.oos ate the accuracy. The max imum differences between 
0.006 0.003 the present results for MnC12 and those reported by 
0.o04 Murgulescu and Zuca (16) is 0.6%. 
0.002 

o.ool Electrical Conductivity Results 
Pure  salts.--The conductivities of the five pure alkali 

0.001 0.002 chlorides and of pure MnC12 were measured. The data 
o.ool were fitted by the method of least squares to equa-  
0.002 
0.004 tions of the form 
0.003 
0.005 K = a + b T  + c T  2 ( o h m  - 1  c m  - 1 )  [ 5 ]  
0.004 
0.004 0.004 The coefficients a, b, and c are tabulated in Table III. 
0.003 The specific conductance results for pure LiC1 agree 
0.001 0.002 within 2% of the values reported by Yaffe and Van 
o.ooi Artsdalen (23, 24). The agreement is much better 

at lower temperatures  (better than 1%) where the 
o.ool corrosive effect of LiC1 is not as pronounced. Yaffe 
0.002 and Van Artsdalen also reported that considerable 
0.002 o.oo4 corrosion occurred at high temperatures.  Similar  cor- 
o.oo2 rosion of the cells was experienced in the present  
O.0O2 o.0ol work in  spite of the care used to remove the last 
o.002 traces of water  from LiC1. The specific conductance 
0,002 o.oo3 of pure LiC1 obtained in this work also agrees to 
o.oos wi thin  1% of the conductance reported by Smirnov 
0.010 
o.oo2 et al. (25). 

The specific conductances of NaC1 and KC1 agree 
to wi th in  2 and 1%, respectively, with the above 

0.001 
0.002 reference. The uncer ta in ty  in the specific conductance 
0.002 of pure NaC1 and KC1 ascribed by Janz et al.(2) to 
0.001 0.002 the results reported by Yaffe and Van Artsdalen is 
o.ool 0.8 and 2.6% for NaC1 and KC1, respectively. The re-  
0.002 0.002 sults obtained in  this work for NaC1 and KC1 are 
o.ool slightly outside this uncer ta in ty  limit, with the un -  
0.002 o.ool certainty for NaC1 being the greatest. However, at 
0.0Ol lower temperatures  the specific conductances for NaC1 

are wi thin  the uncer ta in ty  of the data reported by 
Yaffe and Van Artsdalen (23, 24). 

The specific conductances obtained in this investiga- 
t ion for RbC1 are wi th in  the uncer ta in ty  limits given 
to the data of Yaffe and Van Artsdalen (23). The 
uncer ta in ty  l imit  for RbC1 given by Janz (2) is 3.5% 
and the present results are wi thin  this limit. The 
specific conductances of CsC1 obtained in this study 
are slightly outside the 5.0% uncer ta in ty  l imit imposed 
by Janz and co-workers. However, the specific con- 
ductances for CsC1 measured by  Smirnov et al. (25) 
are in  good agreement  (less than  1%) with the pres-  
ent results. The conductances found by Klemm (26) 
for RbC1 and CsC1 are also in good agreement  with 
the present  measurements.  

There have been two previous determinat ions of 
the specific conductances of MnC12 to date. Murgulescu 
and Zuca (16) have determined the conductance of 
pure MnC12 from 923 ~ to 1123~ However, the con- 
ductance as determined by Winterhager  and Werner  
(27) has max imum departure  of 27% from the former 
data. The present  determinat ion supports the data of 
Murgulescu and Zuca (16) to wi th in  1%. 

MnClz-ACl binary solutions.--The conductivity of 
five b inary  solutions have been determined, namely:  
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Table III. Least square fit for electrical conductivity K vs .  

temperature at various compositions in the MnCI2-ACI systems 
T in  k e l v i n s  (K) 

Mole  K = a + b T  + c T  z 
f r ac t i on  ohm-1 cm-1 Deviat ion 

T e m p e r a t u r e  -- c S t an -  M a x i -  
XMncl 2 r a n g e  (~ - a  b • 10 +3 • 10 +~ da rd  m u m  

MnC12-LiC1 

1.0000 658-833 0,9610 8.2128 0.6205 0,004 0,010 
0.8210 626-778 1.6049 5.0367 1,3074 0.009 0.012 
0.4752 598-743 4.9340 12.9548 4.9288 0.009 0.014 
0.2929 605-743 6.1300 16.2036 6.2287 0.025 0,040 
0.1000 661-750 10.0849 28,4502 12.4449 0.032 0.066 
0.O 656-785 --3.3285 2.9091 0,030 0.040 

MnCI~NaC1 

1.6000 658-833 0.9810 3.2128 0.6205 0.004 0.010 
0.9056 643-846 2.3707 5.9566 1.8701 0.002 0.003 
0.7444 605-851 3.4280 8.2267 2.9287 0.003 0.004 
0.7089 575-849 3.7800 8.9804 3.2587 0.002 0.004 
0.5912 493-839 3.8983 9.4771 3.5323 0.006 0.010 
0.4978 502-835 4.0876 10.0894 3.8714 0.004 0.010 
0.3971 460-827 4.0085 10.0107 3.7799 0.008 0.004 
0.2985 611-801 7.5943 17.5013 7.5219 0.020 0.034 
0.1998 704-855 6.7308 15.6262 6.3088 0.006 0.010 
0.0994 760-870 1.2112 5 . 2 0 2 9  1,1199 0.007 0.007 
0.0 826-901 1.1889 24.6597 9.7619 0.005 0.010 

M n C I ~ K C I  

1.0000 658-833 0.9810 3.2128 0.6205 0.004 0.010 
0.9003 638-830 2.2687 5.4992 1.6712 0.002 0.003 
0.8032 733-869 4 . 0 8 6 1  ~0482 3.4855 0.007 0.010 
0.7050 598-850 3.0229 6.8765 2.3726 0.003 0.005 
0.6025 532-817 3.0383 7.0615 2.6158 0.003 0.007 
0.5068 535-843 2.9172 6.6887 2.3970 0.005 0.012 
0.4500 536-849 2.1883 5.2233 1.6854 0.003 0.008 
0.3999 491-857 2.1259 5.0081 1.5293 0.002 0.003 
0.2995 600-851 2.3592 5.4105 1.6559 0.001 0.001 
0.1968 649-860 5.1623 10.8741 4.1560 0.015 0.030 
0.0961 753-867 7.4924 15.0838 5.8683 0.005 0.010 
0.O 808-904 5.1141 10.9182 3.8095 0.001 0,002 

MnCI=-RbC1 
1.0000 656-833 0.9810 3.2128 0.6205 0.004 0.010 
0.9000 683-830 2.1706 5.2596 1.6344 0.006 0.012 
0.7900 575-833 3.2523 7.2067 2.6114 0.002 0.005 
0.7000 505-831 3.1456 7.0208 2.6141 0.006 0.004 
0.6000 543-824 2.9132 6,9038 2.8456 0.007 0.016 
0.5000 595-832 1.1241 2.8741 0.7062 0.004 0.009 
0.4000 624-817 1.8122 4.0335 1.2240 0.002 0.004 
0.3000 512-814 1.9015 4.1632 1 . 2 3 1 6  0.001 0.002 
0.2036 609-832 2.3477 5.1002 1.6155 0.002 0.003 
0.0967 730-831 4.0662 8.4769 3.0819 0.002 0.002 
0.0 726-834 1.7294 4.1531 0.9054 0.004 0.005 

MnCI~CsC1 
1.0000 658-853 0.9810 3.2128 0.6205 0.004 0.010 
0.9000 630-609 2.2537 4.1358 1,5304 0.004 0.007 
0.8000 585-829 2.4727 0.4909 1.8236 0.005 0.007 
0.7000 578-816 2.1605 4.9192 1.6829 0.002 0.004 
0.6000 627-837 1.7402 4.0857 1.4118 0.002 0.002 
0.5000 640-822 1.1556 2.7501 0.7682 0,002 0.002 
0.4000 579-823 1.2889 2,7847 0,7186 0.001 0.001 
0.2500 561-778 1.7891 3.8090 1.1301 0.002 0.003 
0.2000 580-827 1.8164 3.8579 1.0879 0.002 0.003 
0.1000 661-823 1.6598 3.7122 0.9295 0.002 0.003 
0.0 680-830 3.0306 6.4693 2.1303 0.002 0.003 

MnC12-LiC1, MnC12-NaC1, MnCI2-KCI, MnC12-RbC1, 
and MnCI2-CsC1. To define the concentrat ion depen-  
dence in the simple MnC12-LiC1 b inary  system only six 
compositions were studied. In  each of the other four 
systems at least eIeven compositions were studied to 
ascertain the concentrat ion dependence of the conduc- 
tivities. 

The data were fitted to Eq. [5] to determine the 
three coefficients in  the conduct iv i ty- temperature  equa-  
tion. The results of this least squares analysis are 
shown in  Table III, along with the data for the pure 
salts. 

Table III  shows that  there are somewhat greater  
deviations in the LiC1 system, the greater  scatter in  
the data being due to the corrosive na ture  of LiC1. 
However, this scatter is par t ia l ly  compensated by  the 
fact that  the specific conductances in this system are 
much higher than in  the other alkali  halide systems 
and hence become less important .  

The remain ing  systems are well  represented by the 
equations given, since 90 % of the compositions studied 
have s tandard deviations of less than 0.006 o h m - l c m  -1. 
Assessment of errors in  the conductivi ty measure-  
ments  is difficult, but  a total error of 2% would be 
a fair estimate. The reproducibi l i ty  of the results lies 
in  the same error  range, 
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Discussion of Results 
In  previous publications from this laboratory (1, 17) 

it has been shown that the formation of a te t rahe-  
dral ly coordinated complex species of the type A2MnC14 
accounts for the unusual  concentrat ion behavior  of 
the enthalpy and entropy of mixing in the MnCI2-AC1 
systems. Similarly,  the present  results indicate that  
the concentrat ion dependence of the molar  volumes, 
of the molar  conductances of the coefficients of ther-  
mal  expansion, and of the activation energies for con- 
duction in  the MnC12-AC1 type solutions, are directly 
related to the presence of the complex species in the 
fused salt solutions. 

The concept of complexes in  fused salts was based 
upon the following postulates (1)" 

1. The fused salt is a continuous and highly elec- 
trified medium, and as a result  inter locking anionic 
and cationic quasilattices exist to preserve local elec- 
trical neutral i ty .  

2. A nonionic solvent, such as water  which is capable 
of separating ionic species is not present. 

3. The differences between a complexed and a non -  
complexed state, involving a cation M +2 and an anion 
X - ,  is simply defined by  a characteristic "shorter" 
bond distance M-X* for the complexed state as com- 
pared to the M-X bond distance for the noncomplexed 
state. 

4. Complexed ionic species must  still belong to their 
respective quasilattices and not disrupt the cont inui ty 
of" the mol ten  structure. Hence the l igands X* in a 
complex MX*n interact  with the sur rounding  A + cat- 
ions in  the sequence 

X* 
I 

X -  - -  - A  + - - - X *  - M - X *  - - - A  + - - - X -  
I 

X* 

whereby an anion X is always a cation "bridging" spe- 
cie. 

5. Under  such restrictions, the complex represents 
a Coordinated configuration of the type MX*n which 
may be treated as a statistical entity.  

6. The formation of a complex is ini t ia ted by the 
presence of foreign cations which "compete" with the 
central  cations M + 2 for the same l igands X - .  Accord- 
ingly, the size of the foreign cation is related to its 
capabil i ty of promoting or prevent ing  the formation 
of complexes. 

7. The coordination n u m b e r  of a given monovalent  
cation is taken to be one-hal f  of that of a divalent  
cation, with respect to a monovalent  anion ligand. 
The coordination number  of a solution containing both 
mono-  and divalent  cations is taken to be the ion-  
fraction average of that  of the two cations. 

Regarding the preferred coordination of complex 
ions in  fused salts, the accumulated exper imental  evi-  
dence indicates that such coordinations are relat ively 
simple. Thus, mixtures  of monovalent  cations appear 
to prefer  the 2-1igand configuration represent ing a 
l inear  array or angular  s t ructure  as in Ag(CN)2 -  
(28). Mixtures of mono-  with divalent  cations appear 
to follow the te t rahedral  coordination as in MgC142- 
(1) and MnC142- (17). Final ly,  mixtures  of mono-  and 
te t ravalent  cations as in ZrC14, TIC14, and HfC14 with 
alkali chlorides, prefer  to form octahedrally coordi- 
nated complexes of the type ZrC182-, TIC162-, and 
HfC182- (29). From the previous discussion it follows 
that complex species in fused salts are not expected to 
dissociate in  the same m a n n e r  as their  counterparts  
in aqueous solutions. The formation of the new type 
M-X* bond is ini t ia ted by the presence of the A + 
cations in solution, and each added A + cation as AX 
is expected to disturb the M-X bonds in MX and the 
"complex" should form stoichiometrically. 
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Table IV. Molar conductances, molar volumes, coefficients for 
thermal exansion, and activation energies in the MnCI2-ACI 

molten solutions at 700~ 

(calth = 4.184J) 

AE*s AE*v ~E*~i 
(cal (cal (cal 

AM r mol-D raol-D rao1-1) 
(ohm-1 cm~ VM • 10 ~' (----.100 (-----50 (__.150 

X~.cl~ tool -I) (eraS} (K-0  cad cad cad 

MnCI2-LiCI 
1.00 84.00 53.93 2.291 2440 430 2870 
0.821 100.84 49.00 2.600 2290 490 2780 
0.475 122.9 40.90 3.000 2120 570 2690 
0.293 136.9 36.60 3.080 2070 580 2650 
0.100 161.5 31.70 2,800 1570 530 2100 
0.0 178.75 29.02 2.047 880 390 1270 

MnCl2-NaCl 
1.00 84.00 53~3 2.291 2440 430 2870 
0.906 80.33 52.18 2.560 2650 480 3130 
0.74 89.15 49,41 2,708 2650 510 3160 
0.71 90.17 48.81 3.000 2670 570 3240 
0.59 93.63 47.31 3.418 2490 650 3140 
0.50 93.74 45.40 3.293 2340 620 2960 
0.40 93.95 43.60 3.362 2330 640 2970 
0.30 96.95 41.90 3.053 2340 580 2920 
0.20 (b) - -  -- 3.193 2540 600 3140 
0.10 (b) 106.97 38.32 3.300 2050 620 2670 
0.0 (b) 111.42 36.36 3.296 790 620 1410 

MnCI~KC1 
1.0 84.00 53.93 2.291 2440 430 2870 
0.9 80.00 53.20 2.683 2840 510 3350 
0.8 74.97 52.80 3.327 3030 030 3660 
0.7 74.66 52.51 3.35 3010 630 3640 
0.6 70.47 52.14 3.373 2750 640 3390 
0.507 68.85 51.95 3.457 2900 650 3550 
0.45 67.55 52.01 3.475 2830 660 3490 
0.40 67,36 51.84 3.496 2960 860 3620 
0.30 68.57 51.26 3.404 3100 640 3740 
0.20 74.33 50.09 3.557 3560 670 4230 
0.096(b) 80.14 49.20 3.212 4260 610 4870 
O.0 (b) 90.45 47.52 3.744 3490 710 4200 

MnCl~RbCl 
1.00 94.0 53.93 2.291 2440 430 2870 
0.90 75.33 53.82 2.694 2810 510 3320 
0.80 09.50 53.98 3.155 3130 600 3730 
0.70 65.94 84.46 3.004 3020 680 3700 
0.00 61.16 55.09 3.554 2330 870 3000 
0 , 5 5  - -  55.38 . . . .  
0.50 55.95 55.74 3.477 2630 660 3290 
0.45 - -  55.93 -- -- -- 
0.40 53.55 50.10 3.385 3280 840 3920 
0.30 54.95 55.88 3.485 3400 660 4060 
0.20 59.87 55.16 3.603 3410 680 4090 
0.10(~ 68.41 54.12 3.787 3710 720 4430 
O.0 (b) 77.60 53.35 4.034 3110 760 3870 

MnCI~CsC1 
1.00 84.00 53.93 2.291 2440 430 2870 
0.90 70.77 54,67 2.764 3160 520 3680 
0.800 63.91 55.89 3.239 3220 620 3840 
0.700 59.34 57.34 3.462 3010 650 3660 
0.600 53.20 59.21 3.477 2820 680 3480 
0 . 5 5 0  - -  59.81 . . . .  
0.500 48.09 60.65 3,435 3000 650 3650 
0.400 45.78 61.84 3.355 3550 640 4190 
0.300 - -  62.44 . . . .  
0.25 52.86 62.43 3.419 3600 050 4250 
0.200 56.48 62.25 -- -- -- 
0.100 66.30 61.83 3.849 3360 730 4090 
0.0 76.63 61.44 4.071 3530 770 4300 

ideality. This observat ion is in disagreement  wi th  the 
data of Murgulescu and Zuca (16) for MnCl2-rich 
concentrations in the MnC12-KC1 system. It should be 
ment ioned that  these authors used a density apparatus 
open to the atmosphere and only few unspecified mea-  
surements  were  taken under  a stream of HC1 gas. In the 
present work it was found necessary to handle MnC12 
with  ex t reme caution in order  to avoid the formation 
of oxides or oxychlorides by react ion wi th  atmospheric  
mois ture  and oxygen. 

The concentrat ion dependence of the molar  volumes 
in the systems MnC12-KC1, MnC12-RbC1, and MnC12- 
CsC1 may  b e  understood in terms of the formation of 
the MnC142- complex configuration. 

For  the calculation of finite part ial  molar  volume 
V--c shall be assigned to the MnC142- complex ion. Simi-  
larly, the simple "free"  ions Mn 2+, A +, and C1- shall 
be assigned finite part ial  molar  volumes, ~TMn2+, ~TA, 
and-Vcl- ,  respectively.  The molar  volume of a MnC12- 
AC1 solution can be est imated f rom a simple model  if 
it is assumed that  each ion contributes a volume ele-  
ment  proport ional  to its concentrat ion and the volume 
of the solution is the sum of the volume contr ibution 
from all ions present.  The par t ia l  molar  volumes of the 
consti tuent species in solution shall be assumed to be 
independent  of concentrat ion and have the same values 
as for the pure components. 

Considering the complex forming react ion 

MnC12 -t- 2AC1 ~ A2MnC14 

a solution containing the mole fractions XMnC12 and 
XAcl, may be represented by the ionic concentrations" 
given in Table V. The corresponding ionic contr ibu-  
tions to the total  vo lume are also included in this table. 
In the concentrat ion range 1.0 > XMnc~ > 0.333, the 
total volume of the solution is 

Vtotal : ( 0 . 5 X A c 1 )  VC ~- (XMnCl2 - -  0 .SXAc1)  V'Mn2+ 

+ (2XMnC12 - -  XAC1) V"-C1-- "~ (XAc1)  V'A+ [6 ]  

and in the concentrat ion range 0.333 > XMnC12 ~ 0 

Ytotal = (ZMnC12) V~C "~- (1 -- 3XMnc12) Vci -  

+ (XAci)VA+ [7] 

The ideal or addit ive molar  volume based on the non-  
complexed components MnC12 and AC1 may  be wr i t ten  
a s  

y ideal  = XMnCI2(V--Mn2+ .~- 2 V C l - )  -}- X A C I ( V A +  " ~ - V C I - )  
[8] 

The excess volume can be obtained 

AVxs = Vtotal  - -  V idea~ [ 9 ]  

r Constant over  the t empera tu re  range  indicated by the density 
measuremen t s  in Table I. 

~b~ Extrapolated f rom measurements taken at h igher  temperatures 
to below the  mel t ing  points. 

Molar Volumes and Thermal Expansivities 
The molar  volumes can be calculated from Eq. [1] 

and the data given in Table I. The results of these 
calculations for the tempera ture  of 700~ are shown 
in Table IV and are plot ted in Fig. 2a to 2e. For  the 
MnC12-AC1 system (where  A = Li, Na, K, Rb, and Cs), 
the molar  volumes fol low the trends indicated in the 
l i te ra ture  survey for all the solutions containing di- 
valent  meta l  chlorides and alkali  meta l  chloride. They 
i l lustrate the general  behavior  in that  in the LiC1 and 
NaC1 binary  systems the molar  volumes of the solu- 
tions are addi t ive and that  increasing positive devi-  
ations from addit ivi ty  are observed beginning wi th  
the KC1 binary system through to CsC1. The most pro-  
nounced posit ive deviations appear to occur at ap- 
proximate ly  XMnCI2 = 1/3. In the MnC12-NaCI system 
there  is some indication for a positive depar ture  f rom 

For  1.0 > XMnCI2 > 0.333 

~V xs -- 0.SXAcI(VC -- V--~In2+ --  4VCl-) = 0.SXAcI8 [I0] 

where  8 = Vc -- VMn2+ -- 4V--ci-, given in cm 3 mole - I  
and for 0.333 > Xmnc12 > 0 

A V  xs = XMnC12(VC - -  VMn2+ - -  4 " Y c 1 - )  = XMnC12~ [11] 

Exper imenta l ly  the excess mola r  volume is obtained 
by subtract ing the addit ive volume of the pure com- 
ponents from the measured  molar  volume of a solu- 
tion. The results of the calculations are shown in Fig. 3. 
The solid lines represent  excess molar  volumes de- 
te rmined  exper imenta l ly  and the dashed lines repre -  
sent the values calculated f rom the model. The value 
for 5 was obtained for each system by substi tut ing 
for ~V xs in a solution rich in alkali  chloride where  the 
model  is expected to hold best. The values for 5 found 
in this manner  are posit ive and increase beginning 
with  the MnC12-NaC1 through the MnC12-CsC1 systems. 
The positive deviations from addi t ivi ty  are indicat ive 
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Fig. 2. Plots of (i) molar conductance, (ii) molar volume, (iii) 
coefficient for thermal expansivity at P = const., (iv) activation 
energy for molar conductance, (v) activation energy for thermal 
expansivity as functions of XMnC]2 at 700~ Fig. 2A, MnCI2-LiCI; 
2B, MnCI2-NaCI; 2(::, MnCI2-KCI; 21), MnCI~-RbCI; 2E, MnCI2- 
CsCI. 
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Table V. Mass balance for the MnCI2-ACI system 

A § MnCllZ- 

Cl-  A* 

MnCI#- Mn +=, CI-,  A% 

L CI- ,  A § M n C I ~ -  

0 0.333 

ACI AsMnCh 

XMnOl s --k 

For, 1.0 > X~uoxj  > 0.333 

Subsystem MnCIs-A~MnCI~ 
RMnOI s ---- XMnOI 2 -- 0.SXAcl 
~*~uc], 0.5Xacl 
nAol = 0 

^ 
/l 

l I Mn+~ / I 

C l -  F ' ' ~ I 

1.0 

MnCls 

Ionic volume 
Ionic c o m p o s i t i o n  c o n t r i b u t i o n  

"nMn +s = XMaOI s -- 0.SXaol (XMncJ~ -- 0.SXAcl)~M. s+ 

nA+ = Xsm ( X A c , ) ~ +  
n c l -  = 2 X ~ . c l ~  -- XAc~ (2XMuc~ s -- X a c l ) V c t -  
nMnCt,, t'" =0 .5XAct  (0.SXAcD Vc 

0.333 > XM~OI= > 0 

Subsystem A C I - A s M n C I I  
~,MnO I s ~ 0 
nA~MIIO 14 = XMnCl 2 
nlOl  XACI -- 2XMnCIs 

Ionic v o l u m e  
Ionic composition contribution 

nMu +~ = 0 0 
hA* = XAax (Xsct)VA+ 
ncl- = XAct -- 2XMaot 2 (I -- 3XMnCII)VCI- 

nxtnOllZ- = XMn01 s (XMnCli)Vo 

X indicates the o r i g i n a l  m o l e  f r a c t i o n s  i n  t h e  s o l u t i o n  which is 
prepared by  mixing the c o m p o n e n t s  A C I  a n d  MCI~. 

nz Indicates the moles of a component i a f t e r  the reaction has 
taken place. 

of ineff• ionic packing within  the l iquid s t ructure  
which is usual ly  a t t r ibuted to complex formation. 

This simple model should hold the best in the ACI- 
rich concentrat ions and  especially for large alkali 
metal  cations in  the presence of which the complex 
species have been shown to be most stable. 

In  solutions rich in alkali  chloride the excess molar  
volumes in the systems MnC12-KC1, MnC12-RbC1, and 
MnC12-CsC1 are approximately the same and indicate 
a l inear  dependence on concentration. This behavior  is 
consistent with Eq. [11], which is applicable to the al-  
kali  chloride rich concentration. 

It is also probable that the specific accommodation 
requirements  of the various alkali  metal  cations in the 
l iquid s tructure depend upon ionic size and bonding 
and are not strictly an additive property. For  example, 
pure LiC1 has a molar  volume which is about one half 
of that for MnC12, indicat ing that the volume of the 
solution is determined main ly  by the anions. With 
large cations l ike Cs +, which occupy by themselves 
about twenty  times the volume of a Li + ion, the alkali  
metal  cation size should also become a factor deter-  
min ing  the total volume of the solution. 

The approximate part ial  molar  volumes of MnC12 in 
this region were calculated graphically from the molar  
volume isotherm at 800~ The results are shown in 
Fig. 4, and support  this interpretat ion.  The part ial  
molar  volumes of MnC12 are almost constant in the rich 
MnC12 compositions, and deviate at higher AC1 com- 
positions. Poor packing of MnC12 in the NInC142- spe- 
cies in excess KC1, RbC1, and CsC1 is shown by the 
high partial  molar  volumes of 60-70 cm 3, respectively. 
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Fig. 3. Excess molar volumes in the MnCI2-ACI systems, where, 
A : Li, Na, K, Rb, and Cs, plotted vs.  XAC 1 for the temperature 
of 800~ . Expedme.ta| a.d . . . . . . . .  mode|. 

It can be seen from Fig. 3 that the model presented 
here holds reasonably well in the ACl-r ich concen- 
trations but  in  the MnCl2-rich concentrations some 
deviations occur. 

The coefficients for thermal  expansion at constant  
pressure ap may be calculated from the temperature  
dependence of the molar  volumes using the expression 

~p : ( l /V)  (OV/OT)p = (0 In  V/OT)p [12] 

The plots of In V vs. T for all systems are strictly 
linear, indicating that  the coefficients ap are tempera-  
ture independent  over the temperature  ranges indi-  
cated in Table I. 

The coefficients for thermal  expansion calculated 
from Eq. [12] are also given in  Table IV and their  
concentrat ion dependence is shown in Fig. 2. 

If the thermal  expansion of a solution is considered 
to represent  an activated process, then  

(O In V/OT)p : h E * v / R T  ~ [13] 

where, hE*v, is the activation energy for thermal  ex- 
pansion. Combining Eq. [12] and [13] it follows that  

hE*v -- apRT 2 [14] 

Activation energies for thermal  expansion calculated 
at 700~ are also included in  Table IV. 



Vol. 121, No. 10 ELECTRICAL CONDUCTIVITIES  AND MOLAR VOLUMES 1305 

7O 

t 
65  

E 
t . I  

v 

6O 
G I  

u 
c 

2 
I> 55 

0 

I I I I 

V M n C I 2  800~ ~ C s C I -  

RbCI: 

I I I I 
.2 .4 -6 .8 

XACl 
1.0 

Fig. 4. Partial molar volumes of the MnCI2 solutions plotted vs .  

XAC] at a temperature of 800~ 

The concentrat ion dependence of the coefficients for 
thermal  expansion in  the five MnCI~-AC1 systems in-  
dicate the following trends. 

For  the highly complexed systems, MnCI2-RbC1 and 
MnC12-CsC1, the coefficients for thermal  expansion for 
the alkali chlorides decrease upon addit ion of MnC12 
and reach a min imum at about 33 mole per cent (m/o)  
MnCI~, at a point corresponding to the max imum in 
the curves represent ing the dependence of molar  vol- 
umes upon concentration. This composition represents 
approximately the stoichiometric ratio for ACI/MnCI2 
required for the formation of the complex MnC142- 
species. At higher MnC12 concentrations the molar  
volumes of the solutions decrease cont inuously while 
the thermal  expansivi ty coefficients increase up to 
about a MnC12 content  of 70-80 m/o, after which they 
decrease continuously to the value represent ing the 
thermal  expansion coefficient for pure mol ten  MnCI2. 

The min imum in the thermal  expansivi ty  curves 
should be associated with the avai labi l i ty of "free" 
volume indicated by the max imum in the molar  vol- 
ume curves. This "free" volume is a t t r ibuted to poor 
packing arrangements  of the complex MnC142- con- 
figurations wi thin  the l iquid structure. Upon heating 
this "free" volume is apparent ly  capable of accommo- 
dating the thermal ly  expanding l iquid s tructure so 
that the over-al l  thermal  expansion coefficient for a 
solution reaches a min imum.  At concentrations higher 
than 33 m/o, the excess MnC12 added appears to enter  
the solution by  filling the "free" volume present  in the 
A2MnC14 structure.  Accordingly, the molar  volume of 
the solution decreases from its max imum value and the 
thermal  expansivi ty increases in  the more densely 
populated s tructure to a max imum represent ing a 
concentrat ion of 70-80 m / o  MnCI~. 

It  is of interest  to note that  in this composition range 
which is at the midpoint  be tween "pure" A2MnC14 
and pure MnC12, the filling of "free" volume may be 
assigned to the following exchange reaction 

A~(MnCI4) + MnCl2--> Mn(MnC14) + 2AC1 [15] 

If the electrostatic interactions between the large 
monovalent  cations, l ike K +, Rb +, or Cs +, and bonded 
CI* specie in a MnCl42- type complex, are compared 
with those of the much smaller Mn 2 + "free" cations, it 
is evident  that  the interatomic distance between Mn 
and bonded chlorine in the A2MnC14 configuration 
should also be smaller than  that in  the Mn(MnC14) 
configuration. Therefore the addition of excess MnC12 
in the AC1-MnC12 melts of composition beyond 33 
m/o  MnC12 is expected to result  in  a relaxat ion of the 

Mn-CI* type of bonds in  the MnC14 ~- complex con- 
figurations existing i n  A2MnCI4, followed by  more 
efficiently packed ionic arrangements .  

The "activation energies" for thermal  expansion are 
also given in Fig. 2 and in  Table IV. These activation 
energies are ra ther  small  and do not indicate any u n -  
usual  trends. 

Molar Conductances 
Molar conductances were calculated from the spe- 

cific conductance results and the density results, using 
Eq. [3]. In  some instances it was found necessary 
to interpolate the molar  volume isotherm to obtain the 
molar  volume for the compositions corresponding to 
the conductivi ty data. 

The isotherms of the molar  conductances as a func-  
t ion of melt  composition at 700~ are given in  Fig. 2. 
I t  is seen that molar  conductances exhibi t  increasing 
negative departures from addit ivi ty to the extent  of 
--8% in  LiCI, --6% in NaCl, --23% in KCI, --32% in 
RbC1, and --39% in CsC1, at XAC, = 2/3. 

For the MnC12-KCI system molar  conductance data 
reported by Murgulescu and Zuca (16) agree reason- 
ably well with the present results, except for the 
MnC12-rich solutions probably due to the uncertaint ies  
in the molar  volumes determined by these workers. 

The concentrat ion dependence of the molar  con- 
ductances in the KCI-MnC12, RbC1-MnCI2, and CsC1- 
MnC12 systems, may also be explained by  the complex 
anion model. 

If the concentrat ion range, 1.0 > XMnCI2 > 0.333, the 
solution consists of unreacted MnCI~ and the complex 
A2MnCI4. The conducting species in this range are the 
ions Mn 2+, A +, CI -  (free), and the MnC142- coordi- 
nated complex. The molar  conductances may  be ob- 
tained from the general  expression 

AM : F ~ eizibij [16] 
i 

where, F is the Faraday  constant, ei is the number  of 
carriers of type i present  in one mole of solution, Zi 
is the valence and bij is the relat ive mobil i ty  of the i 
carrier with respect to another  ion j as the frame of 
reference (3). 

For solutions having the ionic compositions given 
in Table V, the molar  conductance is obtained from 
Eq. [16] by referr ing all mobilit ies to the "free" chlo- 
ride ions C1- as the 2rame of reference. 

These equations are shown below. For the concen- 
t ra t ion range 1.0 > XMnC12 ~ 0.333 

Atota I : F [  (2XMnC12 - -  XAC1)hi4 -~ XAclb34 

-~- XAclb24 n u (2X~nc,~ - -  XAc1)b44] [17] 

and for 0.333 > XMnCl~ > 0 

Atotal : F[XAcIb24 + 2XMncl2bs4 

+ (XAcl -- 2XMnCl~)b44] [18] 

The quanti t ies b14, b24, b34, and b ~  are the relat ive mo- 
bilities of the ions Mn +~, A +, MnC14 ~-, and Cl - ,  re-  
spectively, where b44 : 0. 

It  should be noted that  according to the proposed 
complex ion model, the MnC149- specie should not be 
considered as an independent  carrier. It seems l ikely 
that both the Mn 2 + and C1- species, which are present  
in MnCI~ 2- are independent  carriers each having mo-  
bilities which are different from those of "free" Mn 2+ 
and "free" C1- ions. It is also to be expected that  the 
shielding of the Mn ~+ specie in  the [MnC142-] con- 
figuration by the chloride ligands should make the 
mobil i ty of the "bonded" Mn ~+ lower than  that  of the 
"free" Mn2+ in solution. Irrespective of the individual  
behavior  of each of the manganese  and chloride spe- 
cies bonded within  the complex MnC142-, the relative 
mobil i ty b34 should be taken as represent ing a combi- 
nat ion of these two contributions. Assuming that the 
mobilit ies are concentrat ion independent  and have the 
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same values in pure component as in  the solutions, Eq. 
[17] and [18] reduce to 

Atotal - -  (XMnc12 ~ 0 .5XAc1)A~ "-~ 0.5XAc1A~ 
[17a] 

and 
Atotal --- XACIA~ -~ 2XMnc12(b34 -- b44)F [18a] 

where 
A~ --" F(bs4 4- b44) [19] 

A~ = 2F(bt4 + b44) [20] 
and 

A~ - -  2F(b~ + b~) [21] 

are the molar conductances of the pure molten com- 
pounds ACI, MnCI~, and AsMnC14, respectively. 

At the stoichiometric composition for the formation 
of the complex compound A2MnC14, XMnC12 : 0.333, 
and Eq. [17a] yields 

Atotal : XAcl(b24 4- b34)F 

= 0.5XAcI-A-~ A2MnCI4 [22] 

Equation [18a] predicts that at XMnC]~ = 0.333, the 
total conductance should reduce to 2/3 A~ if the 
mobilities of the MnC142- and CI- species are not 
significant. As seen in Fig. 2d and 2e, in the highly 
complexed systems like MnCI2-RbCI and MnCI2-CsCI 
the total molar  conductance at XMnCI2  -~- 0.333 is ap- 
proximately equal to two-thirds  of the total conduct-  
ance of the pure alkali chloride. 

In  the b ina ry  systems, MnC12-KC1, MnCI~-NaC1, and 
MnC12-LiC1, the Mn +2 ions are not able to form a 
strong complex anion and the total conductance at 
XMnClz = 0.333 is higher than  2/3 A~ For the "ideal" 
solution the molar  conductance is given as 

Aideal--" XACIA~ "~- XMnCI2A~ [23] 

where A~ arid A~ are the conductances of the 
pure ACI and MnC12, respectively. In terms of mo- 
bilities this equation takes the form 

-A-ideal - "  F[(b24 + b 4 4 ) X A c l  • 2XMnc12(b14 + b44)] [24] 

Excess conductances are obtained by subtract ing Eq. 
[24] from Eq. [17] and [18], respectively. Hence at 
1.0 > X~t.clz > 0.333 

AA xs = 0.SXAcI(2b34 -- 2bx4 -- 4b44)F 

= 0.SXAcl �9 Am [25] 
where 

Am --  (2b34 -- 2b14 -- 4b44)F [25a] 

and at 0.333 > XMnC]2 > 0 

AA xs ~-~ XMnC12 " Am [26] 

The quant i ty  Am is expected to be negative for low 
b34 values. Accordingly, excess conductances are ex-  
pected to be negative and be proport ional  to XMnC12 
or XAcv The model should be applicable to systems 
having the least polariT-ing alkali cations like Cs + 
and Rb + which also form strong complex anions 
(1, 17). 
The excess conductances for the five binary systems 

calculated from the specific conductance data at the 
temperature of 800~ are presented in Fig. 5. The 
values for Am are obtained by substituting an ex- 
perimental value of the molar conductance into Eq. 
[25] or [26], respectively. From the Am values, the 
expected excess molar conductances are calculated 
over the entire concentration range and compared with 
the experimental results. In Fig. 5 the solid curves are 
experimental and the dashed curves are calculated 
from the model. The model is best applicable to the 
ACl-rich compositions. In the MnCl2-rich side the 
model deviates by about 12% from the experimental 
data. In  the MnCI~-NaC1, MnCI~-LiC1 systems the 
model does not appear to be applicable as the conduc- 
t ivi ty behavior  of the solution is almost ideal. 

Activation energies for the specific conductances 
AE*s were also calculated from the data presented in 
Table III. 

From the temperature  dependence of the specific 
conductance ~ given as 

~ = a + b T  + c T  ~ 

the activation energies at any  given temperature  may 
be calculated through the t ransformat ion 

d In ~ / d T  = (1/~) ( d W d T )  = A E * s / R T  2 [27] 
o r  

AE*s : R T Z ( b  + 2 c T ) / ( a  + b T  + cT 2) [28] 

Similarly, the activation energy for molar  conduct-  
ance A E * M  is calculated at any  temperature  from Eq. 
[3], [13], [27], and [28], as 

AE*M --: AE* s -{- apRT z [29'] 

where ap, represents the coefficient for thermal  expan-  
sion. 

The quanti t ies AE*s and AE*M were calculated at the 
common temperature  of 700~ and the results are 
presented in Table IV. The molar  act ivation energies 
for conductance are also plotted in Fig. 2. 

The molar activation energies for KC1, RbC1, and 
CsC1 have much higher values than that  for MnC12, 
probably due to a smaller temperature  effect on the 
mobilities of the large alkali metal  cations. 
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Fig. 5. Excess molar conductances in the MnCI2-ACI systems, 
where, k = Li, Ha, K, Rb, and Cs, plotted vs. XMnCl  2 at a tem- 
perature of 800~ Experimental and . . . . . . . .  
model. 
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Table VI. Comparison between thermodynamic and structural 
properties in the MnCI2-ACI solutions 

ba (17)  AVxs at 
( c a l /  XMnCI= ~ A m  

Sys- m o t )  = 0 . 3 3 3  ( c m  8 ( o h m  -~ zA + 
t e r n  (a)  ( c m  s r n o l - D  m o l  -~) c m 2 m o l - D  ( A  ~ 

LiC1 -- 1 ,100  0 O ( - 80)  0 . 6 0  
N a C l  -- 4 , 9 5 0  0 .5  1.7 -- 80 0 . 9 5  
KC1 -- 10,680 2.2 7.2 -- 88 1.33  
RbC1 -- 1 3 , 5 0 0  2 . 6  8 .7  -- 105  1 .48  
CsC1 -- 1 5 , 7 2 0  3 .5  12.0  -- 120  1 .69  

(~') bR represents the enthalpy of formation o f  t h e  c o m p l e x  com- 
pounds A2MnC1, according t o  t h e  reaction 

2AClllqutd + MnCl211qutd ..~ A~MnC141tquld 

Upon the addit ion of MnC12 to ei ther  NaC1, KC1, 
RbC1, or CsC1, the activation energies for molar con- 
ductance of the solutions indicate significant max imum 
values in the concentrat ion ranges in which the A2- 
MnC14 and Mn-MnC14 complex configurations appear 
to predominate.  In general, however, the concentra-  
t ion dependence of the activation energy curves is 
not as simple as that of the molar  conductances. 

From Fig. 2d and 2e, it is of interest  to note that  
the molar  conductance and the thermal  expansivi ty 
curves in  the systems MnCI2-RbC1 and MnC12-CsC1 
indicate a m in imum at approximately the same com- 
position for which the molar  volume curves indicate 
their  maximum. This characteristic concentrat ion cor- 
responds to the stoichiometric composition required 
by the formation of a MnC142- complex specie. 

If the activation energy for the conductivi ty process 
is thought  to be related to the energy of dissociating 
the complex species present in solution, then at X~nc12 
---- 1/3 the activation energies should be directly re-  
lated to the enthalpy of formation of the various 
A2MnC14 compounds. 

In  Fig. 6, the reaction parameters bR, which repre-  
sent the heats of mixing  (17) in the various MnC12-AC1 
system at a mole ratio of AC1/MnC12 = 2, are plotted 
vs. the corresponding activation energies AE*M. The 
exact l inear i ty  of this plot demonstrates clearly the 
relationship. Table VI represents a summary  of the 
various s t ructural  and thermodynamic  parameters  de- 

~termined in  the course of our investigations. It  should 
also be noted that the effects of the exchange reac- 
tions [15] on the thermodynamic  behavior  of the 
systems, were also taken into account in our previous 
t rea tment  on enthalpies of mixing (17). 

Accordingly, it may be concluded that  the simple 
quasichemical complex ion model presents a reasonable 

/"Et~ (It XMnCl2=O-3~ 
o~I/moJ. 

K2 MnCI4 ~ ~ " " ~  ~-o--f 

Io J I 
o -40 0 - ~]000 -12000 -16000 

b R cal/mol 

Fig. 6. Plot of activation energy for molar conductances at 
XMnC12 = 1/3 vs. bR, where bR represents the enthalpy of forma- 
tion of the compounds A2MnCI4 according to the reaction 

(MnCl2)uq -t- 2(ACI)iiq-~ (A2MnCl4)uq 

in terpre ta t ion for both thermodynamic and s t ructural  
properties. 
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LIST OF SYMBOLS 
p density, g c m  -3 
t temperature,  ~ C 
T temperature,  K 
VM molar  volume, cm 3 
~V xs excess molar  volume, cm 3 
K specific conductance, o h m - l c m  -1 
A~ molar  conductance, o h m - l c m  2 
~hxs excess molar  conductance, o h m - l c m  2 
bij in ternal  mobil i ty of i ion with respect to j ion 

cm2see- 1 V -  1 
Xi mole fraction of component i 
n number  of moles 
F Faraday 's  constant 
A alkali atom 
ap coefficient of thermal  expansion, K - t  
hE*s activation energy for specific conductance, cal 

mo1-1, (Eq. [27]) 
~E*v activation energy for thermal  expansion, cal 

mo1-1, (Eq. [13]) 
AE*~ activation energy for molar  conductance, cal 

mo1-1, (Eq. [29]) 
V-i- partial  molar  volume of i ion, cm 3 
ei number  of carriers of type i in  one mole of 

solution. 
Am defined by Eq. [25a] 
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Electrochemical Behavior of the Fluorographite 
Electrode in Nonaqueous Media 

William Tiedemann* 
Corporate Applied Research Group, Globe-Union Incorporated, Milwaukee, Wisconsin 53201 

ABSTRACT 

The open-circuit voltage of the fluorographite, (CF)n, electrode can be 
interpreted as a mixed potential resulting from the anodic reaction of the 
solvent in question coupled with the cathodic reaction of fluorographite, 
(CF)n. The Tafel slope was found to be relatively constant as a function of 
solution composition and discharge state of the (CF)~. An exchange current 
of 10 -21 A/cm 2 was estimated based on a thermodynamically predicted 
open-circuit voltage of the (CF)n electrode. An average charge transfer co- 
efficient of 0.4 was calculated for the (CF)n reaction. 

Organic electrolyte systems have been studied for 
a relat ively long time because of their  potential  capa- 
bilities of providing a high specific energy, high spe- 
cific power, wide temperature  range battery. Recently 
(1-5) there has been an interest  in  the use of lamel lar -  
type compounds of graphite as cathode materials.  
The technical feasibility of an organic electrolyte bat-  
tery comprising a l i th ium anode and a fluorographite 
cathode, (CF)n, (a lamel lar  type compound) has been 
demonstrated (1, 3-5). 

Lit t le information exists on the fundamenta l  elec- 
trochemical behavior  of the (CF) ,  electrode and li t t le 
is known  concerning its l imit ing performance charac- 
teristics. Electrochemical investigations of (CF) n are 
complicated by the following facts: (i) (CF)n is a non-  
conductor and must  be supported on an electrically 
conductive phase which is in int imate contact with 
the electrolyte solution; (ii) the reaction products 
(C and LiF) are insoluble and tend to cover the avail-  
able surface; and (iii) a very small electrochemical 
reaction rate of ( C F ) ,  necessitates the use of large 
effective surface areas in  order that  currents  obtained 
may be measured accurately. These conditions neces- 
sitate the use of a test electrode which has a re la-  
t ively large active surface area, is electronically con- 
ducting, and is porous. Porous electrodes tend to 
complicate the analysis of the polarization results;  
however, it will  be shown below that  certain test 
conditions exist which greatly reduce the complexity 
of the analysis. 

Experimental 
Chemicals.--Propylene carbonate (PC), dimethyl  

sulfite (DMSI), and dimethoxyethane (DME) were 
obtained in reagent grade form, dried over 4A molec- 
u la r  sieves, and vacuum distilled twice, the middle 
fraction being retained in each instance. Each sol- 
vent  was stored in vacuum sealed glass vials unt i l  used. 

Ul t rapure  LiC104 was obtained from Anderson Phys-  
ics Laboratory and used without  fur ther  t reatment .  

* Electrochemical  Society Act ive  Member .  
K e y  words:  porous electrodes,  m i x e d  potential ,  double l aye r  

charging. 

One molar  solutions of LiClO4 were prepared from 
combinations of PC/DMSI in a ratio of 30% PC to 
70% DMSI by volume, and PC/DME in a ratio of 
30% PC to 70% DME by volume. These solutions 
were stored in  vacuum sealed glass vials unt i l  used. 

(CFx) n was obtained from three sources (( i)  Ozark- 
Mahoning Company, Tulsa, Oklahoma, x = 0.96 • 0.05; 
(ii), Air Products and Chemicals, Allentown, Pennsy l -  
vania, x = 1.04 • 0.05; (iii), MarChem, Incorporated 
Houston, Texas, x = 1.0.6 -+- 0.04) and used without  
fur ther  treatment.  Conductex SC (Columbian Carbon 
Company) powder was selected as the conductive di- 
luen t  and Teflon molding powder as the binder.  These 
three materials were vacuum dried at 250~ for 50 hr. 

Electrode preparation.--The porous (CF) n electrode 
was prepared from a mix ture  of (CF)n, Conductex 
SC carbon, and Teflon molding powder (1:0.2:0.2 
ratio by weight) by pressing the result ing powder 
onto an expanded nickel grid at 200~ and 4000 psi. 
Prismatic electrodes measur ing 5.38 • 5.3'8 • 0.132 
cm had theoretical capacities of 1.8 A-hr,  an effective 
mat r ix  conductivity of 0.2 mho/cm,  a porosity of 0.56, 
and a specific interracial  surface area of 106 cm2/cm 3. 

The l i thium electrodes were prepared by Foote 
Mineral  Company (Exton, Pennsylvania)  by pressing 
l i thium metal  onto expanded nickel foil. They were 
used as received without  fur ther  t reatment .  

Cell design.--Experiments were performed on a cell 
comprising one (CF)n electrode sandwiched be tween 
two l i thium electrodes with a solid l i th ium reference 
electrode positioned adjacent to the (CF)n electrode. 
A 0.0025 cm thick microporous polypropylene sepa- 
rator was inserted between the Li and (CF)n elec- 
trodes. The result ing electrode stack was sealed into 
an a luminum laminated  polypropylene bag and placed 
in a testing fixture which prevented expansion of the 
electrode stack. Electrical connections were taken out 
through seals in  the laminate.  

Experimental procedure.--The test cell was filled 
with solution, placed in a vacuum to remove trapped 
gas, sealed, and placed in  a vise- type testing fixture. 
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Approx imate ly  4 ml  of solution were  used in each cell. 
This operat ion was per formed in a vacuum dry box 
with  an argon atmosphere and equipped with N2, 02, 
and H20 recirculat ing dry trains. The tempera ture  of 
the dry box was mainta ined at 28 ~ +_ I~ Polarizat ion 
studies were  per formed both inside and outside the 
dry box; however,  all assembly, filling, and sealing 
operations occurred in the dry box. 

A Wenking potentiostat  was employed for the con- 
stant potential  polarization studies. Pr ior  to each po- 
lar izat ion study the fresh (CF)n was placed on a 0.035 
m A / c m  2 constant current  discharge for 9 hr. Approx i -  
mate ly  0.05% of the electrode coulombic capacity was 
removed in this period. The electrode was then al lowed 
to stand at open circuit  for a min imum of 24 hr  before 
testing was continued. Current,  as a function of time, 
was recorded on an Ester l ine Angus chart  recorder.  
Polar izat ion of the electrode was te rminated  when  the 
current  density reached approximate ly  3 m A / c m  2. All  
potentials ment ioned below are measured  with  respect 
to a l i thium reference electrode. The max imum IR in-  
cluded in these measurements  was less than 1 mV. 

Treatment of Polarization Data 
The react ion which is postulated to occur at the 

(CF)n electrode is (1) 

(CF)n -]- nLi + + h e -  ~ nC + nLiF [1] 

The revers ibi l i ty  of this react ion wil l  be discussed 
below. Analysis of the system is somewhat  compli-  
cated by the fact that  the (CF)n electrode is porous 
which suggests the possibility of nonuniform current  
distr ibution within  the electrode. An equat ion appli-  
cable to this s i tuation is 

~aF "] 
d~,(x) = Aaio,a exp ~ hack:) J do: 

[ ~ ] 
-- Ac~o,cexp -- R T  ns(x) [2] 

where  uniform concentrat ions have  been assumed. 
Uni formi ty  of current  distr ibution in a porous elec-  
t rode over  the so-called Tafel  region can be est imated 
in terms of the paramete r  

: Llil (1 -- ac) (nF/RT)  (1/K + l / e )  [3] 

For  ~ ~ 0.1, the current  distr ibution in a porous elec- 
trode is near ly  uniform (6). The system present ly  be-  
ing examined yields 8 ~ 0.1. Analysis of the ( C F ) ,  
e lectrode is therefore  simplified and Eq. [2] reduces to 

i : -  AaLio.a e x p  ( ) 
RT 

In  effect Eq. [4] states that  a uni form current  dis- 
t r ibut ion exists throughout  the depth of the electrode 
and the subsequent  behavior  can be equated to that  of 
a flat e lectrode with  a surface area (LA)  t imes greater.  

Results and Discussion 
Potentiostat ic  measurements  on the (CF)n electrode 

are made difficult by the re la t ive ly  large surface area 
of a porous electrode. While the s teady-sta te  current  
re la ted to the (CF)n reaction might  be 10-4A for a 
2 mV overpotential ,  the initial current  associated with  
charging the double layer  of the porous electrode was 
of the order  of 10-2A. Subsequent  variat ions in the 
control led potential  of less than 10 ~V produced cur-  
ren t  oscillations of N10-4A. Approaching a s teady-  
state current  reading is fur ther  complicated by a large 
t ime constant of double layer  charging of the porous 
electrode. Due to these complications, l inear  polar iza-  
tion data of the (CF)n electrode could not be obtained. 
As the electrode became more discharged, the amount  

of carbon increased, and therefore  the double layer  
charging area increased. Double layer  charging will  be 
discussed below as it relates to the observed behavior  
of the (CF)n electrode. 

F igure  1 contains a typical polarization curve of a 
porous (CF)n electrode. The large uncer ta in ty  l imits 
at low overpotent ials  are associated with  current  
oscillations resul t ing from charging of the double 
layer.  A reasonable Tafel  region (l inear dependence 
of ~]s vs. log ~) is observed for both solutions examined, 
and similar Tafel  behavior  is shown in Fig. 2 for (CF)n 
at different states of charge. The Tafel slopes of these 
four curves were  found to be near ly  equal. An average 
value  of ac was calculated to be 0.4. As the current  ap- 
proaches 3 �9 10-2A, the assumptions of constant con- 
centrat ion a~d uniform current  distr ibution are no 
longer  valid. Nonuniform current  distr ibution is a 
subject  beyond the scope of the present investigation. 

Init ial  open-circui t  voltages (O.C.V.) of the (CF)n 
electrode in 1M LiC104-PC/DMSI and - P C / D M E  solu- 
tion were  3.20 and 3.35V (vs. a l i th ium reference elec- 
t rode) ,  respectively.  The revers ible  O.C.V. of (CF)n 
has been calculated (7) to be approximate ly  4.5V (vs. 
l i thium) based on free energy  of formation data. F ig-  
ure  3 shows that  the O.C.V. of the (CF)n electrode de- 
creases as the discharge state of the electrode in- 
creases. The most rapid decrease in the O.C.V. is ob- 
served in the first 10-15% of the discharge fol lowed by 
a modera te  decline of the electrode potent ia l  unti l  

} I I 
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3.0 ~"~. ~ ' \  
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Fig. 1. Potentiostatic polarlzatlon of a porous (CF)n electrode. 
@, 1M l.iCl04 PC/DME; [~, IM LiCIO4 PC/DMSI. Temperature = 
25~ area = 29 cm2; thickness - -  0.132 cm. 
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Fig. 2. Potentiostatic polarization of a porous (CF)n electrode as 
a function of discharge state. 1M LiCIO4 PC/DMSI. 1=7, 0.05% 
discharged; A ,  10% discharged. Temperature ----- 25~ area = 
29 cm2; thickness - -  0.132 cm. 
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Fig. 3. Open-circuit voltage of a porous (CF)n electrode as a 
function of its state of charge. 1M LiCIO4 PC/DMSI. 

about 90-95% of the discharge is reached. The O.C.V. 
of a completely discharged (CF)n electrode is ap- 
proximately  2.5V (vs. a l i thium reference electrode). 

The observed behavior  of the O.C.V. of (CF)n can 
possibly be a t t r ibuted to a mixed potential  resul t ing 
from the anodic decomposition of the solvent(s)  
coupled with the cathodic reaction of (CF)n. Most 
solvents, including the ones studied here, undergo 
some degree of oxidation at potentials greater  than 
3V. The degree of oxidation is subject  to the na ture  of 
the catalytic surface (in this case, carbon) and to the 
total accessible surface area. As (CF)n is discharged 
according to Eq. [1], electronically conductive carbon 
is generated, and one can expect the oxidation of the 
solvent(s)  to increase due to the increase in reactive 
carbon area. At the same time the cathodic reaction of 
(CF)n must  increase resul t ing in a decrease of the 
O.C.V. This implies that the intercept of the Tafel 
slope with the O.C.V. gives an estimate of the corro- 
sion (or self-discharge) current  and can be used to 
predict the activated shelf life of the (CF)n electrode 
as a function solvent(s) .  One would expect self-dis- 
charge to increase with increasing discharge of (CF)n. 

Using 4.57V as the t rue O.C.V. of the (CF~) elec- 
trode and extrapolat ing the Tafel slope in  Fig. 1 to 
this value, a value of the exchange current  density of 
~10 -21 A/cm 2 is calculated. This implies that  re-  
charging the (CF)n electrode in a reasenable length 
of time would require over 6V (vs. a l i th ium reference 
electrode). There are v i r tual ly  no solvents which are 
stable at this voltage. All at tempts to recharge the 
(CF)n electrode have been unsuccessful; only decom- 
position of the solvents was observed. 

The discharge behavior  of the (CF)n electrode sug- 
gests that the reaction mechanism does not involve a 
soluble (CF)n intermediate  since the electronically 
conductive carbon surface area increases by more than 
an order of magni tude  dur ing the t ime when the rate 
capabili ty of the ( C F ) ,  electrode is decreasing (Fig. 
2). The decrease in  ,-ate capabili ty corresponds directly 
to the decrease in the active area of the (CF)n. 

As the electrode becomes more discharged, the t ime 
required for the electrode potential  to reach its open-  
circuit value, after polarization has been  terminated,  
increases markedly  (Fig. 4). The slow recovery t ime 
appears to be l inked to the small value of io, the d e -  
c r e a s e  in the electrochemically active surface area, 
and the increasing value of the electronically conduct-  
ing carbon surface area. These effects are coupled 
through charging or discharging the double layer  ca- 
pacity of the electrode. An est imation of the relaxat ion 
time can be given by 
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Fig. 4. Voltage recovery of a porous (CF)n electrode as a function 
of its discharge state. A = 0 % ;  B = 5 % ;  C ---- 10%; D = 30%; 
E : 50%.  

RTCAa 

T - -  F i o A c  [ 5 ]  

For a 6 %  discharged electrode we obtain r --~ 10 4 s e c .  
Therefore, as the end of the discharge is approached, 
the recovery of the electrode potential  (after the cell 
is open circuited) can take as long as 50 hr. Con- 
versely, in the init ial  stages of discharge, the elec- 
trode potential  can recover in a mat ter  of seconds. 
Time required to charge the double layer  can also 
affect the polarization readings at small currents.  

Conclusions 
The open-circuit  voltage of the (CF)n electrode is a 

mixed potential  resul t ing from the anodic reaction of 
the solvent(s)  with the cathodic reaction of (CF)n. 
The intercept of the Tafel slope with the O.C.V. can be 
interpreted as a corrosion or self-discharge current  
and represents an estimate of the activated shelf life 
of the ( C F ) ,  electrode. 

It should be noted that larger O.C.V.'s do not imply 
higher energy densities for the (CF)n electrode, since 
useful currents are obtained only when  the (CF)n 
electrode has been cathodically polarized to 2.7V (vs. 
a l i th ium reference electrode).  

Double layer charging of the carbon surface of the 
porous (CF)n coupled with the small exchange cur-  
rent  density of the (CF)n reaction results in slow at-  
t a inment  of steady-state polarization readings. 
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Aa s~ecific interracial  area for the anodic reaction, 

cm~/cm a 
Ac specific interracial area for the cathodic reac- 

tion, cm2/cm 3 
C double layer  capacity, f / cm ~ 
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F a r a d a y ' s  constant,  coulombs/equiv  
normal  cur ren t  dens i ty  at  the  e lect rode surface, 
A/cm~ 
exchange cur ren t  densi ty  Of the  anodic r e -  
action, A / c m  2 
exchange current  dens i ty  of the  cathodic reac-  
tion, A / c m  2 
e lec t rode  half- thickness ,  cm 
number  of electrons,  equal  to one  
universa l  gas constant,  j ou l e /mo le -deg  
absolute  tempera ture ,  ~ 
pa ramete r s  in kinet ic  expression (see Eq. [2]) 
cur ren t  d is t r ibut ion  pa rame te r  (see Eq. [3]) 
ma t r i x  conductivi ty,  mho-cm -1 
surface overpotent ia l ,  V 
solut ion conductivi ty,  mho-cm -1 
double  l aye r  charging t ime constant,  sec 
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The Influence of Electrolyte Impurities on Mercury 
Losses in the Electrolysis of Aqueous NaCI Solutions 

I. T. Rodeanu 
Str. Dr. Ratiu 24, bloc 8, ap. 18, Turda, Romania 

Exper imen ta l  work  unde r t aken  in labora tor ies  and 
in indus t r ia l  ins ta l la t ions  has shown that  impur i t i es  in 
the  e lectrolyte ,  such as calcium, magnesium, a lumi -  
num, iron, and silica compounds, can influence the  elec-  
t rolysis  of aqueous sodium chloride in m e r c u r y  cells. 
Severa l  papers  (1-5) have inves t iga ted  how meta l  sal ts  
(vanadium,  chromium, nickel,  bar ium,  magnesium, 
iron, copper, and arsenic)  may  in tens i fy  ama lgam de-  
composit ion wi th in  the  electrolyzer ,  resu l t ing  in un-  
wan ted  hydrogen  evolution.  

The object  of this paper  is to examine  and to de -  
te rmine  the  dependency  of mercu ry  losses on e lec t ro-  
ly te  purif icat ion procedures  and on the soluble and in-  
soluble  const i tuents  which contaminate  the  electrolyte .  

Experimental Procedures and Results 
Exper imen t s  were  unde r t aken  in an indus t r ia l  elec-  

t ro lys is  ins ta l la t ion  of aqueous sodium chloride solu-  
t ion in a mercu ry  cell. The impur i t ies  contained in 
eight  samples  of raw e lec t ro ly te  mate r ia l  are  given 
in  Table I. The samples  were  taken  at t w e n t y - d a y  in-  
t e rva ls  f rom the salt  in t roduced in the  sa tura tor .  

In  addit ion,  da i ly  measurements  were  made  of the  
impur i t ies  in the e lec t ro ly t ic  solution. Table  II  gives 

Key words:  mercury  losses, mercury  cell, impurity  effects,  indus-  
trial processing,  sodium chloride electrolysis.  

mean values  for each work ing  day  over  a f ou r -week  
period.  

Exper iments  were  car r ied  out wi th  use of e lec-  
t ro ly te  which had  been p re t r ea t ed  by  one of three  di f -  
ferent  methods:  (a) "Imposed" work ing  conditions:  re -  
move chlori tes and hypochlor i tes  wi th  hydrochlor ic  
acid, remove  calcium ions wi th  sodium carbonate,  r e -  
move sulfate ions wi th  ba r ium chloride, remove mag-  
nes ium and fer r ic  ions wi th  sodium hydroxide .  (b) 
"Normal  work ing  condit ions:  incomple te  purif icat ion 
of e lec t ro ly te  consist ing only of t r ea tmen t  wi th  sodium 
hydrox ide  and hydrochlor ic  acid. (c) "Uncontrol led"  
work ing  conditions;  no prepurif icat ion.  In  this  condi-  
tion, the  e lect rolyte  contained a suspension of NaC1 
crys ta ls  and insoluble  impur i t ies  which were  carr ied  
f rom the se t t ler  and were  not re ta ined  by  the filters. 

Wi th  use of e lec t ro ly te  p repa red  by  these th ree  
methods,  measurements  were  made  of the  hydrogen  
content  in the  chlor ine gas leav ing  the e lectrolysis  cell. 
Table  I I I  gives typica l  compara t ive  da ta  for how the 
hydrogen  content  var ies  wi th  impur i ty  const i tuents  
in the  e lectrolyte .  Under  imposed work ing  conditions, 
less than  1.05% hydrogen  was found; under  normal  
conditions, be tween  1.05 and 1.44% hydrogen  was 
found; over  1.44% was found for  uncont ro l led  condi-  
tions. 

Table I. Impurity content of the NaCI 

Content,  % 
Impurit ies  

determined 1 2 3 4 5 6 7 8 

NaCI 98.42 98.28 98.2 98.5 98.33 97.93 98.8 97.47 
CaC19 0.083 0.076 0.028 0.018 - -  - -  0.028 0.107 
MgCl~  0.Ol 0.006 . . . . .  0.047 

Na=SO, 0.16 0.29 - -  - -  - -  0.'~"6 0.26 0"~63 
CaSO~ 0.41 0.39 0.27 0.29 0.31 
Fe2O,* 
A h O a  0.042 0.058 0.026 0.020 0.05 0.082 0.011 0.014 
Insoluble 0.75 0,84 0.61 0.6 0.44 0,63 0,73 0,70 
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Table II. Impurity content of the electrolyte 

October  1974 

lqarae of  
impur i ty  

Content  in g /Hte r  
No. oZ mean 

sample  I II llI IV V VI 

C1OJ- 1 0.29 0.54 0.29 0.26 0.27 0.48 
2 0.43 0.54 0.25 0.21 0.30 0.39 
3 0.51 0.50 0.27 0.29 0.29 0.34 
4 0.44 0.23 0.23 0.55 0.46 

SOdP- 1 ~ 9  3.38 3.02 3.14 3.L8 3.90 
2 3.34 3.14 2.68 3.09 3.09 2.90 
3 3.49 3.04 2.99 3,14 3.14 3.14 
4 - -  3.08 3.14 3.14 2.90 3.20 

Fei+ 1 0.0002 Traces  Traces  Nfl Traces  Traces  
2 Traces  Traces  Traces  Traces  Traces  N~  
3 Nil  Nil  Nil  Traces  Nil  Traces  
4 Traces Traces Traces Traces Traces 

Ca~ 1 0"..80 0.78 0.80 0.84 0,88 0,74 
2 0.77 0.74 0.70 0,75 0.88 0.98 
3 0.78 O.8O 0,88 0.86 0.92 0,78 
4 0.84 0.84 0.78 0.72 0.82 

Mg ~ I ~I Traces Traces Traces Nil Nil 
2 Nil Nfl Nil  Traces Traces  Traces  
8 Nil  Nfl 0.0048 Traces  Nli  Traces  
4 i Traces  Traces  Traces  Traces  Nli 

Table I|l. Comparative data regarding the hydrogen content in 
chlorine and impurities in the electrolyte 

Content  ~ H= con- 
of irnpuri-  / tent  in  
t ies  in the  CI~ in 
e lectro lyte  vo lume  
in g / l i t e r  Per cent  0.6-0 .8  1,05-1.44 4.9-6.2 

C l O t  0.05 0.362 0.362 + susp 
SO4 ~- 1.06 3.212 3.212 + susp 
Fe s+ 0.00025 0.0002 0.0002 + susp 
Ca =+ 0.08 0.85 0.88 + susp 
Mg ~ 0.0045 0.0048 0.0048 + susp 

Mercury losses under  normal  and uncontrol led con- 
ditions were determined s imultaneously  by sampling 
the electrolyte at four locations in the electrolyte flow 
circuit. Samples were taken at the electrolyzer outlet, 
at the inlet  to the precipi tat ion tank, at the outlet of 
the sett l ing tank, and at the electrolyzer inlet. Mer-  
cury in the electrolyte was determined by the di thi-  
zone (6) method, which is suitable over the range of 1- 

~g ,~/~ 

55 mg Hg/li ter.  The presence of Fe, Co, Ni, Bi, Pb, and 
Mn does not interfere with the determinat ion provided 
that  their  concentrat ions are less than 10 -2 mol/ l i ter .  
Results are shown in Fig. 1 for a n u m b e r  of successive 
experiments.  

During uncontrol led conditions, i.e., in  the absence 
of electrolyte prepurification, a suspension of sodium 
chloride crystals and impur i ty  precipitat ion products 
was carried from the sett l ing tank  and was not re-  
tained in the filtering system. Several samples of elec- 
trolyte containing such suspensions were wi thdrawn 
and examined under  a microscope. Typical observa-  
tions are shown in Fig. 2, 3, and 4. The suspensions, of 
u n k n o w n  structure, sur round and become attached to 
the sodium chloride crystals. Microscopic observa-  
tions dur ing fouling of fresh NaCI crystals were also 

L~t~ 
~ t  

Fig. 2. Sample taken in uncontrolled working conditions from the 
level flask. 

Humber o[ experiments 

Fig. 1. Results obtained at the determination of the mercury 
losses in normal and uncontrolled working canditions. 

Fig. 3. Sample taken in uncontrolled working conditions from the 
level flask. 
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Fig. 4. Sample taken in uncontrolled working conditions from the 
level flask. 

carried out. Figure 5 i l lustrates several fresh crystals 
which, after fouling, eventua l ly  take the forms shown 
in Fig. 6. Figure 7 shows the region in the vicini ty 
of a fouled NaC1 crystal after it has been per turbed 
by  st i rr ing dur ing  microscopic observation. 

Interpretation of Results 
The data in  Table III  indicate a quant i ta t ive  rela-  

t ion between the content  of soluble impuri t ies  in the 
electrolyte and the hydrogen content  in the chlorine 
gas. The Ca +2 and Mg +9- do not br ing  about the 
decomposition of the amalgam, especially in acid media. 
Their presence, in addition to other impurities,  con- 
t r ibutes  to increasing the hydrogen content  in the 
chlorine gas from only 0.6-0.8 to 1.05-1.44%. These 
results confirm the studies under taken  by Hauck (4) 
and Balej (5). These results are clearly impor tant  in  

Fig. 5. Experiment carried out by microscopic observation. 

Fig. 6. Experiment carried out by microscopic observation and 
fouled on purpose with impurities coming from the decantor. 

Fig. 7. Sample fouled and disturbed on purpose 

selecting an op t imum purification procedure. Under  
uncontrol led conditions, the presence of suspensions 
in the electrolytic solution br ings about an abrupt  
addit ional  increase of hydrogen in  the chlorine gas, 
to values in the range 4.9-6.2%. 

Mercury losses vary usual ly  between 7.3 mg Hg/ l i te r  
under  normal  purification conditions to 33.55 mg Hg/  
l i ter  for uncontrol led conditions. In  Fig. 1 it is seen 
that the mercury  content various with position in the 
plant. Under  normal  conditions, the mean  values at 
the four locations are: at cell outlet, 22.15 mg Hg/l i ter ;  
in the saturator,  19.2; at the outlet of the sett l ing tank, 
16.4; and at the cell inlet, 14. Under  controlled condi '  
tions, the mercury  losses at the same locations were: 
at the cell outlet, 42.6-54.7 mg Hg/l i ter ;  in  the satura-  
tor, 37.0-39.4; at the outlet of the sett l ing tank, 19.1- 
23.0; and at the cell inlet, 14.3-15.9. 

The lost mercury  was found in the mud in the 
saturator,  in the precipitates deposited in  the filters 
which were periodically purged to the waste-dump,  
and in  the sludge of the sett l ing tank. These results 
establish that  part  of the mercury  contained by the 
electrolyte remains  bound and deposits with precipi-  
tates and settled sludge. These events take place both 
in the acid medium in which saturat ion is achieved 
and in the alkal ine medium in which precipitation, 
decantation, and filtration of impurit ies take place. 

Al though the mercury  losses are greater  under  u n -  
controlled working conditions, the mean  mercury  con- 
tent  of electrolyte by the t ime it is recycled to the cell 
is not much different from that observed under  nor -  
ma l  conditions of purification. This observation seems 
to indicate the existence of a m i n i m u m  solubil i ty 
threshold of mercury  in the electrolyte. It also appears 
that  mercury  losses depend on the presence of solu- 
ble and insoluble impuri t ies  and on the processes 
which occur wi th in  the electrolyzer under  their  in -  
fluence. 

From Fig. 2, 3, 4, one ascertains a close physical as- 
sociation be tween the insoluble impuri t ies  and the 
newly  formed NaC1 crystals which leave the elec- 
trolyzer and are carried by the sludge. At tachment  of 
impuri t ies  to NaC1 crystals is achieved at the junct ion  
points, on the edges, and at the less order overlapping 
of the edges with adjacent  planes. 

This mechanism of a t tachment  is confirmed by the 
observations of Fig. 5, 6, and 7. The mechanism does 
not, as was ini t ia l ly  expected, permit  a chaotic or 
homogeneous dis tr ibut ion of impurit ies in the bu lk  of 
the electrolyte. Rather, it is seen that  electrolyte 
purification processes should be designed in such a 
manne r  as to create voluminous associations be tween 
NaC1 and impuri t ies  which then could be decanted 
in a shorter time. By comparing the data in Table III  
and Fig. 1 with the observations of Fig. 2-7, it is 
seen that both the increase of hydrogen content  in the 
chlorine gas and the increase of mercury  losses under  
uncontrol led conditions are due to the presence of in-  
soluble impuri t ies  in the electrolyte phase. These ira- 
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purit ies exist as calcium sulfates, magnes ium and i ron 
hydrates, a l uminum oxide, silica, etc., which are at- 
tached to NaC1 crystals. It appears that  the insoluble 
materials  form active decomposition centers on the 
surface of the amalgam, and that  the cathodic hydro-  
gen overvoltage on the remainder  of the mercury  
surface is not decreased. In  this manner ,  the execes- 
sive increase of hydrogen content s imul taneously  with 
the increase of mercury  losses in the electrolyte may 
be explained. 

Conclusions 
During the electrolysis of aqueous NaC1 solutions in  

mercury  cells, the mercury  losses into the electrolyte 
phase, which are subsequent ly  deposited at various po- 
sitions throughout  the flowsheet, were found to in -  
crease with an increase in the soluble and insoluble 
impur i ty  consti tuents in the electrolyte. Excessive 
amounts of hydrogen in the chlorine gas are correlated 
with large mercury  losses when the electrolyte is not 
prepurified. These occurrences result  f rom the pres-  
ence in the electrolyte of insoluble impuri t ies  which 
have the s tructure of impuri t ies  attached to the NaC1 
crystals which form. Thus one has proof of the exist- 
ence of impur i ty  agglomeration centers which, dur ing  

SCIENCE AND TECHNOLOGY October  1974 

normal  conditions of electrolyte purification, might  
br ing  about a more rapid formation of bu lky  precipita-  
tion products which would have a higher sett l ing 
speed. 
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Measurement of Beta-Alumina Impedance with 
Constant Current Pulses 

G. C. Farrington* 
General Electric Company,  Research and Deve lopment  Center,  Schenectady,  N e w  Y o r k  12301 

The ionic impedance of a polycrystal l ine solid elec- 
trolyte arises in two regions: wi th in  its const i tuent  
individual  grains and at the boundaries  between those 
grains. Since the in tergra in  impedance is dominant  in 
a typical polycrystal l ine be ta -a lumina  ceramic, its 
separation and characterization from its in t ragra in  
counterpart  is essential for guiding the optimization of 
ceramic properties. While such separation can be ef- 
fected with mul t i f requency a-c measurements  (1), a 
d-c constant current  pulse technique described here 
yields the same data over an effective frequency range 
of d.c. to ca. 60 MHz with relative simplicity. Re- 
sults are presented for a tube of polycrystal l ine beta-  
alumina.  

The gross electrical response of polycrystal l ine beta-  
a lumina  resembles that of the circuit shown in Fig. 1 
in  which R1 and R2C2 represent  in t ragranula r  and in-  
te rgranular  impedances, respectively. This simplified 
model neglects in t ragra in  capacitance and lumps all 
in tergra in  impedances into one RC combination. The 
voltage rise as a function of time occurring across this 
circuit dur ing passage of a pulse of constant current  
of magni tude  I is related to R1, R2, and C2 by the fol- 
lowing expression in which t is the elapsed time since 
pulse ini t ia t ion (time into pulse) (2) 

V -- I[R1 + R2(1 -- e-t/R~cJ)] 

Since C= shunts  R2, for a short t ime after pulse in i -  

* Electrochemical Society Active M e m b e r .  
Key words: beta-alumina, impedance, pulse, conductance, s o l i d  

electrolyte. 

t iat ion Z is essentially R1. If the pulse is of sufficient 
duration, C~ gradual ly  charges and Z rises exponen-  
t ial ly to the sum of R1 + R2. C2 can be determined 
from the characteristics of the t ransi t ion region be-  
tween these two extremes. Clearly, as the product  RC 
decreases, definition of the circuit parameters  requires 
pulses of shorter and shorter risetimes. 

To il lustrate this behavior, the model circuit shown 
in Fig. 1 was assembled with R1 ---- 200 ohms, R2 ---- 
2000 ohms, and C2 : 0.0092 ~F. A small constant  cur-  
rent  pulser was constructed using a 2N3564 transistor  
as the current  switch. The pulser was triggered either 
with a PAR Model 175 Universal  Programmer  or a 
Tektronix 114 Pulse Generator.  A typical output  pulse 
rose in 7 • 10 -9 sec (10-90%) overshooting its u l t i -  
mate value, which was at tained after ca. 10 -7 sec, 
by 30%. The behavior  of the model  circuit was con- 
sistent enough, as was that of a be ta -a lumina  tube, 
that  repeti t ive identical pulses, separated by pauses 

C2 
fl 

RI ~ ,  

R2 
Fig. 1. Circuit modelling the impedance of a pofycrystalllne 

solid electrolyte. 
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Fig. 2. Log specific impedance vs .  log time into pulse plot for 
model circuit (curve 1) and polycrystalline beta-alumina tube 
(curve 2). 

equal  to the pulse width, could be used for measure-  
ment,  o b v i a t i n g . a n y  need for capturing s ingle-shot  
events. 

A repet i t ive  t ra in  of constant current  pulses of 
known magni tude  (50-1000 ;~A) and 10-7-10 -3 sec in 
durat ion was applied to the model  circuit  whi le  the 
potential  bui ldup across the circuit  was moni tored  as a 
function of t ime wi th  a Tekt ronix  7 A l l  P r o b e / A m p l i -  
fier and 7704A Mainframe (170 MHz bandwidth) .  Use-  
ful potential  data could be obtained at t imes as short  as 
1 • 10 -9 sec after  pulse initiation, defined as that  
t ime the pulse had risen 10%, by computer ized in ter -  
polation of points along the rising edge. 

Figure  2, curve  1 details the log impedance vs. log 
t ime into pulse behavior  of the model  circuit. F rom 
these data, R1, R2, and C2 were  de termined  to be 
199 __ 4 ohm-cm; 2027 +_ 40 ohm-cm, and 0.0'088 __ 0.002 
#F, respectively.  These results compare favorably  wi th  
the individual  component  values cited previous ly  
which were  measured  singly at 1 kHz wi th  a General  
Radio 1650A Impedance Bridge. 

Similar  measurements  were  made on a polycrysta l -  
l ine be ta -a lumina  tube of 6 cm length,  1.1 cm OD, and 
0.8 cm ID. Four  contacts were  made along the tube 
with loops of Pt wire. A saturated solution of NaC104 
in propylene carbonate was used to wet  the contact 
interfaces. Repeti t ive,  identical  constant current  pulses 
were  applied to the outer  two contacts whi le  the 
voltage rise as a function of t ime at the inner  elec- 
trodes was recorded during each pulse. F rom these 
data the net  impedance rise be tween  the two inner  
electrodes was calculated as a function of t ime and 
corrected for any current  inconstancy observed across 
a 500 ohm resistor in series wi th  the sample. 

F igure  2, curve 2 details the results. At short  times, 
an in t ragranular  impedance of 63 __. 5 ohm-cm is ob- 
served, consistent wi th  the single crystal  impedance of 
71 ohm-cm repor ted  by Whi t t ingham and Huggins (3). 

Z increases to 365 _+ 5 ohm-cm af ter  10 -4 sec. At 
the midpoint  of the impedance rise C2 ---- 0.012 #F-cm. 
The more  indistinct slope of the be ta -a lumina  transi-  
t ion region compared to that  of the model  circuit  ver i -  
fies, as expected, that  the in te rgranula r  impedance of 
a real  ceramic cannot be model led  by a single RC cir-  
cuit but, rather,  is the sum of many  such RC combi-  
nations. 
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The Electro-Oxidation of Carbon Monoxide on Platinum 

K. F. Blurton* and J. M.  Sedlak* 

Energetics Science, Incorporated, Elmsford, New York 10523 

Recent ly  an ins t rument  for the measurement  of car-  
bon monoxide  in ambient  air based on e lec t rochemi-  
cal principles was developed and described (1-3). Dur -  
ing the development  of this ins t rument  a s tudy was 
made of the relat ionship be tween  the CO oxidat ion 
current  and the potent ial  of a Pt  electrode, and the 
results of these exper iments  are repor ted  here. 

Previous studies of CO elect ro-oxidat ion on smooth 
Pt  electrodes by cyclic vo l t ammet ry  (4-6) showed that  
in the anodic sweep (0.4-I.6V) there  was no oxidat ion 
current  f rom 0.4 to 0.SV, the current  sharply increased 
at 0.91V and thereaf te r  decreased l inear ly  wi th  in-  
creasing potential.  In the cathodic sweep (i.e, 1.6-0.4V) 
the current  was less than on the anodic sweep in the 
range 1.6-0.9V, it was sl ightly greater  in the range 0.9- 
0.TV and zero f rom 0.7 to 0.4V. 

In the present  work  s teady-sta te  currents  for CO 
oxidation were  de te rmined  at a potentiostat ical ly con- 
t rol led Pt  electrode. By making  these measurements  
the electrode is closer to s teady-s ta te  condition, and 
hence the influence of the surface Pt  oxide on CO oxi-  
dation current  can be determined.  These results, 
coupled wi th  recent  studies (7-10) of oxide format ion  

* Elec t rochemical  Society Act ive  Member .  
K e y  words:  carbon monoxide ,  plat inum electrode,  gas sensor, dif-  

fusion electrode.  

on Pt  electrodes, demonstra te  that  PtOH is the most 
act ive electrocatalyt ic  species for CO e lec t ro-oxida-  
tion. 

Experimental 
The electrochemical  cell was similar  to tha~ used 

in the CO moni tor  and it was described previously  
(2). Essential ly it consisted of a three  electrode 
electrochemical  cell wi th  3.4M H~SO4 solution as 
electrolyte.  The anode (sensing) and countere lec-  
trodes were  Pt-catalyzed,  Teflon-bonded diffusion 
electrodes (11), and the reference  electrode was a 
m e r c u r y / m e r c u r y  sulfate electrode. The geometr ic  
area of the sensing electrode was 5 cm 2 and the effec- 
t ive area measured e lect rochemical ly  (12) was 1.2 m 2. 
All  potentials  refer  to the s tandard hydrogen  elec-  
t rode potential.  

The potentiostat  was designed and constructed in-  
house (3). The current  due to the e lec t ro-oxidat ion  of 
CO was measured by de termining the potent ial  drop 
across a s tandard resistor wi th  a recorder  (Hewle t t -  
Packard  Company, Model 680). In order  to conform to 
the exper imenta l  conditions of air pol lut ion analysis, 
the CO oxidation currents  were  de termined  in a CO/  
air mixture .  C O / a i r  mix tures  (48.5 ppm CO and 84.0 
ppm) and U H P  grade air were  obtained f rom Mathe-  
son Gas Products  Company. 
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Results and Discussion 
Figure  1 shows the CO oxidat ion cur ren t  vs. the  po-  

tent ial  of the Pt  electrode. These results were  obtained 
by ini t ial ly potent iostat ing the cell at 0.SV for 24 hr. 
Then the oxidat ion currents  were  determined when  
UHP air and the CO/a i r  mixtures  were  int roduced into 
the cell. The sensing electrode potential  was increased 
stepwise to 1.5V and the corresponding oxidation cur-  
rents were  de termined  after  potentiostat ing for 24 hr  
at each potent ial  (Fig. 1, curve a).  Subsequently,  the 
electrode potent ial  was decreased stepwise f rom 1.5 to 
0.8V (Fig. 1, curve b),  and finally it was increased to 
1.1V (Fig. 1, curve c). These results  show that  the 
shape of the cur ren t /po ten t ia l  curve  would  probably 
differ if the electrode was potentiostated at another  
potent ial  prior  to taking the measurements  at 0.8V. 

At  each potent ial  there  was a small  current  (ap-  
p rox imate ly  10 ~A) when  no gas and when UHP air 
was passed into the sensor, . and this was subtracted 
f rom the value  de te rmined  when CO was introduced 
into the cell. The potential  range was restr ic ted to 0.8- 
1.5V since the currents  due to oxygen reduct ion and to 
oxygen evolut ion were  negligible. The values of the 
cu r r en t /ppm of CO agreed wi th in  3% for the two 
CO concentrations, and this is wi th in  the precision 
of the CO analysis. 

The mechanism of CO elect ro-oxidat ion involves 
the reaction of adsorbed CO wi th  p la t inum oxide (4-6). 
The observed var ia t ion of CO oxidation current  wi th  
potential  (Fig. 1) occurs as a result  of changes in the 
oxidat ion state of the Pt  electrode surface. This var ia -  
t ion may  be expla ined f rom recent  studies of the sur -  
face state of the Pt  electrodes in this potential  region 
(7-9). 

A mechanism for the oxidation of Pt  electrodes has 
recent ly  been proposed (7-9) and it can be summarized 
a s  follows. 

Stage I: Reversible  electrosorpt ion of OH species on 
P t  

P t - )  P tOH 0.72V--~ E - -0 .9V [1] 

Current/ppm CO 
(pA/ppm) 

15 
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5 
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0.7 

c) 

a) 

0 Potential increased from 0.8V to I.SV 

rl Potential decreased from I.SV to 0.SV 

/~ Potential increased from 0.SV to 1.1V 

I I I l 

0.9 I.i 1.3 1.5 

Electrode Potential vs S,H.E. (V) 

Fig. I. CO oxidation current as a function of Pt electrode po- 
tential. O ,  Potential increased from 0.8 to 1.5V; [7, potential de- 
creased from 1.5 to 0.SV; A,  potential increased from 0.8 to 1.1V. 

Stage II: Rear rangement  of surface PtOH species 

P tOH -~ OHPt  0.90V < E --~ 1.1V [2] 

Stage III: Conversion of P tOH species to PtO 

PtOH --> PtO 1.1V < E ~-- 1.5V [3] 

As the surface is oxidized at successively h igher  po- 
tentials or is held for longer  t imes at a given poten-  
tial, the i r revers ib i l i ty  of the reaction for the reduc-  
tion of rear ranged  OHPt and the PtO species is in-  
creased. 

The increase in CO oxidat ion current  in the range 
0.8-1.0V (Fig. 1, curve a) paral lels  the increase in re-  
vers ibly  bound OH species on the Pt  surface (Eq. [1]. 
Be tween  1.0 and 1.1V there is a sharp decrease in cur-  
rent  (Fig. 1, curve  a) corresponding to the  rea r range-  
ment  in the surface layer  (Eq. [2] ). At  more  anodic 
potentials the continuing decrease in current  wi th  in-  
creasing potential  is in accordance with  the diminished 
avai labi l i ty of surface PtOH groups (Eq. [3]). 

On decreasing the potent ial  f rom 1.4 to 1.0V (Fig. 
1, curve b) the current  decreased l inear ly  wi th  po- 
tential,  due to the retent ion of PtO which was formed 
at 1.5V together  wi th  the decreasing overvol tage  for 
the reaction. At 0.9V the current  increased sharply, and 
this corresponds to the re forming  of electrosorbed 
PtOH (Eq. [1]). On the fur ther  decrease of the po- 
tent ial  to 0.8V the CO oxidation current  decreased to a 
small  va lue  in accordance wi th  the decrease of surface 
PtOH concentration. 

On the subsequent  increase of potent ial  (Fig. 1, curve  
c) ve ry  high currents  were  observed at 0.85 and 0.90V 
which are at t r ibuted to extensive surface coverage with  
PtOH. On increasing the potent ial  beyond the re-  
versible PtOH format ion region (Eq. [1] ) the CO oxi-  
dation current  decreased marked ly  due to the rear -  
r angement  of electrosorbed OH (Eq. [2]). The CO 
oxidat ion current  at 1.1V at the end of these exper i -  
ments  (Fig. 1, curve c) was only about 10% lower  than 
the current  observed at that  potential  on the first 
anodic sequence (Fig. 1, curve  a).  The final e lectro-  
chemical  area of the Pt  electrode was the same as 
the init ial  area (i.e., 1.2 mS). 

An est imate of the t ime involved  before the at tain-  
ment  of steady state at the Pt  surface was obtained 
by measur ing the CO oxidat ion current  at 1.2V as a 
function of time. This was done wi th  20 electrodes and  
wi th  each the current  decreased to a steady value  of 
about 15% lower than the init ial  value af ter  35 +__10 
days. This was confirmed to be associated wi th  the 
change in state of the Pt  electrode surface since the 
current  did not decay when the sensor remained on 
open circuit  and only potentiostated for the short 
period required to measure  the CO oxidation current.  

The measurement  of the CO oxidation rate  has been 
shown to be a useful  tool for the study of Pt  surfaces. 
The results demonstra te  that:  (i) oxidized Pt  elec-  
trodes are more electroact ive for CO electro-oxidat ion 
than unoxidized Pt, (ii) PtOH is the pre fe r red  cata- 
lytic sites and PtO is catalyt ical ly active to a lesser ex-  
tent, (iii) the oxidat ion of the Pt  surface in the po- 
tent ia l  range 0.8-1.0V is revers ib le  while  that  in the 
range 1.0-1.5V is i rreversible,  and ( iv)  the Pt  electrode 
does not at tain a steady state at 1.2V unti l  it has been 
under  potentiostatic control for 35 days. 

Manuscript  received Apri l  15, 1974. 

Any  discussion of this paper  wil l  appear  in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by Energetics Science, Incorporated. 

REFERENCES 
1. H. W. Bay, K. F. Blurton, H. C.-Lieb, and H. G. 

Oswin, Am.  Laboratory,  4, 57 (1972). 



Vol. 121, No. 10 ELECTRO-OXIDATION OF CARBON MONOXIDE 1317 

2. H. W. Bay, K. F. Blurton, J. M. Sedlak, and A. 
M. Valentine, Anal. Chem., In press. 

3. K. F. Blurton and H. W. Bay, Presented to Air  
Pollution Control Association Meeting, Denver, 
Colorado, June 1974. 

4. S. Gilman, J. Phys. Chem., 66, 2657 (1962). 
5. S. Gilman, ibid., 68, 70 (1964). 
6. E. Gileadi. in "Modern Aspects of Electrochemis- 

try", Vol. IV, pp. 100-102, J. O'M. Bockris, Editor, 
Butterworths, London, (1966). 

7. H. Angerstein-Kozlowska, B. E. Conway, and 
W. B. A. Sharp, J. Electroanal. Chem., 43, 9 
(1973). 

8. B. E. Conway and S. Gottesfeld, J. Chem. Soc., 
Faraday Trans., I, 1091 (1973). 

9. B. V. Tilak, B. E. Conway, and H. Angerstein-Koz- 
lowska, J. Electroanal. Chem., 48, 1 (1973). 

10. S. Shibata, Electrochim. Acta, 17,395 (1972). 
11. K. F. Blurton, This Journal, 119, 1605 (1972). 
12. K. F. Blurton, P. Greenburg, H. G. Oswin, and D. 

Rutt, ibid., 119, 559 (1972). 



, J D U R N A L  ElF T H E  E L E B T R r l I : : : H E M I C A L  S E I I : : ] I E T Y  

S O L I D - S T A T E  S C I E N C E  

, ' - , , - A N D  T E C H N O L O G Y  
OCTOBER 

1974 

A Study of Low Temperature Diffusion of Copper in 
Single Crystalline Gold Using a CuCI Solid Electrolyte 

J. Goldma# and J. B. Wagner, Jr. 
Department  oS Materials Science, Nor thwes tern  University, Evanston, Illinois 60201 

ABSTRACT 

A galvanic cell of CuICuCI!Au was used to measure the diffusion coefficient 
of copper in  single crystall ine gold in the tempera ture  range of 355~176 
Results are in good agreement  with tracer data extrapolated to the lower 
temperatures.  Using polarization measurements ,  electronic conductivi ty of 
single crystal l ine CuC1 and the double layer  capacitance at the CuCllAu in ter -  
face were determined. 

The principle of measur ing diffusivities by electro- 
chemical methods is well established. Recently, 
Ramanarayanan  et al. (1) studied oxygen diffusion in  
l iquid t in  and solid silv*er using a stabilized zirconia 
electrolyte. Chu et al. (2) also used stabilized zirconia 
to s tudy oxygen diffusion in wustite. They also mea-  
sured silver diffusion in  silver sulfide using AgI as 
the electrolyte. Oxygen diffusion in silver was mea-  
sured by Rickert and Steiner (3) using stabilized zir-  
conia. Takahashi  et al. (4) obtained values for the dif- 
fusion of silver in Ag2Se and AgaTe using a RbAg4I~ 
electrolyte. Raleigh and Crowe (5) used a polarization 
cell of the type AglAgBrlAu(Ag)  to s tudy silver dif-  
fusion in gold alloys. They applied a negative poten-  
t ial  to the le f t -hand electrode, thus fixing the silver 
activity at the AgBrtAu interface. They reported the 
presence of a low level electronic leakage current  
which, unt i l  very long times, was small relat ive to the 
current  due to the silver flux. The electronic carriers 
in  AgBr are n-type,  and, therefore, application of 
higher potentials  will  cause the electronic leakage cur-  
ren t  to reach a saturat ion value (6). 

Joshi (7) and Wagner  (8) have discussed the prob-  
lems in using a p- type  electrolyte for diffusion and 
other t rans ient  measurements.  The electronic leakage 
current  in  a p- type  electrolyte does not saturate on 
application of higher potentials (6), but  continues to 
increase exponential ly.  The purpose of the present  
study was to test the use of a p- type  electrolyte, in  
this case CuC1, as a medium for solid-state t i t ra t ion 
into an electronic conductor, in this example single 
crystal l ine gold. In  addition, this invest igat ion was 
conducted to evaluate effects of electronic leakage 
through single crystall ine CuC1 and double layer  ca- 
pacitance at the CuCl-gold interface. 

Cu-Au, which is a wel l -documented  system, was 
chosen for s tudy because of the uncer ta in ty  in assessing 
the effect of a large electronic leakage current  through 
CuC1 on the abil i ty to see the difftlsion process. Dif- 
fusion data for copper in pure gold has been reported 
(9), as have two different electrochemical invest iga-  
tions of the thermodynamics  of the copper-gold sys- 
tem (10, 11). 

Presen t  address: Motorola,  Inc., Phoen ix ,  Ar i zona  85008. 
Key words:  CuC1 solid electrolyte,  Cu-Au diffusion, e lectronic  

leakage,  double layer capacitance.  

A polarization cell of the type, CulCuCllAu was 
used. As pointed out by Hebb (12) and Wagner  (13), 
a given copper activity, a, may be fixed at the 
CuCIIAu surface by applying a potential  to the cell 
with the copper electrode negative. The value of the 
activity is 

a : e -EF/RT [1] 

where E is the applied potential,  F the Faraday con- 
stant, R is the gas constant, and T the absolute tem- 
perature.  If the potential  is suddenly changed to a 
new value, a t ime dependent  current  will flow through 
the external  circuit. At least three different phenomena  
make contr ibut ions to this current.  First, diffusion of 
copper into the gold electrode requires the electro- 
chemical t ranspor t  of copper through the CuC1 to 
main ta in  the copper activity at the gold interface, and 
there will  be a corresponding current  through the ex-  
ternal  circuit. The second contr ibut ion comes from the 
re-equi l ibra t ion of electron holes wi th in  the electrolyte. 
The third contr ibut ion results from an inherent  double 
layer  capacitance which is present  at the CuCIlAu in-  
terface (7). When the potential  is changed, the capaci- 
tor charges or discharges, giving rise to an external  
current .  There are also faradaic processes at the elec- 
trodes, which in this exper iment  are assumed not to 
be rate determining.  Mathematical  expressions for the 
first three contr ibut ions will  be given below. 

Consider first the diffusion of copper into the gold. 
Treat ing the gold as a semi-infini te  solid, and given the 
boundary  conditions 

C( t  = O) : C o  O~- -x<oo  
C ( O , t )  "-- C1  

the flux of copper, J, at the CuCIlAu interface is (12) 

- - (Cl - -CD _ / D '  
J---  63.5 V ~  [2] 

where D is the diffusion coefficient for copper in gold 
and t is time. The concentrat ions are expressed in  
grams/cubic  centimeter  and the flux is in equiva lents /  
square centimeter-second. The atomic weight of cop- 
per, 63.5, is inserted in Eq. [2] to convert the flux from 
grams/square  cent imeter-second to equivalents /square  
centimeter-second. These boundary  conditions per-  
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Vol. 121, No. 10 D I F F U S I O N  OF COPPER IN GOLD 1319 

ta in  to an exper iment  in which a potential  correspond- 
ing to a copper concentrat ion of Co at the CuCt]Au in -  
terface is applied to the cell, and held unt i l  the con- 
centrat ion is effectively uniform through the Au. This is 
t = 0. During the next  ins tant  the potential  is changed 
to a new value corresponding to a concentration, C1, at 
the CuCllAu interface. Faraday 's  law relates the elec- 
trochemical t ransport  in the cell to the diffusion con- 
t r ibut ion to the external  current,  ID, as 

ID = JAF 

where A is the area in square centimeters. Subst i tu t ing 
Eq. [2] into Eq. [3] gives 

ID - - - -  (Cl -- Co)AF ~ D" 
63.5 ~ [4] 

At infinite time, the diffusion ceases and ID ceases. 
This equation does require a correction for phase 
boundary  motion (14), which is negligible for small  
concentrat ion steps. 

The concentrations are determined exper imenta l ly  
by  measur ing the potential  difference across a cell 
using a set of s tandard copper-gold alloys. Such ex-  
periments  have been carried out by Chiche (10) and by 
Weibke et al. (11). The diffusion coefficient may be de- 
termined by obtaining an exper imental  slope of Eq. [4], 

dID/d( l \ / t )  = S, and rear ranging to solve for D 

S 63.5N/~- ~ 

D -" ( (Ct - -  C o ) A F /  [5] 

Next, the current  due to rear rangement  of electron 
holes in the CuC1 on applying a potential  step will  be 
considered. As discussed above, CuC1 exhibits p- type  
behavior. The hole concentrat ion at the CuC1]Au in-  
terface is give by 

e = c Oexp {EF/RT} [6] 
@ @ 

where  c 0 is the electron hole concentrat ion in  cou- 

lombs/cubic  cent imeter  at the reversible electrode, the 
Cu[C1C1 interface. When a potential  step is applied to 
the cell the concentrat ion of electron holes changes 
wi th in  the CuC1. The boundary  conditions for the hole 
concentrations in CuC1 are 

x 
e (x ,  0) = c  0 +  (c z _ C  0 ) _  [7] 

a n d  

x 
c(x, oo) = c  o+ (e ~ - c  0)__ [8] 

e I and e 2 are the ini t ial  and final hole concentrat ions 

at the gold electrode given by the ini t ial  and final 
potentials Ez and E2, respectively, and can be calcu- 
lated using Eq. [6]. L is the length of the CuC1 pellet. 
The flux of electron holes measured at L is (15) 

J ~ D 
@ 

D (c ~" --c 0) 
�9 �9 �9 

L 

+ T (c| -- e e s) exp ( - - n  2 n 2 D t /L  2) 
n = O  �9 

[9] 

The flux, J , in  amperes /square  centimeter  can be con- 

verted to a current  simply by mul t ip ly ing  by A. Doing 
this, expressing the concentrations in  terms of Eq. 
[6], and recalling that  �9 0, the CuC1 hole conductivity, 

$ 

is c ~ F / R T  yields 
�9 �9 

- -  R T A  
I - - _ _ ~  o (eE2F/I~T--1)  

LF 

2RTA 
Jr o" o ( e E I F / R T _  eE~F/RT) 

LF 

2 ~ exp [10] 
n=O L 2 

The current  in Eq. [10] approaches a steady-state 
value as the summat ion term goes to zero at long 
times. The result ing we l l -known expression for the 
steady-state electron hole leakage current,  I , 

through the cell is (13) %s 

I !  RT A 
I "- o" o (eE2F/RT_ i )  [11] 
~ss LF 

The current  due to charging a double layer ca- 
pacitance is the third contr ibut ion on applying a po- 
tent ial  step. The equation for the current  through a 
series RC circuit is 

AE 
Ic = ~ exp ( - -  t /RC)  

where C is the capacitance, AE/R is the applied poten- 
tial divided by the AC resistance of the electrolyte, and 
is equal to the ini t ial  value of the current,  I0. 

Experimental 
In  the present  work, a s ingle-crystal  CuC1 pellet 

was used, which was obtained from Dr. F. Okabe of 
Shizuoka University.  He has described his method of 
preparat ion (16). The pellet length was 0.12 cm, and 
the diameter, 0.85 cm. The gold single crystal was 
grown from five-nines pur i ty  mater ial  by the Bridge- 
man  method, and electron channel ing pat terns  obtained 
on a Cambridge $4 scanning electron microscope 
showed the gold to be single crystalline. A 0.78 cm 
diameter  by 0.3 cm disk was cut from a single crystal, 
mechanical ly polished by conventional  metallographic 
techniques, then electropolished in a cyanide solution 
(17). Electron channel ing pat terns made after the sur-  
face preparat ion revealed no surface damage. The cell 
was springloaded into a glass tube, through which 
dry  argon was passed. The entire apparatus was placed 
in a resistance furnace and heated using a d-c power 
supply. Potential  steps were applied using a Keithley 
No. 260 nanovolt  source and a specially designed cir-  
cuit which stores two potential  values, and produces a 
low-noise, rapid potential  step. Measurements  of cur-  
rent  vs. t ime to determine the capacitive effects were 
carried out at 228~ Contributions from diffusion, 
and hole conduction should be small at this tempera-  
ture. The current  was measured using a Tektronix 
oscilloscope to measure the voltage across 100 ohms, 
which is about two orders of magni tude  less than the 
electron hole resistance of the sample at the highest 
temperatures  of this study. Therefore, IR drop across 
the measur ing resistor is not significant. Plots of the 
log I vs. t ime for various voltage steps are shown in  
Fig. 1. 

Figure 2 shows a plot of Io, the init ial  value of the 
current  vs. AE. The slope yields a value for the AC 
resistance of the CuC1 pellet of 2.23 • 108 ohm-cm. 
The AC resistivity, determined from the resistance and 
the sample dimensions is 10.6 • 108 ohm-cm, which 
is in reasonably good agreement  with the published 
value 7.7 • 10 z ohm-cm (18, 19). 

The capacitance, determined from the slopes of the 
curves in Fig. 1 has a value of 3.7 • 10 -4 farads. These 
calculations assume that the only contr ibut ion to the 
current  comes from interface charging. 

One other point  that should be ment ioned is that  
some electronic leakage current  was apparent ly  pre-  
sent, as can be seen by not ing that the log I vs. t ime 
curves in Fig. 1 are not quite linear. All curves ap- 
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Fig. 2. Initial current, Io as a function of ~E. Slope is linear, and 
is equal to 1/R. 

proach a constant slope, equal to 1/2.3RC, very quickly, 
indicat ing that  the electron hole current  dies out very 
fast. 

Diffusion experiments  were conducted at 355 ~ 370 ~ 
385 ~ and 400~ The procedure was to apply a po- 
tential,  of about 0.2V, wait  3 hr, ins tantaneously  lower 
the potential  by 3 mV, and monitor  the current  for 
one-half  hour, apply another  potential, wait  three more 
hours, and so on. It  was found exper imenta l ly  that  a 
3-hr  wait between potential  steps was sufficient to al-  
low the current  f rom previous steps to decay to a 
point where it would not make a contr ibut ion to �9 
current  from a new potential  step. Longer waits pro-  
duced identical cur ren t - t ime  characteristics�9 While 
3 hr  is obviously not long enough to completely equi-  
l ibrate  the gold sample at a part icular  activity, it is 
long enough to permit  the current  to decay to a level 
below the resolution of the measur ing technique. The 
current  was measured on a Doric digital vol tmeter  
across 100 ohms. The results of the exper iments  car- 
ried out at 370~ are shown in Fig. 3. The exper imental  
currents  are l inear  with 1/~/~. The mean  copper mole 
fractions for each of the curves are from top to bot-  
tom: 0.05, 0.175, 0.225, 0.275, and 0.325, corresponding 
to potentials  of 0.25, 0.22, 0.20, 0.18, and 0.105, respec- 
tively. Results for other temperatures  are similar. The 
diffusion coefficients were calculated from the ex-  
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Fig. 3. Experimental current vs. l /~ / t "  at 370~ Slope is linear 
indicating that the observed time variation is due to chemical dif- 
fusion of copper into gold. Residual current at infinite time is due 
to electronic leakage. 

per imental  slopes, such as those in Fig. 3, and Eq. [5]. 
The values of D, corresponding to a potential  step of 
0.220-0.217V for the four temperatures  are shown in 
Fig. 4. All  applied potentials were below the decom- 
position voltage of CuC1 (7). 

Values for the hole conductivi ty in CuC1 have also 
been obtained. The steady-state  current  obtained 
when  1/~/t'---- 0 was plotted against exp {EF/RT}. Ac- 
cording to Eq. [11], this plot should be l inear  with a 
slope proportional to the conductivity, as long as the 
exponent ial  te rm is much greater than unity.  Figure 
5 shows that the relat ion is indeed linear, and that  the 
slope increases with increasing temperature.  Figure 6 
shows the hole conductivity as a function of reciprocal 
tempera ture  plotted along with the data obtained 
by  Joshi (7). Joshi 's ionic conductivi ty data are also 
shown. 

Discussion 
It has been demonstrated that solid electrolytes in 

which the minor i ty  charge carriers are electron holes 
are useful in s tudying low tempera ture  diffusion in 
solids. Copper diffusion in  gold, using a cuprous 
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Fig. 4. Calculated diffusion coefficients for copper in gold at 
355% 370% 385 ~ and 400~ Dotted curve is extrapolated data 
of Vignes et al. (9). 



VoL 121, No. 10 D I F F U S I O N  OF COPPER IN GOLD 1321 

~E 

:=L 

_..= 

5.0 

4 0  

~D 

2D 

1.0 

0 

0 400=C 
385~ / 

0 370=C /.~ 

20  30 40 50 60 70 80 90 

EXP (EF/RT)  

Fig. S. Steady-state electron hole leakage, las s, as a function of 
exp (EF/RT}. Slope is proportional to the hole conductivity, %0, 
for CuCI. 

-z 

7 .  -4 

o 
i 

"1" 

-8 
b 

-IO 

-12 

2 '8  ' z' .6 ' a' .4 ' i . a  ' s  ' L'.s ' ~:6 ' 

IoS lT  (OK)-' 

Fig. 6. Hole conductivities for CuCI determined in this investiga- 
tion plotted along with the data of Joshi (7). Upper curve is total 
conductivity. 

chloride solid electrolyte was the part icular  system 
studied. The cell a r rangement  was CulCuCllAu, where 
the gold electrode was held at a positive potential. As 
described earlier in this paper, a potential  step was 
applied which produced a step in the copper activity 
at the CuCllAu interface. The external  current  was 
measured and, through Eq. [3], related to the flux of 
copper atoms into the gold. It was necessary to take 
account of all possible contributions to the external  
current  to be certain that the measured current  was 
only due to copper diffusion. 

On application of a 3 mV potential  step, in addi- 
t ion to the diffusion current,  there is a transient,  Eq. 
[10], due to electron hole rear rangement  in the CuC1. 
There is also a transient,  given by Eq. [12], from the 
discharging of the double layer  capacitance at the 
CuCllAu interface. After  these transients  have re-  
laxed, there remains a steady-state leakage of elec- 
t ron holes, Eq. [11]. It will  be shown that these t r an -  
sients relax very quickly, provided the CuC1 pellet is 
sufficiently thin, and that  the external  current  is only 
the sum of the diffusion current  and the s teady-state  
electron-hole leakage. 

Using Eq. [10] and Joshi's (7) conductivity values 
we see that  at 400~ the t ransient  current  due to the 
rear rangement  of electron holes decays in 3 sec to less 
than 1% of the steady-state leakage current.  Because 
the first data point  was taken 3 sec after applying a 
potential  step, neglecting the t ransient  hole current  is 
justified at this temperature.  An identical conclusion 
may be reached by making the calculation at other 
t e m p e r a t u r e s .  

If the electrolyte sample were, say, 1 cm long in-  
stead of 0.12 cm, this conclusion would not be justified. 
For example, if a measurement  of the cur ren t  were 
made l o s e c  after applying a potential  step the t r an-  
sient electron hole current  would still be almost 20% 
away from the steady-state value, and would be mak-  
ing a substantial  contr ibut ion to the exper imental  cur-  
rent  transient.  It is probably possible to separate the 
diffusional current  from that due to the electron hole 
t ransient  by computat ional  methods, but  the entire 
problem may be el iminated by using a sufficiently thin 
electrolyte, as  h a s  been done in this investigation. 

In  evaluat ing the double layer  capacitance transient,  
account must  be taken of the t ime constant, RC, in Eq. 
[12]. RC is the t ime for the double layer  current  to 
decay to 1/e of its ini t ial  value. Beyond a t ime equiva-  
lent  to ten  times the value of the t ime constant, it is as- 
sumed that  the contr ibut ion due to double layer  charg-  
ing or discharging is negligible. At 400~ 10 times RC 
i s  about 13 msec, and at 355~ it is about 45 msec, both 
well under  the 3 sec which elapse before the initial  
data point is taken. 

Another  consideration is the effect of current  t r an-  
sients on the sharpness of the concentrat ion step. The 
activity change at the Au electrode as predicted by 
Eq. [1] is valid only if there is no appreciable IR drop 
in the circuit. This is unavoidable  immediate ly  after 
applying the potential  step, because of the large init ial  
value of the current .  When /R drop effects are ap- 
preciable, the potential, which fixes the copper ac- 
t ivi ty at the Au electrode will  be t ime dependent.  Since 
it has been shown that  the Ie and I s t ransients  decay 
quickly, relat ive to the t ime at which the taking of dif-  
fusion data is begun, it is felt that the concentrat ion 
step is sufficiently sharp. 

The fact that  the current  t rans ient  at 228~ w a s  
represented fair ly well by a series RC circuit model 
supports the assumption that  faradaic effects are prob-  
ably small. The good agreement  between the l i tera-  
ture  and measured values for the AC resistivity fur ther  
supports this assumption. 

The only unsteady current  left is due to diffusion. 
Figure 3 shows that the exper imental  current  is indeed 
l inear  with 1 A / t  as predicted by Eq. [10], the expres-  
sion for the diffusion current.  Equation [10] also pre-  
dicts that the diffusion current  goes to zero at infinite 
t ime (1/~/{----0). ! n Fig. 3 it is apparent  that  there is 
still a current  flowing at infinite time, and that the 
magni tude of the current  increases with increasing ap- 
plied potential. Since it has been shown that  all the 
t ransients  decay well before the first data point  i s  
taken, this offset can only be due to the steady-state 
electron hole leakage through the cell. The steady- 
state current  was therefore plotted against exp 
{EF/RT} in Fig. 5, and, as predicted by Eq. [11], the 
slope is constant. The hole conductivities were obtained 
from the slopes in Fig. 5 and compared with the values 
obtained by Joshi (7), Fig. 6. The agreement  is ex- 
cellent, confirming that  the steady-state current  is due 
to the leakage of electron holes. Joshi's total conduc- 
t ivi ty  data, aT, are also shown. 

Unlike the n - type  electrolytes, in which the ap-  
plication of higher potentials produces a saturat ion 
electronic leakage, in p- type  electrolytes higher po- 
tentials  result  in larger leakage currents. As long as  
the sample is thin, however, for a given applied po- 
tential,  the diffusional current  is displaced along the 
current  axis a constant amount  by the steady-state 
electronic leakage. 

It is seen in Fig. 3 that the slopes of the current  
- -1/A/{l ines  decrease with increasing applied potential. 
This is because a larger concentrat ion step for a given 
potential  step is being applied at lower voltages. This 
is expected for solutions which are ideal, or show 
negative departures from ideali ty$ and is consistent 

2 F o r  an  idea l  s o l u t i o n ,  E = - - ( R T / F )  In X so t h a t  A E / f ~ X  = 
R T / F X .  F o r  a g i v e n  hE ,  h X  is  l a r g e r  as X is  l a r g e r  (E is s m a l l e r ) .  
A s i m i l a r  a r g u m e n t  a p p l i e s  for  s o l u t i o n s  s h o w i n g  n e g a t i v e  d e p a r -  
t u r e s  f r o m  i d e a l i t y .  
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with  Chiche's  data. Weibke ' s  E vs. X da ta  are  essen-  
t i a l ly  l inear  and thus  do not  predic t  the  behavior  
seen in Fig. 3. Therefore,  i t  is fel t  that  new emf -con-  
cent ra t ion  measurements  would  be needed  to correc t ly  
in te rpre t  the  concentra t ion dependence  f rom the da ta  
in  Fig. 3. At  a constant  mole  f ract ion of Cu of 0.175 
the use of Weibke ' s  da ta  in conjunct ion wi th  the  
presen t  resul ts  yields  values  of D shown in Fig. 4. The 
dot ted  curve is the  ex t rapo la t ed  da ta  of Vignes et al. 
(9) for  copper  diffusion in pure  gold. The agreement  
is excel lent  considering that  Vignes '  da ta  was e x t r a -  
pola ted  over  severa l  hundred  degrees.  Whi le  not  a 
grea t  deal  of significance should be a t tached  to the  
fact  tha t  actual  low t empera tu re  da ta  fal l  s l ight ly  be -  
low the ex t rapo la t ed  curve, it  may  be a real  effect. I t  
is expected tha t  copper diffusion in an al loy would  be 
slower than  in pure  gold (20). 

I t  has been  demons t ra ted  tha t  the  de te rmina t ion  of 
Cu diffusion coefficients down to a lmost  10 -16 cm~/sec 
m a y  be accomplished by  this method.  Whi le  gold 
was chosen for  this  study,  any  mate r i a l  which is not  
react ive  wi th  CuC1 m a y  be subst i tuted,  p rovided  t h e r -  
modynamic  da ta  are  avai lab le  for the  analysis  of the 
data. The presence of a la rge  s t eady-s t a t e  l eakage  cur -  
ren t  does not  hamper  the  technique in any  way. 

Manuscr ip t  submi t t ed  May  9, 1973; rev ised  m a n u -  
scr ipt  received May 1, 1974. 

An)" discussion of this  pape r  wil l  appear  in a Discus-  
sion Sect ion to be publ i shed  in the  June  1975 JOUaNAL. 
Al l  discussions for the  June  1975 Discussion Sect ion 
should be submi t ted  by  Feb.  1, 1975. 

The publication costs o] this article have been as- 
sisted by Northwestern University. 

REFERENCES 
1. T. A. R a m a n a r a y a n a n  and R. A. Rapp, Met. Trans., 

3, 3239 (1972). 
2. W. F. Chu, H. Rickert ,  and W. Weppner ,  "Fas t  Ion 

Conductors,"  W. Van Gool, Editor,  Amer ican  
Elsevier  Publ i sh ing  Co., Inc., New York (1973). 

3. H. Ricker t  and  R. Steiner,  Z. Physik. Chem., 49, 127 
(1966). 

4. T. Takahashi  and O. Yamamoto,  This Journal, 118, 
1051 (1971). 

5. D. O. Raleigh and H. R. Crowe, ibid., 116, 40 (1969). 
6. D. O. Raleigh, in Prog. Solid State Chem., 3, 83 

(1907). 
7. A. V. Joshi, Ph.D. Thesis, Nor thwes te rn  Univers i ty  

(1972). 
8. J. B. Wagner,  Fas t  Ion Transpor t  in Solids, Solid 

S ta te  Bat te r ies  and Devices; A Nato Sponsored 
Advanced  S tudy  Inst i tute,  Belgirate,  I taly,  1972. 

9. Vignes and J. Haeussler ,  Compt. Rend., 263, Ser ies  
C, 1504 (1966). 

10. P. Chiche, Compt. Rend., 234, 830 (1952). 
11. F. Weibke  and U. yon Quadt, Z. Electrochem., 45, 

715 (1939). 
12. M. H. Hebb, J. Chem. Phys., 20, 185 (1952). 
13. C. Wagner,  Z. Electrochem., 60, 4 (1956). 
14. K. B. Oldham and D. O. Raleigh, This Journal, 118, 

252 (1971). 
15. J. Crank, "Mathemat ics  of Diffusion," Oxford  Uni-  

vers i ty  Press  (1956). 
16. M. Soga, R. Imaizumi,  Y. Kondo,  and F. Okabe,  

This Journal, 115, 388 (1967). 
17. P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. 

Pashla,  and M. J. Whelan,  "Electron Microscopy 
of Thin Crystals ,"  P lenum Press,  New York 
(1965). 

18. J. B. Wagner  and C. Wagner ,  J. Chem. Phys., 26, 
1597 (1957). 

19. V. W. Hsueh and R. W. Christy,  ibid., 39, 3519 
(1963). 

20. A. G. Guy, " In t roduct ion  to Mater ia ls  Science," 
McGraw-Hi l l  Book Co., New York (1971). 

The Growth of Hydrous Oxide Films 
on Aluminum 

Robert S. Alwitt *~ 

Sprague Electric Company, Nor th  Adams, Massachusetts 02147 

ABSTRACT 

The weight  gains of A1 specimens immersed  for short  t imes in wa te r  at  
50~176 were  measured.  An  analysis  of these da ta  and publ ished resul ts  at  
o ther  t empera tu res  indica ted  tha t  the kinet ics  of pseudoboehmite  film growth  
in the  t empera tu re  range  50~176 is de te rmined  in i t i a l ly  by  the nuclea t ion  
and growth  of hydro lys i s  sites on the amorphous  oxide  surface, and sub-  
sequent ly  by  so l id-s ta te  diffusion th rough  the pseudoboehmite  layer .  At  
40~ pseudoboehrni te  and baye r i t e  were  observed to grow s imul taneous ly  at  
first, wi th  bayer i t e  crys ta l l iza t ion  even tua l ly  becoming the dominant  process. 
The two oxide  phases occupied comple te ly  separa te  layers .  

A luminum reacts  r ead i ly  wi th  w a t e r  to form a h y -  
drous oxide  film. The ini t ia l  product  is pseudoboehmite ,  
a poor ly  crys ta l l ized oxyhydrox ide  that  is s imi lar  to 
boehmite  (A1OOH) but  contains excess wa te r  (1, 2). 
Pseudoboehmi te  has a lameUar s t ruc ture  (2) and  in 
the  film the lamel lae  are  or ien ted  app rox ima te ly  per -  
pendicu la r  to the  subs t ra te  surface (3);  this  l aye r  has 
a subs tant ia l  void f rac t ion and high specific a rea  (4). 
Elect ron micrographs  have  shown tha t  whi le  the  outer  
surface is h igh ly  porous there  is an absence of poros i ty  
at  the meta l  interface,  and i t  seems l ike ly  that  a th in  
amorphous  ba r r i e r  oxide l aye r  exists  be tween  the 
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meta l  and the hydrous  oxide (1).  Pseudoboehmi te  m a y  
be the  sole react ion product  at  h igher  tempera tures ,  
but  modera te  t empera tu res  or  longer  react ion t imes 
promote  the  growth  of bayer i t e  crysta l  (AI(OH)8)  on 
the pseudoboehmite  surface (3).  

The essential  steps of the  a luminum + wa te r  react ion 
appear  to be (i) format ion  of amorphous  oxide, (ii) 
dissolut ion of this  oxide, and  (iii) prec ip i ta t ion  of the  
dissolved species as hydrous  oxide  (1). 

In  step (i) ,  the amorphous  oxide is cont inuously  re-  
p lenished by  an e lect rochemical  process in which ba r -  
r i e r  film growth  is the  anodic ha l f -ce l l  reaction.  
coupled with  the  cathodic reduct ion of water .  In  step 
( i i ) ,  the  exact  na tu re  of the oxide dissolut ion process 
is not  known, bu t  i t  mus t  involve  a surface hydro lys i s  
reaction. The pa r t i cu la r  hydro lyzed  a luminum species 
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found in  solut ion depends on  temperature,  pH, and 
a luminum concentration. In  dilute solutions at 25~ 
the major  a luminum monomer  species varies with pH 
in  this fashion: A1 +8 for pH <3, AI(OH) +2 for pH 4-5, 
AI(OH)2 + for pH 5-6, and A I ( O H ) 4 -  for pH ~ 6.5 
(5-7). The hydrolyzed species could be produced by 
these surface reactions 

A1sOs + 3H20 ~ 2AI(OH) +2 + 4 O H -  [1] 

AI'~Os -I- 3H20 ~ 2Al(OH)2 + + 2 O H -  [2] 

A1203 W 5H20--> 2AI(OH)4-  W 2H + [3] 

The formation of a luminate  anion at lower pH is fav- 
ored by increasing temperature.  For example, at 25~ 
gibbsite is in  equi l ibr ium with 10-4M A I ( O H ) 4 -  at 
about pH 10, but  at 100~ this same equi l ibr ium is 
achieved at about pH 7 (6). Thus, with increasing tem- 
perature and pH the most l ikely surface hydrolysis 
shifts from reaction [1] to [2] to [3]. 

At higher a luminum concentrat ions and elevated 
temperatures,  hydrolyzed a l u m i n u m  readily forms 
polynuclear  complexes. These appear to be t ransi tory 
species that  eventua l ly  coalesce to form a solid phase 
(7). Complex cations as large as [Al14 (OH) 34] + 8 have 
been identified (8) and it has been suggested that this 
species is the precursor of boehmite precipitat ion under  
hydrothermal  conditions (9). It has not been demon-  
strated that  such complexes are involved in step (i/i), 
precipitat ion leading to film growth, bu t  this is cer tain-  
ly a possibility. 

Vedder and Vermilyea (1) have proposed that  the 
ra te-control l ing step for film growth is the t ranspor t  
of dissolved a luminum species to deposition sites on 
the hydrous oxide. According to their  model, t ransport  
is by diffusion in the l iquid phase wi th in  the in ter -  
stices of the film. However, recent  radiotracer experi-  
ments  in our laboratory (10) have shown, at least for 
films grown in boiling water, that  there is an inner  
region of the pseudoboehmite layer that  is impermeable  
to phosphate anions, and presumably  other solvated 
species. Fi lm growth has been found to continue even 
after this region is established, so ionic diffusion across 
this layer  must  eventual ly  be the ra te- l imi t ing process, 
ra ther  than  t ransport  in  solution. 

A characteristic of the a luminum -I- water  reaction 
is the occurrence of an ini t ial  induct ion period dur ing  
which there is no weight change, or other sign that  a 
reaction has occurred (11, 12). The length of this peri-  
od decreases with increasing tempera ture  and depends, 
among other things, on surface preparat ion (11). In  
the Vedder and Vermilyea model the induct ion period 
is due to the development  of a saturated surface layer  
that  stifles fur ther  dissolution unt i l  film deposition oc- 
curs (1), presumably through localized critical super-  
saturation. However, one of the experiments  reported 
here demonstrates that  the induct ion period is con- 
trolled by events on the surface and not  in  the solution 
phase. 

Thus, in  several respects the existing model for film 
growth and  s t ructure  seemed deficient, bu t  it  was not  
possible to synthesize a new explanat ion without  more 
informat ion about the kinetics at short reaction times. 
Such results are presented here, and a new model for 
film growth is discussed. 

During the course of this work, some experiments  
were performed at conditions where pseudoboehmite 
growth was accompanied by bayeri te crystallization. 
Some pre l iminary  observations of this sequence have 
already been reported (13), and fur ther  details are 
presented here. 

Procedure 
Coupons of 99.99% a luminum foil were electro- 

polished in  a perchloric acid-acetic anhydride  bath  and 
stored in  dry air  prior to use. In  an earl ier  s tudy (4) it 
had been found that the weight gain in  boil ing water  of 
samples prepared in this way was the same as for evap-  
orated a luminum films, suggesting the absence of in-  

terfer ing surface films from electropolishing. Specimens 
were hung  vert ical ly in  distilled water  in  an unst i r red  
jacketed Pyrex  beaker  for the required reaction time. 
The reaction temperatures  were in the range 40~176 
and each temperature  was main ta ined  to ~-0.1oC. After  
immersion, the specimen was rinsed in acetone and air 
dried. Sample weight, before and after immersion, was 
measured with an accuracy of about  • ~g/cm2. 

Specimens were prepared for scanning electron 
microscopy by evaporat ion of a th in  a luminum film 
over the sample surface. Bayeri te crystal surface den-  
sity and size dis tr ibut ion were measured by examining 
SEM photographs of low temperature  films in a Quan-  
t imet Image Analyzer  (14). To do this, use was made 
of the abil i ty of the image analyzer  to determine the 
ma x i mum chord length, in  the horizontal  direction, of 
each particle in the field of view. Moreover, it is pos- 
sible to preselect a chord length so that the number  of 
particles with a max imum chord length greater than 
the preselected value are counted. For the part icular  
photographs being examined, chord lengths less than 
about 0.23 ~m could not be readily distinguished from 
background noise. The number  of bayeri te  crystals was 
taken to be the number  of particles with max imum 
chord length greater than 0.23 ~m. This number  was not 
significantly different from that obtained by using the 
image analyzer  in the ful l - feature  mode (14). Succes- 
sive countings with preselections of increasing longest 
chord gave the particle size dis tr ibut ion functi~on. Sub-  
tracting these values from each other yielded: the dis- 
t r ibut ion  density. 

Results 
Induction period.--The induct ion times found in  

these experiments,  as well as those reported by other 
investigators, are shown in Fig. 1 for temperatures  
ranging from 40 ~ to 100~ There was excellent agree- 
men t  between the present  results and the times re-  
ported for evaporated a luminum films (1), which is 
fur ther  evidence for the absence of a significant polish- 
ing film from the perchloric acid-acetic anhydride  bath. 

An  activation energy of 18.7 kcal /mole was calcu- 
lated from the-slope of the l ine in Fig. 1. There ap-  
peared to b e  a sharp increase in  activation energy at 
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Fig. 1. Temperature dependence of the induction period for film 
growth on electropolished foil in distilled water. The data are from 
Ref. (!), Q;  Ref. (3) I-]; Ref. (10), A ;  and this work, O .  
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40~ Hart  (3) also found a 4-hr  induct ion period at 
40~ in agreement  wi th  the long t ime observed here. 

The pH dependence of the induction t ime (to) was 
examined at 78~ in 0.01N sodium nitrate, adjusted 
with NaOH or HNO3 to the desired pH. The value of to 
was found to remain  be tween  i and 1 ~ min  whi le  the 
pH was var ied be tween 4 and 10. This is consistent wi th  
an observat ion that  the ear ly  rate  of film growth  at 
100~ was independent  of pH over  this same range (1). 

In order  to establish whe the r  to is due to events  on 
the solid surface or in solution, an exper iment  was per -  
formed in which specimens were  given a series of suc- 
cessive immersions, each one for a t ime less than to, 
but with a total react ion t ime greater  than  to. Be tween  
immersions, the specimens were  rinsed in wate r  at 
room temperature .  If to depended on reaching a certain 
condition in the solution adjacent  to the surface, then 
no weight  change would  be expected for these speci- 
mens. The part icular  conditions were  a react ion t em-  
pera ture  of 70~ and a series of seven immersions each 
for 1 min. At 70~ the induction t ime is 2 min. It was 
found that  there  were  weight  gains of 20 and 22 #g/  
cm 2 for two specimens, which can be compared with  an 
expected weight  gain of 19 #g/cm 2 for an unin te r -  
rupted immersion of 7 rain. This difference is wi th in  
the observed reproducibi l i ty  and is not significant. The 
induction period must  be a proper ty  of a process occur-  
r ing on the solid surface. 

Reaction rate .--The weight  gains found in these ex-  
per iments  at 50 ~ 60 ~ and 70~ are shown in Fig. 2 as 
a function of ( t-- to)  ; data repor ted  by other invest iga-  
tors at 70 ~ and 100~ are also included. At the lowest  
temperatures ,  40 ~ and 50~ very  i r reproducible  results 
were  obtained at the shortest react ion times, up to 
times of about 2to; these data are not presented here. 
This problem was par t icular ly  acute when  chemical ly 
polished foil was used in some pre l iminary  work  sug- 
gesting that  it may have been due to some surface con- 
tamination. The data collected at longer  times at 50~ 
and at h igher  tempera tures  seemed sufficient for  our 
purposes so this phenomenon was not pursued. At 40~ 
bayeri te  crystals, as well  as pseudoboehmite,  deFosited 
on the surface so the weight  gain of these samples 
could not be used t o  examine  pseudoboehmite  growth 
kinetics. The results obtained at this t empera ture  are 
t rea ted in a separate section. 

50~ 

, / ~ r  ~oooc. 
g~ ioc S 

J ~ T . /  7 ~,i 

! o /  / 
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Fig. 2. Film growth on electropolished aluminum in distilled 
water. 

Symbol Temp (~ Ref. 

O 100 21 
�9 100 1 

100 10 
/~ 70 This work 
�9 70 1 
X 60 This work 
I-'1 S0 This work 

As noted by others (1, 12), at each tempera ture  there  
appeared to be two react ion periods: an init ial  period 
during which the rate  was constant or increasing with 
time, and then a period in which the rate steadily de- 
creased. The lines drawn in Fig. 1 through the data of 
the initial period have slopes of 1 for 70 ~ and 100~ 
3/2 for 60~ and 3 for 50~ At the higher  t empera -  
tures the lines provide a very  good fit for the data; at 
50 ~ and 60~ there  is more scatter, but  it is apparent  
that  a power law is a good approximat ion and that  the 
exponent  increases wi th  decreasing temperature .  From 
the rates at 70 ~ and 100~ an activation energy of 16.3 
kca l /mole  was found, which is only sl ightly less than 
that  for the induction period. 

At each tempera ture  there  was a re la t ive ly  sharp 
transit ion to the next  stage, a period of slow growth. 
This period was best defined at 100~ where,  over  more 
than two decades of time, the weight  gain was propor-  
tional to (t--to) 113. This relat ionship appeared to be fol-  
lowed at lower temperatures,  too, al though the 50~ 
results might  be as well  described by an exponent  of �89 
A remarkable  feature, noted by previous invest igators 
(1), is that  the weight  gain not only showed ve ry  l i t t le 
dependence on react ion temperature,  but  sometimes 
more film was found at lower  temperatures.  This is i l-  
lust ra ted in Fig. 2, where  the two lines l a b e l e d  50~ 
and 100oC del ineate  the nar row band of observed 
weight  gains for a 50 ~ range of reaction temperatures .  

Films grown at 40~ about 4 hr, a duplex 
surface film developed consisting of a uniform, finely 
tex tured  layer  covered wi th  re la t ive ly  large crystals 
(13). Al though Hart  (3) repor ted  that the uniform 
layer  gave the electron diffraction pat tern of boehmite  
(presumably pseudoboehmite) ,  our at tempts to obtain 
a diffraction pa t te rn  were  not  successful, indicating a 
noncrystal l ine film. On the other  hand, the film had the 
platelet  s t ructure expected of pseudoboehmite (13), 
and replicas of the surface had the appearance of the 
pseudoboehmite film produced in boiling water ,  albeit 
with coarser detail (Fig. 3). Perhaps  the uniform layer 
can be described as retaining the pseudoboehmite 
structure, but  much more  poorly crystall ized than films 
grown at higher  temperatures .  

Small  areas of the film sometimes spalled during 
prepara t ion for microscopy, reveal ing the film cross 
section and the meta l  substrate, as shown in Fig. 4a. 
Pits in the meta l  substrate were  sometimes associated 
wi th  these regions, suggesting that  stress due to local-  
ized corrosion was a cause for film separation. Except  
for these occasional pits, the meta l  surface appeared 
structureless up to about 12,000X magnification. Fi lm 
thicknesses were  est imated f rom these cross sections, 
as well  as from an occasional "head-on"  v iew of a 
l if ted film, as in Fig. 4b. After  8 and 16 hr  immersions, 
the pseudoboehmite film was 1.2 and 1.8 #m thick, 
based on single measurements .  Between  24 and 98 hr, 
film thicknesses were  2.5 • 0.4 ~rn, wi th  no t rend to 
greater  thicknesses evident.  

The crystals rest ing on the pseudoboehmite layer  
gave a diffraction pa t te rn  for bayerite,  as found also 
by previous invest igators (3, 15). The number  of crys- 
tals increased with  immersion t ime as (t -- to) 2, as 
shown in Fig. 5. For  times up to 24 hr, there  was 
sufficient separation be tween crystals to get a size 
distr ibution in terms of the chord length measured 
on the image analyzer. The distributions for two typ-  
ical fields are shown in Fig. 6. The chord length in- 
terval  was about 0.45 #m and the points in Fig. 6 are 
placed at the midpoint  of each interval .  The l imi t  of 
resolution of 0.23 #in determined the lower  cut-off 
point of the distribution. With the crude assumption 
that  each crystal was a cube with  sides equal  to chord 
length, the volume and hence the weight  gain due to 
bayeri te  growth was calculated. Al though the small-  
est particles were  most numerous, they contr ibuted 
re la t ive ly  li t t le to the calculated weight.  These cal- 
culated points are shown in Fig. 7, along wi th  the 
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Fig. 3. Transmission electron micrograhs of negative replica1 of 
film surface shadowed with Au-Pd at 45 ~ Reaction conditions 
were: a (above left), 4 hr at 40~ b (below left), 8 hr at 40~ and 
c (above right), 5 rain at 100~ 

observed total weight gain. The weight of pseudo- 
boehmite, taken as the difference, was found to be 
unchanged between 16 and 24 hr. The constant film 
thickness at longer times suggests that  no fur ther  
pseudoboehmite growth occurred beyond 24 hr, and 
that all the weight gain at these times was due to 
bayeri te  growth. The dotted lines in Fig. 7 have been 
drawn according to this interpretat ion.  From the thick- 
ness and weight it is estimated that  the pseudoboeh- 
mite film had a porosity of about 50%. 

A puzzling feature of this duplex film is that  the 
two layers always remained quite separate, even when 
both were undergoing growth. For  example, between 
8 and 16 hr  the number  of bayeri te  crystals increased 
fourfold (see Fig. 5) while the pseudoboehmite layer  
increased in thickness by about 0.6 ~m. Yet at 16 hr, 
or at any other time, no bayer i te  crystals were found 
embedded in the bottom layer  or surrounded by pseu- 
doboehmite. The crystals always appeared to be simply 
sit t ing on the surface. 

Discussion 
An induction period is f requent ly  observed dur ing 

the formation of a new phase, as in precipitat ion o r  
crystall ization (15, 16). The induct ion period arises 
from the need to achieve a m in imum size before a 
particle of the new phase can sustain its identity.  
Particles smaller  than  this "critical nucleus" tend to 
revert  back to start ing material,  whereas the free 
energy of the system is reduced by the growth of 
critical nuclei  into still larger particles (15). These 
events occur at the submicroscopic level; for example, 
a critical nucleus typical  of precipitation of a crys- 
tal l ine solid from aqueous solution might  have a diam- 

eter on the order of 100A (15). The induct ion period 
is just  the t ime required to produce a sufficient n u m -  
ber of critical nuclei  to cause an  observable change 
in  the system. 

The induct ion period found in the system under  
investigation suggests that ini t ia l ly  the hydrolysis re-  
action takes place at surface sites that must  achieve 
a critical size in  order to sustain the reaction. The 
mechanism of the reaction is not known, bu t  it very 
l ikely involves diffusion of water, perhaps as protons 
and hydroxyl  groups, into the amorphous oxide sur-  
face. It  may be that  sufficient water  must  enter  an 
oxide region so that  thermal  fluctuations of the dis- 
torted lattice will  produce a localized configuration 
suitable for release of a hydrolyzed monomer. Such 
regions would constitute the critical nuclei. 

The observation that to was independent  of pH is 
consistent with the idea that  diffusion of water  into 
the oxide lattice is the ra te -de te rmin ing  step. The 
activation energy for the induct ion period was found 
to be 18.7 kcal/mole.  The activation energy for a 
nucleat ion process should exceed that  for the cor- 
responding diffusion process by an amount  equal to 
the maximum free energy for nucleus formation (17). 
Values of the activation energy for H20 diffusion in 
amorphous A1203 have not been reported; the closest 
available figures are for D20 diffusion in  boehmite, 
given as 12.8 (18) and 15.7 (19) kcal/mole.  The free 
energy for nucleus formation would be expected to 
be relat ively small, perhaps on the order of the 
hydrogen bond energy between water  and the oxide 
which would be several kcal/mole.  Thus, the ob- 
served activation energy is reasonable for the process 
that has been postulated. 
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Fig. 5. Density of bayerite crystals at 40~ 

Fig. 4. Scanning electron micrographs of film grown at 40~ for 
2 days. a, Top; b, bottom. 

The init ial  growth rate at 100~ has also been 
found to be independent  of pH (1) and is reported 
here to have about the same activation energy as for to. 
This suggests that nucleat ion and growth of hydrolysis 
sites in the amorphous oxide continues to be rate 
controll ing after the induct ion period has ended. Of 
course, as the amorphous oxide is dissolved, new 
amorphous bar r ie r  oxide would be produced by an 
electrochemical reaction governed by the emf be-  
tween anodic and cathodic surface sites. 

The a luminum oxides are so sparingly soluble (20) 
that once surface hydrolysis is proceeding at a sig- 
nificant rate, i.e., at the end of to, the critical supersa- 
tura t ion would be quickly reached adjacent  to the 
surface and hydrous oxide would be precipitated on 
low energy surface sites. The pseudoboehmite plate-  
lets are exceedingly thin and are attached to the ~ub- 
strate only along an edge (1). For some time then, 
the deposited mater ial  would occupy only a small  
fraction of the surface and probably would not in ter -  
fere with the dissolution reaction. 
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Fig. 6. Size distribution of boyerite crystals after 16 hr ( 0 )  and 
24 hr (O)  at 40~ 

According to the rate equat ions developed by  ,lacobs 
and Tompkins (21), the kinetics during the init ial  
growth period best fit a process consisting of nuclea-  
tion followed by two-dimensional  growth. On a crys- 
tal l ine surface two-dimensional  growth might  arise 
from dissolution occurring at steps spreading over 
the surface, but  it is not clear what  surface s tructure 
supports this growth on an amorphous surface Slow 
random nucleat ion followed by  normal  two-d imen-  
sional growth can give rise to ~ W  a ( t  -- to) S, as ob- 
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Fig. 7. Weight gain of AI specimens at 4O~ From the total 
weight gain ( O )  has been subtracted the calculated weight of 
bayerite (O) to give the pseudoboehmite component. 

served at 50~ More rapid nucleat ion reduces the 
value of the exponent  of (t -- to), un t i l  ext remely  
rapid nucleat ion followed by rapid growth can give 
rise to a l inear  dependency for a short ini t ial  period, 
as seen at 70 ~ and 100~ 

The platelets would increase in  n u m b e r  and thick-  
ness as the reaction proceeded unt i l  they impinged 
upon each other. Finally,  the platelet  layer  would 
become sufficiently dense so as to block the move-  
men t  of solvated species, as observed for the case 
of film produced in  a 5-min reaction at 100~ (10), 
and fur ther  growth must  occur by  solid-state diffu- 
sion through the film. The most l ikely diffusing species 
is water, diffusing inward  perhaps as H + and O H -  
(18). One would expect growth to now obey a t 1/~ re-  
lat ionship and this may be the case at 50~ but  at 
100~ the weight  gain is clearly proport ional  to t l/a. 

There is a complete parallel  be tween the kinetics 
observed dur ing  this reaction stage and  those ob- 
served for the oxidation of Cu~O to CuO in  the 800 ~ 
1000~ range (22). In  this lat ter  case, the weight 
increased as t z/z and was not very dependent  on reac- 
tion temperature.  The results were explained as being 
due to an aging effect that decreased the permeabi l i ty  
of the oxide with increasing time and temperature  and 
thus opposed the normal  tempera ture  dependence. A 
similar  a rgument  could cer ta inly be applied to pseu-  
doboehmite films since they have been found to ex- 
hibit  other aging effects, such as a decrease in specific 
surface area and changes in dielectric properties (4). 

The growth process at 40~ differed substant ia l ly  
from that  at higher temperatures,  the most obvious 
change being the presence of a second oxide phase. 
Hart  (3) reported that  bayeri te  did not  appear unt i l  
the (pseudo)boehmite  film was well  established, bu t  

we found that  the induct ion t ime was about the same 
for both oxide phases. I t  is l ikely that  his method of 
detection was not  sensitive enough to identify" baye r -  
ite when  only a relat ively few crystals were on the 
surface. The total weight gains shown in  Fig. 7 are 
in excellent  agreement  with those reported by Hart, 
whose representat ion of the data suggests the two- 
stage growth process we have found [see Fig. 2 in 
Ref. (3)].  The observed t 2 dependency for bayeri te  
nucleat ion implies that  ei ther two successive events 
are required to form a stable nucleus, or that  nuclea-  
t ion involves a reaction be tween  a surface site and 
an active in termediary  formed in solution at a con- 
stant  rate (21). One of the polynuclear  complexes 
could be such an intermediary.  

Bayerite has a much lower solubil i ty than  pseu- 
doboehmite (23) so after an appreciable amount  of 
bayeri te  had crystallized the concentrat ion of solu- 
ble a luminum species at the outer surface would drop 
below that  required for pseudoboehmite deposition. 
Figure  7 was drawn to indicate complete cessation of 
pseudoboehmite growth after 16 hr, bu t  it is possible 
that  the film density cont inued to increase even though 
the thickness remained unchanged.  This could arise 
from the fact that a concentrat ion gradient  of hydro-  
lyzed species would exist wi th in  the interstices of 
the pseudoboehmite layer  so that  in the inner  re-  
gions of the film deposition could still be expected. 

The pseudoboehmite layer  grown at 40~ was much 
thicker than films grown at high temperatures,  say 
100~ (4), and also had a considerable porosity, es- 
t imated from weight and thickness to be about 50%. 
This structure, when  considered along with the ob- 
servation that  bayeri te  continued to deposit even after 
pseudoboehmite growth had ceased, s trongly suggests 
that the low tempera ture  pseudoboehmite layer  does 
not have an impermeable region but  ra ther  is open 
for outward diffusion of hydrolyzed a luminum,  as in 
the Vedder and Vermilyea model. This may be associ- 
ated with the poorer crystal l ini ty  of these films. 

Because of the difference in solubilities, the pseu- 
doboehmite should all dissolve eventual ly  and recrys-  
tallize as bayerite, as observed for colloidal suspen- 
sions (24). There was no indicat ion that this was 
occurring, which could mean  either that  the hydro-  
lyzed species precipitated directly as bayerite,  or that  
there was a steady state between pseudoboehmite de- 
position and  dissolution (13). The eventual  decrease 
in bayer i te  growth was probably due to blockage of 
the surface with bayeri te  crystals, which prevented 
outward diffusion of soluble species and inward  diffu- 
sion of water. 

The absence of any mutua l  penetra t ion of the two 
oxide phases cannot be explained. One would infer 
from this observation that  pseudoboehmite layer  
growth occurs pr imar i ly  by in terna l  deposition. This 
might  produce stresses that cause a shearing action 
between platelets, resul t ing in  an expansion of the 
layer. However, this scheme is difficult to reconcile 
with the high porosity of the layer. 

Conclusions 
At temperatures  between 50 ~ and 100~ the pseu- 

doboehmite film produced by the reaction of a luminum 
with water  grows ini t ia l ly  at a rate determined by  
the nucleat ion and growth of hydrolysis sites on the 
amorphous oxide. The ra te- l imi t ing  step is probably 
diffusion of water  into the oxide surface. As the 
oxide thickens, rate control shifts to solid-state diffu- 
sion, probably of water, through the pseudoboehmite 
structure.  

At 40~ a thick porous hydrous oxide layer, prob- 
ably pseudoboehmite, grows to a l imit ing thickness. 
Bayeri te crystall ization occurs s imul taneously  with 
this film growth, and becomes the dominant  process 
at longer times. 
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Interface Stability in the Electrolytic Decomposition of 
Silicon Dioxide Films at Elevated Temperatures 

J. W. Hinze, *'1 J. A. Baker, 2 and J. W. Patterson* 

Department of Metallurgy and Engineering Research Institute, Iowa State University, Ames, Iowa 50010 

ABSTRACT 

The stability of planar Si,SiO2 interfaces was investigated in the electro- 
lytic decomposition of SiO2 films at 850~ It was found that voltages greater 
than the reversible emf of the cell SiISiO2[O21 (Po2 = 1 atm) applied cathodic 
to silicon rendered the planar geometry unstable so that localized, electrolysis- 
induced breakdown occurred. This finding is in disharmony with previous 
observations by Jorgensen. A mechanism for electrolysis-induced dielectric 
breakdown was proposed to explain the observed breakdown morphologies 
and voltages. The magnitudes of the observed voltages indicate that ionic 
as opposed to neutral oxygen transport predominates in SiOz films at elevated 
temperatures. 

The intr insic  na ture  of mass and charge t ransport  in 
SiO~ films at elevated temperatures  has received in-  
creased a t tent ion in recent years owing to the tech- 
nological importance of Si, SiO2 devices in the elec- 
tronics industry.  Karube  et al. (1) and Jorgensen (2) 
have demonstrated that silicon is immobile in SiO2 
compared to oxygen; however, there is controversy 
concerning the na ture  and effective charge of the mo-  
bile oxygen species (3-6). In  an effort to resolve this 
issue, Jorgensen (2) studied the effect of applied elec- 
tric fields on silicon oxidation and concluded -that oxy-  
gen in the form of monatomic divalent  ions is mobile 
in  SIO2. However that study sparked another con- 
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Present address: Systems Research Laboratories. Incorporated, 

Dayton. Ohio 45400. 
Present Address: Dow Corning Corporation, Hemlock, Michigan 

48626. 
Key words: silicon dioxide, mass transport, electrolysis, dielectric 

breakdown,  silicon dioxide interface. 

t roversy concerning the rel iabil i ty of informat ion to be 
gained from such studies (5, 7, 8). 

In  a more recent work, Jorgensen (9) studied the 
decomposition of SiO2 films at elevated temperatures  
to fur ther  substantiate  the migra t ion of divalent  oxy- 
gen ions. A cell a r rangement  similar to that shown in 
Fig. 1 was used for the decomposition experiments.  
Constant applied currents, with silicon as the cathode, 
were reported to cause p lanar  th inn ing  of the Si, SiO2 
interface. The cell voltage, monitored with time, was 
reported to decrease in a fashion qual i ta t ively con- 
sistent with a un i form th inn ing  of the resistive SiO2 
film. After  a time, the voltage reached a steady-state 
value indicating that a balance had been achieved be-  
tween the rate of decomposition and the rate of forma-  
tion of SiO2. The observed steady-state  voltage was 
approximately 1.75V at 850~ which corresponds 
closely to the reversible cell emf one would calculate 
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from free energy data for the formation of amorphous 
SiO2 (10), assuming four equivalents  are t ransferred 
in the cell reaction. 

In  a more general  vane, however, p lanar  th inn ing  of 
the SiO~ films under  such conditions would seem 
rather  unl ikely;  especially in view of past observations 
of instabi l i ty  of p lanar  electrode interfaces in other 
electrochemical systems. For  example, Rapp (11) and 
Wagner  (12) have observed nonp lanar  interface 
growth in  the double decomposition of oxides and 
halides. Conditions were outl ined for which the t rans i -  
t ion from planar  to nonp lanar  morphologies would 
take place. Tubandt  (13) observed the formation of 
dendrit ic filaments of silver in his at tempts to measure 
the ionic t ransference n u m b e r  of AgBr in symmetr ic  
c e l l s  with silver as the cathode and anode materials.  
Dendrites originating at the silver cathode grew to the 
anode thus causing a short circuit to occur. Similarly,  
metallic sodium dendri tes h a v e  been observed to form 
in E-alumina dur ing  the charging of sodium sulfur  
cells (14-15). Finally,  unless special precautions are 
taken, metallic dendri te  formation at the cathode is 
commonly observed dur ing the electrolytic deposition 
of metals from fused salt and aqueous electrolytes and 
dur ing the charging of fused salt electrolytic cells. 

Dendrit ic growth in the above instances is not wi th-  
out theoretical justification. In fact, it is to be expected 
on the basis of simple laws of diffusion. For example, 
if a small  protuberance should form at the cathode, its 
growth will  be favored. This is because the diffusion 
path length from the anode is shorter  to the t ip of the 
protuberance than it is to the t rai l ing p lanar  interface 
whereas the voltage difference is the same in both 
cases. Thus the average voltage gradient  (the dr iv ing 
force for ion migrat ion) will be greater between the 
tip and the anode than  anywhere  else. Therefore, the 
highest ionic current  densities occur immedia te ly  be-  
tween the tip and the anode so that  the growth of the 
protuberance is not only preferent ial  but  also self- 
accelerating. 

In view of the foregoing arguments,  it seemed sur-  
prising to us that some form of localized decomposi- 
t ion was not observed by  Jorgensen (9) in his exper i -  
ments  and this prompted the present  investigation. 

Experimental Procedures and Apparatus 
Ultra high purity,  high resist ivity (1000 ohm-cm) 

silicon single-crystal  specimens were used in this 
study. The specimens were obtained from Dow Corning 
Corporation as  1/4 in. thick disks with a �89 in. diameter.  
Thin  p lanar  faces, which were paral lel  to the (111) 
crystallographic plane, had been electrochemically 
polished to a mirror  finish. 

The following procedure was used in  the construc-  
t ion of the decomposition cells. The silicon specimens 
were cleaned by ul trasonic agitation in the following 
reagents sequentially:  tr ichloroethylene, methanol,  dis- 
tilled water, buffered hydrofluoric acid, distilled water, 
nitr ic acid, and distilled water  followed by a 5 rain 
rinse in a jet  of distilled water. Excess water  was 
stripped off of the specimens with paper tissues, and 
the specimens were finally dried in an air stream. 

After  a brief exposure to vacuum at 850~ purified 
oxygen at 1 atm pressure was introduced to oxidize 
the specimens to a thickness the order of 5000A. 
P l a t i num anodes were then applied to each p lanar  
interface by electron beam evaporat ion to a thickness 
of 1000A. Into the cylindrical  side surface of each of 
the silicon specimens was dril led a small  hole into 
which a p la t inum wire with a beaded tip was press 
fitted. This cell was then placed between two p la t inum 
foils on a cell support  and electrical leads were at-  
tached. Dur ing  all of the above operations, ext reme 
care was taken to avoid sodium contamir~ation. The 
specimens were not contacted with the fingers or con- 
taminated laboratory surfaces and tools. 

Results and Discussion 
Pre l iminary  experiments  were conducted to deter-  

mine  the open-circui t  emf (Ew) across the cells shown 

Fig. 1. Schematic diagram of the cell arrangement and external 
electrical circuitry used to study the kinetics of Si02 electrolyte 
decomposition at elevated temperatures. 

in  Fig. 1. These emf's were found to be approximate ly  
420 mV which are around 200 mV lower than  those 
reported by Jorgensen (2). Fur ther  pre l iminary  mea-  
surements  of the silicon oxidation rate under  open- 
circuit conditions were conducted without  the p la t inum 
electrodes intact. Linear  plots of the square of the 
thickness v s .  t ime were observed which yielded a scal- 
ing rate constant of 1.25 • 10 -11 cm2/hr at 850~ in 
good agreement  with Jorgensen 's  results (2). The par-  
tial surface control observed by Deal and Grove (16) 
in determinat ions  of the oxidation rate of doped sili- 
con was not observed here. 

Decomposition experiments  were conducted at 850~ 
on the cells shown in Fig. 1. Due to the symmetr ic  
na ture  of the cells only half of the cell was used for the 
study while the open-circui t  emf and conductance 
were measured across the other half  as shown in Fig. 
1. Format ion  of a p la t inum-s i l icon eutectic at 830~ 
(17) general ly  l imited cell life because of local de- 
ter iorat ion at the center electrode. However with 
proper care in cell construction useful cell life was on 
the order of 2-3 weeks. Both constant voltage and con- 
stant  current  decomposition exper iments  were carried 
out as part  of the present  study. 

Constant  voltages in the range 1.80 < VT < 5.00V 
(silicon as cathode) were applied with the use of an 
appropriate operational  amplifier circuit. A uni form 
p lanar  decomposition of the Si,SiO2 interface should 
result  in a t imewise current  increase as the resistive 
SiO2 layer  becomes thinner.  Instead, localized break-  
down of the SiO2 films occurred as evidenced by in ter -  
mi t ten t  and highly sporadic bursts of current.  More- 
over, this phenomenon  was observed in all the poten-  
tiostatic exper iments  where voltages greater than  1.8V 
were applied. Thus these constant voltage observations 
in  themselves seem to be inconsistent with the obser- 
vations of Jorgensen because even though he used con- 
s tant  currents,  his constant current  voltage always ex-  
ceeded the thermodynamic  emf (1.75V). Indeed his 
voltages decayed through precisely the same range of 
values (1.8 < V < 5.0V) and yet his films reportedly 
did not fail locally. Fur ther  confirmation of this incon-  
sistency was provided later  with constant current  ex- 
per iments  as pointed out below. 

Figure 2 shows the planar  surface of a typical speci- 
men after exposure to a potentiostatic decomposition 
exper iment  at 850~ In  Fig. 2a the specimen had 
been prepared by first etching the p la t inum electrode 
away in aqua regia and then removing most of the 
SiO2 wi th  HF. This leaves the silicon substrate  surface 
only par t ia l ly  exposed while  the remainder  is still 
covered with adherent  flakes of SiOa scale. It is evident  
from Fig. 2a that  localized pits have been excavated 
in the silicon substrate, some have penetrated through 
the SiO2 flakes, and finally some appear to be forming 
beneath  undamaged regions of these flakes. Figure 2b 
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Fig. 2. SEM micrographs of damage to the Si,SiO~ interface in 
a decomposition experiment. (a, tap) Partially etched specimens 
showing breakdown damage pits in the silicon substrate surface 
and in the retained flakes of SiO2 (magnification X3000).  (b, 
bottom) Pits in the silicon substrate of a fully etched specimen 
(magnification k 3000). 

merely  shows the same specimen (different region) 
after complete removal  of the SiO2 with the HF etch- 
ant. Features  of these types were observed for all de-  
composition voltages greater than 1.8V and the follow- 
ing explanat ion in terms of localized electrolytic de-  
composition followed by  catastrophic dielectric b reak-  
down is offered. 

According to Klein  (18) catastrophic dielectric 
breakdown as opposed to electrolytic breakdown oc- 
curs in three stages. In the init ial  stage a localized 
avalanche of carriers is init iated when the local volt-  
age gradient  exceeds some critical value typical ly in  
the range of 10L10~ V/cm for insulators. Snow and 
Deal (19) found this critical value to be 8 • 10 e V/cm 
for SiO2 films at room temperature.  Localized I2R - 
type heating results which causes the current  to r un  
away dur ing  the second phase of breakdown because 
the conductivi ty of insulator  materials  increases ex-  
ponent ia l ly  with temperature.  In the final stage, cur-  
rent  arcing vaporizes the electrode materials  as well  
as the interposed dielectric insulator in the immediate  
vicini ty of the arc. The damaged region then becomes 
a nonconduct ive void, and the breakdown is said to be 
self-heal ing (18). 

In  addition to dielectric breakdown, electrolytic 
breakdown can also occur if mobile ions prevail  in the 

compound. A most impor tant  difference between these 
two modes of breakdown is that electrolytic b reak-  
down is induced by a critical voltage difference 
(namely, the thermodynamic  emf if no neut ra l  t rans-  
port exists) but  is otherwise independent  of the volt-  
age gradient  in the specimen. Dielectric breakdown, 
on the other hand, commences only after a critical 
voltage gradient  is surpassed but  is otherwise inde-  
pendent  of total applied voltage. In view of these con- 
cepts the observed breakdown effects can be ra t ion-  
alized with the aid of the sequence shown in  Fig. 3. 

In  the init ial  stage, shown in Fig. 3a, electrolysis of 
SiOz commences at the Si,SiO~ interface. Suppose that  
small  protuberances form as highly conductive, par-  
t ial ly reduced pockets of SiO2 (Fig. 3b). Then  once 
formed, the t ip of the most prot ruding SiO2 pocket 
propagates ahead of the others and ahead of the planar  
interface. That is, the oxygen removal rate from the 
tip of this protuberance is greater  than that  from all 
the other points. This is because the average field 
gradient  from that  tip to the anode is greater than  that  
between all the other cathode locations and the anode. 
Thus the pocket of part ial ly reduced SiO2 evolves into 
a dendrit ic spike in a runaway  mode of propagation. 
Of course, the same analysis holds if the dendri te  is 
silicon which has been produced by the total reduction 
of Si02. 

As the tip of the reduced Si02 dendr i te  gets closer 
to the anode, the local voltage gradient  in  front  of it 
continues to increase even though the applied voltage 
remains constant. Eventua l ly  the critical gradient  
(about 8 • 106 V/cm) required for the catastrophic 
dielectric breakdown of SiO2 is exceeded. At this 
point arcing vaporizes the remaining  path length as 
shown schematically in Fig. 3c. Vaporization due to 
arcing causes the circuit to be broken (i.e., the break-  
down is said to be "self-heal ing") ,  and the whole proc- 
ess starts over again at the next  largest conductive 
protuberance on the cathode. 

The electrolytic b reakdown phenomenon observed 
here provides strong evidence for the dominat ion of 
charged over uncharged oxygen migrat ion in SiO2. 
Significant migrat ion of neutra l  oxygen would act to 
annihi la te  the protuberances as they approached the 
anode. Fur thermore,  the electrolytic breakdown phe-  
nomenon occurred whenever  a voltage greater than 
the thermodynamic  emf was applied cathodic to sili- 
con. Were the flux of neutra l  oxygen nonzero, an 
applied voltage perceptibly greater than ETH would 
have been necessary to cause electrolytic breakdown. 
These findings lead us to agree with Jorgensen that  
doubly charged oxygen ions have high mobil i ty  in  
SiO~ films, at least when  electric fields are applied. 

In our view, the same basic arguments  should apply 
to galvanostatic decomposition experiments.  This view 
holds that the SiO2 scale is unstable  with respect to 
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Fig. 3. Proposed sequence for electrolysis-induced dielectric 
breakdown for SiO2 layers at elevated temperatures. (a) Initial 
decomposition of Si,SiO2 interface. (b) Formation of region 
of highly reduced SiO2. (c) Growth of reduced region with subse- 
quent arcing due to dielectric breakdown. 
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e lec t ro ly t ica l ly  induced localized b r e a k d o w n  as long 
as the  appl ied  vol tage  is of the  p rope r  po la r i ty  and 
magni tude  to reverse  the  flow of mobile  ions. In  o ther  
words,  the  vol tage  need only be cathodic to sil icon and 
g rea te r  t han  the  t he rmodynamic  emf for localized, 
e lec t ro ly t ica l ly  induced b reakdown  to proceed.  Thus 
when these condit ions hold, e lec t ro ly t ic  decomposi t ion 
proceeds p re fe ren t i a l ly  f rom local ized ins tabi l i t ies  
(pro tuberances)  i r respec t ive  of how the appl ied  cur -  
rent  (or vol tage)  may  va ry  wi th  t ime.  Final ly ,  be -  
cause both  the  foregoing requ i rements  must  neces-  
sa r i ly  be fulfil led dur ing  galvanosta t ic  decomposit ion,  
i t  would  seem tha t  localized breakdown,  as opposed to 
the  uniform th inning  repor ted  by  Jorgensen  should 
resul t  in the  case of constant  cur rent  decomposit ion.  

Fo r  these reasons two ga lvanos ta t ic  decomposi t ion 
exper imen t s  were  car r ied  out at  850~ In both  cases 
the  appl ied  cur ren t  was fixed at  4 #A and in both cases 
the  vol tage  over  the  SiO~ layer  cont inuously increased 
and wi th in  minutes  surpassed the the rmodynamic  emf. 
Shor t ly  the rea f t e r  the  measured  vol tage  suffered in-  
t e rmi t t en t  ins tantaneous  decreases  (somet imes to zero) 
wi th  the  behavior  even tua l ly  becoming so er ra t ic  as to 
prec lude  accurate  recording.  This behavior  is in te r -  
p re ted  as ca tas t rophic  b reakdown preceded  by  e lec t ro-  
lyt ic  decomposi t ion issuing as before  f rom localized 
s i tes  on the sil icon cathode. While  this  was born  out b y  
subsequent  visual  inspection, no de ta i led  scanning 
e lec t ron  microscope examina t ions  were  carr ied  out. 

To fu r the r  subs tant ia te  the proposed  mechanism of 
e lec t ro lys i s - induced  breakdown,  po ten t iomet r ic  s tudies  
w e r e  conducted wi th  appl ied  vol tages  of opposi te  po-  
lar i ty ,  (i.e., sil icon as the  anode) .  Such vol tages  would  
not  be expected  to give rise to pockets  of e lec t ro-  
ly t i ca l ly  reduced  SiO2 because the  pockets  would  now 
have  to form by v i r tue  of  oxygen  deple t ion  at  the  
p l a t i num electrode.  However  the  abundance  of oxygen  
gas at  this  e lec t rode  would  be expected  to i mmed i -  
a te ly  reoxidize  the  pockets.  Such oxidat ion would  thus 
reconver t  the  pockets  to insulators  thus  ar res t ing  the  
e lectrolysis  cur ren t  requi red  for the  b r e a k a w a y  p r o p a -  
gat ion mode and p lana r  geometr ies  would  r ema in  
stable.  If  al l  this  is true,  ca tas t rophic  b r eakdown  wi th  
reverse  bias should requi re  much l a rge r  appl ied  vo l t -  
ages because now the cri t ical  g rad ien t  on the  order  of 
8 X 10 e V / c m  (19) mus t  be set up over  the  ent i re  
thickness  of the  SiO2 film. F o r  an  ini t ia l  thickness  of 
5000A the requ i red  vol tage  would  be about  400V at 
room tempera ture .  The exper iments  revea led  no 
b r eakdown  up to about  120V wi th  catas t rophic  b r e a k -  
down tak ing  place  above  this value.  The observed vo l t -  
age is sufficiently close to the  pred ic ted  va lue  of 400V 
(and sufficiently fa r  f rom 1.SV) to serve  as a confirma-  
tion. 

Ac tua l ly  the  cri t ical  b r eakdown  vol tage  grad ien t  at  
e leva ted  t empera tu re s  has not been prev ious ly  mea -  
sured;  however ,  i t  does not  seem unreasonable  tha t  
the  observed vol tage should be somewhat  less than  
tha t  p red ic ted  f rom the cri t ical  g rad ien t  of (8 • 108 
V/cm)  given by  Snow and Deal (19) for room t em-  
pera ture .  In  other  words,  the  p resen t  s tudy  mere ly  
suggests  tha t  the  high t e m p e r a t u r e  va lue  of the  cr i t ical  
g rad ien t  is about  one four th  the  room t e m p e r a t u r e  
value.  

The cell  used for  this  s tudy  was observed under  the  
scanning e lec t ron microscope wi th  the  p l a t inum elec-  
t rode  sti l l  intact.  SEM micrographs  of the  b r eakdown  
pits  are  shown in Fig. 4. In  the  lower  SEM micrograph,  
b r eakdown  seems to have  caused a crack in the  sil icon 
substrate .  The pits  which formed wi th  reverse  po la r i ty  
are  much l a rge r  than  those shown in Fig. 2. This re -  
flects the  fact  that  much more  energy  is re leased  in 
pure  catas t rophic  b r eakdown  than  in e lec t ro lys i s - in -  
duced breakdown.  

Conclusion 
Two impor tan t  conclusions resul t  f rom the above  

expe r imen ta l  observat ions.  I t  has been shown tha t  
app ly ing  vol tages  g rea te r  than  the t he rmodynamic  emf 

Fig. 4. SEM micrographs of self-heallng electrical breakdown of 
a SiO2 film induced by a large accelerating field. (a, top) Break- 
down in a defect-free region of the SiO2 film (magnification 
•  (b, bottom) Breakdown along an imperfection (magnifica- 
tion X 1500). 

across SiO2 films ( the silicon subs t ra te  being the ca th-  
ode) r endered  the in i t ia l ly  p l ana r  scale geomet ry  un -  
stable.  In  all  the  decomposi t ion exper iments ,  h igh ly  
localized damage  resul ted  due to e lec t ro lys i s - induced  
dielectr ic  breakdown.  In view of the  a rguments  p r e -  
sented above, this  phenomenon would be expected  to 
occur in the  e lec t ro ly t ic  decomposi t ion of al l  scal ing 
layers  as long as cathodic p ro tuberances  are  more  con- 
duct ive  than  the sur rounding  phase, that  is, wheneve r  
the  electr ic  field g rad ien t  ahead of the  p ro tuberance  
is g rea te r  than i t  is f rom the anode to the  p l ana r  in te r -  
face of the cathode. 

Secondly,  on the  basis of the  b r e a k d o w n  vol tages  
and morphologies  for the  SiO2 films, it  is concluded 
that  d iva len t  oxygen  ions are  capable  of car ry ing  sig-  
nificant cur rents  in SiO2 and tha t  neu t ra l  oxygen  
fluxes are  negl igible  by  comparison.  
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The Effect of Heat-Treatment on Photoluminescence 
Efficiency and Minority Carrier Lifetime in I.EC-GaP(Zn,O) 

R. Caruso and A. R. Van Heida 
Bell Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

High t empe ra tu r e  h e a t - t r e a t m e n t  in the  in te rva l  be tween  1300 ~ and 1200~ 
fol lowed by  slow cooling (2~176 to 500~ has been found to increase 
the photoluminescence efficiency (~]red) of L E C - G a P  (Zn,O) ( typ ica l ly  
0.00015% in the  seed end to 0.06% in the  ta i l  end) to wi th in  a factor  of 4 of 
solution grown crystals  (~]red ~ 0.7-4%) wi th  comparable  hole concentrat ions.  
The effect of high t empera tu re  anneal ing  is to increase subs tan t ia l ly  the  mi -  
nor i ty  car r ie r  l i fe t ime by  reducing the densi ty  of nonrad ia t ive  e lec t ron  
t r app ing  (ki l ler)  centers. Subsequent  cooling from 1200~176 produces  an 
increase  in Zn-O pairs  over  tha t  obta ined  in a s -g rown  LEC mater ia l .  The ac-  
t iva t ion energy for the high t empera tu re  process involving the remova l  of 
k i l l e r  centers  is 6.2 _ 0.5 eV wi th  a r e laxa t ion  t ime of 2.1 hr  at 1300~ A r g u -  
ments  are  presented  to ident i fy  fur ther  the  k i l l e r  center  wi th  a Ga vacancy 
and the act ivat ion energy  wi th  tha t  for Ga vacancy diffusion in GaP. Thus, 
there  appears  to be an inheren t  the rmodynamic  l imitat ion,  r a the r  than  any 
i m p u r i t y - r e l a t e d  l imitat ion,  to the  rad ia t ive  efficiency of a s -g rown  LEC- 
GaP(Zn ,O) .  Since anneal ing  appears  to be capable  of y ie ld ing  p - t y p e  
GaP(Zn,  O) wi th  7}red ranging  from at least  0.5 to 1.0% over  an ent i re  crystal ,  
this  ma te r i a l  m a y  be useful  in a single ep i tax ia l  g rowth  process for  device 
applicat ion.  

In  this paper  we character ize  the  change in photo-  
luminescence proper t ies  of L E C - G a P  (Zn O) wi th  h e a t -  
t r ea tmen t  at  e leva ted  tempera ture .  We presen t  da t a  
which show tha t  a significant increase  in in te rna l  r ed  
photoluminescence quan tum efficiency (~]red) c a n  be 
real ized by  sui table  annealing.  

A s - g r o w n  LEC-GaP(Zn ,  O) crystals  show m a r k e d l y  
reduced  ~ed (<0.06%) from tha t  obta ined in l iquid  
phase ep i tax ia l  (LPE) layers  or  in solut ion grown 
(SG) pla te le ts  ( > 1 % )  (1). Efficient diodes have been  
p repa red  wi th  single LPE growth  on SG-GaP(Zn ,O)  
subst ra tes  (2), but  faced wi th  the  low ~lred of the  
LEC mater ia l ,  single LPE on LEC-GaP(Zn ,  O) sub-  
s t ra tes  has not been successful. Obviously,  an increase  
in ~lred of the pul led  crysta ls  to the 1% region would  
make  the LEC p - t y p e  ma te r i a l  an a t t rac t ive  subs t ra te  
for device fabr ica t ion  using single LPE techniques.  

The h i g h - t e m p e r a t u r e  anneal ing  exper iments  a re  
suggested b y  the resul ts  of measurements  on LEC- 
GaP(Zn ,O)  grown from nonstoichiometric,  Ga-r ich ,  
mel ts  (3, 4) in which i t  was found tha t  lower  g rowth  

Key words: GaP(Zn,O), photoluminescence, minority carrier life- 
t ime,  light-emlttlng diode, 

t empera tu res  (down to 1200~ produced  ma te r i a l  
having subs tant ia l ly  longer  minor i ty  car r ie r  l i fe t imes 
and higher  red  photoluminescence efficiency than  stoi-  
chiometr ica l ly  grown mater ia l .  

The minor i ty  car r ie r  l i fe t ime of L E C-G a P(Zn , O)  
crystals  is typ ica l ly  two orders  of magni tude  shor ter  
than  equiva len t ly  doped SG plate le ts  (1). The ma jo r  
nonradia t ive  shunt  path,  or  k i l l e r  center, responsible  
for this  short  minor i ty  car r ie r  l i fe t ime does not  appear  
to be re la ted  to impur i ty  effects, no tab ly  Si, B, C, N, 
As, or to changes in the LEC growth  parameters .  
Rather ,  the  k i l l e r  center  appears  to be a na t ive  defect  
re la ted  to Ga vacancies or Ga vacancy complexes (4). 
The role of Ga vacancies in de te rmin ing  luminescence 
efficiency has also been repor ted  in GaAs (5). 

Insofar  as there  a re  compet ing centers  for e lec t ron  
recombinat ion  the photoluminescence efficiency of 
GaP (Zn,O) is also de te rmined  by  the number  of Zn-O 
pairs.  The seed- to - t a i l  va r ia t ion  in the Zn-O pai r  
concentra t ion in LEC crystals  is typ ica l ly  of the  
o rder  of 1:30 (1). This g rad ien t  cannot  be  comple te ly  
accounted for by  Zn par t i t ion ing  since the  Zn seed-  
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to-tai l  concentrat ion varies typically by 1:6 (1). How- 
ever, at the same time, there does not appear to be 
a lower oxygen concentrat ion at the seed end (with 
either Zn(PO3)~ or Ga204 dopants) ,  since measure-  
ments  of the total oxygen concentrat ion using He (3) 
activation analysis show an approximately uni form 
oxygen content  (within a factor of 2) in the LEC 
crystals (6). Apparent ly  then, much of the oxygen 
in  the seed end is not available for pair ing wi th  Zn, 
being interstit ial,  precipitated, or paired with other 
species. As will be shown, the results of the high 
temperature  hea t - t rea tment  indicate that  the seed- 
end oxygen is most probably complexed with Ga 
vacancies. 

Experimental 
The samples for hea t - t rea tment  were obtained from 

10 p- type LEC-GaP crystals (50-100g). For each an-  
neal ing exper iment  a n u m b e r  of pie-shaped samples 
were cut from a 1/4 in. thick slice and a control sam- 
ple was saved for representat ion of the as-grown con- 
dit ion at that  point in the crystal. The slices were cut 
from near  the seed and tail ends of these crystals, 
which had been doped with Zn in the 10z7-10 zs cm -3, 
range and with 100-300 mg Ga203 added to the melt. 
All  hea t - t rea tments  were made in a tube  furnace at 
temperatures  of 1152 ~ 1200 ~ and 1300~ 

In a number  of p re l iminary  experiments  pie-shaped 
sections (~-lg) were sealed under  vacuum in 1.5 in. 
long silica tubes containing Ga and sufficient powdered 
GaP to form a saturated solution at the anneal ing 
temperature.  These samples showed only a 10% in-  
crease in  minor i ty  carrier  l ifetime (Tin) after annea l -  
ing 30 days at 1200~ However, when  similar samples 
were treated as above but  without  the addit ion of 
any Ga or powdered GaP, Tm improved by a factor 
of 10 after 8 days at temperature.  Although the tube 
furnace gradient  was un i form to wi th in  1~ over a 
3 in. length we were often not able to keep these 
samples from t ranspor t ing wi th in  the vials, par t icu-  
lar ly  at the highest tempera ture  (1300~ Accord- 
ingly, a system was devised by  which the samples 
could be heat - t rea ted unde r  encapsulat ion by B203 
( termed l iquid encapsulat ion annealing,  LEA).  In  this 
w a y  the t ransport  of the samples caused by the tem-  
perature  gradients was eliminated. Hot-pressed high-  
pur i ty  BN boats, each with a series of 3/4 in. diameter  
isolated holes, to allow simultaneous hea t - t rea tment  of 
a number  of samples, were used to contain the speci- 
mens. BN is quite iner t  to both GaP and B2Oa (to 
1300~ b u t  must  be kept  from reacting with air, so 
a Nz ambient  was used in  the tube furnace. Each 
sample was covered with about a 5 m m  thick layer  
of B~Oa. Gaseous phosphorus could be observed ema-  
na t ing  from the samples shortly after they were in -  
troduced into the furnace. After  heating, the samples 
were removed from the furnace and dropped into 
boil ing water  to remove the B208. Usual ly the sur-  
face of the samples was spalled to a depth of a round 
20 mils by  adhering B~Os. 

Samples were subsequent ly  th inned  and polished to 
15 mils thickness for above gap (4880A) and below 
gap (5682A) photolumineseence measurements  (at 
room tempera ture) ,  from which the minor i ty  carrier 
lifetimes and in ternal  red pho to luminescence  quan tum 
efficieneies were obtained. This measurement  technique 
has been described explicit ly elsewhere (7). 

Results 
Figure la  shows the t ime dependence of hea t - t rea t -  

men t  at 1200~ on the reciprocal minor i ty  carrier 
l ifetime for a seed-end slice and a ta i l -end slice of 
LEC grown GaP (Zn,O). In  Fig. lb  and c we show the 
same effect for temperatures  of 1300 ~ and 1152~ 
respectively, on ta i l -end slices. It is seen that  heat-  
t r ea tment  significantly increases minor i ty  carrier  l ife-  
time. 

In  order to determine whether  this l ifetime change 
occurs uni formly  throughout  the crystal two cubes, 

1/4 and 1/8 in. on a side, were cut from an LEC slice 
with the cube centers equidistant  from the center of 
the slice. These cubes were heat- t reated together at 
1200~ for 2 days. This t ime period was chosen since 
it is short compared to the t ime required for a 1/4 in. 
thick sample to approach a l imit ing minor i ty  carrier 
l ifetime (~16 days, Fig. l a ) .  The minor i ty  carrier 
l ifetime at the center of both cubes increased by a 
factor of 2.4. If we assume that  this l ifetime change 
occurs by diffusion of t rapping centers to the crystal 
surface, then the three-dimensional  solution (8) for 
diffusion out of a 1/8 in. cube with the surface bound-  
ary conditions set by the l imit ing minor i ty  carrier l ife- 
t ime gives a value of 3 X 10 - s  cm2-sec -1 for the dif- 
fusion coefficient. Using this value to calculate the 
l ifetime change to be expected at the center of the 
larger cube we find that  there should be a negligible 
change for the same period of time. Since, in  fact, the 
change is the same we assume that the minor i ty  carrier 
l ifetime increase with anneal ing occurs main ly  by 
diffusion of electron t rapping centers to in te rna l  sinks 
ra ther  than  by diffusion to the surface. 

A simple model for diffusion of centers to in te rna l  
sinks would provide the following equat ion for the 
time dependence of minor i ty  carrier l ifetime (~m) on 
hea t - t rea tment  (9) 

(i/~m -- l lTm.~) / ( i /~m, i  -- I/~m,| ~- e -t/~" [I] 

where ~m.i and ~m,| are the ini t ia l  and tempera ture-  
l imit ing values of the minor i ty  carrier lifetime, Ta is 
the relaxat ion t ime which depends on the diffusion 
coefficient of the center and the geometry and density 
of sinks. The electron capture rate (1/~m) is actually 
a summat ion of rates for electron capture by zinc- 
oxygen (Zn, O), isolated oxygen on phosphorous sites 
(Op), and nonradia t ive  t rapping centers. However, 
the low photoluminescence quan tum efficiencies of 
these samples, even after hea t - t rea tment  (<0.10%), 
indicates that the capture rate by the radiat ive centers 
(Op and Zn-O) is small  compared to that by non-  
radiative centers. Thus we can take the measured 
electron capture rate as a quant i ty  proport ional  to 
the concentrat ion of nonradia t ive  t rapping centers. 

In  Fig. 2a, we show the results for hea t - t rea tment  
at 1152 ~ and 1200~ and in  Fig. 2b for hea t - t rea tments  
at 1300~ when plotted in accordance with Eq. [1]. 
The agreement  seems sufficient to assume a mechanism 
of the kind described above. The scatter probably 
reflects differences in ini t ial  t rapping center  concen- 
t ra t ion and sink density for each of the sections cut 
from an as-grown slice used in a hea t - t rea tment  run.  
The values for 1/~m,i, 1/~m,~, and 1/Ta for isothermal 
hea t - t rea tment  at the three temperatures  are sum- 
marized in  Table I. With this data, in Fig. 3, a plot 
of 1/T~ vs. 1 / T  is used to obtain an activation energy 
of 6.2 ___ 0.5 eV for the anneal ing process. 

Below gap (5682A excited) photoluminescence 
spectra taken before and after hea t - t rea tment  can be 
used for determining relat ive changes in concentrat ion 
of zinc-paired and unpaired  oxygen (7). In  this study 
the spectra can be directly compared, since it was 
found that  hea t - t rea tment  does not significantly: (i) 
change the absorption characteristics of the samples 
wi th in  the wavelength  region of excitat ion and emis- 
sion (5,682-10,000A), (ii) change the hole (p) concen- 
t ra t ion (as evidenced by no significant change in ab-  
sorption at 10,000A), and (iii) decrease the nonrad ia -  
tive center concentrat ion to a level where radiative 
centers can compete in the re t rapping of thermalized 
electrons. In  Fig. 4a below gap (5682A excited) photo- 
luminescence spectra are shown for seed-end samples 
before and after anneal ing at 1200~ for 15 days. Simi-  
lar  spectra for the ta i l -end samples are shown in Fig. 
4b. Taking the ratio of peak heights before and after 
hea t - t rea tment  for both the Zn-O exciton band  (at 
7000A) and the Op f ree- to-bound band  (at 9200A) as 
measures of the change in Zn-O and Op concentrations 
we find that  the result  of hea t - t rea tment  is to produce 
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Fig. |. Time dependence of heat-treatment on reciprocal minority 
carrier lifetime. (a) at 1200~ for seed-and-tall end samples, (b) 
at 1300~ for tail-end samples, (c) at 1152~ for tail-end samples. 
Each data point on a curve represents an individual pie-shaped 
sample cut from the same slice. 

a significant increase in concentrat ion of isolated sub-  
s t i tut ional  oxygen (Op) in  the seed-end samples (Fig. 
4a), and no change in  the ta i l -end samples (Fig. 4b). 
The slight decrease in  Fig. 4b is wi th in  the __.20% 
variat ion we normal ly  found in  samples cut from a 
single slice of GaP. Further ,  by taking into account 
the hole (p) dependence of the radiat ive efficiencies of 
the Zn-O exciton band  and  the Op f ree- to-bound band, 
one may also compare the concentrat ions of Op and 
Zn-O pairs in  the seed-end and ta i l -end samples (7, 
10). These results are shown in Table II. We can con- 
clude that  the 1200~ hea t - t rea tment  br ings the seed- 
end Op concentrat ion up to the same level as in  the 
ta i l -end  samples. The lower Zn-O pair concentrat ion 
in  the seed-end slice, when  compared to the ta i l -end  

slice after heat-treatment ,  reflects the lower  Zn (hole)  
concentration in the seed end. 

In  addition to high tempera ture  anneal ing  experi -  
ments  which were concerned with the reduct ion of 
nonradiat ive centers in  LEC (GAP), a lower tempera-  
ture  hea t - t rea tment  range was studied with respect to 
reformation of Zn-O pairs dissociated at the high tem- 
peratures, and possible association of nonradia t ive  
t rapping centers with another  specie. Accordingly, two 
seed-end samples were treated using a schedule of one 
day at 1300~ followed by five days at 120O~ (from 
the kinetic data this anneal  has been calculated to be 
equivalent  to 16 days at 1200~ see Fig. l a ) .  One 
sample was then removed and plunged into boil ing 
water. The remaining  sample was furnace cooled to 

Table I. Effect of heat-treatment on reciprocal minority carrier 
lifetime 

Table II. Effect of 1200~ heat-treatment on luminescence center 
concentrations in LEC-GaP (Zn,O) 

H e a t - t r e a t .  I/~'m, ! lh 'm, |  "r= 
S a m p l e  t e m p  (*C) (sec -I) (sec-a) (hr )  

H o l e  c o n e ,  Nzn,o NOp 
S a m p l e  ( c m  -s) r e l a t i v e  r e l a t i v e  

T a i l - e n d  s l ice 1152 1.0 • 101o 2.2 x 109 
T a f t - e n d  s l ice  1200 1.'/ • 101o 1.4 x 109 
S e e d - e n d  s l ice  3.5 X 109 4.2 x 108 
T a f t - e n d  s l ice  1300 2.1 • 10 zo 2.1 • 10 o 

238 Seed ,  a s - g r o w n  
60.5 Seed ,  h e a t - t r e a t e d  

Tai l ,  a s - g r o w n  
2.1 Ta i l ,  h e a t - t r e a t e d  

4 • I 0  z~ 4 . 6  8 .2  
4 • 1 0  ~ 1 0 . 4  8 5  
2 • 1018 1 0 6  1 3 2  
2 • 1 0  ~ 4 6  8 7  
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Fig. 4(a). Below gap (5628.~ excited) photoluminescence spec- 
tra far a seed-end sample (curve 0) as-grown, and (curve 1) heat- 
treated at 1200~ for 17 days. (Uncorrected for detector response.) 
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Fig. 2. The equilibrium annealing data a t (a )  1152 ~ and 1200~ 
and at (b) 1300~ plotted in accordance with Eq. [1]. 

500~ at a rate of 15~ then removed, and im-  
mersed in boil ing water. The effect of these differing 
heat-treatments on minori ty  carrier l i fet ime and in-  
ternal above gap red photoluminescence quantum 
efficiency, ~]red, is presented in Table III, which  shows 
that s low cooling from the equilibrated 1200~ condi- 
tion produces a factor of 2 increase in 1/Tin and a factor 
of 15 increase in ~lred (Table III-C) over the quenched 
sample (Table III-B).  Moreover, the effect of heat-  
treatment B on the increase in minori ty  carrier l i fe-  

I I I 

(b) 

(o) 

I f 
I000 900 800 700 600 

WAVELENGTH (too) 

Fig. 4(b). Below gap (5682A excited) photoluminescence spec- 
tra for a tail-end sample (curve 0) as-grown, and (curve 1) heat- 
treated 12(~~ 16 days. (Uncorrected for detector response). 
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Table III. Effect of 15~ cool down to 500~ on red 
photoluminescence efficiency and reciprocal minority 

carrier lifetime of heat-treated LEC-GaP(Zn,O) 

H e a t - t r e a t m e n t  c o n d i t i o n s  ]/~'m (sac -I) ~red(~ 

A. As-grown 3.5 x los 0.0015 
B. 1 day at 1300~ 5 days at 1200~ im- 

mersed in H.20 3.0 x los 0.030 
C. 1 day at 1300~ 5 days at 1200~ 1200 ~ 

5 0 0 o C  a t  1 5 ~  i m m e r s e d  i n  H~O 1.6 x l 0  s 0 .45 

Table IV. Effect of variation in rate of cooling down from ]200 ~ 
to 500~ on red photoluminescence efficiency and reciprocal 

minority carrier lifetime of high temperature heat-treated 
LEC-GaP(Zn,O) 

C o o l  
Crystal down rate l/~'m ~ ll~'. 
slice p ( cm -~) ( ~  17red(~ ( sec - l )  

A 1.6 • 1017 15 1.0 1.0 X l 0  s 
B1 4.0 X 101T 2.5 0.33 2,7 x l 0  s 
]3= 4.0 X 101T 15 0.45 1.6 • l 0  s 
Ct 7.5 X 1017 2.5 0.13 2,7 x lO s 
C2 ? .S  x 10 iv 50  0.18 3.0 x l 0  s 
Dx 8.0 • 101T 2.5 0.56 2.9 x l 0  s 

8.0 X 101~" 50 0.13 3.6 x lO s 
E1 8.0 X I0 Iv 2.5 0.60 2.1 • 10 ~ 
F_,= 8.0 x lO z7 50 0.65 4.0 x lO s 

t ime is comparable to anneal ing 16 days at 1200~ 
(See Fig. la ) .  

We can fur ther  elaborate on these changes wi th  the 
use of below gap photoluminescence spectra which are 
shown in Fig. 5. Note that  the spectra a (as grown) 
and b (hea t - t rea tment  B), which are similar  to those 
in  Fig. 4a, show an increase in the Op band  (9200A) 
with high tempera ture  annealing.  However, as the 
sample is now cooled to 500~ (spectra c) the Op band  
decreases and the Zn-O band  (7000A) increases due to 
the pair ing up of oxygen with available zinc to pro-  
duce addit ional Zn-O pairs. With the data from Table 
III  and the spectra from Fig. 5, we can explain the 
~20 X increase in ~red with hea t - t rea tment  B as being 
due to ~10X decrease in 1/Tin and a ~2X increase in  
Zn-O pairs. Then, cooling from 1200 ~ to 500~ (condi- 
t ion C) yields an addit ional ~ 1 5 •  increase in ~red of 
which ~7X can be ascribed to the increased Zn-O 
pairing and 2 X to a decrease in 1/Tm, which may be 
due to a pair ing of the t rapping center with another  
specie. 

Table IV shows the effect of vary ing  the cooling rate 
upon both ~red and 1/Tin. Slices taken from the different 
crystals were equi l ibrated at 1200~ and then cooled 
to 500~ at rates of 2.5 ~ , 15 ~ 50~ The slower 

I I I 

I 
I0OO 900 800 700 6OO 

WAVELENGTH (mu) 

Fig. 5. Below gap (5682ik excited) photolumlnescenc:e spectre 
for a seed-end sample of LEC GaP(Zn,O) (curve a) as-grown, (curve 
b) after heat-treatment B, (curve c) after heat-treatment C. (Un- 
corrected for detector response.) 

cooling rate is only slightly more effective (at most a 
factor of 2) in  decreasing 1/Tin, which suggests that 
this addit ional mechanism for increasing the minor i ty  
carrier l ifetime is a relat ively fast process having a 
low activation energy. Similarly,  there is no significant 
t rend in ~lred with var iat ion of the 1200~176 cooling 
rate. The scatter in  the Ttred data may  reflect the differ- 
ent  ini t ial  oxygen concentrat ions among the various 
crystals from which these samples were taken. The 
Ga20~ additions to the melt  varied by as much as a 
factor of three among these crystals. 

Discussion of Results 
It  has been suggested that  the major  nonradia t ive  

electron t rapping center in GaP(Zn,  O) is a gal l ium 
vacancy or a gal l ium vacancy associated comple~ (4). 
This conclusion resul ted from the observation that  in  
crystals grown from 1465 ~ to 1200~ the computed Ga 
vacancy concentrat ion (which changes by two orders 
of magni tude)  is l inear  with the measured nonradia -  
t i re  center concentration. The computed P vacancy 
concentrat ion change over this tempera ture  in terval  is 
no more than a factor of two. More recent ly the solidus 
boundary  of GaP has been constructed by a coulo- 
metric  t i t rat ion technique for determining the gal l ium 
content  of crystals grown at various temperatures  (11). 
The gall ium content  of an LEC crystal heat - t rea ted at 
1200~ unt i l  the minor i ty  carrier  l ifetime approached 
its l imit ing value increased from 50.0104 to 50.0163%. 
These values are in close agreement  with the solidus 
composition at 1465 ~ and 1200~ indicating (i) that  the 
depletion of t rapping centers is coincident with the 
depletion of Ga-vacancies and (ii) that  when  the Ga- 
vacancy concent ra t ion  has decreased to its equi l ibr ium 
value, the t rapping center concentrat ion no longer de- 
creases. This result  provides addit ional  evidence for 
our  identification of the nonradia t ive  t rapping centers 
with Ga vacancies. 

The fact that the decrease in  Ga vacancy concentra-  
t ion occurs more rapidly by  LEA hea t - t rea tment  than 
by hea t - t rea tment  in  saturated Ga-GaP solutions, and 
fur ther  that the decrease is uniform, suggests that 
vacancy equi l ibrat ion occurs by different mechanisms. 
In  the LEA case, the crystal rapidly loses phosphorus 
which could leave in the bu lk  a ne twork  of in te rna l  
gall ium sources or equivalent ly  gall ium vacancy sinks. 
Equi l ibrat ion could then occur main ly  by the diffusion 
of Ga vacancies to these sinks. In  the case of crystals 
annealed  in contact with a GaP-Ga  saturated solution 
a phosphorus pressure is quickly established in  the gas 
phase through dissolution of the powdered GaP in Ga. 
The bulk  composition of the crystal is left re lat ively 
unal tered  and equi l ibrat ion would occur ma in ly  by 
diffusion of Ga vacancies to the surface. 

The activation energy obtained from the hea t - t rea t -  
men t  results, 6.2 +__ 0.5 eV, can be equated wi th  the 
activation energy for Ga vacancy diffusion in  GaP. 
This quant i ty  has not  been reported in  the l i terature.  
With the addition of 1,4 eV (11) for the entha lpy  of 
Ga vacancy formation in GaP we obtain a Ga self- 
diffusion activation energy of 7.6 eV, which can be 
compared with values of 5.6 (12) and 3.15 (13) eV for 
GaAs and GaSb, respectively. This trend, which fol- 
lows the decrease in  mel t ing points (1740 ~ , 1511 ~ , and 
979~ and bandgaps (2.2, 1.4, and 0.72 eV), appears 
reasonable since the Ga self-diffusion activation energy 
mus t  be related to bonding strengths of the const i tuent  
atoms. 

Evidence has been reported for the existence in  GaP 
of a complex center consisting of a Ga vacancy as- 
sociated with an oxygen atom on a phosphorus site 
(14, 15). Furthermore,  this complex, VGa-OP, is al-  
most completely dissociated above ,~ll00~ This in-  
formation can be used to expla in  the addit ional  de- 
crease in 1/win obtained by slow cooling from 1200 ~ to 
500~ (Table I I I ) .  The low tempera ture  hea t - t r ea t -  
men t  permits some of the Ga vacancies, already de- 
creased by the high tempera ture  t reatment ,  to pair  
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up with subst i tut ional  oxygen, thus decreasing the 
kil ler  center density. 

The existence of VGa-Op pairing can also be used to 
explain the seed-to-tai l  variat ion in isolated substi-  
tut ional  oxygen concentrat ion in as-grown LEC- 
GaP(Zn,  O), and its subsequent  e l iminat ion on high 
tempera ture  heat- t reatment .  The already pulled por-  
t ion of an LEC crystal undergoes some anneal ing dur-  
ing the pul l ing operation and can see temperatures  
below ~ l l00~  whereas the tail end is essentially 
quenched at a tempera ture  much closer to the growth 
temperature.  Therefore we could expect a seed-to-tai l  
decrease in VGa-Op pairs and as a result  a seed-to-tai l  
increase in  isolated subst i tut ional  oxygen. High tem- 
perature  hea t - t rea tment  would then el iminate this 
gradient  by  breaking up the VGa-OP pairs preferen-  
t ial ly formed in  the seed end. 

One can compare the rate of electron capture by 
nonradiat ive centers (1/Tn) in SG GaP(Zn,  O) with 
that in  the heat - t rea ted LEC crystals (1/Tr, ~ 1/~n) 
GaP(Zn,  O). It  has been found that  in SG mater ia l  
1/Tn is l inear ly  dependent  on hole concentration. For 
crystals grown over a temperature  interval  of 1140 ~ 
900~ with hole concentrations ranging from 1.6 to 8 • 
1017 cm-S, 1/Tn ranges from ~0.7 to 4 • l0 s (sec -1) 
(16). We find that the measured values for the heat-  
t reated crystals (see Table IV) also fall in this range. 
The agreement  cannot be expected to be exact insofar 
as the thermal  histories of the SG mater ia l  and the 
LEC heat- t reated crystals are not the same. 

A comparison of the above gap red photolumines-  
cence efficiencies of the LEA-LEC crystals with the 
same SG crystals shows that  the efficiencies of the 
SG crystals are higher by approximately a factor of 
four over the same zinc-doping range. Since the rates 
of electron capture by nonradia t ive  centers in  the 
two sets of crystals are approximately the same, the 
lower efficiency in the LEC heat- t rea ted crystals re-  
sults from a lower z inc-oxygen pair  concentration. In  
general, the total oxygen concentrat ion in LEC crystals 
( ~  2 • 10 TM crn-S) (6) as well  as the Op concentrat ion 
( ~  5 • 1018cm -3) (2) is found to be lower than  the 
respective values ( ~  2 • 1019 cm -3) (6) and ( ~  1 • 
1017 cm-3) (16) in  SG material.  This could in  par t  
account for the lower Zn-O pair concentrat ion in  the 
LEC heat- t rea ted samples. 

Conclusion 
The high activation energy, 6.2 eV for Ga vacancy 

diffusion in GaP implies that the vacancies are es- 
sential ly frozen in at the growth temperature  equi l ib-  
r ium concentration. Therefore the smaller  ~red of LEC 
GaP(Zn,  O) when  compared to mater ia l  grown at a 
lower temperature  is due to a higher concentrat ion of 
Ga vacancies which act as very effective nonradia t ive  
electron t rapping centers. The marked  taft- to-seed de- 

crease in Zn-O concentrat ion results from addit ional 
pair ing of oxygen with Ga vacancies in  the seed end 
which undergoes partial  anneal ing dur ing growth. 
High temperature  (1300 ~176 LEA hea t - t rea tment  
(for removal of Ga vacancies) and low temperature  
hea t - t rea tment  (for pair ing of Zn with O) can be used 
to increase the ~red of an entire LEC grown crystal to 
about 1%. At this level this mater ia l  may be suitable 
for a single n on p epitaxial  growth technique for LED 
fabrication. 
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Energy Transfer Between Pb" and Eu s§ in Germanate Glass 

R. Reisfeld and N. Lieblich 
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ABSTRACT 

Energy  t ransfer  from Pb 2+ to Eu s + in germanate  glass was detected f rom 
the increase of Eu s+ fluorescence on exci tat ion via Pb 2+. I t  was found that  
the t ransfer  is most ly nonradiat ive,  wi th  a small  radia t ive  contribution. P rob-  
abilit ies of t ransfer  were  calculated from exper imenta l  fluorescence data. 

Sensit ization of fluorescence by energy  t ransfer  is 
potent ia l ly  of great  importance in increasing laser 
efficiency. In several  recent  papers (1-3) the advantage  
of germanate  glass as a laser host mater ia l  was em-  
phasized. 

It  is the purpose of this work  to invest igate  energy  
t ransfer  in a gerrnanate glass system in which Pb 2+ 
serves as a donor and Eu s + as an acceptor. 

Transfer  of energy can occur by nonradia t ive  or 
radia t ive  means. The first theories for nonradia t ive  
t ransfer  were  given by FSrster  (4). Dexter  (5) ex-  
tended the theory of FSrster  for mul t ipolar  in terac-  
tions. The t ransfer  probabil i t ies of electric dipole or 
quadrapole  are proport ional  to R -6 and R -s, respec-  
t ively,  when  R is the separat ion of the two ions. An-  
other  nonradiat ive  mechanism is that  of spin exchange,  
which is supposed to be effective only be tween  the 
nearest  neighbors. The radiat ive t ransfer  occurs when  
l ight emi t ted  by the donor is absorbed by the acceptor 
and reemit ted  as its fluorescence. A rev iew on energy 
t ransfer  be tween r a r e - ea r th  ions in glasses can be  
found in Ref. (6). The conditions necessary for an effi- 
cient energy  t ransfer  to occur are high cross section 
of light absorption of the donor, and a good over lap  
be tween  donor emission and the acceptor absorption. A 
nar row emission band is required for laser materials.  
These demands are fulfilled in the Pb 2 §  s + system. 

Experimental  
The mater ia ls  from which germanate  glasses of final 

composition 17K20.17BaO.66GeO~ mole  per  cent 
(m/o)  (7) were  prepared,  were:  GeO2 Fluka  Buchs 
99.999%; K2Os Mall inckrodt;  BaCO~ Baker  Analyzed.  
The Eu 3+ added to the glass was Eu~Os Molycorp 
99.9% and the Pb 2+ was PbO of B.D.H. 

Five series of glasses of the fol lowing compositions 
were  prepared:  

1. Eu ~+ 1,2,3,5,7 weight  per  cent (w/o )  
2. Pb 2+ 0.5,1,1.5 w / o  
3. Pb 2+ 0.5% and Eu s+ 1,2,3,5,7 w / o  
4. Pb ~+ 1% and Eu s+ 1,2,3,5,7 w / o  
5. Pb 2+ 1.5% and Eu s+ 1,2,3,5,7 w / o  

The glasses were  prepared  by mixing  the mater ia ls  
in an electric v ibra tor  for 10 rain and then mel t ing 
them at 1250~ for 12 hr  in Pt  crucibles. Glass disks 
1 nun thick and 12 mm in diameter  were  prepared  by 
molding the mel t  on a tile. 

Emission and exci tat ion spectra were  obtained by 
using a xenon l ight  source and a spectrofluorimeter  
buil t  in our laboratory  (8). 

Decay t ime of Pb 2+ fluorescence was measured  1 by 
a pulse of 1O nsec durat ion from a N~ laser  of k 3371A. 
All  measurements  were  taken at room temperature .  

Results 
The absorption and emission spectra of Eu3+ in 

germanate  glass were  described in Ref. (2) and those 
of  Pb s+ in Ref. (9). 

Key words:  f luorescence europium, f luorescence l e a d .  l e a d  ger- 
manate  g l a s s e s ,  e u r o p i u m  g e r m a n a t e  g l a s s e s .  

z W e  a c k n o w l e d g e  the help of  Mr.  G i y o r a  Doytsch  for t h e s e  m e a -  
s u r e m e n t s ,  

The evidence for the energy t ransfer  be tween  Pb 2+ 
and Eu 3 + can be seen; (a) in the exci ta t ion and emis-  
sion spectra of Eu 3+, (b) in the emission spectrum of 
Pb 2+, and (c) in the fluorescent l i fe t ime of Pb ~+. 

Figure  1 compares an exci tat ion spectrum of Eu 3+ 
only and Eu 3§ in the presence of Pb 2+. The exci tat ion 
is moni tored at SD0 -* ~F~ transi t ion of Eu s+ at 612 
nm. In the glasses doped both by Pb 2+ and Eu s+, an 
additional band peaking at 317 nm appears. This band 
is characterist ic of the exci tat ion of Pb 2 + in germanate  
glass (9). 

F igure  2 represents  the emission spectrum of 5Do --> 
7F2 of Eu 3+ exci ted at 317 nrn in two glasses; one con- 
taining Eu 3+ only and the other  Eu s§ and Pb 2+. A 
fivefold increase in the emission intensi ty of Eu s+ is 
observed as a result  of coexistence wi th  Pb 2§ The 
results of the increase of Eu s+ fluorescence in singly 

600 ~o0 520 480 

Y\ 
I ~ Eu *PbO 

/ ",,, 
// ~',, 

440 400 ~SO 320 280 240 

X,nm 

Fig. 1. Excitation spectrum of Eu s+ in germanata glass monitored 
at 5Do ~ 7F2 (612 nm). 

!i .E~3§ 
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)~. n m  

Fig. 2. Increase in the emission spectrum of Eu 8+ in the presence 
of Pb ~+. Excitation at 317 nm. 
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Fig. 3. Concentration dependence of fluorescence. [ ]  612 nm 
fluorescence of Eu 3+ in glasses doped by Eu 3+ only. A 612 nm 
fluorescence of Eu 3+ in glasses doped by Eu 3+ and 1% w.p. Pb 2+. 
C) 430 nm fluorescence of 1 w/o Pb ~+, as a function of Eu 3+ 
concentration. 

and doubly doped glasses as a function of Eu 3 + con- 
centration, are presented in Fig. 3. A decrease in Pb 2 + 
fluorescence in the presence of Eu 3+ is also demon- 
strated in this figure. As the Eu 3+ concentration in- 
creases, the Pb 2+ fluorescence decreases. Intensity data 
for three series each containing a constant concentra- 
tion of Pb 2+, and a varied concentration of Eu 3+, are 
summarized in Table I. 

In the fluorescence decay curves of Pb 2+ two com- 
ponents are observed: a short lifetime of 10 -s sec and 
a 10ng lifetime of 10 -7 sec. The explanation for the 
existence of two components in the lifetime of mer- 
cury-like ions can be found in Ref. (10). In the pres- 
ence of Eu 3+ both components are shortened; their 
values are given in Table II. 

Calculations were made for energy transfer prob- 
abilities and efficiency by using the following formulas 
(11). 

The efficiency of energy t ransfer  can be expressed 
by 

Table I. Increase of Eu 3+ fluorescence in presence of Pb 2§ and 
decrease of Pb 2+ fluorescence in presence of Eu 3+. R.F. is the 

relative fluorescence 

0.5% P l f +  1% P b  2+ 1 .5% P b  s+ 
R .F .  333 R.F .  515 R.F .  648 

Relative 
E u  s+ f l u o r e s c e n c e ,  AR.F. AR.F. AR,F.  

( w / o )  I ~ F . ,  ot[ E u  s+ E u  a+ P b  ~+ E u  s+ P b  ~ E u  ~§ P b  ~+ 

1 125 + 2 2 0  - - 8  + 4 0 5  - - 4 5  + 3 0 8  - - 2 6 8  
2 160 + 3 6 2  - - 7 7  + 7 6 4  - - 1 2 8  + 7 7 9  - - 2 9 8  
3 300 + 6 2 0  - - 9 8  + 8 7 0  - -210  + 1 0 3 8  - - 3 6 4  
5 430 + 7 0 5  - - 1 7 7  + 1380 - - 3 1 5  + 1700 - - 4 4 3  
7 443  + 8 0 8  - - 2 3 5  + 2 4 3 2  - - 3 4 0  + 2 3 5 7  - - 4 9 2  

Table !1. Fluorescent lifetime of Pb 2+ in germanote glasses 
containing Pb 2+ only and Pb s+ in presence of Eu 3+ 

~. nsec  r ,  n s e c  

1 %  PI~+  29 260  
1% P b  ~ + 3 %  E u  ~ 24 178 
1 %  ~ + 7 %  E u  ~+ 80  104 

~t = 1 -- (~/~o) [I] 

where  ~]0 and ~ are the fluorescence yields of the donor 
alone, and the donor in the presence of an acceptor, 
respectively.  

The probabi l i ty  for energy  t ransfer  can be expressed 
a s  

P = " ~ -  ~ 

where Td is the radiative lifetime of the pure donor 
level from which energy transfer takes place. In this 
work the long lifetime of Pb s + was taken. 

The mean distance between the ions was calculated 
by 

R " -  ~ / 1 / C t  [ 3 ]  

where C t is the sum of Pb 2+ and Eu 3 + ions in 1 crn~ 
glass. 

These results are g iven in Table III. 

Discussion 
As seen from the exper imenta l  results, the  fluores- 

cence intensity of germanate  glass doped by Eu 3+ can 
be increased by energy t ransfer  f rom Pb 2 +. Possibili ty 
of excitat ion of Eu 3+ by energy t ransfer  at 317 nm 
is especially impor tant  in germanate  glasses, since the 
charge t ransfer  band of Eu 3 + lies in a region where  the 
host glass absorbs, and therefore  it cannot be used for 
exci tat ion of Eu 8 +. 

The mechanism of the t ransfer  in the system studied 
occurs both by radiat ive and nonradia t ive  modes. T h e  
nonradia t ive  t ransfer  can be seen from the decrease of 
the donor's l i fe t ime and the total decrease of Pb ~+ 
emission. The radiat ive t ransfer  can be seen from 
the dips in the envelope of the emission curve of 
Pb 2+ in the presence of Eu 3+, in wavelengths  at which 
Eu 3+ has the highest absorption: 394 nm and 464 nm, 
Fig. 4. The re la t ive  amount  of the two modes can 
roughly be obtained by comparing the difference be-  
tween the emission spectrum of Pb 2+ alone and Pb 2+ 
wi th  Eu ~+, to the area of the "dips" in the emission 
curve caused by the direct absorption of Eu a +. 

The mechanism of mul t ipolar  nonradiat ive  t ransfer  
be tween  two ra re -ea r th  ions was obtained by us (11- 
14) f rom the dependence of the t ransfer  probabil i ty  P 
on the power  of the dopants '  concentration. A straight 
line was obtained when  P was plotted against Ct 6/~ in 
cases of t ransfer  be tween  Gd 3 +-Tb 3+, Gd 3 +-Sin 3+, 
and Tm 3 +-Er  ~+, indicating a dipole-dipole mechanism, 
and against Ct s/~ in Sm3+-Eu 3+ in dipole-quadrapole  
mechanism. In this work  a straight line is obtained 
when values of P are plotted against the first power  
of Ct. Such dependence does not fit the classical 
theory of mul t ipolar  interactions. Recently,  Fong and 
Diest ler  (15) proposed a mechanism for a nonradiat ive 
energy  t ransferred be tween  ions in crystals by a many  
body process in which a predict ion is made for a l inear 
dependence of energy t ransfer  rate  on concentrat ion.  
Our exper imenta l  results are in accordance with  this 
theory. The difference be tween  the concentrat ion de- 
pendence found in this work  and in our previous work  
may be a t t r ibuted to: (i) the higher  concentrat ion of 
the dopants which could be due to the h igher  dissolv- 
ing proper ty  of the germanate  glass (the upper  l imit  

Table III. Energy transfer probabilities P and transfer efficlencies 
~lt as a function of the concentration of donor and acceptor. 
Ct expressed in number of ions per cubic centimeter. R is the 

mean distance in angstroms between the ions 

1% Pb =§ 
+ Eu s+ 
(w/o) Ct x 10 s~ R(A) ~t P x 10 e 

1 2.6 15.7 0.09 3,3 
2 4.1 13.5 0.25 11.4 
3 5.6 12.1 0.41 23.7 
5 8,6 10.5 0,59 50.0 
7 11.6 9.5 0.68 73,2 
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Fig. 4. Changes in the emission spectrum of Pb 2§ as a result of 
energy transfer to Eu 3+. Curve 1, 1% Pb2+; curve 2, !% Pb 2+ -t- 
3% Eu3+; curve 3, 1% Pb 2+ + 5% Eu3+; curve 4, 1% Pb 2+ + 
7% Eu 3+. 

of the activator concentrat ion was 3.5 w/o in  borate 
and phosphate glasses (11-14), while in germanate  
glasses a concentrat ion of 7 w/o could be easily ob- 
tained),  and (ii) the fact that the emission of the 
donor Pb  2+ results from allowed t ransi t ion and has a 
broad band  which overlaps with several absorption 
bands of Eu3 +. 

In  conclusion, we have shown the existence of energy 
t ransfer  between Pb 2+ and Eu 3+ in germanate  glass 
and this can be util ized for sensitization of Eu ~+ 
fluorescence. The exact mechanism via which the 
energy t ransfer  takes place is still an  open question. 
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Fig. 5. Dependence of the transfer probability P on various pow- 
ers of total concentration of donor and acceptor ions. 

A n y  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. l, 1975. 
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Enhanced Conversion of X-Rays into Visible 
Light in Thin Composite layers (Composite 

Anthracene-PbCl  Screens) 
W. Albers and L. A. H. van Hoof 

Philips Research Laboratories, Eindhoven, Netherlands 

ABSTRACT 

The absorption of x - rays  by a solid organic phosphor can be enhanced 
to a great extent  by the inclusion of a disperse second solid phase that  con- 
sists of heavy atoms. In  consequence the x - r ay  to visible light conversion can 
be enhanced by one or two orders of magni tude  when  using composite screens. 
Exper iments  on composite anthracene-PbC12 screens reveal an amplification 
factor of about 30. The exper imental  results are discussed and are compared 
with existing theories. 

Since 1947 luminescent  organic substances, such as 
anthracene, have been used as scintillators to detect 
h igh-energy  particles and quanta,  such as x-rays,  and 
to measure their  energy (1). An anthracene crystal 
converts x- rays  into visible l ight near  u.v. The 
luminescent  radiat ion output  depends on (i) the ab-  
sorption of the x-rays, during which secondary elec- 
trons are released, that lose their  energy by means of 
many  processes, one of them being a t ransi t ion of 
anthracene molecules from the ground state to excited 
states that can r e tu rn  to the ground state while emit-  
t ing visible light of wavelengths between 400 and 470 
nm, a process which consumes only a few per cent 
of the total energy of the secondary electrons (2), (ii) 
the absorption and scattering of the luminescent  light, 
the scattering occurring both at the outer surfaces of 
the crystal and at in terna l  interfaces, due to inhomo- 
geneities such as grain boundaries,  inclusions, and 
cracks. 

The absorption coefficient of organic phosphors for 
x-rays  is undesi rably  low due to the low density and 
to the low atomic number  of the consti tuent atoms. 
By separat ing the functions of x - r ay  to secondary 
electron conversion and the secondary electron to 
visible l ight conversion [i.e., using the concept of com- 
posite product properties (3)] the absorbed fraction 
of the incident  x- rays  can be enhanced to a great ex-  
tent  by the inclusion of a disperse second solid phase 
that (part ial ly)  consists of heavy atoms and conse- 
quent ly  exhibits a high absorption coefficient for 
x-rays. The included phase does not need to be a 
phosphor, bu t  it has to be t ransparent  to the lumines-  
cent light of the mat r ix  phase. At a given thickness of 
the composite layer and at a definite ratio of the vol- 
ume fractions of the two phases, the x-rays  (e.g., of 
100 keV energy) will  be absorbed predominant ly  in 
the second phase releasing secondary electrons. These 
secondary electrons have a mean  free path of the 
order of 10 ~m in  the second phase and spend most of 
their range in the phosphor matr ix  if the heavy phase 
particles are substant ia l ly  smaller than 10 ~m. They 
excite the phosphor mat r ix  result ing in luminescent  
emission. In  this way the x - r ay  to visible l ight con- 
version can be enhanced by more than an order of 
magni tude  in  an anthracene screen by the addition of 
finely dispersed PbC12 particles. 

Experimental 
Preparation.--The expectations expressed above have 

been exper imenta l ly  verified on the anthracene-PbC12 
composite. PbC12 exhibits only a poor luminescence, 
has an energy bandgap of 3.85 eV (4), and is t r ans -  

Key words: composite materials, product properties, luminescence. 

parent  among others to light of 400-470 nm wave-  
lengths. 

At 250cC solid PbC12 grains (diameter  1-10 ~m) and 
l iquid anthracene (mp anthracene,  216~ mp PbC12, 
501~ were stirred together in  a sealed evacuated 
quartz tube with a pointed base. After  homogenization 
the PbC12 particles were allowed to precipitate par-  
t ial ly and then the mix ture  was cooled down and 
solidified. Thus the upper  part  of the tube consisted 
of crystall ine anthracene, saturated with traces of dis- 
solved PbC12 [the matr ix  material,  denoted as an thra-  
cene (m) ;  the PbC12 concentrat ion being < 500 ppm 
according to chemical analyses]. The lower par t  con- 
sisted of anthracene-PbC12 composite material .  Matrix 
samples of varying thicknesses were cut from the 
upper  part, and from the lower part  composite samples 
containing 30 volume per cent (v/o) PbC12 grains. 
The samples were coarsely ground in order to reduce 
specular reflection at the surface. The surface of the 
samples was normalized. The thicknesses of the sam- 
ples varied between 0.01 and 0.4 cm. 

Optical measurements.--These samples, situated on 
a dim black substrate, were subjected to both x - ray  
and u.v. i rradiat ions perpendicular  to the surfaces of 
the samples in order to determine the conversion effi- 
ciency and to characterize the luminescent  center in  
the anthracene-PbC12 composites. 

X-ray to visible light conversion.--The x- rays  were 
delivered by an x - r ay  tube of the Mfiller MG 150 Type. 
The electrode voltage was varied between 50 and 150 
kVp. No filters were used, i.e., the x - r ay  beams were 
not monochromatic. The in tensi ty  of the backwards 
emitted luminescent  light, (i.e., the direction opposed 
to that of the incident  x-rays)  was measured as a 
funct ion of the sample thickness by means of a photo- 
mul t ip l ier  (Philips 150 UVP),  directed under  45 angu-  
lar  degrees with respect to both the sample surface and  
the x - ray  beam (Fig. 1). The sensit ivity of the photo- 
mul t ip l ier  was the same to wi th in  10% for wave-  
lengths between 400 and 470 nm. Typical results (for 
150 kVp, i.e., a mean  value of the x - ray  energy of 
about 100 keV) are shown in Fig. 2. The circles, t r i -  
angles, and squares correspond to the composite, the 
anthracene matrix,  and the PbC12 samples, respectively. 

Emission spectra.--The emission spectra of composite 
samples and of an th racene(m)  samples of a thickness 
of 0.055 cm have been measured both under  x - ray  
i rradiat ion of 60 keV (Fig. 3a and 3b) and under  u.v. 
i rradiat ion of 254 nm wavelength (Fig. 4a and 4b). 

Discussion 
From Fig. 2 it is evident  that  the conversion factor 

of composite mater ia l  is considerably enhanced and 
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Fig. 1. Equipment for the measurement of the backwards lumin- 

escent light. 1, X-ray tube; 2, sample; 3, cardboard tube; 4, 
photomultiplier; 5, lead shields; 6, power supply for the photo- 
multiplier; 7, detector. 
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2. Intensity of the backwards emitted luminescent light J in 
arbitrary units as a function of the thickness, D, of the sample. 
Curve 1, experimental points and theoretical curve for the anthra- 
cene-PbCI2 composite; curve 2, experimental points and theoretical 
curve for the anthracene matrix. The squares correspond to single- 
phase PbCI2. 

exceeds that  of s ingle-phase anthracene (m) by a fac-  
tor  of about 30 for thin films. The luminescence con- 
t r ibut ion of single phase PbC12 (squares) is negligible. 

The emission spectra shown in Fig. 3 and 4 are es- 
sential ly the same and are in accordance with  pub-  

l ished data on the emission spectrum of pure  crys- 
tall ine anthracene (5, 6, 12) exhibi t ing peaks at about 
400, 420, 450, and 470 nm. The x - r a y  emission spectrum 
(Fig. 3b) of the an th racene(m)  shows the peaks at 
470 and 450 nm, but  the two peaks at 420 and 400 nm 
are absent. The x - r ay  emission spectrum of the 
anthracene-PbC12 composite has the peaks at 470, 450, 
and 420 rim, while  the peak at 400 nm is missing (Fig. 
3a). In Fig. 4 (u.v. excitat ion) all peaks are present. 
The differences can be explained in terms of self-  
absorption of the luminescent  light, due to the fact that  
the emission and absorption Spectra of anthracene 
mutua l ly  overlap (7). The penetra t ion depth of u.v. 
in both the an th racene(m)  and the composite is ve ry  
small (a few micrometers) ,  such that the sel f -absorp-  
tion of the backwards emit ted  luminescent  l ight is 
small. For  x-rays,  however ,  the penetra t ion depth in 
the an thracene(m)  is considerably larger  than  in the 
composite (as argued above),  but  both are much larger  
than for u.v. As a consequence the absence of one peak 
in Fig. 3a and two peaks in Fig. 3b can be a t t r ibuted 
to an increase of the self-absorpt ion of the luminescent  
l igh tJ  Therefore  the diagrams of Fig. 3 and 4 are 
basically the same and it can be concluded that  the 
presence of dissolved PbC12 and solid PbC12 grains 
does not affect the molecular  luminescence mechanism 
typical for pure anthracene.  Consequent ly the in ten-  
sities given in Fig. 2 for an th racene(m)  and for  the 
anthracene-PbC12 composite can be compared directly. 

The exper imenta l  points of Fig. 2 for the composite 
(circles) can be described by a simple curve (solid 
l ine 1) of the form 

J(comp) : 180C (1 -- e -60D) [1] 

where  J(comp) is the response of the photomult ip l ier  to 
the luminescent  l ight emi t ted  backwards by the com- 
posite sample, D is the thickness of the sample, and 
C a constant. Similar ly  the exper imenta l  results of the 
anthracene (m) (triangles) correspond to 

J(anth.m) : 66.2C (1 -- e -5'9D) [2] 

(see solid curve 2), the slopes, R, at D : 0 (dashed 
lines) being 

R(comp) : 10800C and R(anth.m) : 390C [3] 

These exper imenta l  results of Fig. 2 can be re la ted  to 
physical parameters  by considering the luminescence 

iThis is true in spite of the fact that the absorptivity for the 
luminescent light is larger in the composite than in the anthra- 
cene(m), because the absorption coefficient for x-rays has  increased 
m u c h  more (see below). 

J 

T 
/ 

40O 450 500 550 600 
~ D , .  2(rim) 

650 4-00 
J I 

450 500 550 600 

Fig. 3. X-ray emission spectrum. J denotes the spectral power in arbitrary units, a (left), For the anthracene-PbCI2 composite; b (right,) 
for the anthracene matrix. 
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Fig. 4. U.V. emission spectrum. J ha: the same meaning m in Fig. 3. a (left), For the anthracene-PbCl~ composite (the sharp peaks at 
492 and 546 nm originate from the u.v. mercury excitation source); b (right), for the anthracene matrix. 

and the absorption processes in  more detail (8-10). 
The luminescent  l ight generated by the incident  x- rays  
travels through the sample and is subject  to absorption 
and to scattering before it leaves the sample through 
the surface and can be detected by the photomult i -  
plier. The one-dimensional  case is considered in  Fig. 5. 
The total luminescent  radiant  flux passing an infini-  
tesimal th in  layer  dx is split up into two parts, viz., 
JF in the x-axis  (i.e., the direction of the incident  x - r a y  
beam) and JB in  the opposite direction.~ A fraction 
r of JF will  be absorbed and a fraction SJFdx will  
be lost by scattering in a backward direction, but  a 
fraction sJedx  will be added by scattering from flux 
Jm as well as a quant i ty  Vz f~Ioe-uxdx, being the half  
of the radiat ion excited by the x- rays  in  dx (the other 
half  contributes to JB), such that  

dJF 
" -  - -  (I; -{- 8 ) J F  "~- 8 J B  -~" VZ ] ~ l o e  - ~ x  [4a] 

dx 

and s imilar ly  

dJB 
= (~ + S)JB -- s J r  -- �89 f~lo - ~  [4b] 

dz  

where z and s are the absorption coefficient and the 
coefficient of in terna l  scattering of the luminescent  
radiation, Ie and ~ the in tensi ty  and the absorption co- 
efficient of the incident  x-rays,  and ~ the luminescence 
efficiency factor. By common principles the general  
solution of Eq. [4] has been  found to be (8) 

J~ : A(1 -- ~)e ax + B(1 ~ ~)e -ax 

- ~ / ~ , I o  

and 

Ja = A ( I  + ~)e ~ + B(1 -- #)e -ax 

+ ~/P 
/ ~  ~ 0-2 

e - ~  [Sa] 

+ ~ s - -  e - " ~  [5b ]3  
p 2  __  0.2 

where 0. is the absorptivity, comprising both absorption 
and in te rna l  scattering of the luminescent  l ight ac- 
cording to 0. = ~/x(~ + 2s) and ~ = ~/r The constants 

S i d e w a y s  d i r e c t i o n s  a r e  n o t  c o n s i d e r e d  b e c a u s e  in  l a y e r s  w i t h  a 
l a r g e  s u r f a c e  c o m p a r e d  w i t h  t h e  t h i c k n e s s  t h e  loss  i n  s i d e w a y s  
d i r e c t i o n s  is  c o m p e n s a t e d  b y  a n  e q u a l  c o n t r i b u t i o n  f r o m  t h e  n e i g h -  
b o r i n g  p a r t s  o f  t h e  l aye r .  

s I n  Ec b [29] of  Her,  (S) p r i n t i n g  errors  o c c u r  in  t h e  t e r m s  

Vzf~,Io ~ e -~x a n d  1/#fglo �9 -pz  
g2 _ a2 g2 _ o2 

a f a c t o r  ~ h a s  b e e n  lost.  F o r  t h e  s a m e  r e a s o n  Eq.  [1541 o f  Ref .  ( I0)  
s h o u l d  b e  r e w r i t t e n .  

A and B can be de te rmined  by the boundary  conditions 
JF = rlJB at x = 0 and JB = r2JF at x = D, respec- 
tively, in which rz and r2 are the reflection coefficients 
of the front surface (facing the incident  x-rays)  and  
the opposing surface, respectively. 

Neglecting specular reflection of the luminescent  
l ight at the front surface of the sample (i.e., put t ing  
rl : 0) and for the case where the dim black substrate 
(see above) has the same reflectivity as a luminescent  
layer  of infinite thickness [which wil l  be  t rue  for the 
composite samples due to the high absorptivi ty 0., and 
also for the an th racene(m)  samples if it is assumed 
that  in an th racene(m)  in te rna l  scattering is absent 
and that  the black substrate has a zero reflectivity] 
then  from Eq. [4] and [5] it follows (8, 9) 

:h,Io 
J B  : ( 1  - -  e - ( ~ + 0 . ) v }  [ 6 ]  

(1 + ~) (,~ + ~) 

Io 

D 

I I I 

I I 

i I 

I I 
I I 
I I 
s I 
I I 

~ X 

Fig. 5. X-ray luminescence. Io - -  incident x-ray beam; JF - "  

forward flux of the luminescent light; JB - -  backward flux; D = 
thickness of the sample; ~ f/~lae-~Xdx see text. 
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Equation [6] and Eq. [1] and [2], which also apply to 
backwards radiation, are of the same form. Therefore 
from these equations it follows 

~c + ac = 60 cm-1 [7] 
and 

~m q- am = 5.9 cm -1  [8] 

w h e r e  the  suff ixes c and m re fe r  to  the  an th racene-  
PbC12 composi te  and to the a n t h r a c e n e ( m ) ,  respec- 
t i ve l y .  Wi th /~m = 0.20 cm -1 at 100 k e V )  (11) and as- 
suming  Sm ---- O (see above ) ,  o r  am --= "Cm, i t  f o l l ows  
from Eq. [8] 

Tm = 5 . 7  c I n  - 1  [ 9 ]  

Because the major  part  of the composite consists of 
anthracene (m),  and because, according to pre l iminary  
absorption measurements  aVbC12 equals about 1 cm -1 
to a good approximation the following holds 

�9 c : ~m [10] 

The parameter  ~c can be obtained from 

P~C = V/~PbC] 2 "~- (1 - -  V ) p m  [II] 

where V is the volume fraction of PbCI2. Equation 
[11] has been derived by subst i tut ing a model for the 
disperse composite consisting of two layers with equal 
surfaces, and of thicknesses proport ional  to V and 
(1 -- V), the first layer  being PbC12 and the other 
an th racene(m) .  With ~PbCl2 (100 keV) = 20 cm -I ,  
calculated according to Ref. (11) and V ---- 0.3, from 
Eq. [11] it follows that  

~c "-  6 cm -1 [12] 

and from Eq. [7] that  

O" c --" 6 4  c r n  - 1  [13] 

The fact that ac > >  Tm can be a t t r ibuted  both to the 
pronounced in ternal  reflection of the composite (due 
to the difference in the refractive indices of the PbC12 
grains and the anthracene matr ix)  and to the fact that  
the degree of reabsorption is higher in  the anthracene 
samples (larger penetra t ion depth of the incident  
x-rays)  than  in  the composite samples. The reabsorp-  
t ion tends to decrease the in tensi ty  of the shor t -wave 
luminescence and to increase the in tensi ty  of the long-  
wave luminescence via the photon cascade process (7, 
12-14). In  consequence the mean  absorption coefficient 
of the anthracene samples will approach to the absorp- 
t ion coefficient of the luminescent  l ight of 450 nm 
wavelength (~450 ~ 5 cm -z)  (14, 15) while that  of the 
composite samples wil l  tend more to the absorption 
coefficient of the luminescent  l ight of 420 nm wave-  
length, being of the order of 100 cm -1 (14). From Eq. 
[6] it follows for the slopes R at D -* 0 

Rr = and R= = ~ [14] 
l + p c  1 -{- tim 

With the above-derived values for the ~'s, while pu t -  
t ing #m = 1 (no contr ibut ion by the in ternal  scatter- 
ing) and #c = 0.3 ( in ternal  scattering),  for the ampli-  
fication factor Uth = Rc/Rm it follows from Eq. [14] 
that  

U~ : 46 ~c [15] 

The luminescence efficiency factor, re, contains a factor 
Q that is a funct ion of the volume fraction Y. Q varies 
between 1 (for V : 0) and 0 (for V = 1). In  the 
la t ter  extreme case the composite does not  contain any 
luminescent  mater ial  and consequently fc falls to zero 
(if the PbC12 luminescence is neglected).  The factors 
fc and fm are independent  of the degree of self-absorp- 
t ion and photon cascade because the efficiency of (cas- 
cade) photoluminescence of crystal l ine anthracene  at 
room temperature  is almost un i ty  (7). 

The exper imental  amplification factor, Uexp, at D -~ 0 
according to Eq. [3] is 

Uexp -- 28 [16] 

From Eq. [15] and [16] it follows that the agreement  
between theory and exper iment  is good, if fc "- 0.6 fro. 

The above-calculated values have to be considered 
as mean  values, due to the nonmonochromatic  charac- 
ter of the incident  x- rays  and the luminescent  light, 
the range of the secondary electrons in  the anthracene 
can amount  up to 10-100 ~m, the photon cascade proc- 
ess, the inhomogeneities in the samples, etc. 

F ina l ly  it has to be remarked that  in  principle the 
x - r ay  to visible l ight conversion can also be enhanced 
by covering the anthracene sample wi th  a PbC12 layer. 
However the result  will be poor compared to the com- 
posite. Only a small  fract ion of the x- rays  wil l  be 
absorbed if the PbC12 layer  is 1-10 ~m thick, and if 
the PbC12 layer  is thicker than  10 /~m most secondary 
electrons, released in the PbCI~ layer, will be t rapped 
in the PbC12 layer  before reaching the under ly ing  
anthracene. In  the composite structure,  however, the 
incident  x-rays  successively hit m a n y  PbC12 particles 
of small dimensions, and as a consequence the conver-  
sion is maximum. 

Conclusion 
For phosphors of a low density and consisting of 

atoms of a low atomic n u m b e r  the x - r ay  to visible 
light conversion can be enhanced by one or two orders 
of magni tude  by the addit ion of finely dispersed par-  
ticles (globules, rods, lamellae, etc.) of a heavy phase. 
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LIST OF SYMBOLS 
~/~ 

C a constant including the photomult ipl ier  proper-  
ties 

D thickness of the sample, cm 
f luminescence efficiency factor 
Io intensi ty  of the incident  x- rays  
J luminescent  radiat ion output  

absorption coefficient of the incident  x-rays,  cm-1 
R slope of J vs. D at D = 0 
T absorption coefficient of the luminescent  radia-  

tion, cm -1 
s coefficient of in terna l  scattering of the lumines-  

cent radiation, cm -1 
absorptivi ty of the luminescent  radiation, cm -z 

U luminescence amplification factor 
V volume fraction of the PbC12 particles 
X distance from the surface, cm 
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A Comparison of the Semiconducting Properties of 
Thin Films of Silicon on Sapphire and Spinel 

G. W. Culle.* and J. F. Corboy 
RCA Corporation, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

The Hall mobilities in 0.5 and 1.0 ~m thick heteroepitaxial silicon on (I[02) 
sapphire and (100) and (111) spinel substrates are compared. The substrates 
employed were Czochralski sapphire, alumina rich flame fusion spinel, stoi- 
chiometric Czochralski spinel, and a "modified" alumina-rich Czochralski 
spinel. The semiconducting properties of the silicon on the spinels are similar 
if the Czochralski grown substrate surfaces are air annealed prior to deposi- 
tion. The reproducibility achieved in electrical properties in silicon on spinel 
is related to the method of preparation of the substrate. In comparing the 
semiconducting properties in silicon on sapphire with silicon on spinel, one 
finds that the MOS transistor mobilities are more similar than the Hall l-no- 
bilities. 

It  is of interest  to ident ify the factors which l imit  
the semiconducting properties of thin (1 ~m and less) 
heteroepitaxial  silicon on insulat ing substrate ma-  
terials. To this end, it is informative to compare the 
properties of films deposited on substrates with dis- 
t inct ly  different crystallographic and chemical prop- 
erties. In  order  to optimize the characteristics of com- 
p lementary  pair MOS transistor  (CMOST) circuitry 
fabricated in  silicon on insulators, the effort is di-  
rected toward achieving carrier mobilit ies as similar 
as possible to bulk values in heteroepitaxial  films as 
thin as 0.5 ~m. Therefore, the na ture  of the substrate 
mater ial  is under  continual  reexaminat ion.  

Dur ing  the development  of the s i l icon-on- insula tor  
technology, sapphire has been the most commonly em- 
ployed substrate mater ial  (1-3). Excellent progress 
has been made, and semiconducting properties useful 
for application in  commercial devices have been real-  
ized (4-6). Spinel  has been considered as a possible 
al ternate substrate because of the relat ively good crys- 
tallographic match to, and relat ively low chemical 
reactivity with, silicon (7-10). Higher mobilit ies have 
been achieved for some, but  not all carrier types, orien- 
tations, and thicknesses of silicon on spinel (11, 12). As 
the demand for larger substrate diameters (2 in. and 
greater) arose to meet  the needs of advancing IC tech- 
nologies, there was a general  shift from flame fusion 
to Czochralski grown material,  a l though at  least one 
organization has adopted the approach of developing 
methods for the growth of large diameter  flame fu-  
sion spinel (13). In  the case of sapphire, the flame fu-  
sion and Czochralski mater ia l  are chemically identical;  
therefore, the same conditions can be used for the de- 
position o f  silicon on both types of substrates. In  the 
case of spinel, however, the properties of concern for 
use as a substrate  mater ia l  are a s trong funct ion of the 
method used for the growth of the crystal, and there-  
fore the substrate surface preparat ion and/or  the con- 
ditions employed for silicon deposition must  be ad- 
justed accordingly (11, 12). 

The semiconducting properties in thin silicon films 
on sapphire have improved as the growth tempera-  
ture  has been decreased and the growth rate increased. 

* Electrochemical  Society Act ive  Member .  
K e y  words :  he teroepi taxia l  growth,  silicon on insulators ,  single- 

crystal sapphire and spinel, th in  film semiconductor. 

These deposition conditions have been used to suppress 
the chemical interactions between the deposition con- 
st i tuents and the substrate (3). The mismatch be-  
tween the crystal lattice of the rhombohedral  sapphire 
and the cubic silicon appears not to have been as 
l imit ing a factor (12) as was originally anticipated (2). 
The chemical react ivi ty  of the spinel has proven to 
be a strong funct ion of the chemical composition, 
which in t u rn  is influenced by the method of growth 
(11). Very different semiconducting properties have 
been observed in silicon deposited on spinels with such 
subtle differences in the chemical composition that the 
lattice constants are very near ly  the same (11). Here 
again, it is clear that  the chemical reactivi ty between 
silicon (and H2, the carrier gas) and the substrate 
predominates  over lattice matching considerations. On 
the other hand, on the relat ively unreact ive flame fu-  
sion spinel, mobilit ies equivalent  to bulk  silicon mobil-  
ities have been measured in  p- type  1.5 ~m thick (111) 
silicon (10). This suggests that, under  very  specific 
conditions, the influence of lattice matching is seen. It 
is difficult to explain why  the near  bu lk  mobilit ies 
have not been achieved in other crystal l ine or ienta-  
tions or in n - type  films; it  may be a stress effect (8). 

We have previously reported the properties of sili- 
con deposited in a hydrogen atmosphere on Czochral- 
ski sapphire (3) and flame fusion spinel (3, 10), and 
of silicon deposited in  a hel ium atmosphere on stoi- 
chiometric Czochralski spinel (12). In  this paper the 
properties are summarized of silicon deposited in hy-  
drogen on a lumina- r i ch  flame fusion spinel, stoichio- 
metric Czochralski spinel, and a modified a lumina- r ich  
Czochralski spinel. These properties are compared with 
the characteristics of silicon deposited on sapphire, 
also in  a hydrogen atmosphere. 

Substrate Materials 
The substrates employed in this s tudy are: 

(i) Czochralski sapphire (Union Carbide Corpora- 
tion, Crystal Products Division, San Diego, Cali- 
fornia) .  

(ii) Czochralski spinel, nominally stoichiometric (i.e., 
MgO'Al2Os). The crystals are grown in an inert atmo- 
sphere with small additions of oxygen to suppress the 
formation of iridium (the crucible material) inelu- 
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sions. In  this report  this spinel is referred to as stoic.- 
Czo. spinel. The crystals used in this s tudy were both 
prepared in-house and at Union Carbide. 

(i/i) Czochralski spinel, a lumina  rich (MgO.xAl~O3; 
1 < x < 1.7). These crystals are grown in-house in a 
high humidi ty  ambient  in  an effort to s imulate the 
chemical composition of flame fusion spinel (14). This 
mater ial  is referred to as the "modified" Czochralski 
spinel. 

(iv) F lame fusion (f.f.) spinel, a lumina  rich 
(x ~ 1.7) grown in-house using procedures previously 
described (15). 

Typical hole mobilities, as a funct ion of the hole con- 
centration,  are shown for 0.5 and 1.0 ~m thick (100) 
silicon on (1102) sapphire (Fig. 1), (100) silicon on 
(100) spinel (Fig. 2), and (111) silicon on (111) spinel 
(Fig. 3). In  order to facilitate comparison of these data, 
the curves presented in  Fig. 1 are reproduced (with-  
out data points) in Fig. 2, and the curves of Fig. 2 are 
reproduced on Fig. 3. Due to the scatter observed in 
the Hall values the curves were not d rawn by mathe-  
matical  methods and are included only to facilitate a 
general  comparison of mobili t ies of the two film thick- 
nesses on the two substrate substances. 

Substra te  Sur face  Prepara t ion  and Sil icon Growth  
Prior  to deposition of the  silicon, the polished sap- 

phire (polished by Union Carbide or Insaco, Quaker-  
town, Pennsylvania)  is exposed to a hydrogen ambient  
for 30 rain at 13O0~ During this t rea tment  ~1  ~m of 
mater ia l  is removed from the surface (16, 17). The 
tempera ture  is sufficiently high that  anneal ing  of the 
subsurface work damage also takes place (18). The 
polished flame fusion spinel (polished by RCA or In-  
saco) is exposed to hydrogen for 30 min  at 1150~ 
Both the modified and unmodified polished Czochral- 
ski spinel substrate  wafers are a i r -annea led  for 5 hr 
at 1500~176 This procedure is s imilar  to that  
reported by  Reisman et al. (19) for the stoic.-Czo. 
spinel. 

The silicon is deposited in a pure hydrogen ambient  
using silane as the source gas. A growth tempera ture  
of 1000~ is used for the deposition of silicon on 
sapphire, and l l00~ for the deposition of silicon on 
spinel. The lat ter  deposition temperature,  which was 
considered to be opt imum for the deposition of silicon 
on (111) spinel (10), was not changed for the deposi- 
t ion on the (100) spinel. In  both cases, a deposition 
rate of 2 ~m/min  is employed. The substrates are placed 
on induct ively  heated pyrolytic carbon coated carbon 
susceptors in  a quartz water-cooled growth ampul. 
Diborane is used as the p- type  dopant  source, and 
arsine is used as the n - type  dopant source. Other de- 
tails of the deposition method have been previously 
reported (3, 10). 

It proved to be possible to reproducibly obtain 
highly reflective, clear silicon deposits. The h igh- tem-  
perature  air anneal  appeared to have alleviated the 
problems that  had previously been experienced in 
obtaining clear samples on the stoichiometric Czochral- 
ski spinel. A hazy silicon surface always indicates a 
degradation in  semiconducting properties, and is us-  
ua l ly  associated with either a leak in the deposition 
system or the incomplete removal  of substrate sub-  
surface work damage. No problems were experienced 
in surface crazing or substrate cracking with the a lu-  
mina  rich spinels or the sapphire substrates. 

H a l l  M o b i l i t i e s  
The carrier  mobilit ies are measured by the Hall  

method. The pat terns are chemically etched in the sili- 
con. Al though this is a destructive method, consider-  
ab ly  less scatter has been observed using the Hall 
method than  the van  der Pauw method (20). Just  prior 
to making  the Hall measurements,  the silicon dioxide 
is stripped from the sample in an aqueous HF solu- 
tion. This is done in  order to provide a reproducible 
surface-state density. The Hall values reported here 
were gathered over a period of more than  a year, 
and thus the scatter observed provides a measure of 
the  long- t e rm reproducibil i ty.  Except in the case of 
the stoichiometric Czochralski spinel, less scatter is 
observed if the films are deposited wi thin  a brief  t ime 
period on a group of substrates prepared at the same 
time. 

Under  the conditions described, the mobili t ies ob- 
served on the three types of spinel are similar, and 
therefore the values have been grouped on one set 
of curves. 
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Typical electron mobilities,  as a function of the e lec-  
tron concentration, are shown for 0.5 and 1.0 #m thick 
(100) si l icon on (1102) sapphire (Fig. 4), (100) s i l i -  
con on (100) spinel  (Fig. 5), and (111) sil icon on (111) 
spinel (Fig. 6).  As wi th  the p-type data, the curves 
of Fig. 4 are superimposed on Fig. 5, and the curves 
of Fig. 5 are included in Fig. 6. 

A summary of typical carrier mobil i t ies  at a carrier 
concentration of ,~1 X 1015/crn ~ is presented in Table I. 

It is informative to compare the electron mobil i t ies  
in si l icon deposited on the three types of spinel  if they  
are all hydrogen annealed prior to si l icon deposition. 
The electron *nobilities in Si/f .f .  spinel  fall  on the 
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Table I. Typical as-deposited carrier mobility values for 
!.0 and 0.5 #m silicon on sapphire and silicon on spinel for a 

carrier concentration of ! X 101S/cm s 

Film Mobility 
thickness Substrate  composition (cm2/ % of 

(~tm) and orientation V-see) hulk  

p- type  
Bulk silicon 350 

1.0 (100) Si/(1~02) sapphire 120 34 
0.5 (100) Si / (  1102 ) sapphire 90 26 
1.0 (111) Si/(111) spinel 240 69 
0.5 (111) Si/(111) spinel 50 14 
1.0 ( 100 ) S i / (  100 ) spinel 80 23 
0.5 (100) Si/(100) spinel 30 0 

n- type  
Bulk silicon 1100 

1.0 (100) Si / (  1~02 ) sapphire 500 45 
0.5 (100) Si/(1102) sapphire  430 39 
1 . 0  ( l l l ) S i / ( l l l ) s p i n e l  4 8 0  
0 . 5  ( 1 1 1 )  S i / ( I l l ) s p i n e l  2 0 0  18  

1.0 (100) Si/(100) spinel 300 27 
0.5 (100) Si/(100) spinel 140 13 

curves  shown above. Some elect ron mobi l i t ies  in S i /  
modified Czo. spinel  fal l  on the  curves,  but  the  values  
are  scat tered.  I t  is difficult to obtain n - t y p e  Si /s to ic . -  
Czo. spinel  if  the  subs t ra te  is hydrogen  fired. Ai r  
annea l ing  of the  Czo. spinel  subs t ra tes  has p rov ided  
reproduc ib i l i ty  in e lect ron mobil i t ies  in the  S i /medi f ied  
spinel  and has made  it possible  to achieve as -depos i ted  
n - t y p e  Si/s toic.-Czo.  spinel.  

Mobi l i ty  values  for ( l l l ) S i / ( 0 0 0 1 ) s a p p h i r e  are  not  
shown here  because  the  values  a re  too low to be of 
in teres t  in 1 ~m th ick  films. Other  inves t iga tors  have  
achieved usable  mobi l i t ies  in (111) Si /(1120) sapphi re  
(21). The e lec t ron  mobil i t ies  in the  1 ~m th ick  ( an -  
nea led)  ( l l l ) ~ i / ( l l 2 - 0 ) s a p p h i r e  appea r  to be s imi la r  
to t he  values  r epor ted  here  for  as -depos i ted  1 ~m 
( l l l ) S i / ( l l l ) s p i n e l .  Since ( l l l ) S i / ( l l 2 0 ) s a p p h i r e  hole 
mobil i t ies  a re  r epor ted  for th icker  films (>2  ~m), it  
is not  possible  to m a k e  meaningfu l  comparisons  wi th  
the  hole mobi l i ty  values  r epor ted  here.  

Recent ly  considerable  effort has been d i rec ted  t oward  
minimizing the changes in the  semiconduct ing p rop-  
er t ies  in the  he te roep i t ax ia l  silicon dur ing  the rma l  
oxida t ion  (3, 22, 23). Exposure  to d r y  02 for  1 h r  at  
l l00~ has been t aken  as app rox ima te ly  equiva len t  
to the  the rmal  t r ea tmen t  employed  dur ing  processing 
of the  MOS t rans is tor  s t ructures .  In  1.0 ~m silicon on 
both sapphi re  and spinel,  for  car r ie r  concentra t ions  
g rea te r  than  ,~2 • 10ZS/cm ~, the  car r ie r  mob i l i t y  t y p i -  
ca l ly  changes b y  less than  10%, and the  ca r r i e r  con-  
cen t ra t ion  typ ica l ly  changes by  less than  a factor  of 
1.5 on the rma l  oxidat ion.  In  films less than  1 ~,m in 
thickness,  and for  ca r r i e r  concentra t ions  less than  
2 X 101e/cm 3, the  magni tude  of the  changes on the rma l  
oxida t ion  a re  sca t tered  and difficult to use as a "ma-  
t e r i a l  qual i ty"  factor. Clear  conclusions in this  r e -  
spect  must  be de r ived  f rom device data. 

Effective (MOST) Mobilities 
Typical mobil i t ies  measured in MOS transistors 

fabricated in 1.0 and 0.5 ~m t h i c k  (100) si l icon on 
sapphire and spinel  are shown in Table II. Leakage 

Table II. MOS transistor characteristics in (100) silicon 
on sapphire and spinel 

n - c h a n n e l  p - c h a n n e l  
S f l l con  

Substrate  thick-  / Le f t  It. /tell IL 
orientat ion ness (cme/ (A/mi l  (cm~/ (A/rail  

a n d  type (/Lrn) V-sac) • 102) V-see) x 10 ~) 

(1~02) sap- 1.0 420 150 210 170 
p h i r e  0.75 410 

0.50 340 135 
(i00) spinel) 1.0 350 150 210 95 

0 . 5  2 5 0  100 

~eff  measured  at  Vgate -- Vthreshold ~ 5V (~- or --, depending o n  
the conductivi ty type) .  
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currents  (at 5V source drain)  are also included in this 
table. The Hall  characteristics of the (111) silicon on 
the (0001) sapphire have been too low to war ran t  
fabricat ion of devices in these films, and insufficient 
data have been developed in devices fabricated in (111) 
silicon on (111) spinel to include here. 

Discussion 
Reproduc ib i l i t y - - subs t ra t e  t ype  and surface  t rea t -  

m e n t . - - T h e  sensit ivi ty of the semiconducting prop- 
erties to preparat ive variables is a strong function of 
the reactivi ty of the substrate  to the deposition con- 
st i tuents  (H2, Sill4, Si, and dopants)  and the an-  
neal ing ambient.  It has been previously demonstrated 
that  the stoic.-Czo, spinel  reacts with hydrogen, and 
therefore, higher  carrier  mobilities are achieved on 
this substrate using he l ium as the carrier gas (12). A 
somewhat surpris ing result  of the previous s tudy 
w a s  that good mobil i ty values are obtainable in silicon 
deposited on unannea led  stoic.-Czo, spinel. It  was pro-  
posed that  work damage was removed by reaction 
with the  silicon (12). Good mobilities have been oc- 
casionally observed in silicon deposited in hydrogen on 
the unannea led  stoic.-Czo, spinel. But  when  the sub-  
strate is not heat - t rea ted prior to silicon deposition, 
the semiconducting properties, and the reproduci-  
bi l i ty of the properties, are critically dependent  on the 
qual i ty  of the final surface finishing (11). An a l te rna-  
t ive procedure for the use of the stoic.-Czo, spinel is 
to anneal  the surface in air and deposit the silicon in 
hydrogen. To date, however, using this procedure, the 
reproducibi l i ty  in the semiconducting properties of de- 
posited silicon has not  been good, par t icular ly  for n -  
type films. 

In  respect to chemical reactivity, the modified Czo. 
spinel is more  similar to flame fusion spinel than to the 
stoic.-Czo, spinel (14). Here the problem is more to 
achieve reproducibi l i ty  in the chemical composition of 
the substrate material.  While good semiconducting 
properties are achievable in silicon deposited in hydro-  
gen on hydrogen annealed modified spinel, bet ter  re-  
producibi l i ty  is realized on air annealed  substrates. 
The flame fusion spinel has proven to be the least re-  
active of the spinels in a hydrogen ambient.  

Hall  mobi l i t ies ,  n < 1 • 101S/cm~.--The decrease in 
the Hall mobili t ies with decreasing carrier concentra-  
t ion below 1 • 1016/cm z in both p- and n - type  silicon 
on sapphire and spinel has previously been at t r ibuted 
to scattering by space charge regions around crystal-  
l ine heterogeneities (8, 24). It was proposed that as 
the carrier concentrat ion decreases, the effective space 
charge region increases, resul t ing in degradation of 
the carrier mobility. More recently, Ham (25) has sug- 
gested that  the effect is associated with depletion of 
the carriers in the th in  l ight ly doped films by  surface 
charges. If the films are par t ia l ly  depleted by surface 
charge, one cannot make the assumption that  the 
current  is evenly distr ibuted throughout  the thickness 
of the sample. For any  fixed value of surface charge, 
as the carrier concentrat ion decreases, the thickness of 
the layer  depleted from the sil icon/silicon dioxide in -  
terface increases and effectively the thickness of the 
layer  in which the Hall measurement  is made de-  
creases. While the average mobil i ty measurement  is 
independent  of thickness, in the silicon on the insula t -  
ing substrates the mobi l i ty  is degraded near  the sili- 
con/subst ra te  interface (26) by the relat ively high im-  
pur i ty  content  and poor crystall inity,  and thus the 
net  result  is that  the Hall  mobil i ty decreases with de- 
creasing carrier concentration. The analysis of the 
measured carrier  concentrat ion in the l ight ly doped 
films is complicated not only by the possibility that  
the carrier concentrat ion is a funct ion of the film 
thickness (27), but  also by the l imita t ion of the cur-  
rent  (by the space charge) to only a portion of the 
film while the entire film thickness is used in the 
calculation of the carrier concentration. Ham (25) has 
demonstrated the influence of the surface charge by 

measur ing the Hall voltage in a gated s tructure in 
which the film can be biased to flatband. This pro-  
vides "bulk" values (i.e., values unaffected by surface 
charges) wherein  it is assumed that the current  flow 
is evenly distr ibuted throughout  the thickness of the 
sample. The mobi l i ty  value of most interest  is the 
effective MOS transistor  mobility, in which carriers 
only within ~500A of the sil icon/silicon dioxide in-  
terface are active. Thus, significantly different values 
for the t ransport  properties in the thin films may be 
derived using different measurement  techniques. In  
the conventional  (ungated) Hall  measurement ,  the 
properties near  the s i l icon/substrate  interface are 
weighed in th in  (~1  ~m) l ight ly doped (~1  • 1016/ 
cm 3) films. In  the ga ted-Hal l -bar  measurement  (when 
the film is biased to flatband) the characteristics 
derived represent  an integrated value of properties 
throughout  the thickness of the film. In  the effective 
MOS transistor measurement ,  the properties near  the 
sil icon/sil icon oxide interface are weighted. Gated-  
Hal l -bar  and MOS transistor  measurements  require 
the deposition of a clean oxide and considerable proc- 
essing. Using these techniques, it is difficult to acquire 
feedback within the t ime frame practical in the de- 
velopment  of deposition conditions. The unbiased Halt 
measurements  can be made wi th in  minutes  of a de- 
position run. 

For the reasons outl ined above, the Hall  mobil i ty  vs. 
carr ier  concentrat ion (unbiased) relationships cannot 
be used on an absolute scale to compare th in  l ight ly 
doped film and bulk  properties. On the other hand, 
if the surface charge is fixed immediate ly  prior to the 
measurement  by str ipping the oxide in an aqueous 
HF solution (25), the Hall values are reproducible and 
characteristic of the specific deposition conditions, film 
thickness, and type of substrate. Thus, on a relat ive 
scale, the unbiased Hall values are useful in the de- 
velopment  of deposition conditions and the choice of 
various film thicknesses and substrate orientat ions and 
types. 

The optimization of the low carrier concentrat ion 
th in  heteroepitaxial  silicon properties is of interest  for 
application in deep-deplet ion MOS transistor  ge- 
ometries (3). It  has been demonstrated that, par t icu-  
lar ly  when spinel is used as the substrate material ,  
the semiconducting properties of the low carrier con- 
centrat ion films are considerably more dependent  on 
the deposition conditions than  are the properties of 
the high carrier concentrat ion films (10). 

Hall  and M O S T  mobi l i t ies ,  n ~-. 1 • 101S/cmS.--In 
order to avoid the ambiguities discussed above, in this 
section a comparison of Hall and MOST mobilit ies is 
made for films with a carrier concentrat ion of ~1  • 
1016/cm 3. Heteroepitaxial  silicon with n - -  1 • 1018/ 
cm~ is of interest  for application in enhancement  type 
CMOS transistor  structures fabricated in silicon on 
sapphire by the "two-stage" method; i.e., discrete n -  
and p- type  silicon areas are deposited on the same 
substrate (3, 28). 

Hall  mobilit ies of 120 cm2/V-sec are typical ly ob- 
served in  1 ~m thick p- type  (100)Si / ( l l02)sapphi re .  
On the other hand, the effective mobilit ies of MOS 
transistors fabricated in  films of the same thickness 
are typical ly 210 cm2/V-sec. While significantly lower 
Hall mobilities of 80 cme/V-sec are observed in 1 ~xn 
thick (100) Si/(100) spinel, the effective mobilit ies of 
MOS transistors fabricated in 1 ~m thick silicon on the 
two substrates are similar. The mobilit ies in (100) sili- 
con on spinel degrade more rapidly with decreasing 
film thickness than the (100) silicon on sapphire. In  
0.5 ~m thick films, hole mobili t ies are typical ly 90 craa/ 
V-sec in (100)Si / ( l l '02)sapphire  and 30 cm2/V-sec 
in (100) Si/(100) spinel. Insufficient data have been col- 
lected in  p-channel  MOS transistors fabricated in the 
0.5 ~m thick (n- type)  films to make meaningful  com- 
parisons between the effective device and Hall  mobi l -  
ities in  these films. 
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Relat ively high (Hall) hole mobili t ies of 240 cm2/ 
V-sec are typically observed in (111) Si/(111) spinel, 
but  as in the case of the (1O0)Si/(100)spinel, the 
electrical properties are a strong funct ion of the film 
thickness, and the mobilit ies drop to 50 cm2/V-sec in 
0.5 ~m thick ( l l l ) S i / ( l l l ) s p i n e l .  The mobilit ies ob- 
served in  ( l l l ) S i / ( 0 0 0 1 ) s a p p h i r e  are too low to be of 
interest, and other more favorable sapphire or ienta-  
tions for the growth of (111) silicon have not been 
pursued in this study. 

As in the case of the hole mobilities, the effective 
electron mobilit ies in the 1 tan thick films of 420 cm2/ 
V-sec in  (10O)Si / ( l l02)sapphire  and 350 cm2/V-sec 
in (100)Si/(100)spinel  are more similar  than the Hall 
electron mobili t ies of 500 cm2/V-sec and 300 cm~/V - 
sec, respectively. The effective n -channe l  mobili t ies are 
lower than  the Hall electron mobilit ies in (100)Si/  
(1T02) sapphire, but  sl ightly higher in  (100) Si /  
(100)spinel. This same t rend in electron mobilit ies is 
observed in the 0.5 ~m thick silicon, except that with 
the degradation of the Hall electron mobilit ies in the 
th inner  (0.5 ~m) (100)Si/(100)spinel,  the effective 
p-channel  value of 250 cm2/V-sec is 1.8• the Hall  
electron mobi l i ty  of 140 crtl2/V-sec. The corresponding 
values in the 0.5 t+m thick (100) Si/(1~02) sapphire are: 
p-channel  mobility, 340 cm2/V-sec; and  Hall electron 
mobility, 430 cmS/V-sec. 

While the Hall hole mobili t ies in 1.O ~m thick 
(111) Si/(111) spinel were double the values observed 
in (100) Si/(t l-02) sapphire, this relat ionship does not 
hold up in the n - type  films. The Hall electron mobil i ty  
in  1.0 um thick ( l l l ) S i / ( l l l ) s p i n e l  of 480 cm2/V-sec 
is very similar to the values typical ly observed in 
(100) Si/(1102) sapphire of 500 cm2/V-sec. As was pre-  
viously observed, the Hall mobilit ies in the silicon on 
spinel are a strong function of the thickness, and the 
Hall electron mobil i ty  of 200 cm2/V-sec in  0.5 ~an 
( l l l ) S i / ( l l l ) s p i n e l  is less than half  of that observed 
in  the 1.0 ~m thick film. 

Since the unbiased Hall mobil i ty measurement  is 
weighted by the properties of the mater ial  near  the 
s i l icon/substrate  interface, and the (enhancement  
mode) device measurement  is characteristic of the 
carrier  mobil i t ies  only wi th in  ~500A of the silicon 
surface most remote from the si l icon-substrate  in te r -  
face, it is not unexpected that  the device mobili t ies are 
significantly higher than the Hall mobilit ies for holes 
in silicon on both sapphire and spinel, and for elec- 
trons in silicon on spinel. It is difficult to explain, how- 
ever, why the n -channe l  device mobili t ies in the sili- 
con on sapphire are lower than the Hall electron mo- 
bilities measured in equivalent  films. It cannot be at-  
t r ibuted  to the effect of oxidation dur ing device proc- 
essing, since in general  the Hall electron mobilit ies 
increase as the compensating a luminum autodoping is 
deactivated dur ing  thermal  oxidation (17, 23). In  gen-  
eral, however, processing results in the degradat ion 
in  the carrier  mobil i ty  even in bulk  silicon devices. 
If the effective (electron) mobil i ty  is expressed in 
terms of the per cent of the mobil i ty  commonly ob- 
served in MOS transistors fabricated in bulk  silicon 
(~500 cm2/V-sec) (4), it is found that  the per cent of 
bu lk  device mobilit ies in the transistors fabricated in 
1.0 ~m silicon on sapphire is in excess of 80%, and in 
1 ~m thick silicon on spinel .~70%. The effective hole 
mobili t ies in the 1 ~m thick films are similar  to the 
mobil i ty commonly observed in fabricated devices 
(,--200 cm2/V-sec) (4). Thus, on this basis, the per 
cent of bulk device mobi l i ty  values are considerably 
in  excess of the per cent of bu lk  Hall mobilities. 

It is interest ing to note that the Hall  mobilities in 
0.5 and 1.O ~m thick films are more similar  in silicon 
on sapphire than in silicon on spinel. This can be ex- 
plained on the basis of the differences in  the na tu re  
of film growth prior to complete coverage of the sub-  
strate surface. We have demonstrated previously that  
the pr imary  reaction which leads to the contamina-  

t ion of the silicon is the chemical reduct ion of the sub-  
strate by silicon (12). Since the reaction products are 
gaseous, the contaminat ion of the growing film takes 
place pr imar i ly  dur ing the period prior to complete 
coverage of the substrate, and is stopped as t h e  sub-  
strate is completely covered and the evolution of 
gaseous reaction products is blocked off (3). There-  
fore, the thickness of the heavily contaminated silicon 
layer  adjacent to the substrate can be related to the 
thickness at which complete coverage of the surface 
is realized. Under  the deposition conditions employed 
in this study, the surface of the sapphire is com- 
pletely covered at film thicknesses of ~300A, while 
the surface of the spinel is typical ly covered at  a sili- 
con thickness of ,-,1000k. It is reasonable to assume that  
the semiconducting propert ies improve as the level of 
contaminat ion by  substrate  reaction products de-  
creases, and thus the semiconducting properties of 
the 0.5 ~m thick silicon are more similar to the prop- 
erties of the 1.0 ~m thick films on sapphire than on 
spinel. The reason for the s t r iking differences in the 
na tu re  of the early growth on the two substrate ma-  
terials is the subject of current  investigation. 

Application 
Within this organization sapphire is the favored sub-  

strate mater ial  because of the advantages realized in  
processing devices in the very th in  (~1  ~m) (100) 
heteroepitaxial  films. The commercial avai labi l i ty  of 
s ingle-crystal  sapphire from a number  of sources is 
also a factor in  the choice of sapphire as a substrate 
material.  Interest  continues in the si l icon-spinel  sys- 
tem for special applications of heteroepitaxial  semi- 
conductor structures, par t icular ly  where other cubic 
materials  (such as the I I I -V compounds) are included 
in the device s tructure and lat i tude in the choice of 
cubic orientations is desirable (29). In  these applica- 
tions carrier mobil i ty wi thin  the silicon is not specifi- 
cally the desired property, but  good crystal l ini ty is es- 
sential, and mobil i ty  has been used as a sensitive mea-  
sure of the crystal l ine perfection. 

Summary 
The Hall and effective device mobilit ies of 0.5 and 

1.0 ~m thick heteroepitaxial  silicon on sapphire and 
spinel  are compared. Larger differences are observed 
in  the Hall mobilit ies than  in the device mobilities. 
The surface reactivi ty of the Czochralski spinel can 
be suppressed by growth of the crystal in a high 
humidi ty  atmosphere. The differences in the chemical 
na ture  of the spinel prepared by the various growth 
techniques to a large extent  can be "leveled" by pre-  
deposition surface treatments.  The Hall mobilit ies in 
1 ~m thick p- type ( l l l ) S i / ( l l l ) s p i n e l  are ,~2• the 
mobilit ies observed in (100) Si/(1102) sapphire, but  in 
n - type  films the corresponding mobilit ies are similar. 
The Hall mobilit ies in the (100) Si/(1~02) sapphire are 
higher than in (100)Si/(100)spinel  for 0.5 and 1.0 ~m, 
n -  and p- type films. The Hall  mobilit ies in 0.5 and 
1.0 ~m thick films are more similar  in  silicon on sap- 
phire  than  in  silicon on spinel. This can be related to 
the observat ion that, under  the deposition conditions 
employed, the surface of the sapphire is completely 
covered at a thickness of ~300A, while the surface of 
the spinel is covered at a thickness of .-,1000A. 
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ABSTRACT 

The solubil i ty of gold has been measured in phosphorus-doped silicon 
by  the method of oxide encapsulation. At high phosphorus concentrat ions an 
enhanced solubili ty was observed. This enhanced solubil i ty is extremely tem- 
pera ture  dependent,  increasing from a factor of 1.4 at 12C0~ to ~15  at 800cC in  
silicon doped with 4 • 10 TM phosphorus/cm 3. A reasonable agreement  has 
been obtained be tween the measured enhancement  and that  calculated using 
the Shockley-Moll  theory. 

The effect of gold on the electrical properties of 
silicon is of technological importance in  the semicon- 
ductor device field. Gold introduces two known energy 
levels in  silicon; a donor at Ev ~- 0.35 eV and an ac- 
ceptor at Ec -- 0.54 eV (1). These levels act as ef- 
fective recombinat ion centers (2) with the charge 
state de termining the recombinat ion process. Hence, 
when  gold can be control lably introduced into silicon 
it is possible to effectively control the minor i ty  carrier 
lifetime. This has application in  high speed switching 
transistors. However, when  gold is present  as an un -  
wanted and uncontrol led contaminant ,  device param-  
eters can be seriously degraded. Surface contaminat ion 
of silicon with gold has been observed on wafers that  
have been subjected to normal  processing procedures 
(3, 4). In  a previous paper (5), the authors have shown 
that  gold plates out of a s tandard HF solution to the 

* Electrochemical Society A c t i v e  M e m b e r .  
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extent  that one monolayer  of gold will form in min -  
utes over the surface of a silicon wafer immersed in 
10 ml  of HF solution contaminated with gold to 1 
ppm by weight. 

Most metals exhibit  a retrograde solubil i ty in sili- 
con. This has also been observed for gold in silicon 
by Collins et al. (1). Therefore in  device processing, 
where each diffusion step is at a lower tempera ture  
than  the preceding one, gold present  to the l imit  of 
solid solubil i ty dur ing an earl ier  step would be ex-  
pected to form precipitates in  the bu lk  or to be re-  
jected to the surface due to the high diffusion coeffi- 
cient. Hence, accurate knowledge of the solubil i ty of 
gold in  doped silicon would be very desirable. Much 
work has already been carried out in  this area (1, 6-8) 
but  there is substant ial  disagreement be tween pub-  
lished data. The fact that  gold can reside both in ter-  
stit ially and subst i tut ionaUy in the silicon lattice is 
part ial ly responsible for such disagreement. The work 
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of Struthers  (7) and Collins et al. (1) give values of 
the solubili ty which Wilcox and LaChappel le  (9) de- 
termined to be the substi tutional solubility. The ear l ier  
work of Struthers  (6) and data given by Boltaks et al. 
(8) appear to be incorrect  due to incomplete equi l ibra-  
tion. 

Addit ional  complications arise since gold solubility 
is dependent  on the init ial  impur i ty  type and concen- 
t ra t ion in silicon. An enhanced gold solubili ty has been 
observed by Wilcox et al. (I0) in silicon containing a 
high phosphorus concentration. Joshi  and Dash ( l l )  
and Cagnina (12) found a similar  effect. In two cases 
(10, l l )  good agreement  was found between this en- 
hancement  and the Reiss (13) and Shockley-Moll  (14) 
theories in which the solubili ty is dependent  on the 
position of the Fermi  level. The even greater  enhanced 
solubil i ty found by Cagnina (12) was in terpre ted  as 
due to the formation of an Au-P  compound in addition 
to the electronic effect result ing f rom the position of 
the Fermi  level. 

Dorward  and Kirka ldy  (15) argued that if enhanced 
solubili ty occurred in heavi ly  doped n- type  silicon, 
then a reduced solubili ty should be observed in silicon 
doped heavi ly  p-type. Their  exper imenta l  observations 
showed a 40% reduct ion in the solubili ty of gold in 
silicon doped with  1019 boron a toms/cm 3 over  that  
doped with ~1013 boron a toms/cm 8. In contrast, Gu-  
benko and Shmelev  (16) observed enhanced solubili ty 
of gold in silicon doped with Ga at concentrations of 
1017 -- 4 X 1019/cm 3. This enhancement  is probably  
due to high mechanical  stress wi th in  the samples. 

It was felt  that  there  was considerable scope for 
fur ther  work  in this area especially if some of the 
problems from which previous work suffered could 
be eliminated. The data presented in this paper was 
obtained using an oxide encapsulation technique in 
which the equi l ibrated sample is encapsulated in a 
thermal ly  grown oxide. The oxide prevents  gold loss 
on cooling and reduces errors  result ing from high con- 
centrat ions of residual surface gold. 

Oxide Encapsulation 
Shown below are the diffusion coefficients for gold 

in silicon (assuming a vacancy-control led  mechanism) 
and for silicon dioxide 

Silicon (9) 
D --.= 4 �9 10 -9 cm2/sec at 1000~ 
D ---- 2.5 �9 10 -7 cm2/sec at 1200~ 

Silicon dioxide (17) 
D = 3 �9 10 - i s  cm'~/sec at 1000~ 
D _-- 10 -15 cm2/sec at 1200~ 

Also, the solid solubilities at 1100~ of gold in sili- 
con and silicon dioxide are 3 X 1016/cm 3 (1) and 3 X 
1014/cm 3 (18), respectively.  Hence, if  fol lowing the 
equil ibrat ion step, an oxide is grown on the silicon 
surface, problems related to gold migrat ion toward 
the surface during cooling should be minimized wi th-  
out having to resort to quenching procedures. 

In the present experiments,  prior to removal  from 
the furnace, the equi l ibrated sample was oxidized in 
dry oxygen to form about 1000A of SiO2. During the 
formation of the oxide, most of the excess gold re-  
maining on the silicon surface is re jec ted  to the oxide 
surface from which it can easily be removed in aqua 
regia. Measurements  of the gold distr ibution through-  
out the Si-SiO~ (5) system show an accumulat ion of 
gold in the interface region. This accumulated gold 
lies in the oxide layer  and is distr ibuted over  a re-  
gion ~200A from the silicon surface. 

Measurements  of the gold in the silicon indicate no 
depletion of gold near the interface when excess gold 
is present  before oxidation. The Jnterfacial gold is 
therefore  part of the excess gold and is removed with  
the oxide before measurements  are made. Because no 
gold is removed from the silicon following equi l ibra-  
tion, the measurements  remain  accurate regardless of 

the final distr ibution of the gold within  the silicon 
itself. 

Experimental 
In order to avoid some of the errors made in ear l ier  

measurements ,  the t ime required to saturate the sili- 
con with gold was exper imenta l ly  determined.  Slices 
of silicon had their  surfaces coated with  gold contain-  
ing some radioact ive Au 19s. The gold was then diffused 
for times ranging f rom 1 hr  to 1 week depending on 
the diffusion temperature .  In Fig. 1, the equi l ibrat ion 
data is given for a 0.008 in. thick silicon wafer  dif-  
fused with  gold at 1050~ The exper imenta l ly  deter-  
mined, t ime-dependent  gold concentrat ion in the sili- 
con was accurately described by the vacancy controlled 
diffusion coefficients of Wilcox and LaChappel le  (9). 
It was found that  95% of the solid solubili ty at 1050~ 
was reached after  24 hr. The t imes requi red  to reach 
95% saturat ion were  determined for all tempera tures  
of interest. In the case of diffusion at 800~ the silicon 
sample was thinned to 0.002 in. prior to diffusion. Also, 
samples containing a high concentrat ion of phosphorus 
were  thinned down to 0.004 in. and the diffusion times 
increased to compensate for the expected increase in 
the gold solubili ty limit. The diffusions were  carried 
out in a ni trogen atmosphere. Fol lowing the diffusion 
step each sample was oxidized as indicated in the 
oxide encapsulation technique. 

Surface damage can effect the solubili ty of gold in 
silicon. Figure  2 shows the profiles of gold in the Bur- 
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face region for a lapped and a polished surface. In  
order to avoid errors arising from damage enhanced 
solubili ty in  the surface layer  all samples were pre-  
pared with polished surfaces only. Each wafer was 
counted front and back and again after removal  of 12~ 
of silicon to check that indeed no damage enhancement  
of the solubil i ty was present. 

The gold concentrat ion in the sample was deter-  
mined by E-particle counting. With E-particle counting 
it is necessary to correct for a t tenuat ion of the radia-  
t ion due to the dis tr ibuted na ture  of the source. The 
sample was counted with the front  and back surfaces 
a l ternate ly  facing the detector. If the counts measured 
were CF and CB, then the total count, N, corresponding 
to all the gold atoms in  the sample is given by 

N : F ( C r  + CB)/2 

where F is the correction factor for the distr ibuted 
source. For  a uni formly  distr ibuted source 

F : t~/[1 -- e x p ( - -  ~t)] 

where t is the sample thickness (cm) and k is the ~- 
particle absorption coefficient which was measured to 
be : 50.41 cm-Z. The F factor was evaluated for the 
extremes of nonuni formi ty  in source dis tr ibut ion and 
was found to vary by less than 4% from the uni form 
case. 

Results and Discussion 
The solid solubil i ty of gold in  silicon, in the temper-  

ature range 1000~176 is shown in Fig. 3 for sili- 
con ini t ia l ly doped with phosphorus to the levels 5.5 
X 1014 and 4 X 1019/cm 3. The enhanced gold solubil i ty 
in  the heavi ly  doped sample is clearly evident. In  the 
temperature  range considered, the solubil i ty was in-  
vestigated for ini t ial  phosphorus doping levels of 
5.5 X 1014, 4.5 X 1015, 1.2 X 1017, 1019, and 4 X 1019/era 3. 
For  temperatures  above 1000~ solubili ty enhancement  
was observed only in the 4 • 1019/cm a phosphorus 
doped sample. 

A solubil i ty enhancement  factor Rs is defined as  

gold solubil i ty in  heavily doped sample 
Rs ----- 

gold solubili ty in a reference sample 

For the current  experiments,  the solubili ty in 5 >< 
I014/cm 3 doped silicon was used as the reference level. 

In Fig. 4, the solubili ty enhancement  factor is given 
over the temperature  range 1000~176 in silicon 
doped with 4 X 1019 phosphorus atom.~/cm 3. 
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Fig. 4. Temperature dependence of the solubility enhancement of 
gold in silicon doped with 4 X 1019 phosphorus atoms/cm 3. 

Reiss et al. (13) have shown that  the solubili ty of 
impurit ies in semiconductors may depend on the charge 
state of the impurity.  This idea was fur ther  devel- 
oped by Shockley and Moll (14) such that  the total 
concentrat ion of gold can be wr i t ten  as 

2 

NAu = ~-~ NAu(j) [1] 
j = 0  

where 

NAu(j) g ( j )  exp {(jEF -- E ( j ) ) / k T }  
[2] 

~rAu 
2 

~.r g ( j )  exp {(jEF -- E ( j ) ) / k T }  
j = 0  

where NAu(J) is the concentrat ion of gold centers oc- 
cupied by j-electrons and g(j)  and E( j )  are the de- 
generacies and total energies of such centers, re- 
spectively (20). 

Since the theory postulates that  N'Au(1), the neutra l  
center concentrat ion is independent  of the Fermi level 
position, Eq. [2] may be used to express the NAu(j) 
in terms of NAu(1) 

NAu(j)/NAu(1) : {g( j ) /g (1)}  exp { ( ( j  -- 1)EF) 

-- (E( j )  -- E ( 1 ) ) / k T }  [3] 

If NAu a and NAu F are the solubilities in the refer-  
ence and test samples respectively, Eq. [1] and [3] 
yield the solubili ty ratio Rs 

R S  = N A u F / N A u  R 

Rs was calculated using the parameters  

g(0) ---- 1, g(1) = 4, g(2) ---- 6 

The energy levels were assumed referenced to a 
l inear ly  extrapolated energy gap of 1.205 eV at 0~ 

E(0) -- (0.35 + Ev) e V a t  0~ 

E(2) ---- (0.97 + Ev) eV at 0~ 

and were assumed to ma in ta in  the same relative loca- 
t ion in  the gap at other temperatures  (21, 22). 

The degeneracy factors are those corresponding to 
a simple valence bond model of the gold center, form- 
ing 0, 1, and 2 bonds in the donor, neutral ,  and ac- 
ceptor states. These values correspond to g ---- 3/2, g 
= 1/4, EA ---- 0.54 eV, and ED ---- 0.35 eV in  the Shockley 
and Last notat ion (23). 

The Fermi  level was computed using the modified 
band model described by Barber (24) and extended 
by Heasell (25). Shallow level excited states were in-  
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cluded and an empirical ad jus tment  made for the dop- 
ing dependence of activation energies (26). 

The results of one such calculation are shown ]n Fig. 
4. It can be seen that  the exper imental  results show 
a slightly greater rate of solubili ty enhancement  than 
predicted on the Shockley-Moll theory. 

Samples were also diffused at 800~ A comparison 
of calculated and measured enhancement  factor as a 
funct ion of phosphorus doping is shown in  Fig. 5. I t  
can be seen that enhancement  now occurs at the l0 ts 
phosphorus atoms/cm ~ level. 

In  some samples a phosphorus diffusion was also 
carried out at 1050~ at the same time as the gold dif- 
fusion. The surface concentrat ion of phosphorus in 
the diffused layer  was 102t/cm~. According to the pres-  
ent model an enhanced solubil i ty factor of --~70 might  
be expected taking a mean  phosphorus concentration 
throughout  the diffused layer  of 5 X 102~ 3. Etching 
of the first 2~ of surface (i.e., the phosphorus diffused 
layer) ,  a gold concentrat ion of 1.25 X 10 TM atoms/cm 3 
was observed in  the diffused layer. This represents 
an enhancement  factor of 80. 

In  almost all the measurements  the enhanced solu- 
bil i ty was slightly greater than  that predicted by the 
model used. 

The effects of the gold concentrat ion on the electrical 
resistivity were also measured. For the samples with 
init ial  phosphorus concentrations of 1.2 X 10tT/cm ~ 
and greater, gold concentrat ions of 8 X 10t~/cm 3 had 
no measurable  effect. At lower values of phosphorus 
concentration, the resistivity varied drastically. The 
results are shown in Fig. 6 Compared with the recent 
theoretical results of Bullis (19). With an init ial  phos- 
phorus concentrat ion of 5 X 1014/cm 3 the silicon con- 
verts to p- type when the gold concentrat ion reaches 
~6  X 10tS/cma. At 4.5 X 101~ phosphorus atoms/cm ~, 
conversion to p- type occurs with a gold concentrat ion 
of ~ l . 5X  101~/cm 3. 

Summary and Conclusions 
Solid solubil i ty measurements  were carried out by 

encapsulat ing gold in silicon by growing a 1000A thick 
layer  of SiO2 over the sample following the diffusion 
step. This method allowed the total gold taken up by 
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the silicon at the diffusion temperature  to be deter-  
mined and el iminated the need to quench the samples. 

The time required to equil ibrate the silicon wafers 
indicated that the vacancy controlled process was the 
diffusion mechanism. 

Phosphorus doping of the silicon resulted in en-  
hanced solid solubil i ty for the gold. A reasonable 
agreement between the exper imental  results and the 
Shockley-Moll theory was obtained. It  is not certain 
whether  this mechanism alone accounts for the- tota l  
enhancement.  Uncertaint ies  arise in  the calculated 
values of enhancement  since the degeneracy factors 
and tempera ture  dependence of the energy levels of 
the gold states are not accurately known. I t  is pos- 
sible that ion-pai r ing  or compound formation may be 
occurring (e.g., A u - - P + ) .  However, if this were a 
substantial  effect, the gold acceptor level would be 
neutral ized and agreement  between the gold radio- 
tracer measurements  and the electrical compensation 
would not have been obtained. 

Manuscript  submit ted Nov. 26, 1973; revised m a n u -  
script received April  23, 1974. 

A ny  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 3OUP~AL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs o] this article have been as- 
sisted by McMaster University. 
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The Incorporation of Phosphorus in Silicon 
Epitaxial Layer Growth 

J. Bloem,* L. J. Giling, and M. W. M. Graef 
University of Nijmegen, Laboratory of Physics, Department oS Solid State Chemistry, 

Toernooiveld, Nijmegen, Holland 

ABSTRACT 

A study has been made of the mechanism governing the incorporat ion of 
phosphorus during epi taxial  growth of silicon. Severa l  possibilities are men-  
t ioned and it is shown that the position of the Fermi  level  in the solid and 
the equi l ibr ia  in the gas phase determine  the outcome of the experiment .  
When PH3 in H2 is used as a dopant at the tempera tures  of interest,  P, 
P2, P4, PH, and PH2 are present also. It  is shown that  there  is a close cor-  
relat ion be tween the partial  pressure of monoatomic P in the gas and the 
phosphorus concentrat ion in the solid as long as intrinsic conditions apply. 
Only at high dopant concentrat ion (P > 3 �9 1019 cm -3) and low tempera tu re  
(T < 1500~ does the influence of the position of the Fe rmi  l eve l  become 

important .  

The incorporat ion of phosphorus in epi taxial  silicon 
layers grown from the vapor  phase has been studied 
in considerable detail by many  workers  (1-5). For  low 
partial  pressures of the dopant (mostly in the form 
of phosphine, PH3), the concentrat ion of  phosphorus 
atoms in silicon is proport ional  to the part ial  pressure 
of the phosphine gas present  in the gas mixture ,  and 
the slope of a log-log plot of the P+ concentrat ion in 
the solid ( [ P + ] )  vs. the initial ( input) phosphine par-  
tial pressure ( p % ~ )  is 1.0. At higher  PH3 pressures 
a deviat ion is found and the slope changes from 1.0 
to 0.5. A number  of explanations have been given for 
this behavior,  of which the most impor tant  are: (i) 
var ia t ion of growth rate which may  influence the dope 
concentration; (ii) clustering of phosphorus in the 
silicon ma t r ix  during cooling, which causes a decrease 
of the concentrat ion of charge carriers and thus flatten- 
ing of the curve;  (iii) transit ion from intrinsic to ex-  
trinsic conditions at high donor concentrations; and 
(iv) the degree of aggregation of phosphorus in the 
gas mixture.  

As yet  no clear picture exists as to which effect is 
dominating. In order to elucidate which mechanism is 
responsible for the incorporation, a series of precise 
measurements  was started. 

Experimental 
Silicon doped with  phosphorus was epi taxial ly  

grown in a horizontal  water -cooled  reactor  having an 
effective cross section of 12 cm 2. Substrates were  one-  
side polished p- type  Czochralski -grown silicon wafers  

* Electrochemical  Society Active Member.  
Key  words:  silicon, phosphorus dope, incorporation mechanism,  

vapor phase epitaxy,  gas phase equilibria. 

with a resist ivity be tween  2 and 5 ohm-cm. The or ien-  
tation of the surface was 3 ~ f rom the ( l l l ) - p l a n e  in 
the nearest  < l l 0 > - d i r e c t i o n .  The slices were  placed 
on a SiC-coated graphite susceptor and heated by 
means of a rf  co i l  Epi taxial  growth was per formed 
by silane, Sill4, using H2 as a carr ier  gas at a veloci ty  
of 42 cm/sec. The Sill4 part ial  pressure was kept  at 
a constant value of 2.2 • 10 -8 atm giving a growth 
rate  of 0.45 ~/min. PH3 was used as a dopant gas at 
pressures varying be tween  10 - l ~  and 10 -3 atm. The 
puri ty of the hydrogen gas was continuously con- 
t rol led (O2 < 1 ppm and H20 < 2-3 ppm).  

Before any growth exper iment  the Si surface was 
etched in si tu for 1 min  by 1% HC1 at 1400~ The 
composition of the gas mix tu re  was moni tored  and 
controlled by calibrated flow meters.  Tempera tu re  
measurements  were  made during the reaction, using 
a calibrated Leeds and Nor thrup  optical pyrometer ,  
and corrected for the emissivi ty of silicon and for the 
reflection and absorption of the epitaxial  system. 

The epitaxial  layer  thickness was measured  using a 
bevel  and stain technique;  the layer  thicknesses were  
kept be tween 4.5 and 8.5 ~.m. The resist ivi ty of the 
layers  was determined at room tempera ture  by the 
four-point  probe technique;  carr ier  concentrations 
were  calculated using Irving 's  (6) mobil i ty  data. The 
phosphorus concentrat ion in the crystal  is then as- 
sumed to be equal to the number  of free electrons 
measured at room tempera ture  (5). 

Results and Discussion 
The exper imenta l  data f rom exper iments  at 1400 ~ . 

1500 ~ and 1600~ are collected in Fig. 1, where  the 
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Fig. 1. The experimentally determined concentration of phos- 
phorus donor centers in silicon (cm -3)  as a function of the partial 
pressure of phosphine in the incoming gas. The carrier gas is hy- 
drogen, the silicon growth rate is 0.45 #/rain. 

logar i thm of the concentrat ion of incorporated phos- 
phorus is plotted against the logar i thm of the initial 
phosphine part ial  pressure. The exper imenta l  points 
were  obtained over  a period of several  months and 
the reproducibi l i ty  of the data is considered to be 
wi thin  _ 10%. Essentially one can consider the curves 
to be constructed from straight lines with one or two 
breaks. The principal interest  concerns the slope of 
the lines and the origin of the change of this slope at 
the breaks. At low PH3 pressures the slope is unity, at 
h igher  pressures the slope changes to 0.5 This change 
in slope occurs at lower values of [P+] for higher  
temperatures.  Fur ther  it can be noticed that  at 1400~ 
for partial  pressures of PH3 exceeding 10 -5 atm a 
second change in slope from 0.5 to 0.25 occurs. 

Concerning the mechanism of incorporation of phos- 
phorus in silicon the fol lowing possibilities are present. 

Effects in the solid.--(i)  Regarding the correlat ion 
between the incorporation of phosphorus and the 
growth rate of silicon, Ra i -Choudhury  and Salkovitz 
(2) found that  the Si deposition rate does not influ- 
ence the doping level. Bloem (7), however,  showed 
that growth rates higher  than 1 ~ /min  caused an ap- 
preciable increase in phosphorus concentrat ion in the 
solid, using a constant PH3 pressure in the gas phase. 
In order to prevent  this type of kinetic effects and to 
be able to study the equi l ibr ium segregation of P in 
Si, a growth rate of 0.45 ~ /min  was chosen by using a 
constant Sill4 part ial  pressure of 2.2 X 10 -3 atm. (At 
the highest PH3 concentrations the growth rate  ap- 
peared to be 10% less.) 

(ii) A second reason for the flattening of the curve 
at high PH3 pressures is the clustering of phosphorus 
in the silicon upon cooling, which would cause a de- 
crease in the number  of electr ical ly active P atoms. 
Nakanuma (5) showed by radiotracer  analysis a one 
to one correlat ion be tween  the total concentrat ion of 
P and the conductivi ty of the layers, thus making clear 
that  clustering of P can be neglected for concentrations 
as high as 3 • 10 TM a toms/cm 3 at least. The exper i -  
mental  data of Nakanuma are in good agreement  wi th  
the present results. 

(iii) The change from intrinsic to extrinsic condi- 
tions in the solid will  cause a change in the slope of 
log [P +] vs. log PPH3 with  a factor two which follows 
from the ionization equi l ibr ium of phosphorus in the 
silicon mat r ix  together  with the appropriate equi l ib-  
r ium constant 

PH3 (g) ~ P (s) -F 3/2H2 (g) Ka ---- [P] �9 PH23/2/pPH3 

P(s)  ~-----P+ (s) -F e KD = [P+] �9 n / [ P ]  

giving 
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[P+] = Kb[P]/n  = KaKb p p n J ( n  �9 PH23/2) 

for PH2 ~ 1 atm this becomes 

[P + ] = KaKbPPH3/n 

For intrinsic conditions n ----- ki 1/2, ki being the intrinsic 
constant and [P+] -,- PPH3, whereas  for extr insic con- 
ditions wi th  [P+] -- n, [P+] ~ ppH31/2 (8). In the re -  
sults presented in Fig. 1 it is seen that  the change in 
slope from 1.0 to 0.5 is found at a lower value of [P+] 
for h igher  tempera tures  which is in disagreement  wi th  
a behavior,  based on an intr insic-extr insic  conversion. 
Moreover,  according to Morin and Maita (9) the in-  
trinsic concentrations at the tempera tures  used are: 
3 X 1019 cm -3 at 1400~ 6 • 10 TM cm -a at 1509~ 
and 1.2 • 1020 at 1600~ much higher  than the value 
of 10 TM encountered here. La ter  in this section it wil l  
be shown that  the break in the curve from 0.5 to 0.25 
for 1400~ at high concentrations could be due to this 
intr insic-extr insic  transition. 

Effects in the gas phase: thermodynamic discus- 
sion.--In the foregoing it has been shown that  reac-  
tions in the solid cannot explain the main features of 
the exper imenta l  data, therefore  the gas phase has to 
be given closer attention. Ra i -Choudhury  (2, 3) and 
Hurle  et al. (4) performed calculations of the gas 
phase composition of various phosphorus compounds 
in hydrogen;  however ,  they did not take i n t o g c c o u n t  
the presence of PH3 and monoatomic P, P4, •H, and 
PH2, respectively.  

These compounds are stable at the tempera tures  of 
interest  and are present in concentrations high enough 
to be of considerable importance. The possible oc- 
currence of o ther  phosphorus-containing compounds, 
such as PSi, PSi2, PH2SiH3, PSiH3, P+, P2 +, etc., is 
l ikely to be of minor  importance. At least this seems 
to follow from the present state of knowledge about 
the re levant  thermodynamic  data. 

Using the most recent  J A N A F  data (10) the equil ib-  
r ium concentrat ion in hydrogen of P, P2, P4, PH, PHi, 
and PH3 were  computed as a function of the input 
concentration of PH3 at the temperatures  of interest.  
It is assumed, because of the low growth rate  which 
is being used, that  equi l ibr ium in the gas phase is 
at tained near  the silicon surface, and that  t ransport  
effects are of minor  importance. In that  case a thermo-  
dynamical  approach is allowed. 

The equil ibria  in which the above-ment ioned  phos- 
phorus components are present  may be described by 
the following reactions and equi l ibr ium constants 

PH3 ~ 1/2P2 -F 3/2H2 K1 = pP21/2 PH23/2/pPH3 [1] 

1/2P2 ~ P K2 : pP/pP21/2 [2] 

2P2 ~ P4 K3 -~ pP4/PP22 [3] 

1/2P2 -{- 1/2H2 ~ PH K4 --~ PPH/(PP21/2"pH21/2) [4] 

1/2P2 ~- H2 ~ PH2 K5 = PPH2/(pP21/2"PH2) [5] 

1/2H2 ~ H K6 = pH/PH21/2 [6] 

Si(s)  ~ Si (g)  Kv ---- Psi [7] 

Si (s) -F 1/2H2 ~ S i l l  Ks : psiH/P~21/2 [8] 

Si (s) + 2H2 ~ Sill4 K9 : PSiH4/PH22 [9] 

The composition of the system is now solved by 
means of an i terat ive computer  procedure subject to 
the conditions that (a) the sum of all the part ial  pres- 
sures remains 1 atm, (b) the silicon part ial  pressure 
is determined by its sol id-vapor  equil ibrium, and (c) 
the phosphorus-hydrogen ratio is de termined by the 
input quantit ies of PH3, Sill4, and H2. The various 
equi l ibr ium constants which are used are collected in 
Table I. 

Calculations were  made for the part ial  pressures of 
P, P2, P4, PH, PH2, PH3, H2, H, Sill4, Sill ,  and Si. The 
results are presented in Fig. 2. Over  the range of initial 
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Fig. 2. Computed curves giving 
the equilibrium partial pressures 
of the components of the gas mix- 
ture vs. the initial partial pressure 
of PH3 (p~ for three tempera- 
tures. 
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phosphine part ial  pressures that  were  considered in 
these experiments ,  the main  gas components at low 
pressures appear to be PH3 and PH2; at higher  initial 
pressures P2 has the highest part ial  pressure. The most 
significant feature however  is that  the calculated pro-  
files of P, PH, PH2, and PH3 are completely analogous 
to what  empir ical ly  has been found for the incorpora-  
tion of P in the silicon matr ix.  Since the concentrations 
of all phosphorus-containing compounds are related by 
equi l ibr ium equations one is permi t ted  to consider the 
segregation as originat ing from one of these com- 
pounds. In addition as there  is no evidence for the 
presence of P2, P4, PH, PH2, and PH3 in the solid state, 
the segregation of phosphorus in the silicon mat r ix  is 
best correla ted with  the vapor  pressure of monoatomic 
P in the gas phase according to 

P ( g )  ~=~ P (Si) 

The calculated results for monoatomic phosphorus are 
collected in Fig. 3. These curves are in good agreement  
wi th  the shape of the exper imenta l  curves found at the 
three tempera tures  (Fig. 1). At tent ion must  be given 
to the fact that  the re la t ive  order  of the curves is 
different: the monoatomic phosphorus pressure in-  
creases wi th  increasing tempera ture  (Fig. 3), whereas  
the amount  of phosphorus incorporated in silicon de- 
creases wi th  increasing tempera ture  (Fig. 1), demon- 
strat ing the tempera ture  dependence of the incorpora- 
tion process. 

Discussing the data in Fig. 1, it can be stated that  
the slope 1.0 is due to the l inear  relat ion be tween 
monoatomic P and PHz at 1400~ or be tween  P and 
PH2 at 1500 = and 1600~ respectively,  PH3 and PH2 
being the main gas components at these temperatures .  
The slope 0.5 expresses the quadrat ic  relat ion of P to 
P2 in the gas phase. 

Table I. The logarithms (to base 10) of the equilibrium constants 
of the heterogeneous system Si-P-H at 1400 ~ 1500 ~ and 16000K 

(from Ref. 10). The equilibrium constants correspond to 
Eq. [ I ] - [ 9 ]  given in the text 

l o g l o K  1 4 0 0 ~  1 5 0 0 ~  1 6 0 0 ~  

P= ( R e f .  s t a t e )  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
H= ( R e f .  s t a t e )  O.000 0 . 0 0 0  0 . 0 0 0  
S i ( s )  ( R e f .  s t a t e )  0 . 0 0 0  0 . 0 0 0  0 . 0 0 0  
PH$ l o g  K1  + 2 . 9 7 5  + 3 . 1 6 4  + 3 . 3 0 8  
P l o g  K~ -- 6 . 1 6 4  --  5 . 5 4 8  - -  5.008 
P4  l o g  KB 0 . 6 2 0  0 . 0 7 3  - -  0 . 4 0 4  
P H  l o g  K4  - -  8 . 0 5 1  --  4 , 6 4 5  --  4 , 2 8 9  
P H ~  l o g  K~ - -  3 . 0 6 0  - -  2 . 9 7 9  --  2 . 9 0 7  
H l o g  K6  --  5 . 3 1 5  --  4 . 7 5 6  --  4 . 2 6 6  
S i  l o g  K~ --  9 . 1 0 7  - -  7 , 9 9 8  - -  7 . 0 2 9  
S i l l  l o g  K s  - -  8 . 3 7 8  - -  7 . 4 6 3  - -  6 , 6 6 4  
S i l l 4  l o g  K ~  - -  5 . 9 7 9  - -  5 . 9 2 4  - -  5 . 8 7 5  

At 1400~ a second transi t ion of the slope from 0.5 
to 0.25 is found. This can be recognized by the in-  
t r insic-extr insic  transi t ion ment ioned in the first sec- 
tion, and which occurs at 3 • i0 TM a toms/cm 3 at 1400~ 
(9). In this case one has the fol lowing equil ibria  

1/2P2(g) ~ P(s )  Ka = [P]/(pP2) 1/2 
P(s)  ~ P + ( s )  + e  K b =  [ P + ] . n / [ P ]  

giving 
Kb' [P] 

[P + ] -- - -  -- KaKb (PP2) 1/2/n 

For intrinsic conditions n - -  k i  1 /2  and 

[ P +  ] , ~  p p 2 1 / 2  

For extrinsic conditions [P + ] = n, thus 

[ P + ]  ~ p p 2 1 / 4  

At higher  tempera tures  the intrinsic carr ier  concen- 
trat ion of silicon shifts to a higher  level  and is outside 
the present range of measurements .  For  this reason 
no clear second break is found in the curves at 1500 ~ 
and 1600~ al though an indication is given at 1500~ 
in the figure. 

The exact position of the change in slope from 1 to 
0.5 in the exper imenta l  curves deviates sl ightly from 
the same position in the calculated curves. This may 

10-9 

10-10 (3~ 

10 -11 

10-I 2 

10-13 
10-9 10-8 10-7 10-6 t0-5 10-4 PF~H 3(arm) 

Fig. 3. Computed partial pressures of man=atomic phosphorus 
(pP) vs. p~ 3 as collected from Fig. 2 for the three temperatures 
quoted. 



Vol. 12I, No. 10 I N C O R P O R A T I O N  OF 

be due to the influence on the equi l ibr ia  of addit ional 
compounds ment ioned before which were not taken 
into account in  the calculations. However the corre- 
spondence is such as to have confidence in the given 
interpretat ion.  The agreement  between the experi-  
menta l  data and the calculated curves also indicates 
that  Henry 's  law defined as k = PP/[P]si  is obeyed 
over the whole range of phosphorus concentrations, 
which were far below the max imum solubili ty of P in  
Si (,~1.5 • 10~i/cm 3) ( i i ) .  

Conclusion 
The mechanism for the incorporation of phosphorus 

in epitaxial silicon is governed by the position of the 
Fermi level in the solid and the chemical equil ibria in 
the gas phase. With increasing phosphine part ial  pres- 
sures a slope bending from 1.0 to 0.5 is found due to 
transi t ions in the gas phase, at low temperatures  a 
second break to 0.25 occurs when the donor concentra-  
t ion becomes equal to the intr insic electron concentra-  
t ion of the silicon matrix.  

These results also indicate that the gas phase reac- 
tions at or near  the silicon surface proceed sufficiently 
rapidly that  equi l ibr ium concentrations of the com- 
ponents may be assumed to be present. 
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Vapor Phase Epitaxy and Thermodynamic 
Calculations of GaAs,-2  (0.3 (x (O.S) 

T. Y. Wu *'1 

Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Various relationships be tween gas concentrat ions and solid composition 
have been established for the vapor phase epitaxy of GaAsl-xPx (0.3 ~ x 
<: 0.5). A GaCI-AsHa-PH3-H2 process was used to grow such materials  at a 
satisfactory temperature  of 790~ The crystal composition was measured as a 
function of the input  flow rates. Based on these reproducible data, thermo-  
chemical calculations were performed with thermodynamic  constants evalu-  
ated from the l i terature  or determined by  fitting the measured data to the 
calculated equations. The results agree nicely with all the exper imental  data 
when the input  flow rate ratio ]~176 is higher than 0.01. For  f~176 
<( 0.01, disagreements occur and the gas-solid relationships are hence estab- 
lished by exper imental  extrapolations. The crystal composition is s trongly 
affected by f~176 and ]~176 in addit ion to ]~176 Such phenom- 
ena are briefly discussed. 

The GaAsl-xP~ materials  have been of practical im-  
portance for electronic applications. At the present  
time, commercial l ight -emi t t ing  diodes (LED's) are 
main ly  fabricated with these materials.  Red-emit t ing  
GaAsl-xPx (x ~ 0.4) diode indicators and displays 
were successfully developed a few years ago. More 
recently, following the observations (1-3) of efficient 
ni t rogen trap processes in indirect GaAst-xPx, yellow 
and orange LED's with reasonable efficiency have also 
been made in such materials with 0.9 > x > 0.6. Be- 

* Electroehemical Society Act ive  Member .  
1Present address: IBM Laborator ies ,  San Jose,  California 95193. 
K e y  words :  GaAsl-eP~, vapor  phase growth ,  epitaxial deposition, 

thermodynamics,  computer calculations. 

sides electroluminescent  applications, high speed cur-  
rent  l imit ing (4) and microwave switching (5) have 
been achieved in GaAso.TP0.3 due to its velocity-field 
saturat ion characteristics. Furthermore,  Blakeslee (6) 
has made superlatt ice structures in GaAsl-xPx with a 
period as small as l l 0 A  by vapor growth. Such struc- 
tures may very well exhibit  novel t ransport  and optical 
properties like a negative conductance (7). 

Although GaAsl-xPx materia!s are highly desirable 
and the AsH3-PH~-GaC1-H2 vapor phase epitaxy 
(VPE) technique has been used extensively, detailed 
and practical relationships between the input  gas con- 
centrat ions and the result ing crystal composition for 
such a process have not been available in the l i terature.  
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These relationships are necessary to guide exper iments  
in order to achieve a par t icular  composition as desired. 
It  is the objective of the present  study to establish such 
relationships for a crystal composition range of 0.3 < x 

0.5 at a growth tempera ture  of 790~ Such a com- 
position range is of par t icular  interest  for red LED's. 

Ideally, if the growth atmosphere is close to thermo-  
dynamic equi l ibr ium with the grown crystal, one can 
describe the gas-solid interface ent i re ly  by theoretical  
calculations. However ,  in practice, the growth inter-  
face can be far  off thermochemical  equilibria.  Thus 
theoret ical  t rea tments  alone cannot produce accurate 
results. On the other  hand it is too t ime-consuming to 
establish the ent ire  relationships by experiments .  A 
semi-empir ica l  approach was therefore  necessary in 
order to obtain accurate gas-solid relationships. Such 
an approach was used in the present  study. 

Experimental 
Procedures . - -The reactor system employed in this 

study is shown in Fig. 1. It  is s imilar  to the one used 
by Tiet jen and Amick (8). But, in the present system, 
the HCI flow can bypass the Ga source for vapor  e tch-  
ing of the substrate and is guided to the Ga boat dur-  
ing the growth period to ensure nearly complete con- 
version of HC1 into GaC1. The reactor  tube is 5 cm in 
diameter  and 91 cm in heated length. The introduced 
AsH3 and HC1 are 10% mixtures  in H2, and PH3 is a 
5% mix ture  in H2. All the gases are of electronic grade. 
Ga of 99.99999 purity, loaded in a pyrolyt ic  graphi te  
boat, was used throughout  this study. The surface area 
of the Ga source was around 18 cm 2. Pre l iminary  ex-  
periments  established that  such a source can conver t  
HC1 into GaC1 almost completely under  the present 
exper imenta l  conditions. Chemical ly polished GaAs of 
{100} orientat ion was employed. 

As is shown in Fig. 1, the tempera tures  selected for 
growth were  900 ~ 940 ~ and 790~ for the source, the 
center  zone, and the substrate. Such a profile was found 
to yield good pre l iminary  growth. At the beginning of 
a run, this profile was reached with  H2 flowing inside 
the reactor and the substrate in the cold zone. AsH3 
flow was then established to prevent  thermal  etching 
of the GaAs surface and the substrate moved into the 
deposition zone. Afterward,  vapor etch was carried out 
with a small HC1 stream introduced through the upper  
tubing (see Fig. 1). Three minutes later, HC1 was 
switched into the lower  tubing and set at the desired 
flow rate to init iate the deposition of GaAs. After  GaAs 
was epi taxial ly grown for 1 hr, the PH3 flow was 
started and gradual ly  increased so as to deposit a taper 
region with x changing from 0 to a certain desired 
value Xo. And finally a layer  of GaAsl-xoPzo was grown 
with  the required thickness. 

The fol lowing ranges of flow rates were  used for 
growth:  H2 (750-1000 m l / m i n ) ,  AsH3 (5-20 m l / m i n ) ,  
HC1 (5-25 m l / m i n ) ,  and PH3 (0.3-4.0 m l / m i n ) .  Precau-  
tions were  taken to el iminate deposition on the reactor  
upstream of the substrate so as to ascertain that all the 

ASH3+ PH3+ H 2 

(HCI + AsH 3 + H z for E~ching) 

\ :  L 

Ga Source GaAs Subst ra te  i 

900 I i  / I I a n d  Oil Bubbler 

TEMPERATURE (~  

I I I I I I I 
0 ~ 4 6 ~ iO 

POSITION flOcml 

Fig. 1. Schematic diagram of the epitaxlat reactor with the 
temperature profile used in this study. 

introduced gases contribute to the growth atmosphere  
in the substrate region. Such precautions, together  with 
the fact that the input HC1 is almost completely  con- 
verted into GaC1 in the present  design, allows correla-  
tion of the growth a tmosphere  with the input gas con- 
centration. 

Resu l t s . - -Growth  morphologies were  examined and 
compared at different flow rate  conditions. When the 
growth atmosphere is nonstoichiometric,  pyramids or 
pits are developed on the as -grown surfaces depending 
on whether  the deposition region is rich in group III 
e lement  or group V elements.  On the other  hand, in the 
stoichiometric case, as-grown surfaces are general ly  
smooth and specularly reflective. Details of such ob- 
servations were  reported previously (9). 

Typical layers consisted of 30-50 ~m of GaAs, 40- 
100 ~m of graded GaAsl -xPx and 50-200 ~m of 
GaAsl-xoPxo. Electron microprobe analysis was carried 
out across the cross section of every  layer  to de termine  
the crystal compositions. Very uniform Xo through the 
final layer  has been observed in all cases. The values 
of Xo and their  corresponding sets of flow rates at a 
growth tempera ture  of 790~ are listed in Table I. Such 
data were  checked and found to be reproducible.  It  
was estimated that  all the values of Xo should be accu- 
rate within • and the various flow rate ratios to be 
wi thin  -+-5%. Ex t reme  care was taken to check the re-  
producibilit ies and to keep the results within the above 
accuracies. It should also be pointed out that such cor- 
respondence can be used to describe the gas-solid re la-  
tionships at the growth interface, since, as ment ioned 
above, the input flow rate  conditions in the present  
setup can be related accurately to the growth  a tmo-  
sphere. Part  of the data in Table I was therefore 
adopted in the fol lowing calculation to adjust  theoret i -  
cal parameters.  

Thermodynamic Calculations 
Theoretical modeL- -The  theoret ical  approach used in 

this study is formulated with  the fol lowing assump- 
tions: (i) Dynamic thermochemical  equil ibria are es- 
tablished in a deposition region of uniform tempera ture  
and pressure. Such equi l ibr ia  at the gas-solid interface 
control the growth of GaAsl-xPx.  (ii) All the gas 
species obey the ideal gas law and the GaAs-GaP solid 
can be described by regular  solution behavior.  (iii) 

Table I. Relationships between the input flow rates and the grown 
crystal composition obtained in the present experiments 

/~ l/f~ f~176 2 f~176 2 f~176 3 X 
(X IO -3) (x 10 -3 ) (• i0 -z) (X I0 -e) (X i0 -~) 

5.0 15.0 1,5 10 34 
11.0 15.0 1.5 10 36 
10.0 20,0 2.0 10 44 
15.0 20.0 2,0 10 36 
17.5 30.0 3.0 10 40 
27.5 40.0 4.0 10 33 

9.0 8.0 1.6 20 44 
12.5 10.0 2.0 20 42 
16.5 12.0 2.4 20 40 
20.0 15.0 3.0 20 39 
19.0 20.0 4.0 20 50 
25.0 20.0 4.0 20 43 
33.0 20,0 4.0 20 33 
33.0 30.0 6.0 20 46 
15.0 5.0 1.5 30 37 
17.0 10.0 3.0 30 49 
20.0 10.0 3.0 30 43 
30.0 lO.O 3.0 30 34 
30.0 20.0 6,0 30 49 
11.0 2.5 1.0 40 38 
2.5 5.0 2.0 40 50 
7.5 5.0 2.0 40 57 

11.9 2.5 1.0 40 49 
20.0 4.5 1.8 40 40 
30.0 5.0 2.0 40 33 
8.0 7.0 2.8 40 62 

25.0 7.0 2.8 40 40 
30.0 10.0 4,0 40 42 
30.0 15.0 6.0 40 51 

5,0 15.0 3.75 25 46 
6.3 11.0 2.75 25 44 

l l .O 12.5 3.1 25 59 
11.0 l l .O 1.65 15 40 
13.0 13.0 1.95 15 41 
18.0 17.0 2.6 15 36 
23,0 22.0 3.3 15 34 
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HC1 is completely converted into GaC1 by reaction with 
Ga in the source region. (iv) No deposition occurs 
upstream of the substrate. (v) M2, M4, and  MH3 (M = 
As or P) contr ibute  equally to the deposition of 
GaAsl-xPx, while various mixed species of the type 
AsyPz can be neglected. 

Assumptions (iii) and (iv) were found to be reason- 
ably true in the present  case. A mass-spectrometric 
study by Ban (10) has determined the relative abun-  
dances and deposition reactivities of various M-con-  
ta ining species at 680 ~ 780% and 880~ Such results 
indicate that assumption (v) should also be a good 
approximation. However, on the other hand, assump- 
tions (i) and (ii) deviate to a good degree from the 
actual cases. These deviations make it impossible to 
obtain accurate relationships between the gas concen- 
trations and the solid composition based on a theoreti-  
cal approach alone. Incorporation of exper imental  data 
is therefore necessary. Indeed, it was found here that 
the equations derived with the above theoretical as- 
sumptions could be used to describe the vapor growth 
of GaAsl-~Px, only if the thermodynamic constants 
were properly adjusted to fit experimental  data. A 
similar technique has been applied successfully by Wu 
and Pearson (11) to the liquid phase epitaxy of 
InxGal-xAs. 

Based on the assumptions ( i -v) ,  one can write the 
following reactions to i l lustrate the equil ibria existing 
around the gas-solid interface 

1 1 1 
GaC1 -t- -~- AsH3 + ~ As2 + -~ -  As4 z:e Gahs  +HC1 

[1] 
1 1 1 

GaC1 -t- -~ PH3 -t- ~-- P2 + -~ -  P4 ~ GaP + HC1 [2] 

As4 ~-- 2 As2 [3] 

P4 ~-- 2 P= [4] 

2 Ash3 ~=e As2 -t- 3 H2 [5] 

2 PH3 ~-- P2 + 3 H~ [6] 

The equi l ibr ium constant  Kj of reaction (j) can be 
expressed as follows 

(1 -- x) ~GaAs PHCl 
K1 = [7] 

PGaCl (PAsH3) 1/3 (PAs2) 116 (PAst)  1/12 

X ~'/GaP PHC1 
K2 = [8] 

PGaCl (PPH3) 1/3 (PP2) 1/6 (PP4) 1/12 

(PAs2) 2 
K3 = [9] 

PAs4 

(PP2) 2 
K4 = [10] 

PP4 

PA~2 (PH2) s 
K5 = [ii] 

(PATH3) 2 

PP2 (PIt2)3 
K6 -- [12] 

(PPH3) 2 

where p and 7 designate the partial  pressure and the 
activity coefficient, respectively. Since we are dealing 
with an open-flow system with He as the major  gas 
specie and the GaAs-GaP solid is assumed to be regu- 
lar, we have 

PH2 ~ 1 atm [13] 
and 

r ] ~GaAs = exp[  ~ [14] 

[ a(1 - x)2 ] [15] 
"FGaP = exp RT 

where ~ is the interact ion parameter  between GaAs 
and GaP. 

Thus we have established relationships between the 
solid composition and the part ial  pressures of various 
gas species in the deposition region. These partial  pres- 
sures can be fur ther  related to the input  flow rates 
through consideration of mass conservation due to the 
validity of assumptions (iii) and (iv).  The conserva- 
t ion of chlorine, arsenic, and phosphorus can be de- 
scribed, respectively, as 

P~ f~ 
PHCI ~ PGaCl = P~ ~--~ = ..... [16] 

p~ 2 f~ 2 

PAsH3 @ 2pAs~ -t- 4pAs4 -t- (1 -- X) PHCl 
f~ 

~--- p~ ~ [17] 
f~ 2 

a n d  
f~ 

PPH3 -~- 2PP2 + 4PP4 ~ X PHCl : P~ ~ ~ [18] 
f~ 2 

where fo is the flow rate of the incoming gas and po 
represents the partial  pressure of this input  gas in the 
growth region prior to deposition. 

With Eq. [7]-[18], one can solve for the crystal com- 
position and the partial  pressures at any given incom- 
ing gas concentrations, once all the equi l ibr ium con- 
stants and the interaction parameter  are determined. 

Determination of constants.--The above approach can 
be used for any growth temperature.  But the present 
calculation was performed with 790~ which was 
found to be satisfactory for 0.3 < x < 0.5. 

The equi l ibr ium constants, i.e., K1, K2, K3, K4, Ks, 
and K6 were evaluated from Kirwan 's  results (12) to 
be 104, 80, 10 -5, 9 • 10 -~, 3 • 1017, and 3 • 102 atm 
units, respectively, at 790~ Panish and Ilegems (13) 
have reported a value of 0.4 kcal /mole for a. Based on 
these parameters,  p re l iminary  calculations resulted in 
significant deviations from the experimental  data ob- 
tained in this study. This can be expected due to the 
fact that complete thermochemical equil ibria do not 
exist and kinetic effects such as adsorption, surface re- 
action, and desorption cannot be neglected in actual 
cases, as were reported by Shaw (14, 15). In order to 
obtain accurate results with the above-described equa- 
tions, one thus has to adjust appropriate parameters  to 
fit exper imental  data. Such adjus tments  will  inval idate  
some of the above assumptions and thus result  in in-  
consistency in the theoretical model. However, the 
main  purpose of this paper is to establish correct gas- 
solid relationships for practical use. The adoption of 
simple, unrealist ic assumptions was merely  to set up 
calculation equations to start with. 

Since we are main ly  interested in calculation of the 
crystal composition at given gas concentrations, such 
adjustments  should be made with parameters  which 
have major  influences on the depositions of GaAs and 
GaP. Adjustab'.e parameters  should therefore be se- 
lected among K1, K2, and a, which can affect the 
deposition reactions directly. 

By following the same techniques used in Ref. (11), 
it was found that, w i t h K 2  -- 3 • 102 atm units, ~ = 
(4.2-3.8 x) kcal/mole, and other equi l ibr ium constants 
given above, the calculation resulted in good agree- 
ment  with the exper imental  data. 

Calculation results.--Such a calculation was carried 
out to determine the crystal composition x at any given 
f~176 f~176 and f~176 3. The results are 
shown in Fig. 2 and 3 together with the experimental  
data obtained in the study. The solid lines are calcu- 
lated results and the dashed lines are exper imental  ex- 
trapolations. Good agreement  was obtained for f~ 
f~ 2 > 0.01. However, when f~176 is smaller than 
0.01, the calculation fails and the relationships were 
established ent i rely by experiments.  The failure of the 
calculation in this region indicates that  such a semi- 
empirical  approach can only be applied in l imited re-  
gions since the actual deposition process can be far 
more complicated. 
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Fig. 2. Crystal composition x as a function of input flow rate 
ratios f~176 f~ and f~176 3 ( =  0.1 and 0.2) 
at o growth temperature of 790~ Solid lines are calculated re- 
sults. The dashed line is experimental extrapolation. The values of 
f~176 for various measured data are: 0.010 (&) ,  0.015 ( 0 ) ,  
0.020 (i-]), 0.030 (A) ,  and 0.040 ( O ) .  
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Fig. 3. Crystal composition x as a function of input flow rate 
ratios f~176 fOAsHs/fOH2, and f~176 3 ( =  0.3 and 0.4) 
at a growth temperature of 790~ Solid lines are calculated re- 
sults. Dashed line is experimental extrapolation�9 The values of 
f~176 for various measured data are: 0.0025 (V ) ,  0.0050 
(11), 0.0100 (& ) ,  0.0150 ( I ) ,  and 0.020 ([-1). 

Figure 4 gives the relationships among the incoming 
flow rates required to grow GaAso.6P0.4 under  the pres- 
ent  exper imental  conditions. All the lines are drawn 
from Fig. 2 and 3, together with the corresponding ex- 
per imental  data in Table I. Similar plots can be ob- 
tained for other x and serve as guides to achieve spe- 
cific compositions. 

i i i 

0.03 - f~ J f~AsH3 = X 

0.02 

0 I I I 
o O.Ol 0.02 0.03 

f~HCI / f~H 2 

Fig. 4. Input flow rate ratio f~176 required to achieve x ---- 
0.4 + 0.02 with various fixed f~176 and f~176 at 
790~ All the lines are calculated results. The values of f~ 
f~ 3 for various measured data are: 0.10 (&) ,  0.15 ( e ) ,  0.20 
(1"-]), and 0.40 ( G ) .  

Discussion 
From the above results, the crystal composition is not 

only determined by f~176 but  is also affected to 
a great extent  by 5~176 and f~176 . In  part icu-  
lar, at constant f~176 and f~176 X increases 
along with f~176 when f~176 ~ 0.01 but  de- 
creases as f~176 2 is increased further.  It  is difficult 
to explain such behavior in much detail since precise 
thermochemistry at a real growth interface is not 
known. Nevertheless the following interpretat ions can 
be made here. 

The crystal composition is influenced by  two factors: 
(i) the reactant  partial  pressures and (ii) the reac- 
tivities of various M-containing species with GaC1. 
When f~ is much greater than ]%sn3 4- 5~ there 
is more than sufficient GaCI in the deposition region. In 
that case, the react ivi ty influence is overruled by the 
pressure influence and the crystal composition x is 
main ly  determined by f~176 3 4- f~ As fOHc~/ 
f~ 2 is reduced while keeping ]~176 3 and S~ 
f~ 2 constant, the relative reactivities of M-containing 
species will then become increasingly important .  The 
fact that x increases with decreasing 5~176 (~0.01)  
can hence be explained by the over-al l  higher reac- 
t ivity of P-conta in ing  reactants in this range. The same 
explanat ion also holds for the increasing x when 
f~176 is increased with constant ~f~176 3 and 
f~176 

Sedgwick (16) proposed a "quasi -equi l ibr ium" model 
to describe the H2 reduct ion of SIC14. In  this model, 
only a fraction # of the incoming gases equil ibrates 
with the condensed phase. Shaw (14) has found such 
a model can be successfully applied to calculate GaAs 
deposition rates for certain l imited growth conditions 
if a constant, empirical # is assumed. The present  re- 
sults agree with such previous observations. The ad- 
jus tment  of K2, in the present  case, is equivalent  to the 
quas i -equi l ibr ium treatment .  It was also found here 
that such a t rea tment  can be successfully used to cal- 
culate x for certain growth conditions, namely,  ]~ 
]~ > 0.01 in the present case. 

Although the use of a composi t ion-dependent  a is in-  
consistent with the assumption of regular  solution be- 
havior between GaAs and GaP, it yields some accurate 
and practical results in the present  calculations. After 
all, the GaAs-GaP solid solution is by no means strictly 
regular. Rao and Tiller (17) have found composition- 
dependent  a's can be used to describe similar systems. 
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It should also be pointed out here that the empirical  
adjustments  of K2 and a were performed based on part  
of the reproducible data in Table I only. But the re-  
maining  data were also found to agree with the cal- 
culated results nicely. This suggests such a semiem- 
pirical approach is a good technique for interpolat ion 
and reasonable extrapolation with a l imited amount  of 
data. 

In  a previous paper (9), an opt imum growth condi- 
t ion was reported for the process used in this study, 
namely, f~176 = (f~ 3 -~- f ~ 1 7 6  2 = 0.02. Such 
a condition together with the relationships given in 
Fig. 4 indicate that GaAso.6P0.4 can be best grown with 
f~176 ~--- 0.02, ]~176 = 0.0165, and IOpH3HOAsHa 
= 0.19 at a temperature  of 790~ 

Although the present  relationships are established 
for the AsH3 and PH3 process, they can be applied 
equally well to the AsC13 and PC13 process since the 
thermochemistry at the gas-solid interface is the same 
for both processes. As a mat ter  of fact, the trichloride 
process can be considered as a special case of the hy-  
dride process, which satisfies poHci : 3 (P~ -I- p~  3) 
with P%s~a and p~ 3 equal to P~ and p~ respec- 
tively. Thus, the present relationships can be reduced 
for use in the trichloride ease by introducing a restric- 
t ion that  f~ is equal to 3 ($~ + ]~176 2. It 
was indeed found that the results so obtained agree 
well with the calculated relationships by Bleicher (18) 
for the triehloride process. 

Conclusions 
A thermochemical  investigation on the VPE of 

GaAsl-zPx (0.3 ( x ( 0 . 5 )  has been carried out and 
the following conclusions can be made: 

1. The crystal composition x (0.3 ( x ( 0 . 5 )  as a 
funct ion of the input  flow rate ratios f~176 
]~176 and f~176 at 790~ has been obtained 
for the hydride process. A semiempirical  approach was 
used to establish such relationships. Such an approach 
demolishes the theoretical consistency, but  is cer ta inly 
a simple way to establish accurate, practical re la t ion-  
ships. Similar  techniques can be used for other ranges 
of x or other materials.  

2. The flow rate dependences of x for ~~176 
0.01 can be explained by the relat ive abundances and 
reactivities of various vapor sources. 

3. It  is concluded that  GaAso.6P0.4 vapor epitaxiaI 
layers can be best grown with f~176 = 0.02, f~ 
lOnu = 0.0165, and ~~176 = 0.19 at 790~ Such 
informat ion is par t icular ly impor tant  for red-emit t ing  
diode application. 

4. The above relationships can be reduced and used 
for the trichloride process which is actual ly a special 
case of the hydride process. 

5. The results established here are applicable to any 
such reactors where the input  flow rates can be cor- 
related with the incoming gas concentrat ions in the 
substrate region. 
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ABSTRACT 

High s tructural  qual i ty  epitaxial  Si layers have been grown over implanted 
As patterns. For As doses ~ 5  • 1014/cm2, it has been necessary either to im- 
plant  into a heated substrate or to remove the damaged region prior to epi- 
taxial growth. This can be convenient ly  done by diffusing in an oxygen am- 
bient;  consuming part  of the damage by oxidation while diffusing the donor 
impurit ies away from the damaged silicon. Sheet resistivities of less than 10 
ohms/[:] have been at tained as have minor i ty  carrier lifetimes over 20 #sec 
in  the epitaxial  layer, with no lifetime difference observed on control areas 
or regions grown over the buried layers. SiO2, photoresist and silicon contact 
masks have been successfully employed. For implanta t ion doses of 3 • 101~/ 
cm 2, dr iven to a junct ion depth of 3 ~m, sheet resistivities of 20 ohms/[:] 
were obtained. The existence of HF staining of the damaged region prior to 
anneal ing has been observed. 

The need for techniques to reproducibly grow high 
qual i ty epitaxial  silicon layers over low sheet resistiv- 
i ty buried collector diffusions of n - type  impur i ty  atoms 
has been a cont inuing problem in the fabrication of 
bipolar integrated circuits. The abil i ty to grow high 
lifetime, low strained epitaxial  films over arsenic 
buried layers requires a reproducible diffusion source 
free of variables such as attack of the SiO2 masked 
areas, variable etching characteristics, arsenic rich 
precipitates, etc. Chemical diffusion sources general ly  
suffer from some of the above problems, result ing in 
the subsequent  formation of epitaxial  defects espe- 
cially over impur i ty  rich diffusion "rosettes." As part  
of an over-al l  examinat ion  of arsenic buried layer  
sources, ion implanted arsenic techniques were in-  
vestigated. This paper describes the exper imental  de- 
tails which form the basis of the results reported 
earl ier  (1). 

It  was recognized that crystallographic disorder 
introduced in  the silicon lattice by implanta t ion  of 
buried layers could be a potential  problem in the epi- 
taxial  growth process which is sensitive to minor  
lattice disorder. The invest igat ion studied the use of 
room temperature  and high temperature  implantat ions 
followed by  epitaxial  deposition, and also t h e  u s e  of 
room temperature  implantat ions followed by a high 
temperature  diffusion dr ive- in  prior to epitaxial  depo- 
sition. It  was found in  all cases that  although the 
epitaxial  process was extremely sensitive to residual  
crystallographic damage in the implanted substrates it 
was equally sensitive to the cleaning sequence used to 
process the substrates after implantat ion.  

This work has shown that  good r e s u l t s  a r e  obtained 
using ion predeposition followed by a diffusion dr ive-  
in  at 1200~ Epitaxial  silicon layers have been grown 
consistently free of s t ructural  defects and comparable 
to layers grown on nondiffused, melt  doped substrates. 
In  part icular  "rosettes" have not been observed since 
the oxide mask used never  contains sufficient arsenic 
to form the necessary arsenic rich oxide phase. High 

* Electrochemical Society Act ive  Member .  
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quali ty base-collector junct ions  have been fabricated 
over buried layers formed in the above fashion. 

Experimental Procedures 
Implantation.--The early work was done with beam 

energies of 300 keV giving a profile peaked at approxi-  
mately 0.2 ~m (2). This was later  reduced to 150 keV. 
The major i ty  of the substrates were implanted at room 
temperature,  but  some experiments  were performed 
with the substrates held on a heated support  at tem-  
peratures between 500~176 to reduce the radiat ion 
damage in the Si (3) caused by the implantat ion.  

Dif]usion drive-in.--These were performed at 1200~ 
in pure oxygen for most of this work. Some runs  used 
10% 02-90% N2, 50% 02-50% N2, or a short 02 dr ive- in  
followed by a N2 drive-in.  These variat ions had minor  
effects on the sheet resistivity of the buried diffusions 
bu t  no effect on the subsequent  epitaxial growth proc- 
ess. 

Epitaxial growth.--Epitaxial films in the 2.0-4.0 ~m 
thickness range were grown in a single slice vertical 
reactor system described previously (4). Growth rates 
of 0.5 ~m/min  were used at 1000~ util izing the 
silane pyrolysis process. Ten ohm-cm p-type, "Syton" 
polished substrates misoriented by 3 ~ to the <111> 
axis were used. The early experiments  used substrates 
which were HC1 vapor etched in the epitaxial  reactor 
prior to ion implanta t ion to el iminate minor  variations 
in substrate surface perfection but  later work showed 
that "Syton" polished surfaces were adequate for our 
purposes. Where no dr ive- in  had been performed the 
s tandard preepitaxial,  in  situ HC1 vapor etch at 1000~ 
was el iminated to prevent  etching away the implanted 
As zone. 

Epitaxy and substrate characterization.--The struc- 
tural  perfection of the ion implanted substrates with 
and without epitaxial  layers was examined by x- ray  
topography, interference contrast  microscopy, and el- 
lipsometry. Berg-Barre t t  reflection topography was 
used with a lateral  resolution of two microns, uti l izing 
the Crk~ (220) reflection with an  approximate penet ra-  
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t ion of 1.5 ~m, or the Fek= (311) with an approximate 
penetra t ion of 6.5 ~m. The use of geometric pat terns 
such as device pat terns or simple grids enabled a 
comparison to be made between the implanted areas 
and the surrounding silicon matrix. In addition in ter-  
ference microscopy at • was used to compare the 
surface relief of the epitaxy over implanted areas with 
the matr ix  s tructure and to examine stacking faults, 
etc. The ellipsometric measurements  served to moni tor  
the cleanness of the substrates prior to and subsequent  
to ion implantat ion.  It also was useful in  moni tor ing 
the anneal ing of implanted silicon surfaces as the dis- 
ordered surface had an apparent ly  low refractive 
index which reverted to the characteristic silicon value 
after  annealing.  The sheet resistivities were measured  
using a four-point  probe and the minor i ty  carrier l ife- 
t ime using a pulsed MOS (C-V) technique (5). 

Results 

Ion-Implanted Substrates 
The first experiments  studied doses which yielded 

sheet resistivities between 10 and 4000 ohms/U] after 
an anneal  but  without  a diffusion drive-in.  Four  strips 
were implanted into a slice held at room temperature  
with doses of 5 • 1014 , 1014 , 2 • 1013 , and 4 • 101~- 
300 keV arsenic ions/cm 2, the substrates having been 
HC1 vapor etched immediately prior to implantat ion.  
Of these implantat ions only the heaviest dose rendered 
the lattice amorphous as seen by x - r ay  topography and 
also reflection microscopy. A twenty  minu te  anneal  at 
1000~ in the epitaxial  reactor in hydrogen re tu rned  
the refractive index of the 5 • 1014/cm2 implanted 
area to its bu lk  value, but  x - ray  topographs indicated 
that the crystallographic structure was not that of 
the sur rounding  matrix.  The growth of 2.5 ~m epi- 
taxial  layers over these stripes showed that excellent 
qual i ty silicon was obtained over all areas except the 
heaviest dose region. In  Fig. la, the x - ray  topograph 
shows the epitaxy in the heaviest dose region to be 
highly dislocated, perhaps oriented polycrystal l ine 
material,  and observation under  phase contrast micros- 
copy (Fig. lb)  confirms that  the layer  is highly dis- 
ordered Si. 

T o  ascertain whether  the defective epitaxial  layer  
was caused by residual damage due to a dose above 
that  required to render  Si amorphous, implantat ions 
were done into samples held at temperatures  high 
enough that  the amorphous t ransi t ion is not expected 
(6). Doses of 5 • 1014 , 5  • 1015 , and 1016 3 0 0 k e V A s /  
cm 2, all above the amorphous t ransi t ion damage range 
for As in Si at room temperature,  were implanted with 
the substrate held be tween 500~176 By x- ray  and 
reflectance examinat ion this mater ia l  was indis-  
t inguishable from the nonimplanted  zone immediately 
after implantat ion.  At an implanta t ion dose of 1016/cm 2 
the epitaxial  texture was only slightly different from 
the nonimplanted  material.  Lang transmission x - ray  
topographs (7) indicated single-crystal  mater ial  with 
dislocation densities of several thousand/square  centi-  

Table I. Etching conditions for epitaxial growth over ion 
implanted buried layers 

A m o u n t  HC1 E p i t a x i a l  
D r i v e - i n  HCI e tch  temo v i s u a l  

c o n d i t i o n s  e t ched  p e r a t u r e  q u a l i t y  

O2, 15 m i n ;  N2, None  - -  Very  poor  
4 h r  

02, 4 h r  None  Poor  
(0.35 /Lm SiO.~) 0.1 ~m 1 0 ~ ~  G o o d  
(0.35 /~m SiO~) 0.2 ~m 1000~ E x c e l l e n t  
(0.35 ~rn SiO2) 0.3 ~m 1000~ E x c e l l e n t  
(0.35 ~rn SiO~) 0.5 ~m 1000~ E x c e l l e n t  
(0.35 ~ra SiO2) 1.5 ~m 1200~ E x c e l l e n t  

meter  but  this value was also obtained for the non -  
implanted area. It would appear that  the dislocations 
were not due to the implanta t ion per se but  perhaps 
related to the method of holding the sample on the 
heater block dur ing implantat ion.  

Although implant ing  into a hot substrate gave sheet 
resistivities ,~10 ohms/D, the technique was found to 
be too sensitive to residual surface impurit ies without  
HC1 vapor etch prior to epitaxial  growth. Also, heating 
the sample during the implanta t ion  is general ly cum- 
bersome. 

Ion Predeposition and Drive-In 
HC1 vapor etching.--It was decided to use a standard 

1016/cm 2 implanta t ion dose at 150 keV for the diffusion 
experiments,  with a dr ive- in  of 4 hr  at 1200~ in  02. 
During the implanta t ion the substrates were held near  
room temperature.  These conditions gave a junct ion 
depth of 3.0 ~m and a sheet resistivity of 7-8 ohms/[~. 
To determine the m i n i m u m  amount  of Si necessary to 
be removed so that any residual  damage in  the im- 
planted zone would not affect the epitaxial  process, 
a series of dr ive- ins  and in situ (prior to epi growth) 
vapor etchings were performed as listed in Table I. 
Since during the 4 hr period at 1200~ approximately 
0.35 ~m of SiO2 are formed and subsequent ly  removed 
by an HF etch prior to epitaxial  deposition, 0.15 ~m 
of the original surface will  be consumed without  any 
HC1 etch. Thus, in two runs, no HC1 etching was per-  
formed to test whether  this in itself was sufficient to 
give high qual i ty  epitaxy. It appears that  although 
cosmetically acceptable epi taxy can be grown this 
way, x - ray  topography indicated clearly that  a 0.2 ~m 
HC1 etch was necessary to obtain reproducible results. 

KMER masks.--The above results were obtained 
with large area implantations.  During processing, some 
form of mask definition will be required. The simplest 
approach in terms of number  of processing steps would 
be to use a photoresist mask thick enough to stop the 
As ions. KMER-II  was used and proved to be adequate 
for the purpose. Substrates were coated with 1~ of 
KMER-II  and bur ied layer  pat terns developed. After 
the ion predeposition was performed, the KMER-II  
was stripped and then the substrate cleaned and put 
in the dr ive- in  furnace. 

Fig. 1. (a) X-ray topograph 
and (b) photomicrograph of epi- 
taxial layer grown over 5 X 1014 
As/cm 2 implanted region (25~ 
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It was found that  excellent epitaxy could usual ly  be 
grown as characterized under  interference contrast. 
However, variat ion occurred in the qual i ty of the epi- 
taxy, and faceted pads, which by x - ray  showed con- 
siderable surface damage, were sometimes observed. 
This was correlated with the abil i ty to remove the 
polymerized KMER resist after ion implanta t ion and 
before drive-in.  Due to the addit ional cross l inking 
induced in resist by ion implantat ion,  J-1001 chemical 
stripper is insufficient for the total removal  of the 
organic contaminants.  

The lack of a readi ly observable pat tern  in a mask 
a l ignment  microscope makes the use of a resist mask 
somewhat impractical. 

Oxide masks.--SiO2 masks were examined. It was 
found that the oxide stopped the As implanted into the 
SiO9 from diffusing through the oxide during drive-in.  
During the dr ive- in  in O2, a 0.1-0.3 ~m step was 
formed in  the substrate. This simplifies a l ignment  to 
these bur ied features. 

Contact (shadow) masks . - -At  this point  the vari-  
ables noted in the cleaning st imulated an examinat ion  
of the possible use of "shadow" masking. The poten-  
tial for minimizing chemical contaminat ion of the Si 
surface dur ing implanta t ion appeared attractive. Ini t ial  
results with a Mo mask indicated that  sput ter ing of 
contaminant  Mo onto the Si surface with subsequent  
drive into the surface at 1200~ could occur (Fig. 2a). 
Replacement of Mo by  a Si mask on the presumption 
that sputtered Si would not be a contaminant  proved 
correct. Figure 2b and the related topograph Fig. 2c 
show that  high qual i ty epitaxy, with barely a trace 
of the slightly s trained implanted area, can indeed be 
obtained by this method. The heavily doped, bur ied 
layers oxidized faster than the surrounding silicon, 
and thus steps of ~ 300A were formed around the edge 
o5 the buried layers dur ing the dr ive- in  in O2. 

E:~ect of HF staining.~Many of the ini t ial  results 
showed staining effects which subsequent ly  gave rough 
epitaxial  surfaces. This has been traced to the original 
use of an oxide mask which was removed by HF etch- 
ing prior to the 1200~ dr ive- in  in an at tempt to min i -  
mize the subsequent  step in  the substrate. Heavily im-  
planted As surfaces appear to react preferent ial ly  with 
HF forming a stained compound which forms con- 
siderable defects dur ing the epitaxial  growth stage. 
Even when the original oxide mask is left on, if the 

1 P ropr i e t a ry  solvent :  Indus t -R i -Chem Labora tory ,  Richardson,  
Texas.  

holes are cleaned using 100:1 H20:HF prior to drive-  
in, the problem occurs (in a less dramatic form).  

Figure 3 i l lustrates the texture  of epitaxial  layers 
grown over buried layers cleaned in various concen- 
trations of HF before drive-in.  Figure 3a (no HF) 
shows excellent epitaxial Si with no sign of the im-  
planted regions in  an x - r ay  topograph. Figure 3b is 
from a region with a 50:1 HF etch and Fig. 3c from a 
region with a 48% HF etch treatment.  Both HF cleaned 
regions show faceted, striated epitaxy. X- ray  topo- 
graphs also show harmful  effects of the HF cleans. 

Electrical measurements.--Four-point probe mea-  
surements  have shown that  sheet resistivities of 7-8 
o h m s / [  are obtained for a dose of 1018/cm 2 after 
dr ive- in  and are only slightly increased by a 0.2 ~rn 
vapor etch. For 5 • 1015/cm 2, ps was 15 ohms/[::] and 
for 1015/cm 2, ps was 80 ohms/[] .  Minori ty carrier l ife- 
times measured on undoped epitaxy over both the 
bur ied layers and the surrounding matr ix  gave values 
greater than 20 ~sec, the upper  rel iable l imit  of the 
method. 

Discussion 
The growth of epitaxial silicon over implanted 

buried layers has shown interest ing effects related to 
the decoration of residual implanta t ion  damage by the 
epitaxial growth process. The region shown in  Fig. 2 
is amorphous after implanta t ion  and al though after 
the 1000~ anneal, by resistivity measurements  the 
impur i ty  atoms are incorporated into a Si lattice and 
the reflectance is identical with bulk  Si, the area still 
shows that residual damage exists by both x - ray  
topography and by the disordered epitaxial  film that  
forms. The observations of Bicknell  and Allen (8) of 
residual damage existing in P implanted Si after an-  
nealing at 1027~ could account for this. The epitaxial 
growth of Si on such a lattice would be greatly 
hindered and the meaning of an x- ray  topograph of 
such highly dislocated mater ial  would be problemat-  
ical (9). An al ternat ive concept would be the existence 
of a high density of point defects in such a disordered 
lattice result ing in epitaxial  disorder. One might  ex- 
pect such a grouping of vacancies to segregate at high 
temperatures,  however, and to precipitate out as 
stacking faults. No such aggregation of stacking faults 
has been seen. 

The hot implanta t ion (600~ proved that  no re-  
sidual implanta t ion damage which would affect epi- 
taxial growth existed after a 1000~ anneal  even at 
doses 20-100 times greater than  room tempera ture  im-  
plantat ion which yielded poor epitaxial  layers. It 

Fig. 2. Epitaxial layers grown over shadow masked implantations. (a) Mo mask photomicrograph, (b) Si mask photomicrograph, and (c) 
$i mask x-roy topograph. 
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Fig. 3. Photomicrographs of epitaxial layers grown over (a) non-HF treated substrate, (b) 50:1 HF etched substrate, and (c) 48% HF 
etched substrate. 

would appear that high qual i ty  epitaxy could be grown 
under  such implanta t ion  conditions. 

In  terms of the vapor etch experiments  it would 
appear that a 0.2 ~zl HC1 in situ etch prior to epitaxial  
deposition is essential. The incorporat ion of be tween 
0.15 and 0.2 ~m of the implanted substrate surface by 
oxide formation during the 1200~ O2 dr ive- in  may 
not remove all the residual damage, or, in  fact, some 
of the damage may propagate into the substrate dur ing 
oxidation as dislocations or vacancy migration.  The 
x - r ay  topography indicates that the addit ional 0.2 um 
vapor etch removes the vestigial damage and also any 
surface contaminat ion l ikely to produce tradi t ional  
s t ructural  defects. It is interest ing to note that no sig- 
nificant damage propagates more than 0.2 ~m from 
this highly disordered region. 

The effect of HF etching on the implanted As areas 
prior  to dr ive- in  seems to relate to a complex chem- 
ical reaction at the surface resul t ing in  an inert  stain. 
This reaction appeared strongest for the highest im- 
planta t ion dosage, and the strongest HF etchant  solu- 
tion. The addit ional reactive energy available in  the 
large number  of disordered lattice bonds might create 
a highly activated surface. 

The use of shadow masking and photoresist masking 
is interest ing because of the high s tructural  qual i ty  of 
the resul t ing epi taxy grown over such bur ied layers 
and the processing simplicity. The oxide mask method 
is compatible with current  device processing tech- 
nology and has been shown to yield excellent  epi taxy 
which is readily processed. 

The results shown in Fig. 2a underscore the im-  
portance of using masking materials  which do not 
serve as a source of contaminants.  Significant quant i -  
ties of materials  get backsputtered off the mask and 
redeposit on the silicon. The sput ter ing yield is gen-  
eral ly >1 for heavy projectiles and thus tens of mono-  
layers of the mask are removed, some of which will  
redeposit in the windows. Also, if there is a th in  sur-  
face layer  over the windows of the Si, significant quan-  
tities of this mater ia l  can recoil into the Si. Recent 
measurements  have shown (10) that  heavy projectiles 
passing through a th in  oxide layer  can recoil several 
(>2)  oxygen atoms/project i le  into the substrate. 

The abil i ty to tailor bur ied  layer  concentrations ac- 
curately, reproducibly,  and without  s t ructural  defects 
is a positive step toward controlled processing. The 
low As concentrat ion in the oxide mask prevents  the 
formation of As rich precipitates which can cause oxide 
breakdown. Ellipsometric measurements  of the As im-  

planted SiO2 mask have shown it is easily removed by 
HF to a residual SiO2 film equivalence of 5A. 

The 20 ~sec lifetimes measured in the epi taxy are 
encouraging. 

Conclusions 
1. Structural ly  perfect epi taxy can be grown over 

room temperature  As implanted Si substrates up to a 
dose of 1 • 1014/cm 2 after annealing.  

2. Similarly, epitaxial  layers have been grown over 
As implanted at 600~ up to a dose of 1016/cm 2. 

3. A process has been developed util izing a room 
temperature  ion predeposition, up to a dose of 1016/cm 2 
followed by a diffusion dr ive- in  at 1200~ in pure O2, 
or in O2-N2 mixtures.  

4. Sheet resistivities as low as 7 ohms/[~ have been 
at tained by this method with a 3 ~m junc t ion  depth; 
lower sheet resistivities can be obtained by driving the 
junct ion in deeper (11). 

5. Either SIO2, photoresist or contact masks may be 
used with the process. 

6. The existence of HF staining of implanted As 
areas (before anneal)  has been noted as a processing 
variable. 
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An Analysis of the Temperature Distribution 
During Crystal Growth by THM 

R. O. Bell 
Tyco Laboratories, Inc., Waltham, Massachusetts 02154 

ABSTRACT 

The temperature  dis t r ibut ion dur ing crystal growth by the t ravel ing 
heater  method (THM) has been calculated by numerical  in tegrat ion of the 
Laplace equation for a cylindrical  geometry. The boundary  between the l iquid 
and solid, which have different physical properties, was assumed to be an iso- 
therm. The radial and longi tudinal  temperatures,  the isotherms, and the in ter -  
face shape have been calculated for different heater  temperatures,  interface 
temperatures  and geometries. Also briefly described are a one-dimensional  
model that neglects radial gradients and an analytical  solution for an idealized 
geometry and boundary  conditions. When numerical  values are determined, 
parameters  appropriate to the growth of CdTe by Te are used. Some of the 
practical implications with regard to crystal growth behavior  are discussed. 

Recently, the t ravel ing heater method of crystal 
growth (THM) has been applied to a number  of com- 
pounds including CdTe (1, 2), GaAs (3), GaP (4, 5), 
CuC1 (6), and ZnO (7), and also to several solid solu- 
tions such as (Ga, A1) As (3), (Ga, I n ) P  (3), (Hg, 
Zn)Te  (5), and (Pb, Sr)TiO3 (8). This is a relat ively 
new technique, and the basic process has been analyzed 
using idealized geometries and temperature  dis tr ibu-  
tions, pr imar i ly  in papers by Wolff and co-workers (3, 
9-11). 

The usual  cylindrical  geometry (Fig. 1) has a heater, 
typically a hot metal  ring, which heats the solvent by 
radiation. The solvent zone is made to migrate along 
the ampul  containing the material  of interest  by the 
relat ive motion of the heater. Heat is t ransported by 
thermal  conduction along the feed material  and grow- 
ing crystal and then is lost by convection and reradia-  
tion. The general  heat flow is thus balanced between 
the heat input  from the central  heater and loss from 
the ends of the ampul.  As discussed by Chalmers (12, 
13), it is impor tant  that  the growing interface, which 
will be an isotherm, have minimal  curvature.  A con- 
cave 1 surface is undesirable if nucleat ion of new crys- 
tals from the walls is to be avoided and a highly con- 
vex 1 surface should also be avoided to prevent  the sol- 
vent  near  the per imeter  of the ampul  from becoming 
starved of the mater ial  in solution. Thus, one very 
important  parameter  is the tempera ture  distr ibution 
dur ing  THM, which will to a large degree determine 
the l iquid-solid interface shape. 

Some exper imental  measurements  of temperature  
profiles have been made (13), but  precise results are 
difficult to obtain; therefore, we have found it very 
useful to calculate the temperature  distribution. Both 
the tempera ture  of the solid-liquid interface and the 
concentrat ion in solution, will be determined by the 
thermal  conditions and by the phase diagram. Changes 
in physical parameters,  such as the amount  of solvent 

Key words:  crystal growth,  temperature  distribution, t ravel ing  
heater  method,  numer ica l  integration,  interface shape, cadmium 
telluride. 

In  this communicat ion,  concave and convex will refer to the 
shape of  the growing crystal,  i.e., the solid. 

or the heater temperature,  will change the length of 
the solvent zone and thus the interface temperature,  
so the entire process is fair ly complicated. This paper 
is not meant  to be an analysis of the entire si tuation 
but  to provide some guidance with regard to the practi-  
cal unders tanding of THM. 

THM crystal growth is quite slow (not more than 1 
to 2 cm/day  and usual ly something more like 5 m m /  
day) ;  thus it is not necessary to consider the la tent  
heat associated with the phase t ransformat ion or other 
dynamical  properties. To a high degree of approxima- 
tion, the tempera ture  will be  given by the equi l ibr ium 
situation. In  some work on GaP and CdTe, direct rf 
coupling to the solvent to produce heat throughout  the 

SOURCE 
MATERIAL 

H EATE R - - - " ~  

REGROWN 
CRYSTAL 

CRUCIBLE 

OIRECT,O. OF 

Fig. 1. Schematic of THM crystal growth procedure 
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volume has been used (4, ~3), but  we will  only consider 
the more usual case where  thermal  radiat ion from an 
externa l  source is used. 

T h e o r y  
A number  of different approaches to the calculation 

of thermal  distr ibution are possible, of which we have 
invest igated three. The first is a one-dimensional  model  
which neglects radial gradients and gives only the 
average tempera ture  along the ampul  (see the Ap-  
pendix) .  This par t icular  model is easily formulated to 
obtain numerica l  results with the major  drawback, of 
course, that  no isotherms are obtained. The second 
approach is to analyt ical ly solve the Laplace equation 
in three dimensions (see the Appendix) ,  but in order 
to obtain a simple series solution of the appropriate  
equations, it is necessary to assume that  the regrowth,  
solvent, and feed all have homogeneous thermal  prop-  
erties. Even more importantly,, thermal  radiat ion which 
involves a T 4 term cannot be handled directly, but, 
rather,  an effective l inear  heat  t ransfer  coefficient must 
be used. The third, and most realistic, case and the one 
on which we will  concentrate is the direct numerical  
integrat ion of the Laplace equation and the boundary 
conditions to obtain the l iquid-solid interface shapes. 
The principal  approximations made in this case relate 
to the practical  impossibili ty of producing an abrupt  
tempera ture  step because of longitudinal  spreading of 
the incident radiation be tween the heater  and rod and 
neglect  of the effect of things such as the conductivi ty 
of the walls of the ampul, although, in principle, they 
could be included. 

In this paper we will  discuss this last case and show 
some of the results and insights we have obtained. A 
brief outline of the first two models is given in the Ap-  
pendix. The numerical  methods are also outlined and, 
al though we have not included the FORTRAN com- 
puter  programs, enough information is given so that  
the programming should be straightforward.  

The approach used here is to integrate  the Laplace 
equation and the boundary conditions numer ica l ly  
using the geometry  shown in Fig. 2. The rod is as- 
sumed to be symmetr ica l ly  located in the heater.  The 
set of equations governing the temperature,  T, in a 
cylindrical  coordinate system are 

r + ~ - - 0  
r Or Oz 2 

and 

8T 
-- kl 

On 

[i] 

- - k i ( ' ~  T ) r  a = q i J  [2] 

- -  ki ( 0 - ~ )  = q i , J  [3] 
z = d  

r 0 

z 0 

------ k s - -  at the interface whereT- - - -Tm 
On 

[6] 

T, T, 
J_ 

b d J 

Fig. 2. Geometry assumed for numerical solution of temperature 
distribution. The interface is assumed to be at a fixed temperature, 
Tin. 

qiA =- (rei ( T4 -- Tj 4) Jr- h s ( T  -- Ta) 1'25 [7] 

where  ki is the thermal  conduct ivi ty  of the liquid, kl, 
or solid, ks, depending on whether  the tempera ture  is 
above or below that  of the interface; similarly, this ap- 
plies to the emissivities el and es. Tj is e i ther  the tem-  
pera ture  of the heater, Tf, or of the outside environ-  
ment, T1. Tm is the t empera tu re  of the interface, and 
Ta the tempera ture  of the air. ~ is the Stefan-Bol tz-  
mann constant and hs is the effective heat  t ransfer  co- 
efficient for convection. 

In Eq. [7] which gives the heat flux across the sur-  
face, the first te rm on the r igh t -hand  side is the contri-  
bution by thermal  radiation' and the second represents 
the convect ive heat transfer. It should be pointed out, 
though, that the form of this last term is only for free 
laminar  convection across an isothermal surface (14, 
15) and thus is only an approximation.  

An area where  convection has been neglected is in 
the l iquid zone where  the heat t ransport  is assumed to 
be solely by conduction. In principle it should be possi- 
ble to include convection by using the Navier-Stokes  
equation coupled to the Laplace equation which has 
been modified to include the effects of fluid flow (16) 
but  the additional complications were  not deemed 
worth  the effort for this initial analysis. 

It has also been assumed that  the system is opaque 
making radiat ive t ransfer  unimportant .  For  part ial ly 
t ransmit t ing media coupled radiat ion and convection 
must be considered (17, 18). 

Another  approximation that  has been made is to as- 
sume perfect ly abrupt  transitions from the hot to the 
cool zone. In practice, there  will  be a more or less con- 
tinuous change which will  smooth out the transition. 
The principal  effect will be to decrease the gradient, 
pr imar i ly  in the transit ion region. For the case where 
the interface is within the heater, this will  not be as 
important  as when near  or outside in the cool zone. 

The equations are converted to difference equations 
and used to solve for the tempera ture  as a function of 
the r and z coordinates. 

For the numerical  solution wri te  Eq. [1] as a differ- 
ence equation with a spacing of h 

(2m -- 2) (Tn- l ,m  -b Tn+l.m) -[- (2m -- 1)Tn,m+l 

/-  (2m -- 3)Tn,  m-1 -- 8(m -- 1) Tn,m ---- 0 [8] 

Here, the m index is for the r coordinate and runs from 
1 at r _-- 0 to M at r = a. Similarly,  the n index is for 
the z coordinate and runs f rom 1 at z ----- 0 to N at z = 
d. Equat ion [2] becomes 

-- k i (Tn ,~  - -  T n , M - 1 )  Ar hqi,j(Tn,M) = 0 [9] 

Equat ion [4] gives 
T n , 1  -- Tn,2 : 0 [1O] 

Similar  expressions for Eq. [3] and [5] are 

- -  ki(Tl,ra -- Tf,m) Jr hqi , j(Tl ,m) : 0 [11] 

TN,m -- TN-l,rn ---- 0 [I2] 

This gives enough equations so one could, in pr inci-  
ple, solve for each Tn,m, but because Eq. [9] and [11] 
are nonlinear  in T, a closed form solution is probably 
impossible. We have thus chosen to first assume values 
for Tn,m and use these in an i tera t ive  process (Gauss- 
Seidel method)  to calculate new values. Because of the 
ra ther  slow convergence, it is necessary to use over-  
relaxat ion to speed the process (19). 

Figure  3 shows a plot of the tempera ture  .as a func- 
tion of length for the center and outer surface of the 
ampul  where  we assumed that  the 6 cm long and 1 cm 
diameter  ampul is symmetr ica l ly  located within  a 2 cm 
hot zone at 1000~ Physical parameters  appropriate  to 
the growth of CdTe with  a Te solvent were used (Table 
I). Figures 4 and 5 are plots of isotherms for two dif- 
ferent  values of the l iquid-solid interface (600 = and 
750~ Note that  only near the junct ion of the high 
and the low tempera ture  regions does a near ly  flat zone 
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Fig. 3. Temperature distribution along the ampul at the center, 
r = 0, and on the outer surface, r = 0.5 cm. An interface tem- 
perature of 600~ was assumed. The rod is 6 cm long and is 
symmetrically located in the 2 cm heater. A heater temperature of 
1000~ and air temperature of 50~ was assumed. Parameters 
given in Table I were used for the calculation. 

occur and even here the isotherm is never  perfect ly 
fiat. The curvature  changes from concave (the shape of 
the growing crystal) when the interface is out of the 
heater  (Fig. 4) to convex when the interface is within 
the hot zone (Fig. 5). The lat ter  condition is more  de- 
sirable for prevent ing  new crystal l i tes that  nucleate on 
the walls from growing into the crystal. Natura l ly  a 
perfect ly  flat growth interface is ideal, but if that  is 
not possible, then a sl ightly convex shape is probably 
bet ter  than concave. 

Rather  than making a complete t empera tu re  map for 
each set of conditions, it is more effective just to look 
at the shape and position of the interface while  holding 
all parameters  fixed except  for one which is al lowed to 
vary. F igure  6 shows the changes as the interface tem-  
pera ture  changes. The fur ther  the interface is f rom the 
heater  junction, the greater  the curvature.  F igure  7 
shows the result  of changing the heater  t empera ture  
wi th  the interface tempera ture  held constant at 650~ 
The highest heater  tempera tures  expand the zone and 
produce a strongly concave shape. In actual physical 
situations the effect wil l  not be as drastic because as 
the tempera ture  is increased the solution will  become 
more  concentrated and the l iquid-sol id transit ion tem-  
pera ture  general ly  will  increase, by an amount  given 
by the phase diagram. 

Conclusions 
During THM, many different parameters  can interact  

to affect the geometry  and tempera ture  of the in ter -  

Table I. Physical characteristics used for calculation of temperature 
distribution during THM growth of CdTe with a Te solvent 

P a r a m e t e r  V a l u e  

kl,  t h e r m a l  c o n d u c t i v i t y  of  C d T e  0.035W cm-~ K -1. 
k2, t h e r m a l  c o n d u c t i v i t y  of Te 0.lOW cm -1 K-l** 
el,~, e m i s s i v i t y  1 
h, ,  hea t  t r a n s f e r  coeff icient  0.0006W crn-= K - l . ~ t  
Ta, air  t e m p e r a t u r e  50~ 
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Fig. 4. Plot of temperature isotherms for an interface tempera- 

ture of 600~ Other dimensions and parameters the same as in 
Fig. 3. 
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Fig. 5. Plot of temperature isotherms for an interface tempera- 
ture of 750~ All other parameters the same as in Fig. 3 and 4. 

* O b t a i n e d  f r o m  e x t r a p o l a t i o n  of da ta  to  5O0~ f r o m  G. A. S l a c k  
a n d  S. G a l g i n a i t i s ,  Phys. Ray., 133, A253 (1964). 

** Va lue  a t  7O0~ a f t e r  b e i n g  inc reased  by  50% to p a r t i a l l y  ac- 
coun t  for  hea t  t r a n s p o r t  b y  c o n v e c t i o n  in  t he  Te so lven t .  C. Y. Ho, 
R. W. Powe l l ,  and  P. E. L i l ey ,  J. Phys. Chem., Re]. Data, 1, 279 
(1972). 

t A i r  v a l u e  f r o m  W. H. M c A d a m s ,  " H e a t  T r a n s m i s s i o n , "  p. 165, 
M c G r a w - H i l l  B o o k  Co., N e w  York  (1954). 

face. The amount  of mater ia l  in solution will  be de- 
termined by the interface tempera ture  which, in turn, 
is determined by the relat ive position of the heater  
and interface. To complicate mat ters  still further,  the 
length of the solvent zone will  depend, to some extent,  
on the amount  of feed mater ia l  in solution. 

Natural ly,  the final adjus tment  of the growth param-  
eters must be done exper imental ly ,  but calculations 
such as these for a par t icular  solvent-solute  will  make 
the problem much easier. 
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Fig. 6. Shape and position of the liquid-solid interface for vari- 
ous interface temperatures. All other parameters were the same as 
for Fig. 3. 
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Fig. 7. Shape and position of the liquid-solid interface for various 
heater temperatures. An interface temperature of 650~ was used, 
otherwise all other parameters were the same as for Fig. 6. 

Some practical  implications that  have become ap- 
parent  f rom these calculations and those in the Ap-  
pendix are: 

1. Only near  the junct ion of the high and low tem-  
pera ture  regions does a reasonably flat isotherm occur, 
and here it is apparent ly  never  absolutely flat. For  
shorter  solvent  zones, the interface becomes convex 
and for longer  zones, concave. From the point of v iew 
of the best crystall inity,  a short solvent  zone with  a 
long heater  is desirable, but in order to obtain fast 
growth rates and to prevent  consti tutional supercool-  
ing, a large gradient, which implies a short heater, is 
necessary. Thus, the op t imum configuration must be 
determined for each different crysta l -solvent  system. 

2. If the thermal  history of the crystal  is important,  
for example,  to control the defect structure, it is neces- 
sary to be aware  of the thermal  distr ibution and how 
it changes as the position of the crystal re lat ive to the 
heater  changes. Longer  ingots will  be annealed at lower  
temperatures.  

3. Keeping other  parameters  constant, increasing the 
radius will  decrease the thermal  gradients along the 
rod. This is because the heat  gain or loss is through 
the surface whose area is proport ional  to the radius, 
but heat t ransport  is along the rod whose cross-sec- 
tional area is proport ional  to the square of the radius. 

4. At the beginning and end of THM growth, where  
only one end of the ampul sticks out of the furnace, 
a substantial increase in the tempera ture  of the solvent 
zone can occur. This is because the heat loss can only 
occur in one direction ra ther  than in two, as at an in- 
te rmedia te  position. One way to overcome this is by 
the use of dummy ends. Natural ly,  use of an ex t ra  long 
ingot and discarding the ends would work, but the slow 
growth speeds do not make  this very  attractive.  

5. The tempera ture  is a ve ry  strong function of the 
length of the heater  and of the thermal  conduct ivi ty  of 
the material .  Because of this, at tempts to de termine  the 
absolute thermal  profile with a bare thermocouple 
without  the ampul  present  may be misleading, al though 
relat ive values make  some sense. Since the length of 
the ampul  will  have a pronounced effect on the tem- 
perature,  reproducible  exper iments  can only be made 
with careful control of the geometry.  The principal 
effect of going to a longer  ingot is to decrease the 
tempera ture  because more radiat ing surface is avai l -  
able and the heat input  can only increase slightly. 
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A P P E N D I X  

In addition to the direct numerical  integrat ion of the 
Laplace equation, two other models have been used 
and proved useful for de termining the effect of various 
parameters  on the tempera ture  distr ibution during 
THM. They are briefly discussed in this Appendix.  

O n e - d i m e n s i o n a l  t e m p e r a t u r e  d i s t r i b u t i o n . - - T h i s  
model is a one-dimensional  approximat ion that neg-  
lects radial  gradients. Assume that  the rod of radius, 
a, and length, d, can conduct heat  along its length and 
is in thermal  equi l ibr ium with its surroundings when 
radiat ion and convection are considered. The solvent is 
located be tween b and c (Fig. 8a). 

The hot zone is at a tempera ture  T~, the outside at 
T1, and the air t empera tu re  is Ta. By looking at the 
heat flow along a small  section of the rod and neglect-  
ing radial  gradients, the equation governing the t em-  
perature,  T, as a function of position, x, can easily be 
shown to be 

dZT 
~ a f k i -  : 2~aei~ (T 4 -- Ti 4) -~- 2~ahs (T  --  Ta)1.25 

d x  2 
[A-1] 

where ki is the thermal conductivity of material in 
region i, ~ is the Stefan-Boltzmann constant, ei is the 
emissivity of material in region i, and hs is the heat 
transfer coefficient for convection. 

The boundary conditions for insulated ends are 

dT 
: 0 [A-2] 

d x  x=O,d 

i.e., heat flux f rom the ends is neglected. For  f reely  
conducting ends the heat flux should na tura l ly  be 
equated to the loss via radiation and convection. Also, 
at the interface be tween  two materials  of different con- 
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Fig. 8. (a) Geometry used to analyze one-dimensional tempera- 
ture distribution. The air temperature is Ta. The thermal conduc- 
tivity and emissivities are different in different regions. (b) Geom- 
etry assumed to calculate temperature distribution in a homogene- 
ous rod. The distribution will be symmetrical about z = O. 

ductivities,  the flux and tempera ture  must  be cont inu-  
ous. 

To obtain numerical  values after  dividing through 
by ~a2ki, Eq. [A- l ]  and [A-2] are wr i t ten  as difference 
equations wi th  a spacing of h: and solved for T ,+I  
and T1 

T ,+I  = 2T, -- T.-I + h2f(T.) [A-3] 

T1 = To -t- h2~(To)/2 [A-4] 
where  

2+i~" 2hs (T -- Ta) I.~5 [A-5] 
)t(T) ---- k[a (T4 -- rl4) A- kia 

A value of the t empera tu re  on the le f t -hand side, i.e., 
To, was assumed and by successive application of the 
difference equation and requir ing the continuity of the 
flux at the interface of the two different materials,  the 
temperature,  and, therefore,  the thermal  gradient  on 
the r igh t -hand  side was determined.  A different va lue  
of the initial t empera tu re  was assumed and a new 
gradient  at x : d was calculated. An extrapolat ion was 
made to provide a s tar t ing t empera tu re  that  satisfies 

the boundary conditions at x -- d, Eq. [A-2]. This new 
start ing tempera ture  was used to i terate the whole pro-  
cedure until  the appropr ia te  distr ibution was de te r -  
mined (20). 

Some results are shown in Fig. 9, where  the effect of 
making the total ampul  longer and longer is examined. 
Note that  the gradient  in the Te zone is smaller  than in 
the CdTe because of the larger  thermal  conduct ivi ty  of 
the Te. The hot zone is assumed to be as long as the Te 
solvent, al though this is not necessary but is only done 
for convenience. The principal  effect of going to a 
longer ingot is to decrease the temperature,  obviously, 
because more radiat ing surface is available and the 
heat  input  can only increase slightly. 

Another  interest ing result  is to compare  the tem-  
pera ture  distribution when the ampul  is symmetr ica l ly  
located and when it is displaced (Fig. 10). A substan- 
tial increase in the solvent tempera ture  occurs in the 
asymmetr ic  case wi th  an increase of t empera tu re  at 
zone center.  

Analytical solution for temperature distribution.--If 
we want  a reasonably simple analytical  solution, we  
must  restr ict  our generali ty.  Boundary conditions 
where  thermal  radiation is involved require  T 4 terms 
and do not often produce neat  or closed form results. 
We will  thus use an effective heat t ransfer  coefficient 
so that the flux across the surface will  be proport ional  
to the tempera ture  difference. We also assume that  the 
thermal  properties of the rod are homogeneous and 
isotropic. For a steady temperature ,  the equation gov- 
erning the heat  distr ibution is the Laplace equation. 

Using the geometry  shown in Fig.  (8b), the radius of 
the rod is a, the total length is 2d, and the length of 
the heater, which is centered, is 2b. The heater  tem-  
pera ture  is T2 and the tempera ture  around the rest of 
the ampul is Tt. It  is easy to show that  the t empera tu re  
as a function of radius r, and length, z, is given by 
the series 

T = T ~ +  ~ C. cosh(anZ)Jo(anr) O < z < b  
7 t ~ l  

[A-6] 

00 

T---- T1 + ~ [An sinh(=nZ) -t- Bn cosh(-nZ)] Jo (a , r )  

b < z < d [A-7] 

The solution will  be symmetr ica l  about Z : 0; thus for 
z < 0, it is necessary to replace An by --An. an is the 
n th  root of the  characterist ic equation 

=nJo'(=na) -4- hJo(~na) = 0 [A-8] 
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eters given in Table ! were used "' 
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Fig. 10. Temperature distribution for the case of a symmetrically 
located ampul (solid line) ond an ampul displaced 3 em to the 
right (dashed line) for a one-dimensional model. Porumeters given 
in Table I were used for the calculation. 

Jo(x)  is the zeroth order Bessel function. The prime 
indicates differentiation with respect to the argument .  

h = H / K  where K is the thermal  conductivi ty and H 
is the l inear  heat t ransfer  coefficient related to the heat 
flux through the surface, F, by the boundary  condition 

F = -- K V T  -~ H ( T  -- Ti) [A-9] 

The boundary  conditions for uninsula ted  ends are 

OT 
- -  + h ( T  - -  T1)  : O 
Oz 

OT 
- - - t - h ( T - - T e )  = 0  for 
Or 

OT 
- - + h ( T - - T 1 )  = O  for 
Or 

for z---- d [A-10] 

r -- a in Eq. [A-6] 

[A-11] 

r ---- a in Eq. [A-7] 

[A-12] 

for z---- b [A-13] 

for z---- b [A-14] 

T + ~ T  - 

OT OT 

Oz Oz 

Equations [A-11] and [A-12] are already satisfied by 
the form of the solutions chosen and the characteristic 
equation. The general  procedure to follow is to use Eq. 
[A-7] to substi tute for T in Eq. [A-10]. 

Mult iply by rJo(amr), integrate from r ---- 0 to r = a 
and using the properties of integrals involving Bessel 
functions such as given by Carslaw and Jaeger (21) 
find 

an -t- h tanh(and)  
B .  - -  - -  A n  [ A - 1 5 ]  

an tanh(and)  + h 

Similar  procedures can be used on boundary  condi-  
tions Eq. [A-13] and [A-14] to obtain 

2ha 1 
1 An -- -- AT sinh(anb)  [(=~a)2 + (ha) 2] Jo(ana) ] 

[A-16] 
and 

Cn ---- Bn -}- An ctnh(anb)  [A-17] 

where AT ---- T2 -- T1. This along with the solution to 
the characteristic equation, Eq. [A-8], are enough to 
allow us to calculate T as a funct ion of r and z. This 
result  is similar to that obtained by Cook et al. (22) 
who used modified Bessel functions. It is only slightly 
more difficult to treat the case where three different 
lengths of the rod are exposed to three different tem- 
peratures, but  because the expressions for the coeffi- 
cients are more cumbersome than Eq. [A-15], [A-16], 
and [A-17], it would add li t t le to the discussion to 
write them down. 

Solutions have been calculated bu t  are not reported 
here since the numerica l  integrat ion presented in the 
foregoing is a bet ter  approximation to physical reality. 
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ABSTRACT 

Estimated thermodynamic properties of the molecule tungsten pentafluoride 
indicate that it may be the reactive intermediate formed at high temperatures 
when tungsten hexafluoride etches tungsten. The calculated concentration of 
tungsten pentafluoride that can form at equilibrium is adequate to explain the 
etching reaction between 1500~176 and it becomes sufficiently unstable 
above 2300~ to explain the transition from etching to deposition at higher 
temperatures. The differences in reaction rates in the three carrier gases 
argon, nitrogen, and helium, point to a diffusion controlled reaction. The re- 
action rates from diffusion calculations of tungsten hexafluoride into, and 
tungsten pentafluoride out of the Langmuir sheath are in good agreement 
with experiment for helium, and are reasonable for argon and nitrogen. Con- 
vective distortion of the Langmuir sheath is suspected as the cause of the 
higher  than expected etching rates in the la t ter  two gases as well  as the h igher  
than expected rates as the tempera ture  increases. 

Tungsten hexafiuoride reacts wi th  tungsten in a 
series of complex reactions. From about 900 ~ to 2300~ 
the important  reaction etches the meta l  and t ransports  
tungsten to cooler parts of the system. Tungsten pow- 
der deposits on cold surfaces as the result  of a dis- 
proport ionat ion react ion that  reforms tungsten hexa-  
fluoride. 

At higher  tempera tures  wha teve r  in termediate  com- 
pound forms decomposes to tungsten meta l  and fluorine 
atoms. Presumably  the decomposition react ion has a 
large enthalpy of reaction, at least l a rger  than that  
of the etching reaction, and above 2500~ depending 
upon the part ial  pressure of fluorine compounds, it 
overwhelms  the etching react ion and tungsten deposits 
f rom the gas. This qual i ta t ive  reaction scheme is im-  
plicit in work  reported by Schroeder  (1). 

More recent ly  Schroeder  and Grewe (2) have re-  
ported on the preparat ion of tungsten pentafluoride, 
and Schroeder  and Sieben (3) on its enthalpy of for-  
mation. When their  data is ext rapola ted to high t em-  
peratures, it suggests that  the react ive in termedia te  
may be tungsten pentafluoride. The important  reac-  
tions would then be 

high temp. 
5WFs~g) + Wcs) ' " 6WFscg) [1] 

low temp. 

high temp. 
WFsr - * Wcs) + 5Fog) [2]  

low temp. 

One purpose of this report  is to discuss how wel l  this 
react ion scheme fits the exper imenta l  data. 

The exper imenta l  part  of this work  used 25W-1100 
hr  tungsten coils. Ear ly  work  indicated that  the re la-  
t ive ly  long cool zone at each end of an electr ical ly 
heated straight  filament caused serious errors dur ing 
the determinat ion of rates of reaction. This error  can 
be minimized, but not eliminated,  by using small wire  
sizes in coil form. 

The use of coils introduces another  complication in 
t h e s e  measurements .  The l ight from between the turns 

�9 Electrochemical  Soc ie ty  A c t i v e  M e m b e r .  
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of the incandescent coil is br ighter  than the l ight from 
the outside of the coils because of internal  reflections 
(4, 5). An empir ical  correction curve was established 
for the 25W coiIs, and all of the optical pyrometer  
measurements  of t empera ture  have been so corrected. 

When a filament or coil is heated to incandescence 
in an iner t  gas, a Langmuir  sheath surrounds the coil 
(16) wi th  properties that  vary  depending upon the 

kinetic parameters  of the gas. Variations in reaction 
rate for tungsten hexafluoride with  tungsten in the 
gases nitrogen, argon, and hel ium have been observed 
and are compared with  calculated rates of diffusion. 

Experimental 
Gas flows were  measured  into a % in. copper mani -  

fold to mix and conduct the gases to the reaction 
chamber. Nitrogen, argon, or hel ium were  controlled 
with  one Pyrex  flowmeter, and a small Py rex  flow- 
mete r  with a sapphire ball and Nichrome wire  ball re-  
tainers measured the tungsten hexafluoride flow. When 
not in use, both flowmeters, the manifold, and the re-  
action chamber  were  flushed with  dry, l amp-grade  
nitrogen. Teflon and Ke l -F  plastic parts were  avoided 
because they degenerated during repeated use and 
seemed to absorb tungsten hexafluoride which was re-  
leased slowly when  not wanted.  

The reaction chamber  was made from 2 in. OD Pyrex  
tubing with  an inlet  near  the bottom, a 65/40 Pyrex  
ball joint  with an O-r ing seal, 1/a in. nickel electrodes, 
and an exit  to a long surge chamber  to prevent  air 
sucking into the react ion chamber  when  the coils were  
tu rned  off. 

Electr ical ly heated, 25W-1100 hr tungsten coils, 
49.1-50.7 mm in length, weighing 8.03 • 0.10 mg were  
used for the solid reactant.  The wire  d iameter  was 
1.21 mils, and they were  wound on 4.2 mil  mandrels  
wi th  a 118% pitch. A razor blade flattened 3-5 turns 
on each end of the coils to form an at tachment  to 
small bronze clips spaced 17 mm apart  on the ends 
of the nickel leads. When heated the coils sagged 
under  their  own weight  to a pitch near 140%. 

Voltage to the Variacs for a.c., and to the Variacs 
and rectifier system for d.c., for heat ing the coils was 
regulated by a Sola t ransformer  to • 0.1V. Electrical  
power to the filament was turned on and off by a mer -  
cury relay inserted just  ahead of the coil to el iminate 
any time lag requi red  to energize the electr ical  equip-  
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ment.  The mercury  relay was controlled by a 40 sec 
t imer  with an adjustable "on" t ime cycle. The t imer  
also controlled an electric stopwatch and recorded 
"on" times to a tenth of a second but was est imated 
to the nearest  hundredth  second. In ear ly  work 60 
cycle a.c. was used to heat  the coils for the tests in 
ni t rogen be tween  2546 ~ and 2716~ The r ipple in 
l ight emission f rom a-c  heated coils amounts to sev-  
eral  per cent which corresponds to several  tens of de- 
grees var ia t ion in temperature .  To el iminate  any pos- 
sible effect in the reaction zone, d.c. was used for the 
ni t rogen work  be tween  1451 ~ and 1894~ all of the 
argon work, and for most of the hel ium work;  a.c. was 
used for the two hel ium rate  determinat ions at 2552 ~ 
and 2636~ So far  as could be determined there  was 
no observable effect caused by changing from a.c. to 
d.c. 

The reaction chamber  was flushed for at least 4 min  
with  inert  gas for the usual case of a flow of 1517 m l /  
rain measured at 741.7 Torr  and 24.0~ and corre-  
spondingly longer  times for lower  flow rates. The coils 
were  heated to the intended reaction t empera tu re  for 
at least 1 min  to remove  dirt  and oxides from the sur-  
face before measur ing the current  and voltage needed 
to give a predetermined temperature .  They were  
weighed after cooling and remounted  in the reaction 
chamber. Each was again flushed for at least 4 min 
with  the iner t  gas, 4-5 min  with a mix tu re  of  iner t  
gas and tungsten hexafluoride (20.0 m l / m i n  measured 
at 741.7 Torr  and 24.0~ in the usual case), flashed 
at the prede te rmined  voltage for measured times, 
flushed once again with pure  inert  gas, flashed to re-  
move traces of fluoride from the surface, and re-  
weighed. 

Tempera ture  measurements  of the coils with a n o p -  
tical pyrometer  is less than satisfactory because it is 
difficult to match colors wi th  the cal ibrated filament. 
A bet ter  technique (6) places a wide ribbon fi lament 
back of the coil to be measured, and it is easier to 
match the coil to this broad area than to the re la t ive ly  
smaller  pyrometer  filament. In our case an 18A, 75-80 
mil  r ibbon filament, spectrographic lamp was matched 
to the desired tempera ture  with the optical pyromete r  
which was focused on the test coil, and not o n  the 
r ibbon filament. Al though the r ibbon is out of focus 
and the edges are apparent ly  " low" in temperature ,  
the central  portion is wide enough to appear uniform. 
After  establishing the current  to maintain  the ribbon 
at the desired temperature ,  the coil is matched to the 
r ibbon using the pyrometer  telescope and filter. Too 
much magnification is not an advantage  because it 
becomes difficult to match colors if the individual  turns  
are clearly resolved. Refract ion effects in the Lang-  
muir  sheath also interfere  with the images making 
complete disappearance into the background impos- 
sible. 

In spite of the obvious difficulties wi th  the optical 
determinat ion of coil temperature,  a calibration of the 
technique was accomplished by measur ing apparent  
tempera tures  of coils and comparing with  the t rue 
tempera ture  obtained by focusing a mieropyrometer  on 
the outside of an individual  turn at 125X magnification 
for the same current.  The correction factors, A, are 
fitted by the equat ion 

A -- [(~ X 10'8)] -+- 7 ~ 

The emissivi ty data for tungsten published by DeVos 
(7) was used to calculate temperature .  

Results 
The data in Fig. 1 are typical of the individual  weight  

changes found in this work. The slopes of straight 
lines such as these have been plotted in Fig. 2, 3, 4, 
and 5. Figure  2 shows that  the etching react ion is 
more rapid in hel ium than in nitrogen, and comparable  
data for argon in Fig. 3 are somewhat  slower. 

The rate of reaction is proport ional  to the tungsten 
hexafluoride concentrat ion in the etching region below 

2200~ according to the data of Fig. 3 and 4. There  is 
also a marked  lower ing of the transi t ion tempera ture  
be tween  the etching and deposition regions as the con- 
centrat ion decreases. 

Figure  5 shows that  the react ion r a t e  is independ-  
ent of flow rate below one l i ter  per minute,  59 c m /  
min  in this equipment,  and increases modest ly  at 
h igher  flow rates. 

400 

cn 300 O 

'~ 200 

o I00 
t~  

~- 0 

u.,z -IOO 

c~ -200 

=: -~00 
o 
k- -400 

- 5 0 0  

- 6 0 0  I-1 
- 7 0 0  I I I I I I I I I I I I I 

0 I 2 3 4 5 6 7 8 9 I 0  I I 1 2  1 3  

TIME- -  SECONDS 

Fig. 1. Weight changes of 25W-1100 hr coils in 0.0127 atm of 
WF6 in nitrogen. 
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Discussion 
The results in  Fig. 2 and 3 i l lustrate that the inert  

gas has an influence on the rate of the reaction and 
the transi t ion from an etching reaction to a deposition 
reaction. The etching reaction is most rapid in hel ium 
and the transi t ion temperature  is lowest. Both effects 
are l ikely related to diffusion controlled processes, 
and part  of this discussion will be concerned with 
the role of diffusion through the Langmui r  sheath 
sur rounding  the hot filament. 

Another  feature of interest  is the shape of the 
curves. This can be related to the k ind  of intermediate  
or lower valence tungsten  fluorides that  are formed. 
An at tempt has been made to estimate thermodynamic 
functions for tungsten  pentafluoride gas, and its role 
will be discussed first. 

Estimated thermodynamic ~unctions Jot the mole- 
cule WFscg).--Tungsten forms hexahalides with the 
three halogens bromine, chlorine, and fluorine. The 
hexabromide is the least stable and will  decompose 
upon gentle warming  to the pentabromide. The hexa-  
chloride is more stable and can be heated to its boil-  
ing point 346.7~ The vapor density above the boil ing 
hexachloride shows evidence of dissociation (8), how- 
ever, and thermodynamic data (9) can be used to 
show that one of the products is probably tungs ten  
pentachloride. Schroeder and Grewe (2) have shown 
that  10 Torr of tungsten hexafluoride in contact with 
tungsten at 500~176 will generate tungsten penta-  
fluoride which condenses on a surface cooled to --50 ~ 
to --60~ Experimental ly,  the pentahalides can be 
formed from the hexahalides, and the tempera ture  
at which this occurs is related to the stabili ty of the 
latter. 

The only rel iable thermodynamic  data for tungs ten  
pentafluoride is as the solid. Schroeder and Sieben 
(3) used fluorine bomb calorimetry to measure the 
enthalpy of the fluorination of WFs(s) to WF6cg). This 
value was combined with the entha lpy  of formation 
of WF6(g) to give the enthalpy of formation of WFs(s) 
quoted in Table I. Unfor tunately ,  no other experi -  

Table I. Thermodynamic properties of WFs(c), WFs(t), and WFs(g) 

K n o w n  v a l u e s :  
+ 2.6 

AH~ = - -346 .1  k c a l / m o l e  (3) a t  2 9 8 ~  f o r  WFs(e} 
- -1 .0  

E s t i m a t e d  va lues :  
M e l t i n g  p o i n t  of  WFs(e) ~ 3 9 9 ~  
H e a t  of  fus ion  of WFs(c) ~ 4 k c a l / m o l e  
B o i l i n g  p o i n t  of  WFs(D ~ 5 2 1 ~  
H e a t  of  v a p o r i z a t i o n  of WFs(z) - -  12 k c a l / m o l e  
H e a t  c a p a c i t y  of WFs{c) ~ 31.7 g i b b s / m o l e  
H e a t  c a p a c i t y  of WFs(I)  ~ 34.7 g i b b s / m o l e  
H e a t  c a p a c i t y  of  WF~<g) ~ 26.4 g i b b s / m o l e  

(298r ~ ) 
h H ~  = - -328 .6  k c a l / m o l e  a t  2 9 8 ~  fo r  WFs(s) 
S ~ = 79 g i b b s / m o l e  at  2 9 8 ~  for  WF~<=) 

mental  data for tungsten pentafluoride solid or gas is 
available. All of the information needed for the ther-  
modynamic cycles to give the enthalpy of WFs(g) in 
Table I has been estimated. Fortunately,  the absolute 
value of the estimated entha lpy  for the subl imation 
of the pentafluoride at 298~ is only + 17.5 kcal/mole.  
Because it is so much less than the enthalpy of 
ei ther species, errors in the estimates are somewhat 
less important  than they might  ordinar i ly  be. 

Heat capacity data are needed to calculate free 
energy and equi l ibr ium values at high temperatures.  
The heat capacity for WFs(g) should be somewhat less 
than that  given for WC15(g) in the JANAF tables 
(9). What seemed like a reasonable correction for 
the difference between five tungsten-f luor ine  and 
five tungsten-chlor ine  bonds was obtained by taking 
5/6 of the difference between the heat capacities for 
WC16(g) and WF6~g). Values were calculated for each 
100 ~ interval;  some are listed in  Table II. 

Vrhe function HT -- H298 in Table II was calculated 
by averaging the heat capacity values for a 100 ~ in-  
terval, mul t ip ly ing by 100 ~ and adding to the ac- 
cumulated function. The entropy as a funct ion of 
temperature  was determined by a similar technique; 
the entropy increment  for each 100 ~ was approxi-  
mated by dividing the average heat capacity by the 
average temperature,  and successively adding to the 
original estimate at 298~ 79 gibbs/mole. The free 

- -  ( G ~  - -  H ~  
energy funct ion was calculated from 

T 
( H ~  - -  H ~  

the funct ion S~ . Free energy func-  
T 

tion values for F2~g> and W(s) from the JANAF (9) 
tables were combined with the estimated values for 
WFsr to give the estimated free energy values, AG ~ 
in Table II. 

Neumann  and Knatz  (17) have independent ly  es- 
t imated free energies for WFs~g~ which are wi thin  2 
kcals/mole of the values in Table II up to 3000~ 

Estimated partial pressures of WFscg), WF5cq), and 
F~) at the surface of hot tungsten.--The estimated 
free energy values for WFs(g) have been combined 
with the values available for WFGcg) and F<g) from 
the JANAF tables (9) to provide free energies of 
reaction for reactions [1] and [2] between 1400 ~ and 
2800~ The equi l ibr ium constants derived from the 
free energies of reaction were combined with a mass 
balance constraint to calculate equi l ibr ium partial  
pressures of the three gaseous species for the two 
initial  partial  pressures of interest  in Fig. 6. 

A comparison of Fig. 6 with Fig. 3 shows that  sev- 
eral of the main  features of the reaction can be re-  

Table II. Estimated thermodynamic functions for WF5(g) 

(G~176 
Cp S~ AG~ 

T e m p  ( g i b b s /  HT--H~s ( g i b b s /  T ( ca l /  
(~  mol )  ( c a l / m o l )  tool)  ( g i b b s / m o l )  tool)  

298 23.774 0 79.000 79.000 -- 313,723 
i 0 0 0  30.768 20,208 112.960 92.752 - -279 ,094  
2000 31.859 51,604 134.672 108.869 - -231,316 
3000 32 .504 83,809 147.720 119.784 -- 184,074 
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lated to the amount  of tungsten pentafluoride formed. 
According to reaction [1] it is the agent  responsible 
for t ransport ing tungsten from the hot coil surface 
to the cooler gas where  disproport ionat ion reforms 
WF6(~) and solid tungsten as a powder. According to 
Fig. 6 there  should be substantial  react ion at 1400~ 
which increases in amount  up to some max im um  in 
the 2200~176 range which agrees with the ex-  
per imenta l  data of Fig. 3 fa i r ly  well. But  this simple 
mechanism would still  t ransport  tungsten from the 
coil to the cooler gas even  above 2800~ which is 
not true. 

Reaction [2] becomes impor tant  above 2200~ and 
when  the fluorine atom concentrat ion equals the 
WFs(g) concentration, etching effectively stops be-  
cause of the react ion 

WF~<g) + F<~) -~ WFo<g) [3] 

in the cooler gas. At higher  tempera tures  grea ter  
amounts  of fluorine atoms are evaporat ing from the 
coil surface, and deposition of tungsten meta l  occurs. 
Because of the rapid increase in fluorine atom con- 
centrat ion at h igher  temperatures ,  deposition occurs 
even  though WFs(g) is still an impor tant  species in 
this system. 

A good test of whe the r  reactions [1] and [2] ac- 
count for this system is how wel l  the calculated 
transi t ion t empera tu re  for the etching to deposit ion 
ranges agrees wi th  experiment .  For  0.0127 atm of 
WF6(g) ini t ial ly in Fig. 6, the part ial  pressures of F(g~ 
and WFsr are equal  at 2670~ and the exper imenta l  
value is 2680~ in Fig. 3. For  0.0065 atm of WF6(g) 
ini t ial ly the calculated value  in Fig. 6 at 2580~ com- 
pares wi th  2510~ de termined  exper imental ly .  

In spite of the good qual i ta t ive  agreement  of the 
calculated data based on simple equil ibria  wi th  ex-  
periment,  there  are quant i ta t ive  discrepancies in the 
r a t e s  of react ion at lower  temperatures .  Be tween  
1500 ~ and 2300~ the rate  of tungsten removal  in 
Fig. 3 increases by a factor of at least  three whi le  
the calculated increase in WF5r concentrat ion is less 
than one and one-half .  The rate of react ion is not 
direct ly  proport ional  to the amount  of WFsr ex-  
pected to f o r m .  

The role o] WF2~o).--Neumann and Knatz  have  e s -  
t i m a t e d  a free energy of format ion for WF2r (17). 
Calculations by Neumann  and Gottschalk (18) indi-  
cate that  this molecule  is so stable that  only etching 
reactions should have been observed in the t empera -  
ture  range  of the present  exper imenta l  work. This is 
clearly not the case which suggests that  WF2~g> may  
not be as stable as or iginal ly  thought.  For  s imilar  
reasons Di t tmer  et al. (19) also est imate a lower  
stabil i ty for WF2(g). 
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The difIusion o] WF6(o) through the Langmuir 
sheath.--In the  etching region, the react ion rates are  
slowest in argon and greatest  in helium, but  the rates 
do not differ as much as expected for a react ion con- 
t rol led ent i re ly  by diffusion. Nevertheless,  it was felt 
wor th  while to t ry  to est imate the rates on the basis 
of a diffusion model.  

A calculated diffusion value in terms of moles of 
WF6 transported to the coil per cent imeter  per sec- 
ond requires  a diffusion coefficient and a thickness of 
the Langmuir  sheath. The diffusion coefficient is a 
function of temperature ,  but  the t empera tu re  pro-  
file as a function of distance from the filament is not 
known accurately. It  was assumed that  the t empera -  
ture  dependence was a simple l inear  funct ion of the 
radius. 

The diffusion coefficient, Dl2, for gas 1 diffusing 
into gas 2 is g iven by Kennard  (10) as 

~ /  1 1 

3 (RT) ~/2 ~ + 
D12 : 

8 ~ / ~  N o  P d122  

where  No = 6.023 X 10 ~ molecules /mole ,  the Avo-  
gadro number;  R : 8.3144 X 107 g cm 2 sec -2 deg -1 
m o l e - l ;  P = dynes cm-2;  and d12 = in termolecular  
distance in cm. The quant i ty  d12 is half  the sum of the 
molecular  diameters  of tungsten hexafluoride and the 
inert  gas. Molecular  diameters  in Table III  for the 
inert  gases were  obtained (11) from gas viscosity mea-  
surements.  The WF6 molecular  d iameter  is assumed to 
be equal  to twice the tungsten fluorine bond distance 
(12), plus twice the fluoride ion radius (13). Subst i tu-  
t ion of the appropriate  in termolecular  distances in the 
diffusion coefficient equat ion gives the calculated diffu- 
sion coefficients of Table IV. 

Langmuir  sheath thicknesses have been calculated 
for an 0.0.099 cm fi lament by Covington for a var ie ty  
of gases (14) f rom the equat ion 

b In (b /a )  = Ka - - S -  (03)-1/~ 

where  b = Langmuir  sheath diameter,  era; a = fila- 
ment  diameter,  cm; Ka = constant, 2.41 for horizontal  
filaments and 2.82 for ver t ical  filaments; n --= gas vis-  
cosity at average temperature ,  g see -1 cm-1;  P = gas 
density at average temperature ,  g cm-3;  0 = differ- 
ence be tween  filament and bulb temperature ,  ~ and 
3 = coefficient of thermal  expansion, ~  The Lang-  
mui r  sheath sizes in Table V were  recalculated for the 
25W-1100 hr coiIs as if they  were  simple cylinders wi th  
an outside diameter  of 0.0168 cm. The coils were  used 

Table Ill. 

G a s  M o l e c u l a r  w e i g h t  M o l e c u l a r  d i a m e t e r  

A r g o n  39.948 2.86 • 10 -s  c m  
Ns  28 .0134 3.16 • 10 -s  c m  
H e  4 .0026 2.00 x 10 -s c m  
WFo 297.84  6.44 • 10 -s c m  

Table |V. Diffusion coefficients for WF6 in various gases 

G a s  m i x t u r e  3 0 0 ~  2 3 0 0 ~  

WF6oA 0.0772 crn2 sec  -1 1.64 cm"- see  -1 
WF6-N~ 0.0849 cm~ sec  -1 1.80 cm~ sec  -1 
W F 6 - H e  0.280 crn~ s ec  -1 5 .94 c m  2 sec  -~ 

Table V. Langmuir sheath diameters for 0.0168 cm horizontal coils 

G a s  1 4 7 5 ~  1653 ~  2 3 0 0 ~  

H e  1.44 c m  1.68 e m  
N~ 0.46 c m  0.55 c m  
A 0.44 cm 0.54 cm 
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in a "V" shape with  the legs somewhat  more than 
16 ~ from the vertical.  Covington (14) has shown that  
a filament t i l ted 20 ~ from the ver t ical  behaves like a 
horizontal  filament, and sheath sizes for horizontal  
filaments were  used in the present work. 

Diffusion in this system is taking place through a 
distorted cyl inder  around a re la t ive ly  straight length 
of coil. An equat ion for cylindrical  diffusion through 
a stagnant  film of iner t  gas was developed that  is 
similar  to the spherical  case discussed by Bird, 
Stewart ,  and Lightfoot  (20). For  the case of a l inear  
t empera ture  profile represented by the equat ion 

T - -  a - -  br 

where r is the radius, the equat ion becomes 

2~PD12,T2 vra  In [ X B 2 / X B 1 ]  Q =  
[ Tll/2 -- V ~  T21/2 -I- .V/'a- ] 

RT23/2 In "Wl I/2 Jr V ~  " 7---2 I/2 : - ~  

In this equat ion Q _- moles of WFe transported,  cm -1 
s e e - l ;  D ] 2 , T 2  - -  diffusion coefficient, c m  2 s e c  - 1 ,  at T2; 
R ---- 82.0567 cm~ atm deg -1 m o l e - l ;  T2 = t empera tu re  
of coil surface; T1 ---- room temperature ,  300~ XBe --- 
mole fraction of iner t  gas at coil surface; and XB1 ~- 
mole fraction of iner t  gas outside of Langmuir  sheath 
surface. Rates of WF6 transport  were  calculated for 
the etching region by using the est imated equi l ibr ium 
concentrat ion at the coil surface to de termine  the mole  
fract ion of inert  gas at the inside boundary of the 
Langmui r  sheath, and the mole fraction of iner t  gas 
for 0.0127 atm of WFe at the outer  boundary.  For this 
purpose, species like WF5 and fluorine atoms were  
t reated as inert. Since five molecules of WFe are re-  
quired to remove  one atom of tungsten according to 
Eq. [1], the t ransport  rates for WF0 were  divided by 
five to obtain the calculated rates of tungsten meta l  
r emova l  in Table VI. 

The exper imenta l  rates in argon at 1475~ and 
hel ium at 1663~ were  determined f rom the exper i -  
menta l  data by dividing by 4.98 cm, the coil length, 
and 183.84, the atomic weight  of tungsten. Data for 
the other  exper imenta l  rates in Table VI were  read 
f rom their  respect ive plots in Fig. 2 and 3. 

In Table VI, the calculated rates in hel ium are 22% 
too high at 1663~ and 12% too low at 2300~ In the 
heavier  gases, n i t rogen and argon, the calculated val-  
ues are 34 and 26% too low at 1475~ and both cal-  
culated values are 62% low at 2300~ All  calculated 
values are wi thin  a factor of three of the exper imenta l  
rates. 

Thus, over -a l l  agreement,  and the real ly  very  good 
agreement  for the hel ium case, indicates that  diffusion 
is the ra te  control l ing process. It  is clear, however ,  
that  some process re la ted to higher  molecular  weight  
of the inert  gas causes a re la t ive  increase in react ion 
rates in argon and nitrogen, and all exper imenta l  rates 
increase more rapidly than predicted by the diffusion 
model as the t empera tu re  increases. 

In its original ly suggested form, the Langmuir  
sheath was a re la t ively  viscous, immobile  layer  of gas 
around a hot filament in which diffusion controlled 
the important  rate  determining properties, and con- 
vection was assumed to be unimportant .  BrSdy and 

Table VI. Comparison of experimental rate of tungsten removal 
with rates calculated from kinetic theory for 0.0127 arm of WFs 

Exp .  r a t e  of  Ca lcd .  r a t e  of  
W r e m o v a l  W r e m o v a l  

T e m p  (}as (moles  cm -1 (moles  cm-~ 
(~ m i x t u r e  sec -1) see- l )  

1475 WF~-A 2.3 • 10 -s 1.7 • 10 -s 
1475 WF6-N2 2.9 • 10 -s 1.9 x 10 -s 
1663 WF~-He  4.9 • 10 -s 6.0 x 10 -s 
2300 W F 6 - A  7.8 • 10 -s 3.0 • 10 -s 
2300 WF6-N~ 8.6 • 10 -s 3.3 x 10 -s 
2300 W F s - H e  9.7 • 10 -s 8 .5  x I0 -s 

KSrSsy (15) suggested that  this is an oversimplifica- 
tion, and that  convection accounted for as much as 
10% of the heat t ransfer  observed. Convect ive flow in 
ni t rogen and argon should be more rapid t h a n  in 
hel ium because of the greater  density difference for a 
given tempera ture  gradient,  and its effects should be 
more pronounced at h igher  tempera tures  as observed 
in all three gases. Convect ive flow compresses the 
lower side of the Langmuir  sheath of a nonver t ical  
f i lament and distorts it so that  it is no longer circular. 
While some al lowance for this distortion was made 
for these diffusion calculations, the results indicate that  
convective distortion for chemical  t ransport  may be 
more serious than indicated by heat  t ransfer  calcula- 
tions. Convective distortion of the Langmuir  sheath 
provides one reasonably satisfying way of accounting 
for the discrepancies from a simple diffusion l imited 
rate model. 

Figure  5 shows a modest  increase in etching rate as 
the flow rate increases which is bel ieved to be a dis- 
tortJon of the sheath by bulk t ransport  akin to that  
caused by convection. 

The diffusion of WFs~g) through the Langmuir 
sheath.--If one assumes that  the WF5 molecule  is an 
hexagonal  bipyramid in structure,  then its radius of 
interaction with  other  molecules as a hard sphere 
should be the same as a WF6 molecule. On this basis, 
the somewhat  smaller  molecular  weight  of WF5 in- 
creases its calculated diffusion coefficient 0.4% over  
the corresponding value for WF6 in argon where  the 
change is greatest. When these coefficients are used in 
the diffusion equat ion wi th  the calculated amounts of 
WF5 at the coil surface, and assuming zero concentra-  
t ion at the outer  edge of the Langmuir  sheath, the 
calculated t ransport  of WF5 from the coil surface to the 
outer  boundary of the sheath is almost exact ly  the 
same as the rate  at which it forms from the t ransport  
of WF6 into the tungsten. The values are 0.3% low 
for WF5 at 1475~ and about 2% at 2300~ but at 
the la t ter  temperature ,  the equi l ibr ium calculations 
show the formation of fluorine atoms as well  as WFs. 

The effect of WF6 partial pressure on the rate of 
tungsten weight loss.--Figure 4 shows that  the rate 
of weight  loss is proport ional  to the part ial  pressure 
of tungsten. The diffusion model  developed here re-  
quires a dependence o n  P w F 6 0 - 9 s  which would be diffi- 
cult to distinguish f rom the l inear  equation. 
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ABSTRACT 

The emit ter  dip effect has been studied quant i ta t ively  at 900~ in boron-  
base phosphorus-emit ter  doubly diffused structure. An approximate ex- 
pression for the emitter  dip effect is derived. Exper imental  results are con- 
sistent with this expression. Using this expression and the experimental  results, 
the effective boron diffusion coefficient, which is increased by phosphorus dif- 
fusion, is ca lcula ted  and shown to be increased l inear ly  with phosphorus 
surface concentration. It is suggested that the emitter  dip effect occurs during 
emitter  diffusion, not during cooling, and is not necessarily accompanied with 
diffusion induced dislocation. 

Phosphorus diffusion into silicon has been very im- 
portant  in the semiconductor device industry. How- 
ever, many  anomalous effects have been reported on 
phosphorus diffusion, e.g., emitter dip effect (1-9), 
anomalous phosphorus concentrat ion profile (10-13), 
and diffusion coefficient dependent  on concentrat ion 
(14, 15). The emitter dip effect has been at t r ibuted to 
enhanced base impur i ty  diffusion due to increase of 
vacancy concentrat ion during emitter  diffusion. To ex- 
plain the mechanism in which the vacancy concentra-  
tion is increased by emit ter  diffusion, several models 
have been reported, e.g., the Fermi level effect (1, 16), 
dislocation climb (5, 8), or precipitation (4). Although 
those models seem plausible for the emitter dip effect 
caused by phosphorus-emit ter  diffusion, at least two 
experimental  clarifications are required to determine 
the probable mechanism. One is to clarify the time 
when the emitter  dip effect occurs. The other is 
whether  this effect occurs necessarily accompanied 
with the diffusion-induced dislocation or not. 

The present  work was under taken  to clarify the 
problems described above, and to obtain the diffusivity 
of boron increased by phosphorus diffusion. First, an 
approximate analytic expression of the relationships 
between the amount  of dip and various diffusion process 
parameters,  which is analogous to that by Hu and Yeh 
(8), is derived. Then the experiments are performed 
carefully to verify the expression and its assumptions. 
Using this expression and the exper imental  results, the 
enhanced diffusion coefficient of boron during phos- 
phorus diffusion is calculated. The significance of the 
phosphorus surface concentrat ion in the increase of 
boron diffusion coefficient is determined. 

Key words: emitter  dip effect, enhanced  diffusion, approximate  
expression.  

Derivation of Approximate Expression 
An approximate expression of the amount  of dip is 

derived analyt ical ly under  the condition that the base 
diffusion is performed by single hea t - t rea tment  with 
constant  surface concentrat ion followed by the emitter  
diffusion. 

Assumptions used in the course of derivation of the 
expression are discussed with relat ion to the applicable 
experimental  conditions. The base profile after the base 
diffusion cannot be expressed by complementary  error 
function, because of concentrat ion dependence of boron 
diffusion coefficient (17). During the emitter diffusion, 
the surface concentrat ion of the base layer  cannot be 
constant, because the base impur i ty  source is removed. 
Furthermore,  the diffusivity of the base impur i ty  may 
be positionally affected by a bu i l t - in  electric field pro- 
duced by emit ter  diffusion (6, 7, 18), or some other in-  
teraction between impurit ies and carriers (22). At 
present, however, it is assumed that the base impur i ty  
profile is approximated by complementary error func-  
tion, both dur ing base and emitter  diffusion. This as- 
sumption is assumed to be valid in determining the 
effective diffusion coefficient, if the change of base sur-  
face concentrat ion and the interact ion between base 
and emit ter  impuri t ies  are negligib]e. The forraer cor- 
responds to the penetrat ion of the base during emitter  
diffusion being small compared to the initial  base 
depth. The lat ter  corresponds to the base width being 
large. 

Next, it is assumed that the enhancement  of base 
diffusion occurs dur ing emitter  diffusion, but  not dur -  
ing the cooling process. This assumption is confirmed 
in a later section of this paper. 

It is now possible to analyt ical ly derive an expres- 
sion of the amount  of dip. The diffusion process and 
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t h e  n o t a t i o n s  used are shown in Fig. 1. The base layer  
depth after base diffusion xjl, is given by 

zjz -- 2 ~DB1 tl erfc -1 (Cb/CsB) [1] 

where DB1 and tl are the diffusion coefficient and the 
t ime of the base diffusion, Cb is the bu lk  concentration, 
and CsB is the surface concentrat ion of the base. After 
the emit ter  diffusion, the junct ion depth at the singly 
diffused region is given by 

xj2 -- 2 ~/DB1 tz -{- DB2 t2 erfc -x (Cb/CsB) [2] 

At the doubly diffused region, it is given by 

x*j~ : 2 -x/DB~ tx + D*B2 t2 erfc -1 (Cb/CsB) [3] 

where DB~ and D ' s2  are the base impur i ty  diffusion 
coefficient of the singly diffused and the doubly dif- 
fused region, respectively, and t2 is the emit ter  diffu- 
sion time. Then the amount  of dip 5xj is defined by 
the difference be tween Eq. [3] and [2] 

Axj : 2 ( x /DB1  tl  + D ' B 2  t2 - -  ~r tl  -~ De2 t2) 

e r f c  - 1  (Cb/CsB) [4] 

As described previously, the present derivat ion prefers 
a condition where the penetrat ion of base-collector 
junct ion dur ing  the emit ter  diffusion is small, com- 
pared to xjz. This means thaL D'B2 t2 and DBZ/;2 are 
much smaller than Dm t~. Then Eq. [4] is expanded to 

= 2~k/DBI tl (~---(D'B2 -- DBZ)t2/DBI t ,  AXj 

1 
- -  - -  (D*~2 -- DSB2) t~/(DBZ ix) 2 

4 

erfc -1 (Cb/CsB) [5] + $ �9 @ 

When De2 is much smaller  than D*Bm Eq. [5] is re-  
duced. Then, combining with Eq. [1], we obtain 

Axj = 2 {erfc -1 (Cb/CsB)} 2 XjZ -1 D'B2 t2 

for DB1 tl > >  D'B2 tz > >  DB2 t2 [6] 

From Eq. [6], it is seen that  ,~xj increases l inear ly  with 
t2 and D*Bm and is inversely proport ional  to xjl. The 
effect of the base surface concentrat ion is involved in 
complementary error funct ion term. 

Experimental Procedure 
The silicon wafers used in this work were mirror  

polished, 1 ohm-cm, phosphorus-doped Czochralski 
crystal cut to the (111) surface. The etch pit density 
was less than 3000 cm -=. 

The boron-doped oxide films, which were used as a 
diffusion source, were deposited on the wafers in an 
atmosphere of silane, diborane, oxygen, and ni t rogen 
at 400~ The boron surface concentrat ion was varied 
by changing the boron content  in the oxide layer. The 
boron base was diffused at 1050 ~ or 1150~ in a ni t ro-  
ger~ atmosphere. The boron surface concentrat ion was 
calculated from the sheet resistance and the junct ion  
depth, using data published by I rv in  (21). 

After the base diffusion, the oxide layer  was par t ly  
removed by etching in  aqueous HF solution, then 
phosphorus emit ter  was diffused at 900~ Here, the 
diffusion sources used were the phosphorus-doped ox- 
ide in an ambient  of ni t rogen and 1000 ppm POCI3 in 
an ambient  of ni t rogen with 1.4% oxygen. The phos- 
phorus-doped oxide films were deposited in an a tmo- 
sphere of silane, phosphine, oxygen, and ni t rogen at 
400~ The phosphorus surface concentrat ion was ob- 
tained by the differential conductance method, repeat-  
ing the anodic oxidation in N-methylacetamide-KNO3 
solution. In Fig. 2, the phosphorus surface concentra-  
tion is plotted against the molar ratio of phosphine to 
silane, where the surface concentrat ion corresponding 
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Fig. 2. Phosphorus surface concentration as a function of P H J  

Sill4. Surface concentration corresponding to 1000 ppra POCI3 
source is presented by the crossing point. 

to the POCl3 source is indicated by the crossing point. 
Junct ion deptt_ was measured by beveling the speci- 
mens and etching in HF-HNO3 solution. The diffusion 
induced dislocation was examined by Sirtl  etching 
technique. 
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Fig. 3. Amount of dip as a function of emitter diffusion time. 
Q ,  CsB : 2.4 X 1020 cm -3 ,  Xjl : 0.85 /~m, PH3/SiH4 : 
0.36; [ ] ,  CsB = 3.9 X 1029 cm -3 ,  xjl = 0.48 ~m, PH4/SiH4 : 
0.36; X ,  CsB = 1.2 X 1019 cm - 3 , x j l  ---- 0.48 /~m, PHJSiH4 ---- 
0.36; Z~, CsB = 1.2 X 1019 cm -3 ,  xjl = 0.48/~m, PH3/SiH4 
0.18. 

Results and Discussion 
Experimental verification of Eq. [6] . - - In  this section, 

the validity of Eq. [6] and assumptions used to derive 
it are exper imenta l ly  verified. 

Figure 3 shows the dependence of the amount  of dip 
on the emit ter  diffusion time. Here, after boron bases 
with various surface concentrat ions and junct ion 
depths were diffused, phosphorus was diffused for 5- 
100 min  at 900~ using the phosphorus-doped oxide as 
a source. It was observed that no increment  of base- 
collector junct ion depth at the singly diffused region 
was caused dur ing emit ter  diffusion. This suggests that 
the condition DB1 tl > >  DB2 t2 in Eq. [6 ]  is satisfied in 
the present  work. In Fig. 3 it is clearly seen that the 
amount  of dip increases l inear ly  with the emitter  diffu- 
sion time t2, regardless of various base and emitter  dif- 
fusion conditions, which is expected from Eq. [6]. The 
l inear  relationship between ~xj and t2 strongly sup- 
ports the concept of emit ter  dip effect occurring dur ing 
emitter  diffusion, which is one of the present  assump- 
tions. Addit ional  experiments  were carried out to in-  
vestigate the effect of cooling rate on the amount  of 
dip. The boron-base with 0.35 and 0.49 ~m xjl were 
diffused, followed by phosphorus diffusion for 20 rain 
using 1000 ppm POC13. The time to remove the wafers 
was varied from 1 sec to 3 min. Furthermore,  the 900~ 
heat t rea tment  for 5 sec was repeated 3 times after the 
emitter  diffusion for two of the wafers. The results are 
shown in  Table I, where it is found that the amount  

Table I. Effect of cooling processes on amount of dip 

zjl (#m) Cooling process AXj (pzn) 

0.49 

0.35 

T i m e  to r e m o v e  s l ices  (sec)  
1 0.0,5 

10 0.06 
60 0.07 

180 0.06 
900~ 5 sec  h e a t - t r e a t m e n t  f or  3 t i m e s  0.06 

T i m e  to  r e m o v e  s l ices  (sec)  
1 0.08 

10 0.07 
60 0,08 

180 0.06 
900~ 5 sec h e a t - t r e a t m e n t  fo r  3 times 0.08 

P h o s p h o r u s  emi t t e r  was  diffused at 900~ for 20 rain, us ing  1000 
p p m  P O O l s  as  a s o u r c e .  

of dip ranges from 0.05 to 0.07 /~m for 0.49 ~m xjl and 
from 0.06 to 0.08 ~m for 0.35 ~m xjl, independent ly  
of cooling rate and heat- t reatment .  Therefore, it is 
concluded that the emitter  dip effect occurs during 
emitter  diffusion, not dur ing cooling. 

This conclusion is inconsistent with that  of Gereth 
et al. (3), who suggested that the amount  of dip was 
not dependent  on the emit ter  diffusion time and was 
increased by slow cooling, and concluded that this ef- 
fect occurs during cooling. In their cooling effect ex- 
periment,  the cooling rate was very low (3~ 
compared to that  of the present experiment.  It is ex- 
pected that the very slow cooling would result  in the 
increase of the effective emitter  diffusion time and 
then in increase of the amount  of dip. Further ,  in 
Fig. 5 of their work, the amount  of dip seems to in-  
crease with emit ter  diffusion time. The diffusion tem- 
perature of phosphorus in their work was 1000~ 
where the penetra t ion of base layer  during emitter 
diffusion in the singly diffused region cannot be neg-  
lected. In  such a case, it is expected from Eq. [4], that 
the amount  of dip is weakly dependent  on the emitter  
diffusion time. 

Next, the effect of the base-collector junct ion depth 
upon the amount  of dip is studied. The boron-base was 
diffused, varying the junct ion depth from 0.25 to 1 ~m 
with constant surface concentrat ions of 1 and 4 X 1029 
cm -1. Phosphorus was diffused using a 1000 ppm POC13 
source for 10 and 20 rain at 900~ The result  is shown 
in  Fig. 4, where it is found that the amount  of dip in-  
creases l inear ly  with the inverse of the base-collector 
junct ion depth. This result  is also consistent with Eq. 
[6]. From the l inear  relationships of the amount  of 
dip with t2 and with 1/xjl, it is suggested that the pene-  
t rat ion of base-collector junct ion is not retarded by 
bu i l t - in  electric field (6, 7, 18) or by interact ion be- 
tween impur i ty  atoms (22). If the penetrat ion of base 
layer  was affected by those two effects, the slopes in 
Fig. 3 and 4 wo{lld not be constant, but  show a tapering 
off of the increase in a longer emitter  diffusion time 
in Fig. 3, and in a smaller base-collector junct ion depth 
in Fig. 4. Therefore, it is concluded that the ba~e width 
is large enough in the present experimental  conditions 
to allow neglecting these effects. 

The exper imental  results described above support 
the concept that Eq. [6] and its assumption are valid. 
Now, it is possible to calculate the effective diffusion 
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Fig. 4. Amount of dip as function of the reciprocal of the initial 
base collector junction depth. Phosphorus was diffused using 1000 
ppm POCI3 as a source, Q ,  CsB ---- 4 X 1019 cm -3 ,  t2 ~ 20 
min; •  ~ 1 X 1019cm - 3 , t 2  ~ 10min. 
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coefficient of boron increased by phosphorus diffusion 
using Eq. [6]. 

Ef]ect oi boron concentration.--The effect of boron 
surface concentrat ion upon the amount  of dip appears 
explici t ly in the term, erfc-l(Cb/CsB), in Eq. [6]. 
Simultaneously,  it is expected that  DB2 and D'B2 also 
include the dependence of boron concentration. In Fig. 
5, DB2 and D'B2 are plotted against boron surface con- 
centrat ion CsB. Here, to obtain D'B2, boron was diffused 
while  vary ing  the surface concentrat ion from 8 • 10 is 
to 2 • 1020 cm -3 with  a junct ion depth of about 0.4-0.5 
gm followed by phosphorus diffusion at 900~ using 
the 1000 ppm POC13 as a source. To obtain DB2, boron 
was diffused with various surface concentrations at 
900~ Using the junct ion depth and the surface con- 
centration,  DB2 was calculated assuming complemen-  
tary  er ror  function. In Fig. 5, it is seen that  both DB2 
and D'B2 increase wi th  the boron surface concentration. 

The net effect of phosphorus diffusion upon the en- 
hancement  of boron diffusion is defined by D*B2/DB2, 
and is plotted in Fig. 5. The ratio D*B2/DB2 is al- 
most constant in the lower  boron surface concentrat ion 
region below about 4 • 1019 cm -3. The slight decrease 
of the ratio above it in Fig. 5 cannot be explained at 
present.  

E~ect of phosphorus surface concentration.--In Fig. 
6, D*B2/DB2 is plotted as a function of the phosphorus 
surface concentration. Here, after boron was diffused 
with surface concentrat ion of 4 • 1019 cm -3 and to 
junct ion depth of 0.47 ~m, phosphorus was diffused 
using the phosphorus-doped oxide as a source, with 
the surface concentrat ion ranging f rom 1 to 4 • 1020 
cm -a. From this figure, i t  is seen that  the ratio D'B2/  
DB2 increases approximate ly  l inear ly  with the surface 
concentrat ion of phosphorus and is about 40 at 4 • 
1020 cm-3. 

This result  is interest ing when it is compared with  
the observation by Yoshida, Arai, Nakamura,  and 
Terunuma (15), who extensively  studied the concen- 
trat ion dependence of phosphorus diffusion coefficient 
at 900~ They obtained the phosphorus diffusion co- 
efficient exper imenta l ly  using Bol tzmann-Matano 's  
method and found that  the phosphorus diffusion coeffi- 
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cient depends not only on the concentrat ion at each 
point of the diffusion profile, which has been previously 
reported by Tannenbaum (14), but  also on the  surface 
concentration of phosphorus. Their  result  is reproduced 
in Fig. 6, indicating the l inear  relat ionship be tween the 
surface concentrat ion and diffusion coefficient of phos- 
phorus at concentrat ion of 1 • 10 is cm -3. It is seen 
that  the phosphorus diffusion coefficient at 4 • 1020 
cm -3 of surface concentrat ion is about 300 t imes larger  
than the value at the surface concentrat ion below 5 • 
l0 TM cm -3. Assuming boron and phosphorus diffusion by 
a vacancy mechanism, an increase in diffusivity cor- 
responds to an increase of vacancy concentration. There 
is a difference of an order of magni tude  between the 
effect of phosphorus surface concentrat ion on the boron 

~ c ~  diffusion coefficient (40 • ) and on the phosphorus dif-  
fusion coefficient (300 •  Al though this cannot be 
explained at present, it is assumed that  the vacancy 

z concentrat ion in silicon is increased l inear ly  by phos- 
"' phorus diffusion with the surface concentrat ion of 
_~ phosphorus. 
U _  

u_ Dif]usion-induced dislocation.--From the fact that  
o the emit ter  dip effect occurs during emi t te r  diffusion, 

it is suggested that  the Fermi  level  effect (1, 16) and 
the precipitat ion (4) cannot be the cause of this phe-  
nomenon, because those two models requi re  that  the 
emit ter  dip effect occurs in a nonequi l ibr ium state, 

U _  
u_ such as during cooling. On the other hand, the present  

exper imenta l  observations are qual i ta t ive ly  in good 
z agreement  wi th  the analyt ical ly  derived approximate  
o expression by Hu and Yeh (8). Using Prussin 's  model n- 
o (19), they calculated the increase of base diffusion co- 
co efficient, assuming that  the excess vacancy is generated 
" by dislocation climb during emi t te r  diffusion. 
o To examine the diffusion-induced dislocation, phos- 
o phorus was diffused into Si wafers at 900~ for 30 min 

to 10 days, using phosphorus-doped oxide films of 0.36 
< and 0.25 P H J S i H 4  ratios. The results are shown in 

Table II, where  it is seen that  the diffusion-induced 
dislocation was not observed within 23 hr of phos- 
phorus diffusion time. In the present  work, the longest 
t ime t2 is 100 min which is short enough not to produce 
the diffusion-induced dislocation. Also in the doubly 
diffused wafers, the dis locat ion-induced dislocation was 
not observed. Therefore,  it is concluded that  the dislo- 
cation climb is not the cause of the emit ter  dip effect 
observed in the present  exper imenta l  conditions. 

P H O S .  S U R F A C E  C O N C E N T R A T [ O N  ( C M  ~ ) 

Fig. 6. D*B2/DB2 and phosphorus diffusion coefficient as n 
function of phosphorus surface concentration. 
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Table II. Dislocation induced by phosphorus diffusion at 900~ 

D i f f u s i o n - i n d u c e d  
PI-~/SII-Ia Dif fus ion  t i m e  d i s loca t ion  

0.36 30 m i n  None 
1 h r  None 
4 hr None 
7 h r  None  

23 h r  None  
3 days  Some  f ew  
7 days  G r e a t  m a n y  

0.25 30 min None 
2 h r  None  

23 hr None  
3 days  F e w  
l 0  days  G r e a t  m a n y  

E x a m i n e d  b y  S i r t l  e t c h i n g  t e c h n i q u e .  

In  Ref. (15), cited before, Yoshida et al. proposed a 
new model to explain the effect of surface concentra-  
tion upon phosphorus diffusion coefficient. The new 
model consists of vacancies in a state of supersatura-  
t ion generated in the range of at least 20 ;~m from a 
surface when phosphorus atoms enter  from the surface 
into the bulk. Some of the present observations, e.g., 
the l inear  relationship of D*Bf/DB2 with phosphorus 
surface concentrat ion and the fact that the emitter  dip 
effect occurs without diffusion-induced dislocation, can 
be qual i tat ively explained in terms of this model, al- 
though the t ime dependence of the enhancement  due 
to this model, etc. are not clear at present. The surface 
effect is suggested to decrease with increasing diffusion 
temperature  (20). Based on this model, it is expected 
that the emitter  dip effect decreases in a higher dif- 
fusion temperature.  

Conclusion 
Quanti ta t ive relationships between the emitter dip 

effect caused by phosphorus diffusion at 900~ and the 
various diffusion process parameters  were obtained ex- 
per imenta l ly  through Eq. [6]. The main  results of the 
present work are summarized as follows: 

I. The emit ter  dip effect occurs dur ing emit ter  dif- 
fusion. 

2. The diffusion coefficient of boron at the doubly 
diffused region is increased l inear ly  with surface 
concentrat ion of phosphorus. 

3. Net effect of the phosphorus diffusion upon the 
enhancement  of boron diffusion, i.e., D*Bf/DB2 is 
approximately independent  of the boron surface 
concentrat ion in the boron surface concentration 
region below 4 • 1019 cm -3. 

4. The emitter  dip effect is not necessarily accom- 
panied by the diffusion-induced dislocation. 

In  order to explain the results described above, it is 
probably a t t r ibutable  to the excess vacancy generat ion 
due to the surface effect of phosphorus diffusion (15). 
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Brief Co nmun cadons 

A Nonaqueous Electrolyte for Anodizing GaAs and 
GaAso6Po  

Edward B. Stoneham 
Stanford E~ectronics Laboratories, Stan~orcr University, Stan]ord, CaliSornia 94305 

A solution of potassium permanganate  in acetone 
has proved to be effective as an electrolyte  for anodiz- 
ing GaAs and GaAs0.6P0.4. This e lectrolyte  may possess 
advantages over  previously reported aqueous e lectro-  
lytes (1-7) in which difficulties are encountered with  
pH control, inclusion of H20 in anodic oxide films, or 
part ial  dissolution of the oxide during growth. 

Samples of low resist ivi ty n - type  GaAs and samples 
of 3 • 101T cm -~ n - type  GaAso.sPo.4 epi grown on low 
resist ivi ty n - type  <100>-o r i en ted  GaAs substrates 
were  anodized at various voltages be tween  0 and 250V. 
In each case the sample was suspended face down 
from the end of a 1/16 in. OD a luminum tube at tached 
to a suction pump, the tube making electrical  contact 
to the back of the sample. Only the face of the sample 
was immersed in the electrolyte  which filled an 
a luminum container of 3 cm 3 volume that  acted as the 
cathode. Fresh electrolyte  and a clean container were  
used for each anodization. The electrolyte  was pre-  
pared by mixing one volume of a saturated acetone 
solution of reagent  grade KMnO4 at room tempera ture  
with 25 volumes of electronic grade acetone. Since the 
electrolyte  was observed to decompose slowly, wi th  
visible changes becoming noticeable after  about 24 hr  
of standing at room temperature ,  the electrolyte  was 
always used within  6 hr  of mixing. 

Power  was furnished by a vo l tage- regula ted  supply 
with  a var iable  current  l imiter.  The current  l imi ter  
was requi red  for anodizations at 100V or more  to pre-  
vent  bubbling at the sample surface. It was found, 
for example,  that  wi th  a current  l imit  of 20 mA, 
bubbling commenced at the surface of an 8.9 • 6.9 m m  
sample of GaAs0.~Po.4 when  the anodizing cell vol tage 
reached 200V. Boiling of the acetone due to the high 
power  dissipation at the sample surface may be re-  
sponsible. 

Each anodization was per formed by first br inging 
the sample into contact wi th  the electrolyte  and then 
connecting the power supply with  its vol tage V0 and 
current  l imit  I0 preset. Once the anodizing cell vol tage 
reached a plateau the current  I would begin to drop 
monotonically,  continuing this way  unti l  it reached a 
value /rain at which it would begin to jump upward  
occasionally. Al lowing I to drop below Imin resulted 
in nonuniformity  of the anodic oxide and pit t ing of 
the sample surface. Therefore,  anodization was gen-  
era l ly  te rminated  by disconnection of the power  supply 
at a p rede te rmined  current  If somewhere  be tween Imin 
and 4Imin. In this way, anodic oxide layers  wi th  no 
visible nonuniformit ies  were  obtained at voltages V0 
up to 150V on a 10.0 • 6.8 mm sample of GaAs and 
up to 200V on an 8.9 • 6.9 mm sample of GaAs0".6Po.4. 
At higher  voltages the coatings became nonuniform. 

The value of Imln depended on the composition and 
size of the sample and was roughly proport ional  to 
V0. With Vo at 100V and I0 at 20 mA, the current  I 

Key words:  gall ium arsenide,  gall ium arsenide phosphide, an-  
odization, oxidation,  native oxide.  

dropped to the value Imin : 2.5 mA in 43 see when a 
10.0 • 6.8 mm sample of GaAs was anodized. Under  
the same conditions, an 8.9 • 6.9 mm sample of 
GaAs0.6P0.4 gave Imin : 2.0 mA in 27 sec. 

The anodic oxide thickness on a GaAs sample of 0.5 
cm 2 surface area anodized at Vo : I(}0V and Io : 20 
mA with final current  It ---- 10 m A  was approximate ly  
1800A, and approximate ly  l l00A of GaAs was con- 
sumed. The corresponding amounts  for a GaAs0.6Po.4 
sample with the same surface area anodized at V0 ---- 
200V and I0 ---- 20 mA wi th  If ---- 10 mA were  approxi-  
mate ly  1800 and 1200A, respectively.  Examinat ion of 
these anodized samples wi th  a scanning electron mi-  
croscope revealed smooth, featureless oxides. Areas in 
which oxides had been str ipped off in concentrated 
hydrochloric acid appeared clean and smooth. 

One sample of GaAso.~Po.4 was anodized and str ipped 
50 times in succession with V0 --~ 50V and still main-  
tained a smooth optically polished appearance. More 
than 1/~ of mater ia l  had been removed.  

Another  sample of GaAs0.6P0.4 was anodized at 100V 
and then submerged in the electrolyte  and al lowed to 
stand for 35 hr. No change in the oxide's l ight  blue 
interference color was noticeable, indicating at least 
a fair degree of stabil i ty of the oxide in the electrolyte.  

The permangana te - in -ace tone  electrolyte  has been 
used successfully to rapidly profile 6 • 6 mm zinc- 
diffused samples of GaAs0.~Po.4 by anodizing and 
str ipping between measurements ,  each anodization 
taking less than 10 sec. 

It should be noted also that  the electrolyte  was 
effective in anodizing samples of InSb at up to 100V. 
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Few Characteristics of Epitaxial GaN--Etching 
and Thermal Decomposition 

Yasuo Morimoto 
Research Laboratory, OKI Electric Industry Company, Limited, 550-5, Higash~asakawa, Hachioji, Tokyo 193, Japan 

GaN is a I I I -V  compound semiconductor  noticed as 
a mate r ia l  for b lue  or violet  LED's, but  its etching be-  
havior  has not been ex tens ive ly  s tudied wi th  only  two 
reports  by  Chu (1) and Pankove  (2). The former  was 
effective for GaN grown by  vapor  phase ep i t axy  using 
GaBrs and NHs (1) bu t  not effective (2) for GaN 
grown by  vapor  phase ep i t axy  using Ga, HC1, and NHs 
(3). The la t te r  etched GaN elect rolyUcal ly  in 0.1N 
NaOH by  anodizing the crystal .  We have t r ied  to etch 
G a N  crysta ls  by  hot phosphoric  acid (85%) re fer r ing  
the fact that  the ni t r ides  are  genera l ly  etched wi th  hot  
phosphoric  acid and obta ined posi t ive results.  The be -  
havior  of the rmal  decomposi t ion of GaN was also in-  
ves t iga ted  in severa l  different  ambients  at e levated  
tempera ture .  The GaN crystals  used here  were  grown 
ep i tax ia l ly  f rom Ga, HC1, NHs, and Ar  (3) at  1050~ 
on sapphire  substrates.  Typical  values  of the  flow rate  
were  4, 300, and 1000 cmS/min for HC1, NH~, and At ,  
respect ively.  Ga meta l  was placed at  1000~ 

Etching by Hot Phosphoric Acid 
The etching depth  of GaN is plot ted against  etching 

t ime in Fig. 1 (a) .  The pa rame te r  is the t empe ra tu r e  of 
phosphoric  acid. G, >(, and A indicate  the da ta  on good 
GaN crysta ls  wi th  smooth surface, whi le  �9 the da ta  on 
wrong samples  wi th  rough surface (somewhat  porous) .  
As is clear  f rom Fig. 1(a)  such crysta ls  wi th  a rough 

Key words: semiconductor,  etching, annealing. 
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Fig. 1 (b)o Temperature dependence of the etching rate. The 
etchant is phosphoric acid. 
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Fig. 1 (a). Etching depth plotted against etching time. The 
reason why the line joining each ,point does not cross the origin is 
mentioned in the text. 
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Fig. 2. Weight loss of GaN in H2 atmosphere at elevated tem- 

perature. The annealing time is 20 min. 
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surface were etched more quickly than those with a 
smooth surface. Crystals with a smooth surface were 
colorless and transparent ,  on the other hand crystals 
with a rough surface were brownish and not t ranspar -  
ent. The crystal growth was not perfectly uniform over 
all the surface. The rough surface was formed in part  
of the substrate where the etching rate was faster than 
on the other smooth part. This effect is observed in Fig. 
1 (a), that is, the l ine joining each point does not cross 
the origin. The etching rate is plotted against  the tem- 
perature  of phosphoric acid in Fig. l ( b ) .  Below 100~ 
it was negligible. Above 180~ the etching rate was 
fast, but  the smooth surface became rough. The mi r ro r -  
like surface was not lost by the etching below 170~ 
for about 1 hr. Thus it was found that the hot phos- 
phoric acid (100 ~ ,~ 170~ was a useful etchant for 
GaN crystals. 

Thermal Decomposition 
The weight loss of GaN crystals was measured in N2, 

air, and H2 atmosphere by anneal ing at elevated tem- 
perature  to investigate the behavior of thermal  decom- 
position. The anneal ing time was 20 rain. In  N2 and air, 
no weight loss could be detected, and no change of the 
crystal surface was observed up to 1000~ In H2 a tmo-  

sphere weight loss could be observed above 400~ as 
shown in Fig. 2. The surface did not change up to 
600~ but it became a little rough by the anneal ing  at 
800~ Simultaneously  the weight loss also became no- 
ticeable as shown in Fig. 2. Annea l ing  above 900~ pro- 
duced small l iquid Ga balls (20 ~ 30 ~m in diameter)  
on the surface which became completely gray. Con- 
sidering the fact that  Ga is left on the surface it is 
evident that the decomposition of GaN proceeds as fol- 
lows 

3 
GaN ~- ~- H~ --> Ga ~- NH3 
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Corrosion of Pure and Amalgamated Zinc in 
Concentrated Alkali Hydroxide Solutions 
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4 
ABSTRACT 

Corrosion of pure and amalgamated zinc in pure concentrated KOH solu- 
tions was investigated using two methods: (a) galvanostatic measurements 
of the kinetics of hydrogen evolution with electrodic assessment of corrosion 
properties of the system, and (b) volumetric measurement of the hydrogen 
evolution reflecting directly the rate of corrosion. The latter was followed 
as a function of time during 150 hr. It was found that the corrosion rate 
varies considerably with time and was suggested that different factors control 
the initial and the steady-state corrosion. The initial corrosion rate increases 
with  increasing KOH concentrat ion which is indicat ive of the chemical  
mechanism of hydrogen evolution. The change of the corrosion rate  wi th  
t ime and the s teady-sta te  corrosion rate  can be explained in terms of forma-  
t ion of an impermeable  ZnO film at the surface. In such a case the concentra-  
t ion dependence of the corrosion rate  is inverse  wi th  time, which explains 
some results reported in l i terature.  The amalgamated zinc surface gives com- 
plex galvanostat ic  transients  which indicate a new phase format ion in the 
process of init iation of hydrogen evolution, which could per ta in  to some solid 
potass ium-zinc-mercury  alloy. 

The problem of corrosion of zinc in alkal ine solu- 
tions has become a topic of considerable interest  wi th  
the increasing use of zinc as the anode in a var ie ty  of 
alkaline batteries (pr imary  alkaline zinc bat tery,  sec- 
ondary si lver-zinc,  and both pr imary  and secondary 
zinc-air  bat ter ies) ,  some of which contain great  prom-  
ise for propulsion of  electric vehicles. This corrosion 
process is the basic cause for self-discharge and a 
re la t ive ly  short shelf l ife of all the zinc-containing 
batteries, and one of its products, the gaseous hydro-  
gen, creates problems when  sealed batteries are to be 
produced. However ,  re la t ive ly  l i t t le work  has been 
done which could help toward a more  fundamenta l  
unders tanding of the mechanism and kinetics of re-  
actions consti tuting the corrosion process and this wi th  
some controversial  results. 

Thus, Snyder  and Lander  (1) studied corrosion of a 
system similar  to that  used in pr imary  batteries by 
measur ing the rate  of hydrogen evolut ion and found 
that  the amount  of hydrogen evolved in a given t ime 
decreased with  increasing KOH concentration. This 
finding is confirmed by comparable  measurements  of 
Dirkse and Timmer  (2) both on pure (99.999%) and 
amalgamated zinc in pure KOH solutions, while  in 
those saturated by zinc oxide much lower  corrosion 
rates were  found and no unambiguous concentrat ion 
dependence. 

Contrary to that, Ruetschi (3) found hydrogen  
evolut ion on amalgamated  zinc to increase wi th  in-  
creasing KOH concentration, which is in line wi th  the 
kinetic work  on hydrogen overpotent ia l  on zinc in al- 

K e y  words :  hydrogen  evolut ion on zinc, galvanosta t ie  inves t iga-  
t ion of  t h e  corrosion of zinc, zinc oxide film on corroding zinc, 
amalgamateci  zinc surface.  

kaline solutions done ear l ier  by Jofa, Komlev,  and 
Bagotskii  (4) and also by Lee (5). 

The effect of saturat ion of the electrolyte  by zincate 
also remained obscure. Ruetschi (3) assumed the large 
effect t o  be due to a more  rapid format ion of a pro-  
tect ive film of zinc oxide on the electrode surface in 
the saturated electrolyte  than  in pure KOH. The exist-  
ence of such a film seems indeed to be proved by the 
microscopic investigations of Powers  (6). It  is in ter-  
esting that  Powers  claims even a catalytic act ivi ty  of 
such a film for hydrogen evolution. However ,  Mans- 
feld and Gilman (7) deny the necessity of that  film 
formation for the explanat ion of the corrosion be-  
havior  and mainta in  that  addition of zinc oxide 
acts by reducing the act ivi ty of water  as the reactant  
for hydrogen evolution. 

It  is in this situation that  the present  work  has 
been under taken  with  the ambit ion to clarify the rea-  
sons for the discrepancy be tween  results of different 
authors and to throw some more  l ight onto the prob-  
lem. 

Experimental 
Two kinds of exper iments  have been carr ied out. 

Galvanostatic transient measurements.--Those were 
carr ied out on a pure (99.99% made by Zorka-~abac)  
zinc in pure KOH solution of different concentrations 
(1, 3, 6, and 10M) and on amalgamated  zinc in 10M 
KOH. Zinc electrodes were  made from zinc wire im-  
bedded in Teflon and were  placed in a closed, the rmo-  
stated cell as normal ly  used in electrodic invest iga-  
tions. The transients were  obtained by per turbing the 
system with a conventional  homemade galvanostat  and 
were  recorded on the CRO Tektronix  543B. 
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Amalgamat ion  of the zinc surface was done by im-  
mersing the electrode into HgC12 solution of a known 
mercury  content and leaving it in unti l  all the mer -  
cury had precipi tated on the sample (checked by the 
K J  and by the copper test).  Amounts  of mercury  were  
taken so as to render  zinc with 0.5, 1, and 2% mercury  
calculated on the bulk amount  of zinc. Since diffusion 
of mercury  into the meta l  is slow the concentrat ion of 
mercury  in the surface layer  must  have  been higher  
than the figures cited, but  in some proport ion with 
them. 

Volumetric measurements of the rate of hydrogen 
evolution.--This has been done by enclosing l~ure 
(99.99%) and amalgamated zinc 5 cm long and 0.5 
cm in diameter,  machined out of zinc blocks, into a 
glass tube with a graded s ide-arm pipette, s imilar  to 
that used by Dirkse and Timmer  (2), where  the 
amount  of hydrogen evolved is found from the volume 
of solution expanded into the pipette. The glass tubes 
were  thermosta ted to 25 ~ • 0.05~ No st irr ing of the 
electrolyte  was employed. Amalgamat ion  of the zinc 
surface has been done in the same way as for zinc 
electrodes. 

R e s u l t s  

Electrodic investigations.--For pure zinc good and 
reproducible galvanostatic cathodic transients were  ob- 
tained with wel l -def ined plateaus of the act ivation 
polarization for hydrogen evolution. 

When the electrodes were  left  for a certain period 
in the electrolyte  to stay at the established mixed  
potential, as well  as when they were  submit ted to short 
anodic pulses, a lower potential  plateau would appear 
with well-defined transi t ion time. This could be 
ascribed to the reduction of zinc dissolved by corro- 
sion or during the anodic pulse. 

Figure  1 represents the Tafel lines obtained from 
the upper  potential  plateaus, per taining to hydrogen 
evolution. 1 

Characterist ic are: (a) wel l -def ined straight  lines 
over  more  than two powers of current  density wi th  
slopes of 120 mV dec -~, and (b) decrease of the po- 
larizat ion at a given current  density with increasing 
concentrat ion of KOH. This produced the dependence 
of the current  density on concentration at a constant 
potential  shown in Fig. 2 with the slope of the log-log 
plot (the reaction order)  equal to one. 

The corrosion current  was also obtained by ex t rapo-  
lating the Tafel lines to the spontaneously established 
corrosion potentials and the dependence of the ob- 
tained result  on KOH concentrat ion is also shown in 
Fig. 2. 

The dependence of the corrosion potential  on KOH 
concentrat ion is given in Fig. 3. 

1 Al l  P o t e n t i a l s  in this  and s u b s e q u e n t  d i a g r a m s  a r e  r e f e r r e d  ~o 
the hydrogen  e lectrode in the same solution. 
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Fig. I. Cathodic Tafel plots for zinc in KOH solutions of differ- 
ent concentrations. 
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Fig. 2. Concentration dependence of the initial corrosion current 
density ( Q )  and of the current density at a constant potential of 
0.79V vs.  HE ( e )  in same solution for zinc in KOH solutions. 
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Fig. 3. Open-clrcult potential of zinc as a function of the activ- 
ity of the KOH solutions. 

Galvanostatic transients of the freshly amalgamated 
zinc were  of more  complex s t ructure  than those on 
pure zinc as shown in Fig. 4a for charging and 
Fig. 4b for decay. 

Characterist ic of the rise is (a) a sharp increase 
(after a short transit ion t ime which disappears at 
h igher  current  densities) to a first potential  level  
which is then changing more slowly in an almost l inear 
fashion within a t ime in terva l  Tu and (b) a potent ial  
dip lasting over  a period Tin, upon which (c) the po- 
tential  is gett ing onto the plateau which could be 
ascribed to a s teady-state  hydrogen evolution. 

The duration of the potential  dip, ~m, decreases wi th  
increasing current  density, while  the extent  to which 
the potential  falls seems to be independent  of it. The 
potential  dip does not appear if the amalgamated zinc 
is left  to stay in the cell for 24 hr  before measurements .  

Figure 5 shows the dependence of the durat ion of 
the l inear potential  rise Tu on current  density for the 
freshly amalgamated zinc and for that  af ter  24 hr. Ob- 
viously in both cases the product  i �9 ~u appears to be 
constant and in the first case it is 1 m C / c m  2 while  in 
the second it is 3 m C / c m  ~. 
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Fig. 4. (a) Galvanostatic cathodic charging curve for amalgamated 
zinc in 10N KOH solution for 25 mA/cm 2. ~u is time interval till 
the appearance of the potential dip. "~m is duration of the potential 
dip. (b) Potential decay after the galvanostatic pulses. 
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Fig. 5. The dependence of ~u on current density. Q ,  Freshly 
amalgamated surface; e ,  amalgamated surface after 24 hr of rest. 

The decay curve (Fig. 4b) exhibits two potential  ar-  
rests A and B, a l inear  decay to C, and a fast decay 
port ion back to the original  mixed  potential.  

The Tafel  lines for hydrogen evolut ion indicate 
significant inhibit ion compared to pure zinc as shown 
in Fig. 6. The corrosion current  obtained by ext rapo-  
lation is about 50 times smaller  at the former  than on 
the latter. 

It seems to be pract ical ly independent  of the amount  
of mercury  absorbed (above 0.5%) indicating that  the 
surface layer  is saturated with  mercury.  

Tafel lines are also different for the freshly amalga-  
mated surface and the one after  24 hr  as shown in Fig. 
7. Both the hydrogen overvol tage  at a given current  
density and the Tafel  slope change, the first being 
considerably larger  and the second somewhat  lower 
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Fig. 6. Cathodic Tafel plots for pure zinc ( Q )  and zinc contain- 
ing 0.5% (@), 1% (V), and 2.5% (A),Hg, in 10N KOH. 
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Fig. 7. Cathodic Tafel plots for pure zinc ( 0 ) ,  freshly amal- 
gamated zinc (A), and amalgamated zinc after 24 hr (@) in 10N 
KOH. 

(60 vs. 120 mV dec -1) in the case of the freshly amal-  
gamated zinc than in the case of the aged surface. 

Rate of hydrogen evolution at the corrosion poten- 
tial.--Typica! results of the volumetr ic  measurements  
are shown in Fig. 8 as the volume of hydrogen evolved 
as a function of t ime from a pure zinc sample in differ- 
ent concentrations of KOH. This was followed for more 
than 150 hr. The rates of hydrogen evolut ion at any 
moment  are obtained as corresponding slopes of the 
curves. These are presented in Fig. 9. Three  character-  
istic features should be noted: (i) in all the  invest i -  
gated cases the rate of hydrogen evolut ion (i.e., the 
corrosion rate) is strongly t ime dependent  and wi th in  
the t ime of observat ion it is reduced by more  than one 
order of magni tude;  (ii)~ the rates are dependent  on 
KOH concentration; (iii) the concentrat ion depen- 
dence may be different for the initial corrosion rates 
than for those after  more  than 100 hr. Thus, a s t ra ight-  
forward  increase in the init ial  corrosion rate wi th  KOH 
concentrat ion is observed, whi le  after more  than 100 hr  
the rate of corrosion in 10M KOH becomes smaller  
than in 6M solution. This crossover has been confirmed 
several  times and hence can be considered to be be-  
yond doubt, i.e., outside the possible exper imenta l  
error. 

Discussion 
The most important  result  of the present invest i -  

gation is that  corrosion of zinc in pure concentrated 
alkaline solution is strongly t ime-dependent  and that  
a period of the order  of 100 hr  is needed before a 
steady state (or a negligibly slow change of the rate) 
is reached. Hence, the initial and the s teady-state  cor- 
rosion rates represent  separate problems. In as much as 
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Fig. 8. Volume of evolved hydrogen on zinc in 1N (A) ,  3N (L~), 
6N (O) ,  and 10N ( O )  KOH solution as o function of time. 
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Fig. 9, Rote of hydrogen evolution on zinc in 1N (A) ,  3N (A) ,  
6N ( e )  and 10N ( O )  KOH solution as a function of time. 

the mechanism of corrosion may  stay the same it is 
quite  l ikely that  the ra te-contro l l ing  factors are chang- 
ing from one to the other. 

Initial Corrosion Phenomenon 

Hydrogen evolution kinetics on pure zinc.--Galvano- 
static invest igat ion of the cathodic react ion on pure  

zinc rendered Tafel lines pertaining to hydrogen evo-  
lut ion well  in line wi th  the results of Jofa  et al. (4) 
and Lee (5). No doubt is left  that  at a given potent ial  
the rate of hydrogen evolut ion increases wi th  the in-  
crease in KOH concentrat ion and a somewhat  surpris-  
ing result  is that  this was found to be a s t ra ightfor-  
ward, f irst-order dependence. The increase in KOH 
concentrat ion is known to produce also an increase in 
the act ivi ty of KOH, while the act ivi ty  of water  de-  
creases along that  change (16). 

Jofa  et al. (4) went  into a complex analysis of the 
possible changes in the double layer  s t ructure  to show 
that it is feasible that  water  discharge is a r a t e -de te r -  
mining step and still to have the increase in rate  at the 
same t ime when the act ivi ty  of that  species is decreas- 
ing. This however,  is hardly  necessary when  one takes 
into account the possible effectiveness of some other 
mechanisms. The first one was popular  in the last 
century and was rev ived  recent ly  by a number  of au- 
thors [Frumkin,  Korshunov,  and Bagozkaya (8) on 
mercury  and par t ly  on indium amalgam, Matsuda and 
Notoya (9) on platinum, and Matsuda and Ohmori  
(10) on nickel] namely  the mechanism according to 
which the alkali  meta l  cation is discharged electro-  
chemical ly and the alkali  meta l  formed reacts chemi-  
cally wi th  water.  

This mechanism is made more l ikely by the findings 
of Kabanov (11) of the incorporat ion of alkali  metals  
into lattices of solid electrodes including zinc [Alek-  
sandrova, Kiseleva, and Kabanov (12)] during hy-  
drogen evolution. 

The mechanism should consist of the fol lowing steps 

Zn + K + + e-> K(Zn) [i] 

K(Zn)  + H20--> Hads -~- K + + O H -  + Zn [2] 

2Hads ~ H2 [3] 

The t ransfer  coefficients and reaction orders with 
respect to the alkali  metal  ions, water,  and O H -  ions 
can be obtained from the fol lowing rate equations: 

In the case of the ra te -de te rmin ing  discharge 

__ '~K+ [ #F ] 
i : kl CK+ exp E [4] 

where  7K+/~7~ is the ratio of act ivi ty  coefficients of K + 
ion and the act ivated complex, and E is the electrode 
potential  measured with  respect to a reference elec- 
trode (e.g., vs. NHE) while-k1 is the electrochemical  
rate constant at the reference electrode potential ,  

In the case of ra te -de te rmin ing  chemical react ion [2] 
with the first step in electrochemical  equi l ibr ium 

~2 
i : aKaH20 [5] 

7~ 
and 

aK --" aK+ exp [6] 
RT 

a H a d s  = k2  

Eo,K being the standard electrode potential  for K + 
discharge. Hence 

i = - -  aK+aH2o exp --  ~ [7] 
7~ RT 

In the case of ra te -de te rmin ing  recombinat ion 

"~3 
i : a21tads  

7~ 

aKaH2o 

aK + aOH-- 

aH2O [ F ( E - -  Eo, K) ] 
=k2 exp -- [8] 

aoH-- RT 
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and, hence 
agR2o [ 2FE ] 

i : k-3 (k2') 2 - -  exp - -  [9] 
a2oH-- RT 

The diagnostic criteria arising from the above 
equations for the cases of the three possible rate-  
determining steps are summarized in Table I. 

I t  is seen that the obtained value of the Tafel slope 
is compatible only with the case of the first step being 
rate determining.  However, such a slope would be ob- 
tained also in the case of a s t ra ight- forward discharge 
of water. Still, it is the reaction order of one with re-  
spect to the potassium ions (as shown in Fig. 2) which 
is indicative of the mechanism suggested here. 

Indeed, it is surpris ing that  a value so much in ac- 
cordance with theory is obtained, when  in  such con- 
centrated solutions the activity of water  was not kept 
constant with changing KOH concentrat ion and thus 
changed the solvation of the species. The result  ac- 
tual ly  means that the ratio of the two activity coeffi- 
cients (that of potassium ion to that of the activated 
state) is equal to one, indicating structural  s imilari ty 
between the two states. 

Another  possibility exists for a mechanistic in ter -  
pretat ion of the positive reaction order with respect to 
the alkali metal  which so far was not considered in the 
l i terature and was suggested by one of the present au-  
thors (D.D.) on the basis of the results of Sepa, Voj- 
novi6, and Bugar in  [cf. (20)]. It is quite l ikely that 
hydrogen of the water  molecules in the first hydra t ion 
sheet of alkali metal  ions is more loosely bound than  
this in free water  molecules because of the addit ional 
polarization of the molecule which occurs in the strong 
electrostatic field of the ion. In  such a case there could 
be a preference for hydrogen discharge from these 
water  molecules, and this could also be expected to be 
first order with respect to alkali metal  ions. This is 
supported by the findings of Sepa, Vojnovi6, and Bu- 
garin that the decrease in hydrogen overvoltage at one 
and the same concentrat ion of alkali hydroxide follows 
the order K, Na, Li; whereas in  the case of alkali metal  
ion discharge (e.g., on mercury)  Li is deposited at the 
most negative potentials, followed by Na and K. 

One could easily show that if this new mechanism 
was operative and if discharge was rate determining,  
the same rate equation [4] would be applicable as for 
the alkali metal  ion discharge; hence, also the same 
diagnostic criteria as given in  Table I. 

Zinc dissolution kinetics.--This has been fairly thor-  
oughly studied in a number  of recently publi.~hed pa- 
pers [c]., Bockris, Nagy, and Damjanovi6 (13)]. It ap- 
pears that dissolution follows a complex reaction path 
with two one-electron t ransfer  uni t  steps and chemical 
reaction of the species formed, with O H -  ions to 
render  a very short lived dihydroxy monovalent  zinc 

Table I. Diagnostic criteria arising from the chemical mechanism 
of hydiogen evolution from alkaline solutions 

R a t e - d e t e r m i n i n g  s tep  

K ( Z n )  + H20 
Z n + K + + e  --* Ha~is + K+ 2Hads 
-~ K(Zn) +OH-+Zn -~ Hs Found 

C a t h o d i c  t r a n s f e r  
coeff ic ient  0.5 1 2 0.5 

- -  1 1 0 1 
l og  CK + a n 2 O a O H - E  

0 1 2 
l o g  C n 2 o  aK+ ~OH- 

(liT) - -  0 0 - 1  O* 
0 g  OH- aK+,aH20,  B 

* The  v a l u e  of  J o f a  et a[. (4). 

complex intermediate,  as well as te t rahydroxy divalent  
zinc complex as the reaction product. Since, the second 
electron exchange is rate determining and this is pre- 
ceded by the reaction of the zinc species with 3 O H -  
ions, the kinetics should be third order with respect to 
O H -  ions. Since equil ibria are established in all steps 
prior to the formation of the activated state, it is the 
activity of O H -  ions which should affect the kinetics. 

To assess the lat ter  in the case when zinc is dis- 
solving into solutions free of zincate ions one should 
use the approach of Kimbal l  (17), i.e., the concept of 
the "floating" electrode extended to cover the case of 
divalent  metal  dissolution (18). 

If it is accepted that the un iva len t  intermediate  is 
so unstable  that  it practically reacts all at the elec- 
trode (diffusion away neglected) one could write for 
the current  density 

i = k ~  exp 
RT 

- -  k O z n ( n ) a z n ( i i ) a o H  - exp -- E [10] 
RT 

where ~~ and ~~ are the specific rates at uni t  
activities and at the potential  equal to the reference 
electrode potential, while ~a and ac have values of 1.5 
and 0.5, respectively, as found by Bockris, Nagy, and 
Damj anovid. 

The mater ial  balance equation taking into account 
diffusion of the reaction product away from the elec- 
t.rode can be wri t ten  as 

dazn(II) i Dzn(II)azn(n/ 
. . . .  0 [11] 

dt 2F 6 

where Dzn(II) and 5 are the diffusion coefficient of the 
Zn( I I )  species and the diffusion layer thickness, re-  
spectively. 

Hence, replacing [10] into [11] and rearranging,  
one obtains 

;OznaznaaoH-exp [ aaFE] 
RT 

a z n ( n )  = [oc,] 
kOzn(maoH- exp -- �9 E + 2FDzn(u)/b 

RT 
[12] 

and the current  density comes to be 

= kOznazna3oH - exp L - R ~  E 

2FDzn(n)/8 
[13] 2 

acF ] 
k~ exp -- E + 2FDzn(II)/b 

RT 

In  the case when the cathodic reaction is much faster 
than diffusion away from the Zn( I I )  species formed 
by anodic dissolution, as could well be the case con- 
sidering the relat ively high io values found in  the 
l i terature  [up to 0.37 A/cm 2 (13)], Eq. [13] reduces to 

~Oznazn Dzn(ii) [ 2F ] R T  i = 2F - -  - -  a2oH - exp - - E  [14] 

k ~  

i.e., the reaction becomes second order with respect to 
O H -  and the Tafel slope obtains a value of 30 mV 
d e c - k  Hence, the Tafel l ine shifts by 60 mV to the 
negative side for each power of ten of increase in  ac- 
t ivity of KOH. 

2 Kaesche  (19) has  o b t a i n e d  a s im i l a r  equa t ion ,  w h i c h  was  sub-  
s e q u e n t l y  used  by  M a n s f e l d  and  G i l m a n  (7) fo r  c a l c u l a t i n g  Tafe l  
l ines  for  d i s s o l v i n g  zinc. T h a t  equa t i on ,  howeve r ,  suffers  f r o m  the  
a p p l i c a t i o n  of a r e l a t i v e l y  poor ly  def ined  q u a n t i t y  iL.Zn r e l y i n g  on 
the  a s s u m p t i o n  of the  c o n c e n t r a t i o n  of t he  r eac t i on  p r o d u c t  in  
so lu t ion .  
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In the adverse case 

~aF ] 
i = (~~ a3OH- exp [ - ~ - -  E J [ 15] 

i.e., th i rd-order  dependence is expected with respect 
to O H -  and a Tafel slope of 40 mV dec -1. Hence, the 
Tafel l ine should shift by 120 mV to the negative side 
for a tenfold increase in activity of KOH. 

The  corrosion process on pure zinc.---Since the cath- 
odic and the anodic processes are known, schematic 
Wagner -Traud  type diagrams can be established as 
shown in Fig. 10, for the two extreme cases of anodic 
dissolution kinetics [case (a) and case (b)]  exempli-  
fied by Eq. [14] and [15], respectively. 

Considering that the equation for the hydrogen evo- 
lu t ion kinetics is also known  (Eq. [4]), one can derive 
quant i ta t ive  expressions for the rate of corrosion and 
the corrosion potential. 

Thus, from Eq. [4] and [14] and taking C~+ ---- CKoH 
and aoH- ---- aKOH, one obtains 

icorr  ---- KCKoH aKOH 

where 

K--- { [  2F--'kOznazn Dzn(II) 

OZn(iI) 

Also 
RT 

~corr ~ E~ ~- 
(2 + ~)F 

- -  KCO.SKoHaO.4KOH [16] 

/3 /2  1 

[171 

In  CKOH aXOH -2 [18] 

w h e r e  E ~  is the corrosion potential  at CKOHaKOH - 2  
" - - 1 .  

Using Eq. [4] and [15] one obtains 

~corr ~ K ' C K o H  aKOH 

-" K'C~176 [19] 

1 

4~ "/a" ] [20] 

where 

r "YK+ 
K' = | kl 

L 7# 
Also 

RT 
Ecorr = E~ -}- In CKon aKOH -3 [21] 

(~a + 8 )F  

c I 
30 mVdec "t E I ~rnVdec-I 

log I log I 
4~~ fcoer Aloft icorr 

a) b) 

Fig. 10. Change of corrosion potential (AEcerr) and corrosion 
current (A log icorr ) for o tenfold increase in KOH concentration 
represented by the schematic Wngner-Traud diagram for the 
corrosion of zinc in olknline solutions. (o) In the case of dominant 
hydrogen evolution control and (b) in the case of mixed hydrogen 
evolution and zinc dissolution control. 

o ~ 

-3 
x=0.8 
y = 0 ~  

x : 0.75 

y : 0.75 

"/~ , J 

F i g .  11 .  The dependence of the log corrosion current density of 
zinc in KOH solutions on the complex variable log CxOH - " aYoH-- 
(see Eq. [14] and [15]). 
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Fig. 12. Plot of Ecorr as u function of the complex variable log 
CKOH a--PKOH corresponding to Eq. [18] and [21] with p ~ 2 
and 3, respectively. 

It  is seen that the two cases (a) and (b) (Fig. 10) 
should differ by the dependence of both corrosion cur- 
rent  and corrosion potential  on the activity of KOH. 
The numerical  values of the exponents in Eq. [16] and 
[19] were obtained taking ~ ---- 0.5 and ~a = 1.5 [as 
shown in Ref. (13)]. 

To test the model, plots of icorr and Ecorr vs. log 
CXKoHaYKOH, and log a--PKoHCKOH, respectively, with 
x, y, and p arising from Eq. [16], [18], [19], and [21] 
are shown in Fig. 11 and 12. ~ The slope of 24 mV dec -1 
in  Fig. 12 corresponding to Eq. [18], both figures 
clearly show that the first model is the adequate one. 

Kine t i c  behavior  ol  ama lgamated  z inc . - -Ga lvano-  
static t ransients  reveal complex relationships in the 
polarization of freshly amalgamated zinc electrodes. 
The shape of the curve can be interpreted in one of 
two ways: (i) The first k ink  in  the charging curve can 
be due to the activation overpotential  of hydrogen 
evolution on pure zinc amalgam. As the current  flows, 
there occurs a codeposition of potassium metal  into 
the amalgam and this inhibi ts  hydrogen evolution, i.e., 
raises the polarization to a new steady-state level. (ii) 
The first kink corresponds to the deposition of potas- 
sium. As the concentrat ion of potassium increases, so 
does the polarization, unt i l  after about 1 mC/cm 2 of 
deposited alkali metal  a new phase is formed, mercury  
is depleted temporar i ly  of potassium and thus accepts 
potassium more readily (lower polarization).  This 
undergoes, however, fur ther  concentrat ion polariza- 
tion, unt i l  a steady state is established in  which by-  

The ac t iv i ty  of K O H  w a s  ca lcu la ted  a t  each  concen t r a t i on  us ing  
the  ac t iv i ty  coefficient data of  B e n d e r  and Acker loff  (16). 
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drogen is evolved by chemical react ion of potassium 
with  wate r  at the same rate  at which potassium is 
deposited. 

The second explanat ion seems more  likely, for in the 
first case it is difficult to explain the appearance of 
the potential  dip. A creation of a new phase, however ,  
would  instantaneously decrease the concentrat ion of 
potassium in the amalgam and hence, would reduce 
polarization, unti l  a new accumulat ion takes place 
which leads to a new rise up to the steady state. 

The assumption of the accumulat ion of potassium in 
the amalgam can be justified only if on a freshly amal-  
gamated surface the chemical  react ion be tween  potas- 
sium and wate r  (second step) is the rds ra ther  than 
K + discharge. 

In support  of this stands not only the fact that  the 
hydrogen evolut ion is known to be much more in-  
hibited on Hg than on Zn, but  also the exper imenta l  
finding (Fig. 7) that  the Tafel line on a f reshly amal-  
gamated surface has a slope of 60 mV dec -1, i.e., sug- 
gests a t ransfer  coefficient of one. 

The potential  decay curve supports the above con- 
sideration. The two arrests, however,  indicate a t ran-  
sient existence of two different phases. Insufficient 
informat ion is avai lable for speculation about the 
structures of those phases. They seem to need a cer-  
tain amount  of mercury,  for they do not appear  when  
mercury  dissolves deeper  into zinc wi th  t ime (after  
24 hr) ,  i.e., reduces in the surface concentration. 

Even then and if the rds becomes the K +-discharge 
as in the case of pure zinc, a build up of l=otassium 
concentrat ion may be needed before the s teady-state  
decomposition rate with the evolut ion of hydrogen is 
achieved. This is in accordance with  the fact that  ac- 
cording to quant i ta t ive  results more charge is spent for 
potassium pileup (3 m C / c m  2) when less mercury  is 
present at the surface (after  24 hr) .  

Steady-State Corrosion of Zinc 
The change in the corrosion rate with t ime can be 

in te rpre ted  as due to increasing coverage of the sur-  
face by an impermeable  film of zinc oxide. In such a 
case a (1 -- 8zno) factor should be introduced into Eq. 
[15]. In order  to assess how Ozno changes with t ime one 
has to consider a complex kinetics at the surface�9 The 
Zn(OH)2 was seen to be formed by the corrosion of 
the electrode and react ion be tween  Zn 2+ ions and O H -  
ions. It par t ly  diffuses away, and par t ly  undergoes 
dehydrat ion forming the insoluble and compact ZnO. 
If one assumes the f irs t-order kinetics for the la t ter  
one could wri te  the ra te  equat ion as 

dnzno kzno 
-- - -  azn(OH)2 [22] 

dt 7#zno 

and a s teady-sta te  mater ia l  balance equat ion for 
Zn (OH)2 

kZn(OH)2 kZnO 
aZn2 + a2OH , 

79&Zn(OH)2 ~#ZnO 

Taking into account that  

dSzno 

dt 
and 

dnzn2 + 

dt 

- -  aZn(OH)2 

DCznc0H)2 

1 dnzno 

(nzno) max dt 

- -  0 [ 2 3 ]  

[24] 

icorr,o(l -- 8ZnO) 

2F 

~Zn(OH)2 
p azn2+a2oH - = 0 [25] 

" /#Zn(OH)2 

where  p is the thickness of the react ion layer, combin- 
ing then [22] wi th  [23] and [25] and replacing into 
[24] one obtains for the rate  of increase of surface 

coverage by ZnO 

d0zno 1/p kzno/7#zno 

dt (nzno) max [kzno/7#zno + D/6] 
�9 icorr.o(1 -- 8ZnO) [26] 

which suggests the f i rs t -order  kinetics for the film 
formation. One can solve this for the surface coverage 
a s  

8ZnO = (1 -- e -Ai ...... t) [27] 
where  

1/p kzno/7#zno 
A ---- [28] 

(nzno)max kzno/7#zno + D/6 

Now, for  the  effective corrosion rate  at any time, 
t, one can wri te  

icorr,t : icorr,o (1 -- 8zno) [29] 

and introducing [27.] into [29] one obtains 

icorr, t : icorr,oe -Ai ...... t [30] 

The correctness of the above der ivat ion can be 
checked by the exper imenta l  t ime dependence of the 
ra te  of hydrogen evolut ion for this is direct ly re la ted 
to the rate  of corrosion. Hence 

log rH2 = (log rH2)o -- Aicorr.ot [31] 

and the appropriate  plot is shown in Fig. 13. 
It is seen that, except  for IN KOH solution, the 

plots exhibi t  fair l inear i ty  after  a certain induction 
period. The slopes increase wi th  increasing KOH con- 
centrat ion as should be expected, for they contain the 
{corr,o. The values of the ,cor ros ion  ra te  ext rapola ted  
to zero t ime follow the same pattern. The induction 
period is to be expected since the theoret ical  re la t ion-  
ship has been der ived under  the assumption that  all 
of the ZnO formed precipitates immedia te ly  into an 
impermeable  film. This could be t rue of a solution 
saturated with  ZnO. 

Indeed, in the ear l ier  work  cited (2), the corrosion 
rate was shown to be much lower  in ZnO-satura ted  

z 
E 

F 

1( 

1~ i ~ ~- T ~" - -  

25 50 75 100 125 150-~[h] 

Fig. 13. Plot of log of the rate of hydrogen evolution vs. tlme 
for zinc in 1N (W), 3N (V),  6N (O) ,  and 10N ( O )  KOH solution. 
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solution than in fresh KOH. The solutions used in the 
present work contained no ZnO to start with and some 
period of accumulat ion of ZnO to reach saturat ion is 
normal ly  expected. 

On the whole one can say that  the model contains 
quite a number  of simplifying assumptions so that  the 
agreement  with the exper iment  cannot be but  crude. 
However, it reveals one impor t an t  feature which helps 
unders tand  some of the exper imental  puzzles and in  
part icular  the reasons for controversial results on the 
effect of KOH concentration. 

It is seen that the init ial  corrosion rate, /corr,o, acts 
not only as a proport ional i ty constant, but  is contained 
also in the exponent  of Eq. [30]. Hence, as this quan-  
t i ty has been shown to be larger at higher KOH con- 
centrations this also means that the decay of the cor- 
rosion rate is getting faster as the la t ter  is increased. 
This explains the crossover of the curves of Fig. 8 and 
13 for the 6 and 10M KOH after a certain period of 
time. But one can foresee also that under  some other 
conditions of exper iment  under  which the icorr,o has a 
faster increase with the increase in KOH concentra-  
tion, this crossover can take place much earl ier  and 
the concentrat ion dependence of the rate of corrosion 
is inverse if measured after that has happened. The 
fact is that, e.g., the data on the rate of corrosion re-  
ported by Dirkse and Timmer  (2) were taken 1 hr 
after the immersion of zinc into the electrolyte and, 
hence, are not the init ial  corrosion rate values but  
ra ther  those given by Eq. [24]. 

Also, Snyder  and Lander  (1) observed the corrosion 
in  terms of the gassing rate over a long period of t ime 
and reported the first values after 2 days. 

Addit ion of zinc oxide to the electrolyte to satu- 
rat ion complicates the in terpre ta t ion of the results for 
Eq. [14] is no longer valid and the concept of super-  
saturat ion must  be introduced if the phenomena are 
to be explained in  the same semiquanti ta t ive terms as 
the ones above. However, one can speculate qual i ta-  
t ively that, if anything,  the rate of diffusion of the 
corrosion products away from the electrode must  be 
slower and, hence, for the same period of time the 
surface coverage by ZnO in a saturated electrolyte 
must  be much larger than in the pure one. Hence, the 
corrosion must  be correspondingly depressed. 

Acknowledgment 
The authors acknowledge grateful ly the sponsor- 

ships of The National Science Foundation,  Washington, 
D.C., (Project GF-31570) and Research Fund  of the SR 
Serbia. 

Manuscript submit ted Jan  7, 1974; revised manu-  
script received June  18, 1974. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

REFERENCES 
1. R. N. Snyder  and J. J. Lander, EIectrochem. Tech- 

nol., 3, 161 (1965). 
2. T. P. Dirkse and R. Timmer,  This Journal, 116, 162 

(1969). 
3. P. Rfietschi, ibid., 114, 301 (1967). 
4. Z. A. Jofa, L. V. Komlev, and V. S. Bagockii, Zh. 

Fiz. Khim., 35, 1571 (1961). 
5. T. S. Lee, This Journal, 118, 1278 (1971). 
6. R.W. Powers, ibid., 118, 5 (1971). 
7. F. Mansfeld and S. Gilman, ibid., 117, 1328 (1970). 
8. A. N. Frumkin,  V. N. Korshunov, and J. A. Bagotz- 

kaya, Electrochim. Acta, 15, 289 (1970). 
9. A. Matsuda and R. Notoya, J. Res. Inst. Catalysis, 

Hokkaido Univ., 14. 165 (1966). 
10. A. Matsuda and T. Ohmori, ibid., 10, 215 (1962). 
11. B. N. Kabanov, Usp. Khim., 35, 1873 (1965). 
12. A. P. Aleksandrova,  J. G. Kiseleva, and B. M. 

Kabanov, Zh. Fiz. Khim., 38, 1493 (1964). 
13. J. O'M. Bockris, Z. Nagy, and A. Damjanovi6, This 

Journal, 119, 285 (1972). 
14. J. O'M. Bockris and A. R. Despi6, in "Physical 

Chemistry An Advanced Treatise," H. Eyring, 
Editor, pp. 611-723, Academic Press, New York 
(1970). 

15. A. R. Despid, and Dj. S. Jovanovi6, Bull. Soc. Chim. 
Belgrade, 38, 255 (1973). 

16. G. C. Akerlof and P. Bender, J. Am. Chem. Soc., 
70, 2366 (1948). 

17. G. E. Kimball ,  J. Chem. Phys., 8, 199 (1940). 
18. J. O'M. Bockris and A. R. Despi6, in "Physical 

Chemistry," H. Eyring, D. Henderson, and W. 
Jost, Editors, Vol. 9B, Chap. 7, Academic Press, 
New York (1970). 

19. H. Kaesche, "Die Korrosion der Metalle," Spr inger-  
Verlag, Berl in (1966). 

20. Lj. Bugarin, Diploma Thesis, Faculty of Technology 
and Metallurgy, Beograd, 1974. 



Ellipsometric Study of the Formation of Films on Iron 
in Orthophosphate Solutions 
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ABSTRACT 

El l ipsomet ry  was used to s tudy  optical  p roper t ies  and kinet ics  of film 
growth  on i ron in 0.1N sodium or thophosphate  solutions differing in pH. 
Proper t ies  and thicknesses of films grown at  room t empera tu r e  (22~ were  
found to va ry  wi th in  wide l imits  depending upon  pH, potent ia l ,  and presence 
or  absence of oxygen.  In  ae ra ted  Na3PO4 solution, ~-Fe203 or  Fe304 film is 
fo rmed wi th  a re f rac t ive  index n = 2.6 and absorpt ion  coefficient k = 0.20. At  
anodic polar iza t ion  potent ia ls  and at  pH 7 or  higher,  i ron  oxide films are  
also formed. On the o ther  hand, at  open-c i rcu i t  potent ia ls  in  ae ra ted  solutions 
of  pH 7.0 and pH 9.1, a mul t ip le  phosphate  f i lm is produced.  I t  is composed 
of severa l  layers  wi th  n values  osci l lat ing be tween  1.4 and 1.5, and k values 
f rom 0 to 0.14. Such a film decreases the  corrosion ra te  of i ron shif t ing its 
open-c i rcu i t  potent ia l  to more  noble values.  As a potent ia l  is reached at  which 
i ron  oxide forms, a film composed of both  i ron oxide and i ron  phosphate  is 
produced.  The g rowth  ra te  of i ron oxide films, and tha t  of phosphate  films at 
h igher  pH values  than  7.2, fol low a logar i thmic  law. Below pH 7.2, both  in 
ae ra ted  and deaera ted  solutions, an unprotec t ive  phosphate  film is formed. 
I t  is composed of several  l ayers  wi th  n values  osci l lat ing be tween  1.34 and 
1.36, and k values  f rom 0.013 to 0.45. I ts  thickness is a l inear  funct ion of t ime. 

The aim of the  p resen t  work  was to e lucidate  the  
kinet ics  of the film g rowth  on i ron in phosphate  solu-  
t ions at var ious  values  of pH in the  presence and ab-  
sence of a i r  and to de te rmine  the opt ical  pa rame te r s  
of these surface layers.  Such da ta  a re  per t inen t  to 
unders tand ing  the na ture  of the  inhibi t ion  provided  
by  phosphate  addit ions.  

Phosphates  belong to the  most  popular  corrosion 
inhibi tors  used for s teel  in aqueous nea r ly  neu t ra l  
solutions. I t  is commonly assumed tha t  they  a re  active 
in the presence of oxygen  only.  

Mayne  and Mentor  (1) used e lec t ron diffraction to 
de te rmine  the composit ion of protec t ive  films on i ron  in 
ae ra t ed  dibasic and t r ibasic  phosphate  solutions. In  
both solutions the pro tec t ive  film was composed main ly  
of a cubic oxide having  the s t ruc ture  of Fe304, ~-Fe203, 
or  an in te rmedia te  compound. However ,  in disodium 
hydrogen  phosphate,  par t ic les  of F e P O 4 . 2 H 2 0  were  
found imbedded  in a ma t r i x  of the  cubic oxide. On 
the basis of corrosion measurements  and film composi-  
t ion studies, the authors  concluded tha t  in 0.1N t r i -  
sodium phosphate  in the  presence of air, the weak  
areas  in the a i r - fo rmed  film are  r epa i r ed  by  the forma-  
t ion of "~-Fe203, Fe304, or an in te rmedia te  compound 
wi th  t races of ferr ic  phosphate.  In  0.1N disodium h y -  
drogen phosphate,  FePO4 .2H~O was found in the  
pro tec t ive  film what,  as the  authors  assume, is essen-  
t ia l  for the  inhibi t ion when  the a i r - fo rmed  film is 
weak.  

Ko lo ty rk in  e t a l .  (2) assume tha t  in neu t ra l  phos-  
phate  solutions a pass ivat ing mono laye r  of FeHPO4 
and a porous film of Fez(PO4)2 is formed.  

According to P r y o r  and Cohen (3), the  inhibi t ion  of 
the  corrosion of i ron by  sodium phosphate  solutions in 
the  presence of a i r  is caused b y  oxygen.  They assume 
that  oxygen  dissolved in the phosphate  solut ion is 
ma in ly  responsible  for the  capaci ty  of phosphate  solu-  
t ions to inhib i t  the  corrosion of iron. Namely,  oxygen  
adsorbed on the meta l  surface takes  par t  in the reac-  
t ion wi th  surface i ron atoms to form v-Fe2Os. They 
also suggest  tha t  the  fo rmat ion  of a pro tec t ive  film of 
v-Fe2Oz is not  instantaneous,  and the ini t ia l  stages 
of film format ion  are  accompanied by  a ve ry  slow 
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phates, thin fil~ns, re f rac t ive  index. 

elect rochemical  at tack,  which  leads  to the  format ion  
of hyd ra t ed  fer r ic  phosphates.  Nei ther  t he  thickness of 
the protec t ive  films nor  the kinet ics  of the i r  forma-  
t ion in phosphate  solut ions were  s tud ied  in  the i r  work.  

Experimental 
All  exper iments  were  pe r fo rmed  on specimens of 

99.99% pur i ty  i ron in the  form of cyl indr ica l  disks 
wi th  exposed area  of 0.32 cm 2. The specimen was 
moun ted  in a Teflon holder .  

The specimen was first rough ground to a 600 gr i t  
finish th rough  a series of meta l lograph ic  papers  and 
then  mechanica l ly  pol ished wi th  d iamond abras ives  to 
a final finish of 1~. Af te r  mechanical  polishing, the  
specimen was cleaned, degreased,  and electropolished.  
The e lect ropol ishing solut ion was composed of 20 par t s  
of glacial  acetic acid wi th  1 par t  of 70% perchlor ic  
acid. The specimens were  exposed for 2 sec at room 
t empera tu re  and a current  densi ty  of 4 A/cm2; the  
specimen was then washed wi th  methanol ,  dr ied  and 
placed in the  e l l ipsometr ic  cell. 

The e l l ipsometr ic  measurements  were  pe r fo rmed  in 
different  solutions, e i ther  deaera ted  or ma in ta ined  in 
free contact  wi th  air. As the  pH changes, the  composi-  
t ion of the anion changes; regions for the existence of 
the phosphate  ions are  (4) 

H2PO4- /HPO4-  2 pH 7.19 
HPO4-  2/PO4-S pH 12.09 

Since we wished to invest igate  domains of existence of 
each anion, the fol lowing solutions were  used: 0.1N 
Na3PO4 (pH 12.3), 0.1N Na2HPO4 (pH 9.1), 0.1N 
NaH2PO4 (pH 4.5), and 0.1N Na2HPO4 wi th  NaH2PO4 
(pH 7). The solutions were  deaera ted  by  bubbl ing  for 
24 h r  prepur i f ied  he l ium through  the solution. Al l  ex -  
per iments  were  conducted at  22~ The e lect rode po-  
ten t ia l  was measured  wi th  reference  to a sa tura ted  
calomel e lect rode and all  da ta  are  repor ted  in the  calo-  
mel  scale. Exper iments  were  conducted at open-c i r -  
cuit potential ,  at different  anodic potentials ,  and 
sometimes at s l ight ly  cathodic potentials .  

The e l l ipsometer  was Model 436 f rom Rudolf  and 
Sons with  mercu ry  arc l ight  source. The vacuum wave  
length  of l ight  was 54filA, and the angle of incidence 
was 70.96 ~ . 

Before measur ing  the optical  pa ramete r s  of the pure  
substrate,  the  specimen was t r ea ted  wi th  a constant  
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cathodic current  of 40 ~A/cm 2 in  the solution to be 
studied to remove any air - formed film and to main ta in  
a clean surface. The measurements  of the optical con- 
stants of i ron were made as rapidly as possible. 

The optical constants of iron and of the films formed 
on its surface, and the film thicknesses were calcu- 
lated using the McCrackin computer program (5) and 
an 360 computer. In  the case of mul t ip le  films, their  
refractive indices were calculated under  the assump- 
t ion that there was a stack of several homogeneous 
layers with different optical parameters.  

Results 
Polarization curves.--Anodic polarization curves 

were determined to characterize the general  electro- 
chemical response of the iron to the various phosphate 
solutions. The measurements  of the polarization curves 
were performed in deaerated solutions at a scanning 
rate of 20 mV/min ;  the potential  sweep started from 
potentials more negative than the corrosion potential. 

Figure 1 gives the polarization curves for all the 
solutions studied. The critical potential  of passivation 
manifests itself distinctly only in the solution of pH 7. 
In  the 0.1N NaH2PO4 solution iron does not passivate. 

Index of refraction of ]~lm-free substrate.--The in-  
dex of refraction of the film-free substrate for each 
exper iment  was determined;  the value of the refractive 
index was 3.14-3.26 and the absorption coefficient was 
3.6-4.0. This applied for aerated and deaerated solu- 
tions at all values of pH studied. 

Iron oxide films at pH 12.3 and 9.I . - -Figure  2 shows 
changes in analyzer  angles (hA) vs. changes in po- 
larizer angles (~P) for i ron in the three envi ronmenta l  
conditions: The first two cases involve 0.1N NazPO4 
(pH 12.3) and 0.1N Na2HPO4 (pH 9.1), each taken 
at a series of applied potentials. The former was taken 
from --700 to § mVscE. Every value of potential  
was main ta ined  constant for 60 rain and dur ing this 
time the changes in A and P were noted. Approxi-  
mately one- th i rd  of the measurements  taken dur ing 1 
hr are plotted. Thus, at --700 mVsc~ the (x) symbol 
refers to values of ~A and ~P taken at the same poten- 
tial over a period of 1 hr. The surface was freshly 
prepared for each experiment.  The third case in Fig. 2 
shows the changes with time of hA and • for speci- 
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Fig. 1. Current-potential diagrams for iron in phosphate solutions 
of various pH. 
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Fig. 2. Relationship of ~A vs. Ap for a film grown in 0.1N 
Na3PO4 and 0.1N Na2HPO4 solutions at different applied poten- 
tials, and relationship between -~P and thickness of the film whose 
complex index was equal to 2.6 (1-0.08i). 

mens immersed in 0.1N Na3PO4 at the open circuit 
potential. These points lie along the same line which 
was found for the films formed at constant anodic 
potentials. 

From Fig. 2 it is possible to calculate an average 
complex refractive index which applies to all three 
cases including the whole set of applied potentials at 
two pH's and the open-circui t  potentials at pH 12.3. 
The data in Fig. 2 give an average refractive index of 
2.6 (1-0.08i) 2 with n ---- 2.6 _ 0.1 and k ---- 0.21 • 0.05. 
These values correspond either to -~-Fe2Os or FesO4. 
However, the imaginary  part  of the refractive index is 
smaller than the range of 0.12-0.20 usual ly  given in  the 
l i terature  for the same type of film (6-8). 

Figure 2 also shows the relationship be tween the 
thickness of the film and hP. 

Figure 3 shows that  the t ime dependence of the film 
thickness under  open circuit conditions at pH 12.3 is 
logarithmic. The growth rate of approximately 5A per 
decade is higher than that for the i ron base alloys 
studied by Goswami and Staehle (9) in  borate buffer 
solutions of pH 8.4 where values of 0.9 to 1.5 A/decade 
were obtained at constant applied potentials. The 
growth of the film was accompanied by a substant ial  
increase in potential, shown in Fig. 4. This change 
corresponds to 35 mV/A. 

Films at pH 9.1 at open-circuit potentials.--Figure 2 
showed a series of measurements  for the pH 9.1 solu- 
tion at constant anodic potentials. Here the optical 
properties of the protective film were identical to those 
for open-circui t  and applied anodic potentials at pH 
12.3. However, at open-circuit  potential  at pH 9.1 quite 

2 T h e  c o m p l e x  i n d e x ,  N ,  o f  a s u b s t a n c e  i s  d e f i n e d  by the e q u a -  
t i o n :  N = n - i . k ,  o r  N = n ( 1  - -  i.K) w h e r e  nK = k ,  n = refrac- 
tive i n d e x ,  k = absorption coefllcient, K = e x t i n c t i o n  coei~Icient 
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Fig. 3. Film thickness vs. time for iron at open-circuit potential 
in 0.1N Na3PO4 solution. 
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the oxide film formed in 0.1N NasP04 solution. 

different results from those at applied anodic poten-  
tials were obtained. Figures 5-8 show as an example 
the results of an exper iment  where optical and elec- 
trochemical parameters  were determined for films 
grown under  open circuit conditions at pH 9.1. In  this 
exper iment  the init ial  solution was deaerated and the 
specimen had been cleaned by cathodic reduction. 
After the exper iment  started, the solution was brought  
into contact with air. 

Figure 5 shows analyzer  vs. polarizer readings. These 
are correlated with regions of film thicknesses and dif- 
ferent  refractive indices. These measurements  were 
continued unt i l  the readings of A and P could be made 
with sufficient accuracy, because rel iable in terpre ta t ion  
of ellipsometric data depends upon a reasonable 
amount  of l ight t ransmission in  the film. When the 
exper iment  was terminated,  five different refractive 
indices had been found. Their values and the extent  of 
the applicable thickness ranges is not consistent i n  
detail, al though the over-al l  behavior  is general ly  
similar. 

If these experiments  had been continued, addit ional 
layers of similar refractive indices would probably 
been formed. 
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Fig. 5. Values of P and A for a film formed at corrosion potential 
in 0.1N NazHP04 solution. Thickness corresponds to limits where 
specific optical constants were observed. 
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Figure 6 shows film thickness vs. time. As can be 
seen, the max imum film thicknesses are very large 
compared to those in Fig. 2 for films found at pH 12.3. 
The changes in  the slopes of film thickness vs. log t ime 
correspond general ly to changes in the refractive in-  
dex, and there is no progressive t rend in the rates, i.e., 
they do not progressively increase or decrease in any 
clear order. The reasons for this behavior  are not 
clear. However, some lack of reproducibil i ty for the 
first film formed would be expected in view of the un-  
certainties in surface preparat ion and because the sur-  
face was main ta ined  ini t ial ly at cathodic potentials. 
Also hydrogen effusion for the cathodic potential  
could disturb the ini t ial ly formed film. The early stage 
of film growth is slow, since the surface is at a rela-  
t ively low potential  and the rate of production of iron 
ions is low. When the potential  begins to rise, the rate 
of formation of i ron ions increases, and it is then pos- 
sible to produce sufficient mater ial  to form the rapidly 
growing film. It  is difficult to assign a specific growth 
law to this early stage of film growth. 

Growth rates for the films of Fig. 6 are tabulated in 
Table I along with other data from the other ex- 
periments. These rates are three orders of magni tude  
greater  than the rates in pH 12.3 or at anodic polariza- 
tion at pH 9.1. 

The open-circui t  potential  increases in the noble di- 
rection with t ime at pH 9.1 as shown in  Fig. 7. The 
figure exhibits an intermediate  range where the po- 
tent ial  changes very  little; this corresponds to the 
highest imaginary  value of K. The highest values of 
absorption coefficients are connected with high semi- 
conductive properties of the films (10); thus, a rela-  
t ively negligible change in potential  in this region 
seems to correlate well  with a relat ively higher elec- 
tronic conductivity. 

The relationship between film thickness and poten-  
tial is shown in Fig. 8. The init ial  rate of change of po- 
tential  is 0.031 mV/A.  This increases at --670 mV to a 
rate of 0.23 mV/A.  This potential  of --670 mVscE 
(--430 mVH) is substant ia l ly  noble to the potentials 
for the formation of Fe2Oa. ~ Despite the fact that the 
i ron oxide forms, no change was observed in the re-  
fractive index. Since the film of Fig. B was so thick 
before, the iron oxide formed it was difficult to see any 
influence of the new iron oxide on the refractive in-  
dex. Therefore it was decided to grow a th inner  init ial  
film prior to forming the iron oxide. This was accom- 
plished by growing films at controlled potentials. A 
potential  --720 mVsc~ was selected as the ini t ial  po- 
larizing potential. This was in  a range where the oP- 
tical constant was clearly not that of an iron oxide, 
and was clearly low enough so that  the iron oxide 

8 E q u i l i b r i u m  p o t e n t i a l s  fo r  Fe/Fe2Oa are  --788, --590, and  --472 
m V ~  for  p H ' s  of 12.3, 9.1, and  7, r e s p e c t i v e l y  (4). 
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Table I. Number and thickness of phosphate layers within films 
formed during experiments shown in Fig. 6, 10. 18, 20, and 24 

A b s o r p -  
R a n g e  of  G r o w t h  R e f r a c -  'don  

H u m -  t h i c k -  r a t e ,  C o m p l e x  r i v e  coa t -  1000 
b e r "  ness ,  A A / d e c a d e  i n d e x  N i n d e x  n f le len t  k 

OlN Ne~HPO 4 (pH 91) -670 mY 
Open Circuit Potent~o~ 1 

~ 3 0 0 0  

1 
740 1.35 (1-0.001i) 

2 740 
3 1800 1.4(1-O.OSt) 
4 1 8 0 0  1 . 4 ( 1 - 0 . 1 t )  
5 4600 1.4 (0.004i) 
6 1.4(1-0.01i) 
7 (8 A/rain) 1.48 (l-0.O01i) 
8 1.52 (1-0.02i)  
9 4600 

l 0  1 .39  ( 1 - 0 . 0 2 / )  

F i l m  f o r m e d  at  o p e n  c i r c u i t  p o t e n t i a l  i n  0 . 1 N N a ~ I P O 4  I ~--  ~ - 2200 
of  P H g . l w i t h  f r e e  a c c e s s  of a i r  (F ig .  5) 800 $ o< 

O-lOOt 1.4 ~ 
i00-700 3400 1.4 1.4 
700-1100 1250 1.4(1-0.065f) 1.4 0.09 

I100-1350 7800 1.4(1-0.03i )  1.4 0.049 {800 
1350-2650 7800 1.4(1-0.01i )  1.4 0.014 =~. 600 
2650-3050 3150 1.45(1-0.07i) 1.45 0.10 ~ 

F i l m  f o r m e d  a t  - - 6 8 0 m Y  in  d e a e r a t e d  0 . 1 N N a ~ - I P O ,  + ~ 
NaH=PO,  so lu t i on  of  p H 7  (Fig .  20) ~ J 1400 

O - 1 0 0 f  1 . 3 5 ( 1 - 0 . 0 0 1 i )  1.35 0.013 / 100-400 1.35 0.013 ~ 4 0 0 - -  
400-600 1.6 
600-850 1.4 0.07 
850-1000 1,4 0.14 

1000-1340 1.4 0.005 - 
1 3 4 0 - 1 9 6 5  1.4 0.014 _ 
1965-2740 1,48 0.0015 
2740-2915 1,52 0.03 
291S-4115 1.38 
4115-4740 1.39 0,028 , 

F i l m  f o r m e d  at  - -750 m V  in  d e a e r a t e d  0.1N Na~HPO4 + 
N a H ~ P O ,  s o l u t i o n  of  p H  7 (Fig .  18) 

1 0-250 (12.5 A / r a i n )  1.36 (1-0.0I t )  1.36 0.013 
2 250-280 (1.15 At ta in )  1.34 (1-0.34i) 1.34 0.45 
3 280-580 (1.15 A/min) 1.34 (1-0.2i) 1.34 0.27 

Film f o r m e d  a t  o p e n  c i r c u i t  P o t e n t i a l  i n  0 .1N NaH~POI  o f  
p H  4.5 w i t h  f r e e  acces s  of  a i r  (F ig .  24) 

1 0-250 25 A / r a i n  1.36(1-0.012i) 1.36 0.016 
2 250-670 1.5 Almin 1.34 (I-0.24/) 1.34 0.32 

* T h e  l a y e r s  w i t h i n  t h e  g i v e n  f i lm a r e  n u m b e r e d  s t a r t i n g  f r o m  t h e  
m e t a l  s u r f a c e .  

t W e  h a v e  o m i t t e d  f r o m  t h i s  t ab l e  g r o w t h  r a t e  of  t h e  e a r l i e s t  K lms  
s ince  t h e  k i n e t i c s  l a w  w a s  u n c e r t a i n .  

would not form. Figures 9 and 11 show that this low 
optical constant of N ---- 1.4 was main ta ined  so long as 
the potential  of --720 mV was maintained.  The growth 
rate of these early stages is very high similar to that  
in Fig. 6. These experiments  showed that the ex-  
pected result  occurred, i.e., the refractive index 
changed when the iron oxide was formed. The earliest 
growth pat tern  did not follow a distinct law; this is the 
same as the earlier results from Fig. 6. The first very 
steep growth curves of Fig. 10 and 12 showed rates of 
2950 and 1650 A/decade, respectively. While these are 
lower than that  of Fig. 6, they are obtained potent io-  
statically. They are, nonetheless, very high. After  
applying the high anodic potentials, these rates were 
reduced to 100 and 45 A/decade, respectively. Also, for 
these th inner  films it  was possible to see the change in  
the refractive index when  iron oxide formed which 
had not been possible for the thicker films. 

Films at pH 7.0.--In deaerated solution of pH 7 at 
corrosion potential,  no conclusive results as to the 

- ]000 

- 900 

- 8 0 0  - -  

{ 
- - 7 0 0  - -  

-600? -- 

- 500 

-4007 

0 / I V  NO 2 HP04 (pH  9 / )  
Open Circuit Potent/at 

I 

o 7  ) - -  

Fig. 7. Potential vs. 
Fig. 5 and 6. 

i i i i I f i i ~ i i I i 
I 0 0  [ 0 0 0  

T I M E ~  M I N U T E S  

time during growth of the same film as in 

200 

1000 

0 ~ 600 

-800 - 700 -600 
POTENTIAL , mVsc E 

Fig. 8. Dependence of the open-circuit potential on thickness of 
the film produced in 0. IN Na2HPO4 solution. 
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optical parameters  of the produced film have been ob- 
served. On the contrary, at potentials more positive 
and more negative than the corrosion potential,  the re-  
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sults are  more  reproduc ib le  and have  shown tha t  qui te  
different  films are  produced in both cases. At  pH 7 the 
proper t ies  of the films be low (--750 mV) and above 
(--680 mV) the corrosion potent ia l  were  studied. Op- 
t ical  parameters ,  film growth,  kinetics,  and cu r ren t -  
t ime behavior  were  determined.  Below the corrosion 
potent ia l  a film was formed, and it g rew to a thickness 
of 600A in 300 rain, as shown in Fig. 13 and 14. F igure  
13 shows ~A vs. ~P for the  0.1N (NaH2PO4 + 
Na2HPO4) solut ion at  --750 mV; Fig. 14 shows film 
thickness and current  vs. t ime for the  same conditions. 
Two c lear ly  different  bu t  l inear  g rowth  laws were  
obtained.  Below 250A, the  film growth  ra te  was 12.5 
A / r a in  and above, it  was 1.15 A/ra in .  The ini t ia l  film 
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Fig. 14. Thickness and current vs.  time during the growth of the 
film whose optical parameters are given in Fig. 13. 

corresponded to a re f rac t ive  index of 1.36(I-0o01i); a 
t rans i t ion  film seems to exist  f rom 250 to 280A wi th  a 
substant ia l  increase in K and is 1.34(1-0.34i). The re -  
ma inde r  of the film grew to 580A wi th  a s imi lar  r e -  
f ract ive  index.  

F igures  15-18 show data  t aken  above the  corrosion 
potent ia l  at  --680 inV. These films are  ve ry  complex 
and exhib i t  ten layers  af ter  230 rain. Fur ther ,  the  film 
grows to s l ight ly  more  than  ten  t imes the  thickness  in 
the  same exposure  time, as does the  film at  --750 mV. 
Figures  15 and 16 show pa t te rns  exceedingly  more  
complex than  thei r  counterpar t s  obta ined  under  open-  
circui t  condit ions at pH 91 (Fig. 5)  The changes in 
slopes of film growth  rates  in Fig. 16 are  genera l ly  
s imilar  to those of Fig. 6. These growth  ra tes  are  
compared  wi th  those of previous  exper imen t  in Table 
I. A par t i cu la r  l inear  dependence  be tween  film th ick-  
ness and t ime from 2000 to 2800A was present ,  and it 
is shown in deta i l  in Fig. 17. 

The re la t ionship  be tween  film thickness and cur ren t  
at --680 mV is shown in Fig. 18. The behav ior  is com- 
p lex  bu t  af ter  reaching 800A the  cur ren t  decreases 
and the film becomes protect ive.  The cur ren t  becomes 
s l ight ly  cathodic and stays very  close to zero. 
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Fig. 13. Relationship of ~A vs. ~P of a film produced at - -750  
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mY in deaeroted solution at pH 7. 
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Fig. 19. Relationship of AA vs. AP of a film produced in de- 
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Films at pH 4.5.--Since Fig. 1 shows that there is 
no passive state, the film growth was investigated only 
at the corrosion potential  at pH 4.5 in the 0.1N 
NaH2PO4 solution. The plots of AA vs. &P and film 
thickness vs. time in  Fig. 19 and 20 at pH 4.5 are simi- 
lar  to Fig. 13 and 14 for the region below the cor- 
rosion potential  (--750 mV) at pH 7. There is a t r an-  
sit ion in  the growth rates at the same value of 250A. 
The early film grows at a rate of 25 A/ra in  while the 
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Fig. 20. Film thickness vs. time of the film whose optical param- 
eters are giyen in Fig. 19. 

slow rate at greater  thickness is 1.5 A/rain.  These rates 
are comparable to ones in  Fig. 14. 

E~ect of initial oxide.--To study the effect of the 
surface being ini t ia l ly  covered by an oxide film on the 
formation of successive deposits in  aerated solutions of 
phosphates, measurements  similar to the above were 
performed without ini t ia l ly reducing the air-formed 
oxide film on the iron surface. It  was found that at 
pH 9.t at open-circui t  potential  the oxide film con- 
t inued to grow. At pH 7, a film was produced with 
refraction index equal to 1.4-1.5. At pH 4.5, a layer 
with n = 1.34-1.36 was formed. 

Discussion 
Polarization curves.--The anodic polarization curves 

of Fig. 1 exhibit  three impor tant  patterns. First, the 
polarization curve for pH 4.5 exhibits no tendency 
towards passivation. Secondly, the peak potentials of 
Fig. 1 are substant ia l ly  noble to the values for the 
equi l ibr ium formation of the iron oxides. This result  
has been observed by many  authors (11). A third im- 
portant  feature of the polarization curves involves the 
comparison with film thickness as determined ellipso- 
metr ical ly at potentials active to the peak potential. 
In  all cases a film of optical significance was found 
in  a region active to the peak potential. For the experi-  
ments  at pH 9.1 and 12.3 there were iron oxide films 
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and for pH 7 these probably were phosphate films. At 
potentials noble to the peak potential  the protective 
capacity of these films increases. This pat tern  has also 
been observed by Sato and Kudo (8) for i ron oxide 
films formed in borate buffer solutions. 

In  general  there are four classes of films formed on 
iron in phosphate solutions. The existence of these 
regions depends upon pH and oxygen present (or 
potential) .  

While a considerably greater amount  of information 
is required relative to effects of concentrat ion of the 
phosphate ions, a broader  range of pH and potential, 
we have identified the following important  general  
classes of films. 

Class I films.--Class I is the compact i ron oxide film 
produced at pH 12.3 in both open circuit in aerated 
solutions and in applied anodic potential  conditions at 
pH 9.1. These films have the same optical properties 
over a wide range of potentials and are so similar to 
iron oxide as to leave only the conclusion that  the 
films are in fact the 7-Fe203 or FeaO4. These films are 
characterized by a relat ively low logarithmic growth 
rate (5 A/decade) and a high value of the field s trength 
equal to 35 m V / A .  

Class II films.--Class II  are the relat ively complex 
mul t i layered  films produced at pH 9.1 under  open-ci r -  
cuit conditions in deaerated solutions below the poten-  
tial of i ron oxide formation and at pH 7 at --680 inV. 
These films grow very much thicker than  those of CIass 
I with 3000-4000A being obtained in  less than  10C0 rain. 
The existence of the mult iple  layers in the Class II 
films are easily recognized by changes in optical prop- 
erties, corresponding general ly to changes in slope of 
the thickness- t ime and potent ia l - t ime data. The optical 
constants correspond directly to the separable kinetic 
regions. These films have a very low field s trength of 
0.031 m V / A  compared to the very high value of Class I 
films. As shown in Table I, the refractive index varies 
between 1.4 and 1.52, and the absorption coefficients 
range from 0 to 0.14. The changes in the complex in-  
dices are not quite systematic, but  a certain general  
tendency can be noted. Namely, the refractive indices 
of the first layer  numbered  starting from the iron sur-  
face are comparatively low; they increase with thick- 
ness, and finally, they decrease again. The absorption 
coefficients show a similar  tendency;  that  for the first 
layer  is 0 or close to it, the next  layer  has a consider- 
able k value, and the coefficients of fur ther  layers are 
low again. The Class II films appear to produce an 
ul t imately  protective condition despite the much 
greater thickness than  the Class I films. 

Class III /~lms.--These films are similar to those of 
Class II but  differ in one important  respect: the pro- 
tective properties are improved due to  the s imul tane-  
ous formation of an iron oxide. 4 However, no changes 
in  the refractive index are observed under  these con- 
ditions, as shown in Fig. 5. Evidently,  a small content 
of FeaOa in the thick film does not affect its optical 
properties. On the other hand, when the film with the 
refractive index equal to 1.4-1.5 is not too thick, as 
shown in Fig. 9 and 11, the formation of a mix ture  of 
oxides and of the compound with the refractive index 
1.4-1.5 involves an increase of both the n and k values. 

Class IV  fiIms.--The Class IV films are epitomized 
by those found below the corrosion potential  at pH 7 
and at the open-circui t  potential  at pH 4.5. These films 
at these conditions are nonprotective;  they have similar 
optical and kinetic properties. These Class IV films are 
characterized also by the following: (i) the growth 
laws are l inear  for the first two layers; (ii) the real 
parts of the refractive indices are relat ively lower 
than  for Class II films; (iii) the transit ions between 
growth laws for the two pH's occur at approximately 
the same thickness; (iv) the imaginary  parts of the 

When such a layer is formed,  the shift of potential  is h i g h e r  
t h a n  in  t h e  case  of  Class  II  films, namely  0.1-0.23 mV/A.  

films are substant ia l ly  lower for the first layer  than 
the second; (v) the imaginary  part  of the second layer 
of the Class IV films is much larger than any of those 
in Class II and Class III. The Class IV film is suffi- 
ciently porous and nonprotect ive that the corrosion 
potential  remains relat ively constant. 

Optical constants.--The consideration of optical con- 
stants is inextr icably involved with the previous dis- 
cussion of mul t iple  layers and the relat ive protective 
behavior of the films. However, several specific points 
should be made here. 

The question arises as to how far from reali ty are the 
complex indices and the number  of layers calculated 
on the basis of ellipsometric measurements .  All the 
A vs. P relationships were obtained experimental ly,  
but  the refractive indices were computed for different 
segments of the curves in such a way to fit them best 
to the results of measurements.  In some cases, for the 
same segment of the curve, different optical param-  
eters could be obtained, but  the differences were small 
and did not essentially influence the calculated film 
thicknesses. 

Figure 21 gives, as an example, the theoretical shape 
of A vs. P relationships for  i ron whose complex index 
is 3.2(1-1.24i), and on whose surface homogeneous 
films with different refraction indices are present. The 
dashed curve represents our exper imental  curve also 
shown in Fig. 5. As it may be seen, the lat ter  does not 
correspond to any of the theoretical curves describing 
the optical parameters  of films composed of only one 
homogeneous layer. This suggests that the real film 
must  be composed of several layers differing ir~ optical 
parameters.  

The correctness of the calculated optical constants 
seems verified by the good agreement  of any part icular  
optical constant with specific region on the thickness- 
t ime or potent ia l - t ime plots. Further ,  when  the optical 
constants change, the thickness- t ime and potential-  
t ime slopes change also. In  some cases a change in 
optical constants does not produce a change in thick- 
ness or potential  vs. time slopes when  there is a rela-  
t ively small difference in  successive optical constants 
in the same experiment.  An example of no change in 
the thickness- t ime behavior  with a small change in 
optical constants is shown in  Fig. 6. A similar  result  
for potent ia l - t ime is shown in Fig. 7. Here the slope 
changes very li t t le for slight changes in the optical 
constants. 

The changes in refractive indices may be due to 
variations in the densi ty and in the molecular  weight 
of the compounds being formed (12), e.g., the water 
content can vary  wi thin  considerable limits. The 
changes in absorption coefficients are presumably  re- 
lated to the unstoichiometric composition of the film. 

It  is necessary to remark  here that  in  the case of the 
actively dissolving iron, the roughness of the surface 
should be taken into consideration since it affects the 
P and A values. Unfortunately,  any accurate theoreti-  
cal t rea tment  of this influence is lacking. In  our case 
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an intensive corrosion occurred in  NaH2PO4 solution at 
pH 4.5, but  no visible roughening or pi t t ing was ob- 
served dur ing these experiments.  Nevertheless, we 
fully realize that  some of the calculated values of the 
refractive indices can be inaccurate. 

Composition of films formed on iron in phosphate 
solutions.--Depending upon the domain of existence of 
different phosphate anions and upon the presence or 
absence of oxygen, the films being formed on iron 
show various optical parameters  and protective capaci- 
ties. The composition and the s t ructure  of these films 
in 3itu is not known. All previous investigations were 
made after put t ing the specimens out from the solution, 
and this could change the composition of the film. 

In  deaerated monosodium phosphate at pH 4.5 Pryor  
and Cohen (3) have found by chemical analysis a 
product of the formula Fes(PO4)2.gH20. By x - ray  
analysis they have identified this compound as v iv ian-  
ite Fe3(PO4)2.8H20. In  the presence of air, FePO4. 
xH20 has been found, with x equal to about 30. The 
refractive index of viviani te  is 1.58 to 1.65 (13), which 
is different from our value found for the film formed 
at corrosion potential  at pH 4.5. 

In aerated disodium hydrogen phosphate Mayne and 
Menter  (1) have observed the presence of FePO4. 
2H20 in  addition to iron oxides. 

In  tribasic phosphate solution main ly  Fe304 or 
~-Fe~O3 is formed (1). The formation of iron oxides 
in  this solution is confirmed by our ellipsometric 
studies, because the refractive index of the film formed 
in  this solution is in the range of values found by dif- 
ferent authors for anodic films and for Fe304 or ~/- 
Fe20~ obtained by gaseous oxidation of iron. 

Under  our experimental  conditions, when the mea-  
surements  are performed in situ, other compounds are 
probably formed in mono- and disodium phosphates. 
The occurrence of a sharp difference between the opti-  
cal and the protective properties of films produced 
within the domain of relative predominance of 
H2PO4-/HPO42- (pH 7.2) suggests that the films pro- 
duced under  these conditions have different s tructures 
and chemical compositions. It is possible that  below 
pH 7.2 the compound Fe(H2PO4)2.xH20 is formed, 
while above 7.2 unt i l  pH 12 FeHPO4.xH20 is pro- 
duced. Such compounds have been found to occur in 
the Fe203-P2Os-H20 system (14). In  the presence 
of oxygen these ferrous salts can be oxidized to ferric 
phosphates. 

Inhibition of iron by phosphates.nIn agreement  wi th  
Pryor  and Cohen's viewpoint  (3), the passivation of 
i ron in NaH2PO4 solution (pH 4.5) does not occur. The 
film with refractive index from 1.34 to 1.36, composed 
probably of Fe (H2PO4)2, is unprotective. The corrosion 
potential  does not change dur ing corrosion, and with 
t ime a l inear  growth of the film is observed. The low 

refractive index of this film seems to indicate that  it is 
not composed of a solid deposit, but  ra ther  of a super-  
saturated solution of i ron phosphate. 

The films produced in Na2HPO4 and Na3PO4 are 
protective. In  deaerated Na2HPO4 solutions at first 
i ron undergoes corrosion connected with the forma- 
t ion of some kind of phosphate film with refractive 
index from 1.4 to 1.52. This film is probably composed 
of FeHPO4. By blocking the metal  surface, it shifts the 
potential  to more positive values. The phosphate films 
are thick and grow according to logarithmic laws. At 
higher anodic potentials the iron oxide is formed to- 
gether with iron phosphates improving the protective 
capacity of the film. Similarly, in Na3PO4, on a clean 
surface, at first a protective phosphate film (refractive 
index 1.4-1.5) is produced, and hereafter  the iron 
oxide is also formed. In the last case, i.e., in  the pres- 
ence of iron oxide, the film grows much more slowly. 

The protective capacity of phosphates is less than 
that  of iron oxide. A direct evidence of this fact is the 
magni tude  of the potential  drop on 1A film thickness: 
it is higher in the case of oxide (35 mV/A)  than in the 
case of phosphate (0.031 m V / A ) .  When a mixture  of 
phosphate and oxide is formed, this value is equal  to 
0.23 mV/A.  

When an ai r - formed film is left on the metal  surface 
before start ing the experiment,  different t rends are 
observed, but  the patterns are unders tandable  in terms 
of different classes described before. Thus, when  the 
a i r - formed film is present on the iron surface at pH 
9.1, an iron oxide film grows at open-circuit  potential, 
instead of the phosphate film produced on a clean 
surface. This is due to the fact that the potential  of 
the pr imari ly  oxidized specimen quickly attains a 
value at which the iron oxide forms. However, at pH 7, 
iron phosphates are formed with refractive indices 
from 1.4 to 1.52. This means that the a i r - formed film 
is not protective at that pH value, and the relat ively 
high corrosion rate produces a thicker film which even-  
tual ly  reaches a protective capacity. 

Table II surveys the types of films grown in phos- 
phate solutions at open-circui t  potentials. The impor-  
tance of the init ial  surface condition: clean or pre-  
oxidized, and the correlations with the refractive in-  
dices are quite obvious. Not knowing surely the chemi- 
cal composition of phosphate films formed in solutions 
at different pH's, we can distinguish them only after 
their refractive indices. 

Table I shows that  among the classes of films the 
real part  of the refractive index correlates well with 
the protective capacity of the films. A value of 2.4 cor- 
responds to Class I, which is the most protective; 
values from 1.4 to 1.5 correspond to Classes II and III, 
which are less protective; and values from 1.34 to 1.36 
correspond to Class IV, which is unprotective. 

Table II. Types of films grown in phosphate solutions at open-circuit potential 

Phosphate S u g g e s t e d  f i lm P r o t e c t i v e  Opt ica l  p a r a m e t e r s  
conc. 0.1N pH Iron surface Solution composition ability n k 

Nz~PO~ 12.3 clean deaerated i ron  phospha tes*  w e a k  1.4 + 1.52 0 § 0.14 
Na~P04 12.3 c lean  f ree  access of air iron ox ide  yes  2.6 0.20 
NasPO~ 12.3 w i t h  a i r - f o r m e d  f ree  access of  a i r  i ron  ox ide  yes 2.6 0.20 

ox ide  f i lm 
Na~HPO4 9.1 c lean  deae ra t ed  i ron  phospha te s*  w e a k  1.4 § 1.52 0 + 0.14 
NasHPO~ 9.1 c lean  f ree  access of a i r  m i x t u r e  of I ron  ox ide  yes  1.4 + 1.52 0 + 0.14 

and iron phosphate 
on a p h o s p h a t e  l ayer  

Nas]KPO4 9.1 w i t h  a i r - f o r m e d  f ree  access of  air iron oxide  yes  2.6 0.20 
oxide f i lm 

NasITPO~+ 7.0 c lean  deae ra t ed  iron phosphates no  1.34 § 1.36 0.013 + 0.4 
NaI%PO~ 7.0 clean free access of air iron phosphates no results inconclusive 
mixture  7,0 w i t h  a i r - f o r m e d  f ree  access of  a i r  i ron  p h o s p h a t e s  (prob-  w e a k  1.4 § 1.52 0 § 0.14 

film ably with some iron 
oxide)  

NaH~PO, 4.5 clean deaerated iron phosphates no 1.34 § 1,36 0,013 + 0.45 
NaH2PO4 4.5 c lean  f ree  access of a i r  i ron  p h o s p h a t e s  no  1.34 § 1.36 0.013 § 0.45 
NaH2PO4 4.5 w i t h  a i r - f o r m e d  f ree  access of  a i r  i ron  p h o s p h a t e s  no 1.34 § 1.36 0.013 § 0.45 

f i lm 

* After  reaching the potential  of  i ron  ox ide  f o r m a t i o n ,  a p r o t e c t i v e  m i x t u r e  of i ron  ox ide  and  i ron  p h o s p h a t e  is  f o r m e d  on  the phosphate 
l ayer .  
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Summary 
1. The type of films produced on iron in 0.1N sodium 

orthophosphate solutions at open-circui t  potentials 
depends upon the pH, potential, and presence of oxy- 
gen and may  be considered as four separate classes. 

Class I: At pH 12, i.e., in the presence of PO43- ions, 
the iron oxide film is formed with a refractive index 
n ---- 2.6, and an absorption coefficient k -~ 0.20. 

Class II: At pH values higher than 7.2, and at poten- 
tials below the potential  of iron oxide formation in 
the presence of HPO4 ~- ions, phosphate films manifes t -  
ing higher refractive indices, from 1.4 to 1.52, and ab-  
sorption coefficients from 0 to 0.14, are produced. They 
exhibit  some protective capacity; in  the presence of 
these films the open-circui t  potential  shifts to more 
positive values which are greater with increasing 
thickness. Below the potential  of i ron oxide formation 
the shift of potential  is small, namely  0.031 mV per 1A. 

Class III:  These are similar to Class II films but  con- 
ta in  iron oxide which forms s imultaneously with the 
iron phosphates. The shift of potential  at potentials 
higher than  that  of the iron oxide formation is 0.1-0.23 
mV per 1A. This indicates that  the protective proper-  
ties of the film composed of iron oxide and iron phos- 
phate are much bet ter  than  those of the film formed at 
lower potentials. 

Class IV: At pH values lower than  7, i.e., in the 
presence of H2PO4- ions in the solution, a phosphate 
film with a low refractive index of 1.34-1.36 and an 
absorption coefficient of 0.013-0.45 is formed. This film 
does not protect the iron against corrosion. The open- 
circuit potential  of i ron does not change during the 
film growth. The properties of films grown in deaerated 
and aerated solutions are alike. 

2. The kinetics of the film growth on iron in  0.1N 
sodium orthophosphate solutions depend upon the type 
of the film being formed. In  H2PO4- solutions, the 
thickness of the film is a l inear  funct ion of time, while 
in  HPO42- solutions it follows a logarithmic law. The 
thickness of iron oxide films growing in  PO43- solu- 
tion also follows a logari thmic law but  at a very much 
lower rate than in the HPO4 ~- solution. 

3. There appears to be a correlation be tween the 
real part  of the refractive index and the protective 

capacity of the film. Lower values correspond to a less 
protective film. 
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The Anodization of Several Rare Earth Metals 
in Sodium Silicate Solutions 
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ABSTRACT 

The rare earth metals, e.g., Sm, Gd, Dy, Ho, Er, and Yb including Y, were 
anodized in a 0.1N solution of reagent grade sodium metasilicate. A current 
density of 0.16 A/cm 2 was employed in all reactions. The reaction cell was 
thermostated at 14.5 ~ + 0.5~ Dielectric breakdown (sparking) was observed 
with all of the metal-electrolyte combinations investigated. The anodie spark 
reaction process produced coatings the components of which were derived 
from the anion constituent of the electrolyte. Orthosilicate coatings were pro- 
duced on samarium and gadolinium metals and mixtures of orthosilicate and 
a distorted sesquioxide coating were produced on yttrium, dysprosium, hol- 
mium, erbium, and ytterbium metals. Powder x-ray diffraction techniques 
were utilized to identify the anodic spark reaction products. Diffuse reflectance 
spectra between 200 and 700 m~ were also obtained for the anodic spark prod- 
ucts. The reflectance spectra confirmed the results of the x-ray diffraction 
study that single compounds exist in the anodic products for samarium and 
gadolinium metals and mixtures exist in the anodic products of yttrium, dys- 
prosium, holmium, erbium, and ytterbium metals when these metals were 
anodized in sodium silicate solutions. 

Numerous authors (1-10), beginning with  Giusc~ in 
1934, synthesized various rare ear th  silicate compounds. 
The orthosil icate (1: 1) and the pyrosil icate (1: 2) com- 
pounds are the most common var ie ty  for rare  ear th  
silicates. The usual procedure for the preparat ion of 
polycrystal l ine rare ear th  silicates involves firing a 
rare ear th  sesquioxide with silica at tempera tures  in 
excess of 1000~ 

This invest igat ion was under taken  to study the 
preparation, structure, and composition of a var ie ty  
of rare  ear th  silicates by the anodic spark react ion of 
rare ear th  metals  in sodium silicate solution. It  was 
shown previously (11, 12) that  the rare earth metals  
are typical of those metals  which form oxide barr ie r  
films at their  interfaces. Greene and Lee (11) studied 
the electrochemical  characterist ics of the rare ear th  
metals in dilute phosphoric acid solution using poten-  
tials up to 4V in the noble direction. Gruss add Mackus 
(12) prepared rare ear th  aluminates by anodic oxida-  
tion of rare earth metals  in sodium aluminate solution. 
The anodic spark reaction process produced aluminates 
with perovski te  structures when the base meta l  was 
samarium, europium, or gadolinium. Mixtures of pe- 
rovski te  and garnet  s t ructured coatings were  produced 
with  dysprosium, holmium, erbium, yt terbium, and 
even yt tr ium. 

Experimental 
The rare ear th  metals  in rod form were  mounted  in 

t ight-fi t t ing Teflon sleeves. These sleeves served to 
mask the anode at the a i r -e lec t ro ly te  interface and to 
fix the area for anodization. Pr ior  to anodization the 
metals  were  polished with  a series of silicon carbide 
abrasive papers down to a 3/0 emery  and finally wi th  
microcut  polishing paper  (GRIT----600 soft) and 
washed with absolute ethanol. Samarium, gadolinium, 
yt tr ium, dysprosium, holmium, erbium, and y t te rb ium 
metal  rods (99.9% pure)  were  anodized in a 0.1N 
solution of reagent  grade sodium metasilicate.  A cur-  
rent  density of 0.16 A / c m  2 was employed in all reac-  
tions. The reaction cell was thermosta ted at 14.5 ~ 
_ 0.5~ The cell was equipped with  a magnet ic  s t i r rer  
and a pla t inum cathode whose area was at least equal  
to the anode surface area in all experiments.  

The voltages were  moni tored by an Electronic Mea- 
surements  constant current  power supply and a Hew-  

* Electrochemical  Society Act ive  Member.  
Key  words:  r a re  ear th  metals,  ra re  ear th  silicates, anodic spark 

reaction, diffuse reflectance spectra, 

l e t t -Packard  410c vo l tmeter  and recorded on a Speedo- 
max  strip chart  recorder.  

The analyses of the anodic spark react ion products 
were  performed on the insoluble mater ia l  which was 
ejected from the anode surface during the spark re-  
action. X- r ay  diffraction pat terns were  obtained on all 
samples using a Debye-Scher re r  114.59 mm camera 
(Norelco) and a Norelco basic x - r ay  diffraction unit  
employing nickel filtered copper K~ radiation. The re -  
sults of powder  x - r ay  diffraction analysis on the anodic 
products are shown in Table I. 

Diffuse reflectance spectra be tween 220 and 700 m~ 
were  obtained for the anodic spark products using a 
Cary Model 14 Spect rophotometer  equipped wi th  a 
Model 1411 diffuse reflectance (ring collector) acces- 
sory. 

Results 
The composite vo l tage- t ime  curves for the anodic 

reactions of six rare earth metals  and y t t r ium in so- 
dium silicate solution are shown in Fig. 1. The curves 
of Sm, Gd, Y, Dy, Ho, and Er are typical  of metals  
which form oxide-bar r ie r  films at their  interfaces, i.e., 
Ta and Zr. Ex t remely  large slopes occurring wi th in  the 
first 15-20 sec of anodization are evident  and corre-  
spond to the growth of thin t ransparent  insulat ing 
films. 

Yb, which tends to be anomalous compared to the 
other  rare earths (e.g., anomalous atomic volume, 
mel t ing point, and density),  also exhibi ted significantly 
different vol tage- t ime curves. The curve for Yb is 
somewhat  typical of valve metals  except  that  a much 
longer  period of t ime was requi red  to achieve dielec- 

Table I. The anodic spark reaction products of the rare earth 
metals when anodized in sodium silicate solutions 

Metal Products 

Samarium Sm2SiO5 
Gadolinium Gr2SiO~ 
Yttrium Y~SiO5 

Distorted YsO8 
Dysprosium DysSJ O~ 

Distorted DysOs 
Holmium Ho2SiO~ 

Distorted Ho~Oa 
Erb ium ErsSiO5 

Distorted Er2Oa 
Yt terb ium Yb~SiOs 

Distorted YbsOs 

1402 
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5 0 0  - 

4 0 0 -  

Y �9 ~ Sm-Dy  

Er 
Gd 

Yb 

Table III. Color description of the anodic coatings deposited on 
the rare earth metals by the anodic spark process 

Metal Color 

S a m a r i u m  Ligh t  b rown  
Gadol in ium Ligh t  t an  (off-white} 
Yt t r ium Pale  b lue -g reen  
Dysp ros ium Pale  yel low 
H o l m i u m  P e a c h  
E r b i u m  D a r k  p ink  (magenta} 
Y t t e r b i u m  Tan 

I,IJ 
r,D 

!-" 
J 
0 

2 0 0 "  

I 0 0 -  

with the onset of the second major  change in slope. 
The very strong adherent  anode coatings display 

striking colors characteristic of the individual  rare 
earth cations. The colors are described in  Table III. 
These coatings were very hard  and had the appearance 
of fired ceramics. 

The anodic spark reaction process produced coat- 
ings (Table I) the components of which are derived 
from the anion consti tuent  of the electrolyte. Orthosili- 
cate coatings were produced on samarium and gado- 
l in ium metals, and mixtures  of orthosilicate and a dis- 
torted sesquioxide coating were produced on yt tr ium, 
dysprosium, holmium, erbium, and y t te rb ium metals. 
I t  is possible that noncrys ta l l ine  or silicate glass com- 
pounds ma y  also be present, bu t  if so they are un -  
detected in the x - r ay  diffraction analysis. 

Diffuse reflectance spectra in the near  u.v. to visible 
range were obtained for the spark reaction products. 
The reflectance spectra for samarium, holmium, and 
y t te rb ium products are shown in  Fig. 2. In  these re-  

0 ! i I I 

0 I 2 3 

T I M E  ( M i n . )  

Fig. 1. The voltage-time curves for a variety of rare earth metals 
and yttrium anodized in 0.1N Na2SiO~ �9 9H20. 

tric breakdown. Electroluminescence was observed 
with all of the metal-electrolyte combinations investi- 
gated. The electroluminescence appeared over the en- 
tire anodic film at voltages below the spark potential 
and was present with spark discharges at 400V. The 
color of the electroluminescence varied from one rare 
earth metal to another but no color variations were 
noted with increases in voltage. 

The appearance of sparking was noted with all of 
the rare earth metals including yttrium. The sparks 
were as described by Guntherschulze (13), i.e., in- 
creasing in size and becoming less mobile as the volt- 
age increased toward the maxhnum. The potentials at 
both initial and highly energetic sparking conditions 
and the final potentials are given in Table II. The final 
potentials were obtained from the constant current 
density experiments after 30 rain of anodization. The 
voltage-time curve was found, in all cases, to be 
strongly correlated with both the initial and highly 
energetic sparking condition. Initial sparking and the 
first significant change in the slope occurred simul- 
taneously. Highly energetic sparking was concurrent 

Table II. Spark initiation, high energetic, and maximum 
anodization potentials for anodic films on rare earth metals when 

anodized in Na~SiO3 �9 9H~O 

Initial spark Highly energetic Maximum 
Metal potential, V spark potential, V potential, V 

S a m a r i u m  299 373 535 
Gadol in ium 291 373 530 
Yt t r ium 268 363 545 
Dysp ros ium 254 348 530 
Ho l mi u m 241 348 530 
E r b i u m  241 338 540 
Yt t e rb ium ~,;]0 310 535 

>-  

U.I 
0 

(,3 

I - -  

A) SAMARIUM SILICATE 

MARIUM SESQUIOXIDE - -  

~B 
(A) YTTERBIUM SILICATE 

A 
(B) YTTERBIUM SESQUIOXIDE 

i i i i 
200 300 400 500 600 700 

WAVELENGTH (-.) 

Fig. 2. Comparison of the diffuse reflectance spectra of the 
spark reaction products of samarium, holmium, and ytterbium 
metals with the reflectance spectra of the sesquioxides of these 
metals, respectively. 
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gions of the spectrum the sharp absorption peaks char-  
acteristic of the rare earth ion were observed. These 
peaks are int ra  f-f  transit ions of p redominant ly  elec- 
tric dipole character (14) result ing from spin-orbi t  
interactions, and to a lesser extent, due to the extent  
of the crystall ine field. For the samarium and gado- 
l in ium products the spectra contained slightly dis- 
placed peaks from the corresponding peaks of similar  
sesquioxides. In  addition, in the region of strong op- 
tical absorption only a single absorption edge was ob- 
served for the orthosilicate product, indicative of a 
single compound. The spectra for dysprosium, hol- 
mium, and erbium products also contained slightly 
shifted peaks when  compared to the corresponding 
sesquioxides. The observed spectra in  the region of 
strong optical absorption for the orthosil icate-distorted 
sesquioxide products are suggestive of the existence of 
two absorption peaks as is found in a mechanical  mix-  
ture. This datum apparent ly  confirms the results of the 
x - r ay  diffraction study that  single compounds exist in  
the anodic products for samarium, and that  gadolinium 
metals and mixtures  exist in  the anodic products of 
yt tr ium, dysprosium, holmium, erbium, and y t te rb ium 
metals when  these metals are anodized in sodium sili- 
cate solutions. In  addition, many  of the peak intensit ies 
of the orthosilicate and orthosil icate-distorted sesqui- 
oxide products increase and /or  decrease from similar  
peaks found in  the sesquioxides. 

Discussion 
I t  is noted in Table II that  both the init ial  spark po- 

tential  and highly energetic spark potentials decrease 
with a decrease in size of the rare earth metal  atom. 
This decrease in the spark potentials from Sm to Yb 
is similar to the decreasing values for the s tandard 
oxidation potentials of the rare earths described by 
the equation (15) 

RE(s)  ~:~RE+3(aq) + 3e -  

The high values of the s tandard oxidation potentials 
which are in  accord with their electropositive char-  
acter places y t t r ium metal  between gadolinium and 
dysprosium metals. The values of both the init ial  and 
highly energetic spark potentials also place y t t r ium 
metal  between gadolinium and dysprosium. This was 
also found when  the rare earth metals were anodized 
in a sodium aluminate  solution (12). The chemistries 
of the rare earths (16) in  the + 3  oxidation state are 
near ly  identical al though slight quant i ta t ive  differ- 
ences exist varying systematically from l an thanum 
through lu te t ium with y t t r ium being placed approxi-  
mately  between dysprosium and holmium. 

X- ray  diffraction analyses showed that  the anode 
metal  was chemically combined in the crystall ine spark 
reaction products forming stable orthosilicate or ortho- 
sil icate-distorted sesquioxide rare  earth compounds 
(Table I).  This was t rue  with all rare earth metals 
studied. The diffraction lines of the metal  sesquioxide 
are shifted toward small d spacings or small latt ice 
parameters.  This is in agreement  with Si (0.42A, atom 
radius) incorporated into the rare earth oxide lattice. 
Emission spectroscopy studies confirmed the fact that  
a large amount  of Si is present in the anodic products. 

The crystal l ine orthosilicate spark products obtained 
from the anodic reactions of Sm, Gd, Y, Dy, Ho, Er, 
and Yb metals in 0.1N sodium silicate solutions are 
similarly produced when Sm203, Gd203, Y203, Dy203, 
Er20~, and Yb203, respectively, and silica are carefully 
mixed, pressed into pellets or cylinders, and fired in 
an atmosphere using a program controlled furnace in  
excess of 1000~ (2-4, 7). 

The growth mechanism which apparent ly  accounts 
for the compositions of the anodic coating formed in 
sodium silicate solutions is similar to that reported by 
McNeill and Gruss (17) and by Gruss and Mackus 
(12) who studied anodic film growth by anion dep- 
osition in  sodium aluminate  solution. Gruss and 

Mackus showed that  the rare earth metals and  y t t r ium 
form a film of oxide of the anode metal  prior to the 
deposition of the anion constituent.  The metal  oxide 
film is apparent ly  the anodic barr ier  film common to 
anodes such as Ta and Zr which exhibit  strong tend-  
encies to form these barr ier  films in most electrolytes. 
With silicate solutions this is followed by precipitat ion 
of the anion consti tuent on the anode surface possibly 
as H2SiO3 (or SIO2) which apparent ly  dehydrates to 
SiO2 at elevated temperatures.  It seems l ikely that  
sparking induces the reaction between the metal  oxide 
and the anion constituent. In  addition to the reactions 
described, there are undoubtedly  other anodic phe- 
nomena occurring s imultaneously at the anode, i.e., at 
high pH (pH of sodium silicate is 12.3) SiO4 -4 anions 
exist which can combine with the rare earth cations 
formed at the anode surface. 

If a rare earth ion such as Yb +3 is added to a 
rare earth sesquioxide lattice, i.e., Er203, no interac-  
tions take place between the erbium and y t te rb ium 
cations in the solid solutions (18). The electrostatic 
field generated by the Yb +3 ion in the erbium oxide 
lattice has no effect on the erbium ion. In  other words, 
the erbium ion when in the ground state is completely 
independent  of the y t te rb ium ion. However, when  Si +4 
is added to a rare earth sesquioxide lattice the t ightly 
bound f electron levels are no longer shielded from the 
changes in the electrostatic field produced by the addi- 
tion of Si +4 to the rare earth oxide lattice. This was 
observed in the diffuse reflectance spectra of the rare 
earth silicates where  the f-f  t ransi t ion absorption 
peaks were shifted. In  addition, there are variations 
in the t ransi t ion probabil i ty  as indicated by the in-  
creases and /or  decreases in some of the peak in ten-  
sities. Where mixtures  occurred as with orthosilicate- 
distorted sesquioxide products, the extra  peaks, al- 
ready mentioned, are merely  the absorption peaks of 
the two compounds some of which are superimposed 
upon each other, and others are shifted when  compared 
to the rare earth oxide absorption peaks. 

Manuscript  received Ju ly  8, 1974. 

Any  discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOtmNAL. 
All discussions for the June  1975 Discussion Section 
should be submitted by Feb. 1, 1975. 
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The Rate of Electroless Copper Deposition 
by Formaldehyde Reduction 

James Dumesic, James A, Koutsky, and Thomas W. Chapman* 
Department of Chemical Engineering, University of Wisconsin, Madison, Wisconsin 53706 

ABSTRACT 

In situ measurement  of electroless plat ing rates of copper onto glass sub-  
strates has been achieved. The technique employs optical absorption mea-  
surements  of the depositing copper film on rotat ing cylindrical  glass sub-  
strates which are immersed in the plat ing solution. The substrates have been 
sensitized and  activated by t in and silver solutions, respectively. Effects of 
st irr ing and composition of the plat ing solutions on the copper deposition 
rates are reported. It  appears that  the copper deposits at an anomalous init ial  
rate which usual ly decreases with t ime to a steady final rate. The init ial  and 
final rates behave differently with respect to composition of the plat ing solu- 
tion. Dissolved oxygen has a significant effect in retarding the in i t ia l  rate of 
deposition. St ructural  characteristics of the film produced from such solutions 
are also reported. 

The quali tat ive aspects of electroless deposition are 
well known  (1). The patent  l i terature  is filled with 
reports on bath stabilization, control, and regenera-  
tion, plate improvement,  prevent ion of stardusting, 
and metal  ducti l i ty improvement  (2-23). Fundamen ta l  
studies, however, are relat ively few, and mechanistic 
conclusions often seem to contradict One another.  Of 
pr imary  concern is unders tanding  the deposition proc- 
esses of the sensitizer (usually a SnCI2 solution),  the 
activator species (usual ly  a noble meta l ) ,  and the 
growth of the electroless metal  film. Sard's work on 
carbon substrates indicated a t ime-dependent  deposi- 
tion of small  sensitizer particles (24). Fi l lar  concluded 
for glass substrates that  sensitization was highly de- 
pendent  on the rate of particle formation which was 
directly related to pH and hydrodynamic  conditions of 
the r insing step after removal  from the sensitizing bath 
(25). Cohen et al. (26) have investigated the sensitiza- 
tion mechanism using MSssbauer spectroscopy. Their  
results indicate that stannic hydroxide is found in  a 
colloidal state. The surface of the colloid appears to 
contain bound stannous ions. Feldstein and co-workers 
found that  aged solutions of stannic chloride led to a 
polymeric form of ~-stannic acid and that  this ma-  
terial improves sensitizer performance (27-30). The 
efficiency of the sensitization step is improved giving 
a greater density of sites for electroless deposition. 

Activation is believed to be the reduction by the t in  
of a heavy metal  which aids the subsequent  electroless 
deposition. The reduct ion appears to be at the SnCI2 
precipitate surface (24). Growth of the electrolessly 
deposited metal  film appears also to b e  ini t iated at 
the particle surfaces. 

The adhesion s trength and uni formi ty  of the electro- 
lessly deposited film appears to be a complex funct ion 
of surface roughness and the condition of both sensiti-  
zation and activation steps. It  has been  reported that 
the bond between  the substrate and the metal  plate is 
main ly  mechanical  (31). This view is reflected in the 
rationale for such pre t rea tment  as tumbl ing  and blast-  
ing of the substrate or various chemical roughening 
techniques (3, 5, 7, 9, 23, 32-34). 

* Electrochemical Society Active Member. 
Key words: copper, formaldehyde, electroless plating. 

This paper reports the results of a s tudy of the rates 
of copper deposition on activated glass substrates. The 
system chosen for study was the formaldehyde reduc- 
t ion of copper with SnC12 sensitization and AgNOs 
activation. 

The Rate of Copper Deposition During Electreless Plating 
In  order to unders tand  more clearly the na ture  of 

the deposition process, as well as to establish opt imum 
plat ing conditions, one would like to have quant i ta t ive 
informat ion regarding the rate of metal  reduction. 
Specifically, it would be desirable to elucidate the 
mechanisms of the chemical reactions in electroless 
plat ing so that the relat ion of plat ing conditions to 
metal  film properties might be correlated on a sound 
theoretical basis. 

There have been several studies of the rate of 
electroless plating, bu t  most of these have yielded 
an integral  or average reaction rate (1). That  is, rates 
are reported as the total amount  of metal  deposited in  
a finite reaction time. Furthermore,  in most of these 
experiments  no special care was taken to control the 
mass transfer  conditions so that the surface concen- 
trations of reactants were not known. Under  these 
circumstances it is difficult to analyze the data in 
terms of molecular  mechanisms or even to relate a 
rate to the proper solution composition. 

Donahue has measured differential deposition rates 
by monitor ing the changing resistance of a metal  
foil or wire as the cross section was increased by  
electroless deposition (35). A possible problem with 
this approach is that  it gives the rates of deposition 
only on solid metal  surfaces but  not on a developing 
electroless deposit. The la t ter  si tuation is of more 
basic interest  than the former because the init ial  reac- 
t ion on the activated substrate must  be critical in 
de termining adhesion and other film properties. 

We have sought to develop an experimental  method 
for measur ing the kinetics of electroless deposition 
that avoids the difficulties ment ioned above. In  part ic-  
ular, we wanted a method for measur ing differential 
electroless deposition rates on activated substrates 
under  known mass t ransfer  conditions. 
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Morphological studies of the deposited films were  
also made in order to understand more ful ly the 
basic mechanisms with  regard to copper deposition. 
Specifically, it was desired to see if the morphology 
of the film was related to the rate  data. Also, it was 
desired to compare the morphology obtained qual i ta-  
t ively wi th  results of other  authors (2, 27-30, 36, 37). 

Experimental Method and Procedure 

A simple geometry  for which mass transfer  rates 
are uniform and have been quant i ta t ive ly  character-  
ized is the rotat ing cylinder.  This system is a suitabIe 
one for studying heterogeneous processes. The rotation 
of the inner cylinder of a concentric pair  provides 
efficient st irr ing for species transport  to the cylindrical  
surfaces. Even for processes that are part ial ly mass-  
t ransfer  limited, the correlations developed by Eisen-  
berg et al. (36) make  it possible to compute the sur-  
face concentrations f rom the bulk concentrations if 
fluxes are known. 

A rotat ing cylinder apparatus, consisting of a glass 
Beckman colorimeter  tube ( O D =  24.23 mm) inserted 
into an 80 ml i ter  beaker,  was assembled. The color- 
imeter  tube was mounted  on the shaft of a var iable  
speed st irr ing motor  (0-1600 rpm) and aligned coaxi- 
ally wi th  the beaker. A sketch of the apparatus ap- 
pears in Fig. 1. 

The outer surface of the colorimeter  tube was sen- 
sitized and activated in the usual way. The active 
surface was prepared by washing the tube in con- 
centrated nitric acid, r insing in distil led water,  ro-  
tating at 200 rpm for 10 sec in the sensitizer, rotat ing 
at 200 rpm for 60 sec in tap water,  rotat ing at 200 rpm 
for 30 sec in activator,  and rotat ing at 200 rpm for 10 
sec in di.stilled water.  The rate  of wi thdrawal  f rom 
the sensitizer was 1 in./sec. Tap water  was used in the 
second rinse because it appears to give more uniform 
sensitization over the surface than is the case wi th  
distilled water  or an alkal ine rinse (25). 

The tube was placed in the beaker  containing the 
copper- formaldehyde  plat ing solution so that copper 
deposition occurred on the act ivated surface. In sub- 
sequent  tests it was established that  an immersion in a 
forma~.dehyde solution prior to the plat ing solution 
gave some interest ing results. It was found that  the 
amount  of copper deposited from the plat ing solution 
could be monitored continuously in situ by visible 
spectroscopy. Light of wave length  630 m~ from a 
he l ium-neon gas laser was passed through the active 
surfaces of the inner  tube to a 2 mm diameter  photo-  
transistor. The t ransmit tance of the copper film, mea-  
sured as the vol tage output  of the photocell, was cor- 
related with  copper deposition, in micrograms C u /  
square centimeter,  by dissolving the copper from va-  
rious samples wi th  nitric acid and determining the 
mass of copper by atomic absorption spectroscopy. The 
precision of the cal ibrat ion was about 5% over  the 
thickness range of interest.  

Fil l ing the inner  tube with  distilled wate r  ra ther  
than air reduced the refract ion of the l ight beam and 
decreased the noise to signal ratio. The i l luminat ion of 
the photocell could be adjusted to a suitable ( l inear re-  
sponse) range by the use of polarizing filters in the 
beam. 

According to the established correlat ion be tween op- 
tical t ransmit tance and copper coverage, it was possi- 
ble to convert  the measured photocell  signals direct ly 
to plots of copper coverage vs. time. In this way  it was 
possible to monitor  the progress of the react ion f rom 
zero t ime up to a coverage of 150 ~g Cu /cm 2 or about 
1600A in thickness, at which point the film becomes too 
opaque to permit  fur ther  measurements .  

A number  of exper iments  were  done at various va l -  
ues of rotation speed (0-1100 rpm) ,  copper concentra-  
tion (0.003-0.03M), formaldehyde concentrat ion (0.06- 
0.38M), and pH (0.0055-0.0175M O H - ) .  The E D T A /  
Cu +2 ratio was held constant at 1.05, and the tempera-  
ture was 21~ Oxygen was excluded from the plating 
bath by continuously sweeping ni t rogen across the 
plating bath surface. 

Ordinary sodium silicate glass was used in this in- 
vestigation. Qual i ta t ive microscopic studies were  made 
on glass slides whereas  the rate studies used cylindrical  
glass tubes. Substrate  surfaces were  first washed in 
"Alconox" solution and subsequent ly immersed in 
concentrated nitric acid for 10 sec. They were  then 
thoroughly rinsed with distilled water.  

Table I indicates the solution recipes used for most of 
the investigation. Solutions were  made with distil led 
water.  The solutions were  always freshly prepared and 
kept in brown glass containers. The long te rm instabil-  
ity of the AgNO3 solution is well  known and care must  
be taken in its use. 

For  the microscopic studies cleaned glass slide sub- 
strates were dipped into the sensitizing solution and 
kept immersed for various times. They were  then re-  
moved manual ly  at an approximate  rate of 1 in./sec. 
The surfaces were  rinsed by immersion in tap water  
and wi thdrawn again at near ly  1 in. /sec and placed 
into the act ivation bath for various times. They were  
removed at the same rate, r insed in disti l led water ,  and 
immersed into the electroless copper bath for various 
times. 

Bright  field reflectance and transmission optical mi-  
croscopy were  used to characterize the deposits and 
the glass substrate surfaces. The deposits were  also 
characterized by electron diffraction and bright  field 
electron microscopy. In order to do this, we removed 
the deposits f rom the subs t r a t e  by first evaporat ing a 
thin support ing carbon film onto the specimens at 10 -4 
Torr. Polyacrylic  acid solution was placed on the car-  
bon film and after  drying, the hardened polyacrylic  
acid was mechanical ly  removed from the substrate. 
The copper deposits were  removed by this procedure 
because they more readily adhered to the carbon than 
to the glass substrate. In the case of thicker  deposits 
the support ing carbon film was not necessary. The 

PHOTOCELL ?---  
RECORDER 

STIRRING MOTOR 

PLATING SOLUTION 

.....-~PLATED SURFACE 

< - ~  LASER 

Table I. Recipes for electroless coating solutions 

Sensitization solution 
SnCI2-2H20 
HC1 (conc) 

Activation solution 
AgNOs 
NH~OH (conc) 

Standard copper plating solution 
CuS04 0.02 moles/liter 
EDTA* 0.021 moles / l i t er  

10 g / l i t e r  
40 cmS/ l i t e r  

5 g / l i t e r  
15 cm~/ l i t e r  

H C H O  0.31 moles / l i t er  
N a O H  0.005 moles / l i t er  

R a n g e s  of  c o m p o s i t i o n  variation of standard plat ing solution used  to 
s tudy i n f luence  on  r a t e  of  p l a t i n g  
C u S O 4 : 0 . 0 0 3 - 0 . 0 3  moles / l i t er  

H C H O :  0.00-0.38 moles / l i t er  
E D T A  

EDTA: constant  ~ ratio = 1.0S 
Cu+2 

O H - :  0.0055-0.0175 moles / l i t er  

Fig. 1. Schematic diagram of apparatus * EDTA acid form. 
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polyacrylic acid was readily dissolved by water, and 
by  flotation the specimen film was picked up on elec- 
t ron microscope grids. 

Exper imenta l  Results 
Some typical experimental  results of the rate studies 

are presented in Fig. 2, 3, and 4. Precision of data is 
well wi thin  10% in measurement  of copper coverage. 
Figure 2 shows the growth of the copper film with t ime 
in a s tandard plating bath at various st i rr ing speeds. 
Figure 3 gives the growth curves with good st i rr ing at 
two different copper levels. Figure 4 shows the effect of 
formaldehyde concentrat ion on film growth. Note that 
10 ;r Cu/cm 2 corresponds to an average copper film 
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Fig. 2. Surface coverage as a function o6 time at three different 
stirring speeds. Bath composition was 0.186M HCHO, 0.02M CuSO~, 
(NaOH) = 0.005M. 
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Fig. 3. Surface coverage as a function of time at two different 
copper levels. (HCHO) = 0.186M; (NoaH) ~ 0.005M. 
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Fig. 4. Surface coverage as a function of time at two different 
formaldehyde levels at 600 rpm. (CuSO4) ~ 0.02M; (NoaH) 
O.O05M. 

thickness of l12A, based on a solid film with the bulk  
density of metallic copper. 

Perhaps the most striking feature of the film growth 
curves is the apparent  existence of two distinct growth 
regions. At surface coverages above 30 ~g Cu/cm 2 one 
finds a constant  rate of film growth, which we refer to 
as the final rate. At short times, or at coverages less 
than 25 ~g Cu/cm 2, the rate of copper deposition is 
genera]ly different fron~ the steady final rate. In  most  
cases it appears that the deposition rate is approxi-  
mately  constant at coverages from zero to about 25/~g 
Cu/cm s and that this init ial  rate is usual ly larger than 
the subsequent  final rate. At coverages around 25 ~g 
Cu/cm ~ there is a distinct break in the film growth 
curves where  the deposition rate changes abrupt ly  
from the initial  rate to the final rate. In  cases where the 
initial  rate is considerably higher than  the final rate, 
there is actual ly an arrest  in  the growth curve at the 
t ransi t ion point (point A in Fig. 3). 

In  order to represent  the results in a relat ively con- 
cise form, we have calculated the slopes of the two 
portions of the growth curves to report  init ial  and final 
rates in micrograms Cu/square  cen t imeter -minute  for 
each exper imental  condition. The init ial  rates are pre-  
sented in Fig. 5, 6, and 7 as functions of copper, form- 
aldehyde, and hydroxide concentrations, respectively. 
Final  rates are given as functions of the same variables 
in Fig. 8, 9, and 10. 

EfIect of stirring.--The pr imary  reason for choosing 
the rotat ing cyl inder  geometry for these exper iments  
was to make possible the estimation of mass t ransfer  
rates and surface concentrations. This a r rangement  not 
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Fig. 5. Initial deposition rate as a function of copper concentra- 
tion at various stirring speeds. (HCHO) ~ 0.186M; (NoaH) = 
0.00SM. 
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Fig. 9. Final deposition rate as a function of formaldehyde con- 
centration at various stirring speeds. (CuS04) = O.02M; (NoOH) 
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only provides uniform stirr ing but also lends i tself  to 
quant i ta t ive  invest igat ion according to the correlat ion 
of Eisenberg et al. (38). The mass t ransfer  correlat ion 
may be expressed as 

Nu = 0.0791 Re0.7Sc0.356 [1] 
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Fig. I 0 .  Final deposition rote as o function of hydroxide concen- 
tration at various stirring speeds. (CuSO4) : 0.02M; (HCHO) : 

0.186M. 

where  
kcd 

NU - - - -  
D 

d ~  
Re - - -  

Sc - v/D 

An estimate of the mass t ransfer  coefficient kc from 
Eq. [1] allows computat ion of the surface concentra-  
tions of reactants  according to 

~Cf : N i / k e  [2] 

where  ~ci is the difference be tween  the bulk and sur-  
face concentrations and Ni is the flux of species i at 
the surface. Assuming (Sc)cu+2 ---- 3000, Dcu+2 : 
3 X 10 -6 cm2/sec, and v : 10 -2 cm2/sec, we can est i-  
mate  the copper concentrat ion difference as a function 
of deposition rate  and st irr ing speed. 1 The results are 
given in Table I I  where  ~,ci for copper, hccu+2, is given 
for various deposition rates and st irr ing speeds. These 
calculations indicate that  mass t ransfer  l imitat ions 
should be significant only at high deposition rates, 
low stirr ing speeds, and low copper concentrations. 
According to Fig. 5 and 8, this effect was important  
at copper concentrations below 0.03M Cu +2 if the st ir-  
r ing rate was less than 1100 rpm for the high init ial  
rates and below 0.02M Cu +2 at less than 600 rpm for 
the final rate. 

For  example,  for the exper imenta l  point A in Fig. 5 
where  the observed deposition rate was 28 ~g Cu /cm 2- 
min, Table II indicates that  the surface concentrat ion 
of Cu +2 was about 3 • 10 -8 moles / l i t e r  ra ther  than 
the bulk value  of 5 • 10 -3 moles / l i ter .  On the other  
hand, at point B, where  the observed rate was 42 ~g 
Cu/cm2-min,  Table II indicates that  the surface cancan- 

1 The  R e y n o l d s  n u m b e r s  a t t a i n e d  in  t h i s  s t u d y  (10" a t  150 r p m )  
were  s o m e w h a t  h i g h e r  t h a n  those  cove red  in  E i s e n b e r g ' s  e x p e r i -  
ments .  E q u a t i o n  [1] p r o b a b l y  g ives  a c o n s e r v a t i v e  e s t ima te  of  ke 
at these higher R e y n o l d s  n u m b e r s .  

Table II. Effect of stirring speed on copper concentration 
differences between bulk and surface values 

Acc. ~- ( m o l e s / l i t e r )  

D e p o s i t i o n  ~ = 150 r p m  9 = 600 rp ra  9 = 1100 r p m  
r a te  (/Lg C u /  (kc = 4 • 10 -~ (kc = 1 • 10-~ (kc = 1 .6 .  10 -~ 

cm~-min) cm/sec )  cm / sec )  cm/sec )  

5 0.3 X 10 ~ 0.1 x 10 -s 0.08 • 10 ~ 
10 0.6 x 10 "~ 0.3 X 10 "-a 0,2 • 10 ~ 
20 1.3 X 10 -8 0.5 X I 0  ~ 0.3 • 10 -s 
30 2.0 X 10 -3 0.8 • 10 -s 0.5 • 10 -~ 
40 2.6 • 10 -~ 1.0 • 10 -8 0.7 X 10 -$ 

100 6.6 X 10 4 2.6 X 10 -a 1.6 X 10 -a 



VoI. 121, No. 11 Cu D E P O S I T I O N  BY F O R M A L D E H Y D E  REDUCTION 1409  

t rat ion of Cu +2 was about 9 • 10 -8 moles/l i ter ,  which 
was relat ively much closer to the bulk  value of 10 -2 
moles/l i ter .  Therefore, under  conditions of point A, 
the observed rate was probably controlled at least 
part ly by mass t ransfer  ra ther  than  ent i re ly  by reac- 
t ion kinetics; at point B the t ransport  effects are less 
important .  

Similar  calculations could be made for formaldehyde 
and hydroxide. These species, however, should not be 
mass- t ransfer  l imited in  the range of concentrat ions 
studied because of the large excess of formaldehyde 
and  the high mobil i ty of hydroxide. 

Elect  of copper concentration.--Aside from the m a s s  
t ransfer  l imitat ions observed at low copper concentra-  
tions and slow stirring, the ini t ial  rate of deposition 
(Fig. 5) appears to be independent  of copper concen- 
tration. On the other hand, the final rate (Fig. 8) is de- 
pendent  on copper level. There is no clear asymptotic 
behavior  with respect to st irr ing in Fig. 8, but  at 1100 
rpm the order with respect to copper appears to be 
0.37. 

Effect of formaldehyde concentration.--In all ex-  
per iments  a large excess of formaldehyde was present. 
It  is interest ing to observe from Fig. 6 that  the ini t ial  
rate is first order in formaldehyde with very high rates 
being attainable.  On the other hand the final rates 
shown in Fig. 9 are near ly  independent  of formalde-  
hyde level. 

E l e c t  of hydroxide concentration.--As with the 
formaldehyde the hydroxide has a strong effect on the 
initial  rate, the order of the reaction appearing to be 
un i ty  (see Fig. 7). According to Fig. 10, the pH has l e s s  
of an effect on the final rate since the order with re-  
spect to ( O H - )  is 0.37. 

Qualitative Observations Related to Deposition Rates 
In  addition to the quant i ta t ive  rate measurements  

described above there were a number  of interest ing 
quali tat ive observations made in the course of this 
study that  may be of some help in elucidating the me-  
chanism of this complex process. 

Effect of dissolved oxggen.~In early experiments  no 
effort was made to exclude oxygen from the plat ing 
bath. It  was found under  these conditions that an ini-  
tial induct ion period of negligible deposition rate was 
encountered after which plating proceeded at a con- 
stant  rate. The length of the induct ion period was a 
funct ion of s t i rr ing speed, ranging from 2 min  with no 
st irr ing to 16 rain at 600 rpm. The plat ing bath ap- 
peared to become more effective with repeated use, 
the induct ion period gett ing shorter, but  bubbl ing  of 
oxygen between plat ings led to constant  induct ion 
times which depended only on st irr ing speed. 

Subsequent  tests indicated that  the effect of dis- 
solved oxygen was to form an oxide layer on the cata- 
lytic surface. Only after formaldehyde reduces the 
oxide layer can plat ing occur. For example, if plat ing 
is in ter rupted  dur ing  the final rate period and the 
specimen is exposed temporar i ly  to a water  bath  con- 
ta in ing dissolved oxygen, plat ing can be resumed only 
after a finite induct ion period of several minutes  in the 
plat ing bath. A similar t rea tment  in the absence of ox- 
ygen yields no delay in the resumption of plating. 

Fur ther  evidence for surface oxidation is obtained 
from optical measurements.  When a freshly formed 
copper surface is exposed to oxygen, the optical ab-  
sorbance (at 630 rn~) decreases slowly. Quant i ta t ive  
measurements  by  dissolution and atomic absorption 
analysis show that no copper is being lost from the 
surface. Instead, a changing surface causes decreased 
reflectivity. Exposure to the formaldehyde in the pla t -  
ing bath increases the absorbance to its original value 
very rapidly. 

E~ect of formaldehyde pretreatment of the activated 
surSace.--To avoid complications from oxygen in the 
kinetic measurements ,  we excluded oxygen from the 
plat ing bath, and the activated (Ag) substrate  was ex-  

posed to a formaldehyde solution for 1-2 rain. This la t -  
ter procedure prevented a delay in the copper plat ing 
reaction, possibly reducing any silver. 2 This procedure 
l e d  to the deposition kinetics described above. If an 
activated substrate which has been left in  the formal-  
dehyde solution for 5 rain or more is placed in the 
plat ing solution, nei ther  an init ial  rate period nor  an 
induct ion t ime is observed. That is, the final steady 
deposition rate is at tained over the entire range of 
measurement .  

This phenomenon can be related to the physical ap- 
pearance of the substrate. The freshly activated sub-  
strate has a brown color and when it is placed in the 
formaldehyde bath, it turns  yellow immediately.  After 
about 5 min  in the pre t rea tment  solution, the substrate 
slowly turns  to a brown color again. It  is only when  
the substrate is in the yellow state that a high init ial  
pla t ing rate without  an induct ion t ime upon placement  
in the electroless copper solution is observed. When the 
substrate is brown in color a constant final rate is ob- 
served with or without  an induct ion time. 

E~ect of activation conditions on plating rates.--In 
the rate measurements  described above, standardized 
conditions (solution concentrat ions indicated in Table 
I) were used in  the sensitization and activation steps. 
Variation of the t in  concentrat ion in the sensitizing 
bath or of the r insing conditions can alter the amount  
of t in  and hence silver on the activated surface. Tests  
were made with a plat ing bath that yielded an init ial  
rate of 30 and a final rate of 13 ~g Cu/cm2-min under  
s tandard conditions. When less t in  and silver were 
placed on the substrate, an init ial  rate of 17 ~g Cu /  
cm2-min was observed. With heavier activation an  
initial  rate of 54 ~,g Cu/cm2-min occurred. In  all c a s e s  
the final rate was approximately the same. 

Observations at the point of rate change--Near the 
point at which the deposition rate undergoes a discon- 
t inuous change it was observed that  gas evolution be- 
gins. At about the same t ime the copper film first be-  
comes shiny in appearance. 

The question of whether  the onset of gas evolution is  
a determining factor in  the rate change was invest i -  
gated by measur ing the copper film growth with the 
plat ing bath under  a positive pressure of 13 psig. Pres-  
surization prevented bubble  formation, but  the deposi- 
t ion rates were unchanged, and the rate t ransi t ion was 
not affected. It should be mentioned, however, that 
fine cracks developed in the copper deposit when the 
bath was depressurized. This could be due to gas, prob- 
ably hydrogen, being nucleated rapidly wi th in  the film 
as the pressure is released (39). The large stresses pro- 
duced by the formation of the expanding gas could 
rupture  the film. 

Microscopic observations.--Electron microscopy gave 
interest ing quali tat ive results reminiscent  of previous 
investigators (24,27-30,36). The sensitization and ac- 
t ivation steps left small part iculate deposits which 
were distr ibuted over the surface in varying degrees 
of surface density as shown in  Fig. 11. 

It  appears that the colloidal t in  particles which were 
ini t ia l ly on the substrates became enveloped with sil- 
ver deposits. It appeared that prolonged immersion in 
the sensitizing solution had li t t le effect on the resul t ing 
density of particles after activation. Also varying  times 
of immersion in the activation solution from 10 sec to 
5 rain did not affect the density and size of particles. It 
is interest ing to note that a large fraction of even the 
smallest  particles are bridged in some m a n n e r  (see ar-  
rows in Fig. 11), which is s imilar  behavior  to that ob- 
served in vacuum deposited metals dur ing the init ial  
nucleat ion and growth steps (40,41). 

Subsequent  electroless deposition of copper to a cov- 
erage of about 80 ~g/cm 2 produced a rather  open ne t -  
work structure (Fig. 12). A diffraction s tudy (Fig. 13) 
of the copper deposit reveals random orientat ion which 
was also reported by Sard (24). Note the bridged 

s There was not sui~cient HCHO carried over t o  cause any sig- 
nificant copper reduction. 



1410 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1974 

Fig. i i .  Electron micrograph of a detachment replica of a silver- 
tin activated surface. Silver-nn particles are characteristically 
bridged (see arrows). Particle density corresponds to about 1011/ 
cm 2. Magnification bar is 0.5~. 

Fig. 12. A copper film coverage corresponding to 80 ~g Cu/cm ~. 
Hate film is highly porous at this stage. The copper forms an inter- 
connecting network of crystals. Magnification bar is 0.5~. 

structures which exist in the th icker  copper film wi th  
no indication of specific crystal lographic branching. 
The growth of the film appears to be a t h ree -d imen-  
sional type with  impingement  of crystals forming 
bridges. 

The copper film appears to grow in a random fashion 
with  no epi taxial  or t ex ture  orientat ion indicating that  
the growth is not as specific as for metal  deposition 
f rom the vapor  onto solid substrates or for certain 
metals, notably nickel and cobalt, which are depos- 
ited electrolessly f rom solution in a tex tured  fashion 
(36, 37, 42). It appears that  the initial and final growth 
rates of copper cannot b e  explained in terms of a t ex -  
tured growth which predominates  in the final ra te  step. 
Note the high degree of porosity which indicates that  
calculation of thickness f rom mass based on a solid 
film would give values considerably lower  than actual  
values. 

Discussion 
From this work  it appears that  a constant deposition 

rate  occurs only af ter  a contiguous film of copper has 
been formed. Ini t ia l ly  a different mechanism may  op- 
erate which manifests  i tself  as differences in both rate  

Fig. 13. A diffraction pattern of the copper film shown in Fig. 12. 
Pattern is of polycrystalline copper with the strong (111) and 
(200) reflections (lines 1 and 2, respectively) and the moderately 
strong (220) and (311) reflections (lines 3 and 4, respectively). 
Note that there is no preferential orientation. 

and rate dependence on solution composition. Specifi- 
cally, the final rate appears to be independent  of 
formaldehyde concentrat ion whereas the initial rate is 
independent  of copper concentrat ion but depends 
strongly on formaldehyde concentration. 

One might  quest ion whe ther  the shape of the film 
growth  curves is just  an art ifact  of the optical mea -  
surements.  Our direct measurements  of the absorbance 
vs. coverage calibration which included points f rom 
3 to 70 ~g/cm 2 establish a clear, unambiguous observa-  
tion. It is possible that  minor  errors in coverage mea-  
surements  could arise f rom structural  differences re-  
lated to bath compositions. Therefore  an exper imenta l  
calibration should be determined for any par t icular  
plat ing system. 

Microscopic invest igat ion led us to suspect that  the 
observed change f rom the init ial  to the final rate could 
be related to coverage of the catalytic s i lver - t in  par -  
ticles by the growing copper film. F r o m  Fig. 11 it is 
possible to est imate the s i lver - t in  part icle surface area 
wi thin  an order  of magnitude.  There  are about 1011 
par t ic les /cm 2 and the average  size of a part icle is about 
200A. Therefore,  a total part icle  area of about 1 
cm2/cm 2 of nominal  area of substrate is est imated f rom 
the micrographs. On the basis of monolayer  coverage 
of copper atoms on the s i lver - t in  particles this area 
corresponds to about 1015 Cu a toms/cm 2 of substrate  at 
total coverage. The value of surface coverage of 25 ~g/ 
cm ~ corresponds to about 1017 Cu a toms /cm 2 of sub- 
strate. This calculation indicates that  the change in the 
deposition mechanism which was observed in the rate 
studies occurs when a copper film of about 102 atoms in 
thickness has been established. This is probably the 
point at which the si lver part icles are in fact com- 
pletely covered with copper and at which the surface 
film becomes a t rue copper surface. The specific chemi-  
cal mechanisms which occur in the two regions are not 
yet  clear and requ i re  fur ther  study. Paunovic 's  work  
(43) shows that  the electroless reduction of copper by 
formaldehyde on a copper surface is a mixed  potential  
process, which should occur at a constant rate as long 
as the solution composition is constant. In his study he 
used a plating bath containing 0.1M CuSO4, 0.05M 
HCHO, 0.175M EDTA, and NaOH to make the pH 12.5. 
The rate  he  measured, '  both electrochemical ly  and di-  
rectly, was 1.8 • 10 -3 A/cm2 or 33 #g C u / m i n - c m  2. 
This rate  agrees well  wi th  the final rates we have ob- 
served (cf. Fig. 8). Unfor tunately ,  Paunovic  did not 
va ry  his solution composition so that more extensive 
comparison is not possible. It is interest ing to observe 
f rom his individual  electrode polarization studies that  
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the reduct ion  of copper  is more  revers ib le  than  the 
oxidat ion  of formaldehyde .  The shapes of the polar iza-  
t ion curves  [Fig. 8 in Ref. (43)] may  expla in  why  the 
final ra te  is appa ren t ly  independent  of fo rma ldehyde  
concentrat ion.  I t  would  be in teres t ing  to see how these 
polar iza t ion  curves  do in fact  depend  on reagen t  con- 
centrations.  

Whe the r  the  ini t ia l  ra te  of deposi t ion resul ts  f rom a 
mixed-po ten t i a l  process is not  clear  at this time. If  i t  
does, our  observat ions  indicate  that  the e lec t rocata lys is  
of the  two ha l f - reac t ions  must  be quite different  on the  
s i lver - t in  par t ic les  than  on a fresh copper  surface. On 
the other  hand, a comple te ly  different  chemical  mech-  
anism may  be opera t ing  in this  region. 

The most crucial  s tep of the  electroless deposi t ion 
process wi th  respect  to adhesion and p robab ly  wi th  re -  
spect to film s t ruc ture  and s t rength  as well, mus t  be 
the  ini t ia l  g rowth  of the metal l ic  film when me ta l -  
subs t ra te  bonds  are  being formed. The unusual  ra te  
phenomena  observed in this work  should be s tudied 
more  tho rough ly  to under s t and  the basic mechanisms 
of reduction,  deposit ion,  and film growth.  In  par t icular ,  
it would  be des i rable  to make  ra te  measurements  of 
the  type  descr ibed here  for other  ac t iva t ing  systems 
such as pa l l ad ium chlor ide  and for var ious  subs t ra tes  
and reducing agents  of prac t ica l  interest .  

For  p la t ing  baths  of the  type  we have studied, the  
kinet ics  of deposi t ion are  r e l a t ive ly  fast. In any com- 
merc ia l  p la t ing  process which uses these solutions and 
does not  make  special  provisions for efficient st irr ing,  
however ,  the average  deposi t ion ra te  and meta l  cover-  
age wil l  p robab ly  be control led  by  diffusion and mass  
t ransfer .  

Conclusions 
An expe r imen ta l  technique has been developed for 

the  direct  measuremen t  of electroless p la t ing rates.  The 
advantages  of this  method are  that  it can revea l  the 
ini t ia l  g rowth  of the  meta l l ic  film on an ac t iva ted  sub-  
s t ra te  and i t  provides  un i form and wel l -charac te r ized  
st irr ing.  

The deposi t ion of copper  f rom a fo rma ldehyde -  
EDTA pla t ing  solut ion onto a t i n - s i lve r -ac t iva t ed  glass 
subs t ra te  exhibi ts  a d ramat ic  change in mechanism 
when  the copper  film reaches  aa  average  coverage of 
about  25 ~g/cm ~. 

The ini t ia l  r a te  per iod  is independent  of copper con- 
cent ra t ion  but  varies  wi th  fo rmaldehyde  concentrat ion.  
The converse is t rue  dur ing  the final rate.  Al l  ra tes  de-  
pend on pH. Oxygen  in the  sys tem can have  a severe  
inhib i t ing  effect on the deposi t ion rate.  The chemis t ry  
of this process is ve ry  complex and not ye t  unders tood  
very  well.  I t  seems l ikely,  however ,  tha t  the  observed  
phenomena  are  caused by  changes in the  na ture  of the  
ca ta ly t ic  surface. 

Microscopic observat ions  have shown that  the me ta l -  
lic films s ta r t  f rom very  smal l  (200A), h igh ly  dispersed,  
and pa r t i a l ly  br idged  s i lver - t in  par t ic les  and grow into 
a f a i r ly  rough and porous, po lycrys ta l l ine  copper  film. 
No tex tur iza t ion  or or ien ted  overgrowth  of the  e lec t ro-  
less copper film was observed.  
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LIST OF SYMBOLS 
concentra t ion of species i (moles / l i t e r )  
outer  d iameter  of ro ta t ing  cy l inder  (cm) 

D diffusion coefficient of species in solut ion (cm2/ 
sea) 

kc mass t ransfe r  coefficient for t r anspor t  to ro ta t ing  
cy l inder  surface (cm/sec)  

M concentra t ion (moles / l i t e r )  
Ni molar  flux of species i a t  the  ro ta t ing  surface 

(moles/cm2-sec)  
12 angular  speed of ro ta t ing  cy l inder  (sec -1 or  

rpm)  
v k inemat ic  viscosity of solut ion (cm2/sec) 
Nu Nusselt  number  
Re Reynolds  number  
Sc Schmidt  number  
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Voltammetry of (E)-l-Phenyl-2-Nitro-l-Propene in 
N,N-Dimethyiformamide Solutions 

R. Allensworth and J. W. Rogers 
Department of Chemistry, Midwestern University, Wichita Falls, Texas 76308 

and George Ridge and Allen J. Bard* 

Department of Chemistry, University of Texa~ at Austin, Austin, Texas 78?04 

ABSTRACT 

The electrode reduction mechanism of (E)=phenyl-2-nitro-l-propene 
(PNP) in N,N-dimethylformamide (DMF) has been studied by polarographic, 
cyclic voltammetric, and rotating disk techniques. The compound is reduced 
in two polarographic steps in DMF and DMF-water solutions. Data taken at 
potentials of the first polarographic plateau suggest that the compound is re- 
duced to a product via a mechanism involving coupling of the ion radicals 
of the precursor. The rate of the coupling reaction has been studied as a 
function of concentration of the PNP and water content of the solvent. Oscillo- 
scopic recording of rapid cyclic voltammetry experiments demonstrate that 
the second polarographic step represents a two-electron reduction of the parent 
compound, PNP. 

A wealth of electrochemical and electron spin reso- 
nance data demonstrate the great stabili ty of the anion 
~-radicals of a large variety of aromatic nitro com- 
pounds in aprotic solvents such as acetonitrile, di-  
methylsulfoxide, and N,N-dimethylformamide (DMF) 
(1, 2). Nitro group elimination (S) and aromatic r ing- 
halide elimination (4, 5) represent some decay path= 
ways of certain species of this general type. Hoffman 
et al. (6) found that the anion radicals of various 
electrochemically generated ter t -a lkyl  nitro com- 
pounds are intrinsically unstable, cleaving to nitrite 
ion and corresponding alkyl free radicals in glyme 
solvent. The small amount of data presented relative 
to nitroalkene x-radicals, intermediate to the above 
examples in extent of resonance stabilization, is in-  
conclusive as to the general behavior of such species 
in aprotic media (7-9). As part  of a systematic study 
into this matter, the compound 1-phenyl-2-nitro-1- 
propene (PNP) [I] was synthesized and its electro= 
chemical behavior in DMF and DMF-water  solutions 
observed. Techniques employed in the study include 
conventional d-c polarography, rotating disk, and cy- 
clic voltammetry. 

H NO2 
\ / 

C = C  

\CHs 

[I] 

Results 
Polarography.--The compound PNP features two 

polarographic waves in DMF containing 0.1M tetra-N- 
propylamrnoniurn perchlorate (TPAP) (Fig. 1). The 
waves exhibit half-wave potentials (Ei/2) of --0.99 
and--1.68V vs. saturated calomel electrode (SCE) and 
are diffusion controlled. Complete polarographic data 
are presented in Table I. The diffusion current con- 
stant (Id) of the more negative potential plateau in 
dry DMFI is much less than that for a one-electron 
* Electrochemical Society Active Member. 
Key words: (E)-l-phenylo2-nitro-l-propene, electrochemistry, di- 

merization. 
I DMF containing less than 0.03% water. 

Fig. 1. Polarograms of PNP 1 mM in DMF containing (a) no 
water, (b) 220 mM H20, (c) 660 mM H20, (d) 6600 mM H20. 
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Table I. Polarographlc data for (E)-l-phenyl-2-nitro-l-propene 
in DMF, DMF-H20, and DMF-HQ mixtures a 

Firs t  w a v e  S e c o n d  w a v e  

ld Zd 
( ~ A m M - I  ( /zAmM-I 

HsO b - -  E l l s  s ec -1 /6  - -  E1/~ sec-1/6 
(raM) (V) rng-~/8) e (V) m g-2/8) r 

0 0.99 1.82 1.68 0.59 
220 0.95 1.82 1.66 1.52 
440 0.95 1.82 1.61 1.98 
660 0.94 1.82 1.61 2.15 

1,100 0.93 1.82 1.56 3.08 
2.200 0.89 1.82 1.50 4.71 
6.600 0.87 1.82 1.47 6.51 

11,000 0.86 1.82 1.37 5,37 
KQ 

(raM) 
0.0 0.99 1.82 1.68 0.59 
1.82 0.99 1.82 1.43 2.52 
9.10 0.98 1.83 1.38 4.22 

18.20 0.97 1.81 1.29 4.81 
88.40 0.97 1.81 1.25 4.81 

145.60 0.92 1.81 1.24 4.81 

�9 Al l  s o l u t i o n s  w e r e  1 m M  in  P N P  a n d  0.1M in  T P A P  s u p p o r t i n g  
e l e c t r o l y t e .  

b C o n c e n t r a t i o n  c o m p u t e d  b a s e d  o n  w a t e r  a d d e d  to so lven t .  
Al l  d i f fus ion  c u r r e n t s  m e a s u r e d  a t  a m e r c u r y  h e a d  h e i g h t  of  

S0 cm.  T h e  e l e c t r o d e  charac ter i s t i c s  m e a s u r e d  a t  60 c m  m e r c u r y  
h e a d  a n d  a t  o p e n  c ircui t  w e r e  ~rt = 2.41 m g / s e c  a n d  t = 3.1 sec,  

t ransfer  process involving materials  of comparable 
diffusion coefficients. Addit ion of the proton donors 
water  and hydrocluinone (HQ) to the test solution 
had no effect on the diffusion current  or shape of the 
f r s t  plateau (Fig. 1"). The E1/2 of the wave is, however, 
shifted towards less negative potentials by large ratios 
of proton donor to electroactive compound. The char-  
acteristics of the second polarographic wave proved 
to be sensitive to added proton donors (Table I, Fig. 
1). The diffusion current  is increased to a l imit ing 
value, a factor of ten  greater  than  that  of the wave in  
pure solvent, upon addit ion of large quanti t ies  of 
water  or HQ. This change is accompanied by a signifi- 
cant positive shift in  the Etz2 of the wave (Table I) .  
Consistent with previously published data, HQ proved 
to be much more effective than  water  as a donor in  
DMF (10). Similar  polarographic behavior  is reported 
by Baizer and co-workers for several  1,2-diactivated 
olefins (11, 12). 

Cuclic voltamrnetry.--Typical cyclic vol tammograms 
of PNP recorded at a p lanar  p la t inum disk electrode 
(ppde) at varying concentrat ions in  DMF are shown 
in Fig. 2. Data for voltammetric  studies at concentra-  
tions of 0.1 and I mM PNP are presented in  Table If. 

Voltage excursion and reversal  120 mV cathodic of 
the first plateau revealed cyclic vol tammetr ic  waves 
with very l i t t le anodic current  in solutions containing 
1 and 10 mM PNP in  dry DMF (Fig. 2). The potential  
sweep rate (v) ranged to a max imum of 12.48 V / m i n  
in experiments  conducted on 1 mM solutions (Fig. 2). 
In  a series of exper iments  conducted at 1 mM PNP the 
cathodic peak potential  [ (Ep)c] shows negative shifts 
of 30 mV per tenfold increase in v. This cathodic shift 
is accompanied by a 9% decrease in the current  func-  
tion, ( ip )c /v  t/~ (Table If) .  

Similar  voltammetric  experiments  in solutions con- 
ta ining 0.1 mM PNP in dry DMF produced cyclic 
waves possessing significant anodic currents (Fig. 2). 
The (Ep)c and current  funct ion of the recorded volt-  
ammograms were essential ly constant  with respect to 
a varying potential  sweep rate (Table If) .  The cath- 
odic to anodic peak separation [ ( E p ) c - ( E p ) a ]  is 60 
mV at all values of v. 

Chronoamperometric  experiments  were conducted in  
conjunct ion wi th  the cyclic vol tammetr ic  experiments  
at the same ppde and unde r  identical conditions of 
concentrat ion of PNP and support ing electrolyte at 
potentials corresponding to the first polarographic 
plateau. Diffusion current  plots, itl/2[C vs. t, of data 
taken from cur ren t - t ime  decay curves (0.3-1.4 sec) of 
the reduct ion of PNP at 0.1 and 1.0 mM in dry DMF 
correspond closely to similar  plots for the known  one-  
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Fig. 2. Single sweep cyclic voltammograms taken at a ppde at 
potentials of first polarographlc wave in DMF containing 0.1M 
TPAP and (a) 0.1 rnM PNP recorded at 12.48 V/rain. (b) 1 mM 
PHP recorded at 12.48 V/min. (c) 10 mM PNP recorded at 9.65 
V/min. E~ is 120 inV. 

electron reduction of n i t robenzene under  the same ex-  
per imental  conditions. 

The influence of water  on the process occurring at 
potentials of the first polarographic wave was studied 
with cyclic vol tammetry  at a ppde (Table II) .  Con- 
trolled quanti t ies of water  were added to solutions 0.1 
and 1.0 mM in PNP and cyclic vol tammograms were 
recorded. Addit ion of water  to solutions 0.1 mM in 
PNP had a slight but  discernible influence on the 
(Ep) c, current  function, and anodic to cathodic current  
ratio [ ( i p ) a / ( i p ) c ]  of the cyclic curves (Table II). At 
a proton donor to PNP ratio of 2.4 • 104 moles to one, 
a 10% decrease in the current  funct ion and a 20 mV 
negative shift in the cathodic wave is noted to accom- 
pany a tenfold increase in  v. Only an immeasurably  
small anodic current  is observed on the reverse sweep 
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Table i|. Cyclic voltammetric data for (E)-l-phenyl-2-nitro-1- 
propene in DMF and DMF-H20 at a ppde a 

( E p )  c (ip) c / v Z l  s 
H s O b  u - -  ( E p ) c  - -  ( E p )  a ( i p ) a /  /LA v o l t - l / ~  
(raM) (V/rain) (V) (mY) (ip)cc m i n l / ~  

(E)-l=phenyl-2-nltro-l-propene (0.1 raM) 

0 12.48 1.00 60 1.0 2.59 
9.38 1.00 60 1.0 2.46 
6 . 2 4  1.00 60 1.O 2.38 
3.12 0.99 60 1.0 2.46 
1.25 0.99 60 1.0 2.66 

6 0 0  1 2 . 4 8  0 . 9 7  62  0 . 6 6  2 . 6 2  
9.38 0.97 60 0.64 2.50 
6 . 2 4  0 . 9 6  60  0 . 6 2  2 . 4 1  
3 . 1 2  0 . 9 6  __d __d 2 . 4 0  
1 . 2 5  0 . 9 5  __d __d  2 . 6 5  

1200 12.48 0.96 70 0.66 2.47 
9.38 0.96 70 0 . 6 4  2 . 4 2  
8 . 2 4  0 . 9 5  70 0 .61  2 . 3 8  
3 . 1 2  0 . 9 4  __d __d 2 . 4 6  
1 . 2 5  0 . 9 4  __d __d 2 . 6 5  

2 4 0 0  1 2 . 4 8  0 , 9 3  70 0 . 6 3  2 , 3 9  
9 . 3 8  0 . 9 3  70  0 .62  2 . 4 0  
6 . 2 4  0 . 9 2  __d __~ 2 . 4 0  
3 . 1 2  0 . 9 2  __a __d 2 . 4 3  
1.25 0.91 __d ~ d  2 . 6 5  I- 

Z 
( E ) - l - p h e n y l - 2 - n i t r o - l - p r o p e n e  ( I  r a M )  

0 4 . 6 8  1 .05  _...d ~ d  2 3 . 2 5  r 
3 . 1 2  1 .04  __d - - d  2 3 . 4 5  
1 . 5 6  1 .03  __d __d 2 5 . 0 0  
0 . 4 7  1 . 0 2  - - d  - - d  2 5 , 3 4  

600 4 . 6 8  1 .02  __e. __a 2 2 . 9 0  
3.12 1.02 __d - - d  23.90 
1 .56  1 .01  __d ~ 2 5 . 7 8  
0 . 4 7  0 . 9 9  - - d  __d 2 5 . 6 3  

1 2 0 0  4 . 6 8  1 . 0 0  __d __d 2 2 . 1 5  
3 . 1 2  0 . 9 9  __d - - d  2 3 . 6 8  
1 .56  0 . 9 7  .__d - - d  2 5 . 4 7  
0 . 4 7  0 . 9 7  __d __d 2 5 . 0 5  

2 4 0 0  4 . 6 8  0 . 9 7  __d ~ d  2 1 . 6 3  
3 . 1 2  0 . 9 6  __d __d 2 2 . 3 4  
1 .56  0 . 9 5  __d __d  2 4 . 2 0  
0 . 4 7  0 . 9 4  __d ~ d  2 3 . 7 1  

�9 All solutions were O.IM in TPAP. 
b Concentration computed based on water added to solvent. 
c E)~ (switching potential) -- 120 mY and ratio computed after 

method of Nicholson et al. (15). 
d Anodic current not reliably measureable. 

segment of cyclic exper iments  conducted at a v of less 
than 6.24 V / m i n  (Table II, Fig. 3). Only a posit ive 
shift in (Ep)c re la t ive  to the same values in dry sol- 
ven t  is noted in wa te r  addition exper iments  con- 
ducted at 1 mM PNP (Table II) .  

The dependence of cyclic peak characterist ics on the 
concentrat ion of PNP in dry DMF is significant to the 
in terpre ta t ion of the electrochemical  process responsi-  
ble for the first diffusion plateau. In general, the cyclic 
vol tammetr ic  data taken at 0.1 mM PNP suggests the 
reversible,  one-e lec t ron  formation of an in termedia te  
fol lowed by a chemical  react ion slow re la t ive  to the 
voltage excursion rate (13, 14). At  higher  concentra-  
tions of PNP (1.0 and 10.0 mM) the behavior  sug- 
gests a rapid chemical  react ion coupled to an init ial  
e lec t ron- t ransfer  process. The influence of the pre-  
cursor concentrat ion on the rate  of the coupled homo-  
geneous chemical react ion and the chronoamperomet-  
t ic  data is consistent wi th  second order  kinetics in-  
volving dimerizat ion of in termedia te  radicals of the 
precursor  (hydrodimerizat ion) .  Nicholson et aL (15) 
and Saveant  et al. (16) have presented the theory of 
cyclic vo l t ammet ry  for an electrochemical ly  ini t ia ted 
homogeneous dimerizat ion react ion wi th  diagnostic 
cri teria analogous to those developed for other  elec-  
t rochemical  react ion mechanisms (13, 14). The cyclic 
vol tammetr ic  data in Table II for PNP are in general  
good agreement  wi th  the  dimerizat ion criteria. 

Oscilloscopic recording of current  response to rapid 
voltage excursion and reversal  past the diffusion pla-  
teau of the diminished second wave, revea led  data 
definitive of the electrochemical  process responsible 
for the wave. Cyclic vol tammograms recorded at a 
ppde in 1 mM PNP at 24 and 240 V / m i n  (Fig. 4) show 
that  the cathodic current  of the second wave  grows in 
intensi ty wi th  increased sweep rate  to a l imit ing value 
equal  to that  of the first wave, a one-e lec t ron  process. 
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Fig. 3. Single sweep cyclic voitammograms of PNP at 0.1 mM in 
DMF recorded at a ppde at potentials of first polarographic wave. 
(a) Solution contained no added water and voltammograms record- 
ed at 12.48, 9.38, 6.24, 3.12, and 1.25 V/rain. (b) Solution contained 
2.4M H20 and voltammograms recorded at 12.48, 9.38, 6.24, 3.12, 
and 1.25 V/min. E~ is 120 mV, 
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Fig. 4. Trace from film of oscilloscopic recording of single sweep 
cyclic voltammograms at a ppde of a 1 mM solution of PNP at (a) 
24 V/min and (b) 240 V/min. E~ is approximately 120 mV. 

These data and the enhanced anodic current  of the first 
wave  recorded under  the same conditions are con- 
sistent wi th  an electrochemical  reduct ion process in- 
volving an initial one-e lec t ron t ransfer  to the parent  



Table IlL Rotating disk electrode data for the first reduction 
wave of (E)-l-phenyl-2-nitro-l-propene (PNP) a 

Limit ing R o t a t i o n  /d, I 
disk current r a t e  

id,] (/~A) e (sec -I) ~II~C 

Concentration of P N P  -- 2.78 m M  

110 48 8.73 
lS5 99 5.61 
190 150 5,58 
220 201 5.58 
244 253 5.52 
274 305 5.64 
294 358 5.59 
314 409 5.59 
330 461 5.53 350 512 5.56 
368 564 5.58 384 616 5.57 

Concent ra t ion  of  PN]P ---- 3.20 rnM 
259 201 5.72 

Concentration of P N P  ---- 4.79 rnM 

212 48 6,41 297 99 6,28 
305 10S 6.21 
420 201 6.18 
473 253 6.20 516 305 6.16 
573 358 6.17 
584 409 6.13 
631 461 6.13 
668 512 6.13 
703 564 6.18 
773 616 6.17 

s S o l u t i o n s  we re  O.IM T B A I  i n  DMF,  

First  Wave 

R + e- veR-" 

-- k 2 

2R �9 --> Rs = 

compound at the first wave and a subsequent  one-elec-  
t ron addition to the ion radical at the second wave. 
Chemical reactions following the first t ransfer  are not  
apparent  at very rapid potential  excursion rates. The 
sensit ivity of the second wave to small  quanti t ies of 
proton donors (Fig. 1) is consistent with a rapid pro- 
tonat ion of an ini t ial ly produced d i an ion  of PNP. In  
summary  the cyclic vol tammetr ic  data are consistent 
with a general  reduction scheme of the type 

I d !500p a 

ir-0"512 

(ec, second order hydromerizat ion)  

Second Wave 

R': + e- ~:~R = 
fast 

R= + H + ----> saturated products 

Rotating ring-disk electrode studies.--Confirmation 
of hydrodimerizat ion as the major  reduct ion pathway 
of PNP in DMF at its first polarographic step and a 
determinat ion of the rate constant  for the coupling re-  
action was sought with rotat ing r ing-disk  electrode 
(RRDE) techniques. Rotating disk electrode vol tam- 
mograms taken at scan rates of 20-25 mV/sec of i mM 
solutions of PNP in DMF show a reduction wave 
with E1/2 ~ --0.49V vs. Ag reference electrode. Values 
of the Levich constant, id,1/CR~ 1/s (where id,i is the 
disk current  on the mass t ransfer  l imit ing pla teau)  
given in  Table IIs show no dependence on rotat ion 
rate (~). The diffusion coefficient for PNP, D, evalu-  
ated from the Levich equation 

id,1 = 0.62nFADS/Sv-z/BCR~I/2 

(where n -- 1, and v, the kinematic  viscosity, is 0.00849 
cmS/sec for DMF) was found to be 2.4 • 10 -5 cmS/sec. 
Coulometry carried out at --1.10V vs. Ag-R.E. shows 
napp values of 0.97 and 0.98 for 2.78 and 4.79 mM solu- 
tions, respectively. The independence of the Levich 
constant with rotat ion rate and the above coulometry 
data suggest the absence of polymerizat ion which often 
accompanies hydrodimerizat ion reactions in aprotic 
solvents (e.g., for diethyl  fumarate  and fumaroni t r i le)  
(14, 20). 

Rotating r ing-disk  electrode experiments  were per-  
formed to gather addit ional data relative to the mecha-  
nistic characteristics of the reduct ion process. A typical 
RRDE vol tammogram of this system is shown in Fig. 5. 
Collection efficiency (Nz) (where NK = ir/id) mea-  
surements  as a funct ion of disk current  (CON1) 
(where CONI -- id/id.1) were made at various rotat ion 
rates (~) and concentrations. Representat ive data of 
these experiments  are presented in Table IV. The t rend 
of increasing Nz wi th  decreasing CONI has been 
shown to be indicative of a hydrodimerizat i0n re -  
action proceeding by a coupling of radical anions 
rather  than attack of the parent  compound by radi-  
cal anions (17, 20). The exper imental  points were 
fit by  s imulat ing such a mechanism for different 
values of the s imulat ion rate constant parameter  

VoL 121, No. 11 ( E ) - I - P H E N Y L - 2 - N I T R O - 1 - P R O P E N E  1415 
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Fig. 5. RRDE voltammograms 
of PNP at 2.89 mM in DMF 
determined at a scan rate of 30 
mV/sec and a rotation rate of 
201 rad/sec. (a) id vs. Ed (b) ir 
vs. E~, Er = --0.10V vs. Ag 
R.E. 
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Table IV. Experimental collection efficiency (NK) data for 
(E)-l-phenyl-2-nitro-l-propene a,b 

Table V. Calculated rate constants for reactions of radical anion 
of PNP obtained from RRDE results a 

i r  (/tA) id (/tA) NK C O N I  oJ C o n c e n t r a -  k= 
(sec-D t i o n  (raM) X K T C b  ( I /mole-sec)  

C o n c e n t r a t i o n  P N P  = 2.78 m M  
99 2.78 2,1 1.8 X I04 

23.4 54.6 0.429 0.199 4.79 3.1 1,3 
44.7 113,9 0.392 0.414 201 2.78 1.0 1,5 
61.7 175.5 0.352 0.638 3.20 1.3 1.8 
71.3 220.4 0.324 0.801 4.79 2.2 1.8 
76.6 247.7 0.309 0.900 305 2.78 0.9 1.3 
78.8 260.5 0.303 0.947 Avg = 1.7 • I0~ 
80.0 267.2 0.300 0.872 
80.5 272.3 0.296 0.990 
81.0 273.8 0.296 0.998 a T h e  so lut ions  w e r e  a l l  0.1M T B A I  in  DMF. 
81.0 275.0 0.295 1.000 b X K T C  = (0.51)-~/sl ,1/SD-~/aCoJ-lk=,  ~ = 0.00849 emS/sec.  

C o n c e n t r a t i o n  P N P  = 4.79 m M  
16.8 20.0 0.525 0.047 
18.0 37.0 0.486 0.086 
28.0 64.0 0.438 0.149 
36.0 90.2 0.400 0.209 
37.8 106.8 0.353 0.249 
42.8 135.I 0.315 0.314 
47.5 149.9 0.317 0.349 
55.0 208.0 0.264 0.484 
60.0 234.7 0.285 0.547 
62.0 250.0 0.248 0.581 
65.0 280.3 0.232 0,651 
70.0 315.0 0.222 0,732 
70.0 319.7 0.219 0.744 
71.0 359.8 0.197 0.837 
75.0 400.0 0,189 0,930 
76.0 419.9 0.181 0.977 
78.0 430.0 0.181 1.000 

�9 S o l u t i o n s  w e r e  0.1M T B A I  in  DMF. 
b Rota t ion  ra te  = 201.1 r a d i a n s / s e c .  

X K T C  = (0.51) -2/Svl/SD-1/3D~-lk2. The lines in Fig. 6 
correspond to X K T C  values of 2.2 for l ine b and 0.9 
for l ine a. These lines correspond to the following ex-  
per imental  conditions: l ine a, concentrat ion of PNP 
equal to 2.78M at a rotat ion rate of 305 radians/sec;  
l ine b, concentrat ion of PNP equal to 4.79 mM at a ro- 
tat ion rate of 201 radians/sec. Values of k2, determined 
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Fig. 6. Collection efficiency (NK) vs. 1 - C O N I  for a 2.78 mM 
PNP solution (X), and a 4.79 mM PNP solution (0). The rotation 
rates were ]05 rad/sec and 201 rad/sec respectively. Solid lines are 
theoretical curves corresponding to dimerization mechanism and 
for (X) X K T C  - -  2.2 and ( O )  SCTC = 0.9. 

from these X K T C  values and the diffusion coefficient 
are given in Table V; an average of 1.7 X 104M -1 
sec-1 is obtained. 

Discussion of  Results 
Cyclic voltammetric,  chronoamperometric,  and rotat-  

ing- r ing  disk data suggest that  a dimeric coupling re- 
action (hydrodimerization) represents a major  mode 
of decay of the anion radical of the compound PNP, 
produced by an ini t ial  one-elect ron transfer  in  DMF 
solvent. The compound is reduced also at more nega-  
tive potentials via an ec process involving protonat ion 
of the dianion of the parent.  

The radical anion coupling rate found here for PNP, 
1.7 X 10-4M -1 sec -1, is in termediate  to those found 
for other subst i tuted olefins (17-20); the dialkyl  
fumarate  radical anions couple with a k2 --~ 102M -1 
sec -1, while that  for fumaroni t r i le  radical anions is 
6 >< 10SM -1 sec -~. The 1-phenyl, 2-cyano subst i tuted 
olefin, cinnamonitr i le,  yielded a k2 value of 9 • 
102M-] sec- t .  

Baizer and co-workers (11) found that  the radical 
anion of benzalacetophenone in DMF decayed most 
rapidly of the five, 2-subst i tuted 1-phenyl olefins he 
studied ( - -COr > - - C N  > --COOC2H5 > --CON(CH3)2 

--C6H5) with a lifetime approximately 1/40th of that  
of diethyl fumarate.  Comparison of the k2 computed 
for PNP with these data i l lustrated the relat ively 
great reactivity of radical ions of ni t rosubst i tuted ole- 
fins. 

The cyclic vol tammetr ic  data from the study of the 
influence of water  on the electrochemical reaction oc- 
curr ing at potentials of the first polarographic plateau 
suggests that proton donors influence the rate of 
chemical reactions coupled to the electron t ransfer  but  
do not alter the mechanism of the processes controlling 
the shape and behavior  of the cyclic curves (15). Simi- 
lar  conclusions were reached by Baizer and co-workers 
(11) and Bard and co-workers (18) from a var ie ty  of 
data. The magni tude  of the influence of water  is slight 
but  data taken at precursor concentrations of 0.1, 1.0, 
and 10.0 mM are consistent with an increase in the rate 
of reactions coupled to the ini t ial  electron t ransfer  
(Table II, Fig. 3). 

Studies of cis-trans-pairs of some activated olefins 
(19) have demonstrated that  the anion of the c/s- 
isomer may undergo a rapid isomerization to form the 
trans-radical anion as well as react more rapidly in 
self or cross-coupling reactions. No evidence of such 
behavior by the E-isomer of PNP is found in the short-  
te rm electrochemical data presented herein. The fact 
that  only the E-isomer is produced in the synthesis of 
PNP, by the condensation of benzaldehyde, with ni t ro-  
ethane is probably per t inent  to this point. 

Exper imental  
Apparatus.--The ppde employed in the cyclic volt-  

ammetric  experiments  was a Beckman pla t inum but -  
ton electrode with an area of 80 mm 2. The reference 
electrode employed in the polarographic and cyclic 
vol tammetry  experiments,  an aqueous saturated calo- 
mel  electrode, made contact with the solution through 
an agar plug behind a Pyrex  frit. Water  leakage 
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through  this t ip was found to be negligible.  The  cyclic 
vo l tammetr ic  da ta  were  recorded on a B o l t - B a r n a k -  
Newman X - Y  P lo t t e r  using a Wenk ing  potent ios ta t  
and exact  wave  form source for potent ia l  var ia t ion  and 
control.  The po la rograms  were  recorded  wi th  a Beck-  
man  Electroscan 30 e lec t roanaly t ica l  system. 

A Tascussel Elec t ronique  Bipotentiostat ,  Model Bi -  
pad  2, was used for al l  RRDE exper iments .  A Digitec 
digi ta l  vol tmeter ,  Model  204, and a Fa i rch i ld  digi ta l  
mul t imeter ,  Model  7050, were  used to measure  the  
s t eady-s ta te  r ing and disk currents  s imultaneously.  A 
Wave tek  function genera to r  p rovided  a d-c  potent ia l  
r amp  for vo l tammetr ic  exper iments  recorded on a 
Mosley Model  2D-2 X - Y  recorder .  The p la t inum-Tef lon  
ro ta t ing  r ing -d i sk  electrode,  having a disk radius  ( r l )  
of 0.187 cm and inner  (r2) and outer  (r3) r ing  radi i  
of 0.200 and 0.332 cm, respect ively,  was const ructed 
by  Pine Ins t rument  Company,  Grove  Ci ty  Pennsy l -  
vania.  The m a x i m u m  collection efficiency, N, for the  
RRDE used in these exper iments  was 0.555 (20). The 
reference  e lect rode was a s i lver  wi re  spiral .  

Chemicals.--Spectroquality DMF containing a p -  
p rox ima te ly  0.03% wa te r  was obta ined  from Eas tman 
Organic Chemicals.  The solvent  was vacuum dis t i l led 
from anhydrous  CuSO4 before  use. Hydroquinone  was 
obta ined from J. T. Baker  Chemical  Company and was 
recrys ta l l ized  f rom a 50% w a t e r - e t h y l e t h e r  solution. 
Al l  n i t roa lkenes  were  synthesized by  the method  of 
Hass, Susie, and Heider  (21). The compound PNP 
exh ib i t ed  a mel t ing  point  of 64~ af ter  severa l  r e -  
crysta l l izat ions  from absolute  ethanol .  
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The Electrocapillary Phenomena 
at the Lead Electrode 

Ikram Morcos* 
Hydro-Quebec Institute of Research, Varennes, Quebec, Canada 

ABSTRACT 

The e lec t rocap i l l a ry  phenomena  was s tudied  on the lead  e lect rode b y  the 
method of meniscus r ise in Na2SO4 solutions. The potent ia l  and  concentra t ion 
dependence  of meniscus rise at potent ia ls  a p p r o x i m a t e l y  cathodic to the  pzc 
suggest  tha t  the  e lec t rode  is polarizable.  A sharp  increase in the  in te r rac ia l  
tension at  --1.1V is a t t r ibu ted  to anion adsorpt ion.  Charge  dens i ty  and differ-  
ent ia l  capaci ty  values  are  ca lcula ted  f rom the  meniscus r ise da ta  for  0.01M 
Na~SO4 solution, and are  compared  to the resul ts  of e lec t rocap i l l a ry  and ca-  
pac i ty  measurements  on both me rc u ry  and lead  electrodes,  respect ively.  A 
reduct ion in the  increase  of meniscus r ise wi th  potent ia l  s ta r t ing  at  about  
--1.55V with  1M Na2SO4 suggests the  occurrence of cat ion specific adsorpt ion.  

An  adequate  unders tand ing  of the  e lectrochemical  
ac t iv i ty  of  solid electrodes requires  a be t t e r  knowledge  
than  is p resen t ly  avai lab le  of the e lec t rode /e lec t ro ly te  
interface.  The meniscus r ise technique has been  shown 
(1-10) to be va luable  in previous studies of the in t e r -  

* Elec t rochemica l  Socie ty  Act ive  Member. 
Key words: electrocapillary phenomena, l ead  electrode,  meniscus 

rise, interfacial tension, double l ayer .  

facial  tension at  solid electrodes.  An  extens ive  appl i -  
cation of this technique to var ious  systems is the re fore  
desirable.  

The deve lopment  of the  meniscus rise technique,  and  
hence that  of the  in ter rac ia l  phenomena  at  solid elec-  
trodes, requires,  besides the  examina t ion  of different  
systems, some comprehensive  measurements  on a g iven 
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system. During the past few years both approaches 
were examined and on the basis of the exper imental  
data (both published and unpubl ished) ,  it was con- 
cluded that a proper in terpre ta t ion of the results of 
one comprehensive study, involving such variables as 
the electrolyte's na ture  and concentration, cannot be 
realized before the outl ine of the general  features of 
interfacial  phenomena at solid electrodes is well  
understood. Unfor tunate ly  the na ture  of the problem 
is such that  progress can be only very slowly made and 
that there is not one single system that  can be ap- 
plied to reveal all the complexities of the problem. 
The following explain more precisely the na ture  of 
such complexities. 

1. The chemical and electrochemical na ture  of the 
solid surface strongly influences the potential  depen-  
dence of the interfacial  tension. In  the absence of a 
theory to explain the role played by the electrode 
surface it is necessary to obtain exper imental  data on 
various surfaces of different nature.  A consideration of 
the data obtained on mercury-p la ted  gold (1-6), 
p la t inum (3-5), gold (3-5), silver (7), cleavage graph-  
ite (3, 8, 9), and silicon (10) electrodes i l lustrate this 
point. 

2. In  addit ion to electrode's polarizability, variables 
such as surface roughness and heterogeneity influence 
the exper imental  values of meniscus height. While it 
is possible to obtain an electrode surface which satisfies 
just  a certain degree of the theoretical requirements,  
it is almost impossible to find a solid surface which is 
polarizable and free of both surface roughness and 
heterogeneity. Even variat ion in surface roughness and 
heterogeneity can be sometimes more easily realized by 
using different types of metals than  by  t reat ing the 
surface of one metal. 

3. Some of the electrochemically iner t  electrodes, 
which would have been ideal for a comprehensive 
s tudy of the effect of ionic nature  and concentration, 
have certain properties which severely l imit  their  use 
for such studies. Examples are the cleavage surface 
of single-crystal  graphite and silicon electrode in acid 
medium. The former surface has a lower surface ten-  
sion (8) than that of water  which almost prevents  the 
adsorption of solvated ions. The result  is that  the po- 
tential  dependence of meniscus rise is very  slightly in -  
fluenced by either the na ture  (9) or the concentrat ion 
of ionic species. In  the case of silicon (10) where a 
polarizable oxide layer  forms in acid medium, the in -  
terpretat ion of concentrat ion dependence of meniscus 
rise is complicated by the presence of potential  drops 
across the space charge and oxide layers and the 
l imit ing effect of surface states on surface charge den-  
sity. 

4. The effect of na ture  and concentrat ion of ions on 
the potential  dependence of meniscus rise on solid 
metals indicates a completely different type of ad- 
sorption between the anion and the metal  surface as 
compared to that  observed on mercury.  The under -  
s tanding of the na ture  of this adsorption requires 
among other things a comparison between the data ob- 
served on different metals. 

The aim of the present paper has been to examine 
the interracial  phenomena at the lead electrode. Re- 
cent work on the vol tammetry  (11) of that electrode 
suggests the presence of a relat ively wide polarizable 
region. Although the softness of lead and its rapid 
oxidation on air make it difficult to prepare an ideal 
surface for the meniscus rise measurement,  the indi-  
cated polarizable behavior  is a sufficient justification 
for the study. 

Experimental Procedure 
Most experimental  aspects concerning the apparatus 

and procedure of measur ing the meniscus rise were 
discussed in  previous papers. The test electrodes used 
in  the s tudy were polycrystal l ine lead plates 2 cm 
wide, 4 cm long, and about 0.05 cm thick. The prepara-  
t ion of a smooth, br ight  lead plate consti tuted a par -  

t icularly difficult problem. Several  methods of prepar-  
ing the surface were tried and the best surface finish- 
ing was obtained by chemically polishing the lead 
plates after mechanical  polishing with sandpapers No. 
240, 320, 400, and 600 followed by 0.3 a lumina  on a felt 
wheel. Chemical polishing was done in a mix ture  pre-  
pared by adding 80 mliters of glacial acetic acid to 20 
mliters of 30% H202. The electrodes were then  thor-  
oughly washed in tr iply distilled water. Several  plates 
were usual ly treated in the described m a n n e r  before 
one could be found eligible for use. Only those plates 
that continued to exhibit  their  brightness were used. 
In meniscus rise experiments,  the final test for the 
eligibili ty of a certain surface is based on observing a 
horizontally straight sol id/ l iquid contact l ine (menis-  
cus edge). 

Test solutions were prepared from A.R. qual i ty so- 
dium sulfate, u l t ra  pure sulfuric acid, and t r iply dis- 
tilled water  twice from a permanganate  solution. Solu- 
tions of 1.0, 0.1, and 0.01M Na2SO4 and 0.01M H2SO4 
were used. The pH of the test solution was measured 
from samples taken from the cell after each experi-  
ment  and was found to be 5.2, 4.95, 5.88, and 2.1, re-  
spectively. A mercury-mercurous  sulfate electrode, 
which has been prepared several weeks prior  to the 
measurements,  was used as a reference electrode. The 
stabil i ty of this reference electrode was tested as a 
function of both t ime and pH. This was carried out in 
1M Na2SO4 solution against a two-phase lead amalgam 
lead sulfate electrode. The emf between the two elec- 
trodes was found to be remarkably  stable dur ing a 
period of 1 hr and between pH 2.75 and 12.59. The emf 
read at both pH extremes was --0.9'61 and --0.980, 
respectively. 

A large Teflon cell of 12.3 cm diameter  was applied. 
The counterelectrode consisted of a spectroscopic grade 
rod of graphite. 

The advancing equi l ibr ium meniscus rise was mea-  
sured at prefixed potentiostatically controlled potential  
values and the measurement  was carried out from the 
most cathodic to the most anodic potential  value. The 
measurement  was carried out under  hel ium atmo- 
sphere and in he l ium-sa tura ted  solutions. The current  
density was calculated for the immersed area of the 
electrode and was found not  to exceed 10 ~A/cm 2. 

Results and Discussion 
Figure  1 shows plots of potential  dependence of the 

advancing meniscus rise on part ial ly immersed poly- 
crystal l ine lead plates in 0.01, 0.1, and 1.0M Na2SO4 
solutions. The three plots show well-defined min ima  
located in the potential  region between --1.35 and 
--1.25V (vs. Hg/Hg2SO4). The plots also show that at 
--1.1V the meniscus rise drops sharply and, therefore, 
results in the occurrence of well-defined maxima. Dif- 
ferential  capacity measurements  carried out by several 
investigators (12-16) in sulfate solutions show that  the 
pzc of lead is located at potentials between --0.62 and 
--0.67V (vs. NHE). These values agree with the 
min ima of Fig. 1 and, therefore, the la t ter  min ima 
should correspond to the pzc of lead in the same solu- 
tions. 

A detailed discussion of the electrocapillary curves 
of Fig. 1 can be more convenient ly  carried out if one 
considers the corresponding variat ion in  interracial  
tension with potential. Irrespective of the polarizabil-  
i ty of the electrode and subject only to the thermo-  
dynamic validity of the contact angle at the three 
phase region, the interfacial  tension ~SL, at the solid/ 
l iquid interface is related to the advancing meniscus 
rise by an equation previously (6) derived 

"~SL ~ ~'sv -- "~L ( 2 k h  ~ --  k2h 4) 1/2 [1] 
where 

pg 
k :  and ~sv ---- ms-- 

2~L 

and the different terms are as follows: "ys and ~L the 



I i �9 

0 . 3  

E L E C T R O C A P I L L A R Y  

5 I I 

E 0 . 2  

.1= 

0.1 

-:35 

a 

\ 

I I I I I I I 

-1.8 -1.6 -1.4 -1.2 -1.0 -0 .8  - 0 . 6  
Potential / V (vs H g / H g S O  4 )  

Fig. I. Meniscus rise vs. potential relationships on chemically 
polished polycrystalline lead electrode in helium atmosphere. Curve 
a, i.OM Na2S04; curve b, 0.1M N2S04; curve c, O.01M Na~S04. 

P H E N O M E N A  1419 

0 

- 5  

- 1 0  

=~ -15 

x - 20  
-J 

-25  

-30  

o/ 

i I ! I I I 

Vol. 121, No. 11 

0.4 ~ , 

- 4 0  i I i i i I t 

1.7 1.6 1.5 1.4 1.3 1.2 1.1 1.0 
Potential / V ( v s  Hg/  Hg SO 4)  

Fig. 2. Interfacial tension vs. potential relationships on chemi- 
cally polished polycrystalline lead electrode in helium atmosphere. 
Data calculated by Eq. [1] using plots of Fig. I. Curve a, 1.0M 
NazS04; curve b, O.IM Na2S04; curve c, O.O1M Na~S04. 

solid's and liquid's surface tensions, respectively, ~ the 
spreading pressure of water, p the l iquid's density, and 
g the gravitat ional  constant. In the absence of gas 
evolution, which is the case with the lead electrode as 
shown by vol tammetry  (11), the thermodynamic  
validity of the contact angle (and hence that  of the 
meniscus rise) is justifiable (10). A knowledge of the 
absolute value of "YSL requires a knowledge of vs. But 
since the lat ter  quant i ty  cannot be obtained, only var i -  
ations in ~SL as a function of the potential  can be 
evaluated assuming that  the values of both ~sv and ~L 
are independent  of the potential.  

Figure 2 shows those plots of ~TsL as a funct ion of 
the applied potential  which have been obtained by 
means of Eq. [1] from the data of Fig. 1. In  calculating 
~TSL the value of ms -- 7SL which corresponds to the 
min imum meniscus height in 1M (Na)2SO4 solution 
has been taken as a reference point. At any given po- 
tential  and concentrat ion h~SL is given by 

A~SL = ("]S - -  ~TSL) - -  (mS - -  "~SL) a t  minimum h in 1.0M Na2SO 4 

With regard to the polarizabil i ty of the lead elec- 
trode, Fig. 2 indicates that  as the potential  is in -  
creased in  the anodic direction, the metal  surface ex-  
hibits three relat ively well-defined states. 

At potentials more negative than  about --1.3 (which 
corresponds to the pzc) both the potential  and con- 
centrat ion dependence of 7SL strongly suggest a po- 
larizable surface. In  this region, wi th  both 0.01 and 
0.1M solutions ATSL/AE shows a satisfactory agreement  
with ~v /hE  observed on mercury.  With 1M solution 
the variat ion in h'YSL is higher than  the corresponding 
var iat ion in mercury  but  is still wi th in  the same order 
of magnitude.  The higher value probably results from 
the effect of solid surface roughness which becomes 
more influential  with the increase in concentration. 

At potentials more positive than --1.1V, ~SL shows 
a sudden increase with all concentrations. This po- 
tential  coincides almost exactly with the cathodic side 
of the bottom of the current  peak which is observed in 
fast, anodic, l inear  potential  sweeps on the lead elec- 
trode in sulfate mediums (11). The peak occurs at 
--0.342 (vs. NHE) and  is a t t r ibuted to the  formation 

of PbSO4. That leaves little doubt that  the increase 
in  interfacial  tension observed at - - 1 , 1  (vs. Hg/HgSO~) 
is connected with the chemisorption of SO4 = on the 
lead electrode. In  that  respect it seems that  the vari-  
ation in the interracial  tension is more sensitive than  
l inear  sweep vol tammetry  with regard to anion chemi- 
sorption. The mere adsorption of anions causes a sharp 
increase in  the interfacial  tension while the peak in  
vol tammetry  sweep does not appear before the poten-  
tial of PbSO4 formation is reached. It  could be argued 
that the increase in  interracial  tension (drop in  menis-  
cus rise) at --1.1 is due to the adsorption of O H -  
ra ther  than SO4 = ion. Figure 3, however, shows that  
the same drop in  meniscus rise takes place with 0.01 
H2SO4 at exactly the same potential, which confirms 
that the observed effect is due to SO4 = ion. 

The increase in  7SL due to anion adsorption is con- 
t rary  to what  usual ly  takes place on mercury  where 
anion adsorption reduces ~. The most probable in ter -  
pretat ion for the increase in 7sL is that anion adsorp- 
t ion must  have resulted in reducing the charge density 
at the surface by interact ing wi th  the available free 
charge. It  is interest ing to note that  from measure-  
men t  of surface conductance on a gold electrode, An-  
derson and Hansen  (17) have concluded that  adsorp- 
tion of SO4 = ion reduces the amount  of free charge at 
the gold surface. 

In  the potential  region be tween  --1.1 and --1.3V (vs. 
Hg/HgSO4) the potential  dependence of meniscus rise 
suggests the occurrence of slight SO4 = adsorption. This 
suggestion is based on the fact that ~ " ] S L / A E  is less than  
that observed on mercury.  Carr et aL (12) reached the 
same conclusion from measurement  of differential ca- 
pacity. According to the la t ter  authors (12), differ- 
ential capacity vs. potential  plots in dilute sulfuric 
acid solutions give rise to curves with well-defined 
min ima  only when  the electrode was exposed before 
each fixed potential  to a fixed negative potential  of 
about --1.77 (vs. Hg/HgSO4). In  meniscus rise mea-  
surement,  caution must, however, be taken in  in ter-  
pretat ing the concentrat ion dependence of "~SL near  the 
potential  of zero charge because surface roughness and 
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Fig. 3. Meniscus rise vs. potential relationship on chemically 
polished polycrystalline lead electrode with O.01M H2S04 and 
helium atmosphere. 

hete rogene i ty  exer ts  the i r  m a x i m u m  effects in this  po -  
tent ia l  region. 

A quant i t a t ive  comparison be tween  the data  of me-  
niscus rise and different ia l  capacity,  Ca, on both the  
lead  and mercu ry  e lect rodes  is desirable.  This can only  
be real ized by  di f ferent ia t ing twice the  meniscus r ise 
vs. potent ia l  plots, and calculat ing Ca according to (9) 

_ l - - k h  2V2kh2) 1/~ ( Oh ~ 
q -- (2k)z/27n (1 " - ~ - / ~  [3] 

0q 
Cd = [4] 

OE 

Figure  4 shows the charge dens i ty  vs. ra t ional  po ten-  
t ia l  plot  ca lcula ted by  means  of Eq. [3] using the  da ta  
of Fig. 3 for 0.01M Na2SO4. F igure  5 shows the  differ-  
ent ia l  capaci ty  vs. potent ia l  ca lcula ted  by  means  of 
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Fig. 4. Charge density vs. rational potential relationship on o 
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Na~S04 and helium atmosphere. Data are calculated by Eq. [3] 
from curve c of Fig. |. 
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Fig. 5. Differential capacity vs. potential relationship on a poly- 
crystalline polished lead electrode with O.01M Na2S04 and helium 
atmosphere. Data calculated by Eq. [4] from Fig. 4. 

Eq. [4] using the da ta  of Fig.  4. At  potent ia ls  more  
negat ive  than --1.35 (vs. Hg/HgSO4) the  plot  shows a 
sat isfactory agreement  wi th  the  same data  d i rec t ly  
measured  on e i ther  lead  or  mercury .  At  potent ia ls  
more  posit ive than  the above-ment ioned  value  the 
~ffect of anion adsorpt ion  l imits  the  increase  in ca-  
pacity.  

Much of the devia t ion  from polar izab i l i ty  discussed 
above resul ts  f rom anion adsorption.  I t  is noticed 
however  that  wi th  1.0M Na~SO4 solution, the ra te  of 
meniscus rise increase wi th  potent ia l  decreases at po- 
tent ia ls  more  cathodic than  a b o u t - - 1 . 5 5 V  (vs. H g /  
HgSOD. Since hydrogen  is known ,to adsorb  only  
poor ly  on the  lead e lect rode and since this  cathodic 
decrease in ~h/~E is not observed  with  di lute  solutions 
of 0.01 and 0.1M, its occurrence wi th  1.0M solutions 
p robab ly  results  from some specific adsorpt ion  of the  
sodium ion on the lead  surface. 
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Cyclic Voltammetry and Chronocoulometry with 
trans-Rh(en) CI/ at Mercury Electrodes 
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ABSTRACT 

Cyclic voltammetric, coulometric, and chronocoulometric data associated 
with the reduction of Rh(en)2Cl~ + at mercury electrodes are reported that 
confirm previous results indicating the occurrence of a two-electron reduc- 
tion to produce the hydrido complex, Rh (en)2H (OH2)2+ which engages in a 
pH dependent equilibrium involving Rh(en)2+: Rh(en)2H(OH2) ~+ + OH- 

Rh(en)~ + + 2H20. The resulting presence of Rh(en)2 + at the electrode 
surface has a number of interesting consequences which are described. Among 
these are the electrochemical production of metal-metal bonded rhodium- 
mercury adducts, apparent strong adsorption of Rh(en)~ + on the electrode 
surface, and anomalous cyclic voltammograms with inverted peaks. 

As par t  of a s tudy of the  possible role of adsorbed 
t rans i t ion  meta l  complexes  in the  catalysis  of e lect rode 
processes, we have been invest igat ing the e lec t ro-  
chemis t ry  of some complexes of rhod ium (IID because 
of the i r  prominence  as catalysts  in homogeneous  r e -  
actions (1, 2). Previous  polarographic  and contro l led  
potent ia l  e lec t ro ly t ic  s tudies  of var ious  hexacoord ina te  
ch lo roaminorhod ium(I I I )  complexes (3-6) have es tab-  
l ished a common pa t t e rn  of a single, two-e lec t ron  r e -  
duction in which hal ide  is l ibe ra ted  and te t racoord i -  
hate  r h o d i u m ( I )  complexes are  produced.  In  the  case 
of the  trans-Rh (py)4C12 + complexes  the  polarographic  
behavior  observed was taken  to indicate  that  the  
r h o d i u m ( I )  product  was adsorbed  on the me rc u ry  
e lec t rode  (4). 

We chose to invest igate  the  e lect rochemical  behav io r  
of trans-Rh(en)2C12 + in the  hope of genera t ing  
Rh(en )2  + as an in te rmedia te  which  might  be reac ted  
with  added, e lec t rochemical ly  inact ive substrates.  We 
were  fu r the r  in t r igued  by  the repor t s  (7) tha t  con- 
t ro/ led potential ,  e lec t ro ly t ic  reduct ion of this complex 
under  cer ta in  condit ions y ie lded  a r h o d i u m ( I I )  p r o d -  
uct which is a rare  oxidat ion  state for rhod ium (1). 
In  a recent  paper  (8) it was shown tha t  the  e lectrolysis  
product  thought  to contain  r h o d i u m ( I I )  (7) was ac-  
tua l ly  a rhodium (I) adduct  of me rcu ry  ( I I )  fo rmed by  
a combinat ion of e lect rochemical  and chemical  reac-  
tions at  the  surface of the  mercu ry  pool electrode.  
Dur ing  the course of tha t  s tudy there  came to l ight  a 
number  of fea tures  of the  e lec t rochemis t ry  of trans- 
Rh(en)2C12 + at  me rcu ry  electrodes which have  not  
b e e n  previous ly  described.  They form the basis for  this  
r e p o r t .  

i Present address: Atomic Energy Canada Limited, Chemistry and 
Materials Division, Chalk River, Ontario, Canada K0J 1JO. 

2 Present address: ESB Research, Incorporated, Yardley, Pennsyl -  
vania 1906'/. 

Key words: rhodium complexesj adsorption, rhodlum-mercUry 
bonds. 

Experimental 
The prepara t ions  of the  complexes  t rans-  

Rh(en)2C12+, (en)2RhHgRh(en)24+,  and  (en)~RhHg-  
(OH 2) + were  descr ibed prev ious ly  (8).  The exper i -  
ments  r epor ted  here  were  pe r fo rmed  in suppor t ing  
e lect rolytes  consist ing of sodium methane  sulfonate  
plus added  buffering agents, bu t  the behav ior  in n i -  
t ra te  or  perch lora te  suppor t ing  e lec t ro ly tes  is essen-  
t i a l ly  ident ical  [trans-Rh (en) ~.C12 + and [ (en)2Rh]2- 
Hg 4+ complexes are  only  spar ing ly  soluble in  NaC104]. 
Al l  solutions were  p repa red  from t r ip ly  d is t i l led  wa te r  
and were  deaera ted  wi th  prepur i f ied  ni t rogen.  

Cyclic vo l tammograms  were  obta ined wi th  a con- 
ventional ,  opera t iona l  amplif ier  based  e lect rochemical  
appara tus  and were  recorded b y  photographing  the 
t races s tored on a Tek t ron ix  Mode l  564 oscilloscope. 
The cells and hanging  m e r c u r y  drop e lect rode (a rea  - -  
0.029 cm ~) were  conventional .  Potent ia l s  were  mea -  
sured and a re  quoted wi th  respect  to a sodium chlo- 
r ide  sa tu ra ted  calomel  reference  e lect rode which  had  
a potent ia l  5 mV more  negat ive  than  a SCE. 

Chronocoulometry  (9) was pe r fo rmed  using the p re -  
viously descr ibed digi ta l  da ta  acquisi t ion and analysis  
sys tem (10). Usual ly  100 da ta  points  were  t aken  at  
200 ~sec intervals .  The chronocoulometr ic  values  for 
surface concentrat ions of adsorbed e lec t roact ive  spe-  
cies were  obta ined  by  subt rac t ing  the charge changes 
measured  in rhod ium- f r ee  solutions f rom the  in te r -  
cepts of charge- ( t ime)1/2  plots or, in some cases, f rom 
the  charge va lue  of the  first da ta  poin t  (acqui red  200 
~ e c  af te r  the potent ia l  s tep was appl ied) .  The ac-  
curacy of the resul t ing  values  of the  quan t i ty  of ad -  
sorbed species is discussed in the  text .  

Control led  potent ia l  e lectrolyses  at  s t i r red  mercu ry  
pool e lectrodes were  car r ied  out  b y  means  of a Wenk-  
ing potent ios ta t  (Model  TR).  The electrolyses  currents  
and the i r  t ime in tegra ls  were  d isp layed  on a pen  and 
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ink recorder.  Changes in solution pH result ing from 
electrolysis were  determined with  a conventional  pH 
mete r  and a Fisher  Scientific Company "Blue Glass" 
pH electrode which was cal ibrated so that  its readings 
could be converted direct ly to the analytical  concen- 
trations of H + and O H -  in the range from 10 -3 to 
10-1M. 

Steady-s ta te  background currents continued to  flow 
at the end of the controlled potential  electrolysis of 
solutions of trans-Rh(en)~C12 + or t rans-Rh(en)~-  
CI(OH) + at --1100 or --1200 inV. The magni tude  of 
these currents  increased as the applied potential  be-  
came more  negat ive but they were  typically of the 
order of 20-30 ~A/cm 2 after  a 40-50 min  electrolysis. 
Under  these conditions the background correct ion 
(Qbackground ~ /steady state X telectrolysis) amounted to ca. 
10-15% of the total charge consumed. 

Spectra of the electrolysis solutions were  obtained 
at various stages during an electrolysis by t ransferr ing 
aliquots under  ni t rogen to previously purged spectro- 
photometer  cells and recording the spectra with a Cary 
Model 11 or  Beckman spectrophotometer .  

Results and Discussion 
The electrochemical  behavior  of t rans-Rh(en)~-  

C12 + is complicated by a tendency toward severe 
"maxima"  related st i rr ing of the solution at both 
hanging and dropping mercury  electrodes. Fur the r  
complications are introduced by the pH dependent  
chemical  reactions engaged in by the initial product of 
the electrode react ion to yield electroinact ive final 
products. A combination of pulse techniques and con- 
trolled potential  electrolyses wi th  continual spectral  
moni tor ing of the solution was employed to t ry  to deal 
wi th  the many  exper imenta l  obstacles inherent  in the 
e lect rochemist ry  of this complex and its reduct ion 
products. Because the behavior  observed is quite de- 
pendent  on pH it seems profitable to divide the de- 
scription of the results on the basis of the  solution 
pH. 

The most prominent  of the electrochemical  and cou- 
pled chemical processes exhibi ted by the Rh(en)2C12 + 
system are summarized in Scheme I which may  be 
useful as a reference guide during the discussion to 
follow. 

2 (en)2Rh H g O H 2 +  Rh(en]zH(OHz)Z++~e+~- I/2 H2 (cotolyzed) 

20H-I-IOO mV l +Hg-2e- H ~' +2e- 

4+  pH ~ 7 pH~ 12 
F(en)2 RhL Hg - Rh(en)zCI2 + �9 Rh(en)zH ( O H ) + ~  Rh(en)2++ H20 L ~, +~0.7 e-, -7OOmV - 20OmV 

2Rh(en}2 + + H g  +~O.OGe-lpH~12 +2e -[200mV Hg elect. 
Hg -700 mV 

elect. 1 
[Rh(en) +] 0.03 Rh(en}z+ +Rh(enl2Cl(OH) + - -  [Rh(en)2+! ....... 

odSOrbed 

Scheme I - E~ectrode Reochons  of Rh(en)2Cl2 + on Mercury 

Reduction of trans-Rh(en)2Clz + in the presence of 
protons.--In acidic solutions the trans-Rh(en)2C12 + 
complex displays its least complicated behavior.  Cyclic 
vo l t ammet ry  in solutions in which the hydrogen ion 
concentrat ion is greater  than the concentrat ion of the 
complex gives two wel l - separa ted  waves during po- 
tent ial  scans in the direct ion of more  negat ive poten-  
tials and no corresponding oxidation waves when  the 
scan direction is reversed.  The peak potential  of the 
first reduct ion wave  varies wi th  the scan rate  (--Ep : 
580, 630, and 700 mV for scan rates of 0.46, 4.6, and 46 
V/sec, respect ively)  whi le  the peak c0rrent  varies 
l inear ly  wi th  the concentrat ion of the complex and 
with the square root of the scan rate. The potential  of 
the second reduct ion wave  also shifts wi th  scan rate 
(--Ep = 1140, 1190, and 1280 mV for the same three  
scan rates) and the peak current  is proport ional  to the 
square root of the scan ra te  and to the sum of the 

concentrations of the rhod ium(I I I )  complex and hy-  
drogen ion. 

The number  of electrons consumed in the charge-  
t ransfer  process associated with  the first reduction 
peak under  pulsed conditions was determined chrono- 
coulometrical ly (9) from the slope of charge-  (time) 1/2 
plots for a potential  step from --200 to --700 mV. Such 
plots were  l inear  wi th  slopes (ca. 600 ~coulombs cm -2 
sec -z/2 mM -1) consistent wi th  diffusion controlled re-  
duction of the complex with  the consumption of two 
electrons. The intercept  of these plots on the charge 
axis matched that  obtained in rhod ium-f ree  solutions 
indicating that the complex is not adsorbed on the 
electrode in detectable quantities. 

Controlled potential  reduct ion of t r a ~ - R h ( e n ) 2 C l ~  + 
at a Hg pool cathode at --700 mV proceeds normal ly  in 
acidic solutions wi thout  any spectral  evidence for the 
formation of an in termedia te  product. The starting 
complex is converted quant i ta t ive ly  to trans-Rh (en)2- 
H (OH2)2+ which was identified from its known ul t ra-  
violet  spectrum (7). The electrolyses consumed 2 
Faradays of electr ici ty and 1 mole  of protons per  mole 
of trans-Rh(en)~C12 +. The electrode process under  
both pulsed and controlled potential  electrolytic condi- 
tions thus appears to proceed as follows 

Rh(en)2c12 + + 2 e ~  Rh(en)2  + + 2C1- [1] 

Rh(en)2  + + I~O + ~ Rh(en)2H(OH2)  2+ [2] 

Cyclic vo l tammet ry  conducted in acidic solutions 
containing only t rans-Rh(en)  2H(OH2) 2+ gives rise 
to a single reduct ion wave  with  a peak potential  near  
--1200 mV which matches the second wave  obtained 
with solutions of Rh(en)2C12 § There is no oxidation 
wave  during the posit ive going potential  scan. The 
peak current  is proport ional  to the concentrat ion of 
hydrogen ion and controlled potential  electrolyses (at 
--1300 mV) of acidic solutions of t rans-Rh(en)~-  
H(OH2) 2+ result  only in the consumption of hydro-  
gen ion with 100% faradaic efficiency. The large  initial 
electrolyses currents  decay smoothly to large steady- 
state currents and result  in an increase in solution pH. 
Coulometric measurements  showed that  1 Faraday 
of charge is consumed per mole of hydrogen ion re-  
duced. Fur ther  reduct ion at --1300 mV at the s teady- 
state current  level  results in a continuous increase in 
pH with  the production of 1 mole  of hydroxide ion for 
each Faraday of charge consumed. The cathodic peak 
present  in acidic solutions at --1200 mV was absent 
from the electrolysis solutions at this point. The u.v. 
spectrum of the trans-Rh(en)2H(OH2) 2+ complex re-  
mained unchanged throughout  the electrolyses as the 
pH increased from 3 to 11. The trans-Rh(en)2H (OH2) 2+ 
complex thus appears to be effective in decreasing 
the hydrogen overvol tage  at mercury,  but  the mecha-  
nism for this catalytic action is uncertain.  

Reduction of trans-Rh(en)2CI2 + at intermediate and 
high pH values.--The cyclic vol tammetr ic  behavior  of 
trans-Rh(en)2C12 + in neutra l  and alkaline solutions 
becomes increasingly more complicated as the concen- 
t rat ion of the complex is increased and /or  the poten-  
tial scan rate is decreased. However,  re la t ive ly  
s t ra ight forward behavior  can be obtained by working 
with dilute solutions (0.1 mM) at sweep rates from 
0.5 to 50 V/sec and the results of exper iments  con- 
ducted under  these conditions wil l  be analyzed first. 
Figure  1 shows a typical set of vol tammograms ob- 
tained at pH 12 in which two reduction waves, at ca. 
--650 and --1100 mV, and an oxidation wave  near  
--200 mV are present. The ratio of the peak current  to 
the square root of the scan rate  becomes larger  as the 
scan rate is increased for both the first reduct ion wave  
and the oxidation wave. At a fixed scan ra te  the peak 
current  for the oxidat ion wave  does not increase 
l inear ly  with the concentrat ion of the complex but at 
a somewhat  lower  rate. 

Control led potential  electrolyses of alkaline solu- 
tions of trans-Rh(en)2C12 + at --700 mV consume only 
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Fig. 1. Cyclic voltammograms for trans-Rh(en)2CI2 + at pH 12. 

Conc. of complex: 0.1 raM. Supporting electrolyte: 1M CH3SO3Na 
(sodium methane sulfonate), 0.01M NaOH. Scan rates (V/sec): 
curve |, 0.46; curve 2, 0.92; curve 3, 1.84; curve 4, 3.68. 

ca. 0.05 Faradays of electricity per mole of the com- 
plex before the electrolysis current  decreases to a very 
small  value. Spectral analysis of the resul t ing solutions 
shows that  the init ial  complex has been converted 
quant i ta t ive ly  into t r ans -Rh  (en) 2C1 (OH) +, the spec- 
t rum of which has been reported (11). A cyclic volt-  
ammogram of this solution, Fig. 2, contains a single 
reduct ion wave with a scan rate dependent  peak po- 
tential  near  --1000 inV. This conversion of the dichloro 

I I I I I I 

I 2~A 

% 

- 0 . 2  - 0 . 6  - 1.0 
E/v 

Fig. 2. Cyclic voltammogram for trans-Rh(en)2ClOH + at pH 12. 
Canc. of complex: 0.9 raM. Supporting electrolyte as in Fig. 1. Scan 
rate: 0.46 V/sec. 

to the monochloro complex most l ikely proceeds by  
means of a Rh (1) -catalyzed inner  sphere redox reac- 
t ion in  which the Rh(en)2  + generated electrochemi- 
cally, reaction [l] ,  catalyzes the loss of one and only 
one chloride from the dichloro complex by reducing 
it via a chloride bridged t ransi t ion state, reaction [3] 
(12-14) 

Rh(en)~ + + Rh(en)~C12 + 

-* [ ( e n ) 2 R h -  C1 -- Rh(en)2C12+ ] 4- 

O H -  
(en)2RhC1OH + + Rh(en)~ + + C1- [3] 

Since the t r ans -Rh(en)2Cl (OH)  + product is reduced 
at considerably more negative potentials than the ini-  
tial t rans-Rh (en) 2C12 + complex, only a small  amount  
of electricity is consumed dur ing the controlled po- 
tential  electrolysis at --700 mV before the solution is 
converted to an electroinactive form. This same cata- 
lytic decomposition of Rh (en)~C12 + by a product of its 
reduction is responsible for the peak current  for re-  
duction of trans-Rh(en)~C12 + near  --650 mV (Fig. 1) 
being disproportionately large at high sweep rates 
when less time is available for the decomposition to 
occur. However, even at the highest sweep rates em- 
ployed in  Fig. 1, the appearance of the second re-  
duction wave near  --1100 mV gives evidence of some 
t r a n s - R h ( e n ) 2 C l ( O H )  + having been formed within  
the diffusion layer  via reaction [3]. 

Controlled potential  electrolysis of neut ra l  and al-  
kal ine solutions of either t r a n s - R h  (en)2C12 + or t r a n s -  
Rh(en)2CI(OH) + at --1200 mV proceeds smoothly 
without  any evidence for the formation of an in ter -  
mediate, and 2 Faradays /mole  of rhodium are con- 
sumed (after correcting for the background currents;  
see the Exper imental  section). The spectrum of the 
resul t ing solution is consistent with that reported for 
t r a n s - R h  (en)  2H (OH2) 2 + (7), which is in  equi l ibr ium 
with Rh(en)2  + according to react ion [4] (7) 

Rh(en)2  + -5 2H20~--Rh(en)2H(OH2) 2+ + O H -  [4] 

Chronocoulometry was employed to demonstrate 
that  the number  of electrons involved dur ing pulsed 
electrolysis of t r a n s - R h ( e n ) 2 C 1 2  + is the same as that 
consumed dur ing controlled potential  electrolysis, 
namely  two electrons per molecule of complex. Charge 
vs. (time)1/2 plots were analyzed as a funct ion of the 
concentrat ion of t r a n s - R h ( e n ) 2 C 1 2  + and the electrode 
potential  (Fig. 3 and 4). Linear  plots result  when  the 
potential  is stepped from --200 to --800 mV with the 
most dilute solutions bu t  the slopes of the plots are 
about  25% smaller  than would correspond to a dif- 
fus ion  controlled two-electron reduction. At higher 
concentrations of the complex the deviations from 
l inear i ty  of the plots in Fig. 3 doubtless reflect the 
increased importance of reaction [3] in  the presence 
of the larger  concentrat ions of the Rh (en)2 + catalyst 
being generated in  the diffusion layer. When the po- 
tent ial  is stepped to more negative potentials such as 
--1100 mV (Fig. 4), both trans-Rh(en)2C12 + and 
t r a n s - R h ( e n ) 2 C l ( O H )  + are reduced at diffusion con- 
trolled rates and the chr0nocoulometric plots are l inear  
for all init ial  concentrations of the complex. The ratio 
of the slopes of the plots to the concentrations of rho- 
d ium(I I I )  present  are also correct for a two-electron, 
diffusion controlled reduction. 

The electrolysis product obtained at --1100 or --1200 
mV was identified spectrally (7) as Rh(en)2H(OH2) 2+. 
This complex gives no reduction wave in alkaline solu- 
tions before the evolution of hydrogen which is, how- 
ever, catalyzed by the presence of the complex. 

Cyclic vol tammograms for trans-Rh(en)~C12 + re-  
corded in neutral ,  unbuffered supporting electrolyte 
(1M sodium methane  sulfonate) a re  shown in Fig. 5. 
These vol tammograms resemble those obtained at pH 
12 (Fig. 2). The only significant differences are the 
shifts in the peak potentials to more positive values for 
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Fig. 3. Chronocoulometric plots for the reduction of trans- 
Rh(en)2C[2 + at - -800 mV. Supporting electrolyte as in Fig. 1. 
Initial potential: - -200 inV. The double-layer charging blank, 
Qd.]., was subtracted from each point. Conc. of the complex (raM): 
curve 1, 0.1; curve 2, 0.2; curve 3, 0.4; curve 4, 0.65; curve 5, 0.9. 
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Fig. 4. Chronocoulometric plots for the reduction of trans- 
Rh(en)=CI2 + at --1100 inV. All other conditions as in Fig. 3. 
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Fig. 5. Cyclic voltammograms for trons-Rh(en)2CI2 + at pH 7. 

Conc. of complex: 0.1 raM. Supporting electrolyte: |M  CH3SO3Na. 
Scan rotes (V/sec): curve 1, 0.46; curve 2. |.84; curve 3, 3.7. 

the second reduct ion wave (--900 vs. --1100 mV at 
pH 12) and the single oxidation wave (0 vs. --200 mV 
at pH 12) as well as a decrease in  the magni tude  of 
the peak current  for the oxidation wave. 

The chronocoulometric charge-(t ime)1/2 plots mea-  
sured at --700 mV in neut ra l  support ing electrolytes 
show deviations from l inear i ty  that  become quite pro- 
nounced as the ini t ial  concentrat ion of Rh(en)2C12 + 
is increased (Fig. 6A). At the higher concentrations 
the rate of accumulat ion of charge, i.e., the current,  is 
considerably below the rate that  would correspond 
to a diffusion controlled, two-elect ron reduction. How- 
ever, when  the potential  to which the electrode is 
stepped in  the chronocoulometric exper iment  is made 
more negative, e.g., --1100 mV, linear, two-electron, 
diffusion controlled, charge- (time) 1/s plots are ob- 
tained (Fig. 6B). 

Controlled potential  electrolysis of ini t ia l ly neutral ,  
unbuffered solutions of t r ans -Rh  (en)~C12 + at -- 1200 
mV consumes 2 Faradays /mole  of complex and yields 
solutions of higher pH (pH 10-12 depending on the 
init ial  concentrat ion of complex) with a spectrum 
matching that  of Rh(en)~H(OH2)+.  However, when  
the electrolysis is conducted at potentials between 
--700 and --1000 mV, where deviant  chronocoulomet- 
ric plots are obtained, a new, highly colored electrol- 
ysis product appears and attains a max imum concen- 
t rat ion after 0.7 to 1.2 Faradays of charge per mole of 
complex have been passed. The spectra of this new 
species is quite similar to that  reported by  Gillard 
and co-workers (7) who have previously described 
controlled potential  electrolyses of neut ra l  solutions of 
t rans-Rh (en)~C12 +. They believed they had generated 
a dimeric complex of Rh( I I )  to which they ascribed 
the spectrum of t h e  colored product, but  recent ex-  
periments  (8) have identified the species as a mer -  
curated adduct of Rh( l ) ,  (en)2RhHgRh(en)24+ which 
is formed by  the s imultaneous occurrence of a reduc-  
t ion and an oxidation reaction at the mercury  elec- 
trode at potentials be tween --700 and --2000 inV. The 
reactions by which this intermediate  is thought  to be 
generated are as follows (8) 

Rh(en)2C12 + + 2e-  ~ Rh(en)2  + -+- 2C1- [1] 

2Rh(en)2 + + Hg ~ (en)~RhHgRh(en)s  4+ -t- 2e -  [5] 
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Fig. 6. Chronocoulometric plots for the reduction of trans- 
Rh(en)2CI2 + at ,oH 7. Supporting electrolyte: 1M CH3SO~Na. 
Conc. of complex (raM): curve 1, 0.1; curve 2, 0.2; curve 3, 0.4; 
curve 4, 0.7; curve 5, 0.95; curve 6, 1.3. Initial potential: - -200 
inV. Final potential: A, - -700 mV; B, --1100 inV. The double- 
layer charging blank, Qd.L was subtracted from each point. 

The fact that  electrons are l iberated in reaction [5] 
is the main  reason that chronocoulometric plots having 
slopes well below the level corresponding to a two- 
electron reduction of trans-Rh(en) 2C12 + are obtained 
at --700 mV (Fig. 6A) despite the fact that all of the 
Rh(I I I )  is reduced to Rh( I ) .  And the increasing de- 
viations of these slopes from the two-electron value 
at larger init ial  concentrations of trans-Rh(en)2C12 + 
reflects the increasing importance of reaction [5] as 
the concentrat ion of Rh(en)2  + generated at the elec- 
trode surface in reaction [1] increases. The reason that 
the mercurated product is not observed at low pH is 
that  the concentrat ion of Rh(en)2  + generated in  acid 
solutions is much lower because the equi l ibr ium in-  
volved in reaction [2] lies far to the right. At high 
pH, the trans-Rh(en)2C12 + ini t ia l ly present  is con- 
verted to t r ans -Rh(en)2Cl (OH)  + very early in the 
electrolysis (vida supra) and the lat ter  complex can be 
reduced only at more negative potentials where re-  
action [5] proceeds at an insignificant rate (8). 

Oxidation ol trans-Rh( en)2H ( OH2)Z +.--No oxidation 
waves for trans-Rh(en) 2H(OH2)2+ appear in  acidic 
solutions, but  in neut ra l  and especially in  alkaline 
solutions this complex does exhibit  oxidation waves. 
Figure 7 shows a cyclic vol tammogram for this com- 
plex in  1M NaOH in which the potential  was first 
scanned to more positive values and then reversed. 
The two reduction waves observed during the last 
half  of the cycle only appear when the positive scan 
is allowed to traverse the potential  region around 
--300 mV where the single oxidation wave appears. 
The oxidation wave moves steadily to more positive 
potentials as the scan rate is increased unt i l  it merges 
with the background current  corresponding to oxida- 

r r  

C.) 

I 

I 1 I I I I 
- 0 . 2  - 0 . 6  - I . 0  

E/v 
Fig. 7. Cyclic voltammogram for trans-Rh(en)2H(OH2) 2+ in 1M 

NaOH. Conc. of complex: I raM. Scan rate: 0.18 V/sec. 

t ion of the mercury  electrode in the highly alkaline 
electrolyte. 

Controlled potential  electrolysis of the same solution 
at --100 mV leads to the stepwise formation of two 
mercurated complexes according to reactions [5] and 
[6] which each l iberate 1 Faraday/mole  of rhodium 
(8) 
(en)2RhHgRh(en)24+ + 2 O H -  + Hg 

-~ 2(en)2RhHgOH 2+ + 2e-  [6] 

Thus these two rhod ium-mercury  complexes are the 
logical candidates for assignment to the two reduction 
waves observed dur ing the last half  of the cyclic volt-  
ammogram in Fig. 7. This assignment was confirmed 
by recording the vol tammogram for alkal ine solu- 
tions of (en)2RhHgOH 2+ and [(en)2Rh]2Hg4+ (pre- 
pared electrolytically).  These voltammograms, Fig. 8 
and 9, show that  (en)2RhHgOH 2+ gives rise to a re-  
duction wave hav ing  a peak potential  between --500 
and --600 mV while [(en)2Rh]2Hg 4§ is reduced be-  
tween --800 and --900 inV. Thus the reduct ion wave 

I 1 I '' I I ' I ' i I 

0 

1 I I I I I t, I 
- 0 . 3  - 0 . 5  - 0 . 7  - 0 . 9  

E/V 
Fig. 8. Voltammagram for (en)2RhHgeH 2+. Conc. of complex, 

1 raM. Supporting electrolyte: 0.1M CHsSO~Na, 0.1M NaOH. Scan 
rate: 0.46 V/sec. 

t 
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Fig. 9. Cyclic voltammogram for (en)2RhHgRh(en)2 4+. Conc. of 

complex: 0.5 raM. Supporting electrolyte: O.1M CH~SOsNa, 0.1M 
NaOH. Scan rate: 4.6 V/see. 

near  --500 mV in Fig. 7 can be a t t r ibuted to react ion 
[7] 

(en)2RhHgOH 2+ + 2 e -  --> Rh(en)2  + + Hg -b 2 O H -  
[7] 

and the wave  near  --800 mV to react ion [8] 

[(en)2Rh]~Hg 4+ + 2e -  -> 2Rh(en)2 + + Hg [8] 

Al though [ (en)2Rh]2Hg 4+ is not present in the  solu- 
t ion used to record Fig. 8, a reduct ion wave  for this 
complex appears because it is formed in the diffusion 
layer  next  to the electrode by reaction be tween  
(en) 2RhI-IgOH 2 + and the Rh (en) 2 + that  is generated at 
the electrode during the first reduct ion wave  

(en)~RhHgOH 2+ + Rh(en )2  + 

--> [(en)~Rh]2Hg 4+ + O H -  [9] 

Control led potential  electrolysis of alkaline solutions 
of (en) 2RhHg (OH) 2+ at --1000 mV produced results 
that  are consistent with this interpretat ion.  The con- 
centrat ion of (en) 2RhHg (OH) 2 +, determined spectro- 
photometr ical ly  (8) during the course of the electrol-  
ysis, decreases l inear ly  wi th  the quant i ty  of electr ici ty 
consumed while  the concentrat ion of [ (en)  2Rh]2Hg 4+ 
increases. The max imum concentrat ion of the la t ter  is 
reached after  approximate ly  1 Faraday of cha rge /mole  
of complex has been consumed, at which point the 
concentrat ion of (en)2RhHgOH 2+ has become essen- 
t ial ly zero. Continued electrolysis at --1000 mV re-  
quires an additional Faraday  per mole  of rhodium and 
converts  all of the [(en)2Rh]2Hg 4+ into Rh(en)2 -  
H (OH2) 2+ . 

The foregoing results al low the oxidat ion wave  ap- 
pearing near  --300 mV in Fig. 7 during an ini t ial ly 
posit ive potential  scan with  alkaline solutions of 
Rh(en)2H(OH2)  2+ to be ascribed to reactions [5] and 
[6] occurring at potentials too close together  to yield 
separate waves. The same reactions are also presumed 
to account for the oxidat ion waves observed during 
the second, oxidat ive port ion of the cyclic vo l t am-  
mograms of trans-Rh(en)2C12 + (Fig. 1) and trans- 
Rh(en)2C1OH + (Fig. 2) because Rh(en)2H(OH2)  2+ 

and ( therefore)  Rh(en)2  + are generated at the elec-  
trode during the init ial  reduct ive  potential  scan. The 
oxidation wave  exhibits  a peak potential  that  is more 
negat ive  (ca. --300 mV) at pH 14 (Fig. 7) than in less 
alkaline solutions (ca. --50 mV in Fig. 1). This pH de- 
pendence could result  f rom the pH dependence of 
equi l ibr ium (2) that  produces the Rh(en)~  + in te r -  
mediate  as well  as from the direct involvement  of hy-  
droxide in the second stage of the oxidat ive electrode 
react ion (Reaction [6]).  

Possible adsorption oJ Rh(en)2+. - -The  strong tend-  
ency for Rh(en)2  + to behave  as a Lewis base to form 
rhod ium-mercury  bonds (8) made  it seem l ikely that  
this complex would be adsorbed on the surface of 
mercury  electrodes. To examine  this possibility, chrono- 
coulometric exper iments  were  conducted wi th  solu- 
tions of Rh(en)2H(OH2)  2+ at pH values f rom 5.3 to 
14 in the expectat ion that  equi l ibr ium (2) would pro-  
vide a source of Rh(en)2  + in these solutions. Single 
potential  steps were  applied to the electrode f rom 
various initial values (between --1200 and --400 mV) 
to the most positive value possible at each pH without  
producing direct oxidat ion of the electrode to give 
Hg(OH)2.  The charge- t ime data result ing from each 
potential  step were  recorded every  200 ~sec. (Table I 
shows a typical set of data points obtained, in this 
case, at pH 14.) Examinat ion  of the data on a point-  
by-point  basis reveals  that  the initial rate of charge 
consumption is quite large, exceeding in some cases the 
rate  at which the bulk complex could be direct ly oxi-  
dized under  diffusion l imi ted conditions (Table I) .  
However ,  the high initial rates diminish within  a few 
hundred microseconds to values far  below the diffusion 
l imi ted values. This pa t te rn  of charge- t ime behavior  is 
consistent with the presence of an adsorbed complex, 
e.g., Rh(en)2  +, whose rate  of oxidation is l imited by 
charge- t ransfer  kinetics at the most positive accessible 
potentials. The rapid decline in the rate  of accumu- 
lat ion of charge indicates that  when  the adsorbed 
complex is oxidat ively  removed its rate of replenish-  
ment  from the reservoir  of unreacted Rh(en)2-  
H (OH2) 2+ complex is quite  low. 

Inasmuch as we were  unable to find conditions 
where  diffusion controlled oxidation rates could be 
sustained, the chronocoulometric  data could not be 
analyzed in the usual way by plott ing the charge vs. 
(t ime) 1/2 and extrapolat ing to zero t ime to determine 
the quant i ty  of adsorbed reactant  (9). Instead, the 
first data point, recorded 200 ~sec fol lowing the posi- 
t ive potential  step, was taken as an approximate  mea-  
sure of the quant i ty  of adsorbed complex. The double- 
layer  charging blank, measured by stepping the po- 
tent ial  be tween the same two values in rhodium-f ree  
electrolyte, was subtracted from the first data point to 
obtain approximate  values for the adsorption. This 
procedure wil l  underes t imate  the amount  of adsorption 
if the rate of oxidation of the adsorbed complex is too 
low for the react ion to be complete in 200 ~sec, but the 
fact that  the rate of charge accumulat ion is consider- 
ably smaller  by the t ime 400 ~sec has elapsed (Table I) 

Table I. Charge-time data during the oxidation of a 1.06 mM 
solution of Rh(en)2H(OH2) 2+ at --200 mV in 1M NaOH 

Calcu la t ed  
charge  for  a 

T ime ,  msec  Charge,a  ]~coulombs/cm 2 for  i n i t i a l  two-e l ec t ron  
a f t e r  po ten -  p o t e n t i a l s  (mV) of d i f fus ion  con-  

t i a l  s tep  --1209 --1000 --800 --600 --400 t r o l l e d  case 

0.2 8.1 16.2 19.3 13.9 8.6 9.0 
0.% 10.3 19.6 22.7 17.1 10.9 12.7 
0.6 10.8 20.1 23.2 17.7 11.3 15.6 
0.8 11.3 20.6 23.6 18.2 11.7 18.0 
1.0 11.4 20.7 23.6 18.3 11.8 20.1 
2.0 12.0 21.4 24.3 19.1 12.5 28.4 

20.0 15.8 24.8 27.7 24.0 16.4 90.0 

a The d o u b l e - l a y e r  c h a r g i n g  b l anks ,  Qd.l. ,  we re  s u b t r a c t e d  f r o m  
the  charge  v a l u e s  a t  each po ten t i a l .  
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makes this an  unl ike ly  source for serious error. A n  
overestimate of the adsorption will  result  if the true 
double- layer  charging b lank  is diminished by the ad- 
sorption or if significant unadsorbed reactant  diffuses 
to the electrode during the first 200 ~sec. Neither of 
these sources of possible error appeared to be signifi- 
cant enough to affect the quali tat ive feature.s observed. 

The fact that the oxidative current  falls rapidly to 
very low values could reflect a sluggishness in the rate 
of reaction [2]. Mild evidence against this in terpre ta-  
t ion was obtained by extending the measurements  to 
much longer times and observing no significant in-  
crease in the slopes of the charge-(t ime)1/2 plots. An 
al ternat ive  possible origin of the brevi ty  of the oxida- 
t ion currents  is that the product of the oxidation of 
the adsorbed complex is itself adsorbed. This could re-  
sult in a sizable diminut ion in the rate of an oxida- 
t ion reaction which required the formation of mer -  
cury- rhodium bonds by depriving the rhodium com- 
plex of access to the mercury  surface. 

Figure 10 summarizes the estimated adsorption as a 
funct ion of ini t ial  potential  and solution pH. In  con- 
vert ing the measured charges into moles of adsorbed 
complex it was assumed that the electrode reaction re- 
leases two electrons per molecule of Rh(en)2  +, i.e., 
that  the net  reaction product is (en)2RhHgOH 2+. The 
uniform increase in adsorption with pH is the s trong- 
est evidence for the suggestion that  the adsorbing 

' I 
I 0 - -  

9 -  

8 - -  

7 -  

5 -  

2 -  

- 0 . 4 0  

% 
- -  6 
X 

% 
~5 

E 
~4 

I 1 I ol I I I I 1 4  

- 0 . 6 0  - 0 . 8 0  - 1 .00 

E/V 

Fig. 10. Approximate adsorption of what is thought to be 
Rh(en)2 + (see text) as a function of pH and electrode potential. 
The solution contained 1.06 mM Rh(en)2H(OH2) 2+,  1M CH3SO3Na, 
and NaOH to adjust the pH. The plotted values of F are based on 
the total charge passed 200 ~sec after an anodic potential step 
was applied less the double-layer charging blank. The initial po- 
tentials are plotted as abscissa. The final potentials and pH values 
were: curve !, - -200 mV, pH 14; curve 2, --150 mV, pH 13; curve 
3, - -150 mV, pH 11.9; curve 4, - -50 mV, pH 10.8; curve 5, - -50 
mV, pH 10.1; curve 6, +100  mV, pH 9; curve 7, +100  mV, pH 
5,3. 

species is Rh(en)2  + formed via the equi l ibr ium ex- 
pressed in reaction [4]. 

The dependence of the adsorption on the init ial  elec- 
trode potential  lacks a ready rationalization. The de- 
crease in the adsorption at the most positive poten- 
tials no doubt results from the partial  oxidation of the 
adsorbed complex at the init ial  Fotential  because 
small  anodic currents  were obtained at ini t ial  poten- 
tials of --500 or --400 mV in these solutions. The de- 
crease in adsorption at the most negative potentials 
may be a reflection of the Lewis acid base na ture  of 
the adsorption reaction. The Lewis acidity of the mer-  
cury surface will  be a function of its charge density, 
increasing at positive charges and declining at nega-  
tive charges (15). At the most negative charge den- 
sities the formation of the rhod ium-mercury  adsorp- 
t ion bond may be hindered because the mercury  based 
orbitals into which the rhodium(I )  complex donates 
electrons becomes increasingly occupied. 

Whatever  the origin of the potential  dependence of 
the adsorption, it is worth noting that  it may afford a 
simple and direct means for generat ing high local con- 
centrat ions of (unadsorbed) Rh(en)2  +. Exposing a 
mercury  electrode to a solution of Rh (en)2H (OH2)2+ 
at potentials between --600 and --800 mV appears to 
result  in the adsorption of Rh(en)2  +. If the potential  
is now stepped in the negative direction to, say, --1200 
mV, a portion of the adsorbed complex should be de- 
sorbed but  no faradaic reduction current  will  flow. If 
suitable substrates are added to the solution, it may 
be possible to observe an enhancement  in  their rates 
of (e.g., oxidative addition) reaction with the 
Rh(en)2  + because of its t rans ient ly  increased con- 
centration. Exper iments  to test this possibility are 
planned.  

Chronocoulometry o] [ (en)zRh]eHg4+.--In alkaline 
solutions [ (en)2Rh]2Hg 4+ can be oxidized (reaction 
[6]) as well  as reduced (reaction [8]). Figure 11 
shows charge-(t ime)1/2 plots for the reduction reaction 
at several potentials. The slopes correspond to a two- 
electron, diffusion controlled reduction and the small 
intercepts indicate li t t le or no adsorption of the com- 
plex. By contrast, when the potential  is stepped to 
values where the complex is oxidized, the chrono- 
coulometric plot (Fig. 12) displays a large intercept 
indicative of substantial  adsorption of an oxidizable 
species. The slope of the plot corresponds to a two- 
electron, diffusion controlled oxidation reaction. A 
possible explanat ion for this superficially discrepant 
behavior  takes advantage of the fact that adsorbed 
Rh (en) 2 + will contribute to the intercepts of anodie 
but  not to cathodic chronocoulometric plots because it 
is not reduced. Adsorbed Rh(en)2+ may be produced 
at intermediate  potentials in  alkaline solutions of 
[ (en) 2Rh]2Hg 4+ as follows 

[ (en) 2Rh]2Hg 4+ + O H -  

(en)2RhHgOH2+ + Rh(en)2+ [10] 

Reaction [10] resembles reaction [2] and the resul t ing 
Rh(en)2  + would adsorb on the electrode and con~ 
t r ibute  to anodic but  not cathodic chronocoulometrie 
intercepts. The fact that  the apparent  adsorption of 
Rh(en)2  + is larger  in  solutions of [(en)2Rh]2Hg 4+ 
than in solutions of Rh (en)2H (OH2)2+ may reflect the 
difference in the equi l ibr ium quotients for reactions 
[2] and [10]. 

Note that reduct ion of solutions of [(en)2Rh]2Hg 4+ 
at --1200 mV will  produce high local concentrat ions 
of Rh (en)2 + from the combinat ion of the desorption of 
the ini t ia l ly adsorbed Rh(en)2  + and the faradaic re-  
duction of [(en)2Rh]2Hg 4+ according to reaction [8]. 
Thus, solutions of this cation offer another  route to 
Rh(en)~ + which has the advantage [over the pre-  
viously described desorptive route via Rh (en)~- 
H(OH2) 2+] that the Rh(en)2  + can be generated 
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Fig. 11. Chronocoulometric plots for the reduction of 
(en)2RhHgRh(en)24+. Conc. of complex: 0.57 raM. Supporting elec- 
trolyte: 1M CH3SO3Na, 0.1M NaOH. The double-layer charging 
blank, Qd.1. was subtracted from each point. Initial potential: 
- -600  mV. Final potentia| (mV): curve 1, - -900;  curve 2, - -1000;  
curve 3, - -1100;  curve 4, --1200. 
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Fig. 12. Chronocoulometrie plot for the oxidation of 
(en)~RhHgRh(en)24+ at - -150  mV. All other conditions as in Fig. 
11. 

steadily at a rate l imited only by  the diffusion of the 
mercurated complex to the electrode surface. 

When [(en)2Rh]2Hg 4+ is reduced at in termediate  
potentials (--700 or --800 mV) the currents  are 
smaller  than  the diffusion l imited current  and their  
time dependence gives evidence of an apparent  in -  
hibit ion of the electrode process by a product of the 
reaction. The adsorption of Rh(en)~ + which is maxi -  
mal  at these potentials (Fig. 10) would produce an 
electrode surface bear ing a net positive charge (the 
quant i ty  of adsorbed cations exceeds the negative 
electronic charge) that  could easily result  in  a sharp 
decrease in the rate of reduct ion of a tetraposit ive re-  
actant, [(en)2Rh]2Hg 4+, because of its repulsion from 
the diffuse double layer. Such an effect would also help 
to account for the previous observat ion (8) that  
[(en)2Rh]2Hg ~+ is slowly reduced at --700 mV al-  
though this is also the potential  where the same com- 
plex can be generated dur ing the reduct ion of trans- 
Rh(en)2C12 + via reactions [1] and [5]. During the 
init ial  stages of such an electrolysis when  the con- 
centrat ion of Rh (on)2 + is largest, its adsorption on the 
electrode could be responsible for the temporary  in-  
hibi t ion of reaction [5] while reaction [1] proceeds. 
Later, when the trans-Rh (en)2C12 + has been largely 
consumed, the concentrat ion of Rh(en)2  + at the elec- 
trode surface will  be smaller  and its adsorption wil l  
decrease which could lead to an increase in  the rate of 
reduction of [ (en)2Rh]2Hg 4+ as its repulsion from the 
diffuse layer diminishes. Addit ional  measurements  are 
needed to verify this l ine of speculative reasoning bu t  
the evidence clearly indicates the presence of some 
kind of inhibi t ive coupling between the electrode re-  
action and its product. 

Anomalous cyclic voltammograms.--As ment ioned 
earlier, most of the complexes studied exhibited u n -  
usual  cyclic voltammetric  behavior  at higher concen- 
trat ions and with scan rates that  require several sec- 
onds for the recording of the voltammogram. Figure 13 
is an example of the k ind  of vol tammetr ic  behavior  
typically observed under  these conditions. The major  
anomalous feature in  the vol tammogram is the ap- 
pearance of a reductive current  peak dur ing the oxi- 
dative half  of the potential  cycle. Often this feature is 
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Fig. 13. Cyclic voltammogram for 0.9 mM trans-Rh(en)2CI2 + 

at a low scan rate: 0.18 Y/sec. All other conditions as in Fig. 1. 
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preceded by the appearance of several, less prominent  
current  peaks during the reductive half  of the potent ial  
cycle. Such "wrong-way" current  peaks in  cyclic volt-  
ammograms have been previously reported in a var ie ty  
of systems (16-19), especially those involving the gen- 
erat ion of free radicals capable of spontaneous reac- 
tions with mercury  electrode surfaces to yield organo- 
mercurial  products (16-18). Although we were usual ly  
able to find conditions (high scan rates, low concentra-  
tions) where these anomalies were absent, it seems 
worthwhile to report their  prominence under  other 
conditions and to express our concurrence with the 
suggestion (16) that their origin is related to that  of 
polarographic maxima, namely  convective st irr ing of 
the electrode-electrolyte interface (20). The sudden 
changes in  interracial tension usual ly  associated with 
such st i rr ing of the interracial region are accentuated 
by rapid changes in the concentrations of adsorbing 
species, Rh(en)2  + in the present  case. The fact that  
the "wrong-way" current  peaks appear at just  the po- 
tentials where the chronocoulometric data show the 
greatest adsorption of Rh(en)2 + adds support to this 
interpretat ion,  as does the s imi la r i ty  between the 
chemistry of organic radicals and Rh(en)2  +, both of 
which attack mercury  electrodes to produce mercu-  
rated products (8, 16, 18). 
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Electromigrational Depletion (ED)Chronopotentiometry 
Temperature Dependence of Diffusion in Molten BeL-LiF 

C. E. VaUet, z H. R. Bronstein, and J. Braunstein 
Chemistry Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830 

ABSTRACT 

New chronopotentiometric measurements  with a Be anode in highly viscous 
mol ten  95 mole per cent BeF2-5 mole per cent LiF mix ture  are described in 
the range of temperature  564r176 The t ransi t ion is a result  of electromi- 
grational depletion (ED) of mobile nonelectroactive l i th ium ions. The equa-  
t ion of the chronopotentiogram is derived with the l inear  phenomenological 
equations of the thermodynamics of irreversible processes. Interdiffusion co- 
efficients are derived from analysis of emf- t ime data along the chronopoten- 
tiograms rather  than from a t ransi t ion time alone. The low values, 3 X 10 -9-  
3 X 10 -7 cm2/sec and high Arrhenius  energy, 50.5 kcal/mol,  are compared 
with the results of molecular  dynamics computer experiments  and the values 
of other t ransport  coefficients in this and related systems. 

Transport  and thermodynamic properties of bery l -  
l ium fluoride-alkali  fluoride mixtures  are of interest  in 
connection with theories of ionic liquids and s t ructural  
relationships to silicates and other glass-forming sys- 
tems. Although studies of thermodynamic properties 
(1), t ransference numbers  (2), and electrical conduct-  
ance (3) have been reported for BeF2-rich fluoride 
systems, little diffusional behavior  has been reported, 

1 On l eave  f r o m  the  L a b o r a t o i r e  de T h e r m o d y n a m i q u e ,  Associe  au  
C.N.R.S., U n i v e r s i t e  de P r o v e n c e ,  F rance .  

Key  w o r d s :  b e r y l l i u m  e lec t rode ,  BeF2 d i s t i l l a t i on  apparatus, 
glasses, i r r e v e r s i b l e  t h e r m o d y n a m i c s ,  t r a n s f e r e n c e  n u m b e r .  

except for recent  molecular  dynamics (MD) computer 
experiments  (4). 

Recently we have shown that  on the basis of un i -  
cationic conduction (2) in MF-BeF2 mixtures  (by M + 
relative to F - )  a chronopotentiometric t ransi t ion is 
expected, and was demonstrated, at a Be anode in mol-  
ten BeF2-rich mixtures  containing NaF (5). The t r an -  
sition is a result  of electromigrational  depletion of 
mobile nonelectroactive alkali  ions rather  than, as in  
ordinary chronopotent iometry (6), faradaic depletion 
of electrically immobile electroactive consti tuents (5). 



1430 J. EZectrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  November  1974 

This phenomenon, which we  shall term ED, has been 
observed also with  an a luminum anode in alkali  chlo- 
r ide -a luminum chloride melts (7). Mutual  diffusion 
coefficients were  est imated from measured  transi t ion 
times with  the Sand equat ion (6), which had been de- 
r ived approximate ly  for ED chronopotent iometry  (5). 
The calculations also required est imation of the act iv-  
ity coefficients and the electrode areas (5, 7). 

In this paper we derive the equation of the chrono- 
potent iogram more r igorously wi th  the l inear  phe-  
nomenological  equations of the thermodynamics  of 
i r revers ib le  processes (8), considering the possible 
coupling be tween migrat ional  and diffusional flows and 
focusing at tent ion on the assumptions in the der iva-  
tion. We also present new chronopotent iometr ic  data 
at five tempera tures  in the system 95 mole per cent 
(m/o)  BeF2-5 m / o  LiF for which activity coefficient 
data are avai lable (1). Beryl l ium anodes of known 
area and geometry  were  employed. We present  the 
computat ion of the diffusion coefficient from emf- t ime  
data along the chronopotentiogram, ra ther  than from 
the transi t ion t ime alone. Finally, we discuss the re-  
sult ing diffusion coefficients and their  t empera ture  de- 
pendence in the l ight of the MD computer  exper iments  
and the values of other t ransport  coefficients in this 
system. 

ED Anodic Chronopotentiometry of Be in BeF2-Rich 
Mixtures with Alkali Fluorides 

Conditions for ED chronopotentiometry.--The dis- 
t inction be tween  ED and ordinary  chronopotent iometry  
may  be indicated with  reference to Fig. 1, which il-  
lustrates schematical ly the various flows in a vo l tam-  
metr ic  exper iment  wi th  a b inary  electrolyte  mixture ,  
here LiF-BeF2. In chronopotent iometry  a constant cur-  
rent  is caused to flow be tween  a working electrode or 
indicator electrode and a counterelectrode.  The Foten- 
tial is measured  be tween  the indicator electrode, which 
becomes concentrat ion polarized, and a reference elec- 
trode (or reference half  cell) through which no cur-  
rent  flows. The indicator electrode current  may be 
made anodic or cathodic, depending on the propert ies 
of the system and the aim of the investigation. 

In ordinary  chronopotent iometry  (6) the electroac-  
t i r e  consti tuent is present at very  low concentrat ion 
in a support ing electrolyte.  The function of this sup- 
port ing electrolyte is to suppress migra t ion  of the di-  
lute electroact ive solute whose electrical  mobi l i ty  may  
be as high as or higher  than that  of one of the support-  
ing electrolyte 's  ionic constituents. Under  these cir- 
cumstances the t ransference number  of the consti tuent 
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Fig. 1. Schematic representation of faradaic, diffusive, and mi- 
grational flows in anodic chronopotentiometry of Be in BeF2-LiF 
mixtures. Ion constituents: Q, Be~+; e, Li+; Q, F-. 

the Z are ionic charge magnitudes,  u the mobilities, 
and c" the molar  concentrations, is constrained to be 
essentially zero. If the faradaic process at the electrode 
consumes the dilute electroact ive consti tuent and con- 
vection is absent, only diffusion can resupply it to the 
electrode, since its electrical  migra t ion  has been sup- 
pressed. As the diffusion layer  extends fur ther  from 
the electrode surface, the region near  the electrode 
becomes depleted of electroact ive constituent and a 
sharp change of emf, or chronopotent iometr ic  t ransi-  
tion, occurs as a new faradaic process must  take place 
to sustain the constant current.  The current  is carried 
by the support ing electrolyte  which is present  at high 
concentration. If the solute is sufficiently dilute, the 
supporting electrolyte  also provides a uniform environ-  
ment  so that the act ivi ty coefficients do not change 
during the electrolysis. 

ED chronopotent iometry  is possible in a system 
where  the electroact ive consti tuent has very  low elec- 
trical mobil i ty  re la t ive  to the reference  constituent. 
For  example, in mol ten LiF-BeF2 mixtures,  the t rans-  
ference number  of Be 2+ is zero and that of Li + is one, 
re la t ive  to fluoride, over  a wide range of compositions 
(2). [In silicates (9) and in cryoli te mixtures  (10), the 
current  is carried by alkali  ions, and the situation is 
probably similar in alkali  ha l ide-a luminum halide 
mixtures  (7).] When a constant anodic current  is 
init iated at a Be electrode, the faradaic process is the 
formation of BeF2 at the electrode surface. If  the cur-  
rent  re la t ive  to fluoride ion consti tuent is carried only 
by Li + ion constituent, the fluoride ions in the vicinity 
of the electrode would be depleted of Li + v i r tua l ly  in-  
stantaneously. However,  back diffusion of Li + (ac- 
tual ly  interdiffusion of Be 2+ and Li+) ,  dr iven by the 
concentrat ion gradient,  supplies Li + to the electrode 
to sustain the current,  as i l lustrated in Fig. 1. The emf 
of the Be electrode re la t ive  to a reference electrode 
changes as electrolysis continues to form BeF2. The 
emf  undergoes an abrupt  change when near ly  all the 
Li + in the region near  the electrode has been replaced 
by Be 2+. Electromigrat ional  depletion of the nonelec-  
t roact ive solute Li + is thus the characterist ic feature  
of ED chronopotent iometry  that  is the analog of the 
faradaic depletion of electroact ive consti tuent in or-  
dinary chronoFotentiometry.  ED analogs of polarog- 
raphy, l inear sweep vol tammetry ,  and other  e lectro-  
chemical scanning methods should also be observable. 

Phenomenological equations for binary s y s t e m s . -  
Since the melt  has only two components, a single dif- 
fusional flow is possible, mutua l  diffusion of LiF and 
BeF2. In addition there  is an electrical  flow. Thus one 
might  wri te  the l inear  phenomenological  equations in 
terms of these flows (5), the forces consisting of a 
gradient  of chemical potential  (V~) and a gradient  of 
electrical  potential  (Vr  but this formulat ion is non- 
symmetr ic  and does not in general  satisfy the Onsager 
reciprocal relations. 

The proper flows for symmetr ic  formulat ion of the 
phenomenological  equations may  be der ived from the 
dissipation function, ~, wr i t ten  ini t ial ly in terms of the 
flows of the ionic constituents li thium, beryll ium, and 
fluoride. The forces are the gradients of electrochemical  

potential  [V~i ---- V(~i 4- FeiZi~)] of these constituents. 
Thus 

~' -- JL V~L ~- JB V/~B -I- JF V#F [2] 

In order to simplify the equations, the flows (Ji), con- 
centrations (ci), chemical potentials (/~ij), and electro- 

chemical potentials (~i) will be taken to refer to equi- 
valents rather than molesfi 

s The equations are thus applicable to charge unsymmetric binary 
mixtures as well as to mixtures of univalent salts without the need 
for carrying the ionic charge magnitudes through the derivation. 
Note, however, that the chemical potential per equivalent will be 
simply the molar chemical potential divided by the number of 
eqivalents, e.g., /s ~--- I/2 ~s SO that the activity coefficients 
need not be redefined to correspond to an equivalent fraction con- 
centration scale. 
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The flows of Li +, Be 2+, and F -  are related to the 
current  density 

JL -~ JB -- JF = I /F  [3] 

and the ionic electrochemical potentials may be com- 
bined to give the chemical potentials of the compo- 
nents 

/ - ~ f  ---- /ZL "3C /ZF; /-tBF --- /ZB ~ -  # F  [4] 

The two chemical potential  gradients are related 
through the Gibbs-Duhem equation 

CL V~LF + CB V~BF : 0 [5] 

The dissipation function, with flows all wr i t t en  re la-  
tive to any  common reference frame, becomes 

r - -  [ J B  - -  ( C B / C L ) J L  - -  I / F ] V / Z B F  q -  I / F  V/-t B [6] 

The appropriate  phenomenological  equations, incor-  
porating the Onsager reciprocal relation, may be wri t -  
ten  3 

- -  [ J B  F - -  ( C B / C L ) J L  F - -  I /F]  = D V / Z B F  AV LV~'~B [7] 

-- I / F  : L V / ~ B F  ~- KV/ZB [8] 

where the flows are taken relative to fluoride ion con- 
stituent.  The le f t -hand  side of Eq. [7] may be sim- 
plified using Eq. [3], and the gradient  of electrochemi- 
cal potential  can be el iminated by combining Eq. [7] 
and [8] to give 

(i -~ C B / C L ) J L  F = (~ -- LZ/K)  V#BF -- ( L / K ) I / F  [9] 

Identification o] the phenomenological coef f ic ients . -  
The conventional  t ransport  coefficients may be related 
to the phenomenological coefficients in the usual way. 
Thus Eq. [8] reduces, with V~BF ---- 0, to Ohm's law, 
whence 

K --- K/F [10] 
where ~ is the specific conductance. Division of Eq. 
[7] or [9] by I / F  and allowing the chemical potential  
gradient  to vanish shows that  

L / K  : -- (1 + CB/CL)tL F [11] 

where tL F = [JLF/(I/F)]IV~LF= 0 is the Hittorf t rans-  

ference number  of l i th ium relative to fluoride. Simi- 
larly, the terra f) -- L2/K may be related to the Fick's 
law mutua l  diffusion coefficient, D, in the volume fixed 
frame of reference if the partial  equivalent  volumes 
are constant. 

j~v  JL v 
D ----- -- . : -- - [12] 

VCB VCL 

From Eq. [7] and [8], noting that the left-hand side of 
Eq. [7] is independent of reference frame and ~BF 
~BF ~ + R T  In CB fBF 

JB v -  (CB/CL)JL v -  ~ - +  1 

( D  - L2/K)  = 
(RTr/CB) VCB 

[is] 
where ( dln,BF ) [14] 

r - -  1 -b dlnc------~ 

The equivalent  concentrations and part ial  equivalent  
volumes are related as 

c~V--B + CLVL = 1; V---BVcB + VLVCL = 0; 

VF = CLVL + CBVB [15] 
eL  + CB 

A l t h o u g h  t h e  f r i c t i o n  coef f ic ien t  f o r m a l i s m  i s  n o w  f r e q u e n t l y  e m -  
p loyed ,  w e  f o u n d  t h e  d e r i v a t i o n  i n  t e r m s  of  t he  f low coef f ic ien ts  
s i m p l e r  in  t h i s  e a s e  a n d  m o r e  c lose ly  r e l a t e d  to  t h e  m e a s u r e d  t r a n s -  
p o r t  p a r a m e t e r s .  I n  a n y  case ,  t h e s e  a re  i n su f f i c i en t  d a t a  to ca l cu l a t e  
t h e  e n t i r e  se t  of  ionic  f r i c t i o n  o r  f low coef f ic ien ts  fo r  t h e  L i F - B e F 2  
s y s t e m .  T h e  d e v e l o p m e n t ,  h o w e v e r ,  s o m e w h a t  p a r a l l e l s  L a i t y ' s  g e n -  
e ra l  t r e a t m e n t  in  t h e  f r i c t i o n  coef f ic ien t  f o r m a l i s m  (8b, e) .  

Combining Eq. [13], [12], and [15], and allowing I to 
vanish 

(f)  -- L2/K)  = D(1 + CBVB/CLVL)CB/RTF [16] 

Mutual diffusion coefficient.--Substitution of Eq. [11] 
and [16] into Eq. [9] leads finally to the relations be- 
tween the current  density, concentration gradient, and 
mutua l  diffusion coefficient 4 

V F  0CL 0 e L  
JL F--= - - D  _ - -  -{-tLFI/F~-- - - D  . + t L F I / F  

VB OX 04 
[17a] 

'1 0 I - -  :"  ~ oc o. 
_ F(D/tLF)  0CL_ [17hi 

04 

In  the above equations, 4 is a distance variable such 
that equal increments  d~ contain equal numbers  of 
fluoride, d4 ---- ( V B / V F )  dX. Equat ion [17b] provides 
one of the boundary  conditions for the system, since 
JL F must  vanish at the electrode surface (x ----- 0), as 
no l i thium ion consti tuent crosses the electrode sur-  
face. VF is the equivalent  volume of the mixture.  
Differentiation of Eq. [17a] with respect to the dis- 
tance variable leads to the analog of Fick's second law 
(11). In  the first approximation, constancy of D, tL F, 

a n d  V F  are assumed. 

.. _ :  - -  D - -  I / F  _ ~  D 
Ot 04 0~ 04 ~ [18] 

The other boundary  condit ion is that  of semi-infinite 
l inear  plane diffusion 

ci(x-> oo) ---- ci ~ 0 < t < oo [19] 

where the superscript  zero refers to the ini t ia l ly un i -  
form concentration. The init ial  condition is also the 
usual  one of ini t ial ly uniform composition 

c i ( t : O )  ----ci ~ 0 < x <  oo [20] 

In  the system LiF-BeF2, as in many  b inary  mol ten 
salt mixtures,  the partial  equivalent  volumes (12) are 
constant so that the single volume fixed Fick's law dif- 
fusion coefficient applies. In  the LiF-BeF2 system, 
furthermore,  the partial  equivalent  volumes are very 
near ly  equal, so that  the bracketed term in  the 
boundary  condition Eq. [17b] is very close to unity.  If 
a l s o  tL f : 1, the diffusion equat ion together with the 
ini t ial  and boundary  conditions reduce to those for 
ordinary  chronopotent iometry (6); however, D can- 
not be considered constant since the medium composi- 
t ion and viscosity change drastically dur ing the 
chronopotentiogram. As a first approximation, never -  
theless, we calculate, with the Sand equation an aver-  
age value of D or (more correctly) of 

which we shall designate D. 
In  a subsequent  paper we  shall analyze the concen- 

t rat ion dependence of the diffusion coefficients as de- 
termined from the mean  values obtained with differing 
ini t ial  mel t  compositions. Here we shall be concerned 
principal ly with the above mean  value calculated from 
the chronopotentiogram. 

Computation of the Mean Diffusion Coefficient 
Equation o~ the chronopotent iogram.--Al though D 

may be calculated from a measured t ransi t ion t ime 

4 T h e  s a m e  r e s u l t  (Eq. [17b])  w o u l d  be  o b t a i n e d  w i t h  f lows  w r i t t e n  
in  t h e  v o l u m e  f i xed  f r a m e  of  r e f e r e n c e  as  i n  Eq.  [13] s ince ,  a t  t h e  
e l e c t r o d e  s u r f a c e  (x = 0),  JB v = I / F  a n d  JL v = 0. 
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with the Sand equation, there are several reasons why 
it seems worthwhile to analyze the experimental  
chronopotentiograms avoiding the graphical concept 
of t ransi t ion t ime (13) and, rather,  to focus on the 
early portion of the chronopotentiogram rather  than 
only the later  portion: As Bos and Van Dalen (14) 
have pointed out for ordinary chronopotentiometry,  
the final part  of a chronopotentiogram is very sensi- 
tive to various errors involving, e.g., the geometry of 
the cell, convection in the melt, and capacity current.  
In  ED chronopotentiometry,  especially in systems such 
as LiF-BeF2, there is the additional complication that 
large changes of D and of tL may occur in  the composi- 
tion region near  that  corresponding to the t ransi t ion 
time, here pure BeF2. 

The emf along the chronopotentiogram (corrected 
for the IR drop) may be obtained by integrat ion of 
Eq. [8] and has been shown to be given (2, 5, 15) by 

2FE [ y yo ] 2FEE 
R T  = In in  ~ + (1 --  y )2  (1 --  yo) 2 R T  

[21] 

where y is the mole fraction of BeF2 (the zero sub-  
script referr ing to the init ial  composition) and the 
second term of the r igh t -hand  side is the "excess 
term" calculated from activity coefficient data. If the 
transference number  varies with composition, tL F rep-  
resents its mean  value. Here we proceed with the as- 
sumption tL F ---- 1 - -  t B  F "-- 1. Equat ion [21] may be 
solved numerical ly  by successive approximations to 
give the concentrat ion as a funct ion of time 

y( t )  = F ( E , t , E E ( y ( t ) ) )  

The diffusion coefficient can then be calculated at each 
time (or each concentrat ion) from the chronopotentio-  
metric expression for the concentrat ion at the elec- 
trode surface for a constant diffusion coefficient (5, 6). 

CLiF --" C0LLF - -  at 1/~ [22] 

where a : (2 /~ l /2 ) I / (FD 1/2) and the equivalent  con- 
centrations are related to the mole fraction as indi-  
cated previously (5). 5 

Excess t e rm . - - In  the absence of the excess term in  
Eq. [21] it is possible to solve Eq. [21] explicit ly for the 
concentrat ion as a funct ion of t ime from the emf 
values as a function of t ime along the chronopotentio- 
gram. Although the contr ibut ion from nonideal i ty  is 
small for high BeF2 content  melts, the computat ion 
presented here takes it into account, so that this pro- 
cedure can be applied without  change at lower BeF2 
contents. From the data given by Hitch and Baes (1) 
between 500 ~ and 700~ the activity coefficient of LiF, 
'TLif on the mole fraction scale, for solutions dilute in 
LiF, i.e., between 85 and 100% BeF2, is well  described 
by 

In ~ L i f  ~ constant -}- 5.34y [23] 

The Gibbs-Duhem relat ion leads to the relat ion for the  
activity coefficient of BeF2 in this composition range 

d In "]BeF2 "-- - -  5.34 ( 
1 Y ] ~u [24] 
- 7  

and the "excess term" becomes (5) 

2FE E 
- -- --5.34 (In (Y/Yo) + (Y -- Yo) ) [25] 

RT 

Di~usion coe1~cient.--In practice, some 10-25 (E, 
t ime)i  pairs were read from a recorded chronopoten- 
tiogram. The combination of Eq. [21] and [25] was 
solved by computer successive approximations to give 
a set of (time, y) i  pairs. The final value of Yi is ap- 

s I t  s h o u l d  be  n o t e d  t h a t  VB r e f e r s  to t h e  p a r t i a l  e q u i v a l e n t  v o l -  

u m e  of BeF~ in  t h i s  p a p e r  a n d  VBeFa r e f e r r e d  to t h e  par t ia l  m o l a r  
v o l u m e  of BeF2  ~ B e F  2 = 2VB) in  Ref .  (5).  

proached to bet ter  than 5 • 10 - i t ,  and this precision 
was found necessary for the description of the chrono- 
potentiograms at long times. 

The corresponding (time, CLiF)i pairs also were cal- 
culated and, by applying Eq. [22], a diffusion coeffi- 
cient Di corresponding to each (E, t ime)i  pair  was ob- 
tained. The results of these computations will be pre-  
sented later  as plots o f / )  vs. CLi F a n d / )  vs. time. 

Exper imenta l  
Appara tus . - - Ins t rumen ta t ion .~Measuremen t s  were 

made with a modified Q2943-cyclic vol tammeter  (16), 
designed and buil t  at the Oak Ridge National Labora-  
tory and operated in the chronopotentiometric mode 
with a three-electrode system, the counterelectrode 
being grounded. Readout of the voltage-t ime curve 
was on a Minneapol is-Honeywell  X-Y recorder with 
11 X 18 in. chart  paper. 

C e l l . ~ T h e  cell, shown in Fig. 2, was of a l l -meta l  con- 
struction except for Teflon insulators in the cool re-  
gion, boron ni tr ide spacers which were not in  contact 
with melt, and bery l l ium oxide insulators for the 
beryl l ium working electrodes. The cell containing the 
mol ten fluoride mixture  was a crucible of nickel into 
which dipped the electrodes and thermocouple well. 
The cell envelope, of stainless steel, was in two sec- 
tions, fitted with a Teflon O-r ing and bolted together 
to provide a vacuum-t ight  seal. The upper  part  of the 
container was water  cooled and the cover was provided 
with risers for ent ry  of the electrodes, thermocouple 
well, manua l  stirrer, gas ent ry  and exit, and a port  
for sample additions. The lat ter  port was provided 
with a ba l l -va lve  to which a sample container  could 

21 

2 

Fig. 2. All metal cell and container assembly for chronopoten- 
fiometry in LiF-BeF2. 1, I.iF crystals; 2, glass tubing; 3, pin:b 
clamp; 4, Teflon tubing; 5, thermocouple leads; 6, helium or vac- 
uum inlet; 7, working electrodes; 8, valve; 9, ball valve; 10, refer- 
ence electrodes; 11, reserve port; 12, stainless steel flange, 13, 
helium or vacuum inlet; 14, cooling wal'er; 15, stalnless steel con- 
tainer; 16, sample tube; 17, Marshall furnace (3�89 in. core); 18, 
nickel crucible; 19, thermocouple junction; 20, manual stirrer; 21, 
Teflon O-ring; 22, boron nitride spacer; 23, stainless steel support 
for boron nitride spacers; 24, cooling coils (not shown on perspec- 
tive drawing); 25, support (typical of three). 
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be connected, evacuated, and sparged with  cover gas 
before opening the valve  and adding the sample. The 
electrode leads could be moved ver t ical ly  through 
Teflon sleeves in the Swage-Lok  6 fittings. The sample-  
addition port also permit ted  insert ion of a new elec- 
trode if necessary. The cell was heated in a Marshall  
furnace, wi th  automatic t empera ture  control provided 
by a Leeds and Northrup DAT control ler  and Chro-  
me l -Alume l  thermocouple.  Tempera ture  measurements  
of the melt  were  made with  a Chromel -Alumel  ther -  
mocouple using a precision Rubicon potent iometer  and 
a Brown Electronik recorder  having a full  scale chart  
span of 1 mV. 

Electrodes.--The counterelectrode was the crucible 
itself, in electrical contact wi th  the grounded cell con- 
tainer. The reference electrode was a bery l l ium rod 
(about 2 mm in diameter  and 2 cm in length, threaded 
to a nickel rod).  Working electrodes, as i l lustrated in 
Fig. 3, were  employed after  several  previous at tempts 
to provide a wel l-defined area. The machined solid 
cylindrical  bery l l ium slug, the top of which was ma-  
chined to a conical taper, was at tached to a threaded 
tan ta lum rod through a cylindrical  copper spacer so 
that  thermal  expansion would not loosen the t ight fit 
of the bery l l ium slug against the bery l l ium oxide in- 
sulator. An uninsulated beryl l ium rod was apparent ly  
wet ted  by the salt, result ing in a gradual ly  changing 
area. Al though an inert  meta l  lead such as tanta lum 
should in principle not interfere  wi th  the anodic 
chronopotentiograms, errat ic  results and spurious emf 
readings resulted from electrodes wi thout  the BeO in- 
sulators. With only Be and BeO exposed to the melt, 
reproducible chronopotent iograms were  obtained over  
long ~eriods of time. The geometr ic  area of exposed 
beryl l ium was calculated from micrometr ic  measure-  
ments and measurements  wi th  an optical microscope of 
the dimensions. A typical area was about 0.28 cm 2. 

Materials.--Chemicals employed were  s ingle-crystal  
chips of optical grade LiF from Harshaw and twice-  

e Crawford Fitting Company, Solon, Ohio. 
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distilled BeF2. The disti l lation apparatus of all nickel 
construction employed to pur i fy  the beryl l ium fluoride 
is i l lustrated in Fig. 4. The BeF2 was loaded into the 
upper  cup which had a center  tube for insert ion of the 
thermocouple  wel l  of the outer  jacket  when  the ap- 
paratus was assembled. The unit  as shown was raised 
into a r igidly mounted  Marshall  furnace by means of 
laboratory  jacks. A Chromel -Alumel  thermocouple  in 
the upper  well  permi t ted  control of the distil lation 
temperature.  The still was evacuated  to a pressure of 
several  microns of mercury  and the disti l lation of the 
BeF2 was accomplished by mainta in ing the t empera -  
ture of the upper  cup at 850 ~ while  the lower  funnel  
and receiving cup were  mainta ined at about 300 ~ . The 
condensate of BeF2 on these cooler surfaces was in the 
form of a fine powder. At the end of the disti l lation 
period, usually 2-3 days, the powder  was t rea ted  wi th  
an HF-H2 mix ture  and then sparged wi th  He. The 
apparatus was then raised far ther  into the furnace a n d  
the tempera ture  in the region of the funnel  and re-  
ceiving cup was adjusted so that  the BeF2 would mel t  
and collect in the receiving cup. The unloading of the 
apparatus was done in a targe dry box. A typical  anal-  
ysis of the optically clear mater ia l  showed the fol low- 
ing elements detected (concentrat ion in ppm)" K, 7; 
Li, 15; Na, 70; Ca, 20; Mg, 3; Mn, 16; Cr, 10; Ti, 5. 
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Fig. 3. Beryllium working electrode for chronopotentiometry of 
BeF~-alkali fluoride mixtures. 

Fig. 4. Nickel apparatus for purification of BeF2 by hydrofluorina- 
tion, sublimation, and melting under vacuum. 1, Nickel container 
vessel (ca. 31/~ in. X 14 in.); 2, bottom flange; 3, Teflon O-ring; 
4, cooling coils for water circulation; 5, thermocouple well which 
fits into the upper cup, 10, sleeve; 6, permanent guide welded to 
container wall to prevent material from dropping elsewhere than 
into the funnel, 11, and thence into the lower cup, 13; 7, therma- 
couple well for measuring temperature near funnel; 8, gas or vac- 
uum entry; 9, exit for gases; 10, upper (loading) cup; 11, funnel; 
12, support members for funnel and upper cup; 13, lower (receiving) 
cup; 14, support and holder for lower cup, 13; 15, furnace ( 3 ~  in. 
core). 
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P r o c e d u r e . - - T h e  chronopotent iograms were  run an- 
odically in a conventional  manner,  but  since the ins t ru-  
ment  operates from a fixed init ial  potential  of the 
working electrode, this potential  was first adjusted 
precisely to the open-circui t  vol tage of the cell con- 
sisting of the working and reference electrode. This 
was general ly  wi thin  a few mil l ivol ts  of zero since 
both electrodes are of beryll ium, but  it was found 
essential to avoid current  flow through the electrode 
prior  to the chronopotent iogram for reproducible re-  
sults. Cathodic half-cycles  showed no migrat ional  de- 
pletion transi t ion (5), nor would one be expected from 
the theory of ED with t L  F : 1. The initial IR  drop in 
cathodic half-cycles  was very  close to that  in the 
anodic half-cycles.  Fol lowing a chronopotentiogram, 
the emf  was monitored, wi th  occasional manual  s t i r-  
ring, during the decay of the cell emf to a steady near -  
zero value before the next  chronopotentiogram. 

Results 
Chronopo t en t i ograms . - -The  above exper imenta l  and 

computat ional  procedure were  used for the t empera -  
ture dependence study of interdiffusion coefficients in 
mol ten  LiF-BeF2 mixtures  of high BeF2 content. The 
composition was 95 m / o  BeF2, and the tempera ture  
range was 564 ~ to 704~ As repor ted  by Cantor et al. 
(12), viscosity of the melts  increases drastically wi th  
increasing BeF2 content. According to their  data, the 
mel t  studied here has a viscosity at 600~ of about 
5.7 X 103 P; this high viscosity probably accounts for 
the reproducibi l i ty  of fa i r ly  long t ime chronopotent io-  
grams wi thout  interference by convection. 

Typical chronopotent iograms are shown in Fig. 5. 
First  of all, they demonstrate  the reproducibi l i ty  of 
recordings obtained under  identical conditions at dif- 
ferent  times. During the week separat ing the record-  
ing of the two  chronopotentiograms,  measurements  
were  per formed at h igher  and lower  tempera tures  
with the same mel t  and electrodes. 

The chronopotent iograms are characterized by an 
initial IR  drop corresponding to the low specific con- 
ductance expected for BeF2-rich LiF-BeF2 mel t  f rom 
data (3) for 34 to 70 m / o  BeF2 and for pure BeF2 (17). 
The initial rise is correspondingly smaller  for chrono- 
potentiograms at lower  BeF2 contents. Al though the 
initial IR  drop is appreciable, we bel ieve that the var i -  
ation during the course of the chronopotent iogram is 
not. Successive chronopotent iograms at short t ime in- 
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Fig. 5. Typical recorded chronopotentiograms taken eight days 
apart: temperature, 660~ current, 2.5 mA; current density, 
0.009 A/cm ~. 

tervals  show vi r tua l ly  the same IR  drop even when  the 
successive transi t ion times decrease marked ly  because 
the higher BeF2 concentrat ion at the electrode surface 
has not had t ime to decay to the bulk concentration. 
When the concentrat ion has become uniform, as indi-  
cated by a constant low emf value be tween working 
and reference electrode, both IR  drop and over-a l l  
chronopotent iogram show reproducibi l i ty  comparable 
to Fig. 5. 

The initial rise is ve ry  rapid and showed no evidence 
of significant charging current  for t ime scales down to 
2-3 sec even with  an oscilloscope. However,  at long 
times the chronopotent iograms do not r ise sharply. 
This lack of sharpness may have a contr ibution from a 
charging current  and from convection, but  must  also 
be due to the fact as the mel t  composition in the vicin-  
ity of the electrode approaches pure BeF2 the t rans-  
ference number  of Be( I I )  must  approach uni ty  unless 
other  constituents (e.g., trace impurit ies or electrons) 
become significant for current  t ransport  re la t ive  to 
fluoride. In any case the assumption t B  F ----~ 0 probably 
becomes invalid for pure BeF2. Because of the voltage 
output  characteristics of the cyclic vol tammeter ,  the 
high resistance of the mel t  p revented  the use of higher  
current  densities which would provide shorter  t ransi-  
t ion times, and even with  low current  densities, as 
shown in Fig. 5, the recording of the potential  at higher  
t imes was limited. In melts of lower  BeF2 content this 
problem is reduced, and transi t ion times of the order 
of 10 sec or less are feasible. Clearly, graphical  deter-  
minat ion of a transi t ion t ime would  be uncer ta in  and 
might  lead to erroneous values of the diffusion coeffi- 
cient. 

Diffusion coe f~c ien t s . - -The  chronopotent iograms for 
95 m / o  BeF2 were  analyzed by first calculating D and 
CLiF (the concentrat ion at the electrode surface) from 
the recorded emf- t ime  data wi th  Eq. [21], [22], and 
[25], and plott ing D vs. t or D vs. CLiF. The sensit ivity 
of the calculated values to exper imenta l  errors varied. 
Thus, an error  in t empera tu re  of as much as 5 ~ , or in 
the zero of t ime of as much as 1 sec, would have  v i r -  
tual ly no effect. Variations in reading the initial IR  
drop had appreciable effects at very short times, de- 
creasing rapidly with time. An error  in the electrode 
area or initial composition had re la t ively  l i t t le  effect 
at short times, and an increasing effect at longer  times. 
A plot of D vs. CLiF calculated from the chronopoten-  
t iograms in Fig. 5 is shown in Fig. 6 along with  points 
calculated with  variat ions of 10% in the electrode area, 
0.5 m / o  in the initial composition, 50 mV in the 
initial IR  drop, 5 ~ in tempera ture  and 1 sec in the time. 
Al though the effect of an error  in area or initial com- 
position is large at low CLiF (long t imes),  ex t ravola -  
tion to the bulk concentrat ion nevertheless  leads to 
values of -D in agreement  wi th  the other  calculations. 
Too large an est imated IR  drop leads to except ional ly  
high values of D at ve ry  short times, and too low an 
estimate gives low values of D at very  short times. 

This behavior  was useful for checking the consist- 
ency of the est imated IR  drop. In addition, plots of IR  
drop vs. current,  when  data for different currents  were  
available, showed the expected proportionali ty,  and 
the slope increased strongly with  decreasing tempera-  
ture, as seen in Fig. 7. 

Figure  8 shows, as functions of time and of cal- 
culated LiF concentration, calculated diffusion coeffi- 
cients obtained at 660~ wi th  four different current  
densities. At each current  density, as seen in Fig. 8a, 
the calculated D is found to increase, the rate of in-  
crease wi th  t ime becoming faster wi th  increasing cur-  
rent  density. However,  we do not bel ieve that  these 
variations with current  density derive from convection 
or joule heat; for the results may all be superimposed 
and show no systematic variat ion with  current  density 
if compared in terms of the calculated values of Calf 
as seen in Fig. 8b. In the absence of fur ther  information 
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Fig. 8. Computer plots of interdiffusion coefficient D calculated 
from chronopotentiograms at 660~ with area = 0.277 cm 2 and 
current densities, A/cm 2. ~ ,  0.0144; ~ ,  0.0126; ~ , 0.0108; Iq, 
0.0090. The abscissas are: (a, upper) time; (b, lower) LiF concen- 
tration at the electrode. 
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Fig. 7. IR drop vs. current at the five temperatures investigated 

on the form of the var ia t ion of the diffusion coefficient 
(and t ransference number)  wi th  concentration, we 
ini t ial ly focused on the near ly  constant values of D ob- 
tained from the ear ly  part  of the chronopotentiograms, 
but  beyond the initial uncer ta in ty  of emf, in order to 
obtain values corresponding to mel t  composition as 
near  95 m / o  BeF2 as possible. (The region of near  con- 
stancy in Fig. 6 and 8b, D = 6 • 10 - s  cm2/sec, is 10 -3 
> CLIF > 10 -4 and corresponds to BeF2 concentrations 
0.97 < y < 0.997.) Because of uncertaint ies  in the 
composition dependence and weighting, this seemed 
more appropriate  than a least squares fit or ext rapola-  
tion. It may  be noted that  the values of D are deter -  
mined largely  by the region of the chronopotent io-  
gram near, but  genera l ly  before, the inflection. A fur -  
ther  ref inement and check of the reasonableness of the 
values was made by comparison of the early port ion 
of exper imenta l  chronopotent iograms with  curves cal- 
culated for different constant diffusion coefficients. 
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Fig. 9. Comparison of calculated and experimental chronopo- 
tentiograms with three values of constant D. The experimental 
points (~>) are for 0.95 BeF2-0.05 LiF at 704~ i ---- 7 mA, area = 
0.277 cm2; , calculated chronopotentiograms: D/cm2/sec --- 
curve 1, 2.5 X 10-7;  curve 2, 3 X 10-7;  curve 3, 3.5 X 10 - 7  �9 

Figure  9 shows a comparison of points f rom an ex-  
per imenta l  curve, recorded at 704~ with  a current  of 
7 mA, and chronopotent iograms calculated with  D val-  
ues of 2.5 X 10 -7, 3.0 X 10 -7 , and 3.5 X 10 -7 cmVsec, 
showing that  the value of D is be tween  2.5 and 3.0 X 
10 -7 (but closer to the former  value) .  From similar 
calculations at this t empera ture  wi th  chronopotent io-  
grams at the same and other  current  densities, the 
value of D is found to be 2.5 _ 0.2 X 10 -7. Constancy 
of D with  changing current  density, shown by D vs. 
eLiF plots for the 660 ~ data in Fig. 8b, is indicated for 
the 640~ data by means of chronopotent iograms cal- 
culated with  fixed D and compared with  the exper i -  
menta l  chronopotent iograms at different current  den-  
sities in Fig. 10. These checks are analogous to the 
check of i'~ 1/2 product  constancy in ordinary  chrono- 
potentiometry.  The results at different tempera tures  are 
summarized in Fig. 11 and Table I. The value at the 
lowest  t empera ture  was obtained only f rom D vs. C L i F  

plots, since the high resist ivi ty at this t empera ture  led 
to a very  l imited oral - t ime trace in the chronopotent io-  
grams. Absolute errors of D may, indeed, be larger  
than the reproducibil i t ies  listed in Table I. As shown in 
Fig. 6, uncertaint ies  in the init ial  IR  drop, electrode 
area, and initial composition may  have a significant 
effect in calculated D values in the region of near  con- 
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Fig. 10. Constancy of D with different current densities in 0.9S 
BeF2-0.05 LiF at 640~ The lines are calculated with a fixed 
value of D, 3.0 X I0 -s  cm2/sec. Curve 1, i/mA = 2; curve 2, 
i/mA = !.5; curve 3, i/mA = i. The points are the experimental 
emf-time data. 
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stancy of D in the D vs. CLiF plots. The  probable e r ror  
in est imating the ini t ial  IR  drop is •  mV which would  
lead to an additional uncer ta in ty  of about 2.5% in D. 
An est imate of limits of er ror  in the electrode area 
obtained by repeat ing the micrometr ic  measurements  
was found to be of the order  of 1%, corresponding to 
a 2% additional uncer ta in ty  in D. The error  in the bulk 
concentrat ion was est imated from the weighing errors 
to be 0.03%, leading also to a possible er ror  of about 
2.5%. 

In conclusion, we estimate the over -a l l  uncertaint ies  
in mean diffusion coefficients to be be tween  5 and 10%. 
Since most  of the above errors probably have small  
t empera ture  dependence, they will  introduce less e r ror  
into the Arrhenius  coefficient than into the absolute 
value of D. In Fig. 12, values of interdiffusion coeffi- 
cients are plotted logar i thmical ly  as a function of the 
reciprocal  temperature.  The results indicate a mean  
act ivat ion energy for diffusion of 50.5 ( •  ~0.5) kca l /  
mole. Within  the est imated error  limits, it is not pos- 
sible to determine unambiguously  whe ther  the plot is 
l inear  or  curved, but  it may  be noted also that  log-  
ari thmic viscosi ty-reciprocal  t empera tu re  or conduc- 

Table I. Calculated values 

t (~ 

5 

g 
~o -8 

700 650 600 550 
t0-6 I I 

to-9 

LiF-  BeF 2 

_ 4 95:/5~ ) / m o i 

I I I I 
t.0 1.05 t.~ Lt5 t.2 (xtO -3) 

I / T  (K) 

Fig. 12. Temperature dependence of interdiffusion coefficients in 
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t ivity=reciprocal t empera tu re  plots show no or very  
l i t t le curva ture  (12, 17). 

Discussion 
The strong composition and tempera tu re  dependence 

of t ransport  propert ies in BeF2-LiF mixtures  clearly 
indicate the need for measurements  at more  closely 
spaced initial compositions and tempera tures  in order  
to obtain rel iable values. We bel ieve that  the reason-  
ableness of the values repor ted  here demonstrates  the 
potential  of ED vo l t ammet ry  for such studies. 

The high mean  Arrhenius  act ivat ion energy for dif-  
fusion, in 0.95 BeF2-0.05 LiF, 5.0.5 kca l /mole  in the 
tempera ture  range 564~176 reflects the high values 
of the tempera ture  coefficients of other  t ransport  
parameters  in this system. Thus Cantor et al. (12) re -  
port  act ivat ion energies for viscous flow of 40 kca l /  
mole for 95 m / o  BeF2, 52 kca l /mole  for 99 m / o  BeF2, 
and 59.6 kca l /mole  for pure  BeF2. The activation 
energy for electrical  conductance (17) in pure BeF2 
is 44 kcal /mole.  The values of D reported in this paper, 
obtained for mix tures  of ini t ial  composition 95 m / o  
BeF2, are calculated from the region of near  constancy 
of D in the chronopotentiograms. This region, as noted 
above, corresponds to BeF2 mole fract ion at the elec-  
trode surface 0.97 < y < 0.997. 

The t empera tu re  coefficient of D is less sensitive than 
its absolute value to errors  in electrode area and shape, 
but  also to uncer ta in ty  in the t ransference number  or 
the form of the concentrat ion dependence of D. Thus 
the same value of the act ivat ion energy is found if cal- 
culated from ~ at any fixed value of the calculated 
CLiF at the electrode surface. 

Regarding the shape of the electrode, the equations 
employed have been based on l inear  diffusion to a 
plane electrode, while  the actual electrode was a short 
cylinder.  The correction for cylindrical  diffusion has 
been t reated by Evans et al. (18) in terms of the index 
o = D 1/2 ~t/2/ro (where  ro is the electrode radius) .  
The value of e is ~ 0.0.05 for a diffusion coefficient of 
3 • 10 - s  cm2/sec in our system, indicating a correc- 
t ion less than 0.5%. Al though the equations of Evans 
et aL cannot be expected to apply accurately to ED 
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chronopotent iometry of IAF-BeF2 systems, the very 
low diffusion coefficients, al though not constant, lead 
to very th in  diffusion layers, even during times up to 
20 and 30 sec. Figure 13 is a plot of calculated LiF 
concentrat ion as a funct ion of distance from the elec- 
trode at times between 0.05 and 24 sec (assuming D ---- 
6 X 10-s cm2/sec) at 660~ and a current  density of 
0.0090 A/cm 2. The concentrat ion rises from that  at the 
electrode surface to the bu lk  concentrat ion in  shorter 
distances than  in "ordinary" chronopotent iometry of 
dilute aqueous solutions with t ransi t ion times below 
2 sec (6a, b) .  These curves, together with the high 
viscosity, indicate why convection is not a serious 
problem even with fairly long times. 

The diffusivity is expected to fall with increasing 
BeF2 content  in qual i tat ively the same m a n n e r  as the 
electrical conductance and the fluidity. Hence the rela-  
t ively small variat ion of D along the chronopotentio- 
gram, with an increase indicated in, e.g., Fig. 6, 8, and 
11, was not at first expected. It  may reflect a value of 
tL F decreasing faster than the decrease of D in the ratio 
D/tL ~2, and indicates the need for extension of t rans-  
ference number  measurements  to higher BeF~ contents. 
Such measurements  would be of interest  also in con- 
nection with a distinction between mass t ransport  
mechanisms in  silicate glasses and in fluoride glasses 
and crystals. In  mol ten LiF-BeF2 at compositions be-  
tween 30 and 70 m/o  BeF2, as in mol ten silicates, the 
Hittorf t ransference number  of the alkali  ions is unity.  
In  the silicate glasses, the alkali ion transference n u m -  
ber  (relative to the lattice) remains un i ty  up to vir-  
tual ly  pure  silica, while for fluoride glasses and for 
fluoride crystals, fluoride ions ra ther  than alkali ions 
are the current  carriers (19). 

The interdiffusion coefficients DLi-Be reported in 
Table I are smaller than diffusion coefficients mea-  
sured in ordinary mol ten  salt solutions (7, 20-22), but  
this is to be expected in view of the high viscosity 
and low electrical conductivity of these melts. (If the 
t ransference number  of Be2+ becomes nonzero  (tL F < 
1), the calculated values of D would be still smaller.) 
Although to our knowledge, no direct measurements  of 
diffusivities have been reported for b inary  LiF-BeF2 
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Fig. 13. LiF concentration vs.  distance from electrode at different 
times during a chronopotentiogram at 660~ D is assumed to be 
constant, 6 • 10 - s  cm2/sec and the current is 2.5 mA. Curve 1, 
time = 0.05 sec; curve 2, time = 3.05 sec; curve 3, time = 6.05 
sec; curve 4, time = 9.05 sec; curve 5, time = 12.05 sec; curve 6, 
time = 15.05 sec; curve 7, time = 18.05 sec; curve 8, time = 
21.05 sec; curve 9, time = 24.05 sec. 

melts, it is interest ing to compare our results with 
conductance data and with self-diffusion coefficients 
calculated from molecular  dynamics computer experi-  
ments  for BeF2-containing melts (4). It should be 
noted, however, that the authors of these.MD compu- 
tations have pointed out that  at this stage the results 
for t ransport  properties must  be considered of a more 
quali tat ive na ture  than  the s t ructural  data derived 
from their  MD pair correlation functions (4). 

As has been shown (8, 23), the interdiffusion coeffi- 
cient approaches the self-diffusion coefficient of a con- 
s t i tuent  (here l i th ium ion) as its concentrat ion ap- 
proaches zero. Our chronopotentiometric diffusion co- 
efficient, measured in 95 m/o  BeF2, is a mean  value 
over the concentrat ion range 95-100 m/o  BeF2, and 
should be close to the self-diffusion coefficient of Li +. 
Because of the high activation energy it would be pref-  
erable to compare results at the same temperature.  The 
MD computations for 74 BeF2-1 LiF (98.7% BeF2) 
(4) were carried out for only a single temperature,  
837~ the lowest for which we have exper imental  re- 
sults. Here, our results were least precise because of 
the high resistivity, bu t  are in  accord with our higher 
temperature  results. 

Although the Nerns t -Eins te in  relat ion is not ex-  
pected to be accurate, it will  probably not be off by an 
order of magnitude,  and provides a means to compare 
the magni tudes  of the diffusional mobilit ies estimated 
from available conductance data (3). Furthermore,  it 
has been noted (24) for a n u m b e r  of mol ten  salt sys- 
tems that, as the temperature  (and, consequently, the 
fluidity) decreases toward the glass t ransi t ion tem- 
perature, and the density of mobile particles decreases 
correspondingly, the val idi ty of the Nernst -Eins te in  
equation approaches that for crystals. At higher tem- 
peratures the diffusional mobil i ty  becomes higher than  
the electrical mobility. The specific conductance may 
be expressed, in terms of external  mobilities, ui, as 

t~ : F [ ( ' I I . B / U L )  CB - -  (UF/UL)CF JI- CL]UL [26] 

where ci's are in equivalents  per cubic centimeter. If 
the reference frame is t aken  the same as that  for the 
self-diffusion coefficient of an ion, Di, the lat ter  may 
be expressed (25) in terms of the Nerns t -Eins te in  
equat ion as 

Dl = ( R T / F )  luil [27] 

By combining Eq. [26] and [27], the specific conduc- 
tance may be wr i t ten  in terms of self-diffusion coeffi- 
cient as 

-- (F2/RT) [ (DB/DL)CB "~- (DF/DL)cF ~- cL]DL [28] 

The specific conductance of pure BeF2 (17) is 2.3 X 
10 -7 ohm-l-cm -* at 837~ and the specific conduct- 
ance of 95 m/o BeF2 is assumed to be of the order of 
10-5 ohm-l-cm -I. The MD calculations suggest a dif- 
fusion coefficient ratio of I/I0 for DB/DL and nearly 
equal self-diffusion coefficients for Be 2+ and F-, 
whence DF/DL ~ 0.I. 

For pure beryllium fluoride at I153~ Eq. [28] be- 
comes 

= (F2/RT) [cB + (DF/DB)CF]DB [29] 

and the result DF/DB ~ i of the MD calculations (4) 
was employed. The conductance value at I153~ was 
estimated by extrapolation with the equation reported 
to fit the data in  the range 80'0~176 

For 50 m/o  BeF~, although here the Nerns t -Eins te in  
equation indubi tab ly  does not apply, conductance data 
(3) were extrapolated to the temperature  of the MD 
computation, 1035~ 

Table II summarizes estimates of self-diffusion co- 
efficients for several compositions in  the BeF2-LiF sys- 
tem. 

In  the 50% mixtures  the estimated self-diffusion co- 
efficient of Li + from the conductance results is of the 
same order of magni tude  as the MD result, and of the 
magni tude  expected in normal  mol ten  salts; these val-  
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Table II. Estimated self-diffusion coefficients in BeF2-LiF 

S e l f - d i f f u s i o n  co-  
e f f ic ien t  / c m 2 / s e c  

m / o  T e m p e r -  T y p e  of o r  N.E.  se l f -d i f -  
BeFs  a t u r e / ~  e x p e r i m e n t  f u s i o n  coefficient 

50 1035 C o n d u c t a n c e  (a) DL = 5 x 10 ~ 
50 1035 M D  (b) DI~ = 2 X 10 -5 

95 837 ED c h r o n o p o t e n -  DL = 3.0 X 10 -9 
t i o m e t r y  

95 837 C o n d u c t a n c e  (c) D~ = 4 x 10 -lo 
98.7 837 M D ( b )  DL = 1.5 x 10 -e 

( D ~  = 1.1 • 10 -'/) 
(DF  = 1.6 • 10- ' /)  

100 1153 Conduc tance(a ) , (e )  DB = D F  = 7 X 10 -9 
100 1153 M D  (b) DB ~ DF < 5 X 10 -s 

(a) F r o m  Ref .  (3) e x t r a p o l a t e d  w i t h  f itt ing equat ion  i n  t h e  r a n g e  
6 7 3 ~ 1 7 6  DB a n d  DF a r e  e s t i m a t e d  as 0.1 x DL. 

(b) F r o m  Ref.  (4) .  
(c) F r o m  Ref .  (3) ; c o n d u c t a n c e  is  e s t i m a t e d  f r o m  p u r e  BeF= data. 
(~) F r o m  Ref .  (3) e x t r a p o l a t e d  w i t h  f i t t i ng  e q u a t i o n  in the range  

803 ~  ~ 
(e) Assuming M D  result Da ~--- DF. 

ues are quite close also to the voltammetric  diffusion 
coefficient of U(IV)  in a LiF-BeF2-ZrF4 solvent mix-  
ture containing 34% BeF2 at 480~176 (22) where 
extrapolat ion to 1035~ would lead to a value of 1 • 
10-5 cm2/sec. At high BeF2 contents, and in pure BeF2, 
the MD computations do not show as much of a de- 
crease in magni tude  as both the chronopotentiometric 
and conductance results. Although the comparison is 
only qualitative, it indicates the need for fur ther  
theoretical and exper imental  work to resolve the dis- 
crepancy, part icular ly since MD is one of the most 
promising new tools for investigating models of mol ten 
salt s t ructure and t ransport  (26). 

F ina l ly  we would like to point out other areas where 
the concepts of ED vol tammetry  may be useful. These 
may include studies of polarization and t ransport  in 
membranes  (27), in crystals such as sodium beta 
a lumina  (28) and in ionic glasses (29); however, in 
rigid glasses space charge phenomena,  that  are prob- 
ably not significant in l iquid systems, must  be con- 
sidered (29). 

Migrational contr ibut ion to the chronopotentiometric 
t ransi t ion in  ordinary  (faradaic depletion) chrono- 
potent iometry has been considered previously (30) in 
terms of corrections to the Sand equation and enhance-  
ment  of the transition. Chronopotent iometry in the ab-  
sence of support ing electrolyte has been proposed as 
a means to determine transference numbers  (31). In 
these cases, however, the basis of the chronopotentio-  
metric t ransi t ion has been  the faradaic process. In  con- 
trast, as we have tried to indicate, the basis of ED 
chronopotent iometry is migrat ional  depletion of a 
mobile nonelectroactive constituent. 
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LIST OF SYMBOLS 
B (subscript) bery l l ium ion (equivalents)  
BF (subscript) BeF2 component (equivalents)  
ci concentrat ion of i (equivalents per cm 3) 
ci 0 concentrat ion of i in  bulk  solution (equivalents 

per cm 3) 
ci' concentrat ion of i (moles per cm 3) 
D self-diffusion coefficient, Fick's law diffusion co- 

efficient 
D corrected average value of D 
Z) phenomenological coefficient 
E emf 
el ( = • 1) sign of ionic charge 
F (subscript) fluoride ion equivalent  
F the Faraday (96,487 coulombs) 
fi activity, coefficient of component i on equiva-  

lents /cm ~ concentrat ion scale 
I current  density, A /cm 2 
i current, mA 
Ji flow of i, equivalents /cm 2 �9 s e c  
J i  j flOW of consti tuent i relative to const i tuent  j, 

equivalents /cm e �9 sec 
Ji v flow of consti tuent i in volume fixed reference 

frame, equivalents /cm 2 �9 sec 
K phenomenological coefficient 
L phenomenological coefficient 
L (subscript) l i thium ion equivalent  
LF (subscript) LiF component (equivalent)  
R gas constant (8.3143 M.K.S.) 
ro radius of cylindrical electrode 
T temperature  in Kelvins 
t t ime in  sec 
t i  j t ransference number  of i relative to j 
ui mobil i ty of const i tuent  i 
V--i partial  equivalent  volume of consti tuent i 
x distance from electrode surface 
y mole fraction of BeF2 at electrode 
Yo mole fraction of BeF2 in bulk  melt  
Zi magni tude of ionic charge of ion i 

rate of decrease of concentrat ion with x/ t  
r activity coefficient correction to diffusion coeffi- 

cient 
"Yi activity coefficient of component i on mole frac- 

t ion concentrat ion scale 
0 chronopotentiometric correction parameter  for 

cylindrical electrodes 
specific electrical conductance 

~ii chemical potential of const i tuent  ij (per equiva-  
lent)  

~i 0 s tandard chemical potential  of ion i 
~ij (m) molar chemical potential  of const i tuent  ij 

/~i electrochemical potential  of ion i 
distance variable 
t ransi t ion t ime 
dissipation function (rate of dissipation of free 
energy) 
electrical potential  
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Equivalent Circuit for the Uncompensated 
Resistances Occurring at Ring-Disk Electrodes 

Mani Shabrang* and Stanley Bruckenstein** 

Chemistry Department, State University o$ New York  at Bu~alo, Buffalo, New York  14214 

ABSTRACT 

An equiva len t  circui t  for  the  r ing -d i sk  e lect rode is proposed  and tested.  
The model  assumes that  the  resis tance be tween  the aux i l i a ry  e lec t rode  and the 
disk (or r ing)  e lect rode is the  series combinat ion of two resistances.  One re-  
sistance is shared  by  both the  disk and the r ing  electrodes,  whereas  the  o ther  
is character is t ic  of the  disk (or the  r ing) electrode.  Changing the posi t ion of 
the Luggin  capi l la ry  tip produces  different  uncompensa ted  ohmic potent ia l  
drops. The IR drops can be in t e rp re t ed  by  assuming that  the  t ip of the Luggin  
capi l la ry  is being located somewhere  on these resistances.  

A deta i led  in te rp re ta t ion  of resul ts  obta ined at the 
ro ta t ing  r ing-d i sk  e lect rode requires  a thorough un-  
ders tanding  of cur ren t  and potent ia l  d is t r ibut ions  in 
the e lectrochemical  cell. This point  is wel l  apprec ia ted  
at a ro ta t ing  disk e lect rode and extens ive  theoret ica l  
and exper imen ta l  work  on this p rob lem has been  car-  
r ied out  (1-7).  However ,  only  Gabr ie l l i  et al. (8) and 
Mil ler  and Bel lavance  (4) have  inves t iga ted  ohmic 
potent ia l  effects at  r ing-d i sk  electrodes.  In  the i r  
studies they  found that  cur ren t  passing th rough  the 
disk e lec t rode  affected the r ing  e lect rode potential ,  
and  vice versa.  Their  resul ts  were  represen ted  by  a 
set  of l inear  equat ions involving the r ing  and the disk 
cur ren t  and the e lect rode potentials .  However ,  to our  
knowledge,  no work  has been done proposing and 
ver i fy ing  a s imple equiva len t  circui t  for a r ing -d i sk  

* Electrochemical Society Student M e m b e r .  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: pseudocollection, resistance measurement,  ohmic 

coupling. 

electrode tha t  could serve as an exper imen ta l  f r ame-  
work  for fu r the r  studies of ohmic potent ia l  effects. 

This work  is concerned wi th  test ing a proposed 
equivalent  circuit  for a r ing-d i sk  e lect rode where  the 
ohmic and nonohmic components  are  represen ted  as 
shown in Fig. 1. A conventional ,  four-e lect rode,  r ing-  
disk potent iosta t  (9-14) is assumed to be used. Point  
T represents  the  t ip of the Luggin  capi l la ry  which can 
be anywhere  on resis tances in the three  branches  of 
the  equivalent  circuit,  and Raux represents  the re-  
sistance be tween  the capi l la ry  and the aux i l i a ry  elec-  
trode. 

An uncompensa ted  resis tance exists be tween  the t ip 
of the  Luggin  capi l la ry  and the disk electrode, 
Rc ~- RD. S imi la r ly  an uncompensated  resistance exists 
be tween  the t ip of the Luggin  capi l la ry  and the r ing 
electrode, Rc ~- R•. Rc is assumed to be common to 
both the disk and the r ing electrodes.  The values of 
Rc, Rm and RD depend on the physical  dimensions of 
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Aux i l i a r y  

ference 

Disk ~ R i n g  

Fig. 1. Equivalent circuit of ring-disk electrode 

the electrode and the location of the Luggin capillary. 
ED represents the half-cell  potential  of the disk elec- 
trode and ID is the disk current  in question. ER and IR 
are the corresponding values for the r ing electrode. 
ED and ER are assumed to contain all the impedances 
associated with double layer  and faradaic processes. 
Thus, Rc, RD, and RR in  the equivalent  circuit are as- 
sociated wi th  the current  distr ibution characteristic of 
the resistance measurement  techniques. In  our ex- 
periments,  the current  distr ibution was a pr imary one. 

As is shown below, exper iments  can be devised to 
determine Rc and various combinations of Rc and the 
other resistances in Fig. 1. The number  of independent  
experiments  exceeds the  number  of u n k n o w n  resist-  
ances in our model, hence the system is overdeter-  
mined and the val idi ty of the equivalent  circuit can 
be verified. 

The ut i l i ty  of this equivalent  circuit lies in the 
fact that it provides a f ramework for correcting ohmic 
potential  effects of the r ing on the disk electrode, and 
vice versa. This ut i l i ty  is only slightly diminished by 
the fact that changes in current  distr ibution with po- 
tent ial  will  have a small effect in  the measured value 
of the resistances. 

It is, of course, necessary to keep in mind  that the 
resistances referred to are calculated quantities, and 
that  the fundamenta l  analysis of the r ing-disk  system 
will  eventual ly  have to be done in terms of current  
distr ibution and ohmic potential  drop. 

Exper imental  
Reagents . - -Solut ions  of 0.01M sulfuric acid were 

prepared from tr iply distilled water  and a Baker re-  
agent grade sulfuric acid. 

CeLt.--The glass cell and the auxil iary equipment  
are described elsewhere (15-16). 

Electrodes . - -The two electrodes used in  the experi-  
ments  were: (i) A p la t inum-r ing ,  p la t inum-disk  with 
a disk diameter, dl, of 7.6 mm and r ing - inne r  diameter, 
d2, of 8.0 and r ing-outer  diameter, ds, of 8.4 ram. Teflon 
was the insulat ing material .  (ii) A pla t inum disk elec- 
trode with a diameter  of 2.20 mm. Teflon was the in -  
sulator. 

These electrodes were electrochemically pretreated 
before each exper iment  as discussed in  Ref. (17), and 
were all polished to a final mir ror  finish using 0.05~ 
a lumina  on Buehler  microcloth. 

Ins t rumenta t ion . - -A  lock- in  amplifier, Model RJB 
made by Electronics and Missiles and Communicat ion 
Inc., Mount Vernon, New York, was used for a-c 
studies. 

Hewlet t -Packard  Model 3300A and Heathkit  Model 
IG-18 function generators were used to supply the 
modulat ion signal and the reference signal of the 
lock-in  amplifier. 

All potentials were measured and reported vs. the 
saturated calomel electrode. Experiments  were run  at 
25 ~ • 2~ 

Resistance measurements.--Small changes in the 
conventional four-electrode potentiostat, allowing in- 
dependent control of the ring and the disk electrode 
potentials (9), convert it to an instrument that pro- 
vides independent galvanostatic control of both the 
ring and the disk electrodes, Fig. 2. This circuit was 
used to determine Rc. 

Measurements of the total resistive component of 
the impedance between the Luggin capillary and the 
ring or disk electrodes were carried out by means 
of a modulation technique using the lock-in amplifier 
at 1000 Hz. The arrangement for this measurement is 

Fig. 2. Circuit for independent 
galvanostatic control of the ring 
and the disk electrode. The di- 
rection of the current inside 
and outside of the cell is shown. 
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Fig. 3. Schematic of the a-c modulation technique used to 
measure the uncompensated resistance for the disk and ring elec- 
trodes. 

shown in Fig. 3. A 0.5-2V a-c  signal  was appl ied  at 
the  point  A resul t ing  in an a-c  cur ren t  of 0.5-2 mA 
through  the aux i l i a ry  e lect rode and the  r ing  or  the  
disk electrode.  The uncompensated  a-c  ohmic po ten-  
t ia l  drop appears  at the  output  of amplif ier  F. 

The resistance be tween  the r ing  and the disk e lec-  
t rodes was measured  using the a r rangement  shown in 
Fig. 4. Its value  is the  rat io  of the  in -phase  compo- 
nent  of "do and i. The opera t ional  amplif ier  fol lower  F 
is used to measure  the  potent ia l  of point  O in the  
equivalent  circuit  of Fig. 1. 

The Luggin  capi l la ry  was positioned, by  eye, to l le 
on the  axis of rotat ion,  unless  o therwise  stated. 

Theoretical 
Determination o] Rc. - -The  potent ia ls  at  the  points  

O, T, and D in Fig. 1 are  represen ted  by  "do, "dw, and 
VD. If  the r ing current ,  IR, is zero we can wr i te  

VT ~ --  VD -- IDRC q- IDRD [1] 

where  Io is the disk cur ren t  and "dT ~ is the potent ia l  
at  the point  T when  there  is no r ing  current .  Now if 
some current  passes th rough  the r ing e lect rode and 
ID is held  constant,  using Kirchhoff 's  cur rent  l aw at 
the point  O, we can wr i t e  

VT -- "dD = IDRc Jr- IRRc "-{- IDRD [2] 

Note that  VD, the potent ia l  of the disk electrode,  does 
not change since ID is constant  even though the po-  
tent ia l  at point  T has changed from VT ~ to "dW. 

Subt rac t ing  Eq. [1] from Eq. [2] yields  

"dT - -  "dT ~  - -  IRRc [3] 

The change in potent ia l  at point  T is the same as 
change in the  output  of the  opera t ional  amplif ier  

1, '{J-- '[ ,o  __%=~ Lock. in 
=vR 

r  

T 

Fig. 4. Schematic of the setup for voltage divider test 

1 4 4 1  

fo l lower  F1 in Fig. 2. Hence Rc can be de te rmined  f rom 
Eq. [3]. 

Rc can also be de te rmined  in  a s imilar  manner ,  if  
we  hold ra  constant  and control  the disk cur ren t  at  
two values,  zero and ID. in  this  case we measure  "dT ~ 
where  "dT ~ is the potent ia l  at  T when  ID = 0, and  we  
obtain 

"dT ~ - -  "dR "- IaRc -{- I aRa  [ 4 ]  

When current ID is passed through the disk we write 

VT --  "dR --  IRRC -~ IDRC + IRRR [5] 

w h e r e  ~YR is the  potent ia l  at  point  R. Note tha t  s i n c e  
Ia  does not change, "dR in Eq. [5] and [4] has t h e  
same value.  Subt rac t ing  Eq. [4] f rom Eq. [5] y ie lds  

"dT - -  "dT ~ --" RCID [6] 

Hence, we have two independent ways to determine 
Rc. 

Note that if the Luggin capiDary tip is positioned at 
a point in space equivalent to point O in Fig. 1, Rc is 
zero and "dT -- VT ~ (VT ~ in Eq. [3] (and [6]) is zero. 
If the Luggin capillary tip is positioned at a point in 
space that effectively lies on RD (or RR), "dT ~ "dT ~ 
(or "dT ~ becomes a negative quantity and Rc appears 
to take on negative values. Such negative values have 
no physical significance and arise only due to formula- 
tion of the problem. In practice, the Luggin capillary 
tip must be placed very close to the plane of the rotat- 
ing ring-disk electrode to observe these "negative re- 
sistances," and the quantitative aspects of this work 
will deal only with positive values of Rc. 

Determination of RD and Ra, the equivalent circuit 
associated with the a-c impedance measurements illus- 
trated in Fig. 3, is shown in Fig. 5 (18). Point T cor- 
responds to point T in Fig. i and 2, and point W in 
Fig. 5 corresponds to point D of Fig. 1 and 2 if the 
disk electrode is involved, or point R if the ring elec- 
trode is involved. Rohm in Fig. 5 corresponds to the ap- 
propriate combination of uncompensated primary re- 
sistances, either Rc -{- RD or Rc -I- RR, At high fre- 
quencies, only gohm determines the voltage differ- 
ence between the reference and the working electrode 
and the total ohmic resistance between W and T is then 
given by 

"dr 
Ro~-. = - -  - [71 

I 

where  "dT is the in phase vol tage response measured  
by  the lock- in  amplif ier  and  I is the  modula t ion  cur -  
rent.  Thus RD and RR can be ca lcula ted  by  subt rac t ing  
Rc from the corresponding Rohm value. 

If  the  disk and the  r ing electrodes are  shor ted  to-  
gether,  according to the  equiva lent  circuit  in Fig. 1, the  
measured  value  of Rohm,tot. wil l  correspond to Rc in 
series wi th  the  pa ra l l e l  combinat ion of RD and Re, i.e. 

R D R R  
Rohm,tot. "- Rc ~- [8]  

RD Jr" RR 

C F 
RF 

%.L 
Fig. 5. Equivalent circuit for a-c measurements (18). CF, RF 

faradalc capacitance and resistance, respectively; Cd.L = double 
I•yer capacitance; Rohm = ohmic resistance; W = working elec. 
trode; T = reference electrode; I = modulation current; VT 
voltage response. 
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Another  exper iment  to fu r the r  confirm the val idi ty  
of our model, involves passing current  only through 
the disk and ring electrode with  no current  passing 
through the auxiliary. RD and RR then form a voltage 
divider  be tween  points D and R in Fig. 1 and the re fe r -  
ence electrode can be used to determine  the potential  
at point O. Equat ion [9] gives the relat ion be tween  
the uncompensated resistances RD, RR, and the mea-  
sured potentials 

RD Vo 
- -  - -  [9] 

RD -~- RR VR 

Vo is ampli tude of the a-c potential  of point O, mea-  
sured by operational  amplifier fol lower  F; VR is the 
ampli tude of the a-c output  of the operat ional  ampli -  
fier I, in phase wi th  Vo. It is the a-c potent ial  of the 
ring electrode vs. the disk electrode, which is at ground 
potential.  

Results and Discussion 
Resistance Common to Ring and Disk Electrodes 

Rc was measured  by the method described in the 
preceding section for a par t icular  fixed distance be-  
tween the r ing-disk electrode and the Luggin capil lary 
corresponding to a position in space lying be tween  O 
and A' in Fig. 1. The values of Rc were  calculated us- 
ing, as it was appropriate,  e i ther  Eq. [3] or [6]. Table 
I gives the results found wi th  electrode No. 1 in 0.01M 
sulfuric acid, and it is seen that the precision of the 
measurements  approaches 2% with  increasing current  
level. The direction of the current  does not affect the 
calculated value of the common resistance, and thus 
confirms the ohmic behavior  of Rc. 

In their  experiments,  Gabriel l i  et at. (8) measured  
two resistances, RR n and RD R, which they called the 
coupling resistance of the ring on the disk and the 
disk on the ring, respectively.  The values of these two 
resistances were  reported to be wi th in  5% of each 
other, and for a p r imary  current  distr ibution pre-  
sumably correspond to the value of the common re-  
sistance, Rc, in our equivalent  circuit. Aho, their  re-  
sistances R R  R and R D  D should correspond to RR and 
RD, respectively.  

Table I. Rc values 

ID (p~ . )  II~ (~.~) V T "  ( m Y )  V T  ( m Y )  R c  ( o h m )  

U s i n g  E q .  [3]  
1 O 0  - - 1 0 0  328  923 5 • 101 
10O 100 326 333 5 • 10l  

- - 1 0 0  - - 1 0 0  - - 1 4 0 0  - - 1 4 0 5  5 • 101 
--1OO 100 - - 1 4 0 0  --1496 4 x 101 

500 - - 5 0 0  380 353 54 
500 500 580 406 52 

- - 5 0 0  - - 5 0 0  --  1570 - -  1597 54 
--500 500 -- 1570 -- 1545 50 

1000 --1000 427 374 53 
1000 lOOD 427 479 52 

-- 1000 -- 1000 - -  1706 --  1756 50 
- -  lOOO lOOO --  1706 --  1657 49  

1400 - -  1400 500 431 49 
1400 1400 500 570 50  

--1400 --1400 - - 1 8 0 0  - - 1 8 7 0  50 
--1400 1400 --1800 --1730 50 

U s i n g  E q .  [6 ]  

100 - - 1 0 0  343  337  6 X 101 
100 lO0 343 349 6 • 101 

- -  I 0 0  --  100 --  1500 - -  1505 5 x 101 
- - 1 0 0  100 - - 1 5 0 0  - - 1 4 9 6  4 • 10l  

500 - - 5 0 0  401 376 50  
500 500 401 427 52 

- - 5 0 0  - - 5 0 0  - - 1 6 5 0  --  1680 60 
--500 500 --1650 - - 1 6 2 2  56 

1000 - -  i 0 0 0  459 411 48 
I000 I000 459 508 49 

- -  1000 --  1000 - -  1770 --  1818 48  
- -  1000 10O0 - -  1770 - -  1717 53 

1400 - -  1400 460 388 51 
1400 1400 460 533 52 

--1400 --1400 --1710 --1778 49 
- - 1 4 0 0  1400 --1710 --1640 50 

The values of Rc decreased the closer the tip of the 
Luggin capil lary was placed to the surface of the 
r ing-disk electrode. We found that  up to a distance of 
near ly  5 ram, Rc values calculated using ei ther  of the 
methods based on Eq. [3] or Eq. [6], were  equal to 
each other. 

Total Uncompensated Ohmic Resistance 
Disk electrode.--The modulat ion technique for de- 

termining the uncompensated ohmic resistance that  is 
represented in Fig. 3 was tested by using disk elec-  
trode No. 2 in 0.01M sulfuric acid (specific conductivi ty 

---- 0.00616 o h m - l - c m  -1) in the current  range of 0.5- 
2.0 mA. The Luggin capil lary was placed at different 
distances, all far f rom the disk electrode, and the in-  
phase uncompensated ohmic potential  drop be tween  
the tip of the Luggin capil lary and the disk electrode 
was measured using a-c currents  of 0.5-2.0 m A  about a 
zero current  level. At 1000 Hz, the calculated mean re-  
sistance, R~, was 377 • 4 ohms in agreement  wi th  
Newman's  formula  (1) which predicted 369 ohms. The 
results of all a-c measurements  were  reproducible in 
the range of frequencies be tween  100 Hz and 10 kHz. 

Ring-disk electrode.--The above results validated 
the a-c technique of Fig. 3 as a rel iable method  for 
determining uncompensated ohmic potential  drops, i.e., 
the pr imary  resistance. Next, R~ was determined for 
the disk of r ing-disk electrode No. 1, yielding a value 
of R~ ---- 96 -+_-_ 2 ohms. If the ring of this electrode is 
insulated from the solution using varnish, R~----110 
+_ 2 ohms, which compares favorably with the theo-  
retical value for a 7.6 mm diameter  disk electrode, 107 
ohms (1). The decrease of R~ produced by a r ing elec- 
t rode is in the expected direction, when  one qual i ta-  
t ively considers the changes in the potential  field pro- 
duced by a conductor in the insulating plane surround-  
ing the disk electrode. The effect of the ring electrode 
on the disk electrode pr imary  resistance prevents  us 
from using Newman 's  formula  (1) in the in terpre ta-  
t ion of results presented below. 

Next, the modulat ion technique was applied using 
electrode No. 1 to determine Rc + R D ,  R c  -~- R R ,  and 
Rc -~- RDRR/(RD -{- R R )  for six locations of the Luggin 
capil lary by placing switch S in Fig. 3 in the appro-  
pr iate  position, or by shorting the ring to disk elec- 
trode with  the switch in e i ther  position. Rc was deter-  
mined simultaneously as described in the preceding 
section. The results are given in Table II, where  
R o h m , t o t .  : R C  ~ R D R R / ( R D  -~- R R ) ,  

Values of RD and RR were  calculated from the initial 
values of Rc and Rohm. These values of Rc, RR, and RD 
were  then used to calculate R o b i n , t o t . ,  and agree wel l  
(1-2%) with the value measured  when  the ring and 
disk are shorted. 

Table III shows the results of the exper iment  car-  
r ied out to ver i fy  Eq. [9] for runs 2, 4, and 5 of Table 
II. In the last ent ry  of Table III the ring and disk were  
interchanged such that  the output  of the operat ional  
amplifier I, VD, was the potential  of the disk vs. the 
v i r tua l ly  grounded ring electrode. The results are in 
good agreement  with the predicted values. 

Effect of Rc, RD, and RR on I-E Curves at Ring-Disk 
Electrode 

An uncompensated voltage drop equal  to (ID ~- 
IR)Rc will  be shared be tween the disk and the ring. 
This common uncompensated IR drop will  have a 
significant effect on the I -E curves obtained simul-  
taneously for the disk and the ring electrodes. For  ex-  
ample, if ~[D and AIR represent  changes in the disk and 
the ring current, respectively,  the potential  of the ring 
electrode will  vary  by an amount  Re(AID-]-AIR)-~- 
R R  A I R .  Thus a changing disk current  will  produce a 
change in the ring potential  sufficient to change the 
ring current  by ~Ia. If the ring electrode is poten-  
tiostated on the rising port ion of an [-E curve, AIR wil l  
change markedly  as opposed to the change when  the 
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Table II. Resistance data for ring-disk electrode No. 1 

A l l  r e s i s t a n c e s  a r e  in  ohms.  R u n s  1-6 r e p r e s e n t  s e p a r a t e  e x p e r i -  
m e n t s  i n  w h i c h  t h e  L u g g i n  c a p i l l a r y  w a s  p o s i t i o n e d  a p p r o x i m a t e l y  
on  t h e  e l e c t r o d e  ax i s ,  a b o u t  1-2.5 c m  a w a y  f r o m  t h e  d i sk .  

~ohm 

RC D i s k  R i n g  RD 

~C~ohnl ~ t o t. 

E x p e r i -  T h e o -  
RR , m e n t a l  r e t i c a l  

1 51 7'/ 92 26 41 6'/ 6'/ 
2 5'/ 84 104 27 47 '/5 '/4 
3 5'/ 96 132 39 '/5 82 83 
4 60 88 116 28 56 '/9 79 
5 63 89 122 26 59 81 81 
6 63 89 111 26 48 '/9 80 

Table III. Results of experiment to verify Eq. [9] 

All resistances are in ohms. 

R n /  R R /  
RD RR VOJVD VO/VR (RD + ~:~R) (R1) + RR) 

2'I 4'/ 0.3"/ m 0.36 0.64 
28 56 0.35 m 0.34 0.66 
26 59 0.34 0.61 0.31 0.69 

ring potential  is on a I imiting current  region. An  ex- 
ample of this phenomenon is shown in Fig. 6 where  the 
r ing electrode, being potentiostated on the rising 
portion of the hydrogen evolution curve, behaves as if 
it is collecting a soluble species being generated at the 
disk electrode. 

Similar  effects, p resumably  due to such an in ter -  
action, were studied by Gabriell i  et al. (8) using r ing-  
disk electrodes of different dimensions in  the case of 
the anodization of i ron in 2N sulfuric acid. Miller 
and Bellavance (4) also considered such interactions, 
using a potentiometric r ing-disk  experiment.  

Rapid changes in current  at the disk electrode will 
produce a rapid change in potential  at the r ing elec- 
trode as a result  of the change in  potential  of the r ing 
electrode double layer  capacitance, so that even in 
the absence of a faradaic r ing electrode process a cur-  
rent  will flow in the r ing electrode circuit. This phe- 
nomenon has been observed by Albery  (19) in  his 
studies of r ing electrode current  when  an  a-c current  
is passed through the disk electrode. 

200 

10 

100 ~ 0.0 

-10 

- 1 0 0  
I I I  

~l, . 2 0  

I 
I 

tO 0.5 0.0 
DISK POTENTIAL (v) 

Fig. 6. Cyclic voltammogram in 0.01M HaSO4 using electrode 
No. 1. Solid curve and dashed curve represent disk and ring 
voltammogram, respectively. Ring is potentiostated at --0.450V. 
Scan rate = 100 mV/sec. Rotation speed = 2500 rpm. These I-E 
curves were recorded on an EAI, X-Y-Y' 1131 Variplotter. 

==_ 

m 0~ �84 

We propose that  the term "pseudocollection" be 
used to denote changing r ing electrode currents  arising 
because of uncompensated ohmic potential  effects at 
r ing-disk electrodes. We also propose the term "in-  
verse pseudocollection" to represent the analogous 
effect of changing disk electrode currents  arising be-  
cause of uncompensated ohmic potential  effects at 
r ing-disk electrodes. 

We have observed, as has Miller (20), that  it is 
possible to reverse the direction of the pseudocollection 
effect by positioning the tip of the Luggin capillary 
very close to the plane of the rotat ing r ing-disk  elec- 
trode. In  the case of electrode No. 1, on the axis of ro- 
tation, the reversal appears when the Luggin capillary 
is closer than 2 mm. This reversal  of the sign of the 
pseudocollection effect corresponds to a nega t ive  value 
of Rc, i.e., position of the Luggin capillary along the 
r e s i s t o r  RD, as interpreted in the theoretical section. 

The formulat ion of Gabriell i  et al. (8) would for- 
really predict this change in  signs of the pseudocol- 
lection effect if negative resistance values would have 
been considered by them. However, in  the absence of 
an equivalent  circuit such as Fig. 1, there is no justifi- 
cation for introducing the concept of a negative re- 
sistance, nor would there be the obvious idea of mov-  
ing the Luggin capillary tip toward the electrode to 
find a "negative resistance" region. 

We have also been able to find positions in  space 
which produce a change in  the sign of the inverse 
pseudocollection effect. Generally,  regions close to the 
r ing electrode produce this change in the sign of the 
inverse p~eudocollection effect. 

Finally,  there is a locus of points for which both 
the pseudo- and inverse pseudocollection effects dis- 
appear simultaneously.  This result, along with the 
negative resistance effects are decisive tests of the 
equivalent  circuit given in Fig. 1. 

Pseudocollection effects will  be most significant 
when  large disk currents  flow, when  the disk current  
changes rapidly, or when  the support ing electrolyte 
resistance is large, as for example, in dilute aqueous 
solution or in many  nonaqueous solvents. In  princi-  
ple, they may also be observed if the ohmic potential  
drop changes become large enough to shift the r ing 
electrode potential  from the l imit ing current  plateau 
to the rising port ion of a current  potential  curve. 

It  is, of course, necessary to recognize that  the test 
of the equivalent  circuit we havd proposed is based on 
a pr imary  current  distribution. Thus, somewhat dif- 
ferent values of Rc, RD, and RR will  be found for the 
same position of the Luggin capillary for different cur-  
rent  distr ibutions result ing from kinetics and mass 
t ransfer  effects. However, our model suggests strate-  
gems that  will be successful in minimizing the pseudo- 
collection effect for any current  distribution. 

Conclusion 
The proposed equivalent  circuit, involving a common 

uncompensated resistance with the uncompensated re-  
sistances of the r ing and the disk electrodes, agrees 
well  with experiment.  Using this model there should 
be li t t le difficulty in designing circuits to feed back 
the necessary 1R correction for the r ing and disk po- 
tentiostat, and thus el iminate much of the undesirable 
interactions that can occur because of the couPling 
these uncompensated resistances produce be tween r ing 
and disk electrodes. 
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Triangular Sweep Voltammetry Studies on Porous Silver 
in KOH: Effect of Temperature and Sweep Rate on 

Double-Layer Capacitance 
E. G. Gagnon* 

Electrochemistry Department, Research Laboratories, General Motors Corporation, Warren, Michigan 48090 

ABSTRACT 

Tr iangula r  sweep vo l t ammet ry  da ta  for commerc ia l ly  ava i lab le  porous  
s i lver  in 31 weight  pe r  cent KOH be tween  21 ~ and --47~ are  presented.  Ex-  
per imenta l  problems wi th  d is t r ibu ted  capaci tance and impur i ty  effects are  dis-  
cussed. When  exper imen ta l  condit ions are  optimized, however ,  the  double-  
l aye r  capaci tance of the  porous electrode,  based upon the BET area  of the 
electrode,  compares  wel l  wi th  l i t e ra tu re  values  for solid silver.  

One method  of character iz ing flooded porous elec-  
t rodes is to de te rmine  the doub l e - l aye r  capaci tance 
(DLC) of the e lec t rode  in the env i ronment  in which 
it is to be used. The we t ted  surface area  obta ined from 
DLC measurements  does not, however ,  a lways  agree  
wi th  the  d ry  areas  obta ined  from BET data. In  par t ,  
DLC measurements  using classical methods  such as 
a -c  br idge  or  in t e r rup te r  methods  mee t  wi th  difficulties 
in t roduced by  ohmic effects wi th in  the  pore  s t ruc ture  
of the  electrode.  Recently,  the  effect of e lec t ro ly te  r e -  
s is t iv i ty  wi th in  the  pores of the  e lec t rode  was t rea ted  
ma themat i ca l ly  (1) for  the t r i angu la r  vol tage sweep 
method.  The theory  was la te r  verif ied expe r imen ta l ly  
for  porous electrodes constructed of s i lver  (2) and 
nickel  (3). This paper  gives addi t ional  informat ion  re-  
gard ing  the effect of t e m p e r a t u r e  and sweep ra te  on 
the  DLC of porous si lver.  

Experimental 
Materials.---Silver electrodes (99.8% pure)  were  

punched  from a sheet  of sintered,  porous silver,  ba t -  
t e ry  p laque avai lable  commercial ly .  The test  e lectrodes 
had  a d iamete r  of 3.5 cm, a thickness of 0.127 cm, a 
poros i ty  of 62%, and a BET area  of 0.175 m2/g (or 
8660 cm 2 of in te rna l  a rea ) .  Copper  was identif ied to be 
the  m a j o r  impur i ty  by  spect rographic  analysis  
( ~  0.20%). The e lec t ro ly te  was a 31 weight  per  cent 
(w/o)  KOH solut ion and was p repa red  by  di lu t ing 
reagent  grade  45 w/o  KOH wi th  dist i l led wa te r  (spe-  
cific resis tance of 3 X 105 ohm-cm)  obta ined from a 
Barns tead  still ;  the ma jo r  impur i ty  in the  e lec t ro ly te  
was 2 X 10-4% Cu. I 

* Electrochemical Society Active Member, 
Key words: voltammetry studies, porous silver, potassium hy- 

droxide, double-layer capacity. 
i Spectrographic  analysis .  

Cell.--The elect rochemical  cell and the Teflon test  
e lect rode holder  were  descr ibed before  (2). A Hi lde -  
b r a n d - t y p e  Hg/HgO (31 w / o  KOH) reference  elec-  
t rode  wi th  a Luggin  cap i l l a ry  was used. The complete  
cell and the reference  e lect rode were  assembled in a 
Tenney cons tan t - t empera tu re  cabinet  (Model  TR-5) 
and tests were  conducted be tween  21 o and --47~ 
Pr io r  to all  testing, the e lec t ro ly te  was equi l ib ra ted  at  
the  test  t empera tu re  for periods of at  least  18 h r  (over-  
n ight ) .  

Measurements.--Triangular vol tage sweeps (TVS) 
were  pe r fo rmed  using a Wenking  (Model  66TS10) 
potent ios ta t  in conjunct ion wi th  an Exact  (Model 5000 
series) signal  generator .  A Moseley (Model 70.04 AM) 
X - Y  recorder  recorded vo l t ammet ry  da ta  f rom which 
capacitances were  calculated.  Results  using sweep rates  
of 6 and 59 mV/sec  are  discussed; h igher  sweep rates  
could not be used because of severe  d is t r ibu ted  capac-  
i ty  effects (2). Voltage excursions of 140 mV were  
used to (i) minimize  t rans ient  fa radaic  currents  (2) 
and (ii) determine  capaci ty  solely as a function of 
potent ia l ;  sweep resul ts  over  a wide range of potent ia ls  
often give smeared -ou t  vo l ta rnmet ry  curves in which 
the behavior  of the e lec t rode  at one potent ia l  reflects 
changes that  occurred at another  potential .  

Results and Discussion 
Figure  1 shows a composite  of e leven s ing le -sweep  

vol ta rnmetry  curves obta ined  for a porous s i lver  e lec-  
t rode  in 31 w/o  KOH at 21~ The first sweep is em-  
phasized by  the da rke r  l ine and begins at --0.10V vs. 
Hg/HgO. The potent ia l  is then  var ied  cathodical ly  to 
--0.24V at a sweep ra te  of 59 mV/sec  and then anod-  
ical ly  back  to --0.10V at the  same sweep rate.  Each 
successive cathodic sweep begins in in terva ls  of 50 mV 
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and at  zero current .  Over  most  of the  po ten t i a l  region 
scanned, the  resul ts  super impose to form an envelope 
of potent ia l  vs. current .  The apparen t  capacity,  C, is 
r ead i ly  ca lcula ted  f rom the  vo l t ammet ry  da ta  s imply  
f rom 

C " -  ~,/k, [ i ]  

where { is the measured current (mA) ; k is sweep rate 
(mV/sec); and C is capacity (farads). The apparent 
capacity, C, and the capacity per BET area of the elec- 
tro.de, C* (#f/crn ~) are plotted at the right ordinate 
in Fig. 1. Capaci tance var ies  wi th  potent ia l  and min i -  
mums are  seen at  --0.350V ( forward  direct ion)  and 
--0.325V ( reverse  d i rec t ion) ;  pseudocapaci ty  peaks a re  
also observed in the  v ic in i ty  of --0.55V. S imi la r  r e -  
sults at  --18", --33 ~ and - 4 7 ~  a re  shown in Fig. 2, 
3, and 4, respect ively;  the  resul ts  were  obta ined wi th  
the same elect rode over  a per iod of severa l  days and 
are  typical  of da ta  obta ined  wi th  this  pa r t i cu la r  porous 
s i lver  sample.  

Impurities.--Anodie and cathodic pseudocapaci ty  
peaks  of about  50 ~f/cra ~ occur at  about  - 0 .55V (Fig. 
1). Also in the v ic in i ty  of --0.175V, anodic and cathodic 
peaks are  seen most  c lear ly  at --33 ~ and --47~ pe r -  
haps the  peaks  are  not  as not iceable  at  the  h igher  
t empera tu res  because they  are  masked  by  smal l  
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Fig. 2. TVS data at --180C: A, k - -  59 mY/see; B, k - -  6 
mY/set, 
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Fig. 4. TV$ data at --470C: A, k - -  59 mY/set; B, k = 6 
mY/set. 

amounts  of fa rada ic  current .  S imi lar  peaks  were  re -  
por ted  by  others  (4, 5) using porous s i lver  electrodes.  
In  all  probabi l i ty ,  the peaks are  due to impur i t ies  pres-  
ent  in the  e lect rode which are  desorbing and readsorb-  
ing wi th in  the pore s t ructure.  This is because the peak  
separa t ion  decreases wi th  decreasing sweep rate,  which 
often is a good indica t ion  of adsorp t ion-desorp t ion  
processes (6). The charge associated wi th  the  var ious  
peaks, however ,  corresponds to a very  smal l  f ract ion of 
a monolayer  and therefore  to a small  amount  of im-  
puri t ies.  For  example,  the  charge associated wi th  t h e  
larges t  cathodic peak  at --0.57V (Fig. 1) is about  0.6 
~coulomb/cm 2. This is app rox ima te ly  0.3% of th  e 210 
~coulomb/cm 2 value  for monolayer  coverage (7); i t  also 
corresponds very  near ly  to the level  of copper impur i ty  
in the  metal .  Bi rd  et  aL (4), using a potent ia l  s tep 
method,  concluded that  the  var ious  peaks  observed in 
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1M KOH were  due to co~)uer impuri t ies  in their  elec- 
trodes, according to the fol lowing reactions 

Cu20 ~ H20 ----- 2CuO ~ 2H + -1-2e- [2] 

2Cu ~- H20 ---- Cu20 Jr 2H + W 2 e -  [3] 

where  the respect ive E ~ values are pH-dependen t  ac- 
cording to 

E ~ ---- 0.747 -- 0.059 pH [2a] 

E ~ -- 0.471 -- 0.059 pH [3a] 

In this study, additions of copper ions to the e lectro-  
lyte enhanced the peaks in question. Thus, it is postu- 
lated that  the peaks are associated with  the C u ( I I ) /  
Cu(I )  couple at --0.18V and the C u ( I ) / C u ( 0 )  couple 
at --0.55V. 

Distributed capacity ej~ects.--Figure 5 il lustrates the 
behavior  expected with  a porous electrode as a func-  
tion of tempera ture  for the case where  capacity is 
constant and faradaic current  is negligible (1). The 
figure shows the t ime to reach a steady current  af ter  
the sweep begins (t ') and after the sweep reverses  
(t") increases as t empera ture  decreases. The current  
density during the initial port ion of the sweep is pre-  
dicted (1) from 

i (L )  -- ~lkC' [4] 

where  i (L)  is the current  density; k is the sweep rate  
(dV/d t ) ,  and C" is the apparent  capacity per  geometr ic  
area of the electrode. The parameter  ~1 has a numerical  
value be tween  0 and 1 and is dependent  on two dimen-  
sionless parameters  Lk/d  and t/peC'L, where  L is the 
thickness of the electrode, ~ is the labyr in th  factor, d 
is the distance be tween the tip of the Luggin capil lary 
and the surface of the electrode, and pe is the effective 
specific resistance of the electrolyte in the pores of the 
electrode. When ~ ----- 1 (dashed line, Fig. 5), distr ibuted 
capacity effects are negligible. Conditions which in- 
crease LL/d (e.g., thicker  electrodes) and /or  decrease 
t/peC'L (e.g., lower  tempera tures  and higher  resist ivi-  
ties) enhance distr ibuted capacity effects (solid lines, 
Fig. 5). Similarly,  the current  density after  sweep re-  
versal is predicted (1) f rom 

i (L )  = 7kC" [ 5 ]  

where  7 is a function of basically the same dimension- 

POTENTIAL V 

t i t~ t~ 

._ kc / / ~ T 2 ~ " " ~ ~ 3  REVERSAL 

~~T3<T2<TI/ 

-kc E n d  ,, t ~  " . . . .  ' 
t 3 t 1 

TIME, t 
Fig. 5. Current vs. time or potential during a TVS for cases 

where capacity is constant and faradaic current is negligible. Solid 
lines illustrate distributed capacity effects as a function of tem- 
perature. Dashed line illustrates case where distributed effects are 
negligible. 

less parameters  as /91, except  its value  ranges be tween  
+ 1 and --1 as the value of t/peC'L increases. 

The exper imenta l  results (Fig. 1-4) given here  
clearly follow the general  pat tern  expected, even  
though there are potential  regions where  capacity is 
obviously not constant (e.g., in the vicini ty of --0.55V). 
It can be shown (8) that when  all other  parameters  
are kept constant (e.g., k, L, C, etc.), t '  (Fig. 5) is pro-  
port ional  to pc. Values of t' est imated f rom sweeps 
beginning at --0.30V, such as shown in Fig. 1-4, are 
plotted as a function of tempera ture  in Fig. 6; also 
included are values of pe (solid line) which  are cal- 
culated using 

Pe " -  p~. [ 6 ]  

and exper imenta l ly  determined values of the bulk re-  
sistivity, p, of 31 w/o  KOH (9) and the labyr in th  fac-  
tor, ~,, of 2 determined previously (2). 

Capacitance data.--A capacitance min imum occurs in 
both the forward  (--0.35V) and reverse  (--0.325V) 
directions. At 21~ Cmin is about 32 #f/crn 2 and is in-  
dependent  of sweep rate. As tempera ture  decreases, 
there  occurs an apparent  shift in the potential  of the 
cathodic minimum, ECmin. (Fig. 7) and in the capaci- 
tance Cmi,. (Fig. 8). Be tween  21 ~ and --47~ ECmim 
shifts 80 mV cathodically at 59 mV/sec,  whereas  at  
6 mV/sec,  the shift is 20 mV. Similarly,  over  the same 
tempera ture  range, Cmin. decreases about 10 ~f/cm 2 at  
59 mV/sec  and about 2 ~f/cm 2 at 6 mV/sec.  The higher  
sweep rate results show significant shifts in Cmin. and 
E%~n. with decreasing temperature,  but  wi th  the  slower 
sweep rate the shifts over  the same tempera ture  range 
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Fig. 8. The capacitance minimum, CmLn., vs. temperature as a 
function of sweep rate. 

are markedly  reduced. Thus it would appear that the 
high sweep rate results are mostly artifacts of the 
system and the result  of a distr ibuted capacitance ef- 
fect. The magni tude  of the results is specific to this 
part icular  electrode/electrolyte system and does not 
necessarily apply to other porous silver electrodes. This 
is especially true if the physical properties (e.g., p, ~, 
L, etc.) of the electrodes differ. 

The pzc is usual ly taken as the potential  at which a 
well-defined min imum occurs in the potential-capacity 
data (10) with dilute solutions (0.01M or less). With 
concentrated solutions, however, the pzc is not well  
defined even with mercury  surfaces. For solid silver, 
reported pzc values show a wide variat ion including 
0.046V vs. NHE in KNO3 (11); --0.70V vs. NHE in 
Na2SO4 (12), and NaC104 (13). It  is even more difficult 
to determine the pzc with porous electrodes. For ex-  
ample, consider the case where an adsorption pseudo- 
capacitance due to a faradaic process occurs in the 
same potential  region as the pzc. Normally, with mer -  
cury surfaces, measurements  at high frequencies often 
el iminate the contr ibut ion of an adsorption pseudo- 
capacitance (10). With porous electrodes, however, high 
frequency techniques are not always applicable because 
of distr ibuted capacity effects. Also, the use of dilute 
solutions to determine the diffuse layer  capacitance 
near  the pzc is not possible, again because of massive 
distr ibuted capacity effects. Although the pzc is an 
important  parameter  of the metal, it depends markedly  
on the properties of the solution in contact with the 
part icular  metal. Therefore, it is not clear at this point 
whether  the Cmin, observed in this work actually cor- 
responds to the pzc, even though both often occur in 
the same vicinity. 

The capacity values obtained over the entire poten-  
tial range (32 to 50 gf/cm 2) are in good accord with 
l i terature  values for solid silver in 1M Na2SO4 (14), 1M 
K2SO4 (15), 1M KNOa (15), and 30 w/o KOH (16). 
When one wishes to compare the electrochemically ac- 
tive surface area of porous silver electrodes, it is best 
done at the Emin. preferably under  similar test condi- 
tions. Thus, a proper sweep rate must  be selected; it 
can be estimated using the equations discussed in the 
paper or determined experimental ly.  Obviously the 
same principles apply to other porous electrode sys- 
tems. Using these concepts, it is possible to unders tand  
why Evans (17) was unable  to use fast sweep rates in 
determining the capacitance of carbon powders in NaC1 
solutions while the use of slow sweep rates gave con- 
sistent and meaningfu l  results. 

C o n c l u s i o n s  
The TVS technique is a fast and effective method of 

electrochemically s tudying the surface characteristics 

of porous silver in  alkaline solutions. The technique is 
very sensitive to trace amounts of electrochemically 
active species present  at the surface (i.e.. coverages of 
less than a monolayer  can be detected). DLC, free from 
pseudocapacity effects can be determined, however, 
only in  certain potential  regions where a capacitance 
min imum occurs in the vicinity of --0.35V vs. Hg/HgO. 
Values of capacitances based on the BET area of the 
electrode agree with l i terature values for solid silver. 
Methods of avoiding some exper imental  difficulties 
arising from the porous na ture  of the electrode are 
discussed in terms of a dis tr ibuted capacitance model. 
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Current Distribution on a Plane below a Rotating Disk 

Robert V. Homsy and John Newman*  
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University oS Cali]ornia, Berkeley, Cali]ornia 94720 

ABSTRACT 

The current  dis t r ibut ion on a s tat ionary disk electrode below a rotat ing 
disk at high Schrnidt numbers  is calculated at various fractions of the l imit ing 
current.  Numerical  results for the case of Tafel polarization show that the 
current  density on the plane becomes more nonuni form as the l imit ing cur-  
ren t  is approached. 

The rotat ing disk system has been used extensively 
in electrochemical investigations pr imar i ly  because the 
disk is a surface of uniform accessibility and it is easy 
to use. A slightly more complicated system consisting 
of a fluid dr iven  by a rotat ing disk above a s ta t ionary 
plane has been studied recent ly (1-3). The electrode 
surface is a coaxial disk imbedded in  the stat ionary 
plane. Figure 1 shows the system. A diffusion-layer 
solution to the equat ion of convective diffusion was 
found for high Schmidt numbers  at conditions of l imi t -  
ing current  (1). The current  distr ibution was found to 
be nonuniform, increasing from zero at the center of 
the electrode to infinity at the leading edge. We shall 
apply here the same procedure which has been used 
previously (4-10) for various geometries to study the 
behavior of this system at current  densities below the 
l imit ing current.  

In  the t rea tment  of the problem the following as- 
sumptions are made: 

1. The working electrode is a coaxial disk imbedded 
in  an infinite, insulat ing plane. 

2. The rotat ing disk acts as a counterelectrode at in-  
finity. (For the case in  which the separation distance 
between the rotat ing disk and the plane is finite, La-  
place's equation should be solved in a different way 
for the potential  in the solution outside the diffusion 
layer, in order to account for the fact that the rotat ing 
disk is an insulator, or another  electrode, as the case 
might  be.) 

3. The flow is ful ly developed and laminar.  
4. Dilute solution theory applies with constant diffu- 

sion coefficients, mobilities, and activity coefficients. 
5. Radial diffusion is negligible (valid at high Pdclet 

numbers ) .  
6. The t rea tment  presented here applies to ei ther 

metal  deposition from a single salt solution or elec- 
trode reactions with an excess of support ing electro- 
lyte. 

Mathemat ica l  Formulation 
At high Schmidt numbers  the concentrat ion varies 

from its bulk  value only in a thin diffusion layer  near  
the electrode surface, well  wi thin  the hydrodynamic  
boundary  layer. I t  is then  valid to approximate the 
radial  velocity by the first term in an expansion in  dis- 
tance from the electrode 

v~ = -- y ~ ( r )  [i] 

where ~ = -- Ov~/Oy at y = 0. A full discussion of the 
hydrodynamics  of this system may be found elsewhere 
(1). For this system ~ = ~ 7 f t \ /~ /v  F ' (O) ,  where 
F'(O) is a constant determined by  the dimensionless 
separation distance, 3 -- LX/a/~. 

The axisymmetric  diffusion-layer solution may be 
superposed (8) to yield the concentrat ion derivative 
evaluated at the electrode surface in  terms of the 
derivative of the surface concentrat ion 

* Elec t rochemica l  Socie ty  Ac t ive  Member .  
Key words: current distribution, mass transfer, electrode kinetics, 

Oy y=o r (4/3) 

S :  dco d~Co 

z=xo[ 9Df ]o  - -  "ll/3 7V7  j 
[2] 

where x = 7o - -  r is the distance from the edge of the 
electrode. Subst i tut ion for x and ~ yields 

0c L = (l--D1/z (2Pc) ~/8 
"~y ,=o for(4/3) ~ • 

lCdco I o~'o 
~=~o ( ~ -  ~o)~i8 [3] 

where Pe = ~ro~/27D -- --�89 Sc Re ~/s is a Pdclet 
number ,  Re = 7o 2 ~1~ is the Reynolds number  based 
on the radius of the electrode, f = 1 -- 43, and $ = 7/ro 
is the dimensionless radius. 

The current  density normal  to the surface of the 
electrode is related to the concentrat ion derivative by 
the relat ion 

nFD Oc I i = - -  [4] 
1 -- $ ~y ~=o 

where n is the n u m b e r  of electrons produced when one 
reactant  ion or molecule reacts and t is the t ransfer-  
ence number.  

The potential  in the solution outside the diffusion 
layer  is the same as that for the rotat ing disk. At the 
surface of the electrode the potential  is given by (4) 

e~o = BmP2m (~l) [5] 
ZF m=0 

where Z = -- z+z-/(z+ --z-) for a single salt and 
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Fig. 1. Disk electrode imbedded in a stationary plane below a 
rotating disk. 
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- - n  with support ing electrolyte, P2m(~) is the Le- 
gendre polynomial  of order 2m and ~ = ~/1 -- $2 is the 
rotational elliptic coordinate at y = 0. The expansion 
coefficients Bm are given by 

ZFro ( 4 m +  1)[(2~n)!] 2 / .1 
Bm-- 

KRT 2 (2ram!) 4 
[6] 

where ~ is the conductivity of the bu lk  solution. 
The electrode potential  is the sum of the potential  

drop in  the solution ,I,o, the concentrat ion overpotential  
nc, and the surface overpotential  ~ls 

V = r + ~c + ~s [7] 

The concentrat ion overpotential  is taken to be (11) 

.T[ (Oo) ( 
~e=-~- in ~ -F-t i-- [8] 

C= 

while the surface overpotential  may  be related to the 
current  density by the But ler -Volmer  expression 

oo -- , , [ e x p ~ - - ~ - ~ s ) - - e x p (  #ZF ~ , ) ]  i 
c| l RT 

[9] 

where io is the exchange current  density at the bulk 
concentration, and a, ~, and "y are kinetic parameters.  
It is convenient  to refer the current  density to the 
average l imit ing current  density (1) 

io N 
<into> = [I0] 

r (4/3) J 
where 

~ Z F S D c = ( 2 P e )  ~/s 
N =  T [11] 

and 
ioroZF 

J = - -  [12] 
RTK 
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are dimensionless parameters.  
Equations [3]-[9] constitute a set of seven equations 

containing the seven unknowns,  Co, Oc/Oy at y = 0, i, 
�9 o, Bin, ~c, and ~s. The numerical  method of calculation 
is the same as has been used previously (7). There are 
six parameters which must  be specified in the d imen-  
sionless problem: N, J, t, ~, ~, and % along with the 
fraction of l imit ing current  we wish to study. The 
lat ter  may be set by specifying the current  density at 
the leading edge of the electrode, i (1) .  Such a choice 
eliminates an i terat ion loop in the numerical  procedure. 

Results and Discussion 
Because mass- t ransfer  effects are impor tant  at 

higher current  densities, we have used Tafel polariza- 
tion throughout  in calculating the current  dis t r ibu-  
tions. Thus, we have taken the exchange current  den-  
sity io to be much less than the average current  den-  
sity, so that the surface overpotential  ~s is large and 
one of the terms on the right in Eq. [9] can be ne-  
glected. When operation is at an appreciable fraction 
of l imit ing current,  this means that J < <  N according 
to Eq. [10]. In  the figures, J = 0 designates the use of 
the Tafel approximation. 

Figures 2 and 3 show, respectively, the dimensionless 
current  density and concentrat ion distr ibutions on the 
surface of the electrode for N ---- 10 at various f rac-  
tions of the l imit ing current.  All other parameters  
were arbi t rar i ly  set at 0.5. The l imit ing current  curve 
was obtained from previous work (1). Figures 4 and 5 
show the effect of increasing N on the current  densi ty 
and surface concentrat ion for a fixed current  density 
at the leading edge (i/<inm> = 1.429). 

Figure 2 shows that the current  density rises mono-  
tonical ly from zero at the center of the electrode to a 
finite value at the leading edge for current  densities 

Fig. 2. Current distribution for Tafel polarization 
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Fig. 3. Surface concentration distribution for Tafel polarization 

below limiting. This behavior  would be expected since 
both the l imit ing (1) and pr imary  (4) current  distri-  
butions are infinite at the leading edge of the elec- 
trode, The current  density becomes more nonuni form 
as the l imit ing current  is approached and is seen to 
exceed the l imit ing current  locally near  the center 
of the electrode. This la t ter  behavior  has been ob- 
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Fig. 4. Effect of variation of N on the current distribution for 
Tafel polarization. 
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Fig. 5. Effect of variation of N on the surface concentration 
distribution for Tafel  polarization. 

served for other geometries (4, 6, 7, 10). The surface 
concentrat ion increases monotonical ly from zero at 
the center of the electrode to its bulk value at the 
leading edge (see Fig. 3). As the current  density ap- 
proaches its l imit ing value, the surface concentra-  
t ion tends toward zero. Figures 4 and 5 show that  as 
N is increased, both the current  density and concen- 
t rat ion distr ibutions tend to be more uniform, as might  
be expected since the rate of st irr ing (P6clet number )  
is increased. 

S u m m a r y  
The current  density and concentrat ion distr ibutions 

on the surface of an electrode imbedded in a s tat ionary 
plane below a rotat ing disk have been calculated at 
various fractions of the l imit ing current.  At high 

Schmidt numbers  the concentrat ion varies from its 
bulk  value only in a th in  diffusion layer  near  the elec- 
trode surface. The potential  dis t r ibut ion in the diffu- 
sion layer is determined from a superposition of the 
diffusion-layer solution to the equation of convective 
diffusion and electrode kinetic expressions, while the 
potential  in the bulk  of the solution is obtained from 
Laplace's equation. The calculation method used 
here is the same as was applied previously to the ro- 
ta t ing disk and sphere and plane electrodes. Results 
for the case of Tafel polarization show that the cur-  
rent  density becomes more nonuni form as the l imit ing 
current  is approached. 
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LIST OF SYMBOLS 
Bm expansion coefficients in the series for the po- 

tential  
c concentrat ion of the reactant, mole /cm 3 
co concentrat ion of the reactant  at the electrode 

surface, mole/cm 8 
c| concentrat ion of the reactant  in  the bulk, 

mole /cm 3 
D diffusion coefficient of the reactant, cm2/sec 
F Faraday's  constant, 96,487 coulombs/equiv.  
F' (O) dimensionless radial velocity derivative evalu-  

ated at the plane 
normal  current  density at the electrode sur-  
face, A/cm 2 

io exchange current  density, A/cm 2 
< i >  average current  density, A/cm 2 
<ilim> average l imit ing current  density, A/cm 2 
J dimensionless exchange current  density 
L separation distance between stat ionary plane 

and rotat ing disk, cm 
m index of summat ion in  the series for the po- 

tent ial  
n number  of electrons produced when one re-  

actant ion or molecule reacts 
N dimensionless parameter  related to the sig- 

nificance of mass t ransfer  (see Eq. [11]) 
P2m Legendre polynomial  of order 2m 
Pe P6clet number ,  - -F '  (O) Sc Rea/2/2 
r radial coordinate, cm 
ro radius of electrode, cm 
R universal  gas constant, 8.3143 joule /mole-deg 
Re Reynolds number,  ro2Q/v 
Sc Schmidt number,  v/D 
t t ransference number  of reactant  
T absolute temperature,  ~ 
vr radial velocity component, cm/sec 
V potential  of the electrode, V 
x distance from the edge of the electrode, cm 
Xo integrat ion variable in Eq. [2] 
y normal  distance from the electrode surface, cm 
zi charge number  of species i 
Z - - z + z - / ( z +  -- z - )  for a single salt 

- - n  for reactions with excess support ing elec- 
trolyte 

3 dimensionless separation distance between 
stat ionary plane and rotat ing disk, L ~ Q / v  

a, #, ~ parameters in the kinetic expression (see Eq. 
[9] ) 

#(r)  radial  velocity derivative at the plane, --OVr/ 
OY at y ---- 0, sec -1 

r (4/3) the gamma funct ion of 4/3, 0.89298 
1 -- ~a 

~'o integrat ion variable in Eq. [3] 
rotational elliptic coordinate at y = 0, ~/1 -- 42 

me concentrat ion overpotential,  V 
ms surface overpotential,  V 
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Oo dimensionless concentrat ion of the reactant  at 
the electrode surface, Co/C| 
conductivi ty of the bu lk  solution, ohm-1-  
c m -  1 

,, k inematic  viscosity, cm2/see 
dimensionless radial  coordinate, r/ro 
3.14159 

�9 o potential  in the bulk  extrapolated to the elec- 
trode surface, V 
angular  velocity of rotat ing disk, rad/sec 
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Electrochemical Oxidation of Nitrite Ions at Platinum, 
Gold, and Glassy Carbon Anodes in Acetonitrile 

H. W. Salzberg* 
Department o:f Chemistry, The City College of the City University of New York, New York, New York 10031 

ABSTRACT 

Electrochemical oxidation of ni t r i te  ions has been studied in nomina l ly  
anhydrous acetonitrile at plat inum, gold, and glassy carbon electrodes. Tafel 
slopes, a-c polarography, and potential  values indicate the electron t ransfer  is 
reversible. It  is believed that the NO2 radical-molecule leaves the carbon 
and p la t inum surfaces by a unimolecular  step, most probably desorption, and 
that the NO2 leaves the gold surface by  dimerization as well  as by unimolec-  
ular  desorption. 

Unti l  recently, the electrochemical oxidation of n i -  
trite ion in organic media was terra incognita. The first 
on the subject was by Cauquis and Serve (1) who 
worked in ni t romethane,  nitrobenzene, and acetoni- 
trile, r unn ing  polarographic and cyclic vol tammetr ic  
measurements  on a smooth p la t inum rotat ing elec- 
trode. Their  conclusion was that the discharge is re- 
versible and bimolecular, forming N204 in one step, 
followed by various chemical processes in a compli- 
cated over-al l  pattern. The hal f -wave potential, rela-  
tive to Ag/AgClr was about -t-0.77V. 

Wargon and Avia (2) studied the oxidation of 
NaNO2 at p la t inum electrodes, with dimethyl  sulf- 
oxide as solvent, and concluded that the ra te -de ter -  
min ing  step (rds) was the discharge of the ni t ra te  ion, 
which was therefore irreversible. Castellano, Wargon, 
and Arvia  (3) reported on the electrochemical oxida- 
tion of AgNO2 in  acetonitri le on plat inum. By analysis 
of product mixtures  they concluded that  the ini t ial  
oxidation is followed by a large number  of s imul tane-  
ous competing processes, between init ial  products and 
water  or ni t r i te  ion. However, they do not commit 
themselves as to whether  or not the first electrochem- 
ical oxidation is reversible. 

Unpubl ished work in this laboratory had indicated 
that  on p la t inum in acetonitrile, the discharge was re-  
versible bu t  that the subsequent  rds was unimolecular.  
This study was therefore under taken.  

Experimental 
The principal  measurement  techniques were steady- 

state vol tammetry  and a-c polarography. 
Voltammetric measurements  were made using the 

famil iar  in te r rupter  method to el iminate ohmic drop. 
In te r rup t ion  was by a positive 5-10 ~sec pulse every 
millisecond, from a General  Radio 1340 pulse genera-  
tor, through a pnp transistor  in series with the elec- 

* Electrochemical  Society Act ive  Member .  
Key  words;  ni tr i te  electro-oxidation,  gold, carbon, p la t inum,  

anodes.  

trolysis cell. During the in ter rupt ion  period, the po- 
tential, vs. a reference, was observed with a 5103N dual 
trace Tektronix memory oscilloscope. The second trace 
on the scope was used to observe the potential  drop 
across a I000 ohm resistor in series with the cell, to 
make sure that  the current  was completely interrupted.  
Cell current  was obtained potentiometrical ly rather  
than  with a microammeter.  The measurement  gave 
only the average current  during the on-off cycle but  
since the in ter rupt ion  period was only about 0.5-1% of 
the cycle, the error is  negligible. 

The a-c polarographic measurements  were made 
with a Heathkit  EUAI9-2 polarography module, the 
a.c. being supplied from a Wavetek 134 funct ion gen- 
erator and the output  being fed into the oscilloscope. 

The cell was a lipless beaker  with a Teflon cap 
through which the electrodes were inserted. The plat i-  
n u m  and the gold electrodes were Beckman but ton  
type, with the metal  recessed in  glass, so that no edges 
were exposed. Two pla t inum anodes were used, one 
0.24 cm 2 and the other 0.18 cm 2 in area. The gold 
anode was 0.0079 cm 2 and the carbon anode 0.031 cm 2. 
The carbon was a Chemtrix A - I l l  glassy carbon elec- 
trode, modified by using a carbon rod to make contact 
with the glassy carbon surface. No roughness factors 
were measured. The cathode was a 0.24 cm 2 pla t inum 
electrode. Two al ternat ive references were used. One 
was a silver wire, the other a p la t inum electrode which 
had been silver plated. The potential  difference be-  
tween them was less than the mi n i mum value to which 
potentials were measured. 

Before use, the electrodes were washed with nitric 
acid and distilled water. Sometimes they were then 
air dried, sometimes washed with acetone, and some- 
times wiped with filter paper. No differences in per-  
formance could be ascribed to different pretreatments,  
except that failure to clean with nitric acid often re- 
sulted in discrepant and irreproducible behavior. 

The solvent was acetonitrile, reagent grade, not dis- 
t i l led but  dried over Linde Molecular Sieves, 3A. The 
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electrolytes were reagent  grade LiNOz, vacuum dried 
at 150~176 anhydrous LiC104, used as obtained 
from the supplier, Alpha Inorganics, reagent grade 
AgNO3, used without pretreatment ,  and AgNO2, pre-  
pared by precipitation from aqueous AgNO3 and 
NaNO2 followed by filtration, washing, drying, and 
prolonged vacuum dessication. No differences in per-  
formance could be ascribed to different batches of sol- 
vent  and electrolyte. 

During measurements,  the cell was isolated from the 
atmosphere by being kept in a resin assembly vessel 
surrounded by dessicant. Electrical contact was with 
copper wires thrust  through cork stoppers held in the 
necks of the lid. Dur ing  runs, dry ni t rogen was passed 
through the cell to remove any oxygen. The scrubber  
ni t rogen gave no polarographic oxygen peak and so 
was used without addit ional treatment.  The combina-  
t ion of ni t rogen scrubbing and surrounding dessicant 
kept water  and oxygen at a min imum,  although not 
e l iminat ing these two potential  t rouble makers. 

The electrolytes were weighed out in the laboratory 
atmosphere before being put into the cell. A test sam- 
ple of AgNO2 showed no weight gain after several  
hours in the laboratory. However, weighing the LiNO~ 
and the LiC104 in the laboratory air must  have in t ro-  
duced some traces of water. 

After the addition of the silver nitri te,  the solvent 
was added to the cell through a tube leading into the 
dessicator, without  opening the system. During this 
addition, about 20-30 cm 2 of l iquid surface were ex- 
posed to the laboratory air for about half  a minu te  or 
more. Some oxygen and water  must  have been ab-  
sorbed. 

When LiC104 or LiNO3 or AgNO8 was to be added, 
a set of data was first obtained using AgNO2 only, to 
act as a base line. The reaction chamber was then 
opened and the additional electrolyte added. 

Usually, 50-60 mliters  of acetonitri le were added to 
1.5g of AgNO2, not all of which dissolved. The solutions 
may, therefore, be considered saturated with respect 
to AgNO2 and about 0.15-0.1M. The concentrat ion of 
Ag + must  have decreased slightly during the runs, 
since some silver did plate out on the cathode, but  the 
concentrat ion change was so slight that the reference 
potentials may be considered to have remained con- 
stant during the run. 

All runs  were made with all the electrodes in the 
solution at the same time, so that differences between 
potentials could not be ascribed to measur ing at dif- 
ferent times with different solutions. Sometimes the 
complete curves for each electrode were obtained 

sequentially. At other times, measurements  were ob- 
tained by switching back and forth between electrodes 
after each point. The results were the same. Each set 
of measurements  was made on freshly prepared solu- 
tion. 

To measure decay times, the current  was run  for 
several minutes  at a selected value, usual ly in the 10-5 
A/cm 2 range, unt i l  the potential  had reached a steady 
state. The circuit was then opened manual ly ,  tr igger- 
ing the scope for a single sweep in  the memory  mode. 
The procedure was repeated unti l  fa i r ly  reproducible 
decay times were observed, the decay time being 
defined here as the time for the potential  to drop to a 
point which then did no t change for at least 20-30 sec. 

To measure equi l ibr ium potentials, NO2 gas was 
produced by adding concentrated H3PO4 to solid 
NaNO2. The evolved gas was then passed through the 
cell and solution. When brown fumes were observed 
in the gases exit ing from the reaction chamber, the gas 
stream was diverted and the electrode potentials were 
measured. Measurements were made with the oscillo- 
scope, using a 1 megohm probe, with the reference 
electrode grounded. The measurements  used about 70 
nA with current  densities in  the microampere /square  
centimeter  range. 

Discussion 

Tafel lines.--Figure 1 shows typical results of poten- 
t ia l -current  densi ty measurements.  The potentials re- 
ported are relat ive to an Ag/AgNO2 reference. Table 
I summarizes data taken on different days, some with 
different batches of solvent and electrolyte. The day- 
to-day variations for each anode are less than the 
spread between results with different metals. Table II 
lists the range of potential  values ( taken from the ex-  
per imental  Tafel curves) for the electrodes at 10 -5 and 
10 -3 A/cm 2. Except for carbon and gold at 10 -3, the 
curves, although quite close to each other, do not over-  
lap. The large (0.24 cm 2) p la t inum electrode consist- 
ent ly  registered higher potentials, at corresponding 
current  densities, than the smaller (0.018 cm 2) plati-  
num electrode. The difference was usual ly about 25-30 
mV and could possibly be due to differences in rough-  
ness. 

The addition of sufficient AgNO3 or LiNOz to make 
the concentration of added salt about 0.1-0.2M had no 
discernible effect. On addition of enough LiCIO4 to 
make the solution 0.1-0.2M, the Tafel slopes remained 
the same but the curves were shifted slightly toward 
more positive potentials, about 10-15 mV on gold and 
platinum and even less on carbon. This effect probably 
was due to adsorption. 

Fig. 1. Tafel lines. O, Plati- u~ ru 
num anode; the slope is 0.071. ~ C~ 
O ,  Gold anode; the slope is 0 
0.045. X, Carbon anode; the > 
slope is 0.059. 
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Table I. Least squares slopes of Tafel plots 

Electrode Slope 

P l a t i n u m ,  l a rge  0.069 
0.067 
0.078 
0.071 _ 0.004 

P l a t i n u m ,  smal l  0.068 
0.071 
0.077 
0.072 ~_ 0,003 

Gold  0.048 
0.045 
0.043 
0.044* 
0.045 • 0.002 

C a r b o n  0.059 
0.053 
0.051 
0.061" 
0.056 -- 0,004 

* NOs- added. 

Table II. Potential ranges 

Elec t rode  10-4 A/cm=, V 10-4 A/cm~, V 

P l a t i n u m ,  l a rge  0.100-0.126 0.250-0.270 
P l a t i n u m ,  smal l  0.078-0,098 0.220-0.240 
Gold  0.050-0.070 0.140~0.160 
Carbon 0.025-0.046 0.180-0.150 

Table III. Decay times 

Elec t rode  Time,  see 

P t  0.050 
C 0.1 
A u  1 

Decay times.--Table I I I  shows the t ime t aken  for 
potent ia ls  to drop to open-c i rcu i t  values when  the 
cur ren t  was in te r rup ted .  

Equilibrium potentials.~Table IV shows the po ten-  
t ia ls  at open circuit  in sa tu ra ted  AgNO2 wi th  the  mix -  
ture  of NO2 and NzO4 at one atmosphere.  

A-C polarography and cyclic voltammetry.--These 
resul ts  were  not  graphed.  The cyclic vo l t ammograms  
showed no reverse  (cathodic)  wave  at sweeps as high 
as 10 V/min.  The a-c  polarograms were  produced by  
super imposing 5 mV of 400 Hz a.c. on d.c., using LING3 
or  LiC104 as indifferent  e lectrolyte .  Smal l  bu t  definite 
a -c  peaks  of about  2-3 ~A were  observed in the region 
0.4-1V, posi t ive to the  reference.  The actual  potent ia ls  
were  un impor tan t  since they  inc luded  an unknown 
ohmic drop. However ,  the  fact  that  the  a-c  peaks were  
observed  only wi th in  a potent ia l  range  indicates  tha t  
t hey  were  not the resul ts  of capaci tance but  indica ted  
a revers ib le  e lect ron t ransfer .  

Discussion 
Most of  the foregoing resul ts  a re  consistent with  the  

fol lowing pic ture  

desorpt ion or react ion wi th  
HzO, dissolved 02, etc. 

N O 2 -  - -  e ~ N O 2 ( a d s )  
"~'-~ d imer iza t ion  to N204(ads) 

On all  th ree  electrodes,  the  e lect ron t ransfe r  is re- 
versible and the r a t e -de t e rmin ing  step is the  removal  
of the adsorbed N02. 

The revers ib le  currents  in a -c  po la rog raphy  are  di-  
rect  evidence for the  revers ib i l i ty  of the e lec t ron  
t ransfer  step. 

Indi rec t  evidence for Nerns t ian  revers ib i l i ty  consists 
of the slopes of the Tafel  l ines in Fig. 1 and the close 
approx imat ion  of work ing  potent ia ls  as shown in Table  

II. The spread  be tween  the potent ia ls  at the  gold, car-  
bon, and the smal le r  p la t inum elec t rode  was less than  
100 mV and even tak ing  into account the h igher  poten-  
t ials on the l a rge r  p la t inum electrode,  the  greates t  
spread  was only  120 inV. Fo r  e lect ron t ransfe r  proc-  
esses known to be i r revers ible ,  differences in e lectrode 
potent ia ls  are much higher .  Fo r  example ,  hydrogen  
overvol tages  at different  meta ls  show differences of as 
much as a volt. Large  potent ia l  differences would  in-  
dicate Nerns t ian  revers ib i l i ty  and the smal l  differences 
shown h e r e  are  a necessary,  but  not  sufficient, condi-  
t ion for  revers ib i l i ty .  

The smal l  potent ia l  differences observed  here  could 
be at  least  pa r t ly  due to differences in surface rough-  
ness but  are  more  l ike ly  due to differences in surface 
spacings. Enti t ies  as large  as n i t r i te  ions and NO~ 
molecules  should be adsorbed on several  surface atoms 
at  the same time. Since the surface spacings of these 
th ree  e lect rode mate r i a l s  are  not  the  same, even if the 
to ta l  a rea  were  the  same, the  f ract ion avai lab le  for 
ni t r i te  ion adsorpt ion  would  be different  and the t rue 
cu r ren t  densi t ies  could differ cons iderably  f rom ap-  
pa ren t  cur ren t  densities.  Also, since the surfaces are  
polycrys ta l l ine  and he te rogeneous ,  the act ivi t ies  of 
the adsorbed  NO2 molecules  should be different  for 
each electrode at  a given cur ren t  densi ty  and should 
increase somewhat  wi th  increas ing coverage. 

The resul ts  shown in Table  IV are  also necessary 
but  not  sufficient for revers ib i l i ty  of the  r a t e - d e t e r -  
mining  step. For  the e lect ron t ransfe r  at  the  work ing  
e lect rodes  to be revers ible ,  it  wou ld  have to be r eve r -  
sible under  open-c i rcu i t  condit ions in the  presence of 
NO2 gas. Under  such condit ions the  potent ia ls  ob-  
se rved  should be equi l ib r ium potentials ,  dependent  
only  on the free energies  of the ni t r i te  ions in solut ion 
and the dissolved NO2 molecules  and independent  of 
e lec t rode  mater ia l .  As shown in Table  IV, these poten-  
t ials a re  jus t  about  the  same at  all  th ree  electrodes,  
a l lowing for the  c rud i ty  of the  measurement .  

The  slopes of the  Tafel  l ines shown in Fig. 1 and 
Table  I offer fu r the r  evidence for revers ib i l i ty  of elec-  
t ron  t ransfer .  A revers ib le  one-e lec t ron  t ransfe r  would 
y ie ld  a Tafel  slope of 0.06 if the  fol lowing r a t e - d e t e r -  
mining  step (rds)  is first o rder  wi th  respect  to the 
product  of the e lec t ron t ransfer .  I f  the rds  is b imolecu-  
lar ,  the  slope would  be 0.03. I f  the  slow process fo l low-  
ing the e lec t ron  t ransfe r  is a combinat ion  of s imul tane-  
ous first-  and second-order  steps proceeding at  com- 
pa rab le  velocities,  the  Tafel  slope should be in te r -  
media te  be tween  0.03 and 0.06. 

If  the revers ib le  step involved the t rans fe r  of two 
electrons,  the slopes should be 0.03 for a f i r s t -o rder  rds  
and 0.015 for a second-order  rds. 

The slopes of carbon and gold are  both in te rmedia te  
be tween  0.03 and 0.06, arguing for a s imul taneous  
d imer iza t ion  of the adsorbed NO2 and remova l  by  de-  
sorpt ion or  react ion wi th  dissolved oxygen,  or  water ,  
or NOz- ,  or s imi lar  substances tha t  might  be present .  
The slope on carbon, being so close to 0.06, would  in-  
dicate  tha t  ve ry  l i t t le  d imer iza t ion  occurred.  Suppor t  
for  this a rgument  comes from the da ta  of Table  III, 
which shows tha t  the decay t ime .for gold is ten  t imes 
tha t  for  carbon and twen ty  t imes that  for  pla t inum.  
This means  e i ther  tha t  there  is a ve ry  high surface con- 
cent ra t ion  of NO2 on gold, which in tu rn  would  mean  a 
high potential ,  or  tha t  adsorbed  N20~ is p resen t  and 
disassociates into NO2. Since the  potent ia ls  on gold are  
lower  than  on pla t inum,  ra the r  than  higher,  the  l a t t e r  
exp lana t ion  would  hold r a the r  than  the former.  

Table IV. Equilibrium potentials 

Elec t rode  po t en t i a l  vs. Ag/AgNO=(,)  

Pt  + 0.078 
C + 0.060 
A u  + 0.068 
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In  the case of the p la t inum electrodes, the slopes 
are about 0.07, slightly higher than that expected for 
a normal  first-order removal of the product of a re-  
versible one-electron transfer. If the surface were to 
be covered with a t ightly held monolayer  of adsorbed 
NO2 fur ther  ni t r i te  oxidation would then take place 
on this monolayer  producing N204 in a bimolecular  
two-electron process, with a Tafel slope of 0.09. A 
Tafel slope of 0.07 could then be considered to be a 
combination of such a process with a s imultaneous re-  
versible one-electron unimolecular  removal. However, 
the data of Table III  show that the removal of NO2(ads) 
from pla t inum is faster than from carbon, which sug- 
gests that  the NO2 is not strongly adsorbed and that  
such a monolayer  would not form. Also, if there were 
a monolayer  of strongly adsorbed NO2, one would ex- 
pect to see a cathodic wave in runn ing  cyclic vol tam- 
metry. No such wave was observed. 

An al ternat ive explanat ion for the increase in Tafel 
slope would be based on surface heterogeneity. For a 
reversible electron t ransfer  process, the Nernst equa-  
tion holds and the potential  is a function of the activity 
and therefore activity coefficient of the NO2(ads). If 
over each decade change in current,  the surface free 
energy of the adsorbed NO2 increased by about 250 
cal/mole, the increase in activity coefficient would 
produce an increase in potential  of 12 mV, which is 
the difference between the observed 0.072 slope and 
the 0.06 slope expected. This, of course, assumes a ten-  
fold increase in concentrat ion of adsorbed NO2, which 
is contradictory, since any increase in surface free 
energy would increase the rate constant for the de- 
sorption process. However, since NO2 molecules do 
attract each other and dimerize, in termolecular  attrac- 
tions should at least par t ly  counterbalance increased 

desorption rates, and increased activity coefficients 
could account for the Tafel slope being 0.072 rather  
than  0.060. 

I am troubled by the discrepancy between my ob- 
served potentials and the value of 0.77V vs. Ag/AgCl(s/ 
reported by Cauquis and Serve (1), who are very 
careful, scrupulous, and competent workers. I can only 
cite the differences in solvent, concentration, support- 
ing electrolyte, reference electrode, and method of 
measurement.  

Conclusions 
To summarize, on gold, glassy carbon, and bright 

plat inum, in acetonitrile, the oxidation of ni t r i te  ion 
is a reversible one-electron process. The subsequent  
removal of NO2(ads) on gold and carbon is by simul- 
taneous dimerization and either desorption or reaction 
with water, oxygen, or NO8-, or some combination 
thereof. On plat inum, the ra te -de termining  step is the 
first-order removal of adsorbed NO2. 

Manuscript  submitted April  10, 1974; revised m a n u -  
script received June  17, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by  Feb. 1, 1975. 
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Technical Notes @ 
Solution-Precipitation Mechanism in 

Electrode Reactions 
Lead-Acid Cell 

J. I.. Weininger* 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

One of the most interest ing aspects of the reaction 
mechanism at electrodes of galvanic couples is the 
path by which the reaction proceeds, whether  through 
the solid state or by the way of the electrolyte. Solu- 
t ion t ransport  of the electroactive mater ial  (in the 
solut ion-precipi tat ion mechanism) is known to occur 
at lead, cadmium, zinc, and other electrodes. 

Archdale and Harrison (1) have used rotat ing-disk 
and r ing-disk electrodes to demonstrate the solution- 
precipitat ion mechanism for Pb dissolving in H2SO4 at 
low anodic potential  with the formation of Pb 2+ and 
subsequent  precipitation of PbSO4. They alto found 
that  at more anodic potential  the reaction may pro- 
ceed in the solid state by nucleat ion and growth. 

Hughel and Hammar  (2) first applied scanning elec- 
t ron microscopy (SEM) to the electrode materials of 
the lead-acid battery. They showed the morphology 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me mber .  
Key  w o r d s :  s c a n n i n g  e l ec t ron  mic roscopy ,  l ead  n e g a t i v e  elec- 

t rode,  lead  a n d  l ead  s u l f a t e  c ry s t a l  s t r u c t u r e .  

of the various bat tery  materials before cycling. Others 
have also used SEM to investigate the behavior  of 
lead alloys in acid solutions (3) and the function of 
l ignin in the negative electrode (4). In  the present  
work this method has been extended to cycled nega- 
tive electrodes. In  addition to the expected isotropic 
structure of the porous electrode, at sufficiently large 
magnification there were observed extremely intricate, 
open, symmetrical  crystal structures which derived 
from a solut ion-precipi tat ion mechanism. This report  
also attempts to relate the observed dimensions of the 
microcrystals to a recently developed criterion of 
Vetter (5) which involves an evaluat ion of the concen- 
t rat ion gradients in the electrolyte relative to the 
min imum solubili ty necessary for solution t ransport  
of the electroactive material.  

Experimental 
The structure of the negative electrode was moni-  

tored during cycle life. I t  differed from conventional  
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lead-acid bat tery  electrodes by having a lead-plated 
copper screen substrate and by the addit ion of a poly- 
meric b inder  (neoprene) to the paste. The purpose of 
the polymer addition was to produce a flexible, more 
durable negative electrode. Addit ion of carbon black 
compensated for the conductivity lost by the presence 
of polymer. 

The same active material ,  1 containing a leady oxide 
(approximately 25% Pb and 75% PbO) and an organic 
expander  was used for the test electrode and for the 
control electrode. 

The polymer-bonded electrode had an area of 5 X 5 
cm, 0.3 cm thickness, and a theoretical capacity of 3.0 
A-hr.  It  was charged and discharged at the C/4 rate 
(6 mA/cm 2) against two conventional  positive elec- 
trodes with a combined higher capacity than the nega-  
tive. Periodically, small samples of the negative were 
taken from a location near  the edge of the electrode, 
washed in  distilled water, and mounted  for examina-  
tion in SEM. Micrographs in this report  are of samples 
taken during cycles 29 and 73. To i l lustrate the SEM 
method a few micrographs of conventional  electrodes 
after their  formation and at the end of cycle life are 
also shown. 

Scanning Electron Microscopy 
The ini t ial  appearance of the active electrode mate-  

rials, after formation but  before cycling, is shown for 
conventional  negative (Fig. 1) and positive (Fig. 2) 
pasted electrodes. The original outl ine of the l i tharge 

1 Grenox l l l - G ,  a product of NL Industries.  

particles from which the materials  were formed can 
be noted in  both cases. At the negative plate, forma- 
t ion produced acicular lead crystals as long as 15~ and 
approximately 0.75~ thick; at the positive plate PbO2 
dendrites, 500-1500A wide, with dendri te  separation of 
about 500A, were produced. 

Figures 3, 4, and 5 are micrographs of the polymer-  
bonded electrode at the end of discharge in cycle 29. 
Figure 3 shows a field of s tar- l ike PbSO4 crystals, one 
of these structures is enlarged in  Fig. 4. The individual  
crystals are 1.4~ wide and up to 50~ long. In  the central  
cluster the separation of crystals varies from 0 to about 
1.6~. Small dots or balls are also visible in these micro- 
graphs. At the much larger magnification of 40,000• 
these clumps have a coral s t ructure (Fig. 5). The in-  
dividual  coral s trands are 500-750A wide and have a 
similar distance of separation between individual  
strands. 

Figures 6, 7, and 8 are micrographs obtained at the 
end of charge during cycle 73. Figure 6 shows very 

Fig. 3. Negative electrode at the end of cycle 29,200X 

Fig. 1. Negative plate after formation, 2000X 

Fig. 2. Positive pMte after formation, 5000X Fig. 4. Portion of Fig. 3 enlarged, 1000X 
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Fig. 5. Portion of Fig. 4 enlarged, 40,000X 

Fig. 7. Negative electrode at end of charge 73,500X 

Fig. 6. Negative electrode at end of charge 73,500X 

large, 0.65~ thin blades of crystals. In  Fig. 7 s imilar  
crystals are covered with round structures which on 
fur ther  magnification (Fig. 8) have a remarkable  
flower-like structure. The central part  has petals, about 
0.5~ thick, separated from each other at a distance of 
0.1-0.2~. 

Finally,  r e tu rn ing  to conventional  pasted electrodes, 
Fig. 9 depicts a negative electrode at the end of cycle 
life, after 163 cycles when the cell could no longer 
accept a reasonably large charge. The bulky crystals 
are 0.5-5~ large with an average distance of separation 
of about 2~. They resemble a sponge lead structure, 
shown by Hughel and Hammar  (2) for a formed nega-  
t ive plate without  expander.  

Solution-Precipitation Mechanism 
The above micrographs indicate that the microcrys-  

tals were grown by a solution t ransport  mechanism. 
For a more quant i ta t ive  description of this process, 
Vetter established the criterion 

~c < ~ c  

where hc is the concentrat ion gradient  of PbSO4 or that 
of Pb ( I I )  ions and c is the solubil i ty of PbSO4. The 
value of cpbso4 in 1.12 sp. gr. and 1.26 sp. gr. H2SO4 at 
25~ is, respectively, 21.8 • 10 -6 and 6.6 • 10-6 mole /  

Fig. 8. Portion of Fig. 7 enlarged, 10,000X 

l i ter (6). hc can be estimated from the electrode, dif- 
fusion, and electrical parameters  by the expression 

I �9 2P 
Ac -- 

A 2 . p 2 .  ( 1 - - p ) 2 . d . n F . D  

where I (in A/cm 2) is the current  density applied to 
the electrode, having a porosity P (pore volume/ tota l  
volume),  in ternal  surface area A (cm~/g), density p 
(g/cm~), electrode thickness d (cm), and a diffusion 
coefficient D (cm2/sec) of the soluble species. Bur-  
bank, Simon, and Will ihnganz (7) quote in terna l  sur-  
face area of 7-24.5 m2/g for positive electrodes. A 
smaller  in ternal  surface area is expected for negative 
electrodes (compare, for example, Fig. 1 and 2), for 
which a reasonable assumption of in terna l  surface 
area would be 0.1 to 1 m~/g. Taking the lower value 
of 0.1 m2/g and evaluat ing ~c from the experimental  
conditions used in  cycling the electrodes shown in the 
micrographs, one obtains Ac ---- 6.6 • 10-~ mole/1 
from these parameters:  I ~ 0.006 A/cm 2, P ~- 0.5, 
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Fig. 9. Negative plate at end of cycle life-cycle, 5000X 

A = 103 cm2/g, p : 11 g / cm 8, d = 0.3 cm, n = 2, F = 
105 A �9 sec/equiv.,  and D --  5 X 10 - s  cm~/sec. Com- 
pared  to c = 8.6 • 10 - s  mole / l i t e r ,  this  fulfills Vet te r ' s  
cr i ter ion for the condit ion of the so lu t ion-prec ip i ta t ion  
mechanism. 

In this o rder  of magni tude  calculat ion Vet ter ' s  c r i -  
terion, ac < <  c, applies equal ly  to the  charge and dis-  
charge mechanisms of the  e lectrode reaction, for at  
s t eady-s ta te  dendr i te  g rowth  is control led by  the diffu- 
sion of P b ( I I )  ions from or to the solution, depending 
on whe the r  Pb  or PbSO4 is formed. 

For  the charging process, corresponding to Fig, 6-8, 
the specific g rav i ty  of 1.26, the  densi ty  of Pb, and the 
solubi l i ty  of PbSO4 in tha t  solut ion are  used. Even 
wi th  the  small  in te rna l  surface of 0.1 m2/g the cr i te-  
r ion hc < <  c is fulfi l led by  a factor  of 10; the factor  
would  increase to 1000 for 1 m2/g. For  the discharged 

electrode,  corresponding to the conditions in Fig. 3-5, 
the  densi ty  of PbSO4 and its solubi l i ty  in the  less 
concentra ted  1.10 sp. gr. acid would  be used. 

The s t ructures  shown in the  mic rographs  va ry  
wide ly  in terms of in te rna l  surface area  and porosi ty.  
However ,  they  can be placed in context  wi th  Vet ter ' s  
cri terion.  I t  can be pos tu la ted  tha t  the  s t ructures  
shown in series of Fig. 3-5 and Fig. 6-8 cease to 
grow by so lu t ion-prec ip i ta t ion  in the  open areas  be -  
cause of la rge  poros i ty  in those locations which  de-  
pletes the concentra t ion of act ive soluble ma te r i a l  
(~c is l a rge) .  On the other  hand, in the  dense t ight  

centra l  s t ructures  wi th  l a rge  in terna l  surface areas  the  
mechanism proceeds and al lows unique crys ta l  s t ruc-  
tures  to grow. 
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Some Observations on Rechargeable Lithium 
Electrodes in a Propylene Carbonate Electrolyte 

R. Selim and P. Bro* 

P. R. Mallory and Company, Incorporated, Laboratory for  Physical Science, 
Northwest Industrial Park, Burlington, Massachusetts 01803 

Organic e lect rolyte  l i th ium systems have been re -  
por ted  which give promising resul ts  when  opera ted  as 
rechargeable  ba t te r ies  (1-8). I t  is character is t ic  of 
most  of this work  that  e i ther  the discharges were  in i -  
t ia ted  shor t ly  af ter  the complet ion of the charges, the 
s toichiometr ic  l i th ium capacit ies were  in a consider-  
able excess of the charge per  cycle, or the capacit ies 
of deposi t ion were  far  less than those l ike ly  to be use-  
ful in pract ical  cells (of the order  of 5 mA-h r / cm2) .  
These circumstances tend to obscure the  intr insic  cy-  
cling character is t ics  of the l i th ium electrode and may  
lead to tenuous conclusions about  the su i tab i l i ty  of a 
system as a r echargeab le  organic e lec t ro ly te  l i th ium 
bat tery .  

* Electrochemical Society Active Member. 
Key words: batteries, electrodeposltion, organic electrolytes. 

In  our  work  (1) wi th  such solvents  as p ropy lene  
carbonate,  butyrolactone,  d imethyl formamide ,  and di-  
methylsul foxide ,  as wel l  as in subsequent  unpubl i shed  
work  with  other  solvents, we have found the behavior  
of l i th ium on electrodeposit ion,  as wel l  as anodic dis-  
charge of the electrodeposi t ,  to be s imilar  for different  
solvents. We have recent ly  pe r fo rmed  some fur ther  
exper iments  designed to give a c learer  pic ture  of the 
cyclabi l i ty  of the l i th ium elect rode in a p ropylene  car-  
bonate solut ion of  l i th ium perchlorate .  The resul ts  wil l  
be found, we believe,  to be s imilar  in na tu re  to those 
found under  equiva len t  condit ions in o ther  solvent  sys-  
tems. We bel ieve the methodology descr ibed here in  r e ,  
flects more  accura te ly  the intr insic  proper t ies  of l i th -  
ium under  pract ical  condit ions than  do o ther  methods  
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reported so far. A br ief  description of the exper iments  
and some results will  be given in this report.  

Experimental 
The cell a r rangement  was ex t remely  simple and was 

designed to insure a uniform current  distr ibution 
across the face of the working electrode. The cell was 
a 3% in. length of a % in. d iameter  glass tubing sup- 
ported ver t ica l ly  in a heavy brass base to minimize 
vibration. The working electrode, in the bottom of the 
tube, was a brass cyl inder  with an O-r ing which was 
machined to fit t ight ly in the glass tube. The top of the 
cell was closed by a rubber  stopper through which 
projected a stainless steel lead connected wi th in  the 
cell to an expanded stainless steel circle on which was 
pressed a circle of l i thium foil. This served as the 
counterelectrode and was positioned paral lel  to and 
about 11/2 in. above the face of the brass working  
electrode. 

Solutions were  prepared from distil led propylene 
carbonate and vacuum oven-dr ied  LiC104 and con- 100 
rained about 40 ppm of water.  Before each run  the 
working electrode surface- of the brass cyl inder  was o ~ 
metal lographical ly  polished. Solutions were  prepared >:  
and the cells assembled, filled, and closed in a dry O 
box in an inert  argon atmosphere.  Z 

Cathodic deposition and anodic str ipping were  done 
at constant current  and the cell vol tage was monitored.  r 
The end of anodic str ipping was signalled by an abrupt  
voltage excursion. The str ipping efficiency was cal- 
culated by dividing the number  of coulombs passed 
before this rapid polarization by the total number  of 07 5 0  
coulombs passed during the previous deposition. The E 
amount of metal l ic  l i thium remaining on the electrode o- 
was calculated from the volume of gas evolved when ~: 
the rubber  stopper was removed and the cell placed I-- 
in a closed system containing water,  u) 

L) 
E3 
O 
Z 

Results and Discussion 
The efficiency of the charging process was close to 

100% as determined by the chemical  analysis of the 
l i thium deposit wi thin  a few hours of the charging 
cycle (Fig. 1). When the l i thium deposit was permit ted  
to age the amount  of metal l ic  l i thium present on the 
electrode decreased, most l ikely because of its reac-  
t ion with  the solvent. About  15% of the l i thium w a s  
lost f rom the electrode in 40 hr  at 25~ The appear-  
ance of the deposit suggested a mossy s t ructure  and 
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Fig. 1. Chemical analysis of lithium deposition efficiency 

some of the loss may  have been physical ra ther  than 
chemical. 

In a parallel  series of exper iments  it was found that  
the discharge efficiency of the fresh l i thium deposit 
was about 60% (Fig. 2). However ,  the discharge effi- 
ciency decreased much more  rapidly wi th  an increas- 
ing age of the deposit than did the l i thium content  of 
the deposit. Af te r  40 hr  at 25~ it approached zero 
even though the deposit still  contained 80% of the 
original metal l ic  li thium. None of the residual l i th ium 
was available for discharge. Our tenta t ive  conclusion 
is that  the chemical react ion(s)  be tween  the l i thium 
and the electrolyte had gradual ly  changed the physi-  
cal s tructure of the l i thium deposit to render  most of 
the l i thium inaccessible to the current  collector. 

An i l lustrat ion that  l i th ium/e lec t ro ly te  reactions 
may have  such an effect is given in Fig. 3 where  it 
may  be seen that  the del iberate  addit ion of water  to 

I I I 
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Fig. 2. The discharge efficiency of electrodepasited lithium 
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Fig. 3. Chemical and electrochemical availability of electrode- 
posited lithium in wet and dry electrolytes. 1M LiClO4 in PC at 
25~ 2 mA/cm 2, 2.5 mA-hr/cm 2. 
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the electrolyte decreased the discharge efficiency 
markedly  relative to that observed in the dry electro- 
lyte. The discharge efficiency of the fresh l i thium was 
80% in the dry electrolyte and 35% in the 0.1M H~O 
electrolyte. After  40 hr, the efficiencies had decreased 
to almost zero despite the presence of about 90 and 
75% of the original metall ic l i th ium in the electrodes 
for the dry and the wet  electrolytes, respectively. It  
was interest ing to note that the l i th ium deposit was 
quite compact in the 0.1M water  solutions and almost 
completely nondendri t ic  in nature.  

If the l i th ium/elec t ro lyte  reactions were that  sig- 
nificant in  affecting the discharge efficiency, they 
should also affect the charging efficiency at some cur-  
rent  density. The data in Fig. 4 show that  this was so. 
In  the dry electrolytes the charging efficiency de- 
creased noticeably below 0.1 mA/cm2; in the 0.3M 
H20 electrolyte it decreased below 2 mA/cm 2. At a 
current  density of 0.01 m A / c m  2, the charging efficien- 
cies were comparable for the two solutions. 

The contributions of dendrit ic or loose l i th ium to the 
discharge inefficiencies of fresh l i th ium deposits may  
be judged from the data in Fig. 5. The electrolyte was 
swirled about the l i th ium electrodes by strong hand-  
shaking to dislodge dendrites and loose fragments  
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covery. 1M LiCIO4 in PC at 25~ 5 mA/cm 2. 

from the l i th ium deposits, and the electrodes were 
then either discharged or analyzed for residual metal -  
lic l i thium. At a current  density of 5 mA / c m 2 for the 
charging cycle it was found that  the fraction of den-  
drites and loose fragments amounted to 5% at 1 mA-  
hr /cm 2 and 30% at 10 m A - h r / c m  2, as determined by 
chemical analyses. The discharge efficiencies of the 
undis turbed  deposits decreased from about 50 to 30% 
over the same specific capacity range, and only slightly 
lower values were obtained when the dendrites and 
loose fragments were removed from the l i th ium elec- 
trode prior to the discharge. The difference be tween the 
l i th ium contents as determined by chemical analyses 
after dendrite removal and the l i thium contents as 
determined by electrochemical discharge showed that 
the discharge inefficiencies must  be a t t r ibuted to the 
physical state or morphology of the deposit proper and 
are not a t t r ibutable  to gross dendrites or loose l i th ium 
fragments. An arb i t ra ry  distinction is made here be- 
tween the microscopic dendrites that form a mossy 
structure and the large dendrites that may be seen 
protruding well above the surface of the mossy de- 
posit. 

The exper imental  results raise some questions in re-  
gard to the suitabil i ty of l i th ium electrodes for re- 
chargeable organic electrolyte batteries. It  would seem 
that a low intr insic  l i th ium/elect rolyte  reactivi ty may 
be a prerequisite for the satisfactory cycling of such 
a battery.  It is our  concern, however, that any polar 
solvent is intr insical ly reactive toward l i thium be-  
cause of the existence of an electron deficient region 
about a highly electronegative atom, which forms the 
positive end of the dipole. This intrinsic reactivi ty may 
go undetected by static experiments  but  may be crucial 
in deposition and reanodization experiments  of the 
type described herein.  

We would encourage investigators of rechargeable 
organic electrolyte l i th ium batteries to include in their 
reports data on cells with stoichiometric anode ca- 
pacities comparable to the coulombic charge per cycle 
and data on cells that are permit ted to remain  on open 
circuit for various extended periods of t ime after 
charging and prior to discharge. The satisfactory per-  
formance of an organic electrolyte l i th ium bat tery in 
such experiments  is a necessary, but  not sufficient, 
condition for satisfactory cyclability. 

Manuscript  submit ted Apri l  4, 1974; revised manu-  
script received July  10, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by  Feb. 1, 1975. 
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Discharge Behavior of Li/MoO3 Cells 
Nehemiah Margal i t*  

ESB Incorporated, TechnoZogy Center, Yardley, Pennsylvania 19067 

The system Li/MoO3 was proposed, as early as 1965 
by Knapp (1), for use in nonaqueous cells using 
organic solvents. Since then several investigators have 
used the system (2-8) but  the cathode reaction re-  
mained unknown.  The assumption was made that the 
cathode reaction involved a two-electron transfer  per 
molecule of MoO3 and that reported coulombic effi- 
ciencies did not exceed 75% to a 1.SV cutoff. Campa- 
nella and Pistoia (2) using Li/0.9,M LiA1C14 -~-bu- 
tyrolactone/MoO3 cells recognized that  the operating 
voltages of their cells exceeded the open circuit volt-  
age predicted from thermodynamic  data, assuming the 
products to be Li20 and MoO2 or Mo205. Fur ther  in -  
vestigation by the lat ter  led them to the conclusion 
that the electrochemical reaction involves a two-elec-  
t ron transfer  (6). 

Li/MoO3 cells discharged in our laboratory (4, 8) 
exhibited two useful discharge plateaus at the end of 
which a max imum of 1.5 Faradays per mole of MoOa 
was obtained. Therefore, an at tempt was made to 
verify both the two-electron hypothesis and the t rue 
na ture  of the discharge curve using a slow, continuous 
discharge of a complete cell. 

Experimental 
Standard but ton  cell hardware was used as casing 

for making  cells 0.41 cm high and 1.1 cm in diameter. 
The anode was punched from a high pur i ty  l i th ium 
r ibbon (Foote Mineral  Company, 99% pure) and 
rinsed twice with hexane (MC/B, Manufactur ing 
Chemists, spectroquality grade).  The cathode was made 
from MoO3 powder (Mallinckrodt, analytical  reagent) ,  
porous carbon powder, and Teflon in several ratios 
with the active mater ial  weighing between 85 and 
95% of the finished cathode. The solvent, ~-butyro-  
lactone (Eastman),  was distilled on a spinning band  
column (Nester/Faust ,  NF 276) at 5 mm Hg. The mid-  
dle fraction, boil ing between 68.0 and 68.8~ (uncor-  
rected) was collected. The salt LiAsFs (U.S. Steel),  
was used as received. One point five molar  solutions 
prepared in a dry room and sealed in  a glass vessel 
were stored for periods exceeding 5 months without  
apparent  deterioration. Cells were assembled in  the 
dry room, allowed to reach a constant  open circuit 
voltage, and finally discharged at room tempera ture  
across 15 • l0 s (~1%)  ohm resistors. Readings were 
obtained daily, manual ly ,  using a high in terna l  im-  
pedance digital voltmeter.  

Results and Discussion 
Init ial  open circuit voltages exceeded 3V in  agree- 

men t  with Knapp and Dey (1, 7). However, these 
voltages were reduced to 2.85V after s tanding for sev- 
eral days at room temperature.  Discharge data indi-  
cated util ization of about 50% based on 2 Faraday per 
mole of MoO3. The discharge curves consistently ex- 
hibited what  appeared to be an end of a first plateau at 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
K e y  words :  l i t h i u m  cells,  m o l y b d e n u m  t r iox ide ,  n o n a q u e o u s  elec- 

trolytic solutions. 

about one- th i rd  of the obtained discharge capacity. Of 
part icular  interest  was the discharge behavior  at 35~ 
as shown in Fig. 1. Such cells delivered better  than  
70% o f  their theoretical capacity and the end of what  
appears as a first plateau was at about one- th i rd  of the 
obtained capacity. Such cells delivered 0.5 Fa raday /  
mole, at the end of the first plateau, and a total of 1.5 
Faraday/mole  for the total discharge. 

A re-examinat ion  of other authors '  published dis- 
charge data (2-4, 7, 8) indicates that  similar points of 
inflection are characteristic of Li/MoO8 systems. In-  
deed what  seems to be a slowly growing concentrat ion 
polarization is consistently ending at about 25% ut i l i -  
zation on the basis of two electrons/molecule for highly 
efficient systems (3, 4, 7, 8), i.e., 0.5 Faraday/mole.  In -  
deed such a distinct two plateaus discharge has been 
shown by Dey (7) for a battery.  Such discharge char-  
acteristics of MoO3 have been recent ly reported for 
both nonaqueous and aqueous systems. Popov and 
Lai t inen (9) obtained, in  a mol ten  salt environment ,  a 
product whose empirical formula is LisMo208. In  such 
a product, the formal oxidation state of molybdenum is 
+5.5. At the same time Gabano et al. (10) reported that 
upon reducing MoO3 in  7N H2SO4, one observes a 
major  reduction plateau star t ing at a calculated prod- 
uct composition of about MOO2.8 and ending at a cal- 
culated product composition of about MoO2.2. A com- 
parison of the lat ter  data with those presented here 
reveals that in both cases, formal charges of +5.5 and 
-}-4.5 can be calculated for the boundary  of what  seems 
to be the major  plateau. The formation of a new cath- 
ode mater ial  in our Li/MoO8 cells after the apparent  
n = 0.5 reduction is fur ther  confirmed by a 2.4-2.5V 
open circuit voltage observed for part ial ly discharged 
cells. 

The above is not in disagreement with the reduction 
mechanisms proposed by Popov and Lai t inen  (9), 
Gabano (10), or Campanella  and Pistoia (6) as the 
init ial  electrochemical reaction could involve a two- 
electron step. However, as Popov and Lai t inen propose, 
the pr imary  reaction product probably reacts fur ther  
with MoO~ to form polymolybdates, hence the net  ob- 
served changes of 0.5 electrons per MoO8 molecule 
with initial  open circuit voltages of 2.85V. 

v2i o 
t 
t 
s I 

o.'1 o:z o:3 0:4 o.'5 0;6 o:7 o:8 019 1.0 

Obtained Capacity6heoretical Capacity (I. 5 Faraday/mole MoO 3) 

Fig. 1. Discharge behavior of Li/1.SM LiAsF6-7-butyrolactone/ 
MoO8 cells. 35~ 15.0 • 103 ohm load, 577 hr of discharge. 
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Fur the r  work aimed at identification and characteri-  
zation of the reduct ion products is present ly being 
pursued in our  laboratory. 

Manuscript  submit ted Feb. 4, 1974; revised m a n u -  
script received June  6, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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On the Ultraviolet Inhibition of Electroless 
Plating on Plastics 

M. Schlesinger and B. K. W. Baylis 
Department of Physics, University of Windsor, Windsor, Ontario, Canada 

In  a recent communicat ion (1) we reported on the 
inhibi t ion of electroless metal  plat ing on glass using 
ul traviolet  light. We employed in that  study the so- 
called conventional  sensitizing activating surface pre-  
t r ea tmen t  path. The observation was made that u.v. 
inhibi t ion had not proved possible if the catalyzing 
(PdC12/SnC12/HC1) accelerating (HC1 or NaOH and 
similar) path was followed. 

It is the aim of the present  note to give some results 
concerning the successful u.v. inhibi t ion and growth 
pat tern ing of electroless deposition on plastics using 
the catalyzing path. Specifically, our results to date 
show that  the effect of u.v. light can be presented as 
follows 

C --> RI --> A -> 1~ "-> M 
t 

positive 

where C stands for the combined PdC12/SnCI2/HC1 
catalytic bath [Shipley 9F (2)],  R for a DI water  
rinse, A for the accelerator, and M for the metall izing 
bath [a room temperature  Ni-P bath, the composition 
of which is reported in  Ref. (3)].  

If u.v. light is applied after catalyzing, deposition of 
the positive occurs essentially only on the areas pro- 
tected by the mask, result ing in sharply defined metal  
strips separated by bare plastic. Exposure of the sub-  
strate to ul t raviolet  radiat ion at other stages in the 
above sequence results in either "positives" or even 
"negatives" (1) depending on the specific stage at 
which the i rradiat ion takes place. The result ing images 
show markedly  less contrast because there is consider- 
able background remaining.  

As noted in Ref. (5) the substrate and its condition 
seem to play an important  role in determining the 
activity of the catalyst. It seems to play an important  
role also in de termining the effectiveness of the u.v. 

Key words: eleetroless, u.v. inhibition, catalytic systems, plating. 

inhibi t ion or promotion of growth (i.e., the creation 
of a positive or negative image of the photomask).  

Most of the above observations were made on plat-  
able grade ABS I which had been properly pre- 
cleaned. Other plastics on which it has been possible 
to obtain pat terns are epoxy, P1exiglas, Formvar,  
Polyamide, and cellulose acetate. It would appear at 
this stage that  deglazing or some roughening of the 
surface prior to the sequence of premetal l izing baths is 
of prime importance. 

Fur ther  s tudy of the above effects is being under -  
taken in  our laboratory.  
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Direct Electrochemical Determination of 
Hammett Substituent Constants 
Thomas L. Riechel, 1 Janice J. Kim, 2 and Peter A. Rock* 

Department of Chemistry, University o$ Calilornia at Davis, Davis, California 95616 

Probably  the best known, and the most successful, 
semi-empirical ,  l i nea r - f r ee -ene rgy  relat ionship is that  
proposed by Hammet t  (1, 2). The Hammet t  rho-s igma 
equat ion  

k 
log --~- -- pa [1] 

has been found to correlate  the rate and equi l ibr ium 
constants of a great  var ie ty  of s ide-chain reactions of 
meta- and para-substituted benzoic acid derivatives.  
In this equation k is a rate or equi l ibr ium constant of 
a substi tuted benzoic acid derivative,  k' is the corre-  
sponding constant for the unsubst i tuted derivative,  p 
is the reaction series constant, and ~ is the substi tuent 
constant. The react ion series constant is independent  of 
the nature  of the substituent, but  depends on the sol- 
vent, the temperature,  and the par t icular  reaction 
series. The Hammet t  subst i tuent  constant �9 is defined 
(1) by the equat ion 

K 
- l og  K--- 7 [2] 

wherein  K is the thermodynamic  acid dissociation con- 
stant for a meta- or para-substituted benzoic acid in 
water,  and K' is the acid dissociation constant for 
benzoic acid in water,  both at 25~ 

The calculation of ~ values using Eq. [2] together  
with separately determined exper imenta l  values of K 
and K', yields a values as small differences b e t w e e n  
two (relat ively)  large numbers,  that  is, a = log K 
-- log K'. The determinat ion of accurate (+--0.004 or 
bet ter)  ~ values requires  even more  accurate (__+0.002 
or  bet ter)  pK values in aqueous solution for benzoic 
acid and its meta- and para-derivatives. 

The potent ial ly most accurate method for the de- 
terminat ion of pK values for benzoic acids in water  is 
f r o m  electrochemical  cell data. The most e x t e n s i v e  
electrochemical  s tudy of the ionization constants of 
benzoic acids in water  is that  reported by Briegleb and 
Bieber (3). However ,  the accuracy of the pK values 
repor ted  by Briegleb and Bieber has been criticized 
in two rev iew ar t ic les  on the ionization constants of 
acids (4, 5). Fur thermore ,  there  are disagreements  be-  
tween the electrochemical ly determined pK values of 
Briegleb and Bieber  and the spectrophotometr ical ly  
determined pK values of Wilson et al. (6). The pos- 
sible uncertaint ies  (~+-0.02 pK units) in the measured  
pK values of benzoic acids may give rise to consider-  
able uncertaint ies  (>___0.04 pK units) in the values of 
the Hammet t  subst i tuent  constants calculated from 
these pK values. 

The inherent  difficulties associated with  the deter -  
minat ion of ~ values as small differences be tween two 
large numbers  can be e l iminated by a direct measure-  
ment  of a. We have used the electrochemical  double 
cell 

H2 (g,Pt) I C6HsCOOH (ml) ,  C6HsCOONa ( m 2 ) ,  

NaC1 (m3) IAgC1 (s) I Ag (s) [AgC1 (s) IXC6H4COOH (m4), 

XC6I-~COONa (ms), NaC1 (m6)IH2 (g,Pt) [3] 

(where  X represents a meta- or para-substituent, and 
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the mi values are  molali t ies)  for the direct  e lec t ro-  
chemical  determinat ion of Hammet t  r values;  this 
communicat ion outlines the basic method and reports  
our results for the r value of meta-methylbenzoic acid. 

Experimental 
The cell e lectrolytes were  prepared in a glove box 

under a ni trogen atmosphere.  The distilled water  used 
to prepare the cell solutions was boiled and stored 
under  a ni t rogen atmosphere.  The benzoic acid and the 
m-methylbenzoic  acid (Eastman reagent  grade) were  
dissolved in CO2-free NaOH(aq)  and recrystal l ized by 
addition of HCl (aq ) .  P r imary  s tandard NaC1, con- 
s tant-boil ing HCl (aq) ,  and carbon dioxide-free  
NaOH(aq)  were  used to prepare  the cell solutions. 

The hydrogen electrodes (7) were  closed-loop, 
plat inum coils, 5 mm in diameter  and 20 mm in length, 
consisting of seven turns of 0.020 in. d iameter  Pt wire. 
The coils were  soaked in r eagen t -g rade  acetone, and 
cathodically cleaned at 50 m A  in 3M H2SO4(aq) over-  
night. Af ter  the acid cleaning, the electrodes were  
r insed in distilled water  and a l ight coating of Pt  
black was electroplated onto the coils [5 mA for 5 
min  and then 10 mA for 6 rain in 10% H2PtC16 �9 6H20 
in  2M HCl(aq)  plat ing solution]. Bias potentials be- 
tween hydrogen electrodes were  found to be less than 
20 ~V. New electrode coils were  prepared for each cell. 
The plat inum electrode lead was brought  into the cell 
f rom above through a Pt - to-sof t -g lass  seal. The s i lver-  
s i lver  chloride electrodes were  prepared on closed- 
loop plat inum coils using the thermal  electrolyt ic  
method (7). Bias potentials of aged electrodes were  
less than 20 #V. Ag/AgC1 electrode leads were  brought  
into the cell f rom above via a Pt - to-sof t -g lass  seal. 

The design of each half  of the double cell was of the 
basic H- type  with  a large-bore,  ground-glass stopcock 
be tween  the chambers. A H2 gas presaturat ion cham- 
ber  was attached to each of the hydrogen electrode 
compartments.  The H2 gas was run through a DEOXO 
hydrogen purifier (Englehard Industr ies) ,  then 
through the presatura tor  (filled with  cell e lect rolyte) ,  
and then into the cell. 

The electrodes were  presoaked in cell e lectrolyte  
overnight,  then the cell was filled with  electrolyte  
and the electrodes were  mounted  in the cell by means 
of ground-glass joints. The respective halves of the 
double cell were  connected ex terna l ly  and the entire 
assembly was immersed in an oil bath (recirculat ion 
sump type) .  The tempera ture  of the oil bath the rmo-  
stat (~0.002~ was mainta ined by a proport ional  
heater  and moni tored with  a certified Leeds and 
Nor thrup  Company plat inum resistance the rmomete r  
and a G-2 Mueller  bridge. Hydrogen gas was bubbled 
through the cell for approximate ly  1 hr  before  the 
emf  measurements  were  begun. The cells were  then 
closed and the double cell emf was measured on a 
certified Leeds and Northrup Company universal  po- 
tentiometer.  The cells at tained a stable (<_0 .1  mV) 
voltage within 1-2 hr. 

Results 
The over-a l l  reaction of cell [3] can be obtained as 

follows (L ---- left, R ---- r ight  hand side cell e lectrolyte)  

~H2(g ,L)  ---- H + (aq,L) + e -  

AgCl(s)  ~- e -  = C t - (m 3)  + Ag(s )  
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We now define 

C1- (me) + Ag(s)  = AgCl(s )  + e -  

l l  + (aq,R) + e -  : 1/2H2(g,R) 

V~H=(g,L) + H + (aq,R) + C l - ( m s )  

---- �89 + H + (aq,L) + C1-(ms)  [4] 

Applicat ion of the Nernst  equat ion to this react ion 
under  conditions where  aH2(R) ---- aH2(L) (equal  hy-  
drogen pressures) yields (~.o _. 0) 

RT ln { aH+(L)aCl-(mS) } [5] 

F aH + (R)aCl-- (m6) 

a n d  

aH + (L)aC6HsCOO-- 
K ' =  [6]  

G~6HsCOOH 

aH + (R)aXC6H4COO-- K = [7] 
aXC6H4COOH 

Combination of Eq. [6], [7], and [2] wi th  Eq. [5] yields 

= +2.3026 T 

RT In ~ ms[ml  -- mH+ (L)] [m5 + mH+ (R)] 

F k mB[w%4 mH+(R)] [m2 -~- mH+(L)] J 
RTln  { ~'C6H5COOH 'YCI- (m3) 

F 'TXC6H4COOH ~'C1-- (m6) 

~xcsH4coo-(ms) ~ [8] 

~C6H5COO-- (m6) J 
Under  conditions where  the ionic strengths of the L 
and R solutions are approximate ly  equal, Eq. [8] re-  
duces to 

(2.3026 R T )  

~ - - +  F r 

RTln { ma[ml -- mH+(L)][ms + mH+(R)] } [9] 

F me[m4 - -  mH+(R)] [m2 + mH+(L)] 

This equat ion shows that  the use of the double cell 
[3] yields a direct relat ionship be tween  the measured 
cell vol tage and the Hammet t  subst i tuent  constant. A 
determinat ion of ~ to _ 0.1 mV, which is not difficult to 
achieve in cells of the type of cell [3], yields a r value 
to wi thin  • 0.0.03 units. 

An example  of the type of results that  can be ob- 
tained from emf measurements  on cells of the type of 
cell [3] is provided by the fol lowing data for the case 
where  X is meta-methyl. For  a cell wi th  the concen- 
trations: ml = 1.824 X 10 -4 mole �9 kg-1 ;  m2 : 1.734 • 
10 -4 mole �9 kg-1 ;  m3 -- 0.1013 mole �9 kg-~;  m4 -- 1.614 
• 10 -4 mole . k g - 1 ; m 5  = 1.933 X 10 -4 mole  �9 kg-1 ;  
a n d  m6 ---- 0.1020 mole �9 kg -1, the fol lowing voltages 
were  obtained: --4.82 mV (25.228~ --3.94 mV 
(30.000~ --3.14 mV (35.326~ --2.41 mV 
(40.221~ ; --2.13 mV (45.323~ ; --1.87 mV 
(50.314~ The ionic strengths of the two cell elec-  
t ro lyte  solutions were  0.1015 (L) and 0.1022 (R). 

The procedure used to calculate a r value was as 
follows: Ka values for benzoic acid and meta-methyl- 
benzoic acid were  calculated from the data summarized 
by Larson and Hepler  (5), (benzoic acid "best values"  
were  used) ;  these Ka values were  used to est imate 
mH+(L) and mtt+(R) from solution of the quadrat ic  
equation; the values of mH+(L) and mH+(R) were  then 
used to calculate the second term (call it the molal i ty  
term) on the r igh t -hand  side of Eq. [9]; a value of 
was then calculated f rom Eq. [9] using the measured  
emf  value and the est imated value of the molal i ty  term. 
A revised value  of Ka for meta-methylbenzoic  acid was 
then calculated f rom the ~ value using Eq. [2] and 

0,06 
0,05 
0.04 
0,03 
0.02 

o, 
"~ -O.OI 
- -0,02 

-o.o3! 
-0.04 ! 

. . . .  ' . . . . . . . . .  ~ ' o ' '  ' '6'o 20 :30 40 

t(~ 

Fig. 1. Plot of Iog(K/K') vs. temperature (~ for meta-methyl- 
benzoic acid in water. 

Larson's  and Hepler 's  "best" value for the Ka of ben-  
zoic acid. The revised value of Ka for meta-methyl- 
benzoic acid was then compared with  the original 
value. If  the difference was greater  than or equal  to 
1 • 10 -7, then ~ was recalculated using the revised Ka 
value. I terations were  continued unti l  the difference 
be tween  Ka estimates was less than 1 • 10 -7. Com- 
puter  runs start ing with both high and low initial esti- 
mates for the Ka value of meta-methylbenzoic acid 
were  made to insure that  the function was converging 
on the t rue value of ~. These initial variat ions of the 
value of Ka, as wel l  as variat ions over  the range of 
reported Ka values for benzoic acid itself, did not 
significantly affect the final value of v. In  each case 
five or six i terations were  necessary to reach the 
chosen m ax im um  error  limit. The log (K/K') values 
obtained at the various tempera tures  are: log (K/K') 
: --0.016 ___ 0.002 (25.2~ +0.007 m 0:002 (30~ 
+0.027 __ 0.003 (35.3~ W0.046 • 0.002 (40.2~ 
+0.053 _+ 0.002 (45.3~ and W0.06'0 ___ 0.001 (50.3~ 

A plot of log (K/K') vs. t empera ture  for meta- 
methylbenzoic  acid is given in Fig. 1. It can be seen in 
this figure that, in terms of the usual in terpreta t ion of 
Hammet t  ~ values, the meta-methyl group might  be 
regarded as ei ther  e lectron donating or electron wi th-  
drawing re la t ive  to hydrogen, depending on whe ther  
the tempera ture  chosen to define ~ is below or above 
about 29~ respectively.  

The value of ~ obtained at 25~ (--0.016) is in fair  
agreement  wi th  that  calculated from the data given in 
Ref. (3), namely, ~ ---- --0.03; a value of v ---- --0.07 is 
calculated from data given in Ref. (6). Extrapolat ions 
of the data given in Ref. (3) and (6) also lead to the 
conclusion that  log (K/K') changes sign; however,  the 
sign change occurs at tempera tures  of 48 ~ and 44~ re-  
spectively. 
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The Growth of Anodic Aluminum Oxide Layers 
after a Heat-Treatment 
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ABSTRACT 

Aluminum was anodized in a solution of ammonium pentaborate in ethylene 
glycol with a current density of 0.25 mA/cm 2 to voltages between 9.8 and 183V. 
After annealing to 400~ in oxygen the specimens were reanodized in the 
same solution, either with a constant rate of voltage increase or at constant 
voltage. In both cases the current displays a peak as a function of time. With 
increasing voltage the peak occurs slightly above the original forming volt- 
age, at constant voltage an induction period occurs before the current starts 
to increase. After passage of the peak annealed and unannealed specimens 
behave in the same way. The efficiency of the reanodization after annealing 
has remained unity: the layer grows. Transmission electron micrographs of 
layers stripped after interruption of the reanodization show that in the peak 
growth occurs inhomogeneously: black spots occur which are thickenings of 
the layer, the surface of which increases as the reanodizatfon is interrupted 
in a later stage. The effect can formally be described as a two dimensional 
phase transformation. A model in which the theory of the kinetics of phase 
transformations is combined with the experimental exponential relation be- 
tween ionic current and field during anodization leads to an equation which 
in most cases accurately describes the reanodization curves. 

Heat ing of anodic oxide layers  is cus tomary  dur ing  
the product ion of e lec t ro ly t ic  capacitors.  In  d ry  ca-  
pacitors,  for instance, in which  the countere lec t rode 
consists of a l ayer  of so-cal led "manganese  dioxide," 
the l a t t e r  is appl ied  by  dipping the  anodized meta l  
in a solut ion of manganese  n i t ra te  in wa te r  and oxi -  
dizing the  we t  sample  at  300~176 in air. This p ro -  
cedure does not improve  the qua l i ty  of a capaci tor  
a n d  the  quest ion arises whe the r  the  heat ing of the 
anodic  oxide is on its own, at least  par t ly ,  responsible  
for  this  effect. 

With  this in mind  we inves t iga ted  the  influence of 
anneal ing on the proper t ies  of anodic oxide layers.  
We have concent ra ted  our a t tent ion  on a luminum. 
This is a sui table  me ta l  wi th  which  to inves t iga te  
anneal ing effects, because the anodic oxide remains  
noncrys ta l l ine  and protects  the  meta l  from oxida t ion  
dur ing  heating.  Heat ing  of anodic t an ta lum oxide on 
the o ther  hand  causes a reac t ion  be tween  the  oxide 
and  the  meta l  (1) as wel l  as sharpening  of the  x - r a y  
diffraction d iagram (2) as r epor ted  by  Vermilyea .  
A d isadvantage  of a luminum is its low mel t ing  point. 

In  general ,  when  dur ing anodizat ion the cur ren t  
or  vol tage is suddenly  changed or in t e r rup ted  and 
reappl ied,  t rans ient  effects can be observed.  Ev iden t ly  
adapt ion  of the  conduct iv i ty  of the l aye r  to the  newly  
appl ied  field requi res  some time. The t rans ien t  be -  
comes ve ry  pronounced if the oxide layer  is hea ted  
(250~176 before  being submi t ted  to fur ther  ano- 
dization. Reanodizat ion curves of annea led  films, ob-  
t a ined  b y  r egu la r ly  increasing the v o l t a g e a c r o s s  the 
cell, exhibi t  a ve ry  character is t ic  cur ren t  peak, as 

Key words: annealing of anodie films, reanodization, hetero- 
geneous growth, phase transformation, surface gain after electro~ 
etch. 

repor ted  first by  Dignam (3). He showed that  the  
ionic conduct ivi ty  of the a l u m i n u m  oxide af ter  an-  
neal ing was very  smal l  bu t  tha t  i t  could be res tored  
b y  the appl ica t ion  of a high electr ic  field. Ear l ie r  
Vermi lyea  (1) had  repor ted  tha t  the ionic conduc-  
t iv i ty  of anodic t an ta lum oxide decreased af ter  annea l -  
ing. Af te r  app ly ing  a constant  voltage,  new oxide 
would  grow pre fe ren t i a l ly  at  me ta l  g ra in  boundar ies  
and s ingular i t ies  wi th in  the grains, unt i l  f inal ly the  
growth  became uniform. Recent ly  Kudo, Watase,  and 
Kato  (4) reanodized  hea ted  anodic t an t a lum oxide by  
the appl icat ion of a constant  voltage. They concluded 
tha t  the re la t ive ly  small  number  of charge carr iers  
present  a f te r  heat ing was increased not  only  by  the 
appl ied  electr ic  field but  also by  the  current .  

We have made  a deta i led  invest igat ion of the  r e -  
anodizat ion of anodic a luminum oxide and found that, 
af ter  annealing,  fu r the r  g rowth  s ta r ted  inhomogene-  
ously.  This i s  shown in Fig. 10. The process can 
fo rmal ly  be descr ibed as a two dimensional  phase 
t ransformat ion  in which the annealed  oxide wi th  a 
low ionic conduct iv i ty  is t r ans fo rmed  into oxide wi th  
a normal  ionic conduct ivi ty.  A model  wi l l  be p re -  
sented in which  the theory  of the  kinet ics  of phase 
t ransformat ions  developed by  Johnson and Mehl (5) 
and Avrami  (6) is combined wi th  the  exper imen ta l  
exponent ia l  re la t ion  be tween  ionic cur ren t  and ap-  
plied electr ic field for anodizat ion as found by  Giin-  
therschulze and Betz (7) and Berna rd  and Cook (8). 
This leads to an equat ion which  in most cases gives 
an accurate  descr ip t ion  of the  reanodizat ion curves. 

Experimental 
In  a reanodizat ion exper iment  an a luminum sample 

is successively cleaned, anodized, annealed,  and  re -  
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anodized. In this section the details of these different 
stages are described. 

Pretreatment 
Samples were  punched from a luminum foil 0.3 mm 

thick, supplied by Merck, pur i ty  99.95%, the main 
impuri ty  being Si. The samples were  spoons wi th  a 
circular  area of 14 mm diameter  and a handle 4 mm 
wide and 2 cm long. The anodized surface used was 
about 3.7 cm 2. 

The samples were  roughly cleaned by immersion 
in an aqueous solution of caustic soda, 4g NaOH per 
liter, at 50~ for 15 sec, and more  thoroughly by elec-  
tropolishing in a bath consisting of 140 mli ters  C2H5OH, 
40 mli ters  HC104 (70%), and 20 mli ters  2-butoxy-  
ethanol (9). To avoid recrystal l izat ion of the alu-  
minum during the exper iments  the samples were  
heated at 600~ for 15 rain. To remove  the thermal  
oxide layer  and to polish, the samples were  e lectro-  
polished in the above-ment ioned  bath again for 2 
min  at 0.2 A/cm2.1 Then the samples were  stored. 
Deionized water  was used for rinsing. 

Before anodization, the surface layer  of the sam- 
ples was removed by immersion in a bath containing 
1.5 mli ters  HF (50%), 10 mli ters  H2SO4 (96%), and 
90 mli ters  water  at room tempera ture  for 15-30 sec, 
fol lowed by rinsing in methanol.  

Anodlzation 
Immedia te ly  hereaf te r  the sample was anodized in 

a solution of 17g ammonium pentaborate  in 100 mli ters  
glycol (10). This electrolyte  was chosen because it 
was known that  anodic oxide layers were  formed with  
a current  efficiency of uni ty  and because layers formed 
in this electrolyte  showed a good thermal  stability. 
The electrolyte  was prepared at 90~ in the absence 
of air. 

The anodization process was per formed at 24 ~ --_+ 
I~ at constant current  density, viz., 0.25 m A / c m  2. 
The voltage was measured relat ive to a p la t inum 
cathode. The voltage drop across the electrolyte  was 
small (about 0.2V). When the voltage across t h e  cell 
had reached a previously determined value, Vf, the 
current  was interrupted.  This voltage is called the 
forming voltage in this invest igat ion and is there-  
fore defined only for this par t icular  current  density. 
Rinsing in methanol  completed the anodizing process. 

Annealing 
Final ly  the samples were  heated for 15 min  in 

oxygen at 400~ and immediate ly  af te rward  used in 
one of the fol lowing experiments .  

Reanodization 
Reanodization was carr ied out in two ways, e i ther  

wi th  a regular ly  increasing voltage or with a con- 
stant vol tage applied across the cell. The former  
method gives a good qual i ta t ive  indication of the 
effects, whereas  only the la t ter  method  is suitable 
to obtain quant i ta t ive  results. 

Reanodization w i th  a constant rate of voltage in-  
crease.--Anodic oxide films were, af ter  annealing, re -  
anodized by applying a voltage increasing at a con- 
stant rate. Once the vol tage reached the original  
forming voltage, Vf, the current  started to increase 
and displayed a peak at the vol tage Vmax. After  pas- 
sage of the peak the current  eventual ly  reached the 
anodizing value, which depended on the choice of 
dV/dt .  The characterist ic max imum in the current  is 
caused by annealing: a nonheated sample shows below 
Vf a gradual  increase in the reanodizat ion current,  
until  the final anodization value has been reached. 

These phenomena were  invest igated by Dignam (3) 
with thin films. He remarked  that the charge requi red  
to reach, at reanodization, a voltage > Vf was the 
same for heated and nonheated films. He concluded 

1 Electropolishing is improved  if the thermal ly  grown oxide layer 
is first r emoved  by etching. 

that  a hea t - t r ea tment  h indered the growth of the 
anodic oxide film. Our results obtained on thick films 
are in complete agreement  wi th  those of Dignam. In 
Fig. 1 reanodization curves of a heated and a non-  
heated layer  have been plotted. During the passage 
of the peak the film becomes thicker, as follows from 
capacitance and ell ipsometric measurements .  At vol t -  
ages beyond Vmax the cur ren t - t ime  relations of the 
two layers coincide. 

Some difference remains, however.  When anodiza- 
tion of the heated sample is continued, say, beyond 
150V, small breakdowns take place, a t tended by evo-  
lut ion of gas and a current  efficiency less than unity. 
A nonannealed sample can be anodized with  hardly  
any evolut ion of gas at up to 210V in this par t icular  
electrolyte.  

When etched foil, as used in capacitors, is anodized, 
the current  density and therefore  also the thickness 
of the anodic oxide layer  are unknown. This is also 
the case if for some reason the oxide layer  has been 
thinned chemically. The occurrence of the peaks can 
be used to determine  the forming voltage, Vf, which 
in this invest igation is used as a measure  of the layer  
thickness. To that  purpose peaks have been measured 
wi th  a constant rate  of voltage increase on annealed 
samples. Figure  2 shows the relat ion be tween  Vf and 

Fig. 1. Current density as function of voltage increasing at a 
constant rate. The dotted line shows the reanodization of a non- 
annealed sample, the solid line represents the reanodization of an 
annealed sample. The shaded areas are equal. 
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Fig. 2. The forming voltage Vf as function of Vmax, the voltage 
of which the current is maximum, when a heated sample is re- 
anodized with dV/dt = 0.034 V/sec. From this plot the layer 
thickness can be obtained. 
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Vmax. Similar  relations can be found in Dignam's 
work (3). 

Reanodization at constant vol tage. - -Nonheated films. 
- -Le t  us first consider the reanodization of a nonan-  
nealed sample. The dotted line in Fig. 3 represents the 
reanodization of such a sample, measured by the appli-  
cation of a constant voltage across the a luminum and 
the electrolyte. The current  varies in  inverse propor-  
t ion with time, as it should do (10). This 1/t law is ob- 
tained by means of the fact that  the thickness of the 
anodic layer, L, is proportional to the charge passed 
per square centimeter, q: L = akq, in  combinat ion 
with the exponent ial  dependence of the ionic current  
density j on F, the applied field: j ---- jo exp (BF) ; here 

is the current  efficiency, X the ratio of the equivalent  
weight of a luminum oxide to the product of the Fara -  
day number  times the density of the oxide. At a con- 
stant voltage across the cell, this leads to the differ- 
ential  equat ion 

at_-- akj----~exp - - - - ~  dL 

Integrat ion gives 
o, j = - ~ -  i t ]  

where use has been made of the fact BF > >  1 (11, 12). 
q~ is the charge per centimeter  square  consumed dur-  
ing the anodization up to Vf, during which a layer  with 
a thickness of, say, Lo was bui l t  up; to may then be 
considered as the t ime it would take to anodize a layer  
to the same thickness Lo at constant voltage star t ing 
from the bare metal  (if this were possible). 

to is given by 
qt 

t o - - - - ~ e x p  ( - - B F )  
joBF 

The charge consumed during the reanodization at t ime 
t is 

f: (,+,o) q =-- j dt = In [2] 
BF \ - - - ~ o  

to, a quant i ty  which we shall use later  on, can be ob- 
tained from plots of 1/j vs. t or from plots of q vs. 
log t. Extrapolation, in  the lat ter  plot, of the straight 
l ine for large values of t toward q ---- 0 gives to directly. 
The broken lines in Fig. 4a and b represent  examples 
of the growth of nonannealed  samples at constant 
voltages. 

G R O W T H  OF ANODIC A L U M I N U M  OXIDE LAYERS 

Fig. 3. Reanodization at a constant voltage V of a nonheated 
sample (dotted line) and a heated sample (solid line). The mean- 
ing of the symbols is explained in the text. 
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Fig. 4. Reanodization, at a constant voltage of 50V, of heated 
and nonheated "samp]es. (a, upper) The current as a function of 
time; (b, bottom) the charge consumed during reanodization as a 
function of time. 

Annealed ]~Ims.--When a constant voltage is applied 
to an annealed film, the current  will first charge the 
capacitor and then drop to low values. After  some 
time, however, the current  starts to rise and displays 
a peak. An example of such a peak is represented by 
the solid line in Fig. 3. During passage of the peak the 
capacitance of the sample diminishes and again we as- 
sociate the peak current  with film growth. Compared 
with the nonannea led  film the annealed layer  starts 
growing only after an induct ion period, which is 
clearly demonstrated in Fig. 4a. At longer times the 
current  decays and the annealed and nonannealed  
samples become the same. 

In  Fig. 4b the charges are plotted as a funct ion of 
log t. In  the annealed sample the charge begins to flow 
at a later stage as compared with the nonannealed  
sample, but  again in the case of long periods of t ime 
the curves merge, indicating that  the efficiency of the 
reanodization after anneal ing has remained unity.  

Properties of the peak . - -The  occurrence of a cur-  
rent  peak after a hea t - t rea tment  is a general  phenome- 
non. Peaks have been observed when different elec- 
trolytes (e.g., ammonium hydrocitrate in water  or an 
oxygen discharge) as well as different heat ing tem- 
peratures (250~176 were used. 

The time after which the current  peak appears in 
Fig. 3 as well as its form, are very sensitive to experi-  
menta l  conditions. I t  is important  to remove, before 
anodization, any layer  already present on the bare 
metal  (and to replace it by another  one!).  Also the 
m a n n e r  of r insing after the first anodization may in-  
fluence the peak. To obtain reproducible results, the 
complicated r i tual  of pretreatments  described in the 
preceding section had to be developed. More experi-  
menta l  results are given in Ref. (13). 

The characteristics of the peak have been examined 
as functions of the aPt01ied field, of the thickness of the 
film, of the temperature  at which reanodization takes 
place, of the chemical t reatments  of the film, and of 
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the electrolyte  composition. In this paper  only the de- 
pendence on the first two parameters  is discussed. 

The t ime needed to reach the max imum current  
(tmax) has been measured with  samples of three dif- 
ferent  thicknesses as a function of the applied field 
and is plotted in Fig. 5. V/Vf  is proport ional  to the 
applied field. According to Bernard  and Cook (8) the 
field is 8.6 X 106 V / c m  for V/Vf  ---- 1 at the current  
density of 0.25 m A / c m  2 used by us. tmax depends ex-  
ponential ly on the applied field and does not depend 
very  much on the thickness of the film. About the same 
field dependence has been found for the current  at the 
max imum (jmax). It  appears that  jmax increases as the 
thickness of the film increases, which results in high 
max imum currents  (of the order of several  mi l l i -  
amperes)  when  thick layers  are measured  at high 
fields. In such cases the spacing be tween  cathode and 
sample was reduced to ~ 1 ram, resul t ing in a cell 

resistance of about 25 ohms. The disadvantage of this is 
that the tempera ture  may rise and the supply of elec-  
t rolyte may be inadequate.  

Another  quant i ty  of interest  is the charge per  centi-  
meter  square necessary to reach the max imum current  

f tn, l ~  
density, qmax ~ jdt. This quant i ty  is plotted in 

~o 
Fig. 6. It does not, as one might  think at first, depend 
on the applied field. In order  to compare the form of 
the peaks, measured on layers with different th ick-  
nesses, we plotted the current  and t ime in reduced 
units: j/jmax and t/tmax. An example  of such a plot is 
given in Fig. 7. At low fields the peaks are more or less 
of the same form, al though the layer  wi th  VF ----- 50V 
shows a high current  in the beginning. As we shall  
show af te rward  this current,  which we  shall call the 
induction current,  also represents  growth of the layer.  

Fig. 5. The field dependence 
of lltmax. The value V / V f  - -  1 
corresponds to a field of 8.6 X 
10 8 Y/cm. 
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Fig. 7. The field dependence of the shape of peaks, measured at 
constant voltage and plotted in reduced units j/jmax and t/tmax. 

At high fields the form of the current  peaks of the 
three  layers  is ve ry  different. The thin layer  shows a 
very  broad peak, the thick layer  a ve ry  nar row one. 
In Fig. 8 we have plot ted the width  b, taken f rom the 
reduced plots at j/jmax : 0.5, as a function of the reduced 
field. The contrasting behavior  of layers having Vf ---- 
10V and Vf = 180V is evident.  In par t icular  the 180V 
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Fig. 8. The width b, taken from plots in reduced units as pre- 
sented in Fig. 7, as a function of the field. The values of b are 
taken at j/jmax = 0.5. 

peak at a high field shows the presence of an induction 
time, prior  to which hardly  any growth  of the layer  
Occurs. 

Optical and electron microscopic observations.~In 
Fig. 9 we have once more  plotted a reanodization curve 
measured with  a constant dV/dt. The plot is sur-  
rounded by dark field photographs of the surface of 

Fig. 9. The change of the reflectivlty of a heated sample during reanodization. The arrows indicate the moment the pictures were 
taken. At a lower value of dV/dt the reflectivity change is more uniform. The peak is rounded off as compared with the one in Fig. 1, 
because of a higher cell resistance (about 2000 ohms). 
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the specimen taken during the reanodization. The sur-  
face of the specimen changes as the current  reaches 
its peak. Beyond it the sample regains its original ap- 
pearance. The pa t te rn  of whi te  spots visible on the 
sample consists of small crater  l ike holes, a l ready 
present on the bare metal.  It does not change during 
the treatments.  

The reflectivity changes are visible only wi th  thick 
layers. We have examined  this phenomenon in more 
detail  wi th  an electron microscope. For  greater  s im- 
plici ty we shall restrict  ourselves to reanodization at 
constant voltage. 

At different stages of the reanodization process the 
current  was in ter rupted  and the sample was immersed 
in a solution of bromine in methanol.  Af te r  dissolution 
of the aluminum, the anodic oxide layers could be iso- 
lated and examined in transmission. We were  able to 
investigate, wi th  the microscope working at 80 kV, 
layers up to 1500A thick. 

Nonannealed and reanodized samples do not show 
heterogenei t ies  on reanodization. Heated and reano-  
dized layers, however,  showed a number  of dark spots 
on the screen of the microscope. Since these spots do 
not show any crystallinity, we must  conclude that  the 
spots are thicker  places in the layer. Hardly  any con- 
trast is found over  a spot and it has about the same 
thickness everywhere .  

An example  of such an exper iment  on 600A thick 
layers, reanodized at V/Vf  ---- 1 is shown in Fig. 10. 
The number  and size of the spots increase as the re-  
anodization proceeds. At  the  max imum of the peak 
about 50% of the surface of the sample is covered 
and a number  of spots are in contact wi th  each other. 
Final ly  the whole surface is dark, a situation roughly 
coinciding with the end of the peak. (The photographs 
were  pr inted with a max imum of contrast.) 

Such observations are characterist ic of reanodiza-  
tion exper iments  of heated films. The heterogeneous 
growth is also observed if reanodization is per formed 

with a constant dV/dt or wi th  a constant current.  The 
electrolyte  has an influence on the form of the dark 
spots but not on the fact that  heterogeneous growth 
takes place. 

Discussion 

First  of all we want  to summarize  the  main  results. 
The ionic conductivi ty of an anodic oxide layer  be-  
comes very small  in heated as compared wi th  non-  
heated specimens. If a heated layer  is reanodized by 
the applying of a constant voltage, heterogeneous 
growth will  start  af ter  an induction period. As seen in 
the electron microscope, this phenomenon is very  
reminiscent  of a phase t ransformation:  poorly con- 
ducting A1203, white  in the micrographs,  is t ransformed 
into A120.~ with  a normal  ionic conductivity, which be-  
comes thicker  and shows up as black material .  In view 
of this we will  describe the process formal ly  with 
terms borrowed from the theory of phase t ransforma-  
tions like phase and nucleus, without  implying that  
these "phases" are defined in the chemical sense. 
Therefore  we say that  as the current  increases, nuclei  
arise which grow out in a direction paral lel  to the 
surface of the sample, t ransforming the nonconducting 
into conducting oxide. Since the A1203 layer  is very  
thin, the phase t ransformat ion is essentially two di- 
mensional. When the whole surface has been covered, 
the layer  behaves again l ike a nonheated sample. 

In the following we shall construct a model  to de- 
scribe the reanodization behavior  after  annealing. 
Since we do not know even qual i ta t ively  wha t  causes 
nucleation and why  an incubation t ime (tinc) is neces- 
sary, we shall only consider processes occurring after  
the incubation period. Only the stage in which nuclei 
are growing, where  the peak in the current  appears, is 
treated. Two assumptions, namely, (a) why  the nuclei 
grow at all, and (b) how the oxide grows after  ionic 
conductivi ty has been restored, underl ie  this model. 

Fig. 10. Transmission electron micrographs showing heterogeneous growth at reanodization of six heated layers. The arrows indicate the 
moments at which the current through a sample was interrupted. Vf ~ 50V; V/Vf ~ 1. The bar represents 1 ~. 
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(a) As soon as the ionic conductivi ty has been re -  
stored locally, the layer  will  become thicker  at that  
par t icular  spot and a step is formed on the oxide film, 
as is shown v e r y  schematical ly in Fig. 11. Close to 
such a step the lines of constant potential  and the field 
lines in the anodic oxide layer  are  shown. It  is evident  
that  the highest  electric field is to be found in the old 
nonconducting oxide near  the edge of the step. We 
suppose that  this high field causes the annealed oxide 
to become conducting. The anodic oxide will  start  to 
grow rapidly in the vert ical  direction which means 
that  the step moves  along the surface unti l  it collides 
with another  growing spot. Because the field dis tr ibu-  
tion near  the step does not change, this model  leads to 
a constant la teral  growth velocity. 

(b) We have shown that, to a first approximation,  
the growth  beyond the peak is the same as wi th  a 
nonannealed sample. Such evidence is contained in Fig. 
4, where  annealed and nonannealed films are compared 
at long reanodizat ion times. In Fig. 3, r emember ing  
that  annealing causes postponed growth, we can make 
the current  decay of the nonannealed sample coincide 
with  that  of the annealed sample by a mere  shift of 
the former  by 1500 sec. Final ly  the appearance of the 
sample before and af ter  the peak is the same (Fig. 9). 
Therefore  we suppose that, as soon as the ionic con- 
duct ivi ty of the layer  has been restored, the thicken-  
ing of the oxide wil l  fol low the relations val id for the 
growth  of an anodic oxide at constant voltage. 

Let  us suppose that  at t ime t' a surface O(t')  has 
been t ransformed into a conducting oxide. O (t') is the 
surface of ail the dark spots in the electron micro-  
graphs. At t ime t' /- tit' this surface wil l  have in- 
creased by an amount  dO, because the size of the spots 
has increased and in addit ion new spots have been 
formed. The situation at t '  and t' /- dt' has been 
sketched in Fig. 12. 

The current  at t ime t due to the  region dO t rans-  
formed be tween  t' and t '  -t- dt' will  be given by 

i ~ ~ 

/ / ~ \ \  
\ \ ~  /I 

Fig. 12. Schematic presentation of the heterogeneous growth at 
reanodization. The solid line shows the situation at time t', the 
"black spots" are growing at a constant speed. The broken line 
represents the situation at time t' / -At ' .  Lateral growth has taken 
place and a new spot is present. 

qt dO 
di(t)  = [3] 

BF to+ t -- t' 

To find an expression for the total current  we have to 
in tegrate  over  t ' ,  and therefore  we replace dO by 
(dO/dt ')  dt'. 

Since the nuclei  start  to grow only after  an incuba- 
tion t ime we have 

qf ~ t  dO/dt'_ 
i ( t )  = ~-~ ine to + t -- t '  dt' [4] 

(dO/dr') can be obtained from the theory  of the ki-  
netics of phase t ransformations developed by Johnson 
and Mehl (5) and Avrami  (6). In our case we have to 
apply this theory to the case of two dimensions and to 
assume fur thermore  that  the growth velocity of a 
nucleus is constant, that  the number  of nuclei in-  
creases l inear ly  wi th  time, and that  nucleation is ran-  
dom. Then the theory leads to the following equat ion 
for the fraction of the surface a which at t ime t' has 
been t ransformed from phase 1 into phase 2 ( t rans-  
lated into our language, this means: from nonconduct-  
ing oxide into conducting oxide) : a = 1 -- exp ( - -k t  '3) 
in which k is the rate constant of this transformation.  
For  small values of t', when  the nuclei do not yet  
touch each other, a ~ (t') a, as follows direct ly from 
our assumptions that  the number  of nuclei is propor-  
tional with t ime and that the area of a single nucleus 
is proport ional  to the square of the time. At longer  
times, a will  tend to unity because the t ransformat ion 
will  then b e  near  completion. 

Instead of the rate  constant k of the react ion phase 
1 -~ phase 2, we shall  use the quant i ty  w = k -l /a.  
Since the t ransformat ion of nonconducting oxide into 
conducting oxide only starts at t = t i n c  we must use 
t' -- tint ra ther  than t'. Thus at the t ime t '  the fraction 
of the surface which is covered wi th  conducting oxide 
is 

( t ' - - t inc  )3 0 ( t ' )  
1 -- exp 

w S 

Fig. 11. The field distribution and lines of constant potential 
near a step in the oxide. The high field inside the old, "n~ncon- 
ducting" oxide near the edge of the step, explains the lateral 
growth of the step. 

where  S is the surface area of the sample, w is found 
to represent  wi th  fair accuracy the width  of the peak 
at half  the height  of the current  maximum. 2 Differen- 

w has  to be  d i s t i n g u i s h e d  f r o m  the  q u a n t i t y  b i n t r o d u c e d  ea r l i e r  
w h i c h  is the  w i d t h  of the  peak  a t  ha l f  the  h e i g h t  of the  cu r r en t  
m a x i m u m  expressed  in  the  r e d u c e d  t ime  t/tmnx. 
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t iat ing this expression and using Eq. [4], we obtain 
for the current  density 

j (t) = 

( t ' - - t t " c )  = - -  exp - - ( t ' - - t ~ " c ) '  
3o~ ['~: w w 

dr' [5] 
w B F  dtinc to + t -- t' 

t '  -- tlac 
which can be writ ten,  with Y - - -  and z = 

W 

t - -  t~o 

to 
3qf in ~ ~/2exp ( - -  yS) 

3o to-9-JYT--  du [6] 
Figure 13 shows that  beyond the incubat ion period 
this equat ion accurately describes the reanodization 
current.  

The parameters w and tinc have to be fitted, the other 
quanti t ies (qf/BF, and to) in Eq. [5] can be obtained 
from measurements  of nonannealed  films. We also 
fitted these, however, and used the values obtained in  
this way as a check of the correctness of the equation. 
In  Fig. 14, values of to of annealed samples, obtained 
by means of relat ion [6], and of nonannealed  samples, 
obtained with the help of the relations [1] or [2], are 
compared. From the reasonable agreement  shown in  
Fig. 14 and also from the fits of calculated and ob- 
served peaks, an example of which is given in Fig. 13, 
we conclude that  the growth of an annealed anodic 
oxide layer  follows the laws (Eq. [1] and [2]) holding 
for the nonannealed  films. A fur ther  result  of this 
description is that formula [6] immediate ly  leads to a 
value of qmax which is independent  of V/Vf .  In  Fig. 16 
we have once more plotted the charge q, consumed 
during reanodization, but  now as a function of t ime 
at three different values of the applied field. It is obvi-  
ous that  the values of qmax, which are given here by 
the points of inflection of the curves, remain  the same 
when the field is changed. To calculate the charges we 
have to integrate Eq. [6] 

s s q(t") = j ( t ) d t  = to j (z )dz  

s  s 3y2exp( - -Ys)  d,  
= q f /BF  dz tn/W + z -- y 

This shows that the charge is a funct ion of only the 
quant i ty  (to~w). Indeed it can be shown that to a good 
approximation qmax is given by 
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Fig. 13. Comparison between a measured and a calculated peak, 
plotted in reduced units. 

qmax = q~IBF In Cw/to) {1 - exp ( -  Z m a x  8 )  } [7] 

in  which the factor between brackets is the fraction of 
the surface covered with new oxide. 

In  Fig. 15, w and tint are plotted as a funct ion of 
V/Vf .  Comparison with Fig. 14 shows that  the field 
dependence of w and to is essentially the same, so that  
the quant i ty  In (w/to) is hardly dependent  on the 
field. In  other words: the shape of the q -- In (t) 
curves in Fig. 16 which is determined by the relat ion 
be tween to, w, and t~nc, is independent  of the field; the 
curve is only shifted as a whole, but  this keeps the 
height of qmax unaltered.  It  is also evident  from Fig. 
14 and 15 that to is very small  as compared with w. 
Since, for anodizing at constant voltage, q ,-, In( t / to) ,  
the growth of the oxide that has become conducting 
occurs mainly  wi thin  a few times to. Consequently the 
height of the step is the same almost everywhere  and 
the schematic drawing of Fig. 11 represents the actual 
si tuation reasonably well. This explains why the opti- 
cal density of the electron micrographs is so uniform 
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Fig. 16. q as function of time at different field strengths. The 

main effect of a different field is a translation of the curve along 
the abscissa, 

over the dark spots. The thickness change after passage 
of the front  of the nucleus can be calculated as well 

as measured. The measurement  was performed by 
dipping an anodized and annealed sample halfway 
into the solution and then reanodizing this part  of the 
sample unt i l  the current  max imum occurred. After-  
ward the reanodized part  of the sample was compared 
with the rest of the sample. With an ell ipsometer and 
on the assumption that, on reanodization, 50% of the 
oxide had been transformed, an increase in  thickness 
~L was found of 65A for a 50V layer. 

A thickness change due to the anneal ing itself could 
not be  demonstrated either by ell ipsometry or by  
measurement  of the capacitance. According to formula 
[7] the increase in thickness, ~L, should be hL = 
(L/2BF) In (w/to).  For a 600A thick layer  (Vf -- 
50V) hL = 75A, which is of the  r ight  order of mag-  
nitude. 

F ina l ly  we used our experiments  to determine the 
surface area of etched a luminum foil. Such foil is used 
in  the production of electrolytic capacitors to obtain 
a large surface in a small volume. The etching was 
performed on a specimen similar  to those used in the 
anodization experiments,  by passing 50 coulombs/cm~ 
through the sample in a solution of 200g NaC1 in  1 
l i ter water  at 90~ The sample was r insed in  deionized 
water, ul t rasonical ly cleaned, dipped into a chromic 
acid-phosphoric acid-water  solution at 95~ and 
rinsed in methanol.  

Fig. 17. Electron transmission photographs of layers reanodlzed with a constant voltage after heating. The current was interrupted at 
the maximum of the peak. The bar in the lower right corner represents ltz. Layers reanodized with V / V f  - -  0.9 and the layer with Vf - -  
15V and reanadized with V / V f  " -  1.1 show a second growth mechanism which seems to be related to the surface area of the dissolved 
aluminum. 
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(a) The sample was anodized at up to 50V with a 
constant dV/dt of 0.043 V/sec. 3 As compared with a 
nonetched sample, the etched sample needed a 9.4 
times greater  current.  

(b) From capacitance measurements  of this anodized 
sample at frequencies for which tan  5 is min imum on 
the etched and a nonetched sample it followed that  
the capacity had increased by a factor of 9.7. 

(c) The etched sample was heated at 400~ dur ing 
15 rain and reanodized at constant  voltage to measure 
tmax. By means of Fig. 5, Vf could be obtained and, 
together with the charge used for anodization, the sur-  
face covered by anodic oxide was obtained, which in-  
creased by a factor of 9.2 again as compared with a 
nonetched sample. 

(d) The use of Fig. 6 and qmax of the same sample 
revealed the etch factor to be 9.4 immediately. 

Thickness dependence of the growth mechanism.--In 
this section we shall summarize gaps in our knowledge 
of the growth mechanism of annealed  oxide layers, 
and i l lustrate these with a few more experiments.  

The quanti t ies w and tinc are at present  only n u m -  
bers that  follow from curve-fitt ing, but  their behavior  
is still largely unknown.  A detailed knowledge of the 
nucleat ion process and of the factors determining the 
growth velocity of a nucleus is still lacking. There-  
fore the remarkable  field dependence of the width of 
the peak as given, in Fig. 7b, in reduced units  as a 
function of specimen thickness, which is governed by 
the ratio of w/tinc, remains  unexpla ined  and is the 
more puzzling since tmax, the t ime unt i l  the max imum 
of the peak appears, is hardly  dependent  on thickness. 

In Fig. 17 a number  of transmission electron micro- 
graphs of layers with different thickness have been 
collected. The layers were reanodized at different val-  
ues of V/Vf  and the reanodization was stopped in the 
max imum of the peak. Figure 17 clearly shows that  
the local growth, as described above, is not always 
evident. Especially with low fields, the growth may be 
characterized by the appearance of many  nuclei  not 
growing out in all directions. The nuclei form a pat-  
te rn  that may be related to the a luminum substrate 
removed. At any rate it will  be evident  that in these 
cases formula [5] cannot represent  the whole curve. 

Another  interest ing point is the relat ively high 
"incubation" current  of the layer  having Vf = 50V in 
Fig. 7a. This measurement  is only a weak reflection of 
another  growth mechanism which we are s tudying at 
present  and which, at room temperature,  shows its 
maximum effect with layers obtained with Vf = 35V. 
Figure 18 shows plots of peaks measured at the same 
applied field. The vanishing of the peak, as well as a 
shift in tmax, can be observed. The sharp decay of the 
current  after the small peak, which in our model 
represents the impinging of growing nuclei on each 
other, indicates nevertheless that  there still exists 
something like a peak. Since also in  this case we mea-  
sured a current  efficiency of un i ty  we conclude that  
another, still u n k n o w n  mechanism is operating. It  
may be that  the growth of such layers is governed by 
a surface layer  as is suggested by the following ex-  
periment.  We also prepared layers having Vr = 35V 
in another  way. We anodized the a luminum samples 
up to Vf = 50V, annealed them, and dissolved part  of 
the layer  in  the above-ment ioned HF solution. Then 
part  of the sample was scanned at constant  dV/dt and, 
with Fig. 2 we obtained a value for Vf. An  example of 
such a peak is shown likewise in Fig. 18. 

The greatest challenge, however, is to know what  
happens during anneal ing of the anodic oxide film. 
Diffraction of x-rays  or electrons did not reveal the 
slightest change after annealing.  From the experiments  
in which part of the layer is dissolved after anneal ing 

a T h e  i n f l u e n c e  o n  t h e  p e a k s  o f  t h e  c u r r e n t  d e n s i t y  u s e d  t o  a n o -  
d i z e  t h e  s a m p l e s  w i l l  b e  d i s c u s s e d  i n  a l a t e r  p a p e r ,  
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Fig. 18. Peaks obtained on layers having different thicknesses. 
The forming voltage Vf is indicated in the figure. A layer with Vf 
= 35V does not show a well resolved peak on being reanodlzed. 
The peak is present, however, when a layer with Vf = 50V is 
partly dissolved, as indicated by the dotted line. 

it will  be clear that the peaks are not due to some 
barr ier  near  the interface electrolyte-anodic oxide. We 
will deal with these problems in a later  paper. 
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Fine Structure in the Optical Spectra of 
Divalent Europium in the Alkaline Earth Sulfates 
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ABSTRACT 

Fine structure has been observed in the fluorescence and excitation spectra 
of Eu +2 in CaSO4 and in the fluorescence spectrum of Eu +~ in BaN~g(SO4)2. 
The fine structure in the fluorescence of Eu +2 in CaSO4 is identified as a zero 
phonon line with many sharp phonon replicas. The fine structure in its excita- 
tion spectrum is due to the closely spaced energy levels in the excited state 
produced by a strong exchange interact ion split t ing of the 4f65d states. The 
fine s tructure in the fluorescence of Eu +2 in BaMg (SO4)2 is due to the normal  
spli t t ing of the 4ff excited state and the dominance of 4ff ~ 4ff transitions. 

The alkaline earth sulfate compounds activated with  
Eu 2+ genera l ly  exhibi t  broad, featureless fluorescence 
and excitat ion spectra. Their  decay times are re la t ive ly  
short (~0.1 ~ e c )  and the result ing fluorescence is lo- 
cated in the near  ultraviolet .  These are famil iar  charac-  
teristics t ha t  are common to a great  many other Eu +2 
activated phosphors. The fast decay has been at t r ibuted 
to the fluorescence being an "al lowed" f6d ~ f7 t ransi-  
tion. The broad featureless fluorescence envelopes are 
accounted for by a large Stokes'  shift due to the dif-  
ferent  coupling to the latt ice modes of the excited f6d 
states re la t ive  to the U ground state. 

In recent years, it has become apparent  that in cer-  
tain hosts Eu +2 can exhibi t  much more interest ing op- 
tical spectra characterized by sharp fluorescence and /  
or absorption lines. The presence of such sharp l ine 
spectra has caused some detailed exper imenta l  mea-  
surements  and theoret ical  analyses to be made on these 
systems. There are four  types of such spectra which 
have been reported to date: (type 1) sharp s tructure 
in the f6d--> ff transitions in both absorption and fluor- 
escence due to local vibrat ional  modes, (type 2) sharp 
s tructure in the ffd --> ff fluorescence and absorption 
transitions due to selective coupling to certain latt ice 
modes and /o r  to s t ructure  in the phonon density of 
states of the lattice modes, ( type 3) sharp s tructure in 
absorption due to a split t ing of the f6 levels by interac-  
tion with the single 5d electron and the crystal field, 
and (type 4) sharp s tructure in fluorescence due to fT-> 
f7 transitions in the special case where  the lowest lying 
excited state is an f7 state ra ther  than an f6d. 

Type 1 spectra are exhibi ted by Eu +2 in the alkali  
halides (1) where  the Eu +2 is substi tut ing for a mono-  
valent  ion and an adjacent compensating vacancy 
forms. The high energy and low damping of the local 
vibrat ional  modes about the vacancy give sharp s truc-  
ture to both the optical fluorescence and absorption 
spectra. Types 2 and 3 spectra have been reported for 
Eu +2 in calcium fluoride (2, 3) where  a zero phonon 
line accompanied by sharp vibrat ional  sidebands have 
been observed in fluorescence while some sharp lines 
can be seen in absorption. Type 4 spectra have been 
reported for Eu +2 only in the alkaline ear th  a luminum 
fluorides (4, 5) and in potassium and sodium mag-  
nesium fluoride (6). 

We have examined Eu 2+ in the alkal ine ear th  sul- 
fates. We have observed sharp Iine spectra in onIy 
two compounds, CaS04: Eu + 2 and BaMg (SO4) 2: Eu + 2 
Our in terpreta t ion of the data is that  CaSO4: Eu +2 ex-  
hibits types 2 and 3 spectra for Eu +2 and BaMg (SO4)2: 
Eu +2 exhibits  the type 4 spectrum. The purpose of this 
paper is to present the optical spectra of Eu +2 in these 
two compounds and to compare the spectra wi th  the-  
ory. Possible explanations will  be given for the unique-  

* Electrochemical  Society Act ive  Member.  
Key  words:  luminescence,  divalent ,  europium,  sulfates, spectra. 

ness of such spectra to CaSO4 and BaMg (SO4)2 among 
all of the alkaline earth sulfates. 

Sample ,Preparation and Structure 
The simple sulfates of Ca, Sr, and Ba used in our in- 

vestigations were  precipi tated from purified ni t ra te  so- 
lutions wi th  H2SO4. MgSO4 was formed by react ing 
MgO with  H2SO4. The phosphors were  made by firing 
these sulfates wi th  a mix ture  of europium oxide and 
(NH4) ~SO4. The firing was done in capped quartz  tubes 
at 900~ in a ni t rogen atmosphere.  The resul t ing phos- 
phor cakes were  washed in water  or methanol  to re-  
move unreacted (Nt-I4)2SO4, and then air dried. Com- 
pounds were also prepared containing two cations, such 
as BaMg (SO4)2. They were  formed by firing the in-  
dividual  sulfates together  at 900~ In addition to 
BaMg(SO4)2, only two other  compounds containing 
two divalent  cations were  found to exist, Mg2Ca (SO4)a 
and MgSr (SO4)~. The structures of these compounds 
are unknown but their  existence is established by pow-  
der x - ray  analysis. No a t tempt  was made to form sul-  
fate compounds containing more than two divalent  
cations. The structures of the compounds that  have 
been determined are summarized in Table I along with  
the cation site symmet ry  and the number  of oxygen 
neighbors of the cation site (7, 8). 

CaSO4 has several  crystal l ine modifications. When 
prepared according to the conditions we employed it 
has an or thorhombic crystal s t ructure ("anhydr i te")  
wi th  the space group Dl r2 h  (Cmcm).  In this s t ructure 
the calcium ions are surrounded by eight nearest  neigh-  
bor oxygen atoms belonging to the various sulfate 
groups about it. The calcium sites are all crystal lo-  
graphical ly equivalent  with point group symmet ry  C2v 
(mm2) which lacks inversion symmetry.  The divalent  
europium ions would be expected to substi tute for cal- 
cium ions without  compensation of any kind and there-  
fore to have C2v (ram2) site symmetry.  

MgSO4 has two crystal l ine modifications, the ~ form 
exists above 800~ and the ~ form below 800~ They 
differ only sl ightly and both forms have an ortho-  
rhombic crystal structure.  

Table I. The determined crystal structures, cation site symmetries, 
and numbers of oxygen nearest neighbors of the alkaline 

earth sulfate compounds 

Cation site Oxygen  
C o m p o u n d  Crystal  s t ructure  s y m m e t r y  neighbors  

~-MgSO4 Orthorhombic  (Ci = T) 6 
~-CaSO~ Anhydr i t e  (C~v = mm2) 8 

(orthorhombic)  
BaSO4 Barite (C1h = m) 12 

(orthorhombic)  
SrSOi Barite (tin = m) 12 

(orthorhombie)  

1475 
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The crystal  s t ructure of BaMg(SO4)~ has not been 
determined but powder  x - r ay  diffraction photographs 
show it to possess a s t ructure that  differs f rom both 
BaSO4 (orthorhombic "bar i te")  and MgSO4 (a or 
orthorhornbic).  Ionic size considerations suggest that  
the europium ions would replace only bar ium ions in 
this structure.  This is confirmed by x - r ay  diffraction 
data. Samples prepared by balancing the europium 
doping level  wi th  a corresponding reduct ion in the 
bar ium concentration, typical ly Ba0.9~Eu0.0~Mg(SO4)2, 
show an identical x - r a y  pat tern  to undoped BaMg- 
(SO4)2. On the other  hand, samples prepared by at-  
tempt ing to balance the europium doping with a cor-  
responding reduction in the magnesium concentrat ion 
show addit ional  lines in their  x - r a y  pat terns due to a 
second phase of BaSO4. The europium atoms must  
therefore  be substi tut ing for bar ium atoms in 
BaMg (SO4) ~. 

Experimental 
Low tempera ture  optical measurements  were  per-  

formed with  the samples immersed direct ly  in ei ther  
l iquid ni t rogen (77~ or liquid he l ium below the ~. 
point (1.8~ The powder  samples were  formed into 
solid disks by saturat ing them with  a potassium silicate 
cement. This prevented  them from being eroded by the 
l iquid refr igerants  used. 

Fluorescence spectra were  taken with ei ther a 0.25rn 
Ja r re I -Ash  spectrometer  ( low resolut ion) or a 0.5m 
Ja r r e l -Ash  spectrometer  operat ing in 2nd order (high 
resolution).  The detector used was an EMI 9558QA 
photomult ipl ier  tube with  an S-20 photosurface. All  
fluorescence data were  corrected for the var ia t ion in 
response of the detector  and the spectrometers  at the 
various wavelengths  studied. 

For  obtaining exci tat ion spectra, the 0.25m spectrom- 
eter and the photomult ipl ier  monitored the fluorescence 
of the samples at the desired wavelength  while exci ta-  
t ion energy was obtained f rom a 500W xenon shor t -arc  
lamp fol lowed by a double 0.25m Ja r r e l -Ash  spec- 
t rometer .  The dependence of the output  energy of this 
system on wave leng th  was determined and used in 
correcting the exci tat ion spectra. 

To measure  the fluorescence decay t imes the samples 
were  mounted on a cold finger inside of a vacuum 
chamber. Short  rectangular  pulses of 10 keV electrons 
were  used for excit ing their  fluorescence. The current  
densities of excitat ion were  kept well  below 10 -6 A /  
cm 2 to avoid producing saturat ion effects such as non- 
exponential  decays. The fluorescence was passed 
through a 0.25m spectrometer  adjusted to the wave-  
length of interest  and the radiation was detected with 
a 9558QA photomult ip l ier  tube. A mul t ichannel  storage 
analyzer was used to measure the t ime constants of the 
weak and very  fast signals by using a sampling oscillo- 
scope as a "fast" to "slow" t ime transducer.  The output  
of the oscilloscope was stored on a "slow" 100 channel 
analyzer (PAR Model TDH-9) .  Decay t imes as short 
as 10 nsec could be measured with this a r rangement  so 
that  the decay times measured were  always much 
longer  than the l imits of the system. 

Raman measurements  were per formed to gather  
fur ther  data on latt ice vibrations. The excitat ion source 
used in obtaining the Raman spectra was an argon ion 
laser with a power level  of about one wat t  in the 5145A 
line. The monochrornator  was a Spex 1400 double 
monochromator  in tandem with a 0.25m Ja r re I -Ash  
monochromator  used as a band pass filter to fur ther  
block scattered 5145A light. The detector  was an EMI 
95025 photomult ipl ier  with an S-11 photosurface and 
was used in the d-c current  mode. The samples were  
powders which were  pressed into a recess in a metal  
block with  the laser beam focused onto the surface. 

Theoretical Discussion of the Excited States of Eu + 2  

The energy level  d iagram and some of the features 
one might  expect  to see in the spectra of Eu +2 in 
various hosts are shown in Fig. 1. 

~), 0(]0 

~m0 

5 

10,0m 

"• 4f6 

4f7 (~PT/~-- 4f7 (8~a) 

c. 

%, 

sd 2eg 

~7 (8S7/~ 

4f6~(1"8-.~7(8 S 7n) 

1 
Fig. 1. The energy level diagram for Eu +~ 

In the ground state of the Eu +z ion there are seven 
4f electrons which arrange themselves into a 4f 7 (sS~/z) 
configuration. The lowest lying excited states may be 
formed from states within the 4f 7 configuration or from 
states within the 4d85d configuration. Excited states 
within the 4f 7 configuration are isoelectronic with 
Crd +3. The lowest lying of them is 6P~/z, then 61:'5/2, 
and so on. The decay time of transitions from these 
states would be in the millisecond range and transi- 
tions from the ground state to them would be very 
weak. Transitions between the ground state and ex- 
cited states of the type 4f 7-~ 4f65d are allowed transi- 
tions and would completely dominate any 4f~-~ 4f 7 
type transitions except in fluorescence if the lowest ly- 
ing excited states are 4f; states. Fluorescence trans- 
itions from these 4f 7 states would then be observed 
unless thermal depopulation to the fast-decaying near- 
by 4f65d states occurs, In almost all Eu +2 hosts the 
4f65d states are lower  in energy than the 4ff levels 
and 4if-> 4ff transit ions are not observed. 

Some general  features  of the 4f~5d states are shown 
in the center  of Fig. 1. In this configuration there  are 
six 4f electrons which, in the absence of any interact ion 
with the 5d electron, would arrange themselves  into 
seven levels, 7F0 through ;F6, shown at Fig. lb, analo- 
gous to the ground states of Eu +3. There are a total of 
49 states contained within  these seven spin-orbi t  en-  
ergy levels  which will  be fu r the r  split by the erystal 
field. There is also a single 5d electron. Under  the in-  
fluence of a cubic crystal field, but  ignoring any inter-  
action with the 4f 6 electrons, the states of the 5d elec- 
tron would be split into two bands, a 2t2g and an 2eg 
shown at Fig. lc. The 2eg level  is expected to be much 
lower and is 4-fold degenerate.  When combined with  
the 49 states of the 4f 6 configuration this ~e~ state yields 
a total of 196 near ly  degenerate  states. If the in terac-  
tion between the 4f 6 electrons and the 5d electron is 
sufficiently strong, the states are strongly mixed  and 
much of this degeneracy can be lifted. The 4f65d system 
therefore  can potent ial ly exhibi t  a large number  of 
distinct optical transitions in its absorption or exci ta-  
tion spectra. In many  cases, however ,  the interact ion is 
weak and the composite 4f65d system retains much of 
the character  of the uncoupled 4f6 and 5d levels. On 
the right side of Fig. 1, the unshaded part  of ld, is 
shown this type of absorption spectrum. It has been 
observed for Eu +2 in CaF2, EuO, EuSe, and EuF2 (9). 
Two broad bands are seen in absorption corresponding 
to transitions to the 2eg and 2tg bands of the 5d elec- 
tron. Superimposed on the lower  2eg bands are seven 
narrow bands, re fer red  to as a "staircase spectrum," 
which retain the character  of the seven 4f 6 levels. No 
structure is seen in the 2t2g band probably because the 
spin orbit  split t ing which occurs only in ~t2g washes 
out any structure.  
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Fig. 2. The quartet energy levels of the 4f65d system as a 
function of the exchange parameter, Gz. 

In the case of strong interact ion between the 4f 6 
electrons and the 5d, one would expect that very  li t t le 
of the characteristic 4f 6 structure would remain  and 
that  the absorption spectrum would reflect only the 
na ture  of the composite 4f65d system. Weakliem (10) 
has recent ly made the first calculation of the energy 
levels of the 4fBSd system taking into account the ex-  
change interact ion between the 4f 6 electrons and the 
5d. The results of his calculation are shown in Fig. 2 
which shows the set of 4f 6 UFj)5d  (~eg) energy levels of 
the system as a funct ion of the exchange parameter,  
Gz. ~ In  the l imit  of weak exchange the levels resemble 
the 4f6 levels. As the exchange interact ion is increased 
all resemblance to the 4f 6 levels ceases and the levels 
separate into two groups, a group of levels with spin 
= 5/2 and a group with spin ---- 7/2. The six 4f elec- 
trons have a total spin of 3 and the d electron a spin 
of 1/2. The 5/2 spin levels arise from the case where 
the 5d electron spin is ant iparal le l  to the spin of the 
4f s electrons, leading to a small exchange energy, and 
the 7/2 spin levels when  the spins are parallel,  lead-  
ing to a large exchange energy. Therefore, in the re-  
gion of large exchange parameter  G~, the 7/2 levels 
have a large slope while the 5/2 levels tend to become 
independent  of G1. A conclusion which can be d rawn 
from Fig. 2 is that at large values of G~, the 7/2 spin 
levels are well defined and distinct from the 5/2 spin 
levels. Thus spin selection rules should be obeyed. Only 
the quar te t  levels are shown on Fig. 2. Interspersed 
with these are also the doublet  levels of the system 
which behave similarly. They have been omitted from 
Fig. 2 to keep it from being too cluttered. 

We will  now calcula te  the number  of discrete levels 
that one might expect to observe in the absorption 
spectrum of Eu ~+ in a host with site symmetry  C2~ 
(typical of CaSO4) in the region of strong exchange 
interact ion (Gz ~ 200 c m - D .  Consider the two elec- 
t ronic systems composed of the six 4f electrons forming 
the VFj levels and the single d electron forming the ~eg 
level coupled together by an exchange interaction. The 
crystal field spli t t ing of the 5d energy levels can be 

�9 The authors would like to thank Dr. Weakllem for granting 
permission to reproduce this figure from Ref. (I0). 

represented by the dominant term, the cubic field com- 
ponent (Oh). The single d electron state, 2eg, trans- 
forms as D3/2 of the Oh double group. The product of 
the D3/2 representation with the representations of the 
cubic field-split sublevels of the 71vj states are shown 
in Table If. There are 33 D3/2 quartet levels of the total 
system, and 16 DI/2 and 162S doublet levels. Reducing 
the symmetry to C2v will split the 33 D~/2 quartets into 
66 doublets so that the number of levels in C2v sym- 
metry will be 66 + 32 = 98. Since we are concerned 
only with the spin 7/2 states, the degeneracy ratio of 
the 7/2 to the 5/2 states yields 4/7 • 98 -- 56 levels 
that might be observable in optical absorption or fluor- 
escence excitation in Csv symmetry and strong ex- 
change. This number will be referred to later in the 
paper. 

A final feature shown on the right in Fig. 1 (the 
shaded area of Fig. id) is the type of fluorescence that 
might be observable in a transition from the lowest 
lying 4f65d level to the ground state. Ordinarily this 
will be a narrow band. If in a particular host the 
Stokes' shift is small enough (particularly at low tem- 
peratures), a zero phonon line and some sharp phonon 
sidebands might also be observable. This fluorescence 
should exhibit a decay time in the order of tenths of 
a microsecond. 

Discussion of the Observed Fluorescence Spectrum of 
Eu +m in CaS04 

The 1.8~ fluorescence spectrum of Eu +2 in CaSO4 
is shown in Fig. 3 and 4. Fine structure can also be 
seen at higher temperatures  but  some thermal  broad- 
ening occurs and the structure is seen best at low tem-  
peratures. The line marked Eo in fluorescence is located 
at exactly the same energy in absorption as in fluores- 
cence. We therefore conclude that  Eo is a zero phonon 
line (a purely electronic t ransi t ion involving no pho- 
nons).  In  absorption (here actually fluorescence excita- 
t ion) E0 is labeled A0. E0 has a fluorescence decay time 
of 0.40 ~ 0.04 ~sec. 

We assign the lines E1 through El6 as phonon replicas 
of E0. In order to make this assignment it is first neces- 
sary to show that  it is very unl ike ly  that any  of these 
l ines are due to pure ly  electronic transitions. These 
lines are separated from one another and from E0 by 
some hundreds  of c m - L  In  order for them to be due 
to purely  electronic transit ions these separations must  
be accounted for by having transit ions from different 
excited states to the same ground state, as any splitt ing 
of the 8S7/2 ground state should be much smaller than 
100 c m - L  If they are due to transit ions from different 
excited states separated by some hundreds  of cm -1, 
one would only observe such a mult i tude of transit ions 
at low tempera ture  if the t ransi t ion rate to the ground 
state from each excited state was much faster than the 
nonradiat ive single phonon emission relaxat ion rates 

Table II. The product of the D3/2 representation with the 
representations of the cubic field split sublevels of 

the ~Fj state [from Ref. (12)] 

Number 
Sta t e  P r o d u c t s  T e r m s  of l eve l s  

~Fo AI X Ds/~ Ds/s I 
~FI T~ • D~/2 2Ds/s + DI/2 + 2S 4 
~F~ TI x Da/s 3D8/2 + 21)i/~ § 2~S 7 

E x Dale 
~F8 Ae X Ds/~ 5Ds/z + 2Di/2 + 22S 9 

T1 • De/s 
T2 X Ds/~ 

~F4 AI X D~/s 6Ds/s + 3D1/s + 32S 12 
E x Ds/s 
TI • D~Is 
T~ • D~le 

~F~ E X n~/~ 7D~/s + 4Dl/~ + 42S 15 
2T1 X DsIJ 
T2 • D~/~ 

VFs A1 X ns/s  9Da/e + 4D1/2 + 4~S 17 
A2 X Ds/s 
E X D-*I~ 
TI X Ds/s 
2Ts • D~/s 

To ta l  65 
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Fig. 3. The 1.8~ fluorescence 
envelopes of Eu +s in COS04 at 
high and low Eu +2 concentrations. 
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between the excited states. The exper imenta l ly  mea-  
sured fluorescence decay rates of Ez through E16 are 
all identical and equal to that  of E0 (0.40 _+ 0.04 ~sec). 
The nonradia t ive  interexcited state re laxat ion rate 
could hardly  be slower than this and should be ~10 - l ~  
sec or faster (11). We therefore rule  out the possibility 
of any of the l ines E1 through E16 being other than 
phonon replicas of Eo. 

The assignment  of E1 through El6 as phonon replicas 
of E0 is consistent with some exper imental  observations 
of their properties. One expects the fluorescence of 
phonon replicas to decay at the same rate as the zero 
phonon line. As previously mentioned,  the exper imen-  
tal ly determined fluorescence decay times of all of the 
lines from E0 to E16 are identical at 0.40 _+ 0.04 ~sec. 
Another  observation is that E~ is the only fluorescence 
l ine that shows self-absorption. If the concentrat ion of 
luminescence centers is increased one expects only the 
zero phonon line to show self-absorption, the absorbed 
energy being redistr ibuted among the phonon lines. 
One sees in Fig. 3 that as the europium concentrat ion 
is increased from 0.01-2 molar  per cent (m/o) ,  E0 drops 
considerably in intensi ty  relative to the other lines. The 
spectrum of the 2 m/o  sample in Fig. 3 has been scaled 
down to bet ter  display this change. 

The conclusion we reach from these observations and 
arguments  is that our assignment of E~ through Et6 as 
phonon replicas of E0, while not absolutely certain, is 
undoubtedly  correct. Figure 4 shows all of the lines 

120 , ~ v , 9 +t 
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Fig. 4. The ].8~ fluorescence envelope of Eu +2 in COS04 show- 
ing o]1 of the sharp phonon structure. 

observed in detail. The separations of the l ines from Eo 
are listed in Table III. 

Hobdon (3) has observed similar sharp phonon 
structure for Eu +2 in CaF2. The europium site in CaF2 
has inversion symmetry,  so that only even phor)ons will 
be observed in a fully allowed electric dipole t rans i -  
tion. Hobdon explained the sharpness of the phonon 
sidebands as being due to a combinat ion of this selec- 
tive coupling and peaks in the phonon densi ty of states 
distr ibution in CaF2. The (C2v) europium site in CaSO4 
lacks inversion symmetry  so that all phonons may be 
involved. The sharpness of the phonon sidebands there-  
fore may reflect s t ructure in the phonon density of 
states curve in CaSO4. An al ternate explanat ion is that  
at least some of the lines could be due to resonant  
modes introduced by the addit ion of europium to the 
CaSO4. In  hopes of testing these models we took Raman 
spectra of both pure CaSO4 samples and samples con- 
ta ining various amounts  of europium, up to a 10% 
molar replacement  of calcium. The phonon energies ob- 
served are listed in Table IIL The second column of 
Table III shows the separations in energy of the phonon 
peaks from the zero phonon line, obtained from the 
fluorescence data. The energies of these peaks range 
from about 100 cm -z to more than 1000 cm -1. If one 
assumes that these are due to normal  lattice vibrat ional  
modes the lower energy peaks would be due to vibra-  

Table Ill. The energies of the 1.8~ phonon lines in the 
fluorescence of Eu +2 in CaS04, the Raman lines in 

pure CaSO,,, and the new Roman lines due to 
Eu +s doping in CaS04 

P h o n o n  l i ne s  R a r n a n  l ines  N e w  R a r n a n  
No.  o f  i n  f luores -  in  p u r e  l ines  d u e  to Eu  ~+ 
llne cence, cm -I CaSOi, crn-t doping, crr~ -t 

Ez 116 128 
E3 163-S 135 
Es 181-S 154 
E+ 251-S 172 
E5 372 235 
Ee 513-VS 420-S 
E~ 617 445-S 
Es 682-S 502-VS 
Ee 1018 612-S 
Em 1128 632-S 
E n  1185 680-VS 
E u  1297 1005-S 
E ~  1358 1114-S 
E ~  1518 1126-S 
E ~  1633 1163-S 
E ~  1685 

132 
156 
189 
~03 

334-S 
448-S 
469 
606 
651 

S ~ S t r o n g ;  V S - - V e r y  Strong. 



VoL 121, No. 11 O P T I C A L  S P E C T R A  OF DIVALENT E U R O P I U M  1479 

tions between the cations and the SO4 groups. The high 
energy peaks would be due to in ternal  modes of the 
S.O4 groups. The peaks probably represent  peaks in the 
density of states of the various lattice modes as the 
selection rules allow all phonons to be coupled to. The 
third column of Table III  shows the phonon energies 
obtained by Raman spectroscopy for pure CaSO4. The 
phonons observed by Raman spectroscopy are located 

at k _-- 0 ra ther  than at the point of max imum density. 
Consequently, good agreement  between the energies 
listed in the center column and the fluorescence phonon 
energies should not occur. Typically, the energy at the 
zone boundary  is 10-20% greater than the energy at 
k -- 0 for optical modes, and therefore the disagree- 
ment  may be expected to be of this order. The Raman 
data does show, however, that  normal  lattice vibrat ions 
do occur over the energy range in which the fluores- 
cence phonon sidebands are observed. The assignment  
of these peaks to s t ructure  in the densi ty of states of 
the normal  lattice modes of CaSO4 is therefore a rea-  
sonable one. 

One cannot rule out the possibili ty that at least some 
of the phonon peaks are due to resonant  vibrat ional  
modes caused by the disruption of the lattice by the 
addition of europium ions. To investigate this possibil- 
ity we took Raman spectra on CaSO4 samples contain-  
ing various Eu +2 concentrations ranging up to 10%. 
In addition to the Raman  lines seen in pure CaSO4, 
new lines appeared in the samples doped with Eu +~. 
The strengths of these new lines are l inear ly  propor-  
tional to the Eu +2 concentration. Since x - ray  photo- 
graphs verify that the Eu +2 forms a perfect mechanical  
mixture  with the Ca +2 ions in CaSO4 (up to at least 
10% Eu +2) with no formation of second phases, it must  
be concluded that the new lines are indeed resonant  
modes due to subst i tut ional  Eu +2. The energies of these 
lines are listed in the r igh t -hand  column of Table III. 
None of the phonon peaks seen in fluorescence have 
energies identical with the resonance lines seen by 
Raman spectroscopy, which one might expect if they 
were both due to resonant  modes. We therefore con- 
clude that lines E1 through E16 are due to density of 
states peaks in the normal  lattice modes of CaSO4 and 
are not due to resonant  modes. Why we have failed to 
observe the resonant  modes in the fluorescence side- 
bands is not clear. We can speculate that perhaps they 
are broader  in the fluorescence spectrum than they are 
in the Raman spectrum, and that  the resonant  s ideband 
peaks are hidden under  the broad sideband fluores- 
cence envelope. It is also possible that the relat ive 
strength of the resonant  modes is greater in a Raman 
process than in fluorescence, as the coupling mech- 
anisms are different in the two cases. 

Excitation.--The excitation spectrum of Eu +2 in 
CaSO4 is shown in Fig. 5. This spectrum was taken on 
a sample containing only 0.0005 m/o  Eu +2 and at 1.8~ 

in order to display all of the fine s tructure present. The 
zero phonon line which was labeled as E0 in fluores- 
cence, is here also labeled A0. A total of 56 lines have 
been counted in this spectrum spread over an 8000 
cm -1 width. The excitation spectrum beyond 33,000 
cm -1 is not shown on Fig. 5 but  it consists of a broad 
envelope peaking at 41,200 cm -z  which has no fine 
structure contained in it. Several sharp lines in  the 
absorption spectrum of Eu +2 in CaF2 have been seen 
by Kaplyanski i  and Feofilov (2) but  nowhere in the 
l i terature has such a profusion of lines been reported. 
One possible reason for the failure of others to see such 
a spectrum is that they measured absorption spectra 
and not fluorescence excitation spectra. In  order to ob- 
serve impur i ty  ion absorption in solids by direct ab- 
sorption it is necessary to keep the doping level fair ly 
high. High ion concentrat ions however broaden the 
sharp l ine spectra reported here so that  they cannot be 
direct ly observed. The exper imental  sensit ivi ty in  mea-  
sur ing excitation spectra is much higher so the spectra 
of impur i ty  ions at low doping levels can be measured 
easily. 

We at t r ibute the mul t i tude  of sharp lines observed 
in the excitation spectrum of Eu +2 in CaSO4 to purely 
electronic transi t ions to the various levels of the 
4f6(TFj) 5d(%) system, split by a strong exchange in-  
teraction between the 4f electrons and the 5d. The 
theory presented in a previous section predicts 56 
levels and we have counted 56 lines. Such an extremely 
good agreement  is, perhaps, fortuitous. Some of the 
lines seen in the excitation spectrum may, in fact, be 
phonon replicas and conversely, some of the exchange 
split lines may be unresolvable due to proximity  to 
nearby lines. We do however believe that the spectrum 
is principally due to exchange interaction, and the ex-  
istence of the large number  of levels observed is our 
main  evidence for this identification. No assignment  of 
these l ines to part icular  energy levels is given but  their 
energies and relat ive excitat ion strengths are listed in  
Table IV. 

Discussion of the Opt ica l  Spectra of 
Eu +2 in BaMg(S04)2 

Fluorescence.--Fluorescence spectra of Eu +2 in 
BaMg(SO4)2 at 300 ~ and 77~ are shown on Fig. 6 and 
the 1.8~ spectrum of some of the higher energy lines 
in Fig. 7. Their energies are listed in Table V. At  
300~ the spectrum consists of a broad band with some 
sharp lines superimposed. Upon cooling to 77~ the 
band emission has disappeared and only the sharp lines 
remain  at this and lower temperatures.  The sharp lines 
labeled D and E have disappeared at 77~ and line C 
is reduced considerably in s t rength relat ive to l ine B0. 
The decay t ime of the broad band as well  as the sharp 
lines at 300~ is equal to 0.05 gsec. The decay times of 
all of the sharp lines at 77~ and below are equal and 
have a value of 3.5 msec. This is in contrast to the 
value of 0.40 ~sec found in CaSO4. 
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Table IV. The ener$ies of the 1.8~ excitation lines of Eu +2 in 
COS04 

Line No. Energy,  cm -z Relat ive he igh t  

Ao 26,178 63 
Az 26,301 2 
Aj 26,383 16 
A8 26,434 2 
At  26,592 49 
-%s 26.698 8 
Aa 26,770 3 
A~ 26,852 2 

26,961 28 
-'~ 27,114 11 
Azo 27,210 I 
A ~  27,314 32 
A ~  27,434 25 
A ~  27,570 2 
Az+ 27.616 3 
A~s 27.770 41 
A~  27,878 4 
-a~z~ 27,960 13 
Als 28,034 1 

28,189 29 
28,284 20 

A~ 28,449 33 
..~:+ 28,612 6 
A= 28,776 3 
A~ 28,947 5 
A~ 29,116 2 
A~e 29,239 48 
A~ 29,398 85 
A~ 28,458 20 
A ~  29.563 12 
A~o 29,748 4 
A~z 29,881 8 
-'~= 30,079 47 
A~ 30,202 24 
- ~  30,280 8 
A~ 30,385 24 
- ~  30,585 21 
As~ 30,686 38 
A~s 30,778 6 

30,835 3 
A~o 30,911 1.5 
Art 31,026 58 
A~  31,162 2 
A4S 31,230 24 
A~ 31,289 6 
A~s 31,466 12 

31,535 6 
A+~ 31,590 4 
A~s 31,685 4 
A~9 31,847 22 

32.000 8 
Ast 32,206 I 
.a~ 32,362 1 
A~ 32,488 3 
A~ 32,786 1 
A~ 33,079 6 

Table V. The energies and assignments of the 1.8~ fluorescence 
lines of Eu +2 in BaMg(S04)2 

Line Energy, cm-Z Transition 

E 28,274 "P5/2 --~ 8S7/= 
D 28,194 ePs/2 --> sST/s 
C 27,914 6P7/2 ~ sS,,r/s 
Bo 27,888 ~I::',',,/= --> sST/~ 
Bz 27,845 + 
B~ 27,822 + 
Ba 27,796 + 
B~ 27,761 + 
Bs 27.745 + 
Be 27,682 + 
]~t 27,490 + 
Ba 27,369 + 
Bo 27,198 + 
B ~  26.689 + 
Bu 26,618 + 

+ Phonon replicas of B~ 

Similar  slowly decaying sharp l ine spectra have been 
reported by Hoffman et at. (4, 5) for Eu +2 in the alka-  
l ine earth a luminum fluorides. They concluded that  the 
sharp lines are due to transi t ions wi thin  the 4f con- 
figuration which occurs when  the lowest lying excited 
state is a ff state ra ther  than a Pd. Our assignment of 
the sharp lines in the spectrum is the following: Line 
B0 is a zero phonon line due to the t ransi t ion 6P7/2 -> 
ss?/2 and the lines at lower energy than line B0 are 
phonon replicas of l ine B0. Line C is at 56 cm -1 higher 
energy than B0 and is due to a t ransi t ion from another  
state which is thermal ly  populated following a Boltz- 
m a n n  distribution. It  is probably a level of the 6P7/2 
excited state that is split by the noncubic crystal field 
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at the Eu +2 site. Lines D and E, which lie about 300 
cm -1 above line B0 and also show marked tempera ture  
dependence are probably associated with sPs/2--> 8S7/2 
transitions. At  300~ the f6d state is s t rongly populated 
and the fast decay characteristics of an fSd ~ ff t rans i -  
tion is observed. Since the 6P7/2 levels are in  thermal  
equi l ibr ium with the fSd levels they also exhibit  the 
fast decay t ime at this temperature.  Our assignments of 
the transit ions responsible for the observed lines are 
also listed in Table V. 

Excitation.--The excitat ion spectrum of Eu +2 in 
BaMg(SO4)2 is shown in Fig. 8. Seven well-defined 
narrow bands can be seen, located between 30,000 and 
35,000 cm -1. Another  excitation band exists at higher 
energy but  it has no structure to it and is not included 
on Fig. 8. The structure in the lower band is due to 
transit ions to the seven 7Fz levels of the Eu +a core 
superimposed on top of the 2eg state of the addit ional 
5d electron (9). Also shown in Fig. 8 is a best fit of the 
seven bands to the free ion spacing of the 4f 6 levels 
assuming a spread of 5040 cm ~-z. This fit is reasonable 
even though the spacings between the levels do not co- 
incide perfectly with the free ion spacings. The effect 
of the crystal field on the free ion levels will be differ- 
ent  in the various states contained within  each 7Fj 
level. Certain states will be shifted in energy more 
than others and the t ransi t ion probabilit ies may be 
altered. Exchange coupling, which has so far been 
ignored, will also have some effect. As a result, some 
distortion of the envelope shapes or positions is to be 
expected. Because the distort ion is small  the excited 
state 4f65d configuration of Eu +2 in  BaMg(SO4)2 rep-  
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resents an example of weak exchange interact ion of 
the 4f 8 and 5d electrons. 

The Optical Properties of Eu +2 in the 
Other Alkaline Earth Sulfates 

The optical spectra of Eu +2 in the remain ing  alkal ine 
earth sulfates will not be presented in this paper. The 
fluorescences of these compounds are all fast in decay 
and are located at various wavelengths in the near -  
ultraviolet.  In all of these compounds the crystal field 
has depressed the 2eg band well below the lowest ly ing 
4ff configuration so that no 4f 7 --> 4ff transit ions may be 
observed. They all have much broader  fluorescence 
envelopes than  in CaSO4 due probably to larger Stokes' 
shifts. As a result, none of them exhibit  a zero phonon 
l ine and therefore none of the interest ing phonon 
structure seen in CaSO4. While some structure can be 
seen in the excitation spectra of these compounds it 
is not near ly  as detailed as that of CaSO4 so that its 
presentat ion would be of l i t t le value. 

Conclusion and Discussion 
We have observed types 2 and 3 optical spectra for 

Eu +~ in CaSO4 and type 4 in BaMg(SO4)e. At low 
temperatures  a strong zero phonon line is observed in 
fluorescence for Eu +2 in CaSO4 accompanied by many  
sharp phonon sidebands, reflecting the phonon density 
of states dis t r ibut ion in  CaSO4. The fast fluorescence 
transi t ion is 4f65d --> 4f 7 as the lowest ly ing  excited state 
is a 4f65d level. The many  sharp lines seen in the ex- 
citation spectrum can be accounted for by a strong 
exchange spli t t ing of the 4f85d states. 

The lowest lying excited state of Eu +~ in BaMg- 
(SO4)2 is a 4ff state so that slow 4f 7--> 4f 7 fluorescence 
transi t ions with vibronic sidebands are observed. The 
excitation spectrum shows that in BaMg(SO4)2 there 
is a weak exchange interact ion between the 4f 6 elec- 
trons and the 5d. 

It is interest ing to question why such spectra are not 
observed in the other alkal ine earth sulfates, or for that 
mat ter  in many  other hosts. The conclusions we reach 
are listed below for types 2, 3, and 4 spectra. [The con- 
ditions necessary for observing type 1 is discussed in 
Ref. (1).] These conclusions should be applicable to 
Eu +~ in any host, al though we specifically address our-  
selves to the question of why  certain types of spectra 
appear in certain alkal ine earth sulfates and not in  
others. 

Type 2. - - In  order to observe a type 2 spectrum in  
fluorescence it is necessary that the coupling to the 
phonons in the excited state of the Eu +2 ion differ from 
the coupling in the ground state by a small enough de-  
gree so that  a zero phonon line can be observed. That 
is, a small  Stokes' shift must  occur. This condition is 
met  in CaSO4 whose fluorescence envelope is much 
narrower  than that for the other hosts studied where 
4f~Sd--> 4ff transit ions dominated. If the phonon spec- 
t rum of the host has sharp s tructure in it or if resonant  
modes are present, the phonon replicas of the zero pho- 
non l ine will exhibit  this sharp structure,  as in the case 
of CaS04. 

Type 3. - - In  order to see m a n y  sharp lines in the ex- 
citation or absorption spectrum of Eu +~ there must  be 
a strong exchange interact ion between the 5d electron 
and the 4f 6 electrons. In  the alkaline earth sulfates only 
CaSO4 shows this strong exchange term. This suggests 

that  CaSO4 is the least covalent compound of the alka-  
l ine earth sulfates. 

Type 4.--In order to observe a type 4 spectrum the 
lowest lying 4f65d level must  be located above the low- 
est lying 4ff level. There are two conditions that  must  
be met  in order for this to be the case. The first is that 
the crystal field s trength cannot be too large. A strong 
crystal field spli t t ing of the d states will depress the 2eg 
state so that  it in combinat ion with 4f 8 lies below the 
lowest 4ff level. Apparent ly  the strengths of the crystal 
field at the Eu +2 site in BaMg(SO4)2 is less than in 
the other hosts studied so that this condition is satis- 
fied. This would occur, for example, if the nearest  
neighbor spacing of the oxygen atoms to the Eu +2 ions 
were greater in the BaMg(SO4)2 lattice than in the 
other hosts. In  the absence of s t ructural  data this sug- 
gestion must  remain  speculative, as must  arguments  
based on the different oxygen coordinations in the 
structures. The second condition that must  be is that  
the exchange interact ion cannot be too strong. A strong 
exchange interact ion will depress the 4f65d levels as 
shown on Fig. 2. As we have shown, the exchange in-  
teraction of the 5d electron with the 4f6 electrons is 
very weak (50 cm -1) in BaMg(SO4)2. The exchange 
interact ion would depend on the degree of localization 
of the 5d electron near  the Eu +2 core. This localiza- 
t ion would be dependent  on the degree of covalency 
present  in the interact ion of the 5d electron with 
the surrounding ions. We therefore suggest that in 
BaMg(SOD2 a greater degree of covalency exists and 
that this is responsible for the weak exchange term. 
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ABSTRACT 

The infrared plasma reflectivity and free carr ier  absorption of heavi ly  
Si-doped n- type  GaAs are examined and the results show that  shal low re-  
flectivity minima (Rm ~ 14%) and increased free carr ier  absorption cross 
sections are a consequence of high levels of compensation in the samples. 
The f requency dependence of the ext inct ion coefficient k in compensated as 
wel l  as uncompensated samples is found to be different from that  described 
by the Drude-Zener  theory in the f requency region near  or  h igher  than 
the p lasma-edge frequency. Based on the exper imenta l ly  observed f requency 
dependence of k, correction factors are evaluated  in determining carr ier  con- 
centrat ion from the f requency of the infrared plasma reflectivity min imum 
when  the reflectivity min imum is shallow. The correction factors are applied 
to the measured  results of a series of samples and the result ing carr ier  con- 
centrations are compared wi th  those obtained f rom Hall  effect measurements .  

Infrared plasma reflectivity and free carr ier  absorp-  
tion measurements  of n- type  GaAs have been re-  
ported by a number  of  investigators.  The reflect ivi ty of 
samples with a carr ier  concentrat ion ne > 1017 cm -3 
shows the effect of a plasma f requency ~p which is 
higher than that  for the fundamenta l  lat t ice reflect iv-  
ity band (1) (restrahl) .  A reflectivity min imum is ob- 
served (1) at a f requency above the p lasma-edge f re -  
quency. The min imum is deep with  Rm --~ 2% and the 
f requency -'(Rm) - ~'m has been used as a measure-  
ment  (2, 3) of ne. In some cases ne is determined f rom 
another  measurement  and the reflectivity data have 
been used with  ne to obtain carr ier  effective mass va l -  
ues in a number  of semiconductor materials  (1, 4). 

In some recent ly  reported measurements  (3) of Si-  
doped GaAs it was found that  the Rm value could vary  
from <4% to as large as 14%. The Si doping level  and 
the thermal  history of the sample both influence the 
Rm value. The present study relates the presence of 
the shallow reflectivity min imum (large Rm) to an 
increase in the free carr ier  absorption cross section. 
The validi ty of using ~m as a measure  of ne for a sam- 
ple wi th  a shallow min imum is also examined.  

Background 
The classical Drude-Zener  theory for the free car-  

r ier  contr ibution to the complex dielectric constant 
gives the we l l -known expression (6) 

4~nee 2 ~ .~2 -~2> 
e = el ~- i~z= e| m *  + ~2 

m*~ ~:.2 C1] 

where  m* is the carr ier  effective mass, �9 is the carr ier  
scat tering re laxat ion time, and ,~ is the l imit ing value 
for the high f requency dielectric constant, i f  (~T) 2 > >  
1 then one has 

,l:n2--k2:,| - ~p2 ) [2] 
w2 

and 

eB- 2nk----'| ( ~ ~ 3  \ [3] 

4~nee 2 
where  Wp 2 - -  - - ,  Wp is the plasma frequency,  and 

e~m $ 
n and k are the optical constants, refract ive index and 
extinct ion coefficient, respectively.  

Key words: carrier concentration, compound semiconductor, re- 
flectivity minimum frequency, free electron absorption cross section. 

Reflectivity curves wi th  Rm near  zero, l ike those 
labeled (a) and (b) in Fig. 1, have been widely  inter-  
preted (1, 4, 5) by using the Drude-Zener  (D-Z) 
theory. The normal  incidence reflectivity is given by 
the usual expression 

(n -- 1) 2 + k 2 
R = [4] 

(n + 1) 2 + k 2 

As will be discussed k is proportional to an inverse 
power of the frequency and an Rm value near zero 
means k is small (k 2 << i) at ~ ----- ~m. Setting k = 0 
gives Rm = 0 when n = 1 and hence Eq. [2] becomes 

( ~ p ) ~  =,| [5] 

or 
4~nee 2 

~m 2 = [61 
(,| 1)m* 

Because of the small k value e2 has li t t le in fuence  on 
R for ~ - -  ~m and also has l i t t le  influence on the value 
of ~m. If m* and ~ are known then Eq. [6] shows that  
ne is de termined from a measurement  of ~m 2 and this 
method of obtaining ne has been used (3, 7, 8) because 
it is nondestruct ive and needs no physical contacts to 
the samples. The ne values obtained in this way are in 
good agreement  wi th  those measured by the Hall  effect. 

Moss et al. (9) and KShl (10) have  considered the 
situation when kn~, the value of k at win, is not small 
and thus Rm is not near  zero. A relat ionship be tween  
nm, kin, and e~ is obtained f rom Eq. [2], [3], and [4] 
and if (~T) 2 > >  1 this relat ionship is 

( e |  2) (rim s -  1) 
km 2 -- [7] 

5rim 2 -~ 3e| -- 2 

Also if one assumes T is energy independent  so that  
the energy averages < >  can be omitted, then Eq. [1] 
can be used to obtain a modified form of Eq. [5] 

wp2 e| - -  nm 2 -~- km 2 4nm2km 2 
= + [8] 

Wm 2 e~ e |  - -  n m  2 -~  k m  2)  

If ( ~ ) 2  > >  1, the second te rm on the r ight  becomes 
negligible. The procedure used is to assume nm values 
for a given e,, calculate the km and use these to obtain 
Rm and (Wp/Wm) 2. Thus the dependence of (Wp/Wm) 2 o n  
Rm is established and the measurement  of both ~m and 
Rm should give he. 

There are  some difficulties wi th  the above procedure 
when  applied to n - type  GaAs. Equat ion [7] is obtained 
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f r o m  Eq. [2] and  [3] and  depends  u p o n  t h e i r  va l id i ty .  
E q u a t i o n  [2] has  no t  b e e n  es tab l i shed  for  sha l low 
m i n i m u m  cases a l t hough  it  is k n o w n  to be  co r rec t  for  
deep  m i n i m u m  samples  (1). F r o m  f r e e - c a r r i e r  ab-  
so rp t ion  m e a s u r e m e n t s  Eq. [3] is k n o w n  to be  va l id  
for  n - t y p e  GaAs  on ly  u n d e r  v e r y  r e s t r i c t i ve  condi t ions  
(11, 12). F o r  the  samples  used  in the  p re sen t  s tudy  
Eq. [3] does not  apply.  Moreover ,  the  second t e r m  on 
the  r igh t  side of  Eq. [8] is d e p e n d e n t  u p o n  the  v a l i d i t y  
of Eq. [3]. 

The  inab i l i t y  of  the  D - Z  t h e o r y  to co r r ec t l y  p red ic t  
~2 and  hence  the  f ree  c a r r i e r  abso rp t ion  for  samples  
w i t h  ne ~ 1 X 101~ cm - a  and  ~ ~ ~p is seen  f r o m  the  
fo l lowing  cons idera t ions .  W h e n  (~p/~)~ < <  1 t h e n  
el ~ n 2 "~ e~ w h i l e  t he  ,2 e q u a t i o n  becomes  

2 

Thus  the  classical  t h e o r y  pred ic t s  k ~ ~ - a  w h e n  (~r~)2 
> >  1 and  ~2 > >  ~p2. I t  has  b e e n  es tab l i shed  tha t  u n d e r  
these  condi t ions  (1, la, 14) the  m e a s u r e m e n t s  of  s a m -  
ples  w i t h  ne - -  1 X 10~r c m - 8  s h o w  an  abso rp t ion  co-  
efficient ~ = 2~k/c w h i c h  is ~ - a  and  hence  k ~ ~-~.  
F o r  ne ~-- 1 X 10 ~7 em -a,  t h e  ~ > >  ~ 2  m e a n s  tha t  
t h e  f r e q u e n c y  r a n g e  cons ide red  wi l l  be  ~-- 300 cm -1  
wh ich  is the  r eg ion  m e a s u r e d  in t he  s tudies  r e f e r r e d  
to in Ref.  (1, 13, 14). T h e  b e h a v i o r  of  k n e a r  ~ is not  
k n o w n  f r o m  m e a s u r e m e n t s  of n - t y p e  GaAs.  I t  has  
b e e n  s h o w n  (12) in  samples  w i t h  ne < 10 TM cm -a  and  

for  f r e q u e n c y  --~ 200 e m - ~  the  classical  k ~c ~ - s  de -  
p e n d e n c e  is observed .  This  l a t t e r  r esu l t  agrees  w i t h  
the  t heo re t i ca l  e x p e c t a t i o n  (15, 16) t h a t  for  kT > >  
h~ > >  h / ~  t h e  q u a n t u m  and  classical  t heo r i e s  p roduce  
the  same  resul ts .  

I n  t he  p r e sen t  d iscuss ion w e  wi l l  be  conf ined to ~ > 
300 cm -1, ne ~ 10 ~7 cm -a,  and  r o o m  t e m p e r a t u r e  
w h e r e  the  k cc ~-~  d e p e n d e n c e  is observed .  In  th is  
r eg ion  the  absorp t ion  has  b e e n  e x p l a i n e d  (16) in q u a n -  
t u m  m e c h a n i c a l  ca lcu la t ions  as a l i n e a r  c o m b i n a t i o n  
of  opt ica l  and  acoust ica l  m o d e  la t t i ce  sca t t e r ing  ab -  
so rp t ion  and  i m p u r i t y  sca t t e r ing  absorpt ion .  Thus,  the  
to ta l  f ree  c a r r i e r  abso rp t ion  coefficient,  are, can be  
w r i t t e n  at any  f r e q u e n c y  as 

~fc (W)  = A L ( w ) n e  q-  B I ( w ) r e e N I  [ 9 ]  

w h e r e  AL and B~ a re  t he  f r e q u e n c y  d e p e n d e n t  t e r m s  
f rom the  la t t i ce  sca t t e r ing  and i m p u r i t y  sca t t e r ing  ca l -  
culat ions,  and  N~ is the  to ta l  ion ized  i m p u r i t y  concen-  
t ra t ion .  I f  ne = ND --  NA and NI = ND q- NA t h e n  
NI = ne -~- 2NA and  

ale : ALne Jc Blne 2 + 2BIneNa [i0] 

Thus when an n-type sample is heavily compensated 
the absorption cross section, afe/ne is increased by 
2B]NA over that of a singly doped sample. An increase 
in arc~he of double-doped samples has been observed in 
both n-type Ge (17) and Si (18). 

In a recent study (3) of annealing effects in n-type, 
heavily Si-doped GaAs it was observed that samples 

which  h a v e  Si  concen t r a t ions  [Si]  > I019 cm -s ,  the  
ne can  be  changed  subs t an t i a l ly  by  a n n e a l i n g  and  the  
changes  a re  r eve r s ib le .  The  ne was  v a r i e d  f r o m  8 X 
10 TM cm -a  to 1.5 • l0 is cm -3  fo r  m a t e r i a l  w i t h  [Si] = 
4 • 10 ~g cm -3. Al l  of  t he  samples ,  bu t  p a r t i c u l a r l y  
those  wi th  sma l l e r  n~, had  Rm va lues  wh ich  w e r e  l a r g e r  
t h a n  those  p r e v i o u s l y  obse rved  for  T e -  and S e - d o p e d  
mate r ia l .  A compar i son  is g i v e n  in Fig. 1 w h i c h  uses 
some p r e v i o u s l y  pub l i shed  da ta  (1) a long  w i t h  m e a -  
s u r e m e n t s  m a d e  in th is  s tudy.  

In  the  p re sen t  w o r k  the  fo l lowing  p rope r t i e s  wi l l  be  
s tud ied  for  samples  w i t h  sha l l ow  re f lec t iv i ty  m i n i m a :  

1. To e x p e r i m e n t a l l y  es tab l i sh  the  m a g n i t u d e  and 
f r e q u e n c y  d e p e n d e n c e  of  k and  e2 for  ~ ~ ~p and  (~T) 2 
> >  1. 

2. To use  the  m e a s u r e m e n t s  of  re f iec t iv i ty  and  ab-  
so rp t ion  to d e t e r m i n e  if the  D-Z  exp re s s ion  for  ~t is 
satisfied. 

3. To d e t e r m i n e  the  r e l a t ionsh ip  b e t w e e n  ~m and 
Rm by  us ing  e~ and e= func t ions  wh ich  are  consis tent  
w i t h  e x p e r i m e n t .  This  r e l a t i onsh ip  has  no t  b e e n  de -  
t e r m i n e d  p r o p e r l y  for  samples  w i t h  deep  as w e l l  as 
sha l low min ima .  

Experimental Results and Discussion 

Absorption in samples with large R m . - - F i g u r e  1 
shows the  re f lec t iv i ty  of  f ive S i - d o p e d  samples  t aken  
f r o m  the  same  sect ion of  an ingot  bu t  w i t h  t he  samples  
in  va r ious  annea l  stages. S a m p l e s  3, 4, and  5 al l  h a v e  
Rm n e a r  13% and a re  r e f e r r e d  to as sha l low m i n i m u m  
samples .  R e l e v a n t  i n f o r m a t i o n  on these  samples  is 
l i s ted  in Tab le  I. The  m e a s u r e d  ex t inc t i on  coefficient  
for  these  same  five samples  is shown  in Fig.  2 for  ~ > 
•ra. S ince  ~p/~m < 1 we  also h a v e  co > ~p. As Fig. 2 
indicates ,  t he  k cc ~-4  dependence  is also obse rved  in  
t he  sha l l ow  m i n i m u m  cases. F i g u r e  3 shows  the  m e a -  
su red  ~ = 2k~/c at  a f r e q u e n c y  of 1250 cm - t  (k = 8.0 
,,m) p lo t t ed  agains t  ne for  the  five samples  of  Fig.  1 and 
2 as w e l l  as the  va lues  for  a ser ies  of samples  w i t h  deep  
m i n i m a  t aken  f r o m  a p r ev ious  s tudy  (1) and one  T e -  
doped  sample  m e a s u r e d  h e r e  and  ca l led  6. Al l  of  the  
deep  m i n i m u m  samples  l ie  on a smooth  c u r v e  and the  
fact  tha t  the  c u r v e  is not  a s t ra igh t  l ine  of  s lope 1 is 
an  ind ica t ion  of the  p resence  of  the  Bine 2 t e r m  in Eq. 
[10]. Samples  1 and  2 l ie  close to the  e x t r a p o l a t i o n  of  

the  curve ,  h o w e v e r  samples  3, 4, and  5 a re  a l l  w e l l  
above  the  cu rve  ind ica t ing  a l a rge  con t r ibu t ion  f rom 
the  2BINAne t e rm.  This  resu l t  is cons is tent  w i t h  t he  
i n t e r p r e t a t i o n  tha t  the  dec rease  in ne b e t w e e n  samples  
1 and  2 and samples  3, 4, and  5 is at least  p a r t i a l l y  b e -  
cause  of inc reased  compensa t ion  as a r e su l t  of  annea l -  
ing  r a t h e r  t han  so le ly  t he  loss of  ion ized  i m p u r i t y  
th rough ,  for  example ,  prec ip i ta t ion .  S ince  the  p r e -  
d ic ted  f r e q u e n c y  dependence  (16) of BI is 0~-8.8 it  is 
also consis tent  tha t  samples  3, 4, and  5 w h i c h  h a v e  
l a r g e r  con t r ibu t ions  f rom i m p u r i t y  sca t t e r ing  t h a n  
s ing ly  doped  samples  of  t he  same  ne wi l l  also con t inue  
to h a v e  ~ cc ~ - a  (or k cc ~-4)  as ind ica ted  in Fig. 2. 
T h e r e f o r e  the  samples  w i t h  sha l low m i n i m a  a re  indeed  
samples  of l a r g e r  t h a n  usua l  abso rp t ion  cross section. 

Table I. List of samples studied in this work 
Samples a and b are taken from Ref. (1) 

n~ ( H a l l  
S a m p l e  ef fec t )  wm 

iNo. D o p a n t  NI  A n n e a l  c o n d i t i o n  ( + 1 0 % )  Rm (cm-D 

1 Si  4 x 1019 em -s 1100~  r a i n  8.0 x 10 TM 4.7% 935 
2 Si  4 x 10 TM cm ~ 6 0 0 ~  h r  + 8.0 X 10 TM 4.9% 940 

1100~  m i n  
3 Si  4 • 10 l~ cm -s 7 5 0 ~  h r  1.9 x 10 TM 12.5% 542 
4 Si  4 x 10 TM cm ~ 6 0 0 ~  h r  1.5 x 10 TM 13.7% 465 
S Si  4 x 10 ~9 cm ~ 4 0 0 ~  h r  1.5 x 10 TM 12.6% 456 
6 Te  - -  as g r o w n  2.8 x 1O TM 3.7% 594 
g Se * 5.4 x 10 is 1.0% 770 

T e  * * I . I  X i 0  TM 0.6% 440 

�9 S a m p l e s  a a n d  b are f r o m  Ref .  (1) .  T h e  N1 a n d  a n n e a l  c o n d i t i o n  a re  u n k n o w n .  
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Fig. !. Reflectivity in per cent 
c~ 

as a function of frequency 1, 2o 
(cm -1 )  of seven samples. Curves ~. 
a and b are reproduced from -~ 
Ref. ( I ) ,  Fig. 5. All seven sam- 
ples are listed in Table I. :~ 
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Verification o:f the  Drude-Zener  el e ~ ' e s s i o n  ~or 
large R,n c a s e s . ~ T h e  i n f r a r e d  t r ansmiss ion  m e a s u r e -  
men t s  of  samples  5 and  6 of  Tab le  I w e r e  m a d e  o v e r  an  
e x t e n d e d  f r e q u e n c y  r ange  ~ ~ am. The  m e a s u r e m e n t s  
n e a r  =m wi l l  p e r m i t  us to ob ta in  e x p e r i m e n t a l  n and  k 
va lues  n e a r  nm and km and  thus  test  t he  v a l i d i t y  of  
Eq. [1] n e a r  ~m. S a m p l e  5 is a sha l low m i n i m u m  s a m -  
ple w i t h  Rm ---- 12.6%, w h i l e  s ample  6 is a f a i r l y  deep  
m i n i m u m  sample  h a v i n g  Rm ---- 3.7%. S ince  R is c h a n g -  
ing w i t h  ~, in the  r ange  of  the  t r ansmiss ion  m e a s u r e -  
men t s  w e  use  the  c u s t o m a r y  p rac t i ce  of  d e t e r m i n i n g  = 
f rom b o t h  T and R m e a s u r e m e n t s  at each  ~ by  us ing  

(1  - -  R ) ~ e  - ~  
T---- 

1 -- R2e -2c~x 

w h e r e  x is t h e  sample  th ickness .  H a v i n g  = and  hence  
k one  obta ins  n f r o m  Eq. [4]. Thus  the  e x p e r i m e n t a l  
f r e q u e n c y  d e p e n d e n c e  of  k, nk, and  n = --  k 9 can  be  
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Fig. 2. The measured extinction coefficient k vs. the frequency 
u (cm - z )  of samples 1-5 of Fig. 1. 

g i v e n  for  each  sample .  F i g u r e  4 g ives  k and  Fig. 5 
g ives  nk for  bo th  samples .  F i g u r e  6 g ives  e= - -  n 2 + k 2 
wh ich  should  be  equa l  to e| 2 i f  D - Z  t h e o r y  is 
obeyed  and ( ~ ) 2  > >  1 as in Eq.  [2]. F o r  b o t h  s a m -  
ples  the  k cu rves  of  Fig. 4 a re  close to ~ -4  d e p e n d e n -  
cies t h r o u g h o u t  the  ~ > ~m region.  H o w e v e r ,  the  Te -  
doped,  deep  m i n i m u m  sample  No. 6 shows  a subs t an -  
t ia l  s t eepen ing  of  t he  s lope as ~ approaches  , ~  wh i l e  
the  sha l low m i n i m u m  sample  No. 5 ma in t a in s  t h e  n e a r  
k o: w-4 dependence  t h r o u g h  its ~m posit ion.  H o w e v e r ,  
Fig. 5 shows  a r eve r sa l  of  this  b e h a v i o r  fo r  t he  n k  
cu rves  in tha t  sample  No. 5 dev ia tes  f r o m  the  ~ - 4  de -  
pendence .  F r o m  these  f igures i t  is not  c lear  w h e t h e r  
k cc ~-4  or  nk  a: ~,-4 is the  b e t t e r  a p p r o x i m a t i o n  n e a r  
~m- In  Fig. 6, the  v a l u e  of  e~ used  is 11.0 and  the  po in ts  
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Fig. 3. Absorption coefficient, a, as a function of carrier con- 
centration at frequency z, = 1250 cm - 1  (~, - -  8 /~m). Data points 
labeled 1-6 and a, b are from samples listed in Table I. The 
data points drawn as open circles are obtained from Fig. 3 of 
Ref. (1). 



Vo[. 121, No. 11 S i - D O P E D ,  N - T Y P E  GaAs  1485 

IP 
n 

4 

2 

0o" 
8 

4 

k 2  

to 4 
8 

,it 

2 

MPLE NO. 

b 
deper~ 

8 

i I i i i i i 
Io ~ 2 4 e Io ~ 2 ,4 e Io 4 

FREQUENCY u (cm "l) 

Fig. 4. Measured extinction coefficient, k, of  samples 5 and 6 
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quency of the reflectivity minimum for each sample. 
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F i g .  6 .  e| - -  -el vs. frequency o f  samples 1, 5, aRd 6. The lines 
are drawn with a slope of - -2 .  

for both samples lie close t o  lines of slope negat ive 2 
indicating that  (~  -- n 2 + k s) ~c ~-2 and the m* values 
obtained are 0.085 me for sample No. 5 and 0.074 me for 
sample No. 6. For  completeness, sample No. 1 of Table 
I which has an he---- 8.0 • 1018 cm -s  was also mea-  
sured and m* -- 0.088 me was obtained. These values 
compare favorably with  l i tera ture  values (19) of 0.078 
me, 0.078 me, and 0.0.91 me for samples No. 5, 6, and 1, 
respectively,  a l though sample No. 5 value is about 12% 
high. It appears that  (~mr) 2 > >  1 is a reasonable as- 
sumption for the shallow min imum case as wel l  as the 
deep one and Eq. [2] is correct  for ~ -- ~m as well  as 

Relationship between Rm and ~p/~.~.~It is clear 
from the sections above that  the D-Z equat ion for ~1 is 
valid for both deep and shallow min imum samples and 
that  (~mT) 2 > >  1. It is also clear now that  the calcula- 
tions made by previous authors in which Rm as a func-  
tion of ~ / ~ r .  was determined by using Eq. [3] for ~, 

I.(3 
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. . . .  y , ,  ..... " ' \ , \  
 _.ss,CAL , , , , , , \  
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R m (%) 

Fig. 7. Plasma frequency divided by the frequency of  reflectivity 
minimum as a function of the value of the minimum reflectlvlty. 
The curve labeled "classical" is taken from Ref. (9) for compari- 
son. 
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Table II. Comparison of carrier concentration determined from plasma edge reflecfivity measurement (corrected and uncorrected) 
with that from Hall effect 

Samples 1-6 and a, b are the same as listed in Table | 

ne  ( i n  u n i t s  o f  10  TM c m - D  
% D e v i a t i o n  c o m -  

p a r e d  w i t h  H a l l  e f f e c t  

F r o m  H a l l  W i t h  
S a m p l e  ~m m e a s u r e d  C o r r e c t e d  C o r r e c t e d  e f f e c t  m e a s u r e d  C o r r e c t e d  

NO. Rm (cm-Z)  Wm by "y = 4 by ~ = 4 ( ' + ' 1 0 % )  Wm by "/ = 4 

1 4 . 7 %  9 3 5  8 .1  8 .0  7 .8  8 .0  + 1 . 3 %  0 . 0 %  
2 4 . 9 %  9 4 0  8 .1  8 .0  7.8 8 .0  + 1 . 3 %  0 . 0 %  
3 1 2 . 5 %  5 4 2  2 .3  1 .8  1 .8  1 .9  + 2 1 %  - -  5 .3  % 
4 1 3 . 7 %  4 6 5  1.7 1.3 1.2 1.~ + 1 3 %  --  1 3 %  
�9 5 1 2 . 6 %  4 5 6  1.6  1 .3  1.2 1 .5  + 6 . 7 %  - -  1 3 %  
6 3 . 7 %  5 9 4  3 .0  2 . 8  2 . 7  2 . 8  + 7 . 1 %  0 . 0 %  
7 5 . 7 %  6 7 7  3 .9  3 .8  3 .7  4.4 --  1 1 %  -- 1 4 %  
8 1 3 . 1 %  4 7 0  1.7 1.4 1.3 1.5 + 1 3 %  --  6 . 7 %  
9 4 . 8 %  9 4 9  8 .7  8.1 8 .0  8 ,4  + 3 . 6 %  --  3 .6  % 

10 4 . 7 %  9 2 6  8 .0  7 .9  7 .7  8 .5  - -  5 . 9 %  --  7 . 1 %  
11 1 2 . 4 %  4 6 0  1.7 1.4 1 .3  1.9 - -  1 0 . 5 %  - - 2 6 . 3 %  
12 1 1 . 4 %  5 3 0  2 .2  1.9 1 .8  2 .3  - -  4 . 3 %  --  1 7 . 4 %  

a 1 . 0 %  7 7 0  5 .4  5 . 4  5 . 4  5 . 4  0 . 0 %  0 . 0 %  
b 0 . 6 %  4 4 0  1 .2  1 .2  1 .2  1 .1  + 9 . 1 %  + 9 , 1 %  

a r e  n o t  c o r r e c t  f o r  n - t y p e  GaAs .  W e  wi l l  r e p l a c e  e2 
w i t h  t w o  d i f f e r e n t  f o r m s  a n d  o b t a i n  r e l a t i o n s h i p s  fo r  
e a c h  case.  I n  b o t h  cases  we  use  e| - -  n 2 -{- k 2 = 
C / t o  2 -3 V 1: - 2 ,  w h e r e  C --  ~p2e| 

1. L e t  k = D ~ - ~  w h e r e  D = c o n s t a n t  a n d 7  is a 
power .  I f  ( ~ , ) 2  > >  1 a n d  b y  u s i n g  t h e  c o n d i t i o n  t h a t  

d--~ , ,T-Z- -~  , ~ = , ~ m  = 0 

t h e n  o n e  c a n  ge t  
(rim 2 -  1 ) ( e |  2) 

km 2 : [ I I ]  
(37 -- 2)nm2~ - (i  -- -y) -{- e| 

Since the experiments show that km 2 < <  1 a term in- 
volving k~ 4 was dropped in obtaining Eq. [ i i ] .  

2. Let nk = Gv-~ and in similar manner to 1 we 
obtain 

(rim 2 - -  1)(e| - -  nm 2) 
k m  2 : [12] 

(35 --  4 ) n ~  2 + (1 - -  5 ) +  3e| 

I f  5 ---- 3 w e  t h e n  h a v e  t h e  D - Z  m o d e l  a n d  Eq. [12] r e -  
duces  to Eq. [7]. 

S ince  Eq.  [2] is s t i l l  cor rec t ,  t h e n  a g a i n  w i t h  (~m~) 2 
> >  1 w e  o b t a i n  

t ~ p ) 2  e| - -  nm 2 - -  km 2 [13] 
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Fig. 8. Carrier concentration as a function of frequency and 
wavelength for the plasma edge reflectivity minimum. This curve 
is taken from Ref. (7). 

I n  b o t h  cases w e  can  ge t  km fo r  e~ ---- l l . 0  a n d  ~ ----- 5 ---- 
4 b y  l e t t i n g  nm a s s u m e  a r a n g e  of  va lues .  F o r  e a c h  set  
of  nm a n d  km v a l u e s  w e  o b t a i n  (~p/~m) 2 f r o m  Eq.  [13] 
a n d  a n  Rm f r o m  Eq.  [4]. T h e  r e s u l t s  a r e  g i v e n  in  Fig. 7 
w h e r e  t h e  c lass ica l  c u r v e  is c a l c u l a t e d  (9) w i t h  t h e  
D - Z  m o d e l  a n d  no t  a s s u m i n g  ( ~ ) 2  > >  1. Al l  t h r e e  
cases  a g r e e  w i t h i n  8% fo r  W p / ~ m  i f  Rm ~-~ 15%. T h e  r e -  
su l t s  of  t h e s e  c a l c u l a t i o n s  w e r e  t e s t e d  as fo l lows :  a 
se r i e s  of  s a m p l e s  w e r e  m e a s u r e d  to d e t e r m i n e  Rm a n d  
'~m. F r o m  t h e  c u r v e s  in  Fig.  7 t h e  ~m w a s  c o r r e c t e d  to 
i ts  v a l u e  w h e n  Rm = 0 a n d  t h i s  c o r r e c t e d  ~m w a s  
u s e d  w i t h  t h e  c u r v e  of  O k a d a  a n d  O k u  (7) (see  Fig.  8 
fo r  t h i s  c u r v e )  to  g ive  ne. T h e  r e s u l t s  a r e  g i v e n  in  
T a b l e  II  in  w h i c h  t h e  ne o b t a i n e d  as d e s c r i b e d  a r e  
c o m p a r e d  w i t h  Ha l l  d a t a  f o r  t h e  s a m e  sample s .  T h e  
r e p r o d u c i b i l i t y  of  t h e  H a l l  d a t a  is e s t i m a t e d  to b e  
___10%. E x c e p t  fo r  s a m p l e  No. 3 a l l  ne v a l u e s  f r o m  t h e  
H a l l  effect  a n d  ~m w i t h o u t  a n y  c o r r e c t i o n  a g r e e  w i t h i n  
15% a n d  in  m o s t  cases  w i t h i n  10%. W h e n  ~m is co r -  
r e c t e d  w i t h  t h e  7 --  4 c u r v e  a n d  u s e d  to o b t a i n  ne t h e  
c o m p a r i s o n  w i t h  t h e  Ha l l  v a l u e s  is n o t  s u b s t a n t i a l l y  
i m p r o v e d .  T h e  v a l u e s  fo r  o n l y  t w o  of  t h e  14 s a m p l e s  
d i s a g r e e  b y  m o r e  t h a n  15% w h i l e  t h e  m a j o r i t y  a r e  
a g a i n  w i t h i n  10% a g r e e m e n t .  I t  a p p e a r s  t h a t  t h e  m e a -  
s u r e d  Wm is a r e l i a b l e  m e t h o d  of d e t e r m i n i n g  ne w i t h i n  
t h e  s t a t e d  e r r o r s  for  b o t h  d e e p  a n d  s h a l l o w  m i n i m u m  
(Rm < 15%)  s a m p l e s  a n d  t h a t  a p p l i c a t i o n  of  t h e  ca l -  

c u l a t e d  c o r r e c t i o n s  does  n o t  n e c e s s a r i l y  i m p r o v e  t h e  
r e l i ab i l i t y .  
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Diffusion of Gallium Through Silicon 
Dioxide Films into Silicon 
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Bell Telephone Laboratories, Incorporated, HoImdel, New Jersey 07733 
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Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 07974 

ABSTRACT 

Metal-oxide-si l icon capacitors with shallow (,-,0.1 ~m) diffusions of gal-  
l ium through silicon dioxide films into silicon were studied with capacitance- 
voltage techniques. The first part  of the paper is a discussion of the ionization 
of the gall ium acceptor in  the silicon space charge region, and of the unusual  
capacitance-voltage characteristics of very shallow diffused layers. It  is con- 
cluded that  in  a space charge region even a comparatively deep level like 
that  of gall ium is largely ionized so that  near ly  all of the dissolved gall ium 
contributes to the C-V signal. Furthermore,  very shallow diffusions give C-V 
curves identical to those of the bu lk  substrate material .  However, the entire 
curve is shifted on the voltage axis in l inear  proport ion to the amount  of in -  
diffused impuri ty.  This voltage shift is used to determine the amount  of gal- 
l ium in  silicon. In  the second part  the following exper imental  results are re-  
ported: After comparat ively short diffusion times the concentrat ion of gall ium 
in  silicon is l inear ly  proport ional  to (pH2/pH20) in  an ambient  gas containing 
hydrogen and water  over ~-Ga203 at 850~-1050~ This implies that  ini t ial ly 
the gall ium concentrat ion is a function of pca2o ra ther  than pGa. The diffusion 
coefficient of gal l ium in  the oxide film, derived from the amount  of gall ium 
which diffused.through the film into the silicon at 800~176 is DG~r = 
0.73 • exp (--2.46 eV/kT).  The density of mobile charge in the SiO2 film 
was found to be higher than 1 • 10 TM cm -2 under  all diffusion conditions 
except when  Ga20 vapor is suppressed. 

The rate of diffusion of gal l ium through silicon di -  
oxide films is several orders of magni tude  higher than  
that of the other Group III  and Group V elements used 
as dopants for silicon (1-3). Thus silicon dioxide does 
not "mask" against gallium. By the same token silicon 
can be doped with gal l ium even when covered with 
oxide. 

We have studied the formation of shallow Ga diffu- 
sion layers in Si covered by SiO2. The purpose of this 
work was to find a rel iable technique for the p reven-  
t ion of conduct ivi ty- type inversion at p-Si/SiO2 in ter -  
faces. When thick nat ive oxide layers are grown on 
boron-doped silicon, boron is depleted from Si because 
of a dis t r ibut ion coefficient which favors dissolution in 
SiO2. The concurrent  reduction of the acceptor densi ty 
in Si facilitates the formation of an n - type  inversion 
layer  under  the influence of an electric field originating 
at positively charged conductors on top of the SiO2, or 
at positive charges wi thin  the SiO2. This inversion can 
be prevented by diffusing Ga through the SiOe film to 
form a shallow but  highly doped p- type  layer in the Si. 

In  the work presented here the diffusion length of 
gal l ium in silicon was of the order of 0.1 ~m. When 

Key words: diffusion, silicon dioxide films, silicon, gallium. 

such profiles are established in n - type  substrates, their  
resistivity and doping level cannot be convenient ly  
measured by profiling and four-point  probing. Under  
the load needed to make good contact the points punch 
through the junction.  In  addition, angle lapping and 
staining reveal p -n  junct ions which must  be estimated 
if they are less than 0.1-0.2 ~m deep. Therefore we 
diffused gal l ium into p- type substrates and determined 
concentrations, or amounts,  of gall ium from capaci- 
tance-voltage measurements .  These measurements  are 
carried out after diffusion with the metal-s i l icon diox- 
ide-sil icon capacitor formed by the deposition of a lu-  
m i n u m  field plates on the oxide film. 

Two aspects of C-V measurements  on shallow dif-  
fusions of gal l ium deserve some attention.  One is the 
comparat ively deep acceptor level of gal l ium in silicon 
and the consequent deionization in the silicon space 
charge region. The other aspect arises from the unusua l  
C-V characteristics of very shallow profiles. Their eval-  
uation is different from that used for bulk  doped mate-  
rial. The next  section of this paper is devoted to this 
discussion. The reader who is pr imar i ly  interested in 
the exper imental  results is asked to proceed immedi-  
ately to the section on Diffusion of Gallium. 
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C a p a c i t a n c e - V o l t a g e  C h a r a c t e r i s t i c s  o f  S h a l l o w  
G a l l i u m  Di f fus ions  

Deionization of Gallium Acceptors 
In equil ibrium, not all of the gal l ium dissolved in the 

silicon is ionized when its concentrat ion exceeds ,.~1016 
cm -s  (4). This deionization occurs because the Fermi  
function becomes a significant fraction of un i ty  at the 
energy level of the gal l ium impurity.  At low gal l ium 
concentrations this level is comparat ively deep. Its ion- 
ization energy is 65 meV. 

Dur ing  the measurement  of the resistivity or of the 
Hall coefficient the holes acquire l i t t le kinetic energy. 
They are v i r tual ly  in equi l ibr ium with the lattice. 
Therefore the measured quant i ty  is converted first to 
the concentrat ion of ionized acceptors by using the 
appropriate low-field mobility. Second, the total con- 
centrat ion of donors, ionized and un-ionized, is calcu- 
lated using the equi l ibr ium relat ion between ionized 
and total dopant  concentrat ion 

[ NGa=NGa- X l + g x e x p  kT [1] 

This equation is derived from one given by  Wolfst irn 
(4). The degeneracy, g, is 4 (5).1 EF is the Fermi  en-  
ergy and EGa is the acceptor energy. Wolfstirn has 
shown that the ionization energy of the gal l ium ac- 
ceptor, eCa -- hEgap -- E~a, depends on the concentra-  
tion of gallium. The simplest model for such a depen-  
dence assumes ~ca to be a l inear  function of the average 
separation between gall ium atoms (6, 7). In  Fig. 1 
this l inear  least squares fit of the first set of Wolfstirn 's  
data is shown. ~ca was taken to be constant at its low 
concentrat ion value of 65 meV up to NCa ---- 4.3 X 101~ 
cm-S. Above this concentrat ion the ionization energy is 
eGa ---- 23.2 -t- 31.5 • 10S/(NGa) 1/s or, after subst i tut ion 
with rCa : (3/4~Nca) l/s, ~C~ : 23.2 § 50.5 • l0 s 
rGa (meV). If no band edge tai l ing or broadening of 
the impur i ty  level occurs the Fermi level coincides with 
the valence band edge at NGa > 5 • 10 TM cm-S. The 
max imum solubil i ty of Ga in Si is 4 • 10 ~9 cm-S (8). 
Thus, by extrapolat ing beyond NGa ~- 1.62 X 10 zs 
cm -s, we set up the curve drawn in  Fig. 2 for conver-  
sion of NGa- to Nca using Eq. [1]. 

With MOS capacitances the evaluat ion of total 
dopant concentrations from measured data is con- 
ceptually less straightforward. MOS capacitors under  

z g = 4 i s  taken s R e f .  ( 4 ) .  This value  Is accurate wi th in  about 
lo% (s). 

t 0  8 x r ( ; o  ( c m )  

30  25 20 
70  ; t , 

. . • :  65me V 

65 ~ . =~ffi- -~ 31'5 xlOs 
/ c Ga r r / rite Y 

~ 6 0 5 5  ~ ~ 6 1 ) 1  3 

o ~ o  

50 % % 
% 

i I = I . i I 
1.4 4.2 t.0 0.8 

10 6 X~ - I /3  -6o  (cm) 

Fig. I .  Dependence of the energy level of the gallium acceptor, 
eGa, on the mean distance between gallium atoms. The data ore 
token from Wolfstim (4). 

bias are in quasi equil ibrium. The Fermi  level is con- 
stant throughout  the semiconductor. However, the po- 
tential  of the band edges and the impur i ty  levels varies 
between the edge of the space charge region and the 
oxide-silicon interface. Over a large portion of the de-  
pletion layer the Fermi  level lies much higher than the 
acceptor level, EF ~ EGa. Then, regardless of the gal-  
l ium concentration, NGa -~ NGa-. 

In  a uni formly  doped semiconductor in depletion the 
band bending is parabolic. The electrostatic potential  
~(x) at a distance x from the interface is a quadratic 
function of (x -- x2) where xs denotes the edge of the 
depletion region 

~(z)  = ~ (Noa-)  (x -- x2) ~ 
2es 

where q is the electronic charge and es is the permi t -  
t ivi ty  of the semiconductor. At x > x2 the exponent  of 
Eq. [1] is determined by the energy difference between 
the gall ium impur i ty  level and the Fermi level in the 
bulk  of the silicon. At 0 < x < xs the exponent  is modi-  
fied to 

EGa -- EF(X < X2) -" EGo -- EF(X=~ X2) -- ~ (X )  

Ten per cent or more deionization may be considered 
significant. This occurs when  Eta -- EF(X < X2) iS 
more positive than --5 kT/q, i.e., with NGa ~ 2 X 10 is 
cm -3 (Fig. 2). 

As described in the next  section, we derive NGa from 
the voltage and the capacitance at inversion where  the 
band bending is at a maximum. It is possible to esti- 
mate the portion of the deplet ion region where ioniza- 
tion is incomplete (Eca - -  EF(~Vi) ~- --5 kT/q) and to 
estimate the accuracy of Nca extracted from these 
measurements.  We assume a highly doped substrate 
with Eta = EF. For this case NGa -- 5 Nca-  (Eq. [1]). 
Nc~ can be determined by numer ica l ly  solving the 
equation Ec~ -- EF : 0, or by locating the intercept of 
the l ine Nca : 5NGa- with the curve of Fig. 2. The re-  
sult ing values are NGa- = 2.5 X 10 TM cm -3 and NCa -" 
1.25 • 1019 cm -s. The corresponding bulk Fermi  level 
is about 20 kT/q below midgap and the surface poten-  
tial in inversion is ~s -- 40 kT/q. Then 

(z~ --  z2)= ~ ( x O  5 

x22 ~(x  = O) 40 
and 

. ~ - - X S  
- -  == 0.35 

xs 

It follows that for this worst case assumption of a very 
high and uniform gal l ium concentrat ion the acceptors 
are completely ionized over two-thirds  of the space 
charge layer. Extensive deionization (Eoa -- EF ~" -- 

t0~9 , , , i I i i i i I i = I = i i i 

to t~ 3oo1< , 

u 

Iw 'iGo �9 65 meV 4 ~ ~.t E van6 
e 34 5 xlO 

t047 ~ (NGo)'" ~ 

1016 i I , =1 = = t t l  t ~ , , I = , , 
t0 t6 t047 40 t8 40 t9 402~ 

NGo (TOTAL) (cm -s) 

Fig. 2. Density of ionized gallium acceptors, N o a - ,  as a func- 
tion of the total gallium concentration, NGa. 
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2kT/q) occurs wi thin  0.8 x~ < x < x~. At inversion 
80% or more of the gal l ium d~ssolved in the depletion 
layer  is ionized and contributes to the capacitance 
signal. When the doping level is un i formly  lower than  
in this example, or when  a diffusion profile with high 
NGa at x = 0 and low NGa at x2 is measured, near ly  all 
of the gal l ium will be ionized at inversion. A similar 
a rgument  shows the edge of the depletion layer, x2, to 
be slightly but  not significantly deeper than x2 for the 
completely ionized case.  

We conclude that  the inversion voltage and the min i -  
m u m  capacitance give closely the total amount  of gal-  
l ium atoms in  the depletion layer. 

Shallow Diffused Layers 
Two basic types of high f requency C-Y curves are 

obtained with shallow diffusion profiles of gall ium in  
p- type silicon. Their  occurrence depends on the Ga 
concentrat ion in the profile and on the depth of the 
diffusion. The depth is defined by the point  where the 
concentrat ion of the indiffused Ga is equal to the net  
acceptor concentrat ion of the substrate, which was 
about 2 • 10 ~5 cm-S in this study. 

In the first type of C-V curve, the depletion width 
in inversion is smaller  than the depth of the Ga profile. 
A C-V curve similar to one for uni formly  doped silicon 
is obtained. The m i n i m u m  capacitance corresponds to 
a weighted average densi ty of ionized acceptors in the 
depletion region. In  this case, the average gal l ium 
concentrat ion was obtained by a graphical method (9). 

The second type of C-V curve is obtained when the 
depletion width in inversion is larger than  the diffusion 
depth. The C-V curve is then typical for the substrate  
material,  but  the entire curve is shifted to more posi- 
tive voltages. This voltage shift is proportional to the 
amount  of indiffused Ga. A shift of the inversion volt-  
age, or the threshold voltage, of a meta l -ox ide-semi '  
conductor transistor has been discussed recently, in the 
l ight of diffusion (10, 11) and of ion implanta t ion (12- 
16) of dopants, or as a general  feature of nonuni fo rmly  
doped surfaces (17, 18). 

C-V curves  which are intermediates  between these 
two types are obtained when the deplet ion width at 
inversion is comparable to the depth of the Ga diffu- 
sion. 

The properties of MOS capacitors with shallow dif-  
fusions are calculated for a capacitor with a "box" 
diffusion profile. The capacitor is schematically shown 
in  Fig. 3. Numerical  results of the calculations are 
demonstrated on a capacitor with a bu lk  doping level 
NB ---- 2 • 1015 cm -3, and an oxide thickness tax ---- 0.1 
~m, as a funct ion of NA, the concentrat ion of indiffused 
acceptors, and xl, the depth of this diffusion (Fig. 4). 

METAL / 

Si02 

NACCEPTOR s (cm -3  ) 

- - D  1 NA 

I 
I 
I 
I 
I 

I 
X4 

NB 

X 

Fig. 3. Metal-oxide-silicon capacitor with a "box" diffusion pro- 
file with concentration HA and depth xl in silicon with bulk doping 
biB. 

0.8 Ne = 2 • I~ cm -s ~ I ~ 

0 I l I I I I I I ~ I I ] I I I I I i i t i u 1 

I x 10 t5 I x lO 16 l x l o  17 l x  1018 tx10  t9 

N A (cm -s) 

Fig. 4. Normalized minimum capacitance, Cmin/Cox, of a MOS 
capacitor with a "box" diffusion profile of concentration NA and 
depth xl. 

In  the following derivat ion NA and NB are taken to be 
independent  of depth and the density of fixed charge 
and the density of interface states are assumed to be 
zero. Also, the deplet ion approximation is used, i.e., the 
space charge in the silicon is assumed to be made up 
only of ionized acceptors. 

First, the work funct ion difference between the sili- 
con and the metal, ~Ms, is defined. T h e n  the Poisson 
equation for the capacitor of Fig. 3 is solved to give a 
relat ion between surface potential,  ~s, and depletion 
width, x2. Using this equation, the normalized high 
frequency capacitance in inversion, Crnin/Cox, and the 
inversion voltage, Vi, are calculated. 

Work ]unction dif]erence.~For the doping profile 
given in  Fig. 3, the Fermi  potential  in the bulk is r 
: (kT/q)  in  (Ns/n i ) .  That for surface region is ~F,1 
-- (kT/q)  in  (NA -t- NB)/ni, where k is the Bol tzmann 
constant, T the absolute temperature,  q has the magni -  
tude of the electronic charge, and ni is the carrier con- 
centrat ion of intr insic  silicon. The work function differ- 
ence between the Si and the metal  is de termined by 
the work funct ion of the Si in the surface region, ~sf ---- 
~si.i + (kT/q)  In (NA Jc NB)/nl, with ~si,i denoting the 
work funct ion of intr insic silicon, which is the- re fe r -  
ence state for potentials. 

The flatband condition in  the absence of fixed or 
mobile charge and of interface states obtains at a volt-  
age 

kT NA -1- NB 

q ~i 

The equations derived in this section, however, will be 
applied to capacitors in inversion, Le., when the space 
charge extends beyond xl to x=. It  is then more con- 
venient  to retain the fiatband condition for the original 
mater ia l  (doping NB throughout) ,  and to redefine fiat- 
band  for the diffused silicon as the condition where  
there is no electrostatic potential  difference between 
the surface (x = 0) and the bu lk  ( ~ ) .  This condition 
is realized when the actual surface potential  is ~s ----- 
(kT/q) In ( N A +  NB)/NB. This surface potential  is 
taken into account by redefining the work function of 
the Si to be that  of the bu lk  mater ia l  with NB acceptors 

kT NA -]- NB kT 
~sl : ~si,i + ~ in -- In 

q nl q 

kT NB 
= ~m,t q- - In 

NA -I- NB 

NB 

This definition is made to facilitate a comparison of the 
equations for diffused with those for undiffused capac- 
itors. In  addition, the inversion potential  of the capaci- 
tar  becomes formally independent  of the acceptor con- 
centrat ion in  the surface region. 

Surface potential and depletion width.--The one- 
dimensional  Poisson equation at points between the 
edge of the depletion region, x2, and Xl is 
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de0 q 
. . . .  = -- NB (x, < x < x2) 
dx2 es 

where ~s is the permit t iv i ty  of the silicon. For 0 < x 
< xz it is 

de~ q 
-- - -  (NA -~- NB) (0 < X < Xl) 
dx~ es 

The signs on the r ight  are positive because of the nega-  
t ively charged acceptors. By integrat ion with the 
boundary  condition E (x > x2) = 0 one obtains the field 
s trength E(x ) .  A second integrat ion with the bound-  
ary condition r = 0 leads to the surface potential, 

q 
~s -- [~(x = 0) -- ~b(x,)] -~- ~b(Xl) = (NAXl 2 

2es 
+ NBx22). The depletion width x2, as a funct ion of the 
surface potential  ~s is 

/ 2eS N~ X12 )I/2 

High ]requency capacitance in inversion.--At the 
point of inversion a small  amount  of electrons, 5q, re-  
moved from the field plate induces 1/2 6q of electrons 
at the S i O J S i  interface and 1/2 5q ionized acceptors 
at the edge of the depletion region. Therefore, the sur-  
face potential  of inversion is determined by the doping 
level at the edge of the depletion region. It is equal to 
twice the bulk  Fermi potential. A term of 3(kT/q)  is 
added to br ing the capacitor into deep inversion for 
more realistic calculated Cmin/Cox values 

Cs,i = 2 I n - -  + 3 
q ni 

The depletion width in inversion, from Eq. [2], is 

{ 2eS NA ~1/2 
} 

The capacitance per uni t  area of the space charge layer  
in the silicon is given by 

eS 
Cs,l = 

X2,t 

Adding the reciprocal capacitances of this depletion 
layer and of the oxide layer  one obtains an expression 
for the high frequency inversion, or minimum, capaci- 
tance normalized to the capacitance of the oxide layer  

Cmin 1 

Cox COX 
1 + ~  

Cs,! 
r 

= / 1  + 
L eS 

In Fig. 4, Cram/Cox of a capacitor with a 0.1 ~m SiO2 
layer  and NB = 2 • 10z5 cm-~ is plotted vs. NA for 
several values of xt. These curves demonstrate  that the 
doping level in the diffused layer can become quite 
high before the min imum capacitance rises above the 
value for the substrate. The bottom horizontal l ine is 
for xl = 0 which represents a concentrat ion profile of 
gal l ium in the form of a delta function at the SiO2/Si 
interface. It has the same effect as a fixed negative 
charge. The top curve corresponds to Cmin/Cox of sub-  
strates uni formly  doped with NA. The sharp intercepts 
with this curve are artifacts result ing from the simpli-  
fying assumption of an abrupt  t ransi t ion of the hole 
concentrat ion from (NA -t- NB) to NB at xl. 

Inversion voltage.--The inversion voltage, Vi, is the 
sum of the surface potential  in inversion and the vol t-  
age drop across the insulator  

Q i  

Vi  = r + Co'-'? 

= ~s,i 

] 
Vi is a v i r tual ly  l inear  funct ion of NAXl for xl up to 
xl = x2. An example is shown in Fig. 5. NAxl is the 
amount  of indiffused gal l ium which acts like a negative 
fixed charge at the SiO2/Si interface. 

Conversely, the amount  of gal l ium in the silicon can 
be determined from the inversion voltages before and 
after the diffusion 

N A X l  ~ C o x A V i  = C o x  (Vi, a f t e r  G a  - -  Vi, befol 'e  C a )  

If the diffusion profile follows a complementary  error 
function, the concentrat ion of dopant  at the interface 
(x = 0) is 

v;  
N(x = 0) ----~ 2N/-D_ ~ Cox ~VI 

where D2 is the diffusion coefficient of the dopant  in 
silicon, and t is the diffusion time. 

Di f fus ion  of G a l l i u m  
Following a survey of the l i terature  on the diffusion 

of gall ium in silicon and in silicon dioxide, the experi-  
mental  procedures and the equipment  are described. 
Next, results are presented concerning the dependence 
of the Ga concentrat ion in Si on the ratio of the partial  
pressures of H2 and HeO over the GaeO3 source. The 
Ga concentrat ion in Si is found to depend on the Ga20 
pressure in the gas phase. Another  paragraph deals 
with the determinat ion of the effective coefficient of 
diffusion of Ga in SiOs. The section concludes with a 
discussion of the mobile ionic charge introduced to the 
SiO2 by the Ga diffusion. 

Previous Studies 
The first invest igat ion of the coefficient of diffusion 

of gall ium in silicon was carried out by Ful ler  and 
Ditzenberger (19). Using bare crystals and a small  
quant i ty  of Ga203 as a source in quartz ampuls in i -  
t ial ly filled with 10 -3 mm air, these authors determined 
Dca(Si) = 3.6 • exp(--3.51 e V / k T ) c m  2 sec -1 for tem- 
peratures between 1105 ~ and 1360~ Frosch and Derick 

~ 5  , , , , i , , 

3O 

25 

0 

> 

I 0  / _ / _ x  1 = 0 . 0 5 F m  

5 / xl = OA/.~m 

0 ~ i ~ f I i i p t 
0 5 t 0  

AMOUNT OF DOPANT IN SURFACE LAYER, 
t0  - t2  x NAX t (cm -2 )  

Fig. 5. Inversion voltage Vinv, of a MOS capacitor with a "box" 
diffusion profile, as a function of the indiffused amount of dopant, 
NAx]. 
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(2) developed a two tempera ture  zone open tube tech- 
nique to diffuse Ga into Si at 1200 ~ and 1300~ using a 
Ga~O3 source and a wet hydrogen carrier gas; in a 
later study (20), they determined the weight loss of 
Ga and of Ga203 in H~-H20 mixtures  at 950~ and the 
surface concentrat ion of Ga in Si wafers as a funct ion 
of the composition of the carrier gas (HR-HeO and CO- 
H~O mixtures)  flowing over a Ga208 source. Kur tz  and 
Gravel  (21) employed the technique of Frosch and 
Derick, with a Ga source and a dry argon carrier, to 
determine the diffusion coefficient in bare Si at 1130 ~ 
1358~ DGa(Si) ---- 164 • exp(--4.07/kT). Boltaks and 
Dzhafarov (22) annealed "in gall ium vapor" at 1180 ~ 
1340~ silicon wafers into which high concentrations of 
an t imony had been diffused and found accelerated dif- 
fusion of Ga in comparison to control samples Where 
DGa = 2.1 exp(--3.51/kT). In the first radiotracer 
study Kren, Masters, and Wajda (23) used an ele- 
mental  radioactive gal l ium source for diffusion into 
oxide-covered silicon at 1200~ in evacuated ampuls. 
The concentrat ion profile of Ga followed a complemen-  
tary error funct ion with DGa = 2.9 • 10 -12 cm 2 sec -1, 
while the density of holes as determined by incremen-  
tal sheet resistance measurements  was found to be 
lower than Ntotal at Ntotal >~ 1 • l0 TM cm-3. (In tracer 
measurements  on bulk  Ga-doped Si, Wolfst irn (4) had 
found considerable deionization.) The results of Kren  
and co-workers are supported by the data of Okamura  
(24) who neut ron  activated Ga diffused at 1250~ (DGa 
= 1.3 • 10 -11 cm 2 seC - t )  from a Ga droplet on a Si 
wafer in an ampul  filled with dry argon, and also found 
dei0nization at Ntotal ~ 1 • 10 TM cm -8. Makris and 
Masters (25) diffused Ga in evacuated ampuls at 900 ~ 
1050~ from Ga-doped Si powder into Si wafers. The 
Ga diffusion profiles were measured after neu t ron  ac- 
tivation, and the resul t ing diffusion coefficients were 
combined wi th  data from Ref. (19, 21-23) to give DGa 
(intrinsic Si) = 60 • exp(--3.89 eV/kT). The diffu- 
sion coefficient of Ga in highly boron-doped Si was 
found to increase l inear ly  with the boron concentrat ion 
at NB ~ 1 • l0 TM cm -3. In  a s tudy of the diffusion of 
Ga into Si from Ga doped (1-4 • l0 TM cm-3)  epitaxial  
silicon layers covered with SisN4, Ghoshtagore (26) 
determined the coefficient "free from surface effects" 
Dc a = 0.374 • exp(--3.39 eV/kT) between 1143 ~ 
13930C. In  three studies Okamura  (24, 27, 28) observed 
retardat ion of gal l ium diffusion both dur ing  codiffusion 
with donors  and dur ing  diffusion into heavi ly  doped n-  
type silicon as well as enhanced solubil i ty in the latter. 
Retardation of the Ga diffusion dur ing  codiffusion with 
arsenic and phosphorous is also descr ibed in a com- 
municat ion  by  Nakaj ima and Ohkawa (29), An in-  
crease of the hole l ifet ime by the preparat ion of a Si-  
Ga alloy from Ga films spread over Si wafers has been 
reported (30). 

Frosch and Derick (2) demonstrated the high dif- 
fusivity of Ga through SiO2 films. Using their two tem-  
perature  zone technique with Ga~Oa as a source in wet 
n i t rogen-hydrogen gas, Grove, Leistiko, and Sah (3) 
determined the diffusion coefficient of Ga in SiO~ 
through 1 to 4 ~ n  SiO~ films at 1100 ~ and 12500C. From 
the measurement  of the junc t ion  depths, they arrived 
at a value for DGa(SiO2) = 1.04 X I05 • exp(--4.17 
eV/kT), as well  as at a value for the dis tr ibut ion co- 
efficient between Si and SiO2, m ~ 20. In  a recent  
communication, Nakaj ima and Ohkawa (31) reported 
more rapid diffusion of Ga at 1000~ in Si under  SiO2 
than in bare Si. They used evacuated quartz ampuls 
and enough elemental  Ga to establish a saturated 
vapor atmosphere. 

Experimental 
Si wafers 9-11 mil  thick, 1 1/4 in. diameter,  with 

(111) surfaces from one p- type  (boron-doped) ingot 
with p = 4-9 ohm-cm (1.5-4 • 1015 cm-8)  and 9-11 
rail thick, 1 1/4 in. diameter  (111) wafers from one 
phosphorus-doped ingot with p = 6-7 ohm-cm (7-8 • 
1014 cm -z)  were used. The silicon oxide films were 
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grown in steam at 1050~ (for fox ~ 1 /~m) and at 
1200~ (for tox ---- 2/~m). After  the oxidation the wafers 
were annealed for 1/2 hr  at 1050~ in pure ni t rogen 
to reduce the fixed charge density at the SiO2/Si in -  
terface. 

The gal l ium diffusions were carried out in a quartz 
container with a quartz furnace tube. The atmosphere 
of the furnace consisted of forming gas (15% H2, 85% 
N2) with varying  amounts  of water  introduced as 
shown schematically in Fig. 6. The quartz container is 
shown in Fig. 7; it incorporates a rack for holding the 
wafers as well as two crucibles filled with the gal l ium 
source. Other than in a few pre l iminary  experiments  
with elemental  Ga, #-Ga~O3 was used as a source ma-  
terial. 

After  the  gal l ium diffusions the oxide layers were 
etched back by 100A in dilute HF and a luminum was 
then evaporated through shadow masks for field plates. 
The metall izat ion was followed by a 1/2 h r  anneal  at 
400~ in hydrogen for reduct ion of the interface state 
density. The capacitance measurements  were carried 
out with equipment  and procedures similar to those 
described by Lopez (32). 

The mobile ionic charge in the oxide films was de- 
rived from the ion drift  current  measured by the ramp 
method (33, 34). At a tempera ture  of 300~ the voltage 
ramp was started a t  --1 • 106 V-cm -1 with a rate of 
voltage change of 0.048 V-sec - I .  Some samples were 
measured with the b ias - tempera ture  stress technique 
at 300~ and 1 • 10 e V-cm - t  with a stressing t ime 
of 10 rain. 

FLOWMETE~ 
WITH 

CONTROL 
VALVE 

~ T H E R M O S T A T  l  -c-5o-c 
~ = DEIONIZED 

H20 

TO REAffrlON 
TUBE 

FORMING GAS: 
85% N 2 
"f5% H 2 

Fig. 6. The ,gas train of the diffusion furnace 

LOOSELY FITTING 

WAFER HOLDER / ~ , , ~ V  

Fig. 7. Boat, cover, wafer holder, and Ga203 containers i .  the 
diffusion furnace. All material is clear fused quartz. 
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Mass Transport Species 
E Three gal l ium-containing species are known to exist 2 40~9 

over Ga203: Ga, GaeO, and GaS (35, 36). GaS  is a 
typical high tempera ture  species with a positive heat , 
of formation at room temperature  [AHf,29sGaO(g) = 
66.8 kcal (37) ], Its max imum part ial  pressure at 1000~ 
is of the order of 10 -~s atm. Therefore it is not con- z z 40ts 
sidered in the following discussion about the mass o 
t ransport  species. The molecule which performs the 
mass t ranspor t  to the silicon can be determined from 
the dependence of the concentrat ion of gal l ium in the z 
silicon at x • 0 on the ratio (PH2/PH20) in  the gas ~ q0~7 
phase. Ga was diffused into wafers covered by 0.1 ~'n ~ 
SiO~ at 850 ~ 950 ~ and 1050~ with (PH2/PH20) ranging .~-~ 
from 1.23 to 2020. To be useful in device processing the 
diffusion times were the shortest still leading to re-  u. 
producible high concentrat ions of Ga in Si at the SIS2/ o 10~s 
Si interface, N G a ( X  = 0 ) .  The resul t ing gal l ium con- z 
centrat ions as a funct ion of temperature ,  T, and of o 
(PH2/PH20) a r e  listed in Table I, and are plotted in Fig. 
8. In  an in termediate  range, NGa(X : 0) depends l in-  
early on (PH2/PH20). A l inear  dependence points to r t0"~ 
GasO as the species dominat ing the t ranspor t  of gal-  z o l ium to the silicon. This follows from the equations r 
relat ing PGa and PGa20 to (PH2/PH~o), which are de- 
rived below. 

The vapor pressures of Ga and Ga20 over Ga203(s) 
are de termined by the ratio (PH2]PH2o) as follows: 

PGa: G a 2 O s ( s )  "t- 3H2(g) : 2Ga(g) -t- 3H20(g) 

K p , l  = P G a 2 / P H 2 0  ~S  

PH2 / 

P G a  = ( K p . l )  1/2 \ P---~'20 

PGa20:  G a 2 0 3 ( s )  -~ 2H2(g) = Ga20(g)  + 2H20(g) 

( PH20 ~ 2 
Kp,2 = PGa20  \ PH2  / 

PC, a20 -- Kp,2 ~' P'~2o / 

The oxide is v i r tua l ly  saturated with respect to the dif-  
fusing Ga species. Therefore the activity of the species 
dissolved in the oxide at the SiO2/Si interface equals 
that at the gas/SiO~ surface and the silicon surface is 
in  equi l ibr ium with the gas phase. The net reactions 
for the dissolution of the Ga carriers in  Si are: 

(a) Ga(g) -- Ga(Si) 

aGa(Si) ~ XGa(Si) ~ 7Ga(Si) ~ PGa/P~ 

For di lute  solutions of Ga in Si, ~G~(Si) is assumed to be 
constant. It is, after reformulat ion of the atomic frac- 
t ion XGacsi) as the number  of Ga atoms in one cubic 
centimeter  of Si, NGa(Si), inversely proport ional  to 
Henry 's  constant, Hoa 

/ 
/ /  

A // o 
/ 

s 

| , i i i  i I i i 

~ 95~C 

o o o 850~C 
O 

t ~ ~ ~ I |  I i i i l  i I I l i  s i i 

4 I0 q00 Ip00 1 O,000 
HYDROGEN-TO-WATER RATIO (pH/PH20 ) 

Fig. 8. The concentration of gallium in silicon at the Si02/Si 
interface, blGa (x = 0), as a function of (pH2/pH20), and of 
temperature. 

PH2 ~3/2 

NGa(Si) --" HGa X PGa ~ HGa X Kpl I/2 \ p-~20 / 

--const(T) X( PH---'-~2 ) s /2  

PH20 

(b)  2Ga20(g) -t- Si(s)  = 4Ga(Si)  -~ SiO2(s) 

aGa4(SD K 3 - - ~  
PGa202 

aGa(Si )  = ~'~31/4 X PGa201/2  

Introducing a formal Henry  constant 

N o a ( S i )  - -  H G a  X K 3 1 / 4  X PGa20  I /2  

- -  H G a  X K 3 1 / 4  X K p , 2 1 / 2 (  PH2 
- p - - ~ ' 2 o  - 

X PH2 
= const (T) ( P---~o " 

Thus, if the species responsible for the doping of the 
silicon is Ga vapor, the concentrat ion of Ga in Si, 
N G a ( X :  0), has to be proport ional  to (PH2/PH2o) 3/2. 
However, it is found exper imenta l ly  (Fig. 8) that  
N G a ( X  = 0 )  i s  l inear ly  proport ional  to (PH2/PH20) in 
accordance with the preceding equation. The Ga20 
vapor is therefore the source of the gal l ium dissolved 
in the silicon. 

Table I. Concentration of gallium in silicon at the Si02/Si interface, Noa (x = 0), and density of mobile charge, Qmob, as a function 
of (PH2/PH20) and of temperature 

No,,. ( x  = 0) (cm-S) Qmob ( e + / c m  s) 

(PsalPH8o) 850~ 9500C 1050~ 850~ 950~ 1050~ 
(4 hr) (I hr) (~/2 hr) (4 hr) (I hr) (~/~ hr) 

1.23 3.5 X 10 ~ 2.1 X 10 le 7.2 X 10 iv  6.8 x 10 ~ 6.1 • 10 TM 1.5 X 10 ~ 
2.06 ~ 1.2 x i0 I~ 1.2 X 1018 -- 4.3 x 10 TM 3,9 X 10 TM 
5.10 1.9 x 10 TM 3.3 X 1017 2,1 X 10 TM 6.8 x 10 TM 2.4 x 10 TM 2.3 X 101~ 
8.20 9.7 x 10 TM 8,5 x 101~ 4.2 x 10 TM 2.2 x 10 TM 3.0 x 10 TM 4.2 X 10 TM 

24.9 2.0 • 10 z~ 2.2 x 10 TM 7.8 x 10 ~s 1.4 x 10 ~s 4.7 • 10 TM - -  
72.1 7.9 • 1017 3.9 x 18 TM 9.1 x 10 TM 1.4 x 10 TM 4.7 x 10 ~s - -  

138 1.3 • I0 TM 5.0 • i0 ~8 8.0 x i0 TM 2.5 • 10 ~ 1.4 • I0 ~ -- 
715 1.7 X 10 ~ . . . .  - -  

1050 1.2 • 10 TM . . . .  -- 
1420 1.9 • 10 ~ 4.8 • 10 is 9.4 X 1018 4.8 x 10 ~ 6 .9  x 10 ~' - -  
2020 1.4 • 10 ~s . . . . .  
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Above a certain ratio (PH2/PHlo), N G a ( X = 0 )  is 
found to remain  constant. This l imit  of (PH2/PH2O), 
which depends on the temperature,  is reached when 
the vapor pressure of gallium, PGa, reaches the equi-  
l ib r ium pressure over the liquid gallium. The ensuing 
formation of a condensed gal l ium phase reduces the 
number  of degrees of freedom by one. According to the 
phase rule, POalO is then constant for a given tempera-  
ture. It is determined by the equi l ibr ium 

1 4 
-~-Ga~O3(s) + y G a ( 1 )  - - G a ~ O ( g )  

Kp,3 -" P G a l O  

The pressures of the gaseous species part icipat ing in 
this equil ibrium, PGa and PGalo, are plotted as a func-  
t ion of 1/T in Fig. 9. Also shown in Fig. 9 is the equi-  
l ib r ium constant  for the formation of GaeO(g) from 
Ga2Os(s) in a H2-H20 atmosphere, Kp.2. When PH2 ~--- 
PH20, PGa20 is equal to this constant. The c u r v e  ( P I l l /  

PI-I20)max denotes the hydrogen- to-water  ratio needed 
to raise pGalO to its max imum value, viz., in equi l ib-  
r ium with Ga203 and Ga. 

The sources of the thermodynamic  data used in this 
graph are: (felT is the free energy function) 5H~ 

A ~ of p-GalOs, Wagman et al. (37); H f.zgs of Ga20(g) ,  
Thurmond  and Frosch (38); f e l t  of GabOn(s) and of 
Ga~O(g), Cochran and Foster (39); lefT of Ga(g) ,  
Munir  and Searcy (40); felT Of Hl (g) ,  lefT of H20(g) ,  
and ~H~ of HlO(g) ,  JANAF Tables (41). 

The sharp drop of NGa(X = 0) as (HI/I-IIO) is going 
to un i ty  is due to the insensi t ivi ty  of the inversion volt-  
age shift method to very small ( ~  2 X 1011 cm -2) 
amounts of indiffused Ga. This tends to give values for 
Naa(x = 0) which are too low (Fig. 8). 

Our results imply  that  SiO2 constitutes a diffusion 
barr ier  for Ga, but  not for Ga20. The four points ob- 
tained by Frosch and Derick (20) on pre-oxidized sili- 
con agree with our data. On the other hand NGa (x = 0) 
reaches the solubil i ty l imit  (8), ~ 4  X 1019 cm -s, after 
long diffusion times (42). NGa(X = 0) is then deter-  

T(~ 
1100 1000 900 800 700 

I | I ! f | | I ~  

2 \ P . e o / L ~  

o 

o3(s1+4/3 Ga(s 

' - . . . . .~. Go (~.):Ga(g) 

GazO3(s) 
Ga20(g)+ 2HzO(g) 

_~ L L i L i I 
7.0 8.0 9.0 10.0 

RECIPROCAL TEMPERATURE 104/T (K -4) 

Fig. 9. Equilibrium constants for the formation of Go20 vapor 
and of Ga vapor (see text for references.) (PH2/PH20)max iS the 
ratio needed to bring PGalo in the reaction listed at the bottom 
up to the maximum pGalO given by the equilibrium between 
GalOa(s) and Ca(I). 

mined by the chemical potential  of gallium. The un-  
published study by Moore who is reported (43) to have 
found N G a  cc (PHI/PH20)3/2  w a s  presumably  carried out 
on bare silicon or with long diffusion times on oxidized 
wafers. 

Coefficient of Diffusion of GO in SiO~ 
The diffusion coefficient of Ga in SiO2 films was de- 

termined from the amount  of Ga diffused into the Si. 
At a given tempera ture  and for a given diffusion time, 
this amount  depends on the thickness of the oxide film. 
Sah and co-workers (44) have solved the equations for 
this sequential  diffusion. The dopant concentrat ion in 
the semiconductor as a funct ion of position and time is 

(2n -t- 1)tax -F rx  
N2(x, t) ---- m(1  -- ~)No anerfc 2X/D- ~ 

n = 0  

t is the time, No is the solubi l i ty  of the diffusant in  the 
oxide, tax is the thickness of the oxide layer, x is the 
de p t h  in the silicon measured from the S i O J S i  in ter-  
face, D1 is the diffusion coefficient in the SiOl, and D2 
that in the Si. m = NI/N 1 is the distr ibution coefficient 
be tween Si and SiO~, a = (m -- r ) / ( m  -F r) ,  with r = 
~/ ( D1/DI). 

The total amount  of gal l ium diffused into the silicon 
up to t ime t is 

Q(t) = ~ N l ( x , t ) d x  
X----0 

= 4m No(1 -- a)Dlt ~ anierfc y(0)  [3] 
n = 0  

with 
( l n  -F 1)tax 

y (0) _ 2 x / ~  

From the work of Grove et al. (3) a is known to be 
smaller  than unity. In  an a rgument  similar to the one 
presented by these authors we reason that  the value of 
ierfc y(0)  drops rapidly with increasing y(0) .  As a 
consequence the series in Eq. [3] converges s trongly 
and is well approximated by its first t e rm to give 

tax 
Q(t) ~_ 4m Non(1 -- a )Dl t  ierfc 2V-  

Q(t)  was de te rmined  at 800~ (t = 4 1/2 hr) ,  850~ 
(t = 1 hr) ,  and 900~ (t -- 10 min)  for 0.1 --~ tax - -  2.0 
~m. The diffusion length of gal l ium in bare silicon, 
2~/Dlt, was taken from the paper by  Makris and Mas- 
ters (25). It ranges from 0.015 to 0.020 ;~m under  these 
conditions (Table II) .  The deplet ion width in  inver -  
sion, xl, is then larger than the depth of the profile re-  
gardless of the surface concentration. We have dis- 
cussed earlier in this paper that  Q(t)  can be deter-  
mined from the shift of the inversion voltage ~Vi 
which results from the indiffusion of gal l ium 

Q ( t )  ~ Cox �9 aVj 

~Vi for the wafers diffused at 800~ ~ C is listed in  
Table III. 

The logari thm of the first integral  of the comple- 
menta ry  error funct ion is very closely a l inear  func-  
tion of tox/2%/Dlt with the slope depending on the 

Table II. Diffusion coefficient of gallium in silicon, D2, taken 
from Makris and Masters (25), diffusion time t, and 

diffusion coefficient of gallium in SiOl, D1 
(this study) 

/:)2 D1 
T (~ (cm 2 sec-D t (see) (cm 2 sec-D 

800 5.9 X 10-1T 16,200 2.0 • 10 - ~  
850 2.1 • 10 -le 3,600 8.3 • 10- TM 

900 1.1 • 10 -z~ 600 1.9 • 1 0  -11 
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Table III. Shift of the inversion voltage, AVe, and amount of 
gallium diffused through SiO~ of thickness tax, as a 

function of temperature. (P~2/PH20) - -  1200 

AV! (V) Qt  (cm-~) 

tox (/~n) 800~ 850~ 900~ 800~ 850~ 900oc 

0.1 4 

0.9 6.5 11.5 
0.3 10 13.5 
0.4 11 20 
0.5 17 24 
1.0 21 30 
2.0 -- ~8 

17 8.6 x 10 ~ 1.5 x 10 z= 3.7 x 10 m 
27 7.0 x 10 z~ 1,2 x 10 TM 3.0 x 10 t~ 
36 "/.2 X 10 ~t 9.'/ x 10 ~ 2.6 x 10 z= 
48 5.9 • 10 ~ 1,1 X 10 TM 2.6 X 10 ~ 
50 7.3 x 10 ~z 1.0 x 10 ~ 2.2 x 10~ 
60 4.5 X 10 zz 6.5 x 10 ~ 1.3 x 10 z~ 
33 ~ 3.0 X 10 ~- 3.5 x 10 ~ 

1 AV~ (V) 
~(t) = - -Co=~Vt  = 2.16 X 10 ~ x - -  

q to= (cm) 
(era-e) 

range  of this  approximat ion .  For  0 < tox/2X/Dlt < 1, 
the  slope is B ---- - -  1.05 wi th  base 10 logar i thms 

log~0ierfc (tox/2~/Dlt) - -  log10 ( 1 / X / ~  Jr B (tox]2~/Dl$---) 

Thus 

lOgl0Cox~Vt == log10 tuna = (1 - -  =)Dzt ] 

-]- B ( tox/2~/Dlt ) 

= lira (log~0CoxhVi) - -  1.05 (tox/2~/Dlt) 
tor-->O 

In Fig. 10, Q (t)  is p lo t ted  loga r i thmica l ly  vs. tax. The 
slopes in Fig. 10 were  eva lua ted  for D1 which is l is ted 
in Table II. A least  squares t r ea tment  gives for the  
t empe ra tu r e  range f rom 800 ~ to 900~ Doa(sio2) = 0.73 
• exp( - -2 .46  eV/kT) .  Combined wi th  the da ta  points  
of Grove et al. (3) for 1100 ~ and 1250~ Doa(sio2) --" 
1.0 • 10~ • exp( - -4 .17  eV/kT) ,  an equat ion cover ing 
the range  f rom 800 ~ to 1250~ is obta ined  

D G a ( S i O 2 )  ---- 5.2 X 10 - 4  X e x p  ( - - 1 . 7 7  eV/kT) 

This is the  l ine p lot ted  in Fig. 11. The lack  of ag ree -  
ment  be tween  the resul ts  of Grove and co -worke r s  and  
of the presen t  s tudy is cer ta in ly  not  sat isfactory.  I t  is 
unders t andab le  in view of the numerous  app rox ima -  

10 t3  , = , , i I ~ 1 1 1 1 1 ~ 1 1 1 1 , 1 1  r 

A 

-~ 1012 

7 

3 

[] 9 0 0  ~ C 
A 8 5 0  ~ C 

& ~  o 800  ~ C 

A 

1011 , i i i I I I I I I I l l I I l I l l I l 

0 0.5 1.O t.5 2.0 

OXIDE THICKNESS tax (/~m) 

Fig. 10. Semilogarithmic plot of the amount of gallium diffused 
through SiO2, O(t), as o function of oxide thickness, tax, and of 
temperature. (PH2/pH=O) - -  1200. 

to-e 10"42 

%% / DGo (Si) = 60 exp (-~'89e V/kT) 

/ F R O M  MAKRIS AND 
~ / M A S T E R S  

lO-e 10- 43 

I- t 0  ~ 

E 
3 ~ 

D ~ z D6a (SiO2) = ~ ' ~ o  

o �9 5 ~ 4 7 .  7 e V / k T ) ~  

~t0- ~ ~o-~ 
r ~ 0  

t0" I J I I I I t0"16 
6.5 7.0 8,0 9.0 10.0 

RECIPROCAL TEMPERATURE 404/T (K "4) 

Fig. 11. Left ordinate: Diffusion coefficient of gallium through 
SiO2 films. The straight line is from a least squares regression on 
the data of Grove et al. (3) and of tMs study. Right ordinate: Dih 
fusion coefficient of gallium in silicon, selected by Makris and 
Masters (25). 

t ions which had to be made  in both invest igat ions.  In  
view of the resul ts  on the mobi le  charge in SiOm pre -  
sented in the  nex t  section, one may  speculate  tha t  our 
s tudy  gives a coefficient for  the  diffusion of "Ga20" 
through SIO2, whi le  Grove et aL measured  the  coeffi- 
cient for the diffusion of "Ga." Then, of course, i t  would 
not  be  permiss ib le  to combine these  da ta  to the  l ine  
shown in Fig. 11. This plot, however ,  was found to be 
useful  and real is t ic  for device deve lopment  work.  

With  the in tent ion  of reproduc ing  the resul ts  of 
N a k a j i m a  and Ohkawa  (31) who found Ga diffusions 
which were  deeper  in SiO~ covered Si than  in bare  Si, 
we diffused Ga into ba re  and oxidized (0.1, 0.5, and 1.0 
#m SiO2) n - t y p e  wafers.  At  950~ (5 hr )  and (PHi~ 
PH20) ---- 66.0, and at  1050~ (20 min) and (PIt21PH20) 
= 7.87 we found junct ions  to be  deeper  in ba re  Si by  
about  0.1 pro. I t  was quite difficult to de l ineate  the  
junct ions in the ox ide-covered  por t ions  by  angle  l ap-  
ping and staining. They were  found to be ve ry  diffuse 
and prone to e i ther  under  or overstaining.  

Mobile Charge in Si02 after Ga Diffusion 
In samples  where  the  ga l l ium dissolved at the  surface 

of the  silicon, Naa(X----0),  has reached its equi l ib r ium 
value, the  equ i l ib r ium concentra t ion is also a t ta ined  by  
the ga l l ium species in the oxide film. A corre la t ion  be-  
tween  these two concentra t ion values  m a y  be expected.  

Dur ing  C-V measurements  on h ighly  ga l l ium-doped  
subst ra tes  we noticed effects typica l  of mobi le  posi t ive 
charge in SiO2. High f requency  C-V curves shif ted 
para l le l  to the vol tage  axis af ter  bias at  room tem-  
pera ture .  The invers ion capaci tance increased wi th  in-  
creasing posi t ive voltage,  a character is t ic  of l a te ra l  a -c  
cur ren t  flow brought  about  by  posi t ive charge  in the  
oxide  (45). It was reasonable  to expect  this  posi t ive 
charge, which had been in t roduced dur ing  the  ga l l ium 
diffusion, to be re la ted  to the  ga l l ium dissolved in the  
oxide. Then the posi t ive charge in the equ i l ib ra ted  ox-  
ides should be corre la ted  wi th  NGa (X = 0). In  the  s im- 
plest  case of constant  chemical  ac t iv i ty  coefficients, and 
of all  posi t ive charge being mobi le  at 300~ a l inear  
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Fig. 12. Mobile charge in Si02, Qmob, plotted vs. the eoncentra- 
tion of gallium in silicon at the Si02/Si interface, Nca (x ~ 0). 
The samples ore those used for Fig. 8. 

dependence of this mobile charge, Qmob, upon NGa(X 
: 0) is expected. 

The mobile charge measured with the ramp tech- 
nique is listed in Table I and plotted in Fig. 12 vs. 
NGa(x----O). Voltage shifts after b ias - tempera ture  
stressing gave similar results. The stressing of most 
oxide films, however, resulted in dielectric breakdown. 
Some samples could not be measured even with the 
ramp technique because of breakdown. 

The mobile charge in the oxide films before the gal-  
l ium diffusion was equal to or less than 5 • 1010 e + /  
cm ~. The quartz boat and the Ga20~ were also free of 
mobile charge as demonstrated by the following ex- 
periment.  An  oxide covered wafer was annealed for 
3 hr at 850~ in the boat on the wafer rack and in the 
presence of the Ga203 source. In  the oxidizing gas (2% 
O2 in Ns) no gal l ium was transported from the source 
to the wafer, and indeed the Qmob was less than 5 • 
1010 e+ / cm 2. 

It is surprising to see Qmob to be large and approxi-  
mately constant independent  of the value of NGa(x 
---- 0). (At NGa(X ---: 0) ~ 2 • 10 TM cm -~ the oxide films 
were visibly damaged; we ascribe the rise of Qmob in 
this range to a change in the properties of the oxide.) 
Two quali tat ive explanations come to mind:  first, the 
amount  of gall ium dissolved in the oxide is equal to 
a constant and uni form concentrat ion of nat ive defects 
in the oxide; second, that most of the gal l ium dissolved 
resides near  the interfaces, and that the amount  of gal-  
l ium is determined by the characteristics of these in ter-  
faces. 

All data in Fig. 12 are for 0.I ~m thick oxide films. 
Qmob in 0.5 and 1.0 ~m oxides was comparable to that  
shown in Fig. 12. Therefore Q~ob is not proport ional  to 
the volume of the oxide and the first explanat ion can- 
not be correct. The al ternate  interpretat ion of a strong 
accumulat ion of gal l ium near  the interfaces is more 
likely. This in terpreta t ion is supported by the analogy 
of Ga20 to Na20. Ga20 vapor may dissolve in SiO2 in 
the same manner  as Na20 leading to the U-shaped 
concentrat ion profiles which have been measured for 
sodium (46). It is possible to calculate distr ibution pro- 
files for these ionic impurit ies using the image force 
model put  forward by Williams and Woods (47). A 
max imum concentrat ion of the order of 10 TM ions per 
cm 2 of interface can be estimated in quali tat ive agree- 
ment  with our data. However, both the theoretical 
basis and the existing exper imental  data are insuffi- 
cient for a rigid t rea tment  and the agreement  men-  
t ioned above may  be fortuitous. 

Quali tat ive experiments  on the removal  of the mo-  
bile charge were carried out. It was found that a var i -  
ety of controlled anneal ing procedures as well  as the 

formation of a phosphate glass layer can reduce the 
densi ty of mobile ions. 

S u m m a r y  
I t  was shown in this s tudy that :  

1. The amount  of dopant  in shallow diffused layers 
in Si covered with SiO2 films can be obtained from the 
shift of the MOS inversion voltage which arises from 
the diffusion. 

2. For comparat ively short diffusion times the con- 
centrat ion of Ga in Si covered with SiO~ films is l in-  
early proport ional  to (PH2/PH2o) over a ~-Ga208 source. 
Therefore, the molecule Ga20 performs the t ransport  
of gal l ium to the silicon. 

3. The diffusion coefficient of Ga in SiO2 films in the 
temperature  range from 800 ~ to 900~ has not been 
measured previously. It is DGa(Si02) : 0.73 • exp ( - -  
2.46 eV/kT) .  

4. Mobile charge with a densi ty  of at least 1 • 1013 
cm -2 is introduced to the SiO2 films under  all diffusion 
conditions except when  the molecule GaaO is not pres-  
ent. 
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Optical Investigation of Different Silicon Films 
Ch. Kiihl, H. Schli~tterer,* and F. Schwidefsky 
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ABSTRACT 

In the case of weak absorption, the spectral reflectance of a th in  film on 
a nonabsorbing substrate can be used to determine the spectral dependence of 
the absorption constant. For this purpose, a relat ively simple method is 
described evaluat ing the envelopes of the interference extrema. This method 
as well  as a Kramers -Kron ig  analysis were applied to epitaxial, polycrystal-  
line, and amorphous silicon films in the energy range 0.5-5.5 eV. With decreas- 
ing crystal quality, changes in the spectral dependence of the optical con- 
stants of these films are observed. This can be understood in terms of a de- 
creasing long range order. 

Optical investigations are very promising for evalu-  
at ing film properties because of the nondestruct ive  
measur ing technique. In order to examine the qual i ty  
of semiconducting thin films on insulat ing substrates, 
electrical and optical measurements  can be performed. 
Evaluat ing electrical measurements  with very th in  
films can sometimes be problematical  because of the 
increasing surface contr ibut ion with decreasing film 
thickness. Results of optical investigations in the re-  
gion of weak absorption can easily be assigned to the 
volume of the th in  film. 

The determinat ion of the optical constants of an 
absorbing mater ial  seems to be somewhat difficult. 
Many optical measurement  techniques applied to th in  
films already exist and are summarized, e.g., by 
Heavens (1). Schopper (2) measures ampli tude and 
phase of the reflected and the t ransmit ted beams on 
both sides of the film and calculates the refractive in -  
dex n, the absorption index k, and the thickness d of 
the film. Mal~'s (3) evaluat ion requires the reflectance 
at each side of the film and the t ransmit tance of the 
film. Then a set of curves must  be drawn giving re-  
flectance and t ransmit tance vs. thickness for a set of 
values of n and k. Brat tain and Briggs (4) measure 
the t ransmit tance of the films of several thicknesses 
and fit the values of n and k by  a t r i a l -and-e r ro r  
method. Howson (5) determines the optical constants 
of the film from transmission measurements,  evaluat-  
ing the t ransmit tance halfway on the h~-axis between 
two neighboring interference extrema. Also common 
for determining the optical constants of relat ively th in  
films is the analysis of elliptically polarized light. 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key  w o r d s :  t h i n  film, absorption, refractive index, Kramers- 

Kronig-analysis, optical interferences. 

In the present paper, a method of determining the 
spectral dependence of the optical constants is de- 
scribed in which only the reflectance of one single film 
is required. Since in the case of mul t iple  interference 
both the reflection and the transmission coefficients 
contribute to the ampli tude of the reflected beams, re- 
flection measurements  also provide informat ion similar 
to transmission measurements.  One advantage of 
evaluat ing reflection measurements  ra ther  than  t rans-  
mission measurements  for th in  films is based on the 
fact that, contrary to the transmittance,  the average 
oscillatory reflectance does not slope down to zero with 
increasing film absorption. Therefore, the reflectance 
extrema can be bet ter  located and analyzed. Fur the r -  
more, the reflection measurements  are independent  
both of the qual i ty of the rear  surface and of the 
plane parallelism of the substrate;  films on higher ab-  
sorbing substrates can easily be measured, too. 

Experimental 
Reflection measurements  were performed with a 

Zeiss two beam spectrophotometer Model DMR 21 
having a wave number  range of ~* = 1/~ = v/c ---- 4-50 
• 103 cm -1 (corresponding to ~ = 2.5-0.2 am or E ---- 
0.5-6.2 eV). For this purpose, a reflection a t tachment  
had to be constructed which is not commercially avail-  
able, since the Zeiss spectrophotometer is designed for 
transmission measurements  only. The angle of inci- 
dence is e = 30 ~ In  order to obtain absolute values 
for the reflectance of the samples, the absolute re-  
flectance of the a luminum mirror  used in the refer-  
ence beam had to be known. The reflectance of that 
mir ror  was obtained using a Beckman two beam spec- 
trophotometer Model DK 2A with a special "VW" re- 
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Fig. 1. Spectral reflectance curve of a polycrystulline silicon 
film. The dashed lines represent the envelopes of the reflectance 
extrema. 

flection a t tachment  (6). Thus, a reflectance calibration 
of our a t tachment  for the Zeiss spectrophotometer was 
performed. Measurements were made with a series of 
epitaxial, polycrystaUine, and amorphous silic0n films 
on several substrates. Figure 1 shows a typical re-  
flectance in terference curve of a polycrystal l ine sili- 
con film on spinel (sample 2 of Table I) .  The envelopes 
connect the extrema of the interference fringes and are 
used to determine the absorption constant. Silicon 
films with different substrate temperatures  were in-  
vestigated and for the present  paper the results of the 
silicon films listed in  Table I are shown, each one rep-  
resentative for the respective substrate temperature.  
Samples 1 and 2 were obtained by chemical vapor de- 
position with thermal  decomposition of silane, whereas 
sample 3 was obtained by vacuum evaporat ion in  a 
diffusion pumped system using an electron beam gun. 
The size of the coherently scattering regions near  the 
surface was obtained by  means of reflection electron 
diffraction (7). The geometrical film thickness was 
measured with a Per then  stylus tracer Model ECW-L. 

Method of Analysis 
Theory.--~Let us consider a homogeneous, isotropic, 

plane parallel, th in  film with the thickness d~ and the 
complex refractive index 7~1 : nl  -- ik~ (nl  denotes 
the real refractive index, and k~ the absorption index) 
at normal  incidence of the l ight (Fig. 2). The adjoin-  
ing media air  (no) and substrate (n2) are assumed to 
be nonabsorbing (ko -- k~ = 0) and infinite. 

In  an absorbing medium, the intensi ty  of l ight de- 
creases exponent ia l ly  with e -~x, where x denotes the 
l ight path in the film and a the absorption constant  
which is related to k by  a ---- 4~k~*. Taking into ac- 
count  mul t ip le  interference, the complex ampli tude re -  
flectivity can be obtained by  summing up all in ter fer -  
ing beams leaving the film surface. The ampli tude re-  
flection ~ - a n d  t ransmission coefficients ~ at an in te r -  
face are given by  the Fresnel  coefficients l isted in 
Table II. For simplicity, in the following we shall omit 
for the film the index and only write n, k, a, d. 

Using the complex Fresnel  coefficients the complex 
ampli tude reflectance of the film is given (1) by  

Table I. Silicon films used in this investigation 

S u b -  Depo-  F i lm 
strate si t ton t h i c k -  

S a m -  Crys ta l  Sub-  t e m p e r -  rate, ness, 
ple qua l i t y  s t ra te  a tu re ,  ~ ~ n / m i n  /zm 

1 Single  c r y s -  Sap -  10S0 1 0,65 
ta l l ine phire 

II Po lycrys-  Spinel  680 0.0S 0.83 
ta l l ine  

S Amorphous  Spinel  20 I 0.44 

air 
DO 

film 

(~1_= nl-ik ) 
ct--4 ~ k  P 
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Fig. 2. Amplitudes of light for an absorbing thin film in the 
case of multiple interference at normal incidence. For simplicity 
and clearness: no oblique in:idence contrary to the experiment, 
and lateral displacement of the light rays. 

�9 tO 1,r l ,2t  10 e --ad--~ 
r -- to1 -I- _ _ [1] 

1 - -  T12~'lOe - a g - $ i 8  

where 8 = 2~ndv* denotes the phase difference caused 
by t raversing the film once from one interface to the 
other. With the simplifying assumption k 2 < <  n 2, 
which is fulfilled for silicon films in  the infrared and 
part  of the visible region we obtain for the  in tensi ty  
reflectance 

~'o12e ad -1- r122e -ad "t- 2~'o1~'12 cos 28 
_~ = I~12 = [91 

e c~a -~- T0127"1,22e -ad -~- 2rolrz2 cos 26 

where rij denotes the real par t  of the complex Fresnel  
coefficient rij (Table II) .  

The extrema of the reflectance R(h~,) are deter-  
mined by the extrema of the cos 26 terms (cos 26 : 
___1). With increasing ad, AR decreases, where AR : 
R m a x  - -  Rra in  and Rmax ,  R m i n  denote the values of the 
corresponding envelopes at a certain energy. 

Applicat ion.~Figure 1 shows that  there are two re-  
gions of the reflectance curve that  can be evaluated. 
The region where interference fringes are registrated 
is t reated first. Here the wave number  position as well  
as the absolute height of the extrema of the in ter -  
ference fringes can be analyzed. The refract ive index 
of the film is obtained from the wave number  posi- 
t ion of the extrema (8) provided the film thickness 
is known.  The condition cos 26 : +_ 1 is fulfilled for 
both kinds of ex t rema when 5 : z~ with z -- 0, 1/2, 
1, 3/2 . . . .  yieIding n : z/2dv*. 

The absorption constant  can be obtained by  analyz-  
ing the height of the reflectance curve. Here either 
the zero passages or the ext rema of the cos 26 term in  
Eq. [2] can be regarded. The condition of cos 2~ : 0 
is satisfied halfway on the hr-axis between two neigh-  
boring extrema. In  that way, Howson (5) determines 
the absorption constant but  applied to transmission* 
measurements .  His method of analysis seems to be 

Table II. Fresnel coefficients for the interfaces 
air-film, film-air, and film-substratu 

~z 
no - -  'n.1 

no  + ~ 1  

no + n l  

' • 1  - -  no 
~zo -.---- - -  

+ no  

no  -.1- -~1 

+ n2 

n l  "t" lZ9 
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ra ther  inaccurate because of the re la t ive ly  steep slope 
of the interference fringes. From the max imum  and 
min imum reflectance values which satisfy the condi- 
t ion cos 28 = •  the envelopes ment ioned before can 
be constructed. At a definite energy e i ther  the dif-  
ference or the quotient  of these envelopes can be re -  
garded. However ,  the quot ient  method is advantageous 
as it is near ly  independent  of a possible e r ror  in the re -  
flectance cal ibrat ion of the spectrometer,  which is not 
the case wi th  the difference method. 

Calculating the quot ient  Q : Rmax/Rmin from Eq. 
[2] yields the fol lowing equat ion for e ~d 

e 4ad -- (rol 2 -- 1) 2r12 - ( Q + 1 
TO1 ~ / e3ad 

f r122 t ~ (r~l~-- 1)~ -- 2r122 e ~  r012 
+ (to12--1)2r12~3 ( Q+ 1~ ead+r124=O [3] 

r01 X Q - 1 ]  
Only one of the four solutions of this equat ion is phy-  
sically suitable, namely  

e~ d : r~lri~ - r12/ro, ( Q + l _ _ _ ~  .t_ ~ /~  ) 

2 + r122 

[4] 
Using Eq. [4], it is possible to de termine  absolutely 
the spectral  dependence of a or k by means of the 
quot ient  of the envelopes of the reflectance in ter fer -  
ence curve of the film. For  this purpose, the spectral  
dependence of the refract ive  index of the film, the re-  
f ract ive index of the substrate, and the film thickness 
have to be known. It  must  be kept  in mind, that  a 
represents  a mean  value of the exponent ia l  loss of 
l ight  intensi ty throughout  the film volume including 
volume scattering. However ,  surface scattering, due to 
interface i r regular i t ies  of the film is considered where  
necessary by taking into account the intensi ty loss at 
both interfaces. The wavelength  dependence of the 
specular  reflectance of a rough surface is t reated ac- 
cording to the method of Bennet t  et al. (9). The rough-  
ness correction was tested by comparing the absorption 
constant thus obtained with the absorption constant of 
the same film, but  subsequent ly polished (no correc-  
tion necessary).  There  was a good agreement  be tween  
both results wi thin  • 4%. 

Equat ion [4] has been der ived for the case of normal  
incidence of the light. Since we measure  at oblique 
incidence (e : 30~ we have  to correct the ref rac t ive  
index of the film regarding the angle of incidence by 
substi tut ing n by 

sin2o 
n' = ~/n  ~ -- sin~0 ~ n -- ~ [5] 

2n 

Other  effects due to the obl ique incidence of l ight  such 
as polarization effects are neglected, as we  measure  
with natural  light. 

The val idi ty  of the approximations of Eq. [4] and 
[5] has been tested by comparison with  numerical  cal-  
culations based on the Fresnel  formulas for obl ique 
incidence wi thout  any approximations.  This compar i -  
son shows that  the e r ror  in a calculated according to 
Eq. [4] for silicon films with  a film thickness ,~1 ~rn is 
smaller  than • 2%, thus just i fying our approximations 
globally. 

Taking into account all possible sources of  errors, 
namely, the determinat ion of Q, the film thickness 
wi th  a possible gradient,  the refract ive  index of both 
film and substrate, the mathemat ica l  simplifications, 
and the roughness correction, the er ror  ha of the de- 
te rminat ion  of the absorption constant wi th  the quo-  
t ient  method is est imated to be ~a ~ • (10% + I00 
cm - I )  for silicon films in the thickness range d = 0.2- 

2 ~m. Using the same substrate for the films, the un-  
certainty of • 100 cm -1 caused by the possible er ror  
in the refract ive  index of the substrate can be ne-  
glected when different films are to be compared. 

The region where  no in terference fringes are re-  
corded can be evalua ted  with  a Kramers -Kron ig  anal-  
ysis with respect to n and k (10). Since the energy 
range was ra ther  l imited wi th  our measurements ,  a 
method of Roessler was applied (11) al lowing for the 
unknown reflectance values by taking into account the 
absorption index measured  at a definite energy. 

Results with Silicon Films 
Both, ref ract ive  index n and absorption index k of 

the samples 1, 2, and 3 listed in Table I have been de- 
termined in the whole  measured  spectral  region. The 
slight dispersion of the ref rac t ive  index of the spinel 
(sapphire) substrate (12, 13) f rom n2 : 1.74 (n2 = 
1.78) at ~. = 0.435 ~m to n2 : 1.695 (n2 = 1.738) at 

= 2 um has been taken into account. The rear  sur-  
face of the spinel is unpolished and therefore  its con- 
t r ibut ion to the finally reflected intensi ty can be ne-  
glected because of the  small aper ture  of the spectrom- 
eter. 

F igure  3 shows that in the  region where  in terference 
fringes can be recorded both the polycrystal l ine and 
the amorphous silicon film have  a h igher  ref rac t ive  
index than the epi taxial  film, whereas  the la t ter  does 
not differ essentially from bulk silicon, regarding the 
ref rac t ive  index. 

In the adjo in ing  region, where  no in terference 
fringes are recorded, and the Kramers -Kron ig  analysis 
can be applied, the ref rac t ive  index of the epi taxial  
silicon film shows three max ima  which are located at 
near ly  the same energies as the corresponding maxima 
of bulk silicon. The  polycrystal l ine and amorphous 
silicon films show only one broad maximum. With de- 
creasing crystal  qual i ty  (size of the coherent ly  scat- 
ter ing regions: for the polycrystal l ine film 4 rim, for 
the amorphous film 0.7 rim) that  m ax im um  is shifted 
toward smaller  energies. 

F igure  4 shows the spectral  dependence of the ab- 
sorption index also evaluated both from the in te r fe r -  
ence fringes and by means of a Kramers -Kron ig  anal-  
ysis. It can be seen clearly that, in the region where  
in ter ference  fringes are recorded, the absorption index 
s trongly increases wi th  increasing latt ice disorder, thus 
offering a quick and rel iable cri terion for the crystal 
qual i ty  of the films. Again, the polycrystal l ine and 
amorphous silicon films, unl ike  the epi taxial  film, 
show only one broad maximum.  

Discussion 
The spectral dependence of the ref rac t ive  index 

shows a discontinuity at the energy where  detectable 
in terference fr inges end and the pure surface reflect-  
ance wi thout  in terference fr inges begins. The occur-  

~'*" 2 

Fig. 3. Spectral dependence of the refractive index for different 
silicon films. Curve 1, epitaxial; curve 2, polycrystalline, and curve 
3, amorphous. O A - I - ,  Film volume (by interference method); 
. , film surface (by Kramers-Kronig analysis). 
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161 

1 2 3 /,, eV 5 

Fig. 4. Spectral dependence of the absorption index for different 
silicon films. Number !, epitaxial; 2, polycrystalline; and 3, 
amorphous, a, Film volume (by interference method); and b, film 
surface (by Kramers-Kronig analysis). 

rence of the discontinuity can be understood if one 
considers the different l ight paths the two methods 
comprise. As the light traverses through the whole 
film in the case of an interference measurement ,  one 
obtains the mean  value of the local optical constants. 
On the other hand, the results of the Kramers -Kronig  
analysis evaluat ing the surface reflectance of the film 
yield the optical constants of a very th in  region near  
the surface, showing a lower value of the refractive 
index compared to the value obtained by the in te r -  
ference method. It has been reported in an earl ier  
paper  that  the infrared refractive index of similar  
films decreases with increasing grain size (14). It  has 
been shown, too, that  for polycrystal t ine silicon films 
the surface grain  size increases with increasing thick- 
ness (15). Thus, the discontinuity of the spectral de- 
pendence of the refractive index obtained by the two 
methods of analysis can be understood assuming a 
gradient  of the refractive index, the smaller value 
being at the surface. Some interference measurements  
with films of different thicknesses have confirmed 
these assumptions. The discontinui ty of the spectral 
dependence of the absorption constant can analogously 
be explained by  a gradient  of k. 

In  order to have a continuous reflectance curve for 
the Kramers-Kxonig analysis in  the interference re-  
gion the reflectance values were calculated according 
to the effective refractive index, and then  fitted by a 
constant of proport ional i ty to the surface reflectance 
curve. 

To be able to analyze the different spectral be-  
havior of sample 1, 2, and 3 a plot of c" : 2 n k  is ~hown 
in Fig. 5. Sinc~ ~" is main ly  determined by energy 
band structure properties, the optical transit ions with 
the epitaxial  silicon film can easily be assigned to the 
respective maxima of the ~"-spectrum, Thus the first 
peak at 3.6 eV corresponds to transi t ions r'25 -- r15 for 
k -- (000), the second peak at 4.3 eV, to X4 -- X1 for 

1 

i " ~0 

30 
2 

2O 

tO 

0 
1 2 3 4, S eV 6 

h~ ~- 

Fig. 5. Spectral dependence of the imaginary part e" of the 
dielectric constant for different silicon films. Curve i,  epitaxial; 
curve 2, polycrystalline; and curve 3, amorphous. 

k - -  2~ /a  (100), and the thi rd  peak at 5.3 eV, to L'8 -- 
La for k = 2~/a  (1/2 1/2 1/2) (16). According to 
Kramer  (17), the band  edges near  the axis  L -- r are 
less influenced by disorder than  at other k-points  in  
the first Bri l louin zone. A comparison of the epitaxial  
silicon film with the amorphous one shows clearly that  
the second max imum corresponding to X4 -- X1 t ran-  
sitions is affected the most by the disorder of the film 
and disappears. This is in good agreement  with 
Kramer ' s  statement.  

The only max imum of the amorphous film lies at 
near ly  the same energy as the first max imum of the 
epitaxial  silicon film, bu t  it  is considerably broader  
than  the latter. The broadening of the ma x i mum can 
be understood considering the smearing of the band  
edges with crystals of high disorder contrary to the 
sharp band  edges observed with single crystals. This 
can also be expressed as a l ifetime broadening (17) 
consisting in the increase of the energy uncer ta in ty  
with decreasing lifetime of the crystal electrons, i.e., 
decreasing coherence length of the lattice. 

Figure  3 shows a shift of the extrema of the n -  
spectrum toward lower energies with increasing crys- 
tal disorder, which is also observed with the corre- 
sponding e'-curves (e' = n 2 -- k2). A similar shift in 
the c'-curves will be obtained by  increasing the damp- 
ing factor in  the classical dispersion relat ion often 
used for the description of the spectral dependence of 
the refractive index. 

In  the infrared, the refractive index of polycrys- 
tal l ine and amorphous silicon films is increased com- 
pared with epitaxial  silicon films. This fact can be 
understood with a model described in a previous paper 
(18), giving a connection to the in terna l  surface. The 
increase of the refractive index has been confirmed by 
applying the optical sum rules (19) as has been done 
by Phil ipp (20) for silicon and SiOy films. The first 
sum rule is given by 

2 ~Eo 
Co,eft : 1 -5 "~'-,o E - I d ' ( E ) d E  

where Co.eft is the optical dielectric constant for hv : 0, 
associated with optical transit ions in the energy range 
E ~ Eo. For our silicon films, a plot of co vs.  Eo shows 
that the saturat ion value of co is close to the increased 
n2(o) as has been expected. [n(o) :  refractiye index as 
extrapolated to E : 0 from the Kramers -Kron ig  cal- 
culations.] The eo,eff V S .  E o curve of our  amorphous 
silicon film differs from that  reported by Philipp. As 
it is known [see e.g., (14)] that  the preparat ion con- 
ditions have a distinct influence on the optical prop- 
erties of films, those differences can be due to different 
preparat ion parameters.  
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Fur ther  information is obtained applying the second 
sum rule (19), which is given by  

8~eom lEo  
neff : h2Ne 2 ,'o Ee"(E)dE (in SI-uni ts )  

where m is the free electron mass, N the atom density, 
and neff the effective n u m b e r  of electrons per atom in 
the energy range E --~ Eo. For our silicon films with 
increasing Eo, neff approaches asymptotically a value of 
approximately 4, independent  of the crystal disorder. 
Comparing this result  with the results of Phil ipp (20) 
for SiOy films, a noticeable oxygen content  can be ex-  
cluded for our silicon films. 

Altogether it has been shown that  the difference in 
the spectral dependence of the optical constants of 
epitaxial, polycrystalline, and amorphous silicon films 
both in the region where interference fringes can be 
recorded and in the adjoining region where Kramers-  
Kronig analysis can be applied, can be understood by 
considering the degree of crystal disorder of the films. 
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Polymeric Resists for X-Ray Lithography 
L. F. Thompson, E. D. Feit, M. J. Bowden, P. V. Lenzo, and E. G. Spencer 

BeR Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

It has been demonstrated that high resolution patterns can be delineated 
in poly(methyl methacrylate) using x-ray radiation modulated by an ab- 
sorbing mask. For this technique to be effective, families of both positive 
and negative x - r ay  resists must  be available which have properties that  allow 
exploitat ion of x - ray  lithography. This paper describes the evaluat ion of sev- 
eral  polymeric electron resists for x - ray  resists and demonstrates a good 
correlation between x - ray  energy absorbed and electron energy absorbed for 
equivalent  degrees of chemical reaction. The incorporation of heavy atoms in 
the resist to enhance the x - ray  energy absorption and hence increase the 
mater ia l  sensitivity has been demonstrated. The effects of a resist's contrast 
on ul t imate pat tern  resolution and fidelity is discussed in relationship to the 
x - r ay  mask contrast. 

It has been demonstrated that high resolution pat-  
terns can be delineated in po ly(methy l  methacrylate)  
(PMMA) using x - ray  radiat ion modulated by an ab-  
sorbing mask (1-3). PMMA is at present  the most 
widely used resist material  for x - r ay  (1) and elec- 
t ron lithography, and has been used with both tech- 
niques to delineate high resolution patterns. PMMA 
dissolves more rapidly after i rradiat ion (4) and is 
classified as a positive resist. A negative resist cross- 
links and becomes insoluble on exposure to actinic 
radiation. 

Recently, several new positive and negative poly- 
meric resists sensitive to electron beam irradiat ion 
have been developed. The evaluat ion of these seven 

Key words:  x - ray  resists, x-ray lithography, polymer resists,  e lec -  
tron resists. 

materials as resists for x - r a y  l i thography is reported 
here. 

When a moderate energy electron (5-20 kV) or an 
x - ray  photon enters a polymer film mult iple  chemical 
events are initiated. It is commonly accepted that  or-  
ganic polymers (those containing carbon, hydrogen, 
oxygen and/or  ni t rogen) will exhibit  similar sensit ivi-  
ties (G-values)  to both x - r a y  or electron irradiation. 
Two reactions of interest  which may occur are chain 
scission and/or  crosslinking. Energy absorption in the 
resist film is an impor tant  consideration when compar- 
ing x - ray  and electron sensitivities. Electron energy 
absorption using a phenomenological  approach has 
been described elsewhere (5) and is used in calculat-  
ing electron doses in this paper. X- ray  energy absorp- 
tion is more straight forward to calculate, uti l izing the 
following general  expression (6) 



Vo/. 121, No. 11 POLYMERIC RESISTS  FOR X - R A Y  L I T H O G R A P H Y  1501 

Table I. Dose values of several polymer resists to both 
x-ray radiation and electrons 

M a t e r i a l  

Elec-  Ratio of 
t ron ,  (=) E lec t ron ,  X- ray ,  e l e c t r o n  

coulombs jou les /  j o u l e s /  to  x - r a y  
crn-~ cm ~ cm -~ dose 

FMqVIA (POS) 1 • 10 -~ 400 500 0.8 
P B S  (POS) 2 x l0  -6 80 14 5.71 
p V F c  1 • 1O -4 4400 150 29.0 
P D O P  1 • 10 "~ 32.5 14 2.3 
C E R  8 • 10-- 7 26 2S 1,0 
P (GMA-co-EA) 3 x i0 -~ 9 S 1.8 
EPB I x 10-- 7 3 1 3.0 
PB 2 x 10- 6 65 20 3.2 

r Electron doses for negative resists are those required to yield 
~ 5 0 %  ~el r e m a i n i n g  w i t h  a 0.5~t i n i t i a l  f i lm a nd  a 10 kV e l ec t ron  
beam.  The posit ive resist  doses are those to  r e s u l t  in  a r e l i e f  image  
in a 0.5~ initial film wi thout  af fec t ing  u n i r r a d i a t e d  fi lm. 

I = foe -(./p)p' [i] 

where 1o is the intensity of incident x-rays; I the 
intensity of x-rays after penetration through a thick- 
ness, t, of a homogeneous material having a linear ab- 
sorption coefficient/~ for x-rays; and p the bulk density 
of the material. 

The absorption coefficient (/~) is an additive function 
of the various atomic species present in the material 
(6). For a 0.5-1.0/~m film of an organic polymer, it has 
been found that ~5-i0% of the incident intensity of an 
8A x-ray is absorbed. The effective sensitivity of a 
resist to x-ray radiation can be increased by chemi- 
cally incorporat ing atoms of higher atomic number  
into the resist to increase the x - r ay  absorption, and 
poly(vinylferrocene)  has been used as a model com- 
pound to i l lustrate this point, cf. Table I. 

Experimental 
The preparat ion of po ly(v iny l  ferrocene) (PVFc) 

(7), crosslinking electron resist (CER) (8), po ly (bu-  
t ene- l - su l fone)  ~ (PBS) (9, 10), epoxidized poly (buta-  
diene) (EPB) (11, 12), poly(glycidyl  methacryla te-  
co-ethylacrylate)  [P (GMA-co-EA)]  (13), and poly 
(diallyl-ortho-phthalate) (PDOP) ( 1 4 ) h a s  been de-  
scribed elsewhere. 

The resists were spin coated on the substrate and 
processed as shown in Table II. X-rays  were produced 
by bombardment  of an A1 target with 6.25 keV elec- 
trons and the 8.34A K~ line (1.486 keV) was the pr i -  
mary  radiat ion used. X- ray  exposure doses were deter-  
mined as described by Lenzo and Spencer (3). An x- 
ray  dose of 500 j / c m  ~ (2.5 • 10 -2 j / c m  2 for a 500 n m  
film) was used as a s tandard reference exposure for 
PMMA (1, 2). 

Some consideration should be given to doses used 
in the paper (both electron and x- ray)  for positive and 
negative resists. The dose for negative resists was that  
necessary to result  in  250 nm of an init ial  500 n m  film 

after development.  The electron sensitivities were de-  
termined (or normalized) with a 10 kV electron beam. 
The bulk  doses listed in  Table I (joules/era -a)  have 
been corrected for the energy absorbed in  the devel-  
oped volume of film. Sensi t ivi ty of a positive resist is 
the dose which results in complete dissolution of the 
irradiated polymer while not dissolving unir radia ted 
material .  Bulk doses are for a 500 nm init ial  film. The 
ratio of x - ray  to electron dose is given for convenience 
of comparing relat ive sensitivities of these materials 
used for both applications. 

X- ray  exposure requires a mask which consists of 
a substrate somewhat  t ransparent  to x-rays  and a pat-  
terned absorber. This is described in detail by Smith, 
Spears, and Bernacki (2). The mask used in this paper 
consisted of a silicon substrate with gold absorbers. The 
S i /Au masks were fabricated with electron l i thography 
using either EPB or P ( ~ M A - c o - E A )  as electron re-  
sists. The resist was exposed using a flying spot scanner 
(15) interfaced to a Cambridge Mark II SEM and proc- 
essed as previously described (12). The 400 nm Au ab-  
sorption layer  was subsequent ly  ion etched and the Si 
transmission windows th inned to 3-10~ using electro- 
chemical etching (16). 

Results and Discussion 
The resists evaluated in this study are listed below 

and summarized in  Tables I and II. 

1. P o l y ( bu t e ne - l - su l f one  (PBS) (9, 10) is a positive 
resist exhibi t ing an electron sensit ivity of ,~2 X 10 -6 
coulombs cm -2 when  a 500 nm film is exposed with a 
10 kV electron beam. The mater ia l  is resistant  to most 
chemical etching solutions, but  does not withstand ion 
beam etching. 

2. Epoxidized polybutadiene (EPB) (11, 12) is a low 
contrast, negative electron resist with a sensi t ivi ty of 
~8  • 10-8-2 • 10 -7 coulombs cm-% The polymer is 
highly reactive and must  be handled carefully. 

3. A terpolymer of methyl  methacrylate,  ethyl acry- 
late, and glycidyl methacrylate  par t ia l ly  esterified with 
methyl  acrylic acid (CER) (8, 17) is a medium con- 
trast negative resist which exhibits a sensit ivi ty of 
~8  • 10 -7 coulombs em -2. It is resistant  to acidic and 
basic etching solutions and to ion etching. 

4. Poly(dia l ly l  ortho-phtha!ate)  (PDOP) (14) is a 
negative resist that  has a sensit ivi ty of ,--2 • 10 -e  
coulombs cm -2 and withstands high temperature  proc- 
essing (>150~ 

5. Poly(glycidyl  methacrylate)  (PGMA) and espe- 
cially copolymers with ethyl acrylate [P(GMA-co-  
EA)]  (13) are high contrast  negative resists with a 
range of sensitivities between 8 • 10 -9 and 1 • 10 -~ 
coulombs cm -2. The copolymers exhibit  high contrast 
and have excellent resistance to both chemical  and ion 
etching. 

6. Polybutadiene  (PB) is a low sensi t ivi ty (1-2 • 
10 -e  coulombs cm -2) medium contrast negative resist. 

Table II. General processing conditions for several electron resists used as x-ray resists 

Electron 
dose, eou-  

M a t e r i a l  Spinning solvent Prebake ,  ~ lombs /cm= Developer<4) Postbake Etching 

P M M A  E t h y l c e l l o s o l v e  150~ 1 h r  5 • 10 "~ MIBK-r  170~ 10-40 ra in  (~),(b),(~) 
E P B  D i o x a n e  No 3 • 10- ~ Dioxane-MEKCf) 14O~ 5 ra in  ca),(b),(o) 
P (GMA-co -E A)  Ch lo robenzene  65~ 5 m i n  3 • 10-7 5:2 M E F - ( f ) e t h a n o l  70~ 30 ra in  (6),r 
P D O P  (e) 25~ 30 ra in  2 x 10 -e (h) 240~ 15 ra in  (a),r 
P V F c  C h l o r o b e n z e n e  120~ 10 ra in  1 x 10-~ Ch lo robenzene  200~C, 15 ra in  (~),r 
CER To luene  80~ 10 ra in  8 • 10- ~ To luene  120~ 15 m i n  (a),<b),r162 
P B S  C y c l o h e x a n o n e /  l lO~ 15 ra in  1 x 10- e MEK-r  l lO~ 15 ra in  (,,),r 

MEK(t)  
P B  To lue ne  70~ 10 ra in  3 x 10 -6 T o l u e n e  l l 0 ~  30 ra in  r 

(6) Withstands acid etching solutions. 
(s) Withstands basic etching solutions. 
(0) Withstands ion etching t echn iques .  
(& The developers  are g i v e n  as examples .  O t h e r  solvent combinat ion ma y  be used. 
(e) tks s u p p l i e d  f r o m  D y n a c h e m .  
(f> MEK,  m e t h y l  ethyl  ketone.  
(s> M I B K ,  m e t h y l  isobutyl  ketone.  
(4) P r o p r i e t a r y .  
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Fig. I .  Scanning electron microgrophs of gold absorber pattern on a thin silicon substrote used as an x-ray mask. 

7. Poly(v inyl ferrocene)  (PVFc) is an extremely  
high contrast, low sensi t iv i ty  negative resist, contain- 
ing 24% iron, and used as an archtype compound to 
il lustrate a method of enhancing x -ray  sensitivity.  

The x-ray  doses for organic resists containing only  
first and second row elements  are in good agreement 
wi th  electron doses as expected, Table I. For these 
polymers the ratio of x -ray  to electron doses was found 
to be 1-3. P o l y ( b u t e n e - l - s u l f o n e )  contains a heavier 
atom, sulfur, and the ratio was 5.2. Incorporation of 

~24% iron into the polymer resulted in a ratio of 29, 
a gain of ~10  in sensit ivi ty  toward x-ray  radiation. A 
gain of 3-4 was expected on the basis of absorption 
considerations. Clearly, this method of increasing the 
amount of energy absorbed by the resist by incorporat- 
ing materials with high l inear absorption coefficients 
for the exposing wavelength,  is a powerful  technique 
that, in principle at least, permits a resist to be specifi- 
cally designed for the wave length  of irradiation em-  
ployed. 

Fig. 2. Electron dose-thickness 
curve for several electron resists. 
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Masks.---Some typical mask pat terns that  were fabri-  
cated for x - r ay  l i thography by  electron l i thography are 
shown in  Fig. 1. There were 25 similar  pat terns ion 
beam etched in 400 nm of Au on Si on each substrate. 
Pat terns  with less than  2~ resolution were readi ly pro- 
duced. The Si was subsequent ly  th inned electrochemi- 
cally to ~3-7  ~m. Beryl l ium may also be an acceptable 
substrate mater ial  since it has a low absorption coeffi- 
cient and may be obtained sufficiently thin to el iminate 
the need for the electrochemical th inn ing  step. 

Unlike electron exposure, x - r ay  exposure results in 
the entire resist surface receiving some dose, because 
the mask absorber will t ransmit  an x - r ay  beam dimin-  
ished according to Eq. [1]. Due largely to this effect 
the contrast, % of a resist becomes an impor tant  param-  
eter. Contrast for a negative resist is defined as the 
slope of the extrapolated l inear  portion of a plot of 
normalized film remaining as a funct ion of log dose and 
may be expressed as 

: [log Dg~ 1-1 [2] 
L D g  i J 

where Dgi is the dose at 0 film thickness and Dgo is the 
dose at 100% film remain ing  (5, 17), using the extrap-  
olated l inear  portion of the dose-thickness curve, Fig. 
2. The contrast has been found similar for both elec- 
t ron and x - r ay  exposure. Figure 2 represents electron 
exposure characteristics for several negative resists 
and is included to clarify the above definitions. 

The ratio of x - ray  transmission through the absorber 
to substrate will  determine the contrast and exposure 
levels required for the resist. Table III gives electron 
contrasts for several negative resists and may be used 
as a guide in selecting an x - ray  resist. 

Conclusions 
This paper shows (i) that there is a good correlation 

between x - r ay  energy absorbed and electron energy 
absorbed for 1st and 2nd row elements;  (ii) that  ab-  
sorption can be increased for x-rays  more than for 
electrons with a resist containing a 3rd row element,  
and (iii) the t ransmission ratio of the t ransparent  and 
opaque region of an x - r ay  mask will determine the 
resist contrast required. 

Manuscript  submit ted Dec. 3, 1973; revised m a n u -  
script received May 15, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in  the June  1975 JOUI~NAL. 

Table Ill. Values of the contrast, % for various 
negative electron resists 

Mater ia l  Contrast  

PVFc 1.5 
P (GMA-co-EA) (a) 1,07 
CER 0.78 
P D O P  0.78 
EPB 0.56 

~a~ High  contras t  form.  

All discussions for the June 1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by Bell Laboratories. 
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Photolithographic Contact Printing of 
4000,  Linewidth Patterns 
Henry I. Smith, N.  Efremow, and P. L. Kelley 

Massachusetts Institute o$ Technology, Lincoln Laboratory, Lexington, Massachusetts 02173 

ABSTRACT 

Surface acoustic wave transducers with 4000A l inewidth  interdigital  elec- 
trodes have been fabricated by photolithographic contact pr in t ing using 
conformable photomasks and AZ 1350H photoresist. The exposure t ime could 
be varied over a factor of three, indicat ing that  l ine broadening due to 
diffraction is suppressed either by the optical nonl inear i ty  or by the exposure 
development  characteristics of the photoresist, or both. 

Photoli thographic contact printing,  or "shadow pr in t -  
ing," is widely used in the fabrication of semiconduc- 
tor, surface acoustic wave, thin-f i lm optical, and bub -  
ble domain devices. It  is general ly believed that  the 

K e y  words:  photolithography,  photoresist,  submicron  lines, con- 
formable  masks,  acoustic surface waves .  

technique cannot be used to expose submicrometer  
l inewidth  patterns, and that optical projection (1, 2), 
electron l i thography (3, 4), or x - r ay  l i thography (5-8) 
must  be used in this domain. In  this paper we will 
show that  interdigi tal  electrode structures of 4000A 
l inewidth  can be readi ly produced on smooth, flat sub-  
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strates, through the use of conformable photomasks 
and AZ 1350 type photoresists. 1 

In order to contact pr int  submicrometer  l inewidth 
pat terns in  photoresist films, the det r imenta l  effects of 
optical diffraction outside the photoresist have to be 
avoided by e l iminat ing any gap between the photo- 
mask and the top surface of the photoresist. Diffraction 
still occurs in the photoresist. In principle, the gap can 
effectively be made zero by employing photomasks and 
substrates which are much flatter than an optical wave-  
length, by making  the thickness of photoresist films 
uni form to the same tolerance, by excluding all dust 
and surface asperities, and by br inging the photomask 
into optical contact with the photoresist. Such an ap- 
proach is impractical  because photomasks and most 
substrates are not so flat. Moreover, for substrates of 
large area, it is general ly  impossible to completely ex- 
clude all dust. An al ternat ive  approach to int imate  con- 
tact is to use conformable photomasks (9-11). A con- 
formable photomask consists of a pa t te rn  in thin-f i lm 
chromium (500-1000A) or Fe2Os (1300A) on Corning 
Type 0211 glass, 2 0.2 mm thick. Such photomasks read-  
ily conform to the contours of a substrate, and where-  
ever an occasional dust particle occurs, they deform so 
as to minimize the area of noncontact  (usual ly <1 mm 

1 Shipley Company.  Incorporated,  Newton ,  Massachusetts  02162. 
s C o m i n g  Type  0211 glass for use as conformable photomasks  is 

obtained f rom Corning  Glass Works, Electronic Mater ia ls  Depart-  
ment,  Corning,  N e w  York 15.830. C h r o m i u m  and FeeOs coated 0211 
glass can be obtained f rom Electronic Mater ia ls  Corporation,  Sierra 
Madre Villa, Pasadena, California 91107. 

diameter)  as well  as the local stress. A simple vacuum 
frame can be used to obtain uniform int imate contact 
over large areas (11). The s tandard type of photomask 
used in the semiconductor industry  is on 1.5 mm thick 
glass, and it is not well suited to obtaining uniform in-  
t imate contact. Commercial ly available mask a l ign-  
ment  systems are likewise unsui table  for submicrome-  
ter l inewidth photolithography. 

Figure 1 shows a cross-sectional profile of a portion 
of an 8000A periodicity grat ing exposed in AZ 1350 H 
photoresist, 9800A thick on a glass substrate, using a 
mercury  arc lamp and a conformable photomask in 
int imate contact. The photomask was made by scanning 
electron beam lithography. With int imate contact, the 
photoresist thickness and the exposure t ime are found 
exper imenta l ly  not to be critical parameters.  The same 
4000A l inewidth patterns have also been exposed in 
15,000A thick AZ 1350 H on glass substrates. Using 
photoresist relief s tructures such as shown in Fig.  1, 
together with the metal  lift-off process (10), surface 
acoustic wave transducers with five interdigi tal  elec- 
trodes of 4000A l inewidth have been rout inely  fabri-  
cated in 2000A thick a luminum on LiNbOs substrates. 
When the exposure t ime was varied by a factor of 
three, the l inewidth  increased by only about 20%. It 
has been established that the metal  lift-off technique 
will work only if the photoresist sidewalls are vertical 
or slightly undercut  (10). Transducers with 8000A 
l inewidths have been used in high performance L-band  

Fig. !. Scanning electron micrograph of the cross section of a grating pattern exposed in AZ1350H photoresist on a glass substrate 
using a high pressure mercury arc lamp and the conformable photomask intimate contact technique. The photoresist is 9800~ thick. Be- 
cause of the angles used in microscopy, vertical dimensions are foreshortened relative to lateral dimensions. The scale refers to lateral 
dimensions onJy. The photomask consisted of five slits in an 800~ thJ:k chromium film. It was made by scanning electron beam lithography 
and chemical etching of the chromium, which caused irregularities along the edges of the slits. These small irregular features are repli- 
cated in the photoresist. The smaller space between two of the slits was in the original mask and was caused by an error in the scan- 
ning electron beam pattern generator. 
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reflective-array pulse compression filters (12). i n  ex- 
posing these patterns, the lat i tude in exposure t ime 
was a factor of eight for LiNbO3 substrates and 10,000A 
thick AZ 1350 H. Grat ing of 7000A period, with several 
thousand lines, have been exposed in 3500A thick AZ 
1350 photoresist on silicon and other reflecting sub-  
strates. Following development,  gratings in thin-f i lm 
chromium were p roduced  by metal  lift-off. The ex- 
posure t ime was not critical to wi thin  almost a factor 
of two. Although no effort has been made to explore 
the ul t imate l imitat ions of the conformable mask pho- 
tolithography, our observations lead us to speculate 
that narrower  l inewidths than reported here are prob- 
ably possible, but  may  require the exercise of finer 
control over photoresist thickness and exposure param-  
eters. 

When a photoresist film is exposed by contact p r in t -  
ing using a photomask in int imate contact, the relief 
s tructure obtained is determined by the near-field dif- 
fraction pat tern  of the photomask, and the exposure 
development  characteristics of the photoresist. The 
near-field diffraction pat tern  of the photomask used 
to expose the s tructure in Fig. 1 is difficult to calculate 
exactly. Exist ing rigorous diffraction theory (13) deals 
only with perfectly conducting masks. Moreover, AZ 
1350 H photoresist is not a simple l inear  medium. As 
discussed below, the iight intensi ty (and perhaps also 
the phase delay) at any position in the photoresist 
changes with t ime dur ing  the course of an exposure, 
and this greatly complicates any diffraction calcula- 
tions. For l inear  media, B. J. Lin has developed an ap- 
proximation method for calculating the very near-field 
diffraction from narrow apertures in perfectly conduct-  
ing opaque masks (14). Some of his results are pre-  
sented in Fig. 2 for the case of a plane wave incident 
normal ly  on a mask having three slits of width 2~, 
with E polarized parallel  to the slits (15). For the case 
of unpolarized polychromatic radiation, somewhat 
more diffraction broadening occurs (15). 

2 

2 

if 
!f 
if 
ZE 

- r -  T - - r -  T - v -  I - r -  
Fig. 2. Plots of light intensity in the near field of a grating 

consisting of three slits of width 2)~. The strips between the slits 
are also 2~. wide, as indicated by the solid bars at the bottom of 
the figure. Z is the perpendicular distance away from the grating 
into the near field. The plots were made from calculations pro- 
vided through the courtesy of B. J. Lin, and they are for the case 
of a normally incident plane wave whose E field is polarized 
parallel to the slits. Note that at a distance Z z 2.15~ there is 
significant intensity in between the slits, 

It is interest ing to compare the intensi ty  dis t r ibut ion 
of Fig. 2 with the results of Fig. 1. If we assume that 
the index of refraction of the AZ 1350 H photoresist (n 
-:  1.612) is merely a scaling factor, then the wave-  
lengths of the p rominent  lines of the mercury arc lamp 
used (4358, 4047, and 3663A) become 2700, 2510, and 
2270A, respectively, inside the photoresist, and the slit 
widths in the photomask correspond to less than 2~. 
The photoresist thickness in Fig. 1 is approximately z 
---- 4~. For a given exposure time, one can construct 
from Fig. 2 surfaces of equal energy deposition per  
uni t  volume for a l inear  medium. These surfaces 
would have shapes similar to the structure shown 
in Fig. 1, but the "l inewidth" would rapidly widen as 
a function of exposure time. The fact that  the photo- 
resist relief structures obtained by int imate  contact 
pr in t ing do not change rapidly as a function of ex- 
posure t ime indicates that they cannot be identified as 
surfaces of equal energy deposition per uni t  volume. 
Indeed, because of the exposure development char- 
acteristics of AZ 1350 H photoresist one would not 
expect this to be the case. 

The AZ 1350 type photoresists are composed of a base 
resin plus diazide compounds. The lat ter  are strong ab- 
sorbers at blue and ul traviolet  wavelengths, and un-  
dergo photochemical decomposition leading to reduced 
optical absorption or "bleaching." The ultraviolet  
t ransmission of AZ 1350 is thus a function of an ab- 
sorber concentrat ion which decreases with exposure 
time. Herrick (16) has given solutions to the nonl inear  
partial  differential equations which describe the 
bleaching of photoresist films. The development  Qf AZ 
1350 photoresist is based on the fact that as the diazide 
compound is decomposed, the solubili ty of the photo- 
resist in an aqueous alkaline solution increases very 
rapidly in an almost thresholdlike manne r  (17-19). Dil] 
and Neureuther  have shown that by using Herrick's 
solutions to the bleaching equations, together with a 
mathematical  model of the development  process, one 
can calculate numer ica l ly  the relief s tructure obtained 
in an AZ 1350 film given the l ight intensi ty  distribution, 
the exposure time, and the development  t ime for the 
case of negligible diffraction in the photoresist (17-19). 
Incorporat ing the effects of diffraction in the photore- 
sist is a more difficult problem, and has not yet been 
treated rigorously. Nevertheless, we believe that  the 
present results, in part icular  the insensi t ivi ty of l ine-  
width to exposure time, indicate that l ine broadening 
due to diffraction is suppressed to some degree either 
by the optical nonl inear i ty  or the exposure develop- 
ment  characteristics of the photoresist, or both. In  a 
future  publicat ion (20) we will discuss this tentat ive 
conclusion more thoroughly and describe in detail vari-  
ous equipment  and techniques which have been devel-  
oped for conformable mask photoiithography, i n c l u d -  
ing means for registering a conformable photomask 
relat ive to pat terns already existing on a substrate 
surface. 
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Epitaxial Growth of In Gal_ As Waveguide Detectors 
for Integrated Optics 

C. M. Wolfe,* G. E. Stillman, and I. Melngailis 
Lincoln Laboratory, Massachusetts Institute o~ Technology, Lexington, Massachusetts 02173 

ABSTRACT 

An InzGal-~As-GaAs growth process, which reduces the effects of lattice 
mismatch, is used to integrate regions of Ino_2Ga0.sAs into GaAs waveguide 
structures by selective epitaxial deposition. With this technique an optimal 
waveguide detector configuration for 1.06 ~m radiat ion is obtained. 

The compound semiconductor system InzGat-~As-  
GaAs has several advantages for use in integrated op- 
tics: (i) It can be used to generate and detect radia-  
t ion at wavelengths compatible with low-loss optical 
fibers. (ii) It exhibits a var ie ty  of physical phenomena 
which can be used to process optical signals at these 
wavelengths.  (iii) It  has a well-developed technology, 
i.e., large area, single crystal GaAs is readily available 
for device fabrication and epitaxial substrates, and 
most of the devices to perform the above functions are 
well understood and can be fabricated with reasonable 
yield in their discrete form. (iv) It is possible to in te-  
grate a number  of these devices into a monolithic 
structure by epitaxial techniques. 

The principal  disadvantage of the InxGal-zAs-GaAs 
system is the lattice mismatch between GaAs and the 
alloy, which can be as high as 7.2% for x = 1.0 and 
tends to degrade the crystaIline qual i ty  of the material.  
Thus, it is desirable to utilize a graded compositional 
region between the GaAs substrate and the desired al-  
loy composition to reduce the effects of lattice mis- 
match. In this paper we discuss the epitaxial growth 
system used to provide compositional grading and de-  
scribe the incorporation of regions of InzGal-xAs into 
GaAs waveguide structures (1) by selective epitaxial  
deposition. 

Epitaxial Growth System 
The method we have used to grow InxGal-xAs on 

GaAs substrates is different from methods previously 
described (2-7) and is shown schematically in Fig. 1. 
The epitaxial growth system consists of two separate 
chambers for ind ium and gall ium melts with AsC13 as 
the source for arsenic and chlorine to t ransport  the in -  
d ium and gallium. An electronic feedback system is 
used to control flow rates and hence the alloy composi- 

* E l ec t rochemica l  Soc ie ty  A c t i v e  Member .  
Key words:  epitaxy,  InGaAs,  detector,  w a v e g u i d e .  

tion. Mass flow transducers produce output  voltages 
which are directly proportional to flow rates. These 
voltages are fed into error detection networks where 
they are compared to reference voltages. The differ- 
ence signals are then used to drive motorized needle 
valves. Pal ladium-purif ied hydrogen is bubbled 
through two AsC13 reservoirs which are temperature  
controlled at 12.0~ by a circulating bath. The hydro-  
gen is saturated with AsC13 at this temperature,  and 
the result ing gas mixtures  are then passed over pre-  
saturated indium and gal l ium melts (8) which are 
mainta ined at 850~ A mixing chamber at 900~ is 
located between the source and growth regions to 
homogenize the vapors and to smooth out small fluc- 
tuations in gaseous composition. Epitaxial growth is 
obtained on GaAs substrates at a temperature  of 700~ 
in a gradient of about 8~ Growth is initiated 
with zero flow over the ind ium melt  1 and this flow is 
gradual ly  increased 2 unt i l  the desired alloy composi- 
tion is attained. 

Under  the conditions described above the alloy com- 
position of the epitaxial  layer is largely determined by 
the flow rates of AsC13-H2 over the indium and gall ium 
melts. 3 In Fig. 2 we have plotted the mole per cent 
(m/o)  InAs in the constant composition region of the 
growth 4 vs. the ratio of the flow rate over the indium 

1 T h e  flow ra te  over  the  g a l l i u m  m e l t  was  held constant at a 
v a l u e  t ha t  gave  a to ta l  f low of 250 m l / m i n  a f t e r  the  g r a d i n g  process.  
This ra te  depends  on t he  des i red  a l loy  compos i t i on  and  can be ob-  
t a i n e d  f r o m  Fig.  2. 

-~ The des i red  ra te  of  change  of  t h i s  f low v a r i e s  w i t h  g r o w t h  rate ,  
w h i c h  in  t u r n  v a r i e s  w i t h  subs t r a t e  o r i e n t a t i o n  and  the  des i red  
f inal  a l loy composi t ion .  Thus ,  i t  m u s t  be changed  e m o i r i c a l l y  to 
ach ieve  the  a p p r o x i m a t e  r e q u i r e d  c o m p o s i t i o n a l  g rad ien t .  

The boats  for  the  i n d i u m  and  g a l l i u m  me l t s  we re  10 cm long  
w i t h  l i nea r  flow ra tes  ove r  the  m e l t s  f r o m  10 to 40 c m / m i n .  Thus ,  
the  m e l t s  and  gas m i x t u r e s  were  close to e q u i l i b r i u m .  

4 A l l o y  compos i t i ons  we re  d e t e r m i n e d  by  e lec t ron  m i c r o p r o b e  
ana lyses  and  were  t y p i c a l l y  u n i f o r m  ove r  the  l ayers  to w i t h i n  3% 
of the  mole  fraction. 
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Fig. I. Epitaxial InxGa~-zAs 
growth system showing the elec- 
tronic feedback circuit used to 
control flow rates. 

melt  to the flow rate over  the gal l ium melt. The dashed 
lines indicate the approximate  run - to - run  scatter  in 
the data (open circles) which is largely  due to different 
melt  deplet ion rates. These results show that  alloy 
composition is a l inear  function of the ratio of flow 
rates. Thus, for re la t ively  constant growth rate (which 
is indicated by exper iment )  and constant flow rate  over  
the gal l ium melt, a l inear increase with t ime in the flow 
rate over  the indium melt  produces an approximate ly  
l inear increase in alloy composition. 

Continuous epitaxial  layers of In0.2Ga0.sAs for 1.06 
#m avalanche photodiodes (9) have been grown on 
GaAs {100}, { l l l}Ga,  and { l l l ) A s  substrates using this 
grading process wi th  compositional gradients of 0.01 
mole fract ion InAs/#m. These layers are free from 
gross defects, and pre l iminary  study of the defect 
structure,  using etchants developed for GaAs (10), 
indicates dislocation densities of the order of 106 cm -~ 
and stacking fault  densities of the order  of 104 cm -2. 
These values show that  about 99.999% of the lattice 
mismatch is maintained elastic (11) wi th  the grading 
and growth  process employed. Under  equivalent  con- 
ditions the small area growth discussed in the next  sec- 
tion exhibits substantial ly less defect structure, and 
comparable qual i ty mater ia l  can be obtained with  com- 
positional gradients of about 0.05 mole fraction InAs!  
# m .  

Select ive Epi tax ia l  Deposi t ion Process 
Using this growth process, we have integrated small 

regions of In0.2Ga0.sAs into GaAs waveguide  structures 

250ml /m in  Total Flow 

850~ Melts 
700~ GROWTH 

o 3c 

. - o ~  i 

.oo~ .- -~@~ 

~ ~ / /  
0 ~ 0 

I 1 I I I 
I ~ 3 4 5 6 

FLOW RATE OVER In MELT 

FLOW RATE OVER Go MELT 

Fig. 2. Mole per cent InAs in the constant composition region 
of the epitaxial growth as a function of the ratio of flow rates. 
The dashed lines bracket the approximate scatter in the data 
(open circles). 

by the select ive epitaxial  deposition (12) process shown 
in Fig. 3. The waveguide  structures shown in Fig. 3 (a) 
are formed by growing a 5-20 ~m layer  of high puri ty 
(]VD -}- NA ~ 1014 cm -3) GaAS on a heavi ly  doped (n 
10 TM cm B) GaAs substrate using techniques previously 
described (13). Optical guiding can be obtained in the 
high pur i ty  n - layer  since plasma effects reduce the re-  
fract ive index in the heavi ly  doped n + substrate. A 
pyrolyt ic  SiO2 is then deposited over this waveguide  
s tructure and circular regions are opened in the SiO.~ 
using standard photol i thographic techniques. This pat-  
terned SiO2 is then used as an e tch  mask and holes are 
etched through the high pur i ty  layer  to the heavily 
doped substrate to obtain the s tructure shown in Fig. 
3(b) .  Depending on the crystal lographic orientat ion 
and etchant, a var ie ty  of hole geometries can be pro-  

(a) 

(b) 

(c) 

<100> SiO~ ~ SiO~ 

n -  G a A s  

. . . . . . . . . . . . . . . .  f . . .  o . . . . . . . . . . . . . . . . .  

n- "~ \  TnxGal-xAS/ GaAs 

(d) 

n- ~,~..InxGol_xAS / GoAs I 

Fig. 3. Selective epitaxial process for forming waveguide detector 
structures. 
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duced (14). However ,  as will  be discussed later, the 
m o s t  suitable geometry  for a waveguide  detector  is a 
hemisphere.  To obtain a hemispherical  hole we use a 
nonpreferent ia l  etch of 5 H2SO4:1 H202:1 H20 on a 
{100} surface. This etchant is allowed to cool for about 
10 min to approximate ly  room tempera ture  before use 
to obtain a slower etch rate. 

The result ing s t ructure  shown in Fig. 3(b) is then 
placed in the epitaxial  reactor, where  the SiO~ now 
serves as a mask against growth. Thus, epi taxial  
growth of In~Gal-=As is obtained only in the holes 
etched in the GaAs waveguide  structure.  The composi- 
tion of the alloy is graded out to some region, indicated 
by the dashed line in Fig. 3(c), where  the alloy com- 
position is maintained constant at the desired value. 
For reasons discussed below, the In~Gal-=As should be 
doped to a value at least a factor of five higher than the 
GaAs waveguide (15). Al though it would be desirable 
to te rminate  growth at the edge of the SiO.,, in practice 
this is somewhat  difficult. Generally,  the growth pro-  
ceeds out of the hole and over  the SiO2, giving a faceted 
s t ructure  as indicated in Fig. 3 (c). To obtain the wave-  
guide s t ructure  indicated in Fig. 3(d) ,  the SlOe is re-  
moved and the faccted In~Gaz_~As and the GaAs 
waveguide  are mechanical ly  chemical ly polished to 
the desired thickness with 20 CH~OH: 1 Br on a ro ta t -  
ing pad. 

Waveguide Detector Structures 
Figure  4 shows a scanning electron micrograph, a 

diagram of the upper surface, and a cleaved cross 
section of a region of In0.2Ga0.sAs grown in a GaAs 
waveguide  structure. The faceting indicated in Fig. 
3(c) is evident  and is typical of that  obtained for 
<100>-or ien ta ted  growth in GaAs (14) as well  as in 
InxGal-~As. The diameter  of the grown- in  region is 
about 125 ~,m. The interfaces between the grown-in  
10 is cm -:~ In0.2Ga0 sAs, the 1014 cm -3 GaAs waveguide,  
and the 10 TM cm -3 GaAs substrate are del ineated by a 
1 HF: 3 HNO3:4 H20 etch. The change in curvature  at 
the interface between the waveguide  and the grown- in  
region, which is undesirable for reasons discussed be- 
low, is caused by a slight in situ furnace etch. The de-  
sired s tructure can be obtained by polishing below this 
change in curvature.  

Figure  5 shows an optical micrograph and a diagram 
of the cleaved cross section through a similar g rown- in  
region in a 5 ~m thick waveguide.  A Schottky barr ier  
placed over this hemispherical  region of In0.eGa0.sAs 
and over part of the waveguide  surrounding this region 
produces an essentially ideal detector  s t ructure for 1.06 
~m radiation propagat ing through the GaAs waveguide.  
This s t ructure has the fol lowing advantages:  (i) The 
heavi ly  doped 10 TM cm -3 GaAs substrate, in addition to 
giving the change in refract ive index to provide guid- 
ing in the 10 TM cm -3 GaAs layer, also acts as a closely 
spaced back contact for a low resistance, high band- 

< > I I 
~"-<011> 25H'm 

GaAs 1014 cm-3 

Fig. 4. Scanning electron micrograph and diagram showing the 
upper surface and cleaved cross section of an Ino.2Gao.sAs region 
grown in a GaAs high purity waveguide. 

<100> 

25H'm 

GaAs Ino.2 Gao.sAS 
14 -3  16 -3  10 cm I / )  cm 

"-:::i iiiii i!!i;iiiiii:.iii.li!ii i .!iiiiiii i 

Fig. 5. Optical micrograph and diagram showing the cleaved 
cross section through a waveguide detector structure. 



Vol. 121, No. 11 In~Gal_zAs 

width device. (ii) The 1014 c m - s  GaAs waveguide also 
serves as a guard r ing (15) for the 1016 cm-3 
In0.2Ga0.8As device material,  since the reverse bias 
breakdown voltage is higher in the lighter doped 
waveguide material  than in the heavier  doped detector 
material.  (iii) The hemispherical  geometry produces an 
inverted mesa structure, which reduces the component 
of electric field along the critical interface region and 
thereby tends to suppress edge breakdown. (iv) The 
increased refractive index in  the inverted mesa alloy 
region tends to deflect radiat ion from the waveguide 
into the high field region of the diode. 

With this guarded, inverted mesa geometry, one 
should be able to reverse bias these detector structures 
to sufficiently high voltages to observe mult ipl icat ion 
or avalanche gain. Present  device results show that  
bulk  breakdown voltages can be achieved in these 
structures with dark currents comparable to those 
observed in discrete GaAs Schottky barr ier  devices 
(about 10- ;A at breakdown) .  These structures have 
also been used to detect 1.06 ;~m Nd-doped YAG radia-  
t ion propagating along the GaAs waveguide with a 
quan tum efficiency of 60% and with mult ipl icat ion 
gain (I6). 

Conclusion 
From the results described above, we conclude that 

this selective epitaxial deposition process provides a 
useful means of fabricating optimal waveguide detec- 
tor structures for integrated optics at wavelengths 
compatible with low loss optical fibers. The small area 
growth is of bet ter  crystall ine quali ty than continuous 
layers grown under  equivalent  conditions. Thus, we 
anticipate that with additional development, the per-  
formance of such integrated avalanche photodiodes 
should be equal or superior to the performance of simi- 
lar  discrete devices (9). 
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Compatibility of Oxide Passivation and Planar Junctions 
with AI, Ga, and P Diffusions 

P. Rai-Choudhury,* Y. C. Kao,* and G. G. Sweeney 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 15235 

ABSTRACT 

With the emergence of sophisticated high voltage devices it is becoming 
necessary to integrate deep junct ions with the planar  technology. Because of 
the many  disadvantages of the conventional  p- type dopant, namely boron, use 
of a luminum and gall ium is common practice in the fabrication of deep junc-  
tions. Sealed tube A1 or Ga diffusion results in a damaged surface layer 
(---1 ~m) on silicon wafers. During subsequent  hea t - t rea tment  in oxidizing 
ambient  these dopants outdiffuse, causing depletion in the silicon and forming 
their respective oxides at the Si-SiO2 interface. The pile up of the dopants 
near  the silicon surface and their  interact ion with the SiO2 seriously degrade 
the masking properties of the oxide during phosphorus diffusion. Phosphorus 
induced crystallization of the amorphous oxide compounds the problem of 
mask failure. Possible solutions to minimize the degradation of the thermal  
oxide during device processing are discussed. 

In the fabrication of planar  devices, phosphorus and 
boron diffusions have been commonly u~ed. Due to 
their small ionic radii (1.07A for P + and 0.98A for B - )  

*EIect rochemical  Society Active Member.  
Key words:  oxidation, segregation, masking,  passivation, crystal- 

lization. 

these dopants f requent ly  cause massive dislocation 
generat ion in silicon (1). Presence of any surface 
oxides and /or  precipitates in the bulk  silicon could 
prevent  boron diffusion locally and thus cause nonun i -  
form diffusion. Boron diffusion is also sensitive to 
ambient  gases (2). Boron is known  to form stable 
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compounds with  silicon, such as SiB4 and SiB6 (3). 
Thus, boron is unat t rac t ive  as a dopant and is used 
because it is the only p- type  dopant that  can be effec- 
t ively  masked by silicon dioxide. Phosphorus diffusion, 
on the other  hand, is not commonly used to form a 
high voltage blocking junction. Its use as an emi t te r  
dopant has some meri ts  in providing high surface con- 
centrat ion and get ter ing of undesirable metal l ic  ions. 
For  deep emit ters  ( typically 10-20 ~m) diffusion in- 
duced (shallow) dislocations are not considered ha rm-  
ful. 

The use of a luminum or gal l ium as diffusant to form 
blocking junctions has some at t ract ive features. The 
ionic radii  of these two dopants (1.29A for A1-  and 
1.27A for G a - )  compare favorably to the te t rahedra l  
covalent  radius of silicon (1.17A) and the elastic l imit  
of silicon is not reached, even  at the solid solubil i ty 
l imit  (4). Therefore,  dislocations cannot be genera ted  
in silicon by the diffusion induced stress alone. Com- 
pared to boron, both a luminum and gal l ium (at h igher  
tempera ture)  diffuse more rapidly, which is a desirable 
feature  for deep junctions. Nei ther  A1 nor Ga form 
any intermetal l ic  compounds with  silicon. The use of 
A1 and Ga diffusions has some additional advantages 
from the point of v iew of device performance.  The 
diffused junctions yield bet ter  blocking voltages than  
that  formed by boron diffusion. 

Both A1 and Ga diffusions, however,  suffer from a 
few disadvantages of their  own. When the diffusion 
is carried out in a sealed system under  vacuum or an 
inert  ambient, a thin layer  of damaged silicon is pro-  
duced at the surface. Also, due to the high diffusivity 
of A1 and Ga species in silicon dioxide, they cannot be 
diffused select ively in the usual way to fabricate 
planar  junctions. In addition, during any subsequent 
oxidations and hea t - t rea tments  both A1 and Ga atoms 
outdiffuse and produce an inhomogeneous oxide film 
which is not an effective mask against phosphorus 
diffusion. Fur thermore ,  the oxide may  be degraded 
during the phosphorus diffusion due to catalyzed crys-  
tall ization (5). This degraded oxide also does not 
etch uni formly during the delineation of the meta l -  
l ization mask. As a consequence of the dopant out-  
diffusion and crystal l ization of the oxide, direct short-  
ing of the emit ter  junct ion at the surface is f requent ly  
observed. 

This invest igat ion is under taken  to explore  the com- 
patibi l i ty of the oxide passivation and the planar junc-  
tion with A1, Ga, and P diffusion. Here  we examine 
the surface of the Si wafers  fol lowing A1 and /or  Ga 
diffusion, the qual i ty  of the oxide grown on these 
surfaces, the outdiffusion of the dopants during oxida-  
tion, and the effects of P diffusion. The purpose of 
Lhe study is to compare the various diffusion processes, 
which is helpful  in selecting a compatible process for a 
given device. 

Experimental Procedure 
Silicon wafers  used were  n-type, 1.25 in. in diameter,  

28-44 ohm-cm, float zoned, having a (111) or iented 
surface. The wafers were  chemical ly polished prior to 
diffusion (nonselective) wi th  A1 or Ga in a t empera -  
ture  range of 1050~176 for 16 hr. The wafers were  
then thermal ly  oxidized at 1200~ or 1235~ for 2-3 
hr. Fol lowing photol i thography and etching steps to 
open emi t te r  windows, wafers  were  phosphorus-dif -  
fused at t150~176 for 1-2 hr  and redis t r ibuted at 
1200~ for 4-16 hr  in an oxidizing ambient.  Af te r  each 
high t empera tu re  t reatment ,  five wafers  were  wi th -  
d rawn from the batch for evaluations. 

The impur i ty  concentrat ion profiles following diffu- 
sion and various hea t - t r ea tment  operations were  mea-  
sured by the spreading resistance technique (6). Sec-  
ondary ion mass spectrometry  (SIMS) and electron 
beam microanalysis  were  used to detect any A1 and Ga 
pile up at or near  the oxide-si l icon interface. X - r a y  
topography was used to examine the silicon surface 
layers, the qual i ty  of the oxide, and in the identifica- 

tion of any second phase particles. Reflection electron 
diffraction was used to detect very  shallow damaged 
layers on the silicon surface fol lowing various proc- 
essing steps. Finally, the reverse  current  voltage char-  
acteristics of the emit ter  junct ions were  checked to 
establish their  quality.  

Results 
The results are presented in four sections, namely, 

outdiffusion of A1 and Ga, defects at the silicon-silicon 
dioxide interface, phosphorus induced defects in the 
silicon and the oxide, and the qual i ty  of the emit ter  
junction. 

Outdil~usion of Al  and Ga.- -Both  A1 and Ga diffu- 
sions were carried out in an inert  or vacuum ambient  
which results in a diffusion from a constant surface 
concentrat ion with  a complementary  e r ror  function 
type of profile. Surface concentrations begin to de- 
plete only during subsequent  hea t - t r ea tment  opera-  
tions. Fig. 1 (a and b) shows the effect of the outdif-  
fusion of A1 and Ga during oxidation and phosphorus 
diffusion. Here the impuri ty  concentrat ion is plotted as 
a function of the normalized junct ion depth. In Fig. 
1 (a) the impuri ty  profiles fol lowing the sealed tube A1 
diffusion, the oxidation, and after  phosphorus redis- 
t r ibut ion are shown. Similarly,  in Fig. 1 (b) the im- 
pur i ty  profiles after the sealed tube Ga diffusion, after 
oxidation and redistr ibut ion of Ga at 1235~ for 16 hr, 
af ter  a second oxidation and phosphorus redistr ibut ion 
are shown. Results shown in Fig. 1 indicate significant 
outdiffusion of both A1 and Ga. In the case of A1, the 
concentrations at the surface is found to decrease from 
2.5 >< 10 is a toms/cm 3 after  A1 diffusion to 1.5 X 1016 
a toms/cm 3 after phosphorus diffusion. The outdiffu- 
sion permits larger  penetra t ion of the emit ter  junct ion 
in the lateral  direction at the surface than that in the 
vert ical  direction, as is observed by bevel ing and stain- 
ing technique. The decreased surface concentrat ion 
leads to a higher  emit ter  junct ion breakdown voltage. 

The A1 diffused wafers were  examined by secondary 
ion mass spectrometry to fur ther  explore the nature  of 
outdiffusion and any clustering of electr ical ly inac- 
t ive dopants. The technique used has been described 
e lsewhere  (7) and is shown to be reproducible.  Figure 
2 shows the A1 concentrat ion profile (relat ive in ten-  
sity) near  the surface in a silicon wafer  that  has been 
processed through A1 diffusion to phosphorus emit ter  
redistribution. The processed wafer  was cleaned to re-  
move any oxide and surface films before analysis using 
O2 + as the pr imary  ion beam. The figure shows the A1 
pile up near the silicon surface which is electr ical ly 
inactive. This is fol lowed by a depletion region and a 
max imum A1 concentration, which is probably bonded 
to oxygen. The intense peak at the surface is usually 
at t r ibuted to a chemical enhancement,  i.e., the ioniza- 
tion efficiency of A1 is much higher  when it is bound to 
oxygen. 

It is suspected that any A1 pile up at the SiO2-Si 
interface and electr ical ly inactive A1 in silicon may 
be bound to oxygen. To invest igate  this point, SIMS 
measurements  were  carried out through the oxide 
layer  using argon as the pr imary  ion beam. Figure  
3 (a) shows the A1 profile ( re la t ive  intensity) through 
SiO2 and into the silicon. The SiO2 layer  extends to 
about 5000A and contains re la t ive ly  l i t t le A1. At depths 
below 5000A a large number  of A1 clusters are ob- 
served in the SiO2-Si interface regions and in the sur-  
face layers of silicon. Figure  3(b) was obtained by 
monitor ing the A10 + ionic species and indicates a rise 
in the intensity just before the SiO2 interface is 
reached, suggesting some reaction be tween A1 and the 
SiO2 layer. The initlal rise is fol lowed by a deple-  
tion region (above about 5000A) which corresponds 
to the max imum of A1 clustering in Fig. 3(a) .  The 
fact that A10 + clustering is observed indicates that  
a luminum is present in oxidized form. Thus, it ap- 
pears that A1 is re jected by the silicon during various 
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oxidation hea t - t r ea tmen t  operations and is piled up as 
A1 and A1-O clusters at and near  the silicon surface. 

Fig. 2. AI concentration (relative intensity) profile showing de- 
pletion and clustering of AI near the surface. The silicon wafer 
has been processed through AI diffusion to P emitter redistribution 
and is analyzed by SIMS using 02 + ion beam. Vertical: 5 X 103 
counts full scale; horizontal: 4 p.m full scale. 

A similar  analysis of Ga diffused samples by SIMS 
indicates that  Ga is piled up in the oxide and, unl ike 
A1, no accumulat ion in the silicon is noticeable. 

Defects at the sfficon-silicon dioxide interface.--The 
surface of the silicon wafer  appears to be damaged fol-  
lowing the sealed tube diffusion in the case of both A1 
and Ga. The presence of these damaged surfaces is re -  
vealed by the reflection electron diffraction pat terns 
shown in Fig. 4 and 5, both of which indicate the pres-  
ence of a polycrystal l ine component.  These damaged 
regions are very  shallow and disappear when  lt~ or so 
of the surface is chemically etched. The damage from 
Ga diffusion seemed to be more  pronounced or ex ten-  
sive than that  f rom A1 diffusion. Both A1 and Ga 
diffused wafers  are free from any diffusion induced 
dislocations as revealed by the x - r ay  topography. 

The outdiffusion of A1 becomes increasingly notice- 
able wi th  increasing hea t - t r ea tmen t  t ime and tem-  
pera ture  in an oxidizing ambient. F igure  6 shows a 
reflection electron diffraction pat tern  of a silicon sur-  
face which received an oxidat ion of 2 hr  at 1200~ 
fol lowed by phosphorus diffusion (4 hr  at 1200~ 
The wafer  is dipped in HF to remove  the phosphorus 
glass and the thermal  oxide, and the diffraction pat-  
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Fig. 3. a (left) AI concentration profile (relative intensity) through SiO2 indicating presence of some clusters measured by SIMS using 
Ar beam. Vertical: 2 X 104 counts full scale; horizontal: 2 Fm full scale, b (right), AIO profile, scales same as in (a). 

te rn  is obtained from the areas that were masked dur-  
ing the phosphorus drive. The extra  reflections in  the 
figure resemble ~-A1203 and could not be removed by  
boiling in  HC1, H2SO4, or HsPO4. 

The outdiffusion of Ga is similar to that  of A1 in 
many  respects. Figure 7 shows a diffraction pa t te rn  
from a silicon surface following Ga diffusion at 1175~ 
for 16 hr and an oxidation cycle for Ga redistribution. 
The wafer was dipped in HF prior to examinat ion  in 
the electron microscope. The diffraction pat terns in -  
dicate the presence of polycrystal l ine silicon and 
~-Ga2Os. The reflections due to gall ium oxide disap- 
pear when the sample is boiled in hot acids (e.g., HC1, 
H2SO4, aqua regia),  bu t  the polycrystal l ine silicon 
component is still present. Gal l ium oxide is found to 
reappear if the cleaned sample is oxidized again. When 
the oxide near  the silicon-silicon dioxide interface is 
examined by transmission electron microscopy (TEM), 
a dispersed second phase could be detected as shown in 
Fig. 8. This second phase does not give any diffraction 
pat tern  and is believed to be induced by the outdiffu- 
sion of gallium. A freshly grown oxide on the same 
wafer after the original oxide was removed and the 

Fig. 5. Reflection electron diffraction from silicon surface after 
sealed tube Ga diffusion showing the presence of polycrystalline 
silicon. 

Fig. 4. Reflection electron diffraction from the surface of a 
silicon wafer following sealed tube AI diffusion indicating the 
presence of a faint ring pattern. 

Fig. 6. Reflection electron diffraction pattern from a silicon sur- 
face which received A[ diffusion, oxidation, and P diffusion heat- 
treatment. The surface is characterized by the presence of poly- 
crystalline silicon and extra reflections resembling ~-AI203. 
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Fig. 7. Reflection electron diffraction from a silicon surface 
following Go diffusion and a Ga redistribution oxidation cycle, 
indicating presence of polycrystaUine silicon and p-Ga203. 

Fig. 8. Transmission electron micrograph of the Ga redistribu- 
tion cycle oxide showing the presence of a dispersed second phase; 
note the growth of hexagonal shapes in the background. 

wafer cleaned in boil ing acids, is found to be free of 
this second phase particles. However, the silicon sur-  
face under  the oxide is still damaged, and a polycrys- 
tal l ine component could be observed from the diffrac- 
t ion pattern. 

The surface  of the diffused silicon wafer, follow- 
ing Ga redis t r ibut ion heat- t reatment ,  was examined 
by an electron probe microanalyzer.  Spectral line 
analysis indicated the presence of both Ga and O on 
the surface, This is a good indication of the fact that  
Ga is clustering with oxygen at the silicon-silicon di- 
oxide interface. A similar test with the A1 diffused 
samples failed to detect any A1 on the silicon surface. 

Phosphorus induced defects.--The diffusivity of P in 
the phosphosilicate glass region has been found to vary 
over several orders of magnitude,  depending on the 
concentrat ion of P205 in  SiO~ (8). The catalytic in -  
fluence of P leading to crystallization of amorphous 
oxide has been observed by several investigators (5). 
Schmidt e ta I .  (9) have identified one of the ma in  
crystall ine phases to be SiO2 �9 P205. In  this study we 
have observed highly crystallized regions of the oxide 
along with the frequent  presence of polycrystallJne 
silicon within  the oxide. Figure 9 shows a TEM and a 
diffraction pat tern of crystallized regions in the oxide 
following a 16 hr phosphorus redis tr ibut ion hea t - t rea t -  
ment  at 1200~ The fact that the crystallization was 
P induced was confirmed by the absence of any poly- 
crystall ine regions in the original amorphous SiOe fol- 
lowing prolonged hea t - t rea tments  (up to 64 hr  at 
1200~ It is interest ing to note the presence of very 

Fig. 9. Diffraction pattern (a) and transmission of electron 
micrograph (b) of crystallized regions in the oxide following 16 
hr P redistribution heat-treatment at 1200~ 

fine grain (1000A) silicon at various stages of  growth 
inside the oxide film. Figure 10 shows a fairly large 
aggregate of polycrystal l ine silicon growth in  oxide 
following P redistr ibution heat- t reatment .  The pres- 
ence of such crystallized oxides and elemental  silicon 
could increase the conductivity of the passivation oxide 
and might severely affect the junct ion leakage cur-  
rent. 

Different types of interdigi tated emitter  pat terns 
were used for phosphorus diffusion. X- ray  topographs 
of wafers indicate the phosphorus diffused regions to 
be heavily dislocated. The delineation of the emitter  
fingers and the oxide along the emit ter  base junct ion 
appear to be very nonuniform, as shown by the XRT in 
Fig. 11. Frequently,  init ial  masking oxides grown at 
high temperature  and degraded by dopant  outdiffu- 
sion gave poor results. Such oxides either became 
crystallized and failed to passivate the emit ter  junct ion 
or gave rise to numerous n + pipes in  the p-base re-  
gion during phosphorus diffusion. These crystallized 
oxides also have poor etching properties. Figure 12 
shows a scanning electron micrograph of the emitter  
base junct ion  prior to metallization. Note the complete 
absence of the passivation oxide near  the center of the 
photograph, thus exposing the bare  junction. The 
presence of bare silicon in the supposedly passivated 
region was confirmed by using the x - ray  at tachment  of 
t h e  scanning electron microscope. This type of inhomo- 
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Fig. 11. X-ray topograph of a diffused wafer showing heavily 
dislocated emitter fingers, inhomogeneous etching of the passiva- 
tion oxide along the emitter-base junction, and the poor quality 
oxide giving additional contrasts in the topograph. 

Fig. 10. Diffraction pattern (a) and transmission electron micro- 
graph (b) showing the presence of very fine grain silicon within 
the oxide. 

geneous etching of the oxide is avoided by minimizing 
P induced crystall ization of the oxide. 

Emitter junction.--At the end of the diffusions the 
emit ter  junct ion I-V characterist ics of the devices 
were  measured. On devices with an A1 diffused base 
layer  the emi t te r  junct ion was found to be shorted 
af ter  metall ization. This shorting could be removed  
by etching the silicon surface be tween the emit ter  and 
the p-base contacts. Af ter  etching the measured break-  
down voltage was around 20-25V, and the leakage 
current  of the mesa junct ion ranged between micro-  
amperes to mil l iamperes.  On the best units the leak-  
age current  density was around 10 -6 A / c m  2. 

On devices wi th  a Ga diffused base layer, p lanar  
emi t te r  junctions with acceptable I -V characterist ics 
have been obtained when the silicon surface was 
cleaned and boiled in acids prior to oxidation and 
when the oxidation tempera ture  was lowered from 
1235 ~ to 1200~ After  metallization, the measured 
breakdown voltage ranged from 15 to 20V with a leak-  
age current  less than 1 mA. However ,  the measured 
I -V curve indicated that  the leakage current  was 
dominated by a channel current  with a pinch off vol t -  
age be tween 1-3V. The leakage current  density at 5V 
was around 10 -4 A / c m  2. Comparing with  boron dif- 
fused devices on which the measured breakdown 
voltage was around 10V and the leakage current  den-  
sity at 5V around 10 -7 A / c m  2, A1 or Ga diffused de- 
vices showed a higher  breakdown voltage but a much 

Fig. 12. Scanning electron micrograph of the emitter base inter- 
face region showing the absence of the passivation oxide near 
the center. 

higher  leakage current.  The presence of the surface 
channel current  on devices wi th  a Ga diffused base 
layer  and the need to etch the silicon surface on de- 
vices with an A1 diffused base layer  strongly suggested 
that high leakage currents  were  originated at the sur-  
face. With an A1 diffused base, the continuous inter-  
action between the a luminum and the oxide during the 
oxidation period rendered  the oxide ineffective against 
phosphorus diffusion. This problem, together  with 
localized phosphorus penetrat ions through crystall ized 
oxides, have led to the shorting of the emit ter  junct ion 
at the surface. With Ga diffusion, cleaning the silicon 
surface in boiling acids seemed to improve the  oxide 
qual i ty  in masking against the phosphorus diffusion 
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and resulted in  devices with acceptable emitter  junc-  
t ion I-V characteristics. 

Discussion 
The damaged silicon surface that  results from the 

sealed tube A1 and Ga diffusions appears to be related 
to the formation of the respective alloys. Examining 
the case of A1 first, we note that  the eutectic- composi- 
tion is 12.3% silicon. The vapor pressure of A1 at 
1050~ is about 3 • 10 -4 mm Hg, and it reacts with 
the quartz walls unt i l  a protective coating of silicon 
and A120.~ is bui l t  up. A1 is also a fast diffusant in sili- 
con when compared with Ga. Thus, the formation of 
A1-Si eutectic at the wafer surfaces is l imited by the 
availabil i ty of A1. Consequently, the lattice disorder 
introduced at the silicon surface is confined to a very 
shallow depth. In  the case of Ga, however, the damage 
to the silicon lattice could be more extensive. At a 
diffusion temperature  of 1175~ the vapor pressure of 
Ga is about 10 -1 mm Hg, and its interact ion with the 
quartz tube is negligible. Thus, a relat ively large quan-  
t i ty of Ga is available for diffusion and formation of 
surface alloys. Further ,  Ga-Si  eutectic requires very 
li t t le silicon (10) and could easily form during cooling 
of the wafers following diffusion.' As may be expected, 
the damage to the silicon lattice due to Ga is more ex- 
tensive than that from A1 (see Fig. 4 and 5). In  order 
to remove these damaged layers about 1-2 ~m of silicon 
should be etched from the wafers following the sealed 
tube diffusion. Otherwise, the silicon-silicon dioxide 
interface over the planar  junct ion would contain a 
damaged silicon layer which will  introduce excess 
junct ion  leakage current  (generat ion current  under  
reverse bias and recombinat ion current  under  forward 
bias).  

Even if the damaged silicon is removed following the 
sealed tube diffusion, subsequent  oxidation causes both 
A1 and Ga to outdiffuse and form disordered mixed 
phases at the interface. The important  parameters  
governing the redis t r ibut ion of impurit ies dur ing 
thermal oxidation are the segregation coefficient (m ---- 
Csi/Cox) of the impur i ty  at the oxide-silicon in ter -  
face, the ratio of the diffusion coefficient of the im- 
puri ty  in the oxide to its diffusion coefficient in  Si, and 
the ratio of the parabolic rate constant of the oxidation 
to the square root of the impur i ty  diffusion coefficient 
in  silicon (A/h/DSi). The case of Ga outdiffusion has 
been treated by Grove et al. (11). At about 1200~ the 
segregation coefficient for Ga is approximately 20, 
indicating that Ga should be rejected by the oxide and 
should pile up in the silicon. The reason for depletion 
of .Ga dur ing  oxidation is its high diffusivity in the 
oxide (Dox/D si ~ 322). Reasonably high vapor pres-  
sure of Ga at 1200~ allows it to escape to the gas 
phase. At a given temperature,  the value of A / k / D  si is 
higher for wet oxidation (steam) than  for dry oxida- 
t ion (02), and the impuri.ty depletion is reduced by 
lowering this ratio. Thus, dry oxidation would result  in 
min imum redis t r ibut ion and depletion of impurities. 

The case of A1 outdiffusion during thermal  oxidation 
is somewhat more complex because of its interact ion 
with SiO2. In  this case a segregation coefficient (m < 
10 -~) is difficult to define because A1, instead of dis- 
solving in SiO2, reduces it to Si or SiO. In contrast 
with Ga, the oxide here accepts A1 unt i l  all the SiO2 
is reduced. This point has been substantiated by dif- 
fusing A1 through an oxidized silicon and not ing the 
disappearance of the oxide. Significant interact ion be-  
tween A1203 and SiO2 may not be expected at the typi-  
cal diffusion temperature  (12) (the eutectic is at 
1595~ The value of the diffusivity ratio is much 
greater than 1, s imilar  to Ga. Unlike Ga, however, A1 
is not l ikely to be t ransported to the gas phase due to 
its considerably lower vapor pressure and strong af- 
finity for oxygen. About the only form in which A1 
could leave the surface is by forming suboxides such 
as A120 and A10. The outdiffused A1 should, therefore, 

be found as A1203 in the silicon-silicon dioxide in ter -  
face. This is consistent with our  exper imental  results. 
As long as we have an A1 diffused junction,  oxidation 
will always result  in a disturbed silicon-silicon dioxide 
interface. Thus, at a high A1 surface concentrat ion this 
process is incompatible with a silicon dioxide masked 
planar  j unction. 

The presence of elemental  silicon in the oxide was 
occasionally observed in steam or dry oxygen grown 
oxide on high resistivity, undiffused wafers. This tends 
to indicate that the presence of impurities, such as A1 
and Ga, is not essential in the formation of the silicon 
phase. Nucleation of the silicon clusters does not seem 
to be associated with any observable crystallographic 
defects. One possibility is through the formation of 
SiO in the presence of excess silicon, and the subse- 
quent  disproportionation to Si and SiO2 on cooling. 
The activity of SiO is expected to be significant at the 
diffusion temperatures  of interest  (e.g., p e s i o  , ~  6 X 
10 -4 atm at 1500~ 

Summary 
The compatibil i ty of A1, Ga, and P diffusion with 

oxide passivation and planar  junct ion is briefly ex- 
amined. A1 and Ga diffusion introduce a surface layer  
of damaged silicon through formation of respective 
alloys and eutectics during cooling. These damaged 
silicon layers may be removed by chemical etching. 
During heat - t rea tments  under  oxidizing ambients  both 
A1 and Ga outdiffuse and could adversely affect the 
silicon-silicon dioxide interface, the bulk  of the oxide, 
and the shape of the impur i ty  profile. Consequently, 
compatibil i ty with oxide passivation is difficult to 
achieve, unless high surface concentrat ion of the dop- 
ants is avoided. By main ta in ing  a reasonably low sur- 
face concentration, rejecting the redis tr ibut ion oxide, 
and growing a fresh oxide along with suitable acid 
t reatments  of the wafers, a significant improvement  is 
made in  the qual i ty of the junc t ion  passivation. Phos- 
phorus emitter  diffusions f requent ly  catalyze the for- 
mat ion of crystall ine oxide which has poor masking 
and etching properties. Mask fai lure in the base re- 
gions results in n + pipes, and inhomogeneous etching 
exposes the emitter  base junct ions result ing in in-  
creased leakage current.  With gall ium diffusion, clean- 
ing the silicon surface in boil ing acids improves the 
oxide qual i ty in masking against the phosphorus dif- 
fusion and resulted in devices having acceptable emit-  
ter junctions.  
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Influence of Gas-Phase Stoichiometry on the Defect Morphology, 
Impurity Doping, and Electroluminescence Efficiency of 

Vapor-Grown GaAs P-N Junctions 
R. E. Enstrom,* C. J. Nuese, J. R. Appert, and J. J. Gannon* 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

The vapor-hydr ide  method of GaAs epitaxial  growth permits  separate 
control of the flow rates of both the AsH~ and HC1 reactant  species. In  the 
present  work, these variables have been independent ly  adjusted to provide 
gas-phase compositions ranging from Ga-rich to As-rich. The surface defect 
morphology has been found to be a strong funct ion of the HC1 flow rate, 
changing from pits at low flow rates to hillocks at higher flow rates. In  con- 
trast, the AsH3 flow rate for constant  HC1 flows principally affects the size 
of the defects. The growth rate increases slightly with increasing AsHs flow 
rate, but  decreases with increasing HC1 flow rate over the range normal ly  
used. The Se-donor and Zn-acceptor concentrations both decrease with in-  
creasing HC1 flow rate, suggesting that crystal stoichiometry is not s trongly 
influenced by the HC1 flow rate. 

Electroluminescent  diode efficiencies range between 0.1 and 0.5% at room 
temperature  and between 1 and 2.6% at 80~ Peak efficiency values have 
been  at tained with slightly As-r ich gas-phase conditions. 

Vapor-grown p -n  junct ions  of GaAs are useful for a 
var ie ty  of electroluminescence (1-3) and microwave 
(4-6) applications. Several of the first-order, vapor-  
growth parameters  re levant  to such structures have 
been examined previously (1), such as the carrier con- 
centrations, layer thicknesses, growth temperatures,  
etc.; however, the role of gas-phase stoichiometry 
(and perhaps crystal stoichiometry) is more subtle and 
has only recently begun to be determined. 

For example, several workers (7-9) have examined 
the influence of Ga/As flow ratios on the background 
(reactor) concentrat ions of un in ten t iona l ly  doped 
GaAs with n ~ 1014-1015 cm -3. In  these studies, the 
gas-phase stoichiometry was found to influence the 
incorporat ion of the donor and/or  acceptor impurit ies;  
however, the effects of gas-phase stoichiometry on the 
electrical properties of epitaxial layers with signifi- 
cantly higher impur i ty  concentrations have not been 
previously explored. Furthermore,  the relative (and 
perhaps absolute) flow rates used to t ransport  the 
Group III  and Group V atoms have recent ly been found 
to directly influence the defect morphology (pits and 
hillocks) on the surface of vapor-grown GaAs (10-12) 
and GaAsl-xPx (13) epitaxial  layers. For the case of 
GaAs, the absolute amount  of Ga in the vapor is found 
to determine the defect morphology (10-12), whereas 
for GaAsl-xPx, the ratio of Group III to Group V vapor 
species seems to be the dominant  factor (13). Gas- 
phase stoichiometry is also known to influence the 
growth rate of GaAs under  certain vapor-growth con- 
ditions (14). 

As a result  of the effects described above, it becomes 
essential to examine the influence of gas-phase stoichi- 

* Electrochemical Society A c t i v e  Member .  
Key words: I I I -V  compounds ,  crystal growth, vapor-phase epi taxY,  

chemical vapor deposition. 

ometry on a practical device structure, whose ul t imate 
performance depends critically on the interdependence 
of several factors. In  the present  study, we specifically 
consider the effects of vapor stoichiometry on the sur-  
face defect morphology, growth rate, impur i ty  incorpo- 
ration, and electroluminescence efficiency of heavily 
doped (101~-1019 cm -3) p - n  junct ion structures of 
GaAs. For this study, we have employed the vapor-  
hydride growth technique (15), where the amounts  of 
Ga and As species in the gas phase can be indepen-  
dent ly  varied over a relat ively wide range. In contrast, 
the other commonly used vapor-growth technique (16, 
17) for preparing GaAs utilizes AsC13, where the ratio 
of Ga to As vapor species is fixed at 3/1. As we will 
show in the sections below, both the surface defect 
morphology and the incorporation of donors and ac- 
ceptors are relat ively strong functions of the HC1 flow 
rate, but  are not near ly  as strongly affected by the 
amount  of As species in the vapor phase. 

Experimental Procedure 
The apparatus and procedures used for the vapor 

growth of the p -n  junct ion layers have been described 
in detail previously (15, 18). In brief, AsH~, HC1, and 
Ga are the reactant  species, and Pd diffused H2 is used 
as a carrier gas. The gases in all cases are of high 
pur i ty  so that background impur i ty  concentrations of 
less than 1 • 1015 donors/cm 3 are general ly achieved 
(7). The metal  (Alusuisse, 99.9999% pure) is t rans-  
ported as GaCl (19)  by passing HC1 over a 75g metallic 
Ga source with a surface area of approximately 15 cm 2. 
In these experiments,  the HC1 flow rate was varied 
from 2 to 20 cm~/min, and the flow rate of AsH3 (Pre-  
cision Gas Products) ,  employed as a 10% AsH3 in H2 
mixture,  was varied from 25 to 350 cm3/min. The effec- 
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tive flow rate of the AsH3 alone therefore ranged be- 
tween 2.5 and 35 cm3/min. All other vapor-growth 
conditions were held approximately constant. The total 
H2 flow was about 2500 cm3/min, which is much higher 
than that used for AsC13 vapor-growth experiments.  
The growth tempera ture  was approximately 725~ 

The p -n  junct ion structures used in the present  study 
consisted of n + - n - p  + epitaxial  layers prepared sequen-  
t ial ly in a single vapor-growth operation. The sub-  
strates were Czochralski-grown GaAs oriented 3 ~ off 
<100> toward <110>, and were chemically polished 
prior to growth. The thicknesses of the epitaxial layers 
were determined by cleaving and measur ing 1110} 
transverse cross sections and were typical ly 7-15 ;~m 
for the n+- layer ,  10-35 ;,m for the n-layer ,  and 3-10 
t,m for the p+-layer .  The n- type  epitaxial layers were 
doped with a 100 ppm H2Se in Ha mixture  using a flow 
rate of 50 cm3/min of the mixture  for the init ial  n +- 
layer and 20 cm3/min for the n- layer .  These flow rates 
yield GaAs donor concentrat ions on the order of 1 
X 10 TM and 5 X 101~ cm -3, respectively, for our typical 
vapor-growth  conditions. The flow rates of the HC1 and 
H2Se were measured to wi thin  about 0.1 cm3/min with 
mass flow meters. 1 The p- type  layers were prepared by 
doping with zinc acceptor impuri t ies  to a concentrat ion 
of 5 X 10 ~ cm -3 from a heated metal l ic  zinc source. 
No in tent ional  acceptor impurit ies were introduced on 
the n-s ide of the junction,  and no in tent ional  donor im-  
purities were introduced on the p-side. 

The impur i ty  concentrations incorporated into the 
p- and n - type  epitaxial  layers of these structures were 
determined from photoluminescence measurements  on 
the as-grown wafers and from capacitance-voltage 
measurements  on the p -n  junct ions after diode fabrica- 
tion. For the photoluminescence measurements,  a 
pulsed argon laser emittir~g at 5145A was focused to a 
spot size of 0.25 mm on the surface of the p- type  GaAs 
layers. Since the optical absorption coefficient for the 
high energy radiat ion is abour 2 X 104 cm-1, the pene-  
t rat ion of the light was restricted to wi thin  1 #m of the 
surface. The p -n  junct ion diodes were prepared using 
procedures described previously (1). Briefly, the junc-  
t ion wafers were lapped to about 100 ~m thickness, 
after which ohmic contacts were applied using gold and 
silver base alloys (20). The diode electroluminescence 
efficiencies at 300 ~ and 77~ under  d i rect -current  for- 
ward bias were measured with a Hoffman 2A silicon 
solar cell. 

Results and Discussion 
DeSect morphology.--A str iking feature of the vapor-  

grown layers was the occurrence of surfaces having 
either pits or hillocks. Ini t ial  examinat ion  showed that 
the pits occurred for low HC1 flow rates, whereas the 
hillocks were associated wi th  higher HC1 flow rates. 
Accordingly, the conditions leading to each type of de- 
fect were investigated further.  

For the growth of GaAs, about 17.5 cm3/min of AsI-I3 
and 5 cm3/min of HC1 are rout inely  used. The effect on 
the morphology of varying the HC1 flow rate between 
2 and 20 cm~/min for a constant  AsH3 flow rate of 17.5 
cm3/min is i l lustrated in Fig. 1. The 2 cm3/min flow 
of HC1 [Fig. 1 (a) ] results in a matte  surface, consisting 
of an array of fine pits, while the 20 cm3/min flow of 
HC1 [Fig. 1 (d)]  results in a smoother surface, contain-  
ing only a few hillocks. A transi t ion from pits to hi l-  
locks is seen to occur at an HC1 flow rate between 5 and 
10 cm3/min [Fig. l ( b )  and l ( c ) ] .  It should be noted 
that the surfaces prepared at about 10 cm3/min of HC1 
are of good crystall ine qual i ty and have a low average 
defect density. 

The effect of the AsH3 flow rate on the defect mor-  
phology was examined for HC1 flow rates producing 
either pits or hillocks. The effect on the pit morphology 
of varying the AsH3 flow rate, while keeping the HC1 
flow rate fixed at 5 cm3/min, is shown in Fig. 2. Here, 
variations in the AsH3 flow rate are shown to affect 
only the size and densi ty of the defect, in this case a 

Hastings-Raydist  and Tylan  Corporation. 

pit, but  do not change the type of defect. It appears 
that for an HC1 setting of 5.0 cm3/min, an AsH3 flow 
rate between 8 and 17.5 cm3/min is best to minimize 
the density and size of the pits. 

The effect of the AsH3 flow rate on the hillock mor-  
phology for an HC1 flow rate of 20.0 cm3/min is shown 
in Fig. 3. Here we see that increasing the AsH3 flow 
rate f rom 3 to 17.5 cm3/min increases the size and the 
definition of the hillock, bu t  does not result  in pits. 
Hence, in both of the experiments  i l lustrated in Fig. 2 
and 3, the type of defect was not altered over a wide 
range of AsH3 flow rates. From further  examinat ion 
of Fig. 2 and 3 we also conclude that the pi t - to-hi l lock 
t ransi t ion is related to the HC1 flow rate ra ther  than 
to the HC1/AsH3 ratio, since Fig. 2 (a) (HC1/AsH3 ratio 
---- 1.43) shows pits and Fig. 3(c) (HC1/AsH3 ratio ---- 
1.14) has very pronounced hillocks for s imilar  gas flow 
ratios. These conclusions are consistent with those of 
Kennedy  and Potter (12) for vapor-grown GaAs, and 
those of Btakeslee (10) for vapor -grown GaAsl-xPx, 
but  differ from those of Wu (13), who found the ab-  
sence of pits or hillocks related to the gas-phase stoi- 
chiometry ( G a / A s + P  ratio).  

The present results on the t ransi t ion from pits to 
hillocks on {100} GaAs surfaces shed light on the de- 
fect morphology in alloy systems prepared by the hy-  
dride method. Epitaxial  layers of GaAs and GaAsl-xPx 
prepared with AsH3 and PI-I~ tend to form pits (18), 
while InxGal-xAs and In~-~GaxP form hillocks (21). 
The present  work suggests that this difference is ob- 
served because the GaAs and GaAsl-xPx alloys are 
general ly prepared with low HC1 flow rates (15) (less 
than 10 cm3/min),  whereas InzGal-zAs (HC1 -- 20 
cm3/min) (22) and InxGal-xP (HC1 _~ 40 cruZ/rain) 
(21) alloys have much higher HC1 flows because of 
two-meta l  transport.  

Our results also help to explain the morphology 
(23-25) of <100>-or ien ted  GaAs prepared by the 
AsC13 method. Increasing the flow rate of AsC13 from 
low to high values causes a t ransi t ion from pits to 
hillocks (23). This t ransi t ion may be explained by the 
increasing GaC1 partial  pressure rather  than by a 
changing Ga/As ratio in  the vapor phase, as suggested 
earlier (26). 

The normal ly  observed defect type for GaAs pre-  
pared by the AsC13 technique is the hillock (27), while 
that for the hydride method is the pit (18, 28). This 
difference probably  arises from a difference in the GaC1 
species concentrat ion in the two types of systems, as 
shown below. 

For GaAs grown in the AsH3 system at 725~ pits 
are observed at a gas-phase concentrat ion of about 1 X 
10 -3 (HC1/H2 ---- 2.5/2500) and hillocks are predomi-  
nan t  at 8 • 10 -3, with relat ively smooth surfaces ob- 
served at 2-4 X 10 -3. For  the AsC13 system. (25) at 
710~ a concentrat ion of 4-6 X 10 -3 of AsC13 in H2 
produces smooth surfaces, while a value of 10-18 • 
10 -3 of AsC13 produces many  hillocks. Thus, the re-  
gimes for hillock formation are about the same for 
<100>-or ien ted  GaAs prepared by both the hydride 
and the AsCI~ growth systems (about 10 X 10-3). For  
smooth growth, a concentrat ion of about 4 X 10 -3 is 
used in both systems, but  values range on the low side 
of 4 X 10 -3 for hydride growth and on the high side 
for AsC13 growth, thereby leading to pits and hillocks, 
respectively. 

Finally,  the cross-sectional structures of the two 
types of defects are compared in Fig. 4. For the hillock, 
the thickness of both the n-  and p - t y p e  layers is in-  
creased considerably at the defect site, whereas for the 
pit, the thickness of the n - layer  is locally reduced. The 
n+-subs t ra t e  interface is fiat for both types of defect, 
and the defects start in the n*layer ra ther  than at the 
substrate. 

Growth rate.--Examination of the cleaved (110) edge 
of mul t i layer  wafers prepared under  the various 
growth conditions shows that the growth rate also is 
a function of the gas-phase composition, consistent with 
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Fig. 1. Optical photomicro- 
graphs of GaAs vapor-grown 
layers prepared with 17.5 cm~/ 
rain of AsH3 and HCI flow rates 
varying from 2 to 20 cm3/min. 
a, Run 1121, 2 cm3/mln of 
HCI; Ga/As - -  0.114; 500• 
magnification; defects are pits. 
b, Run 1124, 5 cm3/min of HCI; 
Ga/As : 0.286; 200X mag- 
nification; defects are pits. c, 
Run 911, 10 cm3/min of HCI; 
Ga/As = 0.572; 200•  mag- 
nification, defects are hillocks. 
d, Run 1127, 20 cm3/mln of 
HCl; Ga/As ~ 1.14; 200X 
magnification; defect is hillock. 

the previous observations of Shaw (14). In Fig. 5(b) ,  
for a constant HC1 flow rate, it is seen that the n - l aye r  
thickness increases with increasing AsH~ flow rate, as 
might be expected from mass-act ion considerations for 
the reaction (19) 

GaCl(g) 4- 1/2 As~(g) + 1/2 H2(g) ---- GaAs(s) 4- HCl(~) 

That is, as more reactant  (e.g., As2 or As4) is added, 
the amount  of product (GaAs) increases. The curve 
saturates at high AsH3 flow rates because of the l imited 
amount  of GaCI available to react with the As-vapor  
species. The increase in  growth rate with increasing 
values of AsH~ or As4 part ial  pressure has also been 
observed by several other investigators (9, 14). It 
should be noted that a growth rate of 30-35 ~m/hr  is 
about the max imum value normal ly  observed for 
growth of GaAs on the (100} surface. 

In contrast, for a given AsH3 setting, the growth rate 
first increases, then decreases [Fig. 5 (a)]  with increas-  
ing HC1 flow rate. The decrease does not result  from 
incomplete reaction of HC1 with the Ga metal  source. 
In separate experiments,  comparison of the moles of 
Ga and HC1 gas consumed, as determined by weight 
loss and wet chemical analysis, respectively, showed 
that 98% of a 20 cm~/min HC1 flow rate reacts with the 

Ga metal  source to form GaC1 in the vapor-growth 
tube used for the present  experiments.  Thus, v i r tua l ly  
all of the HC1 in the range 2-20 cmS/min injected into 
the vapor-growth apparatus is converted to GaC1. 

The reduced growth rate for increasing HC1 flow rates 
shows that the growth rate is not directly related to 
the reactant  partial  pressures, as is the case for ASH3. 
Instead, the l imitat ion of the growth rate at 725~ is 
probably related to adsorption of GaC1 (14, 29) and 
subsequent  reaction with As~ on the GaAs crystal 
surface to form the epitaxial GaAs layer. The na ture  
of th i s  reaction has been examined previously by Shaw 
(14), whose data are also shown in Fig. 5. Surpr is ingly 
good agreement is found for the dependence of the 
growth rate on the HC1 and AsH~ flow rates in the 
present study and on GaC1 and As4 part ial  pressures 
determined previously by Shaw (14), who used sig- 
nificantly different growth conditions (i.e., growth on 
the reactor walls prevented by injecting auxi l iary  un-  
reacted HC1, an 80% lower total He flow rate, and a 
solid As source). 

Several authors (8, 26) have previously related the 
growth rate to the Ga/As ratio in the vapor phase, and 
have shown a peak value of the growth rate in the 
range of 1-4 Ga/As. However, the present study, as 
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Fig. 2. Optical photomicro- 
graphs of GaAs vapor-grown 
layers prepared with 5 cm3/ 
min of HCI and AsHz flow rates 
varying from 3.5 to 35 cm3/ 
min. 200X magnification. All 
defects are pits. a, Run 881, 
3.5 cm3/min of ASH3; Ga/As ---- 
1.43. b, Run 905, 8 em3/min of 
ASH3; Ga/hs ~ 0.65. c, Run 
910, 17.5 cm3/min of ASH3; 
Ga/As = 0.28. d, Run 880, 35 
cmS/min of ASH3; Ga/As ---- 
0.14. 

well as other recent works (9, 12, 14), suggests that  
the growth rate is related to the part ial  pressure of 
the individual  reactants, GaC1 and AsH3 or As4, ra ther  
than to the Ga/As gas ratio. Since increasing AsH8 flow 
rates increase the growth rate, in accord with thermo-  
dynamic expectations, and increasing HCI flow rates 
decrease the growth rate, contrary to equi l ibr ium 
thermodynamics (17), it appears that GaC1 is the 
chemical species l imit ing the growth rate. This could 
arise at high HC1 flow rates by near ly  complete filling 
of adsorption sites with GaC1 on the crystal surface, to 
the exclusion of the As-species. Adsorbed As-species 
atoms on the crystal surface are necessary for reaction 
with the GaCI to form GaAs, and if insufficient As is 
available, a lower growth rate should result. Since our 
experiments  with Zn-  and Se-doped vapor-grown lay-  
ers (to be described in the next  section) show that  
both the donor and acceptor concentrat ions are strong 
functions of the HC1 flow rate, it is not unreasonable  
to suspect that the incorporation of dopant  atoms is also 
affected by the preferent ial  adsorption of GaC1 on the 
growing surface. 

The growth rate was also found to decrease with in -  
creasing elapsed growth time. This probably occurs 
because growth of GaAs on the quartz tube walls in-  

creases with time, and these polycrystal l ine deposits 
increasingly compete with growth on the s ingle-crys-  
tal l ine substrate. It was also observed that  the GaAs 
deposits on the walls of the quartz tube increased in 
thickness as the HC1 flow rate increased. For low HC1 
flow rates (2 cm3/min) only a th in  GaAs layer formed 
on the quartz, whereas for higher HC1 flow rates (20 
cm3/min) a dense GaAs wall  deposit was observed. 

Impurity doping.--Since the epitaxial layers used in 
this investigation were prepared in the form of p - n  
junct ion structures, the carrier concentrat ions could 
not be determined by Hall  measurements.  However, as 
described in detail below, straightforward photolumin-  
escence and capacitance measurements  could be used 
to characterize both the outermost Zn-doped layer and 
the adjacent Se-doped layer, respectively. 

Zn doping.--The hole concentrat ion in the p- type  layer  
was evaluated from room temperature  photolumines-  
cence measurements .  The spectral halfwidth was used 
as a measure of the free hole concentration, since it 
depends directly on doping for concentrat ions greater 
than  about 2 • 10 is cm-~ (30). This correlation al- 
lowed us to correctly label the r igh t -hand  ordinate in 
the plots of spectral halfwidth vs. gas flow rate shown 
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Fig. 3. Optical photomicrographs of C-aAs vapar-grown layers prepared with 20 cmS/min of HCI and AsH3 flow rates varying from 3.0 
to 17.5 cm3/min. 200X magnification. All defects are hillocks, a, Run 907, 3.0 cm3/min of ASH3; Ga/As = 6.66. b, Run 904, 10 cm3/min 
of AsHs; Ga/As = 2.0. c, Run 882, 17.5 cm3/min of ASH3; Ga/As ---- 1.14. 

in Fig. 6. Here, for HC1 flow rates increasing f rom 2 
to 20 cm~/min, the Zn carr ier  concentrat ion decreases 
f rom approximate ly  2 X1019 to 5 X 10 TM cm -3 for a 
Zn source at 450~ and f rom 5 X 10 TM to 1.5 X 1018 
cm -8 for a sourc~ at 410~ The hole concentrat ion de-  
pends less s trongly on the AsH3 flow rate, increasing 
f rom 5 X 10 TM to 1 X 1019 cm-~ over  the range eva lu-  
ated (3.5-35 cm3/min) .  

The re la t ive  photoluminescence intensi ty  of each of 
the Zn-doped GaAs layers is plotted in Fig. 7 as a func- 
tion of the Zn concentrat ion (determined f rom the 
halfwidths in Fig. 6). The increase in intensi ty wi th  
increasing carrier  concentrat ion is consistent wi th  
Cusano's (30) cathodoluminescence data for p- type  
GaAs. Since the carr ier  concentrations for our exper i -  
ments are less than about 2 X 1019 cm -3, an intensi ty 
degradat ion usual ly associated with Zn precipi tat ion 
(30) at high concentrations is not observed. The self-  

Fig. 4. Optical photomicrographs of {110} cleavage planes inter- 
secting hillock (top) and pit (bottom). 

consistency of the photoluminescence data of Fig. 6 
and 7 clearly indicates that large HC1 flow rates give 
rise to a reduction in the amount  of Zn incorporated 
into the GaAs lattice. 

Se doping.--Since the n- type  layer  of our vapor -g rown  
structures is sandwiched between the GaAs substrate 
and the p- type  layer,  it is not exposed for photolumin-  
escence measurements .  Accordingly,  the donor concen- 
t rat ion in the n- type  layers was est imated f rom stand- 
ard capaci tance-vol tage and reverse-bias  b reakdown 
measurements  performed after  complete diode fabr ica-  
tion. The donor concentrat ions determined by both 
methods were in excel lent  agreement.  
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The free e lect ron concentrat ion,  as de te rmined  f rom 
the above measurements ,  is p lo t ted  as a function of the  
HC1 and AsHs flow rates  in Fig. 8. In  Fig. 8(a)  the  
electron concentra t ion decreases f rom 6 • 1017 to 1 • 
1017 cm -3 for HC1 flow ra tes  increasing f rom 2 to 20 
cma/min.  For  these samples,  the AsH8 flow rate  was 
held  at 17.5 cma/min.  In Fig. 8 (b) ,  the  effect of AsI-~ 
flow ra te  on the e lec t ron concentra t ion is shown for 
growths  where  the  HC1 is held constant  at  5 cmS/min. 

(a) 

(b) 
, ' , , , , , , : ,  

0 8 I 16 20 52. 6 
AsH 3 F L O W R A T E  (crn3/min)  

Fig. 8. Electron concentration on the n-side of the junction vs. 
(a) HCI flow rate, and (b) AsH3 flow rate. The electron concen- 
tration was determined from C-V and voltage-breakdown measure- 
ments. 

The e lec t ron concentra t ion is only weak ly  dependent  
on the AsHa flow rate,  increasing by  about  40% over 
the range  of flow ra tes  used here.  

Severa l  different  mechanisms are  possible  to exp la in  
the  flow rate  dependence  of the  doping concentrat ion,  
including changes in crys ta l  s to ichiometry  and differ-  
ences in the  ra te  of adsorpt ion  of impur i t y  atoms. Con-  
cerning crys ta l  s toichiometry,  a change in the  Ga or 
As vacancy concentra t ion wi th  changing gas flow condi-  
t ions should enhance the incorpora t ion  of one type  of 
impur i ty  (e i ther  donors or acceptors) ,  whi le  r e ta rd ing  
the incorporat ion of the  other. In  fact, p revious  work  
has shown that  the  background  donor  concentra t ion of 
v a p o r - g r o w n  GaAs layers  can be influenced b y  gas-  
phase (Ga /As )  rat ios for donor  concentrat ions in the 
range  of 1014-1015 cm -a  (7, 9). But  the  impur i t y  con- 
centra t ions  here,  pa r t i cu la r ly  for the  case of Zn where  
p ,.~ 1019 cm -s ,  are  p robab ly  too large  to be d i rec t ly  
affected by  devia t ions  in c rys ta l  s toichiometry.  Accord-  
ingly, since both the  Zn-accep tor  and the Se-donor  
concentrat ions were  found to decrease wi th  increasing 
HC1 flow rate, it appears  tha t  va ry ing  the  gas-phase  
s to ichiometry  al ters  the  ra te  of incorpora t ion  (i.e., the  
st icking coefficient) of both  types  of impur i ty  atoms 
f rom the  gas phase  into the  growing solid l aye r  r a the r  
than  changing the  crys ta l  s to ichiometry  or un in ten-  
t ional  reactor  impur i t y  concentrat ions.  

In  addition, changes in the  crys ta l  s to ichiometry  
might  be expected to a l te r  the character is t ics  of the 
l ow -e ne rgy  luminescence  spec t ra  of the GaAs samples  
(31, 32). In  our work,  both  .the photoluminescence 
spect ra  of the  p - t y p e  layers  and the e lec t ro lumines-  
cence spect ra  of the  p - n  junct ions  were  examined  at  
300 ~ and 77~ a l though weak,  low energy emission at 
1.2-1.3 eV was observed for al l  samples  at 77~ the  
magni tude  of this emission ( re la t ive  to the near  band-  
gap emission at ~ 1.5 eV) d id  not  change significantly 
over  the  range of gas-flow conditions s tudied  here.  
Therefore,  consistent  wi th  our e lectr ical  da ta  descr ibed 
above, the luminescence spect ra  at 77~ give no indica-  
t ion of significant changes in crys ta l  s toichiometry.  

Externa~ e~ectro~uminescent diode e~fic/ency.--The 
diode e lect roluminescence efficiency at 300~ is given 
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Fig. 9. The room temperature external quantum efficiency vs. 

(a) HCI flow rate, and (b) AsH8 flow rate for GaAs electrolumines- 
cent diodes fabricated from the vapor-grown layers. 

(b) 

in Fig. 9 as a funct ion of the. HC1 and AsH3 flow rates. 
Here, two rather  unexpected results are observed. First, 
the external  quan tum efficiency in  Fig. 9(b) is seen to 
depend strongly on the AsH3 flow rate, in contrast  to 
the weak dependence on AsH3 found for the defect 
morphology (Fig. 2 and 3), growth rate (Fig. 5), and 
doping concentrat ions (Fig. 6 and 8). Second, for both 
the solid curves in Fig. 9(a and b),  a max imu m effi- 
ciency of approximately 0.45% is at tained at an HC1/ 
AsH3 ratio of 0.6, in contrast to each of the early de- 
pendences (Fig. 1, 5, 6, and 8) on HC1 only. Thus, em-  
pirically it appears that  a slightly As-rich, gas-phase 
composition is desirable for our vapor-grown electro- 
luminescent  diodes. For  comparison, vapor-grown 
GaAs produced by the AsCla method has an HC1/As 
ratio of 3, which, according to the present results, 
might l imit  electroluminescent  diode efficiencies. 

The max imum values of 0.45% at 300~ are about 
the same as previously at tained with optimized Se and 
Zn concentrations (1). At 80~ efficiencies approach- 
ing 3% were attained, close to the theoretical maxi-  
mum for a single-surface, rectangular  emitter  with no 
absorption losses (33). 

The shape of the curves in Fig. 9 probably reflects 
the variat ion of several factors, including defects, car- 
rier concentrations, and layer  thicknesses. These affect 
the bulk  radiative recombinat ion efficiency in the p- 
layer, the inject ion efficiency of electrons into the p- 
layer, the effectiveness of shunt ing  nonradia t ive  centers 
at the junction,  and optical absorption of the light pass- 
ing through the p-layer.  Because of the complex man-  
ner  in which these many  parameters  interact, it is 
difficult a priori to predict the effect of HC1 or AsH3 
flow rates on the electroluminescent  diode efficiencies. 
However, in view of the earlier results of this study, it 
is not surpris ing that extreme flow rates of either AsH3 
or HC1 are detrimental .  For example, at the low HC1 
flow rates in Fig. 9(a) ,  the high densi ty of pits Would 
be expected to reduce the junct ion perfection. Simi- 
larly, large HC1 and small  AsH3 flow rates would re-  
duce the acceptor concentrat ion in the p-layer,  thereby 
reducing the radiat ive recombinat ion efficiency there, 
as shown in Fig. 7. 

Summary and Conclusions 
The defect morphology of vapor-grown,  <100>-o r i -  

ented GaAs epitaxial layers is not related to the HC1/ 
AsH3 (or Ga/As)  gas-phase ratio. Rather, the occur- 
rence of pits is associated with low HC1 flow rates (2-5 
cm3/min),  and hillocks are associated with high HCI 
flaw rates (10-20 cm3/min).  These results are consis- 
tent  with observations for GaAs prepared by the AsCls 
growth method, where low flow rates of AsCls (i.e., 
GaC1 or HC1) produce pits and higher AsC13 flow rates 
produce hillocks. The AsI-I3 flow rate appears to influ- 
ence the size and densi ty ra ther  than the type of defect 
present. 

The crystal growth rate increases monotonical ly  with 
AsI-Ia flow rate but  shows a max imum at intermediate  
values of increasing HC1 flow rate. The growth rates 
obtained in a Ga/HC1/AsH3/H2 growth system using 
high He flow rates (2500 cm3/min) are in near ly  quan-  
t i tative agreement  with Shaw's earlier results (14) for 
significantly different vapor-growth conditions. Since 
both the Zn-acceptor and Se-donor  concentrations de- 
crease with increasing HC1 flow rate, it appears that 
varying the gas-phase stoichiometry alters the rate of 
incorporation of both types of impur i ty  atoms from the 
gas-phase into the growing solid layer ra ther  than  
changing the crystal stoichiometry (Ga and As vacancy 
concentrations) or un in ten t iona l  reactor impur i ty  con- 
centrations. The electroluminescent  diode efficiency de- 
pends strongly on both the AsH3 and HC1 flow rates, in 
contrast to the weak dependence on AsHs found for the 
defect morphology, growth rate, and doping concen- 
trations. A max imum efficiency of 0.45% at 300~ is 
attained for a slightty As-rich, gas-phase mixture.  At 
80~ efficiencies approaching 3% are attained, close to 
the theoretical ma x i mum for this geometry. 
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ABSTRACT 

The characteristics of Sb diffusion into p-type Pbl-xSnxTe with 0.08 < x 
< 0.21 were investigated by measuring radioactive Sb profiles and n-p junc- 
tion depths. Values for the Sb diffusion coefficient in Pb0.T9Sn0.21Te range from 
2 • I0~i4 cm2/sec at 500~ to 4 • i0 -i~ cm2/sec at 750~ The Sb diffusion 
coefficient and solubility are essentially independent of Sn content and sub- 
strate hole concentration. In contrast the rate of n-p junction diffusion in- 
creases with decreasing substrate hole concentration. The Sb concentration 
at the n -p  junction,  determined by using the radioactive Sb profiles, is con- 
siderably higher than  the hole concentrat ion before diffusion. Mechanisms that  
might  account for this behavior include the formation of Sb precipitates, com- 
pensation of Sb by native defect acceptors, or amphoteric doping behavior  
of Sb. 

Pb~-~SnxTe is a pseudobinary semiconductor com- 
pound with a bandgap that depends upon alloy com- 
position. The phase fields for undoped Pbi-~SnxTe of 
various Sn compositions have been well established 
(1). Samples containing a stoichiometric excess of 
metal  (i.e., Pb and Sn)  show n- type  conductivity while 
those containing excess Te are p-type, because the 
rmtive defects responsible for these deviations from 
stoichiometry act as donors and acceptors, respectively. 
The alloys discussed in this paper fall in the composi- 
tion range 0.r048 < X < 0.21. Crystals of such alloys 
grown wi th in  100~ of the mel t ing point always con- 
tain excess Te and are therefore s trongly p-type. A 
common method for obtaining n -p  junct ions  in  
Pbl~xSn.~Te is to diffuse a meta l - r ich  layer into the 
p- type substrate (1). An  al ternat ive  method which has 
proven quite successful involves diffusing a donor im-  
pur i ty  such as Sb into the p- type substrate (2, 3)~ This 
paper will discuss some of the characteristics of Sb dif- 
fusion into p- type Pbl-xSn~Te determined from radio- 
active Sb profiles and junct ion  depths found by ther-  
moelectric probe measurements .  The ranges of tem- 
peratures, alloy compositions, and substrate hole con- 
centrat ions which were studied are those of importance 
in  the fabrication of junct ion  lasers and photovoltaic 
detectors for the 8-12 ~ n  spectral region. 

Experimental Procedure 
The crystals used were either 9 or 25 mm diameter 

single crystals grown at temperatures  from 820 ~ to 
850~ by vapor t ranspor t  from meta l - r ich  source ma-  
terial  (4). The dislocation density was typical ly in the 
mid 104 cm -~ range. The hole concentrat ion in the as- 
grown crystals, as determined by van  der Pauw mea-  
surements  at 770K, was equal to 2 • 10 ~s, 5 • 10 TM, and 
2 X 1019 cm - s  for the 8, 12.4, and 21 mole per cent 
(m/o)  SaTe compositions, respectively. The as-grown 

Key words:  lead tin telluride,  infrared devices ,  lo-n junctions,  
ehaleogenides,  ternaries.  

ingots were cut with a str ing saw into either (100)- 
or ( l l l ) - o r i e n t e d  wafers. Saw damage was removed 
by polishing and etching, using HBr + 2% Br2 as a 
final etch. The diffusion slices were typically 0.5-1.0 
mm thick. In  some eases, prior to Sb diffusion, the 
slices were preannealed in  meta l - r ich  vapor to ad- 
just  the stoichiometry, giving mater ia l  with lower 
hole concentrations (1) (see Table I).  

The diffusion samples were sealed in quartz am- 
puls which were evacuated to a pressure of approx- 
imately l0 -~ Torr and backfilled with H2 to a pres- 
sure of about 2 atm in order to prevent  thermal  etch- 
ing of the samples. Radioactive Sb-124 (half-life -- 
60.2 day) was obtained by  neu t ron  activation of Sb 
(6-9's) at the Union Carbide reactor facilities at 
Tuxedo, New York. In  the major i ty  of the diffusions, 
a 1-2 mg charge of metall ic Sb was used as a diffu- 
sion source. Some diffusions however used an Sb-doped 
(Pb0.79Sno:21)0.505Te0Ag~ source. [The Sb content  was 
approximately 5 atomic per cent (a/o) . ]  In  either 
case the Sb charge was in contact with the crystal 

Table I. Solubilities and diffusion coefficients of 
antimony in Pbl-~-SnxTe 

Composit ion 

Diffusion 
Substrate S o l u b i l -  coefl~- 
ho l e  con-  T e m p e r -  i ty  of  e ient  of 
centration ature a n t i m o n y  a n t i m o n y  

(era -8) (~ (cm ~)  (cm~/sec) 

Pbo.~Sno.osTe 

Pbo.~Snm~Te 

2 x 10 is 700 6 x 1019 6 X 10 -l~ 
2 x 10 TM 640 6 x 10 TM 1 x 10 - l l  
2 X 10 TM 750 7 X 10 i~ 4 x 10 - l~  
2 • 10 TM 700 7 • 10 TM 6 • 10 - n  
5 X lOlSt 700 1 x 1019. 6 • 10 -11 
2 X 10 TM 640 7 • 10 TM 1 x 10 - n  
6 X 101'77 600 6 X 10 TM 3 x 10 "-~ 
2 X 10 TM 561 6 X 10 TM i • 10 - ~  
6 X lO17t 561 6 X 101~ 1 • 10 ~13 
2 X 10 TM 502 5 X 1019 2 • 10 -14 

t Substrate preannealed.  
* S b - d o p e d  (Pbo.~Sn0.m)o.~0sTeo.~ diffusion source used. 



Vol. 121, No. 11 V A P O R - G R O W N  GaAs P - N  J U N C T I O N S  1523 

14. D. Shaw, This Journal, 117,683 (1970). 
15. J. J. Tiet jen and J. A. Amick, ibid., 113, 724 (1966). 
16. D. Effer, ibid., 112, 1020 (1965). 
17. J. R. Knight,  D. Effer, and P. R. Evans, Solid-State 

Electron., 8, 178 (1965). 
18. R. E. Enstrom and J. R. Appert, Gallium Arsenide, 

Conf. Series No. 7, p. 213, Inst i tute  of Physics 
and the Physical Society, London (1969). 

19. V. S. Ban, J. Crystal Growth, 17, 19 (1972). 
20. C. J. Nuese and J. J. Gannon,  This Journal, 115, 327 

(1968). 
21. R. E. Enstrom, C. J. Nuese, V. S. Ban, and J. R. 

Appert, Gallium Arsenide and Related Com- 
pounds, Conf. Series No. 17, p. 37, The ins t i tu te  
of Physics, London (1973). 

22. R. E. Enstrom, D. Richman, M. S. Abrahams, J. R. 
Appert, D. G. Fisher, A. H. Sommer, and B. F. 
Williams, ibid., Conf. Series No. 9, p. 30, The 
Inst i tute  of Physics, London (1971). 

23. H. T. Minden, J. Crystal Growth, 8, 37 (1972). 

24. A. E. Blakeslee, Trans. Met. Soc. AIME, 245, 577 
(1969). 

25. J. V. DiLorenzo, J. Crystal Growth, 17, 189 (1972). 
26. R. E. Ewing and P. E. Green, This Journal, 111, 

1266 (1964). 
27. B. D. Joyce and J. B. Mullin, Solid State Commun., 

4, 463 (1966). 
28. J. J. Tietjen, M. S. Abrahams, A. B. Dreeben, and 

H. F. Gossenberger, Gallium Arsenide, Conf. 
Series No. 7, p. 55, Inst i tute  Of Physics and the 
Physical Society, London (1969). 

29. Chr. Belouet, J. Crystal Growth, 13/14, 342 (1972). 
30. D. A. Cusano, Solid State Commun., 2, 353 (1964); 

see also M. Et tenberg and C. J. Nuese, To be 
published. 

31. A. Y. Cho and I. Hayashi, Solid-State Electron., 14, 
125 (1971). 

32. L. L. Chang, L. Esaki, and R. Tsu, Appl. Phys. Let- 
ters, 19, 143 (1971). 

33. W. N. Carr, Infrared Phys., 61 1 (1966). 

Antimony Diffusion into P-Type Pb _ Sn Te 
R. L. Guldi and G. A. Antcliffe 

Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

The characteristics of Sb diffusion into p-type Pbl-xSnxTe with 0.08 < x 
< 0.21 were investigated by measuring radioactive Sb profiles and n-p junc- 
tion depths. Values for the Sb diffusion coefficient in Pb0.T9Sn0.21Te range from 
2 • I0~i4 cm2/sec at 500~ to 4 • i0 -i~ cm2/sec at 750~ The Sb diffusion 
coefficient and solubility are essentially independent of Sn content and sub- 
strate hole concentration. In contrast the rate of n-p junction diffusion in- 
creases with decreasing substrate hole concentration. The Sb concentration 
at the n -p  junction,  determined by using the radioactive Sb profiles, is con- 
siderably higher than  the hole concentrat ion before diffusion. Mechanisms that  
might  account for this behavior include the formation of Sb precipitates, com- 
pensation of Sb by native defect acceptors, or amphoteric doping behavior  
of Sb. 

Pb~-~SnxTe is a pseudobinary semiconductor com- 
pound with a bandgap that depends upon alloy com- 
position. The phase fields for undoped Pbi-~SnxTe of 
various Sn compositions have been well established 
(1). Samples containing a stoichiometric excess of 
metal  (i.e., Pb and Sn)  show n- type  conductivity while 
those containing excess Te are p-type, because the 
rmtive defects responsible for these deviations from 
stoichiometry act as donors and acceptors, respectively. 
The alloys discussed in this paper fall in the composi- 
tion range 0.r048 < X < 0.21. Crystals of such alloys 
grown wi th in  100~ of the mel t ing point always con- 
tain excess Te and are therefore s trongly p-type. A 
common method for obtaining n -p  junct ions  in  
Pbl~xSn.~Te is to diffuse a meta l - r ich  layer into the 
p- type substrate (1). An  al ternat ive  method which has 
proven quite successful involves diffusing a donor im-  
pur i ty  such as Sb into the p- type substrate (2, 3)~ This 
paper will discuss some of the characteristics of Sb dif- 
fusion into p- type Pbl-xSn~Te determined from radio- 
active Sb profiles and junct ion  depths found by ther-  
moelectric probe measurements .  The ranges of tem- 
peratures, alloy compositions, and substrate hole con- 
centrat ions which were studied are those of importance 
in  the fabrication of junct ion  lasers and photovoltaic 
detectors for the 8-12 ~ n  spectral region. 

Experimental Procedure 
The crystals used were either 9 or 25 mm diameter 

single crystals grown at temperatures  from 820 ~ to 
850~ by vapor t ranspor t  from meta l - r ich  source ma-  
terial  (4). The dislocation density was typical ly in the 
mid 104 cm -~ range. The hole concentrat ion in the as- 
grown crystals, as determined by van  der Pauw mea-  
surements  at 770K, was equal to 2 • 10 ~s, 5 • 10 TM, and 
2 X 1019 cm - s  for the 8, 12.4, and 21 mole per cent 
(m/o)  SaTe compositions, respectively. The as-grown 
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ingots were cut with a str ing saw into either (100)- 
or ( l l l ) - o r i e n t e d  wafers. Saw damage was removed 
by polishing and etching, using HBr + 2% Br2 as a 
final etch. The diffusion slices were typically 0.5-1.0 
mm thick. In  some eases, prior to Sb diffusion, the 
slices were preannealed in  meta l - r ich  vapor to ad- 
just  the stoichiometry, giving mater ia l  with lower 
hole concentrations (1) (see Table I).  

The diffusion samples were sealed in quartz am- 
puls which were evacuated to a pressure of approx- 
imately l0 -~ Torr and backfilled with H2 to a pres- 
sure of about 2 atm in order to prevent  thermal  etch- 
ing of the samples. Radioactive Sb-124 (half-life -- 
60.2 day) was obtained by  neu t ron  activation of Sb 
(6-9's) at the Union Carbide reactor facilities at 
Tuxedo, New York. In  the major i ty  of the diffusions, 
a 1-2 mg charge of metall ic Sb was used as a diffu- 
sion source. Some diffusions however used an Sb-doped 
(Pb0.79Sno:21)0.505Te0Ag~ source. [The Sb content  was 
approximately 5 atomic per cent (a/o) . ]  In  either 
case the Sb charge was in contact with the crystal 

Table I. Solubilities and diffusion coefficients of 
antimony in Pbl-~-SnxTe 

Composit ion 

Diffusion 
Substrate S o l u b i l -  coefl~- 
ho l e  con-  T e m p e r -  i ty  of  e ient  of 
centration ature a n t i m o n y  a n t i m o n y  

(era -8) (~ (cm ~)  (cm~/sec) 

Pbo.~Sno.osTe 

Pbo.~Snm~Te 

2 x 10 is 700 6 x 1019 6 X 10 -l~ 
2 x 10 TM 640 6 x 10 TM 1 x 10 - l l  
2 X 10 TM 750 7 X 10 i~ 4 x 10 - l~  
2 • 10 TM 700 7 • 10 TM 6 • 10 - n  
5 X lOlSt 700 1 x 1019. 6 • 10 -11 
2 X 10 TM 640 7 • 10 TM 1 x 10 - n  
6 X 101'77 600 6 X 10 TM 3 x 10 "-~ 
2 X 10 TM 561 6 X 10 TM i • 10 - ~  
6 X lO17t 561 6 X 101~ 1 • 10 ~13 
2 X 10 TM 502 5 X 1019 2 • 10 -14 

t Substrate preannealed.  
* S b - d o p e d  (Pbo.~Sn0.m)o.~0sTeo.~ diffusion source used. 
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only through the vapor phase. The diffusions were 
conducted in furnaces which were controlled to ----0.5~ 
and had isothermal heat  pipes to provide a constant 
temperature  zone. At the te rminat ion  of a diffusion 
run  the ampuls were removed from the furnace 
and allowed to cool in  air. Each diffused sample was 
characterized by measur ing  either the Sb-124 diffu- 
sion profile or the n -p  junc t ion  depth. 

The radioactive Sb diffusion profiles were measured 
by conventional  lapping and counting techniques. The 
samples were sectioned by successively lapping away 
th in  (typically 1-2 ~rn) layers on 4/0 Emery paper 
and counting the activity in the mater ia l  which col- 
lected on the paper. A 7.5 • 7.5 cm NaI(T1) well  
detector in conjunct ion with a s ingle-channel  analyzer  
and t imer  scaler was used to count in the integral  
mode with the discriminator at 470 keV. The thick- 
ness of the removed layers was determined from the 
sample area, the density of Pbl -xSnxTe (5), and the 
difference in sample weight before and after lapping. 
Autoradiograms taken at various stages of lapping 
indicated that  the Sb concentrat ion was uniform in 
the  plane normal  to the diffusion direction. 

Measurements of n -p  junct ion  depths were made 
by the s tandard technique of angle lapping (1 ~ angle) 
and thermoelectric probing. Junct ion  depths were mea-  
sured at 300 ~ and 77~ and found to be the same 
at both temperatures.  The position of the junc t ion  
can be measured to wi thin  _ 2  pxn, and the measured 
depths were quite reproducible wi th in  that  range. 

Results and Discussion 
Radioactive Sb dil~usion profiles.~We have mea-  

sured Sb-124 profiles for diffusions into as-grown 
Pb0.~Sn0.osTe and Pb0.79Sn0.21Te with hole concentra-  
tions of 2 X 10 TM and 2 )< 10 TM cm-S, respectively, and 
for diffusions into annealed Pb0.~gSn0.~lTe with lower 
hole concentrations. In  all cases the Sb concentrat ion 
is well described by a complementary error function. 
In  a few cases, there is a small deviation from this 
function wi th in  the region 0-5 ~m from the surface, 
where the Sb profile is less steeply graded. The fact 
that the profiles can be described by error functions, 
except possibly near  the surface, suggests that  the 
diffusion coefficient is constant  throughout  most of 
the sample. We have verified the constancy of the 
diffusion coefficient and the dependence of the pro- 
files on the square root of t ime by  diffusing 
Pb0.~9Sno.21Te samples at 600~C for 72, 168, and 576 hr. 

Table I summarizes the values for the solubility 
of Sb and for the Sb diffusion coefficients which have 
been obtained by fitting complementary error func- 
tions to our data. Each of these values was obtained 
by fitting each of several profile measurements to 
obtain a surface concentration (Co) and a diffusion 
coefficient (D) and averaging the Co and D values 
for the different profiles. The accuracy of the average 
values thus obtained is estimated to be ___15%. The 
surface concentrations have been taken to be the Sb 
solubility values. The Sb solubilities are essentially in- 
dependent of Sn content and temperature over the 
range 500~176 A lower surface Sb concentration 
was observed, however, in annealed Pb0.v9Sn0.21Te 
which was diffused from a Sb-doped (Pb0.vgSno.~1)o.s0~- 
Te~.495 source instead of from a metallic Sb source. The 
diffusion coefficient at a given temperature is al~o es- 
sentially independent of the Sn content, even though 
the hole concentrations which reflect native defect 
concentrations differ by an order of magnitude for the 
two Sn compositions. Similarly D is independent of 
substrate hole concentration for the diffusions into 
Pb0.~gSno.21Te at 700 ~ and 561~ 

Since the donor behavior  of Sb has been a t t r ibuted 
to the subst i tut ion of Sb on Pb sites (6), it is inter= 
esting that the D values are independent  of nat ive 
defect concentrations. The tempera ture  dependence of 
the Sb diffusion coefficient in Pbg.v9Sn0.~lTe is shown 
in  Fig. 1. The data can be represented by an  Ar -  
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Fig. I .  Antimony diffusion coefficient in Pbo.79Sno.~lTe as o 

function of temperature. 

rhenius- type  expression in  which D (cm2/sec) -- 1.08 
• 10 -4 exp(--2.74 eV/kT) .  The Sb diffusion coeffici- 
ents are at least two orders of magni tude  smaller  than  
the interdiffusion coefficients responsible for control-  
l ing the stoichiometry of PbTe (7, 8). The measured D 
values are also independent  of substrate orientation. 
This is consistent with the cubic symmetry  of the 
rocksalt lattice s t ructure  of .Pbl-xSnxTe (9). 

It should be pointed out that  our experiments  were 
not carried out under  t rue "tracer diffusion" condi- 
tions (in which there are no gradients other than  the 
tracer) (8, 10), but  ra ther  under  conditions appro- 
priate for the fabricat ion of devices. Under  these 
conditions, it is not r igorously correct to in te rpre t  
the data in  terms of diffusion mechanisms, j u m p  fre- 
quencies, and activation energies because the defect 
conditions may vary  dur ing the diffusion if the Sb 
doping is amphoteric or if nat ive defects compensate 
the Sb (see following section). 

Junction depths.--Figure 2 shows the depth of the 
n -p  junct ion produced by Sb diffusion at 700~ as a 
function of the square root of time for as-grown 
Pb0.92Sn0.0sTe, Pb0.s~BSn0.1s4Te, and Pb0.~gSno.21Te. The 
junct ion depth increases l inear ly  as the square root 
of time for junct ions less than  25 i,m deep. For longer 
diffusion times, however, there is a more rapid in-  
crease in  depth. The rate of junc t ion  penetra t ion is 
about three times faster for Pb0.92Sn0.0sTe than for 
Pb0.~gSno.~lTe. The more rapid junct ion  movement  in  
the lower Sn content  alloys is expected because these 
materials have lower as-grown hole concentrations 
than  the higher Sn content  alloys. Indeed, we have 
found that  Pb0.~gSno.~lTe annealed to 2 • 10 TM holes/  
cm 3 shows the same junc t ion  depth as as-grown 
Pb0.92Sn0.0sTe with the same hole concentration. Thus 
an interest ing comparison can be made between the 
junc t ion  diffusion data and the Sb diffusion coeffici- 
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ents in tha t  the junct ion  depths  corre la te  wi th  sub-  
s t ra te  hole concentrat ion,  while  the Sb diffusion co- 
efficients are  essent ia l ly  independent  of subs t ra te  hole 
concentrat ion.  

Values for the Sb concentra t ion at the posi t ion of 
the  e lect r ica l  junct ion were  de te rmined  by  locat ing 
the posi t ion of the junct ion  on the Sb-124 profile mea -  
sured for the same diffusion conditions. Table  II  com- 
pares  values  for the  Sb concentra t ion at  the  junc t ion  
w i t h  values for the  subs t ra te  hole concentra t ion be -  
fore diffusion. The Sb concentra t ion at  the  junct ion is 
a lways  h igher  than  the ini t ia l  hole concentrat ion,  wi th  
a l a rge r  d iscrepancy observed for diffusions into sub-  
s t ra tes  wi th  low hole concentrations.  This behav ior  
suggests  tha t  the doping of Sb in Pb l -=SnxTe  is am-  
photeric,  as has been suggested by  Strauss  for PbTe  
(6), or  that: the in t roduct ion of Sb into Pb l -xSnxTe  

may  be accompanied b y  the  format ion  of compensat ing 
nat ive defect  accepters.  However ,  o ther  effects such 
as the format ion  of Sb precip i ta tes  cannot be ru led  out 
a t  this  point.  

F igure  3 shows the t empera tu re  dependence  of the  
junct ion depth  for an 8 h r  diffusion of Sb into as- 
grown Pb0.92Sn0.0sTe. I t  is not  possible to obta in  junc-  
t ion diffusion coefficients from these da ta  because of 
uncer ta in t ies  in the  bounda ry  conditions. The differ-  
ence be tween  the donor and accepter  defect  concent ra -  
t ion at  the  surface of the mate r ia l  is not  known be-  
cause the  extent  of compensat ion of the  Sb by  na t ive  
defects and the ex ten t  of amphoter ic  Sb doping have  
not been determined.  Nevertheless ,  a qual i ta t ive  com- 
par ison can be made  be tween  the t empera tu re  de-  
pendence of the junc t ion  dep th  and tha t  of the  Sb 
diffusion coefficient by  comparing the rat io of the 
squares of the junct ion depth  at 700 ~ and 640~ to the 
rat io of the  diffusion coefficients at  these t e m p e r a -  
tures, The former  rat io  is equal  to 26, whi le  the l a t t e r  

Table Ii. Comparison of antimony concentration at the n-p junction 
with substrate hole concentration 

Composition 

Dif fu-  S u b s t r a t e  Sb  concert-  
T e m p e r -  sion hole  con-  t r a t i o n  at  

ature t i m e  c e n t r a t i o n  n -p  j u n c -  
(~ (hr) ( c o  -~) t t on  (cm -~) 

Pbo.9~,Sno.osTe 700 4 2 • i0  Is 5 • I0  TM 

640 24 2 •  Is 2 • 10 TM 

Pbo.~no.~aTe 700 24 2 • 10 TM 5 • 101~ 
640 72 2 X 10 z9 5 X 10 TM 

600 173 7 x 101~? 2 x 10 TM 

t Substrate preannealed. 

is 7. Hence, the  junct ion  depth  exhibi ts  a s t ronger  t em-  
pe ra tu re  dependence  than  the diffusion coefficients. 

Summary 
Ant imony  diffusion profiles and n -p  junct ion  depths 

in Pb0.92Sn0.0sTe and Pb0.79Sn0.2iTe have  been  mea -  
sured under  exper imen ta l  condit ions of in teres t  for 
device fabr icat ion processes. The solubi l i ty  of Sb is 
essent ia l ly  independent  of t empera tu re  be tween  500 ~ 
and 750~ Both the solubi l i ty  and diffusion coeffi- 
cients are independent  of Sn content  even though the. 
subs t ra te  hole concentra t ion var ies  by  a factor  of ten 
be tween  the two different  alloys. In  contrast,  the n -p  
junct ion  depth  shows a s t rong dependence  on Sn con- 
tent  wi th  the junct ion  dep th  about  three  t imes deeper  
for Pb~.92Sn0.0sTe than  for Pb0ngSn0.21Te. The junct ion 
depths  can be cor re la ted  wi th  subs t ra te  hole concen- 
t rat ion.  

This s tudy has  clarified m a n y  aspects of Sb diffu- 
sion in Pbl-xSn~Te.  However ,  there  a r e  o ther  aspects 
that  could be studied. These include the identif icat ion 
of the mechanism for Sb diffusion, the ex ten t  of com- 
pensat ion of Sb by  na t ive  defects, the ex ten t  of p re -  
c ipi ta t ion of Sb, and possible amphoter ic  doping be-  
havior.  
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Effects of Calcium, Tin, and Bismuth on the Early 
Strength of Calcium-Lead Alloys 

M. Myers, H. R. Van Handle, and C. R. DiMartini 

American Smelting and Refining Company, Central Research Laboratories, South Plainfield, New Jersey 07080 

ABSTRACT 

The effects of calcium content  as well as additions of t in  and b ismuth  on 
the mechanical  properties of calcium-lead alloys have been investigated. The 
alloys were wrought  and heat - t rea ted in order to avoid the problems raised 
by the presence of casting variables. The previously reported increase in  the 
rate of hardening with increasing calcium content  was confirmed. Binary 
alloys containing less than  0.04% calcium showed no s t rengthening 1 hr after 
quench from the solution t rea tment  temperature,  while 0.1% calcium near ly  
doubled in  tensile s trength in only 5 min. Tin, in additions of 0.5 and 1%, 
completely restrained hardening in  the first hour  after quench in both 0.06 
and 0.1% calcium alloy. Bismuth additions were made up to 1000 ppm. No 
effect was noted on the early s trength of the 0.1% calcium alloys, but  the rate 
of hardening  of the 0.06% calcium alloys was significantly enhanced by the 
presence of bismuth. This effect, as well as the increase in  hardening rate 
due to increased calcium are shown by  means of t ransformat ion kinetics cal- 
culation to be the result  of grain refinement in the alloys caused by calcium 
and bismuth. These findings show that early strength of calcium-lead alloys 
may be improved by: (i) l imit ing t in content;  (ii) increasing calcium con- 
tent;  or (iii) adding bismuth to lower calcium alloys. 

Over the last several years, interest  in  calcium-lead 
alloys for use as grids in  SLI batteries has greatly in -  
creased due to the expected requi rement  for ma in -  
tenance-free  (low gassing) batteries in  the automotive 
industry.  

The effect of calcium level in these alloys has been 
well studied (1 ,2 ,7) .  The l i terature  also contains 
many  articles on calcium-lead, covering such subjects 
as aging behavior  (1-4, 6, 7), casting properties (2, 3, 
6, 7), bat tery grid growth (3, 5), and corrosion re-  
sistance (3, 5). 

A n  area of interest  which has not heretofore been  
reported upon in detail is the effects of t in  and bismuth 
on the early s trength of the calcium-lead system. The 
"early strength" is the s t rength during the first m in -  
utes of age hardening.  This s trength is impor tant  to 
the successful handl ing of cast grids up to and during 
the pasting operation and could conceivably be affected 
by impur i ty  content  or alloy composition. 

Bismuth is of interest  in this regard as it is usual ly  
present in  pr imary  and secondary lead as an impur i ty  
and has been reported to be deleterious to the early 
s trength of grid alloys (3). Tin is of interest  as it is 
f requent ly  added in  amounts  of 0.5-1.0% in calcium= 
lead alloys. Caldwell and Sokolov (6) have studied the 
superficial hardness dur ing aging of cast calcium- 
lead of various bismuth contents up to 180 ppm. They 
found essentially no effect on the hardness or on the 
electrochemical properties of the alloys. They also 
reported that  the presence of t in  slowed the onset of 
hardening.  

An unders tanding  of the age hardening character-  
istics of cast calcium-lead grids is the practical in te r -  
est of this invest igat ion However, because of the m a n y  
difficult to control variables introduced by any cast- 
ing operation, the authors decided to use wrought,  

Key words: grids, batteries, calcium, tin, bismuth. 

heat-treated specimens to insure uniform distribution 
of calcium in the individual tensile bars. This allows 
for the study of the metallurgical behavior of the alloy 
system under highly reproducible conditions. 

Experimental Procedures 
Four categories of alloys were prepared; they were: 

(i) calcium-lead binaries with varying calcium levels 
and min imum impurit ies;  (ii) 0.06 and 0.1% (0.09% 
Ca actual) calcium-leads with 3-1000 ppm bismuth 
and no tin;  (iii) 0.06 and 0.1% calcium-leads with 
0-2% t in and 5 ppm bismuth;  and (iv) 0.06% calcium 
with combined additions of t in  and bismuth. 

The materials used for all of these alloys were low 
bismuth 1% calcium-lead hardener  and 99.994-% pure 
lead (see spectrographic analysis, Table I).  Tin and 
bismuth were added as pure metal. 

Individual  2000g melts containing the desired 
levels of calcium, bismuth, and t in were prepared 
under  a dynamic iner t  gas atmosphere to protect the 
calcium from oxidation. They were cast at 400~176 
into a graphite book mold. The resul tant  ingots were 
4 X 5 X 1 in. These ingots were sampled, top and 
bottom. Segregation was found to be minimal.  

The ingots were rolled at room temperature  to sheet 
approximately 0.1 in. thick. This sheet was then 

Table I. Spectrographic and chemical analyses of lead used 

Element 

Ca ~0 .0001  
B i  0.0003 
S n  ~0 .0001  
S b  0.0003 
Cu  0.0003 
A g  0.0003 
As  0.0001 
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sheared to strips which were, in  turn,  mil led to s tan-  
dard tensile bar  shape. Gauge lengths were 1 in. long 
and 0.25 in. wide. All specimens were numbered  in-  
dividually. 

With the exception of aging time at room tempera-  
ture, all specimens were treated alike. The as-rolled 
test bars were solution heat- t reated at 300~176 for , 

5 hr  and then rapidly water  quenched to room tem-  
perature. Time of quench was accurately recorded for 
each specimen. At predetermined intervals  (1, 5, 10, ~ ~ 
20, and 60 min  after quench) ,  the specimens were 
tested in tension on an Ins t ron Machine at a s t ra in 
rate of 0.5 min  -1. Elongation was measured using 
inscribed 1 in. marks on the specimen gauge length. 

Variations in s t rength and the rate of hardening 
were noted with varying compositions. The surface 
appearance of the specimens after fracture, which 
was related to grain size, also seemed to vary  with 
composition. A study of grain size vs. strength and 
composition was, therefore, made using x - ray  tech- 
niques. 

Results and Discussion 
The data presented herein  show calcium, bismuth, 

and t in  concentrat ions to have very marked effects on ~'~' 
the early s trength of calcium-lead alloys. 

In  the lead-calcium b inary  system, no significant 
hardening is noted 1 min  after quench for calcium ~ ~ ,  
levels below 0.06% (Fig. 1). After  1 hr  at room tern- , 
perature, no hardening is noted for alloys with up to 
0.04% calcium. A rapid increase in s trength at 1 min  ~ a ~ , ~ - -  
is obtained between 0.06 and 0.08%, the UTS i m -  

p r o v i n g  from 1900 to 3500 psi over that  range. Above 
0.08% calcium, the rate of improvement  in s t rength 2 ~ ,  

with increasing calcium content is much less rapid. ~ ' 

The effect of b ismuth on b inary  0.06% calcium-leads ~. 
is shown to be beneficial for aging up to 1 hr  (Fig. 2). ~ooo 
For longer aging periods, upwards of 24 hr, all 0.06% 
calcium-lead alloys had the same tensile s trengths 
irrespective of b ismuth content. Variations in  b ismuth  
content, up to 500 ppm, have no effect on higher cal- 
cium level alloys (0.09%, Fig. 3). This may be d u e  to Bi levels. 
a grain refining of the 0.06% calcium alloy by bismuth 
which is masked by the grain  refining effect of calcium 
at higher calcium levels. 

This is more clearly i l lustrated by  Fig. 4 in  which 
effects of b ismuth on the s t rength of 0.06 and 0.09% 
calcium-leads at 1 m in  after quench are shown. 

The effects of t in  content  on 0..06 and 0.1% calcium- 
lead alloys (low bismuth)  are shown in  Fig. 5 and 6. 
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Fig. I. Tensile strength vs. Ca content showing effect of aging 
time. All specimens solution treated for 5 hr at 300~ and water 
quenched. 
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Fig. 2. Tensile strength vs. aging time for 0.06 Ca at varying 
Bi levels. 

F 
I E 
i I 

i 

o Jo t o  $o  4o  5o 6o 

A G I N g ;  TIM4~ - / ~ r t ~ . r e s  A T  Roo/~4 T s  

Fig. 3. Tensile strength vs. aging time for 0.09 Ca at varying 

$000 

4000 

"4 
SOO0 

o D *'o ioo 

8 [  C O N T E N T  P.4~T$ ps  MtLLeON 

Fig. 4. Tensile strength vs. Bi content for 0.06 and 0.09 Ca aged 
at room temperature for 1 rain. 

Clearly the addit ion of t in  inhibits  all hardening  dur -  
ing the first hour  after quench in  these alloys. As the 
addit ion of t in  to 0.06% calcium-lead caused behavior  
opposite in na ture  to that  caused by additions of bis- 
mu th  to that alloy, it  was interest ing to observe the 
behavior  of alloys containing both t in  (0-1%) and 
b ismuth  (500 ppm).  The results obtained from these 
alloys are plotted in Fig. 7. I t  may be seen that  some 
increase in  s t rength is obtained at 0.5% tin, bu t  that  at 
1% t in  no hardening occurs even in  the presence of 
500 ppm bismuth. 

An  at tempt was made to predict from theory the 
increase in the rate of hardening  with increasing 
b ismuth  and calcium. The work of Scharfenberger  and 
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Henkel  (7) is a detailed s tudy of the mechanism and 
kinetics of precipitat ion in the calcium-lead system. 
It has long been known  that  hardening in this system 
occurs by the precipitat ion of extremely fine CaPb3 
particles at low temperature  from the high tempera-  
ture solid solution structure. Scharfenberger  and 
Henkel  reported the interest ing finding that age hard-  
ening of calcium-lead occurs by two discontinuous nu-  
cleation and growth transformations,  each analogous 
to the growth of pearli te in steel. This differs from 
most aging alloys which harden as a result  of a con- 
t inuous precipitation, as in, for example, a l umi num-  
copper alloys. This finding is of significance in  ex- 

plaining the results of this report, as grain size, which 
has been shown herein to vary  with alloy composition, 
is an impor tant  variable in determining the rate of 
discontinuous transformation.  

This mode of t ransformat ion is modeled mathemat i -  
cally by Cahn and Hagel (8) by the equat ion 

X : 1 -- e -2BGt [i] 

where X = volume fract ion transformed, B : grain  
surface area, (mm2/mm 8) [Fig. 8, Ref. (9)],  G = cell 
growth velocity (mm/min )  [Fig. 9, Ref. (7)], and t = 
t ime after quench (min) .  

Equat ion [1] models the over-al l  t ransformat ion 
rate for the case in which nucleat ion of the new, hard 
s t ructure  occurs rapidly all along the grain boundary  
surfaces. The only variables which affect the rate of 
t ransformation in this mechanism are growth rate, G, 
and grain size, upon which the grain b o u n d a r y  area 
per uni t  volume depends. For a specific composition, 
the only variable is grain  size. (Variations in  grain 
boundary  area per  uni t  volume with alloy chemistry 
are shown in  Fig. 8. Gra in  boundary  area varies in-  
versely with the grain size.) 

Thus, Eq. [1] can be used to predict the rate at 
which t ransformat ion from the solid solution to the 
hardened state occurs. This, in turn,  can be used to 
compare the predicted rate  with our  experimental  
results and thus determine if the means by which alloy 
composition changes hardening  rate is, in fact, grain 
refinement. 

The growth rates used in  our  calculations are taken 
from Ref. (7). Growth rates were reported which 
varied with calcium content  and with the amount  of 
t ransformat ion completed. For ease of calculation, we 
assume that the rate reported at 50% transformed is 
constant for each calcium level. A plot of growth rate 
G vs. calcium level derived from the data of Ref. (7) 
is presented in Fig. 9. 

Using this growth rate chart, and the grain size 
data of Fig. 8, t ime t ransformat ion curves were calcu- 
lated. The calculated curves of volume fraction t rans-  
formed vs. t ime for three conditions of interest  (com- 
binat ions of growth rate and grain size) are shown in 
Fig. 10. A growth rate of 0.008 m m / m i n  corresponds to 
a calcium content of about 0.08%, while  0.0055 m m / m i n  
corresponds to about  0.06% calcium. 

These curves are clearly similar in shape to the 
curves of tensile s trength vs. t ime shown in  Fig. 2 and 
3. By employing two assumptions, it was possible to 
transpose the curves of Fig. 10 to the form of the curves 
of Fig. 2 and 3. These assumptions are: (i) that  im-  
mediately after  quench, all specimens had the same 
tensile strength, So ---- 1900 psi (this is implied by the 
data of Fig. 1); and (ii) that  the fraction change in 
s trength on age hardening  is directly related to the 
volume fraction transformed. 

These assumptions are combined in the equation 

St = So + X t ( S f  --  So) [2] 

where: St ---- tensile s t rength (psi) at aging time, t; 
So ---- tensile s t rength at t ime : 0, 1900 psi; Xt = vol- 
ume fraction t ransformed at t ime t; and Sf = tensile 
s trength at the end of hardening  (strength at which 
the agir~g experimental  curve levels off). 

Values for Sr are approximate and were taken from 
the data of Fig. 1 and 2. The curves obtained by ap- 
plying Eq. [2] to the data of Fig. 10 are shown in  Fig. 
11 as calculated tensile s t rength vs. time, compared to 
experimental  data. The calculated curves agree reason- 
ably well with the exper imental  curves for the rapid 
hardening alloys. The disagreement is somewhat 
larger for the slow t ransforming alloy. This may be 
due to the inherent  error introduced in determining 
the grain size of large-gra ined specimens. In  any case, 
the agreement  is good enough to support grain  refine- 
men t  as a mechanism by which bismuth and calcium 
increase the rate of hardening  in  calcium-lead alloys. 
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muth, and tin on grain boundary 
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tin content. 

This effect was noted i n  Ref. (7) for calcium, a l -  
though it  was fe l t  tha t  g ra in  ref inement  did  not  ac-  
count for all  of the  change. 

Addi t ions  of t in to ca lc ium- lead  have  the effect of 
increasing the gra in  size (Fig. 8) and inhibi t ing com- 
ple te ly  the ea r ly  ha rden ing  react ion (Fig. 5 and 6). I t  
seems l ike ly  that  the  presence of t in has the  effect of 
changing the mechanism of ha rden ing  in the calc ium- 
lead  system, perhaps  to a continuous prec ip i ta t ion  
mechanism with  an ex tended  incubat ion period.  

Alloys containing combinat ions of b i smuth  and t in 
show some harden ing  at  the  0.5% tin level  bu t  none 
in al loys containing h igher  levels  of t in  (see Fig. 7). 

Conclusions 

Calcium and b ismuth  are  shown to increase the  ra te  
at which ca lc ium- lead  al loys age harden.  Increasing 
calcium also increases the  u l t imate  aged strength,  
while  b i smuth  addi t ions (up to 1000 ppm)  only in-  
crease the ra te  of hardening.  

The mechanism by  which  calcium and b ismuth  
achieve the  ra te  increase is shown to be  gra in  refine-  
ment.  The finer grains  have a l a rge r  surface area  and 
smal le r  d iameter  thus a l lowing the g rowth  of the  
hardened  s t ruc ture  to proceed to complet ion more  
rapidly .  No deleter ious  effects on s t rength  associated 
wi th  b ismuth  have been  observed.  
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Fig. 10. Calculated curves of 
volume fractions transformed vs. 
aging time. 
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Additions of t in  have been found to increase grain 
size and to strongly inhibi t  the early hardening proc- 
ess. It~ is l ikely that t in  changes, basically, the mecha-  
nism of hardening  in this system. 

Although these conclusions are based upon studies 
of wrought  alloys, such grain size effects should be 
similarly manifested in cast alloys. Work is current ly  
underway  to validate this and will be reported upon at 
a later date. 

Manuscript  submit ted March 6, 1974; revised ma nu-  
script received May 13, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by American Smelting and Refining Company. 
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A Thermodynamic Investigation of 
Cubic Sodium Tungsten Bronze, Na WO  

T. A. Ramanarayanan and W. L. Worrell* 

Department o] Metallurgy and Materials Science, University o] Pennsylvania, Philadelphia, Pennsylvania 19174 

ABSTRACT 

The partial molar free energy of solution of sodium in cubic sodium tung- 
sten bronze, NaxWOs, has been measured in the composition range from 
x ---- 0.45 to x _-- 0.8 and at temperatures between 500 ~ and 800~ An electro- 
chemical cell using Pyrex as a sodium ion conducting solid electrolyte has 
been employed. The standard state for sodium is chosen such that the activity 
of sodium is unity for the composition NaWO3. Using this standard state, the 
partial molar free energy of solution of sodium is --16.6 kcal/g atom of sodium 
in Nao.45WO3 and --6.1 kcal/g atom of sodium in Na0.sWO3 at 700~ The 
thermodynamic factor 0 In aNJO In x has been calculated from the variation 
of the cell emf with composition. The thermodynamic factor is combined 
with values for the chemical diffusivity of sodium to evaluate the partial 
sodium ion conductivity in cubic Na0.TsWOs. 

Sodium tungs ten  bronzes are nonstoichiometric 
compounds having the general  formula, Na~WOz, 
where x is less than 1. At values of x be tween 0.15 and 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r ,  
Key words:  sodium thermodynamics ,  cubic sodium tungsten 

bronze, P a r t i a l  s o d i u m  ion conductivity.  

0.28, two tetragonal  phases coexist; the tetragonal  
phase of higher sodium content has a homogeneity 
range from x ---- 0.28 to 0.38 (1). A cubic phase occurs 
at values of x > 0.43 (1). The crystal s tructures of 
the various sodium tungsten  bronzes have been estab- 



VoI. 121, No. I1 THERMODYNAMIC I N V E S T I G A T I O N  1531 

lished by H~gg and Magneli  using x - ray  techniques 
(2). The crystal s t ructure of NaWO8 is that  of perov-  
skite, in which a tungs ten  atom is at the center of a 

700 cube, surrounded octahedrally by six oxygen atoms 
at the face centers. The corners of the cube are oc- 
cupied by sodium atoms. In  cubic sodium tungsten  sso 
bronzes with the general  formula Na=WO3, a fraction 
(1 -- x) of sodium atoms is missing from the corners 
(3). The bronzes can be regarded as a solution of 600 
sodium in WO3. The conductivity of the cubic bronzes 
is metall ic (4, 5). 

The present  study is a measurement  of sodium ac- 550 
tivities in  the cubic bronzes using Pyrex  as a solid 
electrolyte. Sodium ions are the predominant  conduct-  ~e 500 
ing species in Pyrex. Several  investigators (6-8) have 
used a sodium ion conducting glass as a solid e lectro-  
lyte to determine the thermodynamic properties of ~ 450 
alloys containing sodium. 

E x p e r i m e n t a l  P r o c e d u r e  400 

Tungs ten  (99.99%), WO3 (99.95%), and Na~WO4 
(99.95%) powders were used to prepare the sodium 35o 
tungsten  bronzes. The preparat ion was based on the 
reaction (3) 

x (3 -- 2x) x 850~ 300 
--Na2WO4 +. WOs -}- --W > NaxWOs 
2 3 6 

250 

The reactants were weighed accurately in the a p -  
p r o p r i a t e  proportions, mixed thoroughly, and heated 
for approximately 1O hr at 850~ in  an a lumina  boat 200 
under  purified argon. The weight change after reaction 
was wi th in  0.1% of the original weight, and an x - ray  
diffraction pat tern  of the reaction product indicated 
that  only the bronze phase was present. The bronzes 
were crushed to a powder, pressed in a 1 cm diam 
die without b inder  at 20 tsi, and sintered at 850~ under  
purified argon to yield pellets of approximately 1 cm 
diam by 0.5 cm thickness. 

Pyrex disks of 0.5 cm thickness were cut from a rod 
of 1 cm diam. The faces of the Pyrex  disk were pol- 
ished to a smooth finish using 6~ diamond polishing 
compound, and thoroughly cleaned with acetone. 

The composition of the reference electrode was 
Nao.2WO3, which was a mixture  of two tetragonal  
phases. The other electrode was a cubic bronze, 
NaxWO3, with x be tween 0.45 and 0.8. The electro- 
chemical cell 

Pyrex  
Na=WOs (0.45--~ x --~ 0.8) ] I Na0.2WOs [A] 

Electrolyte 

w a s  assembled in an a lumina  tube as shown in Fig. 1. 
P la t inum wires were used as leads, and a P t -P t  (10% 

A PYREX ELECTROLYTE 

Bt Nao.zWO 3 REFERENCE ELECTRODE 

S 2 No. x WO 3 ELECTRODE 

C ALUMINA DISCS 

D Pt DISC CONTACTS 

E ALUMINA PUSH ROD 

F P t - P t ( I O = / =  Rh) THERMOCOUPLE 

G Pt - LEAD WIRES 

H ALUMINA CELL HOLDER 

Fig. 1. Electrochemical cell arrangement 

I i 1 ; I i I i I i I i 1 i I i 

-- 0 COOLING 

X HEATING ~ X ~'x = 0.80 

x = 0.75 

.. C ~ v ~  x = 0.70 

x = 0.65 

x = 0.55 

x = 0 ,45 

I I i I L 
790  830 870 910 950  990 1030 1070 It10 

T ( ~  

Fig. 2. Emf of cell [A ]  as a function of temperature 

Rh) thermocouple, placed wi th in  0.5 cm of the cell, 
was used to measure the temperature.  The cell was 
heated to 700~ under  an argon atmosphere (purified 
by passing through anhydrous CaSO4, anhydrous  mag-  
nesium perchlorate, and Ti-Zr chips held at 800~ in  
the constant temperature  (+_ 1/2~ zone of a Hoskin's 
alloy resistance furnace. Light pressure was exerted on 
the cell by means of an a lumina push-rod to ensure 
good electrode-electrolyte contact. The open-circui t  
voltages were measured to wi th in  ___ 0.02 mV using a 
Keithley 630 high impedance ( >  10 TM ohms) potentio- 
metric electrometer. Equi l ibr ium was taken to be es- 
tablished when the open-circuit  cell voltage remained 
constant (__ 0.5 mV) over a 5 hr  period. Cell voltages 
were measured on heat ing and on cooling over a tem- 
perature range from 500 ~ to 800~ 

Results and Discussion 
The measured open-circui t  cell voltages for cell [A] 

a r e  shown as a funct ion of tempera ture  in Fig. 2. The 
reproducibil i ty of the data is _+ 2 inV. Table I shows 
the tempera ture-dependent  equations for the cell emf. 
At a given temperature,  the cell emf is related to the 
sodium activities at the electrodes through the relat ion 

RT aNa 
E = ,, l n - -  [I] 

F aNa* 

where aNa is the sodium activity in  the cubic bronze 
and asa* is the activity in the reference bronze 
Nao.2WO3. To describe the thermodynamics  of the var i -  
ous Na-WO3 solutions, a s tandard state is selected 
such that  the sodium activity is un i ty  for the composi- 

Table I. Emf values as a function of temperature for cell [A] 

Express ion  for  cell e m f  (mV) 

0.45 E = 126.58 + 0.104 T 
0.55 E = 270.01 + 0.091 T 
0.65 E = 418.31 + 0.074 T 
0.70 E = 477.61 + 0.083 T 
0.75 E = 540.38 + 0.086 T 
0.80 E = 592.75 + 0.086 T 
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tion NaWO3. In NaWOs, all the available sodium posi-  
tions are occupied, and it is reasonable to assign unit 
sodium activity to the bronze of this composition. 

The emf of cell [A] at 973~ has been plotted vs. x 

in Fig. 3. An extrapolation of the straight l ine in Fig. 
3 to x ---- 1 gives 944 m V  for the emf  of the cell 

NaWO3 ] Pyrex  f Na0~WOs [B] 

at 973~ The temperature  dependence of the emf  of 
cell  [B] fo l lows the equation 

E : 875.75 + 0.07T [2] 

On subtracting the emf's of cell  [A] shown in Table I 
from Eq. [2], one obtains the emf's for the cell  

NaWO3 I Pyrex  1 NaxWOs [C] 

Expressions for the temperature dependence of the 
emf  of cell  [C] are presented in Table II. For the 
selected standard state, the emf of cell  [C] is g iven by 

RT 
E = m In ann [3] 

F 

where aN. is the sodium activity in the cubic bronze 
relative to that in NaWOs. The partial molar free 
energy of solution of sodium (~GN.) per g atom of 
sodium is related to the emf  of cell [C] through the 
equation 

AGNa -- AHNa- TASNa = -- FE [4] 

where ~HNa and ASNa refer to the partial molar heat 
and entropy of solution, respectively, of sodium in the 
cubic bronze. Table III lists the values of AGNa at 
973~ vs. ~, the atom fraction of sodium in the Na- 
WO3 binary; ~ and x are related by 

Table II. Emf values as a function of temperature for cell [C] 

z E x p r e s s i o n  f o r  c e l l  e m f  (mV) 

0 . 4 5  E = 7 4 9 . 1 7  - -  0 . 0 3 4  T 
0 . 5 5  E = 6 0 5 . 7 4  - -  0 . 0 2 1  T 
0 , 6 5  E = 4 5 7 , 4 4  - -  0 , 0 0 4  T 
0 . 7 0  E = 3 9 8 . 1 4  - -  0 . 0 1 3  T 
0 . 7 5  E = 3 3 5 . 3 7  - -  0 . 0 1 0  T 
0 . 8 0  E = 2 3 3 . 0 0  - -  0 . 0 1 6  T 

Table III. Partial molar free energies of solution of sodium in 
cubic bronzes, NaxWOs, as a function of the sodium atom 

fraction, y, at 973~ 

AGs.  
= z / ( 1  + z )  ( k c a l / g  a t o m )  

0 . 3 1 0  - -  18 .6  
0 . 3 5 5  - -  13 .6  
0 . 3 9 4  - -  10 .8  
0 . 4 1 2  - -  8 .9  
0 . 4 2 9  - -  7 . 4  
0 . 4 4 4  - -  8.1  

= x / (1  + x) [5] 

In Fig. 4, the partial molar free energies of solution at 
973~ are plotted as a function of the atom fraction 
of sodium. Using Eq. [4] and the emf equations tabu- 
lated in Table II, one obtains very  small  ASNa values 
( <  0.8 eu) .  Thus the  partial molar  heat of solution is 
approximately  equal to the partial molar free energy 
of solution. It should be noted that AGNa and AHNa are 
not the usual solution quantities, but represent the 
energy changes which occur on removing sodium 
atoms from the NaWO3 lattice. In v i ew  of the small  
entropy changes, the large free energy changes shown 
in Table III most  l ike ly  indicate a decreasing Fermi 
leve l  with  decreasing sodium content in NaxWOs. 

The thermodynamic  factor of sodium in cubic 
bronze, 0 In ann/0 In CNa (where  CNe is the sodium 
concentration in moles /cmS) ,  may  be evaluated from 
the present experiments .  The sodium concentration, 
CNa, is related to x in the formula NaxWO6 by 

CN. = XlVm [8] 

where  Vm (cm3/mole  of NaxWOs) is the molar vo lume 
of the cubic bronze. From Eq. [6] 

d l n C N a = d l n x - - d l n V m ~ _ d l n x  [7] 

if changes in molar  vo lume wi th  composit ion are ig-  
nored. The variation of the lattice parameter of the 
cubic bronze with  composit ion (9) indicates that the 
molar vo lume changes only by 2% when  x is changed 
from 0.45 to 0.8. Thus, using Eq. [7], one obtains 

0 I n  a N a  0 h i  a N n  
[8] 

In CNa 0 In x 

Differentiation of Eq. [1] wi th  respect to ln x for a 
given temperature yields  

I I I I I I I I I 1 

0 Na W05~'/+ " 
- I  j - 

T =  973"K / 
I 

J 
-3 S 

I 

-5 / /  
E 

~ - 9  

e 
KD 

-II 

-15 

-15 

-17 t I 
0.52 0.34 0.36 O38 0.40 0.42 0.44 0.46 0.48 0.50 

Y 

Fig. 4. The partial molar free energy of solution of sodium in 
cubic blaxWO8 as a function of y at 973~ 
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Fig. 5. Emf of cell [A]  as a function of in x at 973~ 

aE RT I alnaNa > 
- -  = - -  [ 9 ]  
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A plot of E vs. In x at T = 973~ is shown in Fig. 5. 
From the slope of the l ine in  Fig. 5, the thermodynamic 
factor may be calculated for any composition using 
Eq. [9]. 

The thermodynamic factor may be combined with 
data for the chemical diffusivity of sodium in the cubic 
bronze to obtain the partial sodium ion conductivity. In 
the presence of a concentration gradient and in the 
absence of an electrical potential gradient, the flux of 
sodium in the z direction may be written (10) as 

CNaBNa ( O F N a ~  
JNa = N "~-Z / [I0] 

where JNa is the sodium flux (moles/cmZ-sec), BNa 
is the absolute mobility of the sodium ion (particle- 
crnS/cal-sec), N is the Avogadro number (particles/ 
mole), and ~Na is the chemical potential of sodium 
(cal/mole). In view of Eq. [8], Eq. [10] may be 
written as 

BNaRT ( 81n aN. ) 8 CN. 
JNa = [ 1 1 ]  

N Olnz Oz 

From Fick's first law, the sodium flux, JNa, is given by 

D (oc~,J 
JNa-- -- N a x " ' ~ Z  / [12] 

Upon combining Eq. [11] and [12] 

BN.RT ( a ln aN. ) 
DN,, = - -  [ 1 3 ]  

N 81nz 

The partial sodium ion conductivity of the bronze is 
related to the concentration of sodium and its mobility 
(10) through 

Z2NaeFBNaX 
r = zZNaeFBNaCNa - -  [14] 

V= 

Here ~'Na is the sodium ion conductivity in (ohm cm)-1 

Table IV. Partial sodium ion conductivity in Na0.TsWOs as a 
function of temperature 

81naNa 
Temp DN~t ~rNa T 
(~ (cme/sec) a In z (ohm cm -1 

873 
923 
973 

1023 

9.35 x 10 -14 14.75 1,6 x 10-~ 
4.70 x lO-m 14.15 8.7 x 10 -7 
2.01 x 10 -~  12.17 4.1 x I0 "e 
7.45 x 10 -~ 12.00 1.5 x 10 ~ 

t From Ref. (11). 

z~a is the valence of the sodium ion, and e is the elec- 
tronic charge. Combining Eq~ [13] and  [14] and not ing 
that  eN = F and ZNn = 1, one obtains 

cNaT = ~DNaF2Z 0 In aNa ) 
Values of the thermodynamic factor, 0 In aNa/0 In x, 
for x = 0.76 are shown in Table IV for four different 
temperatures.  Smith and Danielson (11) have mea-  
sured the chemical diffusiviW of sodium in  Na0.~sWO3 
under  a concentrat ion gradient. On combining values 
of 0 In aNa/O in  z from Table IV with the DNa values 
according to Smith and Danielson, one can calculate 
values of ~NaT for Na0.TsWO3 using Eq. [15]. The values 
so obtained are shown in Table IV. Figure 6 is a plot of 

1 
log cNaT Vs. -~ ; the straight l ine fits the least squares 

expression 

~NaT "-- 

5.9 X 108 exp ( - -54 ,200/RT)ohm-lcm -1 ~ [16] 

According to measurements  of Brown and Banks (4), 
Nao.~TWO3 has a total conductivity, ~t, of approximately 
104 (ohm crn) -1 at 973~ From Eq. [16], O'Na for 
Nao.TsWO3 at 973~ is 3.7 2 10 -8 ( o h m  cm) -1. Thus 
the ionic t ransference number  (tNa = cNa/~t) is 3.7 
X 10 -13 for a bronze of approximate composition 
Nao.78WOs. 
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The Oxidation of Thin Single Crystals of Iron 
P. L. Fan and L. O. Brockway 

Department of Chemistry, University of Michigan, Ann Arbor,  Michigan 48104 

ABSTRACT 

Single crystal (001) films of iron t reated with  mixtures  of oxygen  and 
ni t rogen at 10 -7 Torr  and 700~ form individual  oxide grains observable  in 
transmission electron microscopy. The three reaction products (FeO, FecO4, 
and "Fe4N") all have a fixed epi taxy with  (001) paral lel  to the i ron film. The 
grain size and distr ibution of the product phases are reported as well  as a 
curious growth behavior  of FeO. 

The react ion of iron with  oxidizing atmospheres 
has been the subject  of very  many  investigations. 
Most of the reported work  has dealt  wi th  the format ion 
of continuous oxide layers  on polycrystal l ine iron 
surfaces. Some oxidat ion work  on single crystals of 
iron has been done by Sewel l  and co-workers  (1-3) 
and by Graham and Cohen (4). Gulbransen (5) worked  
with  the format ion of iron oxide whiskers. Epitaxial  
formation of iron oxide on iron was reported and the 
identities of the oxide phases have been studied, but  
very  l i t t le work  has been done under  conditions af-  
fording observations on the format ion and growth  of 
individual  oxide grains. Such observations seem nec- 
essary for the understanding of the ear l ier  stages of 
the react ion be tween oxygen and meta l  surface. 

The use of thin meta l  films and transmission elec- 
t ron microscopy for the study of the formation of in-  
dividual oxide grains has been employed by Brockway, 
Marcus, Rowe, and Adler  (6-10) on copper. A similar  
technique has now been applied to the study of the 
formation, epitaxy, nucleat ion sites, and growth  ra te  
of individual  iron oxide grains on iron. 

Experimental 
Single crystal  (001) iron films of about 10O0A thick-  

ness were  obtained by deposition of iron vapor from 
an electron beam evaporator  onto polished (001) sur-  
faces of sodium chloride at 350~ with  a deposition 
rate  of 8-10 A/sec  and a residual pressure of 5 X 10 -6 
Tort.  The films were  floated off of the substrate onto 
wate r  and mounted  on stainless steel support  grids. 
They were  annealed and oxidized in a bakeable vac-  
uum line constructed of 1-1/2 in. diam stainless steel 
tubing and fittings wi th  a 1 in. diam quar tz  tube in 
a tubular  furnace as a reaction zone. The ul t imate  
vacuum attained after  baking for 8 hr  at 250~ (the 
t empera tu re  l imit  imposed by the materials  of the 
valves)  was about 4 X 10 - s  Torr. A typical  compo- 

Key words: iron, film, oxidation, epitaxy. 

sition read on a residual gas analyzer  was 45% nitro-  
gen, 25% water,  and 25% hydrogen. 

The iron films mounted  on grids were  annealed in 
hydrogen at 1 atm and 700~ for 1 hr. Because of 
the strong preferent ia l  adsorption of water  on the 
stainless steel walls, it was imperat ive  to reduce the 
water  content  of the hydrogen as far as possible. Elec-  
t rolyt ic  hydrogen filtered through pal ladium contained 
a t roublesome amount  of water  (on the order  of 10-7), 
which was significantly lowered by passage through 
a t rap filled with  glass beads at l iquid ni t rogen tem-  
p e r a t u r e .  

The oxidation exper iments  were  carr ied out im- 
media te ly  fol lowing the anneal  t rea tment  and a sub- 
sequent baking at 250~ under  vacuum for 8 hr. The 
oxidation pressures used ranged from 1 >< 10 -7 to 
2 X 10 -6 Torr;  the reaction times were  f rom 15 to 
240 min, and the tempera ture  was 550 ~ or 700~ Only 
the reactions at 700~ and pressures in the range from 
1 to 8 • 10 -~ Torr  gave distinguishable individual  
oxide grains. Since this pressure range of interest  
was not far  above the residual background pressure 
(4 >< 10 - s  Torr) ,  it was not  feasible to achieve high 
pur i ty  of oxygen in the unit  as constructed. A typical 
composition observed at a total  pressure of 2 X 10 -7 
Torr  was 38% oxygen, 40% nitrogen, 9% water,  and 
7% hydrogen. It  may be noted that  carbon monoxide  
has the same mass number  as ni t rogen (i.e., 28), but 
any appreciable fraction of CO present would  have 
been indicated by a much higher  peak for C (12) than 
was observed in any of the mass spectra recorded 
by the residual gas analyzer. 

The annealed and oxidized films were  examined 
by electron micrographs and diffraction pat terns  taken 
on JEOLCO 6A and JEOLCO 7 microscopes. 

Results 
The annealed films gave good single crystal  (001) 

diffraction pat terns wi th  no deviat ion greater  than 
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about 1 ~ Micrographs (Fig. 1) showed smooth films 
with areas of about 0.1 ~2 enclosed by low angle 
boundaries runn ing  along the <110> directions. Dis- 
locations appeared with an average density of 5 • 
109 cm -2 usual ly piled up along the boundaries;  no 
stacking faults were observed. 

The identification and epitaxial or ientat ion of the 
oxidation products was determined with the aid of 
a series of diffraction pat terns taken at room tempera-  
ture;  one example is shown in Fig. 2 for an iron film 
treated at 700~ for 240 min  at 2 X 10 -7 Torr total 
pressure. Table I lists the pr imary  reflections ob- 
served for Fe, FeO, and Fe804; all reflections are of 
the form (hk0). All of the reflections possible for 
these three phases wi th in  the range of scattering angle 
recorded are observed, when it is recognized that  
the (001) planes of the oxides are parallel  to the 
(001) plane of the iron and the [110] directions of 
the oxide grains are parallel  to the [100] of iron. 
For all these reflections the observed d values agree 
with the calculated ones (using the cubic cell edges 
listed in  Table I) wi th in  the exper imental  error of 
the measurements,  amount ing to about 3% for the 
smallest angles and to less than  1% at the larger 

Fig. I. Electron micrograph of grid-annealed film. Low angle 
grain boundaries are marked by piled-up dislocations. 

Fig. 2. Diffraction pattern of oxidized film (700~ 2 x 10 - 7  
Torr, 240 rain). Four phases show: Fe, FeO, Fe304, Fe4N. 

Table I. Phases and primary reflections (hk0) observed in 
diffraction patterns from iron films treated for 240 rain at 

700~ and 2 x 10 - 7  Torr 

F e  F e O  F e 3 0 ,  "~/'-FeA%I" 
a = 2 .86A a = 4 .30A a = 8 .40& a = 3 .80A 

110 200 220 110 
200 220 400 200 
220 400 440 320 
310 430 620 
400 600 800 
330 620 660 
420 840 

10.2.0 

angles; moreover, the individual  reflections in each 
of the (hk0) forms are correctly positioned. The 
phases Fe and FeO contr ibute most strongly in Fig. 2. 

The diffraction pat terns i l lustrated in Fig. 2 show 
many  more spots than can be accounted for by  the 
individual  planes of the forms listed in Table I. There 
are evident ly  many  double diffraction spots formed 
when the electron beam incident  on the specimen is 
reflected strongly by one phase and the reflected beam 
passes through a layer  of a second phase and is 
part ial ly scattered again. A few of the extra  spots 
arise from combinations of Fe and FeO reflections. 
The presence of a fourth cubic phase with cube edge 
of approximately 3.80A and oriented with its axes 
parallel  to those of the iron film does account for all 
of the m a n y  extra  spots. Three pr imary  reflections 
observed from this phase are listed under  "~'-Fe4N" 
in  Table I. The double reflections are of the following 
kinds: (200), (400), and (420) of FeO each reflected 
by (110), (200), and (220) of the extra  phase; (110), 
(220), and (310) of Fe reflected again by the three 
planes of the e x t r a  phase. No second scattering of 
Fe804 reflections was found. 

A search of the current  A.S.T.M. Powder  Diffrac- 
t ion File discloses only one compound containing iron 
and having three strong diffraction lines with d values 
of 2.67, 1.89, and 1.33A; for this reason the fourth 
phase is designated ~'-Fe4N, whose strongest (hk0) 
reflections do correspond to the observed spacings. 

The oxidation experiments  at 550~ yielded Fe304 
as the only oxidized phase, while all oxidations at 
700~ produced both FeO and Fe~O4 in t rea tment  
times ranging from 15 to 240 rain. The Fe4N also 
appeared with t rea tment  times of 120 to 240 rain at 
2 X 10 -7 Torr. The amounts  of Fe4N indicated by  
the relat ive intensit ies of the diffraction spots were 
less in  the t rea tment  having a N2/O2 ratio of 3.4 
than  in the others where the NJO~ ratio was 1.0 
or less. 

The appearance and dis tr ibut ion of oxide grains 
is i l lustrated in  the micrographs of Fig. 3 (15 min)  
and Fig. 4 (240 rain) .  After the short t rea tment  well-  
defined grains of uniform size (about 0.03~) are dis- 
t r ibuted  randomly  over the film without  any observ-  
able relat ion to the dislocation sites or grain bound-  
aries of the iron. After  the long t rea tment  the sizes 
are far from uniform;  some of the grains have scarcely 
grown at all while others have reached sizes in the 
0.3-0.5~ range. Grains of intermediate  sizes are rare. 
The average diameters of the th i r ty  largest grains 
at different t rea tment  times are shown in  Fig. 5. The 
s tandard deviations for such measurements  are in-  
dicated by the magni tude  of the bars .  The l ineal  
growth rate appears to be un i form at 0.088~ hour -1 
at 700~ and 2 • 10 -T Torr. 

Fur ther  examinat ion of the treated films by elec- 
t ron microscopy and diffraction gave information on 
the dis tr ibut ion of the phases. By the use of dark 
field microscopy the large grains produced at longer 
times are shown to be m a i n l y  FeO with some Fe4N 
included. Fe~O4 is spread across the whole film. This 
is supported by selected area diffraction experiments 
showing that  FeO and Fe304 are distr ibuted across 
the film while F e r n  is scarcely detected away from 
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Fig. 5. Relotion between average diameter of large FeO grains 
(700~ 2 x 10 - 7  Torr) and oxidation time. 

Fig. 3. Electron microgroph of oxidized film (700~ 2 x 10 - 7  
Torr, 15 rain). FeO grains are randomly distributed. 

Fig. 4. Electron micrograph of oxidized film, (700~ 2 x 10 - 7  
Tort, 240 rain). Large FeO grains appear. 

the large FeO grains. Fur ther  corroboration comes 
from the Moire fringe pat terns observed in the high 
resolution micrograph of Fig. 6; the fringe spacings 
inside the large grain can be accounted for only by 
an overlay of Fe4N on FeO while the spacings away 
from the large grain arise, respectively, from FeO on 
Fe and Fe~O4 on Fe. 

Discussion 
The observed epitaxy of FeO and FesO4 agrees 

with the results of Bardolle and Benard (11) for 
oxidation at 10 -1 Torr  and with the calculations of 
Collins and Heavens (12). The presence of imperfec-  

Fig. 6. Electron micrograph of oxidized film (700~ 2 x 10 - 7  
Torr, 240 rain). At high resolution three distinct sets of moire 
fringes appear. 

tions (dislocations and low angle boundaries)  in  the 
iron failed to influence the sites of oxide nucleat ion 
in agreement  with the observations of Pease and Ploc 
(13), who reported a dependence of nucleat ion sites 
on dislocations only when  the iron contained impur i -  
ties much in excess of the 0.001% concentrat ion in  
the present experiments.  

A possible effect of imperfections in  the iron may 
lie in the greatly disparate oxide growth rates ob- 
served in the t reatments  at 700~ and 2 • 10 -T Torr. 
About 0.8% of the oxide grains observed after 15 
min  grow to ten  times their  original  diameters in 
4 hr  while a very  large fraction of the grains have 
not shown any apparent  growth. Some variat ion in 
the texture  of the i ron film causes abnormal  growth 
at certain grain sites; accelerated diffusion of i ron 
atoms at dislocations could plausibly account for the 
unusua l  growth. It  should be noted that a new phase, 
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Fe4N, is being formed on the l a rge r  grains at  the  
l a t e r  times, and the g rowth  ra te  observat ions  can 
not  be  in te rp re ted  in te rms of the increase of a single 
phase. 

The apparen t  format ion  of Fe4N was surprising.  I t  
is found only  af te r  FeO and FesO4 have been wel l  es- 
tabl ished.  Because i t  is associated almost  exc lus ive ly  
wi th  the  large  FeO grains,  i t  might  be supposed that  
the surface of the large  FeO grains  enables  the  forma-  
tion of the n i t r ide  in a way  which does not  occur wi th  
the sma l l -g ra ined  FeO, wi th  Fe~O4, or wi th  iron. The 
the rmodynamic  possibil i t ies for the react ion of forma-  
t ion cannot be confidently assessed since the s tandard  
free energies  are  not  adequate ly  known for the condi-  
t ions here,  i.e., mixtures  of fine par t ic les  (0.3~ and 
much  smal ler )  in specific c rys ta l lographic  orientat ions.  
The d i lemma could be resolved b y  react ions wi th  the  
n i t rogen pressure  va r ied  f rom ve ry  low to ve ry  high 
wi th  respect  to oxygen;  this  would  requi re  a new 
u l t r ah igh  vacuum line capable  of reaching a back -  
ground pressure  far  be low the to ta l  pressure  requ i red  
(-,~10 -7  Torr )  to y ie ld  isola ted grains  of oxide. 

F ina l ly  i t  is possible to suggest  a series of stages in 
the format ion  of oxide layers  under  the  condit ions of 
the  present  exper iments .  The first s tep of adsorpt ion  
of oxygen  and o ther  gases is not observed  by  e lec t ron 
microscopy or  t ransmiss ion diffraction. Next  (in less 
than  15 min)  is the format ion  of grains  of two phases, 
FeO and Fe304, too smal l  to show contras t  effects in 
micrographs  but  detected by  the i r  diffract ion pat terns.  
Later,  ind iv idua l  grains  of FeO are  detected wi th  d i -  
ameters  of 0.03~. Many of these r ema in  prac t ica l ly  the  
same size af ter  4 h r  whi le  a few grow to more  than  
ten t imes the  or iginal  diameters .  Dur ing the last  hal f  
of this per iod Fe4N is formed on the FeO large grains, 
bu t  the  g rowth  of the  grains  is ma in ly  due to added  
FeO. The space be tween  the large  grains  continues to 
show the small  FeO grains  but  never  does develop de-  
tectable  ind iv idua l  grains  of Fe304. A continuous thick 
l aye r  of oxide is f inally formed by  the l a te ra l  g rowth  
and coalescence of the  l a rge r  FeO grains.  

Summary 
Single c rys ta l  (001) films of i ron were  exposed to 

oxidizing a tmospheres  under  condit ions which pe r -  
mi t ted  the  format ion  of ind iv idua l  oxide  gra ins  ob-  
servable  in  t ransmiss ion e lect ron microscopy. These 
conditions were  a t empe ra tu r e  of 700~ and a pressure  
range  of 1-8 X 10 -~ Torr  for a gas composit ion of 
about  40% each of oxygen and ni t rogen wi th  the ba l -  
ance ma in ly  wa te r  and hydrogen.  Gra ins  of FeO and 
FesO4 were  observed for t r ea tmen t  t imes from 15 to 
240 min;  for  the longer  t r ea tmen t  t imes Fe4N was also 
formed. Al l  three  phases were  or iented  wi th  (001) 

planes  para l le l  to the  i ron film. By contras t  at 550~ 
the only oxidized phase observed  was FeaO4 in con- 
t inuous films wi th  no grains  resolved.  

The FeO grains or ig inal ly  observed at 15 min  showed 
a uni form size of about  0.03~ diameter .  Whi le  most  of 
these appeared  to be unchanged  af ter  4 hr, about  1% 
had grown to ten  t imes grea ter  d iameters  at  a ra te  of 
0,088~ hour  - I .  
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Technical Note 
1 

An Investigation of the Structure of 
P&Si Formed on Si 

S. S. Lau and D. Sigurd 1 

California Institute oJ Technology, Pasadena, California 91109 

Recent investigations of the electrical  and meta l -  
lurgical  properties of pal ladium silicide (Pd2Si) have  
shown that  this meta l  silicide is a useful contact ma te -  
rial in integrated circuit applications (1-4). It has been 
reported that  of the possible in termetal l ic  compounds 
in the Pd /S i  system Pd2Si is predominant ly  formed 
when a Si wafer  wi th  an evaporated layer  of Pd 
(<10,000A) is hea t - t rea ted  at tempera tures  up to 
750~ (2, 3, 5-7). In a few cases small  amounts of 
Pd3Si and PdSi  have been observed (5). 

Exper imenta l  observations indicated (6, 7) a strong 
tendency for Pd~Si to grow with the hexagonal  basal 
plane paral lel  to the substrate surface ([001] fiber 
texture)  regardless of the substrate orientation, and in 
particular,  Pd2Si grown on ( l l l ) - o r i e n t e d  Si substrate 
is epi taxial ly oriented. 

The t ransformat ion kinetics of the Pd2Si phase has 
been invest igated in our laboratory by MeV 4He+ ion 
backscattering in a previous invest igat ion (7). The 
format ion rate  of the Pd2Si layer  on Si wafers  in the 
tempera ture  range of 200~176 was found to be dif-  
fusion limited, and independent  of the substrate ori-  
entation, i.e., the same t ransformat ion kinetics were  
observed on (111), (100), and (110) oriented Si single 
crystal substrates as well  as on amorphous (evapo-  
rated Si on single crystal  substrate)  Si substrates. 
The growth kinetics can be described by an Arrhenius  
type of equat ion and the activation energy for growth 
was found to be 1.5 • 0.1 eV. A lower  act ivat ion en-  
ergy of 1.27 eV was reported by Hutchins and Shepela 
(6) for the growth of Pd2Si on (111) Si substrates 
using an optical technique. This discrepancy might  be 
due to the sensit ivi ty of different analytical  tech- 
niques. They also observed a t 1/~ t ime dependence for 
the Pd2Si growth rate. They fur ther  suggested that  the 
growth kinetics should be the same for Pd2Si formed 
on (100), (110), and (111) or iented Si substrates 
since Pd2Si grows with  a [001] fiber textures  on these 
substrates. 

It  is our object ive in the present  work  to invest igate  
the structure,  such as grain size and prefer red  ori-  
entation, of the as-deposited Pd films and the silicide 
films formed on Si substrates of various orientations, 
and thei r  possible relat ionship with  the t ransformat ion 
kinetics of the Pd2Si phase. 

Experimental 
Samples  were  prepared by e-gun evaporat ion of 500- 

3000A Pd films onto (100) and (111) Si wafers and on 
Si wafers  wi th  approximate ly  3000A thick evapora ted  
Si (amorphous) films. The evaporat ion rate  was about 
10 A/sec, and the pressure during evaporat ion was 
~5  • 10 -7 Torr. The tempera ture  of the substrates at 
the end of the evaporat ion was est imated to be about 
100~ Pd films were  evapora ted  on all three types of 

1 P e r m a n e n t  address: Research Inst i tute  for Physics, Stockholm, 
Sweden.  

Key  words:  silicide formation,  electron microscopy, diffusion. 

substrates at the same time. Pr ior  to evaporation,  the 
Si substrates were  t reated in HF fol lowed by rinsing 
in H20. 

Heat - t rea tments  of the samples at 260 ~ and 550~ 
for 30-60 min  were  performed in a vacuum furnace 
operated at pressures be tween  1 to 5 • 10 -5 Torr. 
Af ter  the vacuum annealing, the compositions of the 
reacted samples were  examined by backscattering and 
the phase s t ructure  was identified using the x - r ay  thin 
film camera technique. 

Transmission electron microscopy was used to ex-  
amine the s t ructure  of the Pd and the Pd2Si films. The 
Pd films were  str ipped off from the Si substrate in a 
HF solution and the Pd2Si samples were  prepared by 
chemical ly etching away the Si substrate in a wa te r -  
amine solution (8). 

Results 
Amorphous Si substrate.--The as-deposited Pd film 

(--500A) on amorphous Si substrate had grains rang-  
ing from 50 to 150A in size (Fig. 1). There  were  ap- 
parent ly  some very  fine precipitates of Pd2Si dis- 
t r ibuted throughout  the film. It has been suggested (6) 
that  Pd2Si was formed by a rapid nondiffusion con- 
trolled process during the deposition of the Pd films, 
therefore,  the actual thickness of the Pd  films may  
have been th inner  than the expected 500A. The dif- 
fraction pat tern for the as-deposited Pd films shows a 
random orientat ion (Fig. 2). When the Pd /S i  (amor-  
phous) composite s t ructure  was hea t - t rea ted  for 30 
min  at 260~ a Pd2Si phase with  grains of 50 to 150A 
in size was formed (Fig. 3). Select ive area diffraction 
(SAD, aper ture  size ~25 ~m) exper iments  indicated 

Fig. 1. Transmission electron micrograph of as-deposited Pd 
film on amorphous Si substrate. 

1538 
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Fig. 2. Diffraction pattern of the as-deposited Pd film on amor- 
phous substrate. 

Fig. 4. Diffraction pattern of as-deposited Pd film on (100) Si 
suhstrate. 

Fig. 3. Transmission electron micrograph of Pd2Si formed on 
amorphous Si substrate at 260~ 

that the basal planes of these grains were preferen-  
t ially oriented parallel  to the substrate surface, in 
agreement  with reported observations (6, 7). No speci- 
mens were heat- t reated at 550~ to avoid possible 
crystall ization of the amorphous Si film. 

(100) Si substrate.--The as-deposited Pd films on 
(100) Si substrates had grains ranging from 100 to 
400A in size. It is interest ing to note that the SAD 
pat te rn  (Fig. 4) indicated a fiber texture  (weak 220 
reflection) for the as-deposited Pd films, while a r an -  
dom SAD pat te rn  for Pd films deposited on amorphous 
Si substrates was observed (see Fig. 2 and 4). When  
the samples were heat- t reated at 260~ polycrystal-  
line Pd2Si with grains ranging between 200 and 500A 
was formed. Heat- t rea t ing the samples at 550~ re-  
sulted in  the formation of the Pd2Si phase with grains 
ranging from 100 to 300A. The reasons for this re- 
duction in grain size when  the hea t - t rea tment  tem-  
peratures were increased from 260 ~ to 550~ are not 
clear at present. In  localized areas of the Pd2Si layer  
formed at 550~ single crystal diffraction pat terns with 
the basa l  plane parallel  to the substrate surface were 
observed (Fig. 5). This can be possibly related to the 
crystallographic s tructure of the oriented as-deposited 
Pd films deposited on (100) Si substrates. Voids were 
observed in  the Pd~Si films formed both at 260 ~ and 
550~ 

(111) Si substrates.--The as-deposited Pd films had 
grains ranging between 50 and 200A. The SAD pa t te rn  
showed random orientat ion of the Pd films. The Pd2Si 

Fig. 5. Diffraction pattern of Pd2Si formed on (100) Si sub- 
strate at 550~ 

phase formed at 260~ was general ly epitaxial  and the 
grains had mosaic block s t ructure  (9) with block size 
ranging between 200 and 500A (Fig. 6). No voids were 
observable at 80,000• The Pd2Si phase formed at 
550~ was also general ly epitaxial with 200-500A 
mosaic blocks, however, small  voids in  the films were 
observed. 

Fig. 6. Transmission electron micrograph of Pd2Si formed on 
(111) Si substrate at 260~ 
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Discussion and Summary 
Judg ing  from the exper imen ta l  observat ions  in the  

present  s tudy  and those obta ined f rom the previous  
backsca t te r ing  inves t igat ion (7), we propose tha t  the  
la t t ice  diffusion of mate r ia l s  th rough  the Pd~Si l aye r  
is the ra te -con t ro l l ing  step for Pd2Si formation.  The 
reasons are  as follows: It  was observed that  the g ra in  
sizes of the  as -depos i ted  Pd films were  different  for  
var ious  substrates.  The  gra in  size of Pd2Si fo rmed  
on amorphous  Si at 260~ (50-150A) was smal le r  than  
the gra in  size or the mosaic block size (200-500A) of 
PdsSi formed on (100) and (111) substrates,  respec-  
t ively.  This observat ion  in conjunct ion wi th  the p re -  
viously r epor ted  MeV 4He + backsca t te r ing  resul ts  t h a t  
the t ransformat ion  kinet ics  of the  Pd2Si phase was 
independent  of the  subs t ra te  or ienta t ions  (7) seem to 
suggest  tha t  the  gra in  size of the  Pd films and the 
gra in  size o r  the  gra in  s t ruc ture  ( large  angle  g ra in  
boundar ies  vs. small  angle  mosaic block boundar ies)  
of Pd~Si do not p lay  a role  in the  g rowth  kinet ics  of 
the Pd2Si phase. At  550~ the t ransformat ion  kinet ics  
a re  expected to follow the same Arrhen ius  equat ion 
that  governs  the growth  ra te  of Pd2Si at  lower  t em-  
pera tu res  for all  subs t ra tes  invest igated.  The gra in  size 
of Pd2Si formed at  550~ was found to be different  on 
different  subs t ra tes  in the present  work,  again  the 
resul ts  suggest  the  independence  of g rowth  r a t e  of  
Pd2Si on gra in  size o r  gra in  s tructure.  

I f  the  t ransformat ion  process is governed  by  the 
diffusion of Si along the gra in  boundar ies  of Pd2Si 
a n d / o r  Pd  and subsequent  diffusion and t r ans fo rma-  
t ion in the  Pd  grains, then the t rans i t ion  f ront  be-  
tween  the Pd2Si and Pd layers  will  not be uni form and 
would  cause a g radua l  slope in the  backsca t te r ing  
spectra.  The fact  tha t  sharp  edges were  observed  in 
the  spect ra  [see Fig. 2 in Ref. (7)] indicat ing a sharp  
and uni form front  for  the  Pd2Si l aye r  seems to rule  
out the gra in  bounda ry  diffusion process. Buckley  and 
Moss (3) suggested tha t  a t  least  in the  case of g rowth  

of PdsSi on (111) Si substrates ,  the  control l ing step is 
the diffusion of Si atoms through  the Pd2Si latt ice.  Our 
observat ions  on gra in  size and the backsca t te r ing  da ta  
r epor ted  ear l ie r  (7) are  in agreement  wi th  the  h y -  
pothesis  that  ]at t ice diffusion of mate r ia l s  th rough  the 
Pd2Si l aye r  is appa ren t ly  the  ra te -con t ro l l ing  step. 
Exper iments  to de te rmine  the moving species a re  now 
in progress.  
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ABSTRACT 

Negative lead electrodes were pasted and bonded to lead alloy substrates 
with activated carbon and a polymer. Scanning electron microscopy was used 
to follow structural changes of the polymer-bonded electrodes during cycle 
life. With lead-calcium alloy substrates the electrode performance of the 
polymer-bonded electrode was superior to conventionally pasted electrodes 
with respect to cycle life, charge acceptance, and lack of gassing. Different 
substrates of the same Pb-0.06 % Ca- 1%Sn alloy gave similar results. 

It  is common practice to blend polymers with active 
materials of an electrode in order to improve physical 
and electrochemical properties of the electrode. In  the 
patent  l i tera ture  there are many  descriptions of elec- 
trode structures incorporat ing a variety of polymers. 
This is exemplified by the work of Duddy (1) who was 
one of the first to introduce polyethylene, polyvinyI 
chloride, and their copolymers as porous carriers of 
electrode materials. Other examples of processes which 
are based on the principle of polymer bonding are 
(a) bonding fuel cell electrodes with polytetrafluor- 
ethylene to render  them hydrophobic and to bind the 
catalyst (2); (b) compounding metal  oxides with 
polymers to produce conductive coatings (3); and (c) 
forming rechargeable electrodes with a polymeric 
binder  (4). 

This report  describes polymer bonding the active 
material  of the negative lead electrode. The method 
improves the cycle life, charge acceptance, and lack of 
gassing of the lead-acid cell over that  of commercially 
available ones. Scanning electron microscopy (SEM) 
was used to follow st ructural  changes of the polymer-  
bonded electrodes during cycle life. This also supplied 
corroborating evidence for the dissolution-precipita-  
tion mechanism of the electrode reaction (5). 

Method of Polymer Bonding 
For use in  the lead-acid ceil, a solution of neoprene 

in  toluene was mixed with carbon black and Grenox 
bat tery  grade PbO, a product of NL Industries.  The 
mixture  was suitable for pasting bat tery  grids and 
after evaporation of the solvent no fur ther  curing of 
the electrode was needed. 

Several paste formulations were developed for the 
negative electrode. The two preferred compositions are 
given in Table I. 

Composition 1 was used for the series of experiments  
described below. Sodium benzoate was added to com- 
position 2 for making  a more porous electrode struc-  
ture by removing the benzoate in a fur ther  leaching 
step in water. This more porous s tructure was believed 
to give greater  flexibility and larger h igh-ra te  dis- 
charge capability. P re l iminary  tests showed even a 
longer life for a composition 2 electrode. Nevertheless, 
composition I was chosen for the present experiments,  

Key  words: lead-acid ba t t e ry ,  l ead  e lec t rode  s t ruc tu re ,  l ead-ca l -  
c i u m  alloy, polymer bonding, scanning electron microscopy. 

because the p r imary  objective of this work was to 
prove out the efficacy of polymer bonding without  the 
introduct ion of another component. 

Experimental 
The negative electrodes had an area of 5 • 5 cm, 

0.3 cm thickness, and a theoretical capacity of 3.0 A-hr.  
They were placed in bags of Daramic (W. R. Grace 
Company) porous polyethylene separators and were 
sandwiched between two conventional,  pasted, positive 
electrodes (Type B-80, Atlantic Battery Company).  
The positive electrodes had a combined higher capacity 
(9.8 A-hr)  than the negative electrode. 

Table II lists the s tructure and funct ion of the six 
negative electrodes which were life-tested. 

The two control electrodes were pasted and cured in 
the conventional  manner ;  the polymer-bonded elec- 
trodes were prepared as described above. Format ion of 
the plates was  performed at charge rates of C/20 for 24 
hr in 1.05 sp gr acid, followed by C/24 for 20 hr in 1.28 
sp gr acid, except that positive and negative electrodes 
had to be formed separately against corresponding 
counterelectrodes because of the above-indicated im- 
balance of their  capacities. 

The cells were cycled at constant current  to cut-off 
voltages of 2.70V on charge and 1.75V on discharge. 
Cycling was performed manua l ly  for the first two 
cycles at about a 6-hr rate (see Table I I I ) ;  thereafter  
cycling was automatic at the 4-hr rate. 

Table III  indicates that the normal  controls had a 
slightly higher init ial  uti l ization and capacity com- 
pared to the polymer-bonded electrodes. These first 
two cycles also established the normal  capacity for de- 
termining cycle life. 

Table I. Composition of polymer-bonded negative electrodes 

C o m p o s i t i o n  1 C o m p o s i t i o n  2 

W e i g h t  % V o l u m e  % W e i g h t  % Volume  % 

PbO* 87,4 53.6 81.3 40.1 
Carbon  (Shawin -  7.5 22,5 7.0 16,7 

i gan  Black)  
Neoprene*  * 5.1 24.0 7.0 26.5 
S o d i u m  benzoate  ~ - -  4.7 16.8 

* G r e n o x  I I I - G  or any  o the r  su i t ab l e  b a t t e r y - g r a d e  PbO. 
** du  P o n t  Type  AD-10. 
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Table II. List of negative electrodes 

Experi- 
ment 

N u m b e r  S t r u c t u r e  S u b s t r a t e  F u n c t i o n  

P N - C 1  P a s t e d  g r i d  Cas t  g r id*  Con t r o l  
P b / S b  a l loy  

P N - C 2  P a s t e d  g r i d  E x p a n d e d  g r i d ' '  Con t r o l  
PN-12 Polymer-bonded Pb-plated Cu screen Experi- 

mental 
PN-13 Polymer-bonded Expanded grid** Experi- 

500/1 pattern mental 
PN-14 Polymer-bonded Expanded grid** Experi- 

3/0 pattern mental 
PN-15 Polymer-bonded Expanded grid** Experi- 

Dystex pattern*** mental 

* T y p e  A-70,  Atlantic Battery C o m p a n y .  
** RDP-16 ,  St. Joe Minerals Company ( c o m p o s i t i o n :  Pb -0 .06% 

C a - l . 0 %  S n ) .  
*** E x m e t  Corporation. 

Table III. Performance of negative electrodes during cycles 1 and 2 

PN-CI PN-C2 PN-12 PN-13 PN-14 PN-15 

Cycle 1 
T i m e  (hr) 5.94 6.75 5.75 5.58 5.08 5.07 
Capacity (A-hr )  1.48 1.69 1.44 1.40 1.2"/ 1.27 
Utilization (%) 49 56 48 46 42 42 

Cycle  2 
T i m e  (hr) 5.63 6.42 5.47 5.30 6.04 4.97 
Capacity ( A - h r )  1.41 1.61 1.37 1.33 1.26 1.24 
Utilization (%) 47 54 46 44 42 41 

Decrease in capac- 5 5 5 5 1 2 
i t y  ( % )  

Start ing with  cycle 3, at the h igher  C/4 rate, the 
negat ive electrodes had a steady 1.16-1.20 A - h r  dis- 
charge capacity for many  cycles. Their  behavior  over  
the total cycle life is shown in Fig. 1. The curves in 
this figure are drawn through exper imenta l  points, 
ignoring only a few excursions, which were  clearly due 
to ins t rumental  error, e.g., a premature  cut-off of dis- 
charge due to electronic noise or cycles in which the 
positive electrodes became limiting. 

In spite of the initial mismatch  of capacities the posi- 
t ive electrodes had a much shorter  cycle life so that  
they had to be replaced twice, or even three times in 
cells lasting over  200 cycles. In all cases, Fig. 1 shows 
the cell performance in which the negat ive electrode 
l imited the discharge capacity. 

The behavior  of individual  celIs is described below. 
Cell PN-C1 had a discharge capacity of 1.16 A - h r  to 

cycle 50 and a decrease to 0.6 A-h r  at cycle 155. 
Cell PN-C2 mainta ined a discharge capacity of 1.18 

A - h r  only for the first 20 cycles, then dropped rapidly 
to 0.6 A - h r  at cycle 90. For  both these control cells the 
efficiency, "Le., the  percentage of discharge capacity 

1.4- 

1.2 

1.0 

>_ 0.8 
I - -  
1 

Fig. 1. Cycle life of negative ~ 0.6 
electrodes, o. .m[ 

0.4 

0 .2 -  

0 o 

with respect to charge, was in the 95-98% range when 
the cells had a steady discharge. It was 80% or less 
during the decline of cell performance.  

Cell PN-12 held steady at 1.18 A-h r  unti l  cycle 150, 
then declined to 0.6 A - h r  at cycle 183. Efficiency was 
in the range 90-100% even during the period of de- 
cline. 

Cell PN-13 had a discharge capacity of 1.1'9 A - h r  to 
cycle 185 with only a small decline to 1.11 A - h r  at cycle 
257 (end of test).  Efficiency was 90-100% throughout  
cycle life; it was 100% during the cycle period 230-257. 

Cell PN-14 was comparable in cycle life to PN-12, 
having a discharge capacity of 1.16 A - h r  to cycle 110, 
followed by a slow decrease to 0.6 A - h r  at cycle 191. 
Efficiency of this cell was near ly  100% to cycle 170 and 
between 85 and 95% for the last 20 cycles. 

The discharge capacity of cell PN-15 was unchanged 
at 1.16 A - h r  for the durat ion of the test to cycle 233. 
Efficiency was 95-100%. 

Scanning Electron Microscopy 
Electrode PN-12 was chosen for moni tor ing the 

s tructure of the po lymer-bonded  electrode during 
cycle life. Small  samples were  taken from a location 
near  the edge of the electrode, washed in distilled 
water,  and mounted  for examinat ion in the scanning 
electron microscope (SEM). Micrographs were  ob- 
tained during cycles 5, 29, 73, and at the end of the life 
test af ter  cycle 204. 

Some of these micrographs have been published in 
a report  (5) that  related the morphology of the elec- 
trode to the solut ion-precipi ta t ion mechanism of the 
electrode reactions of the lead acid cell. Other  micro-  
graphs are included in the present  report. For example, 
Fig. 2 and 3 are the previously shown views of the 
electrode at the end of the 73rd charge (5). Figure 4 
represents the same general  location of the electrode 
after  the discharge of cycle 73. The flowerlike crystal 
s t ructures as well  as the under lying bandlike crystals 
have been converted into finely divided small crystal-  
l ine particles, interspersed be tween large rhombo-  
hedral  crystals. This appearance was typical for both 
the edge of the electrode and its interior. It signifies 
that the crystall ine structures of Fig. 2 and 3 represent  
active lead in the charged condition. The rhombohedra l  
crystals after discharge are PbSO4 crystals which were 
at least part ial ly passivated. 

The remaining SEM's, Fig. 5-11, were  taken of dif-  
ferent  electrodes at the end of the cycle life of the 
cells. This was defined as the t ime when the. cell failed 
to accept a min imum charge. Consequently,  the elec- 
trodes were  removed at the end of a charge cycle but 
this does not imply that  the part icular  areas examined 
by SEM were  of charged active material .  At  least 
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Fig. 2. Negative electrode PN-12 at end of charge 73. Magnifi- 
cation 500X. 

Fig. 4. Negative electrode PN-12 at end of discharge 73. Mag- 
nification 2000X. 

Fig. 3. Negative electrode PN-12 at end of charge 73. Magnifi- 
cation 5000X. 

some of the crystals appear to be large passivating 
PbSO4 crystals. 

Figures 5, 6, and 7 represent  the electrode at the end 
of cycle life (cycle 204) when  the discharge capacity 
had dropped below 0.6 A-hr.  Figures 5 and 6 are views 
of the surface of electrode PN-12. In  one case (Fig. 5) 
there are still needlelike crystals, resembling the active 
mater ial  in  Fig. 2 and 3, but  in Fig. 6 there are large 
passivated crystals. They result  from the growing to- 
gether of smaller ones. Such crystals, some of them 
larger than  15~, were only observed at the electrode 
surface. Figure  7 is typical  of the s tructure and crystal 
size in the inter ior  of the electrode after cycle 204. 

By comparison, the interior of the negative electrode 
at the end of cycle life of the control cell PN-C1 is 
shown in Fig. 8. It has an entire crystal field of rhom- 
bohedral  crystals, characteristic of scongy electrodes 
without  any active mater ia l  [see also Fig. 9 of Ref. (5) 
for a SEM of the surface of this electrode]. 

Fig. 5. Surface of negative electrode PN-12 at end of cycle 204. 
Magnification 2000X. 

Although the presence and effect of the polymer in 
the electrode s tructure is implicit  in the above discus- 
sion, the polymer phase cannot be seen in the micro- 
graphs. One can see the polymer phase in a different 
polymer-bonded electrode for which SEM's are shown 
in  Fig. 9, 10, and 11. Samples for these micrographs 
were taken from a negative electrode with the same 
polymer-bonding formulat ion as above, bu t  the elec- 
trode had larger external  dimensions and was one of 
two negative electrodes used in a 10 A-h r  cell. Figures 
9-11 represent  this electrode at the end of the cell's 
cycle life (68 cycles) which was l imited by  the positive 
and not by these negative electrodes. Figure 9 is a top 
view of the polymer-bonded electrode. Crystall ine 
shapes appear to be coated and held together by a For- 
ous polymer. Figure 10 is taken from the same general  
area as Fig. 9. On fur ther  enlargement  of Fig. 10, the 
crystall ine s tructure near  the center of the SEM ap- 
pears in Fig. 11 as a hollow, three-dimensional ,  leaf- 
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Fig. 6. Surface of negative electrode PN-12 at end of cycle 204. 
Magnification 2000X. 

Fig. 8. Interior of electrode PN-C1 at end of cycle 163. Magni- 
fication 2000X. 

Fig. 7. Interior of negative electrode PN-12 at end of cycle 204. 
Magnification 2000X. 

l ike structure. From this series of SEM's the large 
porosity, crystall ine nature  of the active mater ia l  and 
the presence of polymer  are apparent.  

Discussion 
Tests have shown that  po lymer-bonded  electrodes 

have a life of 200 or more  cycles in a 4-hr  rate, 100% 
depth of discharge cycling regime. Under  the same con- 
ditions, control cells having pasted electrodes had a 
shorter  cycle life. Taking 1.2 A-h r  as the nominal  
capacity of the electrodes (equivalent  to 40% uti l iza- 
tion) and considering a 50% drop in capacity as the 
end of cycle life, Table IV gives the l i fe- t imes of the 
tested electrodes. 

Comparison of po lymer-bonded  electrodes wi th  each 
other  is less certain. Al though PN-12 and PN-14 had a 
shorter  life than PN-13 and PN-15, it may have been 
caused by ins t rumental  difficulties or by the dele ter i -  

Fig. 9. Polymer-bonded electrode. Magnification 1000X 

ous influence of the positive electrodes. The SEM sam- 
pling procedure for PN-12 may  also have shortened 
the life of that electrode. 

The close to 100% efficiency of all the polymer-  
bonded electrodes indicated that  charge acceptance 
l imited the discharge capacity. Inspection of the elec- 
trodes at the end of cycle life showed that  all of the 
po lymer-bonded  electrodes were  in good condition and 
had not changed in appearance from the start  of the 
life test. Nor was any of the active mater ia l  sloughed- 

Table IV. Cycle life of negative electrodes 

Elec t rode  PN-C1 PN-C2 PN-12 PN-13 PN-14 PN-15 

Cycles  155 90 183 >257* 191 >233* 

* E n d  of cycle l i fe  tes t ;  e lec t rodes  s t i l l  f u n c t i o n i n g  sa t i s fac to r i ly .  
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Fig. 10. Polymer-bonded electrode. Magnification 2000X 

teriorated. This indicated that  the accepted charge 
could no longer be main ta ined  or that it was part ly 
lost to the corrosion of the grid, to gas evolution, or to 
passivation of previously active material.  This was not 
the case with polymer-bonded electrodes. Where dis- 
charge capacity dropped off (cells PN-12 and PN~14) 
the efficiency of the cells still remained higher than 
90%. This supports the above suggestion that  in these 
cases charge acceptance may have been l imited by 
other causes than by the negative electrodes and con- 
firms the post-mortem observation of the serviceable 
appearance of electrodes PN-12 and PN-14. 

The consistently high value of efficiency for the 
polymer-bonded electrodes also showed that there was 
little loss of charge due to gassing at the negative elec- 
trode. This is important  because the addition of carbon 
black to the electrode mix required a high hydrogen 
overvoltage at carbon as well as at the P b / C a / S n  alloy. 
This is now confirmed. 

In  summary,  it i s  concluded that  polymer-bonded 
electrodes were superior to conventional  (control) 
electrodes with respect to cycle life, charge acceptance, 
and lack of gassing. This has also been consistently the 
case in other tests in which pasted and polymer-  
bonded electrodes were studied under  comparable con- 
ditions. Comparison of the effect of different substrates 
based on the St. Joe RDP-16 alloy is uncertain.  The 
Dystex pat tern in the expanded grid of PN-15 ap- 
peared to give best results but  the difference to other 
pat terns was too marginal  to draw any conclusions 
concerning the most favorable substrate structure. In  
fact, a nonant imonia l  molded grid, possibly of the same 
alloy, would be equal ly effective in combinat ion with 
polymer bonding the active materials by the present 
method. 
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Fig. 11. Enlargement of Fig. 10. Magnification IO,O00X 

off into the separator bag. By contrast, the control 
electrodes had badly corroded grids, were spongy and 
very porous, had swelled to 3 or 4 times their original 
thickness, and a considerable amount  of sloughed-off 
mater ial  was found in their  separator bags. 

The change of efficiency as the electrodes deterio- 
rated also showed a different mechanism of failure of 
the control cells vs. those containing polymer-bonded 
electrodes. In  the control cells the efficiency changed 
from 90-100% to less than 80% as the electrodes de- 
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ABSTRACT 

The structural  changes accompanying capacity loss in the PbO2/PbSO4 
electrode were followed using differential thermal  analysis. The thermal  de- 
composition mechanism of formed plates was found to differ, depending on the 
method of manufacture.  All cycled plates, however, gave the same decom- 
position mechanism after a few cycles. The major  changes in  the DTA curves, 
as the positive electrode was cycled to failure, was the gradual  disappearance 
of the exothermic peak at 200*C and the endothermic peak at 358~ It is 
believed that these peaks are associated with an electrochemically active 
amorphous form of PbO2. As the electrochemically active PbOs is cycled to 
failure it is converted to an electrochemically inactive form of PbO2. This 
lat ter  form of PbO2 gives DTA results similar to those obtained on reagent 
PbOz. The continual conversion of electrochemically active PbO2 to the elec- 
trochemically inactive PbO2 is one of the major  factors that  accounts for the 
loss in  bat tery capacity and ul t imate failure. 

The structure of the lead dioxide electrode after 
formation and cycling has been studied by optical (1) 
and electron microscopy (2, 3), neu t ron  and x - r ay  
diffraction (4), nuclear magnetic resonance (5), and by 
thermal  analysis (6). The thermal  analysis study was 
l imited to one type of formed electrode and to an elec- 
trode with only a few cycles. Previous investigations 
(1-3, 7) have shown that  parameters such as grid al- 
loy, oxide blend, and curing process affect the micro- 
s tructure of formed lead dioxide electrodes and sub- 
sequently, the initial part of the life cycle. 

The thermal  decomposition of active mater ial  ob- 
tained from the PbOJPbSO4 electrode involves the 
nucleat ion of PbOr compounds on the PbO9_ active 
material  particles. These nucleat ion sites may be the 
same as the nucleat ion sites involved during the elec- 
trochemical oxidation and reduction of the P b O J  
PbSO~ electrode. No information is available regarding 
the PbO2 thermal  decomposition mechanism of formed 
electrodes with respect to their method of preparat ion 
or microstructure. Information is also lacking as to 
whether  the mechanism is altered along with the struc- 
tural  changes the PbO2/PbSO4 electrode undergoes 
during subsequent  reduction and reoxidation. 

The purpose of this investigation was to determine 
whether  the method of electrode preparat ion and sub- 
sequent cycling would influence the thermal  charac- 
teristics of the PbO2 active material  and, if so, how 
the s t ructural  changes of the active material  are re-  
lated to bat tery life and failure mechanism. The ther-  
mal results of this paper were correlated with results 
obtained from optical microscopy, mass spectrometry, 
x - ray  diffraction, and nuclear  magnetic resonance. 

Experimental Method 
The four series of commercial electrodes used in this 

investigation were selected on the basis of their simi- 
lar i ty in cycling routines, similari ty in Foints at which 
oxidized and reduced samples were removed from 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: differential thermal analysis, lead dioxide electrode. 

lead dioxide, electrochemically inactive PbOz. capacity loss. battery 
failure. 

cycling, and the dissimilarity in appearance of the as- 
formed active material,  as observed by optical micro- 
scopy. The last criterion was used since it was antici-  
pated that these electrodes would give different 
microstructures upon cycling. The plates that  were 
used were obtained from four different manufacturers ,  
two in the United States and two overseas. Two of the 
series were prepared in the laboratory of the con- 
cerned companies, while the others were taken from 
production and rout inely plant  cycled. The active 
material  of all plates were pasted on Pb-Sb  alloy grids. 

The DTA, TGA, NMR, x - r ay  diffraction, and mass 
sl:ectroscopy samples were obtained by punching out 
sections of positive active mater ia l  and then grinding 
with a mortar  and pestle. Additional sample sections 
were cut from the electrodes, impregnated with a cata- 
lyzed polyester resin, and examined microscopically 
(1). 

Reference samples of a-PbOz were prepared chemi- 
cally and electrochemically using the methods of 
Angstadt  (8) and Bode (9). Samples of reagent fl-PbO2 
were obtained from various chemical manufacturers .  

The thermal decomposition equipment  utilized in 
this investigation was a du Pont Model 900 differential 
thermal  analyzer and a Model 950 thermogravimetr ic  
analyzer. The DTA samples (25 rag) were placed in 4 
mm quartz sample holders. No di luent  was added to 
the samples. A thermal ly  inert  reference sample, A12Oa, 
was placed in two adjacent quartz holders. Chromel- 
Alumel thermocouples were placed in the center of the 
sample and reference materials.  Two of the theiTno- 
couples measured the temperature  difference (At) be-  
tween sample and reference, while the third measured 
the temperature  of the heating block. The heating 
block assembly was then covered by a thermal  shield. 
The entire sample cell assembly was enclosed in a bell 
jar. Careful control of parameters  such as sample 
weight, particle size, sample assembly geometry, and 
heating rate was maintained.  

Prior to runn ing  the PbO2 samples the DTA ap- 
paratus was calibrated by measur ing the mel t ing and 
freezing points of pure samples of AgC1, Ag2SO4, and 
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Pb. A heat ing rate of I5~ rain -1 in  s tat ionary air, 
using 4 mm tubes, was used on all subsequent  runs. 
Isothermal decomposition products were obtained by 
heating PbO2 samples in a luminum blocks at 225 ~ 
315 ~ and 355~ for varying  periods of time. 

X- ray  diffraction pat terns were obtained using a 
Norelco diffractometer equipped with a scintil lation 
counter. Nickel-filtered copper radiat ion was used. 
The decomposition products were identified by their  
diffraction patterns. 

In  the thermogravimetr ic  experiments  a sample of 
5-25 mg was placed in  a p la t inum weighing boat. The 
boat was attached to the balance arm incorporated 
wi th in  the ins t rument .  The sample was heated at 15~ 
rain -1 in  a ni t rogen atmosphere. A Chromel-Alumel  
thermocouple approximately 4 mm above the sample 
measured the temperature  of the environment .  

Thermal Analysis Results 
Basis of the problem.--Lead dioxide contains suffi- 

cient adsorbed water, as well  as lattice water  and /o r  
hydroxyl  ions, to provide for a Pb: O ratio of 1: 2. Upon 
heating, PbO2 loses 02 and H20 down to a Pb:O ratio 
of about 1.80 before experiencing a phase change. Be- 
tween PbOi.90 and Pb304 a near ly  continuous series of 
nonstoichiometric lead oxides with decreasing oxygen 
content have been reported (10-14). 

Recent investigations (15-17) on the thermal  prop- 
erties of the lead-oxygen system have shown that  only 
two distinct oxide phases exist be tween PbO1.9o and 
Pb304. These intermediate  oxides, designated a-PbOx 
and /~-PbOx by BystrSm (10), have very similar  crys- 
tal structures. The crystallographic system to which 
these oxides belong is still subject to controversy. The 
Pb :O  ratio over which a-PbOx exists is general ly ac- 
cepted as 1.60-1.51 and that for /~-PbOx as 1.50-1.44. 
These oxides are based on an oxygen deficient metal  
fluoride type structure containing both divalent  and 
te t ravalent  lead ions. It  is the reordering between the 
divalent  and te t ravalent  lead ions and the oxygen lat-  
tice vacancies that account for these intermediate  
oxides. This ordering of the lattice with the evolution 
of O2 and H20 is accompanied by an enthalpy change, 
as shown on the DTA curves. Addit ional  evidence for 
this reordering is obtained from x- ray  diffraction pat- 
terns which show a shifting of major  lines, accom- 
panied by intensi ty changes. Thermal  gravimetric 
analysis also shows weight plateaus for these in ter -  
mediate oxides. 

Certain exper imental  parameters must  be carefully 
controlled to obtain reproducible thermal  results, since 
maximum peak temperatures  are not solely dependent  
on the decomposition reaction. Careful control of pa-  
rameters such as sample weight, particle size, sample 
assembly geometry, and heating rate are all important.  
The effect of heating rate and sample size, for example, 
have been summarized in Table I. The DTA results 
were obtained with chemically prepared PbO2. 

Thermal analysis of reference samples of ~- and 8- 
PbOz.--The positive electrodes used in these experi-  
ments  contained both a- and /~-PbO2 so that it was 
necessary to subject reference samples of these two 
allomorphs to thermal  analysis in order to obtain ref- 
erence DTA curves. The DTA curves, x - ray  analysis, 
and mass spectroscopy results, obtained from the ref- 
erence samples, were used to interpret  the DTA re- 
sults obtained from the positive plate active material.  

SAMPLE: REFERENCE SAMPLES OF (~ AND /~-PbOz 
(~) u-PbO 2 (persulfote oxidation) 

(~) c~-PbO z (electrochemical deposition - I00 plane} 

(E) ~ - P b 0 2  (reagent) 

(~  u-PbO 2 (electrochernicu~ deposition) 

b - " ~  1~7o 34 t ; /  
,o~~ ~ / 

4851 j ] 

C 

398 ~ 

I I | I I 529~ 1632~ I 
0 I00 200 300 400 500 600 700  800 

T.~ 

Fig. 1. DTA curves of reference samples of a- and ~-Pb02.  
Curve o, a -Pb02 prepared by ammonium persulfate oxidation of 
lead acetate; curve b, a -Ph02 prepared by electrochemical deposi- 
tion (preferred orientation); curve c, General Chemical Corpora- 
tion reagent p-Pb02; curve d, ~-PbO= prepared by electrochemical 
deposition. 

The DTA curves of the =-PbO2 prepared by am- 
monium persulfate oxidation of ammoniacal  lead ace- 
tate (8) and by electrochemical oxidation of an alka- 
l ine solution of Pb(NO~)2 (9) are given in  Fig. 1. Also 
shown is the curve for General  Chemicals reagent t~- 
PbO2. The x - ray  analysis of the decomposition reac- 
t ion intermediates,  a-PbOx and ~-PbOz, are summar-  
ized below in Table II and III. These results are com- 
pared with those of Bystrom (10), Weiss (12), and 
Angstadt  (8). 

The chemically prepared a-PbO2 gave a broad exo- 
thermic peak at 187~ and a series of endothermic 
peaks at 398 ~ 460 ~ 529 ~ and 595~ These peaks were 
associated with the following decomposition reactions 

187 ~ 
a-PbO2[OH] disordered ~ ~-PbOe ordered 

398 ~ 
a-PbO2 ~ a-PbO~ 

460 ~ 
=-PbOz ~ ~-PbOx + Pb304 

529 ~ 
/9-PbOx -{- Pb304 4 PbO (tetragonal)  

595 ~ 
PbO (tetragonal) ~ PbO (orthorhombic) 

Angstadt et al. (8) in their  thermal  studies on a- 
PbO2 prepared by persulfate oxidation did not observe 
a second intermediate  compound (~-PbOx). However, 
they employed a different experimental  technique. 
Gil l ibrand and Halliwell, using DTA, obtained curves 
similar in shape to the one shown in  Fig. 1, except 

Table I. Effect of heating rate and sample size on the decomposition of lead dioxide (chemical preparation) 

HeatinE rate: 5~ 10~ 15~ 20~ 20~ 
Sample size: 63.7 mg 71.0 mg 62.3 mE 69.0 mE 215.8 rng 

T rnax, 1st peak ,  ~ 427 446 452 458 452 
T max ,  2nd  peak ,  ~ 465 485 490 497 490 
T max, 3rd peak, ~ 490 510 514 528 520 
T max ,  4 th  peak ,  ~ 508 528 533 841 542 
T max ,  5 th  peak ,  ~ 597 612 618 634 627 



1548 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December 1974 

Table II. X-ray analysis of ~- and fl-PbO2 decomposition product at Ist endothermic peak (a-PbOx) 

E l e c t r o -  B y s t r o m  Weis s  A n g s t a d t  A n g s t a d t  
O b t a i n e d  C h e m i c a l  c h e m i c a l  C h e m i c a l  c h e m i c a l  c h e m i c a l  c h e m i c a l  c h e m i c a l  

f r o m :  a - P b 0 2  a - P b 0 2  ~ - P b 0 2  fl-PbO= ~ - P b 0 2  ( x - P b O ~  jS-PbO= 

d(A) 

3.148 3.142 3.149 3.149 3.147 3.137 3.148 
2,742 - -  2;746 2.758 2.747 2.728 2.738 
2.721 -- 2.713 2.716 2 .712 2.708 2.708 

. . . . . .  2.244 
- -  -- -- 1.953 -- 

1.920 1.927 1.933 1.927 1,928 1 . ~ 6  1.928 
-- 1.917 1.917 1.909 1.910 1.918 1.913 
-- -- 1.653 1.654 1.653 -- -- 

-- -- 1.646 1.646 1.645 1.647 1.647 
-- 1.632 1.632  1 .636  1.636 1.635 

Table III. X-ray analysis of ~- and fl-PbO2 decomposition product at 2nd endothermic peak (fl-PbOx) 

E l e c t r o -  B y s t r o m  Weis s  
O b t a i n e d  C h e m i c a l  c h e m i c a l  C h e m i c a l  c h e m i c a l  c h e m i c a l  

f r o m :  a-PbO~ a-PbO2 ~-PbO2 ~-PUO~ fl-PbO~_ Angstadt 

d (A) 

3.175 3.170 3.170 3.179 3.186 
3.155 3.142 3.142 3.149 3.147 

- -  - -  - -  2.750 2.752 
2 .742 - -  2.737 2.736 2.737 
2.721 2.725 

1.952 1.950 1.950 
1.937 1.928 1.936 1.938 1.943 

- -  - -  1.912 1.916 1.917 
1.748 - -  1.655 1.656 

1.654 1.649 1.648 1.641 1.642 
-- 1.643 -- -- -- 

-- 1 .634  -- -- -- 

they did not observe an exothermic peak at 187~ 
Kordes (4), using x - r ay  and neutron diffraction, found 
this a-PbO2 compound to be be tween  40-60% crystal-  
l ine when  compared to a reference PbO2 standard. His 
DTA results on this mater ia l  are in excel lent  agree-  
ment  wi th  ours. It was concluded from our D T A - T G A  
and x - r ay  diffraction results that  due to the noncrys-  
ta l l ini ty of the a-PbO2 it decomposed along two simul-  
taneous reaction paths. It is bel ieved that  the noncrys-  
tall ine mater ia l  decomposes to Pb304 without  going 
through the a- ~-PbOx intermediates.  Low tempera ture  
(225~ ~ ) isothermal studies on this compound as 
well  as other  ~- and fl-PbO2 compounds have shown 
that  a small amount  of Pb304 appears after  extended 
heat ing periods, along with  the original  ordered PbO2 
compound. 

Electrochemical  oxidation of an alkaline solution of 
Pb(NO3)2 produced two products. The initial com- 
pound deposited was a hard black form of a-PbO2 
with  prefer red  orientat ion of the (100) planes paral lel  
to the surface. The DTA curve for this product  is 
shown in Fig. 1. The second product, which could be 
scraped from the surface of the electrode, was a softer, 
less crystalline, brownish form of ~-l:'b02 with  no 
prefer red  orientation. Its DTA curve  is also given in 
Fig. 1. The DTA curve (Fig. 1) of a predominant ly  
black sample gave endothermic peaks at 105 ~ 343 ~ 
504 a, 540 ~ and 625 ~ and a small exothermic  peak at 
210~ These peaks were  associated with  the fol lowing 
reactions 

105 ~ 
~-PbO2[OH]-H20 > ~-PbO2 [OH] 

210 ~ 
a-PbO2 [OH] > ~-PbO2 

343 ~ 
~-Pb02 > ~-PbO= 

isothermal  
504 ~ 

--PbO= > ~-PbOx + Pb304 
quenched 

540 ~ 
fl-PbO= > Pb304 

quenched 
625 ~ 

Pb304 > PbO (tetragonal 
-}- or thorhombic)  

The reagent  /~-PbO2 gave no exothermic  peak in the 
vicini ty of 200~ thus indicating no s t ructural  reorder -  

No f l -PbOz 
o b s e r v e d  

ing. X- r ay  analysis of samples that  had been pre-  
heated gave identical  patterns to those not heated. The 
following mechanism was found for the fi-PbO2 

465 ~ 
~-PbO2 + ~-PbOx + residual ~-PbO2 

quenched 
510 ~ 

~-PbOx > ~ PbOx + Pb304 
quenched 

632 ~ 
p-PbOz -}- Pb304 - > PbO tetragonal  

+ PbO orthorhombic 

Other  preparat ions of fl-PbO2 gave results similar to 
those obtained by Gil l ibrand and HalliweI1 (6). In all 
cases it was found that ~-PbO2 decomposed before ;~- 
PbO2. 

Thermal analysis of formed electrodes.--The DTA 
curves obtained from the four formed electrodes are 
shown in Fig. 2. The x - r ay  diffraction analysis and 
max imum peak tempera tures  of the quenched products 
are given in Table IV. 

The formed plate from each series gave its own 
characterist ic DTA curve wi th  respect to the number  

S A M P L E :  
F O R M E D  C O M M E R C I A L  PbO 2 ELECTRODES 

0 
x 

190~ 440 ~ 
C 487~ 

o 

45 

437 ~ 483~ 

I [ [ [ I I~,J-'"615~ [ 
0 I 0 0  2 0 0  5 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  

T,  ~ 

Fig. 2. DTA curves of four commercially formed PbO2 electrodes 
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Table IV. Decomposition temperature maxima and x-ray analysis for formed PbO2 electrodes 

1st peak 2nd peak 3rd peak 4th peak 5th peak 
S e r i e s  exothermic  Analysis endothermie  Analysis endothermie  Analysis endothermie  Analysis endothermic  Analysis 

A 190 a + ~-Pb02 -- -- 485 ~-PbO~ 526 ~-PbO, 614 PbO 
Some PbsO~ Pb304 PbsO4, PbOR Tetragonal  

B 180 a, ~-PbOs 440 ~-PbOz 487 fl-PbOz 515 ~-PbOz 610 PbO 
Pb804 530 Pb304 Tetragonal  

C 198 ~, /~-PbO~ 439 a-PbOz 479 fl-PbO~ 524 PbsO~ 615 PbO 
PbsO~ Tetragonal  

D 183 ,v, ~-PbO~ 437 a-PbO~ 483 ~-PbO~ 528 PbsO~ 618 PbO 
PbsO~ Tetragonal 

of peaks, max imum peak temperature ,  and re la t ive  
area under  each peak. However ,  the over -a l l  decom- 
position mechanism for three of the four  electrodes 
(B, C, D) were  the same. Series A deviates from the 
general  decomposition mechanism in that  no peak was 
observed for an ~-PbOx intermediate.  

The exothermic  peak exhibi ted by the formed ac- 
tive mater ia l  be tween  180~176 was associated wi th  
the reorder ing of the ~- and fl-PbO2 and the evolution 
of O2, adsorbed and bound water.  A portion of this 
water  was incorporated in the anion latt ice ne twork  as 
was evidenced by the results obtained by heating sam- 
ples in conjunction with  a mass spectrometer.  The mass 
spectra taken under  isothermal conditions at various 
tempera tures  and at 10 -6 mm pressure showed that  as 
the t empera tu re  increased from 27 ~ t o  180~ three 
water  peak maxima occurred. The reorder ing of the 
PbO2 latt ice was evidenced by comparing the x - r ay  
diffraction patterns of the original samples wi th  those 
obtained before and after the exothermic  peak. The 
original sample did not show the high 28 angle Ka 
doublets for/~-PbO2. After  heating to 180~176 these 
doublets were  resolved, in addition to a shifting of the 
low 2~ angle values. A few additional lines also ap- 
peared for both a- and fl-PbO2. The mass spectra of the 
active mater ia l  effluent also showed peaks for CO2, 
occluded air (02 and N2), and organic compounds. 
These organics were  due to leaching out of organic 
mater ia ls  from the separators and the migra t ion  of 
these expander  products from the negat ive to the posi- 
t ive electrode. 

X- r ay  studies on the active mater ia l  held isother-  
mal ly  at 225 ~ for periods of time ranging from 2 hr  to 
several  weeks gave x - r ay  pat terns for ordered a- and 
fl-PbO2. Thermograv imet r ic  exper iments  over  the t em-  
perature  range 100~176 showed a very  small weight  
loss which could be a t t r ibuted to absorbed water  since 
mass spectrometry showed that  every  sample con- 
tained some. After  prolonged heating, durat ion of up 
to several  months, some of the samples gave lines for 
Pb304. However ,  three of the four electrodes had con- 
tained residual Pb304 in the formed electrode. Series 
D, which contained no Pb304 in the original  oxide 
blend, also showed several  Pb304 diffraction lines. 

Continued heating of the electrode active mater ia l  
showed that  each sample began to decompose en-  
dothermical ly  at 290~ with  the active mater ia l  f rom 
series B, C, and D giving peak max ima  at 440 ~ 434 ~ 
and 437~ respectively.  No tempera ture  max ima  in 
this range was observed for series A. X - r a y  analysis 
of quenched and isothermal ly  held samples of series 
B, C, and D gave pat terns for a-PbOz. X - r a y  analysis 
of quenched and isothermally held samples of series 
A taken between 375~176 gave x - r a y  pat terns  for 
~-PbOz. Isothermal  runs on a number  of A series 
samples held at 325 ~ for varying periods of t ime 
gave a few samples whose x - r ay  pat terns were  close 
to a-PbOx. 

The third endothermic peak max imum was ob- 
served be tween  480~176 for all electrode samples. 
X - r a y  analysis showed the major  product  to be ~-PbO~. 

The four th  endothermic peak maxima were  be- 
tween 515~176 and were  associated with the de- 
composition of fl-PbOx to Pb304. The area under  this 
peak var ied considerably. Series B and D gave peaks 
which were  more  characterist ic of pure samples of 

chemical ly prepared  ~- and fl-PbO2 whi le  series A 
and C gave much smaller  peaks thus indicating that  
s imultaneous decomposition reactions were  occurring. 
This was confirmed by x - r ay  diffraction analysis of 
samples quenched from the 480 ~ endothermic peak. 

The final endothermic peak between 610~176 was 
due to the decomposition of Pb~O4 to PbO tetragonal.  

Thermal analysis of cycled lead dioxide e~ectrodes.-- 
Thermal  analysis of the four samples of active ma-  
terial  gave identical  DTA curves. A representat ive  
DTA curve is shown in Fig. 3. The DTA curves ob- 
tained from these cycled electrodes were  unl ike any 
of the curves obtained from the active mater ia l  of 
the formed electrodes. The main differences be tween 
the formed and cycled electrodes :were  that  there  
was a general  decrease in area under  the first exo-  
thermic peak at 200~ the occurrence of an endother-  
mic peak at 358~ and the appearance of one large 
endothermic peak at 465~ which replaced the two 
endothermic peaks observed with  three of the formed 
electrodes (B, C, and D) be tween  434~176 

The DTA curves of the oxidized mater ia l  f rom 
cycled electrodes consisted of five peaks. An exo- 
thermic peak at approximate ly  200~ and four en-  
dothermic peaks at 358 ~ 465 ~ 536 ~ and 617~ These 
peaks were  associated with the following thermal  de- 
composition reactions. This decomposition mechanism 
applies only to nonequi l ibr ium runs wi th  samples 
removed at each peak maximum. All  of the cycled 
samples contained adsorbed water.  

a-PbO2(OH) + fl-PbO2(OH) 

200 ~ 
+ amorphous PbO2 (OH) > a-PbO2 (ordered) 

~-PbO2 (ordered) + amorphous PbO2 [1] 

a-PbO2 +/~-PbO2 + amorphous PbO2 

358 ~ 
> ~-PbO2 + ~-PbO2 [2] 

quenched 

SAMPLE:  
OXIDIZED PbO2/PbSO 4 ELECTRODE 

WITH iO0 S.A.E. CYCLES 

0 

UJ 

200 ~ 
~ ~ o ' ~  ~oo 

130~ 290~ 572 ~ 
358 ~ 524 ~ 

617 ~ 

I I I I I I J 
I 00  2 0 0  3 0 0  4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  

T , ~  (corrected for chrornel alurnel thermocouples)  

Fig. 3. A representative DTA curve of a PbO2 electrode cycled 
100 SAE cycles. 
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465 ~ 
=-PbO2 + ~-PbO2 ~ / ~ - P b O =  

+ small amount  (a-PbOx, P-PbO=,Pb304) [3] 

536 ~ 
~-PbO= . . . .  > Pb304 

-}- small amount PbO tetragonal [4] 

617 ~ 
Pb304 > PbO tetragonal  [5] 

The exothermic peak at 200 ~ was the result  of 
reordering of the PbO2 lattice with the evolution of 
H20 and 02. This reaction was also observed in  each 
of the formed electrodes. Continued heating of the 
active mater ial  produced an endothermic peak at 
358~ X-ray  diffraction pat terns of quenched sam- 
ples showed lines for ordered ~-PbO2 and /~-PbO2. 
TGA showed a slight weight loss over the 290~176 
temperature  range. A re run  of a sample which had 
previously been run  to 358 ~ gave no endothermic peak. 
X- ray  analysis of this sample showed lines for /~-PbO2 
and a-PbOx. The mater ial  in this sample responsible 
for the endothermic peak at 358 ~ must  therefore be 
associated with a-PbO2 or a possible amorphous form 
of PbO2. Evidence strongly favors the existence of 
such an amorphous form since samples containing 
no a-PbO~ still gave an endothermic peak at 358~ 
Microscopic studies of the original active mater ial  
show two distinct forms of PbO~ (1). The predomin-  
ant form, approximately 85-95% of the total, occurs 
at brown, brownish-orange,  or bright  orange, individ-  
ual crystals of small size and t ranslucent  appearance. 
The other form occurs in dense black or slate gray 
masses, of glassy appearance and with no definite 
form, and does not appear to be translucent.  Both 
forms appear unreact ive to ammonium acetate and 
appear in electrodes which show only ~-PbO2 lines, 
as well as those showing both a- and ~-PbO2 thus 
indicating that the mater ia l  is not a-PbO2. Micro- 
scopic examinat ion of samples that  were heated to 
the 358 ~ peak, and then quenched, showed that most 
of the black mater ial  had been replaced by a red 
material.  Samples of this red material  gave the major  
lines for Pb304. 

The black form of c~-PbO2, which was prepared 
electrochemically (Fig. 1) gave an endothermic peak 
of similar magni tude  at 345 ~ whereas all of the/~-PbO2 
preparations studied gave much larger enthalpy 
changes at around 400 ~ or higher. DTA curves r un  on 
discharged electrodes gave a 358 ~ endothermic peak of 
approximately the same magni tude  as that observed 
in the charged plate. These samples had not experi-  
enced large capacity losses at this time. The other 
peaks associated with PbO2 decomposition had dim- 
inished in area. Microscopical studies showed that 
the black material  was still present in a discharged 
electrode. This mater ial  evidently does not undergo 
oxidation or reduction to an appreciable extent  after 
the first few cycles. The most logical explanat ion 
of the above facts appears to be that the black PbO~ 
is an amorphous form or contains an amorphous form 
of PbO2 that is relat ively inactive. 

While as yet no evidence has been obtained that 
would directly l ink the two cases of unreact ive ma- 
terial, recent pulsed nuclear  magnetic  resonance s tud-  
ies (5) have revealed the presence of a hydrogen 
species in the electrochemically prepared PbO2 struc-  
ture which appears to be related to the loss of capacity 
of the lead acid battery. This hydrogen species has 
not been found in chemically prepared /~-PbO2, and 
the lat ter  is known to be unsatisfactory as a bat tery  
electrode. Upon heating the electrochemically pre-  
pared PbO2 to 150~ this hydrogen species disappears. 
This temperature  roughly corresponds to the exo- 
thermic peak observed at 180 ~ on the differential 
thermal  analyzer. This peak was not observed when 
the chemically prepared ~-PbO2 was heated. 

The endothermic peak at 463~ was duer to the 
decomposition of a-PbO~ and residual PbO2 to ~-PbOz. 
Also occurring s imultaneously was the decomposition 
of ~-PbOx and fl-PbOx to Pb304. 

The endothermic peak at 535~ was due to the de- 
composition of ;~-PbO~ (from fl-PbO2) to Pb~O4 and 
the decomposition of Pb304 to PbO tetragonal  (from 
a-PbO~). As the amount  of =-PbO2 increased in the 
original sample the peak at 535~ decreased. This 
would be expected if this peak was due to the de- 
composition of ~-PbO2 to Pb304. 

The endothermic peak at 618~ was due to the 
decomposition of Pb~O4 to tetragonal PbO. 

The a'bove analysis was based on cycled samples 
taken from electrodes which had showed only a slight 
loss in its init ial  capacity. As the electrodes were 
cycled to failure the major  changes in the DTA curves 
were the gradual  disappearance of the exothermic 
peak at 200~ and the endothermic peak at 358~ 
The other endothermic peaks were only reduced 
slightly indicating that  the plate still possessed a high 
PbO2 content. This PbO2 was electrochemically in-  
active. X- ray  analysis also showed that the electrode 
had a high PbO2 content and a low PbSO4 content 
at failure. The DTA curve obtained from this elec- 
trochemically inactive PbO2 resembled the DTA curves 
obtained from reagent F, bO~. 

Conclusions 
1. From the evidence that has been obtained it is 

concluded that an amorphous form of PbO2 exists 
in positive plate active material,  in  addition to a- 
and ~-PbO2. This material  appears to possess thermal  
properties similar  to ~-PbO2. 

2. It was concluded from thermal,  mass spectroscopy, 
NMR, and microscopy results that as the PbO2/PbSO4 
electrode was cycled the electrochemically active PbO2, 
which may be an amorphous compound, underwent  
a s tructural  reordering with the loss of a hydrogen 
species. This s t ructural  reordering lead to an electro- 
chemically inactive PbO2 compound which gave NMR, 
DTA, and mass spectroscopy results similar to those 
obtained on reagent PbO2. The continual  conversion 
of electrochemically active PbO2 to the electrochem- 
ically inactive form is one of the major  factors that 
causes bat tery capacity loss and ul t imate failure. 

3. The thermal  decomposition mechanism of formed 
plates has been found to differ, depending on the 
method of manufacture.  However, after a number  of 
cycles all plates gave the same thermal  decomposition 
mechanism. 

4. It was also concluded that  similar DTA, NMR, 
and mass spectroscopy results are obtained when 
electrochemically active PbO2 is cycled to failure or 
when it is heated isothermally at 225~ 
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Effect of Gaseous Pretreatment on Oxidation of Iron 

A. W. Swanson *'1 and H. H. Uhlig* 
Department of Metallurgy and Materials Science, Massachusetts Institute of Technology, 

Cambridge, Massachusetts 02139 

ABSTRACT 

Gaseous pretreatment of pure iron surfaces may either increase the sub- 
sequent thin film oxidation rate or decrease it, depending on the gas. The 
effect is less than for copper. Traces of impurit ies including carbon may ex-  
plain diminished faceting of iron, and also lower oxidation rates in  low- 
pressure O2. 

In  previous papers (1, 2) it was shown that gaseous 
pre t rea tment  of s ingle-crystal  and polycrystal l ine Cu 
has a large effect on subsequent  thin film oxidation 
rates in oxygen. Surface facets are formed, the or ien-  
tat ion and oxidation rate of which vary  with the 
gas used for pretreatment .  It was found that  the pre-  
t rea tment  of single-crystal  Cu, whatever  the crystal 
face, in hydrogen at 350~176 favors formation 
of the slowly oxidizing (111) face; on the other hand 
pre t reatment  in  ni t rogen favors formation of the much 
more rapidly oxidizing (100) face. Both pretreated 
and untrea ted  copper surfaces follow two-stage log- 
arithmic oxidation kinetics when  oxidized at 175 ~ 
225~ in 1 atm O2. 

Tammann  and KSster (3) first observed that  oxi- 
dation of Fe at low temperatures  ( thin oxide films) 
follows the direct logari thmic equation. Similar  be-  
havior for Fe in  air at 300~ was reported by Lust -  
man  and Mehl (4),-in air up to 200~ by Vernon et al. 
(5), in air up to 300~ by Davies et al. (6), and in 
1.3 X 10 -2 Torr 02 up to 200~ by Graham et al. 
(7). Runk and Kim (8) observed two-stage logari th-  
mic behavior  for 0.2, 0.4, and 0.8% C steels in 100 
Torr 02 at 200~176 similar behavior  was reported 
by Needham et al. (9) for zone-refined Fe in 4 • 
10 -6 Torr  O2 up to 350~ In  some of these investiga- 
tions, a wide variety of oxide thicknesses were re-  
ported under  otherwise comparable conditions but  
various metal  surface t reatments  were used prior to 
oxidation. It  was the purpose of the present  invest i -  
gation to determine to what  extent  Fe similar to 
Cu oxidizes in the thin film region at rates depend-  
ent on the type of gaseous pretreatment .  

Experimental 
Two kinds of i ron were used. The first was Armco 

iron sheet 0.0037 in. (0.0094 cm) thick decarburized 
in wet H2 to 0.0013% C (by chemical analysis) .  The 
second was Battelle zone-refined iron containing 
<0.0005% C, with other impurit ies consistently low, 
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tham,  Massachuset t s  02154. 
Key  words :  i ron oxidation,  effect of surface p re t rea tmcnt ,  surface  

carbon films, thin film oxidation,  Init ial  oxidat ion.  

cold rolled to 0.015 in. (0.038 cm), and subsequent ly  
annealed in argon at 800~ for 1 hr. 

Oxidation and pre t rea tment  tests were run  in a 
3 cm ID fused silica tube inserted into a horizontal 
tube furnace main ta ined  automatically at •176 A 
0.5 cm wall  stainless steel tube surrounding the silica 
tube insured a more' uni form furnace temperature.  
The furnace could be slid along runners  br inging 
it into or out of the specimen zone. Gases were led 
through an inner  sn-lall diameter  silica t u b e  to the 
rear of the larger silica tube, thereby preheating 
the gas before it impinged on the specimen. 

Dried nitrogen, hydrogen, and argon were purified 
by passing over Cu chips at 400~ the argon was 
addit ionally purified over Ti chips at 800~ All  the 
foregoing gases were then dried through a trap im- 
mersed in solid CO2 and acetone. Oxygen was dried 
using CaCI~. Specific mixtures  of CO-CO2 were ob- 
tained by moni tor ing the flow of the individual  gases 
through flow meters. Specific H20-H2 mixtures  were 
obtained by bubbl ing  H2 through distilled H20 main-  
tained at a prescribed temperature.  

The 3 • 10 cm iron sheet specimens bent  into a 
semicircle were pickled for 2 min  at room temperature  
in  10 volume per cent (v/o)  conc HNOs, r insed four 
times in  distilled water, and  then dried by immers-  
ing in acetone, followed by benzene in  a ni t rogen 
atmosphere. It  was suspected that  carbon tended to 
migrate  to the metal  Surface during heat ing of the 
specimens (as detected by reduced oxidation rates 
of the iron),  requir ing a fur ther  oxidat ion-reduct ion 
t rea tment  of the surface in order to remove it. Holm 
(10) earlier observed that carbon migra t ing to the 
surface of i ron reduced the thickness of a previously 
formed oxide film; Uhlig et aI. (11) noted the same 
effect with nickel. Sewell (12) found similarly that  
the oxidation ra te  of nickel is affected by only a 
few parts per mil l ion of carbon migrat ing to the 
surface. Blickwede (13) showed through surface an-  
alysis of commercial steels that  marked surface en-  
r ichment  in carbon occurs after anneal ing in  N2-H2 
mixtures.  

To avoid such effects with the present  specimens, 
both Armco and zone-refined iron were subjected to 
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t he  fol lowing procedure:  the specimen was heated 
in 02 at 1 atm to 250~ for 1 min, fol lowed by heat -  
ing at 720~ in N~ at 1 atm. Any carbon diffusing 
to the meta l  surface in the N2 atmosphere reduced 
the thin oxide. If the oxide was visibly changed, the 
oxidation t rea tment  was repeated unti l  the oxide 
remained unaffected by the 720~ treatment .  The re-  
sidual oxide film was then reduced with  H2 at 250~ 

Surface pre t rea tment  runs were  made  by bringing 
the specimen to t empera tu re  in N2, then flowing the 
pre t rea tment  gas over  the specimen at 1000 ml i t e r s /  
rain for the required time. The specimen was then 
al lowed to cool to 250~ in the same gaseous atmos- 
phere. Af ter  flushing with  N2, the introduction of O2 
marked  the beginning of oxidation time. Cooling 
o f  the specimen after oxidation was carr ied out in N2. 

Oxide Thickness Measurements 
Iron oxide thickness, in contrast to cuprous oxide 

thickness, could not be determined by the convenience 
of coulometr ic  reduction. An a t tempt  was made to 
use coulometry  employing various fused salt e lectro-  
lytes, but  without  success. Cohen and co-workers  (14, 
15) t r ied to e lectrochemical ly  reduce Fe304 films on 
iron in aqueous electrolytes but  never  achieved a wel l -  
defined current  efficiency even closely approaching 
100%. The method we finally adopted employed an 
oxide film stripping technique using a 10% solution of 
iodine dissolved in anhydrous methy l  alcohol prev i -  
ously distil led over  metal l ic  Ca. The method was 
similar to that  described by Vernon et al. (16) and 
made use of a glass setup equipped with  ball  and 
socket joints and Teflon stopcocks (Fig. 1). Purified N2 
filled the apparatus and was also used to circulate the 
methanolic  solution or methanol  itself. A sample of 
oxidized iron specimen cut to 1.3 • 8.1 cm was placed 
in the str ipping cell C and covered with the I2-CH3OH 
solution. The str ipped oxide was r insed five times with  
small portions of CH3OH from flask A, thereby insur-  
ing removal  of str ipping solution and ferrous iodide 
(as checked by chemical tests of aqueous wash solu- 
tions). The washed oxide was then dissolved in 6N 
HC1 and both the ferrous iron and total iron deter -  
mined using the o-phenanthro l ine  method in conjunc-  
tion with a spectrophotometer  operat ing at a wave -  
length of 508 m~. The oxide by such analysis was 
found to have a ratio of total iron to Fe ++ of 2.95 
• 0.05 corresponding to Fe304. This composition for 
the oxide formed on iron in the 250~ range is in 
agreement  with that  determined by others (17-19), 
employing most ly x-ray.  The thickness of the oxide 
film was calculated from the iron analyses assuming 
a density for Fe304 of 5.18 and a surface roughness 
factor of unity. 

Results 
Oxidation data for polycrystal l ine Armco and zone- 

refined i ron were  found to follow the direct logar i th-  
mic equation and in part icular  two-s tage  logari thmic 
behavior  as shown in Fig. 2-3. The data for first-stage 
oxidation follow the relat ion y -  kl log ( t /~ + 1) 
where  y is oxide thickness, t is the time, and kl and 
are constants. Values of �9 were  obtained by ext rapola t -  
ing y vs. log t to y ---- 0, emphasizing points for which 
t > >  ~. Values of T' for second-stage oxidation were  
obtained on the basis of the following equation 

~ G  ~'--- Teflon Ring Seal 

loss FrJt ~ J] ~ - -  

Fig. 1. Apparatus for oxide film removal 

N2 

900 ' ' ' I ' ' ' '1 I ' ' I ' ' ' ;  

~ - W ~ - 
600 I-~0 - HZ pretreatmen, / m. ~ "  -- 

_ 

_ 3OO -1- 

J ~ /  No Pretremrnent / 
I-- 

UJ 150 C) Dry H2 or /~ Pretreatment 

0 , , , I .... I [ , , I ,,, 
5 IO 20 50 I00 

TIME IN MINUTES 

Fig. 2. Oxidation of decarburized Armco and zone-refined iron 
in 1 atm 02, 250~ Pretreatment times: 150 rain. 

Armco Zone-refined 
iron iron 

(3 
[ ]  �9 
/X �9 
�9 <> 

No pretreatment 
Pretreated dry N2, 800~ 
Pretreated dry H2, 800~ 
Pretreated PH20/pH 2 = 10 - I ,  800~ 
Pretreated pH20/pH 2 = 10 -1,  1000~ 

y - -  L = kl ' lOg (t /~'+ 1)  

where  L is the thickness of oxide at the transi t ion 
from 1st to 2nd stage oxidation. The value  of ~' is then 
the t ime at which y equals L. Values of kl, kl', T, and 
�9 ' are listed in Table I 

The oxidation data for preoxidized Armco iron, the 
a i r - formed film of which was reduced at 250~ are 
shown in Fig. 2 ("No Pre t rea tmen t" ) .  Within exper i -  
mental  variations, these data coincide with  those for 
iron specimens pre t reated in dry H2, in dry N~, or in 
dry Ar  at 800 ~ and 1000~ Zone-refined iron pre-  
t reated in dry H2 or in dry N2 behaves essentially the 
same as does Armco iron. Impuri t ies  normal  to Armco 
iron, therefore, are not important .  However,  for  both 

Table I. Rate parameters for iron oxidizing in 1 atm 0 2  at 250~ 

P r e t r e a t m e n t  c o n d i t i o n s  
Armco Zone refined k i ( A )  ,r (min)  k l '  (A) r '  (min )  L ( A )  

N o n e  
N~, H2, o r  A r ,  800 ~ o r  1000~ 
PH~O/PH 2 = 10-1, 800~ 

PH20/PH 2 = 10-o.s, 800~C 
p~[~o/p~ 2 = IO-L~, 1000~ 
PCO/PCO 2 = 2.33, 800~ 
PCO/PCos = 3,0, IO00~ 

N2 o r  H~, 800~ 
pH20/pH 2 = 10-1, 

800 ~ or  1000~ 

12g 
175 

140 
140 
103 
103 

0.06 
0.07 

0.02 
0.02 
0.03 
0.03 

363 
460 

470 
470 
352 
352 

9,3 
10,0 

9.0 
9.0 

10.4 
10,4 

297 
380 

360 
360 
265 
265 
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No Pretreatment 

, , , I , , , , I  I , , I t , ,  
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Fig. 3. Oxidation of decarburized Armco iron in 1 atm 02, 250~ 
Pretreatment times: 150 rain. A ,  Pretreated dry N2, 1000~ C), 
pretreated dry H2, 1000~ [-1, pretreated PH20/Pff2 ~ 10 -~  
800~ e ,  pretreated pH20/pH 2 ~ 10 -LS ,  1000~ 

irons, p re t rea tment  wi th  reducing H20-H~ mix tures  
wi th  PH20/PH2 : 10 -0"5, 10-1"o, and 10 -~'5 for 150 min 
increased the subsequent  oxidation rates by an amount  
equal  to about 25-35%. A longer  t ime of pre t rea tment  
in H20-H2 for up to 300 min  did not al ter  subsequent  
rates (Table II) .  P re t rea tment  in noncarburizing 
CO-CO2 mixtures  (pco/pco2 = 2.33 and 3.00) caused a 
slight decrease (10-20%) in the first-stage oxidation 
rate. These data are shown in Fig. 4. The pre t rea t -  
ment  gas ratios were  chosen at values which avoided 
ei ther  carburizat ion on the one hand, or oxidation on 
the other, in accord wi th  data provided by Austin (20). 

Discuss ion  
The observed changes of oxidat ion rate  produced by 

various gaseous pre t rea tments  are much smaller  than 
paral lel  effects observed for Cu. The changes in iron 
can be ascribed ei ther  to changes in surface roughness 
or to the development  of  surface facets having an ori-  
entat ion corresponding to the lowest  meta l  surface 
energy. In view of the pronounced and revers ible  
effects of p re t rea tment  on faceting of Cu, as confirmed 
by electron micrographs,  a s imilar  explanat ion for 
the oxidation behavior  of Fe based on faceting is 
plausible. A change of roughness factor is not an 
equal ly  val id explanat ion for the results on Cu, and 
probably not for the results on Fe. Electron micro-  
graphs of H20-H2 and CO2-CO pre t rea ted  Fe showed 
a definite surface rea r rangement  but the facets were  
less pronounced than those appearing on Cu and the 
resolution was not of sufficient qual i ty  to just i fy re-  
production. The electron micrographs were  similar  to 
those pictured by SewelI  et aL (21) for Fe af ter  vac-  
uum or H2 t rea tment  at 800~ for 120 rain. Al though 
the la t ter  authors indicate that all low index planes 
of Fe develop similar facets, one would assume that, 
as in the case of Cu and in accord with  discussions by 
Gjostein (22), the orientat ion of facets which develop 
on any s ingle-crystal  face is a function of the kind and 
part ial  pressure of the gas in contact. 

Since thin film oxidat ion of iron, as for Cu, in-  
creases in the order (111) < (100) (23), the lesser 

Table II. Effect of time of H20-H2 pretreatment* at  800~ on 
oxide thickness formed subsequently at 1 atm 02, 250~ 20 min 

Oxide  t h i c k n e s s  

2.5 h r  !ore- 5 h r  lore- 
S p e c i m e n  t r e a t m e n t ,  A t  t r e a t m e n t ,  A t  

A r m e o  i r o n  520 +--- 40 510 --+ 35 
Z o n e - r e f i n e d  i r o n  512 ----- 42 525 + 32 

* p~2olp~2 = 10-1. 
t A v e r a g e d  f o r  3 or  4 s p e c i m e n s .  D e v i a t i o n s  a r e  m a x i m u m  v a l u e s .  

900 ' ' ' I . . . .  I I ' ' I ' ' ' '  I 

0 750 I3E / / j  

~-- - if/ - 
z ~ 600 / " / ~ , ~ - -  
<~ - H20-H ~ Pretreatrnent / / /  

/ . f  �9 

UJ / f  - -  
Z - ~ ~ ~ / e ' ~  ~'~ Dry Argon Pretreatment 

300 ~ ~ /  No Pretreatment 

[50 CO-CO~ Pretreotment 

X 
0 0 , , , I . . . .  I I , I I I I f f  

5 I0 20 50 I00 
TIME IN MINUTES 

Fig. 4. Oxidation of decarburized Armco iron in 1 atm 02, 250~ 
Pretreatment times: 150 min. i-I, Pretreated dry argon, 800~ e ,  
pretreated dry argon, 1000~ O ,  pretreated pco/pco 2 ~ 2.33, 
800~ A ,  pretreated pco/pco2 ~ 3.0, 1000~ 

effects of gaseous p re t rea tment  on oxidat ion of Fe may  
result  f rom a lesser tendency of Fe to facet in the pre-  
t rea tment  gases present ly chosen. The la t ter  tendency 
in turn may be inherent  to Fe or it may  be caused by 
surface contaminat ion by carbon or other  impurities. 
which, despite all precautions, reached the meta l  sur-  
face in monolayer  or lesser amounts during gaseous 
pre t rea tment  or O2 exposures. Such a part ial  mono-  
layer  is expected to exer t  a major  effect on surface 
energies and, in turn, on facet formation. 

A comparison  between present ly  repor ted  oxide 
thicknesses on Fe and values previously repor ted  by 
other  invest igators  also suggests an effect of surface 
contaminat ion ra ther  than of differences in faceting. 
The results divide themselves into two categories. All  
investigations carried out in re la t ive ly  high O2 pres-  
sures are reasonably consistent. For  example,  at the 
end of 10 min, present ly  measured  thickness of the 
Fe304 film on iron at 250~ 1 atm 02, is 297A; Wagner  
et at. (23) (1 a tm 02) obtained about 450A at 250~ 
Boggs et al. (17) (0.01-100 Torr  O2) repor ted  about 
350A at 270~ and Runk and Kim (8) (100 Torr  02) 
for 0.2% C steel reported 420A at 300~ On the other  
hand, at consistently lower  pressures, the reported 
oxide thickness is about an order  of magni tude  less. At  
the end of 10 rain, Graham et al. (7) (1.3 • 10 -2 
Torr  02) repor ted  60A at 200~ al though thei r  O~ pres- 
sure over lapped the lowest  pressure employed by 
Boggs et al.; and Needham et al. (9) (4 • 10 -6 Torr  
O2) reported 36A at 285~ 

The zone-refined iron used by Needham et al., Boggs 
et al., and by us was supplied by Battel le  Memorial  
Inst i tute and hence observed differences in oxidation 
rates are not l ikely  to be caused by differences in im-  
purities. Our present  similar results on Armco and 
zone-refined Fe also make it clear that impuri t ies  are 
not a major  factor. Fur the rmore  the oxidation rate in 
low pressure in contrast  to h igher  pressure 02 is not 
controlled by diffusion of 02 to the surface in view of 
observed logar i thmic behavior,  and also because the 
t ime separat ing first- f rom second-stage oxidation is 
about 10 min  in our measurements  and also in those 
of Needham et al. and in those of Runk and Kim, the 
la t ter  invest igators working with  0.2-0.8% C steels. 
There  is the possibility that  the semiconducting prop- 
erties of the Fe.~O4 film are affected by oxygen  pressure 
in such a direction as to decrease the  rate  as the pres-  
sure is lowered. Such a trend, however ,  is opposite to 
the effect of oxygen pressure wi thin  the range 0.01- 
100 Tor t  reported by Boggs et al. Graham and Cohen 
(24) repor ted  an increasing rate wi th  O2 pressure at 
350 ~ and 400~ but their  results apply to the parabolic 
region of oxidat ion and not necessarily to the logar i th-  
mic range present ly  considered. Boggs et al. found 
l i t t le  if any pressure dependence in the definitely para-  
bolic region at 450~ It seems reasonable to suggest, 
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therefore, that  contaminat ion of an i ron surface by 
monolayer  or lesser amounts  of carbon (which is dif- 
ficult to avoid) has a much larger effect on oxidation 
rates carried out in  low pressure O2 than in higher 
pressure O2 approaching 1 atm, the carbon contamina-  
t ion in low pressure measurements  markedly  reducing 
the oxidation rate. This suggestion is in  accord with 
the results of Needham e t a l .  showing that surface 
carbon contaminat ion in their  low pressure measure-  
ments  exerted a re tarding effect on oxidation. In  addi-  
tion, the low oxidation rates they reported at 4 • 10 -6 
Torr  O2 are also explained by a diminished electric 
field wi th in  the Fe304 film caused by decreased ad- 
sorption of oxygen on the outer oxide surface. Such a 
reduced electric field slows down the oxidat ion-rate  
controll ing escape of electrons from metal  to adsorbed 
oxygen in accord with the theory of th in  film oxidation 
described by one of us (25). 

In  accord with the theory of th in  film oxidation re-  
ferred to (25), it is possible from observed values of 
kl to calculate the density of sites n at which elec- 
trons become trapped in  oxide adjacent  to the metal  
surface. The increasing thickness of negative space 
charge thus created retards the escape of electrons 
from metal  to oxygen adsorbed on the oxide surface. 
On the basis of the values of kl observed for Fe re-  
duced in H~ at 250~ n ---- 6.4 X 1015 . This is in ter -  
mediate  between values for Cu at 250~ (0.6 X 1014) 
(25) and for Zn at 206~ (2.4 X 1017 ) (26). Accord- 
ingly, one of the reasons Cu oxidizes more rapidly and 
Zn less rapidly than  Fe in  the th in  film region is the 
differing oxide space charge densities. 

Conclusions 
1. Gaseous pre t rea tment  of i ron with reducing 

H20-H2 mixtures  at 800~176 increases the subse- 
quent  oxidation rate in 1 atm 02 at 250~ by 25-35%. 

2. Similar  pre t rea tment  with noncarbur iz ing CO- 
CO2 mixtures  decreases oxidation by 10-20%. 

3. Both decarburized Armco iron and zone-refined 
iron oxidize in 1 atm O2 at 250~ at the same rate; both 
follow similar  two-stage logarithmic kinetics. A much 
lower oxidation rate reported by other investigators 
in  low pressure 02 is probably caused by the re tard-  
ing effect of contaminat ing surface carbon; such car- 
bon contaminat ion does not s imilarly retard oxidation 
in 1 atm O2. In  addition, diminished adsorption of oxy- 
gen on oxide may also explain lower oxidation rates 
in  low pressure gas. 

4. I ron in  the thin-f i lm region oxidizes at a rate 
intermediate  between Cu and Zn. This is in terpreted 
in  terms of an intermediate  space charge density in  
Fe304 compared to that  in  CueO and ZnO adjacent  to 
the meta l  surface. 
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Electrochemically Generated Colored Films of 
Viologen Radical Compounds 
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Insoluble 

ABSTRACT 

Electrochemical reactions that produce a change of light absorption in the 
visible region can be used in display devices. The reduction of the 4,4'-di- 
pyridinium compounds or viologens to stable blue radicals is very promising 
in this respect. It was found that in aqueous solution the solubility of the 
radical is remarkably lower than that of the oxidized form. It turned out thai 
the solubility depends on the kind of anion and the magnitude of the viologen 
rad ica l  ion.  

An increasing demand for all sorts of display d e -  
v i c e s  with which electrical informat ion can be made 
visible, has s t imulated the search for electrochemical 
processes to provide the electro-optical effect in such 
a device. The most obvious processes are electro- 
chemical reactions in which the l ight-absorbing char-  
acteristics of one of the reacting substances change 
dramatically.  The reduct ion of meta l  ions to a metal  
film on a t ransparent  electrode and the color change 
of pH or redox indicators are examples of such reac- 
tions (1). 

In  our laboratory the feasibility of a display based 
on an electrochemical color change was investigated 
using the group of redox indicators known  as the 
viologens. This name was given by Michaelis and Hill 
(2) to the 4,4 ' -dipyridinium compounds (I) because 
they become deeply b lue-purp le  on reduction. Desig- 
nat ing I as dipy X2 we have the following reactions 

dipy a+ + e ~ dipy + (blue) 
dipy + + e ~ dipy 

2 x -  

I 

F r o m  s e v e r a l  investigations (3) it is known  that  the 
first step is a simple, reversible, one-electron reduction 
giving the stable blue, radical ion. There is no reaction 
with a proton involved, a rare occurrence in organic 
redox reactions. The electron t ransfer  reaction is so 
fast that the reduction is diffusion controlled only, 
even at large current  densities. This property is of 
importance in  display applications where a response as 
fast as possible is required. Response times of 10 
msec have been obtained. 

The stabil i ty and the intensive color of the radical 
ion result  from the extensive deloealization of the elec- 
t ron that is added on reduction to the a-electron sys- 
tem of the dipyridium skeleton. As long as the sub-  
s t i tuent  R does not influence this ~-electron system 
one expects no influence of R on the energy needed to 
add an electron, i.e., the viologens should a l l  have more 
or less the same redox potential. This a rgument  is 
supported by the fact that  the EPR spectra of some of 
the viologens with different subst i tuents  are pract i -  
cally identical (4). The respective redox potentials 
measured in  water at inert  electrodes however, show 
large differences, e.g., ethyl viologen --0.680V vs. SCE 
and benzyl  viologen --0.597V vs. SCE. In addition, the 
value of the redox potential  of a part icular  viologen 
in  an organic solvent such as acetonitrile differs from 
that  in aqueous solution. One wonders whether  this 
las t  fact is connected with the differences in color in 

Key words: viologen, electrochromics, display, 

the above solvents: blue (kmax-  605 nm)  in aceto- 
ni t r i le  as well  as in dilute aqueous solutions, purple  
(increase of shoulder at k = 545 nm)  in more  concen- 
trated aqueous solutions. This behavior  has been ex- 
plained (3, 5) in  terms of a dimer formation in  aque-  
ous solutions. The absence of the dimer in  organic sol- 
vents is a t t r ibuted to ion-pair  formation which some- 
how prevents  dimerization. However Dimroth and 
Fris ter  (6) noted the deepening of the purple  color 
and even the possibility of sal t ing-out  the radical 
compound of 4,4'-dipyridyl by adding iodide ions, 
which suggests that the kind and the concentration of 
the anion are important. Some of the viologens we 
synthesized gave insoluble purple products on reduc- 
tion even in dilute solutions. In order to find an ex- 
planation for the differences in redox potentials we 
have determined the half-wave potentials of a number 
of substituted viologens at various concentrations and 
in one case with different supporting electrolytes. The 
existence of insoluble reduction products is of practical 
importance in display applications. On electrodes of 
any desired shape these products can be deposited in 
the form of thin films. This property provides a mem- 
ory effect without any power consumption and en- 
sures that the oxidation of the colored product to the 
colorless state is fast (7). Erasure times of 10 msec 
have been obtained. 

Experimental 
The dipyr idinium salts were prepared with the use 

of the Menschutkin  reaction in which an amine is 
quar ternized with an alkyl halide (8). The halides 
obtained in this way were t ransformed into compounds 
with different anions by double displacement reac- 
tions. Simply by adding concentrated solutions of their 
sodium salts the tetrafluoroborates as well as the per-  
chlorates could be precipitated. 

A Metrohm Polarograph E 261 R was used for the 
polarographic measurements,  in  some cases together 
with the iR-compensator E 446. Large Ag/AgC1 elec- 
trodes were used as reference and counterelectrodes. In  
the measurements  of solutions in acetonitrile these 
electrodes were connected through a bridge filled with 
acetonitri le saturated with support ing electrolyte. The 
viologen concentrat ion was 10 -3 tool l i ter -1. A series 
of measurements  was performed at 25 ~ ~ 0.1~ but  
since the influence of the temperature  on Ell2 is slight 
this practice was discontinued and most experiments 
were done at room temperature.  

The preparat ion of viologen radical films for mea-  
surement  of the static emf of the cell  

P t /v io logen radical f i lm/viologen soln/AgC1/Ag 

was done with the help of a Wenking potentiostat  in 
that  cell at about --0.70 vs. Ag/AgCl. This potential  
was main ta ined  unt i l  the current  became negligibly 
small. In  this way the poor reproducibil i ty of these 
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Table I. Half-wave potentials for viologen tetrafluoroborates 
in acetonitrile 

--EI12 ist redue- --El~2 2nd reduc- 
tion step vs. tion step vs. 

R Ag/AECl (V) Ag/AgC1 (V) 

Ethyl  0.48 0.89 
n-Propyl  0.47 0.90 
Allyl 0.44 0.85 
n-Butyl  0.45 0.98 
n - A m y l  0.45 0.89 
i so-Amyl  0.46 0.90 
Hexyl  0,49 0.93 
Heptyl  0.41 0.88 

measurements,  due to changes inside the layers, espe- 
cially in the case of heptyl  viologen bromide, could be 
improved upon. Pt  electrodes of different shapes were  
used. They were  cleaned in 2N nitric acid, r insed with  
water,  and kept in a dilute FeSO4 solution. 

The solutions were  st irred continuously and oxygen-  
free ni t rogen was bubbled through. A heptyl  viologen 
bromide film was prepared electrolyt ical ly  on a t rans-  
parent  conducting SnO2 substrate part  of a cell filled 
with  a heptyl  viologen dibromide solution. Its spec- 
t rum was measured with  a Cary 15 spectrophotometer.  
A matched cell filled with  the same solution was 
placed in the reference beam. 

Results 
The ha l f -wave  potentials for the first and second re-  

duet/on steps for a number  of viologen tetrafluoro- 
borates in acetonitr i le  are given in Table I. It is noted 
that, i r respect ive of the substituent, all values are 
close together  compared with the differences observed 
between, e.g., ethyl and benzyl viologen in water,  as 
pointed out earl ier  in this paper. In acetonitr i le  only 
the tetrafluoroborates and the perchlorates are suf- 
ficiently soluble to allow variat ion of the anion con- 
centrat ion over  two decades. No change in the half-  
wave  potentials was found over  this range. A similar 
result  holds for acetonitr i le  water  mixtures  1: 1. 

Heptyl  viologen is one of the compounds that  gives 
an insoluble product on reduction in water  and we 
selected this compound for polarographic measurements  
with different support ing electrolytes. The results for 
KC1 and NH4BF~ are given in Fig. 1. For  anions other  
than these a comparison at a fixed concentrat ion of 
10 -2 mol  t i ter  -1 was made and a sequence could be set 
up for monovalent  anions in which the absolute value 
of the measured ha l f -wave  potential  of the first re-  
duction step decreases F -  > C1- > B r -  > BF4-  
> C104-. It is noted that  the radius of the anions in- 
crease in this sequence. Since a precipitate is formed 
the approximate  equivalence of the ha l f -wave  poten-  
tial and the redox potential  is no longer  true, but now 
stat ionary measurements  are possible after  the forma-  
tion of a layer  of the insoluble product  on an inert  
electrode. Measurements  of the emf of the fol lowing 
cell are given in Fig. 2 

P t /d ipy  X /d ipy  2+, X - ,  K +, (H20) KClsat/AgC1/Ag 

A number  of different viologens have been prepared 
pr imari ly  to test their  possible usefulness for display 
applications. We observed therefore  whe ther  it was 
possible to prepare  a permanent  film by electrochemical  
reduction in the aqueous solutions of the dibromides. 
In Table II we give the results, where  + indicates the 
fact that the solubili ty of the bromide is sufficiently 
small to make  a permanent  film. We have arranged the 
substituents in the order of increasing length of the 
alkyl groups and we have compared other  substi tuents 
with these in terms of the number of CH2 units. With 
less than 4-5 of these units in R the films dissolve 
slowly or do not exist at all, 

In Fig. 3 the spectrum of the heptyl viologen bro- 
mide layer formed electrochemically on a SnO2 elec- 
trode is given as well as that of the solution in aceto- 
nitrile and that of ethyl viologen chloride in water for 
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Fig. 1. Half-wave potentials as function of the anion concentra- 
tion X - .  -I-, BF4-; O, C I - .  Heptyl viologen concentration 10 -'~ 
tool liter -1.  1, First reduction step; 2, second reduction step. 
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Fig. 2. EMF of the cell Pt/viologen radical film/viologen solu- 
tion/AgCI/Ag as function of the anion concentration X - .  O, C I - ;  
-I-, Br- .  Heptyl violegen concentration 10 -3  mol liter -1.  

comparison. The absorption band with a m a x i m u m  at 
605 nm is no longer present in the solid layer  and the  
shoulder at 545 nm, present  in both solutions, is now 
the major  absorption band. One can say that  the anom- 
alous spectral behavior  of aqueous solutions of violo- 
gens becomes ex t reme in the case of heptyl  viologen. 
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Table II. Electrochemical reduction of viologens in aqueous 
solutions of dibromides for preparation of permanent film 

Effec t ive  l e n g t h  of  P e r m a n e n t  
R 1t in  u n i t s  CH~ f i lm 

CH8 1 
C21"15 2 
C~'I~ 3 
C4H9 4 
C_.da~ 5 
C_.~H= 6 
C~H~ 7 
CsH~ 8 
iso-C~Hn 4 
C-.~-Is-CHa 4-5 
CI\ 
CI.I[CH~-O-CH2 6 
CI'-T~-CH = CH- CI'~ 4 
CH~= CH-C~'I~ 4-5 
NC-CaH~ 4-5 

+ 
+ 
+ 
+ 
+ 
+ 

Discussion 
The dependence of the ha l f -wave  potential  on the 

anion concentrat ion found for several  substi tuents R 
suggests that  a solubili ty product L ---- [dipy +] [ X - ]  
for the insoluble radical compounds can be defined, for 
wi th  the  help of such a product we have  the fol lowing 
Nerns t - type  equations for the two reduct ion steps 

[dipy ~+ ] [ X - ]  
E (t) : Eo (1) -5 0.06 log 1st step [1] 

L 

L 
E (2) = Eo (2) -5 0.06 log 2nd step [2] 

i X -  ] [dipy] 

These are the equations of the lines in Fig. 1 for ad- 
justed Eo values. These Eo values cannot be identified 
with the redox potentials for the following reason. 
Such an identification is based on the fact that  at the 
ha l f -wave  potential  just  half  of the amount  of the 
reacting substance present  at the electrode is reduced. 
This makes the concentrat ion ratio in the Nernst  equa-  
t ion equal  to 1 and the whole  concentrat ion te rm van-  
ishes. When however  the reaction product precipitates 
on the electrode surface this is no longer  true. It also 
follows that  we do not know the value of [dipy 2+] in 
the first step. We do know this value  when no current  
flows and the first step can therefore  be used in con- 
junct ion with  the measurements  in Fig. 2 to calculate 
L. Now Eo can be identified with  the redox potent ial  
and all we need to know is its value  for the couple 
dipy2+/dipy +. If we take the ha l f -wave  potential  of 
ethyl  viologen in water,  which does not depend on the 
anion concentrat ion in the range studied, to be equal  to 
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Fig. 3. Spectra of viologens: ( . . . . .  ) ethyl viologen chloride 
10 - 4  mol liter - 1  in water; ( ) heptyl viologen tetrafluoro- 
borate 10 - 4  mol liter - 1  in acetonitrile; (-.-.-.-.) heptyl viologen 
bromide film on SnO2 substrate. 

Eo (1> = --0.66V vs. Ag/AgC1, we find for heptyl  violo- 
gen chloride L = 8.5 • 10 -6, for the corresponding 
bromide L = 3.9 X 10 -7. Noting fur ther  that  the ab- 
solute values of the redox potentials of the first and 
second reduct ion step are lower  and higher, respec- 
tively, in acetonitr i le  than in water  we are led to the 
following reaction scheme. For  the first step 

dipy 2+ -5 e --~ dipy + (H20) [3] 

dipy + 4- X -  ~ dipy X/so l id  (H20) [4] 

dipy X + 4- e ~-~ dipy X / so ln  (CH3CN) [5] 

and for the second step 

(dipy X) sotn 4- e ~ dipy 4- X -  (CI-I3CN) [6] 

dipy + -5 e ~--, dipy (H20) [7] 

The difference in the redox potentials in acetonitr i le  
and in water  can now be in te rpre ted  as a consequence 
of equi l ibr ium [4] on the one hand and the strong as- 
sociation of the second X -  ion with  the viologen cation 
in CH.~CN on the other. The assumption of this associa- 
tion, which holds for all the viologens, seems reason- 
able in view of measurements  by Brody and Fuoss 
(9) of the conductivi ty of bis-quaternary salts in 

methanol  such as diethyl  sulfide b /s - t r imethyl  am- 
monium diiodide, which resemble the viologens some- 
what  in their  charge distribution; they find that  all 
such salts show association of one anion to the doubly 
charged cation. From our own measurements  of the 
conductivi ty of heptyl  viologen dibromide in water,  to 
be published later, we know that ionization is com- 
plete which justifies Eq. [3], but that  already a 
strong association exists which increases when the di- 
electric constant becomes lower and therefore  sup- 
ports the assumption under lying [5]. 

The influence of the substi tuent R and the anion X -  
on the redox potential  can now be found in reaction 
[4] and not in the reduct ion react ion [3] itself, as ex-  
pected. We see that  a correlat ion exists be tween the 
size of R as well  as X -  and the solubili ty of the radical 
compound. This correlat ion can be understood if a 
sandwich- type  s tructure is formed in which the anion 
knits the dipyridinium ions together  and the R groups 
protect  the anion from the solvent molecules. The 
larger  the radius of X -  the smaller  the electrostatic 
repulsion be tween  the dipyridinium ions and the 
greater  the stabil i ty of such a structure. Normal ly  the 
double positive charge prevents  the formation of large 
clusters in this way, but  on reduction such clusters are 
electr ically neutral  and precipitat ion results. When R 
and X -  are not large enough to cause a precipi tate to 
be formed the spectral  changes in concentrated solu- 
tions point to similar  smaller  clusters. Because of the 
essential role of the anion and the fact that  the solid 
precipitate is s trongly paramagnet ic  (4) we feel  that 
a description of spectral anomalies in terms of dimers, 
where  spin-pair ing would be expected, is confusing. 

Manuscript  submit ted March 11, 1974; revised manu-  
script received Ju ly  9, 1974. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All  discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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Theoretical and Experimental Study of Hydrodynamically 
Modulated Current-Potential Curves at Rotating Disk Electrodes 
under Conditions of Mixed Electron and Mass Transfer Control 

Barry Miller* and Stanley Bruckenstein*,* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

When a rotat ing disk electrode is subjected to an appropriate superim- 
posed sinusoidal modulat ion of its rotat ion speed, the modulated component 
of the disk current  may be governed by both mass t ransport  and kinetic proc- 
esses. In  this study, mixed electron transfer  and convective diffusion control 
conditions are considered, and the relationships among modulated current  
response, average current,  potential, re levant  species concentrations, and 
kinetic and t ransport  parameters  are derived. The theoretical predictions are 
exper imenta l ly  verified for the two l imit ing cases of totally reversible and 
irreversible reactions, and for the general  case of mixed control. 

Sinusoidal modulat ion of a disk electrode's rotat ion 
speed about a center value produces a disk current  
having a component at the modulat ion frequency. This 
modulated current  is governed by mass t ransport  and 
kinetic processes, provided the ampli tude and fre-  
quency of modulat ion are chosen to main ta in  an ef- 
fective hydrodynamic steady state (1, 2). In this paper 
we consider, under  these conditions, the case of mixed 
electron t ransfer  and convective diffusion control in 
order to obtain the relationships that exist among 
modulated current  response, average current,  potential, 
re levant  species concentrations, and kinetic and t rans-  
port parameters.  The theoretical results permit  com- 
paring conventional  rotat ing disk electrode (RDE) 
data with hydrodynamical ly  modulated rotat ing disk 
electrode (HMRDE) data. 

These developments make it feasible to consider de- 
termining electron transfer  kinetics at electrodes that 
are undergoing simultaneous electrochemical surface 
processes, only one of which is controlled by convec- 
tive diffusion. For example, one might  determine the 
variat ion of the rate of an electron t ransfer  step pro- 
ceeding with concurrent  formation of a surface oxide 
on the electrode and then correlate the electron t rans-  
fer rate constant and surface oxide coverage. As an-  
other example, one might  separate modulated current  
kinetic data from the currents  occurring at the limits 
of support ing electrolyte stability. 

The theoretical predictions obtained below have been 
verified for the case of the totally i r reversible  l imit  
using the P d / P d ( I I )  couple, for the case of mixed 
kinetic and convective diffusion control using the 
F e ( I I I ) / F e ( I I )  couple at gold in 1M HC1, and for the 
case of fast electron transfer  (convective diffusion con- 
trol) using the Fe (CN)6-3 /Fe (CN)6-4  couple at gold 
in 1M KCt. 

* E l e c z r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
1 P e r m a n e n t  a d d r e s s :  D e p a r t m e n t  of C h e m i s t r y ,  S t a t e  Univers i ty  

of N e w  Y o r k ,  Buffa lo ,  N e w  Y o r k  14214. 
K e y  w o r d s :  e l e c t r o d e  k i n e t i c s ,  c o n v e c t i v e  d i f fus ion ,  s i n u s o i d a l  

m o d u l a t i o n .  

Theoretical 
The process we consider is Ox + ne ---- Red, with 

s tandard rate constant ko and s tandard potential  E ~ at 
some applied current,  i. The general  rate equat ion is 

i = nFAko{CSredRed(E) -- CSoxOx(E)} [1] 
where 

Ox(E) ---- exp{-- acF(E -- E~  [2] 

Red (E) -- exp{aaF (E -- E ~  [3] 

anodic currents  and overpotentials are taken as posi- 
tive, and electrons t ransferred are not separated out of 
the exponential  factor in this paper. 

According to the Levich equation 

CSox ---- C%x + i/Lox~ 1/~ [4] 
and 

CSred : COred -- i/Lredwl/2 [5] 

where C s represents the surface concentrat ion and C ~ 
the bulk concentrat ion of the subscripted species, 
the angular  velocity, and L the remaining constant 
factors of the Levich equation (0.62nFAD2/~v-1/6). 

Subst i tut ing Eq. [2]-[5] into Eq. [1] and solving for 
i yields 

nF Ako{ CO redRed ( E ) -- C~ (E) } 
i ---- [6] 

nFAko [ Ox (E)  Red(E)  ] 

1 + ~ / ~  Lo----~ + Lro-----7 
If we differentiate i in Eq. [6] with respect to ,~1/~ at 
constant potential  and define 

ks = nFAko{Ox(E)  /Lox -t- Red(E)  /Lred} [7] 

it can be shown that  

di/i  ---- ( dw1/2/wl/2) {kE/ (kE -~- w 1/2) } [8] 

In our experiments we have used an angular  velocity 
program of the form 

~1/2 = ~ol/2{1 + A~l/2(sin 2~]t)/2~ol/2} [9] 
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where f is the f requency of modulation,  0,o is the center  
angular  velocity, and awl/2 is the peak- to-peak ampli-  
tude of the sinusoidal modulat ion of the square root 
of the angular  velocity. If A0,1/2 < <  O, ol/2, then 

d0,1/2/~ i l l  ~-- A0,112/0,o112 [ 10] 
A l s o  

d i l i  ~ a i l [  [ 11] 

where Ai is the peak- to-peak ampli tude of the s inu-  
soidal current  response at f requency f and i is the 
current  at ~o. Hence 

h i ~  : ( A0,ll210,oll2) k E / ( k E  -~- 0,o 1/2) [12] 

If Eq. [12] is rear ranged in  the form 

Atoll2/wol/2 
- -  1 n u wol/2/kE [13] 

AilF 
the result  suggests a convenient  plot to be used for 
determining kE. Since kE can be determined as a func-  
t ion of E, for E ---- E ~ it follows from Eq. [7] that  

kEo ---- n F A k o ( 1 / L o x  + 1/Lred) [14] 

Equation [14] is suitable for calculating ko from kE ~ 
after the t ransport  factors, L, are measured. 

For any couple with reasonably symmetrical  pa ram-  
eters (Lox ----~ Lred, C~a ~ ~c) ,  kE will  be a m in im um at  
or very close to E ---- E ~ and kE will be a relat ively 
slowly changing function near  E ~ For example, with 
aa = ac ---- 1/2 and Lred ---- Lox, kE increases by only 
50% for a 50 mV excursion either side of E ~ and by 
only 12% for one of 25 inV. Very l i t t le error  would be 
made in estimating the value of kEo by assuming that  
the min imum of a kE VS. E plot occurs at E ~ and Eq. 
[14] applies. 

We next  consider three l imit ing cases of the general  
result, Eq. [12]. 

Case 1.--At either a cathodic or anodic l imit ing 
current,  the quant i ty  containing kE in Eq. [12] goes 
to unity.  The resul t ing expression, where the sub-  
script L refers to the disk electrode l imit ing convective 
diffusion condition 

AiL/~ L = Awl/2/0,OI/2 [15 ]  

is the one predicted by the Levich equation, and it has 
been amply confirmed for pure convective diffusion 
controlled situations (1, 2). 

Case 2.--If  the s tandard rate constant is very large 
(as with a reversible reaction),  then at all potentials 
kE > >  w 112 and Eq. [15] without the subscript L ap- 
plies. Thus, the normalized plots of i / iL  VS. E and 
Ai/AiL VS. E should superimpose, as should the corre- 
sponding logarithmic forms of these data. 

Case 3.--For a total ly irreversible reaction, kE ap- 
proaches one of two limits. On the cathodic side 

kE : n F A k o { O x ( E )  /Lox}  [16] 

and on the anodic side 

kE = n F A k o { R e d  (E) /Lred} [17] 

If Eq. [16] or [17] is subst i tuted into the correspond- 
ingly l imited form of [1] and Lo~ or Lred is e l iminated 
using [4] or [5], we obtain 

k E / ( k E  ~- 0,01/2) : ( C  ~ - -  C s) I V  ~ ~--- i / i L  [18] 

for both situations. Subst i tu t ing Eq. [18] into [12] and 
using Eq. [15] yields the simple interrelat ionship be-  
tween modulated and conventional  disk electrode cur-  
rents 

[ L / i  "-" "~/AiL/A'~ [19] 

For this totally irreversible case, Eq. [19] permits  
facile comparison of RDE and HMRDE data. The equa-  
t ion for the i rreversible wave of the Ox/Red couple is 
given by 
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E = ElI2 ~ RTI ,~F l n [  ( iL/ i )  - -  1] [20] 

where Eli2 is the observed hal f -wave potential, which 
is related to the kinetic parameters  of the electron 
t ransfer  process, not to E ~ The positive sign applies 
on the cathodic side, and the negative on the anodic. 
Subst i tut ing Eq. [].9] into Eq. [20] yields the potential  
observed under  HMRDE conditions, E re~ in terms of 
the conventional  Ell2 found from the i'-E curve and the 
modulat ion currents.  

E m~ ---- El/2 "!"-- RTIc~F ln [A /A iL lA i  - -  1] [21] 

D e f i n i n g  EmOdl/2 as the potential  at which hi -- 
0.5AiL, it follows from Eq. [21] that  at 25~ 

Eli2 -- Em~ = "~- 0.02265/~ volt [22] 

i.e., the HMRDE half -wave potential  is shifted about 
45 mV when ~ = 1/2. The direction of the shift is 
cathodic for reductions and anodic for oxidations. Also, 
we see from Eq. [20] and [21] that Ell2 : Em~ and 
that E0.707 : Em~ 

The various relationships that exist be tween the 
RDE and HMRDE curves for the completely reversible 
and irreversible extremes are summarized in  Fig. 1. 
The ordinate represents a normalized current  variable, 
either i / iL  or hi/AlL.  For the reversible electrode re-  
action, the normalized RDE and HMRDE plots super-  
impose, while this is not  the case for the completely 
irreversible process. In  the lat ter  situation, the differ- 
ence between the RDE and HMRDE plots decreases as 
the normalized current  variable approaches unity.  This 
property is advantageous in applications involving 
l imit ing current  measurements,  since, for practical 
purposes, the same potential  can be used to determine 
both i'L and AiL. 

The totally irreversible reduction of a metal  ion, 
M +n + ne = M, follows the cathodic forms of Eq. [18] 
through [22] found for the Ox/Red couple. 

Experimental 
The speed control methodology and electronic ele- 

ments  are identical to those recent ly described (2), 
parts of which derive from an earlier version (1). Ex-  
periments  were r un  in two different hydrodynamic 
modes with the usual  one involving fixed sinusoidal 
modulat ion superimposed on a constant speed. The 
second mode was only employed in the testing of Eq. 
[13] and utilized fixed ampli tude sinusoidal modula-  
t ion superimposed on a l inear  increase of ~o lz2 with 
time. All measurements  were made under  potentio- 
static or potential  scan conditions at ambient  tempera-  
ture, ~24~ 

A gold disk electrode of 0.178 cm e area, polished to 
a 0.3~ Linde A finish, was employed for all  experi-  
ments. Solutions were prepared from t r ip ly  distilled 
water  and reagent  grade chemicals without  fur ther  
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Fig. 1. Normalized current plots of i / iL and ~i /AiL VS. potential 
for the cases of a reversible one-electron reaction and an irreversi- 
ble reaction with an ~ of one. 
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purification. Pd (II) and Fe (CN) 6-4 solutions were  pre-  
pared de terminat ive ly  from K2PdC14 and K4Fe(CN)6, 
respectively.  The Fe( I I I )  stock solution was s tandard-  
ized by SnC12 reduct ion and ceric titration. All  exper i -  
ments were  run  under  deaerat ion by house nitrogen. 

Results and Discussion 
Oxidation of Fe(CN)6-4 . - -Plo ts  of RDE and HMRDE 

curves for the oxidation of 1.57 mM Fe(CN)6  -4 in 1M 
KC1 at gold are given in Fig. 2 along with  the con- 
vent ional  RDE logari thmic analysis. A potential  scan 
rate of 0.5 mV/sec  was employed, and the t ime con- 
stant was 2 sec in the electronics that  conver ted  the 
modulated current  response to a d-c voltage. Under  
these conditions, the exper imenta l  HMRDE curve is 
shifted no more than a few mil l ivol ts  f rom the curve 
found at constant potential,  i.e., a couple of t ime con- 
stants. The measured separat ion at E~/2 in Fig. 2 is 
be tween  3 and 4 mV. A point by point determinat ion 
of RDE and HMRDE i -E curves was not practical  
since trace impurit ies present  in solution are adsorbed 
and poison the electrode surface in such experiments.  
Poisoning also occurs when  very  slow scan rates are 
used. However ,  averaging the traces for an anodic- 
cathodic cycle obtained at a finite scan rate e l imi-  
nates any t ime constant induced hysteresis when  the 
electrode surface is stable. 

The conventional  wave  analysis of the single scan 
RDE data in Fig. 2 confirms that  the oxidation of 
Fe (CN)6 -4 proceeds revers ibly  under  the exper imenta l  
conditions used (59 mV/decade  slope). Thus, accord- 
ing to the result  obtained in the theoret ical  section 
under  l imit ing case 2 and shown in Fig. 1, the RDE 
and HMRDE curves should superimpose if the RDE 
and HMRDE current  data are proper ly  weighted.  This 
weight ing was accomplished during the exper iment  
by adjust ing the T and hi current  scales so that  the 
chart  recorder  pen deflection for iL equaled that  for 
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Fig. 2. RDE and HMRDE current-potential curves (left ordinate) 
for the oxidation of 1.57 mM Fe(CN)6 -4  in 1M KCI at a 0.178 cm 2 
gold disk. Logarithmic analysis of RDE curve also given (right or- 
dinate). Potential scan rate = 0.5 mV/sec, averaging'time con- 
stant = 2 sec, rotation speed = 3600 rpm, Awl/2 - -  i.3 rpmV% 
modulation frequency = 3 Hz. Current sensitivities, E1/2, and log 
slope as marked. 

AlL. As is seen in Fig. 2, the RDE and curves do 
essentially superimpose as requi red  for a revers ible  
system. 

Reduction of P d ( I I ) . - - T h e  RDE and HMRDE curves 
for the reduct ion of 1.01 mM K2PdC14 in 2M KC1 are 
given in Fig. 3. These curves are appreciably differ- 
ent in shape and clearly do not superimpose as they 
would for a revers ible  system. Figure  4 gives nor-  
malized plots of these data for comparison with  the 
theoret ical  predictions, i.e., the RDE curve is plotted 
as i'/iL VS. E, while the HMRDE data are plot ted in 
two forms, that  for the  revers ible  case, Ai/AiL VS. E, 
and that for the i r revers ible  one, ~/Ai/~iL VS. E. The 
irreversible  HMRDE plot v i r tua l ly  superimposes on 
the RDE data for i/iL > 0.35, while  there  is no agree-  
ment  of the revers ib le  HMRDE plot wi th  the RDE 
data at any potential  outside of the l imit ing current  
region. A gold disk electrode was used in this ex-  
periment,  and the deviat ion at the lower  par t  of the 
reduction wave  probably arises because the pal ladium 
activi ty on the surface varies unti l  the gold is en-  
t i rely covered. 

The data for the ful ly covered, pal ladium elec- 
trode ought then to conform to the expectations of 
a total ly i r revers ib le  cathodic reaction, case 3 in the 
theoret ical  section, for meta l  ion reduction. Thus, 

/ X. 1.25,u.a Ai 50 .~..o T 

/ /  -~- 

I I I I I I 
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Fig. 3. RDE and HMRDE curves for the reduction of 1.01 mM 
K2PdCI4 in 2M KCI. Potential scan rate = 1 mV/sec, averaging 
time constant = 1 sec, rotation speed = 3600 rpm, A 1/~ = 1.6 
rpmV2, modulation frequency = 3 Hz. 
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Fig. 4. Normalized Fig. 3 current plots, i/iL and ~i/~iL, VS. 
potential. Calculated plot of N/2d/Ait, also shown. Ordinate com- 
mon to the three current functions. Values of Em~ Eo.7o7, and 
EII~ indicated an abscissa. 
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Fig. 5. Plots of (~L - -  i-)/ i  and ~ /A iL /A i  - -1  vs. potential for 
Fig. 3 data. E1/~ and Em~ as indicated on plot. 

these i -E data are plot ted logar i thmical ly  against 
potential  according to Eq. [20] and [21] in Fig. 5. 
The RDE and HMRDE data are coincident, wi th in  
the exper imenta l  scatter  and the anticipated small  
shift due to the response lag of a 1 mV/sec  scan 
rate and a 1 sec averaging t ime constant in the mod-  
ulat ion current  electronics. The average  line thus 
drawn has a slope of 130 mV/decade.  This corresponds 
to ~c = 0.45. ~,. can also b e  obtained using Eq. [22]. 
F rom Fig. 4, E 1 / 2  - -  Em~ = + 5 0  mY, hence ec -- 
0.45, in agreement  wi th  the est imate from the RDE 
data. This agreement  is significant because it shows 
that  the value  of ~ obtained by varying E at constant 
w is the same as the value obtained by varying ~ at 
constant E. 

Reduction o] F e ( I I I ) . - - T h e  general  case of mixed  
electron and mass t ransfer  control was tested wi th  
Fe ( I I I )  reduct ion in 0.1M HCI- IM NaC1 at a gold 
disk. This system had been previously examined un-  
der identical solution and electrode conditions by 
means of the technique of isosurface concentrat ion 
vo l t ammet ry  (3). 

A potential  scan showing the normalized hi  -- E and 
{" -- E curves at 1.94 mM Fe( I I I )  is given in Fig. 6. 
A clear  separat ion be tween  the ~ and i- curves is 
shown, par t icular ly  near  the l imit ing current  region. 
The data were  actually scaled by rotation speed ad- 
jus tment  to superimpose the l imit ing currents, hiL 
and iL, in the recorded traces. Included in Fig. 6 is 
a calculated curve of (i/iL) 2, clearly well  separated 
from the measured Ai/hiL result  wi th  which it would  
have superimposed in the i r revers ible  case. Similarly,  
considering Eq. [19], ~ h i / h i L  is wel l  separated from 
the unmodula ted  result. This implies that  the general  
relat ionship of Eq. [12] may  be needed to in terpret  
the data and the kE and ~o~Z2 are comparable quan-  
tities, r a the r  than one or  the other  being dominant  
as in the l imit ing cases a l ready discussed. The de-  
par ture  from reversibil i ty,  case 2, is much more  ap- 
parent  f rom the difference be tween  the hi/hiL and 
i/iL curves in Fig. 6 than it is f rom the slope of a 
conventional  E vs. log [ ( i ' L -  i ) / i ]  plot, which gives 
67 mV/decade,  not far  from the revers ible  59 m V /  
decade. Thus, the comparison of modula ted  and con- 
ventional  currents, when scaled as described, is a 
useful diagnostic test for the presence of a depar ture  
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Fig. 6. Normalized current plots, i / iL  and AI/AiL, vs. potential 
for RDE and HMRDE reduction of 1.94 mM Fe(lll) in 0.1M HCI- 
1M NaCI at 0.178 cm s gold disk. Calculated plot (dashed line) of 

(i/i-L) ~ also shown. Cathodic potential scan rate = 1 mV/sec, 
averaging time constant = 1 sec, rotation speed ---- 3600 rpm, 
Ac* ~/2 ---- 1.3 rpm ~/2, modulation frequency ---- 3 Hz. Actual current 

values'iL = 250 ~A, &iL ---- 5.00 ~A, on original recording. 

from mass t ransfer  control, i.e., some kinetic factor in 

the i -E  behavior.  
In order to test Eq. [13], the following exper iment  

was carried out at a set of 10 fixed potentials on the 
rising part  of the wave and at one potential  in the 
l imit ing current  region. A fixed, small h~ 1/2 (about 1 
rpm 1/2) was chosen and ~o 1/2 slowly scanned l inear ly  
with t ime so as to retain effective hydrodynamic  equi-  
l ibr ium (1) over  a considerable range of ~o 1/2. Con- 
current ly  hi and i were  measured and recorded vs. 
~o t/~. The gold disk was held at +800 mV vs. SCE be-  
tween  aol/~ scans to act ivate the surface by slight 
anodic etching and cleaning. 

Several  plots of Eq. [13] for this exper iment  are 
shown in Fig. 7 for the range of ~o 1/2 from 40 to 90 
rpm 1/2. The scan data for the run at the l imit ing cur-  
rent  (E = 0.00V vs. SCE), included in Fig. 7, were  
used to confirm the lower  ~o 1/2 l imit  (~40 rpml/2),  

1.6h4 ~ 473 

1.4 ~ 
/ x  1.21 ~ - -  

~1 3 1.2: 

Ig 
I. 

40  50 60  70 80 90  
t/2 rpml /2  o90 

Fig. 7. Plots of ,~mV2 ~/~oV2 hi vs. mo V2 for Fe(lll) system of Fig. 
6. Constant potential in millivolts vs. SCE for each C*o I/2 scan shown 
at right of correspondir~g line. Fixed he* 1/2 of 1.09 rpm 1/2 for each 
scan. Rotation speed scan rate = 0.25 rpmV2/sec ,  averag ing  t ime 
constant = 4 sec, modulation frequency = 1 Hz. 
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above which Levich conditions were  met  for the  ex-  
periment.  It fur ther  served to check the predicted unit  
value of the ordinate and the zero slope of the plot 
of Eq. [13] in the l imit ing condition of kE ~>~ Wo 1/2. 
In that  case, trace O in Fig. 7, a least squares fit 
gave 1..019 + 0.00014 ~o 1/2. The value of 1.019 is in ex-  
cellent agreement  wi th  the expected value of one, 
especially considering the data were  not corrected for 
a typical loss of 2% in hi due to the filtering network,  
which would account for the total  difference. The 
slope is near ly  zero (i.e., kE .-" 7000), as expected. The 
plots for the other  representa t ive  potentials shown are 
acceptably l inear  in the measured  region of ~,o 1/2, al- 
though the extrapolat ions all fall  below uni ty  at 
~,o 1/2 ---- 0, for reasons that  are present ly  unresolved. 

Figure  8 shows a plot of the values of kE deter -  
mined from slopes of the least squares fits according 
to Eq. [13] vs. potential,  for all 10 potentials employed. 
The range of potentials in Fig. 8 is 82 mV and includes 
the Fe ( I I I ) / F e  (II) s tandard potential  in this medium, 
which was est imated f rom the 1M HC1 formal  poten-  
tial to be ~0.45V vs. SCE. 

Previous l imit ing current  measurements  in this sys- 
tem (3) gave /-,red/Lox -~-- 1.06, f rom DFe(n) : 5.58 
X 10 -6 cm2/sec and D f e ( I I I )  ---- 5.12 X 10 -6 cm2/sec. 
These are sufficiently close in magni tude  to allow ap- 
proximat ing an average Levich constant by their  
ar i thmetic  mean, Lavg, of 2.3 A-cm3/mole - rpm 1/2. The 
kinetic parameters  for this system were  determined 
previously using the independent  rotat ing disk method 
of isosurface concentrat ion vol tammetry ,  and gave 
ko = 5.6 • 10 -8 cm/sec and a ---- 0.48 (3). This value  
of ko and the above L,vg yield a calculated kEO of 83 
rpm 1/2 assuming E ~ ---- 445 mV vs. SCE, L r e d  ----- Lox 
Lavg, and a ---- Yz. ke may  readi ly  be calculated from 
Eq. [7] as a function of potential  and such a plot is 
shown as the dashed line in Fig. 8. Also shown in Fig. 
8 are the exper imenta l  points obtained in this study. 
Within exper imenta l  error, the agreement  of the pres-  
ent theory and exper iment  with the previous values 
of ko ---- 5.6 X 10 -3 cm/sec  and ~ = 0.48 is satisfactory. 

The repeated electrode activation steps requi red  in 
this exper iment  produced a gradual  t rend toward 
higher  kE values with t ime because the etching pre-  
t rea tment  at +800 mV vs. SCE roughened the elec-  
trode surface. Probably, it is the major  source leading 
to scatter in the kE vs. E plot. For example,  three of the 
four points above the dashed line in Fig. 8 result  f rom 
the last three  experiments.  Similar  act ivat ion sensi- 
t ivi ty was noticed in the previous study (3), where  it 
was found that, wi thout  the anodic pretreatment ,  the 
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Fig. 8. Values of kE from least squares slope of Fig. 7 type plots 
vs. potential. Dashed line calculated (see text) with kE taken as 
83 at 445 mV vs. SCE. 

electrode surface is both less active and less repro-  
ducible during constant potential  experiments.  

At the E ~ of the F e ( I I I ) / F e ( I I )  couple, kEo : 83 
rpm I/2 and the factor kE/(kE -~- ~o 1 /2)  in Eq. [12] 
would be 1/2 at a rotation speed of (83) 2 or about 6900 
rpm. Considering this and the fact that both constant 
speed and hydrodynamic  modulat ion data begin to 
deviate from convect ive-diffusion theory below about 
(20) 2 rpm, it is clear that  mixed  mass and e l ec t ron  
t ransfer  control wil l  be seen for this couple at all 
feasible rotat ion speeds. 

The average  l i tera ture  value (4) for ko in the 
F e ( C N ) 6 - 3 / F e ( C N ) 6  -4 system is at least ten times 
higher  than that  of the F e ( I I I ) / F e ( I I )  system in C1- 
media at gold. This higher  value of ko accounts for the 
essentially revers ible  appearance of the Fe(CN)6  -4 
wave  in the modulat ion exper iment  depicted in Fig. 2. 
A rotat ion speed of the order  of 40,000 rpm would be 
required before significant effects due to kinetics 
would be observable. 

Summary and Conclusions 
A theoret ical  analysis of superimposed sinusoidal 

modulat ion of the rotat ion speed of a disk electrode 
for the situation of mixed  mass and electron t ransfer  
control of the electrode current  has been carr ied out 
and has been shown to yield re la t ive ly  simple forms 
for the modulated current  response as a function of po- 
tential, rate and transport  parameters,  and concentra-  
t ion of electroactive species. These results have been 
confirmed exper imenta l ly  for the l imit ing cases domi- 
nated by ei ther  electron or mass t ransfer  kinetics and 
for the general  case of mixed  control. 

The significance of the hydrodynamic  modulat ion 
technique for obtaining kinetic parameters  wi th  the 
RDE becomes par t icular ly  evident  when  its unique 
application to situations obscured in conventional  RDE 
approaches by interfer ing contributions to the total 
current  is considered. As has been shown in an appli-  
cation to trace electroanalysis  (2), convective-diffusion 
l imited currents  may be isolated by HMRDE methods 
from, among others, currents  due to pure ly  surface 
processes, double layer  charging processes, and i r -  
reversible  support ing electrolyte  reactions. By the use 
of the t ransformations of hi and ~ discussed in this 
paper, considerable informat ion may be obtained 
about the cur rent -potent ia l  relat ion of many  reactions 
that  are inaccessible to ordinary  solid electrode vol t -  
ammetr ic  techniques. Fur ther  applications will  be 
considered e lsewhere  (5). It  may  also be noted that, 
even  for simple conditions in which conflicting sources 
of current  are absent, the ratio of modula ted  current  
to average current  has a marked  diagnostic sensi- 
t iv i ty  and produces an a t t ract ive direct readout  con- 
venience for the detection of kinetic complications, 
when  compared to other  means of analyzing vol t -  
ammetr ic  curves. 
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ABSTRACT 

Precipitation, dissolution, diffusion, and phase potentials of KCl, KBr, and 
NaCl have been measured in D20, acetone, and formamide in nitrogen at- 
mosphere. The techniques adopted were similar to those used previously by 
Rastogi and Shukla for KC1, NaCl, BaCI2, and NH4CI in H20. The true dis- 
solution and precipitation potentials were found to be negative for KCI and 
NaCI in H20 and D20 (smaller numerieally in the latter) and for KBr in 
D20. However, the dissolution potential of KCl and KBr in. acetone and 
formamide and of NaCI in acetone is positive and of higher magnitude. The 
temperature, concentration, and time dependence of the dissolution potentials 
have been investigated. The decay of the precipitation potential and of the 
apparent diffusion potential with time has been studied. The experimental 
results show that the precipitation potential increases with undereooling. 
The transport number of K + and Br- in formamide has also been measured. 
The results support the hypothesis that the precipitation and dissolution po- 
tentials arise on account of the unequal mobilities of the ions moving to and 
a w a y  f rom the crystal  face. 

A comprehensive study of the precipi tat ion and the 
dissolution potentials of several  chlorides in H20 has 
been reported in a recent  communicat ion (1). These 
potentials were  discovered by Rastogi, Dass, and 
Batra  (2) in 1961. It  has been pointed out that  these 
potentials arise because of the unequal  mobili t ies of 
the ions being incorporated into or detached from the 
crystal latt ice (1). These mobili t ies would  depend on 
the crystal binding energy and the medium. Obviously, 
for the same electrolytes, the sign as well  as the mag-  
ni tude of the potentials would be determined by the 
nature of the medium. Accordingly, the present in-  
vestigation was undertaken.  D20, acetone, and form-  
amide were  chosen as the solvents. D20 was 
chosen since it is known that  the ionic mobil i ty  of 
K + is considerably reduced (3) in D20, while the la t -  
ter  two were  chosen since the cationic mobil i ty  for 
several  electrolytes is known to be less than the an- 
ionic mobi l i ty  in acetone and formamide.  For the de- 
tailed study exper iments  were  made with KC1, KBr, 
and NaC1. In order  to assess the ionic mobili t ies of 
KBr  in formamide, t ransport  number  measurements  
were  made in this system. 

When the crystall ization or dissolution of an electro-  
lyte occurs on a br ight  plat inum electrode surface, 
concentrat ion and tempera tu re  gradients tend to be 
developed in the region near  the electrode on which 
these processes are occurring. These tend to give rise 
to diffusion and thermodiffusion potentials. The ob- 
served P.D. measured relat ive to a bare bright  plat i -  
num electrode dipping in the same medium and cor- 
rected for any asymmet ry  potentials between two elec-  
trodes would include Nernst  and phase potentials at 
the solut ion/crysta l  interface. Thus, the observed  P.D. 
would be made up of the true precipitat ion or dis- 
solution potential, the apparent  diffusion potential,  the 
thermodiffusion potential,  the phase potential, and the 
Nernst potential  as defined in the Appendix.  In order 
to est imate the true precipitat ion or dissolution poten-  
tial, these potentials have to be measured exper i -  
menta l ly  or est imated from theory. For  this purpose, 
the apparent  diffusion potential  and the phase poten-  
tials have been measured. The thermodiffusion poten-  
tial and the Nernst  potential  are found to have low 

1 Present  address: Chemist ry  Depar tment ,  Regional College of Ed- 
ucation, Bhubaneshwar ,  Orissa, India. 

~On study leave  f rom T.N.B. College, Bhagalpur  Univers i ty ,  
Bhagalpur,  Bihar,  India. 

Key  words:  electrochemistry,  crystal growth,  precipitation and 
dissolution potentials, interface phenomena,  t rans ient  potentials. 

magni tude  and therefore  these can be neglected. In 
order to throw light on the mechanism, the tempera-  
ture and concentrat ion dependence of the dissolution 
potential  in the tempera ture  range 10~176 and in the 
concentrat ion range 0.0001-2.0M have been invest i-  
gated. 

Experimental 
Materials.--B.D.H.(A.R.)KC1, KBr, and NaC1 were  

purified by recrystal l izat ion in conductivi ty water.  
Acetone was purified by the method described by 
Weissberger and Proskauer  (4). Heavy wate r  of iso- 
topic puri ty >99.4% supplied by Bhabha Atomic Re-  
search Centre (India) was used without  any fur ther  
purification. The density of acetone at 30~ was 0.7794 
g /cm ~ [ l i terature (5) 0.7793]. Formamide  (E. Merck) 
was purified by distil lation under  reduced pressure 
three to four times. It was fur ther  purified by frac-  
tional crystallization. The specific conductivi ty and 
density of a purified sample were  1.0-1.5 X 10 -5 
ohm -1 cm -1 and 1.1296 g / cm ~, respectively.  The cor- 
responding values reported in the l i te ra ture  (6) are 
0.9-1.5 X 10 -5 ohm -1 cm -1 and 1.1296 g / cm ~. It was 
stored in a dry  ni t rogen atmosphere.  

Platinum electrodes.--Platinum electrodes as de- 
scribed ear l ier  (1) were  used in ~his investigation. The 
asymmetry  potential  was est imated for each run. 

Measurement o~ potentials.--Because of the high re-  
sistance of the system (about 107-1020 ohms) under  in-  
vestigation a Lindemann e lec t rometer  was used for 
the measurement  of the potentials. In order to annul 
the effects of s t ray external  fields, coaxial cables were  
used. The exper imenta l  cells for the measurement  of 
the dissolution potential, the precipi tat ion potential, 
the apparent  diffusion potential, and the phase poten-  
tials were  s imilar  to those described ear l ier  (1). Al l  
the measurements  were  made in a ni t rogen atmosphere. 
The decay of the dissolution, precipitation, and diffu- 
sion potentials wi th  t ime was studied. The effect of 
tempera ture  and solute concentrat ion on the magni tude 
of the potentials in the three solvents was also in-  
vestigated. The consistency of the phase potential  was 
checked from the decay exper iments  as described 
ear l ier  (1). 

Measurement o~ transport nu~nber of K + in  5orrn- 
amide.--A conventional  Hit torf ' s  apparatus as modi-  
fied by Steel  and Stokes (7) was utilized. P la t inum 
electrodes in the form of a hel ix  were  used. These 
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Table I. Transport number of K + in solution of KBr in formamide 
Temperature = 3 0 ~  C1 (eq d m ~ )  = 0 . 0 7 7 8 8  

Ca q 
Run (eq d m  -3) ( c o u l o m b s )  V ( c m  ~) tK + 

1 0.083566 39.6410 31.642 0.4380 
2 0.082626 32.8676 31.502 0.4389 
3 0.081316 23.8442 31.042 0.4400 
4 0 . 0 8 2 3 5 6  3 1 . 3 1 4 0  3 1 . 6 8 2  0 . 4 3 7 0  

Mean 0 . 4 3 8 5 •  

were coated with  s i lver  and one of the electrodes to be 
used as cathode was subsequent ly reduced to s i lver  
bromide electrolytical ly.  

Stable current  for electrolysis (4-5 m A  for 3-4 hr)  
was obtained using a storage cell and an electronic 
current  stabilizer. The current  was measured by a 
Leeds and Nor thrup  potent iometer  employing a sensi- 
t ive ga lvanometer  across a s tandard 100 ohms re-  
sistance placed in series wi th  the exper imenta l  cell. 
The total current  could be est imated correct  to ~-0.01%. 

The change in concentrat ion was est imated by con- 
duct ivi ty measurements .  When the current  w a s  

switched off the specific conductance of the solution 
was determined.  In order  to est imate the change in 
concentration, a measured  quant i ty  of the original  
solution was taken in a conductance cell. A known 
amount  of concentrated solution was added dropwise 
from a weight  pipette unti l  the specific conductance 
of the solution became exact ly  equal  to that of the 
cathode solution. Since the concentrat ion of the solu-  
tion added was known, the change in concentrat ion 
could easily be estimated. This procedure is simple and 
s t ra ight forward but it is not very  accurate since the 
specific conductance is ve ry  small and is not very  sen- 
sitive to changes in concentration. However ,  it is ade- 
quate for the present  investigation. 

The t ransport  number  of the cation tK+ was esti-  
mated from the equat ion 

tK+ = F(C2 -- C1)V/IOOOq [1] 

where  F is the Faraday,  C1 and C2 are initial and final 
concentrations in eq dm -3, q is the quant i ty  of elec-  
t r ici ty in coulombs, and V is the vo lume of the cathode 
compar tment  expressed in cubic centimeters.  The re-  
sults of the t ransport  number  measurements  are sum- 
marized in Table I. 

Results.--The observed dissolution and precipi tat ion 
potential, the phase potential, and the apparent  dif-  
fusion potentials of electrolytes are  recorded in Table 
II. The results on the t ransport  number  of K + in a 
solution of KBr  in formamide are recorded in Table I. 

Discussion 
Following the operat ional  definition of the different 

types of potentials described in the Appendix,  the t rue  

precipitat ion and the t rue dissolution potentials would 
be given by the fol lowing 

True dissolution ---- Observed dissolution potential  
potential  -- (Phase potential  + Apparent  

diffusion potential  + Nernst  
potential  -- Thermodiffusion 
potential)  [2] 

True precipitat ion = Observed precipi tat ion potential  
potential  -- (Phase p o t e n t i a l -  Theoretical  

diffusion potential  -- Nernst  
potential  + Thermodiffusion 
potential)  [3] 

For  a typical case of KC1 in D20 the thermodiffusion 
potential  for AT ---- 12.5 kelvins  was exper imenta l ly  
found to be 1.57 mV. The Nernst  potential  at 30~ for 
C1 ---- 5.01 rea l / l i t e r  and C2 ---- 4.38 mol / l i t e r  was cal- 
culated to be 3.51 mV. Since these are much smaller  
than the exper imenta l  uncer ta in ty  we can wr i te  

True dissolution =- Observed dissolution potential  
potential  -- (Phase potential  + Apparent  

diffusion potential)  [4] 

Thermodiffusion and Nernst  potentials would  also 
have a much smaller  magni tude  for the case of the 
precipitat ion potential. Fur the r  the calculated diffusion 
potential  is found to be +0.0385 mV when  Ci : -  5.01 
mol / l i t e r  and C2 ---- 4.38 mo l / l i t e r  in the case of KCI 
in D20. Since this can also be neglected, we have 

True precipitat ion = Observed precipi tat ion potential  
potential  -- Phase potential  [5] 

Using Eq. [4] and [5], the t rue  precipitat ion and dis- 
solution potentials can be est imated from the ex-  
per imental  data. These are recorded in Table II in 
columns 8 and 9. 

The results recorded in Table II lead to the fol low- 
ing conclusions: 

1. The t rue dissolution potent ial  of KC1 and NaC1 
(Table II) is negat ive in H20 and D20 but has a lower 

magni tude  in D20. However ,  in acetone ~ and form- 
amide, the potentials are posit ive and considerably 
larger  in magnitude.  

2. The true precipi tat ion potentials of KC1, KBr, 
and NaC1 (Table II) have the same sign (negative) 
and magni tude  both in D20 and H20 wi th in  exper i -  
menta l  error.  

3. The phase potential  has similar  sign (negative)  
in D20, H20, and acetone but in acetone the mag-  
ni tude is quite high. However,  in formamide the phase 
potential  is positive. 

The magni tude  of the dissolution potential  decreases 
wi th  the increase in t empera tu re  in DuO. The data are 
plotted in Fig. 1. The behavior  is similar to that  ob- 

a P r e l i m i n a r y  m e a s u r e m e n t s  w e r e  m a d e  b y  P r a s h a n t  R a s t o g i .  

Table II. Dissolution, precipitation, phase, and apparent diffusion potentials of electrolytes 

Electrolyte S o l v e n t  

Observed Observed (a) Phase Phase Apparent True True (a) pre- 
d i s s o l u t i o n  p r e c i p i t a t i o n  p o t e n -  p o t e n t i a l  d i f f u s i o n  d i s s o l u t i o n  c i p i t a t i o n  

p o t e n t i a l  p o t e n t i a l  t i a l  f r o m  d e c a y  p o t e n t i a l  p o t e n t i a l  p o t e n t i a l  
( m Y )  ( m Y )  ( m Y )  e x p t .  ( m Y )  ( m V )  ( m Y )  ( m Y )  

T e m p e r a t u r e  = 3 0 ~  3 8 ~  3 0 ~  3 0 ~  3 0 ~  3 0  ~  3 8 ~  
K C I ( b )  D ~ O  -- 105  - -  8 --  66  --  17 -- 14  --  33  --+ 4 --  55  • 12 --  4 9  ----- 10 (r 
K C 1  (~) H 2 0  -- 182  ----- 6 --  76  --  21  --  20  --  63  ---- 4 --  98  --  55  
KBrCb)  D 2 0  - - 1 3 1  ~ 3 - - 7 0  --9.1 - - 1 9  - - 4 2  - -  4 - - 6 8  ----- 7 - - 4 9  • 4 
NaCI(~) D~O --97 -+- 6 --73 --24 --18 --31 • 5 --42 -- 11 --49 ~- 12 
NaCl(~) H~O -- 170 ----- 4 -- 78 --24 -- 17 -- 73 ~ 5 -- 73 -- 54 
KCl(b) Ace tone  268 -- 18 - -  - 7 3  ~ + 83 • 3 258 • 21 - -  
K B r  (b) Acetone  279 ----- 6 - -  --84 ~ + 75 • 2 288 • 8 - -  
NaCl  (b) Ace tone  211 + 12 - -  --52 - -  +69 --  4 194 ~ 16 - -  
KCl  (b) Formamide  289 -- 9 - -  + 19 ~ + 83 + 7 187 • 16 - -  
K B r  (~) F o r m a m i d e  3 0 7  - -  8 - -  + 24  - -  + 77  - -  4 2 0 6  - -  12 - -  

(") S a t u r a t i o n  t e m p e r a t u r e  = 5 0 ~  u n d e r c o o l i n g  o f  t h e  e x p e r i m e n t  = 12  k e l v i n s .  
{b) T h i s  w o r k .  
(c) W h e n  t h e  N e r n s t  p o t e n t i a l  ( 3 . 3 5 5  m V )  a n d  t h e  t h e r m o d i f f u s i o n  p o t e n t i a l  (1 .57  m Y )  f o r  K C 1  i n  D 2 0  a r e  t a k e n  i n t o  a c c o u n t  t h e  t r u e  d i s -  

s o l u t i o n  a n d  p r e c i p i t a t i o n  p o t e n t i a l s  w o u l d  b e  e q u a l  t o  - - 5 6 . 7 9  m V  a n d  - - 4 7 . 1 7 7  m V ,  r e s p e c t i v e l y .  T h e  d i f f e r e n c e  b e t w e e n  t h e s e  a n d  t h e  v a l -  
u e s  i n  t h e  l a s t  c o l u m n  i n  t h i s  t a b l e  i s  w e l l  w i t h i n  t h e  e x p e r i m e n t a l  e r r o r .  

(d) R a s t o g i  a n d  S h u k l a  ( 1 ) .  
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Fig. 1. Dependence of dis- 
solution potential on tempera- 
ture. (Minus scale on left refers 
to D20 and plus scale on right 
to acetone and formamide.) 

served in  HaO earl ier  (1). As expected (1), the dis- ! 

solution potential  also decreases with the increase in  -j6o~ 
molar i ty  of the solution (Fig. 2). The disssolution / 
potential  decays exponent ia l ly  with time (Fig. 3) in  
conformity to the behavior  observed in  water. Simi-  -J4o~ 
lar  is the decay behavior  in acetone (Fig. 4). The pre-  
cipitation potentials of KC1, KBr, and NaC1 in D20 ~. -a2o 
(Fig. 5) increase (in the negative direction) with the ~ ' 
increase in  the degree of undercooling below the satu- ~ -~oo( 
rat ion tempera ture  of 50~ The precipitat ion poten-  ~ 
tials of KC1, KBr, and NaC1 decay exponentially,  the o -8oc 
plot of log !~I against t ime is a straight l ine (Fig. 6) 
where Ar __-- observed precipitat ion potential  -- phase 
potential. The decay of the apparent  diffusion potential  ~ -6o 
with time is plotted in Fig. 7, which shows a similar ~_ 
pattern.  The plot of the logari thm of the apparent  dif- ~ -4o- 
fusion potential  against t ime gives a straight l ine (Fig. 
8) as is found in the case of H20 (1). This behavior  is -~o 
similar to the decay of a condenser through a resist-  
ance. o 

The apparent  dissolution potential  of KC1, KBr, and 
NaC1 decays exponent ial ly  with time in D20 and ace- 
tone (Fig. 3 and 4). The t rend is similar in formamide 
(Fig. 9). The decay curve is similar to that observed 
for the diffusion potential  (Fig. 8) showing that  the 
funct ional  dependence of both the diffusion and the 
dissolution potential  on an electrolyte concentrat ion ,-,, 
which is varying with time, is perhaps similar. This is 
fur ther  confirmed by the study of the dependence of 
the dissolution potential  on the concentrat ion of the 
medium in which the dissolution takes place. Figure 10 
shows that the plot of the dissolution potential  vs. the ~ ~ 
logari thm of concentrat ion is a straight line. The slopes z 
for KCl, KBr, and NaCl are 21.8, 26.0, and 9.26 mV, re-  
spectively, whereas the Nernst  slope (2.303 RT/F)  is 
equal to 60.16 mV at 30~ 

The above results can easily be explained in the 
l ight of the mechanism postulated by Rastogi and 
Shukla (1) which is as follows. In  a growing crystal, 
anions and cations separately migrate  to the solut ion/  
crystal interface and get attached to the lattice. Both 
ions do not get attached to the growing crystal s imul-  
taneously because of the unequal  mobilit ies of the ions. 
Hence, a certain P.D. is developed. In  the case of dis- 
solution, there would be a competition between the 
two ions to get detached from the lattice which would 
ul t imately  be responsible for the development of P.D. 
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Fig. 2. Dependence of dissolution potential on the concentration 
of solution. 
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The values of ionic mobilit ies are recorded in Table 
IIL From Table III, it is obvious that (i) the precipita- 
t ion potential  and the dissolution potential  of the alkali 
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Fig. 4. Dependence of dis- 
solution potential on time in 
acetone. 
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less tendency for hydration.  Hence, the electrode on 
which crystallization is taking place would be nega-  
tive. However, dur ing dissolution, cations would leave 
the lattice faster on account of hydrat ion and hence 
the dissolution occurs on the negative electrode. Since 
the magni tude of (UK+ - -  U X - )  is less in D20 as com- 
pared to that in tI20, the magni tude  of the precipita-  
t ion and dissolution potentials is less in D20 as com- 
pared to water. X -  represents the halide ion. 

The results obtained in the ease of acetone as the 
medium can also be explained on the basis of the hy-  
pothesis suggested earlier (1). The values of t h e i o n i c  
mobilities of K+ and C1- in  acetone, recorded in Table 
III, show that in  acetone the chloride ion moves faster 
than  the cation. This t rend is also observed for other 
electrolytes in  acetone. On account of this fact as well 
as the fact that  the ions have less tendency to be sol- 
vated in acetone as compared to water, the dissolution 
potential  would be expected to be positive as is found 
to be the case. Further ,  since the difference between 
the ionic mobilities of the cation and the anion is much 
greater as compared to the other case, the magni tude  
of the dissolution potential  Js higher. This is also the 
si tuation in formamide (cf. Table I) .  

It  is therefore clear that  the dissolution potential  
and the precipitat ion potentials depend on (i) tem-  
perature, (ii) time, (iii) concentrat ion of the medium, 
and (iv) nature  of the electrolyte. It would be worth-  
while to guess the funct ional  dependence. Results for 
the dissolution potential  in  D20, acetone, and form- 
amide show (i) l inear  dependence on temperature,  
(ii) exponent ial  dependence on time, (iii) l inear  de- 
pendence on the logari thm of the concentrat ion of the 
medium, and (iv) dependence on the na ture  of the 
electrolyte which probably governs the relative speed 
of detachment or a t tachment  of the ions on the crystal 
lattice. Evident ly  the precipitat ion and dissolution po- 

Table III. Ionic mobilities at infinite dilution 
T e m p e r a t u r e  = 25~  

S o l v e n t s  

M o b i l i t i e s  M o b i l i t i e s  (cm2/sec  V) 
• 10~ 
UK + UC]- U s r -  

halides in D20 are negative and (ii) the magni tude  is 
about half the corresponding value for water. As 
pointed out above these potentials arise because of the 
unequal  mobilit ies of the ions moving to and away 
from the lattice. The mobil i ty  of the halide ion is 
greater than the metal  ions and the former also has 

H 2 0  (8) 76.217 79.057 81.657 
D~O (13) 63.810 65.240 67.015 (8) 
A c e t o n e  (9)* 84.974 115.020 117.098 
F o r m a m i d e  (10) 12.901 17.875 16.259 

* T h e  v a l u e s  a g r e e  w i t h  t h a t  e s t i m a t e d  f r o m  ion ic  c o n d u c t a n c e  a t  
i n f i n i t e  d i l u t i o n  (11) a n d  t r a n s p o r t  n u m b e r  (12) .  
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tentials depend on temperature ,  concentration, and 
t ime in the same manner  as in the case of the diffusion 
potential.  Exponent ia l  dependence of potentials on 
t ime would somehow be related to the capaci tat ive-  
resistive propert ies of the system. Linear  dependence 
on log concentrat ion would appear  to tie in wi th  the 
Nernst  equat ion but the slope is not identical wi th  the 
Nernst  slope. 

Since the speeds of a t tachment  and detachment  of 
the ions on the crystal latt ice are not known, we may 
assume in the first instance that  these are re la ted to 
ionic mobilities. Accordingly, the true precipitat ion and 
dissolution potential  would be related e i ther  to U -- V 
or (U -- V ) / ( U  + V) where  U is the mobi l i ty  of ca- 
tion and V that  of anion at infinite dilution. The la t ter  
factor is known to be important  in diffusion potentials. 
In Table IV values of U - -  V and (U - -  V ) / ( U  + V) 
for KCI in various solvents have been recorded. Keep-  
ing in v iew the fact that the dissolution potential  de- 
creases with an increase in t empera tu re  in I~20 and 
formamide, it is obvious from Table IV that  the dis- 
solution potential  would  be related to (U -- V ) /  
(U -l-V) and not to U -- V since the former  decreases 
wi th  a rise in temperature .  In acetone, the dissolution 
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Fig. 7. Decay of diffusion potential in D~O 

Table IV. Variation of U - -  V and (U --  V)/(U -F V) with 
temperature in different solvents for KCI 

(U  -- V )  ( U  --  V ) /  
S o l v e n t  T "C x 10  "~ ( U  + V )  

D 2 0  (13)  18  --  1 .471  0 . 0 1 3 4  
2 1 . 5  - 1 .440  0 . 0 1 2 0  
2 5  - 1 . 4 3 0  0 . 0 1 1 0  

A c e t o n e  (9) 18 - 2 7 . 8 7 5  0 . 1 4 8 5  
25  - - 3 0 . 0 5 0  0 . 1 5 0 2  
3"/ - - 3 2 . 1 2 0  0 . 1 4 9 0  

F o r m a m i d e  (10)  15 - - 3 . 9 2 7  0 . 2 6 0 2  
25  - 4 . 9 7 4  0 . 1 6 1 6  
35  - - 5 . 2 1 2  0 . 1 4 0 7  

potential  increases with an increase in temperature .  
Here again Table IV clearly indicates that  the dissolu- 
tion potential  would be related to (U -- V ) / ( U  -F V) 
and not to U -- V. Fur ther  studies are needed to cor- 
roborate the above conclusions, 
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A P P E N D I X  
Dissolution potentiaL--Operational definition--The 

dissolution potential  is the potential  of a plat inum 
electrode coated with  a uniform thick layer  of an elec- 
t rolyte deposited by controlled crystall ization from a 
solution of the electrolyte saturated at: 75~ and dipped 
mechanical ly  in a cell filled with  conductivi ty water,  
measured by reference to the potential  of another  simi- 
lar bare plat inum electrode dipping in the same con- 
duct ivi ty  water.  The ob-r dissolution potential  is 
corrected for any asymmet ry  (bias) potential  existing 
be tween the two plat inum electrodes as determined 
before and after the dissolution run. The potential  
difference is measured  electrostat ical ly by means of a 
Lindemann electrometer .  

Conceptual definition.--The dissolution potential  is the 
potential  difference arising from an electrical  double 
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layer  developed at a l iquid/crysta l  interface by the 
process of crystal dissolution (ion migrat ion)  into the 
l iquid phase. The algebraic sign of the dissolution po- 
tent ial  is the same as the electrostatic polarity, ( + )  or 
( - - ) ,  of the end of the dipolar double layer on the crys- 
tal  side of the interface. 

Precipitation potentiaLwOperational definition.--The 
precipitation potential  is the potential  of a p la t inum 
electrode coated with a layer of an electrolyte de- 
posited by crystall ization from a supersaturated solu- 
t ion at a temperature  T less than  the saturat ion tem- 
perature Ts. Ts - -T  is called the degree of undercooling. 
The reference potential  is a similar bare p la t inum elec- 
trode which is dipped in  the above supersaturated 
solution once the crystall ization has started. The ob- 
served precipitation potential  is corrected for any 
asymmetry  potential  existing between the two plat i-  
num electrodes before the precipitat ion run. The po- 
tential  difference is measured electrostatically by 
means of a L indemann  electrometer. 

Conceptual definition.--The precipitat ion potential  is 
the potential  difference arising from an electrical 
double layer developed at a l iquid/crystal  interface 
by the ion migrat ion from the l iquid phase. The alge- 
braic sign of the precipitat ion potential  is the same as 
the electrostatic polarity, (+t-) or ( - - ) ,  of the end of 
the dipolar double layer on the crystal side of the in ter-  
face. 

Phase potential.--Operational definition.--The phase 
potential  is the potential  of a p la t inum electrode coated 
with a uniform thick layer  of an electrolyte deposited 
by controlled crystallization from a solution of the 
electrolyte saturated at 75~ and dipped mechanical ly 
in a cell filled with saturated solution of the electrolyte 
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Fig. 9. Dependence of dissolution potential on time in form- 
omide. 

at the saturat ion tempera ture  Ts. The phase potential  
is measured by reference to the potential  of another  
similar bare p la t inum electrode dipping in the satu- 
rated solution. The observed phase potential  is cor- 
rected for any asymmetry  potential  existing between 
the two p la t inum electrodes as determined before the 
run. The potential difference is measured electrostati-  
caUy by means of a L indemann  electrometer. 

Conceptual de/inition.--The phase potential  is the po- 
tent ial  difference arising from an electrical double 
layer  developed at a l iquid/crys ta l  interface as a re-  
sult of the dynamic equi l ibr ium of ion migrat ion from 
the l iquid phase to the crystal phase and vice versa. 
The algebraic sign of the phase potential is the same as 
the electrostatic polarity, ( + )  or ( - - ) ,  of the end of 
the dipolar double layer on the crystal side of the 
interface. 

Phase potential from decay.--Experiment.--Opera- 
tional definition.--The phase potential  from the decay 
experiment  is the potential  of a p la t inum electrode 
coated with a thick layer of an electrolyte dipped me-  
chanically in a supersaturated solution when  the con- 
centrat ion of the solution approaches the concentrat ion 
corresponding to the saturat ion concentrat ion at the 
temperature  of observation. This si tuation is obtained 
when the observed potential  attains a steady value on 
decay. The potential  is measured by reference to the 
potential  of another similar bare  p la t inum electrode 
dipping in the saturated solution. The potential  differ- 
ence is measured electrostatically by means of a 
L indemann electrometer. 

Conceptual defnition.--The conceptual definition of the 
phase potential  from the decay exper iment  is the same 
as that of the phase potential. 

Apparent diffusion potentiaL--Operational de1~nition. 
- - T h e  apparent  diffusion potential  is the potential  of a 
p la t inum electrode dipped mechanical ly in  a cell filled 
with a saturated solution at a part icular  temperature,  
Ts. The potential  is measured by reference to the po- 
tential  of another  similar bare p la t inum electrode 
dipping in pure solvent, the solvent being connected to 
the saturated solution by a nar row opening in  the cell. 
The observed apparent  diffusion potential  is corrected 
for any asymmetry potential  existing be tween the two 
p la t inum electrodes after the diffusion run. The poten- 
tial difference is measured electrostatically by means 
of a L indemann  electrometer. 

Conceptual definition.--The apparent  diffusion poten-  
tial is the potential  difference arising at the interface 
of the solutions of two concentrations C1 and C2 by the 
process of ion migrat ion from one solution to the other. 
The algebraic sign of the diffusion potential  depends 
on the difference in the ionic mobilit ies of the ions 
leaving the dilute solut ion/concentrated solution in ter -  

Fig. 10. Dependence of dis- 
solution potential on the con- 
centration in D20. 
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face. If cations move faster, the concentrated solution 
will  be negat ively charged. 

Thermodil~usion potentiaL--Operational definit{on.-- 
The thermodiffusion potential  is the potential  of a 

s i lver /s i lver  chloride electrode kept in a solution of an 
electrolyte saturated at the ice-point  (Ts = 0~ and 
main ta ined  at a temperature  higher than that  of the 
reference electrode (which is main ta ined  at a tem]pera- 
ture higher than 0~ The thermodiffusion potential  
is related to the tempera ture  difference AT. The ob- 
served thermodiffusion potential  was corrected for any 
asymmetry  potential  by making the measurement  for 
AT _-- 0. The potential  difference was measured by 
means of a Pye precision potentiometer.  

Conceptual definition.--The thermodiffusion potential  
is the potential  difference arising from the migrat ion 
of ions at the interface of two solutions on account of 
temperature  difference. The algebraic sign of the 
thermodiffusion potential  depends on the difference in 
ionic mobil i ty when a temperature  difference is im-  
posed in  the system. 

True dissolution potential.--Operational definit ion.-  
The t rue dissolution potential  is given by the following 
equat ion 

True dissolution ---- Observed dissolution potential  
potential  -- (Phase potential  -5 Apparent  dif- 

fusion potentiaI -5 Nernst  potential  
-- Thermodiffusion potential)  

In  the above equation the Nernst  potential  is given b y  
(RT/F) In C1/C2, where C1 and C2 are the concentra-  
tions in  the two regions (C1 > C2). The Nernst  poten- 
tial is the difference between the potential  of the elec- 
trode in  the concentrated solution and the potential  of 
the electrode in the dilute solution. In  most of the 
cases the calculated Nernst  potential  and the experi-  
menta l ly  measured thermodiffusion potential  are well  
within the experimental  uncer ta in ty  in the observed 
dissolution potential  and hence can be neglected. 

Conceptual definition.--The conceptual definition of the 
t rue dissolution potential  is the same as that  given 
earlier for the dissolution potential. 

True precipitation potential.--Operational definition. 
- - T h e  t rue precipitat ion potential  is given by the fol- 
lowing equation 

True precipitat ion : Observed precipi tat ion potential  
potential  -- (Phase potential  -- Theoret i-  

cal diffusion potential  -- Nernst  
potential  + Thermodiffusion 
potential)  

where the theoretical diffusion potential  is given by 
--[(U -- V)/(U -5 V)] (RT/F) in CI/C2. The theo- 
retical diffusion potential is the potential at the dilute 

solut ion/concentrated solution interface so that  the 
sign is determined with respect to concentrated solu- 
tion. C1 is the concentrat ion of the supersaturated solu- 
t ion and C2 is the concentrat ion prevail ing at the crys- 
tal interface, i.e., the saturat ion concentrat ion at the 
temperature  of the experiment.  The theoretical diffu- 
sion potential  is usual ly found to be less than  1 mV and 
hence the sum of the theoretical diffusion potential, the 
Nernst  potential, and the thermodiffusion potential  
can be neglected. 
Conceptual de]~nition.--The conceptual definition of the 
true precipitation potential  is the same as that  given 
earlier for the precipitat ion potential. 

SYMBOLS 
tK+ transport  number  of cation 
F Faraday, coulomb eq -1 
C1 initial  concentration, eq dm -3 
C2 final concentration, eq dm -a  
V volume, cm 3 
q quant i ty  of electricity, coulomb 
AT difference between the saturat ion temperature  

and the temperature  of the experiment,  kelvins 
a~ observed precipitation potential  -- phase poten-  

tial, mV 
U mobil i ty  of cation, cm2/sec V 
V mobil i ty  of anion, cm2/sec V 
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Electrode Surface Conductance Measurements 
in an Electrochemical Cell 
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ABSTRACT 

A quantitative theory of the electrode surface conductance decrease caused 
by adsorbed ions is discussed that shows good agreement with the measured 
results. Conductance measurements are shown to provide a reliable measure 
of adsorbed ion surface concentration. The sensitivity of conduction measure- 
ments to adsorbing ions and surface free electron density changes is discussed. 
Changes in the adsorbed state are detected as a function of electrode potential. 
The conductance measurements are used to measure the ionic diffusion rate 
of I- through an aqueous electrolyte. 

Thin film electrode conductance measurements  have  
proved to be a sensitive method of observing the elec-  
trode surface, in situ, in an electrochemical  cell. This 
technique was first developed by Shimizu (1-3) to in-  
vest igate the hydrogen evolut ion and dissolution mech-  
anism at the pla t inum electrode. Bockris et al. (4) la ter  
used conductivi ty measurements  to detect ionic adsorp- 
tion from concentrated solutions on thin pla t inum films. 
Recent ly Niki and Shira to  (5) have discussed the ap-  
plicabil i ty of the electrode resistance measurements  to 
detect the adsorption of organic compounds on thin 
gold electrodes. The resistance measurements  have  
been shown to be sensit ive to electrode charging (6, 7) 
and adsorption on the electrode surface (4, 8). As the 
electrode potential  is varied, the re la t ive  change in 
conductance is equal  to the re la t ive  change in the total  
number  of conduction electrons in a metal l ic  film. In 
addition to this effect, when  point charges are adsorbed 
on the electrode surface, they increase the conduction- 
electron surface scattering thus causing a decrease in 
electrode conductance (9). The change in electrode 
conductance caused by the change in f ree  electrons per  
unit of electrode area and the surface scattering can 
easily be detected in a thin film electrode, thus provid-  
ing a sensitive method of observing fundamenta l  elec- 
trode processes. All of our results have been obtained 
on thin (approximate ly  10 nm) gold and copper e lec-  
trodes (8). 

The purpose of this paper  is to quant i ta t ive ly  de- 
velop the conductance theory for adsorbed ions, com- 
pare the results to measurements ,  and to demonstra te  
the versat i l i ty  of conductance measurements  in under -  
standing ionic adsorption. The re la t ive  conductance 
change of a thin film electrode is shown to decrease 
l inear ly  wi th  the specifically adsorbed ion surface con- 
centration, for small surface coverages. The magni tude  
of this conductance change is calculated from a pre-  
viously developed theory of surface scattering and 
shown to be in good agreement  wi th  the measured  
values. The sensit ivi ty of conduction measurements  to 
electrode charging and ionic adsorption is der ived as a 
function of the film thickness, free electron concentra-  
tion, and conduction electron mean  free path length. 

The diffusion coefficient of I -  is calculated from the 
change in conductance as a function of time. Conduct-  
ance measurements  on thin film electrodes are shown 
to be useful as a fundamenta l  e lectrochemical  tech-  
nique of moni tor ing the electrochemical  interphase. 

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
K e y  w o r d s :  conduc tance ,  e l ec t rode  surface ,  adso rp t ion ,  t h i n  f i lm 

e lec trode ,  

Theory 
The conductance of a th in  film is a funct ion of its 

free electron concentration, expressed in electrons per 
uni t  area, as can be seen from simple solid-state theory. 
Bonfiglioli et al. (10) have shown exper imenta l ly  that  
the conductance of a thin gold film varies l inear ly  with 
the film's charge. The conductance, G, of a thin gold 
film electrode has been shown to vary  with  the total 
number  of conduction electrons per uni t  area, N, as 

AG/G :- AN/N [1] 

where  AG and AN are small changes in G and N, re-  
spect ively (7). 

The sensit ivi ty of the conductance measurements ,  SN, 
to a change in N can be defined as 

SN - 1/(AN)rain. : 1/ (N AG/G)mm. [2] 

where  (aN)rain. is defined as the min imum observable 
(AN). 

SN -- ( l / N )  (G/AG)max [3] 

The min imum re la t ive  change in conductance that  can 
be detected with  our  exper imenta l  setup is 10 -4. Then 
(G/AG)max is at least 104. For  a 10 nm film wi th  elec- 
t ron density of bulk gold (6 X 1022 cm -3) then N -- 
9.6 X 10 -3 coulomb/cm 2 and SN ~-- 96. SN is increased 
by e i ther  decreasing N or by decreasing the fract ional  
change in conductance that  we can observe. For  ex-  
ample, the m ax im um  thickness of a gold film (bulk 
electron density of 5.9 X 1022 cm -8) that  can be used 
to detect a change in N is approximate ly  0.1 ~,m while  
for a semiconducting film such as t in  oxide (electron 
density --~ 1.0 .20 cm -3) a 10 ~m film can be used. The 
film thickness is l imited even fur ther  if the t empera -  
ture of the film does not remain  constant as the cur-  
rent  is changed al though no problems have  been ob- 
served in our measurements .  

Conductance measurements  provide a rel iable method 
of quant i ta t ive ly  measur ing the adsorbed ion concen- 
t rat ion on an electrode surface. Severa l  invest igators 
(11-13) measur ing adsorption f rom the gas phase have 
shown that  the re la t ive  change in conductivi ty of thin 
metal  films (10-40 nm thick) decreases in direct pro-  
portion to the fract ional  coverage of the adsorbed 
species. They at t r ibuted the decrease in conductivi ty 
to a localizing of the conduction electrons caused by 
the formation of chemical bonds. 

Another  effect that  be t ter  explains conductance 
change is the surface scattering of free electrons caused 
by the adsorbed particles. The conductance of a thin 
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film is s t rongly dependent  on the surface scattering of 
the free electrons when  the film th ickness  is approxi-  
mate ly  equal  to or less than the f ree  electron mean  free 
path length in the bulk material .  Fuchs (14) has de- 
r ived an expression for the conductance of a thin film 
as a function of the probabil i ty  of specular reflection 
from the film surface by the conduction electrons, P, 
and their  angle of incidence, e. The conductivity,  ~ is 

o - ~ 0 "  0 

where  

{ 1 -- (3/4) sinS0[1 -- P]K'd8 

f: + ( 3 / 4 )  s in~o[1  - -  P ] e K '  e x p  ( - - K ' )  

X [1 -- P exp ( - - K ' ) ] - ~ d 0  
J 

K' = (~o/h)]cos ol 

[4] 

a0 is the bulk conductivity,  L0 is the electron mean  
free path length, and h is the film thickness. The 
derivat ion of Eq. [4] assumes elastic collisions wi.th the 
surface. 

The film surface roughness causes some inherent  
scattering that  decreases the film conductivity.  Ad-  
sorbed ions on the film surface cause bumps in the 
equipotent ia l  surfaces as shown in Fig. 1. These de- 
formations increase the surface scattering thus de- 
creasing the conductance. The adsorbed ions only have 
an effect approximate ly  0.1 nm into the meta l  because 
of the free electron screening. The electron wavelength  
for a meta l  such as gold is about 0.5 nm [see Ref. 
(15), p. 248, Table 1, where  kf ---- 2;t/kr]. This model  
treats the adsorbed ion as a point charge at the sur-  
face wi th  no electron sharing be tween  the ion and the 
electrode. Greene (16) has der ived an expression for 
P(e)  as a function of the charge density of point 
charges adsorbed on the film surface. A screened cou- 
lomb potential, V, is used to approximate  the scat ter-  
ing potential  so that  

where  
V : (e2/r) exp (--qor) 

q0 : (4me2/h 2) (3no/;~)1/3 

[5] 

r is the distance f rom the film surface, e, m, and no 
are  the f ree  electron charge, mass and volume density, 
respectively, and h is Planck's  constant/2= [see Ref. 
(15), p. 227]. Equat ion [5] is for spherical  symmet ry  
and only approximates  adsorbed charges on a plane 
surface. The expression for P(e)  is der ived by con- 
sidering the per turbat ion of the free electron wave  
functions caused by Eq. [5] using the Born approxima-  
tion such that  

EQUIPOTENTIA 
SURFACES 

DSORBED IONS 

""ELECTRODE SURFACE 

P = 1 -- (2=r/~) (me2/h2k  2) [--2(e 2 + 2) -1 

- -  ;~2(1 -- ~2)-11n ((2 + ,2)/e 2) 

+ ( j  + ~2) (1 -- ~ 2 ) - l ( s ~ ) - l l n  ((s + ~ ) / ( s  -- #) ) ]  [6] 

where  

= q0~/2k 2,s ---- [(1 -]- e2) 2 + ~2 __ 111/2 ~ = cos 6 

k is the free electron wave  vector, and r is the area 
concentrat ion of adsorbed surface charges. Reference 
(16) contains a more  thorough discussion of the der i -  
vat ion of Eq. [6]. 

The change in P, calculated from Eq. [6], caused by 
an adsorbed charge density of 5 ~coulombs/cm 2 is zero 
at grazing angles of incidence increasing to 0.0023 at 
normal incidence for a gold film electrode. (Although 
hnpossible to obtain because of electrostatic repulsion 
effects, a complete monolayer coverage would be ap- 
proximately 200 ~coulombs/cm2.) As an approximation 
for the purpose of estimating the conductance change, 
P was assumed to be 0.002, independent of angle of in- 
cidence. Equation [4] assumes P is the same for both 
sides of the film. Since the ions adsorb only one side 
of the film, P only changes on one side. Juretschke 
(17) has shown that  for a film whose surfaces scatter 
differently, the P in Eq. [4] is approximate ly  the aver-  
age of both surfaces. Therefore,  the P in Eq. [4] 
changes by approximate ly  0.0,01 for an adsorbed charge 
density of 5 ~coulombs/cm% The rela t ive  change in G 
caused by a change in P is dependent  on the initial 
value of P. The surface scattering of a thin film can- 
not be calculated from film resistance measurements  
because thin films probably have other  scattering 
mechanisms, e.g., film thickness variat ions can cause 
an additional decrease in conductance (18). The pre-  
dominant  scattering mechanism in thin films is more 
l ikely to be due to s t ructural  imperfections than 
surface effects. An init ial  value for P of 0.20 is a 
reasonable specular  reflection probabil i ty  for a gold 
film. With these assumptions and using Eq. [4] the 
re la t ive  change in conductance, AG/G, is 0.0011 for a 
5 ;Lcoulombs/cm 2 adsorbed charge density. 

The surface scattering te rm varies l inear ly  wi th  r.  
The conductivi ty ~, varies almost l inear ly  wi th  P for 
small change in P; therefore  

~G/G ~_ K r  [7] 

where  K is a constant. By the above calculations K is 
equal to 3.5 X 10 - r  cm 2. 

This is only a rough approximat ion and could vary  
by as much as a factor of two depending on the as- 
sumptions made in the  calculation. The calculation 
only considers the surface scattering caused by the 
per turbed  equipotent ial  lines at the electrode surface 
and does not include other  possible effects, i.e., electron 
tunnel ing be tween  adsorbed particles and the conduc- 
tion band, creation of chemical  bonds at the surface, 
or new surface states created by the adsorbed particle, 
all of which wil l  affect the conductance. 

The sensit ivity of the conductance to a change in P 
can be defined as 

Sp - ]hG/G]/hP [8] 

Sondheimer  (19) has der ived approximations for Eq. 
[3] good when h > >  lo 

= 8h~o/ko(8(h/ko) + 3P) [9] 

and when  h < < ko and P ~ 0 

----3a0 (h/ko) In (ko /h) /4P [10] 

This gives for h > >  k0 and P ~ 0 

Sp ~ 3Lo/Sh [11] 

and forh<<k0andP~0 

Fig. I. The metal electrode surface with adsorbed ions Sp ~ 1//:' [12] 
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From Eq. [11] and [12] it can be seen that  a th in  film 
made of a substance whose conduction electrons have 
a long mean free path length compared to the  film 
thickness will  be most sensitive to the surface scat ter-  
ing. A 6 nm thick gold film with ~0 ~ 3.5 nm should 
be very  sensitive to adsorbed ions while  a 1 #m thick 
tin oxide film with  k0 -~ 5 nm should not permit  de- 
tection of adsorbed charges. 

Experimental Method 
Standard techniques are used wi th  the electro-  

chemical cell. The cell and electrode used for most of 
the measurements  along with the conductance moni-  
toring technique have previously been described in 
Ref. (7). All  potentials are re fer red  to a saturated 
calomel electrode (SCE). The electrode used in Ref. 
(7) performed well  for slow potential  sweep rate mea-  
surements (0.1 V/sec)  but  as the sweep rate  was in-  
creased a slight electrode resistance difference be-  
tween each contact of the conductance bridge and the 
potentiostat  contact caused a fickle voltage to appear  
on the conductance bridge. The electrode design of Fig. 
2 was devised to el iminate this problem. Resistances 
R+_ and R4 are  10 ohm potent iometers  used to balance 
the electrode current.  The potential  difference be-  
tween contacts 1 and 3 caused by the potentiostat  cur-  
rent  can be made zero by adjust ing ei ther  1~ or R4 
(one is always left  at zero to elhninate any serious 
er ror  in the t rue potential  measurement  of the sys- 
tem).  This electrode design was used when  the po- 
tential  sweep rate  exceeded approximate ly  5 V/sec. 

A standard bridge circuit is used to moni tor  the 
conductance change of the thin-f i lm electrode as a 
function of potential  [see Ref. (7) and (8)]. Relat ive  
changes in conductance of 0.0001 could be measured  
without  difficulty. The conductance was plotted as a 
function of potential  wi th  an x -y  recorder  for the 
slow sweep rates and with  a storage oscilloscope for 
the fast sweep rates. 

The preparat ion and properties of the gold film elec-  
trodes are described in Ref. (7). The film thicknesses 
were  measured optically using the method described in 
Ref. (20). The tin oxide film was approximate ly  1 
~m thick and had a resistance of 38 ob_ms=fT-1. The 
electron density was unknown. 

Experimental Results and Discussion 
The re la t ive  conductance change is equal  to the re la -  

t ive change in free electron density when no change 
in ionic adsorption occurs. Figure  3 contains the vol t -  
ammetr ic  electrochemical  curve and conductance 
change for a 1 ~m tin oxide electrode. The total  f ree 
electron change per  unit area of the tin oxide film is 
calculated from the charging current  to be 22.5 ~cou- 
lombs/cm 2. The free electron density of the t in oxide 
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ductance change ( . . . .  ) for a 1.04 Fm tin oxide electrode in a 
O.01M Na2S04 solution with a pH of 6. The curves are traversed 
every 19 sec. 

film is then calculated from the conductance change 
using Eq. [1] and the measured tin oxide thickness. 
The effective free electron densi ty of the t in oxide film 
is calculated to be 1.4 • 1020 e lec t rons /cm ~. No ionic 
adsorption (conductance dip) could be detected on 
the tin oxide film by the conduction measurement .  The 
film thickness for the tin oxide film is much larger  
than the free electron mean  free  path, therefore  the 
surface scattering should not affect the conductance 
by a detectable amount. There  is a slight hysterisis in 
the charging curve in Fig. 3 that  is probably the re-  
sult of a small oxidat ion-reduct ion react ion at the 
electrode surface. 

Ionic adsorption at the electrode surface causes 
the conductance to decrease l inear ly  wi th  the ad- 
sorbed charge density as in Eq. [6]. The conductance-  
change proport ional i ty  constant, K, is different for 
each film and depends on a var ie ty  of fickle film char-  
acteristics, e.g., film surface roughness, surface impur i -  
ties, thickness, f ree electron properties, and latt ice 
defects. Figure  4 contains the cyclic vo l tammet ry  
curves for a 6 nm gold film with  and wi thout  I -  ad- 
sorption. The shaded area represents the increased 
charge density caused by I -  specifically adsorbing on 
the electrode surface. The model  we have used in both 
the anion and cation adsorption involves no Faradaic  
current.  The adsorption current  is caused only by the 
increase in the double layer  capacitance as the charged 
ion adsorbs on the surface of the electrode (21, 22). 
The adsorbing I -  charges add an additional component 
to the electrode current  as they adsorb. The adsorbed 
I -  charge density is 4.8 ~coulombs/cm 2 and repre -  
sents approximate ly  a 2.0% surface coverage. We wil l  
assume this small surface coverage of adsorbed charges 
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probably affects the electrode charging current  only 
slightly. Therefore,  the change in the conductance 
caused by the I -  adsorption is the difference be tween  
the conductance change with  and wi thout  I -  adsorp- 
tion. The conductance change with  and wi thout  I -  ad- 
sorption was 0.0038 and 0.0011, respectively,  for the 
cyclic vol tammetr ic  curves of Fig. 4. This gives a K 
of 9.0 X 10 -17 cm 2 for this gold film. This is more  than 
a factor of two larger  than the va lue  predicted pre-  
viously of 3.5 X 10 -27 cm% Figure  5 contains the re -  
sults of several  s imilar  gold films of the same thickness 
(curves a-c) compared to the theoret ical  value (curve 
d). The var ia t ion in the sensit ivi ty to adsorbed ions of 
the different gold films is probably caused by the 
sl ightly different surface characteristics of each film. 
These results do show that  the electron scattering by 
point-surface charges is probably a ma jo r  contr ibutor  
to the conductance decrease al though there  probably 
are other  effects occurring as previously mentioned.  A 
part ial  sharing of electrons or formation of surface 
states wil l  increase the surface scattering. For  a more  
detailed theory  of adsorption see Ref. (23). 

As the adsorbed ion surface coverage increases above 
a few per cent the adsorbed ion charge density is no 
longer equal  to the difference be tween the cyclic vol t -  
ammetr ic  curves as in Fig. 4. The adsorbed ionic layer  
acts more l ike a charged plane than a few randomly 
spaced point charges and thus the electron charging 
contr ibution to the conductance change is affected 
also. F igure  6 contains the conductance change as a 
function of apparent  charge density (calculated as 
ment ioned above) for Cs + and I -  adsorption for a 
potential  sweep from 0.0 to --1.0V vs. SCE. The Cs + 
ion probably causes a greater  change in the conduct-  
ance because the electrode is charged negat ively  for 
Cs + adsorption, increasing the electron density near  
the adsorbed charges at the  surface while  for I -  ad-  
sorption the electrode is charged positively. The value  
of K for these curves appears to be about three t imes 
larger  than measured with  smaller  surface coverages. 
The approximate  adsorbed ion surface concentrations 
can be calculated by using Eq. [6], the measured con-  
ductance change, and a K of 9.0 X 10 -27 cm 2. Figure  6 
also shows the s imilar i ty in surface scattering by ions 
of opposite charge as predicted by Eq. [6]. 

Measuring the conductance can be a ve ry  sensitive 
way of detecting ionic adsorption. Figure  7 is the 
conductance change for Cd + + adsorption as the ionic 
concentrat ion is increased. An ionic concentrat ion on 
the order  of 1O0 nM can easily be detected using a thin 
gold electrode. .As is discussed in the remainder  of this 
section, the ionic adsorption is diffusion l imited for 
small concentrations, therefore,  the sensi t ivi ty can be 
improved by  decreasing the voltage sweep rate. The 
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Fig. 7. Conductance curves for a gold electrode with a 0.01/,4 

No2S04 electrolyte with a pH of 3.9 and (o) no CdS04, (b) 0.2 mM 
CdSO4, (c) 0.53 mM CdSO4, (d) 6.9 mM CdSO4, (e) 13.5 mM 
CdSO4. The curves are traversed every 18 sec. 

impur i ty  ion adsorption then becomes the l imit ing 
factor in detecting small adsorbed ion concentrations. 

The conductance curves in Fig. 7 appear  to have 
more  occurring than simple charging and surface scat- 
tering. There seems to be two different adsorbed states 
for the Cd + + ion as observed from the decrease in 
conductance caused by adsorption, than the increase in 
conductance possibly caused by the  reduct ion of Cd + +. 
A bet ter  explanat ion of this effect will  requi re  a more 
detailed study. F igure  7 i l lustrates the usefulness of 
conductance measurements  in detecting differences in 
the adsorption process. 

The ionic adsorption rate becomes diffusion l imited 
wi th  an increase in the  electrode potential  sweep rate. 
Figure  8 is the conductance change for a 10 mM NaI 
electrolyte  wi th  a pH of 6 for several  different sweep 
rates. The conductance decrease at 0.0V is not as great  
for the faster sweep rates because the I -  adsorption 
is diffusion limited. The conductance at --1.0V does not 
change as the sweep rate is increased indicating that  
the desorption is complete at --1.0V. 

Conductance measurements  provide a rel iable 
method of measur ing the ionic diffusion coefficient, D. 
The conductance decrease caused by the ionic ad- 
sorption is a direct measure of r, as a l ready demon-  
strated. Stepping the electrode potential  f rom a posi- 
t ion of no adsorption to a value  where  adsorption oc- 
curs and observing AG/G as a function of t ime is a di-  
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Fig, 8, The conductance of a gold film electrode with a 10 mM 
Nal electrolyte. The potential sweep rate is (o) 20 Y/sec, (b) 2 
Wsec, (c) 0.2 V/sec. 

I" 

Ct~ j 

O.[C 

0.0~ 

I i I I 
,o 20 30 4o ~o do 

TIME (see) 
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change in the I -  surface coverage of a gold film electrode as a 
function of time. The observed values are taken from Fig. 9. 
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Fig. 9. The conductance as a Function of t ime for a potential 
step from - - 0 . 0 5  to - - 0 . 5 5 V  at  t ~ 0 sec and back again at  
t = 1] sec. The electrolyte is the same as in Fig. 4. 

rect measure  of the ionic adsorption. The solid line in 
Fig. 9 is the electrode conductance, as a function of 
time, for the gold electrode and electrolyte  used in 
Fig. 4 as the electrode potential  is stepped from --0.05 
to --0.55V. The dotted line is the electrode conduct-  
ance as the electrode potential  is stepped without  any 
NaI in the electrolyte.  The difference be tween  the 
dotted and solid lines should be direct ly proport ional  
to r. Since the electrode charge is effectively screened 
within  the first 1 nm of the electrolyte,  the diffusion 
constant is the dominant  factor controll ing the rate of 
change of r as a function of time. Parsons (24) has 
shown that r depends upon the time, t, as 

r/r~q = 1 - exp (Dt/Ko 2) erfc [(Dt)l/2/Ko] [10] 

where  req is the equi l ibr ium value of r for the po- 
tential  step used and Ko is the isotherm constant. The 
equi l ibr ium surface coverage, req, is measured by 
holding the potential  at --0.05V for 300 sec and mea-  
suring the change in the conductance, (hG/G)eq. The 
equi l ibr ium value of hG/G was 0.0088. The isotherm 
constant is approximated by using the relat ionship 

K0 = req/C0 [11] 

where  Co is the bulk adsorbing ion concentration. 
From Eq. [7] it is obvious that 

(hG/G) / (hG/G) e q  : r / r~ [1'2] 

The squares in Fig. 10 are the fractional surface 
coverage as a function of t ime measured from Fig. 9. 
The solid line is the fractional surface coverage cal- 
culated f rom Eq. [10] and using a D = 1.21 • I0 -5 
cm2/sec. The similari ty in shape of the measured and 
calculated curves is a good indication of the rel i-  
ability of the data. The conductance measurements  

have provided a rel iable method  of measur ing ionic 
diffusion coefficients. 

Conclusions 
The conductance decrease caused by adsorbed ions 

is probably a result  of the free electron scat ter ing by 
the surface point charges. Other  effects probably  con- 
t r ibute  to the conductance change, e.g., electron tun-  
neling, creation of chemical bonds at the surface, or  
surface states created by the adsorbed particle.  The 
conductance measurements  provide a rel iable  method  
of quant i ta t ive ly  measur ing the adsorbed ion density 
at the electrode surface. The. sensi t ivi ty of the conduc- 
tion measurements  to changes in surface free electron 
concentrat ion is inversely  proport ional  to the f ree  elec-  
tron charge density per uni t  area of the film. The 
sensit ivity to changes in adsorbed ion concentrat ion 
is direct ly proport ional  to the ratio of e lectron mean  
free path length to film thickness. Conductance mea-  
surements can be sensitive to different types of ad- 
sorption as demonstra ted wi th  the adsorption of Cd + + 
on gold. Thin film conductance measurements  provide 
a versat i le  method of s tudying many  basic electrode 
processes. 
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SYMBOLS 

C0 adsorbing ion concentrat ion in ions /cm 3 
D diffusion coefficient 
e electron charge 
h film thickness (nm) 
h Planck 's  constant/2~ 
G electrical  conductance 
hG the change in G 
k free electron wave  vector  
K conductance change proport ional i ty  constant 
K0 isotherm constant 
m electron mass 
n free electron volume densi ty 
N total number  of conduction electrons per unit  

area of a film 
aN the change in N 
P the probabil i ty  of specular reflection from the 

film surface of the conduction electrons 
r distance f rom electrode surface 
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S~ sensi t ivi ty of conductance to free electron den-  
sity changes 

Sp sensit ivi ty of conductance to free electron sur-  
face scattering 

t time 
V screened coulomb potential 
r n u m b e r  of adsorbed charges per un i t  area 
re,  the equi l ibr ium value of r 
e angle of incidence of the conduction electrons 

with the film surface 
),0 free electron mean  free path length 
a thin film conductivi ty 
ao bu lk  conductivi ty 
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Studies of a Nitrogen Dioxide Sensitive, 
Chalcogenide Glass Electrode 

Raymond Jasinski,* Gabriel Barna, and Isaac Trachtenberg* 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

Properly activated FenSe6oGe28Sb12 electrodes, when exposed to nitrogen 
dioxide in air, develop shifts in their steady-state potentials and, at constant 
potential, develop cathodic currents which are functions of the NO2 concen- 
tration in the gas phase. This reversible response, and the selectivity in the 
presence of 02, CO, SO2, CH4, NO, NO3-, and NO2-, cannot be reconciled 
with conventional redox, pH, or solubility product mechanisms, but must 
involve a specific chemisorption of the NO2 by the electrode surface. 

The potentiometric measurement  of species in solu- 
t ion may be accomplished through a number  of 
physicochemical processes, e.g., selective diffusion of 
ions wi th in  membranes  (the glass pH electrode) and 
the mass action control of electrode solubili ty coupled 
with selective diffusion of ions wi th in  the electrode 
s t ructure  (the silver sulfide and l an thanum fluoride 
electrodes). The catalysis of electron t ransfer  proc- 
esses by otherwise iner t  electrodes such as p la t inum 
has been used to measure, potentiometrical ly and 
amperometrically,  the concentrat ion of oxidizing and 
reducing agents. 

Described i n  this paper are some of the properties 
of a chalcogenide glass electrode (FenSe60Ge2sSbm), 
in an aqueous electrolyte, for sensing directly ni t ro-  
gen dioxide in  air and other gases. As will be shown, 
the performance of this electrode cannot be readi ly 
reconciled with such "classical" sensing mechanisms 
but  appears to involve specific adsorption of iNO2 onto 
the electrode surface. 

Experimental 
Two test cell configurations were used to provide 

the sample, electrolyte, e lec t rode  interface necessary 
for sensing electroactive gases. The first, the "gas dif- 

* Electrochemical  Society A c t i v e  Me mber .  
K e y  words: nitrogen dioxide,  gas sensors, chalcogenide glass e l ec -  

trodes, ion se lect ive  electrodes,  specific chemisorption.  

fusion electrode configuration," consisted of porous 
sensor, reference and counterelectrodes separated by 
an inert  mat r ix  containing the electrolyte. This system 
was par t icular ly  well suited: (a) for the measurement  
of current  generated, at constant  potential, by  sensors 
exposed to NO2, (b) for minimizing reaction of n i t ro-  
gen dioxide with the bu lk  of the aqueous electrolyte, as 
well as (c) for providing short term, steady-state po-  
tential data. The sensor electrodes used with this con- 
figuration were formed by heating to 290~ for 3 rain, 
a paste of Teflon emulsion and  approximately 0.12g of 
powdered glass (~_200 mesh) that  had been spread 
onto a 5 cm 2 t an ta lum screen disk. The electrolyte was 
contained in two 30 mil  thicknesses of fiber glass filter 
paper. The cell end plates were machined from Teflon 
block. Gas was delivered into the cell via stainless 
steel fittings screwed into the end plates; electrical 
contact was accomplished by screwing these fittings 
onto tan ta lum screens in contact with the test, counter, 
and reference electrodes. Anodized silver chloride and 
silver sulfate on silver screen were used as the refer-  
ence electrodes in  the appropriate electrolytes. 

The second test assembly, more suited for long term, 
quant i ta t ive  potentiometric studies was the "ion specific 
electrode configuration" (subsequent ly designated as 
"ISE configuration") and made use of the sensor mate-  
rial in the form of a nonporous disk, 7 mm in diameter. 
The assembly, discussed in more detail elsewhere (1), 
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involved  a wick taped over  the sensing surface of the 
electrode. In this way the sensing element,  which pro-  
t ruded above the surface of the electrolyte,  was di-  
rect ly exposed to the gas being monitored,  while only 
that  minimal  amount  of electrolyte  necessary to com- 
plete the solution circuit reached the electrode surface 
by capil lary action from an electrolyte  reservoir.  

A perforated commercial  Teflon membrane  was used 
to separate the ISE sensor electrode from the gas 
phase, serving pr imar i ly  to minimize drying of the 
electrolyte  on the wick, while  still  permit t ing access of 
the gas to the sensor surface. The same selectivities 
and sensitivit ies were  obtained in the ISE configuration 
with  the membrane  in place and in the gas diffusion 
electrode configuration in which a membrane  was not 
used. The PermaProbe  (Beckman Ins t ruments  Inc.) 
was used as the  reference electrode in these exper i -  
ments. 

Preanalyzed  gas mix tures  of NO2 in air  and in N~ 
were  purchased from Matheson Company in concen- 
trations of 1.2, 25, 100, 350, and 392 ppm. Mixtures  of 
CH4, CO, and NO in ni t rogen were  obtained from the 
same supplier. 

The glass sensing mater ia ls  were  prepared as de- 
scribed in Ref. (2) and (3). The te rm "Fe 1173" is used 
to designate the mater ia l  FenSeBoGe2sSbl2, where  n 
falls be tween  1.3 and 2. A correlat ion of composition 
with  performance was not made for the sensing p r o c -  
ess described in this paper. Since there  was a var ia t ion 
in act ivi ty from batch to batch of glass melt, a de- 
pendence of act ivi ty on composition must  exist. A simi- 
lar  situation was found in the use of this glass for 
sensing ferric ion in solution (3). 

The pre t rea tment  steps necessary to convert  this 
glass mater ia l  into a NO2 selective sensor are discussed 
below. 

Potent ia l  measurements  were  made with a Hewle t t -  
Packard 3440A digital vol tmeter ;  a Kei th ley  Model 610C 
elect rometer  provided the necessary impedance match-  
ing. A Wenking Model 61-TR potentiostat  was used for 
the constant potential  measurements .  

Results and Discussion 
Shown in Table I are the potentials of a proper ly  

activated, (see below) porous, Teflon-bonded, Fe 1173 
electrode exposed to a series of gases; the electrolyte  
was 7N H2804. The electrochemical  activity of these 
gases on plat inum is also shown in the table. Results 
similar to these were  obtained with  an electrolyte of 
1M KC1, pH 6 and with  (NI-I4)2HPO4, pH 8 in the ISE 
configuration. 

Essential ly then, the Fe  1173 electrode responded 
only te NO2, and gave no response to reducing agents 
and to oxygen. Stronger  oxidizing agents such as H202 
also gave significant responses, s imilar  to results re -  
ported previously (2). 

Included in the table are the responses of the un-  
doped 1173 glass. Since the parent  glass itself responds 
to reducing agents, in much the same manner  as does 
a poor plat inum black, and the i ron-doped glass does 
not, it can be concluded that  the two phase, i ron-doped 
mater ia l  does not consist o f  a par t icular  i ron-r ich  
phase in a mat r ix  of substantial ly unreacted, excess 
1173 glass. 

The potent iometr ic  response of the Fe 1173 glass to 
NO2 in air and in nitrogen, over  the concentrat ion 
range of 1-392 ppm, yielded a potent ia l - log concentra-  

Table I. Sensor potentials vs. gas composition (vs. Ag/Ag2SOD 

P l a t i n u m  Fe  1173, 
(}as b l a c k ,  m V  m V  1173, m V  

l~l~ + 620 + 41 + 152 
A i r  + 720 + 45 + 161 
NO2 (350 p p m  in  N2) + 791 + 365 + 415 
N O  (100 p p m  in  Ns) + 4 4  
CO (1% in  N2) + ' ~ 0  + 4 7  + ' ~ 6  
SO~ (100%) - -52  + 4 8  - - 3 0  
C I ~  (1% in  N2) - -  + 4 4  - -  
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Fig. I. Shown is the cathodic current-potential relationship for 
a Teflon-bonded, porous Fe 1173 electrode exposed to 350 ppm 
NO2 in N2; 1M KCI, pH 2 was the electrolyte. 

t ion dependence of a nominal  slope of 70 mV/decade  
( i ) .  

As previously described (3), Fe 1173 is an electronic 
conductor, which proper ty  is apparent ly  maintained 
after  heating in air (during the preparat ion of the 
Teflon-bonded structure) .  This therefore  provided the 
possibility of sensing NO2 in air amperometr ica l ly  as 
well  as potentiometrically.  Shown in F~g. 1 is the po- 
tential  dependence of the  s teady-sta te  current  for one 
Teflon-bonded electrode exposed to a constant 350 ppm 
NO2 in ni trogen;  1M KC1, pH 2 was the electrolyte.  At  
potentials more positive than + 1O0 mV (vs. Ag/AgC1) 
no signal was observed from air, SO~ or 10O ppm NO 
in the gas cavity. These results then are consistent wi th  
the potent iometr ic  select ivi ty data shown in Table I. At 
more negat ive potentials, cathodic oxygen reduct ion 
was observed; at zero millivolts,  a current  of 40 ~A 
was generated by 100% SO2. The fact that this sensing 
current  is potential  dependent  does not, of course, 
obviate a concentrat ion dependence; the exchange cur-  
rent  for a general  redox process involves concentrat ion 
terms (5). For  this par t icular  exper imenta l  system, 
the cathodic current  resul t ing f rom the passage of 
variable concentrations of n i t rogen dioxide over  the 
electrode surface held at a potential  of +150 mV, was 
directly proport ional  to the concentrat ion of ni trogen 
dioxide in the gas phase. Similar  potent ia l -concentra-  
t ion dependence situations have been reported for the 
amperometr ic  de terminat ion  of CO and ethanol  on 
plat inum (6, 7). 

The upper  operat ing l imit  of NO2 concentrat ion has 
not been explored in any detail. A concentrat ion of 
10% NO2 was detrimental ,  concentrations of 390 ppm 
had not brought  about any immedia te  adverse effects. 
However  daily exposure (-----4 weeks)  of the sensor to 
390 ppm ni t rogen dioxide resul ted in a slow deact iva-  
tion of the electrode surface. This was signaled by a 
gradual  increase in the response t ime and a slow de-  
crease in the net  signal observed, which, of course, 
may have also involved the slow approach to steady 
state. The initial potential  remained re la t ive ly  con- 
stant; al tering the position of the wick on the ISE con- 
figuration did not restore activity. Teflon-bonded elec-  
trodes, not continuously exposed to NO2, mainta ined 
their  activity for at least 6 months. 

These then are the general  performance character is-  
tics of this mater ia l  for sensing ni t rogen dioxide di- 
rectly. The remainder  of this paper is concerned with  
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establishing, at least in  general  terms, some of the 
characteristics of the sensing mechanism. 

First  of all, the experiments  carried out to develop 
the potentiometric response indicated that the sensing 
process was reversible, i.e., removal of NO2 from the 
gas phase restored the electrode to its init ial  potential  
and hence its init ial  condition. 

Second, the chemical composition and oxidation state 
of the electrode surface were par t icular ly  critical fea- 
tures of the sensing process. An "activation" step was 
required before the sensit ivity and selectivity prop- 
erties could be reproducibly observed. Mechanical re-  
moval of the surface of a deactivated electrode, fol- 
lowed by a repet i t ion of the activation step restored 
performance. Of the var ie ty  of techniques considered 
for "activation," only heat ing in air at 290~ for 3 rain 
was effective in generat ing reproducibly, a highly ac- 
tive surface with fast response t ime and a high degree 
of selectivity. A number  of sensors showed activity and 
selectivity for sensing NO2 without  pretreatment .  The 
major i ty  yielded slow responses, if at all, to ni t rogen 
dioxide and varying degrees of selectivity relative to 
oxygen. Such electrodes could not be activated by 
chemical oxidation, such as equi l ibrat ion with 30% 
H202, or by  potentiostating at 4-400 mV vs.  Ag/AgC1. 
Equi l ibrat ion of these electrodes with 10 -1 molar  
ferric ni t ra te  did not produce sensit ivity to NO2, al- 
though such a procedure was effective, in almost all 
eases, in  generat ing activity for ferric ion (3). 

Although the ferric ion sensitive electrodes were 
not par t icular ly  sensitive to NO2, the NO2 active elec- 
trode was indeed sensitive to ferric ion, after, not be-  
fore, subsequent  equil ibrat ion in  1.0-1M Fe +3 solution, 
the normal  activation procedure (3) for ferric ion sens- 
ing. The potential- log ferric ion concentrat ion depend- 
ence was identical to that  reported for the ferric ion 
activated electrode, except that the actual potentials 
were shifted more cathodic by about 300 mV after 
activation for ni t rogen dioxide by heating in air. Since 
air normal ly  affords a potential  shift of the order of 
30-40 mV (vs .  N2) on a low selectivity, nonact ivated 
electrode, this 300 mV shift cannot solely represent  a 
deactivation of the electrode toward oxygen sensing. 

It would appear from these experiments that: (i) 
there is a similarity, if not an ident i ty  in the electrode 
sites involved in sensing NO2 and Fe +~ (before ad- 
sorption of Fe+3), ( i i)  additional sites are involved, at 
least in part, in determining the base l ine potential  
(i.e. in the absence of ni t rogen dioxide and ferric ion),  
and ( i i i )  these sites are distinctly different in the two 
sensing systems. This point is discussed again below. 

The sensit ivity of the NO2 electrode to ferric ion 
could imply a sensing mechanism "of the second kind," 
i.e., whereby the electrode surface is in equi l ibr ium 
with iron species dissolved off the electrode surface, 
which concentrat ion is altered by NO2. Using ferrous 
ion as an example, the following processes could, in  
principle, take place 

Glass ~ Fe +2 -5 e -  
followed by  

Fe +2 -5 NO2 ~- Fe +3 -5 NO~- 

The ferric ion would then be sensed by the electrode. 
There are a number of problems with this mechanism. 
For example, (i) oxygen in the air has the same poten- 
tial as 350 ppm NO2 to bring about the oxidation of 
ferrous ion or other reduced species, and yet there is 
no response to oxygen, Table I, and (ii) there is no 
obvious process by which the electrode would be re- 
versible, after nitrogen dioxide is removed from the 
gas phase, i.e., by which the ferric ion or other oxidized 
species would be removed from the electrode surface in 
order to restore the electrode to its initial potential. 

Consider next a number of possible redox mechan- 
isms to account for the sensitivity and selectivity of the 
electrode material. The lack of interaction of the glass 
with NO (Table I) and the high potential-log concen- 
tration slope (I) precludes catalysis of the NO.NO 

couple. If the surface were interact ing with the NO2/ 
NO~-  couple, as might be implied by this slope, it 
would be expected that  the electrode would be re-  
sponsive to ni t r i te  ion, i .e.,  equi l ibr ium must  be ap- 
proachable from both ends of the redox couple. 

Shown in Table II are the potentials for the sensor 
(ISE configuration) in  the following cell 

Fe 1173/0.1NI KNO3, variable  NO2- /Pe rmaProbe  

Thus over at least three orders of magni tude  the 
electrode is insensit ive to ni t r i te  ion. The small in-  
crease in potential  between 10 .-4 and 10-~M could be 
ascribed to air oxidation of nitri te,  which was likely. 
Fur thermore  it would be expected that exposure of the 
electrode to the reduced half  of the couple would 
lower potential  ra ther  than increase potential. Identical 
responses of the electrode to NO2 were obtained with 
and without 10-2M nitr i te  in  a 1M KNO3, pH 9.2 elec- 
trolyte. The generat ion of a cathodic current  in  the 
amperometric sensing of ni t rogen dioxide removes the 
possibility of involvement  of the NO2/NO3- couple. 

A possible, indirect  sensing mechanism would be 
that the electrode is actually detecting a pH change 
via a solution reaction of NO2, e.g., 2NO2 -5 H20 
HNO~ 4- H + 4- NO~-, 

However the potential  of the NO2 active electrode 
was independent  of pH in the range of 2.5-8.5. This 
observation is also consistent with an electrode mecha- 
nism not involving the dissolution of i ron species off 
the electrode, as described above, since the solubil i :  
ties of ferric and ferrous hydroxides vary considerably 
over this pH range while the electrode potential  does 
not. 

Thus to explain sensor performance we are left with 
specifying some form of interact ion of NO2 with the 
electrode rather  than a conventional  catalysis of solu- 
t ion redox couples. The argument  has been put  forth, 
for Fe +3 sensing (1), that the electrode itself was t h e  
reduced form of the couple. This may well be true, 
and would account for the sensitivity of the electrode 
to strong oxidizing agents such as peroxide and per-  
sulfate (3). However it is still necessary to explain, 
or rationalize, why the electrode is not fur ther  re-  
ducible by an atmosphere of 100% SO2. It is also neces- 
sary to explain why this "reduced" electrode is not 
responsive to oxygen in air, even though weaker oxi- 
dizing agents such as 1 ppm NO2 and 10-5M Fe +~ 
evoke electrode responses. 

It  is therefore proposed that  this specific interact ion 
of ni t rogen dioxide and the sensor surface is one of 
reversible chemisorption, i.e. 

NO2 -5 G~.~ NO2G ~ (NO2- 4- G+)solid 

where G represents the properly activated surface. 
This mechanism then can be viewed as a redox proc- 
ess but  preceded by adsorption reaction which pro- 
vides the specificity observed. The absence of a pH 
response implies that this adsorption process does not 
involve displacement of hydroxide ion from the sur-  
face. 

If charge is delivered to the surface, as in  the am-  
perometric sensing mode, the above reaction could 
continue, presumably through the irreversible genera-  
t ion of ni t r i te  ion in solution: (NO2-4-  G +) -5 e -  
--> NO2- -5 G, restoring the original activated glass. 

A somewhat heuristic rat ionalizat ion for the be-  
havior of the electrode relat ive to the activation step 
and electrode activity can be made as follows. There 
are two classes of electrochemically active sites (desig- 

Table II. Sensor response in variable nitrite solution 

Concentration P o t e n t i a l ,  
NO2- a d d e d ,  M m V  

0 + 122 
10-. + 119 
10-4 + 119 
10-8 + 126 
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nated as G and G') in i t ia l ly  present  in  the original  Fe 
1173 glass, bu t  differing in  concentrat ion from sensor 
slice to sensor slice. It  is postulated that  sites G' can 
catalyze the O2/H20 couple, result ing a dependence of 
potential  for unt rea ted  sensors on the oxygen con- 
tent  of the atmosphere above the sensor. Since this 
would be a mixed potential, the degree of oxygen 
sensit ivi ty would depend on the concentrat ion of G' 
sites in  the part icular  glass. It is also postulated that  
these G' sites s t rongly adsorb O3 which is only slowly 
displaced via purging the gas cavity with nitrogen, 
accounting for the small  change in potential  (30 mV) 
obtained on subst i tut ing N~ for air in  the gas phase. 
This is consistent with the behavior of p la t inum black 
electrodes under  identical exper imental  conditions 
(Table I). It  is also l ikely that  the G' sites also set the 
initial  potential  via a corrosion-dissolution process. 
In  any event, air oxidation at 290~ destroys these 
sites, while leaving sites G appreciably unaffected and 
it is these sites that are active to adsorption of n i t ro-  
gen dioxide. This destruction of potent ia l -de termining  
G' sites would  account for the 300 mV cathodic shift in  
potential  for Fe +~ sensing obtained by heating the 
electrode in an oxidizing atmosphere (air).  Since 
these G' sites are removed, the NO2 active sites now 
dominate the potent ia l -de termining properties of the 
glass and high sensi t ivi ty of NO2 results. 

Since activity to ferric ion remains after activation 
for ni t rogen dioxide bu t  at more cathodic potentials, 
it is inferred that  these G sites are the same de- 
scribed previously (3) as "oxidized Fe 1173." These are 
the sites which interact  strongly with ferric ion to 
generate a new set of sites which are active in ferric 
ion sensing. Since the ferric ion activated electrodes 
are poorly sensitive to ni t rogen dioxide, if at all, it is 
to be inferred that these "new" sites do not adsorb 
ni t rogen dioxide, being blocked by the presence of 
strongly adsorbed ferric ion. Following from this 
a rgument  then is a possible mechanism for electrode 
deactivation. Slow solubil i ty product dissolution (or 
corrosion) of the electrode injects ferric ion into the 
electrolyte, which then  adsorbs onto the ni t rogen di- 
oxide active sites. Fur the r  data are required to evalu-  
ate this deactivation mechanism. 

Now is such an adsorption-sensing mechanism 
plausible? The energy of the adsorption process was 
estimated as follows. Litt le potential  change was ob-  
served below 0.3 ppm NO2. Extrapolat ing the poten-  
tial change from 1 ppm NO2 (mole fraction 10 -6) to 
mole fraction unity,  at 70 mV/decade, and convert ing 
to units  of ki localories/equivalent  yields a value of 
8-9 kcal, which is of a reasonable order of magni tude  
for weak and reversible chemisorption. 

As precedence, are cited the adsorption of chloride 
ion onto p la t inum which has been shown (8) to pro- 
vide l inear  potential- log concentrat ion plots over the 
range of 10-I-IO-4M chloride. Such processes are ap- 
parent ly  characterized by potential  log concentrat ion 
slopes in excess of the values expected from the Nernst  
equation based on charge transfer. 

The adsorption of chloride onto p la t inum gave a 
slope of approximately 90 mV/decade. 

Summary 
A properly activated Fe 1173 electrode is inheren t ly  

sensitive to ni t rogen dioxide in air. With the use of a 
porous, Teflon-bonded gas diffusion electrode, mea-  
surements  of NO2 can also be made amperometrically,  

i.e., current  proportional to concentrat ion at fixed po- 
tential.  

The electrode response is reversible, i.e., removing 
NO2 from the gas phase restores the ini t ial  potential, 
and hence the init ial  state of the electrode surface. 
This precludes any  mechanism involving permanent  
change of the electrode surface and /o r  the electrolyte 
by NO,,. 

The absence of an electrode response of NO, NO2-, 
NO3-, and H +, in  both the amperometric  and poten-  
tiometric modes, precludes sensing mechanisms based 
on redox couples involving these species. The absence 
of an electrode response to high concentrations of 
oxygen, CO, and SO2, normal ly  electroactive gases, 
fur ther  precludes a general  redox mechanism and im-  
plies a specific reaction between the glass and ni t rogen 
dioxide. The necessity for appropriately pretreat ing 
the electrode surface to generate selectivity and sensi- 
tivity, taken together with the variable init ial  per- 
formance of freshly prepared (unactivated) sensor, 
leads to a dual site theory for the determinat ion of 
electrode potential. The response of electrodes, as ac- 
t ivated for ni t rogen dioxide, to ferric ion reinforces 
this dual site concept and identifies similarities in 
surface composition for the two sensing systems. 

It  is fur ther  postulated that  these ni t rogen dioxide 
active sites funct ion via a specific chemisorption 
mechanism, which involves the glass itself as the "re- 
duced half of the couple." The energy calculated from 
the observed potential  shifts on contacting the elec- 
trode with ni t rogen dioxide is consistent with such a 
mechanism. Precedence is also available for adsorption 
effects result ing in l inear  potential- log concentrat ion 
dependencies and with slopes greater than expected 
from charge t ransfer  processes. 

Manuscript  submit ted Jan. 1, 1974; revised manu-  
script received Ju ly  18, 1974. This was Paper  358 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 12-17, 1974. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submitted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by Texas  Ins t ruments  Incorporated. 
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A Palladium Hydride pH Electrode for Use 
in Buffered Fluoride Etch Solutions 

Raymond Jasinski* 
Texas Instruments Incorporated, Dallas, Texas 75222 

ABSTRACT 

pH measurements  can be made in  aerated, concentrated, aqueous NH4F-HF 
etch solutions with pal ladium electrodes cathodically charged to pal ladium 
hydride. Electrode life and stabil i ty in ammonium fluoride, as well  as in  
NH2SO4, pH 3.6 sodium citrate and in  pH 8 ammonium phosphate are en-  
hanced by maximizing the pal ladium hydride concentration, electrode volume 
as well as volume to surface ratio. Electrode lifetimes have been measured 
in  the range  of 7-14 days for all solutions, times which are significantly longer 
than have been reported previously in  the l i terature  for pal ladium hydride 
electrodes. 

Ammonium fluoride-hydrogen fluoride solutions are 
widely used in  the electronics indus t ry  as etchents 
(1, 2). The etch rates of these solutions are a function 
of pH, a parameter  which must  therefore be monitored 
and controlled. Because of the reactivi ty of these 
solutions, the glass pH electrode, obviously, is not ap- 
plicable to this measurement .  Use of the p la t inum 
H2/H + electrode for pH measurements  on a rout ine 
basis is complicated: (i) by the need for a constant 
partial  pressure of hydrogen in the test solution; and, 
to a lesser extent, (ii) by the possibility of evaporat-  
ing HF dur ing the hydrogen equil ibrat ion period and 
thus al ter ing the pH. The use of the quinhydrone  elec- 
trode to measure pH in HF solutions has been  de- 
scribed (3-5). Besides the inconvenience of adding a 
chemical (quinhydrone)  to the test solution, this elec- 
trode is subject  to interference by the large amounts  
of ammonium ion present  in these "buffered etch" 
solutions (6); indeed pronounced discoloration and 
potential  drift  were found. Interference from am-  
monium ion is also to be expected with ion ex- 
change membrane  pH electrodes recently proposed for 
use with acid HF solutions (7). 

This paper describes the application of the pal ladium 
hydr ide /H + couple to the direct measurement  of pH in 
concentrated, undi lu ted  NH4F-HF solutions. 

The l i terature  on pa l lad ium/pal lad ium hydride elec- 
trodes up to 1961 is reviewed in Ref. (6); subsequent  
developments are summarized in Ref. (8); other and 
more recent examples of application are given in  Ref. 
(9-12). No l i terature  is available, however, on ap- 
plication of this electrode system to the buffered 
fluoride etch solutions. Furthermore,  the published 
lifetimes of the pal ladium hydride electrode in solu- 
tions containing dissolved air have been of the order of 
a few hours to a day, times which are too short for 
the purposes of routine, quali ty control pH monitoring.  

According to the l i terature  (13-16), dissolved oxi- 
dants ( including oxygen) also result  in inaccurate 
pH and reference electrode potentials due to de- 
polarization of the pal ladium hydride electrode. I t  is 
shown beIow that electrode lifetimes of the order of 
1-2 weeks can be obtained by proper selection of the 
electrode volume and surface to volume ratio, even in 
the presence of dissolved oxygen. 

Experimental 
The pal ladium metal  used in these experiments  

(99.99% pure) was obtained from Engelhard Indus-  
tries, Incorporated. Electrodes were formed from: (i) 
foil, 1 cm 2 10 mil  thick (after plat ing with pal ladium 
black),  sealed into acrylic plastic; (ii) rod, 0.25 in. 

* Electrochemical  Society A c t i v e  M e m b e r .  
Key words:  p a l l a d i u m  h y d r i d e ,  P H  electrode,  fluoride etch solu- 

tions. 

diameter, 1 cm long, imbedded in acrylic plastic and 
imbedded in Teflon; (iii) rod, 0.25 in. diameter, with a 
2 cm length exposed to the test solution, and with 0.5 
cm imbedded in the acrylic rod; (iv) rod, 0.25 in. 
diameter, 2 m m  exposed to solution, and 8.0 mm im- 
bedded in  Teflon. The second test electrode configura- 
tion will be referred to in the text as the "disk con- 
figuration." Ohmic contacts were made wi th in  the elec- 
trode bodies so that pal ladium was the only metal  in  
contact with the solution (17). Some testing was made 
with pal ladium wire (2 cm • 50 rail diameter)  con- 
ta ining 1000 ppm nickel, as well  as some copper (200 
ppm) and gold (100 ppm).  The trends observed with 
this electrode were comparable to those obtained with 
the purer  material,  except that  the potentials were 
about 20 mV more negative. 

Before use, all electrodes were cleaned wi th  aqua 
regia and immediately plated with pal ladium black 
in the s tandard m a n n e r  (6). It  was also possible to 
form pal ladium black by first charging the smooth 
cleaned surface to pal ladium hydride and then ira- 
mersing the electrode in  s tandard  pal ladium plating 
solution. Electrodes which were previously plated and 
used in the studies to be described, were replated in 
this m a n n e r  without  removal of the previous plate. 
This reactivation procedure was carried out before and 
after each recharging cycle. Unless this was done, ab-  
normal,  pronounced st i rr ing dependencies were ob- 
served. 

Pal ladium hydride was always formed by  cathodiz- 
ing the electrode in 1N H2SO4 under  ni t rogen at con- 
stant  current  or at constant potential  (provided by a 
Wenking Model 70 HC 3 potentiostat) .  The details of 
the charging procedure are discussed below. P la t inum 
screen was used as the counterelectrode; Orion double 
junct ion  electrodes (designated "dj") and the Beck- 
man  PermaProbe  were used as references. The maxi -  
mum theoretical input  charge is based on the mass of 
pal ladium present and the composition PdH0.6. 

I t  has been pointed out in Ref. (8), that  a constant 
current  charge is 60-90% efficient in forming palla-  
dium hydride, the remainder  of the charge going into 
the formation of H2. It is assumed, in this work, that  
the charging process approaches 100% in efficiency. As 
will be shown, this assumption is consistent with the 
observed forms of the charging curves at constant 
current  and at constant  potential. The general  conclu- 
sions to be drawn from this work remain  valid as 
long as a constant fraction of the total input  charge is 
converted to pal ladium hydride. Since the most l ikely 
mechanism for loss of PdH dur ing  charges is recom- 
b ina t ion  to H2 (see below),  the assumption of "con- 
stant  fraction" is l ikely to be valid. 

The pla t inum H2/H + electrode was established by 
purging with tank hydrogen for 30 rain the appropriate 
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electrolyte  containing a platinized plat inum wire  
sealed with hea t - shr inkable  Teflon tubing. 

Electrolytes were  prepared from reagent  grade 
chemicals. No at tempt  was made to remove the t race 
heavy meta l  content which might  plate on the pal la-  
dium hydr ide  electrode. The pr imary  test solutions 
used to evaluate  electrode design and consistency of 
performance with published data (6-12) were:  1N 
H~SO4, 0.1M sodium citrate (pH 3.6), and 0.5M 
(NH4)2HPO~ (pH 8). pH cal ibrat ion was accom- 
plished with  commercial  buffers. The compositions of 
the various ammonium f luor ide-hydrogen fluoride 
solutions used are g iven in the text. 

St i r r ing was accomplished with a paddle s t i rrer  ro-  
tated at approximate ly  250 rpm in a constant solution 
volume of 175 ml. The st irr ing dependencies discussed 
below refer  to the potential  shifts obtained 1 rain after  
this s t i rrer  was turned off. There was no dist inguish- 
able effect of purging the test solutions wi th  air vs. 
stirring in an open beaker  after first saturat ing the 
solution with  air. Since the pH 8 solution absorbed 
carbon dioxide from the air result ing in a decrease 
in pH, the data reported were  taken after  readjust ing 
the pH to 8 wi th  sodium hydroxide.  

The measurements  in the aerated pH 3.6 ci trate 
solution were  complicated by the formation, af ter  
about 5 days, of a gelatinous precipitate on the elec-  
trodes. This was accompanied by a slow drift  of the 
cell Fotentials to more  negat ive values and a decrease 
in the st irr ing dependence. Daily replacement  of the 
test solutions avoided repet i t ion of this phenomenon;  
data was taken immedia te ly  after the electrodes were  
exposed to fresh aerated solution. 

The electrode life studies in semiconductor  grade 
Texas Instruments  Incorporated "common oxide etch" 
were made on stirred, aerated solutions. Because of the 
evaporat ion of water, fresh solution was put into the 
electrode twice daily, before recording data. 

Potentials  were  measured to 0.1 mV with a Corning 
Model 101 Digital Electrometer .  

R e s u l t s  
Shown in Fig. 1 is a typical cathodic charging curve  

for palladium foil electrodes subjected to a constant 
6 mA charge in the sulfuric acid electrolyte.  Curves of 
similar form were  also obtained with constant poten-  
tial charge (current  vs. t ime) .  PdH0.6 corresponds, in 

Fig. 1, to a charging t ime of 6.9 hr. The correspondence 
in the break in the charging curve with  that  expected 
from the l i tera ture  (8, 17, 18) implies tha t  substan- 
t ially all the charge put into the electrode resul ted in 
the formation of pal ladium hydride, and thus formed 
the basis of assuming essentially 100% charging effi- 
ciency, as discussed above. 

'Shown in Fig. 2 is the subsequent potent la l - t ime 
curve for the same electrode subsequent ly immersed 
in aerated sulfuric acid. Both curves obviously re -  
semble the potent ia l - t ime behavior  and the potent ia l -  
P d / H  ratio curves in Ref. (8), (17), and (18). These 
same general  forms were  obtained with  all the pal la-  
dium electrodes studied. The durat ion of the constant 
potential  plateau did vary  with  the geometry  of the 
electrode, which is the pr imary  subject  of this paper. 
In subsequent discussion, electrode life is arbi t rar i ly  
taken as the t ime at which the electrode potential  
reached a value 20 mV more  posit ive than the plateau 
voltage (16 hr  in Fig. 2). This is a reasonable cr i ter ion 
for the 1N H2SO4 solutions, but  is much less rigorous 
for the higher pH solutions (see Fig. 4 and 5). 

That the potential  of the pal ladium electrode in the 
plateau region is pH dependent  has been well  demon-  
strated in the l i terature.  The pal ladium foil e lectrode 
discussed above yielded a slope of --59 mV/pH,  over  
the range of pH 4-7, a response identical to that  ob-  
tained with  a glass pH electrode in the same solutions. 

The l ifet ime of the electrode described by Fig. 2 is 
similar  to published data (6-12). However  such times 
are too short for the purposes required, i.e., an elec- 
trode suitable for routine qual i ty  control measure-  
ments. As ment ioned above, a pr ime reason given for 
this low l i fet ime is the reaction of the pal ladium hy-  
dride at the electrode surface with  oxygen dissolved 
in the electrolyte. It is to be expected, therefore,  that, 
if this is indeed the case, decreasing the area for a 
fixed electrode volume would proport ionately increase 
electrode life. Accordingly the foil electrode was coated 
with  paraffin wax over  half  its surface af ter  charging 
to capacity as shown in Fig. 1. Indeed the expected 
doubling in electrode l ife was obtained. 

It is also to be expected that  electrodes containing 
more charge (pal ladium hydride)  would also have a 
proport ionately longer  electrode life. The quant i ty  of 
charge which can be del ivered to the electrode is, of 
course, proport ional  to electrode volume. Listed in 
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Table I. Comparison of electrode performance with configuration 
(1N H2S04) 

Table II. Charging times as a function of configuration 
(in N2 saturated 1N H2SO4) 

Loss 
Volume V/S  rat io  Change Life  ra te  

Electrode (cm 8) (cm) (A-rain) (days) (mA) 

Wire 0.024 0.016 2.8 1.0 1.9 
Foil  0.025 0.012 2.4 0.7 2.5 
Disk 0.317 1 3.9 7.0 0.39 
Rod (2 ram) 0.317 0.44 11.9 9.0 1.0 
Rod (2 cm) 0.793 0,18 58.2 10.0 4.0 

Current T ime  
Configurat ion (mA) (days) 

l~od (2 cm length)  l0  5.7 
Rod (2 m m  length) 1.4 16.2 
Disk  0.5 45.4 

Table III. Lifetime vs. pH 

Loss Ini t ia l  Midcurve  F ina l  
L i fe  ra te  slope slope slope 

Electrolyte (days) (mA) (pH/hr )  (pH/hr)  (pH/hr)  

IN  H.~SOt U 3.7 O.01 0,002 0.01 
pH 3.6 ci t rate  15.5 2.3 0.01 0.0007 0.003 
pH 8 phosphate  15.0 2.8 0.014 0.0007 0.002 

Table I are typical lifetimes ( in aerated 1N H2SO4), 
the dimensional  parameters,  and the input  charge for 
the five pal ladium hydride electrode configurations 
investigated. Since each electrode had been charged 
and discharged prior to taking the data listed, they 
contained a residual ampere-hour  capacity over and 
above that  shown in Table I. This point  is discussed 
more fully below. Also given in Table I are the rates 
of loss (in mil l iamperes)  of pal ladium hydride to the 
solution. These numbers  are the input  charge (in mil l i -  
ampere-minutes)  divided by the electrode life (also in 
minutes) .  Shown in Fig. 3 is the potent ia l - t ime sta- 
bil i ty curve of the pal ladium rod electrode. 

The following general  t rends are apparent:  (i) in -  
creasing electrode volume increased electrode life; (ii) 
electrode lifetimes in excess of 1 week were achieved; 
(iii) for a constant electrode volume, decreasing the 
electrode surface area exposed to the solution decreased 
the rate of loss of pal ladium hydride to the solution. A 
more quant i ta t ive  correlation of electrode life wi th  
total charge in  the electrode and the dimensional  pa-  
rameters is developed below. 

Taking advantage of the lower self-discharge rate of 
the disk electrode configuration in order to obtain a 
long-l ived electrode is influenced, in practice, by  the 
time available for electrode charging. Shown in Table 
II are the times required to reach PdH0.6 at a constant 
current  density of 2.3 mA/cm 2, the max imum value 
used with the 2 cm pal ladium rod which avoided 
hydrogen evolution throughout  the charge period. Thus 
from the point of view of rapid charging with a 
reasonable electrode lifetime, the pal ladium rod with 
the greater  exposed surface is the more desirable elec- 
trode. 

I l lustrated in Table III is the effect of electrolyte pH 
on the lifetime of this pal ladium rod electrode (2 cm 
exposed length) .  Shown in Fig. 4 is the potent ia l - t ime 
curve for the rod electrode in  the pH 8 ammonium 
phosphate solution. Note the compressed time scale 
relative to Fig. 3. As implied above, deciding on the 
electrode "life" is much less rigorous than  for the sul-  
furic acid solutions; here electrode life is taken as 15 
days. Similar curves were developed with the citrate 
and ammonium fluoride solutions (see Fig. 5). The 
slopes of the various portions of the potent ia l - t ime 
curve are also listed in  Table HI. 
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Fig 3. Potential (vs. PermaProbe)-time (in days) relationship for 
charged pal|adium rod in aerated 1N H2SO4. 

Table IV. Stirring dependencies of electrode potential 

1N I-I~SO4 pH 3.6 ci t rate  PH 8 phosphate 
P d / H  2, pa ten-  P d / H  ~ pa ten-  P d / H  A paten-  
ratio tiaL mV rat io  tial, mV ratio tial ,  m V  

0.44 --1,1 0.40 --2.0 0.52 --2.1 
0.31 --2.1 0.39 --2.8 0.49 --0.8 
0.26 --2.2 0.23 --2.9 0.35 --1.8 
0.10 --3.4 0.15 --8.0 0.29 --3.3 
0.06 --4.2 
0.03 - -5 .3  0.03 --10.4 

Obviously the electrode life increased wi th  increas-  
ing pH, and obviously periodic recal ibrat ion will  be 
required, par t icular ly  with a freshly charged elec- 
trode. 

As ment ioned above, pal ladium hydride electrodes 
have been reported to have st irr ing dependence in 
aerated solutions. Shown in  Table IV are the shifts 
in Fotential for the pal ladium rod electrode (2 cm ex- 
posed length) ,  as a funct ion of P d / H  ratio, after the  
st irr ing was terminated  in aerated 1N H2SO4, pH 3.6 
citrate and pH 8 phosphate. 

Obviously, the st irr ing dependence is dependent  
upon the PdH content  of the electrode. It  would also 
seem that the higher pH solutions have a higher stir-  
r ing dependence, par t icular ly  as the P d / H  ratio in -  
creases. Essentially identical results were obtained 
with the disk configuration, except that  the potential  
shifts below PdH0.05 were of the order of 7-10 inV. 
The practical significance of these st i rr ing depen-  
dencies is determined, of course, by the accuracy of 
the results desired; a 2 mV shift corresponds to a pH 
shift of 0.03 pH units. These data do point  out the 
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a cathoclically charged palladium rod in pH 8 (NH4)2HP04. 
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Table V. pH of fluoride etch solutions Table VI. Stirring dependencies vs. PdH content 

P d H  P t  H2/H+ h potential 
Composition e lec t rode  e l ec t rode  P d H  c o n t e n t  (mY) 

13.4M NH4F + 4.54M H F  4.50 4.52 0.22* <0 .1  
15.9M NH~F + 5.40M H P  4.74 4.80 0.14 1 
18.9M NH4P + 6.4M H F  5.03 5.08 0.09 4 

0.07 5 
0.04 9 

desirabil i ty of working with  a fully charged electrode 
to minimize this problem. The specific sources of 
these st irr ing dependencies are discussed below. 

Having thus demonstrated that  long electrode l i fe-  
times (11-15 days),  wi th  minimal  per turbat ion  from 
dissolved oxygen, can be achieved by large volume, 
high charge capacity, pal ladium hydr ide  electrodes, 
performance in the ammonium f iuor ide-HF etch solu- 
tions was studied. Shown in Table V are the pH values 
obtained wi th  the pal ladium rod (2 m m  exposed 
length)  Teflon holder  electrode, charged to PdH0.22. 
Also shown are the pH values obtained with  the plat i -  
num H J H  + electrode. Corrections for the different 
ionic strengths of the s tandard buffers and the con- 
centrated fluoride solutions have not been made. Ap-  
plication and in terpre ta t ion of these data will  be dis- 
cussed in a subsequent  paper. 

The glass pH electrode gave pH values of the order  
of 6.4, reflecting the influence of the etching react ion 
of these solutions. On re tu rn  of the PdH electrode to 
the 1N H2SO4 test solution, in which the electrode life 
was being monitored,  potential  readings were  obtained 
which were  identical  to those measured  before the 
fluoride solution experiments,  implying no degradat ion 
of the electrode surface. These pH measurements  in 
the etch solutions were  repeated 5 times over  a 7 day 
period with  the same pH electrode. Values identical to 
those shown in Table V were  obtained, as long as the 
electrode was recal ibrated in the s tandard buffer solu- 
tions before each test. 

Shown in Fig. 5 is a potent ia l - t ime curve for a pal-  
ladium disk, Teflon electrode, charged at constant po- 
tential  to PdH0.~4 and opera ted  as described in Texas 
Instruments  Incorporated semiconductor  grade common 
oxide etch (nominal 16M NH4F -F 5.4M HF) .  For  this 
electrode, l ife was taken as 11.5 days, giving a loss 
ra te  of 0.30 mA. As with  the rod electrode in pH 3.6 
sodium citrate, this loss rate was less than observed in 
1N H2SO~ (Table I). The slope of the curve be tween  2 
and 11.5 days corresponds to 2 • 10 -4 pH/hr .  Data on 
the st irr ing dependence in these etch solutions, as a 
function of PdH content, is given in Table VI. 

It  is not possible to compare these data direct ly  
with those given in Table V because of the differences 
in e lectrode configuration. The same general  trend, 

UJ  
~) -390 
a .  
i 

- 4 0 0  
o_  

_410 ! 
._1 

I - -  

P- -420 
o Q. 

I I I I I 

/ 
, ~ ' J "  

,#o f l  

/ 

I I I I I 
0 2 4 6 8 10 

TIME (DAYS) 
12 

Fig. 5. Potential (vs. PermaProbe)-time (days) relationship for 
a cathodically charged palladium disk electrode in NH4F-FHF 
etch. 

* P r e v i o u s  test.  

however,  is observed as wi th  the other  electrodes in 
other  solutions, i.e., lower  PdH contents resul t  in 
higher  st irring dependencies, and a highly charged 
electrode, --~ PdH0.~, has a negligible s t i rr ing depend-  
ence. 

This electrode was then used to monitor  a t i t ra t ion 
wi th  1N NaOH of 1/100 di luted etch. The. curve  so ob- 
tained is compared in Fig. 6 wi th  that  measured  by a 
commercial  glass electrode. Identical  results, wi th in  
exper imenta l  er ror  for these experiments ,  were  ob- 
tained with  the electrodes in separate  and in the same 
solutions. For  the purposes of direct comparison, the  
potentials of both electrodes were  normalized to the 
mil l ivol t  readings at 1 ml NaOH added. Readings were  
taken in static solution, 2 min  af ter  the increment  of 
t i t rant  was added and the electrolyte  volume was 
stirred. The magni tude  of the potential  drifts through-  
out the t i t rat ion was essentially identical for both 
electrodes, al though genera l ly  in the opposite direction. 
Al though the t i t ra t ion curves were  somewhat  different 
in form, the end points were  obviously identical. This 
subject of the shape of the t i t rat ion curve as a function 
of the H + chemistry in these solutions wi l l  be t rea ted  
in another  paper. 

The operational  l ife of a glass pH electrode used on 
a routine basis in the t i t rat ions was of the order  of 5 
days. A PdH electrode has been  used continuously for 
over  1 month, at the present writ ing, wi th  overnight  
recharge every  2 days. An electrode charged to PdH0.22 
lasted 11 days wi thout  recharge. However ,  as indicated, 
the st irr ing dependence became unacceptable af ter  
about 5 days. 

Discussion 
In order  to obtain a more  rigorous correlat ion of  

electrode performance in terms of dimensional param-  
eters, consideration must  be given to the electrode 
mechanism in terms of the depolarizat ion processes 
involved. The shape of the potent ia l - t ime curve  (Fig. 
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2 and 3) of a charged palladium hydride electrode in 
the test solutions is rat ionalized as follows. The initial 
portion of the curve (up to 3 days in Fig. 3) represents  
the loss of PdH from the electrode surface to the test 
solution and to the bulk of the electrode, eventual ly  
establishing a surface hydrogen-pa l lad ium ratio of less 
than 0.6 [0.36 according to Ref. (7) ]. Immedia te ly  after  
charge, it is reasonable that  the surface concentrat ion 
is in excess of this value, par t icular ly in view of the 
low diffusion coefficient of hydrogen in palladium. This 
same bulk diffusion mechanism has been proposed in 
Ref. (8). Throughout  the midt ime region, pal ladium 
hydride, in the a + # phase, s lowly reacts with the 
solution. At the lat ter  port ion of the curve (>11 days, 
Fig. 3), sufficient hydride has been removed from the 
surface to reduce the H / P d  ratio to below 0.03. There 
is at this point insufficient palladium hydride remain-  
ing in the bulk of the electrode to del iver  hydrogen to 
the surface at a rate equal  to or faster than the surface 
reaction r a t e  As a consequence, potential  of the pal-  
ladium electrode becomes more  posi t ive (17, 18). 

One of the major  solution processes accounting for 
this continual loss of pal ladium hydride from the sur-  
face is reported to be the reaction with dissolved oxy-  
gen (13, 14). The extent  of this process, as a function 
of electrolyte  pH, is indicated by the st i rr ing depend-  
encies shown in Table IV. The rates of oxygen de- 
polarization are higher  at and above pH 3.6 than in 
1N H~SO4. However,  as shown in Table IV, the life of 
the electrode is significantly less in 1N H2SO4 than in 
the pH 3.6 and 8 solutions. This implies an additional 
electrode degradat ion process in the acid solution that  
does not proceed at as rapid a rate in the more  basic 
solutions. It is postulated that  this process is the acid 
catalyzed recombinat ion of PdH to yield H2. It is pre-  
sumably this process which accounts for the observa-  
tion (17) that  "when the circuit is opened, hydrogen 
is spontaneously evolved unti l  a potential  o f  0.050V 
and a H / P d  ratio of 0.36 is reached." 

Not all the hydride formed by cathodic charging of 
the palladium electrode is "avai lable"  for mainta ining 
a constant potential. According to the proposed mech-  
anism for the electrode discussed above, sufficient hy-  
dride to establish solely the a -PdH phase, i.e., PdH0.03, 
must  remain in the electrode bulk at the end of elec-  
trode life as defined above. However,  it was also ob- 
served that  when solution st irr ing was stopped for 
such a "depleted" electrode, the potential  fell to that  
of the a + ~ phase, indicating a greater  PdH content in 
the bulk of the electrode structure. It was also ob- 
served that charge inputs to a previously uncharged 
electrode (1 cm X 0.256 in. diameter)  equal to or less 
than 2.3 A-min  yielded short l ived electrodes (~3  hr) .  
Thus the residual hydr ide  can be separated into two 
parts, that for the a-phase (PdH0.03) and an additional 
concentrat ion to establish the minimal  diffusion con- 
centrat ion gradient, yielding a total of PdH0o42 (equi-  
valent  to the 2.3 A-rain referred to above).  These con- 
siderations then result  in the following empir ical  for-  
mula relat ing electrode life to the charge input and 
electrode dimensions 

t (days)  = k ( c h  -- 5.17V -- 2 .08V) /A  

with A the exposed surface area in cm 2, V the electrode 
volume in cm 3, and ch the total charge in the electrode 
in A-min.  The two numerical  coefficients (in units of 
charge per cm 2) were  der ived from the residual charge 
considerations described above. This equation then is 
the quant i ta t ive  representat ion of the general  concept 
expressed above, that  electrode life is proport ional  of 
the volume to surface ratio. 

As indicated, electrode life, for a given electrode 
configuration, is also a function of pH and a function 
of the dissolved oxygen content as well  as its mass 
transport  rate. For the exper imenta l  setup described 
above, in IN H2SO4, the proport ional i ty  constant k has 
a value of 0.569. Shown in Table VII is a comparison 

Table VII. Application of correlation formula 

Elec t rode  

C h a r g e  M e a s u r e d  C a l c u l a t e d  
i n p u t  l i fe  l i fe  

(A-min)  (days) (days) 

Disk,  Teflon 6.0* 7.0 6.8 
Disk,  Teflon 5.3* 5.2 4.9 
Disk,  Acry l i c  3.9 7.0 6.3 
Rod, 2 m m  exposed  11.9 8.0 8.0 
Rod, 2 crn exposed  58.2 10.0 6.0 
Rod, 2 c ~  exposed 83.6* 8.8 lO.O 
Rod, 2 m m  exposed  9.8 6.8 6.2 
Wire ,  2 cm exposed  2.8 1.O 1.2 
Fo i l  2.88* 0.69 0,76 

�9 Containing no residual pdH. 

of the measured l ifet imes with  those calculated from 
the electrode dimensions and the input charge. 

Thus the correlat ion formula  does account wi thin  
•  for the geometric and residual charge factors 
involved in establishing the electrode life. This is not 
an unreasonable agreement  considering the method of 
determining electrode life. In terpre ta t ion of the con- 
stant k in terms of solution processes has not been pos- 
sible with the cells studied due to poor definition of 
the mass transport  conditions for this par t icular  ex-  
per imental  setup, and due to the lack of informat ion 
on the PdH recombinat ion processes involved  in the 
acid solution. 

The data for the performance of these electrodes in 
concentrated NH4F-HF solutions indicates similar  elec- 
trode mechanisms to those operat ing in the other  test 
solutions. Electrode life is superior  to that  in 1N H2SO4, 
and the st irr ing dependencies are less, due probably to 
a lower  solubili ty of air in the concentrated fluoride 
salt solutions and a lower  PdH recombinat ion rate. 
Constant k has a value of approximate ly  0.70 in the 
empir ical  formula  given above for concentrated 
NH4F-HF etch solutions. 

Manuscript  submit ted Feb. 1, 1974; revised manu-  
script received Ju ly  18, 1974. 

Any discussion of this paper will  appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by Texas Ins truments  Incorporated. 
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The Complex Solubilities of Silver Halides 
in Acetone-Water Mixtures 

Mark Salomon* 
Power Sources Technical Area, U.S. Army Electronics Technology and Devices Laboratory, 

Fort Monmouth, New Jersey 07703 

ABSTRACT 

The over -a l l  formation constants and solubility products for the silver 
chlorides, bromides, and iodides have been determined at 25~ in acetone- 
water  mixtures  of the fol lowing weight  per cent acetone: 80.03, 91.23, and 
98.53. In the concentration ranges studied, values of ~2 and /~3 corresponding, 
respectively, to the formation of AgX2-  and AgX3 -2 (X : C1, Br, I) could 
be determined.  AgX2-  is the predominant  species and the formation of 
AgX3 -2 decreases rapidly as the water  content  is increased. Log Kso and log ~2 
values for pure acetone were  evaluated by an extrapolat ion procedure and 
the results are compared to previous work. 

The work reported in this paper is a continuation of 
our studies on the effect of solvent composition on the 
complex solubilities of the si lver halides (1). In par-  
ticular, the fol lowing equil ibria  have been studied 

Ag + W 2 X -  -~ AgX2-  fi2 [ 1 ] 

Ag + -5 3 X -  ----- AgX3 -2 /~3 [2] 
and 

AgX -- Ag + + X -  Ks0 [3] 

In Eq. [1]-[3],  X ---- C1, Br, and I; the ~'s are the over -  
all formation constants (or stabili ty constants) and Ks0 
is the solubili ty product. Once determined,  the above 
equi l ibr ium constants can be used to evaluate  the solu- 
bil i ty of AgX according to 

AgX -}- X -  ---- AgX2-  Ks2 [4] 
and 

AgX + 2 X -  : AgX3 -2 Ks3 [5] 

The effect of solvent composition on these equil ibria  
are of interest  in theoret ical  t rea tments  of ionic solva-  
tion and in t reatments  concerning ion-solvent  in ter -  
actions. In the present paper, the above equil ibria  have 
been studied in several  mixtures  of water  and acetone. 

Experimental 
Materials.--All salts were  t reated as reported ear l ier  

(1). Te t rapropylammonium halide (TPAX) and per-  
chlorate (TPAP) solutions were  prepared such that  
the total  ionic strength was mainta ined at a constant 
0.1000M (molar).  These solutions were  t i t ra ted with  
0.1000M AgC104 using a Gilmont 2.0 ml microburet te .  

Histological grade acetone (Fisher) was refluxed 
with  KMnO~ for at least 5 hr and then distil led onto 
vacuum dried type 4A molecular  sieves. This solvent 
was fur ther  distilled in a Nes ter -Faus t  spinning band 
still and a constant boiling fraction (56~176 was 
collected at atmospheric pressure. Distil led water  was 
used to prepare  three solvents of the fol lowing weight  
per  cent acetone: 80.03, 91.23, and 98.53. All solutions 
were  prepared in the laboratory atmosphere at 25.0 ~ ___ 
0.1~ The halide solutions were  prepared the day prior 
to their  use; each AgCIO4 solution was prepared prior  
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to each solvent run and stored in the dark for a period 
of 1-2 weeks. 

Emf measurements.--A Doric model  DS-100 micro-  
vol tmeter  was used for the emf measurements .  Repro-  
ducibili ty of this ins t rument  is +_ 0.1 mV. The emf 
measurements  were  general ly  stable to wi th in  _ 0.2 
mV in unsaturated solutions and ranged from _ 0.2 to 
_ 1 mV in the saturated solutions: C1 and Br solutions 
were  consistently stable while  I solutions were  the 
least stable (par t icular ly  near  the saturat ion point).  

The electrochemical  cell was a 125 ml  three-neck  
flask which is represented by 

~c 

Ag ( r e f ) / A g  + ',,~ halide solut ion/Ag (ind) [A] 

Here "ref" and "ind" refer, respectively, to the re fe r -  
ence and indicator electrodes. The dashed lines indicate 
the l iquid junct ion and since all solutions were  of a 
constant ionic s t rength of 0.1M, it is assumed that the 
l iquid junction potential  is v i r tua l ly  constant. A silver 
wire  plated with  si lver from a cyanide bath served as 
the indicator electrode and a silver w i re  in ~0.02M 
AgClO4 in TPAP served as the reference electrode. The 
reference electrode was separated from the study solu- 
tion by a sealed ST 7/25 joint. Twenty  mil l i l i ters  of 
TPAX + TPAP solution were  placed in the cell which 
was fitted with a Gilmont 2.0 ml buret te  containing 
0.1M AgC104 in the given solvent mixture.  The sealed 
cell was thermostated at 25.0 ~ _+ 0.1~ and vigorous 
magnetic st irring was mainta ined during each poten- 
t iometric ti tration. 

Results and Calculations 
The measured emf of the above cell, E, is given by 

E : E' Jr (2.3RT/F)log[Ag +] [6] 

where  E' is a formal  potential;  i.e., it contains contri-  
butions from the l iquid junct ion and nonideal i ty  of the 
electrolyte solutions. E" was determined by t i t rat ing 
0.1M AgC104 into 25.0 ml of 0.1M TPAP solution. The 
Nernst slope of 59.2 mV was obeyed to wi thin  0.2 mV 
in all solutions except  the 98.53% acetone solution for 
which a slope of 60.0 mV was obtained. This is prob- 
ably due to ion-pair ing effects (see below).  Act ivi ty  
coefficient effects will  be discussed fur ther  on in con- 
junct ion with the Davies equat ion (Eq. [14]). 
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The over -a l l  formation constants are calculated from 
the t i t ra t ion data in unsatura ted  solutions by a non- 
l inear least squares method in which the relat ive error, 
U, is minimized. For i data points, U is defined (1-3) 
by 

i 

U = ~ ( 1  - -  x i / ~ x i )  2 [ 7 ]  

1 
where  

xi = ( C x , i -  [ X - ] i ) / [ A g + ] i  [8] 
and 

] X i  = ~ l [ X - ] i  4-  2 f l 2 [ X - ] i  2 4- . . . . . . . . . . .  4- n t g n [ X - ] i  n 

[9] 

In these equations [ X - ]  is the halide ion concentra-  
tion, lAg v ] is the si lver ion concentrat ion which is 
obtained from the measured emf via Eq. [61, and Cx is 
the total halide concentrat ion present in solution (be- 
low CAg is used for the total s i lver  concentrat ion in 
solution).  All  concentrations are based on the molar  
scale. To obtain [ X - ] i  values, an i terat ive procedure 
was used which is based on the average l igand number,  
n, defined by 

n = ( C x , i -  [ X - J i ) / C A g ,  i [lOa] 
and 

1 O 

Equation [10a] is used to start  the calculations by as- 
suming a value for n (usually around 1.5-2.5) and ob- 
taining initial [ X - ] j  values. The fl's are obtained from 
the least squares using Eq. [7] to minimize the re la t ive  
errors. The i terat ion is begun by using these/~'s to cal- 
culate new n values via Eq. [10b] and the process is 
continued unti l  the fl's converge to wi th in  0.001%. The 
standard deviations of the ~'s were  calculated by 
Sill~n's method (4). The solubili ty product, Ks0, was 
calculated from each point in the saturated region of 
the t i t ra t ion curve using the relat ion 

Ks0 
{ C x  - -  CAg 4- [ A g + ] } / [ A g  + ] -- 

[Ag+] 2 

. " { Kso In [11] 4- ~ ( n - -  1)fin 
2 [Ag+] J 

The Newton-Raphson i terat ive method is used to solve 
Eq. [11] and the average Ks0 value is reported along 
with the standard deviation. The solubility constants 
Ks2 and Ksa are obtained f rom 

K s 2  = Kso~ [12] 

Ks3 = Ks0~3 [13] 

The exper imenta l  data are given in the Appendices. 
It should be noted that  those data points marked  with  
an asterisk were  omit ted from the calculations because 
they gave rise to abnormal ly  large errors. The major i ty  
of these rejected points lie very close to the saturat ion 
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point; this is a t t r ibutable  to supersaturat ion and the 
fai lure to reach equil ibrium. Each point was recorded 
usually within 10-30 rain and if equi l ibr ium was n o t  

reached wi th in  1 hr, additional t i t rant  was added and 
the exper iment  continued. For  the concentrat ion ranges 
studied, statistically meaningful  solutions to Eq. [7] 
were  obtained only for ~ and 08. In ~he 80.03 and 
91.23% acetone solutions, ;~3 values for the iodides 
could not be refined. The results of the calculations 
are g iven in Table I. Act ivi ty  coefficient corrections 
were  made by use of the Davies (5) equat ion 

AM 
log ~• = + 0 .3AM [14] 

1 4- M 1/2 

where  A is the Debye-Hfickel  "A" factor and M is the 
molari ty.  Dielectric constants and densities of the 
ace tone-water  mixtures  were  interpolated from the 
data of Albr ight  (6). The Debye-Hfickel  "A" factors 
for the present ace tone-water  mixtures  are given in 
Table I. The Davies equat ion was chosen for activity 
coefficient corrections ra ther  than a s impler  Debye-  
Hiickel equation because of its successful application 
to a var ie ty  of other  nonaqueous solvents (9, 20). 

Above  it was pointed out that  the high Nernst  slope 
in the 98.53% acetone solution was probably due to 
ion pairing. It is well  known (7-9) that  ion-association 
constants in pure acetone are quite  large (,-~102) even 
for the te t raalkyl  halides, perchlorates,  and picrates. 
In correcting for ion-pair  formation in the 98.53% 
acetone solution, the fol lowing equil ibria  were  as- 
sumed to be of importance 

TPA + 4- C104- ---- TPAC104 Kal [15] 

TPA + 4- X -  = TPAX Ka2 [16] 

TPA + 4- AgX2-  = TPAAgX2 Ka3 [17] 

TPA + 4- AgX3 -2 = TPAAgX3-  Ka4 [18] 

The possible formation of the t r ip le- ion TPA2AgX3 
was not considered. Because specific data on the Ka's in 
Eq. [15]-[18] are not available, it was assumed that  
K a l  = K a 2  = K a 3  = K a 4  = K a .  An approximate  value 
of 50 was found for Ka by a method discussed below. 
The results of these calculations are given in Table II. 
The standard deviations are not included in this table: 
they are expected to be about 5-10% higher  than 
the corresponding values g iven in Table I due to the 
uncertaint ies  in the use of Eq. [14]-[18]. It is noted 
that Ks2 is independent  of the effects described by 
Eq. [14]-[18]. 

The ion association constant in 98.53% acetone and 
values for the equi l ibr ium constants in pure acetone 
were  evaluated as follows. First  the log K~ data for 
the 80.03, 91.23, and 98.53% acetone solutions were  fit 
to the equat ion 

log K = a 4- bP  4- cP 2 [19] 

where  P = per cent acetone. Ka for the  98.53% acetone 
solution was varied unti l  the predicted value of log 
K~ in pure acetone agreed with the published values 
(9) for AgBr and AgC1. Once Ka was evaluated,  Eq. 

constants at 25~ 

W e i g h t  
pe r  cent  
acetone* Sa l t  - - log  Kso l og  j82 log  /98 log  Ks2 log  K.a 

AgC1 13.17 _+ 0.06 11.598 ~ 0.003 
80.03 A g B r  14.79 ~ 0.05 12.98 __+ 0.04 

(2.005) AgI  17,64 ~ 0.04 17.09 -4- 0.02 
AgC1 14.96 _~ 0.004 14.321 4- 0,002 

91.23 A g B r  16,38 ~ 0.04 16.202 --  0.002 
(2.767) A g l  18.70 ~ 0.05 18.956 ~ 0.019 

AgC1 17,95 -~ 0.02 19.097 -+ 0,004 
98.53 A g B r  18,67 ~ 0.07 19.915 --+ 0.004 

(3.581) AgI  20.21 _+ 0.06 21.339 "4- 0.003 

11.60 ~- 0.02 --1.58 "+- 0.06 --1.57 • 0.06 
14.855 -~- 0.004 -- 1.81 "4- 0.06 0.07 +--- 0.05 

--0.55 "4- 0.05 
14.40 + 0.04 --0,641 ~ 0,005 --0.56 ~ 0.04 
15.44 "4- 0.11 --0.18 ----+'-- 0.04 --0,94 ~ 0.12 

0.25 +-- 0.07 
20.37 • 0.08 1.15 "~ 0.02 2.42 • 0.06 
21.34 ----- 0.07 1.24 +-- 0.07 2.67 "~ 0.10 
22.79 -~- 0.03 1.13 +--- 0.06 2.58 ----- 0.07 

* The  n u m b e r s  in  pa r en the s e s  are the  DebyeoH~ickel  " A "  fac tors  (see Eq. [14]) in  u n i t s  of m o l e  -1/2 l i t e r  1/e. 
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Table II. Equilibrium constants at 25~ corrected to zero 
ionic strength 

W e i g h t  
pe r  cent  
a c e t o n e  Sal t  - - l og  K%o log  fl~ log  B~ log K ' I 2  log  K~ 

AgC1 13.36 11.78 11,88 --1,66 --1.48 
80.03 A g B r  14.98 13.17 15.13 --1.81 0.15 

AgI  17.82 17.28 --0.55 
AgC1 15.22 14,56 14.78 -- 0.64 -- 0.44 

91.23 AgBr 16.63 16.46 15.82 --0.18 --0.81 
Agl 18,96 19.21 0.25 
AgC1 19.46 20.60 22.63 1.15 3.17 

96.53 A g B r  20.18 21.42 23.60 1.24 3.42 
AgI  21.72 22.85 25.05 1.13 3.33 
AgCI 19.90 21.05 23.52 1.15 3.61 

98.53* A g B r  20.62 21.86 24.49 1,24 3.86 
A g I  22.16 23.29 25.93 1.13 3.77 

* Also corrected for ion pairing, Ka = 50. 

Table III. Equilibrium constants in pure acetone at 25~ 

- l o g  K % o  l o g  ~~ 
Sa l t  a b e d a b c 

AgC1 16.4 21.2 21.2 16.7 22.6 
A g B r  18.7 21.7 21.6 19.7 23.3 
A g I  20.9 22.0 23.0 22.2 23.6 24.4 
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Fig. 1. Plots of log K~ and log B~ for the AgCI systems against 
log r (~b is the volume fraction of water). Q ,  Log fl~ values; 
@, --log K~ values. 

a is f r o m R e f .  (10). 
b i s  f r o m  Ref.  (11). 
c are  the  p r e s e n t  results .  
d is f r o m  Ref.  (9). 

[19] was used to calculate log K~ for AgI and the ~~ 
values in pure acetone. Table III  lists the calculated 
values along with those values obtained by other  
workers.  The values obtained by Luehrs  e t  al. (10) are 
certainly in er ror  as they are general ly  much too large. 
There is some discrepancy be tween  the present  results 
for the AgI data and Mackor 's  data (11). In the Dis- 
cussion section below, evidence is presented which in- 
dicates that some of Mackor 's  data may  be in error.  

Discussion 
Table IV lists the available data for the si lver halide 

equi l ibr ium constants in various water -ace tone  m i x -  
tures. The data in pure water  were  obtained from 
Ref. (12), (13), and (14) for AgC1, AgBr, and AgI, 
respectively.  Data for the AgC1 and AgI sytems, o t h e r  
than those reported here, were  obtained from Ref. (15) 
and (11), respectively.  Using the data in Table IV, 
some function was sought to give l inear  relat ionships 
be tween the equi l ibr ium constants and water  or ace- 
tone composition. The only functions that  could be 
found were  those of log ~w or log aw (r is the volume 
fraction of wa te r  and aw is the activity of water )  ; o ther  
functions, including the volume fraction of acetone, 
were  not linear. Figures 1 and 2 are examples of plots 
of log K vs.  log Cw for the AgC1 and AgI systems. The 
plot for the AgBr system is not shown but is ve ry  
similar to the AgC1 system (Fig. 1). Mackor 's  data for 
;#~ (AgI) do not fall on a single line which is con- 
t ra ry  to the analogous results for AgC1 and AgBr. For  

Table IV. Equilibrium constants in acetone-water mixtures at 25~ 

W e i g h t  
pe r  cent  - - l og  K%0 log  ~~ l og  K ~  
ace tone  C1 Br  I C1 B r  I C1 B r  I 

0 9.8 12.3 16.0 5.4 7.6 11.2 - -4 ,4  - -4 .7  - -4 .9  
9.6 10.1 5.7 --4.4 

19.8 10.3 6.1 --4.2 
34.4 7.0 --3.9 
42.1 11.0 7.6 --3.5 
43.9 16.4 16.3 --0.1 
54.2 12.1 9.1 --3.0 
73.7 17.2 17.6 0.5 
80.0 13.4 15.0 17.8 11.8 13.2 17.3 --1.6 --1.8 --0.6 
91.2 15.2 16.6 19.0 14.6 16.5 19.2 --0.6 --0,2 0.3 
94.5 19.7 20.6 0.9 
98.5 19.9 20.6 22.2 21.1 21.9 23.3 1.2 1.2 1.1 

100.0 21.2 21.6 23.0 22.8 23.3 24.4 1.6 1.7 1.4 

20 I 

X 

g 
151  

10 I I I '1 
0 0.5 1.0 1.5 20 
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Fig. 2. Plots of log K~ and log fl~ for the Agl systems against 
log ~ (~b is the volume fraction of water). O ,  Log fl~ values; 
@, --log K~ values. 

this reason it is suggested that  the accuracy of these 
P~ values is questionable.  The dashed l ine in Fig. 2 
(for /~~ was drawn neglect ing Mackor 's  values. F ig-  
ures 1 and 2 were  suggested by Feakins and French 
(16) and by Marshall  (17) to have the fol lowing sig- 
nificance. Equations [1] and [3] can be wr i t ten  to in-  
clude the solvent, H20, involved  in hydra t ing  the 
various ionic species: i.e., 

AgX -{- (m -{- n )H20  ---- Ag + (H20)m -{- X -  (H20)n [20] 

Ag + (H20)m ~ 2 X - ( H 2 0 ) n  

---- AgX2-  (H20)p -{- (m -{- 2n -- p )H20  [21] 

Plots of log K~ and log ~~ should be l inear  with 
slopes, respectively,  of m § n and m ~ 2n -- p. For  
AgC1 the plot in Fig. 1 gives m W n : 5; assuming 
m ---- 2 and n ---- 3, it is found that  p ---- 16 which seems 
unreasonably large. The fai lure  of this t rea tment  over  
a large range of solvent compositions is not surprising 
as the original t rea tments  (16, 17) were  intended to 
apply to those systems where  the cosolvent (acetone 
in the present case) is inert. Over  the range where  the 
cosolvent composition is small, the relations in Eq. 
[20] and [21] apparent ly  hold (15, 16). Over  the sol- 
vent  composition range studied here, no part icular  
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theoretical significance can be attached to the plots 
shown in Fig. 1 and 2. 

Inspection of Table IV shows monotonical  behavior:  
for each salt K~ becomes smaller and ~~ becomes 
larger as the acetone content  is increased. In  solutions 
of high acetone content, the AgX2- and AgX8 -2 spe- 
cies becomes more stable than  X -  which is typical of 
these salts in aprotic solvents (1, 3, 9-11, 14). That the 
AgX2- species is indeed more stable can be demon-  
strated by considering individual  ionic medium effects. 
Table V gives values of the individual  ionic free 
energies of transfer, hG~ from water  to pure  
acetone. The data are based on the ext ra thermody-  
namic assumptions of: Bax et al. (18) who used an 
extrapolat ion procedure, and Parker  et aL (9) who as- 
sumed that  there is negligible l iquid junct ion  poten-  
tials for the reference half cells 

Ag/AgC10 4 (0.1M)//0.1M 

te t rae thy lammonium p ic ra te / /  

and the present  values which are based on the ap- 
proximate relat ion (1) 

~G~ (Ag+,AgC12 - )  -b AG~ - )  

2~G~ (Ag + ) [22] 

In  Table V, those values given in parenthesis were ob- 
tained by the addit ivi ty rule using the present values 
for AG~ - )  and •176 Using 
Parker ' s  (9) and the present values for aG~ - )  a 
value for AG~ +) was obtained from the calculated 
value of aG~ This lat ter  quant i ty  was calcu- 
lated from the emf's of the cells 

Pt, H2/HC1 in  water  or acetone/AgC1,Ag 

using the relat ion 

AG~ : F(E~ - -  E~ [23] 

For acetone E~ = --0.542V (19) and in water, E~ = 
0.222V. Inspection of Table V shows that even though 
the hG~ values are not very consistent for the 
three works, the relat ion ~G~ - )  < A G ~  - )  

holds for each method of evaluation. While it is desir- 
able to produce a common list of AG~ values, it 
is not necessary if our pr imary  object is to qual i ta-  
t ively unders tand  the nature  of ion salvation in  the 
various solvents. One inherent  difficulty involved in 
producing common hG~ values is that values of 
~G~ often differ considerably. For example the 
value of ~G~ calculated from Eq. [23] is 12.6 
kcal mole -1. Bax et al. use a value of 12.6 kcal mole -1, 
and Parker  and the present  author arrive at a value 
7.4 kcal mo le  -1 for aG~ Additional but  less 
severe discrepancies can be found for the values of 
hG~ (Ag+,Br - )  and aG~ - )  obtained by Parker  
et al. and by the present author. 

Manuscript  submit ted Sept. 10, 1973; revised manu-  
script received July  15, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June 1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
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LIST OF SYMBOLS 
~n over-al l  stabili ty constant for the formation 

of species Agn 1-n uncorrected for activity 
effects. 

~~ over-al l  stability constant  corrected for ac- 
t ivity effects 

U relative error defined by Eq. [7] 
Cx total concentrat ion of species X in moles per 

l i ter or millimoles per liter as denoted in 
text 

n average l igand number  
•176 free energy of t ransfer  of species X from 

water  to the mixed or pure acetone solvent 
l a g  + ] concentrat ion of silver ion in moles per l i ter 

or millimoles per l i ter 
APPENDICES 

The experimental  data are given below. All concen- 
trations are reported in units  of mM (millimoles per 
l i ter) and potentials are given in volts. Those points 
marked with an asterisk were not used in the least 
squares refinement of the equi l ibr ium constants. The 
symbols used below have the following significance: 
E' ---- formal potential;  E = potential  measured during 
the t i trat ion; [Ag+]ref = silver ion concentrat ion in 
the reference electrode solution; CAg ---- total silver 
concentrat ion in the experimental  solution; Cx = total 
halide concentrat ion in the experimental  solution. 

Data for the 98.53% Acetone Solutions 
(E' = 0.0776V; [Ag + ] ref = 30.48 mM) 

Chloride Solutions 

CAg Ccl ~ E  

0.3508 3.776 0.9598 
0.4856 3.771 0.9473 
0.6122 3.766 0.9359 
0.7503 3.761 0.9246 
0,8959 3.755 0.9134 
1.065 3.749 0.8978 
1.201 3.744 0.8845 
1.342 3.738 0.8686 
1.513 3.732 0.8418" 
1,656 3,726 0.8092* 

u n s a t u r a t e d  
so lu t ions  

1,776 3.722 0.7543 
1.857 3.719 0,7545 
1.994 3.714 0,7527 
2.164 3,707 0,7502 
2,374 3.699 0.7462 
2.557 3.692 0,7423 
2.735 3.685 0.7376 
2.954 3.677 0.7303 
3.165 3.669 0,7204 
3.376 3.661 0,7042 
3.499 3.656 0.6861 
3.592 3.653 0.6596 

s a t u r a t e d  
so lu t ions  

Bromide Solutions 

CAg CB r --  E 

Table V. Free energies of transfer for single ions from water to 
acetone at 25~ 

AG~ (ion) ,  kea l  mo le  -1 

Ion  a b c 

H* --4.9 - 4 . 9  - 2 , 5  
A g  § (--1.8)  3.3 5.7 
C1- 17.6 12.3 9.9 
B r -  15.4 8.7 7.0 
I -  (11.4) 4.9 3.9 
Age12- (9.2) (4.1) 1.7 
A g B r s -  (5.8) (0.7) -- 1.7 
AgI=- (2.9) (--2.1) --4.6 

a is f r o m  Ref. (18) and  is ba sed  on m o l a l  un i t s .  
b is f r o m  Ref, (9) a n d  is ba sed  on  m o l a l  un i t s .  
e are the  p r e s e n t  resul ts .  

0.3587 3,938 1.0100 
0.4579 3,934 1,0015 
0.5411 3.931 0,9933 
0.6359 3.927 0,9860 
0.7267 3,923 0,9789 
0.8645 3,918 0,9682 
1.002 3,913 0.9574 
1.135 3,907 0.9455 
1.268 3,902 0.9325 
1.404 3,897 0.9176 
1.636 3,891 0,8990 
1,757 3,883 0,8419" 

1.853 3.879 0.7971 
1,938 3.876 0,7958 
2.068 3.870 0,7937 
2.214 3,865 0.7920 
2,439 3.856 0.7887 
2.671 3.847 0.7828 
2.875 3.839 0.7769 
3.243 3.824 0.7619 
3.434 3.816 0.7495 
3,546 3,812 0,7347 
3.678 3.807 0.6986 

u n s a t u r a t e d  
so lu t i ons  

s a t u r a t e d  
so lu t i ons  
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Iodide Solutions Iodide Solutions 

CA~ Cz -- E 
CAg CI + E 

0.3547 3.626 1.0905 
0.4341 3.623 1.0821 
0.5173 3.620 1.0738 2.412 18.70 0.9390 
0.6083 3.617 1.0662 2.606 18,66 0.9355 
0.6912 3.614 1.0590 2.845 18,61 0.9315 
0.8251 3.609 1.0479 3,671 18.57 6.9277 
0.9430 3.605 1.0365 3.292 18.53 0.9238 
1.672 3.600 1.6240 3.531 16,48 0.9201 
1.209 3.595 1.0100 3,744 18,44 0.9164 
1.334 3.591 0.9920* 3.977 18.40 0.9126 
1.462 3.586 0.9695* u n s a t u r a t e d  ? 4.216 18,35 0.9088 
1,590 3,581 0.9374* so lu t ions  | 4.420 18,31 0.9051 

4.662 18.27 0.9014 
1.672 3.578 0.9145" s a t u r a t e d  1 4.876 18.23 0.8981 
1.795 3.574 0.8918 s o l u t i o n s  $ 5.105 18.18 0.8942 
1.919 3.569 0.8901 5.371 18.13 0.8900 
2.034 3.565 0.8853 5.589 18.12 0.8862* 
2.206 3.559 0.8769 6.072 18.00 0.8782* 
2.376 3.553 0.6658 6.539 17.94 0.8708* 
2.597 3.545 0.8428* 
2.758 3.406 0.8002* 7.346 17.79 0.8589* 

7,810 17.66 0.8518 
8.092 17.61 0.8485 

D a t a  for the 91.23% Acetone Solutions 8.428 17.54 0.8471 
8,846 17.46 0.8445 

(E' = 0.1163V; [Ag+] re f  = 11.76 mM) 9.276 17.38 0.8420 
9.757 17.29 0.8385 

Chloride Solutions 10.14 17.22 0.8358 
10.63 17.12 0.6311 
11.16 17,02 0.8254 

CAg Col - -E  12.12 16.84 0.8160 

0.8920 38.23 0.7413 
1,129 38.14 0.7349 
1.408 38.03 0.7287 
1.695 37.92 0.7232 Data for the 80.03% Acetone Solutions 
1.979 37.81 0.7183 
2.218 37.72 0.7145 (E' : ------O.U~/bY; [Ag +'j ref = 26.49 raM) 
2.443 37.63 0.7110 
2.720 37.52 0.7072 
2.949 37.43 0.7041 Chloride Solutions 
3.221 37.33 0.7008 
8.494 37.22 0.6975 
3.713 37.14 0.6948 
3.942 37.05 0.6922 CAs COl --E 
4,215 36.94 0.6893 
4.482 36.84 0.6963 
4,791 36.72 0.6832 
5.105 36.60 0.6801 u n s a t u r a t e d  ~ 0.6122 99.39 0.6625 
5.414 36.48 0.6771 so lu t ions  | 0.8487 99.15 0.6546 

1.076 98.92 0.6482 
5.796 36.34 0.6741 s a t u r a t e d  ] 1.309 98.69 0.6426 
6.091 36.22 0.6730 so lu t ions  $ 1.579 98.42 0.6374 
6.448 36.68 0.6729 1.847 98.15 0.6323 
6.859 35.93 0.6725 2.118 97.88 0.6284 
7.407 36.71 0.6720 

2.399 97.60 6.6251 
2.669 97.33 0.6246 

Bromide Solutions 2.979 97.02 0.6244 
3.341 96.66 0,6231 
3.635 96.17 0.6219 

CAg CBr - -E 4.292 95.71 0.6207 
5.228 94.77 0.6162 
7.401 92.60 0.6113 

0.2354 24.44 0.8638 
0.3786 24.41 0.8522 
0.5134 24.37 0.8438 
0.6537 24.34 0.8371 
0.8133 24.30 0.8315 
0.9430 24.27 0.8265 
1,064 24.23 0.8221 
1,229 24.20 0.8182 
1.414 24.15 0.8183 
1,608 24.11 0.8090 
1,783 24.06 0.8052 
1.976 24.02 0.8015 
2.164 23.97 0,7985 
2.332 23.93 0.7954 
2.511 23.89 0.7923 
2.786 23.82 0.7881 
3.603 23.76 0.7845 
3.285 23.70 0.7804 
3.567 23.63 0.7765 
3.772 23.58 0.7734 
4.001 23.52 0.7701 
4.182 23.46 0.7676 
4.411 23.42 0.7644 
4.635 23.36 0.7614 
4.838 23.32 0.7584 
5.109 23.25 0.7547 
5.377 23.18 0.7511 
5.627 23.12 0.7474 

a---~.88 - ' ~  - -  - -  - 2 3 . 0 6  O.7436 
6.153 22.99 0.7399 
6.416 22.93 0.7362 
6.706 22.86 0.7318 
7.032 22.78 0.7307 
7.473 22.67 0.7298 
7.966 22.55 0.7290 
8.789 22.35 0.7273 
9.259 22.23 0.7263 

1O.1O 22.03 0.7243 
11.03 21.80 0.7220 
11.68 21.64 0.7202 
12.46 21.45 0.7177 
13.44 21.21 0.7144 

u n s a t u r a t e d  
so lu t i ons  t 

s a t u r a t e d  1 
so lu t i ons  

u n s a t u r a t e d  T 
so lu t i ons  

s a t u r a t e d  
so lu t i ons  

Bromide Solutions 

CAg Car ~ E 

0.4559 99.54 0.8036 
0.6905 99.41 0.7970 
0.7740 99.23 0.7898 
0.9587 99.04 0.7840 
1,166 98.63 0.7785 
1.423 98.58 0.7730 
1.668 98.33 0.7684 
1.868 98.13 0.7649 
2.116 97.88 0.7613 
2,355 97.65 0.7562 
2.724 97.28 0.7519 
3.142 96.86 0.7464 
3.546 96.45 6.7425 
3.898 96.10 0.7394 
4.251 95.75 0.7363 
4.602 95.40 0.7333 
4.943 96.06 0.7287 
5.321 94.68 0.7243 

u n s a t u r a t e d  
so lu t i ons  

s a t u r a t e d  
so lu t i ons  

5.746 94.25 0.7195 
6.163 93.84 0.7148 
6.542 93.46 0.7135 
6.961 93.04 0.7112 
7.418 92.58 0.7096 
7,919 92.08 0.7094 
9.084 90.92 0.7086 

10.72 89.28 0.7075 
12.31 87.69 0.7062 

13.81 66.19 0.7051 

u n s a t u r a t e d  
so lu t i ons  

s a t u r a t e d  
so lu t i ons  

T �9 
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Iodide Solutions 

CAr el -- E 

!.186 32.92 
i .683 32.76 
1.957 32.67 
2.225 32.58 
2.546 32.47 
2.866 32.37 
8.174 32.26 
3.486 32.16 
3.794 32.06 
4.097 31.95 
4.831 31.71 
5.660 31.43 

- ~ . ~ 1  . . . .  31.17 
6.869 31.03 
7.428 30.85 
7.919 30.68 
8.489 30.49 
9.216 30.25 

10.05 29.97 
10.79 29.72 
11.68 29.43 
12.77 29.07 
13.80 28.72 

0.9055* 
0.8962 
0.8916 
0.8876 
0.8833 
0.8793 
0.8758 
0.8724 
0.8893 
0.8666* 
0.8607* 
0.8550* 

u n s a t u r a t e d  
so lu t ions  

0.8502 s a t u r a t e d  
0.8480 s o l u t i o n s  
0.8461 
0.8453 
0.8441 
0.8423 
0.8401 
0.8378 
0.8350 
0.8308 
0.8265 
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Contributions of Dissolved Hydrogen to Potential and 
Behavior of the Hydrogen Electrode 

M. A. Fullenwider *,1 

B-B Laboratory, Carlisle, Pennsylvania 17013 

Irreversible 

ABSTRACT 

A statistical theory of hydrogen in metals is developed, and isotherms 
relat ing surface coverage to bulk hydrogen concentrat ion in the metal  are 
derived. It is shown that in certain circumstances of high concentrat ion and 
energy, bulk hydrogen can contr ibute to irreversible behavior  of the hydrogen 
electrode. Irreversible behavior can also be expected in the vicinity of a 
phase transformation.  

In t reatments  of the hydrogen electrode to date, all 
(1) have involved the concept, logical from the ther-  
modynamic point of view, that the substrate mater ial  
affects the reactions involved only in as much as it 
participates in determining the fate of adsorbed in ter -  
mediates, free radicals, etc., at the surface of the elec- 
trode. Irreversible effects, e.g., those occurring in the 
presence of adsorbing cations and anions and in par-  
t icular the --50 mV (vs. RHE) rest potential  of the 
pa l ladium-hydrogen system (2) are also general ly 
ascribed to surface effects such as the formation of co- 
valent bonds with the surface in the case of adsorbing 
cations and anions and the diffusion to the surface 
of protons in the case of the pa l ladium-hydrogen 
system. 

It has long been known that  atomic hydrogen pene-  
trates into the bulk of many  metals, and that the prop- 
erties of the result ing systems vary considerably from 
metal  to metal. Recently the effect of dissolved hy-  
drogen on the thermodynamics of the p la t inum-hydro-  
gen electrode under  reversible conditions was dis- 

* E l e c t r o c h e m i c a l  SoCiety A c t i v e  Member .  
1 P r e sen t  addres s :  R K P  Indus t r i e s ,  Inco rpora t ed ,  A l l e n t o w n ,  P e n n -  

s y l v a n i a  18103. 
Key  w o r d s :  h y d r o g e n  e lect rode,  i r r e v e r s i b l e  behav io r ,  h y d r o g e n  

i n  meta l s ,  h y d r o g e n  e m b r i t t l e m e n t .  

cussed by F rumkin  et al. (3), the conclusion being that 
dissolved hydrogen, even in large concentrations would 
have little or no effect. It is the purpose of this paper 
to examine these conclusions i n  more detail using 
statistical arguments.  It w i l l  be shown that  dissolved 
hydrogen has the possibility under  certain circum- 
stances of causing i r revers ib le  effects with the plati-  
num-hydrogen  electrode and with other meta l -hydro-  
gen systems, notably the pal ladium and iron system. 

Preliminaries 
The hydrogen atom, or part ial ly shielded proton as 

it is believed to exist wi thin  the bulk of a metal  will 
obey Fermi-Dirac  statistics. Thus we have for a total 
of N particles, the number  nr in  state r of energy ~r 
and weight Wr 

nr ~-- Wr/[1 -~ exp (er/kT)/k] [1] 

where k, the absolute activity, is given for a particle of 
chemical potential  

k = exp (g/kT) [2] 

and determined by the condition 
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~ n r  = N [3] 
r 

It can be shown that  for systems such as we wil l  be 
treating, that  is, dilute systems and systems at tem-  
peratures  far e levated from zero Kelvins, we will  have 
the condition 

k < <  exp ( ,r /kT) [4] 

Thus Eq. [1] and [3] reduce to 

~. ~ Wr exp ( - - , r / kT)  : N [5] 

and we have 

nr = Nwr exp (--er/kT) / f ( T )  [6] 

where  f (T)  is the ordinary part i t ion function and Eq. 
[6] is the distribution law of classical statistics. There -  
fore the systems we will  be t reat ing here may be ap- 
proximated  by classical statistics. 

We will  be dealing with a quant i ty  ~, the spreading 
pressure, defined 

r = --OFads/OA [7] 

where  F ads is the free energy of adsorption of a species 
and A is the area of the surface. 

is re la ted to the variables we will  be interested 
in by the relat ion 

RT rH = 0r in aH [8] 

where  FH is the surface coverage with  hydrogen atoms 
in moles of H cm -2 and aH is the bulk hydrogen con- 
centrat ion in the meta l  in moles of H cm -3. Equat ion 
[8] will  result  in isotherms relat ing surface coverage 
to bulk hydrogen concentration. Now isotherms usually 
express surface coverage as a function of e lectro-  
chemical potential, general ly  expressed as a function 
of concentrat ion in a bulk electrolyte  solution or po- 
tential  across the interface (4). Our isotherms will  
contain this dependence since as is certainly dependent  
on these quantities, but the dependence will  be hidden. 

Most general ly  our model  for the hydrogen electrode 
will  be an ideal layer  of hydrogen atoms on the sur-  
face of the electrode in equi l ibr ium with  a gas of pro-  
tons or par t ia l ly  shielded protons wi th in  the bulk of 
the meta l  which will  be assumed first to be very  dilute 
and then, in another  t reatment ,  more concentrated. 
Equi l ibr ium with hydrogen in aqueous solution will  in 
general  not be assumed, especially where  there  is the 
possibility of irreversibi l i ty,  and it must  be r e m e m -  
bered, par t icular ly  in the application of the result ing 
isotherms, that  they only apply in the approximat ion 
that the atomic hydrogen dissolved in the metal  is in 
equi l ibr ium with  the layer  of hydrogen atoms on the 
surface. 

For  the free energy of the ideal layer  of adsorbed 
hydrogen atoms on the electrode surface we have from 
classical statistics (5) 

FH ads ---- --kT~nfH (T) + NHkT In kH [9] 

where the symbols have the same definition as previ- 
ously, and 

S(T) = 2~mHkT A / h  2 [10] 

the part i t ion function for a two dimensional  mort- 
atomic gas. 

For the condition of equi l ibr ium between surface 
and bulk hydrogen we need an expression for )~H for 
hydrogen dissolved in the metal.  This combined wi th  
Eq. [9], [10], and [7] will  give us an expression for r 
and Eq. [8] will  result  in the final isotherms. 

To obtain an expression for kH w e  use the grand 
part i t ion function for hydrogen in the meta l  which in 
general  form is given by (6) 

r (T,kH) -~ ~ [ (aN) !/NH! (aN -- NH) !] (kH]H'(T) p) ~H 
NH 

exp [-- (NHwH -~ I/zNH2WHH/aN)/kT] [ii] 

where  aN is the number  of interst i t ial  sites, NH is the 
number  of hydrogen atoms distr ibuted among the aN 
sites in the metal, p is the nuclear  spin weight, WH 
is the potential energy of the protons relative to the 
state of infinite dispersion outside the metal, and where 

fH'(T) ~- (2~mHkT) 3/2 V /h  3 [12] 

simply the part i t ion function of a three-dimensional  
monatomic gas, and V is the vo lume of the m e t a l - h y -  
drogen system. 

The factor 

exp (--  1/zNH2WHH/C~NkT) [13] 

deserves special attention. It is just  this quanti ty,  cor- 
responding to interactions be tween the protons, which 
in some t rea tments  of electrolyt ic  solutions and the 
electric double layer  is expanded in the cluster formal-  
ism of Mayer and Mayer  (7). This does not suit our 
purposes here since it would be very  complicated and 
there  is not exact information available of, for ex-  
ample, the var ia t ion of the heat  of solution with  con- 
centration, the nature  of the species involved, etc., for 
the systems we wil l  be discussing. What  we have done 
instead is to, as Lacher  (8), ignore the effect of the 
actual a r rangement  of the protons on the rate of in-  
crease of absorption energy and assumed that  this rate 
is directly proport ional  to the number  of holes filled, 
WHH being a proport ional i ty  constant. 

Very Dilute Approximation 
In this approximation we put the following requi re-  

ments on Eq. [1 !] 

WHH ---- 0 [14] 

NH << aN [15] 

This gives us for the grand partition function 

F(T, kH) ---- ~ (I/Nn!)(kHfH'(T)p)N'exp(-NHwH/kT) 

NH 
[16] 

Equat ion [16] is t reated in the usual way to obtain the 
equi l ibr ium value of NH by taking 

0 l n ( t e rm  of sum: [ r (T ,  kH) ] ) /0NH ----- 0 [17] 

that  is, replacing the series by its max imum term, we 
obtain 

NH ---- )~H~H'(T)p e x p ( - -  W H / k T )  [18] 

and from Eq. [9], [10], [12], and [18] we have 

[ NHh3 exp (wHkT) ] 
FH ads ---- -- kT h------q ~ A  

+ NHkTln  [ Nnh3exp(wH/kT)  ] [19] 
( 2;~mHkT) 3/2pV 

and with Eq. [7] and the relat ion 

A = V 2/a [20] 

that  is taking a cubic symmetry,  we get for 

3 NH,bumkTh exp (WH/kT) 
@ ---- -~- NH.surface k T / A  2Up (2;~mnkT) 1/2 [21] 

which may be wr i t ten  

r = KrH + K'an exp(wH/kT)  [22] 

and from Eq. [8] we obtain the linear, first order dif- 
ferent ial  equat ion 

RTFH ---- KaH r + K'aH exp (WH/kT) [23] 

which has the solution 
3 

r~ = Call 2/~ -- - -  K'aH exp (WH/kT) [24] 
2 



Vol. 121, No. 12 HYDROGEN ELECTRODE 1591 

where C is a constant of integration. Equat ion [24] 
provides a relat ion between surface coverage and a 
small  quant i ty  of hydrogen dissolved in a metal  for 
the case that the two are in equi l ibr ium and the in ter-  
actions be tween the dissolved species are negligible. 

Approximation for More Concentrated Systems 
In  this approximation we take Eq. [1] without any 

restrictions, and together with Eq. [17] we obtain the 
relat ion 

NH/(aN -- NH) -- IHSH'(T)p 

exp[-- (WH /- NHWHH/aN)/kT] [25] 

and from Eq. [9], [10], [12], and [25] we have 

FH,ds _ _ kT  ( N~h3 exp[(wH + NHwHH/aN) / kT]  ) 
(aN -- NH) (2nmnkT)~/2pV 

2nmHkT 
X ~ A  + NnkT 

h 2 

(aN -- NH) (2nW%HkT) 3/2pV [26] 

and from Eq. [7] for ~ with Eq. [20] 

3 
r "- ~-  NH,surfcae k T / A  

NHkTh exp [(wH -~ NHWHH/aN)/kT] 
[27] 

(aN -- NH) 2Vp (2~mHkT) 1/2 

which may be wr i t ten  

= KrR + K'aH' exp[ (WH --~ NHWHH/aN)/kT] [28] 

where 
all' : NH/(aN -- NH)V [29] 

the reduced concentration. Again from Eq. [8] we 
have a relation similar to Eq. [24] 

FH/aH '2Is = C -- f (K'/aH'2/SK) 

exp [ (wH + NHWHH/aN) / kT]  

X [I -{- aH'WHHV/kT(I i- VaH')2]daH ' [30] 

where the integral may be expanded in different ways. 
Equation [30] extends Eq. [24] into regions where 
interactions between dissolved species are not neg-  
ligible. It should be noted, however, that equi l ibr ium 
between the adsorbed and absorbed protons is still as- 
sumed. 

Discussion 
First  of all the quanti t ies WH and (WH + NHWHH/ 

aN) of Eq. [16]-[24] and Eq. [25]-[30], respectively, 
can be roughly taken as the heats of solution from the 
gas phase, since the exper imental  heats of solution are 
only rough estimates, values general ly being for un -  
specified concentrations, and where there is more than 
one value in the l i tera ture  considerable spread exists. 
Some values of the heat of solution are given in Table 
I, and it should be noted that some are endothermic 
and others exothermic. Strictly speaking the quant i ty  
in the equations, the protonic work function, refers to 
the process 

H(zero pressure gas) = H(dissolved in  metal)  [31] 

Table |. Solubilities at the reversible potential and heats of 
solution of hydrogen for various metals 

Metal  

AH, 
(kcal p e r  

aH (mo1 h a l f - r e a l  
H c m  -m) Res H2) Ref .  

P t  1 x 10 "3 11 8.9 12 
N i  1,4 X 10-5 13 3.60 14 
P d  2.7 • 10 -4 13 ~ 9 . S  15 
Fe 7.0 x 10-~ 13 7.04 16 

while the values of • in Table I refer to the process 

1/2 H2 (gas) -- H(dissolved in metal)  [32] 

Secondly, there exists no correct data at the present 
time to test Eq. [24] and [30]. The recent paper of 
Breger and Gileadi (9) lists values of coverages and 
bulk  hydrogen concentrations for the pa l lad ium-hydro-  
gen system. However, this paper was based upon as- 
sumptions which have since been found to be errone-  
ous (10), i.e., that of a concentrat ion independent  dif- 
fusion coefficient and an anodic stripping coverage 
time independent  of bulk  hydrogen concentration. 

Equat ion [22] will be used first to reach some con- 
clusions regarding the p la t inum-hydrogen  system. As- 
suming a full monolayer  coverage and insert ing s tand-  
ard values for the constants we obtain the relation 

= ( 3  • 1 0 - 9 ) R T -  all[2.5 X I O - g e x p ( w H / k T ) ] R T  
[33] 

where uni ts  for r might  be, for example, ergs cm -~, 
and aH is again moles of H cm -s. Table I lists some 
values of aH at the reversible potential  and heats of 
solution, as stated previously. WH should be taken with 
the same sign as the heat of solution. 

Now whenever  the bu lk  term (second in  Eq. [33]) 
predominates over the surface term (first in Eq. [33]) 
we will have irreversible behavior  because this is 
thermodynamical ly  impossible at the reversible pdten-  
tial. For  p la t inum it can be seen that  the bu lk  term is 
slightly larger than the surface term, and for other 
metals the surface term predominates. However, the 
value of an cited for p la t inum is in  the presence of 
As203, a hydrogen diffusion promoter, and under  nor-  
mal  conditions aH would be much lower, i.e., there 
would be reversible behavior. Thus it is quite l ikely 
that irreversible behavior of the p la t inum-hydrogen  
electrode observed in the presence of some adsorbing 
cations and anions is due t o  their  hydrogen diffusion 
promoting properties. Also, whereas the conclusion of 
F r u m k i n  et al. (3) was that  when  there is a large 
quant i ty  of bu lk  hydrogen present  and reversibi l i ty 
this hydrogen has no appreciable effect, we must  make 
the point that when  there is a large quant i ty  of bulk  
hydrogen present there is no reversibili ty.  

Referring to Eq. [27] with reference to the pal-  
l ad ium-hydrogen  system we can see that  the surface 
term will predominate  except when NH approaches 
aN. When this happens the bulk  term becomes large, 
and again we will have irreversible behavior. Before 
gets too large, however, the # phase should start to 
form, and it is this that results in the --50 mV rest 
potential  of the pa l lad ium-hydrogen  system, the --50 
mV corresponding to the energy increment  between 
the a and ~ phases. 

We have shown how hydrogen in large concentra-  
tions dissolved wi th in  the bulk  of a metal  can con- 
t r ibute  toward irreversible behavior Of the hydrogen 
electrode. For most metals  behavior  of this type can 
usual ly be expected in the vicinity of a so-called phase 
transition. In  a manne r  of speaking the word "phase" is 
inappropriate  in the case of hydrogen in metals. The 
work of Gosar (17), for example, showed that mobile 
interst i t ials  in  the semiclassical approximation exist 
wi th in  the host lattice rather  in  "bands" possessing 
energies, band widths, and energy gaps, much the same 
as electrons in a lattice. This seems to explain qual i ta-  
t ively the fact that iron undergoes its i rreversible em- 
br i t t lement  at such small concentrations (18), e.g., 
10 -7 moles cm -3, i.e., its first band apparent ly  fills in 
this concentrat ion range. Here the tendency for the 
protons to collect in regions of high tensile stress (19) 
acts to "pump" gaseous hydrogen into cracks and voids 
as the spreading pressure becomes large at their sur-  
faces, causing embri t t lement .  

Manuscript  submit ted Aug. 22, 1973; revised manu-  
script received July  30, 1974. 
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Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by B-B Laboratory. 

LIST OF SYMBOLS 
A 
a H  

Fads 

YH(T) 

YrI' ( r )  

h 
k 
m H  
N 
NH 
n r  
R 
T 
V 
WH 

~)HH 
W r  
~N 
I 'H 
r (T, XH) 

AHs 
er 

P 

surface area  
concentrat ion of protons 
reduced concentrat ion of protons 
free energy of adsorption 
part i t ion funct ion of ideal two-dimensional  
gas  of protons 
part i t ion function of ideal th ree-d imen-  
sional gas of protons 
Planck 's  constant 
Boltzmann's  constant 
proton m a s s  
number  of particles 
number  of protons 
number  of particles in  state r 
gas  constant 
temperature  in Kelvins  
volume 
potential  energy of protons in the metal  
with respect to infinite dispersion outside 
the metal, protonic work funct ion 
a proport ional i ty constant 
weight of state r 
number  of intersti t ial  s i tes  
surface coverage with protons 
grand part i t ion funct ion for hydrogen in 
the metal  
heat of solution of hydrogen in  a metal  
energy of particles in state r 
absolute activity 
chemical potential  
nuclear  spin weight  
spreading pressure 
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Dissolution of Mild Steel with a Rotating 
Ring Hemispherical Electrode 

Der-Tau Chin* 
General Motors Corporation, Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

A rotating r ing hemispherical electrode was used to study the active dis- 
solution of mild steel in sulfate electrolytes. Using potentiostatic t ransients  
for the deposition of a monolayer  of an iron oxide on a p la t inum ring elec- 
trode, the soluble FeOH + complex ion was identified as an intermediate  
product during the dissolution reaction. The FeOH + concentrat ion was found 
to increase with pH of the electrolyte and to decrease with sulfate concentra-  
tion. In  concentrated sulfate solutions, the FeOH + concentrat ion also decreased 
with increasing dissolution current  density at the mild steel hemispherical 
electrode. The results indicate that  the dissolution reaction did not fully 
follow the commonly accepted Bockris or Heusler mechanism. This dis- 
crepancy is discussed with a parallel  mechanism, in  which sulfate ion part ici-  
pates in the anodic reaction. 

Although numerous  studies have been made of the 
anodic dissolution of i ron and carbon steels in sulfate 
electrolytes, the exact mechanism of iron dissolution is 
still a controversial question (1-5). One of the major  
mechanisms as proposed by Bockris et al. (6) involves 
the following steps 

Fe q- O H -  ~ FeOHads + e 

FeOHads-'> FeOH + -t- e, rate determining [1] 

FeOH + ~----Fe ++ q- O H -  

. Elec t rochemica l  Socie ty  Act ive Member .  
K e y  words :  dissolut ion of mi ld  steel in sul fa te  solut ion,  i ron  

oxide deposition. 

Equation [1] has been supported by a number  of po- 
larization measurements  (7-9). Nevertheless, the FeOH 
complexes in each step are still hypothetical  in nature;  
no positive identification has been thus far reported in 
the li terature. These complexes are also suggested in 
Heusler 's catalysis mechanism (1). Therefore, it is of 
theoretical importance to determine if the principal  
intermediate,  FeOH + ion, is generated by iron dissolu- 
tion. 

Previous studies (10-11) have shown that FeOH + 
ions can deposit on a p la t inum substrate to form a ~- 
FeOOH film from sulfate solutions. On a rotat ing plat-  
inum ring electrode, the deposition reaction follows a 
mathematical  model describing two-dimensional  nu -  
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cleation and growth of a monolayer  of oxide on the 
electrode surface (12). 

This evidence suggests the use of a rotat ing ring 
hemisphere  for the study of iron dissolution reactions. 
By properly setting the potential  of a plat inum ring 
electrode within  the region for the iron oxide deposi- 
tion reaction, it should be possible to detect the soluble 
FeOH* complex ion produced by iron dissolution at 
the central  hemispherical  electrode. The rat ionale for 
the use of a ring hemisphere  combination has been dis- 
cussed previously (13). Easy replacement  of the cen- 
tral  hemisphere  and less change in the electrode geom- 
e t ry  are the advantages of this combination in studying 
metal  dissolution reactions. 

Such a study has been made in this laboratory for 
the dissolution of mild steel in (NH4)2804 electrolytes. 
The methods of galvanostatic dissolution at the central  
hemisphere and the potentiostatic transient at the 
platinum ring were  used for the experiments.  This 
paper summarizes the results of the study. 

Exper imental  
The rotat ing ring hemispherical  electrode used con- 

sisted of a plat inum ring and a replaceable central  
mild steep hemispherical  electrode mounted  concen- 
tr ically on a Teflon support  rod. The hemisphere  was 
0.635 cm in diameter  and the dimension of the ring 
electrode was 0.798 cm ID • 1.003 cm OD. This ar-  
rangement  had a collection efficiency of 32% as cali- 
brated with a fe r r icyanide / fe r rocyanide  redox reac-  
tion. The details of the exper imenta l  setup have been 
described previously (13). 

The method of galvanostat ic  dissolution at the cen- 
tral hemisphere and a potentiostatic transient  at the 
ring were  used for the study. The mild steel hemi-  
sphere was first dissolved in a test electrolyte at the 
s teady-state  conditions. To detect FeOH + complex ions 
generated during the dissolution reaction, a constant 
potential of 0.9 V/SCE (12) was applied to the ring 
electrode and the ring current  was recorded on a str ip-  
chart recorder. 

Two independent  electrical circuits composed of two 
separate counterelectrodes (one for the hemisphere  
and the other  for the ring) were  used for the exper i -  
ment. The constant current  to the hemisphere  was sup- 
plied from a Magna 4700M potentiostat, whereas  the 
ring potential  was controlled by a bat tery  powered 
potentiostat  which was floating with respect to ground. 

For each run, the surface of the ring electrode was 
first polished with a 600 grit  Carbimet  wet grinding 
paper. The mild steel hemispherical  electrode was then 
fastened to the Teflon support. The assembled ring 
hemisphere was cleaned with methanol  and cathod- 
ically treated in 2M NaOH followed by a rinse in dis- 
t i l led water.  The electrode was then t ransferred to a 
cell filled with the test e lectrolyte  and was installed on 
a high speed rotator. At this point, a constant rota-  
tional speed was selected for the rotator  and a con- 
stant current  was applied to the mild steel hemisphere.  
The potential  of the hemisphere  was recorded on a 
s t r ip-chart  recorder. Af ter  the hemisphere potential  
reached a s teady-state  value, a constant potential  of 
0.9 V/SCE was applied to the ring electrode and the 
ring current  was subsequently recorded on a Sanborn 
296 recorder.  

Ni t rogen-sa tura ted  0.5-2M (NH4)_oSO4 was used as 
the electrolyte.  The pH of these solutions was main-  
tained at a constant value by adding proper  amounts 
of dilute NH~OH and H2SO4 during the runs. All  the 
exper iments  were performed at a constant t empera-  
ture of 24 ~ ~_ I~ 

Results and Discussion 
Figure 1 shows the recorder  traces of current  t ran-  

sients on the plat inum ring when the mild steel hemis-  
pherical  electrode was dissolving at a constant cur-  

1 Composit ion of mild steel other  than i ron:  Mn, 0.98%; S, 0.29%; 
C, 0.1%; P, 0.06%; Si, 0.005%. 

] 
o io 20 ao so 

Fig. l. Recorder traces of ring current when the central mild steel 
hemisphere was dissolving at a constant current density of 31 mA/ 
cn~ 2. The electrolyte used was pH 5, IM (NH4)2S04. 

rent density of 31 m A / c m  2 into pH 5, 1M (NH4)2SO4 
electrolyte. The speed of electrode rotation for these 
runs varied from 400 to 2500 rpm. It is seen that  the 
ring current  jumped  to a large value at the begin-  
ning of the potential  step and then decreased with 
time. This behavior  is the same as that of a previous 
characterizat ion study (12) on the deposition of iron 
oxide from ferrous sulfate solutions. 

The current  jumps to a large value at zero time; this 
suggests that the ring picked up the dissolution prod-  
uct, Fe + + ion, and oxidized it to Fe + + + ion at the 
l imiting current  potential  of 0.9 V/SCE. Since the 
amount  of Fe +* ions t ransfer red  to the ring was 
l imited by the rate of Fe + + generat ion at the central  
hemisphere,  the magni tude  of that  current  was rela-  
t ively independent  of the rotational speed. The sharp 
current  peak near t ime zero (less than 0.5 sec from 
the start  of the potential  step) was due to establish- 
ment  of a diffusion layer  on the ring and is i r re le-  
vant  to the results of the present study. 

The dissolution intermediate,  FeOH + complex ion, is 
also picked up at the ring, where  it was oxidized to 
form a monolayer  of 7-FeOOH film (12). The cur-  
rent  consumption for the monolayer  oxide deposition 
reaction was very  small as compared to that  of the 
F e - + / F e * -  + oxidation reaction; however,  the oxide 
film reduced the active area available to the F e + + /  
F e -  + * reaction, resulting in a decrease of the ring 
current  as shown in Fig. 1. That the rate of current  
drop increased with the speed of rotation is in agree- 
ment  with Eq. [1] that  the FeOH + complex ion dis- 
sociates in the electrolyte  into ferrous and hydroxyl  
ions. The faster the speed of rotation, the less the 
time required for FeOH + ions to t ravel  from the 
central  hemisphere to the ring, and hence more  FeOH + 
ions reached the ring undecomposed, result ing in a 
higher  rate of the film deposition reaction. Conse- 
quently,  the rate of current  drop was faster  at h igher  
rotational speeds. 

Figure  2 is a semilogari thmic plot of ring current  vs .  
cube of time for three of the curves shown in Fig. 1. 
The exact l inear relationship indicates that  the oxide 
deposition reaction follows a model  for two-d imen-  
sional nucleation and growth of a film of monolayer  
thickness (14) 

[ r ing  - -  I l im exp - -  ~ v 2 N t  3 [2] 
3 

Here l l i  m is the initial l imit ing current  for the Fe + + /  
F e -  + + oxidation reaction at the plat inum ring whose 
entire surface is free from oxide contamination, N 
is the rate of nucleation of two-dimensional  centers, v 
is the rate of spreading of the monomolecular  layer  
film, and t is the time. Equat ion [2] describes the 
diminishing of the current  for the Fe + + /Fe  + + + oxi-  
dation reaction due to the film coverage on the ring 
surface. The total current  on the ring is actually the 
sum of three components. They are (i) Fe + + /Fe  ++ + 
oxidation reaction, (iD formation of a monolayer  of 
~-FeOOH film, and ( i i i )  other possible electrochemical  
processes occurring at the oxide /e lec t ro ly te  interface. 
In the pre~ent study, the currents for the last two 
components were  negligibly small as compared with 
the first component (12); thus, the ring current  t ran-  
sient obeyed Eq. [2] as shown in Fig. 2. 
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Fig. 2. Interpretation of current transients at the ring with a two- 
dimensional nucleation and film growth model. The data shown 
here were taken from a pH 5, 1M (NH4)2SO4 when the mild steel 
hemisphere was dissolving at a constant current density of 31 
mA/cm2. 

Equation [2] indicates that Ilim can be obtained 
by extrapolat ing the straight  lines on the  semilogarith- 
mic plot of /ring vs. t ~ to the zero time. The collection 
efficiency for ferrous ions on the r ing electrode free 
from oxide contaminat ion can then be calculated by 
(2Ium/Ihemisphere) X i00, where /hemisphere is the total 
dissolution current  on the mild steel hemispherical  
electrode. The collection efficiency thus calculated, 
using the data points shown in Fig. 2, is found to 
be 30 __ 2%, in close agreement  with the calibrated 
value of 32%. 

According to Eq. [2], the quanti ty,  -- :~/3 v2N, is 
the slope of the straight lines shown in Fig. 2; the 
cube root of the product, v~N, is the composite rate 
constant for the over-al l  oxide deposition reactions. 
Since the 7-FeOOH film is formed by the oxidation 
of FeOH + complex ion on the r ing electrode, the 
magni tude  of this composite rate constant should then 
reflect the rate of FeOH + ions t ransferred to the 
ring, and consequently the amount  of FeOH + ions 
generated at the central  hemisphere dur ing the mild 
steel dissolution reaction. Figure 3 is a plot of the 
composite rate constant vs. pH of the electrolyte when  
the mild steel hemisphere was dissolving into 1M 
(NH4)~SO4 at a constant current  density of 8 m A / c m  2 
and at an electrode rotational speed of 1600 rpm. The 
effect of the dissolution current  density at the cen- 
tral  hemisphere on the composite rate constant at 
the r ing is shown in Fig. 4 for three sulfate concen- 
trations; in these part icular  runs the pH of the elec- 
trolyte was kept at 5, and the electrode rotat ion at 
1600 rpm. 

The results given in  Fig. 3 and the curve for 0.5M 
sulfate in Fig. 4 are seen to agree with Eq. [1] in 
which the concentrat ion of the dissolution in termedi-  
ate, FeOH + ion, increases with the rate of i ron disso- 
lut ion as well as with pH of the electrolyte. However, 
the curves for 1 and 2M (NH4)2SO4 in Fig. 4 are 
quite different. The horizontal relat ion between the 
composite rate constant and the dissolution current  
density in 1M sulfate indicates that the concentra-  
tion of FeOH + complex ion is independent  of the 
iron dissolution rate. The curve for 2M sulfate reflects 
a t rend contrary to Eq. [1]; it says that  the rate of 
FeOH + generation decreases with increasing current  
density at the mild steel hemispherical electrode. For 
a given dissolution current  density, Fig. 4 fur ther  
shows that the composite rate constant decreases with 
increasing sulfate concentration. 
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Fig. 3. Composite rate constant for the growth of the monolayer 
oxide on the ring vs. pH values for 1M (NH4)2SO4. The current 
density at the mild steel hemisphere was maintained at 8 mA/cm~; 
the speed of electrode rotation was 1600 rpm. 
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Fig. 4. Composite rate constant for the growth of the monolayer 
oxide on the ring vs. the dissolution current density at the mild 
steel hemispherical electrode for three sulfate con:entrations. The 
pH of the electrolytes was maintained at 5; the speed of electrode 
rotation was 1600 rpm. 

At this point, one is apt to th ink that  this be-  
havior is probably caused by the part icipation of sul-  
fate ions in the oxide deposition reaction. That this 
is not t rue has been shown in a previous characteri-  
zation study (12) of the deposition of i ron oxide on 
a rotating pla t inum ring electrode from ferrous sul-  
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fate solutions. In  that s tudy it was found that changes 
in the concentrat ion of (NH4)2SO4 support ing elec- 
trolyte had no effect on the composite rate constant. 

One might  also thing that the FeOH + collected 
at the r ing is not a reaction intermediate,  but  a prod- 
uct formed by the hydrolysis of the final dissolution 
product, Fe ++, during the course of t raveling to 
the ring. That  this is not t rue can be at t r ibuted to 
the fol/owing two reasons: 

(i) If FeOH + is formed by the hydrolysis of fer- 
rous ion, then the faster the rotat ional  speed, the 
less would be the amount  of FeOH + formed before 
it reaches the ring. Consequently, for a given disso- 
lu t ion rate at the hemisphere, t h e  rate of current  
decrease at the ring would be lower at higher ro- 
tational speeds. This contradicts the results given in 
Fig. 1. 

(ii) The rate of film deposition reaction has been 
found to increase l inear ly  with the concentrat ion of 
ferrous ions in the test electrolyte (12). If the iron 
dissolution does not proceed through the in termedi -  
ate stage of FeOH + ion, it would then be expected 
that the composite rate constant at the ring would 
increase rapidly with increasing dissolution rate at 
the hemisphere. This contradicts the results shown in  
Fig. 4. 

Thus, the present results indicate that dissolution 
of mild steel in sulfate electrolytes does not follow 
fully Eq. [1]. These results seem to support  the evi- 
dence that in addition to the Bockris or the Heusler 
mechanism, mild steel is also dissolving via a parallel  
mechanism, such as the one proposed by Geana, Miligy, 
and Lorenz (5) 

Fe + H20 ~ FeOHads + H + + e 

FeOHads + H20 ~ [Fe(OH)'2]ads + H + + e 
[3] 

[Fe (OH)2]ads -k S O 4 - -  ~=2 FeSO4+ 2 0 H -  

FeSO4 ~ Fe + + + S O 4 - -  

The data shown in Fig. 4 suggest that the Bockris 
or the Heusler mechanism probably occurs at low 
dissolution current  densities and at low sulfate con- 
centrations. With increasing sulfate concentrat ion and 
current  density, more and more sulfate ions are 
adsorbed on the anode and some of the iron atoms 
start to dissolve via the parallel  mechanism. The 
proportion of current  consumption by the parallel  
mechanism increases with increasing current  density 
at high sulfate concentrations. 

Conclusions 
Using the rotat ing r ing hemisphere technique, 

FeOH + complex ion has been identified as a reaction 
intermediate  during the dissolution of mild steel in 
(NH4)2SO4 electrolyte. For  a given dissolution cur- 
rent  density, the concentrat ion of FeOH + ion was 
found to decrease with increasing sulfate concentra-  
tion. The effect of the dissolution current  density 
on the amount  of FeOH + detected varied according 
to sulfate concentration. In  dilute sulfate, the rate 
of FeOH + produced was an increasing function of 
dissolution current  density, whereas in  more con- 
centrated (NH4)2SO4 it was either independent  of, 
or a decreasing funct ion of, the dissolution current  
density. The results indicate that  the dissolution re- 
action did not fully follow the commonly accepted 
Bockris or Heusler mechanism. It  appears that  mild 
steel also dissolves via a parallel  mechanism, in which 
sulfate ion participates in the dissolution reaction. 

Manuscript  submit ted April  8, 1974; revised manu-  
script received June  10, 1974. 

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June 1975 JOURNAL. 
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Reflectance Changes during Formation and Reduction of 
Oxide Films on Gold and Platinum: 

Corrections for "Double-Layer Effects" 
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ABSTRACT 

Hysteresis between the processes of formation and reduction of thin oxide 
films on Au and Pt have been investigated by ellipsometric (A) and relative 
reflectance (6R/R) measurements. The interpretation of results obtained by 
optical methods where thin films are in the course of formation towards a 
monolayer, or beyond, requires consideration of optical effects due to con- 
tributions from changing ion concentration and metal surface electron charge 
density in the double-layer since substantial changes of optical parameters for 
reflectance at Au and Pt interfaces arise with changing electrode potential. 
Resulting changes of A and 5R/R must therefore be corrected for continuing 
double-layer effects as the ad-layer is laid down or removed (in the reduction 
process). The theoretical basis for evaluation of double-layer optical effects 
is reviewed but it is proposed that, at the present time, empirical correction 
procedures may be preferable. Three methods are examined and an optimum 
procedure is recommended. The procedure is applied to the evaluation of 
hysteresis effects in the formation and reduction of thin oxide films at Au and 
Pt where evaluation of the true hysteresis effects depends in an important 
way on a proper correction procedure for the double-layer optical effects. 

In recent  papers (1-4), the state of surface oxide 
films on Pt  (1-3) and Au (4) has been examined by 
electrochemical  [cyclic vo l tammet ry  (3) and charg-  
ing curves (1, 2)] and optical [reflectance (4) and 
el l ipsometry (5, 6)] methods. It has been shown (3) 
that both after, and s imultaneously with, oxygen 
deposition in dist inguishable successive arrays [cf. 
similar indications from LEED work  (7)], the init i-  
ally chemisorbed species undergoes a rear rangement  
(probably place-exchange with underlying substrate 
metal  atoms) to a more stable surface oxide phase 
which is reducible only at potentials less positive 
than those required for the initial anodic electrosorp- 
tion (8). This leads to the we l l -known  hysteresis 
(8, 9) be tween formation and reduct ion of surface 
oxide films on most m e t a l s .  

In the present  paper, we compare the optical and 
electrochemical  behavior  of these surface oxide films 
on Pt and Au, especially with regard to evaluat ion 
of the optical behavior  of the film during its reduc-  
tion in relat ion (6, 10) to that during its formation;  
that is, the question to be addressed is how optical 
measurements  can be used to provide a basis for 
distinction be tween the state of a thin oxide film in 
the direct ion of its formation and its reduction, for 
given extents of oxidation in the forward  (anodic) 
and backward (cathodic) directions of charging curves 
or cyc l ic -vol tammetry  current -potent ia l  profiles. 

El l ipsometry and e lec t r ic-modula ted  reflectance (11) 
measurements  which are current ly  of great  interest  
in the study of surface processes (10, 12-14) and 
adsorption (20-24) at electrodes are especially valu-  
able for indicating the state of oxide film formation 
at metals, including submonolayer  films of OH dis- 
charged from water  at Pt (10), Ir  (10), and Au (15) 
and the i r revers ibi l i ty  of surface oxide formation 
and reduction processes exhibi t ing hysteresis (10, 16). 

The in terpre ta t ion of optical propert ies  of thin oxide 
films from ell ipsometric (4) and re la t ive  reflectance 

dR 
(SR/R or /dV)  measurements  is, however ,  c o m -  

R 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  P u l p  a n d  P a p e r  R e s e a r c h  In s t i t u t e ,  P o i n t e  

Cla i re ,  Quebec ,  C a n a d a .  
K e y  w o r d s :  o x i d e  f i lms,  p l a t i n u m ,  gold,  e l l i p s o m e t r y ,  h y s t e r e s i s  

i n  s u r f a c e  p r o c e s s e s .  

plicated, especially at Pt or Au, by the substantial  
dependence of el l ipsometric phase-shif t  parameter  A 
or re la t ive  reflectance change 5R/R on potential  (and 
hence surface and ionic charge on the double- layer)  
which is observed already over  the potential  ranges 
in which no chemisorbed H- or O-species are pres- 
ent on Pt or Au electrode surface. We shall refer  
to this behavior  as the "double- layer"  optical effect 
at the metal  surface. 

These double- layer  optical effects will  continue dur-  
ing the surface oxidation up to a monolayer  in some 
way related to the fraction of free metal  surface 
available (1 - -  e o x i d e )  ; in addition, and beyond a mono-  
layer  of surface oxide, some different double- layer  
effect will  arise corresponding to the propert ies of 
the interface of that  fraction of the surface which is 
covered by the surface oxide film. 

The interpreta t ion of A or 5R/R changes measured 
during film formation or reduct ion must therefore  
allow for a changing component due to the double- 
layer  effects on A and 5R/R which mainta in  them- 
selves, in some degree to be considered below, during 
film formation and are especially important  at low 
coverage by the "O"-species. Corrections of this kind 
do not appear [cf. e.g., (5, 12, 23)] to have been made 
in previous work  except in a pre l iminary  presenta-  
tion (6) of the present work, 2 so that  the A and 5R/R 
changes actually due to oxide film formation have re-  
mained incorrect ly evaluated.  

This question is of par t icular  importance if the 
optical condition of a surface oxide film at a given 
degree of oxidation, qo, in an anodic-going potentio-  
dynamic l inear sweep (18) is to be compared with 
the condition at the same qo in the cathodic sweep, 
thus providing indications of any intrinsic changes 
in the nature of the films associated with  the hys- 
teresis (8, 10, 16), commonly observed between for-  
mation and reduction of surface oxide films, with 
respect to electrode potential  (8, 16). The double-  
layer  corrections will  be par t icular ly  important  as 
the coverage by the electrosorbed film changes from 
zero to that corresponding to a monolayer,  e.g., OH 
on Pt  and Au, wi th  increasing anodic potential. These 

2 S ince  th i s  p a p e r  w a s  s u b m i t t e d  (6), M c I n t y r e  a n d  P e c k  (24) 
h a v e  p r o p o s e d  s i m i l a r  c o r r e c t i o n s  f o r  e l u c i d a t i o n  of  t h e  op t i ca l  be-  
h a v i o r  of  e l e c t r o s o r b e d  H a t  P t .  
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double- layer  optical effects are exper imenta l ly  more 
important  (4, 6, 16) at Au than  at Pt, since the 
double- layer  optical effects are larger for Au than 
Pt. 

Basis ]or "double- layer" optical e~ec ts . - -The  theo- 
retical basis of the corrections for double- layer  effects 
in optical studies of oxidation of metals depends on 
the extent  to which electron density changes (11, 19- 
21) in the metal  surface (ER effect) and changes of 
ionic concentrat ion (22, 23) in the solution-side of 
the double- layer  determine the double- layer  effect 
in t, or 5R/R.  Work in  press (13) a t  electrodeposited 
Hg indicates that the ER effect is never  negligible; 
hence it may be expected that electrosorption of OH 
and O species in the ini t ial  stages of surface oxide 
formation will have an important  effect on the elec- 
tronic double- layer  contr ibut ion to • or 5R/R. Such 
effects can arise because chemisorbed species tend 
to induce image charges (24) in the metal  substrate 
or more realistically, equivalent  shor t - range effects 
leading to electron density changes in the metal  sur-  
face as evidenced in other work by changes of sur-  
face conductivity (34) and paramagnetic  susceptibility. 
Related changes will be expected in the solution-side 
contr ibut ion to • or 5R/R since oxidation of the metal  
surface will change the pzc and hence the relative 
populations of anions and cations in the double-layer,  
and displace ions adsorbed, as is known  (17) in  the 
case of SO42- or HSO4-. Correspondingly, when an 
oxide film is reduced, revealing bare metal, the double-  
layer contr ibut ion will again change in the course 
of the reduction of the film. 

From the theoretical point of view, according to 
McIntyre and Aspnes (19), and McIntyre (21), the 
effect of metal  surface charge, qm, and hence potential, 
on the optical properties of the surface layer of a 
metal  is determined main ly  by field modulat ion of 
the free-electron contr ibut ion e3.f to the dielectric 
constant e2 of the t ransi t ion layer  between bulk  solu- 
tion and bulk  metal  extending over ca 1.6 times the 
Thomas-Fermi  screening length. Expressed in these 
terms, the change he2 in this t ransi t ion layer by the 
applied field is given by  

A e 2  : - -  ( e 3 , f  - -  1) Aqm/Nd [1] 

where N is the free-electron concentrat ion in the 
bulk  metal  and d is the thickness of the t ransi t ion 
layer, ~qm the change of surface charge. Correspond- 

I ( ~ R  ~ 
ing relative reflectance changes R - \  5--~'-~ ] can be 

evaluated (24) for p and s polarization conditions, 
and the p-polarizat ion behavior is dependent  on both d 
and the rat ional  potential, E. This t rea tment  (24) 
assumes that the variat ion of 5R/R  with qm or E 
arises main ly  from modulat ion of free-electron effects, 
i.e., the ionic double- layer  contr ibutions to 5R/R  can 
be neglected (24), at least for the noble metals. This 
is a controversial point [cf. (20)] and has been dis- 
cussed elsewhere (25). However, by suitable choice 
of angle of incidence and polarization conditions, 
some progress towards exper imental ly  separating the 
metal electron and ionic double- layer  effects can, 
in  principle, be made (20, 24). In  terms of free- 
electron effects, 5R/R would be expected to be pro- 
portional to qm and would thus scale with the differ- 
ential double- layer  capacitance (24). Unfor tunate ly  
5R/R is also a complex function of charge-dependent  
ion accumulation in the double- layer  (22, 23), solvent 
orientat ion and compression (20), and local molar  
refraction of ions in the double-layer.  

The problems of allowing for double- layer  con- 
t r ibutions in the proper evaluat ion of the reflectance 
effects due to accumulation of a chemisorbed species 
are i l lustrated (24, 25) by the recent controversy 
concerning the significance of reflectance changes due 
to electrosorbed H at Pt  where even the real relative 
signs of the effects are under  discussion (25). Changes 

of electron density in the metal  surface due to b ind-  
ing of electrosorbed OH and O, or of H, we believe, 
can be a major  factor in determining reflectance 
changes which could not be calculated a priori by the 
MA theory (19, 21). Withdrawal  of electrons due to 
chemisorptive bonding, e.g., of H has been  recognized 
(36). 

For the purposes of the present  paper, where pos- 
sible differences of optical properties of th in  films dur-  
ing their  formation and reduction are to be demon- 
strated, it therefore seems best, because of the above 

5R 
complexities, to correct the - -  or h changes (caused 

R 
by electrosorption processes) for double- layer  electro- 
reflectance contributions by an empirical procedure 
(rather than an a priori calculation) based on extent  
of coverage of the free metal  surface by the electro- 
chemisorbed species. We outl ine three procedures by 
which this might be accomplished and propose one 
of them as the preferred method. 

Experimental 
Full  details of the exper imental  procedures have 

been given in other recent papers (6,  8, 10, 26). The 
following summary  of conditions and methods is given 
here to provide a basis for the results to be dis- 
cussed in  this paper as examples of the correction 
procedures and with respect to evaluat ion of hyster-  
esis in the optical behavior. 

Methods.- -Electrochemical  study of the processes of 
oxide film formation at Au and Pt was made by the 
potentiodynamic method which, for pure surface re-  
actions not involving coupled diffusion-controlled proc- 
esses, gives an  exact measure of: (i) the ranges of 
potential  over which various oxidation or reduction 
processes occur, and hence information on reversibi l-  
ity; and (ii) the coulombic charges associated with 
resolvable processes (3, 10) in the anodic-going or 
cathodic-going directions of potential  change. The 
oxidation or reduction charges can be evaluated to 
an accuracy equivalent  to 0.02e per metal  atom of 
the surface. 

The circuit and apparatus for potent iodynamic stud- 
ies was as described previously [e.g., (10)]. The var i -  
ous systems and precautions necessary for evaluat ion 
of oxidation~reduction charges of the above accuracy 
were as indicated in previous papers (3, 16, 26), es- 
pecially the requirements  of solution purity.  All po- 
tentials were referred to an H2 electrode in the same 
solution. This scale is referred to as EH in this paper. 

Ellipsometric studies of the formation and reduction 
of very thin oxide layers were made using a Rudolph 
ellipsometer by the off-null  intensi ty  t rans ient  method 
described originally by Cahan and Brusic in Ref. (27) 
with modifications discussed in a later  communicat ion 
(28) [cf. (29)]. 

Relative and differential reflectance measurements  
were made as described previously (10). The rhase-  
sensitive amplifier system also enabled direct mea-  
surements  of a-c capacitance to be made during for- 
mation and reduction of the oxide films. 

So~utions.--In order to achieve the required level 
of high puri ty  of solutions, water  subjected to 48 hr 
pyrocatalytic distil lation (26) was employed to make 
up solutions. 1M aq. H2SO4 solutions were used as 
electrolyte and made up in the pyro-disLilled water  
from B.D.H. "Aristar" grade 98% H2SO4 (the purest  
grade of acid available for electrochemical purposes).  
Experiments  were conducted at 25 ~ _ 0.5~ 

Cel ls . - -A  standard all-glass cell of the type used in 
our previous work was employed. The ellipsometer 
cell was of basically similar design except that  it was 
provided with two optically flat windows allowing 
light to be reflected from the electrode at an angle 
of incidence of 71 ~ without fur ther  refraction at the 
windows. 
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Electrodes.--Johnson Matthey h igh-pur i ty  grade Pt  
and Au plates ca. 1 mm in thickness were  used for 
the optical measurements .  Wires of the same grade 
metals were  used in some of the electrochemical  mea-  
surements.  Surfaces of the plate electrodes were  lcol - 
ished with  a ceric oxide s lurry and then thoroughly  
washed before use in optical experiments.  

Results and Discussion 
Methods for making "double-layer" correct ions . -  

The basis for possible empirical  correction procedures 
will  be considered by reference to the working dia- 
gram (Fig. 1). The curve  OCAPZ represents  an an-  
odic-going profile of changing A or 5R/R while ZQCO 
represents the corresponding cathodic-going changes 
in response to anodic and cathodic l inear  potential  
sweeps in optical cyclic Voltammetry (4, 10). O is 
the origin of charge-dependent  A and 6R/R changes 
taken as the potential  of zero-charge.  The regions 
OCA and CO represent  changes of • or 8R/R due 
only to "double- layer"  effects while  the regions APZ 
or ZQC represent  changes of A or 5R/R when a sur-  
face film of changing coverage is being e lec t rochem- 
ically deposited or removed (reduced) from the sur-  
face. The heavier  regions, AP and QC, represent,  
respectively, the t ransi t ion from zero coverage to 
a monolayer  of electrosorbed species, and from mono-  
layer  to zero coverage in reduction. The curve be-  
yond P to Z represents  changes of optical propert ies  
that  can arise beyond a nominal  monolayer  (e.g., 
from "PtOH" to "PtO")  of, e.g., OH on Pt, as ex-  
per imenta l ly  observed. 

Correction method ( i ) . - -The simplest  approach 
would be to subtract  f rom the "exper imenta l"  values 
(curve APZ) the double- layer  A or 5R/R values cor-  
responding to the line OCA and its production to B 
or beyond, with values being re fe r red  to the re fe r -  
ence line AN. Similarly,  over  QC, values along the 
line CA would be subtracted from the exper imenta l  
values along QC refer red  to a reference line CR. 
The lines CR or AN simply allow the differences of 
A or 8R/R which arise more  anodic to C or A, re-  
spectively, to be evaluated  with  respect to reference 
values at the points C or  A corresponding l imit ingly 
to zero oxide coverage in the respect ive cathodic or 
anodic directions of potential  change. This method is 
obviously not general ly  correct since (i) it does not 
allow for changing coverage by the electrosorbed 
species along AP or QC and (ii) in the re turn  (Cath- 
odic) curve  ZQC, when  the • or 5R/R value is found 
exper imenta l ly  to be ini t ial ly constant at Pt, e.g., 

after  holding 3 the potential  at Z for > 120 sec (Fig. 
2), correction for the double- layer  effects in A or 5R/R 
leads to an i r rat ional  increase of A or 5R/R as the 
initial part  of the negat ive-going • or 5R/R potential  
profile is t raversed (see below),  in which range there 
is no increase in the extent  of oxide formation or 
coverage after  holding at Z (Fig. 2). Method (i) will  
therefore  be rejected.  

Correction method ( i i ) . --Method (i) assumes that  
the whole of the normal  double- layer  change of A 
between A and P, or be tween  Q and C, is made as 
a correction to the lines AP or QC. This is obviously 
incorrect  since along AP or QC, the coverage by 
"oxide" is changing. Hence, the above double- layer  
corrections must  be diminished progressively at each 
potential  by a factor 1 -- 0 for the anodic or cathodic 
curves. It is obviously more  consistent to perform 
the above types of correction wi th  respect to a com- 
mon reference line CRL, applicable to both the anodic 
(APZ) or cathodic (ZQC) exper imenta l  lines. 4 Then 
the corrected A or 8R/R relations will  correspond 
typically to the dashed curve  AL  for the anodic-going 
curve or RC for the cathodic-going one. A number  of 
A -- qo relations were  analyzed in this manner  (see 
below) and compared wi th  results obtained by a 
(preferred)  third method (iii) described below. 

Correction method (ii i) .--It  would appear  most sat- 
isfactory to re fer  all  corrections not only to a com- 
mon reference line but  one (MSO) taken up to the 
potential  of zero charge (pzc), since finite values of 
• due to double- layer  charge effects are real ly re la-  
t ive to zero doub l e - l aye r  contr ibut ion to A or 5R/R 
at the pzc in the absence of specific adsorption. (A 
very small residual ionic double- layer  effect may  re-  
main at the pzc due to the surface potential.) Hence. 
the correction on the basis of 1 -- eox~de start ing from A 
or terminat ing at C will  follow, respectively,  curves 
such as AM or SC, but  at potentials more  positive 
than M or S, no fur ther  change of A or bR/R would 
arise from double- layer  effects on this model  since 
at these potentials e : 1. This method was applied 
to a number  of the exper imenta l  A -- qo relations. Both 
methods (ii) and ( i i i ) a s s u m e  that  the meta l / so lu t ion  
double- layer  correction above "e" ---- 1, becomes at-  
tenuated to zero, i.e., the presence of OH or O species 
eventual ly  reduces to zero (along the line PT) the 

On a r e p e t i t i v e  sweep  a t  P t  or Au ,  the  Optical p a r a m e t e r s  do 
con t inue  to increase  ove r  the  i n i t i a l  p a r t  of the  c a t h o d i c - g o i n g  
sweep  at  Z. This ,  h o w e v e r ,  is cons i s t en t  w i t h  the  obse rved  con- 
t i n u i n g  anod ic  c u r r e n t  a t  the  b e g i n n i n g  of the  ca thod ic  sweep,  as  
expec t ed  for  an i r r e v e r s i b l e  sur face  process  (see p. 1600). 

4 Tha t  t h i s  is a v a l i d  p r o c e d u r e  is i n d i c a t e d  i n  the  A p p e n d i x .  

Fig. I. Working diagram for 
discussion of double-layer cor- 
rections for A or 8R/R changes 
due to oxide film formation or 
reduction. 
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Fig. 2. (a, above left) ~ changes as a function of potential at an Au electrode in |M  aq. H~S04 (25~ in a single cyclic anodic/catho- 
dic sweep and after holding at + 1.69V EH for 120 sec before initiation of the sweep. (b; above right) The coTresponding potentiodynamic 
i-V profiles for Au with and without holding at !.69V for 120 sec. 

normal double- layer  optical effect associated with  the 
metall ic surface itself. 

"Double-layer" ef]ects at the oxide/solution inter- 
]ace . - - In  principle, the oxidized meta l  surface can 
also exhibi t  ER and ionic double- layer  effects in 
and 5R/R. In the case of Au, however,  the qual i ta t ive  
correctness of the assumption in method (iii) that  the 
double- layer  optical effects are reduced to negligible 
contributions as "o" ~ 1 was indicated by observation 
of only very small ~ changes in a cathodic-going 
potential  sweep after  formation of an oxide film of 
almost constant thickness by holding the potential  
constant for some t ime as shown in Fig. 2a. Over  
the potential  region involved,  it is seen from Fig. 2b 
that no significant reduction charge passes in this 
part of the curve, so that  only double- layer  effects 
would be involved:  they are quite small  (~10%)  in 
comparison with the effect over  the potential  region 
where  the metal  surface is without  an oxide film. 
The behavior  at Pt is similar (Fig. 3). The residual 
double- layer  optical effects on the oxidized surfaces, 
al though small, depend on the metal,  so the details 
of the correction procedure should be chosen with 
reference to the meta l  concerned. 

The significance of the small "double- layer"  effect 
in the oxide region (OOH ~ 1) is also indicated by a-c 
modulated reflectance exper iments  (10) which give 
small but  finite in-phase and zero out -of-phase  dif- 
ferent ial  reflectance effects at Pt  and Au even at 1.4V 
for Pt or 1.6V for Au where  almost no revers ibly  
formed or reducible oxide can exist [cf. the cyclic 
vo l tammetry  curves (3, 8)].  This residual effect must  
be distinguished from the resolvable region of r eve r -  
sible "PtOH" electrodeposition (3, 10) and reduct ion 
which can be seen in a-c modula ted  reflectance (10) 
up to ca. 0.95V. 

In the case of Au (Fig. 5), the result  of making 
fur ther  corrections for the residual double- layer  effect 
on the oxide film itself is also shown in that  figure. 
It is re la t ively  small and at Pt  it is even smaller. It  
is seen that  corrections for double- layer  optical effects 
at the oxide film interface do not change the main con- 
clusions from Fig. 5 that  hysteresis exists in the op- 
tical behavior  of the oxide film itself (see below).  

~-qo relations ]or anodic and cathodic-going sweeps. 
- - F i g u r e  4 shows the • relations for Pt  based on 
corrections for double- layer  contributions to ~ made 
by (i) the sloping base- l ine method  (i) assuming the 
double- layer  ~ change extends up to and beyond the 
monolayer,  and (ii) by method (iii). From Fig. 4 it is 
evident  that  appreciable hysteresis exists be tween 
values for the posi t ive-going and negat ive-going 
curves at the same degrees of oxidation qo of the sur- 
face, 5 independent ly  of the method of correction em-  
ployed. 

In  a g i v e n  e x p e r i m e n t ,  t he  a c c u r a c y  in  e v a l u a t i o n  of A is  "4-0.02 ~ 
a n d  in  qo, 0 .02e p e r  m e t a l  a tom.  H e n c e  t h e  d i f f e r e n c e s  in  t h e  
A-q,, l i nes  fo r  a n o d i c -  a n d  c a t h o d i c - g o i n g  s w e e p s  a r e  w e l l  ou t -  
s ide  t h e  l i m i t s  of  e x p e r i m e n t a l  e r r o r .  

P O T E N T I A L  E N , V  

/ 
~rh=300 s ~1.~.>. ~__~ " 

8Z~ constant 

Fig. 3. As in Fig. 2a, but for Pt with 300 sec anodic holding at 
1.4V E~. 
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Fig. 4. Dependence of changes 
of & on relative oxidation 
charge qo (e per Pt atom) in 
positive- and negative-going po- 
tential sweeps after correction 
of the initiat data by ( i )  method 
(i) based on extrapolated double- 
layer line and (i i)  method (iii) 
based on 1-e correction referred 
to pzc base-line. 
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The  n e c e s s i t y  for  c o r r e c t i o n s  to  t he  ~ c h a n g e  b a s e d  on  
a p r i n c i p l e  o t h e r  t h a n  t h a t  t he  d o u b l e - l a y e r  ~ v a r i a -  
t i o n  w i t h  p o t e n t i a l  c o n t i n u e s  in to ,  a n d  t h r o u g h ,  t h e  
s u r f a c e  o x i d a t i o n  r e g i o n  ( > 0 . 8 0 V  in  t h e  case of P t  or  
>1 .375V i n  t he  case  of A u )  is c l e a r l y  i l l u s t r a t e d  in  
Fig. 5 a n d  6. In  t h e s e  plots ,  t h e  c h a n g e s  of A in  a n  
a n o d i c -  a n d  c a t h o d i c - g o i n g  p o t e n t i o d y n a m i c  s w e e p  a re  
c o m p a r e d  w i t h  t h o s e  fo r  a s w e e p  in  w h i c h  t h e r e  h a s  
b e e n  120 sec h o l d i n g  of  t h e  p o t e n t i a l  a t  t h e  pos i t i ve  
a n d  of t h e  s w e e p  (see  p r o g r a m  b in  Fig. 5 a n d  ~ - p o -  
t e n t i a l  p lo t  of  Fig. 2a) .  W i t h  ho ld ing ,  b o t h  ~ a n d  t h e  
o x i d a t i o n  c h a r g e  qo c o n t i n u e  to c h a n g e  (as e x p e c t e d )  
i n  t h e  s a m e  d i r e c t i o n  as in  t h e  cycl ic  e x p e r i m e n t  t a k e n  
to t h e  s a m e  p o t e n t i a l ;  w i t h  r e v e r s a l  of  t h e  s w e e p  d i -  
r e c t i o n  a f t e r  ho ld ing ,  h decreases ,  i n i t i a l l y  g r a d u a l l y ,  

( c u r v e  a, Fig. 5) a n d  s i m i l a r  b e h a v i o r  a r i ses  in  t h e  
cycl ic  e x p e r i m e n t  ( c u r v e  b, Fig.  5 ) ;  for  b o t h  t h e s e  
cases, c u r v e s  a a n d  b, t he  d o u b l e - l a y e r  c o r r e c t i o n  h a s  
b e e n  m a d e  w i t h  r e s p e c t  to t h e  pzc b a s e - l i n e  6 up  to 
qo ---- fu l l  c o v e r a g e  of OH ( l e  p e r  A u  a t o m ) ,  in  p r o -  
p o r t i o n  to 1 --  OOH. 

I f  t he  d o u b l e - l a y e r  ~ or  5R/R c o r r e c t i o n s  w e r e  to be  
m a d e  no t  o n  t h i s  bas i s  b u t  b y  a s s u m i n g  t h a t  t h e  
d o u b l e - l a y e r  ~ or  5R/R effect  c o n t i n u e s  w i t h  t h e  s ame  
s lope w.r. t ,  p o t e n t i a l  t h r o u g h  t h e  s u r f a c e  o x i d a t i o n  
reg ion ,  t h e n  a r i d i c u l o u s  r e s u l t  is o b t a i n e d  as s h o w n  
in  Fig. 6 b a s e d  on  t he  s a m e  p r i m a r y  e x p e r i m e n t a l  d a t a  
(Fig.  2a, b)  as t h o s e  w h i c h  g ive  t h e  c u r v e s  of Fig. 5. 

e Relevant  pzc values  have  been cri t ically r ev iewed  and tabulated 
by Pe rk ins  and Anderson  (35). 

Fig. 5. Plots of ~ vs. oxidation 
charge qo for Au in 1M aq. 1.00 
H2S04 (25~ in a positive- and 
negative-going cyclic sweep and 0<3 
after 120 sec anodic holding at oo .80 
1.69V EH. Relations shown are = 
after correction by method (iii) 
for double-layer ~ effects ap- .60 
plied to the results of Fig. 2a, b 
and after further correction for 
residual double-layer effects on 
the oxidized surface. .4o 
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Fig. 6. Plots of A vs. qo for Au as in Fig. 5 but by the method 
(i) assuming double-layer A line applies continuously into the 
oxide formation, or over the oxide reduction regions. 

A f t e r  the  ho ld ing  t ime  of 120 sec, w h i c h  is suff icient  
for  qo to r each  a cons tan t  (--+2%) value,  i t  is seen f r o m  
Fig. 6 tha t  A a p p a r e n t l y  cont inues  to increase  on the  
n e g a t i v e - g o i n g  sweep  o v e r  the  r eg ion  x y  of cu rve  a in 
Fig. 6. Tha t  t he  d o u b l e - l a y e r  opt ical  effect  for  t he  f ree  
m e t a l  su r face  cannot  con t inue  w i t h  the  same s lope into  
the  ox ide  r eg ion  is also ind ica t ed  i nd i r ec t l y  by  the  
d o u b l e - l a y e r  capac i ty  b e h a v i o r  s tud ied  by  Rosen  and 
S c h u l d i n e r  (33).7 

A s imi la r  bu t  sma l l e r  effect  ar ises  o v e r  x'y'  in cu rve  
b of  Fig. 6 for  the  cycl ic  e x p e r i m e n t ,  but  h e r e  the  be-  
h a v i o r  is compl i ca t ed  by  the  n o r m a l  effect  obse rved  at 
P t  and Au  tha t  some ox ida t ion  of the  sur face  con t inues  
on the  in i t ia l  sect ion of  the  n e g a t i v e - g o i n g  sweep  a f t e r  
r e v e r s a l  of the  s ign of  dV/d t  at  the  end  of the  posi -  
t i v e - g o i n g  sweep.  This  is t he  usua l  b e h a v i o r  (3, 6) for  
an  i r r eve r s i b l e  e l e c t rochemica l  su r face  process  as we  
h a v e  d iscussed e l s e w h e r e  (3) and s imply  m e a n s  tha t  
con t inu ing  sur face  ox ida t ion  can occur  s lowly  o v e r  
t he  most  pos i t i ve -po t en t i a l  r ange  in the  n e g a t i v e - g o i n g  
side of  the  po ten t i a l  sweep.  Ho ld ing  at the  pos i t ive  
po ten t ia l  l imi t  a l lows  this res idua l  ox ida t ion  to be  v i r -  
tua l ly  c o m p l e t e d  be fo re  t he  n e g a t i v e  going sweep  is 
in i t i a ted  ( p r o g r a m  b), so tha t  on  the  s u b s e q u e n t  i n i -  
t i a t ion  of  tha t  n e g a t i v e - g o i n g  s w e e p  on ly  the  ca thodic  
r educ t ion  process  can  e v e n t u a l l y  occur,  so tha t  bo th  
• and qo m u s t  decrease,  or  in i t i a l ly  r e m a i n  cons tan t  
and  t h e n  both  decrease  toge ther .  

F igu res  5 and 6 t h e r e f o r e  c l ea r ly  d e m o n s t r a t e  (i) 
the  necess i ty  of a d o u b l e - l a y e r  co r rec t ion  in i n t e r p r e -  
ta t ion  of A - ( a n d / o r  ~ or  5R/R)  m e a s u r e m e n t s  in 
ox ide - f i lm  fo rming  e x p e r i m e n t s  and (ii) tha t  this cor -  
r ec t ion  cannot  be m a d e  s imply  on the  basis of a l inea r  
ex t ens ion  of  the  d o u b l e - l a y e r  A b a s e - l i n e  CAB (Fig. 1). 

Irreversibi l i ty  and hysteresis  in the optical behavior 
of  oxide films during formation and reduct ion . - -The  
resul t s  of  Fig. 5 show e v e n  m o r e  c l ea r ly  than  those  for  
P t  (Fig. 4) tha t  t he r e  is an  in t r ins ic  i r r e v e r s i b i l i t y  
in the  p roper t i e s  of the  ox ide  film w.r.t ,  q u a n t i t y  of 
ox ide  p resen t  on the  sur face  in the  f o r m a t i o n  d i rec t ion  
(pos i t i ve -go ing  sweep)  and in the  r educ t ion  d i rec t ion  
( n e g a t i v e - g o i n g  sweep) .  This  i r r e v e r s i b i l i t y  is, h o w -  
ever ,  on ly  de tec tab le  for  apprec iab le  degrees  of su r -  

z A c o r r e c t i o n  fo r  d o u b l e - l a y e r  effects in  the H reg ion  was  made  
by M c I n t y r e  and  Peck (24) by  e x t r a p o l a t i n g  the  ER b a c k g r o u n d  
cu rve  for  the  d o u b l e - l a y e r  r eg ion  in to  the  H a d s o r p t i o n  r eg ion  bu t  
w i t h o u t  any  a l lowance  for  poss ib le  specific effects due  to coverage  
by H. 
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0.4 

0.3 E+ 0 B , . I  ~ 

~ + S<L 
~,, 0.2 .. -9"~ o0,c ~..o,~,N 

0.I +~C 

0 0.1 0.2 0.5 0.4 0.5 0.6 0.7 0.8 

qo(e per Au atom) 
Fig. 7. Plots of A vs. qo for Au oxide formation in 1M aq. H2S04 

and reduction up to potentials of 1.440V (-F) and 1.410V (A) EH 
in repetitive cyclic voltammetry I-A values corrected w.r.t, pzc base- 
line by method (iii)]. 

face ox ida t ion  as the  resu l t s  of Fig. 7, for  su r face  
ox ida t ion  of Au  up to ca. 0.3 and  0.45e per  Au  atom, 
show;  in these  cases, the  ( co r rec ted)  A-qo l ines  are  a l -  
mos t  r e v e r s i b l e  in the  sense tha t  the  A-qo re la t ions  are  
a lmos t  iden t ica l  for  pos i t ive -  and n e g a t i v e - g o i n g  
sweeps  ( the re  is, of course,  s t i l l  hys te res i s  in the  i -V  
profi les  for  the  two  d i rec t ions  of s w e e p ) .  

The  i r r e v e r s i b i l i t y  d e m o n s t r a t e d  here ,  w e  be t ieve ,  
is due  to a p rog re s s ive  r e a r r a n g e m e n t  of  the  sur face  
l a y e r  of OH and  O e l ec t ro so rbed  species s as t he i r  cov-  
e rage  increases ,  as we  (3, 8) and o thers  (12, 30) have  
discussed e l sewhere .  Thus,  the  s ta te  of the  sur face  at 
a nomina l  va lue  of qo in the  r e d u c t i o n  sweep  is e v i -  
d e n t l y  not  iden t ica l  w i t h  tha t  in the  o x i d a t i o n  sweep  
at the  same qo. This  resu l t  confirms, on the  basis of 
opt ical  p rope r t i e s  of the  ox ide  films at Au  and Pt, t ha t  
the  i r r e v e r s i b i l i t y  in the  i -V  profi les  for  anodic  and 
ca thod ic -go ing  po ten t ia l  sweeps  is associa ted  w i t h  a 
rea l  i r r e v e r s i b l e  change  of p rope r t i e s  of  the  film as it  is 
la id  down,  i.e., an in t r ins ic  hys te res i s  (3, 16, 31). 

The  phys ica l  o r ig in  of the  opt ica l  hys te res i s  can be 
unde r s tood  in the  fo l l owing  t e rms :  in an anod ic -go ing  
sweep,  an  e l e m e n t  of  con t inu ing  change  of A wi l l  cor -  
r e spond  to t he  las t  i n c r e m e n t  of cha rge  passed at some 
typ ica l  po ten t ia l  E in the  sweep,  so the  e n v i r o n m e n t  
of the  species la id  d o w n  at t ha t  po ten t ia l  wi l l  be de-  
t e r m i n e d  by the  loca t ion  of  the  d i scharged  O or  OH 
species in r e l a t ion  to the  la t t ice  (3) of  p r ev ious ly  
ex i s t ing  and p r e v i o u s l y  depos i t ed  ox ide  species. H o w -  
ever ,  if  the  sweep  con t inues  b e y o n d  E, the  r e l a t i ve  
con t r i bu t ion  to A of the  species  depos i ted  at E m a y  
change  because  its e n v i r o n m e n t  changes.  Espec ia l ly  in 
the  case of a su r face  r e a r r a n g e m e n t ,  r e m o v a l  of  the  
g i v e n  par t i c le  at some po ten t i a l  co r re spond ing  to a 
s ta te  of  r e d u c t i o n  of the  ox ide  film ( m e a s u r e d  by  qo) 
wi l l  not  necessa r i ly  resu l t  in t he  same change  of  • as 
in the  e l ec t rodepos i t ion  of such a pa r t i c le  at the  same 
l eve l  qo of ox ida t ion  of the  su r face  du r ing  the  anodic -  
going sweep.  This  is because  the  microscop ic  e n v i r o n -  
m e n t  of par t ic les  be ing  r e d u c e d  at a g i v e n  cove rage  
co r re spond ing  to a t yp i caL leve l  of su r f ace  ox ida t ion  qo 
can be different ,  in the  r e a r r a n g e d  sur face  layer ,  f rom 
tha t  at a co r r e spond ing  l eve l  of su r face  ox ida t ion  o r  
c o v e r a g e  in the  anod i c -go ing  sweep.  This  is one of t h e  
essent ia l  f ea tu res  of  in t r ins ic  (as opposed  to "k i -  
ne t i c" )  hys te res i s  in t e rms  of doma in  t h e o r y  (31). 

The  resul t s  of Fig. 5 indicate ,  f rom the  course  of the  
A-qo relat ions,  tha t  t he  m a t e r i a l  first r educed  in the  
n e g a t i v e - g o i n g  sweep  is not  tha t  w h i c h  has  i m m e d i -  
a te ly  p r e v i o u s l y  b e e n  la id  d o w n  at the  mos t  pos i t ive  
po ten t ia l s  in the  p r io r  anodic  sweep.  The  m a t e r i a l  
e l ec t ro so rbed  at the  mos t  pos i t ive  po ten t ia l s  on the  

Opt ica l ly  d i s t i n g u i s h a b l e  s ta tes  of the  ox id i zed  P t  su r face  corre-  
s p o n d i n g  to " P t O H "  and  " P t O "  degrees  of o x i d a t i o n  were  no ted  by  
C o n w a y  (13) and  by  McIn ty re  and  Ko lb  [ in Ref. (14)]. 
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anodic  sweep  is, in fact,  tha t  wh ich  is r educed  on ly  at 
the  leas t  pos i t ive  po ten t i a l s  in the  ca thodic  sweep,  as 
obse rved  and discussed p r e v i o u s l y  (8, 16). This  is con-  
s is tent  (cf. m a g n e t i z a t i o n  hys te res i s  loops)  w i t h  t he  
obse rved  hys te res i s  behav io r .  

The  aspects  of  t he  su r face  ox ida t ion  processes  at P t  
and Au  are  b e y o n d  the  scope of the  p re sen t  p a p e r  bu t  
a re  e x a m i n e d  in m o r e  deta i l  in a r heo re t i c a l  pub l i ca -  
t ion  (32). 

Conclusion 
I t  is to be  conc luded  tha t  s ignif icant  d o u b l e - l a y e r  

cor rec t ions  m u s t  be  m a d e  not  on ly  in r e l a t ing  A or 
b R / R  to po ten t i a l  or  film cove rage  at an  e lec t rode ,  
bu t  also in  any  q u a n t i t a t i v e  i n t e r p r e t a t i o n s  of  these  
opt ical  p a r a m e t e r s  in t e rms  of  r e f r a c t i v e  index,  ab -  
so rp t ion  coefficient, and th ickness  of  the  film, espec ia l ly  
in the  case of d e v e l o p m e n t  of films up  to t h e  m o n o -  
l a y e r  l imit .  
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A P P E N D I X  

Relation between A Changes Referred to Different Origins, 
Including the Potential of Zero-Charge 

The w o r k i n g  d i a g r a m  Fig. 8 is cons idered .  A doub l e -  
l a y e r  l ine  O C A B  is aga in  taken.  E l e m e n t s  of  anod ic -  
going  and  ca thod i c -go ing  cu rves  for  A changes  due  to 
f o r m a t i o n  of  a f i lm a re  l ines  ~ and  r r e spec t ive ly .  T h e  
coord ina tes  of  " i n t e r s ec t i on"  of ~ and  r w i t h  O C A B  
a r e  V2,A2 at A, V1,A1 at C, r e spec t ive ly ,  and  O,O a re  
t he  coord ina tes  of t he  pzc. The  s lopes ( in supposed  

_.> <... 

l i nea r  reg ions)  of ~ and  r a re  m and  m,  r e spec t ive ly ,  
wh i l e  t he  d o u b l e - l a y e r  l ine  O C A B  has  a s lope me. A 
typ ica l  po ten t i a l  V is m e a s u r e d  pos i t ive ly  to t he  r ight .  

A long  

= a~ + ~ ( v  - v ~ )  
and  a long  

= ~i + ~ ( v  - v l )  

Cor rec t ed  for  d o u b l e - l a y e r  effects w i t h  a 1 --  0 f ree  
m e t a l  a r ea  factor ,  t hese  re la t ions  b e c o m e  for  c u r v e  q, 

-~ = a~ + ~ n ( V  - V~) - (1 - o) [a~ + m o ( V  - V~) ]  

w h i l e  for  c u r v e  r 

~ =  ,~1 + m ( V  -- Yl)  --  (1 --  o) [Ai + moCY --  V l ) ]  

" @ Y �9 " ~ ."  

. - "  ~ �9 

, I Vz 

Potential V 

Fig. 8. Working diagram for analysis at double-layer -~ correc- 
tions based on different base-lines. 

Correc t ions  on "~ and  r cu rves  a re  based on doub l e -  
l a y e r  • changes  r e f e r r e d  to zero at  the  pzc and  the  
1 --  e t e r m  is a s sumed  to ope ra t e  on the  w h o l e  of the  
d o u b l e - l a y e r  A con t r i bu t i on  r e f e r r e d  to zero  at t he  
pzc. 

R e f e r r e d  to an  or ig in  VI,• at the  end  of  the  ca th -  
od i c -go ing  cu rve  r for  film reduct ion ,  on l ine  
.-> 

'~ = •  ~ + r e ( V - -  V2 + V~) 

- -  ( 1  - -  0) [A2 - -  a l  + m o ( V  - -  V2 Jl- V l ) ]  

and  

~ = m V  -- (1 --  o)moV 

T h e n  we  can  e v a l u a t e  ~ --  ~ as a f unc t i on  of  V. F o r  
an  o r ig in  O,O 

- -  (1 - -  0) [ A 2 - -  A1 + m e ( V 1  --  V ~ ) ]  

But,  genera l ly ,  a2 = A, + me(V2  -- V1), t h e r e f o r e  

-~ - ~ = ( m e  - r ~ )  ( V 2  - V l )  

S i m i l a r l y  for  an  o r ig in  A1,V1 

-- ~= A2 -- Ai Jr m(Vi -- V2) 

- ( 1  - e )  [ a ~  - A1 + m o ( V l  - V ~ ) ]  

= ( m e  - m )  (V= - V l )  

Hence  the  d i f fe rence  of  A va lues  in  t h e  f o r w a r d  and  
b a c k w a r d - g o i n g  •  profi les  is i n d e p e n d e n t  of  t h e  
o r ig in  chosen for  r e p r e s e n t i n g  A changes .  

Also,  i t  is use fu l  to ca lcu la te  the  d i f fe rence  of  A 
va lues  r e f e r r e d  to the  two or ig ins  O,O and  V1,A1. We  
find 

~ v l , ~  - ~ o , o  = a2 - a l  + m ( V  - V2  + V l )  

- -  (1 - -  0 ) [ ~ 2 - -  At + m e ( V - -  V2 + V 1 ) ]  

- -  ~2 + r e ( V - -  V2)  

- -  (1 - -  0) [A2 + m o ( V  - -  V 2 ) ]  

= (mV1 -- A1) --  ( i  - 0) ( m o V ~  - ~ )  

and  

~vl.~l  --  ~o.o = (miV1 -- A1) --  (1 --  0) [moVi --  A1) ] 

so tha t  the  d i f fe rences  of  f o r w a r d  o r  b a c k w a r d  A 
changes  expres sed  on d i f fe ren t  or igins  of t he  coord i -  
na te  sys tem are  ident ical .  

.-> 

Thus, an i nd iv idua l  ser ies  of  co r r ec t ed  A or  ~ va lues  
wi l l  d e p e n d  on the  choice  of o r ig in  bu t  d i f ferences  

--  -'~, or  of ~ or  ~ e x p r e s s e d  on  two  origins,  are  i n -  
d e p e n d e n t  of the  choice  of origin,  as m a y  be  expec ted .  

-> <- 

H e n c e ,  the  e x p e r i m e n t a l l y  ind ica t ed  A - -  A va lues  
can  be i n t e r p r e t e d  in t e rms  of hys te res i s  and  an i r -  
r e v e r s i b l e  change  of  s ta te  of  the  ox ide  b e t w e e n  its 
p rog res s ive  f o r m a t i o n  and p rog re s s ive  reduc t ion .  
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D I S C U S S I O N  

S E C T I O N  

This Discussion Section includes discussion of papers appearing in 
the Journal oJ The Electrochemical Society, Vol. 120, No. 12; Decem-  
ber 1973; and Vol. 121, No. 1, 2, and 4; J a n u a r y ,  Februa ry ,  a n d  
A p r i l  1974. 

Electromotive Force Measurements on Cells Involving 
Beta-Alumina Solid Electrolyte 

N. S. Choudhury (pp. 1663-1667, Vol. 120, No. 12) 

A. Sterten:1 One of the cells in the paper under  dis- 
cussion (cell [V]) was described in the following 
manner  

A1/~-alumina/A1F3, NiF2, Ni 

The over-al l  cell reaction was proposed to be 

2Al~s) + 3NiF2~s) = 2A1F~(s) + 3Ni~s) [1] 

assuming the t ransport  number  of sodium ions through 
/~-alumina equal to unity. However, since A1F3 and 
p-a lumina are not coexistent, 2,3 reaction [1] above is 
not the correct one for cell [V] of the above-cited 
paper. 

Aluminum fluoride and sodium oxide in E-alumina 
will probably react and give a thin layer of A1203 and 
Na3A1F6 at the interface ~-alumina/A1F3. Na3A1Fe may 
react fur ther  with A1F3 and finally give NaeAl.~F14 in 
the layer. From these considerations it is proposed that  

* D ep a r t men t  of Indust r ia l  Elect rochemist ry ,  The Un ive r s i t y  of 
Trondhelm,  N-7034 Trondhe im-NTH,  Norway.  

~P. A. Foster,  J. Chem. Eng. Data, 9, 200 (1964). 
a j .  Brynestad ,  K. Gr jo the im,  and  J. L. Holm, Bul. Inst. Politeh. 

Bucuresti ,  XXV, 57 (1963). 

I Im 

one of the two following reactions is the most l ikely 
one for cell [V] of the paper being discussed 

2A1 ~ 3Na2Oia ~-A120~ d- 3NiF2 ~ 2A1Fa 

= A1203 -~ 2Na3AIF8 ~- 3Ni [2] 

2A1 -t- 3Na2Oi, •-A1203 "~- 3NiF2 d- 18/5 A1Fa 

= A1203 -F 6/5 Na5A13F14 d- 3Ni [3] 

still assuming the transport  number  of sodium ions 
through the solid electrolyte equal to unity. 4 The ex-  
per imental  data given by Choudhury in the paper 
under  discussion can be compared with available data 
for these two reaction schemes. 

The emf for cell [V], given in Fig. 5 in the paper 
being discussed, seems to be well described by the 
following equation 

E = 1.666 ~ 0.060 • 10-ST (volt) [4] 

The emf corresponding to the following reaction 

3Ni + 6NaF ~ 3Cu20 = 3NiF2 § 3Na2Oin ~-A1203 �9 6Cu 

[5] 

is, according to Choudhury in the above-ment ioned 
work 

E = 0.6465 -- 0.190 • 10-3T(volt)  [6] 

Combination of Eq. [5] with Eq. [2] gives 

4 E. W. Dewing ,  Met. Trans., 1, 2211 (1970). 
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2A1 -~ 6NaF ~ 2A1F3 + 3Cu20 

---- A1203 W 2Na~A1Fs + 6Cu [7] 

and combination of Eq. [5] and Eq. [3] gives 

2A1 + 6NaF + 18/5 A1F3 W 3Cu20 

= A1203 "F 6/5 NasAI~FI~ q- 6Cu [8] 

The corresponding emf is obtained from Eq. [4] and [6] 

E ---- 2.3125 -- 0.130 • 10-3T(vol t )  (800~176 [9] 

The changes in s tandard free energy for the reac-  
tions 

3NaF + A1F3 ---- Na3A1F6 [10] 

5NaF ~ 3A1F3 = NasA13F14 [11] 

have been determined by Dewing# Data for reaction 
[11] above are also g iven by Grjotheim et al. ~ These 
data combined with  data for Cu206,7 and a-A/2038 have 
been used to calculate the standard free energy change 
for reactions [7] and [8] above. The calculated values 
are given in Table I together  wi th  free energy data 
der ived from Choudhury 's  exper imenta l  results in the  
paper under  discussion as expressed by Eq. [9] above. 
The results in Table I indicate that  reaction [2] is 
probably the correct over -a l l  react ion for cell [V] of 
the paper being discussed. However ,  as there  are ra ther  
large uncertaint ies  involved  in the free energy calcula-  
tions for reactions [7] and [8], reaction [3] cannot be 
excluded as a possible over -a l l  react ion for the above-  
ment ioned cell [V]. 

N. S. Choudhury:9 The discussion and conclusions of 
S te r ten  above are based upon the assumption that  A1F3 
reacts wi th  B-alumina to form a layer  of Na3A1F6 at 
the B-alumina/A1F3, NiF2, Ni interface. The equi l ib-  
r ium R T  In aNa20 values at 800 ~ 900 ~ and 1000~ for 
the react ion 

3Na20 + 4A1Fs ---- 2Na3AIF6 + A1203 [1] 

are tabulated below (Table II) .  It is assumed that  A1F3, 
Na3A1F6, and A1203 are in the standard state. The sec- 
ond column lists computed values of RT In aNa2O from 
the A G ~  AG~ AG~A12O3, and AG~ values 
g iven in J A N A F  tables, s The th i rd  column lis~s RT In 
aNa20  values est imated from A G ~  &G~ and 
AG~ values in J A N A F  tables s and the more recent  
AG~ values repor ted  by Skel ton and Patterson. l~ 
The RT In aNa20 values for B-alumina--a-alumina CO- 

K. G r j o t h e i m ,  K.  M o t z f e l d t ,  a n d  D. B h o g e s w a r a  Rao,  in  " L i g h t  
Me ta l s ,  1971," T. G. E d g e w o r t h ,  Edi tor ,  p. 223, P r o c e e d i n g s  os S y m -  
pos ia  at t h e  100th A I M E  A n n u a l  Mee t ing ,  N e w  York,  1971. 

e G. G. C h a r e t t e  a n d  S. N. F l engas ,  This Journal, 115, 796 (1968). 
7 B. C. H. S t e e l e  a n d  C. B Alcoek ,  Trans. Met.  Soc. AIME,  233, 

1359 (1965). 
s J A N A F  T h e r m o e h e m i c a l  Tables ,  N S R D S - N B S  37, 2nd ed. (1971). 
9 P r e s e n t  add re s s :  M a t e r i a l s  Sc ience  D i v i s i o n ,  A r g o n n e  N a t i o n a l  

L a b o r a t o r y ,  A r g o n n e ,  I l l i no i s  60439. 
lo W. H. S k e l t o n  a n d  J.  W. P a t t e r s o n ,  J. Les s -Common  Meta/s ,  31, 

47 (1973). 

Table I. Standard free energy data (kcal) 

F r o m  F r o m  r e -  F r o m  re-  F r o m  re-  
T, ~ Eq. [9] ac t ion  [7] ac t ion  [8] ac t ion  IS] 

8 0 0  - -  3 0 5 . 6  - -  3 0 7 . 1  - -  3 1 4 . 9  

9 0 0  - -  3 0 3 . 8  - -  3 0 6 . 4  - -  3 1 3 . 4  - -  3 0 8 . 0 *  

* Data  for  r e a c t i o n  [11] f r o m  G r j o t h e i m  et  al.~ 

Table II. 

RT I n  aNa20 
for  /~-a lumina-  

T e m p e r -  RT in  aNa~O 8 R T  In aNa2Om a - a l u m i n a  co- 
a t u r e  (~ (kcal) (kcal) ex i s t ence  ((kcal)  

800 --81.76 --76.97 -- 78.7 
900 --82.11 -- 75.64 -- 77.8 

1000 -- 82.54 -- 74.17 -- 77.0 

existence, reported in the paper under  discussion, are 
listed in the four th  column for comparison. 
It is apparent  from the above ~able that the formation 
of Na~A1F6 at the B-alumina/A1Fs, NiF2, Ni interface is 

A o thermodynamical ly  possible if the data for G A1F3 
given in J A N A F  tables are used. On the other  hand, if  
the data of Skel ton and Pat terson for AG~ are used, 
B-alumina and A1F3 should coexist wi thout  any forma-  
tion of Na~A1F6 at these temperatures .  

In Table I above the s tandard f ree  energy change for 
the reaction, at 800 ~ and 900~ 

2A1 + 6NaF + 2A1F3 + 3Cu20 

---- A1203 ~- 2Na3A1F6 -~ 6Cu [2] 

a re  tabulated from the data reported in the l i tera ture  
and from the emf values repor ted  in the paper under  
discussion (with the assumption that  Na~A1F6 did form 
at the B-alumina/A1F3, NiFe, Ni interface) .  The differ- 
ence of 1.5 kcal at 800~ and 2.6 kcal at 900~ may 
perhaps be accounted for from the uncertaint ies  in free 
energy calculations. However ,  these differences cor-  
respond to 11 and 18 mV, respectively,  and cannot be 
simply accounted for from the scatter of the repor ted  
emf data. 

It should be noted that  the observed emf's for the 
cell A1/B-alumina (+~-a lumina) /A1F3,  NiF2, Ni agreed 
reasonably wel l  wi th  those reported by Skel ton and 
Pat terson for the cell A1, A1F3/Ca~2/Ni, NiP2 at above 
540~ which would correspond to the cell react ion 

22/1 + 3NIP2 -- 2A1F3 + 3Ni [3] 

Thus, Ster ten 's  assertions, that  (i) the ove r -a l l  cell 
reaction given by reaction [3] is incorrect  and fur ther  
that ({i) a layer  of Na3A1F6 formed at the B-alumina/  
A1F3, NiF2, Ni interface to account for Ster ten 's  reac-  
t ion schemes are inconclusive. 

Polarization Characteristics and Anodic Disintegration 
of Beryllium in Nonaqueous Solutions 

H. Vaidyanathan, M. E. Straumanis, and W. J. James 
(pp. 7-12, VoI. 121, No. 1) 

I. Epe lbo in ,  M. F r o m e n t ,  a n d  M. Garreau:  11 In  a re-  
cent paper 12 we in terpre ted  the  anomalous dissolution 
of beryl l ium (apparent  valency Vi < 2) in terms of a 
local inversion of the re la t ive  thermodynamic  stabil i ty 
of Be + and Be ++ ions in the anodic layer.  Vaid- 
yanathan  et al. raised some arguments  to this in te rpre -  
tation which led them to conclude that  "the assumption 
of the transient univalent  state in postulating a mech-  
anism for the anodic dissolution of Be is superfluous." 

To draw this conclusion, the authors of the paper 
under  discussion based their  theory  mainly  on results 
obtained during very  interest ing studies concerning the 
two following fields: (i) surface studies and (ii) val-  
ency-potent ia l  relations. 

Our own investigations in these two fields 12-14 bring 
us to think it necessary to make  some remarks  re-  
garding the results and conclusions of Vaidyanathan,  
Straumanis,  and James in the above-ment ioned  paper. 

(i) Surface studies.--In our paper TM we showed ~hat 
a scanning electron microscope examinat ion of the sur-  
face state of the anode led us to exclude any part icipa-  
t ion of a mechanical  disintegrat ion of the meta l  lattice 
("Chunk effect") during the  dissolutions that  occur at 
high anodic potential,  with an apparent  valency Vi of 
1.00 _+ 0.01. More recent ly 13,14 we confirmed this fact, 

11 P h y s i q u e  des L i q u i d e s  e t  E l ec t rochemie ,  G r o u p e  de Reche rehes  
du  C.N.R.S., accoci~ ~ l ' U n i v e r s i t d  de Pa r i s  VI, 75230 Par is ,  05 
Cedex,  France .  

H. Aida ,  I. Epe lbo in ,  and  M. G a r r e a u ,  This Journal, 118, 243 
(1971). 

13 I. Epe lbo in ,  M. F r o m e n t ,  M. G a r r e a u ,  a n d  H. A i d a  J. lYiicro- 
scopie, 15, 313 (1972). 

1~ M. F r o m e n t  and  M. G a r r e a u ,  Compt.  Rend. Acad. Sci. Paris, 
277, 631 (1973). 
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w h i c h  is f u n d a m e n t a l  to i n t e r p r e t  a n o m a l o u s  d i s so lu -  
t ion,  b y  d e t e r m i n i n g  t h e  o r i g i n  of t h e  m e c h a n i s m  l e a d -  
ing  to a n o d i c  d i s i n t e g r a t i o n  u n d e r  c e r t a i n  e x p e r i m e n t a l  
cond i t ions .  To th i s  end,  w e  f i rs t  o b s e r v e d  in  t r a n s m i s -  
s ion  e l e c t r o n  m i c r o s c o p y  b e r y l l i u m  foi ls  w h i c h  w e r e  
t h i n n e d  e l e c t r o l y t i c a l l y  u n d e r  c o n d i t i o n s  l e a d i n g  to 
Vi ---- 1.00. O n  t he  t h i n  foi ls  t h u s  o b t a i n e d ,  t h e  g r a i n  
b o u n d a r i e s  a n d  t h e  a r r a n g e m e n t  of d i s loca t ions  c a n  
c l e a r l y  b e  seen ;  no  t r a c e  of d i s i n t e g r a t i o n  or  o x i d a t i o n  
cou ld  b e  r e v e a l e d  w i t h i n  t h e  r e s o l u t i o n  l i m i t  of t h e  
m e t h o d  u s e d  fo r  t h e  o b s e r v a t i o n  ( b r i g h t  f ield or  d a r k  
f ield o b s e r v a t i o n ,  u n d e r  a n  e l e c t r o n  a c c e l e r a t i o n  p o t e n -  
t i a l  of 1 m V ) .  T h e  foi ls  w e r e  subsequen~t ly  s u b j e c t e d  to 
v e r y  b r i e f  pe r i ods  of  d i s s o l u t i o n  u n d e r  c o n d i t i o n s  l e a d -  
i ng  to VI ---- 1. A f t e r  th i s  l a s t  t r e a t m e n t ,  t h e r e  appea r s ,  
s y s t e m a t i c a l l y ,  a h e t e r o g e n e o u s  d i s s o l u t i o n  due  to t h e  
f o r m a t i o n  of b e r y l l i u m  oxide.  T h e  o x i d e  w as  i den t i f i ed  
b y  e l e c t r o n  m i c r o d i f f r a c t i o n  o n  a t t a c k e d  a r e a s  ( s i m u l -  
t a n e o u s l y ,  f o r m a t i o n  of  v e r y  w e l l - d e f i n e d  r i n g s  co r -  
r e s p o n d i n g  to t h e  i n t e r r e t i c u l a r  d i s t a n c e s  of  h e x a g o n a l  
B e O  w i t h  p a r a m e t e r s ,  a ~- 2.698A a n d  c ~- 4.38A, a n d  
f o r m a t i o n  of  p a t t e r n  p o i n t s  c o r r e s p o n d i n g  to t h e  m e t a l  
l a t t i c e ) .  

T h e  p r o g r e s s i o n  of  t h e  o x i d e  is b y  no  m e a n s  a f fec ted  
b y  t h e  p r e s e n c e  of  t h e  v a r i o u s  c r y s t a l  de fec t s  ( g r a i n  
b o u n d a r i e s ,  d i s l o c a t i o n s ) .  D u r i n g  i ts  r a n d o m  p r o g r e s -  
sion, t h e  o x i d e  i so la tes  s m a l l  m e t a l  b l o c k s  w h i c h  s u b -  
s e q u e n t l y  come  off t he  e l ec t rode .  T h e  " C h u n k  e f fec t "  
t h u s  c r e a t e d  c a n  b e  eas i ly  ident i f ied ,  e v e n  b e f o r e  m e t a l  
p a r t i c l e s  a p p e a r  in  t h e  s o l u t i o n  b u l k  a n d  b e f o r e  i t s  i n -  
f luence  o n  t h e  v a l u e  of  Vi b e  p e r c e p t i b l e .  O u r  o b s e r v a -  
t i on  t e c h n i q u e  n o t  o n l y  consr  a v e r y  s e n s i t i v e  
m e t h o d  to r e v e a l  t h e  e x i s t e n c e  of  t h e  " C h u n k  effect ,"  
b u t  also r e m o v e s  a l l  d o u b t s  on  t h e  o r i g i n  of t h e  m e t a l  
pa r t i c l e s  t h a t  c a n  b e  o b s e r v e d  in  t h e  ano ly te .  As  a m a t -  
t e r  of fact ,  i t  s e e m s  i m p o s s i b l e  to a t t r i b u t e  s u c h  p a r -  
t ic les  to a d i s p r o p o r t i o n a ~ i o n  of Be  + ions  as w as  s o m e -  
t i m e s  s ta ted ,  s ince  t h e i r  p r e s e n c e  is a l w a y s  r e l a t e d  to 
a r a n d o m  f o r m a t i o n  of  ox ide  at  t h e  m e t a l  su r f ace ;  a n d  
o n  t h i s  p a r t i c u l a r  poin t ,  w e  a g r e e  w i t h  V a i d y a n a -  
t h a n  et al. in  t h e  p a p e r  u n d e r  d i scuss ion .  I t  is to b e  
n o t e d  t h a t  we  h a v e  a l r e a d y  b e e n  l ed  to r e f u t e  t h e  h y -  
po thes i s  on  a d i s p r o p o r t i o n a t i o n  b y  o u r  f irst  o b s e r v a -  
t i o n  in  s c a n n i n g  e l e c t r o n  mic roscopy ,  w h i c h  w e  p e r -  
f o r m e d  o r i g i n a l l y  no t  in  o r d e r  to c h e c k  t h i s  h y p o t h e s i s  
as w a s  r e p o r t e d  in  t h e  w o r k  b e i n g  d i s c u s s e d  b u t  in  
o r d e r  to  r e f u t e  it. TM 

T h i s  m e t h o d  for  s t u d y i n g  d i s s o l u t i o n  p r o v i d e s  f u r -  
t h e r  i n f o r m a t i o n  on  t h e  m e c h a n i s m ,  a c c o r d i n g  to w h i c h  
t h e  m e t a l  passes  i n to  t h e  so lu t ion ,  w h e n  t h e  o x i d e  
l a y e r  s h o w s  a p o r o u s  s t r u c t u r e  a n a l o g o u s  to t h a t  
f o r m e d  on  a l u m i n u m  (3) .  I n  t h e  case of  a l u m i n u m  
d isso lu t ion ,  a n d  u n d e r  t h e  s a m e  c o n d i t i o n s  as fo r  b e r y l -  
l i u m  ( L i C 1 0 4 - e t h a n o l  so lu t ion ,  w h e r e  A1 + r e d u c e s  
C104-  to C1-~2),  t h e  g r o w t h  of o x i d e  g ives  r i se  to  t h e  
f o r m a t i o n  of s m a l l  p o c k e t s  w i t h i n  w h i c h  l i t h i u m  ch lo -  
r i de  (a  sa l t  v e r y  s o l ub l e  in  t h e  e l e c t r o l y t e  u s e d  h e r e )  
is i so l a t ed  f r o m  t h e  b u l k  of  t he  s o l u t i o n  a n d  t h e n  c a n  
c rys ta l l i ze .  T h e  LiC1 c r y s t a l l i t e s  t h u s  f o r m e d  a re  i d e n -  
t if ied b y  e l e c t r o n  m i c r o d i f f r a c t i o n .  T h e y  a r e  d i s t r i b -  
u t e d  r a n d o m l y ;  t h e i r  size (_~ 200A) is of t h e  s a m e  
m a g n i t u d e  as t h a t  r e c e n t l y  d e t e r m i n e d  for  t h e  p o r e s  
of  a m o r p h o u s  a l u m i n u m  ox ides  f o r m e d  anod ica l ly .  ~5 
T h e s e  resu l t s ,  o b t a i n e d  a t  l ow  a n o d i c  po t en t i a l s ,  d e m -  
o n s t r a t e  t h a t  a t  s u c h  p o t e n t i a l s  a n  ox ide  l a y e r  is 
f o r m e d  b e t w e e n  t he  m e t a l  a n d  t h e  e l e c t r o l y t e .  O n  t h e  
o t h e r  h a n d ,  as soon  as t h e  a n o d i c  p o t e n t i a l  b e c o m e s  
suf f i c ien t ly  h igh ,  t h i s  p o r o u s  o x i d e  a n d  t h e  LiC1 c r y s -  
t a l l i t e s  a r e  no  l o n g e r  f o r m e d ,  a n d  t h e  " C h u n k  ef fec t"  
no  l o n g e r  occurs .  

Th i s  h i g h l y  s e n s i t i v e  m e t h o d  p e r m i t t e d  us  to s h o w  
t h a t  t h e  e x p e r i m e n t a l  c o n d i t i o n s  r e q u i r e d  for  o b t a i n i n g  
a n o d i c  d i s s o l u t i o n s  w i t h o u t  BeO o x i d e  f o r m a t i o n  o n  
t h e  m e t a l  m u s t  b e  sa t i s f ied  v e r y  a c c u r a t e l y .  A n d  i t  is 
o n l y  u n d e r  s u c h  c o n d i t i o n s  t h a t  t h e  w h o l e  s u r f a c e  of 
t h e  a n o d e  can  u n d e r g o  a d i s s o l u t i o n  p rocess  c o r r e -  
s p o n d i n g  to t h e  s e q u e n c e  

15 p.  iNeufeld a n d  H. O. All ,  This Journal, 120, 479 (1973). 

Be->  Be + + e -  ( e l e c t r o c h e m i c a l  s t ep )  [1] 

Be + -}- o x i d i z i n g  a g e n t - >  B e  + § ( c h e m i c a l  s t e p )  [2] 

w h i c h  l eads  to  t he  c r i t i ca l  v a l u e  Vi ---- 1.00. 
T h e  e x p e r i m e n t a l  c o n d i t i o n s  l e a d i n g  to Vi ---- 1.00 a re  

dras t ic ,  no t  o n l y  w i t h  r e s p e c t  to t h e  so lu t ion ,  i.e., h i g h  
t e m p e r a t u r e  a n d  v e r y  l ow  w a t e r  c o n c e n t r a t i o n s  ( [H20]  
< 0 .01%),  b u t  also w i t h  r e s p e c t  to  t h e  m e t a l .  T h u s  w e  
o b s e r v e d  e r r a t i c  v a l u e s  c lose  to 1 fo r  Vi w i t h  m e t a l  
s a m p l e s  h a v i n g  a s a t i s f a c t o r y  c h e m i c a l  p u r i t y  b u t  p r e -  
s e n t i n g  m e c h a n i c a l  e l a b o r a t i o n  defects ,  a n d  t h i s  p h e -  
n o m e n o n  d i s a p p e a r s  w h e n  w e  u s e d  s ing le  c r y s t a l s  in  
t h e  s a m e  cond i t ions .  16 

T h e s e  r e s u l t s  a l l o w  us  to t h i n k  t h a t  t h e  d e d u c t i o n s  
m a d e  b y  t h e  a u t h o r s  of t h e  p a p e r  u n d e r  d i s cus s ion  
f r o m  the  fac t  t h a t  t h e  " C h u n k  ef fec t"  s t i l l  occu r s  w h e n  
Vi is e q u a l  to  1 (0 .94-L00-0.98)  a r e  no t  s ign i f i can t  fo r  
t h e  f o l l o w i n g  r easons .  

F i r s t ,  a d e v i a t i o n  fo r  Vi of  a b o u t  2% f r o m  u n i t y  is 
suf f ic ient  fo r  t h e  " C h u n k  e f fec t "  to  a p p e a r  u n a m b i g u -  
ous ly .  Th i s  c a n  e x p l a i n  t h e i r  e x p e r i m e n t a l  o b s e r v a t i o n s  
in  t h e  t w o  cases l e a d i n g  to  Vi ---- 0.94 a n d  Vi ---- 0.98. 

Second ly ,  e v e n  t h e  v a l u e  Vi = 1.00 o b t a i n e d  b y  t h e  
a u t h o r s  in  t h e  w o r k  b e i n g  d i s cus sed  is d i s p u t a b l e ,  b e -  
cause,  w i t h  t h e  a v e r a g e  w a t e r  c o n c e n t r a t i o n  (0 .4%)  
u s e d  b y  t h e s e  a u t h o r s ,  a p a r t i a l  o x i d a t i o n  of  t h e  a n o d e  
c a n n o t  b e  avo ided .  W i t h  a s i m i l a r  w a t e r  c o n c e n t r a t i o n  
we  h a v e  i n d e e d  o b t a i n e d  t h e  s a m e  so r t  of  c u r v e  as t h a t  
d e p i c t e d  in  Fig. 1 of t he  p a p e r  u n d e r  c o n s i d e r a t i o n  at  
p o t e n t i a l s  a p p l i e d  to t he  cel l  r a n g i n g . b e t w e e n  0 a n d  
5V a p p r o x i m a t e l y .  In  a g r e e m e n t  w i t h  t h e  p a p e r  u n d e r  
d i s cus s ion  t h e  v a l u e  of Vi ---- 1.00 c a n  r e a s o n a b l y  b e  
c o n s i d e r e d  as a n  u p p e r  l i m i t  of v a l e n c y  a t  h i g h  p o t e n -  
t ia l s  w h e n  e x p e r i m e n t s  a re  p e r f o r m e d  w i t h i n  th i s  po -  
t e n t i a l  r ange .  B u t  i f  t h e  c u r v e  is e x t e n d e d  u p  to p o t e n -  
t i a l s  e q u a l  to  20V, i t  c an  b e  s e e n  t h a t  t h e  v a l u e  V i  : 
1.00 is o n l y  r e a c h e d  d u r i n g  a c o n t i n u o u s  v a r i a t i o n  of  
v a l e n c y  w h i c h  passes  f r o m  a v a l u e  less t h a n  1.00 to a 
v a l u e  close to 1.04. C o n s e q u e n t l y ,  t h e  v a l u e  Vi ---- 1.00 
is o n l y  o b t a i n e d  in  a p u r e l y  f o r t u i t o u s  m a n n e r ,  a n d  
t h e r e f o r e  c a n n o t  b e  c o m p a r e d  to t h e  m e a n i n g f u l  l i m i t -  
ing  v a l u e  Vi ----- 1.00 w h i c h  w e  d e s c r i b e d  in  o u r  p a p e r  12 
a n d  w h i c h  c o r r e s p o n d s  to t h e  s e q u e n c e  of  r e a c t i o n s  
[1] a n d  [2] above .  

As  to t h e  t r a n s i t o r y  Be + ions  r e s u l t i n g  f r o m  r e a c t i o n  
[1], i t  is w o r t h  n o t i n g  h e r e  t h a t  ~the p r e s e n c e  of  t he se  
u n c o m m o n  m o n o v a l e n t  ions  in  t h e  v i c i n i t y  of  t h e  
anode ,  ha s  b e e n  r e c e n t l y  d e t e c t e d  b y  E c k e r t  a n d  
F o r k e r ,  w i t h  t h e  a id  of t h e  r o t a t i n g  r i n g - d i s k  e lec -  
t rode .  ~7 The  p r e s e n c e  of s u c h  ions  is also c o n f i r m e d  b y  
t h e  f ac t  t h a t  C 1 0 ~ -  ions  h a v e  b e e n  iden t i f i ed  as i n t e r -  
m e d i a t e s  in  t h e  r e d u c t i o n  C 1 0 4 -  --> C1-  b y  Be  +, b y  
Kiss  et al. u s i n g  a s i m i l a r  m e t h o d ,  is 

( i i )  Valency-potential relations.--As w a s  r e c a l l e d  b y  
V a i d y a n a t h a n  et al. i n  t h e  p a p e r  u n d e r  p r e s e n t  d i s -  
cuss ion  i t  is d o u b t l e s s  t h a t  Vi m u s t  t e n d  to t h e  l i m i t i n g  
v a l u e  Vi ---- 2 w h e n  t h e  anod ic  p o t e n t i a l  i nc reases .  W i t h  
r e s p e c t  to th i s  w e  p o i n t e d  o u t  some  y e a r s  ago t h a t  
t h e r e  m u s t  ex i s t  a m o r e  or  less  w i d e  p o t e n t i a l  r a n g e  
w h i c h  w o u l d  l e ad  to a d i s s o l u t i o n  f o l l o w i n g  t h e  se-  
q u e n c e  of  r e a c t i o n s  [1] a n d  [2] exc lu s ive ly .  A m i n i m a l  
a n o d i c  p o t e n t i a l  is o b v i o u s l y  n e c e s s a r y  to c r e a t e  a n  
a n o d i c  l a y e r  poo r  in  s o l v e n t  m o l e c u l e s  w i t h i n  w h i c h  
t h e  m o n o v a l e n t  ion  is t h e r m o d y n a m i c a l l y  m o r e  s t a b l e  
t h a n  t he  p o l y v a l e n t  ion;  t h i s  w a s  also c o n f i r m e d  b y  i n -  
v e s t i g a t i o n s  w e  a r e  p e r f o r m i n g  o n  a l u m i n u m .  16 Once  
th i s  l a y e r  f o r m e d ,  a n y  s u b s e q u e n t  i n c r e a s e  of  t h e  p o -  
t e n t i a I  c a n  o n l y  f a c i l i t a t e  t h e  e l e c t r o c h e m i c a l  o x i d a t i o n  
o2 B e  + to t h e  d e t r i m e n t  of  t h e  c h e m i c a l  o x i d a t i o n  ( r e -  
a c t i o n  [2] ) a n d  t h e r e b y  i n c r e a s e s  Vi to  t h e  v a l u e  Vi ---- 
2 c o r r e s p o n d i n g  to  t h e  s e q u e n c e  

B e - >  B e  + + e -  [1] 

Be  + --> Be  + + + e -  [3] 

18 M. G a r r e a u  et al., To be p u b l i s h e d .  
l ~ j .  E c k e r t  and  W. Fo rke r ,  Z. Physik .  Chem. (Lei!~zig), 253, 

153 (1973). 
is L. Kiss ,  M. L. Vars~%nyi, a n d  E. Dud~s,  Aeta Chim. Aead. Sei. 

Hung., 79(1), 73 (1973). 



1606 J. EIectroehem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December  1974 

The existence of a plateau in the curve Vi-E is by no 
means incompatible with this interpretat ion.  The pres- 
ence of the plateau only seems to indicate that  a new 
potential  threshold must be overpassed so that  the 
electrochemical  oxidation of Be + (reaction [3]) may 
compete with the chemical oxidation (reaction [2]). 
The fact that  the value  Vi ---- 1.00 was not possibly 
overpassed hi ther to under  the conditions at which the 
plateau appears, is due, in our opinion, to the fact that 
we have never  succeeded in creating a sufficiently high 
electric field in the vicini ty of the metal,  despite the 
very high apparent  anodic potentials we used (E > 
20V). The impossibili ty of obtaining important  effec- 
t ive anodic potentials is due to the influence of an 
ohmic drop which is more important  than that  pre-  
dicted by our first estimations. TM By improving our 
measurement  devices we possibly observed, for ex-  
ample, an ohmic drop close to 7V at a measured anodic 
potential  of 8V. 16 The impossibility of reaching high 
effective anodic potentials in such solutions seems to be 
confirmed by the fact that, wi thin  the potential  range 
studied, no electrochemical  oxidation of ei ther  the sol- 
vent  or other  components of the solution has ever  been 
observed, contrary to what  happens in certain solutions 
used by the authors in the paper being discussed 
(NaNOz/IVIeOH solution, for example,  in which 1K is 
anodically oxidized to I2). 

Despite the arguments  put forward  by Vaidyana-  
than et al. in the paper under  consideration, we be-  
l ieve that  the points developed here, as well  as those 
proposed recent ly by other  investigators,  17,18 allow us 
to assert that  the hypothesis on a t ransi tory mono-  
valent  state of the meta l  for in terpre ta t ion of the 
anomalous anodic dissolution of beryl l ium cannot ac- 
tual ly  be ruled out. 

Mutual Effect of Current Density, pH, Temperature, 
and Hydrodynamic Factors on Current Efficiency in 

the Chlorate Cell Process 

M. M. Jakslc (pp. 70-77, Vol. 121, No. I) 

H. Vogt: 19 As Jaksic showed in the paper under  dis- 
cussion, opt imum pH value  to provide max imum con- 
version rate of hypochlori te  to chlorate can be calcu- 
lated from the constant K*. While the dissociation con- 
stant of hypochloric acid, Ka, is known from exper i -  
ments, K* can only be calculated from Ka with  the 
knowledge of act ivi ty coefficients. Based on data from 
several  authors, Jaksic calculated 2~ 

K *  fHClO " aH20 

Ka IClO- 

But from the analysis of exper imenta l  data of Landol t  
and Ib121 Jaksic  later  concluded z2 that  the ratio must  
be higher  

K* 
- - , ~ 1 0  
Ka 

In addition to Jaksic 's  considerations, it can be shown, 
that the higher  value is more realistic and that  the 
ratio is probably even higher. 

Differentiat ing the equat ion for conversion rate as 
derived by Foers ter  

2HC10 q- C 1 0 -  + 2H20-* C1Os- + 2C1- + 2HsO + 

leads to the ex t reme condition 2K* ---- aB3o + or  prim = 
-- log K* -- log 2. From the scheme, introduced by 
Flis 

;~ T e c h n i s c h e  F a c h h o c h s c h u l e  Ber l in ,  D-1000 B e r l i n  65, G e r m a n y .  
~o M. M. J a k s i c ,  B. Z. Niko l i c ,  I. M. Csonka ,  and  A.  B. D j o r d J e v i c ,  

Th~  Journal, 116, 684 (1969). 
21 N. Ib!  a n d  D. L a n d o l t ,  ~bid., 115, 713 (1968); N. Ibl ,  Chem. Ing. 

Techn., 39, 706 (1967); D.  L a n d o l t ,  Ph .D.  Thes i s ,  E i d g e n S s s i s e h e n  
T e c h n i s c h e n  H o c h s c h u l e ,  Z u r i c h ,  P r o m .  Nr .  3673, J u r i s - V e r l a g ,  
Z u r i c h  (1965). 

A.  R. Desp i c ,  M. M. J a k s i c ,  a n d  B. Z. N iko l i c ,  J. Appl.  Electro- 
c h e m . ,  2, 337 (1972) 

IIC10 + 2C10- + H20-> C103- + 2C1- + H30 + 

follows 0.5K* ---- aH30+ orpHM = -- log K* -- log 0.5. 
For both the schemes, the tempera ture  dependence 
of priM over an extended range can be derived, if 
one opt imum pH is known at one temperature .  

From Jaksic 's  older exper iments  follows pH~ 
6.0 at 40~ Values of Ka were  determined by Morris 
and by Caramazza. They do not differ considerably 
and can be approximated by the simplifying equat ion 

0.0075 
-- log Ka = pKa = 7.744 -- - -  �9 t 

~ 

fitting in the range of practical application between 
25 ~ and 80~ with a deviat ion of < ___0.3%. 

For  the Foers ter  scheme follows 

K* 
l o g - - - -  pHM -- log Ka -- log 2 --1.143 

Ka 
K*/Ka = 14 

Considering the Flis scheme to happen exclusively re-  
sults in K*/Ka = 56. Hence, these are the limits, situ- 
ated in between the ratio, based on Jaksic 's  opt imum 
pH. 

Assuming JHClO = 1.4 . . . 2 and aH2o ---- 0.8, the 
activity coefficient of hypochlori te  ion follows 

~'clo- ---- 0 .08 . . .  0.12 

for the Foerster  scheme in good agreement  wi th  J a k -  
sic's result. 

The tempera ture  dependence of opt imum pH value 
can be expressed as 

0.0075 
priM = C - -  �9 t 

~ 

From Jaksic 's  exper imenta l  result  follows C ---- 6.3, if 
one again considers the Flis scheme not to be essen- 
tial. In this regard opinions are far from being unani-  
mous. Claus, for instance, found an opt imum pH value 
of about 7, 23 but more recent  exper iments  seem to 
prove that  prim is lower at about 6 . 3 . . .  6.5. 

On the other hand, it must  be postulated that  one 
must  distinguish clearly be tween pH in the reactor 
and pH at cell entrance, as Jaksic did in the paper 
undcr  discussion. The opt imum pH discussed here 
refers to a mean value in reactor. 

Mechanism of Electrocrystallization 

T. Vitanov, A. Popov, and E. Budevski 
(pp. 207-212, Vol. 121, No. 2) 

K. J. Bachmann:24 A crystal l ine surface in thermo-  
dynamic equil ibr ium with an electrolyte phase, es- 
tablished via a reversible charge- t ransfer  reaction 
Me : Me z~ q- ze - ,  contains a definite density of 
surface sites, e.g., steps, kink sites, adatoms, surface 
vacancies, and clusters thereof, which differ in their  
binding energy to the crystal surface. For  the in ter -  
facial equilibria, c rys ta l /vapor  and crysta l /mel t ,  
where  the degree of surface roughening depends only 
on the deviation of the tempera ture  from a critical 
surface roughening temperature,  at which singular 
surfaces become thermal ly  roughened to an extent  
that makes step edges indistinguishable, a detailed 
analysis of the distr ibution of surface sites has been 
made via Monte Carlo simulations. 2~ Similar  calcu- 
lations may be applied to simulate the growth of 
simple crystals from the vapor  phase and to some 

z3 j .  Claus ,  P a p e r  256 p r e s e n t e d  a t  E l e c t r o c h e m i c a l  S o c i e t y  Mee t -  
ing,  Bos ton ,  Mass. ,  M a y  5-9, 1968. 

'-'~ Bel l  L a b o r a t o r i e s ,  M u r r a y  Hil l ,  N e w  J e r s e y  07974. 
J .  D. W e e k s ,  G.  H. G i l m e r ,  a n d  H. J .  L e a m y ,  Phys. Rev.  Letters, 

31, 549 (1973) ; H.  J .  L e a m y  a n d  G.  H.  G i l m e r ,  P roc .  ICCG-4, T o k y o  
1974, 
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hypothetical situations of solution growth. 26 Computer  
simulations concerning the problem of combined nu -  
cleation and step motion have been studied by Ber-  
t occ iy  who considered, also, the conditions encount-  
ered during electrocrystallization and when impurit ies 
are incorporated at steps. However, his calculations 
require that the step velocity and nucleat ion rate be 
known and give no information on the detailed mo-  
lecular s t ructure of the crystal /electrolyte interface. 
Calculations of the roughness of the crystal /electrolyte 
interface from first principles are very difficult since 
the effects of adsorption of solvent molecules and 
of the complicated s t ructure  of the electrical double 
layer are so far not accessible to a quant i ta t ive evalu-  
ation. Although one cannot derive at present  the de- 
tails of surface s tructure for a crystal /electrolyte  in-  
terface, general  considerations suggest a relat ively 
high degree of surface roughening since adsorption 
phenomena both lower the energy and increase the 
entropy of a roughened surface. This may in par t  
explain why the electrode potential  is quite insensi-  
tive to surface roughening. The effect of adsorption 
on surface properties will be influenced by the com- 
petit ion of solvent and impur i ty  adsorption, which 
can never  be completely disregarded when working 
with crystal /solut ion interfaces. 

In  the paper under  discussion, Vitanov et al. reduce 
the above sketched complex problem to the question 
of whether  the exchange between crystal surface 
and metal  ions in the electrolyte occurs predominant ly  
via adatoms or directly from and into k ink sites. The 
authors at tempt to find an answer to this question for 
the Ag/Ag + electrode by comparing the exchange 
C.D. measured on a (100) face containing no electro- 
chemically active steps (in the following designated 
as type 1 face) with the exchange C.D. measured 
on a (100) face containing electrochemically active 
steps (type 2 face), the density of which depends 
on the overvoltage at which these steps have been 
generated. They conclude from their experimental  evi- 
dence, that the electrocrystallization of silver is gov- 
erned by direct charge-transfer  on steps. 

It should be noted that the same simplified model 
as used by Vitanov et  a�93 in the paper under  considera- 
tion which assumes that  the crystal /  electrolyte in ter-  
face is perfect except for steps with kink sites and 
adatoms, was utilized in  the late 1950's by Gerischer, 28 

' ~ F .  F. A b r a h a m  a n d  G .  H.  W h i t e ,  J .  App l .  Phys,, 41, 1841 (1970) ; 
G.  H. G i l m e r  a n d  P.  B e n n e m a ,  ibid. ,  43, 1347 I1972) ; G.  H.  G i l m e r ,  
H.  J .  L e a m y ,  H.  Reiss, a n d  K.  A.  J a c k s o n ,  Proc. ICCG-4, T o k y o  
1974. 

~ U .  Ber tocc i ,  Surface Sci. ,  9, 18 (1968}; ib id . ,  15, 286 (1969); T h i s  
Journal, 119, 822 (1972). 

2a H.  G e r i s c h e r  a n d  R.  P.  T l s c h e r ,  Z. Elektrochem.,  61, 1159 (1957) ; 
ib id . ,  62, 258 (1958). 

Bockris et  al., 29 and Lorenz. 30 They concluded from 
their in ternal ly  consistent experimental  work that  the 
electrocrystallization of silver is governed by sur-  
face diffusion of adatoms. Later experiments  of Bach- 
mann  and Vetter 31 raised some doubts in this sim- 
plified picture which is now even more challenged 
by the work being discussed by Vitanov e t  al. who, 
using the same surface model as other authors in 
the fields ~ ~  suggest a different path contradicting 
the adatom diffusion mechanism. Clearly, the capillary 
growth technique developed by Budevski et  al. 32 re- 
sults in much more well defined crystal surfaces than 
used in the previous work by others, but  for reasons 
discussed below, I have some doubts about the validity 
of the interpreta t ion given in the paper under  discus- 
sion. 

The type 1 face behaves wi thin  • mV of the 
equi l ibr ium potential  of the Ag/Ag + electrode as an 
ideally polarizable electrode and contains, as shown 
by Budevski et  al., "~3 no electrochemically active mono-  
atomic steps. If such a surface is indeed free of im- 
purities, which is difficult to assess, then after ad- 
just ing the electrode to the reversible equil ibr ium 
potential of the Ag/Ag + electrode its surface should 
at tain the equi l ibr ium distr ibution of surface sites 
including steps in the form of subcritical nuclei and 
vacancy clusters. The over-al l  exchange C.D., ic~ on 
such a surface is then the sum over the partial  ex- 
change C.D.'s of the various surface sites. Although 
not specifically stated in the paper under  discussion, 
presumably it was checked that equi l ibr ium is, in 
fact, established at the time of measur ing io and the 
result thus indicates that the over-al l  exchange C.D. 
on a perfect surface is much smaller than the exchange 
C.D. measured on surfaces of the same orientation 
but  of nonequi l ibr ium roughness. 

Table I shows a number  of l i terature values which 
were standardized for comparison to IN Ag +-concen- 
trat ion assuming io(1N) ~ io/CaAg+. Note that the 
pronounced effect of roughening expressed in the 
large variation of ~o does not result  in large variations 
of the electrode potential. However, this does not 
indicate that all these electrodes have similar adatom 
concentrations since the surface activity enter ing into 
Nernst 's  equation becomes a complex expression when 
charge-transfer  is understood in the statistical sense 
outl ined above and nonequi l ibr ium surfaces are con- 

~ W .  M e h l  a n d  J .  O 'M.  Bock r l s ,  Can. J. Chem.,  87, 190 (1957); 
A. R. D e s p i c  a n d  J .  O 'M.  Bock r l s ,  J. Chem. Phys.,  32, 389 (1980). 

3o W. Lorenz ,  Z.  Physik.  Chem. N. F., 11, 136 (1958). 
a i K .  J .  B a c h m a n n  a n d  K.  J .  V e t t e r ,  ib id . ,  51, 98 (1966). 

E. B u d e v s k i ,  T.  V i t a n o v ,  a n d  W. B o s t a n o v ,  Phys. Status Solidi, 
8, 369 11965). 

�9 ~ E. B u d e v s k i ,  W. B o s t a n o v ,  T.  V i t a n o v ,  Z. S t o i n o v ,  A.  K o t z e w a ,  
a n d  R. K a i s c h e w ,  ib id . ,  13, 577 (1966). 

Table I. Values of the exchange C.D. of Ag/Ag + electrodes 
standardized to 1N Ag + concentration in solution at room 

temperature 

to 
( A / c r o p  E l e c t r o d e  c o n d i t i o n  S o l u t i o n  c o m p o s i t i o n  M e t h o d  of  e v a l u a t i n g  to R e f e r e n c e  

1.4-4.5 e Imperfect single crystal w h i s k e r  0.6-2.1N A g N O a  s o l u t i o n  w i t h  G a l v a n o s t a t i c  s ing le  p u l s e  F o o t n o t e  34 
a d d i t i o n s  of  g e l a t i n  or  oleie  t e c h n i q u e  
a c i d  

24 ~ 5""  0 .001-0 . IN A g C I O J ~ I N  HCIO~ G a l v a n o s t a t i c  d o u b l e  pu l s e  F o o t n o t e  28 
so lu t ions  t e c h n i q u e  

6.5 ~ 0.7" 0 .1-0 . sN A g C I O , / I N  H C I O ,  so- G a l v a n o s t a t i c  doub le  pu l s e  Foo tno t e  31 
8.1 _ 0.8" lu t ions  t e c h n i q u e  

0.020-~-0.001 �9 

0.05-0.23* 

P o l y c r y s t a l l i n e  e l e c t rodes  

(111) a n d  (100) E D M  c u t  e lec-  
t r o p o l i s h e d  or  e t c h e d  s ing l e  
c r y s t a l  faces 

(100) t y p e  I, s t ep  s single 
c r y s t a l  f a c e  

(100) t y p e  2 s ing le  c r y s t a l  face. 
s t e p  d e n s i t y  d e p e n d i n g  on  
o v e r v o l t a g e  

P o l y c r y s t a l l i n e  microelectrode 

6N AgNO3 solutions a-c technique Paper under 
discussion 

0.1N A g ( N H s ) ~ *  + 5N N H I  + a -c  t e c h n i q u e  F o o t n o t e  30 
1N KNO~ so lu t i on  

* Assuming ~ = 0.01.61 
o *  o~ = 0 . 6 1 . ~  

= ' * a  = 0 . 5 . t  
t W. Vielstich and H. Gerischer, Z. Phystk. Chem. N.F., 4, I0 (1955); K. J. Vetter, "Etektrochemlsche Kinetlk," p. 547, Springer-Verlag, 

New York, Berlin, Heidelberg (1961). 
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sidered. As a ma t t e r  of fact, the values for the ad-  
sorption capacitance Cad reported elsewhere 2s-31 and in 
the paper under  discussion vary  as the exchange C.D.'s 
by orders of magnitude.  If Vitanov e t  al. in the paper  
under  discussion assume that  C a d  is direct ly re la ted 
to the adatom concentration, then all the different 
exper imenta l  results reported in the l i tera ture  may  
be consolidated by assuming differences in roughening, 
including both the density of steps and adatoms. How-  
ever, it is a pitfall  of electrocrystal l izat ion studies 
that these phenomena may be explained as well  by 
impuri ty  adsorption and "act ivat ion" of an electrode 
could be simply understood as removal  of dirt. Also, 
in my opinion, the separat ion of C a d  becomes very  
inaccurate when its value approaches that  of the 
double layer  capacity and the evaluat ion of Cad on  
the basis of galvanostat ic  single pulse exper iments  
described for the type 1 face appears to be in doubt. 

It should be noted that  the results of Vermilyea  
and Price 34 indicate that  the exchange C.D. is not 
very  sensitive to inhibitor  adsorption. Also, there  
exists some exper imenta l  evidence for rear rangements  
on freshly prepared si lver deposits 35,36 which indi-  
rect ly support  the ideas of Vitanov e t  al. in the paper  
under  discussion as they point to the possibility that  
the much higher  exchange C.D.'s observed by others 
are re la ted to an increased step density on thei r  
electrodes and to the fact that  the shift of the C.D. vs .  
overvol tage  curves on low index si lver surfaces im- 
mersed in a Ag + solution toward higher  overvol tages  
described by Bachmann and Vet ter  ~1 may, at least 
in part, be related to rear rangements  of steps and 
not be ent i re ly  due to diffusion controlled inhibi tor  
adsorption as assumed there. 

However ,  if one accepts the value of 180 A / c m  2 
given by Vitanov et al. in the work  under  considera- 
tion as the C.D. directly at steps in a 6N Ag + solu- 
tion and compares it to the data of others (Table I) ,  
neglecting exchange with  different surface sites but 
steps, then under  the conditions of Gerischer and 
Tischer 2s and under  those of Bachmann and Vet ter  81, 
about 40 and 14%, respectively, of the surface atoms 
would have to be step sites. This is somewhat  hard 
to conceive, since, even when starting width a non- 
singular surface, at the large values of io observed, the 
surface should become rapidly faceted. 87 

The type 2 faces represent  nonequi l ibr ium surfaces 
since the step density on them was generated in a 
cathodic growth process at e < co. This is clearly 
stated in the above paper, since maintenance of the 
original nonequi l ibr ium step density is considered by 
the authors as a prerequisi te  for being able to make  
their  measurements .  It is interest ing to note t h a t  the 
rear rangement  of a nonequi l ibr ium step density on 
(111) faces, which represent  the closest packed plane 
in the fcc lattice, is reported to be much faster than 
the rear rangement  on (100) faces which remain  un-  
al tered for at least 30 rain when the step generat ing 
cathodic current  is switched off (see Footnote 1 of 
the paper under  discussion). There exists thus an 
unusual ly strong kinetic hindrance for attaining equi-  
l ibr ium surface conditions on the (100) plane. P re -  
vious work 31 indicates that (100) faces of Ag crystals 
are  more sensitive to inhibit ion by impuri ty  adsorp- 
tion than the (111) faces. The observed behavior  sug- 
gests, therefore,  that  the (100) faces considered by 
Vitanov e t  al. in the work  being discussed are per-  

~ D .  A.  Vermilyea and P.  B. P r i ce ,  J. Chem.  Phys. ,  $8, 720 
(1958). 

C. W a g n e r ,  This Journal,  97, 71 (1955). 
W. J a e n i c k e ,  R. P.  T i n k e r ,  a n d  H. G e r i s e h e r ,  Z. Elek trochem. ,  

59, 448 (1955). 
sT E v e n  h i g h e r  e x c h a n g e  C .D. ' s  t h a n  t h a t  g i v e n  b y  G e r i s e h e r  a n d  

T i s c h e r  "~ h a v e  b e e n  o b s e r v e d  b y  F r a n k e n t h a l  zs in  A g  + so lu t ions  of  
e x t r e m e  p u r i t y .  L i n e a r  v o l t a g e  s w e e p  p o l a r o g r a p h y  on  f r e s h l y  
e t c h e d  A g / A g +  e l e c t r o d e s  y i e l d s  e x c e l l e n t  a g r e e m e n t  b e t w e e n  e x p e -  
r i m e n t a l  r e su l t s  a n d  t h e o r y  a s s u m i n g  p u r e  d i f f u s i o n  con t ro l  of t h e  
d e p o s i t i o n  p r o c e s s  w h i c h ,  a lso,  s u g g e s t s  a n  e x t r e m e l y  h i g h  e x c h a n g e  
C.D. on s u c h  s u r f a c e s .  ~9 

as R. P.  F r a n k e n t h a l ,  P r i v a t e  c o m m u n i c a t i o n .  
s9 K.  J .  B a c h m a n n  a n d  J .  K.  D o h r m a n n ,  J. Electroanal. Chem. ,  21, 

311 (1969). 

haps not perfect ly  clean surfaces. The inhibit ion of 
step rea r rangement  on (100) as compared to (111) 
is hard to unders tand when one assumes a large ex-  
change C.D. direct ly on steps which el iminates the 
necessity of considering surface diffusion of adatoms 
and surface vacancies during the rear rangement  proc- 
ess. 

When a nonequi l ibr ium step density persists on 
the type 2 face after  switching off the generat ing 
current,  then there  is, in my  opinion, no reason to 
bel ieve that  the density of all the remaining surface 
sites is at equi l ibr ium level  or at the same nonequi-  
l ibr ium level, as on type l face. Hence, the difference 
be tween the exchange C.D.'s of type 1 and type 2 
faces does not necessarily represent  the exchange C.D. 
directly on steps. The controversy concerning the 
surface diffusion of adatoms vs .  direct charge- t ransfer  
on steps, which was introduced 50 years ago by Kohl -  
schfitter e t  al., Brandes, and Volmer  e t  al. 40 is thus 
still undecided. Instead of adhering to these early 
models of electrocrystal l izat ion it appears to me tha~ 
one ought to acknowledge the existence of a num-  
ber of surface and bulk defects in electrodeposited 
metals. The nature  and effect upon the mechanism 
of electrocrystal l izat ion of these defects is present ly 
not completely understood. The answers der ived from 
more realistic models of electrocrystal l izat ion will  be 
necessarily less clear cut, i.e., will  be of statistical 
meaning, but that  does not decrease their  value. It 
should be emphasized that  the simplified model  used 
by Vitanov e t  al. in the paper being discussed remains 
to be an interest ing approximat ion which might  be 
useful in some special cases, but the present evidence 
is insufficient to consider it as the mechanism of 
electrocrystall ization. 

T. Vitanov, A. Popov, and E. Budevski:  The mecha-  
nism of metal  deposition is doubtless a ve ry  complex 
process, and the main idea of the paper under  discus- 
sion was to utilize the ex t remely  simple and theoret i -  
cally comprehensible behavior  of electrodes repre-  
senting one single crystal lographic plane for the 
invest igation of this process. The very  essential point 
of the exper iment  was that  a surface struceure wi th  
an exact ly known configuration (dislocation-free in-  
tact plane or a plane with  known monoatomic step 
density) can be produced and reproduced re la t ive ly  
easily. The main exper imenta l  results of the paper 
are: (i) that the over-a l l  exchange current  density 
io increases l inear ly  with step density and ( i i )  that  
the extrapolated value of io for zero step density is 
exact ly  that measured on a dislocation-free plane. 

These two facts show that  the presence of a step 
creates along the step new sites wi th  a higher  ex-  
change C.D. and does not affect the remaining part  of 
the surface. How far away from the step line the re-  
gion with increased exchange C.D. extends is a ques- 
tion which the exper iment  was obviously unable  to 
answer. 

To calculate the t rue exchange C.D. (A/cm 2) in the 
paper under  discussion we made the simplest assump- 
tion that this range extended to the first closest atoms 
added to the step. It is unl ikely  that  this assumption 
is very  correct but it is sound as long as it is clearly 
understood and remembered.  As we can assume every  
atom located on a step as an atom belonging to the 
crystal lattice we can call the t ransfer  of an ion from 
the solution to a step a direct t ransfer  process, i.e., a 
t ransfer  with simultaneous incorporation. This is why  
we call the exchange C.D. of these atoms the exchange 
C.D. of direct transfer.  T h e  calculation shows that  it 
is by three  orders of magni tude  higher  than the ex-  
change C.D. of atoms on a flat surface (adatoms).  

~ V .  Kohlsch ,2 t t e r ,  Trans. Electrochem.  Soc., 45, 229 (1924); Z.  
Elektrochem. ,  33, 272 (1927) ; V. Kohlseh~. i t ter  a n d  A.  Tor ice l l i ,  ibid., 
38, 213 (1932); H.  B r a n d e s ,  Z. Phys ik .  Chem. ,  126, 198 {1927); T.  
E r d e y - G r u z  a n d  M. V o l m e r ,  ibid., 157, 165 (1931) ; M. V o l m e r ,  " D a s  
E l e k t r o l y t i s c h e  K r i s t a l l w a c h s t u m , "  in  t h e  s e r i e s  A c t u a l i t e s  Scien- 
tifiques e t  I n d u s t r i e l l e s ,  Vol.  85, t t e r m a n n  et  Cie.,  P a r i s  (1934). 
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U s i n g  n o t  spec i a l l y  p r e p a r e d  sol id  su r f ace s  ( u n -  
k n o w n  s t ep  d e n s i t y )  i t  is n o w  q u i t e  c l ea r  t h a t  a w i d e  
r a n g e  of  o v e r - a l l  e x c h a n g e  C.D.'s can  be  m e a s u r e d .  
I f  we  a s s u m e  B a c h m a n n ' s  r e m a r k ,  in  t h e  a b o v e  d i scus -  
sion, t h a t  t h e  s a m e  s i t u a t i o n  a n d  r o u g h l y  t h e  s a m e  
v a l u e s  fo r  t he  e x c h a n g e  c u r r e n t  d e n s i t i e s  can  be  a p -  
p l ied  to t h e  e x p e r i m e n t s  of G e r i s c h e r  2s a n d  B a c h m a n n  
a n d  V e t t e r  ~1 we  c a n  c a l c u l a t e  b a c k  t he  a v e r a g e  s t ep  
d i s t a n c e s :  7.2A in t h e  f i rs t  case  a n d  22A in  t h e  second ,  
c o m p a r e d  w i t h  830A fo r  a n  e l e c t r o l y t i c a l l y  g r o w n  
(100) p l a n e  in  o u r  case.  T h e  misf i t  of  t h e  o r i e n t a t i o n  
in  B a c h m a n n ' s  case  is 4.5 ~ w h i c h  is no t  v e r y  f a r  f r o m  
w h a t  cou ld  be  e x p e c t e d  for  a cu t  a n d  e l e c t r o p o l i s h e d  
p lane .  A n y w a y  we  b e l i e v e  t h a t  th i s  c a l c u l a t i o n  is a 
v e r y  v a g u e  e x t r a p o l a t i o n  to e x t r e m e l y  d i f f e r e n t  c o n -  
d i t i ons  (AgC104 + HC104 vs .  AgNO3) .  

T h e  s u r f a c e  r o u g h n e s s  p r o d u c e d  b y  t h e r m a l  m o t i o n  
c a n n o t  b e  n e g l e c t e d  c o m p l e t e l y  as we  h a v e  d o n e  so 
far .  I t  p r o b a b l y  p lays  a m a j o r  ro le  in  t h e  p roces s  of 
r o u g h e n i n g  of  t h e  s t ep  edges  a n d  t h u s  e n s u r e s  a f a s t  
d i r e c t  i n c o r p o r a t i o n  in to  t h e  n u m e r o u s  k i n k  sites.  T h e  
two  facts ,  h o w e v e r ,  w h i c h  h a v e  b e e n  o b s e r v e d ,  n a m e l y  
t w o - d i m e n s i o n a l  n u c l e a t i o n  on  a d i s l o c a t i o n - f r e e  p l a n e  
a n d  s p i r a l  g r o w t h  m e c h a n i s m  on  a p l a n e  w i t h  d i s -  
loca t ions ,  s h o w  t h a t  t h e  t h e r m a l  s u r f a c e  r o u g h e n i n g  
plays ,  in  o u r  case, a s u b o r d i n a t e  ro le  for  t h e  p rocess  
of  g r o w t h  a n d  t h a t  w e  a r e  r e a l l y  v e r y  f a r  f r o m  t h a t  
c r i t i ca l  t e m p e r a t u r e ,  a t  w h i c h  a n o r m a l  m e c h a n i s m  of  
g r o w t h  b e g i n s  to b e  p r e d o m i n a n t .  As a m a t t e r  of fact ,  
e v e n  p r o p a g a t i n g  s t eps  a t  a l e n g t h  of 100 m~, p r o v e d  to 
be  f a i r l y  s t r a i g h t .  41 

W e  a r e  we l l  a w a r e  of  fac t s  w h i c h  s h o w  a s u r f a c e  
c o n t a m i n a t i o n  a n d  a d s o r p t i o n .  M a n y  of  t h e m  a re  s t i l l  
no t  so r e p r o d u c i b l e  to a l l o w  t h e o r e t i c a l  s l~eculat ions.  
B u t  as w e  h a v e  no t  f o u n d  d r a m a t i c  c h a n g e s  in t h e  
e l e c t r o c h e m i c a l  p r o p e r t i e s  ( e x c h a n g e  c u r r e n t  d e n s i t y )  
c h a n g i n g  t h e  e l e c t r o d e  p o t e n t i a l  in  t h e  a l l o w e d  r a n g e  
of  a b o u t  5 mV,  w e  h a v e  no  r e a s o n  to u s e  some  a m b i g u -  
ous  c o n c e p t s  to e x p l a i n  a v e r y  s i m p l e  b e h a v i o r  of  a 
face  w i t h  a g r o w i n g  s tep  o n  it. 

M o r e o v e r ,  w e  h a v e  c l e a r l y  s t a t e d  t h a t  t h e  d i r e c t  
t r a n s f e r  is a c o m p l e m e n t a r y  p rocess  to t h e  s u r f a c e  d i f -  
fu s ion  p rocess  a n d  t h a t  in  o u r  specific case w e  h a v e  
v e r y  good e v i d e n c e  for  a p r e d o m i n a n c e  of t h e  d i r e c t  
t r a n s f e r  m e c h a n i s m .  H o w  f a r  th i s  c an  b e  g e n e r a l i z e d  
is a q u e s t i o n  w h i c h  o n l y  t h e  e x p e r i m e n t  c an  a n s w e r  
a n d  we  do no t  t h i n k  t h a t  t h e  t i t l e  c an  b e  m i s l e a d i n g  in  
t h i s  r e spec t .  

Hydrogen and Nitrogen Evolution Reactions in 
Acid Liquid Ammonia 

M. H. Miles and C. A. Yates (pp. 230-233, Vol. 121, No. 2) 

S. T r a s a t t i :  42 In  t h e  p a p e r  u n d e r  c o n s i d e r a t i o n ,  t h e  
a u t h o r s  h a v e  a t t e m p t e d  to  d iscuss  t h e  r e s u l t s  o b t a i n e d  
fo r  t he  r e a c t i o n  of  h y d r o g e n  e v o l u t i o n  o n  v a r i o u s  
m e t a l s  in  l i q u i d  a m m o n i a  on  t h e  bas i s  o f  c o r r e l a t i o n s  
b e t w e e n  log io ( e x c h a n g e  c u r r e n t )  a n d  a, ( w o r k  f u n c -  
t i o n ) ,  a n d  log  io a n d  qad.H ( h e a t  of  h y d r o g e n  a d s o r p -  
t ion ) ,  r e spec t i ve ly ,  p r o p o s e d  b y  t h e  p r e s e n t  a u t h o r  43 
fo r  t h e  case  of a q u e o u s  so lu t ions .  T h e  a u t h o r s  of  t h e  
p a p e r  u n d e r  d i scuss ion  s t a t e  t h a t  t h e  c o r r e l a t i o n  b e -  
t w e e n  log to a n d  ,I, is no t  so l i n e a r  as s u g g e s t e d  in  t he  
p r e v i o u s  paper ,  4"~ a l t h o u g h  the  r e a c t i v i t y  sca le  a p -  
p e a r s  to b e  t he  s a m e  as in  a q u e o u s  so lu t ion .  O n  t h e  
o t h e r  h a n d ,  t h e  a u t h o r s  of t he  a b o v e  c i ted  p a p e r  r e -  
po r t  a l i n e a r  c o r r e l a t i o n  b e t w e e n  log io a n d  qad,H w i t h  
a s lope  of 0.3 w h e r e a s  K u h n  e t  al., 44 as t h e y  quote ,  
h a v e  f o u n d  0.6 fo r  a q u e o u s  so lu t ions .  

W h i l e  t h e  r e a c t i v i t y  sca le  b e i n g  t h e  s a m e  as in  
a q u e o u s  so lu t i ons  is a v e r y  i n t e r e s t i n g  fac t  b e c a u s e  

, lW.  Bostanov,  R, Roussinova,  and E. Budevski ,  Chem.  Ing. 
Techn.,  45, 179 (1973}. 

4~Laboratory of Elec t rochemis t ry ,  the Univers i ty ,  20133 Milan, 
I taly.  

S. Trasat t i ,  J. Electroanal. Chem. ,  39, 163 (1972). 
A. T. Kuhn,  C. J.  Mor t imer ,  G. C. Bond, and J.  Lindley,  ibid., 

34, 1 (1972). 

it is a s t r o n g  s u p p o r t  to p r e s e n t  v i e w s  in e l e c t r o -  
ca ta lys is ,  i t  is t h e  o p i n i o n  of  th i s  w r i t e r  t h a t  a d i s -  
cuss ion  in t e r m s  of  w o r k  f u n c t i o n  or  h e a t  of h y d r o g e n  
a d s o r p t i o n  is w o r t h y  of b e i n g  b r o u g h t  in to  m o r e  
de ta i l  t h a n  i t  is in  t he  p a p e r  u n d e r  d i scuss ion .  

F i r s t  of all, t h e  a u t h o r s  of  t h a t  p a p e r  s t a t e  t h a t  
t he  c o r r e l a t i o n  b e t w e e n  log io a n d  r is no t  c l e a r l y  
l i nea r .  H o w e v e r ,  t h e y  r e l y  j u s t  on  s ix  m e t a l s  g a t h e r e d  
w i t h i n  two  o r d e r s  of  m a g n i t u d e  of io. I f  t h e  v a l u e s  
of  io fo r  t h e  s a m e  m e t a l s  in  a q u e o u s  s o l u t i o n s  a r e  
t a k e n  in to  c o n s i d e r a t i o n ,  a c o r r e l a t i o n  b e t w e e n  log io 
a n d  r r e s t r i c t e d  to t h e s e  m e t a l s  does  no t  a p p e a r  to  
be  b e t t e r  t h a n  t h a t  o b s e r v a b l e  in  t h e  p a p e r  u n d e r  
d iscuss ion .  F r o m  th i s  p o i n t  of v iew,  i t  m a y  b e  c o n -  
c luded ,  c o n t r a r y  to t h e  a u t h o r s  of t h e  p a p e r  u n d e r  
d iscuss ion ,  t h a t  t he  e v i d e n c e  fo r  a l i n e a r  c o r r e l a t i o n  
b e t w e e n  log io a n d  �9 m a y  b e  c o n s i d e r e d  as s a t i s f ac to ry .  

H o w e v e r ,  v a r i o u s  o t h e r  po in t s  m u s t  b e  d i scussed  
b e f o r e  one  can  s p e a k  of co r r e l a t i on .  W h a t  a p p e a r s  
to h a v e  b e e n  o v e r l o o k e d  b y  t h e  a u t h o r s  of  t h e  a b o v e -  
m e n t i o n e d  p a p e r  is t h a t  t h e r e  is some  i n t e r n a l  i n c o n -  
s i s t ency  b e t w e e n  t h e i r  e x p e r i m e n t a l  r e s u l t s  a n d  t h e i r  
d i scuss ion  in  t e r m s  of �9 or  qad.H. F i r s t  of  all, w e  
no t i ce  tha t ,  a p a r t  f r o m  Ta w h o s e  b e h a v i o r  is puzz l ing ,  
Mo, Cr,  W, a n d  A u  p r e s e n t  m o r e  or  less t he  s ame  io 
as in  a q u e o u s  so lu t ions ,  w h e r e a s  P t  a n d  I r  s h o w  
l o w e r  to v a l u e s  t h a n  t h o s e  in  a q u e o u s  so lu t i ons  b y  
two  o r d e r s  of m a g n i t u d e .  Th i s  p a r t i c u l a r  a spec t  does  
not  a p p e a r  to h a v e  b e e n  d i s cus sed  in  t h e  p a p e r  u n d e r  
c o n s i d e r a t i o n .  H o w e v e r ,  t h i s  poirLt is p a r t i c u l a r l y  i m -  
p o r t a n t .  In  fact,  if  on  P t  a n d  I r  t h e  c o m b i n a t i o n  
r e a c t i o n  is t h e  r a t e  d e t e r m i n i n g  s t ep  a t  0~ as s u g -  
g e s t e d  b y  t he  a u t h o r s  in  t h e  p a p e r  b e i n g  d iscussed ,  
t h e r e  s h o u l d  b e  e v i d e n c e  for  some  h y d r o g e n  a d s o r b e d  
on  t h e  sur face .  T h e  a u t h o r s  h a v e  no t  l o o k e d  for  a n d  
h a v e  no t  o f fe red  s u c h  ev idence .  M o r e o v e r ,  t h e  r a t e  
of t h e  c o m b i n a t i o n  r e a c t i o n  s h o u l d  b e  i n d e p e n d e n t  
of t he  s o l v e n t  a n d  d e p e n d e n t  o n l y  on  t h e  p r o p e r t i e s  
of t he  sur face .  F r o m  th i s  p o i n t  of  v i e w  it  is h a r d l y  
u n d e r s t o o d  w h y  i,, : 10 -5  A / c m  -2  in  NH3 a n d  io : 
10 -3 A / c m  -2  in H20.  If  t h i s  d i f f e r ence  is due  to p a r -  
t ia l  o c c u p a t i o n  of t h e  s u r f a c e  b y  r e s i d u e s  of t h e  sol -  
ven t ,  t h e n  t h e  r a t e  d e t e r m i n i n g  s tep  is m o r e  l i k e l y  to 
b e  t he  ion  a t o m  r e a c t i o n  as s u g g e s t e d  b y  B r o w n  a n d  
T h o r n t o n ,  45 a l t h o u g h  t h e s e  a u t h o r s  h a v e  w o r k e d  a t  
--30~ a t e m p e r a t u r e  a t  w h i c h  t h e  a u t h o r s  of  t h e  
p a p e r  u n d e r  d i s cus s ion  a d m i t  t h a t  a s h i f t  of  t h e  rds  
f r o m  t h e  c o m b i n a t i o n  to t h e  i o n + a t o m  r e a c t i o n  m a y  
b e  o b s e r v e d .  H o w e v e r ,  if  t h e  l ow  a c t i v i t y  of  P t  is 
due  to s t r o n g  i n t e r a c t i o n  of  t h e  s o l v e n t  w i t h  t h e  s u r -  
face, t h e  o p i n i o n  of  th i s  w r i t e r  is t h a t  th i s  effect  
s h o u l d  also b e  p r e s e n t  w i t h  t h e  o t h e r  m e t a l s  i n a s -  
m u c h  as t he  s t r e n g t h  of t h e  m e t a l - n i t r o g e n  b o n d  
c e r t a i n l y  i n c r e a s e s  46 f r o m  P t  to  Ta. I n  a n y  case, a n  
e x p l a n a t i o n  m u s t  b e  g i v e n  for  t h e  a p p a r e n t  l ow  ac-  
t i v i t y  of P t  a n d  I r  b e f o r e  a n y  t e s t  of c o r r e l a t i o n s  can  
be  a t t e m p t e d  u s i n g  t h e  e x p e r i m e n t a l  r e s u l t s  in  q u e s -  
t ion.  

A n o t h e r  p o i n t  w h i c h  a p p e a r s  to h a v e  b e e n  o v e r -  
l ooked  b y  t h e  a u t h o r s  in  t h e  p a p e r  u n d e r  d i scuss ion  
is t h a t  in  a poss ib le  c o r r e l a t i o n  b e t w e e n  log io a n d  % 
Au is a p p a r e n t l y  l u m p e d  w i t h  a l l  o t h e r  me ta l s .  Th i s  
p o i n t  is c e r t a i n l y  w o r t h y  of  m o r e  c o n s i d e r a t i o n .  F o r  
a q u e o u s  so lu t i ons  two  p a r a l l e l  s t r a i g h t  l ines  h a v e  b e e n  
f o u n d  43 in t h e  log io vs .  �9 plot .  Th i s  ha s  b e e n  i n t e r -  
p r e t e d  in t h e  case of s p - m e t a l s  in  t e r m s  of t h e  r e a c -  
t ion  o c c u r r i n g  on  pos i t ive  a n d  n e g a t i v e  su r faces ,  r e -  
spec t ive ly .  Now, if  A u  fa l ls  in  t h e  g r o u p  of  t r a n s i -  
t i on  m e t a l s  in  t he  p a p e r  u n d e r  d iscuss ion ,  t h i s  m a y  
h a v e  a m e a n i n g  in c o n n e c t i o n  w i t h  t h e  pos i t ion  of 
t he  p o t e n t i a l  of ze ro  c h a r g e  w i t h  r e s p e c t  to Erev in  
l i q u i d  a m m o n i a .  H o w e v e r ,  in  t h e  o p i n i o n  of th i s  w r i t e r ,  
a p lo t  of log i .  vs .  �9 m a y  b e  m i s l e a d i n g  in t h i s  case. 
If t h e  m e a s u r e d  log io for  P t  a n d  I r  a re  no t  e q u i l i b r i u m  
values ,  i t  is o b v i o u s  t h a t  t h e  pos i t i on  of A u  t u r n s  

4-~ O. R. Brown and S. A. Thornton,  J. Chem.  Soc., Faraday I, 89, 
1568 ~1973). 

~ S. Cerny  and  V. Ponec, Catalysis Rev. ,  2, 249 (1968). 
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out to be false. If the value of io for Pt found by 
Brown and Thornton 45 is used, a slope for the log 
io vs. ~, correlat ion is found very  similar  to that  for 
aqueous solutions, but  in this case Au, as expected, 
is somewhat  far  from the correlat ion for transit ion 
metals. 

One more point concerns the value of the slope 
of the log io vs. qad,H plot. The authors of the paper  
under  discussion claim a value  of 0.3 for the slope, 
but in fact this is ~he value  of the slope in terms 
of E ( M - H ) ,  the hydrogen-meta l  bond strength. The 
slope in terms of qad,H i s ,  in reality, 0.15, in fair ly 
good agreement  wi th  the predicted slope 47 of 0.18. 
However,  this is the slope predicted for the i o n + a t o m  
reaction or the discharge reaction as the rate de ter -  
mining step. This means that the exper imenta l  plot 
is possible because io for Pt  is low. Thus, there is 
some internal  inconsistency between the position of 
Pt  in the log io vs. qad,H plot and the exper imenta l  
results which suggest the combination reaction to be 
the rds. The authors of the paper under  discussion 
have found a strong tempera tu re  effect for Pt  and Ir. 
It is possible that the re la t ive  positions of the "vol-  
cano" curves for the i o n + a t o m  and the combination 
reactions shift wi th  temperature .  This would make a 
change in the mechanism for P t  and Ir  unders land-  
able, in the case where  the two metals  would fall 
close to the intersection of the two curves. It would 
be interest ing to know how io varies with changing 
temperature.  

Finally, the Tafel slope shown by the authors in 
the paper being discussed for Pt  and Ir is ex tended 
in a very  narrow potential  range close to Erev. It 
would be interest ing to know what  the behavior  is 
at higher  overvoltages.  Brown and Thornton 45 show 
that  the Tafel slope region starts at some 0.2V below 
E r e v .  For lower  overvol tages the plot may apparent ly  
approach a lower  Tafel  slope. One may wonder  if 
Fig. 6 in Brown and Thornton's  paper could offer 
the way to unders tand some of the difficulties out-  
l ined above. 

M. H. Miles and C. A. Yates: The proposed corre la-  
tions suggested by Dr. Trasatt i  were  discussed only 
briefly in the paper under  consideration due to the 
l imited data available for the hydrogen evolut ion 
reaction (h.e.r.) in l iquid ammonia. More exper i -  
mental  data would be necessary to completely re-  
solve the points under  discussion, some of which 
remain unresolved despite the numerous studies in 
aqueous systems. 

The correlat ion between log io and the work func-  
tion, ~,, for the h.e.r, in l iquid ammonia was not clearly 
l inear due to the exper imenta l  value of io for Ta being 
very  small (10 -12 A / c m - 2 ) .  Of the seven metals  
studied, Ta has the greatest  tendency to form in ter -  
stitial hydrides and nitrides, 4s hence the electrode pre-  
t rea tment  evolving ni t rogen and hydrogen may have 
produced pronounced changes in the surface properties.  
Omit t ing Ta, the correlat ion between log {o and �9 is 
given reasonably well  in acid l iquid ammonia at 0~ by 
log io = 4.3 r -- 26 which can be compared to Tra-  
satti 's relationship log io ---- 6.7 r -- 36.6 for transi t ion 
metals in aqueous solutions. 43 

We do not agree wi th  Trasatt i 's  suggestion that  our 
value of io ---- 10 -5 A / c m  -2 at 0~ on Pt and Ir in 
l iquid ammonia should be closer to the  io ---- 10 -3 
A / c m  -2 found in aqueous solutions at 25~ Con- 
t rary  to Trasatti 's  comments, the measured exchange 
current  will  be affected by the solvent even for a fast 
discharge and rate determining recombinat ion me-  
chanism. For such a mechanism the exchange current  
will  be given by 

{ kl ~2 
io : 2Fk2 [ ~  ]a2H+e -2F~a',/RT [1] 

\ k _ l  / 

~ R. P a r s o n s ,  Trans. Faraday Soc,, 54, 1053 (1958). 
~s H. J .  G o l d s c h m i d t ,  " I n t e r s t i t i a l  A l l o y s , "  p. 61, But terworth  and 

CO., L o n d o n  ~1967). 

where  kx and k - I  are rate constants for the forward 
and reverse  reactions of the discharge step, k 2  is the 
rate constant for the recombinat ion step, and -X@e is the 
absolute potential  difference across the interface at 
equil ibrium. 49,5~ The solvent can influence k~, k-~, 
aH +, and even • and thus affect io. The close agree-  
ment  between the exper iments  on Pt  and Ir lend 
support to our results. Fur thermore ,  difficulties in 
using the hydrogen reference electrode in l iquid am- 
monia suggest a smaller  exchange current  ~han found 
for aqueous solutions. Our use of a lower tempera ture  
should also contribute to a smaller  observed io value. 
Part ial  coverage of the Pt  surface by adsorbed NHr 
radicals may also be a factor as suggested by Brown 
and Thornton. 45 

By extrapolat ing from high overvoltages,  Brown 
and Thornton 45 report  io = 2 X 10 -4 A / c m  -2 on Pt  
at --30~ in l iquid ammonia. From their  Fig. 6, one 
can detect another  l inear Tafel region with a greater  
slope at lower  overvol tages  from which a value of io 
= 1 X 10 -5 A / c m  -2 could be extrapolated.  As sug- 
gested by Parsons 51 and by Enyo, 52 increasing the 
overvol tage may produce a change in the reaction 
mechanism. The result ing dual Tafel slopes will  give 
two different values for the exchange current,  and 
one must then decide which io value should be used 
in the correlations sugested by Trasatti. We did de-  
tect a change in slope of our Tafel plots for Pt  and Ir 
at higher  overvoltages,  but  this was difficult to dis- 
tinguish from effects due to the IR  drop. 

The Tafel slopes provide bet ter  evidence for the 
reaction mechanism than do the questionable log io 
vs. qaa,H plot ment ioned by Trasatti. 43 Rate deter-  
mining recombinat ion of adsorbed hydrogen is usu- 
ally found under  conditions of low hydrogen coverage 
and low overvol tages  and is almost the only mechan-  
ism which gives a t ransfer  coefficient of two. 49 

LeChatel ier 's  principle predicts that the equi l ibr ium 
coverage of adsorbed hydrogen atoms will  increase 
as the tempera ture  decreases. Hence, on Pt  it is l ikely 
that  some other reaction will  become rate determining 
at lower temperatures  as found in our studies. Recent 
investigations of the hydrogen / t r i t ium separat ion fac- 
tor on Pt  in aqueous H2SO4 solutions also indicate 
a change in the electrode reaction mechanism from 
a slow recombinat ion step at tempera tures  above 10~ 
to a slow electrochemical  desorption mechanism at 
lower  temperatures .  53 

i~ J. O'M. Bockris and A. K. N. Reddy, "Modern Electrochemis- 
try," Vol. 2, pp. 1238-1242, Plenum Press, New York (1970). 
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Pa. (1964). 
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Optical and Electrochemical Studies of Underpotential 
Deposition of Lead on Gold Evaporated and 

Single-Crystal Electrodes 

R. Adzic, E. Yeager, and B. D. Cahan (pp. 474-484, Vol. 121, No. 4) 

E. Schmidt and N. Wiithrich: 54 In order  to inter-  
pret  the we l l -known undervol tage  double peak ob- 
served when Pb is deposited at polycrystal l ine Au 
electrodes, the authors of the paper under  discussion 
considered a consecutive mechanism of adsorptive 
charge t ransfer  involving the formation of a par t ia l ly  
discharged Pb adsorbate wi thin  the voltage region of 
the more anodic peak, fol lowed by reduct ive t rans-  
formation at higher  cathodic potentials 

Pb 2+ (soln) + (2 -- y) e -  -* Pb y+ (ads) (first peak) [1] 

Pb y+ (ads) q- y e -  -~ Pb(ads)  (second peak) [2] 

According to this model, the Pb surface concentration, 
r, should remain constant within the second peak, 

�9 ~ I n s t i t u t e  s A n o r g a n i s c h e ,  A n a l y t i s c h e  u n d  Phys ika l i sche  
C h e m i c  der Univers i t~ i t  Be rn ,  3012 B e r n ,  S w i t z e r l a n d .  
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whereas the charge/coverage stoichiometry of the un-  
dervoltage deposit should be given by  

F d r / d ~ q ( E , r )  -- ] 1/(2 -- y) in the first peak 
L 0 in the second peak 

where hq(e , r )  ---- q(e , r )  -- qo(E) ,  q and qo being the 
(ionic) surface charges of the gold electrode in the 
presence of Pb 2+ and in the lead-free support ing elec- 
trolyte, respectively. 

This prediction of the model is at variance with the 
results of the direct determinat ion of q and r data by 
means of a twin-electrode, thin layer  method, s~ which 
has shown that r increases continuously with in-  
creasing q in the entire undervol tage region, the pro- 
portionali ty factor being equal to the nominal  charge 
of the free Pb 2 § ion wi thin  the limits of experimental  
precision 

F d r / d •  ~ 1/2 in  E ~> Erev [3] 

This stoichiometry value almost certainly invalidates 
the mechanism proposed by Adzic et al. in the paper 
under  discussion. It does, however, provide strong 
evidence in favor of a simple ionic adsorption process 
involving Pb 2+, whose charge contr ibut ion to the in -  
terphase is (approximately)  compensated for by the 
electronic charge flow from the polarizing circuit, in-  
creasing the surface charge of the electrode 

Pb 2+ (soln) + (2 -- y ) e -  (circuit) 

Pb 2+, (2 -- y ) e - ( i n t e r p h a s e )  [4] 
where y ~ 0. 

Note that in all surface processes, e lectroneutral i ty  
of the interphase must  be preserved. If there is sub-  
stantial  deviation from the "ideal" q / r - s to ich iomet ry  
( Yi ~ 0, as in Eq. [1] and [2]), which cannot be 
balanced by changes of the nonspecifically adsorbed 
Helmholtz layer, charge compensation by specific ad- 
or desorption of ionic species other than Pb 2+ would be 
required. No conclusion should be drawn from stoichio- 
metry  determinat ions as to the actual state of charge 
of the Pb species adsorbed, since there is no way to 
decide by thermodynamic considerations whether  a 
given amount  of electronic charge delivered by the 
polarizing circuit is used for discharging any ionic 
species adsorbed, rather  than being stored as free 
charge in the metal  part  of the electric double layer. 

Within two orders of magni tude  of the Pb 2+ con- 
centration, the potential  dependence of the experi-  
mental  r values s5 follows very closely a so-called 
pseudo-Nernst ian ("metal  monolayer")  F-E-isotherm 

R T  
E ~- E ~  -~- ln[apb2+/a(r ) ]  

2F 

which is thermodynamical ly  inconsistent 56 with any 
q / r  stoichiometry other than Eq. [3]. 

Peak mult ipl ic i ty  is not an exclusive feature of Pb 
deposition but  is known from several other under -  
voltage deposits (T1, Bi, Sb, Cu, Ag) on Au as well. 
It may easily be explained as reflecting a more or less 
pronounced discontinuous decrease of the free energy 
of desorption with increasing coverage, result ing in 
a steplike shape of the F-E isotherm. There is evidence 
of a duplex layer  s tructure of the adsorbate being 
buil t  up, the second undervol tage peak corresponding 
to the formation of a metal  layer more distant from, 
and therefore, less strongly bound to, the subs t ra teY 

The existence of r values independent  of CPb2§ at 
higher concentrations, as claimed by the authors in 
the paper being discussed, is not confirmed by th in  
layer experiments.  

R. Adzic, 5s E. Yeager, and B. D. Cahan: Schmidt and 
Wfithrich propose that the sharp second vol tammetry  

a~E. S c h m i d t  a n d  N. Wilthrich, J. ElectroanaL Chem., 84, 377 
(1972). 

E. Schmidt,  Helv., 52, 1763 (1969). 
b7 E. S c h m i d t  a n d  S. Stucki, Bet. Bunsenges., 77, 915 (1973). 

P r e s e n t  a d d r e s s :  I n s t i t u t e  f o r  Chemistry,  Technology and Met- 
allurgy, B e l g r a d e ,  Yugoslavia. 

peak in the underpotent ia l  deposition of lead is due to 
a discontinuous decrease of the free energy of de- 
sorption with increasing coverage and not a phase 
t ransformat ion accompanied by fur ther  reduction as 
proposed in the paper under  discussion. Their ex- 
planation for this sharp peak, however, is not com- 
patible with our studies, which show that the sharp 
second peak in the vol tammetry curve is not under  dif- 
fusion control under  conditions where the first peak is 
under  diffusion control. This means that the sharp sec- 
ond peak is not associated with the further  adsorption 
of lead, as proposed by Schmidt and Wfithrich above, 
but ra ther  is caused by a surface change occurring es- 
sentially at constant surface coverage. The pronounced 
change in reflectivity and of the spectral dependence of 
the reflectance changes (Fig. 6 in the paper under  dis- 
cussion) at tending the sharp vol tammetry peak confirm 
that a marked change in the state of the surface has 
occurred. The reflectance change vs. q plot is l inear  up 
to 200 ~,coulombs/cm 2 when an abrupt  change in the 
slope occurs (Fig. 8 in the paper under  discussion). 
This charge density corresponds to the occurrence of 
the sharp second vol tammetry  peak. Ellipsometric 
measurements  by Horkans et al. 59 provide evidence 
of a change of the layer  and a shift toward more 
metallic properties at tending this peak. 

The principal  a rgument  put forth by Schmidt and 
Wfithrich against our explanat ion is that their  r vs. q 
plot 55 should show some deviation from l inear i ty  in 
the vicinity of the sharp vol tammetry  peak and they 
did not observe such in their work with the twin-  
electrode thin layer  cell. Perhaps their failure to ob- 
serve such is the result of inadequate sensitivity of 
the method with the gold electrode and acetic acid- 
acetate buffered electrolyte used by Schmidt and 
Wfithrich. 5~ The charge under  the sharp peak in their 
vol tammetry  curves is estimated to be only ~7% of 
the charge for saturat ion coverage as compared with 
~30% for the vapor deposited gold and ~50% for the 
single crystal gold of (111) orientat ion used in our 
work in the paper under  consideration in 1M HC104. 
The charge under  the second vol tammetry peak in the 
work of Schmidt and Wfithrich would be expected to 
produce only a small shift in their  -~q vs. r curve by 
an amount  not very much greater than the scatter of 
their points. The use of the acelic acid-acetate buffer 
by Schmidt and Wiithrich ~5 also may have introduced 
differences because of complexing of the lead by the 
acetic acid, 6~' as well as possible specific adsorption on 
the lead part ial ly covered gold electrode. 

According to our explanation, the charge under  the 
second vol tammetry  peak is associated with a change 
in the effective charge of the adsorbed lead at tending 
the phase transformation.  As indicated in our paper, it 
is not possible to separate the faradaic charge and the 
nonfaradaic charge associated with the adsorption. 
With our explanat ion of the sharp vol tammetry  peak, 
the charge passed through the external  circuit does 
not correspond directly to the change in charge of the 
adsorbed lead, but  rather  to the change in the part ial ly 
compensating double layer charge. This can be seen 
from the following consideration. For the two-step 
sequence proposed in our paper under  discussion (Eq. 
[8] and [9]), the charge through the external  circuit 
,Aq is the sum of the faradaic, ~qf, and nonfaradaic, 
-~qn~, components. Therefore 

aqr ---- (2 -- y ) F n ;  ~qn~ : y F n  ~- AC]D L [la, b] 

-~q : -~qf ~ ~ q n f  ---- 2Fn + AqD a [2] 

where n is the surface concentrat ion of specifically 
adsorbed lead and -~qDL is the change in the charge in 
the remainder  of the double layer. For the sharp peak, 
n is essentially constant and therefore the charge under  
this peak must  correspond to a change in qDa, i.e., for 

J. Horkans,  B. D. Cahan, and E. Yeager,  Paper  172 presented at 
Electrochemical  Society Meeting, New York, Oct. 13-17, 1974. 

eOStability Constants, p. 366, Special Publication No. 17, T h e  
Chemical Society, London, 1964. 
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the cathodic peak, the loss of anions in the double 
layer  which had been compensating some of the charge 
of the specifically adsorbed lead as the lead layer  takes 
on metal l ic  properties.  

We disagree with Schmidt  and Wfithrich's s ta tement  
that  the ex t raord inar i ly  narrow vo l t ammet ry  peak (as 
nar row as 5 mV in some of our work)  can be easily 
explained on the basis of a more or less pronounced 
discontinuous decrease in the free energy of adsorption 
with increasing coverage. Even  wi th  a very  nonideal  
surface with  various sites of different s tandard free en-  
ergies of adsorption, it is difficult to see how the cov- 
erage of a par t icular  set of sites of a given standard 
free energy can go from a low to high value over  
such a nar row potential  range wi thout  involving the 
concept of some type of phase transi t ion as proposed 
in the work  being discussed. 

In their  last comment, Schmidt  and Wi~thrich in- 
dicate that  they did not find the r values independent  
of lead ion concentrat ion at h igher  concentrations in 
their  thin layer  experiments.  Unfor tuna te ly  they do 
not indicate ei ther  the electrolyte  or the concentrat ion 
range examined. If the electrolyte  was the acetic acid- 
aceta te-perchlora te  system (pH 4.7) wi th  the lead ion 
concentrat ion extending only up to 5 X 10-SM, as used 
in their  published work, 55 we would  not expect  them 

to observe level ing off of the adsorption isotherms. In 
1M HC104, we found level ing off to occur only above 
5 X 10-4M in tM HC104. In their  electrolyte,  complex-  
ing of the lead ions by acetic acid would  depress the 
Pb 2+ ion activity and probably make it impossible to 
reach a sufficiently high Pb 2+ ion activity to observe 
level ing off of the adsorption isotherm. Adsorption of 
electrolyte  components such as acetic acid or acetate 
and complexing with  meta l  cations may  introduce 
substantial  complications in the use of the twin-e lec -  
trode thin layer  technique  of Schmidt  and Wfithrich 
to study cation adsorption in view of the assumption 
involved in their  method concerning all changes in 
bulk cation act ivi ty being caused by specific ionic ad- 
sorption. 

The unusual ly  large change of the reflectance of gold 
at tending the specific adsorption of lead is caused al-  
most ent i re ly  by the modification of the surface elec- 
tronic properties of the gold. In the paper under  dis- 
cussion in the range of coverages where  the reflectance 
changes are direct ly proport ional  to charge, the reflect- 
ance should be a direct indication of the lead ion sur-  
face concentrat ion in the inner  Helmholtz  plane. Con- 
sequently, for specific adsorption of lead on gold, the 
reflectance method should be a rel iable indication of 
the adsorption isotherm. 
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ABSTRACT 

The significance of the addition of 25 ppm of H20 to O2 has been studied 
for the thermal  oxidation of (100), (110), and ( l l l )  oriented silicon. With 
25 ppm water  addition to O2 a sharp increase in the over-a l l  rate of oxidation 
was observed for each orientat ion and exper imenta l  t empera ture  (800 ~ 927 ~ 
and 996~ From data analysis in terms of a l inear-parabol ic  oxidation law, 
orientat ion effects were  found for both the l inear and parabolic rate constants 
and for both dry 02 and H20 added oxidations. The major  effect of trace 
H20 appears to be on the parabolic rate constants. The exper imenta l ly  der ived 
kinetic constants are in terpre ted  in terms of surface geometry  for the l inear 
rate  constants and in terms of the SiO2 structure for the parabolic rate con- 
stants. The large kinetic effects observed with  trace amounts of H20 might  
be a cause for the dispari ty of l i tera ture  results for dry thermal  oxidat ion of 
silicon. 

The thermal  oxidation of silicon produces a silicon 
dioxide (SiO2) passivation film with excel lent  elec- 
trical properties. However ,  the fabrication of advanced 
thin film electronic devices requires a knowledge of 
the parameters  affecting thickness control and impuri ty  
content of the thin films. To describe SiO2 film growth 
via thermal  oxidation of silicon by oxygen, a l inear-  
parabolic model  is assumed. Numerous publications 
confirm the adherence of the SiO2 growth kinetics to 
the l inear-parabol ic  model  [see for example  Ref. 
(1-3) ]. The qual i ta t ive effects of water  and sodium on 
the oxidation kinetics are also known (4). However ,  
considerable differences exist for the reported oxida- 
tion rate constants both for studies considering im- 
purities and for so-called clean oxidation studies. 

The purpose of this study is to consider the kinetic 
role of trace quanti t ies of H20 (20-30 ppm) in O2 on 
the thermal  oxidation of (111), (110), and (100) ori- 
ented s ingle-crystal  silicon. 

Experimental Procedures 
Sample preparation.--Chem-mechanically polished 

silicon wafers  measuring 3.2 cm in diameter  and 0.025 
cm thick with  (111), (110), and (100) orientat ions 
supplied from three different vendors were  utilized for 
this study. Both n-  and p- type  Si wafers with re-  
sistivities ranging from 0.5 to 10 ohm-cm were  used. 
For a given orientat ion and under  identical oxida- 
tion conditions no systematic differences in oxidation 
rate were  found for different type or resist ivity silicon 
in the above resistivity range. 

Pr ior  to oxidation each exper imenta l  Si wafer  was 
cleaned according to the following schedule: (i) de- 
ionized H,_,O rinse until  H20 resistivity is 18 mohm-cm;  
(ii) basic peroxide rinse at 65~ with ultrasonic agita-  
tion (NH~OH:H,_,O2:H20---- 1:1:5);  (iii) repeat step 1; 
(iv) acidic peroxide rinse at 65~ with ultrasonic 

K e y  words :  insu la t ing  films, orientation effects,  rate constants ,  
si l icon oxidat ion,  trace impur i ty .  

agitation (HCI:H202:H20 : 1: 1: 5) ; (v) repeat  step 1; 
(vi) 48% HF dip for 10-15 sec; (vii) repeat  step 1; 
(viii) blow dry in clean N2. 

Samples t reated as described above were  found to 
have an SiO2 film of 10-12A thickness. Pr ior  to oxi-  
dation the cleaned Si wafers were  placed horizontally 
on a fused silica paddle and inserted into the furnace 
in a clean N2 ambient.  It  was found that  the samples 
reached the exper imenta l  tempera ture  in 7-10 rain and 
were  therefore  preheated for 15 min to insure tem-  
perature  stability. After  this w a rm -up  in N2 the 
residual oxide was found to be 9-11A. This experimen~ 
served to check the quali ty of the N,~ gas which was 
used for initial w a rm -up  and final flush and to es- 
tablish the initial oxide thickness (de) of 10A to be 
used later  for data analysis. 

Oxidation furnace.--A three-zone,  resistance heated 
furnace with a high puri ty alumina l iner was used for 
this study. The oxidation chamber  was a double wall, 
fused silica tube. Between the outer  and inner  walls 
high puri ty 1%]'2 was constantly flowing. The oxidation 
tube was suspended concentric to the alumina l iner  
by means of fused silica wool. All  fused silica compo- 
nents were thoroughly degreased and bathed in a 
mix ture  of HNO3, HF, and n20  and thoroughly rinsed 
in deionized H20. 

A level tempera ture  zone of _+I~ for about 25 cm 
in length could be achieved under  oxidation conditions. 
Typically, three silicon wafers  were  oxidized s imul-  
taneously. The wafer  load was positioned in the center 
of the level  zone. Tempera ture  was continuously moni-  
tored by means of a P t / P t - 1 0 ~  Rh thermocouple  en-  
cased in a fused silica well. The thermocouple  well  
was fused to the bottom of the paddle which held the 
Si wafers. No positional dependence of the grown oxide 
thickness was found for oxidations performed in the 
center  of the level  tempera ture  region of the oxidation 
furnace. 

1613 
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Gas p u r i t y . - - B o t h  the ni t rogen and oxygen used in 
this study were  supplied from boil off of l iquid sources 
and del ivered to the furnace through cleaned, leak 
tight, stainless steel plumbing. 

Dew points were  measured  for the various gases by 
means of a Panametr ics  Model 1000 hygrometer  wi th  
remote sensors. Each sensor was provided with  cali- 
bration and dew point conversion tables. The dew 
point of the n i t rogen gas at room tempera ture  and 
1 atm pressure was found to be --80~ which cor- 
responds to 0.5 ppm H20. The hydrocarbon content 
was measured  by gas chromatography.  A heated A120~ 
column and flame ionization detector yielded a 0.5 ppm 
detectabi l i ty  l imit  based on standard gas mixtures.  An 
average of 2 ppm of CH4 was detected in Na gas. The 
puri ty of N2 was checked for 02 content  by a t tempt ing 
to oxidize cleaned Si wafers  at 1000~ No oxide growth 
was detected in 2-3 hr  runs wi th  an N2 flow of 2 l i t e r s /  
min. 

The dew point of O2 at room tempera ture  was --72~ 
which corresponds to about 2 ppm I--I20. Gas chroma-  
tography revealed the presence of CH4 in the amount  
of about 17 ppm. The 02 dew point at the oxidat ion 
furnace exit  was found to be --54~ or 20-30 ppm I-I20, 
and CH4 was not detected. These observations show 
that  the methane  was being combusted to H20 and CO2 
in the furnace. The analysis of N2 a.t the furnace exi t  
was the same as the inlet  thereby demonstra t ing that  
the double wall  react ion tube is effective against the 
diffusion of HeO through the furnace walls. It was 
found that  the CH4 in the O2 could be removed by pre-  
combusting the CH4 in O2 at 1000~ and cold t rapping 
the formed H20 at --78~ prior to the oxidation fur -  
nace. By ei ther  using or not using the precombustor  
and cold trap, it was possible to study the oxidation of 
Si with less than 1 ppm H20 and with  about 25 ppm 
H~O in O~ 

F i l m  m e a s u r e m e n t s . - - A l l  SiO2 :thickness measure -  
ments were  made by ell ipsometry.  The wavelength  of 
l ight used was 5461A. Two zone data was used to 
determine A and ~ values precisely. The real  part  of 
the refract ive  index of Si was taken to be 4.085 (5). 
The imaginary  part  was taken to be --0.028 (6). F rom 
computer  analysis of the ell ipsometric data for th icker  
films (~1000A) both the film thickness and refract ive  
index could be obtained. The average value for the re-  
fract ive index was 1.465 ___ 0.006. This value was used 
to obtain the film thicknesses for thin films (less than 
~400A).  The error  associated with the  thickness mea-  
surement  is est imated to be less than •  

To determine the over -a l l  qual i ty  of the Si02 films, 
capaci tance-vol tage ( C - V )  measurements  were  made 
on oxidized (100) silicon wafers. Evapora ted  a lumi-  
num dots were  used as electrical contacts. The C - V  
measurements  revealed an average oxide charge level  
of < 5  • 1010 charges /cm 2. Bias t empera ture  stressing 
(+106 V/cm, 200~ for 15 min, and cooling under  bias) 
revealed an average mobile positive charge level  of 
5 • 101~ charges /cm 2. Systematic  trends in charge 
levels were  not found for oxidations wi th  and wi thout  
25 ppm H20; more extensive electrical  evaluat ion is 
in progress. 

Experimental Results 
Data a n a l y s i s . ~ F i g u r e  1 contains plots of oxide 

thickness, d (A),  vs. oxidation time, t (rain), at the 
three exper imenta l  temperatures,  800 ~ 927 ~ and 996~ 
for (111), (110), and (100) Si orientat ions for 02 with  
(W) and without  (D) 25 ppm H20. A total spread of 

3% in thickness was found for the dry 02 data and 7% 
for the 25 ppm H20 in O2 data. 

Each d vs. t data set for a par t icular  orienta.tion, 
temperature,  and H20 content  was fitted to a l inear -  
parabolic equation of the form 

t = A ( d  -- do) + B ( d  -- do) ~ [1] 

This equation was analyzed directly by l inear  least 
squares fit in terms of r i d  -- do vs. (d  -- do). The 
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Fig. 1. SiO2 thickness, d, vs. time, t, for (100), (110), and (111) 
orientations for both dry 02 (D) and 25 ppm H20 (W) in 02 at 
temperature (o, top) 800~ (b, center) 927~ and (c, bottom) 
996~ For each curve the closed circles ore for dry oxygen (<1  
ppm H20); the crosses ore for 25 ppm H20 in oxygen. The symbols 
4k-, A ,  and �9 represent 2, 3, and 4 coincident points, respectively. 

l inear  ra te  constant, k L I N ,  is 1 / A  (A/min)  and the 
parabolic rate  constant, kpAR, is l i B  (A2/min) .  As pre-  
viously ment ioned do at t = 0 was found to be 10A and 
this value was used throughout  the data analysis. 

It was found that  for the range of d and t of this 
s tudy and for do = 10A there  is less than 1% differ- 
ence be tween Eq. [1] and the more fundamenta l ly  
based equation [see for example  (1) and (5)] 

t = A ( d  --  do) + B ( d  2 - d o  2) [2] 

The l inearizat ion of Eq. [1] provides a numerica l  
method to determine  the ex ten t  of the logar i thmic 
oxidation regime (1) which occurs at small oxide 
thicknesses. To determine the extent  of the logari thmic 
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regime the fol lowing procedure was employed. First,  
for each complete data set of d vs.  t from Fig. 1, a 
l inear  least squares fit in terms of t / d  --  do vs. (d -- do) 
was performed.  Then for each d - t  data set small  
thicknesses were  sequent ial ly  dropped from the least 
squares analysis start ing from the smallest d - t  value. 
For  each l inear  least  squares fit, the re la t ive  qual i ty  
of the fit was determined from calculated s tandard 
deviat ion values for the fit of the data to the rate  
law and for the slope and intercept.  The deviat ion 
values corresponding to the data fit are a re la t ive  
measure  of the regression l ine compared to the spread 
in the data. The standard deviations computed for the 
kLIN and kPAR values show their  range. It was found 
that  when  small  thickness values were  sequent ial ly  
e l iminated from the least squares analysis the qual i ty  
of the fit improved by a substantial  amount  (~-, a factor 
of 2) for the first few (2 or 3) values e l iminated and 
then leveled off. The values of kLIN and kPAR repor ted  
in Table I reflect the fit where  small values of th ick-  
ness were  dropped unti l  the qual i ty  of the fit remained 
constant. In no case were  more  than three small thick-  
ness data points dropped from the analysis. The log- 
ari thmic regime determined in this manner  shifted to 
greater  thicknesses wi th  ~emperature, and values are 
given in Table II. 

T h e  kLIN a n d  kpAR values from Table I have been 
fitted to an Arrhenius  relat ion of the form 

k = kOe -Ea/RT [3] 

and the resul t ing values of the preexponent ia l  factor, 
ko, and activational  energy, E~, are l isted in Table III. 

Table I. Linear and parabolic rate constants for the orientations 
and temperatures studied for both dry ( ~  1 ppm H20 in O2) 

and wet (N  25 ppm H20 in 02) oxidations 

Stan- Start- 
Temper- I-I~O dard dard 

ature Orien- in Os k m ~  devt-  kp~R devi -  
(~ tation (ppm) (A/min)  ation (AS/min) ation 

800 (100) <1 0.67 0.04 310 30 
~25 0.83 0.02 430 20 

(110) <1 1.3 0.10 480 50 
~25 1.3 0.03 800 40 

(111) <~1 1.4 0.05 690 20 
~25 1.3 0.03 1,200 60 

927 (100) ~ 1  5.3 0.20 2,700 100 
~25  5.3 0.30 4,300 260 

(110) <I 11 0.90 3,600 150 
~25  8.3 0.60 5,300 250 

(111) ~1 8.9 0.20 5,300 110 
~25  9.7 0.60 6,900 290 

996 (100) ~ 1  18 0.80 7,700 240 
~25 13 1.0 12.000 890 

(110) ~ 1  29 3.4 9,400 360 
~25 28 0.80 12,000 210 

(111) <:1 26 2.0 11,000 370 
~25 28 0.80 13,000 230 

Table II. Values of SiO2 thickness which represent the maximum 
thickness for the logarithmic oxidation regime 

Temper-  SiO2thiek-  
a ture  (~ ness (A) 

800 100~15 
927 300"+30 
996 380__.40 

Table III. Arrhenius preexponential factors (ko) and activational 
energies (ha) for the linear and parabolic rate constants 

ko,LIN ~s ,P, AR 
Orien- I~20 in 02 [ (era/ Ea,LI~ [ (emS/ ha,PAR 
tation (ppm) Bee)' 10-21 (eV) see) "10 -7 ] (eV) 

(i00) 1 8.1 1.9 4.9 1,9 
25 0.81 1.7 18 2.0 

(II0) 1 13 1.9 1.8 1.8 
25 6.6 1.8 ~0.54 1.6 

(111) 1 3.0 1.7 0.89 1.7 
25 9.9 1.9 0,13 1.5 

Discussion 
From the data presented there  are several  trends 

which relate to the mechanism for the oxidat ion of 
silicon in oxygen. The more pronounced effects ob- 
served are: 

1. For each or ientat ion and at each exper imenta l  
tempera ture  the over -a l l  rate of oxidation is increased 
with  the addition of ~25 ppm H20 to oxygen. 

2. The parabolic mode for silicon oxidations is 
thought  to be due to a purely  diffusion l imi ted process 
(1). However,  it was found in the present study that  
kpAR values var ied with Si or ientat ion for both dry 
a n d w e t  oxidations at each exper imenta l  temperature.  

The first effect suggests that  in addition to the role 
of H20 as a silicon oxidant at h igher  concentrations, 
there  is a catalytic and s tructural  effect due to trace 
amounts of H20. The catalytic effect is pr imar i ly  dis- 
played in the l inear  mode of oxidation while  the struc- 
tural  effects are re la ted to the increase of the parabolic 
kinetic constants wi th  trace amounts of H20. The sec- 
ond effect, the var ia t ion of kPAR with  silicon or ienta-  
tion, appears to be related to the observat ion that  sur-  
face states and /o r  posit ive interface charge near  the 
Si-SiO2 interface vary  in the same direction with  ori-  
entat ion a s  kPAR values. 

These observations and suggestions are t rea ted in 
the light of l i te ra ture  results. 

L i n e a r  k i n e t i c s . - - I t  is seen f rom Table I that  there  
is a systematic t rend of the l inear  rate constants wi th  
Si or ientat ion at each exper imenta l  t empera ture  for 
both dry and wet  oxidations. In terms of the Si or ienta-  
tion, this t rend is summarized as follows 

(110) ~'- (111) > (100) 

Ligenza (7) has shown that  the number  of S i -S i  bonds 
is impor tant  for the consideration of the l inear  oxida-  
tion of Si. According to Ligenza, the number  of Si-Si  
bonds per unit  area re la t ive  to the (110) plane is as 
follows 

(110) : (111) : (100) ---- 1 : 0.817 : 0.707 

The kLIN values Of Table I agree qual i ta t ive ly  wi th  the 
above ratios thereby confirming the importance of the 
silicon surface s tructure for l inear  oxidat ion kinetics. 

The l inear  act ivat ion energies in Table III  agree 
closely wi th  a repor ted  value for ~the Si -Si  bond energy 
of 1.8 eV (8). For  the (100) and (110) Si orientat ions 
the l inear  Ea values decrease wi th  the addition of trace 
amounts  of H20 to the 02. Coincident  wi th  this bar r ie r  
lower ing due to 25 ppm H20 there  is a ra ther  sharp de-  
crease in the  l inear  preexponent ia l  factors. The total 
effect is a reduced l inear  ra te  constant for the (100) 
and (110) orientat ions at 927 ~ and 996~ These effects 
suggest a catalytic role for trace HeO in 02. At 800~ 
the t rend in kLIN reverses for the (100) and (110) 
orientat ions and for the (111) orientat ion the trends in 
kLIN, h a ,  and kO,LIN with trace HeO are reversed  as 
compared to the (100 )and  (110) orientations. An ex-  
planation of these results is not apparent  wi th in  the 
present  study but suggests that  a series of compet i t ive 
reactions are operat ive  and each depends on or ienta-  
tion, temperature ,  and H20. 

Parabo l i c  k i n e t i c s . - - T h e  kPAR values in Table  I re -  
veal  a distinct t rend with or ientat ion for both dry and 
wet  oxidations. This t rend in kPAR with  Si or ientat ion 
is as follows 

(111) > (110) ~ (100) 

This order paral lels  electrical measurements  (9, 10) 
which show the amount  of posit ive interface charge 
and /or  surface states for the (111), (110), and (100) 
Si orientations. The results of Deal and Grove (1) re la-  
t ive to the O2 oxidation of Si demonstrate  that  the oxi-  
dant species is molecular.  F rom the  absence of para-  
magnet ism in thermal  oxides (14) and in l ight  of the 
effects of electrical  fields on the oxidation of Si (1t, 
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12), an oxidant  species is probably 0 2 - - .  Therefore, in 
view of the above l i terature  results and the observed 
parabolic na tu re  of the oxidation data, a field enhanced 
diffusion mechanism for t ransport  of oxidant through 
the SiO2 is proposed. Interest ingly,  the studies (9, 10) 
which show the var ia t ion of positive charge and/or  
surface states with Si or ientat ion also show that the 
region of charge is near  the Si-SiO2 interface and that 
the charge is immobile relative to ionic alkali  impuri -  
ties. If the region of charge is due to unsatisfied Si 
bonds, then the oxidant  flux and oxidation reaction 
would restrict the charged region to near  the origin of 
the charges (i.e., the Si surface).  

To explain the increase of kPAR values with 25 ppm 
H20 addition to 02, a mechanism based on a s t ructural  
al terat ion of SiO2 due to H20 is proposed. It  is know n  
that H20 attacks the br idging oxygen a~toms of the 
SiO2 network (13, 14). The effect is a loosening of the 
SiO2 network  thereby enhancing the diffusion of O2 
(13). The kPAR,D and kPAR,W values of T a b l e  I show 
this effect of 25 ppm H20 for the orientations and tem-  
peratures studied. Fur ther  insight is gained by con- 
sidering the temperature  dependence of the percentage 
change of the kPAR,W and kPAR,D values in  Table IV. I t  
is seen that for the (110) and (111) orientations the 
percentage change between kPAR,W and kPAR, D values 
is smaller at higher temperatures.  According to Lee 
(15) the metastable hydroxyl  content of SiO2 is a max-  
imum at 800~ and decreases sharply with increasing 
temperature  to 100O~ With respect to this percentage 
change, the (100) or ientat ion behaves oppositely. In  
a d d i t i o n ,  kO,PAR and Ea values for the (110) and (111) 
orientations decrease with trace addition of H20, while 
again the opposite occurs for the (100) orientation. 
These differences in oxide growth behavior  for differ- 
ent  orientations suggest generic differences in the SiO~ 
film networks. For bu lk  amorphous materials  generic 
differences are reported to be closely associated with 
the exact method of preparat ion (16). 

Summary 
The significance of trace amounts  of H20 in O2 on the 

over-al l  rate of oxidation of Si is clearly seen in  Fig. 1. 

Table IV. Percentage change in kpAR values with the addition of 
,~ 25 ppm H20 to 02 

[kP~ ,w  -- KPAB,V)/kPAa,V]" I00 
Orien- 
tation 800 ~ C 927 ~ C 996 ~ C 

(I00) 27 35 37 
(I I0)  41 32 21 
( I I I )  42 22 16 

The SiO2 thickness vs. time data have been found to fit 
a l inear-parabol ic  equation if a region of rapid SiO2 
growth is eliminated. The l inear-parabol ic  model al-  
lows interpreta t ion in terms of interface and diffusion 
kinetics. Within  the l inear-parabol ic  model and the 
specific equation fitted the largest effect of trace H20 
appears to be related to the parabolic rate constants. 
The data analysis suggests a model based on Si surface 
geometry, interface charge, and what  is know n  rela-  
tive to the na ture  of H20 in  bu lk  SiO2. 
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Identification of AgCI as a Surface Contaminant on 
Hybrid Microcircuit Capacitors Using Ion Microprobe Techniques 

J. W .  Guthrie 

Sandia Laboratories, Albuquerque, New Mexico 87115 

ABSTRACT 

An ion microprobe mass analyzer  (IMMA) was used for the identification 
analysis of a micron-s ized surface contaminant  on hybr id  microcircui t  
bar ium t i t ana te  capacitors wi th  si lver frit  terminations.  A 18.5 keV O2 + 
sput ter ing ion beam was used to obtain characterist ic posit ive and negat ive 
sput tered ion species for mass spectra, scanning ion micrographs,  and depth 
profiles from clean and contaminated capacitors. The mass spectra from the 
contaminated capacitors contained significant peaks for AgOH +, BaC1 +, Ag2 +, 
Ag2OH +, Ag2C1 +, and C1- sput tered ion specieS. On the clean capacitors 
these species were  detected only as low intensi ty peaks or not at all. Si lver  
chloride was identified as a major  contaminant  by comparing AgC1 calibration 
mass spectra wi th  the mass spectra obtained from the clean and the contami-  
nated capacitors. The calibration mass spectra were  obtained by sput ter ing 
and analyzing AgC1 deposited on Au, Mo, and Kovar  substrates and AgC1 
deposited on the surface of a clean capacitor. 

This paper  describes the use of an ion microprobe 
mass analyzer  (IMMA) (1-3) to ident i fy AgC1 as a 
major  surface contaminant  on si lver fri~ terminat ions  
on hybrid  microcircui t  bar ium t i tanate capacitors. 
Micron-sized contaminat ion was first revealed by scan- 
ning electron microscopy techniques. The pr imary  
problem concerned degradat ion of ul t rasonical ly 
welded bond joints be tween  a luminum w~res (,~ 75 
~m diameter)  and the si lver frit  terminat ions  on ca- 
pacitors from certain production batches. It  is not the 
purpose of this paper to discuss possible sources a n d /  
or causes of the contaminat ion or measures  taken ,to 
remove or prevent  the contaminat ion problem. 

Experimental 
Figure  1 shows a 1.9 X 1.2 X 0.8 mm bar ium t i tanate  

capacitor and the s i lver  fr i t  te rminat ion  areas. Besides 
silver, the fri t  contains bismuth oxide and a lead boro-  
silicate glass. Figure  2 shows scanning electron micro-  
graphs f rom fr i t  areas on clean and contaminated ca- 
pacitors. The particles identified as contaminants are 
clearly visible. 

Sput tered ion species for mass analysis were  ob- 
tained by raster ing a small  d iameter  ( <  5 ~m) probe 
of 18.5 keV mass-analyzed O2 + ions of  ~ 2 X 10-SA 
over  selected rectangular  sample areas (viewed opti-  
cally during analysis) of ,~ 340 X 275 ~m in size. The 
est imated sput ter ing rate for these conditions was 
< 0.1 A/sec.  Both posit ive and negat ive sput tered sam- 
ple ions were  detected and recorded in mass spectra. 
The vacuum in the ion microprobe was ~ 4 X 10 -~ 
Torr  during the sput ter ing process. 

Results and Discussion 
Figures 3 and 4 show the spectra obtained by mass 

analyzing the sput tered negat ive ions from the fri t  area 
of a clean and a contaminated capacitor. The more  in- 
tense signals for chloride ions from the contaminated 
sample were  an indication (4) that  a chlorine com- 
pound was involved.  

Figures 5 and 6 show the spectra obtained by mass 
analyzing the sput tered posit ive ions. The t ime for each 
mass scan was about 10 rain, during which it is esti-  
mated  that  less than 100A of sample mater ia l  were  re-  
moved. Figure  6 (same intensi ty scale as Fig. 5) shows 
an increase in intensity for all the species observed in 
Fig. 5, but more  impor tant  are the h igh- in tens i ty  sil- 
ver  and bar ium species detected for ~he contaminated 

Key  words :  surface  contaminat ion ,  microcircui ts ,  ion microprobe,  
secondary  ion mass  spec t romet ry ,  ion sput te r ing ,  depth  profiles, 
scanning ion mierographs. 

Fig. I. Barium titanate capacitor 

Fig. 2. Scanning electron micrographs of clean and contaminated 
silver flit areas. 
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Fig. 3. Sputtered negative ion spectrum, clean capacitor 

Fig. 4. Sputtered negative ion spectrum, contaminated capacitor 

Fig. 6. Sputtered positive ion spectrum, contaminated capacitor 

a near  perfect match was obtained for the calculated 
relative intensities of the four possible Ag2C1 + species 
and the four Ag2C1 + peaks recorded in Fig. 6. This re-  
sult  implies a correct assignment  of Ag2C1 + for these 
peaks. 

Figure 7 shows a depth profile and a scanning ion 
micrograph using the most intense peak (combination 
of l~ and 107Agl09Ag~sCl+) in the Ag~C1 + 
spectrum. The depth profile was obtained by recording 
the intensi ty  of the selected mass analyzed sputtered 
ion species as a function of time, thus depth. The scan- 
n ing ion micrograph (3) was made by using the de- 
tected intensi ty  of the selected Ag2C1 + sputtered ion 
species to modulate  the intensi ty  of a cathode-ray tube 
(CRT) whose electron beam was rastered in syn-  
chronism with the rastered ion probe sput ter ing beam, 
thus producing a two-dimensional  distr ibution map 
for the sample species responsible for the Ag2C1 + 
sputtered species. The micrograph was made by photo- 
graphing the CRT screen. The lateral  resolution is 
l imited by the size of the sputtered beam, which in 
this case was < 5 ~m in diameter. The sequence of 
events for Fig. 7 were as follows: First, af~ter selecting 
a raster size of 130 • 110 ~m, the depth profile shown 
was made for about 750 sec in a previously unspu t -  
tered area. Second, immediate ly  thereafter  the raster 
size was increased to 260 • 220 ~m and the raster 
conditions changed from 30 rasters/sec at 500 l ines /  
raster to 1 raster/10 sec at 250 l ines / ras ter  (conditions 
for acceptable micrographs) which then allowed the 
area sputtered for the depth profile to be compared to 
the surrounding sample area using the contrast result-  
ing from the intensi ty  of the selected sputtered ion 
species. As seen in Fig. 7, and as expected, the micro- 
graph shows a signal (Ag2CI + yielding material)  de- 

Fig. 5. Sputtered positive ion spectrum, clean capacitor 

sample. These species were detected at low intensities 
(Ag § or not at all (AgOH +, AgC1 § BaC1 +, Ag2 +, 
Ag2OH +, and Ag~C1 +) in  the spectrum from the clean 
sample. The BaC1 +, AgCI +, and Ag2C1 § present  fur-  
ther evidence that the contaminat ion is a result  of 
some reaction between a chlor ine-containing substance 
and the capacitor mater ia l  as opposed to an added con- 
taminat ion  (e.g., bar ium chloride and silver chloride 
part iculate mat ter) .  Because of the greater intensi ty  
and number  of the s i lver-related sputtered species 
compared to the bar ium-re la ted  species, the identifica- 
t ion effort was concentrated on silver compounds (ac- 
tual ly  silver chloride). By using isotopic abundance 
values for the two si lver and the two chlorine isotopes, Fig. 7. Ag2CI + depth profile and scanning ion mlcrograph 
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pletion in the area used to make the depth profile. 
However,  for the sput ter ing t ime used for the depth 
profile (750 sec) and an e~timated sputter ing ra te  
range of 1-10 A/sec  it is possible that  a depth less than 
the contamination part icle size ( ~  1-10 ~m) was sput-  
tered away. An a t tempt  was made to locate the area of 
sputter ing width a scanning electron microscope (SEM) 
to determine  the degree of part icle removal .  The 
sput tered area could not be located, due in part  to the 
original surface roughness and to the lack of contrast  
in the SEM (less than that  provided by the scanning 
ion micrograph) ,  and also due perhaps to incomplete 
removal  of contamination particles. 

Identification of the contaminant  as si lver chloride 
was verified by sputter  analyzing deposits of AgC1 on 
various substrates. Several  substrates were  chosen ,to 
avoid possible interferences from substrate ion species 
with the  si lver species spectra and to observe any uni-  
que characteristics. The deposits were  prepared by 
evaporat ion of ,~ 0.05 ml i te r  of a solution of AgC1 (5 
mg /ml i t e r )  in NH~OH. Figure  8 shows the posi,tive 
sputtered ion spectrum from AgC1 deposited on a 
Kovar  substrate. The same sput ter ing conditions used 
for previous mass scans were  duplicated. Besides the 
expected surface contaminant  indicators (Na +, A1 +, 
K +, and Ca +) and Kovar  components (Fe +, Co +, and 
Ni + ) the si lver species which were  detected on the 
contaminated capacitor are evident,  even  though the 
relat ive intensities are different. F igure  9 shows the 
spectrum from AgC1 deposited on a gold substrate, 
which was not clean as evidenced by several  calcium 
sputtered ion species (Ca + , CaO +, CaOH +, and 
CaC1 +). Again  the  s i lver  species of interest  are de- 

Fig. 8. Sputtered positive ion spectrum of AgCI deposited on 
Kovar. 

tected. AuOH + has the same nominal  mass as 
10~AgZ07Ag+ and thus interferes  wi th  the Ag2 + spec- 
trum. Figure  10 shows the  spectrum from the AgC1 
deposited on a molybdenum substrate. Here the AgC1 
deposit formed in a molybdenum oxide ma t r ix  (seen 
optically) apparent ly  as a resul t  of the solubil i ty of 
surface MoOs in NH4OH. The presence of  a molyb-  
denum oxide is confirmed by the presence of MoO + in 
the spectrum. Again the si lver species of interest  are 
evident. Note the increased intensities of the AgOH + 
and Ag2OH + species, due in part  to the oxide matr ix.  
In each case the Ag2C1 + species were  more  in, tense 
than the AgC1 + species, which was the same as ob- 
served in the spectrum from the contaminated capaci- 
tor. 

There  was a question about the relat ionship be tween  
the oxygen beam used for sput ter ing and the observed 
s i lver-  and oxygen-conta ining sputtered species 
AgOH + and Ag2OH +. That is, was the O2 + sput ter ing 
beam "manufactur ing"  these species? Some evidence 
was obtained from the spectra taken f rom a spot of 
si lver paint (Fansteel,  Inc. Silpaint, 68% silver,  ther -  
mosett ing) used to mount  ion microprobe samples. The 
spectrum indicated only Ag + ions, even  at depths 
where  the oxygen implanted by the sput ter ing ion 
beam was encountered at its m ax im um  concentrat ion 
(5-7). Therefore,  the observed species in quest ion 
(AgOH + and Ag2OH + ) must  be a result  of the si lver 
compounds on the sample or an enhancement  (3) due 
to the mat r ix  as in the previously discussed molyb-  
d e n u m  oxide case. Because the mater ia l  on the cal ibra-  
tion samples (and the contaminated capacitors) prob-  
ably contains other  materials  besides AgC1, the rela-  
tionship be tween  the AgOH + and Ag~.OH + species and 
a pure  AgC1 deposit is not known from the exper iments  
made. The use of a N2 + beam for sput ter ing might  
have helped clarify the results obtained (8), but  the 
N~ + beam was not convenient ly  available during the 
experiments.  

Another  possible test wi th  the solution of AgC1 in 
NH4OH was, of course, ~o use the silver fr i t  area of a 
clean capacitor as a substrate. Figure  11 shows the 
spectrum from the AgC1 deposited on a clean capacitor. 
Again the si lver species of interest  are detected, but  
again not with exact ly the same re la t ive  intensities as 
obtained from the contaminated capacitor. No attempts 
were  made to obtain negat ive sput tered ion spectra for 
the AgC1 deposits. Table I lists re la t ive  intensities of 
the si lver species of  interest  normalized to the Ag2Cl + 
species. The data in Table I were  not taken  from the 
figures used in this paper, but  instead were  taken  from 
spectra where  the peak height  max ima  were  recorded 
by proper  selection of counting rate  attenuators.  

Conclusions 
Si lver  chloride was found to be a ma jo r  contaminant  

on the s i lver  fr i t  areas of contaminated bar ium t i tanate 

Fig. 9. Sputtered positive ion spectrum of AgCI deposited on Fig. 10. Sputtered positive ion spectrum of AgCI deposited on 
gold. molybdenum. 
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Table I. Relative intensities of sputtered positive silver ion species 

AgC1 deposited on 

Clean  C o n t a m i n a t e d  
K o v a r  A u  Mo capacitor capacitor 

Ag+ 8 6 9 34 Max of peak  
not  recorded 

A g O H  § 0,1 0.2 4 0.I  0.9 
Ag2 + 0.2 0.3 0.5 0.7 1.5 
Ag2OH + 0.02 0.02 0.2 0.1 0,7 
Ag2CI+ 1.0 1.0 1.0 1.0 1.0 

Fig. 11. Sputtered positive ion spectrum of AgCI deposited on a 
clean capacitor. 

capacitors examined with the ion microprobe. Barium 
chloride was also identified as a contaminant .  The 
AgOH + and Ag2OH + species indicate the possible 
presence of other silver compound contaminants.  Com- 
parisons of mass spectra from contaminated capacitors 
with mass spectra from AgC1 deposited on various sub-  
strates definitely identified the contaminant  as one 
containing AgC1. It was determined (9) after the ion 
microprobe analysis that adequate bonding of a lumi-  
num wires to the silver frit  terminat ions  could be 
obtained after ul trasonical ly cleaning the capacitor 
(with frits) in a 50% NH4OH-50% H20 solution fol- 
lowed by an 800~ firing for 30 min  in 0.2 Torr  of 
argon. This process removes the contaminat ion par-  
ticles (SEM) and chlorine (Auger analysis),  bu t  .the 
source of the particles or the mechanism of their  for- 
mat ion remains a problem. 
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Poly(Styrene Sulfone)--A Sensitive 
Ion-Millable Positive Electron Beam Resist 

M. J. Bowden and L. F. Thompson 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Poly (styrene sulfone) is a 2:1 copolymer of styrene to su l fur  dioxide which 
degrades under  high energy irradiation. It has a sensit ivi ty of 1 • 10 -5 
coulomb cm -~ when exposed to 5 kV electrons. The resist is thermal ly  stable 
to 250~ and is an excellent ion mil l ing mask with a mil l ing rate of 0.5 nm 
sec -1. It also serves as an etching mask for buffered HF. Polystyrene sulfone 
does not vapor develop. 

Following pat tern delineation in a polymer resist 
film, it is necessary to reproduce the developed pat tern  
in an insulat ing or conducting thin film. This is fre-  
quent ly  done by wet-etching processes, e.g., buffered 
HF to etch SiO2, which result  in marked undercut t ing  
of the resist with a t tendant  loss in resolution. This 
problem can be el iminated by ion mil l ing which has 
the additional advantage of being a dry process. Re- 
cently developed techniques for producing fine grat-  

Key  w o r d s :  e l ec t ron  res is t ,  po lysu l fones ,  deg rada t i on .  

ings (spacing ~ 200 nm) demand ion mil l ing proce- 
dures in order to realize such high resolution. 

It has been found that positive electron resists, in 
particular,  the poly(olefin sulfones),  do not behave as 
good ion mil l ing masks, i.e., the rate of removal  of the 
polymer film is too high relative to the rate of removal 
of exposed substrate  (1). On the contrary,  negative 
resists do not suffer this l imitat ion.  In  the case of the 
poly(olefin sulfones) it is known that  chain scission is 
accompanied by extensive depropagation (2, 3) of the 
radical chain end; hence when chain scissions are in-  
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duced dur ing  bombardment  by the high-energy ion 
beam the rate of removal  of the resist film will  be 
greatly enhanced. Materials which tend to depolymer-  
ize will  therefore not  behave as good ion mi l l ing  
masks. This applies to po ly(methy l  methacrylate)  
(PMMA) which, apart  from the poly(olefin sulfones),  
is the only significant positive resist. The temperature  
of the substrate can rise quite significantly dur ing the 
ion mil l ing process and, at elevated temperature,  
PMMA depolymerizes readily (4). The rate of ion mil l -  
ing of PMMA was found to be 1.2 nm sec -1 and there-  
fore a substant ia l  resist thickness is required, e.g., 
0.Ss film for 0.3~ Au substrate (5), for successful op- 
eration. The process also requires effective heat con- 
duction to main ta in  the substrate below 100~ 

Unlike the poly(olefin sulfones) which are strictly 
a l ternat ing copolymers of SO2 with the respective 
olefin, po ly(s tyrene  sulfone) may be synthesized with 
compositions ranging from a 1:1 copolymer through to 
homopolystyrene. Under  bulk  polymerizat ion condi-  
tions in excess SO2, the mole ratio of s tyrene to SO~ 
is reported to be 2:1 (6). 

The s t ructure  of this polysulfone has been shown to 
be (7) 

[ C H ~ - - C H ~ - - S O 2 ] n  

Hence cleavage of the C-S bond will result  in a 
s tyryl  radical with another  styrene molecule in the 
penul t imate  position. Such a radical should therefore 
behave as a polystyrene radical and should not tend to 
depropagate under  ion mil l ing conditions, i.e., poly-  
(s tyrene sulfone) should have a low ion mil l ing rate. 

Experimental 
Preparation.--Poly (s tyrene sulfone) (PSS) was pre-  

pared by copolymerization of styrene with sulfur diox- 
ide. Thir ty  mill i l i ters of freshly distilled styrene (East- 
man  Kodak) and 0.1g azobisisobutyronitri le were 
mixed together and the solution degassed on a high- 
vacuum line. Fifty mill i l i ters of sulfur  dioxide (Mathe- 
son) were condensed in the reaction flask which was 
then sealed under  vacuum. Polymerizat ion was carried 
out  in  a constant  tempera ture  bath at 50~ for 48 
hr. The polymer was purified by precipitat ion from 
dioxane solution (twice) into methanol  and dried at 
40~ under  vacuum for 48 hr. 

Microanalysis yielded the following results corre- 
sponding to a 2/1 copolymer of s tyrene and sulfur  
dioxide; found: C ---- 69.7%, H ---- 6.0%, S ----- 12.2%; cal- 
culated: C ---- 70.5%, H ---- 5.9%, S = 11.8%. 

The molecular weight determined by dilute solution 
viscometry was 2.7 X 105. Viscosity parameters  are 
listed elsewhere (8). 

Exposure and development.--The polymer was dis- 
solved in methoxy ethyl acetate (Kodak photoresist 
th inner)  and films ~300 nm thick were spun on 
SiO2/Si and A u / C r / S i  substrates using techniques de- 
scribed previously (3). Prior to exposure the films 
were baked at 200~ in vacuo for 30 min. 

The films were exposed using a programmed elec- 
t ron beam from a Cambridge Mark II scanning elec- 
t ron microscope equipped with a 1500 line flying-spot 
scanner. 

Sensi t ivi ty was determined in the manner  previously 
described (3). The exposed films were developed using 
a 60% dioxane/40% isopropanol mixture  and postbaked 
at 200~ for 30 min  in vacuo. The substrates were 
etched in buffered HF. 

Ion mil l ing rates were determined by exposing a 
300 nm film to the ion beam for different times and 
measuring the depth of remaining  film by first gilding 
the sample and then measuring the film depth using 
polarization interferometry.  An average rate of 0.5 
n m  sec -1 was obtained. 
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Fig. 1. TGA thermogram of PSS; atmosphere, N2; heating rate, 
5~ 

Results and Discussion 
Thermal stability.--A TGA thermogram of PSS is 

shown in Fig. 1. The analysis was carried out in N~ at 
5 ~ min  -1 heat ing rate. The tempera ture  at which 
degradation commences is over 100~ greater  than for 
the corresponding poly (olefin sulfones) which makes 
the resist suitable in applications where thermal  stabil-  
ity is required. An identical thermogram was obtained 
when the TGA r u n  was conducted in an oxygen atmo- 
sphere. The glass t ransi t ion temperature,  Tg, was de- 
termined by DSC and was found to lie in the region 
180~176 Thus, 200~ appears to be the best tem- 
pera ture  for pre-  and postbaking since this is above 
the Tg (baking above the Tg is considered necessary to 
rel ieve strain in  the film) yet well below the decom- 
position temperature.  

Sensit ivity.--PSS underwent  rapid chain scission 
when exposed to a beam of h igh-energy electrons. 
Molecular weight distr ibutions well removed from the 
ini t ial  dis t r ibut ion could be produced at doses of 1 X 
105 coulomb cm -2. The resist did not vapor develop, 
i.e., there was no apparent  loss of mater ial  during ir-  
radiation. This value of sensit ivity is an order of mag- 
ni tude less than  that  shown by the poly(olefin sul-  
fones) and undoubtedly  stems from the presence of the 
benzene group in the side chain. It  is well  known that  
aromatic compounds show relat ively high resistance 
to radiat ion (9), e.g., homopolystyrene is one of the 
most radiat ion resistant of long chain polymers;  al-  
though it crosslinks, the energy required for crosslink- 
ing is near ly  100 times greater than in most l inear  
polymers such as polyethylene. There is evidence to 
show that this "protective effect" of the benzene r ing 
can extend to neighboring groups in the chain, e.g., 
Alexander  and Charlesby (10) demonstrated that for 
copolymers of styrene and isobutylene, the extent  of 
degradation which the isobutylene units  in the poly- 
mer suffer under  i rradiat ion is greatly reduced by the 
presence of neighboring styrene units. 

PSS showed development characteristics similar to 
those of the poly(olefin sulfones), in that gamma (con- 
trast) was extremely sharp. The 60% dioxane/40% iso- 
propanol developing solution did not attack the unex-  
posed parts of the PSS film and the sensitivity of 1 • 
10 -~ coulomb cm -2 may be compared with 5 • 10 -5 
coulomb cm -2 for PMMA under  similar developing 
conditions. As is well known, the sensit ivity of the l a t -  



1622 J. Eleetrochem. Soc:  S O L I D - S T A T E  SCIENCE AND TECHNOLOGY December 1974 

Fig. 2. Test patterns chemi- 
cally etched in SiO~ through 
PSS mask. 

Fig. 3. Test patterns ion 
milled in Au through PSS 
mask. 

ter  may be enhanced by "force-developing" (using 
developing solutions which also attack the unexposed 
parts of the film but  at a slower rate compared with 
the exposed areas) (11). Similarly, PSS may be "force- 
developed" resul t ing in sensitivities into the 10 -6 
range. 

Wet-etching characteristics.--PSS was an excellent 
etching mask against buffered HF (for etching SiO2). 
Figure 2 shows some typical pat terns wr i t ten  using 
the flying spot scanner. The pat terns are etched in SIO2. 
These pat terns  were all wr i t ten  at magnification --~200. 

The reason for this is due to the high contrast  of this 
resist which usual ly  resulted in the production of grat-  
ings when wri t ing patterns at a magnification less than 
200. 

Ion milling characteristics.--PSS was an excellent 
ion mil l ing mask. The ion mil l ing rate (0.5 nm sec -1) 
is low and may be compared with rates for typical 
negative resists; e.g., poly(glycic, yl methacryla te  co 
ethyl acrylate),  a sensitive high contrast negative re- 
sist, has an ion mil l ing rate of 0.4-0.5 nm sec -1. Fig- 
ure  3 shows some test pat terns ion milled in  Au. It  was 
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found that  the  resis t  ac tua l ly  crossl inked dur ing  the 
ion mil l ing process, p re sumab ly  due to crossl inking of 
the  po lys ty rene  units in the  chain. We therefore  en-  
visage the ini t ia l  react ion as one of c leavage of the C-S 
bonds wi th  the  p robab le  release of SO2. Since po lys ty -  
rene crossl inks under  ionizing radiat ion,  the  res idual  
po lys ty rene  units in the chain wi l l  crossl ink at  high 
enough dose. Thus even dur ing ini t ia l  exposure  to 
h igh -ene rgy  electrons, we would  predic t  tha t  PSS 
would behave  as a negat ive  resis t  given a high enough 
dose. Undoubted ly  the crossl inking react ion which 
takes  place  dur ing  ion mi l l ing  serves to reduce  the ion 
mil l ing rate.  

As a resul t  of crosslinking, the  r emova l  of res idual  
po lymer  requi res  the  use of an oxidizing ambien t  s imi-  
l a r  to that  requi red  for negat ive  resists. This was con-  
venien t ly  accomplished using a d ichromate-su l fur ic  
acid cleaning solution. 

Conclusions 
P o l y ( s t y r e n e  sulfone) has been shown to be a sensi-  

t ive posit ive resist  su i table  for ion mil l ing appl ica-  
tion. I t  is an order  of magni tude  less sensi t ive than the 
poly (olefin sulfoaes)  ; this  essent ia l ly  l imits  the former  
to specia l ty  appl icat ions where  speed is not impor tant .  
I t  is super ior  to o ther  ion mi l lab le  posi t ive resists, 
no tab ly  PMMA, wi th  respect  to sensi t iv i ty  and ion 
mil l ing rate.  
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A Survey of a Group of Phosphors, Based on Hexagonal 
Aluminate and Gallate Host Lattices 

J. M. P. J. Verstegen 

N. V. Philips' Gloeilampen~abrieken, Light Division, Eindhoven, The Netherlands 

ABSTRACT 

A group of photoluminescent  mater ia ls ,  whicIT m a y  have  grea t  influence on 
fu ture  fluorescent l amp  development ,  is surveyed.  The mate r i a l s  are  based  on 
hexagonal  a luminates  and gal la tes  which  are  s t ruc tu ra l ly  re la ted  to the  
magnetoplumbi tes  and E-alumina.  When  ac t iva ted  wi th  Mn 2+, Eu 2+, TI +, 
Ce 3+, and Tb 3§ or combinat ions of these ions, they  a re  phosphors,  some of  
them having a high efficiency and good t empera tu re  dependence.  

Crystallography of the Host Lattices 
The cubic spinel  MgA1204 has a gal la te  and a fe r r i te  

counterpar t :  MgGa204 and MgFe204. S t ruc tu ra l ly  re -  
la ted  are  the minera l  magnetoplumbi te ,  PbFei2Oi9, and 
the ferri te ,  BaFe12019, both  hexagonal  wi th  the  space 
group P 6 j m m c .  They consist of sp ine l - l ike  blocks, 
separa ted  by  in te rmedia te  layers  of devia t ing  s t ruc-  
ture,  containing the large  cation. The sp ine l - l ike  blocks 
in the magne top lumbi tes  offer, apa r t  from the t e t r a -  
hedra l  and oc tahedra l  sites, also pen tahedra l  sites to 
the  Fe  ~+ ion. The a lumina te  counterpar ts  of magne to -  
p lumbi te  are  BaAll2019, S R A ] 1 2 0 1 9 ,  and CaAl12019. The 
in te rmedia te  l ayer  m a y  also contain large  t r iva len t  
cations. We repor ted  LaMgAlnO19 and CeMgAlnOi9 to 
be isomorphous wi th  SrAl12Oi9 (1) and recent ly  de -  
scr ibed a number  of i sos t ructura l  gallates,  such as 
LaMgGaiiO19 and SrGa12Oi9 (2). The same analogy 
be tween  a luminates  and gal la tes  as in magne top lum-  
bites was found in the closely re la ted  E-alumina s t ruc-  

K e y  words"  n e w  l a m p  phosphors ,  a l u m i n a t e  a n d  ga l l a t e  hos t  l a t -  
t ices,  h e x a g o n a l  a l u m i n a t e s ,  xare  e a r t h - a c t i v a t e d  a l u m i n a t e s .  

lure.  Lat t ice  pa ramete r s  of a number  of new gal la tes  
are summar ized  in Table I. 

A large  number  of hexagonal  fer r i tes  has been de-  
scr ibed in the  l i t e ra tu re  (3-5).  Their  s t ruc tures  are  
magne top lumbi te - l ike ,  bu t  t hey  differ in the  a r r ange -  
ment  of spinel  blocks and in te rmedia te  layers .  Their  
la t t ice  pa rame te r  a, 5.8A, is bas ica l ly  that  of magne to -  

Table h Lattice parameters and probable space groups of 
various new gailates 

P r o b a b l e  
La t t i c e  a (A) c (A) a / c  space  g r o u p  

SrGa12Oig* 5.796 ~- 0.004 22.84 + 0.02 0.2538 P 6 8 / m m c  
BaGai~Oig* 5.850 -+" 0.005 23.77 -~- 0.02 0.2461 P 6 a / m m c  (?) 
L a M g G a n O ~ *  5.799 ~ 0.003 22.71 ~ 0.01 0.2553 P 6 a / m m c  
KGauOi~** 5.863 ~ 0.306 23.57 + 0.03 0.2487 P 6 a / m m c  
RbGanOiT** 5.817 ~- 0.009 23.60 + 0.03 0,2465 P 6 s / m m c  

* M a g n e t o p l u m b i t e .  
** E-a lumina .  
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plumbite, bu t  their c parameter  (22-23~k in magneto-  
plumbite)  may  reach values up to 1600A (6). Some of 
the simpler compounds are designated by letters: 
W = BaFe2HFe~mO2~, Y = Ba2Fe2nFe12InO22, X -~ 
Ba2Fe2nFe~mO4e, and Z ~ BasFe2nFe~mO4~ (3). The 
existence of A1 and Ga analogues of BaFe12019, sug-  
gested that  also W, Y, X, and Z each had gallate and 
a luminate  counterparts.  So we tr ied to prepare the 
compounds W, Y, X, and Z, using MgO instead of FeO 
and A1203 or Ga20~ instead of Fe203. X- ray  diffraction 
showed that  the phases obtained were hexagonal.  No 
indications were found for the presence of phases ala- 
logous to the corresponding hexagonal  ferrites. Ap-  
parent ly  large quanti t ies  of MgA1204 can be taken up 
by the magnetoplumbite .  As is shown below, the in t ro-  
duction of Mg 2+ ions s t rongly influences the Eu 2+ 
luminescence. 

Experimental  
A number  of exper imental  techniques was developed 

to synthesize the phosphors. In  m a n y  of them F -  was 
used to decrease the reaction temperature  and to 
s t imulate  grain growth. 

A phosphor of the composition (Ba0.ssEu0.14)- 
Mg~ll~O2~ was obtained by firing an int imate  mix ture  
of BaCO3, Eu203, MgF2, and A1203 first 2 hr at 1200~ 
in  a stream of N2 with 2% H2 and af terward several 
times at 1200~ in a stream of N2, Hz, and H20, in  order 
to remove the fluoride. Only par t  of the magnes ium 
may be added as a fluoride and also A1F~ may be used, 
depending on the grain size required. 

Ce0.6~Tb~.~MgAlnO19 can be prepared by various 
methods: CeO2, Tb4Oz, MgO, and A1203 are ba l l -mi l led  
together in  water  for 4-6 hr. The wet oxide mix ture  is 
dried, fired twice for 1 hr  a,t a tempera ture  be tween 
1550 ~ and 1650~ in  air, and cooled down in N2. Lower 
firing temperatures  are possible when, at the same 
time, the number  of firings is increased. Another  
method is based on precipitation of the hydroxides. 
After drying and prefiring at 700~ two firings at 
1500~176 are sufficient. 

(Sr0.95Ceo.0~) (Mg0.05Aln.9~)O19 can be fired in air at 
1500~ and cooled down in N2, but  a firing in slightly 
reducing atmosphere proved superior. 

Sr(GaH.D~rMn0.903)Ols.99s5 is fired twice for 2 hr  at 
1400~ in air and af terward in NJH~ mixtures  at 
1200~ The phosphor qual i ty is highly sensitive 
toward the oxygen pressure during the last firing. 

K(Ga10.995Mn0.9o5)O16.9975 is prepared in the same 
way, except that  an excess of 100% K2CO3 is applied 
for bet ter  reaction. The excess is washed out af ter-  
ward. 

(Ko.gTlo.1)AlnO~ is prepared as follows: the unac-  
t ivated KAI~IO~7 is prepared with an excess K~CO3, 
which is washed out. The fired product is brought  into 
contact with a melt  of T1NOa and KNO~. In the melt  
exchange of K + for T1 + takes place. The final T1 + 
concentrat ion in the phosphor can be regulated by the 
T1 §  + ratio in  the melt. 

Luminescence 
Mn 2+-activated gallates.~The spinel MgGa~O4: Mn 2+ 

is an efficient green emit t ing phosphor under  u l t ra -  
violet excitat ion (7). The magnetoplumbite,  as well  
as the ~-a lumina structure, contains spinel- l ike blocks, 
so incorporation of Mn 2+ ~herein might  produce simi- 
lar  emission. We already reported efficient green emis-  
sion of Mn 2+ in  SrGa~2Oi9 and LaMgGanO19 (2). The 
luminescence of Mn 2+ in  KGa~lO17 and in  the higher 
hexagonal  gallates is about as efficient as that  in  
MgGa204 and SrGaz20~9. The spectral 'energy dis t r ibu-  
t ion of the Mn ~+ emission in MgGa20~, SrGa12019, and 
KGa~IO~ is shown in Fig. 1. 

In  Ref. [2] we presented evidence that  Mn ~+ oc- 
cupies a tetrahedral  site. In  addition we showed that 
efficient energy t ransfer  from the lattice to the Mn 2+ 
ion takes place. Indeed, there is good overlap of the 
host lattice emission band and the Mn 2+ excitat ion 
lines. However, the na tu re  of the luminescent  center 
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Fig. 1. Spectral energy distribution of KGaliO~7 (solid curve), 

SrGa12019 (dashed curve), and MgGa204 ( - . . -  curve) activated 
with Mn 2+. Ix gives the radiant power per constant wavelength 
interval in arbitrary units. Excitation with 254 nm radiation. 

in the gallate host lattices is not known (2). Obviously 
the energy transfer  takes place in  the spinel block. The 
low Mn 2+ concentrat ion (0.3%) required for quench-  
ing the host lattice emission, indicates that  the t rans-  
fer process is very efficient. It is surprising that  the 
quan tum efficiency of the Mn 2 + emission in BaGa12019 
is so much lower than  that  of the Mn 2+ emission in 
SrGa12019 and LaMgGallO19 (Table II). At the moment  
we are unable  to offer an explanation. Probably  there 
is a connection with the crystallographic differences 
between BaGa12Oi9 and BaAl12Oi9 on the one hand and 
SrGa12Oi9 and SrAl12019 on the other hand  (8). 

EuZe-activated aluminates.--Blasse and Bril de- 
scribed efficient luminescence of Eu 2+ in  BaA112019 and 
SrAI~O19 (9). We extended their  work to more com- 
plicated a luminate  compositions and found a shift of 
the emission toward longer wavelengths and an in -  
crease in  the quan tum efficiency upon addit ion of 
Mg 2+ or Zn 2+. 

The hexagonal a luminates  with the composition W, 
Y, X, and Z (with Mg and Zn replacing Fe H and A1 
replacing Fem and the large cation is ei ther  Ba or Sr) 
luminesce efficiently in the blue or the green, when 
activated with Eu 2+. For fur ther  optimization we 
rather  arbi t rar i ly  selected a phosphor of the composi- 
t ion (Ba,Eu)Mg2A116027, analogous to the W-ferri te,  
and a second one, (Sr5Euo.5)Mg6A155094. The x - r ay  
diagram of (Ba,Eu)Mg2AlleO27 showed reflections of 
a-A120~ and MgA1204 with intensit ies depending on 

Table II. Data on luminescent materials, based on hexagonal 
alumlnate and gallate host lattices 

),max of the q.e. 
Phosphor  composi t ion emiss ion  (nm) (%) 

SrGan.~TMno.o~O~.~sa 500 65 
LaMgo. ~Mno.oosGallOi9 505 55 
BaGan.  ~Mno.oo50~9.~7~ 505 15 
KGalo.~-olVlno. oo~O1~.~7~ 500 70 
RbGaio.~sMno.o~O~6.~75 500 65 
(Bao.s6Euo.iD Mg~AlloO~ 450 100 
(SrsEuo.5) Mg6Ab~O~ 465 100 
(Bao.~Euo.lD (Mg2-~Mn~) AlieO~ 450, 515 50-100" 
Ko.gTlo.1AhiO17 385 60 
RI~,gTlo. 1A11~ O1~ 385 60 
(Nao.6Bao.sTlo.1) (Aho.TMno,s) O17 510 60 
(Sro,esCeo.~.~) ~Mgo.o~Ahi.95) O~ 305 70 
(Lao.gCeo.1) MgAlnOio 330 70 
CeMgAlllO19 370 65 
( Ceo. 67Tbo.~) MgAlnO19 545 80 

* Depend ing  on the  amoun t  of Mn 2+ present .  
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the flux used. No analysis has been done to check the 
amounts of the optical ly iner t  phases. The x - r a y  dia- 
grams can best be indexed on a hexagonal  cell wi th  
a = 5.619 • 0.005Jk and c = 22.06 • 0.03A. The x - r ay  
diagram of (SrsEu0.~)MgBAl~sO94 may  contain reflec- 
tions of SrA120~. The presence of that  phase leads to 
a slight broadening of the emission band toward the 
green. For  the magnetoplumbi te  phase the lat t ice 
parameters  of a = 5.616 • 0.009A and c = 22.38 
• 0.07A were  calculated. (Ba,Eu)Mg2Al~602~ emits at 
450 nm with  a quantum efficiency under  264 nm ex-  
citation of approximate ly  100%. (Sr, Eu) ~.~Mg6Al~O94 
emits at 465 nm wi th  the same quan tum efficiency. 
Figure  2 shows the emission spectra of (Ba0.s6Eu0.1~)- 
Mg2A11602~ and (SrsEu0.~)Mg6A15~O94 together  wi th  
their  exci tat ion and diffuse reflection spectra. Both 
phosphors can be applied in an 80 l umens /W "deluxe"  
fluorescent lamp, to be discussed in a separate paper  
(IO). 

EuZ +-sensitized Mn ~ + emission in magnetoplumbite-  
l~ke aluminates .~Kr6ger  (11) described cathodolumi-  
nescence of Mn ~+ in MgAl~O4 and SrAI120~9. The 
emission is green and of the same type as that  in the 
corresponding gall~tes, except  for a small  shift toward 
longer  wavelengths.  Obviously Mn ~+ is incorporated 
on a te t rahedra l  site in the spinel latt ice and a similar  
site in the spinel block of SrAI~O~9. A comparison 
of the exci tat ion lines of Mn 2+ in the hexagonal  a lumi-  
nates, such as BaMg2A116027, wi th  those of Mn 2+ in the 
gallates, supports this (Fig. 3). We found that  photo-  
luminescence of Mn s+ in the aluminates can be sensi- 
tized by Eu 2+ ions. This sensitization is ra ther  in-  
efficient in BaAl~sO19:Eu,Mn, modera te ly  efficient in 
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Fig. 2. Spectral energy distribution (Era), relative excitation 
spectra (E), and diffuse reflection spectra (R) of BaMg~AII~027 
(solid curves) and Srs.sMg6AI550~ (dashed curves) activated with 
Eu ~+. I~ gives the radiant power per constant wavelength interval 
in arbitrary units. Excitation with 254 nm radiation. 
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Fig. 3. Relative excitation spectra of Mn ~+ emission in 
BaMgsAl~6027:Mn~+ (dashed curve) and SrGa~2019:Mn 2+ (solid 
curYe). 

Srs.sMg~A155094:Eu,Mn, but  ve ry  efficient in BaMg2- 
A116027:Eu,Mn. The Mn 2+ emission is essential ly that  
in MgA1204 and SrAl12019 under  exci,tation with  
cathode rays. A detai led analysis of the Eu 2+ --> Mn 2+ 
energy t ransfer  is impossible, due to uncer ta in ty  of the 
precise s tructure of the aluminates.  The amount  of 
Mn 2+ requi red  to quench the Eu 2+ emission is ap-  
proximate ly  100 t imes as high as in the gaUates, indi-  
cating a different energy t ransfer  process. Since the 
shortest  possible distance be tween  Eu 2+ in the in ter -  
mediate  layer  and Mn 2 + on a te t rahedra l  site is of the 
order  of 6A, a d ipole-mul t ipole  energy t ransfer  seems 
the most  l ikely process. The interact ion takes place 
be tween  the in termedia te  layer  and the spinel  block. 

F igure  4 shows the emission spectrum of BaMg2- 
Al1602~:Eu,Mn for various Eu2+/Mn 2+ ratios. A. phos- 
phor of the composition (Ba0.ssEu0.15)(Mgl.4Mne.6)- 
A116027 emits main ly  in the green. 

Tl + and Tl+,Mn ~+ activation of KA111017 and 
RbAlltOlv.~KA111Olv and RbAll lOlv are excel lent  host 
lattices for T1 + emission. T1 + replaces K + and Rb + in 
the in termedia te  layer  and emits in the  long wave -  
length ul t raviole t  wi th  a quan tum efficiency approxi-  
mate ly  60%. The emission overlaps reasonably wel l  
the Mn 2+ exci tat ion lines in/~-alumina,  which have the 
same shape as in magnetoplumbite .  There  is efficient 
energy t ransfer  f rom T1 + to Mn 2+ (12). The energy 
t ransfer  is f rom the in termediate  layer  to a te t ra -  
hedra l ly  surrounded Mn 2+ in the spinel-block. In t ro-  
duction of Mn 2 + instead of A13 + is compensated for by 
replacement  of K + by Ba ~+. X - r a y  data show that  the 
/~-alumina s tructure during this operat ion is retained. 
In ~-alumina the min imum distance be tween  sensitizer 
and act ivator  ion is as short as ,~2.5A. 

Figure  5 shows the u l t raviole t  emission of KAlllOI~ 
and RbAlllOl~:T1 + and the green emission of a 
phosphor of the composition (Na0.6Ba0.sT10.~) - 
(Mn0.3Al~0.7)Ol~, together  wi th  the exci tat ion and cur- 
fuse reflection spectrum of the  latter.  

CeS + -activated ~nagnetoplu~bites (1 ) .~No t  only 
Eu 2+ but also Ce ~+ act ivat ion turns the magne to-  
plumbite  into efficient phosphors. SrAl12019:Ce ~+ and 
CaAI~20~9:Ce s+ are  more  efficient phosphors than 
BaA112019:Ce 8+. The best phosphors are obtained by 
double substi tution Sr s+ -> CeS+; AI~+ - .  MgS+. 

Figure  6 shows the emission spect rum of 
(Sr0.95Ce0.os)Mg0.0~Al~L95019 together  wi th  the exci ta-  
t ion and diffuse reflection spectrum. A similar  phos-  
phor is LaMgAI~IO~9: Ce 3+ with  an emission occurr ing 
at longer  wavelengths.  Complete  substi tut ion of La by 

t 
:."'",... 

/ '_ 
:. .. 

/ .., 
.." / ~ - \ \  

- / ",... :' , 
i /  X ", ',. 'C\ 

~"i--.)....,.,__C'~'~,,..~, 
. . : ' ~ - ~  

i...x_" ~ ~  l 
40O r 500 550 600 

Fig. 4. Spectral energy distribution of BaMg2AI160~, activated 
with Eu 2+ and Mn 2+ in various quantities: 0.1 Eu s+ (dotted 
curve); 0.1 Eu 2+, 0.1 Mn 2+ ( - . -  curve); 0.1 Eu ~+, 0.23 Mn ~+ 
(dashed curve); 0.2 Eu ~+, 0.6 M n  2 +  (solid curve). Ix gives the 
radiant power per constant wavelength interval in arbitrary units. 
Excitation with 254 nrn radiation. 
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Fig. 5. Spectral energy distribution (Em) of the TI + emission in 
KAIlz01? (dashed curve) and RbAInOz7 ( - . -  curve). Spectral 
energy distribution (Em), relative excitation spectrum (E), and 
diffuse reflection spectrum (R) of the Mn 2+ emission in 
(Nao.~Bao.3Tlo.~.) (Al~o.?Mno.~)Ot7 (solid curves). Ix. gives the radi- 
ant power per constant wavelength interval in arbitrary units. Ex- 
citation with 254 nm radiation. 
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Fig. 6. Spectral energy distribution (Era), relative exci- 
tation spectrum (E), and diffuse reflection spectrum (R) of 
Sro.95Ceo.osMgo.osAIn.95019. Ix gives the radiant power per con- 
stant wavelength interval in arbitrary units. Excitation with 254 nm 
radiation. 

Fig. 7. Relative excitation 
spectrum of the Tb 3+ emission 
(E) and diffuse reflection spec- 
trum (R) of (Ceo.BTTbo.~) 
MgAIlzO19. Inserted are the 
excitation spectrum for direct 
excitation in the Tb ~+ ion, 20 
times amplified (Ex20) and the 
Ce 3+ emission in CeMgAInO19 
(Em). 
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Fig. 8. Spectral energy distribution of (Ceo.sTTbo.3~)MgAInO19 
(solid curve) compared to that of NBS green zinc silicate (dashed 
curve). Ix gives the radiant power per constant wavelength interval 
in arbitrary units. Excitation with 254 nm radiation. 

Ce leads to a new compound, CeMgAlnO,9, with 
a = 5.605A and c = 21.97A, as described previously 
(1). The phosphor emits at 370 nm with a relat ively 
high efficiency, indicating that  Ce 3+ -> Ce z+ t ransfer  
is unimportant .  A possible explanat ion for this phe- 
nomenon is found in  the relat ively long Ce~+-Ce 8+ 
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Fig. 9. Brightness vs. temperature in ~ for (Bao.sEuo.2) 
(Mgl.6Mno.4)AIz6027 (solid curve), (Sro.95Ceo.05) (Mgo.05AIn.95) 
O19 (dotted curve), (Ceo.67Tbo.33)MgAllzO19 ( - . -  curve), and 
(SrsEuo.5)MgsAI550~ (dashed curve). 

distance (5.6A) and the poor overlap of the Ce s+ ex- 
citation and emission bands (Fig. 7) (1). (Sro.95Ceo.os)- 
(Mg0.05Al~l.95)O19 is an excellent  erythemal  phosphor 
with a quan tum efficiency of approximately 70%. 

Tb s + activation of CeMgAlnOz9 (1).--Upon activation 
with Tb 3+, CeMgAlnO19 turns  into a green phosphor 
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with  a quan tum efficiency of approximate ly  80%. The 
opt imum phosphor has the composition (Ce0.eTTb0.ss)- 
MgAInOI9. Comparison of the excitat ion spectra of  
the Ce 3+ and the Tb 3+ emission, as wel l  as var ia t ion 
in the Tb 3+ concentration, show that  Ce 3+ acts as a 
sensitizer and that  the  excitat ion energy is t rans-  
ferred to Tb 3+. Figure  7 shows the exci tat ion a n d  dif-  
fuse reflection spectrum of (Ce0.67Tb0.33)MgAlnO19. 
The  Ce 3+ emission efficiently overlaps 4f excitat ion 
lines of Tb 3+ which have  been inserted in the figure. 
The emission of (Ce0.67Tb0.a3)MgAlnO19, compared to 
NBS zinc silicate, is shown in Fig. 8. Ce 3+ as well  as 
Tb 3§ are accommodated in the in termedia te  layer. 
Energy  t ransfer  from Ce 3+ to Tb 8+ takes place wi th in  
that  layer, the Ce3+-Tb s+ distance being 5.6A. The 
distance be tween  the layers  is l l A .  Energy  t ransfer  
occurs main ly  via electric d ipole-quadrupole  interac-  
tions (1). The t ransfer  probabil i ty  for that process is 
inverse ly  proport ional  to R s, so that  energy t ransfer  
from one layer  to the other  is negligible. Opt imum 
Tb ~+ luminescence was obtained at a Ce3+/Tb 3+ ratio 

2. In that  case the Ce 3+ emission is ve ry  weak. 
Calculations on the energy t ransfer  from Ce s + to Tb s + 
supported the exper imenta l ly  found Ce3+/Tb 3+ ratio 
(13). The composition (Ce0.BTTb0.33)MgAlnO,9 sug- 
gests a supers t ructure  but  neutron diffraction exper i -  
ments  did not reveal  the appropriate  reflections (13). 

The luminescent  materials,  discussed in this paper, 
are summarized in Table II. 

Temperature dependence.--Figure 9 shows the in-  
fluence of t empera ture  on the brightness of some of 
the phosphors. In par t icular  the Ce3+-activated and 
the Ce3+-sensitized, TbZ+-activated magnetoplumbi tes  
show high efficiency at e levated temperatures .  
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A New Generation of "Deluxe" Fluorescent Lamps, Combining 
an Efficacy of 80 Lumens/W or More with a Color Rendering 

Index of Approximately 85 

J. M. P. J. Verstegen, D. Radielovi~, and L. E. Vrenken 
N. V. Philips' Gloeilampenfabrieken, Light Division, Eindhoven, The Netherlands 

ABSTRACT 

It has been shown previously that co lor - render ing  capabil i ty and lumi-  
nous efficacy of fluorescent lamps depend on the spectral  composition of the 
emit ted  light. Three spectral  regions appear to be of special interest,  the blue 
at 450 rim, the green at 540 nm, and the orange- red  at 610 nm. Among the 
hexagonal  a luminates  b lue-emi t t ing  (Ba,Eu)Mg2A116027 and green-emi t t ing  
(Ce, Tb)MgAlnOlg,  together  with o range- red-emi t t ing  (Y, Eu)203 are par -  
t icular ly  suited in a new generat ion "de luxe"  fluorescent lamps. Lamps with 
a color t empera ture  >2350~ can be made .  The efficacy of the lamps ranks 
f rom approximate ly  82 I m / W  at 3000~ to 80 l m / W  at 6000~ The color- 
render ing index Ra is 81-85. A small increase of Ra is achieved when  Mn 2+ 
is incorporated in (Ba,Eu)Mg2A116027, giving rise to an additional green emis- 
sion at 515 nm. The new blend is compared to other  blends and fur ther  pros- 
pects in fluorescent lamp developments  are outlined. 

Various paper  have been published on the opt imum 
emission spectra of l ight  sources. Koedam and Opstel-  
ten (1) showed that  a color render ing index (CRI) (2) 
Ra ~ 80 can be achieved by a proper  choice of the 

Key words: fluorescent lamps, high efficacy "deluxe" t[uorescent 
lamps, new generation fluorescent lamps. 

wavelengths  and intensi ty ratios of three  spectral  
bands, each having a width of only 5 nm. Although the 
position of the bands in the spectrum is critical, a small 
shift of one of them can be compensated for by shifts 
in the same direct ion of the other  two: the bands are 
interdependent .  
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Not only color- render ing  capabili ty but  also lumin-  
ous efficacy depends on the spectral  composition of the 
emit ted l ight as was shown by Koedam and Opstel ten 
(1) and Thornton (3). The Koedam-Opste l ten  pr in-  
ciple, described above, can be applied to fluorescent 
lamps. Koedam, Opstelten, and Radielovid (4) stated 
that  good color- render ing capabili ty and high efficacy 
are combined when the three phosphor blend contains 
a red component  with a nar row emission band at 615 
nm. Fur the r  calculations by Opstel ten (5) also showed 
that  a decrease of the width  of the blue emission band 
favors high efficacy, though the effect is less dramatic  
than for the red one. Rela t ively  broad band green 
phosphors come up to the requi rements  (5). 

Haft  and Thornton (6) published data on exper i -  
mental  lamps based on the Koedam-Opste l ten  pr in-  
ciple. They applied b lue-emi t t ing  s tront ium chloro-  
apatite act ivated with  divalent  europium, g reen-emi t -  
t ing zinc silicate act ivated with  manganese,  and 
orange- red  emit t ing y t t r ium oxide, act ivated wi th  t r i -  
valent  europium. For  a 40W cool whi te  fluorescent 
lamp they reported 3100 lumens and a CRI of 83. 

Opstelten, Radielovi~, and Wanmaker  (7) evaluated 
a number  of phosphors, most of them, unfortunately,  
being unsuited for lamp application. However ,  their  
work strongly supported the use of divalent  europium, 
t r iva lent  terbium, and t r iva lent  europium as the most 
suitable activators. This result  confirms the pat tern 
outl ined above: t r ivalent  europium phosphors show 
line emission in the red or orange-red.  The emission of 
divalent  europium is, compared with  blue halophos-  
phate, narrow, al though the band is much broader  than 
the line emission of t r iva lent  europium. The Tb '~+- 
act ivated phosphors with line emission at 545 nm be- 
have as re la t ively  broad band green phosphors, due to 
their  subsidiary emission near  490 and 590 nm. The 
four transitions 5D4 -> 7Fj in the Tb 3+ ion can be com- 
bined to a Gaussian emission band centered at 545 nm 
and with a width at half  intensi ty of 80 nm (5). Tb 3+- 
act ivated phosphors conform very  well  to the th ree-  
spectra l -color  cri terion which allows an increase of the 
width of the green band with hardly  any loss in lumi-  
nous efficacy. 

The aim of the present paper is to show how the 
hexagonal  a luminate  phosphors, presented before (8), 
behave in lamps according to the Koedam-Opste l ten  
principle. We compare the results wi th  some other  
blends without  being exhaustive.  However ,  computer-  
aided calculations show that the a luminate  phosphors 
together  with (Y, Eu)203 constitute a blend which in 
the region of color tempera tures  --~ 2350~ is unsur -  
passed as far  as lamp efficacy is concerned (9). We 
compare the new blend to results of current  halophos-  
phate lamps. A more detailed t rea tment  of the lamp 
including a discussion of phosphor costs, maintenance,  
etc. will  be presented e lsewhere  (10). 

Selection of Phosphors 
As stated above, the phosphor emission bands are 

interdependent .  The choice of one phosphor fixes, to a 
certain extent,  the position of the other  two. Except  
for requirements  such as a high quantum efficiency and 
a good lamp performance,  it is necessary that the three 
phosphors match each other. Opstel ten et aI. (7) 
pointed out that a nar row band green phosphor should 
be located at 560-570 nm and a broad band one at 525- 
560 nm, depending on the type of fluorescent lamp in-  
volved. 

An important  step forward was made by the innova-  
tion and development  of the efficient and excel lent ly  
performing phosphor (Ce0.67Tb0..~3)MgAlllO19 (8, 11). 
In the course of our work  we were  able to increase the 
quantum efficiency of the phosphor from 65% (11) to 
80% (8). In Table I we compare (Ce0.6~Tb0.33)MgA111O19 
to ZnSiO4: Mn 2 +, both green-emi t t ing  phosphors. 

The following conclusions may be drawn from the 
comparison: (a) the maintenance of the a luminate  is 
better, (b) the quantum efficiency of the aluminate  is 

Table I. Properties of (Ceo.~TTbo.m~)MgAIH019 and 
Zn2SiO4:Mn 2+ in 40W fluorescent lamps 

Efficacy (lu-  
Quan-  Refl. C h r o m a t i c -  m e n s / W )  in  

turn 254 n m  i ty coord i -  40W lamps  
P h o s p h o r  eft. (%) (%) na tes  (x /y )  100 h r  2500 h r  

( Ceo ~Tbo m) MgA.111Ol9 S0 8 0.295/0.5'/9 108 102 
ZnS iO6 :Mn 2. 75 15 0.246/0.622 94 69 

higher, and (c) the value of Y/n, where  y is the y 
chromatici ty coordinate and Tl is the luminous effi- 
cacy, is smaller  for the Tb 3+ phosphor than for green 
zinc silicate, indicating that  the three  phosphor blends 
containing the first one will  exhibi t  h igher  efficacy. 

Calculations showed that  the emission of 
(Ce0.6vTb0.33)MgAlllO19 at 545 nm should be matched 
by an orange- red  emit t ing phosphor. Nothing is to be 
gained in CRI when the red emission is shifted to 
wavelengths  longer than about 615 rim, but, at the 
same time, the efficacy of the lamp decreases. This was 
confirmed by exper imenta l  lamps with  (Y,Eu)2Os, 
emit t ing at 811 nm and (Y,Eu)202S, emit t ing at 627 
nm as the red component of a cool whi te  phosphor 
blend. (Y,Eu)202S is suitable, in par t icular  when the 
color render ing of deep red has to be improved, but  
the phosphor should be combined with a g reen-ye l low 
one, emit t ing at 560-565 rim. The best match for 
(Ce,Tb)MgAlnO19 is therefore  orange- red  emit t ing 
(Y,Eu)203. A shift of the orange- red  emission line 
toward shorter  wavelengths  [the amount  of (Ce,Tb)-  
MgAlllO19 in the blend at the same t ime decreasing] 
increases the lamp efficacy, the Ra values soon drop- 
ping below 80. However ,  no efficient line emit t ing phos- 
phor at a wave length  of ~600 nm is known. The prop-  
e~ties of (Y, Eu)203 are given in Table II. 

Calculations showed that a narrow band blue phos- 
phor, peaking at 450 rim, is required for max imum 
luminous efficacy of the lamp. Two effects are note-  
worthy:  (a) a shift of the blue emission toward longer 
wavelengths  (or a shift of the chromatici ty  coordinates 
in the  C.I.E. chromatici ty  diagram to higher  y values) 
tends to decrease the luminous efficacy but to increase 
the CRI, and (b) a decrease of the width of the blue 
emission band tends to increase the luminous efficacy 
but to decrease the CRI. 

The re levant  a luminate  blue phosphors are 
(Ba0.s6Eu0.~OMg2AlleOo.7 with an emission peaking at 
450 nm and (SrsEu0.5)MgsA15~O104, emit t ing at 465 
rum (8). Incorporat ion of Mn 2+ in both lattices gives 
rise to a second emission at 515 nm (8). This second 
emission leaves the x chromatici ty  coordinate of the 
phosphors vi r tual ly  unaffected but  the y coordinate 
increases drast ically when the ratio Mn2+/Eu 2+ in- 
creases. In part icular  the Eu2+-act ivated Ba compound 
is an excel lent  blue component  for the new generat ion 
"deluxe"  fluorescent lamps. 

The trends ment ioned under  (a) will  be i l lustrated 
with blue and b lue-green  aluminate  phosphors, that 
under  (b) wi th  a comparison of (Ba,Eu)Mg2Al1602~ 
to another  blue phosphor, (Sr,Eu) chloroapati te  (6). 
Both emit  at 450 nm but the width at half  intensity 
of a luminate  blue is 50 nm against  that of 30 nm of 
(Sr, Eu) chloroapatite. Our exper iments  on (Sr, Eu) 
chloroapati te showed that a quantum efficiency of 85% 
was within reach, 15% lower  than that  of the a lumi-  
nates. However,  one would expect  the nar rower  emis-  
sion band and the lower reflection for 254 nm radiation 
(see Table III) to make up for this as far as lamp effi- 

Table II. Properties of (Y,Eu)203 in 40W fluorescent lamps 

P h o s p h o r  

Efficacy (lu-  
Quan-  Refl. C h r o m a t i c -  m e n s / W )  in 
t u m  254 n m  i ty  coord l -  40W l a m p s  

off. (%) (%) nates ( x / y )  100 hr  2500 hr 

(Y,Eu)2Oa 100 10 0.597/0.331 65 57 
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Table IlL Properties of some blue phosphors in 40W 
fluorescent lamps 

Table IV. Efficacy at 100 hr and CRI (Ra) of 4000~ fluorescent 
lamps with two different b~ue phosphors [n the blend 

Efficacy (lu- 
Quan-  Refl. m e n s / W )  in 

turn 254 Chromat ic -  40W lamps 
Phosphor eft. nm ity coordi- 100 2500 

composition (%) (%) nares (x/y) hr hr 

(Ba0.~Euo..)Mg~AlloO~ i00 I0 0.15110.086 24 22 
(Ba0oEuo.l) {Mgl.~Mno.1)All~O~ 1OO 16 0.148/0.225 50 43 
(Sr~Euo.~)Mg~Al.~O~ 1O0 8 0.149/0.181 45 Poor  
(Sr~.~Euo.~) (PODaC1 85 3 0.159/0.038 12 9.5 

cacy is concerned. We will  give a detailed comparison 
in the section on phosphor blends. Conventional  blue 
phosphors such as blue halophosphate, Sn :+-ac t iva ted  
Sr~P207 and MgWO4 with widths at half  intensi ty  of 
approximately 120 nm do not conform to the Koedam- 
Opstelten principle. The efficacy of lamps containing 
these phosphors is at least 10 l umens /W lower. 

Table III gives some properties of b lue-emi t t ing  
phosphors. A few conclusions to be drawn from Table 
TIT are: (a) the behavior  of (Sr,Eu)5.sMg6A155094 in 
lamps is poor, and (b) the main tenance  of (Sr,Eu) 
chloroapatite is a bit worse than that of the Ba a lumi-  
nate blue. That the luminous  efficacy ~] of the lat ter  is 
twice as high is mainly  due to the lower y coordinate 
of the (Sr, Eu) chloroapatite. The value of y/~t of the 
a luminate  blue is only approximately 15% lower, in 
agreement  with its higher quan tum efficiency. 

Select ion of Blends 
Figure 1 shows the C.I.E. chromaticity diagram. The 

Planckian  locus (BBL) as well as the chromaticity co- 
ordinates R of (Y, Eu)203, G of (Ce,Tb)MgAlllO19, 
and B of (Ba,Eu)Mg2A118027 have been inserted. The 
l ine GR intersects the P lanckian  locus at a point cor- 
responding to a color tempera ture  of approximately 
2350~ Up to now, fluorescent lamps of low color 
temperature  and good color render ing capabili ty had 
to be made using a blue absorbing layer  in order to 
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Fig. 1. C.hE. chromaticity diagram with chromaticity coordinates 
R of (Y, Eu)203,G of (Ce,Tb)MgAI11Olg,and B of (Ba,Eu)Mg2AI16027 
and with the Planckian locus (BBL). 

Efficacy 
Blue phosphor  in ( lumens /W)  

4O00~ blend 100 h r  CRI (Ra) 

(Sr,Eu) B sMgeAl~O~ 78.5 90 
(Ba,Eu) Mg2A]160..~ 81.0 85 

suppress the blue and violet mercury  lines at 405, 408, 
and 436 nm. In the new lamps the mercury  lines add 
their contr ibut ion to the emission spectrum. 

The effect of the shift of the blue emission toward 
longer wavelengths in a 4000~ fluorescent lamp is 
shown by comparison of (Sr, Eu)5.sMg~k155Og~, emit-  
ting a t  465 rim, with (Ba,Eu)Mg2AlleO~ emit t ing at 
450 nm. The green component, (Ce,Tb)MgAlilO19, and 
the red one, (Y, Eu)20~, remain  the same, although 
their amounts in the b lend change. Table IV gives the 
results of experimental  lamps with the two blue phos- 
phors in the blend. 

The effect of an increasing y value of the b lue  com- 
ponent  in a 4000~ phosphor b lend is sui tably demon-  
strated with phosphors based on the general  formula 
(Ba0.oEu0.1) (Mg',- xMnz) A116027. The green component, 
(Ce,Tb)MgAlltOI.q, and the red component, (Y, Eu)203, 
remain the same. Figure 2 shows an enlarged par t  of 
the C.I.E. chromaticity diagram. The chromaticity co- 
ordinates of the Eu2+-sensitized, Mn2+-activated alu-  
minates are found on the l ine PQ, Q corresponding 
to a phosphor (Ba0~gEu0.1)(Mgl.TMn0.3)AlleO2~. Going 
from B to Q the lamp efficacy drops. The CRI in-  
creases in the region BP but  decreases going from P 
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Fig. 2. Enlarged part of the C.I.E. chromaticity diagram with the 
chromaticity coordinates B of (Boo.9Euo.1)Mg2AI1eO27, P of 
(Bao.gEuo.1) (Mgl.9Mno.1)A|18027, and Q of (Bao.9Euo.1) 
(Mgl.7Mno..~)AI~6027. At various points of the line BQ the cal- 
culated luminous efficacy and the CRI (Re) are given for cool 
white blends of (Ce,Tb)MgAIllO19, (Y,Eu)203, and (Bao.gEuo.z) 
(Mg2 - zMnx)AI leO~z. 
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Table V. Efficacy at 100 hr and CRI (Ra) of 4000~ fluorescent 
lamps with (Boo.gEuo.1) (Mgs-xMnz)AI16027 as the blue phosphor 

1~-iTlcacy 
(lumens/W) CRI 

z 100 h r  (R~) ~ '~6~G 

0 81.0 85 
0.05 79.5 87 
0.1 78.5 88 

Table Vh Efficacy at 100 hr and CRI (Ra) of 4000~ fluorescent 
lamps with (Sr, Eu) chloroapatite and (Ba,Eu)Mg~AllsO~7 

as the blue phosphor 

FJ~caey I (lumens/W) CRI 
Blue phosphor I00 h r  (1~) 

(Ba,Eu) M ~ . h d D m  81.0 85 
(Sr,Eu) chloroapatite 80.0 81 

to Q. P is .the chromaticity coordinate of the phosphor 
(Bao.gEuoa) (Mgl.9Mnoa)A116027. At various points 
along the l ine BQ calculated values of the lamp efficacy 
in lumens /wa t t  and of the CRI (Ra) are given. Ex-  
perimental  lamps confirmed this trend. The results 
are given in Table V. 

We consider" an Ra of 85 as high enough for normal  
l ighting and therefore decided to refrain from a fur-  
ther increase of ira at the cost of the lamp efficacy. The 
effect of a decrease of the width of the blue emission 
band is demonstrated when  lamps with (Sr, Eu) 
chloroapatite and (Ba, Eu)Mg2A118027 are compared. 
In both cases (Ce,Tb)MgAlllO19 is the green and 
(Y, Eu)203 the red component. The results are shown 
in Table VI and demonstrate that the lower quan tum 
efficiency of (Sr, Eu) chloroapatite is compensated for 
by its narrower  emission band:  there is hardly any dif- 
ference in lamp efficacy. However, color render ing 
capability drops rather  sharply. 

Lamp Results 
Many lamps at various color temperatures  have been 

made by now, using the blend containing blue 
(Ba, Eu)Mg2A116027, green (Ce, Tb)MgAlllO19, and 
red (Y, Eu)~O3. Measurements of luminous efficacy, 
color render ing indices, and main tenance  show una m-  
biguously that a new generat ion of "deluxe" lamps has 
been developed with a unique combination of prop- 
erties. Table VII shows data of experimental  40W 
lamps of four different color temperatures and when 
lamps with equal CRI are compared, that  the efficacy 
increases by 50%. Figure 3 shows the emission spec- 
t rum of a 40W fluorescent lamp of 4000~ coated with 
a blend of blue and green aluminate  and (Y, Eu)2Os. 
The maintenance  of the new lamp is comparable to that 
of the halophosphate lamp and we expect to be able to 
improve on that  (10). 

Further Prospects in Fluorescent Lamp Development 
The increased luminous efficacy of our "deluxe" 

fluorescent lamp, result ing from the phosphor research 
described in a previous paper (8), is welcome in these 

0 
400 500 600 700 

Fig. 3. Emission spectrum of a 40W fluorescent lamp of 4000~ 
coated with a blend of (Ba,Eu)Mg2AI16027, (Ce,Tb)AI11019, and 
(Y, Eu):03. 

times of energy crisis. In  a separate paper we will 
present calculations which show that  the new genera-  
tion "deluxe" lamp is profitable in "deluxe" l ighting 
installations, even though the cost of the lamp is con- 
siderably higher (10). Whether  the a lumina te /  
(Y, Eu)203 blend will render  the halophosphates ob- 
solete depends on our progress in reducing the lamp 
price. Some possibilities to do so are outl ined else- 
where (10). The high efficacy of the new "deluxe" 
lamp is part ly due to the high quan tum efficiency of 
the phosphors and part ly to the localization of their 
emission close to the three wavelengths 450, 540, and 
610 nm (6). Although we do not imply that the phos- 
phor blend presented above is the ul t imate one for 
"deluxe" fluorescent lamps of the Koedam-Opstel ten 
principle, we believe that a dramatic increase in the 
efficacy of fluorescent lamps is only possible when  the 
three-spectral-color criterion is left for the two-spec- 
tral-color one. When phosphors could be obtained with 
a Q (--  quan tum efficiency • absolute absorption of 
254 nm radiation) of 1.0 and when 22W of ul traviolet  
radiation (254 and 185 nm) is available for excitation, 
a cool white and warm white 40W fluorescent lamp 
with an efficacy of ~130 lumens /W could be obtained. 
Such a lamp would emit in two narrow lines at 445- 
450 nm and 570-580 nm in agreement  with Ivey's 
earlier results (12). The three-phosphor blend pre-  
sented in this pauer has a Q ~ 0.8. Table VIII shows 
the calculated efficacy of lamps according to the two- 
spectral-color criterion with Q = 1.0 and 0.8. The 
spectral energy distr ibution of the 8000~ lamp is 

Table VIL Efficacy in lumens~watt at 100 hr and CRI of new generation "deluxe" fluorescent 40W lamps, compared to 40W lamps 
of the present standard and "deluxe" range 

New gene ra t i on  P resen t  range 
"de luxe"  l amps  S t a n d a r d  " D e l U x e "  

Correlated Our Eft. CRI Our I.E.S. Eft. CRI Our I.E.S. Eft. CRI 
color temp (~ code 100 hr  (Ra) code code 100 hr  (R,) code code 100 hr  (RI) 

2500-2700 82 81.0 83 . . . .  27 - -  44.0 95 
(comfor t  " d e l u x e " )  

3000 83 82.0 84 29 WW 80.0 83 32 W'WX 53.0 82 
(warm whi te)  

4000 84 81.0 85 33 CW 80.0 67 34 CWX 55.0 85 
(cool whi te  

6000-6500 86 80.0 81 54 D 66.0 79 58 ~ 50.0 98 
(dayl ight)  
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Fig. 4. Calculated emission spectrum of a 3000~ fluorescent 
lamp with 130 lumens/W. 

given in Fig. 4. The high efficacy lamps of Table VIII 
show a disastrously poor color render ing capabili ty 
and will only find application in outdoor l ighting in -  
stallations. Nevertheless, much effort is being made to 
find phosphors which emit in the required regions. 

Manuscript  submit ted April  1, 1974; revised m a n u -  
script received June  19, 1974. This was Paper  98 pre-  
sented at the San Francisco, California, Meeting of the 
Society, May 12-17, 1974. 

Table VIII. Calculated efficacy of 40W fluorescent lamps 
with emission in two Gaussian lines 

1st emi s s ion  2nd  emis s ion  
band  band  Efficacy 

Peak  P e a k  l u m e n s / W )  in 
L a m p  color  w a v e -  w a v e -  40W lamps*  

a n d  c h r o m a t i c -  l e n g t h  W i d t h  l e n g t h  W i d t h  Q --- Q = 
i ty  coord ina te s  (nm) (nm) (nm) (nm) 1.0"" 0.8 

Cool  w h i t e  445 4.8 574 7.8 131 105 
(0.377-0.381) 

W a r m  w h i t e  445 4.8 580 7.9 134 107 
(0.441/0.404) 

D a y l i g h t  450 4.8 568 7.6 121 97 
(0.314/0.343) 

* Based  on 22W of  u l t r a v i o l e t  r a d i a t i o n  (254 and  185 nm) a v a i l -  
ab le  for  exc i t a t ion .  

** Q = q u a n t u m  eff iciency • abso lu t e  a b s o r p t i o n  of  254 n m  rad i -  
a t ion .  

Any discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as~ 
sisted by N. V. Philips' Gloeilampenfabrieken. 
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The Luminescence of Tb in Borates of the Composition 
X2Z(BO.)2 (X = Sr, Ca; Z = Ca, Mg) 

J. M .  P. J. Verstegen 

N. V. Philips' Gloeilampenfabrieken, Light Division, Eindhoven, The Netherlands 

ABSTRACT 

Four  new borates of the formula X2Z(BO,~)2, with X = Ba, Sr, Ca, and 
Z ---- Ca, Mg, are described. Ca2Mg(BOa)2 is tetragonal, and Ba2Mg(BO3)2 is 
hexagonal and isomorphous with the mineral  buetschliite. Ba2Ca(BO3)2 and 
Sr2Mg(BO3)2 are related to buetschlii te but  their diffraction patterns point 
to a crystallographic system of lower symmetry.  All four borates are good 
host lattices for Tb 3+ luminescence. The max imum quan tum efficiencies are 
approximately 75% and are strongly influenced by the method of charge com- 
pensation used. The emission spectrum shows the usual  5D4 --, VFj transitions, 
with J = 6, 5, 4, and 3, that with J = 5 being the strongest. The temperature  
dependence of the emission is good. 

Efficient luminescence of Tb 3+ is known (1). Excita- 
t ion of the luminescence may occur in four different 
ways: (a) in the 4f-4f absorption lines of the rare earth 
ion; this does not result  in a high luminescence output 
due to the low absorption strength of these transit ions;  
(b) in the broad absorption band of Tb '~+ in the short- 
wave ul traviolet  region; this band corresponds to 4f-5d 

K e y  w o r d s :  l u m i n e s c e n c e  o f  Tb  ~*, n e w  borates ,  l u m i n e s c e n c e  o f  
T b ~  in  borates .  

transit ions (2) ; (c) in a sensitizer ion, followed by en-  
ergy transfer  to Tb 3+, as is found in (Ce,Tb)MgAlllO19 
(3); sensitization of Tb '~- emission by Sn 2+ and Cu + 
has been described previously (4) ; and (d) in the host 
lattice, followed by energy transfer to Tb 3+ (5); 
phosphors such as SrWO4: Tb 3+ (6) belong to this type. 

Luminescence of Tb 3 + in borates was previously de- 
scribed by Wanmaker  and Bril (7), and by Wanmaker,  
Bril, and Ter Vrugt (8). In general  the emission spec- 
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Table I. Values of d and I/Io of the borates Ba2Ca(BO.?,)2 and 
Sr2Mg(B03)2 activated with Tb ~+ 

Bal.sKo.lTb~.lCa (BOa) 2 Srl.sNao.lTbo. 1Mg (BOs) 2 
d, A I/Io d, A I/Io 

5.8 9 
4.56 19 
4.16 91 
3.46 38 
3.38 75 
2.89 33 
2.80 100 
2.76 89 
2.72 45 
2.48 13 
2.38 14 
2.32 20 
2.27 36 

5.2 5 
5.4 4 
4.35 9 
3.95 16 
3.89 53 
3.68 7 
8.00 43 
2.68 36 
2.64 19 
2.60 100 
2.57 25 
2.35 10 
2.24 12 
2.16 49 
2.05 14 
1.98 13 
1.94 30 
1.84 21 
1.82 7 
1.78 7 

C ;""" 

~ "'/ '  I 

E 

250 3O0 350 
- - ~  ~ (nm) 

Fig. 1. Excitation (E) and diffuse reflection (R) spectra of Tb 3+ 
luminescence in Ba2Mg(B03)2 (full curves), Ba2Ca(B03)2 (dashed 
curves), Sr2Mg(B03)2 (dashed-dotted curves), and Ca2Mg(B03).~ 
(dotted curves). Charge compensation with K +. 

t rum of Tb 3+ consists of the 5D4 --* 7Fj (J  = 3, 4, 5, 6) 100 
transitions, in which J ---- 5 dominates, giving rise to a 
more or less saturated green emission. Z~t 

Experimental l 
We used luminescent  grade CaCO3, SrCO3, BaCO3, 

I-~BO3, and MgO. Tb407 was obtained from t h e  Michi- 
gan Chemical Corporation. Na2CO3 and K2CO3 by 5Q 
Merck were  used. 

The best results were  obtained after  prefiring for 1 
hr at 600~ and 2 hr  at 900~ but a single firing at 
900~ for 1 hr  proved sufficient to obtain 95% of the 
max imum brightness of the phosphors. A slightly re-  
ducing atmosphere was used to convert  Tb to the t r i -  
valent  state. The optical measurements  have been de- 0 
scribed before (9). 

Results 
Structure  of  the host lat t ices.--Borates and carbon- 

ates are often s t ructural ly  isomorphous. LaBO3 has, 
e.g., the CaCO3-aragonite type s t ructure  and GdBO3 
the CaCO3-vateri te type s t ructure  (10). Isomorphism is 
also found in more complicated compounds, such as 
YA13B4012 and the mineral  hunt i te  CaMg3(CO3)4 
(11-13). Many carbonate minerals  of the composition 
A2B (CO3)2 exist, in which A = K or Na, and B = Ca 100 
or Mg, such as buetschli i te  (ASTM File No. 21-980), 
fairchildite (ASTM File No. 21-1287), whereas  a corn- I~ 
pound Na2Ca(CO3)2 is also listed under  No. 2-970. We A 
found a number  of new borates. Ca2Mg(BOD2 was 1 isomorphous with  Na2Ca(COs)2 and tetragonal  wi th  
a ---- 5.14A and c = 4.41A. Ba2Mg(BO3)2 was iso- 
morpohus with  the hexagonal  buetschli i te  with a = 
5.38A and c = 19.21A. 

The d i f f r ac t ion  pat terns  of Ba2Ca(BO3)2 and 
S r2Mg(BQ)2  point to similar s tructures but some new 
reflections appear, possibly due to a different distr ibu- 
tion of the cations over  their  sites. We were  unable to 
index the diffraction patterns. Values of d and I/Io are 
given in Table I. 0 

Tb 3+ luminescence. - -Figure  1 shows the exci tat ion 
and diffuse reflection curves of the compounds 
X2Z (BO3)2 activated with  Tb 3+. The broad strong ab- 
sorption bands correspond to 4f ~ 5d transitions in the 
Tb 3+ ion. Though at least the three compounds with 
X = Sr, Ba have related structures, the excitat ion 
spectra differ markedly,  due to the fact that  the 5d 
level  is s trongly influenced by the crystal field (14). 

The emission spectra of Tb 3+ in Ba2Mg(BO3)2 and 
Ba2Ca(BO3)2 are shown in Fig. 2 and 3. We observe the 
usual transitions 5D4 ~ 7F j, wi th  J = 6, 5, 4, and 3. 
The transit ion 5D4 --* 7F5 is the stronger one. Spli t t ing 
of the levels is much the same in both host lattices, in- 
dicating that the 4f levels are only slightly affected 
by minor  changes of the crystal field. Comparison of 
the emission curves wi th  that  of Tb ~ + in the magneto-  
plumbite  CeMgA111019 (3) shows marked  differences. 

- -  l,,L.~,.o 
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500 550 

t 

600 650 
- - * *  ~ (nm) 

Fig. 2. Spectral energy distribution of the emission of Tb 3+ in 
K+-compensated Ba2Mg(B03)2. The relevant transitions are indi- 
cated. I~ gives the radiant power per constant wavelength interval 
in arbitrary units. Mainly 254 nm radiation. 

I I I I 

5o0 550 600 
-----~ ~ (nrn) 

Fig. 3. Spectral energy distribution of the emission of Tb 3+ in 
K+-compensated Ba2Ca(B03)2. Ix gives the radiant power per 
constant wavelength interval in arbitrary units. Mainly 254 nm 
radiation. 

At least three  explanations are possible: (i) the site 
symmet ry  in the borates is lower  than that  in the mag-  
netoplumbites,  D3h, (ii) in the borates Tb ~+ is in- 
corporated at various sites, and (iii) the crystal  forces 
acting on the Tb 3 + ion are larger  in the borates than in 
the magnetoplumbite .  The la t ter  point requires some 
explanation. In magnetoplumbi tes  the 2d activator site 
is surrounded by 12 oxygen ions at re la t ive ly  long 
distances (,--3A). Therefore  the crystal forces, acting 
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Table II. Quantum efficlencies at the maximum excitation 
wavelength of various borates with the composltion X2Z(B03)2, 

activated with Tb 3+. The quantum efficiencies of Ba_~Mg(B03)2: 
Tb a+ with various ways of charge compensation and various 

activator concentrations, with 254 nm radiation 

Q u a n t u m  
Composition efficiencies,  % 

Bal.sKo.lTbo.lMg (BOB) 9 70 
Srl .sNao.lTbo.lMg (BO3) ~ 70 
Ca~.sNao. iTbo.iMg (BOa) ~ 70 
Bal,sKo. zTbo. iCa (BOa) ~ 75 
Ba~.~Ko.~Tbo.~Mg (BOs) ~ 70 
Ba1.sNao.iTbo,iMg (BOa) s 65 
Bal.gTbo. IMg (BOs.c~) 2 35 
Bal.~Tbo. 1Mgo.gLio.1 (BOa) ~ 60 
Bal.ssKo.oTTbo.c~Mg (BOa) ~ 65 
Bal.soKo.loTbo. loMg (BOa) ~ 70 
Bal.TsKo.12Tbo. ~VIg (BOB) 2 75 
Bal.ToKo. 15Tbo.1~Mg (BOa) 2 70 
Bal.~oKo. ~oTba.foMg (BOa) 2 70 

"/00. 

0 
I I I 

100 200 300 /-/00 500 

Fig. 4. Temperature dependence of the brightness of the Tb 3+ 
emission in K+-compensated Ba2Mg(B03)2. 

on the 2d site, are relat ively weak. This is s t r ikingly 
i l lustrated by the emission behavior of the Eu~+-acti - 
vated magnetoplumbi te  SrAl12019, which, at 77~ 
shows 4f-4f l ine emission (15): obviously the crystal 
field is so weak that the lowest excited 4f65d state lies 
at higher energy than  the 6Pv/2 level. This is ra ther  
exceptional in oxidic lattices. 

Borates, nitrates, and carbonates usual ly crystallize 
with calcite- or vater i te- l ike  structures, depending on 
the size of the cation (16). The cations are surrounded 
by six or n ine  oxygen ions, respectively. More com- 
plicated carbonates do not deviate very much from this 
pattern.  Dolomite, CaMg (CO3) 2, has essentially the 
calcite and alstonite, BaCa(CO3)2, the aragonite ar -  
rangement  (17). In  calcite and vateri te the cation- 
oxygen distance is small, 2.1-2.5A. The crystal field, 
acting on the cation in  these structures as well as in 
our borates, will therefore be considerable. 

Charge compensation.--We observed str iking i n -  
fluence of charge compensation. The subst i tut ion 

2Baf+ --> Tb3+ + K + 

leads to the phosphor wi th  the highest q u a n t u m  effi- 
ciency, its quan tum efficiency being twice as high as 
that of the noncompensated material.  Other ways of 
charge compensation proved less effective (Table II) .  
The max imum quan tum efficiency is reached with an 
activator content of about 6% of Ba present (0.12 atom 
Tb per mole of the compound) and is 70-80% at the 
opt imum excitat ion wavelength.  However, only 
BafMg(BO3)2 and Ba2Ca(BOg)2 respond favorably to 
the 254 nm radiation of the mercury  discharge. The 
results are summarized in Table II. 

The temperature  dependence of Bal.sK0.1Tb0.1- 
Mg(BOs)2 is shown in Fig. 4. At elevated temperature  
the efficiency is still high, as is usual ly found for 
luminescence from 4f levels. 
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Calculation of the Liquidus Isotherms and Component 
Activities in the Ga-As-Si and Ga-P-Si Ternary Systems 
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ABSTRACT 

Liquidus isotherms and thermodynamic activities have been calculated for 
the Ga-As-Si  and Ga-P-S i  t e rnary  systems. The calculations are based on 
the assumption that the activities of the components in the liquid phase can 
be represented with sufficient accuracy by the t e rnary  regular  solution 
model. A least square analysis of the l iquidus data for Si-doped GaAs yields 
the three te rnary  interchange energies (i.c.e.'s). These are then used to con- 
struct the l iquidus isotherms for Si-doped GaAs, Ga- and As-doped Si, and the 
te rnary  eutectic valley, all of which are in excellent  agreement  with the ex- 
per imental  results over a wide temperature  and composition range. The 
te rnary  Ga-As and Ga-Si  i.c.e.'s are in very good accord with the i.c.e.'s de- 
rived from the b inary  data but  a similar test for the Si-As i.c.e, shows a less 
satisfactory agreement. As the Ga-P-S i  system has not yet been investigated, 
the calculations presented here are based solely on b inary  data and they need 
exper imental  confirmation. The implications of these results to crystal growth 
and the l imitations of the regular  solution model in  the vicinity of the com- 
pound composition SiAs a r e  a l s o  discussed. 

Silicon is one of the most impor tant  dopants en-  
countered in the compound semiconductors GaAs and 
GaP. For example, efficient GaAs infrared l ight-  
emit t ing diodes (LED's) have been fabricated by tak-  
ing advantage of the amphoteric na ture  of Si dop- 
ing (1), while an alloy of Au and Si is used for es- 
tablishing ohmic contact to GaP LED's (2). However, 
in contrast to its demonstrated usefulness, the major  
role of Si in these compounds is that  of an u n i n t e n -  
t ional contaminant  arising from the f requent  use of 
fused silica crystal growing apparatus. In  particular,  
the electrical properties of mel t -g rown boules of GaAs 
have been analyzed by assuming that Si is the domi-  
nant  residual  impuri ty  (3). 

Efforts toward a thermochemical  unders tanding of Si 
contaminat ion have been init iated by Cochran and 
Foster (4), who discussed the conditions under  which 
l iquid Ga reacts with silica. Recently, Si contamina-  
t ion in open flow silica systems for the epitaxial growth 
of GaAs and GaP has been treated by Weiner  (5). 
Furthermore,  DiLorenzo has succeeded in growing 
very high mobil i ty (6) GaAs in an AsC13-Ga-H2 vapor 
growth system by minimizing Si contaminat ion via the 
careful adjus tment  of gas stream chemistry (7). 
Thermodynamic calculations have shown that the ac- 
t ivity of Si in the growing crystall ine phase, aSsi, is 
related inversely to the partial  pressure of HC1 (or 
AsCI~) (7, 8). Although much of the work on Si con- 
taminat ion has been concerned with GaAs, GaP is ex-  
pected to behave similarly with respect to un in t en -  
t ional Si incorporation. Indeed, work on the water  
vapor synthesis of GaP has indicated that  Si is the 
dominant  residual impur i ty  (9). In  addit ion to isolated 
Si acceptors and donors, Si-O complexes are also 
thought to be incorporated in GaP (10) and GaAs 
(11). These deep centers lead to doping and anneal ing 
anomalies in GaAs and to nonradiat ive recombinat ion 
in n- type  GaP. 

To achieve a more complete unders tanding of Si in-  
corporation in GaAs and GaP, it is necessary to ob- 
ta in  information concerning the thermodynamic prop- 
erties of the Ga-As-Si  and Ga-P-S i  t e rnary  systems. 
It is the objective of this paper to present systematic 
calculations of l iquidus isotherms and component ac- 
tivities for both systems. The major  assumption re- 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
1 P r e s e n t  add re s s :  U n i v e r s i t y  of  G u a d a l a j a r a  Medica l  School ,  

G u a d a l a j a r a ,  Mexico,  
K e y  words :  c o m p o u n d  semiconductors, crystal growth, doping, 

phase equilibria. 

quired in performing these calculations is that the ac- 
tivities of the l iquid phase are satisfactorily described 
by the regular  solution model (12), which has been 
previously applied successfully to the te rnary  phase 
diagrams of I I I -V compounds (13-14). 

In  the present work, first the adequacy of the regu- 
lar solution model for Si-based systems is tested by 
a comparison of the te rnary  interchange energies 
(i.c.e.'s) (12) derived by a least square analysis of  
the l iquidus data for Si-doped GaAs (no te rnary  data 
exist for Si-doped GAP), and the i.c.e.'s obtained from 
the l iquidus of the three bounding b inary  systems. 
Second, the te rnary  l iquidus isotherms are calculated 
over a wide tempera ture  range for both the pr imary 
(Si-doped GaAs or GaP) and secondary (Ga- and As- 
or P-doped Si) solid phases. Third, the intersection of 
these phase fields as a function of temperature,  i.e., the 
te rnary  eutectic valley, for the Ga-As-Si  and Ga-P-S i  
systems is given. Fourth, the thermodynamic self-con- 
sistency of the present  t rea tment  is demonstrated by a 
comparison of the exper imental  and calculated eu- 
tectic valleys for the Ga-As-Si  system. Fifth, the 
thermodynamic activities for Si, Ga and As, or P in the 
l iquid phase and Si in the solid phase are presented 
along the liquidus isotherms for the pr imary  solid. 
Finally,  the implications of the calculations for crystal 
growth and the l imitat ions of the regular  solution 
model in  the vicinity of the compound SiAs are dis- 
cussed. 

Calculation of the Interchange Energies 
In  a previous paper (15) a general  equat ion [Ref. 

(15), Eq. [11] has been derived for the l iquidus sur-  
face of a doped b inary  compound (with doping levels 
less than 1020 cm -3) in equi l ibr ium with a regular  
t e rnary  l iquid solution. Applying this equat ion to the 
Ga-As-Si  system, it follows that  

2 ( ~ H f  - -  T ~ S f )  + R T  In 4XlCaXlAs 

= a G a - A s [ 0 . 5  - -  X l A s ( 1  - -  X lCa)  - -  X l O a ( 1  - -  X l A s ) ]  

-~- ~ G a . S I X l s i ( 2 X l G a  - -  1 )  --~ aS i .AsXlS i (2XlAs  - -  1 )  [ 1 ]  

where ~Sf (8.3 eu g - a t o m - O  and ~Hf (12,540 cal 
g-atom -1) are the entropy and heat of fusion of GaAs 
(14), the xPs are the atom fractions of the compo- 
nents  in the l iquid solution, and the o's are the te rnary  
i.c.e.'s. A similar equation also holds for the G a -P -S i  
system. 

1634 
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Table I. Interchange energies 

a ( c a d  b (cal ~  

Ga-As 4,810 -- 8 . 7 2  
G a - S l  2 , 4 6 0  
S I - A s  2 1 , 1 2 0  --  1 6 . 4 0  
G a - P *  5,080 -- 5.75 
S t - P "  -- 46,580 2 7 . 1 3  

Heats and entropies of fusion 

A H t  (col  ASt (eu 
g - a t o m  -z) g - a t o m  -z) T t  ( ~  

G a A s  12,540 8.30 1511 
G a P  13,820 7.95 1738 
StAB 8,3=10 6.15 1356 
S i  12,000 7 .12  1658 
A s  5,600 5.14 1090 

* F r o m  ana lys i s  of  b i n a r y  data.  

Based on previous studies of the contr ibuting binary 
systems the tempera ture  dependences of aGa-As (16) 
and aSl-As (17) are satisfactorily described by relat ion-  
ships of the form 

a G a - A s  = a G a - A s  % b G a - A s T  [2] 
a n d  

=Si-As = aSi-As -~ bsl-AsT [3] 

while  aca-si (17) is taken to be a constant at all t em-  
peratures. Substi tut ing Eq. [2] and [3] into Eq. [1] the 
result ing equation at any liquidus tempera ture  is l in- 
ear in five unknown parameters  which define the i.c.e.'s. 
Hence, the method of l inear  least squares permits the 
evaluat ion of the "best" values of the te rnary  i.c.e.'s 
from exper imenta l  data. In the calculations, the mul t i -  
dimensional l inear least square computational  tech- 
nique of Businger and Golub (18) is applied via Eq. 
[1] to the 18 te rnary  l iquidus points of Panish (19) 2 
and Panish and Sumski (20) for the pr imary  phase 
field of Si-doped GaAs and to the 14 binary l iquidus 
points of Koster  and Thoma (21) and Hall (22) for the 
Ga-As system. The i.c.e.'s thus obtained are listed in 
Table I and plotted as a function of tempera ture  in 
Fig. 1 and 2. 

To test the precision of fitting the liquidus data by 
Eq. [1] using the tabulated te rnary  i.c.e.'s, a compari-  
son of the calculated l iquidus temperature,  Tc., with 
the exper imenta l  l iquidus temperature,  Tm, at known 
compositions (input data) is required. Employing the 

standard er ror  of est imate defined by ~/z  (To - -  Tm)'~/n, 
where  n is the number  of data points, as the index of 
precision, we find that  the standard er ror  is 2.4 ~ 5.1 ~ 

A + 1 0 ~  correc t ion  has  b e e n  appl i ed  to the  tabu la ted  l iqu idus  
data  o f  P a n i s h  (19),  as  r e c o m m e n d e d  b y  P a n i s h  and  S u m s k i  ( 2 0 ) ,  
to take  into  a c c o u n t  th e  effect  of  supercoo l ing .  
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Fig. 1. Interchange energy vs. absolute temperature for the 
Ga-Si and Go-As systems. The straight lines are based on the least 
square analysis of the ternary data. 
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Fig. 2. Interchange energy vs. absolute temperature for the Si-As 
system. The straight line is based on the least square analysis of 
the ternary data. 

and 4.2~ for the binary, ternary, and combined binary 
and ternary points, respectively. Thus the calculated 
l iquidus surface and the exper imenta l  data for the 
equi l ibr ium of the pr imary  solid phase are in excellent  
agreement,  probably well  wi thin  the exper imental  
error. 

Nonetheless, a realistic description of the liquidus 
surface in terms of the least square parameters  defin- 
ing the i.c.e.'s is an incomplete test for showing the ap- 
plicability of the regular  solution model  to a given 
ternary system. The validity of the model can be 
demonstrated if the thermodynamic  properties of the 
l iquid solution, including the variat ion of the com- 
ponent partial pressures along the liquidus isotherms 
are satisfactorily predicted. In previous work, apply-  
ing the regular  solution model to the Ga-As-Zn  system 
(14), good agreement  was found between the calcu- 
lated and exper imenta l  part ial  pressure isotherms over 
a wide tempera ture  range. Unfortunately,  no partial 
pressure data exist for the Ga-As-Si  system. Conse- 
quently,  other thermodynamic  techniques must be in- 
voked to check the consistency of the present t reat -  
ment. 

Since there are liquidus data for the three bordering 
binary regular  solutions, i.c.e.'s can be readily calcu- 
lated. In the case of the Ga-As system, ~ca-As is ob- 
tained by applying Vieland's equation (23) (identical 
with Eq. [1] if x:si = 0) to the data of Hall (22) and 
Koster and Thoma (21). The result ing discrete values 
of aGaAs are plotted as a function of temperature  in 
Fig. 1. 

The values of aGa.Si or aSi-As are der ived from the 
solubility data for Ga- (24, 25) or As-doped (26) Si 
using the equation (17) 

TAS f  - -  /~Hf --  R T  In xlsi 
aca-sl(or a S i - A s )  = [4] 

(1  - xlsi) 2 

The accepted values of _xHf and the melt ing point of 
Si are 12,000 cal g-a tom -1 and 1685~ (24), respec- 
tively, yielding _xSf _-- 7.122 eu g-atom -I .  Although the 
Si-As system is ra ther  complex (26), some additional 
values of asl-As can be evaluated f rom the liquidus data 
for SiAs(s)  and As(s) ,  employing Vieland's equation 
(23) and one similar to Eq. [4], respectively. The re-  
quired aHf for As(s) (5600 cal g-atom -1) is based on 
the work of Horiba (28) which in combination with 
the melt ing point of As (1090~ (29) leads to 5.15 
eu g-atom -~ for aSf. For SiAs(s) ,  _xSf is estimated 
from the sum of the elemental  entropies of fusion (30) 
to be 6.15 eu g-a tom -1 giving -~Hf = 8340 cal g-a tom- 1 
(the melt ing point of SiAs is 1356r 

The discrete values of a(;a-si and asi-As, derived from 
the binary l iquidus data, are shown in Fig. 1 and 2, re- 
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spectively. It is immediately obvious from Fig. 1 and 2 
that the least square lines of the te rnary  i.c.e.'s pro-  
vide a very good description of the b inary  results for 
the Ga-As and Ga-Si systems. However, i n  the case of 
the complex Si-As system (Fig. 2), the  total b inary  
~Si-As data [from equil ibria with Si(s) ,  SiAs(s) ,  and 
As(s) ]  scatter more widely about the te rnary  least 
square line, representing less adequate agreement. 

Unfortunately,  no te rnary  data are available for the 
Ga-P-S i  system. However, as a result  of the reason- 
able over-al l  agreement achieved between the te rnary  
and b inary  i.c.e.'s for the Ga-As-Si  system, the calcula- 
tion of the Ga-P-S i  phase diagram, using the b inary  
i.c.e.'s appears to be justified. Clearly ~ca-si is the same 
for both systems, while r and c~si.P can be evaluated 
from the l iquidus data for GaP (22, 31) and for P-  
doped Si (32) using Vieland's equation (23) and one 
similar to Eq. [4], respectively. As in previous work, 
",Sf for GaP is taken as 7.9.5 eu g-atom -1 (14) which 
yields ~Hf = 13,920 cal g-atom -1 [the melt ing point 
of GaP is 1738~ (16)]. In  Fig. 3 discrete values of 
~si-P and ~Ga-P are presented together with the least 
square lines of the b inary  data. Numerical  values of 
the ~'s are listed in Table I. 

Calculations of the Liquidus Isotherms 
and Eutectic Valleys 

The liquidus isotherms for the pr imary solid phase 
GaAs or GaP can be readily evaluated from Eq. [1] 
and the i.c.e.'s listed in Table I. 3 At a constant tem- 
perature Eq. [1] is an implicit  t ranscendental  equation 
in the variables XlGa and xlsi (XlAs o r  ZIp : I - -  Xlfia - -  
x~si). A convenient  procedure for finding XlGa a s  a 
function of x~si at a set temperature  is Schonbrun 's  
iterative technique (33) for nonl inear  equations based 
on Newton's method, previously applied to the l iquidus 
surfaces of the Ga-As-Zn and Ga-P-Zn  systems (14). 
The initial  values of Xlca at xlsi ---- 0, required to per-  
form these calculations, were interpolated from the 
Ga-As or Ga-P  b inary  data. To assure convergence, 
Xlca and xlAs (or xlp) along the Oa- and As- (or P- )  
rich branches of the l iquidus isotherms, respectively, 
were separately evaluated by increment ing xlsi from 
zero to a value very near the max imum in the l iquidus 
isotherms for both branches. 

a I t  shou ld  be  r e i t e r a t e d  t ha t  t he  l iqu idus  su r f ace  of t he  O a - A s - S i  
s y s t e m  is c a l cu l a t ed  f r o m  the  t e r n a r y  i .e.e. 's ,  w h i l e  t h a t  of the 
G a - P - S i  s y s t e m  is f r o m  the  b i n a r y  i.e.e. 's.  

In  addition to the calculation of the pr imary  phase 
fields the relat ively low solid solubili ty of Ga, As, and 
P in Si (34) facilitates the determinat ion of the l iq-  
uidus isotherms for the secondary solid phases of Ga- 
and As- or P-doped Si. Previously, a general  thermo-  
dynamic equation has been given for an elemental  
semiconductor doped with two solutes in equi l ibr ium 
with a te rnary  l iquid solution (15). Int roducing ter-  
nary  regular  solution activities into this general  equa-  
tion yields 

-kilt- T~Sr-F R T l n  x l s i  = - - a G a . A s ( X l G a )  2 

~- (aSi-As - -  aGa-Si  + eXGa-As) (1 - -  xlsi)Xloa 

- -  a S i . A s ( 1  - -  x l s i )  2 [5 ]  

where .~Hf and ~Sf are for Si. Note that for xaGa = 0 or 
XlAs ---- 0, Eq. [5] reduces to Eq. [4]. 

At a constant temperature  Eq. [5] is quadrat ic  in  
xlGa. Thus at any temperature  the l iquidus isotherm of 
the secondary solid phase was obtained by increment-  
ing xlsi and solving the quadratic equation for xlaa. 

The liquidus isotherms represent ing the equil ibria  
of the pr imary solid phase (Si-doped GaAs) and of  
the secondary solid phase (Ga- and As-doped Si) with 
Ga-As-Si  t e rnary  melts are shown in Fig. 4 on a 
s tandard equilateral  composition triangle. Similar  l iq- 
uidus isotherms for the Ga-P-S i  system are presented 
in Fig. 6. For the Ga-As-Si  system complete isotherms 
are shown at 1400 ~ ~300 ~ 1200 ~ , and 1127~ At  
1127~ the pr imary  and secondary phase fields are 
tangential ;  below that temperature  the fields intersect 
at a point corresponding to the three-phase equi l ibr ia  
of GaAs, Si, and liquid. Thus, on the Ga-r ich  side be-  
tween 1100 ~ and 700~ and on the As-rich side at 
1100~ the isotherms are t runcated at the three-phase 
points which lie on the te rnary  eutectic valley (dashed 
l ine) .  On the As-r ich side, the available experimental  
data (19) dictate the te rminat ion  of the valley by the 
ternary  eutectic point (~1031~ arising from the co- 
precipitation of SiAs, while the 1000 ~ and 900~ liq- 
uidus isotherms of Si-doped GaAs are cut at the ap- 
proximate compositions where SiAs and SiAs2 appear, 
respectively (19). 

The calculated l iquidus isotherms in Fi~. 4 are com- 
plemented by the te rnary  data of Panish (19) and 
Panish and Sumski (20). It should be pointed out that 
these are not the tabulated exper imental  points used 
in the computations but  values interpolated in  100~ 
intervals  from empirical pseudobinary l iquidus curves. 
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Fig. 3. Interchange energy vs. absolute temperature for the Si-P 
and Ga-P systems. The straight lines are from the least square 
analysis of the binary data. 
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Fig. 4. Liquidus isotherms for the ternary Go-As-$i liquid solu- 
tion in equilibrium with Si-doped GaAs and Go- and As-doped Si. 
The data (11) at 1100 ~ and 1300~ correspond to equilibrium with 
Si. The dashed line is the ternary eutectic valley, 
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Reinforcing the conclusions of the error analysis in 
the previous section, the calculated isotherms provide 
a very good representat ion of the liquidus data for Si- 
doped GaAs and even for Ga- and As-doped Si. 

An additional check on the thermodynamic validity 
of the present t rea tment  can be obtained by a compari-  
son of the calculated and experimental  eutectic valleys 
in the Ga-As-Si  system. In Fig. 5 the eutectic valley is 
replotted in the form of log xlsi and log x~c;a vs. re- 
ciprocal temperature.  Superimposed in Fig. 5 is the 
experimental  eutectic valley derived from published 
works (19, 20). It should be noted that the eutectic 
temperatures had been measured and the correspond- 
mg eutectic compositions were interpolated from the 
pseudobinary l iquidus data. The agreement  between 
experimental  and calculated valleys over the entire 
composition range investigated is rather  striking. 

Along the ternary  eutectic valley, aSsi ---- 1; hence the 
knowledge of xls~ and AHf and AS: for Si (27) permit  
the evaluat ion of ~lsi (activity coefficient for Si). As 
seen in Fig. 5 the exper imental  and calculated values 
of "Y~s~ are in excellent agreement. 

For the Ga-P-S i  system complete liquidus isotherms 
are given between 1400 ~ and ll00~ in 100~ intervals  
(Fig. 6). At 1097~ the secondary and pr imary phase 
fields are tangential ,  while below that teml~erature the 
three-phase equil ibria of GaP, Si, and liquid take 
place. On the Ga-r ich side, the te rnary  eutectic valley 
is shown (dashed line) from 1097 ~ to 800~ together 
with the three-phase points which terminate  the iso- 
therms drawn in 100~ intervals. The valley is re- 
plotted in Fig. 7 as a function of reciprocal tempera-  
ture. The P-r ich  sides of the isotherms are not shown 
below ll00~ because of the complex phase relat ion-  
ships in the Si -P  system result ing from compound for- 
mat ion and the high pressure of phosphorus (31). 

Calculation of the Component Activities 
It has been demonstrated in previous sections that 

the application of the regular  solution model to the 
Ga-As-Si  system provides an excellent description of 
the te rnary  l iquidus surface, leads to an over-al l  con- 
sistency with the b inary  l iquidus data, and predicts the 
te rnary  eutectic valley and the accompanying v~s~ in 
good agreement  with experimental  results. Conse- 
quently, a calculation of the component activities pre-  
vail ing along the l iquidus isotherms is warranted.  The 
te rnary  regular  solution activities for the Ga-As-Si  
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Fig. 5. The ternary eutectlc valley of the Ga-As-Si system. The 
curves were calculated. The composition of the liquid solution (in 
atom fraction units) and the activity coefficient of Si are shown as 
a function of reciprocal temperature. The symbols [ ]  and O 
represent values of xlca and xlsi from Panish and Sumski, while 
�9 and �9 are values of XlGa and xlsi from Panish. The data for 
~'si denoted by Z~ and �9 are derived from xlsi 0 and � 9  re- 
spectively. 
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Fig. 6. Liquldus isotherms for the ternary Go-P-Si liquid solu- 
tion in equilibrium with Si-doped GaP and Go- and P-doped Si. The 
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Fig. 7. The calculated ternary eutectlc valley for the Ga-P-Si 
system. The composition of the liquid solution (in atom fraction 
units) is plotted vs. reciprocal temperature. 

system are given by (35) 

[ 1 
alsi  = x l s i  exp ~-~ (aGa-SlXl"Ga ~ aSl-AsXI=As "}- XlGaXlAs 

X (aGa-Si "~- aSI-As - -  aGa-As) ) ] [6a] 

aLGa = XLGa exp ~ (aGa-sLXl=Sl -I- aGa-AsXl~As + XIAsXlSl 

• (aOa-Sl + aGa-As -- aSi-As) ) ] [6b] 

and 

alAs = XlAs exp ~ (CeGa-AsXl2Ga "~ aSI-AsX!=Si "3- X"GaXlSi 

x (~oa-As + ~SI-A~ -- ~Ca-S~) ) ] [6C] 

Where all is the activity of the subscripted component. 
A set of equations similar to Eq. [6] also holds for the 
Ga-P-Si  system. 

At any composition along a l iquidus isotherm the 
activities for the components of the l iquid phase in 
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equi l ibr ium with  the pr imary  solid phase can be 
readily calculated from Eq. [1], Eq. [6a-c], and the 
i.c.e.'s l isted in Table I. The important  act ivi ty function o.7o 
for silicon dissolved in GaAs, aSsi is obtained from the 
relat ionship 0.30 

aSsi = aasi exp ~ (~~ -- ~~ [71 

where  golsi and ~OSsi are the standard chemical poten-  
tials for the supercooled l iquid and solid phases, re -  
spectively, der ivable  from published heat  capacity and 
heat of fusion data (27). 

In Fig. 8 aSs~ and als~ are plotted as functions of x~s~ 
along the 800% 1000% and 1200~ l iquidus isotherms of 
Si-doped GaAs. A complete isotherm is shown at ~_ 
1200~ while  at lower  tempera tures  the activities are ; 
for the Ga-r ich  branches and are te rminated  at the T- o 
three-phase  points (solid dots). In Fig. 9 and 10, alca 
and a l a s  a r e  presented as a function of XlAs and XlGa, 
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Fig. 8. The activity of Si in the liquid and the corresponding 
activity of Si dissolved in GaAs along the 800 ~ 1000 ~ and 1200~ 
liquidus isotherms for Si-doped GaAs. Only the Ga-rich isotherms 
are shown at 800 ~ and 1000~ and they are terminated at the 
three-phase points (solid dots). 
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Fig. 10. Ga and As activities vs .  XlGa and XlAs, respectively, 
along the 1100 ~ and 1200~ liquidus isotherms for Si-doped GaAs. 
At 1100~ only the Ga-rich segments are shown which terminate 
at the three-phase points (solid dots). The horizontal bars are 
drawn at the binary limiting values of the activities. At 1200~ 
dashed lines connect activity and liquidus information along the 
liquidus isotherm (see text). 

respectively,  f rom 800 ~ to 1200~ in 100~ intervals.  
Be tween  800 ~ and l l00~ only the Ga-r ich segments of 
the activity isotherms are given and they are ended 
at the three-phase  points. The dashed lines drawn in 
Fig. 10 at 1200~ demonstrate  that  the compositions 
along a l iquidus isotherm can be combined with  the 
activities on a single plot. At  XlGa = 0.6, 0.5, and 0.4, 
the alga line is connected to the alas line at a value of 
XlAs given by the l iquidus isotherm of Fig. 4. A like 
construction for the alas line is given at XlAs ---- 0.4, 0.5, 
and 0.6. 

In Fig. 11, als~ and aSsl a re  shown as functions of xlsi 
along the 800 ~ 1000 ~ 1200 ~ and 1400~ l iquidus iso- 
therms for Si-doped GaP. At  800 ~ and 1000~ only the 
Ga-r ich  branches of the act ivi ty  isotherms are pre-  
sented which terminate  at the three-phase  points. In 
Fig. 12, 13, and 14 alga and alp are plotted as functions 
of XIGa and xlp, respectively,  f rom 800 ~ to 1400~ in 
100 ~ intervals.  Ful l  isotherms are given at 1200 ~ 1300 ~ 
and 1400~ while  at lower  tempera tures  the Ga-r ich 
segments of the curves are t runcated at the th ree-  
phase points. 

Discussion 
Implications aS the ternary phase diagrams for 

heteroepitaxy.--Both the Ga-As-S i  and G a - P - S i  t e r -  
nary  systems have the proper ty  that  the eutectic val ley 
along which Si and GaAs or GaP coexist extends to 
the high tempera tures  commonly used in the prepara-  
tion of these compounds. This suggests the possibility 
of the technologically impor tant  he teroepi taxy of GaAs 
and GaP on Si. One of the major  techniques of epi-  
taxial  growth is l iquid-phase  epi taxy (LPE) .  In prac-  
tice, first a saturated solution of GaAs or GaP in Ga is 
formed; then the solution is brought  into contact wi th  
a substrate. If  the substrate is Si, we may  analyze the 



Vol. 121, No. 12 C A L C U L A T I O N  OF L I Q U I D U S  I S O T H E R M S  1639 

I 

IO -  

lO - 2  

o 

I 

I0-81 
io-8 

l ' I l l  I I 11, I I I l , , 2 / 0 : : 1 ~  / I / ~ 1 / ~ 1  

'~176176176 / / .//X // 

// // / Z / - - L - J ~  ' ' - ' 1 4 0 0 ~  :- 

/XX/X .,Y 
, , - / / / /  : 

," 

/ / / " / ~ X  / / - -  - -  - -  " ~ ' :l 

tO -5  I 0  - 4  i 0  - 3  i 0  -Z I 0  - I  

xs~l 
Fig. 11. The activity of Si in the liquid and the corresponding 

activity of Si dissolved in GaP along the 800 ~ 1000 ~ 1200 ~ and 
1400~ liquidus isotherms for Si-doped GaP. Only the Ga-rich 
isotherms are shown at 800 ~ and I000~ and they are terminated 
at the three-phase points (solid dots.) 

,L 
0.84  0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.0 

O.O0~i I I I I 1 I I I I [ I I I I 1 7 : ~  1.0 

0 .004  0.98 

o.oo~ - 9oooc / / /  -lo.98 
%= - oL x . / . /  I -~ 

o_ j to 
o . o o l  - j ~ ~ -~o.92 

o 1 1 I I ' r  I i I i I L I I I I I o 9 o  
0.016 0.014 0.012 0.010 0.008 0.006 0.004 0.002 0 

Fig. 12. Ga and P activities vs. xloa and x]p, respectively, along 
the 800 ~ and 900~ liquidus isotherms for Si-doped GaP. The Ga- 
rich segments are shown from the binary limits (horizontal bars) 
to the three-phase points (solid dots). 

progress of the phase reactions wi th  reference to Fig. 
4 and 6. 

As long as there is no precipitat ion in the te rnary  
system the ratio of Ga /As  or G a / P  in the solutions re-  
mains constant. Thus at any tempera ture  the reaction 
proceeds along a line extending from the Ga-r ich 
binary saturat ion point to the apex of the composition 
tr iangle (xsl ---- 1). It can be seen in both systems at 
1000~ that this l ine enters a s ingle-phase l iquid re-  
gion, implying the dissolution of the Si-seed, until  the 
isotherm for the secondary solid phase (Si) is reached. 
Upon cooling, Si will  precipitate unti l  the tempera ture  
is reached at which this line intersects the eutectic 
valley. 

In order  to deposit GaAs or GaP on Si it is requi red  
that the line described above immediate ly  enter  a two-  
phase l iquid + GaAs or GaP region. According to Fig. 
4 and 6, this appears possible below 900~ in the case 
of GaAs but not at any reasonable tempera ture  for GaP. 
It is interest ing to note that  Rosztoczy and Stein (36) 
were  unable to precipitate GaP on Si from a Ga-r ich  
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Fig. 13. Go and P activities vs. XlCa and xlp, respectively, along 
the 1000 ~ and 1100~ liquidus isotherms for Si-doped GaP. The 
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bars) to the three-phase points at 1000~ and its vicinity at 
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Fig. 14. Ga and P activities vs .  xlGa and xlp, respectively, along 
the 1200 ~ 1300 ~ and 1400~ liquidus isotherms for Si-doped GaP. 
The horizontal bars are drawn at the binary limiting values of the 
activities. 

solution. However,  they could achieve heteroepi taxy 
by using Pb or Sn as a solvent. 

Some features 05 the activity diagrams.--Not unex-  
pectedly, moving from the Ga-r ich to the As- or P-r ich 
regions of the l iquidus isotherms, aca and aAs or ae 
decrease and increase, respect ively (Fig. 9, 10, 12, 13, 
and 14). Appropria te  combinations of aA~ and ap with 
thermodynamic  data for the vapor  pressure of pure 
l iquid As (28) and P (27) yield the part ial  pressures 
of these components along the l iquidus isotherms. 

It is important  to note that  according to Fig. 8 and 
11, aSsi for both systems is h igher  along the Ga-r ich 
liquidus branch than along the As- or P- r ich  one. 
Hence, if the act ivi ty coefficient for SJ dissolved in 
GaAs does not vary drastically with composition, vapor 
grown GaAs or GaP has a lower Si solubili ty (a~si 
values enclosed by the branches) than crystals pre-  
pared by LPE (aSsl values along the Ga-r ich  l iquidus 
isotherm). 

Generally,  the activities in the l iquid phase are re-  
quired in testing incorporation models. For example, 
for an amphoteric  dopant such as Si, the analysis of 
solubili ty data as a function of tempera ture  and doping 
level  is quite complex because both Si acceptors 
(Si-As) and Si donors (Si+c,a) exist in the lattice. 
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However,  based on the over-a l l  incorporation reaction 
for the two species (11) viz. 

Si(1) + As(1) =: Si+ca ~- ASAs-~- e -  [8] 
and 

Si(1) -~ Ga(1) -~ Si-As + Gaca + e*  [9] 

it can be seen that  the concentrations of Si+ca and 
Si-As depend on the products asiaAs and asiaGa, respec- 
tively. Obviously, the knowledge of the activities 
facilitates the separation of exper imenta l  solubilities 
into donor and acceptor contributions. 

The limitations o] the regular solution model . - - I t  
has been demonstrated in previous sections that  the 
regular  solution model provides an excel lent  descrip- 
tion of the measured te rnary  l iquidus data for the 
Ga-As-S i  system. That the ideal solution model is 
inadequate  to treat  this system can be best i l lustrated 
with reference to the eutectic valley. According to 
Eq. [7], for an ideal l iquid solution the equation of 
the eutectic valley is given by (~,lsi == 1, aSsi ~_ 1) 

x l ' i d s i  = e x p  (~OSsi  - -  ~Olsi  ) [ 1 0 ]  

The results of sample calculations based on Eq. [10] in 
comparison with the data from Fig. 5 indicate that at 
800 ~ and ll00~ Eq. [10] overest imates the concentra-  
tion of Si(x~,idsi) at the eutectic valley by about a 
factor of 2.7 and 1.7, respectively. 

However,  as there exist no ternary l iquidus data for 
xl~s > 0.6 (19), the predictions of the regular  solu- 
tion model may be inaccurate in the As-r ich region. 
One clue pointing in this direction has already been 
ment ioned in relation to the wide scatter of the binary 
aSi.As data about the te rnary  least square line (Fig. 2). 
Examining the binary data in detail, we find a mini-  
mum near the melt ing point of the compound SiAs. 
Note that a higher est imate for the -~St of SiAs would 
decrease the asi-As values (full circles in Fig. 2), re-  
sulting in a steeper minimum. Clearly, according to 
regular  solution theory, any i.c.e, such as asi-As mea-  
sures the difference in nearest  neighbor pairwise in- 
teraction energies between unlike and like bonds 
[~Si-As ---: ~Si-As -- 0.5 (~Si-Si + ~A~-As)] and should be 
the same for a binary, ternary,  or even mul t icom- 
ponent system. Hence, if the Ga-As-Si  system at all 
compositions and tempera tures  were  behaving as a 
perfectly regular  solution then the binary asi.As values 
would not show a min imum and would exhibi t  a much 
closer agreement  with the ternary least square line, as 
is the case for aGa.As and aSi-Ga- 

At this time, we can only speculate about the cause 
of the apparent  minimum in the binary aSi-A.~. In pre-  
vious work on regular  associated solutions (RAS) such 
a minimum in a a vs. composition (or tempera ture)  
curve in the Zn-Te and Cd-Te system has been inter-  
preted in terms of the association of the atoms into 
ZnTe and CdTe molecules in the l iquid phase (37). It is 
possible that the liquid phase of the Si-As system simi- 
lar ly consists of Si and As atoms and SiAs molecules. 
Unfortunately,  a simple extension of the RAS theory 
to the ternary Ga-As-Si  system was not successful 
because the transit ion from an RAS near the Si-As 
side to a completely dissociated ternary regular  solu- 
tion with the increasing addition of Ga is not rapid 
enough if the degree of dissociation is not a function 
of composition itself. Thus a good description of the 
Si-As binary can only be achieved at the expense of 
the te rnary  liquidus and eutectic val ley data. Never -  
theless, it seems qual i ta t ively  clear that  the reason the 
te rnary  least square line provides no more than an ap- 
proximate description of the total binary data is re-  
lated to the progressive s traightening out of the ini- 
t ially steep asi-.x~ curve as the solution becomes dis- 
sociated with increasing XIGa. 

It is possible that the Ga-As-Ge  and Ga-As-Sn  
systems behave s imilar ly to the Ga-As-Si  system. 

Recent studies show that the slope of the te rnary  least 
square lines of aGe-As (38) aSn-As (39) is of the same 
sign as of the ternary aSl-As. Moreover,  the sign of the 
slope for aSi-As and ac,.-As are both the opposite of the 
slope of the line connecting the few binary aSl-As and 
aC,,-As data points for Si(s)  and Ge(s)  in equi l ibr ium 
with their  binary melts (17) (open circles in Fig. 2). 

A comparison of the l iquidus surface constructed 
from the ternary least square i.c.e.'s and the binary 
i.c.e.'s is instructive. To show the effect of aSl-As 4 on 
the ternary liquidus boundary, we selected the line 
going through the three data points for Si(s)  (open 
circles in Fig. 2), thus ignoring the equil ibria  for 
SiAs(s)  and As(s ) .  Per forming the calculations it is 
found that  the standard er ror  of estimate be tween the 
calculated and exper imenta l  ternary l iquidus points is 
19.1~ which should be compared with 5.1~ obtained 
by the use of the te rnary  i.c.e.'s. The recomputed 
surface also possesses a te rnary  eutectic val ley which 
intersects the liquidus isotherms at larger  values of 
xtsi. For example, at 1000~ the eutectic valley is at 
x~si : 0.251 which should be compared with 0.135 re-  
sulting from the te rnary  i.c.e.'s. Obviously, the ternary 
least square calculation provides a superior descrip- 
tion of the exper imenta l  data. However,  even the cal- 
culation employing the binary i.c.e.'s would  offer 
a useful guide to the phase relations in the Ga-As-Si  
system. 

In view of the above discussion, the Ga-P-S i  ternary 
liquidus surface which was calculated solely from the 
binary i.c.e.'s needs exper imenta l  confirmation. Cer- 
tainly, it is not expected to depart  more from the actual 
l iquidus surface than is indicated for the Ga-As-Si  
system when the binary i.c.e.'s were  used. To be sure, 
the fact that the slope of the asi.P line (Fig. 3) is op- 
posite that of the te rnary  least square line of asi-A~ 
(Fig. 2) is puzzling. However,  the eight discrete asi.P 
values seem to be reliable for they are located close 
to the least square line over  a 200~ tempera ture  
range. 

Conceivably, one should not trust  one's intuition in 
expecting completely parallel  bonding behavior  of P 
and As in liquid solutions. Indeed, there  are wel l -  
known differences between the chemistry of P and As. 
For instance, the prevalent  oxide of /ks and P is t r i -  
valent  (As,_,O3) and pentavalent  (P205), respectively. 
Moreover, many binary phase diagrams of As and P 
(40), including the Si-As (26) and Si-P (32) systems. 
are not homologous. 

In conclusion, the regular  solution t rea tment  pro-  
vides a consistent analytical representat ion of phase 
equil ibria in the Ga-As-Si  system, in excel lent  agree-  
ment  with exper imenta l  results over  almost the entire 
liquidus surface. More sophisticated models which 
possibly involve association are needed to improve the 
calculation in the vicinity of the Si-As binary. In the 
absence of exper imenta l  data for the Ga-P-S i  ternary 
system, the predictions presented here may only give 
approximate although valuable phase relations. Thus 
for this system, as well  as for any other system, the 
regular  solution theory should be accepted with  cau- 
tion and retested against fresh exper imenta l  evidence. 
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ABSTRACT 

Single-crystal films of InAs have been grown on semi-insulating GaAs 
substrates by the decomposition of triethylindium and arsine over a tempera- 
ture range of 550~176 The growth is mass-transport limited above 575~ 
and kinetically controlled below 575~ Films of more than 0.5 ~m have specu- 
lar surfaces. Optimum growth conditions occur at a substrate temperature of 
600~ a flow of 2 mliters/min arsine (pure), and 2.5 liters/rain hydrogen 
flow through the TEl bubbler. 

The growth of epitaxial layer s of III-V compounds 
using organometa]lic compounds as sources of the 
group Ill element and hydrides as sources of the group 
V element, was first reported by Manasevit and co- 
workers (I-3). Since then, other workers (4-6) have 
extensively studied the growth of GaAs by this tech- 
nique, but have not investigated the growth of InAs. 
Although the feasibility of the epitaxial growth of InAs 
from triethylindium and arsine was demonstrated by 
Manasevit and Simpson (3), their investigations were 
mainly directed toward the growth and characteriza- 
tion of Gal-xlnxAs alloys with x __~ 0.5. In this pa- 
per, we wish to report on the characterization of the 
growth of InAs epitaxial films. The electrical prop- 
erties of these layers are reported in the companion 
paper (7). 

Experimental Conditions 
Apparatus.--The e p i t a x i a l  g r o w t h  w a s  c a r r i e d  ou t  in  

a 50 m m  ID q u a r t z  t ube ,  45 c m  long,  c o n t a i n i n g  a 
m o l y b d e n u m  s u s c e p t o r  c o a t e d  w i t h  SiO2. T h e  SUS- 

K e y  words: heteroepitaxy,  chemical  vapor deposition, organome-  
tallic c o m p o u n d s ,  i n d i u m  a r s e n l d e ,  g a l l i u m  arsentde, 
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Fig. 1. Schematic of InAs epitaxial reactor 

ceptor was heated by infrared radiation from a set of 
eight, 500W quartz-halogen lamps. This greatly sim- 
plified temperature measurement and allowed the use 
of a closed-loop temperature control. The temperature 
of the single hot zone was monitored by a platinum/ 
platinum-rhodium thermocouple, enclosed in a quartz 
sheath and inserted into the molybdenum susceptor. 
A horizontal reactor system was used to simplify load- 
ing and cleaning operations. However, substrates were 
placed perpendicular to the gas flow to facilitate uni- 
form growth over the entire surface. 

Vapors of triethylindium I (TEl) were transported to 
the substrate by bubbling hydrogen through the liquid 
m a i n t a i n e d  a t  r o o m  t e m p e r a t u r e  (25~ A r s i n e  gas,  2 

1 A l f a  P r o d u c t s  D i v i s i o n .  B e v e r l y ,  M a s s a c h u s e t t s  01915. 
2 M a t h e s o n  Gas Products,  East Rutherford,  N e w  Jersey,  07073. 
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Fig. 3. Inclusions in InAs layer grown at 650~ Layer thick- 
ness 2 ~.m, 

diluted to 2% in hydrogen was mixed with the TEI 
vapors just  before enter ing the quartz tube. Due to the 
reaction between the TEI and arsine at room tempera-  
ture, they were not premixed before ent ry  to the hot 
zone. In  addition, a separate source of ul t ra  high pur -  
ity hydrogen was used, at a flow rate of 10 l i t e r s /min  
in  all the experiments.  This carrier gas flow served to 
transport  the reactants down the quartz tube and to 
minimize the formation of reaction products ups t ream 
of the susceptor. Stainless steel tubing was used 
throughout,  in order to reduce system contamination.  
A schematic of the apparatus is shown in Fig. 1. 

Substrate.--Epitaxial growth was carried out on 
(100) oriented chromium doped semi- insula t ing GaAs 
substrates, to facilitate subsequent  electrical evalua-  
tion. The substrates were obtained commercially with 
one face polished. 3 No fur ther  at tempts were made to 
polish the wafers. Before epitaxy, however, the sub-  
strates were thoroughly cleaned in methanol  4 and 
checked under  an optical microscope to ensure the 
absence of dust particles. 

Procedure.--Substrates were heated up to 500~ in  
hydrogen, at which point arsine was introduced into 
the reaction tube to suppress the subl imat ion of arsenic 
from the GaAs substrates. Arsine flows greater than  
0.5 m l i t e r / m i n  (pure) were sufficient to prevent  this 
dissociation from occurring up to a substrate tempera-  
ture  of 750~ After stabilizing the arsine flow for 2 
min, the substrate temperature  was raised to the 
growth tempera ture  and main ta ined  for an addit ional  
2 min  before the introduct ion of TEI. Typical flow 
rates used were 2-15 ml i t e r s /min  arsine gas (pure) ,  
and 1-2.5 l i t e r s /min  hydrogen flow through the TEI 
bubbler.  Typical growth rates under  these conditions 
were 0.05-0.07 ~m/min.  

Growth rate determination.--Angle lapping and 
staining techniques were ini t ia l ly used to measure the 
thickness of the epitaxial layers. However, etching of 
the surface by the staining and plat ing solutions, and 
the presence of large depletion layer widths at the 
interface resulted in considerable error in de termining 
layer thickness. Consequently, this technique was 
abandoned in favor of a gravimetric determinat ion of 
epitaxial layer  thickness. Early in the growth studies, 
it was determined that no loss in weight of the sub-  
strate GaAs took place in the presence of arsine flows 
greater  than  0.5 ml i t e r /min  (pure) up to a substrate 
temperature  of 750~ Since the TEI-ars ine  reaction 
does not contain any etchant species, the increase in 

Electronic Mater ia ls  Corporation,  Pasadena,  California 91107. 
4 Subst i tu t ion of methanol  wi th  more  sophist icated c leaning solu- 

t ions and Drocedures did not produce any  signif icant  change in the 
growth  ra te  or surface qual i ty  of the epi tax ia l  films. 

Fig. 4. Effect of substrate temperature on surface quality. (a, 
top) 650~ thickness 0.53 /~m; (b, center) 600~ thickness 0.43 
/~m; (c, bottom) 540~ thickness 0.57/Lm. 

mass of the substrate after epitaxy could be directly 
used to determine the thickness of the epitaxial  layers. 

Experimental  Results 
Temperature.--The effect of tempera ture  on growth 

rate was determined using a flow of 2.5 l i t e r s /min  of 
hydrogen through the TEI bubbler  and a flow of 15 
ml i t e r s /min  of arsine (pure) .  Under  these conditions, 
the growth was approximately mass- t ranspor t  l imited 
at temperatures above 575~ and kinetical ly controlled 
below this temperature,  as shown in Fig. 2. The activa- 
t ion energy of the reaction was measured as 2.3 eV/ 
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molecule. Below 550~ polycrystal l ine layers were  
obtained with  growth rates exceeding 0.05 ~m/vnin. 

Optical examinat ion of the epitaxial  layers showed 
that  best surfaces were  obtained at 600~ At both 
higher, as well  as lower, tempera tures  the surface 
qual i ty  deter iorated with the appearance of small 

black inclusions as shown in Fig. 3. The surface also 
changed to a poorly reflecting gray color from the 
br ight -shiny appearance obtained at 600~ Photo-  
micrographs of typical surfaces are shown in Fig. 4. 

Arsine f /ow.--The arsine flow was found to have a 
strong effect on the growth rate and on the surface 
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qual i ty  of the layers. F igure  5 shows the var ia t ion of 
growth rate  wi th  arsine flow, when the hydrogen flow 
through the TEI bubbler  was 2.5 l i ters / ra in  and the 
substrate t empera ture  was 600~ The growth rate  
decreased rapidly with increasing arsine flow. Retarda-  
tion (8) of the heterogeneous reaction by the adsorp- 
tion of arsine on the surface was verified by the l inear  
var ia t ion of growth rate  with reciprocal arsine flow, 
as shown in the inset of Fig. 5. 

Good specular surfaces were  obtained for arsine 
flows (pure) ranging from 1.4 to 15 ml i ters /min.  How-  
ever, a marked  degradat ion in surface quali ty was ob- 
served for arsine flows less than 1.4 ml i t e r s /min  
(pure) .  Photomicrographs of t y p i c a l  surfaces are 
shown in Fig. 6. 

TEI f /ow.- -Figure  7 shows the growth rate of the 
epitaxia! films as a function of hydrogen gas flow 
through the TEI bubbler  for a substrate t empera ture  
of 600~ and an arsine flow (pure) of 2 ml i te rs /min .  
This data has not been presented using an equiva len t  
flow of TEI because of the unknown vapor  pressure of 
this metalorganic compound at room temperature.  
Note, however,  the use of high flow rates necessitated 
by its low vapor  pressure (est imated to be less than 
0.1 mm of Hg at 25~ The growth rate  is seen to be 
l inear wi th  gas flow through the bubbler, indicating 
an absence of saturat ion in the t ransported TEI over  
this flow range. 

An improvement  was observed in the surface qual i ty  
of the epitaxial  layers wi th  increasing gas flow through 
the TEI bubbler,  as shown in Fig. 8. Since the arsine 
flow used in these exper iments  was sufficient to pro-  
duce specular surfaces over  the ent ire  range of hydro-  
gen flow through the TEI bubbler, we conclude that  
the improvement  in surface qual i ty  is pr imar i ly  due to 
increasing film thickness. This is to be expected, in 
view of the large mismatch be tween the lattice param-  
eters of the GaAs substrate and the InAs epi taxial  
film. The effects of strain induced by this mismatch de-  
crease as each atomic layer  is grown, result ing in a 
consequent  improvement  of surface qual i ty  with film 
thickness. 

Fig. 8. Effect af increasing film thickness on surface quality. 
(a, top) Thickness 0.26 ~m, 1.0 liter/min H2 flow in TEl; (b, center) 
thickness 0.38 /~m, 1.5 liters/min H2 flow in TEl; (c, bottom) 
thickness 0.53 /~m, 2.0 liters/min H2 flow in TEl. AsH3 flow in 
all cases was 2 mliters/min. 

Conclusions 
Heteroepi taxia l  InAs films wi th  specular surfaces 

can be grown on GaAs substrates using the reaction 
be tween  t r ie thyl indium and arsine. The growth is 
mass- t ranspor t  l imited above 575~ and kinet ical ly 
controlled below 575~ with  an activation energy of 
2.3 eV/molecu le  under  our exper imenta l  conditions. 
Polycrysta l l ine  layers are obtained below 550~ Lay-  
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ers of less than 0.5 ~m have poor surfaces due to the 
large mismatch in latt ice constants be tween InAs and 
GaAs, but become specular at large thicknesses. Best 
surfaces are obtained at a substrate t empera ture  of 
600~ a flow of 2 ml i t e r s /min  arsine (pure),  and 
2.5 l i t e r s /min  hydrogen flow through the TEI bubbler.  
Since the reaction is mass- t ransport  l imited at the op- 
t imum growth conditions, good control over  the growth 
rate can be obtained without  s t r ingent  requi rements  
on the substrate temperature .  Fur thermore ,  the growth 
rate  can be var ied over  a wide range by adjust ing the 
gas flows in the system. 
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ABSTRACT 

Heteroepi taxial  films of InAs on GaAs substrates, grown by the decom- 
position of t r ie thyl indium and arsine, have been characterized. Fi lms wi th  
mobilit ies of up to 10,000 cm2/V-sec have been obtained. The mobil i ty  remains 
approximate ly  constant with decreasing thickness up to an epitaxial  layer 
thickness of 1 ~m. A theory is presented for the var ia t ion in defect density 
in epitaxial  layers as a function of the growth tempera ture  and layer  thick-  
ness. The carr ier  concentrat ion of the InAs layers decreases exponent ia l ly  
wi th  increasing substrate  t empera ture  and decreases inversely  with increasing 
layer  thickness, in accordance with this theory. 

In the preceding paper (1), the growth character-  
istics of InAs films made by reacting t r ie thyl indium 
(TEI) and arsine were  described. InAs films were  
first grown by this technique by Manasevit  and Simp-  
son (2) on sapphire and GaAs substrates. Films of 0.5- 
1.1 ~m in thickness were  reported to have carr ier  con- 
centrations of greater  than 1017 cm -3 and mobili t ies 
ranging from 6700 to 11,200 cm2/V-sec. No details of 
the variat ion of the electrical propert ies of these 
layers with growth parameters  were  reported for these 
films. In this paper, we wish to describe the electrical  
properties of InAs layers grown on GaAs substrates, 
under  the growth conditions described in the com- 
panion paper (1). 

Experimental Conditions 
Epitaxy was performed on (100) oriented, chro- 

mium-doped  semi- insulat ing GaAs wafers  to facili tate 
electrical characterization. The films were  grown over  
a tempera ture  range of 550~176 with  typical gas 
flow rates of 15 ml i t e r s /min  arsine and 2.5 l i t e r s /min  
hydrogen flow through the TEI bubbler. Typical 
growth rate under these conditions was 0.05 ~m/min.  
Details of the growth characteristics are described in 
the companion paper (1). 

K e y  w o r d s :  h e t e r o e p i t a x y ,  c h e m i c a l  v a p o r  depos i t ion ,  o r g a n o m e -  
tal l ic  c o m p o u n d s ,  i n d i u m  arsen ide ,  g a l l i u m  arsen ide .  

The mobil i ty and carr ier  concentrat ion of these films 
were  measured by using conventional  bridge samples 
in a Hall effect apparatus. The bridge samples were  
obtained by coating the epitaxial  layer  wi th  silicon 
dioxide at 400~ using the oxidation of silane, fol lowed 
by conventional  photoli thographic delineation of the 
oxide. The oxide was then used as a mask for etching 
the epitaxial  layer  in Caro's etch (1:1:1 = H204:30% 
H2Oe: H20). Ohmic contacts were  made to the arms by 
using si lver conducting paint, applied at room tem-  
perature.  

Mobility 
The lattice constants of GaAs and InAs are 5.654 and 

6.058A, respectively, resulting in a lattice mismatch of 
more than 7%. This large mismatch is accommodated 
during epi taxy by the generat ion of defects in the InAs 
layer. The electrical properties of the epitaxial  layers 
are expected to be dominanted by the presence of 
these defects. 1 Since the defect density is expected to 
vary within the epitaxial  layer, the mobil i ty and car-  
rier concentration are expected to be functions of 
layer thickness. The interpreta t ion of Hall  measure-  
ments must be made with due consideration to this 
variat ion (3). 

The mean  free pa th  of  carriers  in  I n A s  is m u c h  smal l er  than  the  
t h i ckness  of the t h i n n e s t  f i lms cons ide red  in this  w o r k .  There fore ,  
w e  do no t  expec t  sur face  s c a t t e r i n g  e f fects  to be  i m p o r t a n t  in o u r  
fi lms. 
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The conduct ivi ty  voltage can be shown to be pro-  
portional to 

where  n and ~ are the carr ier  concentrat ion and mo-  
bil i ty of a layer  of thickness dz at thickness z, and d 
is the total layer  thickness. The Hall voltage is pro-  
portional to the ratio of 

To determine the mobi l i ty  in the layers  as a function 
of thickness, plots of 

n~ dz and n~ 2 dz 

were  made vs. d for a 7.2 ~m layer  which was suc- 
cessively etched down. The slopes of these curves were  
used to calculate ~ vs. d. The calculated mobil i ty  var ied 
be tween 10,000 and 12,000 cm2/V-sec. Therefore,  we 
conclude that  the mobi l i ty  in the layers was essentially 
constant be tween 1 and 7.2 ~m. This result  indicates 
that  polar  optical scat tering is dominant  in layers  
greater  than 1 ~m in thickness. The defect density is 
expected to be large at  the GaAs-InAs interface, and 
lower mobili t ies are expected for layers much th inner  
than 1 ~m. The mobil i ty  of a large number  of different 
epitaxial  samples is shown in Fig. 1. These films have 
been grouped according to their  thickness in order to 
show the strong influence of this parameter  on mo-  
bility. The carr ier  concentrat ion is averaged over  the 
layer  thickness. 

Mobilities of 20,000 cm2/V-sec have been reported 
for heteroepi taxia l  InAs on GaAs substrates, grown by 
using the chloride t ransport  of indium, and ei ther  ar-  
sine (4) or arsenic tr ichloride (5, 6) as a source of 
arsenic. These layers had thicknesses on the order  of 
50 ~m. Lower  values of 10,00O cm2/V-sec, wi th  com- 
parable carr ier  concentrat ion and thickness, have  been 
obtained by Allen and Mehal (7), using the  chloride 
t ransport  of indium with  arsine as the source of ar-  
senic. 

The mobil i ty  of our 7 ~m (thick) epitaxial  layer  is 
comparable to that  r epor t ed  by the above authors. 
However ,  comparison of the mobil i ty  of our thin epi-  
taxial  layers wi th  those grown by the above-men-  
t ioned techniques is not possible because of the lack 
of available information on thin epi taxial  layers 
grown by the above techniques. Godinho and Brunn-  
schweiler  (8) have  reported on the mobi l i ty  of thin 
InAs films on GaAs substrates, produced by vacuum 
evaporation.  They find a similar  var ia t ion in mobi l i ty  
with decreasing thickness. 

C a r r i e r  C o n c e n t r a t i o n  
Figure  2 shows the variat ion of carr ier  concentrat ion 

with growth tempera ture  for a number  of films of 
InAs, keeping the other  growth parameters  constant. 
This behavior  is Significantly different from that  ob- 
served during the growth of GaAs epitaxial  layers on 
GaAs substrates, where  it is usually found that  the 
carr ier  concentrat ion increases with increasing sub- 
strate temperature,  because of doping from the gas 
phase (9). We bel ieve that  the doping concentrat ion 
vs. growth tempera ture  dependence of our films can be 
explained by considering the point defects in the layers 
as the pr imary  source of the carr ier  concentration. 

T h e o r y . - - S i n c e  the  InAs epitaxial  layers  are grown 
on GaAs substrates, a large density of point defects is 
present at the interface be tween  the film and the sub- 
strate. This defect density is given by 4 (aGaAs -2 -- 
ainAs -2) -~ 1.61 X 1014 cm -2 for the (100) surface, if 
an abrupt  interface be tween GaAs and InAs is assumed 
(10).  Addit ional  defects can arise from thermal  cy- 
cling, due to the difference in lattice expansion co- 
efficients. Since the substrate orientat ion is (100), 
equal  numbers  of defects can be expected to occur at 
the indium and the arsenic sites. However ,  because of 
the large hole to electron effective mass ratio, the 
donor defect level  wil l  be shal lower than the acceptor 
level, leading to a net n - type  doping of the epitaxial 
layers. All the InAs layers, grown in the  absence of 
intentional  doping, were  indeed found to be n- type  
as expected from the above argument.  

The var ia t ion in defect density wi th  tempera ture  
and film thickness can be theoret ical ly calculated using 
a simple atomic layer  growth model. In this model, it is 
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assumed that  g defects per unit area are present at the 
substrate layer  interface. During epi taxial  growth, an- 
nihilat ion of defects takes place by the encounter  be-  
tween atoms from the gas phase and lattice voids on 
the growing surface. The probabil i ty of such en- 
counters is proport ional  to the concentrat ion of voids 
in the lattice and the mobil i ty  of gas atoms on the epi-  
taxial  surface. 

The concentrat ion of defects in each growing mono-  
layer  is, therefore,  proport ional  to their  concentrat ion 
in the previous monolayer.  Thus, the addition of each 
atomic monolayer  to the epitaxial  film wil l  reduce the 
defect density by a constant fraction q. The defect 
density in the first monolayer  is thus g (1 -- q) = gp, 
in the second monolayer  gp2, in the third monolayer  
gpS, etc., unti l  there  is a defect density of gpm in the 
ruth monolayer.  The thickness of the epitaxial  layer, 
composed of m monolayers,  is ma, where  a is the lat-  
tice constant of the growing film. The average volume 
concentrat ion of defects in the epi taxial  layer  is thus 
given by 

nn : gp~ [1] 
m a  r = l  

g (I - -  p~) 
= - -  [2] 

ma (1 -- p) 

since p < 1. For  epi taxial  layers of even  a few thou-  
sand angstroms in thickness, m becomes very  large. 
Hence 

g 1 g 1 
nD "~ - -  - -  -- [3] 

(1 - -  p)  m a  q d 

where  d is the layer  thickness. 
The quant i ty  q, the probabil i ty of annihilat ion of de- 

fects due to the addition of each monolayer,  is propor-  
tional to the surface mobi l i ty  of atoms arr iving from 
the gas phase. In general,  this surface mobil i ty  follows 
an Arrhenius  law, exp ( - - W / k T ) ,  where  W is on the 
order of 0.5 eV/molecule  (11). Therefore  

e W l k T  

nD a [4] 
d 

In other words, the defect density of thin epi taxial  

layers should vary  inverse ly  wi th  the thickness of 
the  layer  and decrease exponent ia l ly  wi th  increasing 
growth temperature .  Decrease in defect density with 
epitaxial  layer  thickness is expected to occur in both 
homoepitaxial  growth, where  defects at the interface 
may  arise from the presence of defects in the sub- 
strate and from contaminants on the substrate surface, 
and in heteroepi taxia l  growth, where  defects at the 
interface arise pr imar i ly  from lattice mismatch�9 Such 
behavior  has been reported for homoepitaxial  GaAs 
films by Williams (12) and for heteroepi taxial  films 
by Takahashi et al. (13). In both cases, al though a 
large number  of defects were  observed at the epi -sub-  
strate interface, a decrease in defect density was re-  
ported with increasing epi taxial  film thickness, as evi-  
denced by a corresponding decrease in etch pit den- 
sity. This type of behavior  is expected to occur in all 
epi taxial  films. If the defects are active and give rise 
to energy levels which lie in the bandgap of the epi-  
layer, a var ia t ion in carr ier  concentrat ion according 
to Eq. [4] is also expected to occur in these epitaxial  
layers. 

An exponent ia l  decrease in the product of the car-  
r ier  concentrat ion and the thickness of the epi taxial  
layers was observed in the case of our InAs layers, as 
shown in Fig. 3. Here, the data of Fig. 2 is replot ted 
after  accounting for the thickness of the layers. From 
this data, W is approximate ly  0.4 eV/molecule .  These 
results show that  the carr ier  concentrat ion is due to 
the presence of defects produced by the large lattice 
mismatch and is not sensitive to the growth rate. 

It was shown ear l ier  that  the mobil i ty  of the InAs 
layers was essentially constant in the range of thick-  
nesses used in this study. Using a constant ~ we can 
obtain 

[.roO,  ] 
from the measured  Hall  and conductivi ty voltages. 
Therefore,  the measurements  yield average values of 
the carr ier  concentrat ion as a function of the layer  
thickness and can be direct ly compared with  the re-  
sults predicted by the theory. F igure  4 shows the mea-  
sured average carr ier  concentrat ion as a function of 
thickness for a 7.2 ~m layer  (grown at 600~ which 
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Fig. 3. Product of carrier concentration and thickness of epitaxiat 
layers vs .  substrate temperature. 
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was successively etched down, together with the theo- 
retical curve based on an n ' d  product of 4.9 • 10 TM 

cm -2 as obtained from Fig. 3. Excellent agreement  be-  
tween theory and data is observed. Fur ther  confirma- 
tion was obtained by plott ing the carrier concentrat ion 
of layers, grown under  the widely varying growth 
conditions of Table I, as a function of thickness. Figure 
5 shows the results for films grown at 600~ with hy-  
drogen flow through the TEI bubbler  ranging from 1 to 
2.5 l i ters /min,  and arsine flows ranging from 0.9 to 15 
mli ters /min.  The theoretical curve is again based on 
an n .d  product of 4.9 X 1012 am -2 obtained from Fig. 3. 
These results show that the carrier concentrat ion of 
layers of InAs grown in this study is due to the pres-  
ence of defects in the epitaxial layer and not due to 
doping from impurit ies in  the source material.  

No data are available on the carrier concentrat ion 
vs. thickness of thin InAs layers grown on GaAs sub- 
strates by other  techniques. The carrier  concentration 
of thin get ter-evaporated InAs films on glass substrates 
has been reported by Howson and Malina (14), and 
decreased inversely with film thickness in agreement  
with our theory. The n .d  product, calculated from a 
fit to their data, was on the order of 1014 per cm 2. This 
large value is probably caused b y  the low growth tem-  
peratures (200~176 and the amorphous substrates 
used for their depositions. 

From the above, it is seen that the n 'd  product of 
epitaxial layers is determined by two important  fac- 
tors: the defect density at the interface, g, and the 
surface mobil i ty  of the gas atoms dur ing growth. These 
factors are dependent  on the temperature  of the re-  
action, the type of reactants used, and the type of s u r -  
face t rea tment  prior to epitaxial  growth. The n -d  prod- 
uct of epitaxial layers could, therefore, be used as a 
figure of meri t  for the technique used to grow the 
layers. A small n -  d product would be indicative of low 
defect densities at the epi-substrate  interface and/or  a 
fast fall off in defect density with increasing epitaxial 
layer thickness, indicating a superior method for epi- 
taxial growth. This method, of course, would be valid 
only for those semiconductors in which defects are ac- 

Table I. Data on InAs layers grown at 600~ 

T E I  H2 A s H a  
( l i t e r s /  ( m i l l e r s /  d n ~ �9 d 

S a m p l e  rain) r a i n )  (~xn)  ( c m ~ )  ( c m  -~) 

J C - 1 1 1  2 .5  1 5 . 0  0 . 4 3  1 . 1 4  • 10 '7 4 . 9 0  • l 0  w 
J C - 1 1 4  2 .5  0 .9  1 .0 1  3 . 6 0  • 10 z~ 3 . 6 4  • 10 TM 

J C - 1 1 5  2 .5  2 .0  0 . 6 6  7 . 0 8  x 1O TM 4 , 6 6  X 1O ~2 
J C - 1 1 6  2 .5  1 .4  0 . 7 8  5 . 7 6  X 1 0  le 4 . 4 9  X 1O u 
J C - 2 0 4  1.5 2 . 0  0 . 3 8  1 .42  x 1017 5 .40  x 1012 
J C - 2 0 6  2 .5  2 . 0  0 . 5 6  7 .6 0  x l01~ 4 . 2 5  x 10  ~ 
J C - 2 0 8  1 .0  2 . 0  0 . 2 6  2 , 0 7  • 10 n 5 . 4 0  x 10 ~ 
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Fig. 5. Carrier concentration vs. thickness for InAs layers grown 
at 600~ under a wide range of TEl and arsine flows. 

l ive and produce unequal  carrier densities in  the con- 
duction and valence bands. This is indeed the case for 
the major i ty  of I I I -V and mixed II I -V compounds. 

Conclusions 
Heteroepitaxial  InAs layers on GaAs substrates can 

be produced using t r ie thyl indium and arsine with 
electrical properties comparable to those obtained by 
vacuum evaporation and chloride t ransport  techniques. 
The carrier concentrat ion of these films is dominated 
by the presence of defects created at the interface be-  
tween the film and the substrate by the large difference 
in lattice constants. 

A theory has been developed for the variat ion in  
defect density with epitaxial layer thickness and sub- 
strate tempera ture  for general  heteroepitaxial  growth. 
The carrier concentrat ion of the InAs layers varies in-  
versely with layer thickness and decreases exponen-  
tially with increasing substrate temperature,  in agree- 
ment  with this theory. It is suggested that  the n .d  
product of heteroepitaxial  layers be used as a figure 
of meri t  for the epitaxial growth technique, a smaller 
n '  d product indicating a superior technique. This tech- 
nique can also be used to establish the mi n i mum thick- 
ness of interface layer which must  be grown before 
good quali ty mater ial  is achieved and should have 
considerable technological importance in electro-optic 
and other heteroepitaxial  systems. 
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Asymmetric Cracking in III-V Compounds 
G. H. Olsen, M. S. Abrahams, and T. J. Zamerowski 

RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Exper imental  evidence for unidirect ional  cracking in  I I I -V compounds is 
presented. The crack direction is shown to be a function of the sign of the 
applied stress and follows the asymmetry  of the zinc blende structures. The 
critical stress for cracking in InGaP/GaAs  in tension was found to be E/680 
(--,4.5 • 109 dynes/cm2). Cracks in InGaP and GaAsP grown on GaAs sub-  
strates are related to the zinc blende asymmetry  with the aid of Sirtl 's etch. 
A fracture mechanism which introduces asymmetric dislocations into the 
Cottrell fracture mechanism is advanced. Asymmetries  in  elastic bending 
and "cross-hatch" pat terns are discussed. The question of "glide" vs. "shuffle" 
dislocations is also considered. 

Asymmetry  in zinc blende structures has recent ly 
been discussed by Abrahams et al. (1). These authors 
demonstrate the general  asymmetries found in zinc 
blende structures (as compared to the diamond struc- 
ture) and go on to show how these considerations pre-  
dict the existence of l ike-sign asymmetric dislocations 
along <110> directions. They then present  experi-  
menta l  evidence which demonstrates that misfit dis- 
locations in graded InGaP and GaAsP structures do 
indeed exhibit  asymmetry  in that their  configurations 
along one [011] direction are different than  those along 
the perpendicular  [011] direction. These asymmetric 
configurations are in t u rn  used to just i fy  previous as- 
sertions (2, 3) of differing dislocation velocities be-  
tween group III  (a) and group V (#) dislocations. The 
purpose of this paper is to present evidence for asym- 
metric fracture in several I I I -V vapor phase epitaxy 
(VPE) crystals and to show how this phenomenon may 
be explained by a fracture mechanism which involves 
asymmetric dislocations. Some related phenomena will  
also be discussed. 

Experimental 
Single-crystal  alloys of InGaP and GaAsP were de- 

posited via chemical vapor deposition on (100) GaAs 
substrates by we l l -known  techniques (4, 5). Growth 
temperatures  were typically ,-,700~ No compositional 
grading was employed during the growth of these 
alloys. The alloy composition was determined by  
photoluminescence (6) and in some cases by x - ray  dif- 
fraction. Etch procedures have been described else- 
where (7, 8). 

Asymmetry in Zinc Blende Structures 
The asymmetry  between <011> and <01T> type di- 

rections in zinc blende is a we l l -known property which 
may easily be demonstrated in GaAs with the aid of 
Sirtl 's etch (7, 8). Strict ly speaking, two <011> di-  
rections in  zinc blende cannot be called "asymmetric" 
since by definition of the zinc blende structure, they 
are not symmetr ical ly  equivalent.  However, since the 
cracking phenomena along these two directions is 
asymmetric, the term "asymmetry" will be used here 
to denote the asymmetric cracking. Figure l ( a )  shows 

Key words:  Sirtl etch, misfit, cross-hatch, asymmetric dislocation, 

a (100) polished wafer of GaAs etched in the Sirtl 
solution (8) for 3 min. The unequal  sides of the rec- 
tangular  etch figures (which are "hillocks" as opposed 
to pits) lies parallel  to [011] and [0'11] directions and 
may be used to distinguish the two directions in  the 
(100) plane. This behavior  contrasts with Sirtl  etch 
figures on (100) Si, which are square (8), and demon- 
strates the nonequivalence of <011> and <olT> type 
directions lying in a {100} plane. The Sirtl etch figures 
on GaAs have not yet been related to a defect struc- 
ture, although they have been related to dislocations 
in  Si. A start l ing difference may be observed on the 
opposite (1-00) face of the GaAS wafer [Fig. l ( b ) ] .  
It is seen that the rectangular  etch figures on (T00) are 
rotated by 90 ~ with respect to those on (100). How- 
ever, this rotation is ent i re ly  consistent with the 90 ~ 
rotation of symmetry  which is observed in  zinc blende 
structures when changing from one sublattice to an-  
other or when a 180 .0 rotat ion is performed about an 
<011> direction (see Fig. 2). It is evident then that 
one side of the etch figure (e.g., the long or short side) 
may be associated with an <011> direction of par-  
t icular  symmetry.  The asymmetry  of this direction is 
evidenced not by the atoms lying in the direction, but  
by the positions of the nearest  neighbor atoms. The 
following discussion, which describes how directions in 
zinc blende structures may be uniquely  referenced, 
will clarify this point. 

Let the two sublattices be labeled A and B (see Fig. 
2). Any atom in  a {111} plane contains four bonds to its 
opposite species. However, only one of these bonds is 
normal  to the given {111} plane. This bond direction is 
conventional ly used as a vector to identify the plane. 
Inspection shows that  parallel  A and B planes have 
identification vectors which are antiparallel .  Thus, if 
a un i t  cell is chosen with B atoms at its corners, then 
the {111}~ planes may be referred to as (111), (111), 
(1]-1), and (111) while the {lll}A planes will  be the 
corresponding negatives. Therefore, if an A or B {111} 
plane can be distinguished, all other crystallographic 
directions may be derived. 

The nature  of the Sirtl  etch figures is not well under -  
stood, although much work has been devoted to this 
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Fig. 1. Sirtl etch figures on both sides of a (I00) GaAs substrate. The axis of rotation between (a) Qnd (b) is [011]. 

problem. Figure 3 shows SEM photographs of a Sir t l -  
etched (100) GaAs wafer. Although the geometries of 
the etch figures were found to vary considerably, the 
l eng th /wid th  ratio was found to be relat ively constant  
(~2 .3 ) .  Nevertheless, the work of Tarui  et al. (8) on 
GaAs shows that  the angle be tween < l l l > A s  direc- 
tions and the <100> direction in <011> planes is 
54 ~ 44' along the short axis of the Sirtl  etch figure and 
125 ~ 16' along the long axis. Therefore, Sirtl  etching 
of GaAs provides a means for the unique  determina-  
tion of crystallographic directions as well as a differ- 
ent iat ion of <011> and <01] '> type directions. 

Cracking in InGaP and GaAsP an GaAs 
The growth of I n G a P / G a A s  will  be considered first. 

One advantage of this system is that a la t t ice-matched 
condition can be approached by the direct deposition of 
~In0.49Ga0.51P/GaAs. The alloy can then be graded (if 
desired) to a different composition in order  to achieve 
desired electrical and /or  optical properties. An exact 
lattice match can occur only at one temperature  since 
the thermal  expansion coefficients of the two mate-  
rials are different (g). If a lattice match occurs at 700~ 
(~49.5% In) ,  then  a compressive strain of --&.09% 
will exist in the InGaP at room temperature.  However, 
if a room-tempera ture  lattice match is to be achieved, 
a tensile stress of ~0.09% must  be incurred at the 
growth temperature.  (From a mechanical  point  of 
view, the h igh- tempera ture  match is to be preferred 
since slip is less l ikely to occur at lower temperatures.)  
A plot of s train in the InGaP layer  vs. In  composition 
is shown in  Fig. 4 for the two temperatures.  

During the preparat ion of such structures, unid i -  
rectional striations were sometimes observed on the 
composite crystal as seen in Fig. 5. Close examinat ion  
revealed that  these striations were cracks which 
extended along a single <011>- type  direction and that  
they only  appeared in structures where a critical misfit 
between the InGaP and GaAs had been exceeded. 
Structures  in which the InGaP was strained in tension 
by the GaAs substrate (alnGaP < aGaAs) appeared to 
exhibit  cracks when  the misfit exceeded ,-~0.15%, 
whereas those in compression (alnGaP ~ aGaAs) were 
rare ly  observed to crack, even with misfits as large as 
0.4%. These figures may  vary  somewhat wi th  growth 
temperature,  thickness, etc., but  it was invar iably  t rue  
that  InGaP layers in tension cracked at smaller mis-  
fits than  those in compression. The crack direction was 

referenced to GaAs by angle lapping the composite 
wafer and Sirtl  etching the exposed GaAs. Figure 6(a) 
shows an InGaP layer  which was put  in tension by the 
GaAs substrate. Figure 6 (b) shows a rare example of 
an InGaP layer  which cracked in compression. Note 
that  the tension cracks are paral lel  to the long axis of 
the Sirtl etch figures while the compressed layer  has 
cracks perpendicular  to the figures. These figures serve 
as a clear i l lustrat ion that fracture in InGaP is asym- 
metric  and follows the polari ty of the zinc blende 
lattice. Fur ther  evidence of this type may  be seen in 
Fig. 7 which shows the (100) and (100) surfaces of an 
InGaP layer  placed in  tension by a GaAs substrate 
where growth has occurred on both sides. The crack 
direction is seen to rotate 90 ~ wfth the zinc blende 
polari ty as do the Sirtl  etch pits in Fig. 2. 

Similar  behavior  was observed in GaAsP. Abrupt  
deposits of GaAsP on GaAs result  in structures which 
exhibit  unidirect ional  cracks (due to tensile stresses) 
which lie parallel  to the long axis of Sirtl  etch pits on 
the substrate. However, cracking was not observed in 
samples subjected to compressive stresses (GaAsP/  
GAP). 

It  must  be emphasized that  the above results apply 
only to abrupt  depositions. In  most cases it was found 
that cracking could be e l iminated by grading the alloy 
composition. In  systems which have large misfits (~1% 
or more) cracking is often not observed because of 
poor crystal growth. 

Fracture Mechanism 
Cottrell (10) has suggested a fracture mechanism 

whereby dislocations on intersecting slip planes com- 
bine  to form sessile dislocations whose missing half 
planes may be viewed as microcracks. Repeated slip of 
this type can cause the microcracks to grow and com- 
plete fracture to eventual ly  occur. Abrahams and Ek- 
strata (11) have extended this model to zinc blende 
structures in order to explain cleavage along {011} 
planes. These models may be used to exPlain asym- 
metric cracking in III-V compounds by invoking asym- 
metry  o f  the dislocations involved in the microcrack 
formation. 

Figure 8 shows two orthogonal {011} planes of an 
InGaP layer which has been strained in tension by the 
GaAs substrate. It has been shown (1) that a large 
fraction of the misfit s train in InGaP [as in GaAsP 
(14)] is relieved by 60 ~ l ike-s ign dislocations, which 
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Fig. 2. A projection of two perpendicular {011} planes which 

shows the interchange of atomic species in zinc blende structures 
upon a 90 ~ rotation. 

are mobile and can bend in and out of the misfit plane 
during crystal growth. These dislocations are thought  
of as sources of glissile dislocations which eventual ly  
combine and lock up as in the above fracture  mecha-  
nism. Since extensive dislocation motion is required. 
climb does not appear to be a l ikely mechanism for this 
process. Because the misfit is tensile, the signs of the 
dislocation (i.e., location of extra  half -plane)  must  be 
as shown in the figures. Thus, if the dislocations in Fig. 
8(a) are of the a- type (lying on {lll}A planes),  then 
the dislocations in Fig. 8(b) must be of the E-type 

(lying on {lll}B planes) by vir tue  of the zinc blende 
symmetry.  Since the mobili t ies of these two types of 
dislocations are not expected to be equal (1,2), it fol- 
lows that one set will  move at lower  stress levels  than 
the other, and thus give rise to fracture which appears 
only along the one direction. As with  other  crack 
mechanisms (12), compression would tend to keep the 
microcracks from opening up (as they do in tension) 
and thereby inhibit  complete fracture. The operat ion of 
this mechanism depends on the configuration of the 
misfit dislocation. With abrupt  deposits, many  disloca- 
tions would be generated over  a small volume after the 
critical thickness (13) had been exceeded. The prob- 
abili ty for dislocation pileup would be much greater  
here than with graded structures where  the disloca- 
tions would be spread out over  a la rger  volume (14). 
Furthermore,  due to the gradual  rel ief  of strain,  the 
local misfit stress in a graded layer  would never  ap- 
proach that  in an abrupt  layer  (for the same total 
strain).  

Discussion 
The proposed model  is consistent with the exper i -  

mental  results and appears to be the most l ikely mecha-  
nism for asymmetr ic  fracture. It is also supported by 
the observations of Abrahams et aL (1) who showed that 
misfit dislocations in InGaP and GaAsP have different 
densities along the [011] and [01"i-] directions in (100) 
growths. Substrate or ientat ion was also considered as a 
possible cause for the unidirect ional  cracks. Vapor-  
phase epi taxy is typical ly performed on substrates that 
are misoriented by 3o-5 ~ from a major  crystal lographic 
axis. In the present work, (100) GaAs wafers, which 
were  misoriented about <011> directions, were  used 
as substrates. The applied misfit strains were  therefore  
not contained in the (100) plane, but in a plane slightly 
inclined to it. [This effect has been demonstrated (15) 
in Ge/GaAs  where  the epitaxial  strain was shown to 
vary with deviations from a <111> growth axis.] Fol-  
lowing the method of Wayman (16), the resolved shear 
stress on a {111} <110> slip system due to such an ap- 
plied stress may be calculated using matr ix  methods 
with a computer. The results are shown in Fig. 9 for 
misorientation about an [01~ axis. It can be seen that  
the resolved shear stress ( ,)  on a slip system of a 
crystal misoriented by only 3 ~ can differ by as much as 
10% from those in a crystal wi th  no misorientation. 
Thus, it is conceivable that differences caused by mis-  
orientat ion could cause preferent ia l  slip on a par t icular  
slip plane. However,  the results described in the sec- 
tion on cracking in InGaP and GaAsP on GaAs were  
found to be independent  of substrate orientation, i.e. 
+3  ~ 0 ~ and --3 ~ misorientat ion about a single axis 
all yielded identical results. Hence, substrate or ienta-  
tion was ruled out as a cause of asymmetr ic  cracking. 

One interesting application of these results was the 
est imation of the critical yield stress in lnGaP placed 
in tension by a GaAs substrate. Figure 10 shows a com- 
posite photograph of such a crystal which contained a 
compositional gradient  along the w a fe r - -no t  along the 
growth axis. The region about the zero strain condition 
is essentially featureless. As the strain increases, a 
"cross-hatch" pat tern (17) becomes evident. Fur ther  
strain leads to a more pronounced cross-hatch and 
finally to cracking at ~0.15% strain. (Misfit strain was 
obtained from compositional determinations,  together  
with Fig. 4). This value was found to be reproducible 
(it was also observed in several  similar wafers)  and 
leads to a critical tensile stress of ~E/666  (~4.5 • 10 ~ 
dynes/cm2).  This in turn leads to a critical resolved 
shear stress on the {111} <110> slip system of ~G/770 
(~1.5 X 10 .~ dynes/era2; E = Young's modulus and 
G ---- Shear modulus) .  Such stress levels should be able 
to su~)port slip at the growth tempera ture  of 700~ 
The onset of cracking appeared to be less critical in 
GaAsP than ]nGaP and no threshold stress levels could 
be ascertained. This result  is consistent with that of 
Abrahams et al. (1), who found the asymmetry  of the 
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Fig. 3. Scanning electron microscope pictures of Sirtl etch figures on a (100) GaAs substrate. 

dislocation arrays to be more pronounced in InGaP 
than GaAsP. It also suggests that  the amount of asym- 
met ry  depends on the alloy constituents. 

The question of whe ther  the Q- or E-type dislocations 
(see Fig. 11) have higher  mobili t ies cannot be 
answered without  stating whe ther  these dislocations 
exist as a "glide" or "shuffle" set (18). This problem 
has been discussed recent ly and apparent ly  is still an 
open question. The atomic configurations about these 
types of dislocations are i l lustrated in Fig. 11. If the 
shuffle set is assumed in the case of InGaP and GaAsP 
in tension, then consideration of the section on asym- 
me t ry  in zinc blende structures, together  with Fig. 6 
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Fig. 4. Strain present in InGaP grown on GaAs due to thermal 
expansion effects as a function of In composition and temperature. 

and 11, will  show that  in order  for misfit dislocations 
to contribute to the crack mechanism, they must  lie on 
{lll}B planes. Thus, the more mobile dislocations in 
both InGaP and GaAsP would be of the ;~-type. This 
may be seen in Fig. 11 (d) if the InGaP (under  tension) 
is assumed to be below the dislocation and the GaAs 
(containing the extra  half  plane) on top. [Interest-  
ingly, the o-type dislocations were  claimed to have 
higher  mobilit ies in InSb when the shuffle set was as- 
sumed (2) ]. For samples under  compression, the Burg-  
ers vector of the dislocation would be reversed and the 
crack direction would have to rotate 90 ~ in order to 
maintain the same type of dislocation. 

Assuming the shuffle dislocation to be dominant, 
Erofeeva and Osip'yan (20) have recently shown that  
the ~-type dislocations have higher  mobili t ies in InSb 
and GaAs. This, together  with the above results, may  
indicate that a "size-effect" governs dislocation ina- 
bilities since P atoms are smaller  than Sb and As atoms. 
However,  all such discussion is mere  speculation unti l  
the question of whe ther  the "shuffle" or "glide" dis- 
locations predominate  in I I I -V compounds is settled. 

Another  manifestat ion of this phenomenon is asym- 
metr ic  bending. Nagai (21) has demonstrated asym- 
metr ic  bending about [011] and [01]-] directions in 
InGaAs and GaAsP grown on (100) GaAs substrates 
and has shown that  if growth occurs on both sides of 
the wafer, a "saddle- l ike"  curvature  is observed, i.e., 
convex about one ~ 0 1 1 ~ - t y p e  direction but concave 
about the other. Similar  observations have been made 
during the present work  and are ent i re ly  consistent 
wi th  the concept of asymmetr ic  slip. Al though the 
misfit strain is applied equal ly  along the two direc- 
tions, slip would occur more easily about one of these 
directions (as in the crack mechanism) and thus less 
bending (due to elastic strain) would take place about 
this axis as compared to the other. Fur thermore ,  the 
zinc blende symmetry  demands that these axes inter-  
change on the opposite side of the substrate and there-  
fore explains the concave vs. convex bending. Nagai 
also presents data which indicate that  the bending 
in In l -~GaxAs/GaAs,  al though asymmetric,  ~hows no 
systematic variat ion with composition between x ----- 0 
and x : 1. This suggests that  only a critical amount  of 
strain can be accommodated by elastic bending before 
plastic deformation occurs. In fact, if Nagai 's data are 
averaged, a crude calculation (17) can be made to find 
the stress along the [011] and [011] directions. The re-  
sults are ~ ~ 6 • 10 -4 vs. e ~ 3 • 10 -3. The higher  
value is reasonably close to the critical value found in 
InGaP, considering the simplifications involved. 
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Fig. 5. Unidirectional cracks in InGaP grown on a (100) GaAs substrate. The InGaP is under tension. 

Fig. 6. InGaP/GaAs wafers which have been angle-lapped ( ~ 3  ~ to expose the GaAs substrate which exhibits rectangular etch figures 
(S) due to Sirtl etching. The lnGaP portion exhibits cracks (c) due to (a) tension and (b) compression. 

Finally,  a few remarks will  be made about the so- 
called "cross-hatch" pat terns (17). These pat terns have 
been associated with misfit dislocations in epitaxial 
layers which contain regions of graded alloy composi- 
tion (17). However, "cross-hatching" may also be ob- 
served in abrupt  (nongraded) deposits as ,is seen in 
Fig. 10 for InGaP/GaAs.  Here, an asymmetry  in the 
pat tern  is to be noted. The [011] set of lines runs  

fairly straight, while the [01-1-] set is not as closely 
spaced and more irregular.  This is to be compared with 
the asymmetric dislocation configurations of Abrahams 
et aZ. (1). Although the precise origin of this pat tern is 
not clear, the following facts have been obtained: (i) 
The patterns can be removed by mechanical  polish- 
ing. Therefore, they are surface defects. (ii) Disloca- 
tion etches enhance the original cross-hatch pattern. 
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Fig. 7. Identical regions of an InGaP layer (under tension) grown on both sides of a GaAs substrate. The axis of rotation between (a) 
and (b) is [011]. 

" ~ 1 /  inGaP ~ ~ ZnGoP 
GoAs GoAs 

(Oil) (oiT) 

~ - ~ 0 "  

Fig, B. Dislocation motion on 
perpendicular (011} planes in 
an InGaP layer placed in ten- 
sion by a GaAs substrate, Dislo- 
cations intersect and combine as 
shown to form microcracks which 
eventually open up to form uni- 
directional cracks as in Fig. 5. 
The two gliding dislocations are 
60 ~ types with Burgers vectors 
pointing into and out of the 
plane of the figure. The bottom 
sessile dislocation would hove a 
Burgers vector which lies in the 
(100) plane. 

~/T o 

Therefore, there is a definite association between each 
l ine in  the cross-hatch pat tern  and a dislocation. 
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MI$ORIENTATION 

Kishino et al. (17) concluded that the cross-hatch 
patterns observed in  GaAsP/GaAs were caused by 
growth rate variat ions due to impur i ty  concentra-  
t ion differences at dislocations in the compositionally 
graded region or to the screw components of these 
same dislocations. We suggest that  the cross-hatch 
pat tern  is ini t ia l ly caused by accelerated crystal 
growth about misfit dislocations and that once initiated, 
these "growth per turbat ions" wil l  continue to propa-  
gate with growth as will  any defect (such as a scratch 
or pit) on a crystal surface. This effect implies the 
existence of some type of defect along the boundaries 
of the pat tern  such as impur i ty  segregation or point 
defects. This would be consistent with the Observa- 
tions and propositions of Kishino et al. (17). 
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Fig. 9. The effect of substrate misorientation [from exact (100)] 
about the [011] direction upon resolved shear stress (T) in the 
indicated (111) ~ 0 1 1 ~  slip systems. The applied misfit stress 
in the substrate plane is ~A and To is the resolved shear stress 
when ~,~ is applied in the exact (100) plane. 
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Fig. 10. Interference mlcrographs of a (100) InGaP/GaAs surface for various tensile strains in the InGaP. Note the asymmetries in the 
cracks and "cross-hatch" patterns which are parallel to < 0 1 1 >  directions. 

(a) (b) 

(c} (d) 
Fig. 11. Atomic configurations in an {011} plane about 60 ~ 

dislocations in zinc blende structures. An s-dislocation in the 
"glide" configuration is illustrated in (a) with the E-dlslocation 
in "glide" configuration in (b). ~- and E-dislocations in "shuffle" 
configuration are illustrated in (c) and (d), respectively. Atom 
conventions are as in Fig. 2. The (111} planes corresponding to 
the =- or E-type dislocation are horizontal. 
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should be submi t ted  by  Feb. 1, 1975. 
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ABSTRACT 

The SEM has been used to study the crystal  perfect ion and chemical 
homogenei ty  of In l - zGazP  crystals. Secondary electron micrographs were  
used to study the surface topography and microst ructure  away from and at 
inhomogeneities.  Chemical and crystal lographic data were  obtained using the 
x - r ay  wavelength  dispersive and energy dispersive analyzers and selected area 
channeling patterns. The channeling patterns showed that  In and Ga can be 
substi tuted direct ly into a common (column III) sublattice wi thout  gross dis- 
tort ion of the lattice and wi thout  generat ion of unacceptable levels of s t ruc-  
tural  defects. The crystals were  chemically homogeneous (less than 2% 
maximum)  except  at or near inclusions. 

The l igh t -emi t t ing  propert ies of the In l -xGaxP 
crystal system, which is very  promising for LED ap- 
plications, are dependent  on the crystal l ine perfect ion 
of the lattice. There  are few reported studies of the 
crystal l ine perfect ion (lack of bulk latt ice distort ion) 
of these materials.  These materials  are sometimes ad- 
verse ly  affected by the presence of inclusions (e.g., 
indium) introduced during crystal growth. The very 
small samples used in photcexcitat ion exper iments  
(1, 2) may be taken from inclusion-free  regions, but  
for junct ion device applications this is not possible. 
The envi ronment  of the inclusions was studied and 
the defect sites related to these inclusions were  char-  
acterized in terms of their  microstructure  and the 
at tendant  chemical composition and crystal lographic 
changes re la t ive  to the bulk material .  

The crystals were  studied using a JEOL JSM-U3 
and Cambridge  Stereoscan S-4 scanning electron 
microscope (SEM). The SEM is a versat i le  electron 
probe which can provide various forms of information 
through the signals generated by the action of the 
scanning electron beam. These signals include back- 
scattered electrons, secondary electrons, characterist ic 
x-rays,  or l ight emission. In the present study three 
operat ional  modes were  correlated to obtain an inte-  
grated view of the crystals and the defect sites therein. 
Secondary electron micrographs were  used to study 
the surface topography and microstructure  of the de- 
fect sites. The characterist ic x- rays  generated by the 
electron beam were  used to evaluate  chemical com- 
position and homogenei ty  near the defect sites. Infor-  
mation on the orientat ion of the samples and the de-  
ter iorat ion of crystal l ini ty near the sites was obtained 
using selected area electron channeling pat terns 
(SACP's) .  

Experimental 
Samples.--The In l -xGaxP crystals were  grown by 

a modified Br idgman method and varied in composition 
f rom x ---- 0.95 to x -~ 0.34 as shown in Table I. The 
In~-~GazP is grown at constant tempera ture  from an 
indium solution that  is fed with source InP and GaP 
held at a tempera ture  10~176 higher than that  of the 
growth site. The constant t empera ture  synthesis re-  
duces crystal composition inhomogeneit ies and conse- 
quent  defects. The high quali ty of this In l -xGaxP in 
the inclusion-free regions is demonstrated by the fact 
that  most of the direct bandgap samples can be made 
to lase when photoexcited (1, 2). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  D e p a r t m e n t  of  E l e c t r i c a l  E n g i n e e r i n g ,  T h e  L v o v  

P o l t e c h n i c  I n s t i t u t e ,  L v o v ,  U .S .S .R .  
2 P r e s e n t  address: Ill inois B u r e a u  of  Identification, Joliet,  Il l inois 

60432. 
Key words:  channe l ing  patterns, microprobe, 

In the present  study, slices f rom the grown ingots 
were  mechanical ly polished and then chemically 
etched. This preparat ion removes any inclusions at the 
surface and leaves behind a characterist ic defect site 
which was invest igated with the SEM. 

Secondary electron micrographs.--The operating 
principles of the SEM are well  known (3). A focused 
electron beam or probe is scanned across the specimen 
in a square raster  in synchronization with  a second 
beam on a CRT. The secondary operat ing mode con- 
sists of the collection of the secondary emit ted elec- 
trons at each point of the scan. These electrons pro- 
vide the signal used to modulate  the brightness of the 
CRT. Thus a point by point image is buil t  up on the 
CRT which corresponds to the secondary electron 
emission at each specimen point. Other signals gen-  
erated by the action of the beam can be displayed in a 
similar  fashion. 

X-ray microanalysis.--The characterist ic x- rays  ex-  
cited by the electron beam were used to study the 
compositional variat ions in the samples. Compositional 
variat ions for In, Ga, and P were  obtained near the 
defect sites and across grain boundaries. The methods 
used involved the use of the SEM equipped with both 
energy dispersive (EDX) and wavelength  dispersive 
(WDX) x - r ay  spectrometers.  

X - r a y  scans across the grain boundaries and defect 
sites utilized the EDX analyzer. The x - r ay  scans were  
obtained with a 25 kV electron beam and a probe cur- 
rent  of 2 X 10-gA, resul t ing in a 0.2 ~m beam diam- 
eter (4). Two methods were  used for the x - r ay  scans. 
Ini t ia l ly  the beam was held stat ionary and the sample 
moved at the rate of 20 ~,m/min. In the second method 
the sample was fixed and the beam moved across the 
sample at a speed dependent  on magnification and 
scan time. This resulted in an effective scan rate of 
1 ~,m/sec around the defect sites. 

Selected area electron channeling patterns.--Crys- 
ta l lographic information on the bulk  specimens was 
obtained from electron channeling patterns (ECP's) 
taken in the SEM. The information that  can be ob- 
tained by this technique includes orientation, lattice 

Table I. Inl-zGa:rP 

S a m p l e  x (Ga)  1 -- x (In)  

236 0.34 0.66 
150 0.75 0.25 
204 0.83 0.17 
299 0.95 0.05 

1657 
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Fig. 1. Scanning micrographs of grain boundary in sample 204 
with Ga concentration in (a) (above, left), In concentration in 
(b) (above, right), and P concentration in (c) (left). 

parameters,  and qual i tat ive evaluat ion of the crystal-  
l ine perfection of the sample (5). 

Recently the ECP techniques have been refined to 
the point where this information can be obtained from 
selected areas of less than 10 ~m diameter  (6). The 
SAC pat te rn  arises because of an angular  dependence 
of electron reflection and absorption. The basic fea- 
tures of the contrast in ECP's has been interpreted by 
Hirsch and Humphries  (7) in terms of the anomalous 
absorption effects in the dynamical  theory of electron 
diffraction (8). 

The SACP is obtained by holding the beam at a se- 
lected spot on the sample while the incident  angle of 
the beam is rocked through a large solid angle. This 
leads to the formation of pronounced bands and lines 
at the Bragg angles of the specimen. The ECP's resem- 
ble the geometry of Kikuchi  pat terns and can be in -  
dexed by analogous methods. This technique was ap- 
plied to determine the orientat ion of the In l -xGaxP 
samples and to evaluate the influence of the defect sites 
on local crystall ine perfection. The qual i tat ive evalua-  
t ion of the surface perfection is possible because the 
ECP's are sensitive to the perfection in the top 100A of 
the specimen and any  lattice distort ion degrades the 
pa t te rn  quality.  

Results and Discussion 
Crystal uniformity.--X-ray scans across the large 

grained samples and electron channel ing  pat terns of 
the individual  crystals revealed the local un i formi ty  of 
the In -Ga  composition and the freedom from lattice 
stretch-compression. Figure 1 shows the small fluctua- 
tions in the concentrat ion of the indium and gal l ium 
exhibited by the bulk  material  as well as the negligible 
effect on the concentrat ion of the boundary.  The phos- 

phorus scan does show a concentrat ion var iat ion within 
10~ of the boundary  of one grain. However, as shown 
in Fig. 2, not all boundaries  affect the local phos- 
phorus concentration. The average phosphorus con- 
centrat ion in all three grains depicted in Fig. 2 is the 
same, although there was a slight variat ion (approxi-  
mately 2% maximum)  within  a given subgrain.  

The pronounced bands and lines of the selected area 
channel ing pat tern  of Fig. 3, which was taken in a de- 
fect-free area of sample 236, and the sharpness of the 

Fig. 2. Scanning micrograph with P concentration across grain 
boundaries in sample 150. 
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Fig. 3. Selected area channeling pattern showing typical (111) 
pole on sample 236. To obtain the orientation, the specimen was 
tilted until the (!11) pole came into view. 

lower part  of the electron channel ing pat tern  of Fig. 
4, which represents the area away from the defects, 
shown in Fig. 5, confirms the presence of distort ion- 
free areas of the crystals. The local uniformity  is also 
demonstrated by the fact that the I n l - x G a : P  crystals 
will lase all the way to the green (1). 

Defect site microstructures.--The inclusions are 
loosely bound second phase particles (e.g., ind ium)  
resul t ing from local inhomogeneities dur ing  crystal 
growth. In  all samples observed the inclusions at the 
surface were removed dur ing the surface preparat ion 

Fig. 5. Cluster of defect sites in sample 236 selected for analysis 

leaving a characteristic defect site of trapezoidal shape. 
Figure 6 shows such a defect site which penetrated 
completely through sample 299. However, most defects 
penetrated only part  of the way as shown in Fig. 7 
from sample 236. At the bottom of the trapezoidal pit, 
bulk  matr ix  mater ial  can be seen. 

Deject s~tes, composition and crystallographic ef- 
fects.--The influence of the defects on local composi- 
tional variations and crystall ine perfection were eval-  
uated using characteristic x - ray  line scans and se- 
lected area ECP's. Figure 5 shows a cluster of three 
defect sites in sample 236 selected for this analysis. 

The orientat ion of the surface normal  can be deter-  
mined by locating a low index crystallographic pole at 
the intersection of the bands of the channel ing pat-  
tern. The SACP of Fig. 3 shows the (111) orientat ion 
obtained by t i l t ing sample 236 through a large angle. 
The orientations of the area near  the sites in Fig. 5 
were determined from Fig. 4. This figure is a composite 
of two SACP's containing the (121) pole. The orien- 
tat ion corresponding to the point marked B in Fig. 5 is 
shown in Fig. 4 (also marked B). From measurements  
on the ECP's it was determined that  the surface nor-  
mal  lies at an angle of 6.8 ~ to the (121) pole along the 
(20-2) band. 

Comparing the ECP with the defects of Fig. 5 shows 
that some of the edges of the defect site must  be near ly 
along (1~1). This suggests that the straight edges of 

Fig. 6. Typical trapezoidal-shaped defect site in sample 299. 
Fig. 4. Composite SACP showing the orientation of sample 236 The site penetrated completely through the specimen. 
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Fig. 7. Typical trapezoidal defect site in sample 236. Matrix 
material is seen at the bottom of the pit. 

the defect sites may  have resulted from a fixed 
crystal lographic relat ionship be tween  the ma t r ix  and 
the defects. However ,  the information obtained as yet  
is insufficient to establish the definite existence of this 
relationship. 

X - r a y  scans of In, Ga, and P across the defect sites 
of Fig. 5, shown in Fig. 8-10, reveal  deviat ions f rom 
stoichiometry near the defects. In particular,  the P 
concentrat ion in Fig. 10 changes by as much as 10% 
around the defect sites. The In and Ga concentrat ions 
appear  to mir ror  each other  near the defect sites wi th  
the In concentrat ion fol lowing the P concentrat ion 
profile. The deviat ion from stoichiometry for the in-  
dium and gal l ium is less than for the phosphorus, but  
the approximate  5% variat ion of the indium is higher  
than that  encountered in the bulk material .  The lower  
concentrat ion of gal l ium and the result ing lower  count 
rate causes the observed gal l ium fluctuation to fall 
within the counting error  limits. 

The influence of the defect sites on local crystal l ine 
perfection can be seen by comparing the SACPs taken 
near  the defects with the ECP shown in Fig. 4. Figures 
11-13 are the SACPs obtained from areas approxi-  
mate ly  10 ~m in d iameter  at the sites marked  A, B, 
and C, respectively,  in Fig. 5. The degradat ion in the 
pat terns near the defect sites is clear f rom the l ines 

Fig. 9. Micrograph with superimposed Ga concentration scan 
from the same area of sample 236 as Fig. 3. 

Fig. 10. Micrograph with superimposed P concentration scan 
from the same area of sample 236 as Fig. 3. 

Fig. 8. Micrograph with superimposed In concentration scan 
from the same area of sample 236 as Fig. 3. Scan is made between 
the defect sites. 

Fig. ! 1. SACP at inclusion A in Fig. 3 

which are washed out of the patterns. Note that  the 
(202) band is clearly apparent  in all the ECP's. This 
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Fig. 12. SACP at inclusion site B in Fig. 3 

Fig. 13. SACP at inclusion site C in Fig. 3 

indicates that the defect sites introduce local damage 
but  do not cause any orientat ion change in the sample. 

Conclusions 
1. In  and /o r  Ga can be substi tuted directly over a 

wide composition range into a common group III  sub-  

lattice so as to yield a continuous series of In i -xGaxP 
crystals without  changing crystal s t ructure or severely 
distorting the structure. 

2. Although these crystals contained large inclusions 
(or defect sites after surface t rea tment) ,  crystal growth 
defects have only a l imited effect on the sur rounding  
crystal in  terms of lattice distortion as de termined by 
ECP's. 

3. The localized chemical inhomogeneit ies caused by 
the defects did not significantly affect the LED qual i -  
ties of the crystals. 

4. Electron channel ing pat terns have been shown to 
be a valuable  aid in characterizing the crystal per-  
fection of t e rnary  systems; in  part icular  the LED sys- 
tems. 
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A Lattice Parameter Criterion for Miscibility Gaps in the 
III-V and II-VI Pseudobinary Solid Solutions 

L. M. Foster* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

A smooth relationship is obtained when the excess free energy of mixing 
parameter, B s, is plotted against the relative difference in the lattice param- 
eters of the two components of a number of miscible III-V pseudobinary 
semiconductor alloys. Extrapolation of this plot to values of the size disparity 
in systems for which experimental phase diagram information is lacking gives 
estimates of B s sufficiently large to predict miscibility gaps in the A/Sb-AIAs, 
InSb-lnP, GaSb-GaP, and AISb-AIP systems, when the thermodynamic 
criterion for phase separation, B s > 2RTc, is employed. A cutoff point for 
miscibility across the entire phase diagram appears to occur at a relative 
lattice parameter difference of about 7.5%, the value for GaSb-GaAs. This 
same relative difference is found to divide miscible from immiscible II-Vl 
zinc blende alloys as well. 

In  e a r l i e r  s tudies  va r ious  e x p e r i m e n t a l  and  t h e o -  
re t ica l  aspects  of the  phase  re la t ionsh ips  in the  I I I - V  
compound  semiconductor p s e u d o b i n a r y  a l loys  w e r e  in-  
ves t iga ted  (1-4) .  One  of  the  pr inc ipa l  concerns  was  
the  l imi t  of  misc ib i l i ty  in the  sol id phase,  s ince this  
res t r ic t s  t he  compos i t ions  tha t  a re  po ten t i a l l y  usefu l  
for  dev ice  appl icat ions .  

The  c o m p o u n d  s e m i c o n d u c t o r  sys tems  p resen t  o n e r -  
ous e x p e r i m e n t a l  p rob l ems  in the d e t e r m i n a t i o n  of  
phase  boundar ies .  M a n y  of the  sys tems  a re  h igh  m e l t -  
ing  and in mos t  ins tances  m e l t i n g  is accompan ied  by  
h igh  d issocia t ion  pressures ,  so c o n t a i n m e n t  is difficult  
w h e n  the  usua l  t e chn iques  for  phase d i a g r a m  d e t e r -  
mina t ion ,  such as d i f fe ren t ia l  t h e r m a l  analysis ,  a re  a t -  
t empted .  In  v i e w  of these  p rob l ems  it w o u l d  be de-  
s i rable  to deve lop  a c r i t e r ion  for  misc ib i l i t y  tha t  is 
based  on some easi ly  m e a s u r e d  p r o p e r t y  of the  c o m -  
pounds,  so as to obv i a t e  the  difficult  e x p e r i m e n t a l  de -  
t e r m i n a t i o n  of  each  system.  

A misc ib i l i t y  gap  wi l l  appea r  in a phase  d i a g r a m  if 
the  chemica l  po ten t ia l  of  a coml~onent is the  same  in 
two  d i f fe ren t  composi t ions  of  the  phase.  The  chemica l  
po ten t ia l  changes  in fo rming  al loys  a re  ob ta ined  f r o m  
the  f r ee  ene rg ies  of m i x i n g  of the  phases  which,  for  the  
l iqu id  and solid in a b i n a r y  sys tem,  are  

AF M(I) ---- RT[ (1 --  x l ) l n  (1 - -  x 1) + x 11n x l] 

+ Bl(1 -- xl )x  I [1] 
and 

AF raCs) -- RT[ (1 --  x s ) l n (1  -- x s) + x s In  x s] 

+ (1 --  x s ) L i [ ( T / T i ) -  1] + xsI_~[(T/T2)-  1] 

+ Bs(1 -- x s ) x  s [2] 

w h e r e  x I and x s a re  the  m o l e  f rac t ions  of  t he  second 
component .  The  t e rms  wh ich  con ta in  the  hea ts  of  
fusion, L1 and /,2, a re  the  f ree  ene rg ies  of fus ion  ap -  
po r t ioned  b e t w e e n  the  two  components .  The  last  t e r m  
in re la t ions  [1] and [2] is the  excess  f ree  e n e r g y  of  
m i x i n g  of  the  phase  and accounts  for  the  d e p a r t u r e  of  
the  sys tem f rom idea l  behav io r .  1 

A misc ib i l i ty  gap occurs  w h e n  the  pos i t ive  excess  
f ree  e n e r g y  of  m i x i n g  becomes  sufficient, c o m p a r e d  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  w o r d s :  c o m p o u n d  s e m i c o n d u c t o r s ,  phase  d iagrams ,  t h e r m o -  

d y n a m i c s .  
i The  des igna t ion  of  the  P a r a m e t e r  as B in this  and  ear l ier  p a p e r s  

b y  the  a u t h o r  ( 1 -4 )  is c o n s i s t e n t  w i t h  the  u s a g e  o f  S c a t c h a r d  e~ a l .  
[J. A m .  Chem.  Soc., 57, 1 8 0 9  ( 1 9 3 5 l  ] a n d  i s  i n t e n d e d  t o  b e  n o n c o m -  
mit ta l  as  to the  m a k e u p  of  the  e x c e s s  f r e e  e n e r g y .  Th i s  s y m b o l  w a s  
chosen  o v e r  ~, w h i c h  w a s  or ig ina l ly  i n t e n d e d  t o  I m p l y  e n t h a l p l e  in-  
t erac t ions  in l iquid  so lut ions ,  o r  a w h i c h  in m e t a l l u r g i c a l  l i t e r a t u r e  
is  f r e q u e n t l y  a = i n  7 , / ( 1  -- x , )  z [L .  S .  D a r k e n  a n d  R .  W .  G u r r y ,  
" P h y s i c a l  C h e m i s t r y  o f  M e t a l s , "  M c G r a w - H i l l  B o o k  Co . ,  N e w  Y o r k  
(1935) ] whereas in chemical literature it is usually ~ = RT In 71/ 
(I -- rl) ~. 

w i t h  the  n e g a t i v e  f ree  e n e r g y  of mix ing ,  for  the  h F  M 
vs. composi t ion  cu rve  to go t h r o u g h  a local  m a x i m u m .  
This  resu l t s  in a r ange  of  composi t ions  w h e r e  a s ing le -  
phase  solid so lu t ion  is uns t ab le  wi th  respec t  to two  
immisc ib le  solid so lu t ion  phases  on e i the r  side. 

I f  the  excess  f ree  e n e r g y  of  mix ing ,  Bx(1  -- x) ,  is a 
m a x i m u m  nea r  x = (1 -- x )  ---- 0.5, as wi l l  be  the  case 
if  B does not  v a r y  g r ea t l y  across the  phase  d iagram,  it  
can be shown tha t  t he r e  wi l l  be  a misc ib i l i ty  gap  w h e n  
B > 2RTc, w h e r e  Tc is the  cr i t ica l  t e m p e r a t u r e  for  
phase  separa t ion  (5).  In the  p re sen t  appl icat ion,  Tc is 
t aken  to be the  sol idus t e m p e r a t u r e  at x s ---- 0.5, since, 
as wi l l  be seen, B s is e v a l u a t e d  on ly  a long  the  solidus 
boundary .  Thus,  w h e n  B s = 2RTc, the  misc ib i l i t y  gap  
ex t ends  up to the  sol idus b o u n d a r y  and con t inuous  
sol id solut ion fo rma t ion  across the  en t i r e  phase  d ia-  
g r a m  is not  possible  at a n y  t e m p e r a t u r e .  

If, on  the  o the r  hand,  B s < 2RTc at  the  sol idus 
boundary ,  this  does not  p r ec lude  the  ex i s t ence  of  a 
misc ib i l i ty  gap at some l o w e r  t e m p e r a t u r e .  No p red ic -  
t ions concern ing  this  poss ib i l i ty  can be  m a d e  w i thou t  
k n o w l e d g e  of  the  t e m p e r a t u r e  d e p e n d e n c e  of  B s. This  
aspect  is not  cons idered  in the  p re sen t  s tudy.  

I f  both  the  l iqu idus  and  sol idus bounda r i e s  of a 
b i n a r y  d i ag ram are  known,  the  B pa ramete r s ,  and 
hence  the  excess  f ree  energies ,  can be ca lcu la ted  by 
e q u a t i n g  the  express ions  for  the  chemica l  po ten t i a l  of 
a c o m p o n e n t  d e r i v e d  f rom Eq. [1] and [2] for  the  con-  
d i t ion  of the  l iqu id  and solid phases  in e q u i l i b r i u m  at 
cons tan t  t e m p e r a t u r e .  In an  ea r l i e r  pape r  in this  ser ies  
(1),  B l and B s w e r e  exp re s sed  in a fo rm a m e n a b l e  to 
c o m p u t e r  solution.  

I t  has  been  es tab l i shed  e x p e r i m e n t a l l y  tha t  a s ing le -  
phase  so l i d  so lu t ion  exis ts  across the  en t i r e  phase  d ia-  
g r a m  of m a n y  of the  I I I - V  c o m p o u n d  s emiconduc to r  
al loys (6). Excep t ions  a p p e a r  to be the  I I I - ( S b . P )  
alloys,  a l t hough  these  h a v e  not  been  inves t i ga t ed  ful ly.  
O the r  excep t ions  m i g h t  be  e x p e c t e d  among  al loys  of  
the  h i g h e r  m e l t i n g  a l u m i n u m  compounds  about  which  
l i t t l e  is known.  Also,  t he r e  a re  confl ict ing repor t s  about  
misc ib i l i ty  in G a S b - G a A s  alloys, d e p e n d i n g  on the  
m e t h o d  e m p l o y e d  to d e t e r m i n e  the  phase  d iagram.  

It  is shown h e r e  tha t  for  the  misc ib le  sys tems  w h e r e  
t he r e  are  sufficient da ta  for  the  ca lcu la t ion  to be  made ,  
t he re  is a smooth  re la t ionsh ip  b e t w e e n  r e l a t i v e  size 
d i f fe rence  of  the  two  componen t s  of an a l loy and the  
excess  f ree  e n e r g y  of  mix ing .  This  r e l a t ionsh ip  can be  
used to pred ic t  wh ich  of the  r e m a i n i n g  sys tems  should  
be misc ib le  and wh ich  should  exh ib i t  misc ib i l i ty  gaps. 
These  predic t ions  are  conf i rmed by e x p e r i m e n t ,  w h e r e  
i n f o r m a t i o n  is ava i lab le ,  w h i c h  has s h o w n  tha t  the  
a l loys  in wh ich  misc ib i l i ty  gaps h a v e  e i the r  been  
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demonstrated or suspected all have ra ther  substantial 
size differences be tween their  components. 

From the l imited information on the I I -VI  alloys 
w i t h  the zinc blende s t ructure  it appears that  the same 
relat ionship be tween  size difference and miscibil i ty 
applies to those mater ia ls  as well.  

Procedure and Results 
For only six systems are there sufficient rel iable 

phase diagram data for B s to be evaluated.  These are 
GaAs-A1As, GaAs-GaP,  InSb-GaSb,  InAs-GaAs,  InP-  
GaP, and GaSb-GaAs.  Liquidus data are available for 
only the last four. To enable the calculation to be 
made for GaAs-AIAs and GaAs-GaP,  the assumption 
w a s  made that  B t : 0. Justification for this assumption 
w a s  given in Ref. (3) and (4). 

Table I gives the re la t ive  lattice parameter  differ- 
ences for the 18 I I I -V pseudobinary alloy systems. The 
excess free energy parameter ,  B s, at x s : 1 -- x s : 0.5 
for the six systems for which calculations were  made, 
and the l i te ra ture  reference for each value, are also 
given. There are somewhat  different values for some of 
these systems in the l i tera ture  (6, 7) result ing from 
different ways of drawing phase boundaries through 
the data, f rom different methods of averaging data, or 
from use of different assumptions in the calculations. 
The choices made here reflect a bias on the part  of the 
author  for his own exper imenta l  data. 

In Fig. 1, B s for the six alloys is plotted against 
(Aao/ao) 100, the re la t ive  difference in latt ice paramete r  
between the two end members  of each alloy expressed 
in per cent of their  average latt ice parameter ,  ao. 

A str iking feature  of Fig. 1 is the steep ascent of the 
curve at re lat ive lattice paramete r  differences greater  
than about 7%. Reasonable extrapolat ion of the curve 
to higher  values of (,~ao/ao)100 would give very  large 
values of B s. For  example,  at about an 8% latt ice mis-  
match, corresponding to A1Sb-A1As (the next  alloy 
after  GaSb-GaAs) ,  B s would be of the order of 8,000- 
I0,000 cal, rising thereaf te r  to ex t remely  large values. 
As will  be shown below, these large values of B s are 
incompatible with complete miscibi l i ty in both the 
l iquid and solid across the phase diagram. The implica-  
tion is, of course, that  systems with  re la t ive  lattice 
parameter  differences be tween the two components of 
greater  than about 7.5-8% have miscibil i ty gaps in the 
solid. As seen in Table I, there are four systems, A1Sb- 
AlAs, InSb-InP,  GaSb-GaP,  and A1Sb-A1P clearly out-  
side that  range, and a fifth, GaSb-GaAs,  with a differ- 
ence of 7.52% just  wi thin  the lower  end of the range. 

A large value of B s by i tself  does not require that 
there be phase separation, which occurs only if B s ex-  
ceeds 2RTc. Although To, the solidus tempera ture  at 
x = 0.5, is not known for the last four systems of 
Table I, the average of the mel t ing  points of the end 
members  of each alloy will  be the max imum value and 
can be used as a very rough estimate. With these 

Table I. Lattice parameters and excess free energy parameters 
for the I I I -V  alloy systems 

Lattice fAao/ B .  
System parameter,  ao ~o) 100 (x • 0.5) Ref.  
a b a b (%) (calories) for  B .  

G:aAs-A.IA$ 5.653 5.662 0.16 0 3 
GaP-A lP 5.451 5.462 0.20 
G a S b - A I S b  6.096 6,135 0.65 
InAs-InP 6.058 5.869 3.17 
A I A s - A I P  6.662 5.462 3.60 
G a A s - G a P  5.653 5.451 3.64 368 4 
I n S b - A l S b  6.479 6,135 5.45 
InSb-GaSb 6.479 6,095 6.11 1450 1 
I n S b - l n A s  5.479 6,058 6.72 
I n A s - A I A s  6.058 5,662 6.76 
InAs-GaA.s  6.058 5,653 6.92 2000 1 
InP-A1P  5.869 5.462 7.18 
I n P - G a P  5.869 6.451 7.39 3400 1 
G a S b - O a A s  6.095 5,653 7.52 4000 2 
A I S b - A I A s  6.135 5.662 8.02 
I n S b - I n P  6,479 5,889 9.88 
GaSb , -GaP 6.095 5.451 i1.15 
A ISb-AIP  6.135 5,462 11.61 
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Fig. 1. Excess free energy parameter, B s, as a function of the 
relative difference in lattice parameter between the two compon- 
ents of llI-V alloys [ a o  -" (al + a2) /2] .  

estimates for Tr 2RTc for each of the four  alloys in 
question is for A1Sb-A1As, 6700 cal; for InSb-InP,  4200 
cal; for GaSb-GaP,  5500 cal; and for A1Sb-A1P, 7000 
cal. Any reasonable extrapolat ion of the curve of Fig. 
1 gives By for the four  alloys great ly  in excess of these 
values. 

We will  now examine the situation for the GaSb- 
GaAs system which, as shown in Fig. 1, has a value of 
B s on the rapidly ascending part  of the curve. It  was 
shown in Ref. (2) that for this system B s : 4000 ~-~ 
2RTc, if the calculation is made as though the solid 
were  a continuous solid solution and the solidus were  
smooth throughout  the composition range near  the 
center  of the diagram where  there  are no data [see 
Fig. 1 or ReL (2)].  Thus, there should be a miscibi l i ty 
gap extending just  to the solidus. It will  be useful now 
to see if this is borne out by exper imenta l  observations. 

Muller  and Richards (8) used a flash evaporat ion 
technique to deposit very  thin I I I -V alloy films onto 
cold substrates, then examined the deposits for mis-  
cibility by x - r a y  diffraction. Several  compositions of 
each of nine I I I -V alloys, including GaSb-GaAs,  were  
prepared (all systems except  those containing a lumi-  
num compounds).  Complete miscibil i ty was observed 
in all except  GaSb-GaP  and InSb-InP.  Speculat ing 
that  all of the I I I - (Sb ,P)  alloys would have miscibil i ty 
gaps because of the large size difference between Sb 
and P, they predicted that  A1Sb-AIP would be a third 
exception. 

Clough and Tiet jen (9) prepared GaSb-GaAs sam- 
ples by vapor  phase epi taxy and examined them by 
x - r ay  diffraction. They reported continuous solid solu- 
tion formation across the ent ire  phase diagram. No 
data were  repor ted  between X~aAs ---- 0.38 and 0.69, 
however .  

Recently, Grat ton and Woolley (10) reported re-  
sults on direct ional ly frozen GaSb-GaAs alloys that  
were  examined by x - r ay  diffraction and x - r ay  fluores- 
cence techniques. They found a miscibil i ty gap of 
max imum range 0.38 < XGaAs < 0.69, corresponding to 
a peritectic reaction. 
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The results of these three investigations are not 
necessarily discordant. The f lash-evaporated samples 
of Muller  and Richards might  not have been equi l ib-  
ra ted because of the low deposition temperature ,  and 
a immiscibil i ty range in the middle  of the diagram 
might  have been missed by Clough and Tiet jen  
through fai lure to prepare a sample there. 

The exper iments  cited above for GaSb-GaAs serve 
to i l lustrate the difficulty in determining a phase 
boundary near  the l imit  of miscibil i ty and lead to the 
conclusion that  GaSb-GaAs  is indeed a border l ine  case 
be tween  miscible and immiscible alloys, consistent 
wi th  the re la t ive  size difference be tween  the two com- 
ponents. 

Application to I I -Yl  Alloys 
Since the I I -VI  compounds are isoelectronic wi th  the 

I I I -V's  and most of them have the zinc blende s t ruc-  
ture, at least in some tempera tu re  range, it might  be 
expected that  the relat ion be tween  re la t ive  lat t ice 
parameter  difference and miscibil i ty that  was ob- 
served for the I I I -V alloys might  apply to the I I -VI  
alloys as well. Table II gives the re la t ive  difference in 
the lattice parameter  for the possible pseudobinary 
alloy combinations. The CdSe-CdS system is included 
even though the room tempera ture  stable s t ructure  
for CdSe and CdS and their  mutua l  alloys appears to 
be wurtzite.  The alloys are divided into two groups 
depending on whether  or not miscibil i ty has been dem- 
onstrated exper imenta l ly  over  the ent ire  phase dia- 
gram (11). 

It is seen in Table II that  the re la t ive  lattice param-  
e ter  difference of about 7.5% that  was found to sepa- 
rate miscible from immiscible alloys in the I I I -V sys- 
tems also separates the I I -VI  alloys into similar group-  
ings. 

Discussion and Conclusions 
It  has been shown that  there  is a smooth re la t ion-  

ship be tween  the excess free energy of mixing of the 
solid phase of a number  of I I I -V pseudobinary systems 
and the size disparity be tween the two components of 
the alloys, as expressed by the re la t ive  difference in 
their  cubic latt ice parameters.  

Extrapolat ion of the plot of the excess free energy 
parameter ,  B s, vs. the size difference, (hao/ao)100, to 
values of the lat ter  corresponding to the four alloys, 
A1Sb-A1As, InSb-InP,  GaSb-GaP,  and A1Sb-A1P, gives 
approximate  values of B s in excess of 2RTc, where  Te 
is the est imated solidus tempera ture  at x = 0.5. Thus, 
a miscibil i ty gap near  the center  of the diagram that  
intersects the solidus boundary is predicted for these 
alloys. A rela t ive  lattice parameter  difference of about 
7.5% appears to separate the miscible from immiscible 
I I I -V alloy systems. 

From the l imited information available for the phase 
diagrams of the I I -VI  compounds, it appears that  the 
same rela t ive  size difference also separates those sys- 
tems into groups of miscible and immiscible alloys, and 
thus is a characterist ic of the zinc blende structure 
ra ther  than of a par t icular  class of compounds. 

Restriction of mutua l  solubility in binary alloys as 
the result  of size differences be tween  the two corn- 

TaMe {I. Lattice parameters for the II-VI ahoy systems 

Zinc  b l e n d e  
System l a t t i ce  p a r a m e t e r ,  ao (Aao/ao) 100 
a b a b (%) 

Misc ib le  sys tems  

C d S e - C d S  6.07 5.620 4.20 
Z n S e - Z n S  5.669 5.409 4.69 
C d T e - Z n T e  6.481 6.104 5.99 
CdTe-CdSe  6.481 6.07 6.55 
C d S e - Z n S e  6.07 5.669 6.83 
CdS~ZnS 5.820 5.409 7.32 
Z n T e - Z n S e  6.104 5.669 7.39 

S ys t e ms  w i t h  m i s c i b i l i t y  gaps  

CdTe-CdS  6.481 5.820 10.75 
Z n T e - Z n S  6.104 5.409 12.07 

ponents is of course wel l  known. Hume-Ro the ry  pro- 
posed an empirical  "size effect" rule  for meta l  alloys 
to the effect that  solid solution formation wil l  be 
severely  l imited if the atomic radii  of the components 
differ by more than 15% (12). That rule  cannot be 
applied direct ly to mixtures  of compounds, par t ly  be-  
cause of the difficulty in defining the compound radii. 
There is a 13% difference in the te t rahedral  radii  of 
Ga and In, for example.  Since these occupy sites on 
the same sublattice in the zinc blende structure,  it 
might  be expected that  their  size difference would be 
the principal factor in determining the excess free en- 
ergy of mixing in their  pseudobinary alloys where  
there is a common group V element.  This would  imply 
that  the degree of nonideali ty in InSb-GaSb,  InAs-  
GaAs, and InP-GaP  systems, as expressed by the pa- 
rameter  B s, might  be similar. As seen in Fig. 1 how-  
ever,  this is not the case, and only when  the  "size" 
of the components is expressed as their  lat t ice pa- 
ramete r  is there  a correlat ion wi th  the excess free en-  
ergy. 

Size can enter  into calculation of alloy stabili ty in 
various ways. Phillips and Van Vechten (13) showed 
that from spectroscopic theory the heat  of formation 
of I I I -V compounds could be est imated from funda-  
mental  properties of the materials,  including the lat-  
tice constant, the ionicity, and a quant i ty  obtainable 
from the band gaps. From the observation that  in 
alloys the bandgap does not vary  strictly l inearly with 
composition, Van Vechten (14) showed that  the spec- 
troscopic theory of the heat  of formation could be ex-  
tended to the alloys and the range of stabil i ty [i.e., 
the compositions where  hH < TAS(random)]  of a 
number  of them was estimated. 

Using a similar procedure for calculation of the solid 
and employing Hildebrand's  solubil i ty parameters  (15) 
and electronegativi t ies  of the constituent elements for 
calculation of the liquid, St r ingfel low (7) calculated 
the liquidus and solidus boundaries of the I I I -V alloys, 
but the agreement  with exper imenta l ly  determined 
phase boundaries was poor in a number  of cases. 

One might  expect  that  a size difference be tween  the 
two components of a b inary  alloy would be manifest  
principally as latt ice strain, and there is a great  deal 
of background to support  this in meta l  alloy systems 
(16). The simplest calculation of strain energy did not 
give good agreement  with exper iment  in the case of 
several  I I I -V pseudobinary alloys, however  (1). More- 
over, the concept of latt ice strain becomes vague for 
the vir tual  latt ice model  of semiconductors where  all 
atoms are on lattice points and all I I I -V bond lengths 
are identical (i.e., in InP-GaP,  for example,  In -P  and 
Ga-P distances are the same).  

A problem in understanding the nature of the ex-  
cess free energy of mixing in the I I I -V alloys, and 
therefore  the role that size difference might  play, is 
the difficulty in identifying separate ly  the contribu- 
tions of excess enthalpy and entropy. As pointed out 
by Panish and Ilegems (6), the gross features of the 
phase diagrams are principal ly determined by the 
separat ion in mel t ing points of the two components 
and their  entropies of fusion. The contribution from 
the excess free energy, which near  the center  of the 
phase diagram is only approximate ly  one four th  of the 
interact ion parameter  in magnitude,  is re la t ively  small 
in most instances. In v iew of the considerable scatter 
in the l i te ra ture  data for some systems, therefore,  sys- 
tematic trends that might suggest the. makeup of the 
excess free energy are difficult to establish and depend 
strongly on the choice of data. We found that for the 
systems shown in Fig. i, the quantity Bs/RT was ap- 
proximately constant, when T was the temperature 
along the solidus boundary (2). This is in contrast to 
the findings of Panish and ]legems that most of the 
III-V alloys could be described fairly well by a con- 
stant B s (their a S) (6). If B~/RT ~'~ constant, the ex- 
cess free energy would come largely from an excess 
entropy. If B ~ ~ constant, it would be largely en- 
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thalpy. These differences probably cannot be resolved 
until  much bet ter  exper imenta l  data are obtained. 

Manuscript  submit ted Ju ly  17, 1973; revised manu-  
script received May 8, 1974. 

Any discussion of this paper will  appear  in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June  1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 

The publication costs of this article have been as- 
sisted by the IBM Corporation. 

Note added in proof: After  this paper  was submitted, 
a note by Str ingfel low appeared [J. Phys. Chem. Sol- 
ids, 34, 1749 (1973)] in which it was shown that  rea-  
sonable agreement  with published values of the solid 
interaction parameters  of the I I I -V pseudobinary al- 
loys could be obtained if the parameter  is identified 
with an enthalpy of mixing that  is the difference be-  
tween the heat  of atomization of the alloy (at x = 0.5) 
and the sum of heats of atomization of the pure  com-  
ponents. These quanti t ies in turn were  assumed from 
the relat ion AH at : Kao -2.5, and thus a dependence of 
the interact ion parameter  on lattice constant was dem- 
onstrated. 
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Anodic Oxidation of Gallium Phosphide in 
Aqueous Hydrogen Peroxide 

F. Ermanis and B. Schwartz* 
Bell Laboratories, Murray Hill, New Jersey 07974 

The feasibil i ty of growing a nat ive oxide by anodic 
methods on gal l ium phosphide in a 30% aqueous solu- 
tion of hydrogen peroxide was demonstrated recent ly  
by" Schwartz  and Sundburg  (1); they established an 
apparent  upper  voltage l imit  of about 200V for obtain-  
ing uni formly  thick oxide films. The present note pro-  
vides additional data relat ing oxide thickness to the 
forming voltage. The effects of varying the pH of the 
solution and the etching characterist ics of the formed 
o x i d e  in  aqueous HC1 and NH4OH are also described. 

Experimental Procedure 
The anodic oxidations of GaP were  carried out using 

30% H202 as the electrolyte,  in the quartz  beaker  sys- 
tem described previously (1). The pH of the electrolyte  
was decreased or increased by the addition of H3PO4 
or NH4OH, respectively. The samples were  ( l l l ) - o r i -  
ented, n - type  slices, selenium or te l lur ium doped in the 
concentration range 10~-10 TM cm -3. All samples were  
polished with a 0.075% bromine- in -methano l  solution 
on a Pan -W polishing cloth (2). The exper iments  were  
performed using a constant voltage source. During the 

�9 Electrochemical Society Active M e m b e r .  
Key words: compound semiconductors, native oxides, anodization. 

anodization most of the samples were  completely im-  
mersed in the bath while being held in self-anodizing 
a luminum tweezers (3). With few exceptions, the oxi-  
dized slices were  rout inely bake-dr ied  in a ni t rogen-  
purged oven as described earl ier  (1). Oxide film thick-  
ness and index of refract ion were determined subse- 
quent  to growth on a Rudolph el l ipsometer  with a Ho- 
Ne laser light source at 6328A. 

Results and Discussion 
E~ects of solution pH. - -The  thickness and uniform- 

ity of the anodically grown films were found to depend 
not only on the applied voltage but also quite strongly 
on the pH of the solution; Fig. 1 shows the variat ion of 
oxide thickness with pH, for films grown at 100V for 5 
min. The slmpe of the curve is similar to that pre-  
sented by Logan et al. (4) in their  work on the anodi- 
zation of GaAs; there  is a min imum near pH = 3.6, 
and an increase on both sides reaching maxima near  
pH ---- 2 and pH = 6. Over the ent ire  range 2.5 ~ pH 

7.5, the thickness of the oxide films was nonuniform; 
it was only near  pH ----- 2 that films of uniform thickness 
could be grown. In addition to nonuniformity,  between 
pH = 3.5 and 5, pitted surfaces of GaP were  produced. 
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Fig. 1. Thickness of the anodically grown (100V, 5 min) oxide 
on GaP as a function of the pH of the H202 solution. O = 
as grown; �9 = baked at 250~ Uniform oxides were grown only 
in the pH region of i.5-2.5. 

Oxides grown in the pH range be tween 1.5 and 2.5 
showed insignificant (less than 5%) decrease in th ick-  
ness upon being baked at 250~ for 2 hr. The same 
baking cycle, however ,  caused a drastic 25-35% de- 
crease in thickness for samples anodized at a pH --~ 1.3. 
Oxides grown at a pH - -  5 were  so nonuniform, that  
the effects of baking on these samples could not be  de-  
termined.  Fi lms grown in basic solution (i.e., pH > 
7.0) were  always nonuniform, due to the fact that  the 
NI-I4OH is a fast acting etchant for the oxides and 
par t ly  dissolves them during the t ime in terval  be tween  
the turning off of the bias and the b lo t -dry ing  of the 
sample. 

Oxide thickness  as a funct ion of voltage and t i m e . - -  
In general, the anodization behavior  fol lowed the pat-  
tern  established ear l ier  (1, 4) ; application of a constant 
vol tage resulted in a fast initial growth rate  fol lowed 
by a s lowdown of the growth process as the increasing 
thickness of the oxide raised the resistance of the cir-  
cuit and decreased the current  flow. In 2 rain, about 
80% and in 5 min about 90% of the u l t imate  thickness 
obtainable in a half  hour  was achieved. Oxides grown 
in 2 min, however,  were  not always uni form in th ick-  
ness. As a routine, therefore,  all oxidations were  of 
3-6 rain duration.  

A plot of oxide thickness vs. applied voltage (Fig. 
2) reveals  some scatter in the data for which there  
may be several  reasons.. First, the oxidation t ime was 
not identical for all samples. Secondly, a range of pH 
(2.0-2.5) and not a constant pH was used for the oxi-  
dizing solutions. Thirdly the carr ier  concentrat ion in 
the mater ia l  varied and was known only to wi thin  an 
order  of magni tude  (1017-10 TM cm-~) .  It is known that  
for a given t ime of oxidat ion and a given pH, the more  

2500 / 
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Fig. 2. Thickness of the anodically grown oxide on GaP as a 
function of the applied constant voltage. The time of reaction 
is variable, between 3 and 6 min, except for the samples anodized 
at 90 and 150V, where the data points are plotted after anodiza- 
tion of 2, 5, and 30 min. Except far the 90V anodization, all 
samples were baked at 200~ 

heavi ly  doped mater ia l  will  develop a thicker  oxide 
than the less heavi ly  doped samples (5). Nevertheless,  
an approximate ly  l inear  th ickness-vol tage relat ionship 
can be deduced with  a slope of approximate ly  12 A / V  
assuming an average growth t ime of 5 min. 

The voltage above which smooth oxides could not be 
grown was found to be 170V. Since oxides grown in the 
range be tween 160 and 17OV were  not always uniform, 
160V must be considered a safe upper  vol tage for re-  
l iable  oxide growth. 

The refract ive  index, which is de termined concur-  
rent ly  wi th  thickness f rom el l ipsometric  measure-  
ments, varied f rom 1.49 to 1.65 and appears to be a 
function of the oxide thickness (i.e., forming vol tage)  
as shown in Fig. 3. It  could not be de termined  from 
the avai lable data, however,  whe ther  the index of re-  
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Fig. 3. Ellipsometrically determined index of refraction of an- 
odically grown GaP oxide as a function of oxide thickness (i.e., 
applied bias). 
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fraction decreases over  the entire film as the film 
thickens above about 1500A, or whether  a layered ox-  
ide s t ructure  with a var ie ty  of indices was present. 

Etching. - - I t  had been found in earl ier  work (1) that  
the nat ive GaP-ox ide  is attacked by most mineral  acids 
and common bases. In the present study two of these, 
HC1 and NH4OH, were  evaluated somewhat  more 
closely. Samples wi th  oxides ranging in thickness f rom 
400 to 2000A were  dipped into several  dilutions of 
t h e  reagents  and the disappearance of the oxide was 
observed visually and the t ime recorded. The average 
etch rates obtained in this manner  are i l lustrated in 
Fig. 4. It is quite obvious that  HC1 removes the oxide 
much more slowly than NI-~OH. Sample surfaces which 
had been etched in HC1 also showed that  acid etching 
left  stains, and some areas, such as those near  the oxi-  
dant-a i r  boundary of the few part ly immersed samples, 
were almost untouched. These surfaces could be mark -  
edly improved by a subsequent dip in NH4OH; in most 
cases not only was the surface residue "cleaned up" bu~ 
a re la t ively  constant average etch rate by the NH4OH 
was exhibi ted over a wide range of dilution. 

The nonlinear  etching characteristics of both etchants 
were  also revealed by the use of a stepwise etching 
technique which involved a 5 or 10 sec etch fol lowed 
by a measurement  of the remaining thickness. Owing 
to an obvious in-depth  chemical nonuniformity  of the 
film, the etch rate was found to be dependent  on the 
film thickness. The behavior  of a 3 / l : H C 1 / w a t e r  solu- 
tion under  the above stated conditions for 4 samples 
with original film thicknesses of 600, 1000, 1500, and 
2150A demonstrated that the initial etch rate  of the 
surface of the oxide is higher (30-100 A/sec)  than the 

b.i 
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Fig. 4. Oxide etch rate vs. concentration of HCI or NH4OH. 
The rate was determined by timing the removal of oxides $00-2000A 
thick which had been baked at 250~ 
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rate  (5-20 A/sec)  found after  a fraction of the film 
has been removed.  The initial etch rate  increases also 
with increasing original thickness of the oxide at an 
apparent  l inear  rate of 0.05 A/sec  per angstrom. On 
the other hand, ammonium hydroxide exhibits the op- 
posite behavior:  a 9 / l : w a t e r / N H 4 O H  solution in 5 sec 
steps showed an initial etch rate of 30-50 A/sec,  which 
increased to about 200 A/sec  at the oxide-substra te  in-  
terface. Thus, if for some purpose a part ial  removal  of 
an oxide film is necessary, the application of the aver -  
age etch rate to calculate the fraction of the film to 
be removed might  lead to erroneous results. 

Summary 
The main findings of this work  may be summarized 

as follows: 
1. Anodic oxidation of GaP in 30% aqueous solution 

of H202 can be reproducibly  performed within  
the pH range 1.5 -~ pH ~ 2.5, obtained by adding 
H3PO4 to the H202. 

2. A m ax im um  safe voltage for uniform oxide 
growth is 160V and the oxide thickness vs. applied 
bias curve has a slope of approximate ly  12 A/V.  

3. The index of refraction, as de termined by el l ip-  
sometry, of oxide films up to 1500A thick is 1.65 
___ 0.05. 

4. NH_4OH, in concentrated form, as well  as diluted 
to 1 part in 300 parts water, is a more efficient 
etchant of the anodic oxide than is HCI. Its action 
is nonlinear;  the oxide at the surface is dissolved 
more slowly than that  near  the substra te-oxide 
interface. On the average, the etching rate is about 
60 A/sec.  In contrast, the etching of the oxide in 
HCI proceeds faster at the surface of the oxide 
than near the subst ra te-oxide  interface. 
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U.V. Imaging with Nematic Chlorostilbenes 
W. E. Haas,* K. F. Nelson, J. E. Adams, and G. A. Dir 

Research Laboratories, X e r o x  Corporation, Webster ,  New York  14580 

Imaging processes based on the interact ion be tween 
u.v. radiat ion and liquid crystals have been the subject  
of several  studies. The first reference is contained in a 
repor t  by Jones et al. (1) which mere ly  states that  
u.v.-sensit ive l iquid crystals exist and could be used in 
imaging. Haas et al. (2) showed that  cholesteric mix -  
tures containing cholesteryl  iodide or bromide change 
their  reflection colors in response to u.v. i r radia t ion 
due to i r revers ib le  photochemical reactions, whose 
products shift the helical  pitch and, consequently,  the 
reflection colors of the cholesteric mixtures.  Sackmann 

* Electrochemical  Society Active  Member .  
Key words:  nematics,  ultraviolet,  i m a g i n g ,  l i q u i d  crys ta ls ,  s t i l -  

benes .  

(3) described an imaging process based on the 
c i s ~ t r a n s  conversion of nonmesomorphic  azobenzene. 
Mixtures  of cholesteryl  chloride and nonanoate were  
added to azobenzene and the cholesteric reflection col- 
ors were  al tered by irradiat ion of the samples wi th  313 
nm light. Irradiat ion at this wave leng th  causes the 
trans->cis conversion of the azobenzene, which results 
in a pi tch change of the cholesteric mixture .  Another  
imaging process was described by Goldberg and Fer -  
gason (4). Their  approach is similar  to Sackmann's,  
but instead of the nonmesomorphic azobenzenes they 
utilized the cis-) trans isomerization of cholesteryl  
p-phenylazophenyl  carbonate, which is a liquid crystal, 
to produce color changes. 
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The imaging process described here  is not based on 
color changes, but on the optical differences be tween 
the l iquid crystal l ine and isotropic states. Thermotropic  
l iquid  crystals  do not scatter l ight if heated above the 
isotropic transi t ion t empera tu re  and appear  dark be-  
tween crossed polars due to the absence of b i ref r in-  
gence. Below the isotropic transi t ion point they usually 
scatter l ight  and are birefr ingent .  Between crossed 
polarizers the samples appear  bright  except  in cases of 
special alignment.  In the imaging process the isotropic 
transit ion t empera tu re  is locally lowered through u.v. 
i r radiat ion at 300 rim. If the isotropic point is de-  
pressed to the observation temperature ,  the exposed 
regions appear  dark be tween crossed polarizers, and 
the unexposed areas appear bright. The process is thus 
positive to negative.  Without  polarizers the contrast  is 
weak, relying solely on the optical difference be tween  
scattering and nonscat ter ing areas. 

The nematic  l iquid crystals used in the exper iments  
were  t rans-4-buty l -~-chloro-4 ' -e thoxys t i lbene  (BCES) 
and t rans-4-octy l -a-chloro-4 ' -e thoxys t i lbene (OCES) 
(5) and also mixtures  between these nematics and 
cholesteryl  oleyl carbonate (COC). The reasons for 
using mixtures  of stilbenes and COC were  twofold. 
First, the isotropic t ransi t ion tempera ture  of mixtures  
be tween BCES or OCES and COC is lower  than the 
transit ion tempera ture  of pure nematic  stilbenes. 
Therefore,  smaller  energy levels of i r radiat ion are re-  
quired to depress the isotropic transi t ion point to or 
below room temperature .  Second, the scattering of the 
cholesteric mixtures,  that  is, mixtures  containing cho- 
lesteryl  oleyl carbonate, is more intense than the scat- 
tering of stilbenes. The contrast  wi thout  polarizers is 
therefore  increased. The mixtures  had the optical char-  
acteristics of cholesterics and were  obtained by heat ing 
the two components joint ly  above the isotropic t ransi-  
t ion temperature .  

The images are only visible in a l imited tempera ture  
range whose span depends on the u.v. energy absorbed 
per  unit volume. For  example,  if a mix ture  prior  to 
i r radiat ion has an isotropic transit ion t empera tu re  of 
40~ and this t empera ture  is imagewise lowered to 
20~ observat ion of the image is only possible in the 
t empera tu re  interval  20~176 Above 40~ the whole  
sample is isotropic and below 20~ the sampie is com- 
pletely birefringent.  Images obtained with  posit ive and 
negat ive  inputs are shown in Fig. 1 and 2, respectively.  
The dark regions are isotropic and the br ight  regions 
are l iquid crystal l ine (cholesteric focal-conic tex ture ) .  
The l iquid crystal, BCES wi th  20% by weight  COC, 
was sandwiched between two quartz  slides and con- 
tact-exposed through a photographic negative. The 
imaged slides were then placed on the stage of a Leitz 
polarizing microscope and photographed between 
crossed polarizers. 

Fig. 2. Image obtained by contact exposure through photographic 
positive. 

The changes in isotropic t ransi t ion t empera tu re  of 
nematic  stilbenes and mixtures  wi th  COC were  mea-  
sured as a function of irradiation. Since the absorption 
coefficient of stilbenes is ve ry  high in the u.v. (e -- 
28,000 at 305 nm) (5), measurements  were  made  on 
films 0.38-0.50~ thick. 

The films were  prepared by deposition from pet ro-  
leum ether  solutions and the thickness est imated from 
the interference color. Quartz slides proved to be un-  
suitable substrates for ve ry  thin films. Due to surface 
tension effects the films showed a tendency to break up 
short ly after deposition. The  problem was c i rcum- 
vented  by the use of 0.5 rail Tedlar  1 films as sub- 
strates. Tedlar  has a suitable absorption spectrum for 
measurements  at 3000A. Samples were  i r radiated with  
a filtered xenon-Hg source equipped with  quartz  op- 
tics. The u.v. filter used had a half  width of 120A. The 
light levels were  measured with  an United Detector  
Technology Incorporated l ight  meter ing  system. The 
transi t ion tempera tures  were  measured on a Leitz 
polarizing microscope equipped with  a Mett ler  tem-  
pera ture  control-hot  stage unit. 

The results obtained for BCES and OCES are shown 
in Fig. 3 where  the nematic  isotropic transi t ion tem-  
peratures  Tn-i are plot ted vs. absorbed energy. Mea- 
surements  of the cholesteric-isotropic transit ion t em-  
pera ture  Tc-i vs. absorbed energy  are shown for two 
compositions in Fig. 4. 

The liquid crystals, BCES, OCES, and COC, were  
used in the exper iments  as received f rom the sup-  

1 Trade  n a m e  for  d u  P o n t  P V F  f i lms.  

Fig. 1. Image obtained by contact exposure through photographic 
negative. 
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pliers. 2 Purification was deemed unnecessary because 
it was ini t ia l ly established that the isotropic t ransi t ion 
temperatures  were in good agreement  with l i terature  
values, which is an indicat ion of high purity.  Fur ther  
evidence for sample pur i ty  is the high resist ivi ty of 
the stilbenes, which was of the order of 1011 ohm-cm. 
The effect is tenta t ively  a t t r ibuted to a trans->cis con- 
version of the stilbenes in which the u:v.-generated 
cis-st i lbene acts as an impur i ty  which depresses the 
l iquid crystal-isotropic t ransi t ion temperature.  The 
role of impurit ies in the depression of l iquid crystal-  
isotropic t ransi t ion points is well known (6) and evi-  
dence to support  the assumption that  a trans-*cis con- 
version takes place is given in Fig. 5, which shows a 
comparison of the u.v. absorption spectrum of BCES 
before and after i r radiat ion with the known spectra of 
nonmesomorphic trans- and cis-=-chloro-4-methyl-  
stilbenes (7). 
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Solubility Rate of Poly-(Methyi Methacrylate), 
PMMA, Electron-Resist 

James S. Greeneich 

Electronics Department, General Motors Research Laboratories, 
General Motors Technical Center, Warren, Michigan 48090 

Po ly - (me thy l  methacrylate) ,  PMMA, is a widely 
used positive e lect ron-beam resist (1). The resist sen- 
sit ivity is an important  property in determihing its 
usefulness in semiconductor device fabrication. For a 
typical solvent developer, 1:3 methyl  isobutyl ketone: 
isopropyl alcohol, the reported sensitivity, exper imen-  
tally de termined as the min imum charge per uni t  area 
to develop an area pattern, is in the range 5 • 10-~ 

K e y  w o r d s :  e l e c t r o n  res i s t ,  p o l y - ( m e t h y l  m e t h a c r y l a t e ) ,  electron-  
beam lithography, developer s o l u b i l i t y  r a t e ,  c o n t r a s t  function. 

to 5 X 10 -4 coulombs/cm 2. The spread in reported 
sensitivities is pr imari ly  a t t r ibuted to varying exposure 
conditions, such as incident energy, film thickness, sub- 
strate, geometry of irradiated pat tern (2), and devel-  
oper temperature.  A more fundamenta l  quant i ty  for 
expressing resist sensit ivi ty is in terms of the absorbed 
energy density, e (3). For degrading polymer resists 
with a large original number  average molecular  weight, 
Mn' this description is adequate; however, for certain 
values of M--n, the most meaningful  quant i ty  is the n u m -  
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ber average fragmented molecular  weight, Mr, given 
by (4) 

~f -- Mn [i] 

I+ 
pAo 

where p is the resist density, Ao is Avogadro's number, 
and g is an efficiency factor relating the susceptibility 
of the polymer to electron beam degradation. 

Hatzakis and Broers report (5) an improved sensi- 
tivity for PMMA by using a developer system based on 
methyl isobutyl ketone, MIBK. For this developer sys- 
tem, Ting (6) reports the solubility rate for a single 
molecular weight as a function of an effective charge, 
aQ, where Q is the incident  charge per uni t  area and 

is the normalized depth-dose funct ion (7) 

a(f) _-- 0.74 + 4.7] -- 8.9] 2 + 3.5f 3 [2] 

where ] is the depth, z, normalized to the Grun range, 
RG (7). 

For an area exposure the absorbed energy densi ty at 
a depth z in the resist is found from 

Q Eo 
' - - -  ~ (I) [3] 

q Ro 

where q is the electronic charge, and Eo is the incident 
energy. For thin resist films and large incident ener- 
gies, a(} ~) is nearly constant and the absorbed energy 
density is a weak function of penetration depth. Fur- 
thermore, according to Eq. [i], the fragmented molecu- 
lar weight is near ly  constant. 

We report on the solubil i ty rate of PMMA in room 
temperature  (23~ MIBK for various original n u m b e r  
average molecular  weights. We establish an empirical  
relationship between the solubili ty rate and the frag- 
ment  molecular  weight. Using this relationship and Eq. 
[1], we define a contrast function, F, and determine the 
influence of Mn on r. 

Experimental Procedure 
Silicon wafers spin-coated with ,~3000A of PMMA 

and baked at 160~ for longer than 90 min, received 
various doses of 20 keV elect ron-beam radiat ion de- 
posited over typical areas of 10 - s  cm 2. An exposed 
sample was developed in MIBK and periodically the 
thickness determined b y  the interference color of the 
part ial ly developed areas. Ellipsorneter measurements  
determined the refractive index to be 1.48 + 0.02. Ell ip-  
someter measurements  on the solubili ty in MIBK of 
nonirradiated samples established the accuracy to be 
better  than +_150A. 

Various original molecular weight materials were in-  
vestigated. The values of Mn as determined by  gel 
permeat ion chromatography were between 104 and 2 • 
105 . The molecular  weight distr ibutions of these sam- 
ples were near ly  identical with the ratio of the weight 
average molecular  weight to Mn of ~3;  no at tempt was 
made to alter the PMMA distribution. The resist solu- 
t ion was prepared by dissolving the polymer in t r i -  
chlorethylene. 

Results 
A typical result, Fig. 1, shows the thickness re-  

maining  vs. developer t ime for the indicated absorbed 
energy densities calculated from Eq. [3]. The l inear  
relationship for all but  very small doses is indicative 
of uniform energy absorption. The nonl inear  behavior 
at very small doses for short developer times is con- 
sistent wi~h ell ipsometer measurements  on high mo-  
lecular weight samples receiving no electron dose. 

The solubil i ty rate, R, for a given polymer-developer  
system is given by the slope of the thickness- t ime 
Curve. Using Eq. [1] we show R vs. Mr in Fig. 2 for 
several original values of Mn. We establish that the 
solubil i ty rate of the degraded polymer in MIBK at a 
given temperature  is only a funct ion of the f ragmented 
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Fig. 1. PMMA resist thickness vs. MIBK development time for 
indicated absorbed energy densities given in units of 10 ~1 eV/em s. 
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Fig. 2. Solubility rate vs. fragmented molecular weight for PMMA 
in MIBK at 23~ Data from various initial molecutar weight 
polymers is shown. 

molecular weight. The no dose data shown in Fig. 2 are 
also consistent with the solubil ty rate curve. The solid 
curve in Fig. 2 is given by the relationship 

fl 
R ---- Ro + ~ [4] 

~ / / f n  

where in this case Ro = 84A/rain, fl is the proport ional-  

ity constant 3.14 X 10 s . and n ---- 1.5. 
m m  

The solubili ty rate is a strong function of the de- 
veloper solvent and its temperature;  however, the gen- 
eral form of the relationship given by Eq. [4] is found 
to hold in the cases investigated thus far. We are in -  
vestigating other temperatures  and addit ional solvent 
developers, including mixtures  of MIBK and isopropyl 
alcohol. The form of the solubil i ty rate also holds for 
these mixtures and temperatures;  these results will be 
reported later. 

For a given solvent developer, the relative solubility 
of the irradiated region compared to the nonirradiated 
region determines the contrast of the developed pat tern  
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Fig. 3. The contrast function (solid lines) is plotted vs. incident 
charge per unit area far 5000A of resist subjected to 20 keV 
electrons and developed in MIBK. The required development time 
(dashed lines) for a given T is found using the upper, time, axis. 

and hence its su i tab i l i ty  in device processing. The con- 
trast,  r ,  is de te rmined  by  R which is a s t rong funct ion 
of the  incident  e lectron dose. For  a film of thickness T, 
or iginal  molecular  weight  Mn, r is found as 

R o + ~  
M f  n 

where  the  dependence  of M-f on z is found from Eq. 
[1], [2], and [3]. In Fig. 3 we show F vs. Q for th ree  
values of Mn for the  deve loper  system used. The ini t ia l  

energy  is 20 keV and T ---- 0.5~. The dot ted  l ines in Fig. 
3 show the requi red  deve lopment  t ime as a function of 
F for the given exposure  condition. To obtain a high 
contrast  exposure  for a given Q, a high molecular  
weight  po lymer  is p re fe r r ed  at  the expense  of longer  
deve lopment  t imes than for  lower  molecu la r  weight  
polymers.  
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Analysis of Zone Melting Processes 

E. Y. Wang 

Electrical Engineering Department, Wayne State University, Detroit, Michigan 48202 

For  different  pe r t inen t  bounda ry  conditions P fann  
(1) has der ived  equations which descr ibe the  impur i ty  
d is t r ibut ion  a long a crysta l  af ter  passage of one mol ten  
zone. In  this note, s ta r t ing  f rom the conservat ion of / 
total  number  of impur i t y  atoms, a genera l  and exped i -  
ent method  of der iv ing  those we l l -known  analyt ic  r e -  
suits is presented.  Z 

General Formula o 
As shown in Fig. 1, the mol ten  zone, l, is passed f rom <= 

lef t  to right.  The i m p u r i t y  concentra t ion in the mol ten  ~- 
zone is des ignated C,, that  in the mel t ing  solid Cms, and Z 
that  in the solidified solid Cfs. I t  is assumed that  C1 is u 
homogeneous  in the  mol ten  zone, that  the  impur i t y  d / f -  Z 
fusion is negligible,  and tha t  no evapora t ion  of impur -  O 
i ty  occurs dur ing  the melt ing.  F rom the conservat ion of 
impur i t y  atoms, N, one has >. 

p- 

Cfs (x ' )A(x ' )dx '  -k Cl(X) ~,z A ( x ' ) d x '  a 

+ +zCms(x')A(x')dx' = N [11 

Key  words :  zone mel t ing ,  crysta l  g rowing ,  zone leveling. 
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where A ( x )  is the cross-section area of the crystal. 
Differentiating Eq. [1] with respect to x yields 

[ fx+~(x) ] dC,(x)  Cfs (x )A  (x)  + A (x') dx' 
�9 ~ x dx 

+ C x ( x ) A ( x + D  1 + ~  - - A ( x ) C l ( x )  

( - - C m A x + l )  A ( x + l )  1 + ~ - -  x = 0  [2] 

where Cl(X) is considered as a function of x related to 
the location of the molten zone along a crystal, bu t  
Cl(x) is constant in the molten zone, and A, l, are 
treated as functions of x 

By the definition of the dis tr ibut ion coefficient 
Cfs (x ) /C l (x )  =- k, Eq. [2] can be wr i t ten  

A (x ')  dx'  
�9 ~ x  d x  

dx 

( d l )  - -kA(x+~)  1 + ~  Cms(x+~)=0 [3] 

Both Pfann 's  zone leveling conditions and impur i ty  dis- 
t r ibut ions of a single pass, multipass, and steady state 
can be readi ly obtained from Eq. [3]. The former wil l  
be presented first. 

Zone Leveling Conditions 
For an ini t ia l ly pure rod and an addit ion of impur i ty  

in  the first mol ten zone, Cms(x + l) usual ly  is several 
orders of magni tude  smaller than  Cfs(x). Equat ion [3] 
can be reduced to 

[ fx+~(x) ] dCfs(X) A ( x ) ( l - - k )  �9 ,x A (x')  dx  d------~-- - -  

--A(x+D 1 + ~  Cry(x) [41 

The zone-leveling condit ion along a crystal requires 
that 

dCfs (x) 
Cf.~(x) = constant, or - -  -- 0 

dx 

Equat ion [4] can be fur ther  reduced to 

A ( x ) ( 1 - - k ) - - A ( x + D  1 + ~ -  x = 0  

o r  

d~ A (x) 
(1 -- k) --  1 [5] 

dx - - A ( x  + l) 

Case I: If  A ( x )  = const, l ( x )  V= const. Equat ion [5] 
gives 

dl 
= - k ,  or ~ = ~ - - k z  [6] 

dx 
1 

Equat ion [6] is the condition fo~ a uniform impur i ty  
dis t r ibut ion along the crystal if one varies the zone 

length and retains a constant cross-section area. lo is 
the init ial  mol ten zone length. 
Case Ii: If lCx) ~- const, A ( x )  ~ const. Eq. [5] gives 

A ( x ) ( 1 - - k )  - - - - A ( x + l )  
o r  

A (x  + l) -- A (x)  kA  (x) 
-- ~ [7]  

l l 

Equation [7] gives an exact A(x) ---- Ao(1- k) xn, 
which is identical with Pfann's solution A (x) = Aoe x/D, 

Z 
where D _ 

loge(1 -- k) �9 

For smaU t 

A ( x  + l) -- A ( x )  d A ( x )  k A ( x )  

l dx  l 
which yields 

A ( x )  = Ao exp ( - -  k - ~ )  [8] 

where Ao is the init ial  cross-section area. Equat ion [8] 
gives the variat ion of cross-section area necessary to 
ma in ta in  a uni form impur i ty  dis t r ibut ion along a crys- 
tal. 

Impurity Distribution 
Now consider the impur i ty  distr ibution along a crys- 

tal for the conditions A ( x )  -- const and l (x)  ~ const. 
Equat ion [3] becomes 

dCfs (x) k k 
dx l- --{ ( fAx)  -- 7" (mAx + l) = 0 [9] 

which is exactly the same equation derived by Read 
(1) and Reiss (2). Lord (3) also used Eq. [9] to com- 
pute the impurity distribution for various passes by re- 
placing Cms(X + l) for Cfs(X + l) in  preceding pass. 
Steady state, or ul t imate impur i ty  distribution, can 
easily be obtained by let t ing Cts(x Jr l) ~ Cm~(X + t) 
and substi tut ing into Eq. [9]. The solution of Eq. [9] 
is then Cfs(X) ---- Ae Bx where A, B are constants ob- 

Bl NB 
ta inable from k -- - -  and A -- - - .  The so- 

e m -- 1 e BL -- 1 
lu t ion  again is identical with Pfann ' s  ul t imate distri-  
bu t ion  (4). 
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Synthesis and Properties of ZnGeN, 
Will iam L. Larson, H. Paul Maruska, *'1 and David A. Stevenson* 

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

The search for new semiconductor materials  wi th  
opt imum propert ies for specific applications has led to 
the synthesis and characterizat ion of new te rnary  com- 
pound semiconductors. One class of te rnary  compounds 
is a pseudobinary solid solution, such as the I I I -V 
compounds GaxInl-xAs or GaAsxPl-x.  Another  class 
of te rnary  compounds, much less extens ively  studied, 
is a solid solution formed from the isoelectronic re-  
placement  of one e lement  in a binary compound by 
two different elements, such as a II-IV-V2 analogue of 
a I I I -V compound (1). In addition to a great  var ie ty  
of combinations for the lat ter  class of compound, 
there is the possibility of significant al terat ion in the 
electrical  properties by variat ion of the ratio of the 
II to IV element.  The present note describes the syn-  
thesis and properties of ZnGeN2, which is the II-IV-V2 
analogue of the I I I -V compound GaN. 

The compound ZnGeN2 has been prepared by the 
reaction of Zn with Ge3N4 and by the reaction of am-  
monia with Zn~:~eO4 (2). In these prepara t ive  tech-  
niques, there is the possibility of incorporat ing a sig- 
nificant amount  of oxygen in the final product. (The 
GeN4 in the first synthetic scheme is prepared by the 
reaction of GeO2 with  NH3.) A recent  study of the 
stabili ty of ZnGeN2 established that  the compound 
may be synthesized from the meta l  chlorides in a tmo-  
spheres of part ial ly dissociated ammonia (3). In the 
present study, layers of ZnGeN2 were  grown in an 
open flow vapor growth system, similar  to that used for 
GaN (4). An HC1-N2 gas mix ture  (4.93 X 10 -4 moles 
HC1/minute  plus 2.57 • 10 -2 moles N J m i n u t e  car-  
r ier  gas) was successively flowed over  e lemental  zinc 
(59 grade) and Ge (69 grade) at respective tempera-  
tures of ~550 ~ and ~950~ and the result ing vapor  
was mixed  with an NH3-N2 atmosphere (2.69 X 
10 -2 moles NH3/minute  with 2.25 X 10 -2 moles 
N2/minute carr ier  gas) in the reaction chamber  where  
deposition occurred. Deposition was made on sapphire 
substrates wi th  (0001) and (1~02) orientations and a 
growth tempera ture  of 850~ (higher temperatures  
resulted in the deposition of zinc-doped elemental  ger-  
manium) .  Deposition rates were  typically 1 ~/hour  
and the final samples were  yel low polycrystal l ine ma-  
terials approximate ly  1-2~ in thickness. A scanning 
electron micrograph of the surface revealed small 
particle sizes of the order  of 0.1-0.5~ (Fig. 1). 

The crystal  s t ructure and the latt ice parameters,  
measured using a Debye-Scher re r  powder  pat tern 
technique, indicated a wurtzi te  s t ructure  with a = 
3.193A and c = 5.187A at room temperature .  There 
was a small amount of line broadening observed, pre-  
sumably caused by slight distortion of the lattice re-  
sulting from the mismatch be tween the sapphire sub- 
strate and the ZnGeN2 film. These x - r ay  results may  
be contrasted with those of Maunaye and Lang (2), 
who reported that ZnGeN2 is monoclinic, with a = c 
= 3.167A, b = 5.194A and ~ = 118053 ' . It should be 

* E lec t rochemica l  Soc ie ty  A c t i v e  Member .  
I Present  address: RCA Labora to r i e s ,  P r ince ton ,  New J e r s e y  08540. 
Key words: tei'nary compound, chemical vapor deposition, crystal 

structure, bandgap, carrier concentration. 

Fig. 1. Scanning electron mlcrograph of a layer of deposited 
ZnGeN2. 
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noted that their  results differ from a wurtzi te  s t ructure  
only by a discrepancy of 1~ ' in the angle 8, hence 
one might  describe their  s t ructure as sl ightly distorted 
wurtzite.  This distortion might  be caused by the in- 
corporation of residual oxygen impurity, since the re-  
actants were  oxides. The s t ructure  and lattice pa- 
rameters  are almost identical to the isoelectronic 
I I I -V compound, GaN (wurtzi te  s t ructure with a ---- 
3.189A and c = 5.185A). 

The resist ivi ty and Hall coefficient of the ZnGeN2 
films were  measured using a six contact method. Pure  
ZnGeN2 was always n- type  with electron concentra-  
tions of 1018-1019 cm -3 and resistivities between 0.3 
and 0.4 ohm-cm at room temperature.  As might  be ex-  
pected for polycrystal l ine samples, room tempera ture  
mobilit ies were  low, ranging from 0.5 to 5 cm2/V-sec. 
Hall constants and resistivities measured vs. t empera-  
ture were  found to be constant throughout  the tem-  
perature  range from 100 ~ to 300~ Optical absorption 
measurements  of polished ZnGeN2 samples, displayed 
in Fig. 2, indicate a bandgap of approximately  2.67 
eV. In this part icular  sample, the absorption coeffi- 

cient at 3.2 eV is approximate ly  58,000 cm-1. The simi- 
lar i ty  between ZnGeN2 and the analogous I I I -V com- 
pound GaN is noteworthy,  par t icular ly the crystal 
s tructure and the high carr ier  density. 
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Confirmation of Existence of Phase Transitions in InSe 
by Specific Heat Measurement and X-Ray Analysis 

Kazuaki Imai, Minoru Sato, and Yutaka Abe 

Department of Nuclear Engineering, Hokkaido University, Sapporo 060, Japan 

Indium monoselenide has been known as one of the 
layered semiconductors and several  investigations have 
been reported concerning the electronic (1) and op- 
tical (2) properties of this material.  However ,  exper i -  
mental  results are widely scattered, and it seems very  
difficult to find consistent results among the various 
investigators.  We have supposed that  the above incon- 
sistency is, at least partly, due to certain inhomo- 
geneity of the crystal which is introduced inherent ly  
during the crystal growth by Bridgman or Czochralski 
method. 

In this short note, we report  the existence of several,  
well-defined tempera tures  of phase transitions in in-  
dium selenide and the exper imenta l  result  of anneal ing 
in the specimens oK quenched phase. 

Differential Thermal Analysis (DTA) and Specific 
Heat Measurement (SHM) 

The DTA and SHM have been carried out wi th  the  
fol lowing types of specimens: 

1. Stoichiometric  amounts  of indium (99.999%) a n d  
selenium (99.999%) were  enclosed in a quartz  holder  
in vacuum of 10-~ Torr. Af ter  direct fusion, the com- 
pound was cooled down slowly to room temperature .  
Hereafter ,  we shall refer  to these specimens as A. 

2. A large ingot of indium selenide was prepared by 
the  Bridgman method. The specimens were careful ly  
cut out of the ingot by wire  sawing machine. We shall 
refer  to these specimens as B in what  follows. It  w a s  
confirmed by x - r a y  fluorescence analysis that  our 
specimens had the composition of Inl.0oSe0.99. 

The DTA was performed with a-A1203 as the s t a n -  
dard sample and the heat ing rate was about l~  
The typical exper imenta l  result  is shown in Fig. 1. 
Here  we can clearly observe that  there  are four def-  
inite endothermic peaks between room tempera tu re  
and 700~ The SHM was carried out with apparatus 
s imilar  to the one for DTA. In our method, the t ime 

Key words,  compound semiconductor, semiconductor materials ,  
layered semiconductors,  crystal  structures,  crystal  s t ructures and 
phase changes. 

for the unit  t empera ture  increase (which is propor-  
tional to the specific heat under  the test) was mea-  
sured. As shown in Fig. 2, the peaks which correspond 
to the ones in the DTA were  observed. The DTA has a 
tendency that the measured temperatures  are shifted to 
the side of higher t empera ture  compared with the re-  
sults f rom the SHM. We prefer  the results of SHM in 
designating the characterist ic temperature.  The above 
exper imental  results are reproducible,  and the tem-  
peratures  of the peaks are found to be in good agree-  
ment  among the various specimens of types A and B. 
The sharpness of the above endothermic peaks indi- 
cates that  these peaks are due to finite phase t ransi-  
tions ra ther  than to the recovery of defects in the crys- 
tal. The observed transit ion tempera tures  are 156 ~ 

A 

= 
.o 

o 

(23 End0thermic ] ~ . _ _ _ ~  .~._ 

o 1 o 300 4so 6oo 
Temp.  ( ~ ) 

Fig. I. A typical result of DTA. The longitudinal axis is differ- 
ential thermal voltage of chromel-alumel thermocouple from the 
standard sample. The weight of the specimen is about i.39. 
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Fig. 2. A typical result of SHM. The Iongitudinat axls is the 
specific heat which is normalized at room temperature. The weight 
of the specimen is |4.4785g, quartz holder is 5.0042g, and the 
internal heater is about 60 roW. 

2 ~ 554 ~ -+- 3 ~ 614 ~ ~ 3 ~ and 636 ~ • 3~ respectively. 
The mel t ing point is 614 ~ __+ 3~ and this value is 
lower than the one previously reported (3). 

Anneal ing Effect 

In  order to find the exper imental  criteria for gett ing 
the single crystal of InSe of homogeneous phase, we 
have investigated the effect of anneal ing by x - ray  
analysis. The anneal ing of specimens was performed at 
480~ for 70 hr in vacuum of 10 -5 Torr. The var ia-  
tion of x - ray  Laue pattern by the above anneal  is 
shown in Fig. 3. The specimens in this experiment  are 
of type B in the previous section and cleaved surface 
parallel  to c-plane were used. As far as we have ob- 
served the annealed specimens by high resolution op- 
tical microscope we have found no indications of local 

excess of indium or selenium dur ing the anneal ing 
process. As seen from Fig. 3(a) ,  the Laue pat tern  of 
the as-grown specimen has diffused spots and the spot 
itself has fine structure. However, the pat tern  seems 
to have sixfold symmetry.  After  the annealing,  the 
Laue spots become focused and have threefold sym- 
metry as distinctly observed in Fig. 3 (b).  

For specimens of type A we have investigated the 
anneal ing effect by the Debye-Scherrer  photograph. 
However, with the obtained profile we cannot con- 
firm the hexagonal crystal s t ructure of D48h which was 
previously reported (4). 

Concluding Remarks 
We have shown exper imental ly  the existence of the 

definite phase transit ions in  stoichiometric ind ium-  
selenium system between room tempera ture  and 700~ 
We have also shown the characteristic var iat ion of 
Laue pat tern in the specimens of quenched phase. 
These results throw light on the physical origin of 
widely scattered experimental  results of the electronic 
and optical properties in InSe. We conjecture that  
s imilar  situations are l ikely to occur in other layered 
semiconductors such as GaSe and GaS. To clarify the 
conditions for getting the perfectly monophase crys- 
tals, fur ther  quant i ta t ive  investigations of SHM are in 
progress. 
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, S E C T I O N  

This DiscUssion Sect ion  inc ludes  discussion of papers appearing  in 
the  Journal o1 The Electrochemical Society,  Vol. 121, No. I, 2, 4, 
and 5; J a n u a r y ,  Feb rua ry ,  Apri l ,  and  May 19"/4, 

The Temperature and Compositional Dependence 
of the Electrical Conductivity of 

Nonstoichiometric CeO2-x 

R. N. Blumenthal and R. L. Hofmaier (pp. 126-131, Vol. 121, No. I) 

B. Claudel:Z In the afore-ment ioned paper, the au- 
thors report  that  they find a low tempera ture  con- 
duct ivi ty a for CeO2-~ which can be expressed as 

= a o e x p  - - - - ~  

where  Q, independent  of x is found equal  to 0.61 • 0.03 
eV. We had previously reported 2 the same value for 
the act ivation energy of the electrical conductivi ty of 
a ceria powder put under  a ni trogen atmosphere at 
temperatures  below 400~ Although our exper iments  
were  certainly carr ied out under  cruder  conditions 
than those of Blumenthal  and Hotmaier,  this agree-  
ment  seems remarkable.  In connection with  the in ter -  
pretat ion given by these authors in the paper under  
discussion to the occurrence of a two phase domain, it 
is wor th  noting that  our samples were  prepared by a 
low tempera ture  process [calcination of (NH4)~. 
Ce(NO3)6 at 450~ which could hardly  yield solid 
phases in thermal  equil ibrium, and that  we were  un-  
able to detect any other  phase than CeO2, e i ther  by 
x - ray  or by electron diffraction. 

Comments on the Article "On the Theory of Thermal 
Quenching of Luminescence" 

by H. Payen de la Garanderie and D. Curie 

R. Pappa[ardo (pp. 312-313, Vol. 121, No. 2) 

H. Payen de la Garanderie 3 and D. Curie:  4 Quite re-  
cently the paper under  discussion which criticizes one 
of our papers 5 was published. 

First, confusion must  be careful ly  avoided between:  
(i) the radiat ive transi t ion probabil i ty per unit  t ime 
interval,  which is denoted by Ir in our paper, ~ and (ii) 
the light efficiency, o, of the material ,  which is com- 
monly re fe r red  to by the expression 

Ir 

Ir Jr Inr 

Inr is, in the same way as for I r ,  the probabil i ty of non- 
radiat ive transitions per unit  t ime interval .  

I Inst i tute  for Research on Catalysis,  F-69626 Vil leurbranne,  
France.  

M. Breysse,  M. Gucnin ,  B. Claudel,  H. Latreil le,  and  J.  Veron, J .  
Catalysis, 27, 275 /1972). 

Laboratoi re  de Luminescence ,  Universi t~ de Poit iers,  France.  
4 Laboratoire de Luminescence ,  Univers i t~  de Par i s  VI, France.  

H. Payen  de la Garande r i e  and D. Curie,  in "L umines c e nc e  of 
Organ ic  and Inorganic  Mater ia l s , "  K a l l m a n n  and Spruch,  Editors,  
p. 334, J o h n  Wiley  and Sons, Inc., New York (1962). 

Of course, in the thermal  quenching tempera ture  
region [nr increases vs. t empera ture  much faster  than 
Ir does, and therefore  this increase of Ir does not mean 
that "the fluorescence intensity can be enhanced by 
tempera ture  increases," as is s tated in the paper under  
discussion. 

However,  some enhancement  effects have been re-  
ported in some cases, but  they are general ly ascribed to 
additional mechanisms, for instance to displacements 
in the peak positions of the absorption spectra. 

A second point is the following one. We considered 
the case of a monochromatic  exci tat ion occurring in a 
large band emit t ing and absorbing phosphor. Then the 
following set of equations was used 

dnj  
= A n j - z  - -  ( A  + E ) n j  + Enj+,  -- pn j  = 0 [1] 

dt  

(The notations are described in both the paper under  
discussion and in our article, s nj refers to the popula-  
tion of vibrat ional  level  j.) But this equation must  be 
modified for the vibrat ional  level  which is reached by 
excitation; let us call Jo this level  

dnjo 
: An~o-z  --  ( A  § E)njo -t- Enjo+i --  pnjo + q : 0 

d t  

where  q is the pumping intensity. A similar modifica- 
tion occurs for the level  corresponding to the crossing 
point of the excited state and fundamental  state con- 
figurational curves. For other  levels, Eq. [1] remains 
unchanged. The complete set of equations used is, of 
course, described in a more  detailed fashion in our 
paper. 5 

On the other hand, Pappalardo in the paper under  
discussion considers indeed the case when pumping 
occurs by means of a large band excitat ion and thus 
leads to the whole set of vibrat ional  levels. In such a 
case all sets of Eq [1] for the populations of the v ibra-  
tional levels must be changed in the way described 
above 

dnj  
: A n j - 1  - -  ( A  ~- E ) n j  ~ Enj+l  -- phi § q -- 0 [2] 

dt  

If one assumes, as Pappalardo did in the above men-  
tioned work, the case of an approximate  Boltzmann 
distr ibution to be valid, then Eq. [2] has for equi l ib-  
r ium 

p n j = q  
and 

Ir = p Z n j  = the total pumping intensity Zq 

in agreement  with expression [3] of the paper  under  
discussion. :~q here must  be performed upon any vi-  
brat ional  levels of the center  that  are reached by ex-  
citation. 

The reader will  notice, however ,  that the "pump in- 
tensity" q in the work being discussed means actually 
the sum of populations xnb, i.e., an expression which 
is proportional  to the pumping intensity, but not the 
pumping intensity itself, for if this were  the case, Eq. 
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[2] a n d  [3] of  t he  p a p e r  u n d e r  d i s c u s s i o n  w o u l d  no t  b e  
d i m e n s i o n a l l y  cor rec t .  

R, P a p p a l a r d o :  In  P a y e n  de  la  G a r a n d e r i e ' s  a n d  
C u r i e ' s  c o m m e n t s  a b o v e  a b o u t  m y  c r i t i c i sm of  t h e i r  
a r t i c l e  5 in  t he  p a p e r  u n d e r  d i scuss ion ,  t h e y  p o i n t  o u t  
in  p a r t i c u l a r  t h a t  t h e  d i m e n s i o n s  of  q in  Eq. [2] a n d  
[3] of  m y  p a p e r  a r e  no t  cor rec t .  In  t he se  e q u a t i o n s  
t h a v e  u s e d  q as  a p u m p - e n e r g y  t e r m  ( p r o p o r t i o n a l  to  
t h e  t o t a l  n u m b e r  of  e x c i t i n g  t r a n s i t i o n s ) .  S i n c e  q is 
u s e d  in  t h e i r  w o r k  as a p u m p - p o w e r  t e r m  ( p r o p o r -  
t i o n a l  to t h e  r a t e  of e x c i t i n g  t r a n s i t i o n s )  t h e i r  c r i t i -  
c i sm is jus t i f ied .  

My bas ic  o b j e c t i o n s  to t h e  a r t i c l e  in  ques t ion ,  5 w h i c h  
I s t a t e d  in  t he  p a p e r  b e i n g  d iscussed ,  a r e  no t  c l e a r l y  
r e fu t ed .  S ince  some  of  t h e  r e m a r k s  in  t h a t  p a p e r  s e e m  
to h a v e  b e e n  m i s i n t e r p r e t e d ,  I s h a l l  b r i e f ly  s u m m a r i z e  
m y  p r e v i o u s  o b s e r v a t i o n s .  Q u o t a t i o n  m a r k s  a r e  u s e d  
for  s t a t e m e n t s  c o n t a i n e d  in  t he  a r t i c l e  b y  P a y e n  de  l a  
G a r a n d e r i e  a n d  Cur ie .  5 

M y  c r i t i c i sm  was  b a s i c a l l y  a i m e d  a t  such  s t a t e m e n t s  
as:  5 " B u t  u s u a l l y  Ir  is c o n s i d e r e d  to be  a c o n s t a n t  t e rm ,  
w h i l e  h e r e  Ir  i n c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e , "  
a n d  also " I t  i n c r e a s e s  b e c a u s e  t h e  e f fec t ive  n u m b e r  of  
s t a t e s  l e a d i n g  to a l i g h t  t r a n s i t i o n  i n c r e a s e s  w i t h  t e m -  
p e r a t u r e . "  I h a v e  p o i n t e d  ou t  t h a t  th i s  c o n c l u s i o n  is 
i nco r rec t ,  e v e n  w i t h i n  t h e  c o n t e x t  of  q u a s i - m o n o c h r o -  
m a t i c  e x c i t a t i o n  5 b e c a u s e  of i n c o n s i s t e n c i e s  in  t h e  
m a t h e m a t i c a l  d e r i v a t i o n .  

T h e  " r a d i a t i v e l y  e m i t t e d  l i g h t  i n t e n s i t y  I t "  is e x -  
p r e s s e d  5 in  a p p r o x i m a t e  f o r m  as a p r o d u c t  of t h r e e  
f ac to r s :  t h e  c o n s t a n t  p ( t h e  " l i g h t - e m i t t i n g  t r a n s i t i o n  
r a t e " ) ;  t h e  p o p u l a t i o n  no of  t h e  l o w e s t  v i b r a t i o n a l  
l eve l  in  t h e  e x c i t e d  e l e c t r o n i c  s t a t e ;  a n d  t h e  f a c t o r  
[1 -- e x p  ( - - h v e / k T ) ]  -1.  M y  o b j e c t i o n  is to P a y e n  de  
la  G a r a n d e r i e ' s  a n d  Cur i e ' s  i m p l i c i t  a s s u m p t i o n  5 t h a t  
t he  f a c t o r  c o n t a i n i n g  t h e  e x p o n e n t i a l  is t h e  o n l y  t e m -  
p e r a t u r e  d e p e n d e n t  q u a n t i t y .  A c t u a l l y ,  w i t h  t h e  i n -  
c r ease  in  t e m p e r a t u r e  t h e  i n c r e a s e  in t h e  [1 --  e x p  
( - - h v e / k T ) ]  - l  f ac to r  wi l l  b e  c o m p e n s a t e d  b y  a d e -  
c r e a s e  in  no, so t h a t  t he  o v e r - a l l  v a l u e  of  Ir  w i l l  n o t  
i n c r e a s e  w i t h  t e m p e r a t u r e .  Th i s  w a s  a l r e a d y  d i s c u s s e d  
in  m y  p a p e r  u n d e r  p r e s e n t  c o n s i d e r a t i o n .  Th i s  c o n c l u -  
s ion  c a n  also b e  p r o v e d  as fol lows,  W h e n  t h e  e q u i l i b -  
r i u m  r a t e  Eq. [I] a n d  [II ]  of  P a y e n  de  la  G a r a n d e r i e ' s  
a n d  C u r i e ' s  p a p e r  5 a re  s u m m e d  t o g e t h e r  the  r e s u l t i n g  
e x p r e s s i o n  is 

q -= s n h  + Z ' jpnj  [1] 

w h e r e  t h e  p r i m e  i n d i c a t e s  t h a t  t he  s u m m a t i o n  is c a r -  
r i ed  ou t  o v e r  t h e  v i b r a t i o n a l  l eve l s  u p  to. a n d  i n c l u d -  
ing, t he  v i b r a t i o n a l  l e v e l  j l  f r o m  w h i c h  r a d i a t i o n l e s s  
decay  t a k e s  p lace  w i t h  r a t e  s. Th i s  is a m a t h e m a t i c a l  
f o r m u l a t i o n  of  t he  o b v i o u s  r e s u l t  t h a t  in  t h e  p a r t i c u -  
l a r  p h y s i c a l  m o d e l  u n d e r  d iscuss ion ,  t h e  e x c i t a t i o n  
( e x p r e s s e d  v ia  q)  wi l l  b e  d i s s i p a t e d  as r a d i a t i v e  
e m i s s i o n  f r o m  a l l  t h e  v i b r a t i o n a l  l e v e l s  of  t h e  e x -  
c i t ed  s t a t e  up  to j~, a n d  as r a d i a t i o n l e s s  t r a n s i t i o n s  
f r o m  t h e  l a t t e r  v i b r a t i o n a l  level .  ( I n c i d e n t a l l y ,  s ince  
e q u i l i b r i u m  c o n d i t i o n s  h a v e  b e e n  a s sumed ,  i t  is i r -  
r e l e v a n t  w h i c h  v i b r a t i o n a l  l eve l  is exc i ted ,  as l o n g  as 
i t  is b e l o w  t h e  Jl l eve l . )  

S ince  t he  r a t e  p, s, a n d  q a re  a s s u m e d  to be  c o n s t a n t  
a n d  t e m p e r a t u r e  i n d e p e n d e n t  in  t he  p a r t i c u l a r  m o d e l  
u n d e r  d i scuss ion ,  a n d  s ince  nj~ i n c r e a s e s  m o n o t o n i c a l l y  
w i t h  t e m p e r a t u r e ,  t h e  r a d i a t i v e  i n t e n s i t y  t e r m  Ir  = 
Z' jpnj  can  o n l y  d e c r e a s e  w h e n  t h e  t e m p e r a t u r e  i n -  
creases ,  in  a g r e e m e n t  w i t h  phys i ca l  i n t u i t i o n .  

Effect of Dielectric Insert on Surface Charge Density 
of Electrets 

K. Ikezaki, I. Fujita, K. Wada, and J. Nakamura 
(pp. 591-593, Vol. 121, No. 4) 

B.  Gross :  s,7 K. Ikezak i ,  I. Fu j i t a ,  K. W a d a ,  a n d  J .  
N a k a m u r a  d e s c r i b e  in  t he  p a p e r  u n d e r  d i scuss ion  t h e  
p rocess  of  g e n e r a t i o n  of  h o m o c h a r g e  as fo l lows :  " A c -  
c o r d i n g  to t he  t h e o r y  of  P e r l m a n  a n d  Reedyk ,  s a p -  
p l y i n g  a v o l t a g e  b e t w e e n  e l e c t r o d e s  i n c r e a s e s  t he  p o -  
l a r i z a t i o n  of  t he  i n s e r t e d  g lass  d i sk  a n d  t h e  field in  
t h e  a i r  gap.  E v e n t u a l l y ,  t h i s  f ie ld wi l l  e x c e e d  t h e  
b r e a k d o w n  s t r e n g t h  of t h e  a i r  in  t h e  gap  a n d  t h e  
s p r a y  d i s c h a r g e  wi l l  occur .  T h e  h o m o c h a r g e  depos i -  
t i on  of t h i s  s p r a y  d i s c h a r g e  r e d u c e s  t h e  f ield in  t he  g a p  
to a v a l u e  b e l o w  b r e a k d o w n  a n d  t h e  d i s c h a r g e  is 
q u e n c h e d  . . . .  " I w i s h  to p o i n t  ou t  t h a t  t h i s  t h e o r y  
is c o n t a i n e d  in  a se r ies  of  p a p e r s  w h i c h  I h a v e  p u b -  
l i s h e d  s ince  1944. ~-~2 To q u o t e  f r o m  a p a p e r  p u b l i s h e d  
in 1949:~u " W i t h  i n c r e a s i n g  p o l a r i z a t i o n  of  t h e  d i e l ec -  
tr ic ,  t h e  f ield . . . in  t h e  i n t e r f a c e  r i ses  to  h i g h  va lues .  
F i n a l l y  t h e  i n t e r f a c e  b r e a k s  d o w n  a n d  a c o n s i d e r a b l e  
a m o u n t  of c h a r g e  is r u s h e d  f r o m  t h e  e l e c t r o d e  to t h e  
s u r f a c e  of  t h e  d ie lec t r ic .  Th i s  c h a r g e  h a s  a p o l a r i t y  
w h i c h  is c o n t r a r y  to t h a t  of t h e  o r i g i n a l  c h a r g e  of t h e  
d i e l ec t r i c ;  i t  n e u t r a l i z e s  p a r t  of  t he  l a t t e r  a n d  t h u s  
r e d u c e s  t h e  f ield in  t h e  i n t e r f a c e  b e l o w  s p a r k i n g  
t h r e s h o l d . "  As i n d i c a t e d  in a p r e v i o u s  c o m m e n t ,  ~1 t h e  
d e t a i l e d  t h e o r y  of  t he  effect,  i n v o l v i n g  t h e  P a s c h e n  
curve ,  ha s  a lso b e e n  d e v e l o p e d  a t  a n  e a r l y  s tage,  r~ I t  
h a s  b e e n  c o n f i r m e d  b y  l a t e r  a u t h o r s .  13, 14 

Anomalous Boron Diffusion in Silicon from 
Planar Boron Nitride Sources 

J. Stach and A. Turley (pp. 722-726,, Vol. 121, No. 5) 
D. M. B r o w n :  Is T h e  a n o m a l o u s  b o r o n  d i f fus ion  effects  

r e p o r t e d  in  t h e  p a p e r  u n d e r  d i scuss ion  b y  Messrs .  
S t a c h  a n d  T u r l e y  ( " D e e p e r  p e n e t r a t i o n  in  t h e  h i g h  
c o n c e n t r a t i o n  a r e a  sugges t s  a c o n c e n t r a t i o n  d e p e n -  
d e n t  d i f fus iv i ty  g i v i n g  e n h a n c e d  d i f fus ion  a t  h i g h  c o n -  
c e n t r a t i o n s ;  h o w e v e r ,  t he  c o n c e n t r a t i o n  g r a d i e n t  n e a r  
t h e  s u r f a c e  i n d i c a t e s  t h a t  t h e  d i f fu s iv i t y  p r o b a b l y  
r e a c h e s  a m a x i m u m  v a l u e  a n d  t h e n  b e g i n s  to  d e c r e a s e  
w i t h  h i g h e r  c o n c e n t r a t i o n s . " )  i n d i c a t e  p r o b a b l e  c o n -  
f i r m a t i o n  of p r e v i o u s l y  p u b l i s h e d  d a t a  o n  t h i s  p h e -  
n o m e n o n .  16 F i g u r e s  5 a n d  6 of  th i s  e a r l i e r  w o r k  TM s h o w  
t h a t  t he  b o r o n  d i f fu s iv i t y  does  i n d e e d  i n c r e a s e  u n t i l  
t h e  c o n c e n t r a t i o n  r e a c h e s  a b o u t  3 • 102~ 3 w h e r e -  
u p o n  it  p e a k s  a n d  t h e n  r a p i d l y  d e c r e a s e s  b y  a f a c t o r  
of  t h r e e  or  f ou r  fo r  c o n c e n t r a t i o n s  a b o v e  this .  P o s s i b l e  
causes  of  th i s  effect  w e r e  a lso d iscussed .  S i m i l a r  r e -  
su i t s  w e r e  a lso  o b s e r v e d  b y  L. F. Cordes .  17 T h e  s i m i -  
l a r i t y  b e t w e e n  t h e s e  b o r o n  d i f fus ion  r e s u l t s  a n d  those  
o b s e r v e d  for  a r s e n i c  d i f fus ions  h a v e  a lso  b e e n  p r e v i -  
o u s l y  p r e s e n t e d  in  de t a i l  a n d  c o m p a r a t i v e l y  d i s -  
cussed.  TM 

S t a c h ' s  a n d  T u r l e y ' s  p r e l i m i n a r y  conc lus ions ,  on  
t he  a n o m a l o u s  d i f fus ion  of  b o r o n  in  t h e  p a p e r  u n d e r  
d i scuss ion  w e r e  c o r r e c t  a n d  c o n s i s t e n t  w i t h  t h e  e a r l i e r  
w o r k  c i t ed  he re .  1~1s 

, Instituto de Fistca e Quimica de S~o Carlos, Universldade de 
Silo Paulo, 13560 S~o Carlos, Estado de S~o Paulo, Brazil. 
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Chlorine--Caustic Soda 
I. Product ion. - -U.S.  product ion of chlor ine reached a 

record  level  of 10,421,115 tons in 1973, an increase of 
6.2% over  1972 and of 11.4% over 1971. Canadian  p ro -  
duct ion was 1,006,473 tons, up 9.1% f rom the preceding  
yea r  (1). 

Produc t ion  ra tes  in  the  U.S. were  ve ry  high 
throughout  the yea r  of 1973, averaging  95.9% of ca-  
pac i ty  (2). In  the las t  two months of 1973, product ion  
was 99.1% of capacity,  and a record product ion  was 
es tabl ished in December  at  29,710 tons per  day  (1, 2). 
In  Canada,  for  1973, product ion averaged  92.6% of 
capacity.  

The  yea r  saw the s t a r t -up  of expanded  or  mod-  
ernized chlor ine facil i t ies at  s ix locations in the  U.S., 
whi le  two p lants  were  shut  down. In  Canada,  there 
was one expansion,  plus two shutdowns.  Total  ca-  
pac i ty  increased in both countries,  bu t  the increase  
was less than  1% in the U.S. and about  6.5% in Canada  
(1-3).  

Both chlor ine  and caustic were  in short  supp ly  
throughout  1973, and i t  is expected that  the  shor tage 
wil l  cont inue to exist  th roughout  most  of 1974. How-  
ever, at  the  beginning of 1975, chlor ine capaci ty  should 
begin  to over take  consumpt ion (4). 

The combinat ion of shor t  supply  and skyrocket ing  
energy costs forced the pr ices  upward  for bo th  chlo-  
r ine and caustic. Dur ing  the first half  of 1973, chlorine 
prices went  up about  $5/ton, f inally r is ing f rom dis-  
count levels  to its long posted $75/ton, in t ank  car  
quanti t ies .  The second half  b rought  some boosts to $80- 
81/ton. Caustic 's  1972 move to list  prices, meanwhile ,  
was al l  but  completed;  the  pr ice at  year ' s  end was 
about  $76/ton for 50% solution (4, 5). 

No re l ief  f rom price increases for chlorine and 
caustic appears  in the  offing for 1974 because of the 
continuing shor tage and increasing power  costs. 

The Chlor ine  Ins t i tu te  es t imates  t ha t  by  J a n u a r y  1, 
1975, expansions  u n d e r w a y  wil l  boost  U.S. capaci ty  
f rom the presen t  30,000 to about  35,000 tons /day ,  an 
increase of about  16.7% (1,4). Of this  increase, about  
2000 tons wi l l  come on - s t r eam dur ing  the first t h ree -  
quar ters  of 1974, and the remain ing  capaci ty  the  last  
qua r t e r  of tha t  year.  Diaphragm cell p lants  in the size 
ranges  of 800-1200 t o n s / d a y  will  cont r ibu te  about  4000 
of the  5000 ton capacity.  The remain ing  tonnage wil l  
come f rom the  Kel logg nonelect rolyt ic  HC1 oxida t ion  
process, Kel  Chlor (600 tons /day ) ,  f rom b y - p r o d u c t  
chlor ine  f rom magnes ium product ion  (200 t on s /da y ) ,  

1 This report  is sponsored by the  Indus t r i a l  Electrolyt ic  Divis ion 
of  The Electrochemical  Society. While it  is pr imar i ly  a s u m m a r y  
of  Production and deve lopments  In the chlor-a lkal i  indus t ry ,  reports  
of  other e lectrolyt ic  industries  are  included.  

The  ma te r i a l  p resen ted  he re in  has  been  ga the red  f r o m  m a n y  
sources as noted  in the References ,  and does not  necessar i ly  repre -  
sent  the  opinions of  the  authors.  

* Electrochemical  Soc ie ty  Act ive  Member .  

and f rom smal l  increases f rom expans ion  of exis t ing 
d i aphragm and me rc u ry  cell  faci l i t ies (4, 9). 

In  1973, 71.8% of U.S. chlor ine  product ion  was f rom 
d iaph ragm cells and 24.6% from me rc u ry  cells; mis -  
cel laneous product ion  f rom all  o ther  sources accounted 
for  3.6% (9). 

The m a r k e t  b r eakdown  for chlor ine  remains  about  
the  same as in the  pas t  (4) : 

Vinyl  chlor ide  monomer  (VCM) 20% 
Chlor inated  organic solvents  2~% 
Other  ch lor ina ted  organics 20% 
Chlor ina ted  inorganics 10% 
Pulp  and paper  10% 
W a t e r  and was te  t r ea tmen t  5% 
Miscel laneous 10 % 

As noted above, VCM is the larges t  single product  
user  of chlorine, and much of the growth  in chlor ine  
is dependent  on the g rowth  ra te  of this product .  With  
the  except ion of 1971-1972, the  VCM chlor ine  demand  
increased at the ra te  of 12-15%/year  over  the  las t  
decade.  In  1974, the  growth  ra te  is expected  to be 10- 
15% if VCM make r s  can ge t  enough ethylene,  the co- 
ingredien t  wi th  chlorine, and bu i ld  new faci l i t ies  
(4). Also an unknown factor  is the O.S.H.A. s tandard  
wi th  regard  to VCM concentra t ion in air.  If the  m a x i -  
mum al lowable  concentra t ion  is fixed at  1 ppm in air,  
which  most  p lants  p resen t ly  feel they  would  be un -  
able  to meet,  this  regula t ion  would  have  serious im-  
pl icat ions on chlor ine  production.  

The demand  for chlor ine  in the chlor ina ted  or -  
ganics a rea  wil l  be l a rge ly  d ic ta ted  b y  the ava i l ab i l i ty  
of hydrocarbons.  

The chlor ine  shor tage  was repor ted  to be affecting 
munic ipa l  d r ink ing  wa te r  supplies.  Legis la t ion  is be-  
ing considered by  Congress to assure adequa te  sup-  
plies. Chlor ine  suppliers,  such as Dow Chemical  and 
Diamond Shamrock,  say they  can meet  any  munic ipa l  
needs and that  legis la t ion is not requ i red  (6-8).  

The biggest  t h rea t  seen to meet ing  product ion  
goals is inadequate  e lect r ica l  power.  In  1973, power  in-  
te r rupt ions  were  more  f requent  and more  severe  than  
ever  before. P lants  in the Nor thwes t  were  affected 
most, wi th  the Nor theas t  close behind (4). 

Caustic is in cont inuing shor t  supp ly  because of the 
high demand  by  the paper ,  glass, and a luminum in-  
dustries.  General ly ,  even wi th  the  expans ion  of the  
na tu ra l  soda ash facilit ies,  ch lo r -a lka l i  producers  do 
not expect  any  excess caustic for  severa l  years  (4). 

Al l  chlor ine producers ,  whe the r  using me rc u ry  or 
d iaphragm cells, are  facing government,  regula t ions  
in wa te r  and ai r  pol lu t ion  and also in the  areas  of 
work ing  condit ions at  both  Fe de ra l  and Sta te  levels.  I t  
has been pred ic ted  that  the  net  effect of  these r egu-  
la t ions wi l l  be to increase p lan t  costs by  2-5%; how-  
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II. Current changes in chlorine operations (4, 9) 

Total  
capacity,  

Company  and location Type of cell t o n s / d a y  Complet ion date 

A. Production Started 
B A S F  Wyandot te  
Ge i smar ,  La.  Added Hooker  H-2 cells ~ Sep tember  1973 
Linden  Chlorine Products  
Linden,  N.J .  Krebs  cells ~ December  1973 
Dow Chemical  of Canada 
Sarnia, Ontario Dow diaphragm cells I000 September 1973 
The Dow Chemical Co, 
Pi t t sburg ,  Calif. Cell r ep lacement  ~ J u l y  1973 
The DoW Chemical  Co. 
Midland, Mich. Modernization ~ 1st Quarter 1973 
FMC Corp. 
South Charleston, W. Va. Conversion to DSA| -- November 1973 
Pennwalt Corp. 
Port land,  Ore. D iamond  DS-43, modern iza t ion  330 J a n u a r y  1973 

B. Plant Shutdowns Scheduled 
Olin Corp. 
P i sgah  Forest ,  N.C. Sorensen (mercury  cell) ~ J u l y  1973 
Canadian  Industr ies ,  Ltd. 
Hamil ton,  Ontar io  ICI  (mercury  cell) ~ J u l y  1973 
Dow Chemical  of Canada 
Sarnia,  Ontar io  Dow (mercury  cell) 700 Ju ly  1973 
Dow Chemical  of Canada 
Thunder  Bay,  Ontar io  Dow (mercury  cell) - -  Sep tember  1973 
Oregon Metal lurgical  Co. 
Albany,  Ore. A l c a n ~ m a g n e s i u m  ~ - -  
B A S F  Wyandot te  
Geismar ,  La. Uhde m e r c u r y  cells 150 December  1974 
Hooker  Chemical  Corp. 
N iaga ra  Falls, N.Y. Gibbs and Hooker  S cells - -  1973-1974 
Weyerhaeuse r  Co. 
Longview,  Wash.  de Nora  m e r c u r y  cell 265 1st Quar te r  1975 
Pennwalt Corp. When new facility is 
Tacoma, Wash. Gibbs diaphragm ~ completed 

III. New or expanded plants planned or under construction (4, 9) 

Capacity,  
Plant  and location Type of cell t o n s / d a y  Complet ion date 

Olin Corp. 
McIntosh,  Ala. Olin E-8 
Pennwa l t  Corp. 
Calvert City, Ky. Conversion to D S A |  - -  
PPG Indus t r ies  
Lake  Charles,  La. Glanor  V bipolar 1500 
Kaise r  A l u m i n u m  Chemical  Convers ion  of S3B and $3C to 
Gramercy ,  La. D S A |  - -  
Sobln Chlor-Alkali ,  Inc. 
Orrington, Maine Additional de Nora cells -- 
Hooker Chemical Corp. Phase I, convert Hooker cells 
Niagara Falls~ N.Y. to DSA| -- 

Phase  II,  new Hooker  cells 
Hooker  Sobin Corp. 
Niagara  Falls, N.Y. Conversion to D S A |  - -  
Olin Corp. Conversion to Marstol in anodes 
Charleston, Tenn. Modest expansion, Olin E812 -- 
Shell Chemical Co. Convert to DSA(f~ and 50% ex- 
Deer  Park ,  Texas  wi th  Hooker  d i a p h r a g m  375 
The Dow Chemical  Co. 
Freepor t ,  Texas  Dow d i a p h r a g m  1000 
A l u m i n u m  Co. of Amer ica  
Por t  Comfort ,  Texas  Convers ion to DSA|  - -  
Hercules,  Inc, Convers ion to D S A |  
Hopewell ,  Va. Modest expans ion  - -  
Allied Chemical  Corp. Convers ion to DSA|  
Moundsvil le ,  W. Va. Modest  expans ion  - -  
P P G  Indust r ies ,  Inc. Convers ion to D S A |  
New Martinsville, W. Va. Columbia N-3 and N-6 cells 
Georgia Pacific Corp. 800 
Plaquemine ,  La. Hooker  H-4 400 
Hooker  Chemical  Co. 
Taft ,  La. Hooker  H-4 1000 
E. I. du Pont  de Nemours  IKel Chlor process 600 
Corpus Christi ,  Texas  Diamond  MDC-55 d i a p h r a g m  1000 
Diamond  Shamrock  Corp. 
Deer  Park ,  Texas  Diamond  MDC-29 d i aph ragm 1200 
NL Industries, Inc. 
Rawley,  Utah  Bayer  (magnes ium)  220 
Weyerhaeuse r  Co. 
Longview,  Wash.  Diamond MDC-29 d i a p h r a g m  385 
P e n n w a l t  Corp. 
Tacoma,  Wash,  P P G  bipolar d i a p h r a g m  
Dow Chemical  of Canada 50% expan-  
Ft. Saska tchewan ,  Alber ta  Dow d iaphragm sion 
Canadian  Occidental  Petrol.  19% expan-  
N. Vancouver ,  B.C. Convers ion to D S A |  sion 
Canadian  Industr ies ,  Ltd. 
Beeancour ,  P.Q. Hooker  H-2A d i a p h r a g m  385 
B A S F  WYandotte 
Wyandot te ,  Mich. Convers ion Hooker  S-3 to D S A |  

ever, there  should be some inheri ted benefits f rom America.  Known contracts 
these legislated envi ronmenta l  controls (27). 

IV. Developments.mA. Metal anodes . - -The installa- 
t ion of meta l  anodes has continued at an increasing 
tempo during the year. Over  10,000 tons of chlorine is 
now produced each day on metal  anodes in North 

2nd Quar t e r  1974 

1st Quar te r  1974 

Not announced  

Middle 1974 

3rd Quar te r  1974 

1974 

3rd Quar t e r  1974 

3rd Quar t e r  1974 

2nd Quar te r  1974 

2nd-4th Quar te r  1974 

4th Quar t e r  1974 

2nd Quar t e r  1974 

4th Quar t e r  1974 

4th Quar t e r  1974 
4th Quar t e r  1974 
1975 

4th Quar te r  1974 
1st Quar te r  1974 
2nd Quar te r  1976 

4th Quar te r  1974 

3rd/4 th  Quar t e r  1974 

1st Quar te r  1975 

3rd Quar te r  1975 

1st Quar te r  1974 

3rd Quar te r  1974 

1st Quar te r  1974 

4th Quar t e r  1974 

indicate that  half  the 
total industry will  be operat ing with metal  anodes by 
the end of 1974. 

The rate  of conversion in Nor th  America  is similar 
to that  worldwide.  All  new plants are using coated 
t i tanium anodes, and new designs of cells are reaching 
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the market  to optimize the characteristics of the metal  
anodes. Three new designs of diaphragm cells are now 
operating at high loads with metal  anode components. 

The Marstolin Electrolytic Systems have announced 
their abil i ty to supply metal  anodes, thus joining the 
Electrode Corporation, which has now produced over 
250,000 anodes as suppliers (11, 12). 

Conversion of chlorate cells to t i tan ium-based  
anodes has been continued and new designs of cells 
are being finalized which will  use systems to take full  
advantage of the t i tan ium-based  anode characteris- 
tics. A var ie ty  of hypochlorite cells is now available 
using br ine  or seawater to produce low strength hypo- 
chlorite on site. Several  precious metal  coatings on 
t i tan ium are used in these systems. 

Metalwinning cells with t i tan ium-based  anodes are 
being developed for various hydrometal lurgical  proc- 
esses. Expanded research and development  efforts to 
produce t i tan ium-based  anodes with the performance 
that will  just i fy the economics involved are being 
continued (13). 

B. New chlorine process developments . - -E.  I. 
du Pont  de Nemours introduced the first new dia- 
phragm mater ia l  which is being used in commercial 
development work. The material  called Nation is 
made from sulfonated polyperfluoroethylene.  Ionics of- 
fers a sodium hypochlorite cell using the material,  and 
others have this or a very s imilar  material  under  eval-  
uat ion (14, 15). 

Apart  from a complete substitute, polymers such as 
Halar  are being researched as a possible b inder  in an 
asbestos diaphragm to prolong operational life (15). 

The first large nonelectrolytic plant  to produce 
chlorine from hydrochloric acid using the Kel Chlor 
process is scheduled for s tar t -up in early 1974. The 
reference is to du Pont 's  600 ton /day  plant  at Corpus 
Christi, Texas (15, 16). 

The NL Industries, Inc. magnesium plant  at Rawley, 
Utah, is designed to produce 220 tons chlor ine/day as 
a by-product  (17). 

Ionics, Engelhard Industries, Pacific Engineering,  de 
Nora, and Diamond Shamrock offer cells with coated 
metal  anodes for on-site generat ion of sodium hypo- 
chlorite, which is used in  water  purification, waste 
treatment,  and paper bleaching, par t icular ly  where  
gaseous chlorine handl ing  may present  a problem 
(14, 18, 26). 

Asahi Glass will use Friedrich Uhde GmbH elec- 
trolytic process to recover chlorine from effluent hy-  
drochloric acid from a refr igerant  plant. Capacity will  
be 37,200 tons chlorine/year.  A n u m b e r  of electrolysis 
plants that  process effluent HC1 from toluene diiso- 
cyanate plants  are in operation, but  this is the first 
application to a refr igerant  plant  (19, 20). 

The first oceangoing l iquid chlorine tanker  is now 
being buil t  by  Friedrich Uhde GmbH for Spain's  Ene r -  
gear Industr ies  Arogonesas S.A. The vessel will  hold 
1009 tons and is to be in operation next  spring (21). 

Dow Chemical USA has phased out its last  caustic 
soda flake uni t  at Freeport,  Texas. All anhydrous caus- 
tic soda flake units  (Freeport, Texas; Midland, Michi- 
gan; and Pittsburg, California) have been converted 
to the caustic bead form (23). 

C. Mercury cells.--No new mercury  cell plants  were 
bui l t  in 1973; however, there was some modernizat ion 
of a few existing plants. In  the U.S. one p lant  was 
shut down while in Canada two plants  were shut 
down in 1973 (1, 9). 

Though much of the public furor  has abated over 
mercury  cells, companies hesitate invest ing money 
for existing and, part icularly,  for new plants since 
they have no way of knowing the eventual  s tan-  
dards for mercury  emissions. In  the foreseeable future, 
all new capacity will probably come from diaphragm 
ceils (17, 22). 

U.S. chlorine plants  have made great strides in 
cutt ing down mercury  emissions. According to the 
Chlorine Inst i tute  surveys, mercury  discharges have 
been reduced 95% since Februa ry  1971. An Ins t i tu te  

spokesman estimates that  the cost of this c lean-up 
effort and process t ightening has been about one- 
tenth the original cost of the chlorine plants  (22). 

The Japanese chlorine producers are, by govern-  
ment  decree, to have 65% of their mercury  cell 
plants  converted to diaphragm cells by September 1975 
(22). The diaphragm cell technology is almost totally 
furnished by U.S. firms, such as Hooker Chemical, PPG 
Industries, and Diamond Shamrock. 

Yet there are areas in the world where mercury  
cell instal lat ions are being made and apparent ly  will 
continue to be made, for instance, South America, 
Africa, Asia, and parts of Europe (24). 

U.S. consumption of mercury  during 1973 was esti- 
mated at 54,550 flasks, slightly higher than 1972. Mer- 
cury for the production of chlorine-caustic required 
12,780 flasks or an increase of about 11%. 

U.S. mercury  production in 1972 was 1968 flasks. At 
year 's end there were seven producing mines in the 
U.S. 

The average New York price of mercury  dur ing 
1973 was $286/flask compared to $218 in 1972 and $295 
in 1971. Ear ly  in  1973, the average quar ter ly  price of 
mercury  was $300; a low of $269 was established in 
the second quarter  of the year, and gradual ly  the price 
increased so that the last quar ter  average was $294. 
In  1973, GSA sold 2583 flasks of mercury  compared 
to 512 flasks for 1972. 

Imports  of mercury  during 1973 amounted to 46,076 
flasks compared to 30,000 flasks for 1972. Imports 
were from Canada (37.8%), Algeria (25.7%), Spain 
(15.8%), and Yugoslavia (8%) (25). 

Other Alkalis and Electrolytic Processes 
Caustic potash--Caust ic  potash production in 1973 

was 188,454 short tons as 88-92% liquid; this repre-  
sents an increase of 6.5% over 1972 but  is still 5% 
lower than 1971 production (33). 

While production of caustic potash increased dur-  
ing 1973, domestic production of marketable  na tura l  
potassium chloride, sulfate, magnes ium sulfate, and 
manure  salts decreased 2.4% to 2.6 mil l ion tons of K20 
equivalent,  but  increased 2.9% in value (28). The 
government  of Saskatchewan continued prorat ioning 
of production dur ing 1973, allowing production to in-  
crease to 70% of rated capacity (29). The Canadian 
potash producers posted price increases of $0.03- 
0.04/unit of K20 effective November 1, 1973 (30). 

Diamond Shamrock expanded its potassium car- 
bonate facilities at Muscle Shoals, Alabama, to 36,000 
tons/year.  Product ion is scheduled to be expanded to 
54,000 tons during 1974 (32). 

Government  price controls held the price of caustic 
potash at the list price level established in early 1973. 
Price of 45% liquid caustic potash in bu lk  shipments 
was $4.25/cwt and $7.00/cwt for 50% liquid caustic 
potash from West Coast terminals  (34). 

Price controls were scheduled for removal  on 
April  30, 1974. 

Soda ash.--Soda ash was in short supply dur ing 
1973 in spite of a 22% increase in production of na tura l  
soda ash from the trona beds of Wyoming (35). There 
was a drop, however, in the production of synthetic 
(Solvay) soda ash caused by stricter controls over pol-  
lut ion of waterways by the soda ash plants. For the 
first t ime in history, over half of the soda ash produc- 
tion came from natura l  sources, and also for the first 
t ime there was importat ion of soda ash. Exports of 
soda ash decreased by one- thi rd  in view of the rising 
domestic demand. The uni t  value of soda ash rose 
about 7% dur ing the year. Production of soda a s h i s  
now r unn i ng  at about 4.4 mil l ion tons /year  sodium 
oxide equivalent.  Trona-based capacity is now about 
4.5 mil l ion tons /year  and total soda ash capacity is 
about 8.5 mil l ion tons /year  (36). 

Four  suppliers of na tura l  soda ash have announced 
sizable increases in their installed capacity over the 
next  2 years and a fifth company has announced its 
in ten t ion  to open a new soda ash mine and processing 
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p lan t  (35). Texasgulf ,  Inc. has awarded  contracts  for  
the construct ion of a $75 mil l ion soda ash mine and 
processing p lant  at  Granger,  Wyoming,  wi th  com- 
ple t ion expected in 1976. The capac i ty  of the p lan t  is 
1 mi l l ion t ons /yea r  soda ash (37). The only foreseen 
problems  in the fu ture  soda ash p ic ture  are a lack  
of processing fuel, a shortage of ski l led labor,  and 
poss ibly  insufficient ra i l road  shipping capacity.  

Al though soda ash mines are  being expanded,  PPG 
shut down its 600,000 tons /yea r  Solvay  process p lan t  
at  Barber ton,  Ohio, at  the  end of March  because of 
envi ronmenta l  problems (38). 

Soda ash capaci ty  in Ind ia  wil l  double in the next  
five years.  The new units wil l  be based on the modified 
Solvay  process which produce  ammonium chlor ide  as 
a b y - p r o d u c t  I t  is expec ted  tha t  the  by -p roduc t  wi l l  
be used in fer t i l izers  (39). 

B A S F  Wyando t t e  ra ised soda ash prices in la te  
1973, subject  to approva l  by  the Cost of Living 
Council. The prices were  up $2.50/ton to $38 for bulk ;  
up $5/ton to $54.50 for bags, carload,  and t ruck load  
lots. The company  says the  increases recover  only 
pa r t  of its h igher  costs under  Phase  IV guidel ines  
(40). This announcement  was fol lowed by  s imi lar  
increases by  Food Machinery  Corporat ion and by  
Stauffer  Chemical  Company  (41). 

Soda ash supplies  a re  t ight  worldwide,  and will  re -  
main  this  w a y  for about  2 years  when addi t ional  p ro-  
duction is scheduled to be on-s t ream.  The pr ice of 
soda ash is expected to increase, unless  the economy 
fal ls  wel l  shor t  of its ant ic ipated per fo rmance  in 
1974 and 1975 (36). 

The th rea t  of d iscont inuat ion of the deple t ion  a l -  
lowance for  t rona mines by  the Treasury  Depa r t -  
ment  is being countered by  the in t roduct ion of an 
amendmen t  which would  guaran tee  cont inuat ion of 
deplet ion a l lowances  (42). 

Sodium c h l o r a t e . - - P r e l i m i n a r y  da ta  f rom the U.S. 
Depa r tmen t  of Commerce  indicates  that  U.S. p roduc-  
tion of sodium chlora te  in 1973 was 198,300 tons, an 
increase of about  9.6% f rom 1972 product ion  of 182,500 
tons (43). 

Sodium chlora te  product ion facil i t ies in the  U.S. 
and the i r  1973 l is ted capacit ies are  as fol lows (46, 50). 

Capaci ty  
Company ( tons /year)  

Brunswick Chemical  Co. 
Brunswick,  Ga. 7,000 
Georgia-Pacific Corp. 
Beli lngham,  Wash. 3,500 
Hooker Chemical Corp. 
Columbus, Miss. 62,500 
Hooker Chemical Corp. 
Niagara  Falls,  N.Y. 15,500 
Hooker Chemical Corp. 
Taft, La. 20,000 
Huron Chemicals Co. 
Butler ,  Ala. 4,000 
Huron Chemicals Co. 
Riegelwood, N.C. 7,000 
Kerr-McGee 
Hamilton,  Miss. 32,500 
Kerr-McGee 
Henderson, Nev. 30,000 
Pacific Engineering & Production Co. 
Henderson,  Nev. 6,000 
Penn-Olln  Corp. 
Calvert City, Ky. 31,000 
Pennwalt Corp. 
Portland, Ore. 16,500 

Total "235,500 

Erco Indust r ies  Ltd.  of Canada is expand ing  its 
chlora te  fac i l i ty  (9000 tons /yea r )  in Vancouver.  The  
technology, f rom Krebs  and Cie., Paris,  includes NC-  
12 electrolyt ic  cells, equipped with  meta l  anodes and 
na tu ra l  e lec t ro ly te  c i rcula t ion (44). 

The Dow Chemical  Company m a y  change the 
product  mix  at  its proposed Dallesport ,  Washington,  
p lan t  on the  Columbia  River.  The unit  was designed 
as a $20 mi l l ion  project  to produce magnes ium wi th  
chlor ine as a b y - p r o d u c t  Word now is tha t  sodium 
chlora te  used by  the pu lp ing  indus t ry  as a b leach may  
be the  p r i m a r y  product  (45). 

Hooker  Chemical  b rought  on - s t r eam in Ju ly  a 
20,000 t o n / y e a r  sodium chlora te  faci l i ty  at Taft, Louis i -  
ana. The p lan t  is being fu r the r  expanded  to 45,000 
t ons /yea r  wi th  addi t ional  e lec t ro ly t ic  cells (46). 

Erco Indust r ies  is to expand  its sodium chlorate  
p lan t  at  Buckingham, Quebec, by  5000 t o n s / y e a r  to 
38,000 tons /year .  The new cell  l ine is expected to be 
completed  in the  th i rd  quar te r  of 1974 (47). 

PPG Industr ies ,  Inc. of P i t t sburgh  has purchased  
a l icense (U.S. and Canada)  for KemaNord ' s  b i -  
meta l  e lectrode for the  product ion of sodium chlorate.  
The electrode assembly  is p resen t ly  used in K e m a -  
Nord 's  25,000 t o n / y e a r  p lan t  at  S tockviksverken,  
Sweden (48). 

Because of Gove rnmen t  pr ice  controls, the  l is t  
pr ice  for pulp  and paper  grade  sodium chlora te  re -  
mained  at  $135/ton throughout  1973 (49). Pr ice  con- 
trols were  scheduled for remova l  Apr i l  1974. 

Sod ium. - -The  Amer ican  product ion  of sodium in 
1973 by  three  producers  to ta led  176,903 shor t  tons, an 
increase  of 10.5% f rom the  160,054 tons in 1972 (51). 
The demand was fa i r ly  un i form throughout  1973, 
a l though the product ion did s lacken s l ight ly  du r -  
ing the last  qua r t e r  of the year .  

As over  80% of the sodium produced goes into 
t e t r ae thy l  and t e t r ame thy l  lead  manufac ture ,  the  
product ion of sodium is t ied  very  closely wi th  the de-  
mand  for gasoline. The cur ren t  regula t ions  of the  En-  
v i ronmenta l  Pro tec t ion  Agency  requ i re  a reduct ion 
in the average lead  content  of gasoline to 2.0.0 g /ga l  
in 1975, 1.70 g /ga l  by  1976, 1.5 g /ga l  by  1977, and 1.25 
g /ga l  by  1978. Thus, the regula t ions  wil l  have  a direct  
effect on sodium product ion over  the next  four  years.  

Ethyl  Corpora t ion  has filed a suit  to b lock  the 
s tandards  for the  lead content  in gasoline set by  EPA 
(52). E thy l  contends "that E P A  did not  meet  legal  r e -  
qu i rements  of the Clean Ai r  Act  by  fai l ing to prove  
tha t  lead emissions from automobi les  are a hea l th  
hazard.  There  was also considerable  opposi t ion to the  
reduct ion of lead f rom gasol ine by  the oil companies,  
cit ing the  increased refinery cost to mee t  the  federa l  
s tandards  and the 10-20% increase  in consumption of 
gasoline due to the  reduct ion in lead (53). The lower  
miles per  gal lon for un leaded  gasoline has been est i -  
mated  to be equiva lent  to dumping  1 mi l l ion bar re l s  of 
crude per  day (54). 

I t  has been es t imated by  a consul t ing firm tha t  
$4370 mil l ion wil l  have to be expended  for  ref inery 
modifications by  the oil i ndus t ry  by 1980 to produce  
gasolines which meet  federa l  s tandards  (53). In  con- 
trast ,  EPA est imates  tha t  $250 mi l l ion  in capi ta l  in-  
ves tment  must  be spent  on exis t ing refineries to com- 
p ly  wi th  the new regula t ions  (54). 

A l u m i n u m . - - A  new record for  the U.S. a luminum 
indus t ry  was es tabl ished this year  wi th  product ion 
of p r i m a r y  meta l  at about  4,529,117 shor t  tons. This 
represents  an increase  of about  10.5% over  last  year ' s  
product ion  (55). Record product ion  was made  even 
though an electr ic  power  shor tage  p reven ted  the 
a luminum indus t ry  in the  Pacific Nor thwes t  f rom 
reaching its ful l  product ion po ten t ia l  (56). 

There  was an 18% increase  over  last  yea r  in do-  
mestic consumption of a luminum and a severe  a lumi-  
num supply  deficit was aver ted  by  sales of about  
800,000 tons of a luminum by  the Government  (56). I t  
is p red ic ted  tha t  p r ima ry  a luminum producers  wi l l  
be opera t ing  at  100% of thei r  capaci ty  in 1975 and 
1976 (57). 

Under  price controls,  the  domest ic  pr ice  for p r i m a r y  
a luminum from large  producers  remained  at 0.25fib 
throughout  most  of 1973. On December  6, the Phase  IV 
base price for a luminum was increased to $0.29/lb and 
some of the domestic  producing  companies ra ised 
thei r  price to tha t  level.  Pr ices  on the ma jo r  wor ld  
marke t s  approached $0.275/lb in midyea r  and by  
December  were  r epor t ed ly  in the $0.30-0.45 range  
(56). 

Easing of the power  shor tage in the Nor thwest  at  
yea r ' s  end and high demand  for  a luminum had r e -  



VoZ. 121, No. 11 R E P O R T  O F  E L E C T R O L Y T I C  I N D U S T R I E S  365C 

sul ted in decisions by  Anaconda,  Kaiser  A l u m i n u m  & 
Chemical  Company,  Intalco, Reynolds  Aluminum,  
Alcoa, and Mar t in  Mar ie t ta  A l u m i n u m  to res ta r t  a n d /  
or increase  product ion  capaci ty  of exis t ing pot l ines  
(59). 

Anaconda  A l u m i n u m  in Sebree,  Kentucky,  and 
Columbia  Falls ,  Montana, and  Alcoa at  Massena, New 
York, and Rockdale,  Texas, also ins ta l led  new potlines,  
or reac t iva ted  or increased capaci ty  dur ing  1973 (58). 

A l u m i n u m  Company of America,  Alcoa, b roke  
ground la te  in 1973 for a p lan t  at Palest ine,  Texas. 
The plant ,  expected to be opera t ional  in 1975, wi l l  
test  a new type  of e lectrolyt ic  process for obta in ing 
a luminum metal .  Alcoa expects  to receive s ix teen 
U.S. pa tents  for  the  process, which is expected to cut  
env i ronmenta l  pol lu t ion  dangers  as wel l  as e lec t r i -  
cal power  needs. In  this process, the a luminum-con-  
ta ining raw mate r i a l  is combined wi th  chlorine in a 
reactor  to form anhydrous  a luminum chloride.  The 
a luminum chlor ide  is then  e lec t ro ly t ica l ly  reduced in 
a mol ten  e lec t ro ly te  of control led  oxide content  to 
mol ten  a luminum and chlorine.  The chlor ine  is then 
avai lab le  for  recycle.  Indicat ions  thus far  are  that  
this process wi l l  r equ i re  30% less electr ic  power  than  
the 6.5 k W - h r / l b  needed  b y  the most  efficient Hal l  
process cells. In  addition, the re  wi l l  be no fluoride in 
the  process, so fluoride emission control  wi l l  not be 
necessary, and the process appa ren t ly  wi l l  work  on a 
va r ie ty  of a luminum-bea r ing  minerals ,  such as a lu-  
nlte, kaolin,  and  anthors i te .  In i t ia l  capaci ty  for  the  
p lan t  wi l l  be 15,000 tons /year ,  to be expanded  to 
30,000 t o n s / y e a r  wi th  eventua l  expansion p lanned  to 
be to 300,000 t ons /yea r  (60). 

A jo in t  ven ture  by  th ree  companies,  Nat ional  Steel  
Corpora t ion  of P i t t sburgh ,  Southwire  Company of Car -  
roll ton,  Georgia,  and Ear th  Sciences, Inc. of Golden,  
Colorado, to test  the  feas ibi l i ty  of ex t rac t ing  a lumi -  
num from domest ic  a luni te  is underway.  The three  
companies  a re  p lanning  to use a technique deve l -  
oped in the  USSR because of a baux i te  shor tage  
there;  the  p lan t  wil l  cost $1 mi l l ion  and wil l  process 
12 t ons /day  of a luni te  into 1-2 t ons /day  of a lumina.  
The long range  goal is a commercia l  p lan t  to feed a 
180,000 t ons /yea r  a luminum plant.  The p lan t  wi l l  be 
constructed at  Cedar  City, Utah (61, 62). 

Appl ied  A l u m i n u m  Research of New Orleans, Loui -  
siana, announced a new process for obta ining a lumi -  
num f rom clay mater ia l .  The process involves chlor i -  
nat ing the clay, then reducing the mix tu re  of me ta l  
chlorides ( including a luminum chloride,  t i t an ium 
chloride, sil icon chloride, etc.) wi th  mol ten  manganese  
to form aluminum,  manganese  chloride, and meta l  
chlorides.  The manganese  chlor ide  is then  oxidized 
wi th  oxygen to give chlorine, for recycle, and m a n -  
ganese dioxide,  which is smel ted to recover  the  m a n -  
ganese for  recycle.  The group is now put t ing  up a 
1 t o n / w e e k  pi lot  p lan t  at  New Orleans, and is t ry ing  to 
ra'ise $25 mil l ion th rough  a London firm for a 100 t on /  
day  p lan t  to be bu i l t  in Europe.  The method uses 
much less power  than  the B a y e r - H a l l  process, and 
the company,  headed  by  the inventor  of the process, 
Charles  Toth, claims prices wil l  be as low as $0.10/lb 
(63, 64). 

Recycl ing is the a im of Combust ion Power,  Inc. of 
Menlo Park,  California,  as they  have developed a 
me thod  which may  make  recovery  of a luminum 
more  pract ical .  The method,  ma in ly  for separa t ing  
a luminum can stock f rom other  solid wastes,  begins 
wi th  an a i r  classification and convent ional  magnet  sys-  
tem, which  remove  pape r  and ferrous  mater ia ls ,  r e -  
spectively.  Then the remain ing  shredded  scrap is 
moved into the  field of a new "magnet ."  This induces 
eddy  currents  in the  a luminum scrap which in terac ts  
wi th  the  producing  field to repel  the scrap off the  
bel t  (65). 

Amer ican  Metal  Cl imax announced in ear ly  August  
tha t  i t  was going ahead wi th  plans  for  construct ion of 
a two-po t l ine  160,000 t ons /yea r  a luminum p lan t  near  
Warrenton ,  Oregon. The company expected to meet  

strong opposi t ion f rom shr imp and tour is t  industries,  
but  said they  p lanned  to l imi t  fluoride emissions to 1.5 
l b / t on  of a luminum, p resen t ly  the  lowest  in the indus-  
try. By the end of October, however ,  i t  was apparen t  
that  the  p lan t  was in trouble.  Oregon Governor  Tom 
McCall  w i thd rew support  for the  project ,  citing the en-  
e rgy  crisis and point ing to the  240 MW contract  A m a x  
holds wi th  the  Bonn.eville Power  Admin is t ra t ion  for 
the plant .  Because the contract  a l r eady  exists, how-  
ever, the  Sta te  has turned to the  Depa r tmen t  of En-  
v i ronmenta l  Quali ty,  which m a y  recommend  tha t  
fluoride emissions must  be no more  than  1 l b / t on  
which indus t ry  says is technological ly  infeasible  (66, 
67). 

Consol idated A l u m i n u m  Corpora t ion  of USA, owned 
60% by Swiss Aluminum,  Ltd., Zurich, and 40% by 
Phe lps -Dodge  Corporation,  New York, has purchased  
the a luminum business of Olin Corpora t ion  of Hann i -  
bal, Ohio, a 600,000 t o n / y e a r  a lumina  p lan t  at  Burn-  
side, Louisiana,  and seven o the r  mil l  and fabr ica t ing  
plants.  The t ransac t ion  does not  include Olin holding 
in the  F r igu ia  baux i t e  p lan t  in the Republ ic  of Guinea  
(68). 

Alcoa  is in the  process of expanding  the a luminum 
smel t ing p lan t  at  Massena, New York, f rom 135,000 
t ons /yea r  to 190,000 tons /year .  Also announced by  
Alcoa were  plans  for construct ion of an a luminum re-  
duct ion p lan t  in Val ley  field, Quebec. The power  wil l  
be suppl ied by  Hydro-Quebec ,  and ini t ia l  product ion  is 
expected to be 60,000 tons~year. Target  date  for  both 
projects  is 1976 (69). 

Meanwhile ,  Georgia  st i l l  is looking for a w a y  to 
profit  f rom its kaol in  deposits, considered to be the 
larges t  in the  world.  The Senate  passed a resolut ion 
that  would  give $250,000 to the  first person or company 
to produce  ei ther  a lumina  or a luminum chlor ide  f rom 
the deposits. Now the bil l  must  go to the S ta te  House. 
The resolut ion also states that  the  p lan t  mus t  p roduce  
a min imum of 300,000 tons in its first yea r  (70). 

Magnes ium- -Whi l e  U.S. magnes ium product ion  rose 
only  1.3% to 122,431 tons in 1973, shipments  increased 
23.5% to 137,277 tons from 111,185 tons in 1972. About  
29% of last  year ' s  shipments  were  to the expor t  ma r -  
ket.  In  1973, the  U.S. expor ted  39,585 tons of mag-  
nes ium and only impor ted  3,282 tons (71, 72). NL 
Industr ies ,  Inc. p roduced  a smal l  quan t i t y  of mag-  
nes ium at its 45,090 t o n / y e a r  p r i m a r y  magnes ium p lan t  
located on the shore of the Grea t  Sal t  Lake  in Utah  
(73). Since the p lan t  exper ienced  considerable  di f -  
ficulties dur ing  the year,  its cont r ibut ion  to to ta l  U.S. 
product ion was less than  expected.  The e lec t ro ly t ic  
magnes ium p lan t  of the  Amer ican  Magnes ium Com- 
pany  in Snyder ,  Texas, r ema ined  closed dur ing  the 
year.  However ,  the  p lan t  was expected  to resume 
product ion  dur ing  the first quar te r  of 1974 (74), a l -  
though problems  may  cause s l ippage to the second 
quarter .  The ins ta l la t ion  has a capac i ty  of 10,000 tons /  
yea r  of magnesium.  

U.S. secondary  product ion was a round  15,000 tons, 
expor ts  36,600 tons, and consumpt ion of p r i m a r y  mag-  
nes ium 126,000 tons in 1973. 

Magnes ium meta l  was in t ight  supply  in the U.S.A. 
Demands  were  also high wor ldwide .  Dow Chemical  
U.S.A. processed stockpile meta l  (6,000,000 lb)  at  its 
Freepor t ,  Texas, p lan t  (75). Dow recen t ly  disclosed 
that  it  has purchased  an addi t ional  21,420 tons of mag-  
nes ium from GSA to be t r ans fe r red  mon th ly  through 
1974 and 1975 (76). NL Indust r ies  also purchased  10,000 
tons of magnes ium from the GSA stockpile  to fill its 
subs tant ia l  in -house  requ i rements  and possibly  some 
outside orders  (77). 

Higher  magnes ium prices wil l  t ake  effect on J a n u -  
a ry  1, 1974, when  the  Dow price wil l  be f rom 36.2.5 to 
42r for 99.8% pig, and from 33.75 to 42r for  
AZ91B die cast alloy, f.o.b. Freepor t ,  Texas. Higher  
energy costs were  given as the reason for the  in-  
crease (76). 

Alcoa announced a 40,000 t o n / y e a r  magnes ium and 
silicon p lan t  at  Addy,  Washington.  Construct ion was 
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slated for early 1974 with a completion date in  1976, at 
a cost of $50 mill ion (79). After conducting a feasi- 
bil i ty study of producing magnesium, silicon, and fer- 
rosilicon from dolomitic l imestone and quartzite de- 
posits in the Addy area in November 1970, Alcoa signed 
contracts with the Bonnevil le  Power Adminis t ra t ion 
for power to become available in October 1974. The 
plant, now called Northwest Alloys, Inc. (80), as a sub-  
sidiary of Alcoa, will use the Magnetherm Process 
(licensed by France 's  Pechinney Ugine K u h l m a n n ) ,  
the only p lant  in the U.S.A. to use this process (81). 

Environmental is ts  are seeking to prevent  the con- 
struct ion of the Alcoa plant  by forcing cancellat ion of 
its power contract with Bonnevil le  Power Adminis t ra -  
tion (82). 

Norsk Hydro will build a 50,000 ton /yea r  magnes ium 
plant  in Mongstad, nor th  of Bergen, Norway. The p lant  
should be operational by 1980 (83). 

Considerable optimism has prevailed in  the indus-  
try, and a new era of growth has been predicted (84). 
Factors which br ighten the outlook are: (i) the auto-  
mobile industry 's  intensified quest for l ighter weight 
components;  (ii) improved hot chamber  casting tech- 
niques;  (iii) improvement  in the competit ive cost re-  
lationship with a luminum and zinc; (iv) prospects for 
new sources of supply; and (v) the new developments 
in fluxless mel t ing (84). 

A new market  is the use of magnes ium as a sulfur-  
sequestering agent in the production of special grades 
of steel. Steel desulfurized wi th  magnes ium has be t -  
ter s trength and formabil i ty  properties (81). 

A growth rate of 7 -8%/year  has been forecasted, 
a rate which would bring 1980 demand to some 500,000 
tons /year  worldwide (85). 

Manganese . - -St rong demand for manganese in steel, 
which was not met  by any increase in mine produc- 
t ion of manganese,  created a tight supply si tuation in 
1973. Steel p roduc t ion  was at a record in 1973 and 
accounted for 95% of manganese consumption (96). 

As is 1972, there was no actual production of m a n -  
ganese ore, nodules, or concentrates, with a concen- 
t rat ion of 35% or more manganese  in the U.S. in  1973 
(88). 

General  imports of manganese ore were down 1.2% 
from the level of 1972 to 1,600,000 short tons. Major 
suppliers of the ore were Brazil and Gabon. Imports  
of ferromanganese,  on the other hand, were up 12% 
from last year  to 384,000 short tons. As in the pre-  
vious year, the major  suppliers of the ferromanganese 
were the Republic of South Africa and France (87, 
88, 96), 

Domestic consumption of manganese  ore was down 
6%, from the 1972 level of 2,050,000 to 1,922,000 short 
tons, although consumption of alloy and metal  in-  
creased substant ia l ly  (88). 

Manganese ore, alloys, and metal  were sold by the 
General  Service Adminis t ra t ion (GSA) from its stock- 
pile (96). 

Prices for metal lurgical  manganese ore containing 
48% manganese,  minimum,  increased 85%, from 58 to 
61r nominal  per long ton uni t  in 1972, when a drop 
occurred, to $1.05-1.15/long ton uni t  by the end of 
December 1973 (86, 87). 

A bill  was signed by President  Nixon cont inuing the 
suspension of import  duties on manganese  ore from 
favored nations. The bill  will  be in effect for three 
more years unt i l  June  30, 1976 (88). 

The Electrolytic Manganese plant  belonging to 
Delta Manganese in  Nelspruit,  Republic of South 
Africa, will begin production in the second quar ter  
of 1974. The firm, a subsidiary of Delta Metal Com- 
pany, Ltd., London, expects 14,500 tons /year  immedi-  
ately, with a capacity of 16,000 tons /year  to be reached 
within 2 years (95). 

Delta Manganese also concluded, earlier in 1973, an 
agreement  with Foote Mineral,  in  which Foote will  be 
the U.S. and Mexican distr ibutor  for electrolytic m a n -  
ganese chip and other related products (94). 

The processing of manganese  nodules is now con- 
sidered to be no problem by most major  organizations 
involved in the study of deep ocean mining. Summa 
Corporation, an affiliate of Hughes Tool Company, has 
a large 324 ft long barge, resembling a floating dry  
dock, which will  be sunk to the ocean floor at a suit- 
able site to collect manganese nodules and pass them 
through a pipe to the surface ship. 

Tests of the much publicized continuous bucket l ine 
system of nodule recovery developed by the Japanese 
were reported to have experienced difficulties under  
conditions of rough ocean floor topography and 
rapidly changing currents. 

Kennecott  Copper of New York has joined with four 
other in ternat ional  firms in a $50 mill ion joint  venture  
to research the min ing  of manganese  nodules from the 
floor of the ocean. Kennecott ' s  interest  is basically in 
the copper-nickel values of the nodules. Kennecott 's  
par tners  are mostly interested in the manganese con- 
tent  of the nodules (91-93, 96). 

Kerr-McGee Chemical announced an expansion of 
its Henderson, Nevada, manganese  dioxide electrolytic 
plant  with a proposed completion date of early 1975. 
The expansion wiI1 increase capacity an addit ional 
260% from 3,300 to 12,000 tons /year  (90). 

Mitsui Denman (Ireland) ,  newly created part  of 
Mitsui Mining and Smelt ing (Japan) ,  will build a 
12,000 ton /year  electrolytic manganese dioxide plant  in 
County Cork, Ireland. The plant  will be designed and 
bui l t  by Lummus  Company, and will  cost $15 mil l ion 
(89). 

Beryl l ium.- -The  over-al l  American consumption of 
bery l l ium ores appeared to be slightly higher in 1973 
than in 1972 (97). The increase resulted from a larger 
demand for alloy products. Domestic production of 
bery l l ium ore increased, although there were no re-  
ports of beryl  production from any state. Imports  of 
beryl, however, decreased to an estimated 1700 tons 
valued at $510,000. Imports  were pr incipal ly  from 
Brazil, the Republic of South Africa, and Argentina.  

Brush-Wel lman  uses ber t randi te  and beryl  ores for 
the production of beryll ium. The pure metal  is then 
shipped to Delta, Utah, or Elmore, Ohio, for refining. 
The other American producer, Kawecki Berylco In -  
dustries, has plants at Hazelton and Reading, Pennsyl -  
vania, and only uses beryl  ore. 

One of the two companies processing beryl  has put  
its equipment  on s tandby basis and will have the im-  
ported beryl it purchases toll processed. 

Beryl l ium is used as the metal,  as an alloying agent, 
and as an oxide. Major uses for the metal  are for 
aerospace applications, uti l izing its light weight and 
high strength and rigidity, and for nuclear  applica- 
tions where its low the rmal -neu t ron  absorption and 
high neutron scatter cross section are required. About 
three-fifths of the bery l l ium is used as a bery l l ium-  
copper alloy, in  which it imparts  qualities of s t rength 
and resistance to fatigue and corrosion that are su- 
perior to those of copper. Beryl l ium copper molds are 
used to give plastic furn i ture  the appearance of a 
woodgrain surface. 

Beryl l ium consumption was 47% in nuclear  reactors 
and aerospace applications, 29% as an alloy in  elec- 
trical equipment,  13% in electronic components, and 
10% in other applications. About  1% of the bery l l ium 
was used as the oxide. 

At midyear  Government  stockpile inventories con- 
tained 17,988 short tons of beryl  ( 11% BeO equivalent) ,  
7,387 tons of beryl l ium-copper  master alloy (approxi-  
mately  4% Be), and 229 tons of bery l l ium metal.  Since 
the stockpile objectives for both beryl  and the master-  
alloy were set at zero, the full  inventory  of both items 
is surplus. The stockpile objective for bery l l ium metal  
is 88 short tons, leaving 141 tons surplus. 

At the end of 1973, the price of beryl  ore ranged 
from $30 to $35 per stu. In  the U.S., bery l l ium-copper  
25 alloy was quoted at $3.54/lb, cast ingot at $2.39/lb, 
and the master  alloy at $56/lb. Beryl l ium rod was 
priced at $102.83/lb dur ing June  1973 (98). 
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Chromium.--In 1973, the U.S. continued to rely on 
imports and purchases from Government  stockpiles of 
excess mater ial  for its chromium requirements.  Do- 
mestic consumption of chromite was 1.4 mill ion tons, 
23% higher than in 1972. Increases were registered 
by  all three consuming categories: metal lurgical  con- 
sumpt ion was up 26%; the refractory indust ry  in -  
creased by 16%; the chemical indus t ry  increased by 
7% (99). 

Imports for consumption of chromite followed the 
same t rend as in 1972; namely,  they were less than  
consumption as indus t ry  drew from its own stocks 
and previously sold Government  stockpiles. Imports  
for ferrochromium were expected to reach a level of 
150,000 gross tons, up 6% from last year 's total of 
141,000 gross tons. Major sources were the Republic of 
South Africa, Southern Rhodesia, Japan, and Finland.  

Late in December, Union Carbide announced price 
hikes effective on January  1, 1974. Electrolytic chrome 
is $1.53/lb, vacuum grade is $1.60 f.o.b. Marietta, Ohio, 
and 9% carbon chrome is unchanged at $1.50/lb (100). 

Foote Mineral  shut down its Steubenville,  Ohio, 
p lant  at the end of 1973, while pollut ion regulations 
forced Ohio Ferro-Alloys to drop its chrome alloy pro-  
duction. The future  of ferrochrome production in  the 
U.S. is dependent  upon the E.P.A.'s final decision on 
its proposed standards for ferroalloy plants as well as 
the avai labi l i ty of ore and the abil i ty to compete with 
low cost South African and Rhodesian material  (102). 

In  December of 1973, the Senate passed a bill to 
repeal the "Byrd Amendment"  of 1971. This "Amend-  
ment"  has ended U.S. observance of the U.N. spon- 
sored embargo of Rhodesia due to that nat ion 's  racial 
policies. Next, the new bill  will  go to the House, where  
its fu ture  is uncertain.  Support  for this bill will prob-  
ably be due in  part  to the "energy crisis," in view of 
black Africa's economic boycott of Rhodesia. Pro-  
ponents feel that  taking a stand against Rhodesia will 
help U.S. negotiations for Nigerian oil. In any event, 
the drop in imports from Rhodesia makes the mat ter  
less critical (100, 101). 

T l tan ium. - -Outs tand ing  features of the t i t an ium 
market  during the year were increased production of 
t i t an ium sponge, continued strong demand for pig- 
ment,  and rising prices for ores and concentrates 
(103). 

Production of t i tan ium sponge in the U.S. increased 
by more than 40% during the year. Much of this in-  
crease was due to production under  contract with 
GSA for the nat ional  stockpile; deducting quanti t ies  
produced for this account, the increase in production 
was more modest. Consumption of sponge and scrap 
was about 19,250 and 10,000 tons, respectively. Pro-  
duction of ingot was about 28,000 tons, a 39% increase 
over that of 1972. Imports  of sponge for consump- 
tion were about 6700 tons, a 64% increase. Of this 
quanti ty,  59% came from Japan, 28% from the USSR, 
and 13 % from the United Kingdom. 

Only RMI (Reactive Metals) and TMCA current ly  
produce sponge in the U.S., at Ashtabula, Ohio, and 
Henderson, Nevada, and only RMI sells its mater ia l  
on the market.  Oregon Metallurgical has a par t ia l ly  
completed sponge facility at Albany,  Oregon, which 
is not in operation. Both TMCA and RMI are cur-  
rent ly  supplying GSA with some 14 mil l ion pounds of 
sponge combined in  a 2 year upgrading program im- 
plemented in early 1972. GSA has recently sliced its 
t i t an ium stockpile objective to zero from the old 33,500 
ton level, and the Government  apparent ly  hopes to 
eventual ly  sell off its present  holdings as part  of its 
new accelerated disposals. Japan 's  two major  pro- 
ducers, Osaka Ti tanium and Toho Titanium, are the 
principal  suppliers of imported sponge, while the 
United Kingdom's Imperial  Metals Industr ies also ships 
some mater ial  to the U.S. The USSR, which uses a 
magnes ium reduction method in its production, has 
been moving increasingly large quanti t ies  to the U.S., 
renewing the old debate over t i tan ium dumping  (104). 

Howmet Corporation and The Dow Chemical Com- 
pany were joint ly  engaged in developing a continuous 
electrolytic process for making t i tan ium metal  at a 
pilot p lant  in  Whitehall,  Michigan. Howmet says the 
process should have several advantages over the pres- 
ent widely used processes such as a 40% energy reduc- 
t ion and fewer pol lut ion control problems (105). 

Dow has considerable experience in t i tanium, and 
was in  fact the first commercial domestic producer, at 
that time using the Kroll  process for its production. 
Dow later teamed up with Crucible Steel, now Colt 
Industries,  in a par tnership to examine the potential  
of producing sponge, but  the two companies later  de- 
cided to drop the venture  (104). 

Higher labor, power, and rut i le  costs, among others, 
have forced domestic sponge prices upward. The prices 
for Japanese sponge were reported as $1.34-1.37/Ib for 
contract mater ial  and $1.46-1.50 on a spot basis. RMI, 
which sells some sponge, has boosted its U.S. quote 
from $1.32 to a $1.42-1.45 range (104). 

Field erection of big t i tan ium or t i tan ium-clad  ves- 
sels will be possible by a suitable welding technique 
developed by Wyat t  (Houston),  a division of U.S. In-  
dustries. Previously, c lean-room conditions were 
needed for fabricating t i tanium. Consequently,  vessels 
had to be shop buil t  in one piece and shipped to the 
construction site, l imit ing the size of equipment.  The 
new welding technique was demonstrated at an Olin 
plant  in  Augusta, Georgia, where two sections of a 15 
ft diameter, 20,000 gal solid t i t an ium tank were welded 
together successfully (106). 

According to a survey by the Bureau of Mineral  Re- 
sources, Austral ia 's  t i t an ium ore deposits may be ex-  
hausted in less than 30 years. The country  present ly 
supplies 90% of the world's  rut i le  and 20% of its 
i lmenite  (107). 

The U.S. patent  covering the alloy Ti-6A1-4, which 
accounts for 80% of all t i tan ium used by defense con- 
tractors, expired in July  1973. 

Mine production of t i t an ium minerals  was about 
850,000 short tons, an increase of 14% over the 1972 
figure. T i tan ium Enterprises, at Green Cove Springs, 
Florida, had its first full year  of production, and the 
American Smelt ing and Refining Company mine in 
Ocean County, New Jersey, began production at the 
end of June. Both mines shipped their product  to t i-  
t an ium pigment  plants. 

Imports  of i lmeni te  increased to about 70,000 tons, 
while imports of slag remained about constant  at 
295,000 tons. Imports  of rutile, including synthetic 
rutile, increased to 212,000 tons, up slightly from the 
previous year. 

In  April  the stockpile objective for rut i le  was re-  
duced to zero. Thereafter,  dur ing the last half of the 
year, the General  Services Adminis t ra t ion  (GSA) sold 
13,756 tons from the Defense Production Act stockpile. 

The price of rut i le  increased from $175 to $210/short 
ton in May and the rut i le  released by GSA commanded 
prices up to $226/ton. I lmenite  prices increased from 
$22-24/long ton to $32 in  August, and the price of 
Sorel slag increased from $53 to $61/long ton in 
August. The declared valuat ion of imported synthetic 
ruti le ranged from $90 to $100/short ton. A bill, H. R. 
9246, to suspend the tariff on synthetic rut i le  through 
1976, was before Congress dur ing  the year, bu t  no 
final action was taken. 

In  response to continued strong demand, production 
of t i tan ium pigment  reached 770,000 tons, a 12% in-  
crease over 1972 levels, in spite of a few short- l ived 
strikes and some brief  period of mechanical  difficulty. 
Product ion at the New Johnsonville,  Tennessee, p lant  
of E. I. du Pont de Nemours and Company, passed the 
200,000 ton /year  mark  by year 's end; however, that  
company's  plans for construction of a 100,000 ton /yea r  
plant  near  Brunswick, Georgia, were being restudied. 

Imports  of p igment  were about 67,000 tons during 
the year, 22% less than in 1972. Heavy demand for 
p igment  in  Western  and Central  Europe and in Japan  
reduced the quant i ty  available for export, and higher 
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pr iced marke t s  e l sewhere  reduced the quan t i ty  com- 
ing to the U.S. Domestic  prices for var ious  grades  of 
p igment  held  genera l ly  at  or below 30r dur ing  the 
yea r  (103). 

An Ashtabula ,  Ohio, p lant  wil l  be  the  wor ld ' s  first 
user  of an Aus t ra l i an  ru t i l e  process. The She rwin -  
Wi l l iams  Company facil i ty,  due r eady  for s t a r t -up  
la te  next  year,  wil l  use an i lmen i t e - to - ru t i l e  process 
developed by  Ruti le  and Zircon Mines (Newcast le) ,  
Ltd., which up to now has pe r fo rmed  only in pi lot  
p lan t  units. Ul t imate  capaci ty  and cost of the faci l i ty  
wil l  be 50,000 tons /yea r  and $2 mill ion,  respec t ive ly  
(108). 

Process detai ls  are unavai lable .  She rwin -Wi l l i ams  
discloses mere ly  t h a t  the  technology dovetai ls  wel l  
wi th  the company 's  manufac tu re  of t i t an ium dioxide 
f rom ru t i le  via  the chlor ide process (108) 

Worldwide,  the  increased demand  for t i t an ium ores 
and t i t an ium p igment  was encouraging geological  in-  
vest igations in Uruguay,  Mauretania ,  and Liberia;  mine  
deve lopment  in the  Repubtic  of South  Afr ica  and 
S ie r ra  Leone; expansion of mine product ion in Sri  
Lanka,  Austral ia ,  and Norway;  pi lot  p lan t  inves t iga-  
tions into synthet ic  fu t i le  in Austra l ia ,  where  a cur -  
r en t ly  producing p lan t  is also being expanded;  and 
planning,  construction,  or  expansion of p igment  p lants  
in Mexico, Spain, Poland,  Yugoslavia,  Finland,  West  
Germany,  and India.  Act ivi t ies  of env i ronmenta l ly  
concerned groups were,  however,  act ing as a b rake  on 
the indus t ry  in I taly,  France,  and on the Aus t ra l i an  
east  coast (103). 

L i th ium. - -Domes t ic  product ion  of spodumene and 
l i th ium carbonate  was the  larges t  ever  repor ted  ac-  
cording to the Bureau  of Mines (111). Domestic and 
in terna t ional  consumption of l i th ium products  was also 
at record high levels;  the three  leading consumers were  
the U.S., Europe,  and J a p a n  (111). 

I t  is probable  that  domestic  l i th ium product ion has 
been ex tended  to its m a x i m u m  and fu r the r  increases 
may  requ i re  ins ta l la t ion of addi t ional  capacity.  

Actual  product ion figures were  not avai lable  for 
1973, but  wor ld  consumption was es t imated at 
49,500,000 lb of Li~COs equiva lent  which represents  a 
33% increase in the last  year.  

Dur ing  1973, Foote  Minera l  increased capaci ty  by  
tapping  addi t ional  wells  and adding more evapora t ion  
pond acreage. Foote  Minera l  also pu t  o n - s t r e a m  the  
first commercia l  p lan t  to chemical ly  remove  iron f rom 
spodumene  ore (112). 

L i th ium Corpora t ion  of Amer ica  expanded  its opera -  
t ion at  Bessemer  City, Nor th  Carolina,  dur ing 1973 and 
is essent ia l ly  self-sufficient in l i th ium raw mate r ia l  
(112). 

In te rna t iona l  producers  of l i th ium compounds in-  
c lude Russia, Germany,  France,  and Japan,  a l though 
l i t t le  informat ion is ava i lab le  on product ion (112). 

Work  is being cont inued on the deve lopment  of 
l i th ium bat te r ies  for  use in the electr ic t r anspor ta t ion  
industry.  Both ESB and Argonne  Nat ional  Labora tor ies  
are  developing systems for thei r  commercia l  p roduc-  
tion (113). 

Foote  Mineral  announced a 12 mil l ion l b / y e a r  l i th ium 
carbonate  p lan t  to be bui l t  at Kings Mountain,  Nor th  
Carolina;  product ion is scheduled to begin in ea r ly  
1976 (109). 

L i th ium prices were  ra ised in December  1973 by  
both U.S. producers  to be tween  55 and 56r for 
bu lk  l i th ium carbonate.  Foote Mineral  and L i th ium 
Corpora t ion  of Amer ica  also raised l i th ium meta l  in-  
got prices f rom $8.18 to $8.53/Jb (110). Anhydrous  
l i th ium chloride was $0.94/lb; anhydrous  l i th ium b ro -  
mide  was $1.70/lb (111). 

Copper . - -On  a refined copper  basis, the U.S. ex-  
per ienced reduced production,  net  exports ,  near  record  
high consumption,  and a d rawdown of indus t r ia l  stocks 
(114). A shor tage  of ava i lab le  copper  re la t ive  to de-  
mand  developed in the first quar te r  and became a cr i t i -  
cal supply  p rob lem for some users. Sal ient  factors  
causing the imbalance  included:  a surge in wor ld  de-  

mand;  d isrupt ions  to product ion in Chile, Canada,  and 
Belgium; some cur ta i lment  in domestic  output  to meet  
air  qual i ty  s tandards,  as requi red  by the Env i ronmen-  
tal  Protec t ion  Agency;  t ranspor t  p roblems  in Canada 
and Zambia;  the  fuel  shortage;  and the effect of U.S. 
price controls coupled wi th  a rap id  escalat ion of wor ld  
prices. Several  of the supply  disrupt ions  were  resolved,  
but  the continuing high demand  and deple ted  inven-  
tories left  supplies  t ight  at  year ' s  end. The nat ional  
copper  stockpile object ive  was reduced to zero in 
March, making  avai lab le  252,000 tons of surplus  cop- 
per  pending congressional  authorizat ion.  

Mine product ion was 1.73 mil l ion tons, a 3% in-  
crease and approx ima te ly  equal  to the  record high of 
1970. Pr inc ipa l  copper  producing  states were  Arizona 
with  54% of the total,  Utah  (15%), New Mexico (12%), 
Montana  (8%),  Nevada  (5%) ,  and Michigan (4%).  

Smelters,  despi te  some cur ta i lment  of operat ions to 
meet  air  qual i ty  s tandards,  increased output  2% to an 
indicated 1.73 mil l ion tons from p r ima ry  materials ,  
a record  high quan t i ty  for the second successive year .  
Refinery product ion  from p r ima ry  mater ia l s  was p ro-  
jected to decline 2% from the  1972 record high to 1.83 
mil l ion tons. Product ion  of refined copper f rom secon- 
da ry  mate r ia l s  was 465,000 tons, compared  wi th  423,000 
tons in 1972. 

Consumption of refined copper  advanced 6% to 2.40 
mil l ion tons. This increase reflected the grea te r  ac-  
t iv i ty  in the genera l  economy for most of the year  and 
was approx imate ly  equal  to the  record  high consump-  
tion of 1966. 

Stocks of refined copper at p r ima ry  producers  were  
d rawn  down from 57,000 tons at the s ta r t  of the year  
to 28,600 tons at the  end of October. Stocks of copper 
at  brass  plants  and wire  mills were  reduced from 77,200 
tons at the s ta r t  of the  yea r  to 61,400 tons by  the end 
of June,  increased to 95,I00 tons dur ing  July,  and then 
decl ined to 49,000 tons by  the end of October. 

Impor t s  of refined copper  were  201,500 tons, a 14% 
increase from the preceding year  and equal  to 1971 
imports.  Impor ts  of b l is ter  were  indica ted  to be 154,000 
tons compared  wi th  157,400 tons in 1972. Publ ic  Law 
93-77 suspended the 0.8r du ty  on copper f rom 
J u l y  1, 1973 to June  30, 1974, re ins ta t ing  the  suspen-  
sion that  had been in effect from 1966 to June 30, 1972. 

Expor ts  of refined copper  increased 3.5% to 189,400 
tons, the  larges t  quant i ty  since 1970. There was a 27% 
increase in expor ts  of dopper-base  scrap (a l loyed and 
unal loyed)  to 109,000 tons. Scrap exports  were  par t i cu-  
l a r ly  large  dur ing June, July,  and August  fol lowing 
the domestic  pr ice ceilings imposed in ear ly  June  and 
the escalat ion of foreign copper  prices. Copper -base  
scrap was exempted  f rom price controls, effective 
August  6, and there  was a significant reduct ion in ex-  
por ts  fol lowing this action. 

Domestic copper  pr ice quotat ions were  increased by  
9.5r in three  steps dur ing  the first qua r t e r  of 1973 
to a quoted pr ice  of 60-60.25r Pr ice  controls  p ro -  
hibi ted any pr ice increase be tween  ear ly  June  and 
December  6, af ter  which mos t  quotes were  increased 
by  app rox ima te ly  8r to a range of 68.15-69.25r 
Pr ices  on the London Metal  Exchange  increased f rom 
an average  50.7r equivalent  for J a nua ry  to $1.029 
for November,  and were  $0.906 in mid-December .  

Wor ld  refined copper output  rose 3% to 6,550,000 tons 
in 1973, whi le  consumption rose 8% to 8,542,000 tons, 
according to p re l imina ry  figures from the World  Bu-  
reau  of Metals Statistics.  Wor ld  mine  product ion was 
up 6% to 7,463,000 tons f rom 1972 (I15, 116). 

Zambia,  Zaire, Chile, and Peru  produced a total  of 
2.16 mil l ion tons, a rise of 3% over 1972 and 36% of the  
total  for the Weste rn  world.  Canadian mines produced 
783,000 tons in 1973, up 10%. 

Refined copper  product ion in Japan  rose 17% to 
945,000 tons in 1973. Consumption of refined copper in 
J apan  was a r e ma rka b l e  1,199,000 tons in 1973, a 26% 
increase  over  1972. Wes te rn  European  consumption 
rose 7% last  year.  
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Cominco Ltd.  and Sher r i t t  Gordon Mines Ltd., both  
of Canada, a re  p lanning  a pi lot  p lan t  ($10 mil l ion)  on 
the i r  new copper  recovery  process (S-C process)  at  
Fo r t  Saskatchewan,  Alber ta .  The p rog ram is funded by  
both  firms and the Canadian  Government .  The pi lo t  
uni t  in i t ia l ly  wil l  be opera ted  on copper sulfide con- 
cent ra tes  f rom She r r i t t -Gordon  mines  at  Fox and Rut -  
ton in Manitoba.  The process is appl icable  to l ow-g rade  
and complex  ores; its produces  a high pur i ty  copper,  
e lementa l  sulfur,  and recovers  precious m e t a l s  in add i -  
t ion to zinc and mo lybdenum (117). 

Cyprus  Mines wil l  es tabl ish  a new open pit  copper  
mine at  a s i te  m idway  be tween  Benson and Wilcox, 
Arizona,  where  i t  opera ted  a 200 t o n / d a y  copper-z inc  
mine  and concentra tor  unt i l  the h igh-g rade  ore body 
was exhaus ted  and the p lan t  d i smant led  in 1960. Re-  
serves s tand at  14.7 mi l l ion tons of oxidized copper  ore 
averaging  0.5% copper,  of which 1.4 mil l ion t ons /yea r  
wil l  be mined  and 5000 t ons /yea r  of 99.9% cathode cop- 
pe r  produced by  a process  of leaching and e lec t ro-  
winning.  The cost of the  project ,  scheduled to go into 
product ion  in the  first qua r t e r  of 1975, wi l l  be $6 mi l -  
l ion (118). 

Cyprus  Mines has de layed  the s t a r t - u p  of its demon-  
s t ra t ion p lan t  jus t  outside of Tucson, Arizona, which  
is to use the  new Cymet  process for  recover ing  copper.  
Delays in equipment  de l ivery  have  pos tponed the 
opening unt i l  somet ime in the  second quar t e r  of 1974 
(118). 

The mi l i t a ry  government  of Pe ru  fo rmal ly  took 
over  the  operat ions of Cerro de Pasco on J a n u a r y  1, 
1974. Cerro is confident that  Pe ru  wil l  pay  p r o m p t  
compensat ion  for the  book va lue  of the operat ion.  
The expropr ia t ion  does not  app ly  to o ther  Cerro hold-  
ings in Pe ru  (119). 

A massive copper  find 250 miles  southwest  of Mexico 
Ci ty  in the  S ta te  of Michoacan is a t t rac t ing  the in teres t  
of two of the  wor ld ' s  la rges t  mining  corporat ions,  
Hudson Bay  Mining and Smel t ing  Company,  Ltd., 
Manitoba,  Canada,  and Anglo  Amer ican  Corporation of 
Canada,  Ltd., Toronto. A represen ta t ive  of the Pat ino 
Society  N.V. of The Hague, Nether lands,  which owns 
the  field, reveals  tha t  Pa t ino  has agreed  to sell  its 
in teres t  to the  two o ther  companies.  Detai ls  on the 
negotiat ions and possible fu ture  deve lopment  have 
not  ye t  been revea led  (120). 

A majo r  copper  smel t ing complex  has been pu t  into 
opera t ion  near  Dzhezkazgan,  in the  Soviet  centra l  
Asian Republ ic  of Kazakhstan .  Copper  reserves  in the  
area,  which have  t r ad i t iona l ly  been  the larges t  in the  
USSR, are  shal low ly ing  and lend themselves  to low 
cost, open-p i t  mining  (120). 

Poland ' s  Heavy  Indus t ry  Minis t ry  is work ing  o n  
plans for  a Western-f inanced,  multimillion-dollar 
projec t  that  could make  the  count ry  a lead ing  wor ld  
copper  p roducer  by  the  ear ly  1980's. Major  new copper  
deposi ts  were  discovered in 1957 in Lower  Silesia near  
Wroclaw.  Two mines, one in Lubin  and the other  in 
Polkowice,  have  been in opera t ion  since 1969. The 
new mine  and smelter ,  which  are  expected  to be bu i l t  
by  1982, could, according to Wes te rn  experts ,  pu t  
Pol ish copper  product ion  at  wel l  over  200,000 tons /  
yea r  (121). 

Texasgul f  Inc. is p lanning  to increase  copper  mining  
and concentrates  product ion  at  Kidd  Creek Mines, 
Timmins,  Canada.  Capaci ty  wil l  increase f rom the 
presen t  3.6 mi l l ion to 5 mil l ion t ons /yea r  (122). 

Pe ru  p lans  to increase  copper  product ion capac i ty  
f rom the present  215,000 to 560,000 tons /yea r  in 1976 
and 1 mi l l ion t o n s / y e a r  in 1960, according to the Minis-  
te r  of Power  and Mines. Projects  tha t  wi l l  be com- 
missioned this yea r  are:  150,000 t ons /yea r  copper  at  
Ilo and 75,000 t ons /yea r  at Za jamarqu i l l a  (123). 

A recent  i n -dep th  repor t  on copper  (124) l is ted 
the  F ree  Wor ld  copper  producers.  P lants  under  con- 
s t ruct ion are  the Phelps  Dodge p lan t  a t  Tyrone, New 
Mexico (100,000 tons) ,  the  Hindus tan  copper p l an t  at  
Khetr i ,  Ind ia  (34,200 tons) ,  the  Black Sea copper  

p lan t  at  Samsum, Korea  (44,100 tons) ,  and  the AMMI 
p lan t  at  Ausso-Corno,  I t a ly  (66,200 tons) .  

The same ar t ic le  descr ibed the env i ronmenta l  con- 
f ronta t ion  in the copper  indus t ry  wi th  government  re -  
quirements .  The regula t ions  for  new plants  wi l l  be 
even s t r ic ter  than  those of exis t ing plants.  The  copper  
i ndus t ry  commi tment  to the prevent ion  of a i r  pol lu-  
t ion has increased annual ly .  Dur ing  1972, the  indus t ry  
spent  22% of the  capi ta l  expendi tu res  on the  problem.  
The copper  companies have unt i l  1975 to comply  with  
the  p r ima ry  ai r  s tandards,  unless technology is not  
avai lable .  

In  the  report ,  the  s t a t e - o f - t h e - a r t  of copper  ex t rac -  
tion, pa r t i cu l a r ly  smelt ing,  is reviewed.  The new tech-  
nology, its uses, and its reasons for use, such as im-  
proved  emissions control  and improved  economics, are  
also repor ted.  Newer  Mitsubishi,  WORCRA, and 
Noranda  smel t ing processes, and the Cymet  and the 
Arb i t e r  hydrometa l lu rg ica l  processes a re  described.  
Other  processes, st i l l  in var ious  s tages of development ,  
a re  also briefly outl ined.  The  cleaning up of sulfur  
d ioxide  by  a number  of routes  in var ious  s tages of 
deve lopment  is also rev iewed  (124). 

An ion exchange and solvent  ex t rac t ion  method  was 
developed for ex t rac t ing  copper,  cobalt,  nickel,  and 
zinc b y  Bayer  in associat ion wi th  Duisburger  K u p -  
ferhutte ,  a copper  smel ter  owned by  o ther  hydro -  
meta l lu rg ica l  operat ions.  In  the  process, the  meta ls  
(except  manganese)  a re  t aken  up by  Bayer ' s  i on -ex -  
change resin, Lewat i t  TP 207, Acid t r ea tmen t  then 
frees the metals,  which can be separated.  The big plus 
for i ts method,  Bayer  claims, is tha t  the acid is reduced 
to only 12% of its or iginal  volume, making  i t  adap t -  
able  to leach solutions wi th  high manganese  content  
(125). 

A new approach to chemical ly  t rea t ing  sulfide ores 
to obta in  meta l  wil l  get  its first l a rge-sca le  commer-  
cial test  in a $22 mi l l ion  p lan t  tha t  Anaconda  is bu i ld -  
ing in Anaconda,  Montana.  I t  wi l l  produce  36,000 tons /  
yea r  of copper  (126, 127). 

Al l  copper  companies  have invest igated h y d r o m e t a l -  
lurgical  methods  in which the meta l  is leached f rom 
the ore wi th  a solvent,  then recovered  f rom the solu-  
t ion in a r e la t ive ly  pure  form. The  big advan tage  is 
that  there  a re  no smelters ,  fumes, dust, or sulfur  
d ioxide  pol lu t ion  problems.  Moreover,  much of the  
so l ids-handl ing  equ ipment  can be  replaced  by  s im-  
p le r  l i qu id -hand l ing  techniques.  However ,  corrosion 
prob lems  have been formidable,  and producers  have  
had t rouble  app ly ing  the  technique to sulfide 
ores. 

Anaconda ' s  method,  called the  A rb i t e r  process,  be -  
gins wi th  ammonia  leaching of copper  concentra te  
mi l l ed  f rom sulfide ores. The leaching is ca r r ied  out 
in a series of l o w - t e m p e r a t u r e  and low-pressure  vats. 
The copper in the  leach solut ion is then separa ted  by  
ion exchange and recovered by  electrolysis.  

The basic technique  also has been pi loted on nickel  
and o ther  nonferrous  meta l  ores wi th  good results.  

Anaconda  says i t  is also doing engineer ing  work  on 
combining the leaching and cer ta in  o ther  stages of 
the  A r b i t e r  process wi th  convent ional  smel ter  design. 
The w o r k  could help control  sulfur  dioxide emissions 
f rom smel ters  tha t  a re  now in operat ion.  By la te  De-  
cember,  the  construct ion was 50% complete  and en-  
g ineer ing 60% complete  (128). 

The copper  m a r k e t  for 1974 has been pred ic ted  to 
be t ight  in ea r ly  1974, since copper output  increases 
a re  not  l ike ly  unt i l  the  second or  th i rd  qua r t e r  (129). 

Consumers have  been  l iving hand- to -mouth .  The 
stockpile  re lease  of 170,000 tons to U.S. consumers  
wil l  help achieve a finer ba lance  be tween  supply  and 
demand.  The 1974 prospects  of a 300,000 ton  increase 
in Free  World  p r i m a r y  product ion  capaci ty  m a y  not be 
real ized because of the energy  crisis. Economic growth,  
and consequent ly  copper  consumption,  wi l l  be s lowed 
by  energy l imitat ions.  Despi te  a slow down in the  
economy, there  wil l  be inflation at  home and abroad,  
and inflation spells h igher  prices. Decontrol  of copper  
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in April  1974, should this occur when wage-price con- 
trols end, may see a producer price increase to above 
70r to compensate for increased production costs 
(129). 

Nickel . - -A balance was finally reached throughout  
the world in the lat ter  part  of 1973 between nickel 
supply and demand. This balance was due to a cut- 
back of mine production in Canada and New Cale- 
donia, as well as a great ly increased demand in the 
U.S., Western Europe, and Japan. The part  played by 
the U.S. in this was significant, as consumption was 
196,000 tons during the year, a 19% increase from the 
165,000 tons consumed in 1972. Product ion in the U.S. 
in 1973 was approximately equivalent  to that of the 
last 5 years. The main  American producer was Hanna  
Mining, with 17,000 tons of nickel (130). 

World trade in nickel was marked by the changing 
supply base. Imports  of Russian nickel for consump-  
tion in the U.S. increased more than tenfold compared 
to 1972; imports from the Dominican Republic in-  
creased almost fivefold; and Southern  Rhodesian pro- 
ducers supplied more than  6,000,000 lb of nickel to 
the U.S. markets,  A new trade channel  was opened as 
Canadian nickel was sold to the People's Republic of 
China (130). 

The price of pure nickel was stable throughout  the 
year of 1973. In terna t ional  Nickel Company (INCO) 
raised the price of nickel pellets and electrolytic 
nickel from $1.53 to $1.62/lb, which went  into effect 
on J a n u a r y  4, 1974. Falconbridge NickeI Mines fol- 
lowed suit and hiked prices 9r for the pure  metal  
(131). 

The price of ferronickel, which accounted for the 
major part of the U.S. consumption, was raised by 
several companies. On July 9, Societ~ Le Nickel in- 
creased its price 6-7r and Falconbridge increased 
its prices by iir for the same product. Hanna Nickel 
Mining Company raised its prices from $1.38 to $1.53/ 
Ib following exemption by the Cost of Living Council 
from price controls, effective January 15, 1974. INCO 
raised the price on nickel in oxide sinters 90 and 75 to 
$1.43, and $1.40, respectively, an increase of 3r The 
price was effective July 20, 1973 (130, 131). 

According to INCO, the most technologically ad- 
vanced nickel refinery was opened late in 1973 at its 
$140 million plant at Copper Cliff, Ontario. This facil- 
ity will be the only one in North America to pro- 
duce nickel pellets, at a rate of 100 million lb/year. 
The plant will also make 25 million Ib/year of nickel 
and nickel - i ron  powders. By-products  are expected to 
be electrolytic copper, cobalt carbonate, and pre-  
cious metal  concentrates. The plant  is the first to use 
top-blown rotary converters in nonferrous meta l lurgy 
and employs the INCO Pressure Carbonate process 
(132, 133). 

Major nickel explorat ion projects were in progress 
in Australia, the South Pacific Islands, the Phi l ippine 
Islands, and Indonesia. Explorat ion throughout  Can-  
ada and in the Duluth  gabbro of nor thern  Minnesota 
was undiminished (130). 

In  New Caledonia, exploration activities at the 
Penamarx  nickel prospect have been effectively com- 
pleted. Joint  research by Penarroya  and Amax at 
the site continues as they try to find a way to extract  
nickel, cobalt, chrome, and iron from the ore. One 
Amax spokesman remarked that the $400 mill ion ven-  
ture could probably be a real i ty by 1980. The ore con- 
tains 400 mill ion tons of 1.4% nickel (134). 

Amax Nickel Refining's plant  in P laquemine  Parish, 
Louisiana, should go into operation in the second 
quarter  of 1974. Amax will import  nickel ore from 
Africa and refine it to 80 mil l ion lb /yea r  of usable 
nickel (135). 

A significant part  of the nickel supply in the U.S. 
came from nickel scrap. The consumption of nickel 
scrap in November 1973 was 738,711 lb (131). 

Zinc . - -The cont inuing rise in the demand for zinc 
in 1973 created a short supply si tuat ion compelling 
record imports of metal, a large release of stockpiled 

zinc, and record levels for the prices of domestic and 
foreign zinc in the U.S. (136). 

Mine production in 1973 was approximately 485,000 
tons, 1% higher than that of 1972. Eighteen states re-  
ported mine  production, one more than in 1972. Nine 
states showed increases and nine  registered decreases. 
New York moved up to first place, Missouri's by -  
product zinc recovery from mines of the lead-bel t  
was second, Tennessee was third, Colorado was 
fourth, and Idaho fifth. In  Tennessee, production was 
lost from the Flat  Gap mine that  closed near  the 
end of 1972 and the Young and Coy mines which were 
shut down early in 1973. The Young mine  was re-  
opened in October and construction began at its new 
concentrator to replace the present  Mascot mill. New 
Jersey Zinc Company's  New Elmo mine at Carthage in 
central  Tennessee is scheduled to begin operations 
soon (136). 

Smelter production of slab zinc from ore was 500,000 
tons, a decline of 133,000 tons from that  of last year. 
AMAX Lead and Zinc Company discontinued zinc 
production at the horizontal retort  smelter at Black- 
well, Oklahoma; however, the roasting facilities will 
continue to operate unt i l  May or June  1974. Rehabil i-  
tation of the AMAX Zinc Company electrolytic p lan t  
(closed by the American Zinc Company in  mid-1971) 
was completed. The National Zinc Company obtained 
permission from the State of Oklahoma to continue 
operating the Bartlesville horizontal retort  plant.  The 
Texas Air Control Board,  on Ju ly  26, 1973, rescinded 
a previous notice for the Amari l lo horizontal retort  
smelter  to be in compliance with air qual i ty  s tan-  
dards or close by December 31, 1973, and issued a 
variance permit t ing the smelter to continue operating 
unt i l  May 30, 1975. Construction plans for two more 
electrolytic zinc plants were announced dur ing the 
year: the American Smelt ing and Refining Company 
reported plans for erection of a plant  at Stephens- 
port, Kentucky,  with an annual  capacity of 180,000 
tons; and the New Jersey Zinc Company is consider- 
ing construction of one along with a zinc oxide p lan t  
near  Clarksville, Tennessee. With a favorable labor 
picture, large deposits of zinc ore in the area, and the 
avai labi l i ty of low-cost TVA power, the final decision 
depends on relaxat ion of price control on zinc (137). 

Park  City Ventures, jo in t ly  owned by Anaconda 
Company (60%) and American Smelt ing and Refin- 
ing Company (40%), is in  the process of completing a 
development  program at its Ontario Mine in Park  City, 
Utah, where a production of 5000 tons /week of ore is 
expected. By early 1975, min ing  and processing opera-  
tions will produce 43,000 tons /year  of zinc concentrate,  
25,000 tons /year  of lead concentrate, and 1.2 mil l ion 
oz/year of silver (138). 

The $30 mil l ion expansion of the zinc plant  at Cana-  
dian Electrolytic Zinc in Valleyfield, Quebec, is ex-  
pected to be completed at the end of 1975 (139). 

General  imports of zinc in ores and concentrates 
declined 22% to approximately  200,000 tons, the lowest 
since 1940; the major  sources continued to supply less. 
Receipts from Canada were down 4% and those from 
Mexico, Honduras, Peru, and Ire land were substan-  
t ial ly lower than last year. Imports  for consumption 
of zinc in ores and concentrates decreased 5% from 
those in 1972 to 165,000 tons. General  imports and im-  
ports for consumption of slab zinc were practically 
the same at 590,000 tons with increases over last year  
of 14% and 15%, respectively. Canada accounted for 
approximately 60% of the slab zinc imports, Japan 
8%, Be~gium-Luxembourg 7%, Austral ia  7%, and 
Zaire 4%. 

Consumption of slab zinc increased 6% to a record 
high of over 1.5 mil l ion tons. The quanti t ies used for 
all major  categories increased: galvanizing was up 6% 
from 1972; brass and bronze, 5%; zinc base alloy, 8%; 
and zinc oxide, 20%. The minor  uses declined: rolled 
zinc was off 12%; and other uses including zinc dust, 
wet batteries, desilverizing lead, and light metal  al-  
loys declined 6 %. 
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The General  Services Adminis t ra t ion (GSA) con- 
t inued to release zinc from the nat ional  stockpile as 
authorized by Public Law 92-283. Effective Ju ly  1, 
1973, GSA increased the quar ter ly  quota to 25,000 
tons /quar te r  ( including 5000 tons Special High 
Grade) and permit ted the part icipat ing producers to 
draw more zinc from the stockpile. GSA sales of Gov- 
e rnment  stockpiled zinc in 1973 amounted to approxi-  
mately  285,000 tons. Sales from the set-aside program 
totaled 02,477 tons, and 223,000 tons were sold to the 
part icipat ing domestic pr imary  producers who re-  
melted 149,400 tons and shipped 73,600 tons directly to 
customers. The balance of 40,000 tons will be released 
in the first quarter  of 1974. In  early April  the stockpile 
objective for zinc was reduced from 560,000 to 202,700 
tons creating an addit ional surplus of 357,300 tons. 
New legislation authorizing disposal of this quant i ty  
was signed by the President  on December 31, 1973. 

The lead and zinc flexible-tariff bill and the bil l  to 
suspend the duty on imports of zinc concentrates were 
reintroduced in Congress in March. Each incorporates 
a significant change from the previous bills. The new 
flexible-tariff bill permits  a larger quant i ty  of zinc 
metal  to enter  the U.S. before the higher duties be-  
come effective, and the duty  suspension bill  on zinc 
concentrates is for 2 years instead of 1 year. At year 's  
end, both bills were in the House Ways and Means 
Committee. Another  bill, also in the House Ways and 
Means Committee, proposed suspension of the duty on 
imports of slab zinc (140). 

Texasgulf and Canada Development  Corporation 
have patched up their differences, with the CDC now 
controll ing about 30% of Texasgulf stock. 

Mitsubishi has cut production of zinc by more 
than 20% and of lead by  some 12% during Decem- 
ber, probably due to the energy crisis. 

Early in the year, prices advanced from a range of 
18-18.52r to 20.25-21r where they were frozen 
June  13 by Presidential  order. The ceiling prices pre-  
vailed unt i l  December 6, 1973, when the Cost of Living 
Council abolished the control on zinc. One company 
raised its price to 32r and the others quoted prices 
between 28 and 30r The European producer price 
for zinc quoted at 18.5r (U.S. equivalent)  in J a n u -  
ary rose after five increases to 32.5r at year 's  end. 
The London Metal Exchange price for zinc was 
17.5r at the beginning of the year, 31.5r at the end 
of June, and advanced to a high of 99r on December 4, 
1973, then declined to 60r at the end of the year. 

Electrical Energy 
U.S. power generation.--The following tables give a 

pre l iminary  summary  of the production and consump- 
tion of electrical energy for the twelve-month  period 
January  through December, 1973 (141, 142). 

Production of Electrical Energy in 1973 
(Billion-kW-hr) 

1972 1973 %Change 

Production by electric utilities 

Coal-fired plants  770.6 843.6 9.5 
Gas-f ired plants  375.7 337.5 --10.2 
Oil-fired plants  272.5 314.7 15.5 
Nuclear plants 54.0 81.3 50.5 

Total fuel burning 1472.9 1577.1 7.1 

Hydroelectric plants 272.7 277.6 1.8 

Total 1745.5 1854.7 6.3 

Private industry, se l f -genera ted  106.1 106.1 6 

Total U.S, power generated 1851.6 1960.8 5.9 

Installed Generating Capacity* 
(Miilions-kW) 

1972 1973 

Public  owned  
S t eam 46.6 81.0 
Hydro  37.3 39.6 
Nuclear** 6.9 2.4 

Total  94.3 93.0 

Inves to r  owned 
Steam 281.1 301.5 
Hydro  19.3 21.9 
Nuclear** 14.4 19.3 

Total 314.8 342.7 

Total electric ut i l i ty  industry capacity 399.6 435.7 

* Not including privately owned capacity. 
** Nuclear  plants  h a v i n g  about  4000 MW capaci ty rece ived  operat- 

ing l icenses but  were  not placed into operat ion.  This  capacity not 
included in the  above figures.  

Electric Utility 
Fuel Consumption in 1973 

Fuel  1972 1973 % Change 

Coal, mil l ion tons 351.0 386.6 1O.1 
Gas, billion c u f t  3,978.7 3,754.2 --5.6 
Oil, mil l ion barrels  493.9 565.5 14.5 
Coal and coal equiv-  

alent,  mill ion tons 646.3 723.7 12.0 

Total Electric Utility 
Sales to Ultimate Consumers in 1973 

(Billions-kW-hr) 

Consumer  1972 1973 % Change  

Resident ial  511.4 554.2 8.4 
Commerc ia l  381.g 396.9 9.7 
Indus t r ia l  639.5 687.2 7.5 
Other  6~.9 64.9 

Total  1577.6 1703.2 9.0 

The year 1973 was marked with intensive concern 
by all sectors of society with all forms of energy. The 
growing demands of the U.S. and recent foreign poli-  
tical actions have brought  nat ional  awareness of the 
reali ty of the energy crisis. 

Project  Independence was launched by President  
Nixon with the objective of meet ing U.S. energy 
needs without depending on foreign resources by 1980 
(143). He also asked for consideration by the Con- 
gress for the formation of an Energy Research and 
Development  Administrat ion.  Ini t ia l  funding of the 
increased energy Research and Development  Program 
called for $1.0 bil l ion in  the 1974 fiscal year, followed 
by a 5 year $10 bil l ion program. Dixie Lee Ray, Chair-  
man  of the Atomic Energy Commission (AEC), pre-  
sented the details of the urgent  proposed programs 
toward the end of the year. Wil l iam E. Simon was 
named the new energy advisor and head of the Fed-  
eral Energy Office (144). 

Wi~h electrochemical plants and other high energy-  
consuming industr ies  operating at near  capacities, 
power sporadically became in short supply in lo- 
calized areas. 

Late in the year, the sudden Arab oil embargo be-  
came a reality, intensifying the energy shortage. Al-  
though knowledgeable people and agencies pro- 
claimed the coming fuel shortage for a decade, the 
embargo rudely  awakened the complacent that the 
U.S. cannot indefinitely rely on foreign sources of 
fuel to meet the increasing domestic demands. 
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The Arab oil embargo created a nat ional  crisis as 
well as a sudden shift from apparent  abundance to an 
immediate  scarcity. However, the crossover point  of 
foreign and domestic supply and increasing domestic 
demand was fast approaching, and the scarcity would 
inevi tably  arrive. The embargo only hastened the day 
of scarcity and made us aware that dependence on 
foreign oil would be exceedingly dangerous to the 
U.S. economy and our nat ional  defense obligations. 

To achieve minimal  dependence on imported oil in 
the immediate  future, it is necessary to encourage 
the development  of four major  areas: provide 
s t ronger  incentives for br inging new domestic na tura l  
gas and oil to the market,  accelerate the dril l ing of the 
Outer Cont inental  Shelf for oil and gas, increase the 
use of coal, including the conversion of coal to gas 
and the opening of new mines, and increase the con- 
struction of nuclear  power plants. The development  of 
other forms of energy, such as shale oil deposits, geo- 
thermal  power, and solar energy, is not expected to 
have any  perceptible impact on energy production 
wi thin  the next  decade. 

The significance of the huge resources of American 
coal is reported by the National  Petroleum Council on 
coal availabili ty.  This review of the U.S. energy out-  
look concludes that  domestic coal reserves can make  a 
major  contr ibut ion to the nat ion 's  fu ture  energy de- 
mands (145). 

The conventional  domestic demand for coal is ex-  
pected to increase at an annual  growth rate of 3.5%, or 
863 mil l ion tons in 1985. Exports were predicted to 
grow by 4.5% annual ly ,  or up to 138 mil l ion tons in 
1985. The big u n k n o w n  in coal demand over the next  
decade is that required for production of gaseous 
and synthetic fuels. 

Total coal reserves are estimated by the U.S. Geo- 
logical Survey to be a 3.2 tri l l ion tons, with 2 t r i l l ion 
tons potent ial ly recoverable. The Bureau of Mines 
has converted a ton of coal into two barrels of low 
sulfur, low ash oil. At this rate, the recoverable coal 
in  the U.S. is equivalent  to 4 tri l l ion barrels of oil, or 
10 times the known worldwide oil reserves. 

The survey concludes much remains to be done if 
this potential  is to be reached. Mining technology must  
be improved to offset the severe impact of the Coal 
Mine Health and Safety Act of 1969 on production 
capacity. New mine workers and min ing  engineers 
must  be developed to produce the increased produc- 
tion. Technology must  be developed to permit  use of 
high-sulfur  coal in power generation without  air pollu-  
tion. Expanded and reliable t ransportat ion must  be 
constructed, including railroads, r iver systems, and 
coal handl ing (145). 

The construction of the t rans-Alaskan  pipeline to 
move crude oil from the Northern Slope was delayed 
by a lawsuit  based on the width of the r ight-of-way,  
ini t iated by environmental is ts  (146). However, 
legislative action was taken to amend the law to per-  
mit  the pipeline to be bui l t  (147). 

New developments.--In new technology, nickel-  
plated a luminum conductor has been produced at half 
of the cost of copper with easy connectabil i ty of the 
conductor. The nickel thickness ranges from 0.1-10~. 
For te lecommunicat ion applications, copper-clad 
a luminum conductor is produced by means of hydro-  
static extrusion (148). 

The possibility of manufac tur ing  methanol  off- 
shore in  the North Sea has been proposed. Previous 
studies have centered on land-based plants in the Mid- 
dle East. The conversion of na tura l  gas to methanol  
simplifies the ocean shipping of fuel, but  with an 
energy loss (149). 

According to the U.S. Bureau of Mines, methane 
from coal mines, obtained by hydraulic f ractur ing of 
the coal bed to release more gas and by dri l l ing 
horizontal drainage holes through the coal bed, 
could double U.S. gas reserves. The Bureau of Mines 
estimates 260 tr i l l ion cu ft of methane, about equal 
to U.S. proved na tura l  gas reserves, lie in coal beds 

between strip min ing  depth and 3000 ft. In  conducted 
experiments,  methane from coal beds was produced as 
fast as from commercial gas wells (150). 

The U.S. and USSR have agreed to exchange ideas 
on magnetohydrodynamics  (MHD) as a means of en-  
ergy conversion. The Soviets already have a 25 MW 
pilot p lant  in Moscow, whereas U.S. research on 
MHD is at a less advanced stage. However, the 
Soviets have run  into technical problems, and both 
countries agreed that an exchange of data will be 
mutuaAy beneficial (149). 

The feasibility of piping coal in oil is being studied 
by Shelpac Research and Development,  Ltd., for In te r -  
provincial  Pipe Line Company of Canada. Using an 
existing pipeline to minimize capital costs, the s lurry 
would contain up to 35% coal. The coal would be 
separated in Eastern Canada by the refiners and the 
oil left with the low-sulfur  Alberta  subbi tuminous 
coal would be used as fuel by the power companies 
(151). 

A limestone process for removing sulfur dioxide 
from stack gases will be gett ing a full-scale t ryout  at 
the Detroit Edison 170 MW Saint  Clair generat ing 
station in the spring of 1974. The trial  follows a suc- 
cessful 1 MW pilot plant  test of the process (145). 

A new process for combining the sulfur from coal 
is the int imate mixing  of the coal fines with l ime be-  
fore firing. The l ime ties up the sulfur  as sulfate with 
up to 95% sulfur  removal.  Fur ther  tests with pu l -  
verized coal are p lanned (152). 

The Tymponic Corporation, developers of a device 
employing ultrasonic emulsification of fuel oil with 
up to 25% water, has demonstrated the reduction of 
fuel oil consumption in boilers by more than 20% 
(153). 

Interest  in the so-called hydrogen economy, advo- 
cated by proponents of clean fuel and those concerned 
with energy beyond the year 2000, has been accelerat- 
ing with increasing shortages of fossil fuel. Hydrogen, 
derived from water  by one of several methods, is pro- 
posed to supplant  all fossil fuels. Basically, a remotely 
sited nuclear  reactor (fission or fusion) supplies the 
energy to form oxygen and hydrogen from water. The 
hydrogen, acting as an energy carrier, can be pumped 
through pipelines either as a compressed gas or a 
l iquid to a populous center, where the hydrogen is 
burned  with oxygen or air in a steam generat ing 
plant, or piped to homes and burned  catalytically, or 
to a fuel cell to provide electrical energy (154). 

The hydrogen energy system was the topic of two 
nat ional  meetings in 1973, at the American Chemical 
Society meeting in Boston in the spring and at the 
annual  Intersociety Energy Conversion Engineer ing 
Conference in San Diego in the fall. Conferences in 
1974 were slated for Houston in January,  Miami in 
March, and at the Fall  Meeting of The Electrochemi- 
cal Society in New York. 

Nuclear power . - -Four teen  nuclear  power plants  
received operating licenses dur ing 1973, thereby boost- 
ing the nuclear  generat ing capacity by more than 
70% to 25,670 MW. The Atomic Industr ia l  Forum 
listed 42 U.S. nuclear  units  as operable, 56 under  con- 
struction, an addit ional 101 under  firm order, and 14 
others covered by options or letters of intent.  By the 
end of 1973, nuclear  facilities had 7% of the total U.S. 
generat ing capacity. It has been predicted that by 
1980, 1985, and 1990 the nuclear-based energy sources 
for electrical utili t ies will be 20, 35, and 44%, respec- 
tively. Of the power plants  under  construction, 18 
may get their operating licenses in 1974 (155). 

During 1973, the fuel costs for San Diego Gas and 
Electric Company were estimated at $0.763/million 
BTU on fuel oil compared with $0.163/million BTU 
on nuclear  fuel. These costs do not consider the 50% 
plus increase in price of petroleum products in the 
last 2 months of 1973 (155). The operating per-  
formances of nuclear  vs. nonnuclear  plants  were 
compared by Commonweal th  Edison Company (Chi- 
cago) from data on their fossil-fueled and nuclear-  
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fueled plants  (68 and 32%). The latest 12 month  figures 
for average plant  capacity avai labi l i ty were 82.6% 
for nuclear  and 79% for fossil plants (155). 

The Atomic Energy Commission announced a new 
reduced rate of $36/unit  of separat ion for u ran ium 
enriching services. The total u r an ium enr ichment  rev-  
enues from the nuclear  power indus t ry  in U.S.A. 
and abroad have exceeded a bill ion dollars (156). 

Kerr-McGee signed a $150 mil l ion contract with a 
group of utilities to supply nuclear  fuel for electrical 
power plants  (157). 

The National  Petroleum Council  urged s tepped-up 
u ran ium exploration to be prepared to supply the 
fuel for the U.S. nuclear  energy generat ing capacity 
of 240,000-450,000 MW by 1985. It is e s t ima ted  that  
8-10 years will be required for exploration to find 
the 400,000-700,000 tons of U3Os that will be needed 
(150). 

Westinghouse has increased its activity in  supply-  
ing nuclear  fuel in Europe by a formation of a new 
company with Belgian interests. Previously, Westing- 
house formed Euro Fuel  with French part icipat ion to 
supply fuel for l ight water  reactors, as well as fuel 
production in I taly and West Germany  (158). Bechtel, 
Union Carbide, and Westinghouse have proposed 
joint  study with Japan 's  Enr ichment  Survey Com- 
mittee to determine the feasibility of bui lding a U.S.- 
Japanese u ran ium enr ichment  plant  (159). 

KMS Industries,  Inc., Ann  Arbor, Michigan, spon- 
sored by Texas Gas Transmission Corporation, will  
carry out laboratory and theoretical work on produc-  
ing hydrogen and combustion fuels by KMS nuclear  
fusion techniques (1969). 

A European effort in controlled nuclear  fusion re- 
search, named Joint  European Tokamak (JET),  has 
been proposed to start  in 1976. This program will  
cont inue the joint  efforts in nuclear  fusion after the 
present 5 year  research program terminates  (170). 

Hydrogen fuel from water  by a nuclear  route is 
being sought by Gulf  General  Atomic Company, 
sponsored by Southern California Edison and North-  
east Utilities, Gulf  General 's  high temperature  reac- 
tor technology may provide a method of obtaining 
hydrogen fuel. In the process, heat and catalytic chem- 
icals split water  at a tempera ture  of 1500~176 
(160). 

A new company, Nuclear Power Products Company, 
a joint  ven ture  of Gulf  Atomic Company and Foster 
Wheeler, will make steam generator  equipment  for 
high temperature,  gas-cooled reactor (HTGR) nuclear  
Dower p lant  systems (161). 

The closing of 20 nuclear  power plants is the aim 
of environmental is ts  led by Ralph Nader and the 
Friends of the Earth. At issue is the safety of the 
emergency core cooling system. Fai lure  of this sys- 
tem could lead to vertical  melt ing of a p lant  and 
widespread radiat ion damage (162). A morator ium on 
nuclear  plants  in California was urged by envi ron-  
mentalists,  who are p lanning to put  an init iat ive to 
that  effect on the November 1974 ballot (1968). En-  
vironmental is ts  were active in m a n y  hearings on n u -  
clear power plants throughout  the U.S. and have been 
successful in delaying the issuance of construction 
and s tar t -up permits. 

The Atomic Energy Commission is sponsoring de- 
velopment  of geothermal energy, with a goal of 
20,000 MW by the year 2000 (163). The only dry steam 
uni t  in commercial operation is the 400 MW plant  at 
The Geyers in nor thern  California. Hot water  fields 
are estimated to be 10-20 times as abundan t  as dry 
steam fields. The high concentrat ion of dissolved 
solids in  the water  presents processing and corrosion 
problems. Field trials of using hot rocks, which are 
close to the surface, as a geothermal energy source 
are under  way. It has been estimated that hot rock 
fields could provide 10 times the power of dry steam 
and hot water  fields combined. The total power gen-  
eration potential  of geothermal sources has been es- 

t imated at about 400,000 MW by the year  2000 
(164). 

One of the stronger incentives to br ing na tura l  
gas to the market  is an increase in price. The Fed-  
eral Power Commission has general ly  approved ap-  
plications at prices above ceilings in effect at the be- 
g inning of the year. For instance, the price of gas 
coming from offshore Louisiana wells was raised to 
$0.45/1000 cu ft, compared to an earl ier  ceiling of 
$0.26 (a 73% increase) (165). 

Significant increases in electricity costs, especially 
from utili t ies dependent  on Mideast oil, are projected 
for 1974. Power charge increases from 5-26% have 
been requested by New England and mid-At lant ic  
area power companies, hardest hit by the Arab em- 
bargo and new oil price schedules (166). 

The Bonnevil le  Power Adminis t ra t ion which serves 
the Pacific Northwest will hike the price of power 
20-30% beginning in December 1974. The 25% boost 
in rates charged a luminum producers would amount  
to less than 2% of the 1973 price of a luminum.  Other 
electroprocess industries would be affected to a lesser 
degree (167). 

Manuscript  received July  17, 1974. This report was 
presented at the Industr ia l  Electrolytic Division 
Luncheon at the San Francisco, California, Meeting of 
the Society, May 12-17, 1974. 

Any  discussion of this paper will appear in a Discus- 
sion Section to be published in the June  1975 JOURNAL. 
All discussions for the June 1975 Discussion Section 
should be submit ted by Feb. 1, 1975. 
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